
Enhancing the Action of Incretin Hormones: A New
Whey Forward?

The gastrointestinal tract is an often overlooked but com-
plex endocrine organ, home to dozens of regulatory peptides
produced in specialized endocrine cells and enteric neurons.
These hormones subserve complex roles as signals regulat-
ing appetite, gastrointestinal motility, control of secretion
from the exocrine and endocrine pancreas, and nutrient ab-
sorption (1). The majority of gut peptides are secreted within
minutes of nutrient ingestion and rise transiently in the cir-
culation, with levels rapidly falling back to basal levels after
termination of feeding. Because complex disorders such as
obesity and diabetes involve imbalances in the control of
energy ingestion and disposal, there is considerable interest
in understanding the physiological role and therapeutic po-
tential of gut peptides in the control of nutrient assimilation.

Two enteroendocrine-derived peptides, glucose-depen-
dent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1), play important roles in preparing the
pancreas to handle an incoming nutrient load. Both GIP and
GLP-1 function as incretin hormones, gut-derived peptides
that potentiate insulin secretion from the islet �-cell in a
glucose-dependent manner (2, 3). Considerable recent evi-
dence suggests that incretin-based therapies may be useful
for the treatment of type 2 diabetes because continuous ad-
ministration of GLP-1 produces substantial improvements in
glucose control and �-cell function in subjects with type 2
diabetes (4). However, the rapid degradation of both GIP and
GLP-1 by the aminopeptidase, dipeptidyl peptidase-4 (DPP-
4), has fostered the development of degradation-resistant
GLP-1R agonists such as exendin-4 (Exenatide), now em-
ployed as a twice daily injectable agent for the treatment of
type 2 diabetes (5). Complementary efforts to prolong incre-
tin action include the use of chemical inhibitors of DPP-4
activity, and several DPP-4 inhibitors have completed ex-
tensive clinical testing in subjects with type 2 diabetes.

In the current issue of Endocrinology, Gunnarsson (6) et al.
illuminate an additional approach for enhancing incretin
action via administration of nutrients with selective effects
on potentiation of incretin secretion and incretin degrada-
tion. Both oleic acid and whey protein (WP) enhanced the
insulin response to glucose in mice; however, only whey
protein was associated with an increase in the levels of intact
bioactive incretin hormones. Although oleic acid and whey
protein significantly increased the levels of circulating intact
GLP-1 after glucose administration, the ratio of intact:total
GLP-1 was similar in mice receiving glucose alone vs. glucose
plus oleic acid or whey protein. In contrast, WP administra-

tion did not increase the levels of total circulating GIP but did
significantly increase the levels of intact GIP. The authors
then investigated whether the changes in levels of circulating
incretin hormones were associated with differences in DPP-4
activity in the plasma or gastrointestinal tract. Remarkably,
whey protein administration produced a significant reduc-
tion in DPP-4 activity in the proximal small bowel, the pre-
dominant site of GIP synthesis, whereas no changes in DPP-4
activity were observed in the distal gut or plasma. The au-
thors speculate that the reduction in DPP-4 activity in the
proximal small bowel may directly account for the prefer-
ential increase in levels of intact GIP detected after glucose
and whey protein challenge in their studies. Although the
mechanism(s) underlying these associations remain unclear,
one potential explanation offered is the generation of protein
fragments (dipeptides or tripeptides) after digestion of whey
protein that may serve as endogenous inhibitors of DPP-4
activity in the proximal gut.

What are the implications of this study for efforts directed
at prolonging incretin action for the treatment of type 2
diabetes? Nutrients are potent stimulators of incretin secre-
tion, and nutraceuticals such as oligofructose may exert ben-
eficial effects in the control of body weight and glucose
disposal in part by enhancing the secretion of GLP-1 from the
distal gut (7). Much less is known about the potential for
various nutrients to differentially regulate incretin degrada-
tion. Both GIP and GLP-1 contain an alanine at position 2,
and DPP-4 is the principal enzyme responsible for the rapid
degradation of these peptides in vivo. DPP-4 is essential for
inactivation of both GLP-1 and GIP because mice with a
targeted inactivation of the DPP-4 gene exhibit reduced gly-
cemic excursion after glucose challenge, in association with
increased circulating levels of insulin and intact GLP-1 and
GIP. DPP-4 is a complex molecule that exists as a cell surface
membrane-spanning enzyme widely expressed on numer-
ous cell types, and as a soluble circulating form abundant in
the circulation. Current pharmaceutical efforts targeting
DPP-4 inhibit the enzymatic activity of both the membrane-
associated and soluble forms of the enzyme wherever they
may be found, in multiple tissue compartments or in the
circulation.

The current studies suggest that selective inhibition of
DPP-4 in the proximal gut may produce detectable increases
in levels of intact incretin hormones, as demonstrated in the
present instance for GIP. Several oligopeptides have been
described as inhibitors of DPP-4, including the N-terminal
nine amino acids of the HIV-1 Tat protein, which is capable
of binding to the active site of DPP-4 and inhibiting DPP-4
enzymatic activity (8). Similarly, the opioid dynorphin-A
(1–17) peptide has been shown to down-regulate DPP-4 ac-
tivity on the cell surface of R1.1 cells, an immature T lym-
phocyte cell line (9). Because DPP-4 is abundant in the gas-
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trointestinal tract and is expressed on endothelial cells
directly adjacent to incretin-secreting enteroendocrine cells
(10), inhibition of intestinal DPP-4 may be a useful strategy
for enhancing incretin action for the treatment of diabetes.
The importance of intestinal DPP-4 for control of incretin
degradation is illustrated by observations demonstrating
that the majority of circulating incretin hormones represent
the cleaved inactive moieties (11), implying very rapid deg-
radation of both GLP-1 and GIP very soon after their release
from enteroendocrine cells. The ability of Gunnarson and
colleagues to detect significantly increased levels of intact
GIP (1–42) in the plasma of mice after whey protein admin-
istration implies even higher levels of intact GIP traversed
the portal system and may account in part for the enhanced
insulin response to glucose administration.

What are the implications of these findings for scientists
and clinicians interested in the control of incretin degrada-
tion and DPP-4 activity? The current studies employed acute
administration of whey protein and glucose to mice, a situ-
ation not necessarily relevant to complex nutrient ingestion
in normal or diabetic human subjects. Whether chronic ad-
ministration of whey protein will produce sustained inhibi-
tion of intestinal DPP-4 activity in normal or diabetic animals
merits further study. Rats fed a high whey protein diet for 6
wk exhibited improvements in insulin sensitivity and re-
duced weight gain; however, levels of incretin hormones
were not reported in this study (12). Most intriguingly, acute
administration of whey protein-supplemented meals to hu-
man subjects with type 2 diabetes was associated with sig-
nificant increments in postprandial insulin responses and
higher levels of GIP but not GLP-1 (13), consistent with the
data reported in the current murine study by Gunnarsson et
al. That whey protein preferentially stimulates an increase in
levels of intact GIP, classically produced in duodenal and
jejunal K cells, but not levels of intact GLP-1, a hormone long
thought to be secreted by the distal gut, provides further
insight into the relative importance of proximal vs. distal L
cells as sources of GLP-1 secretion. Recent studies have im-
plied that the rapid increase in GLP-1 secretion observed
after meal ingestion may be attributable to GLP-1-producing
L cells in the proximal small bowel (14, 15) rather than signals
arising from the proximal gut that rapidly stimulate GLP-1
secretion from distal L cells (16). The current observations
call into question the quantitative importance of GLP-1 pro-
duced from and secreted by duodenal or jejunal enteroen-
docrine cells because whey protein failed to produce signif-
icant increases in the ratio of intact:total GLP-1 despite
marked inhibition of DPP-4 activity in the proximal small
bowel. Taken together, the studies by Gunnarsson et al. re-
mind us how little we know about the factors regulating the
expression and activity of DPP-4 in different tissue compart-
ments. Given the current enthusiasm for inhibition of DPP-4
activity as a potential new therapy for the treatment of type

2 diabetes, a greater understanding of the biology of DPP-4
synthesis, activation, and clearance, seems timely.
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