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SUMMARY

Pharmacological inhibition of the dipeptidyl pepti-
dase-4 (DPP4) enzyme potentiates incretin action
and is widely used to treat type 2 diabetes. Neverthe-
less, the precise cells and tissues critical for incretin
degradation and glucose homeostasis remain un-
known. Here, we usemouse genetics and pharmaco-
logic DPP4 inhibition to identify DPP4+ cell types
essential for incretin action. Although enterocyte
DPP4 accounted for substantial intestinal DPP4
activity, ablation of enterocyte DPP4 in Dpp4Gut�/�

mice did not produce alterations in plasma
DPP4 activity, incretin hormone levels, and glucose
tolerance. In contrast, endothelial cell (EC)-derived
DPP4 contributed substantially to levels of soluble
plasma DPP4 activity, incretin degradation, and
glucose control. Surprisingly, DPP4+ cells of bone
marrow origin mediated the selective degradation
of fastingGIP, but not GLP-1. Collectively, these find-
ings identify distinct roles for DPP4 in the EC versus
the bone marrow compartment for selective incretin
degradation and DPP4i-mediated glucoregulation.

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disorder char-

acterized by impaired insulin action and islet cell dysfunction

(insufficient insulin and excess glucagon secretion) resulting

in hyperglycemia. Among the newer antidiabetic agents used

to treat subjects with T2DM, both glucagon-like peptide-1 re-

ceptor agonists (GLP-1RA) and dipeptidyl peptidase-4 inhibitors

(DPP4i) potentiate gut hormone action (Campbell and Drucker,

2013; Drucker and Nauck, 2006; Inzucchi et al., 2012). GLP-
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1RAs are injectable, often peptide-based agents that circulate

systemically and interact with a single, well-defined GLP-1R.

In contrast, DPP4i are small molecule, orally ingested enzyme

inhibitors that are better tolerated and, hence, more widely

prescribed. Although the GLP-1R is the primary target for

the glucoregulatory actions of GLP-1R agonists (Campbell and

Drucker, 2013; Lamont et al., 2012; Smith et al., 2014; Tatarkie-

wicz et al., 2014), the precise tissues, molecular targets, and

signaling pathways critical for transducing the glucoregulatory

actions of DPP4i remain incompletely understood.

DPP4 is a widely expressed exopeptidase that exists in two

principal isoforms: a membrane-anchored enzyme containing a

short intracellular tail and a soluble (sDPP4) circulating form; inter-

estingly both isoforms display enzymatic activity (Mulvihill and

Drucker, 2014). DPP4 has over 40 identified substrates, however,

the principal targets for glucoregulation are GLP-1 and glucose-

dependent insulinotropic polypeptide (GIP) (Flock et al., 2007;

Hansotia et al., 2004; Mulvihill and Drucker, 2014; Omar and

Ahrén, 2014). BothGLP-1 andGIPare secreted fromenteroendo-

crine cells at low basal rates in the fasting state and their plasma

levels increase post-prandially. Circulating levels of intact, bioac-

tive incretin hormones are extremely low due to rapid inactivation

by DPP4 and renal clearance (Campbell and Drucker, 2013;

Nauck and Meier, 2016; Sandoval and D’Alessio, 2015).

Within the gut, three cell types are considered the principal

sites of DPP4 expression and activity: enterocytes, cells of

hematopoietic origin, and vascular endothelial cells (Hansen

et al., 1999; Mulvihill and Drucker, 2014). Notably, these

cell types are all situated in proximity to enteroendocrine cells,

rendering them highly suited anatomically for the DPP4-depen-

dent control of peptide hormone degradation (Hansen et al.,

1999). As a result, the majority of GLP-1 and GIP is degraded

rapidly following secretion, and the DPP-4-generated metabo-

lites of GLP-1 andGIP are not high-affinity agonists for their clas-

sical receptors (Campbell and Drucker, 2013; Deacon et al.,

1995; Hansen et al., 1999; Rolin et al., 2004). Hence, whether

the glucoregulatory actions of endogenous incretin hormones
Inc.
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Figure 1. Acute Dosing of Low Concentrations of Sitagliptin Regulates Glucose Metabolism in Chow- and High Fat Diet-FedWild-TypeMice

(A) Plasma DPP4 activity 30 min after sitagliptin or water gavage in fasted WT mice fed a regular chow diet (n = 4–7 mice/group).

(B and C) Blood glucose taken 0–90min after oral (B) or intraperitoneal (C) administration of glucose in 10-week-oldWTmice treated with sitagliptin. Inset depicts

calculated incremental area under the curve (iAUC) for glucose excursions (n = 10–15/group).

(D) Blood glucose taken 0–90 min after administration of oral glucose in 10-week-old WT or DIRKOmice treated with 40 mg/mouse sitagliptin. Insets depict iAUC

for glucose excursions (n = 5/group).

(legend continued on next page)
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are predominantly mediated via circulating intact peptides

and classical endocrine mechanisms or through signals arising

locally in the gut and propagated through neural and/or para-

crine mechanisms remains unclear (Burcelin et al., 2014; San-

doval and D’Alessio, 2015; Waget et al., 2011).

Experiments using low concentrations of DPP4i (that do not

affect systemic DPP4 activity) have identified the gastrointestinal

tract as a major site of action for the acute glucoregulatory

actions of DPP4i in normoglycemic mice (Waget et al., 2011).

However, the precise cellular targets, within or beyond the gut,

important for transducing the acute and chronic metabolic ac-

tions emanating from reduced DPP4 activity in normoglycemic

or dysglycemic mice remain uncertain. To elucidate the impor-

tance of enterocyte versus endothelial versus bone marrow-

derived DPP4 for control of the enteroinsular axis, we generated

and analyzed mice with: (1) elimination of Dpp4 in enterocytes

(Dpp4Gut�/�), (2) elimination of DPP4 in both endothelial and he-

matopoietic cells (Dpp4EC�/�), and (3) eliminationofDPP4specif-

ically in endothelial cells (Dpp4EC�/� mice reconstituted with

bonemarrow fromwild-type (WT) donormice (Dpp4EC�/�(BMT)).

RESULTS

Enteral Inhibition of DPP4 Is Sufficient to Regulate
Glucose Metabolism in Chow- and High Fat Diet-Fed
Wild-Type Mice
We first re-assessed previous observations linking intestinal se-

lective sitagliptin treatment with improvement of oral glucose

tolerance independent of changes in plasma DPP4 activity (Wa-

get et al., 2011). Although high dose sitagliptin (10 mg/kg body

weight, referenced as systemic inhibition) robustly lowered

plasma DPP4 activity (Figure 1A) and improved oral glucose

tolerance (Figure 1B), selective enteral inhibition of DPP4 activity

with low dose sitagliptin (14 mg/mouse, referenced as intestinal-

selective inhibition) significantly improved oral glucose tolerance

(Figure 1B) without affecting plasma DPP4 activity (Figure 1A). In

contrast to findings with systemic DPP4 inhibition, intestinal-se-

lective inhibition of DPP4 activity with sitagliptin did not reduce

glycemic excursion during an intraperitoneal glucose tolerance

test (i.p. GTT) (Figure 1C). The glucoregulatory actions of intesti-

nal-selective inhibition of DPP4 with sitagliptin were absent in

mice lacking both the Glp1r and Gipr (double incretin receptor

knockout [DIRKO]) (Figure 1D). Notably, intestinal-selective

DPP4 inhibition with sitagliptin increased insulin levels (Fig-

ure 1E), as well as plasma levels of intact GLP-1 andGIP (Figures

1F and 1G). None of the concentrations of sitagliptin inhibited

gastric emptying (Figure S1).

As previous studies assessed metabolic effects of intestinal-

selective DPP4 inhibition predominantly in normoglycemic
(E–G) Plasma insulin (E), active GLP-1 (F), and active GIP (G) measured at 0 and 1

OGTT in 10- to 12-week-old WT mice (n = 6–13/group).

(H) Plasma DPP4 activity 30 min after sitagliptin or water gavage in WT mice fed

(I and J) DPP4 activity in mucosal scrapings or in extracts isolated from whole int

group).

(K) Blood glucose taken 0–120 min after administration of oral glucose in 19- to 22

10 mg/kg sitagliptin. Inset depicts iAUC analysis for glucose excursions (n = 16–

(L–N) Plasma insulin (L), active GLP-1 (M), and active GIP (N) measured at 0 and

group). Data are presented as the mean ± SEM. *p % 0.05.
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mice (Waget et al., 2011), we examined the actions of sitagliptin

in high fat diet (HFD)-fed mice. Intestinal-selective DPP4 inhibi-

tion (14 mg/mouse) did not reduce plasma DPP4 activity in

mice fed a HFD (Figure 1H). However, DPP4 activity in jejunal

mucosa (Figure 1I) and in whole gut extracts from both the small

and large bowel (Figure 1J) was reduced after intestinal-selective

DPP4 inhibition with sitagliptin. Moreover, glycemic excursions

were lower after an oral glucose challenge (Figure 1K), and

plasma levels of insulin, active GLP-1, and active GIP were

unchanged (versus control) after intestinal-selective DPP4 inhibi-

tion with sitagliptin (Figures 1L–N). In contrast, systemic inhibi-

tion of DPP4 with 10 mg/kg sitagliptin significantly increased

circulating levels of insulin and active incretin hormones in

HFD-fed mice (Figures 1L–1N).

Dpp4Gut–/– Mice Exhibit Markedly Reduced Intestinal
DPP4 Activity, but No Improvement in Glucose
Tolerance
To more precisely delineate the cellular target(s) of DPP4i within

the gut, we generated mice with selective inactivation of Dpp4 in

enterocytes (Dpp4Gut�/�; Figure 2A). Levels ofDpp4mRNA tran-

scripts in gut extracts and mucosa were 90% lower throughout

the length of the intestine from Dpp4Gut�/� versus control Vil-

Cre mice, whereas Dpp4 expression in liver, kidney, and spleen

was not reduced (Figures 2B and 2C). Consistent with the RNA

data, DPP4 enzyme activity was markedly reduced in gut ex-

tracts (Figure 2D) and mucosal scrapings (Figure 2E) from intes-

tinal segments of Dpp4Gut�/� mice, whereas plasma DPP4

activity was not different compared to Vil-Cre controls (Fig-

ure 2F). Surprisingly, despite marked reduction of intestinal

mucosal DPP4 activity in Dpp4Gut�/� mice, oral glucose toler-

ance and insulin levels were unchanged (Figures 2G and 2H).

Plasma levels of active GLP-1 were not increased (Figure 2I),

whereas the rise in post-prandial active GIP was reduced in

Dpp4Gut�/� versus Vil-Cre control mice (Figure 2J). Furthermore,

intestinal-selective DPP4 inhibition continued to produce a

modest yet significant reduction in glycemic excursion after

oral glucose administration in Dpp4Gut�/� (Figures 2K–2M), and

both Dpp4Gut�/� and Vil-Cre control mice responded similarly

to intestinal-selective DPP4 inhibition with equivalent increases

in plasma insulin, active GLP-1, and active GIP levels (Figures

S2A–S2C). After 8 weeks of HFD feeding, Dpp4Gut�/� mice ex-

hibited similar body weights and food intake compared to Vil-

Cre controls (Figures S2D–S2F). Consistent with findings in

chow-fed Dpp4Gut�/� mice, oral glucose tolerance and insulin

levels were similar between the two groups, and active levels

of incretins were not preferentially increased following sitagliptin

administration in HFD-fed Dpp4Gut�/� versus control mice

(Figures S2G–S2L). Taken together, these findings reveal that
5 min after glucose challenge (45 min after sitagliptin/water gavage) during an

a HFD for 4 weeks (n = 5–15 mice/group).

estinal tissues from mice treated 30 min prior with 14 mg of sitagliptin (n = 7–9/

-week-old WT mice fed a HFD for 4–6 weeks and treated with 14 mg/mouse or

17 mice/group).

15 min after glucose gavage during an OGTT in HFD-fed WT mice (n = 5–11/



Figure 2. Disruption of Dpp4 in Villin+ Cells of the Gut Epithelium Does Not Perturb the Enteroinsular Axis

(A) Schematic of Cre LoxP targeting strategy for Dpp4 to generate tissue-specific knockouts.

(B and C) mRNA abundance of Dpp4 normalized to Ppia in whole extracts (B) of intestinal segments (Duo, duodenum; Jej, jejunum and ileum), liver (Liv), kidney

(Kid), and spleen tissue or mucosal scrapings (C) of chow-fed 6- to 10-week-old female mice (n = 3–8/group).

(D and E) DPP4 activity in extracts made fromwhole tissue (D) or mucosal scrapings (E) isolated from intestine, and whole extracts isolated from liver, kidney, and

spleen (D) of chow-fed mice 6- to 10-week-old female mice (n = 3–8/group).

(F) Plasma DPP4 activity in Dpp4Gut�/� and Vil-cre control fed on chow diet.

(legend continued on next page)
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Figure 3. Dpp4EC–/– and Dpp4EC–/–(BMT) Mice Exhibit Reduced Plasma DPP4 Activity and Increased Incretin Levels

(A) Schematic of Cre LoxP targeting of Dpp4 to generate tissue-specific knockouts.

(B–D) mRNA abundance ofDpp4 normalized to Ppia in cells isolated from lung and sorted by flow cytometry (B) or whole extracts of aorta, lung, bonemarrow (C),

or intestinal segments (duodenum, [Duo], jejunum [Jej], and ileum), liver (Liv), kidney (Kid), and spleen tissue (D) (n = 4–10/group).

(E) DPP4 activity in whole tissue extracts from intestinal segments, liver, kidney, and spleen of chow-fed female mice (n = 3–4/group).

(F–H) DPP4 activity in bone marrow (BM), spleen and liver of 40- to 44-week-old Dpp4EC�/� without bone marrow transplant or 30 weeks post-bone marrow

transplant after 14 weeks of HFD feeding (n = 7–8/group).

(I–K) Plasma DPP4 activity (I) (n = 8–30 mice/group), active GLP-1 (J), and active GIP (K) (n = 8–18/group) in 5 hr-fasted controls or Dpp4-targeted chow-diet fed

mice. Data are means ± SEM. *p % 0.05.
elimination of DPP4 in the gut epithelium targeted by Vil-Cre is

not sufficient to recapitulate themetabolic phenotypes observed

inDpp4�/�mice (Conarello et al., 2003;Marguet et al., 2000) or in

WT mice with intestinal-selective DPP4 inhibition (Waget et al.,

2011).

Dpp4EC–/– and Dpp4EC–/–(BMT) Mice Exhibit Reduced
Plasma DPP4 Activity and Increased Incretin Levels
To further identify cellular site(s) of DPP4 expression that

transduce a glucoregulatory response to DPP4i, we inactivated
(G) Blood glucose taken 0–120 min after administration of oral glucose in mice fa

group).

(H–J) Plasma insulin (H), active GLP-1 (I), and active GIP (J) measured at 0 and 15m

6–14/group).

(K–M) Blood glucose and area under the curve analysis taken 0–120 min after a

doses of sitagliptin (n = 9–27 mice/group). Data are presented as the mean ± SE
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Dpp4 in hematopoietic and endothelial cells (Dpp4EC�/�; Fig-
ure 3A) using the Tie2 promoter to drive expression of Cre

recombinase. Regular chow diet-fed Tie2-Cremice did not differ

significantly from WT mice or mice carrying the floxed Dpp4

allele (Flox Dpp4) in regard to plasma DPP4 activity, glucose

tolerance, and plasma insulin and incretin hormone levels (Fig-

ures S3A–S3G). These parameters were also similar in all

three groups of mice after HFD feeding (Figures S3H–S3N).

Therefore, we used Tie2-Cre mice as controls for all experi-

ments. Dpp4 expression was reduced by 95% in sorted CD31+
sted for 5–6 hr. Inset depicts iAUC analysis for glucose excursions (n = 20–27/

in after glucose challenge during an OGTT in control andDpp4Gut�/�mice (n =

dministration of oral glucose in control and Dpp4Gut�/� mice treated with two

M. *p % 0.05.



(legend on next page)
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lung endothelial cells from Dpp4EC�/� mice (Figures 3B and

S4A–S4C). Significant reductions in Dpp4 mRNA expression

were also observed in tissues rich in endothelial cells including

the aorta and lung (Figure 3C). Consistent with the expression

of the Tie2 promoter in the hematopoietic cell lineage (Tang

et al., 2010),Dpp4 expression was reduced in CD45+ cells sorted

from the lung (Figure 3B), as well as in the spleen (Figure 3D) and

in bonemarrowcells isolated from the femur and tibia (Figure 3C).

In contrast, no changes in Dpp4 expression were detected in

CD45� CD31� cells (Figure 3B). Deletion of endothelial and he-

matopoietic cell Dpp4 expression also accounted for a modest

reduction in Dpp4 mRNA abundance in the liver of Dpp4EC�/�

mice (Figure 3D), and DPP4 activity was reduced in liver, kidney,

and spleen of Dpp4EC�/� mice compared to Tie2-Cre controls

(Figure 3E). Both Dpp4 expression and DPP4 activity in whole

gut tissue and mucosal scrapings were similar in Dpp4EC�/�

versus Tie2-Cre mice throughout the gut (Figures 3D, 3E, S4D,

and S4E). As no differences in allocation of hematopoietic cell

populations were detected in Dpp4EC�/� versus Tie2-Cre mice

(Figures S5A and S5B), we sought to discriminate the contribu-

tion of endothelial versus hematopoietic-derived DPP4 to the

glucoregulatory response to sitagliptin. As such, we reconsti-

tuted irradiated control and Dpp4EC�/� mice with congenic

bone marrow (BM) from WT donor mice (designated as Tie2-

Cre(BMT) andDpp4EC�/�(BMT), respectively). Donor chimerism,

determined by flow cytometry 10weeks after BM transplant, was

93% ± 0.45% in Tie2-Cre(BMT) and 94% ± 0.27% in Dpp4EC�/�

(BMT) as assessed in peripheral blood nucleated cells from

recipient mice (Figures S5C–S5G). Upon receipt of donor

bone marrow from WT mice, DPP4 activity was restored to

a level similar to Tie2-Cre(BMT) in bone marrow and spleen

of Dpp4EC�/�(BMT) mice (Figures 3F and 3G). Consistent

with hepatic endothelial cell content, DPP4 activity remained

modestly reduced in liver from Dpp4EC�/�(BMT) mice versus

Tie2-Cre(BMT) controls (Figure 3H).

We next compared plasma DPP4 activity and plasma incretin

levels in Dpp4�/�, Dpp4EC�/�, Dpp4EC�/�(BMT), and control

mice. In the fasting state, whole body disruption of the Dpp4

gene resulted in almost undetectable plasma DPP4 activity (Fig-

ure 3I), as well as 10-fold and 3-fold elevations in fasting levels of

active GLP-1 and GIP, respectively (Figures 3J and 3K). In

contrast, Dpp4EC�/� mice exhibited an �40%–50% reduction

in plasma DPP4 activity (Figure 3I), a 5-fold elevation in active

GLP-1 (�50% of what was observed for Dpp4�/� mice; Fig-

ure 3J), and a 3-fold increase in levels of active GIP (similar to

Dpp4�/�, Figure 3K). Following bone marrow transplantation to

rescue hematopoietic cell lineages in Dpp4EC�/�(BMT) mice,

plasma DPP4 activity remained significantly decreased by
Figure 4. Dpp4EC–/– and Dpp4EC–/–(BMT) Mice Fail to Exhibit Improved

Sitagliptin

(A–C) Blood glucose taken 0–120 min after administration of oral glucose in D

excursions (n = 8–34 mice/group).

(D–G) Plasma insulin (D), glucagon (E), active GLP-1 (F), and active GIP (G) measur

targeted mice (n = 8–18/group).

(H–J) Blood glucose and iAUC analysis taken 0–120 min after administration of o

10 mg/kg sitagliptin and fed a regular chow diet (n = 15–27 mice/group).

(K–M) Plasma insulin (K), active GLP-1 (L), and active GIP (M) measured at 0 and

mice treated with 14 mg/mouse or 10 mg/kg sitagliptin and fed a chow diet (n = 6
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�25% (Figure 3I). Interestingly, following BM reconstitution in

Dpp4EC�/�(BMT) mice, plasma levels of active GLP-1 remained

elevated at levels similar to those detected in Dpp4EC�/� mice

(Figure 3J), indicating an important role for ECs, but not bone

marrow-derived cells, in the control of GLP-1 degradation. In

contrast, reconstitution of WT DPP4 activity in bone marrow of

Dpp4EC�/� mice reduced plasma fasting levels of active GIP

relative to those detected in Dpp4EC�/� and Dpp4�/� mice (Fig-

ure 3K), revealing an unexpected essential role for hematopoietic

cells in DPP4-dependent GIP inactivation.

Elevated Incretin Levels Are Not Sufficient to
Improve Glucose Tolerance in Dpp4EC–/– and
Dpp4EC–/–(BMT) Mice
We next compared the integrity of the enteroinsular axis in whole

body Dpp4�/�, Dpp4EC�/�, Dpp4EC�/�(BMT), and control mice.

In accordance with previous studies (Marguet et al., 2000), reg-

ular chow-fed Dpp4�/� mice exhibited an improved glucose

excursion (Figure 4A), which was associated with a 1.5-fold in-

crease in glucose-stimulated insulin levels and no change in sup-

pression of glucagon compared with control mice (Figures 4D

and 4E). Plasma levels of active GLP-1 and GIP were increased

by 1.5- and 10-fold inDpp4�/�mice, respectively, in response to

oral glucose (corresponding to concentrations approximately

ten and four times higher than levels in WT mice, respectively)

(Figures 4F and 4G). Surprisingly,Dpp4EC�/�mice did not exhibit

improved glucose tolerance (Figure 4B), despite elevations in

plasma levels of insulin (similar to levels in Dpp4�/� mice), and

active GLP-1 and GIP (�50% of levels observed in Dpp4�/�

mice) in response to oral glucose (Figures 4D–4G). No

differences in plasma glucagon were observed (Figure 4E).

The two groups of mice irradiated and transplanted with

WT bone marrow both exhibited improved glucose tolerance

(Figure 4C versus 4A and 4B), and no deterioration of glucose

tolerance or changes in levels of insulin or incretin hor-

mones were detected following bone marrow transplantation

in Dpp4EC�/�(BMT) mice compared with Tie2-Cre(BMT) mice

(Figures 4D–4G).

As short-term administration of DPP4i may improve insulin

sensitivity independent of marked changes in glycemia (Utzsch-

neider et al., 2008), we assessed insulin action in chow-fed,

conscious, unrestrained control (Flox Dpp4 and Tie2-Cre) and

Dpp4EC�/�mice using the hyperinsulinemic (2.5 mU/kg/min) eu-

glycemic clamp. Arterial glucose was clamped at similar levels in

both groups (Figure S6A), and the glucose infusion rate (GIR)

necessary to maintain euglycemia was not different between

groups (Figures S6B and S6C). However, both basal and clamp

insulin levels were higher in Dpp4EC�/�mice (Figure S6D), and
Oral Glucose Tolerance and Retain Glucoregulatory Responses to

pp4-targeted mice fasted for 5–6 hr. Insets depict iAUC analysis of glucose

ed at 0 and 15min after glucose challenge during anOGTT in control andDpp4-

ral glucose in control and Dpp4EC�/� mice treated with either 14 mg/mouse or

15 min after glucose challenge during an OGTT in Dpp4-targeted and controls

–12 mice/group). Data are presented as the mean ± SEM. *p % 0.05.



Figure 5. HFD-Fed Dpp4EC–/– and Dpp4EC–/–(BMT) Mice Are Protected from Glucose Intolerance in the Insulin-Resistant State

(A) Plasma DPP4 activity in 5 hr-fasted control and Dpp4-targeted mice after 8 weeks of HFD (n = 8–21).

(B–D) Oral glucose tolerance inDpp4-targeted and control mice fasted for 5–6 hr and fed a HFD for 4–6 weeks. Insets depict iAUC analysis of glucose excursions

(n = 8–27 mice/group).

(E–G) Plasma insulin (E), active GLP-1 (F), and active GIP (G) measured at 0 and 15 min after glucose challenge (n = 5–12/group). Data are means ± SEM.

*p % 0.05.
insulin-mediated suppression of endoRa (glucose appearance)

was greater inDpp4EC�/� compared to controlmice (Figure S6E).

Conversely, despite higher clamped insulin levels, stimulation of

Rd (glucose disposal) was impaired in Dpp4EC�/�compared to

control mice (Figures S6F–S6L). Altogether, these data indicate

that under a chow diet, Dpp4EC�/� mice have no improvement

in glucose tolerance and reduced insulin sensitivity in tissues

utilizing glucose.

Chow-Fed Dpp4EC–/– Mice Retain Glucoregulatory
Sensitivity to Sitagliptin
We next determined whether endothelial cell DPP4 is an impor-

tant target for the glucoregulatory actions of sitagliptin. Consis-

tent with data in WT mice (Figure 1B), Tie2-Cre mice exhibited

a dose-dependent improvement in glucose tolerance following

intestine-selective and systemic inhibition of DPP4 with sitaglip-

tin (Figures 4H and 4I). This dose-dependent improvement in

glucose tolerance in control mice was associated with increased

levels of insulin, active GLP-1, and active GIP (Figures 4K–4M). In

contrast, the differential glucoregulatory response to enteric

versus systemic inhibition with sitagliptin was lost in Dpp4EC�/�

mice, with maximum glucose lowering achieved with the intesti-

nal-selective dose of sitagliptin (Figures 4I and 4J). Consistent

with the glucose excursion data, both enteral and systemic

DPP4 inhibition produced a further modest and similar augmen-
tation of the already elevated levels of insulin, active GLP-1, and

active GIP in Dpp4EC�/�mice (Figures 4K–4M). Moreover, the

already improved glucose tolerance (Figure 4C), in both Tie2-

Cre(BMT) and Dpp4EC�/�(BMT) mice (compared to Tie2-Cre

and Dpp4EC�/� mice, Figure 4B), was not further affected

by intestine-selective sitagliptin treatment (Figures S6G–S6L).

HFD-Fed Dpp4EC–/– and Dpp4EC–/–(BMT) Mice Are
Protected from Glucose Intolerance in the Insulin-
Resistant State
As previous studies have shown that whole body Dpp4�/� mice

are resistant to the deleterious metabolic effects of high fat

feeding (Conarello et al., 2003), and this is validated in Fig-

ure S7A, we analyzed Dpp4EC�/� mice after 8 weeks of HFD

feeding. No differences in body weight or food intake were

observed in Dpp4EC�/� and Dpp4EC�/�(BMT) mice compared

to their respective controls (Figures S7B–S7E).

As previously described in settings of weight gain (Lamers

et al., 2011; Nagakura et al., 2003; Yang et al., 2014), plasma

DPP4 activity increased in all groups after HFD-feeding (Fig-

ure 1A versus 1H), yet remained significantly lower in HFD-

fed Dpp4EC�/�and Dpp4EC�/�(BMT) mice compared with con-

trols (Figure 5A). Dpp4�/� mice demonstrated robust protection

against glucose intolerance in response to HFD-feeding (Fig-

ure 5B). Interestingly, in contrast to the lack of improvement in
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glucose control detected in regular chow-fed mice (Figures 4B

and 4C), both Dpp4EC�/�and Dpp4EC�/�(BMT) showed a signifi-

cant improvement in glucose tolerance compared to their

respective controls (Figures 5C and 5D), and insulin levels were

higher 15min post-glucose administration (Figure 5E).Moreover,

significant elevations in both active GLP-1 (3-fold) and active GIP

(2.5-fold) were detected after oral glucose administration (Fig-

ures 5F and 5G).

We next assessed insulin action in HFD-fed control and

Dpp4EC�/� mice. Arterial glucose was clamped at similar levels

in HFD-fed control and Dpp4EC�/�mice (Figure S7F). The GIR

necessary to maintain euglycemia was not different between

groups (Figures S7G and S7H). In contrast to findings under

chow-fed conditions, clamp insulin levels were not higher in

Dpp4EC�/� mice (Figure S7I). Insulin-mediated suppression of

endoRa was not significantly different between HFD-fed control

and Dpp4EC�/� mice (Figure S7J). The stimulation of Rd in

response to insulin was also not significantly different between

groups (Figure S7K).

HFD-Feeding Extinguishes the Glucoregulatory
Sensitivity to Low Dose Sitagliptin in Dpp4EC–/– and
Dpp4EC–/–(BMT) Mice
We next assessed the effects of insulin resistance on intestinal-

selective DPP4 inhibition versus systemic DPP4 inhibition with

sitagliptin treatment. Tie2-Cre control mice exhibited a propor-

tional reduction in glycaemia to each dose of sitagliptin (Figures

6A and 6C). In contrast, intestinal-selective inhibition of DPP4

with sitagliptin had no effect on glucose tolerance in HFD-fed

Dpp4EC�/� mice whereas, systemic inhibition of DPP4 with sita-

gliptin improved glucose tolerance (Figures 6B and 6C). Consis-

tent with findings in WT mice, Tie2-Cre control mice exhibited a

significant increase in plasma levels of insulin and active GLP-1

only in response to systemic DPP4 inhibition; however, GIP was

significantly elevated in response to both 14 mg of sitagliptin and

systemic inhibition (Figures 6D–6F). Similarly, selective intestinal

inhibition of DPP4 in Dpp4EC�/� mice with sitagliptin did not

augment levels of plasma insulin or active GLP-1 but did signif-

icantly increase active GIP levels (Figures 6D–6F). Increased

plasma levels of insulin and active GLP-1 (but not active GIP)

were detected following administration of the higher systemic

dose of sitagliptin in Dpp4EC�/� mice (Figures 6D–6F). Following

bone marrow transplantation, control mice (Tie2-Cre (BMT)) also

exhibited dose-dependent reductions in glucose excursions

in response to sitagliptin administration (Figures 6G and 6I).

Consistent with findings in the absence of bone marrow trans-

plantation, high fat fed Dpp4EC�/�(BMT) mice did not exhibit

a glucoregulatory response to intestine-selective inhibition of

DPP4 with sitagliptin but retained responsivity to systemic

DPP4 inhibition (Figures 6H and 6I). No differences in insulin
Figure 6. HFD-Feeding Extinguishes the Glucoregulatory Sensitivity to

(A–C) Oral glucose tolerance in Tie2-Cre andDpp4EC�/�mice treated with 14 mg/m

27 mice/group).

(D–F) Plasma insulin (D), active GLP-1 (E), and active GIP (F) measured at 0 and

(G–I) Oral glucose tolerance in Tie2-Cre (BMT) and Dpp4EC�/�(BMT) mice recon

sitagliptin and fed a HFD for 4–6 weeks (n = 7–8 mice/group).

(J–L) Plasma insulin (J), active GLP-1 (K), and active GIP (L) measured at 0 or 15 m

SEM. *p % 0.05.
levels were noted between genotypes or sitagliptin doses (Fig-

ure 6J); however, Dpp4EC�/�(BMT) mice had elevated levels of

plasma active GLP-1 and GIP after oral glucose administration,

in the absence of sitagliptin (Figures 6K and 6L).

DISCUSSION

Incretin hormones (i.e., GIP and GLP-1) are secreted by enter-

oendocrine K- and L-cells, in response to food ingestion to

promote efficient nutrient disposal. The development of DPP4i

was based on a classical paradigm linking systemic reduction

of plasma DPP4 activity with increased circulating levels of

active GLP-1 and GIP, which in turn, augment insulin and inhibit

glucagon secretion and lower glucose (Deacon, 2004; Drucker,

2007; Omar and Ahrén, 2014). However, circulating levels of

incretin hormones are extremely low and as little as 10% of

intact bioactive GLP-1 secreted by L-cells actually reaches the

pancreas (Hansen et al., 1999; Hjøllund et al., 2011). Further-

more, administration of a low dose of DPP4i to selectively inhibit

DPP4 activity locally within the intestine is sufficient to improve

glucose tolerance (Omar and Ahrén, 2014; Waget et al., 2011).

These findings highlight the importance of a local, intestinal

DPP4-sensitive enteroinsular axis for the control of glucose ho-

meostasis. Nevertheless, the precise DPP4+ cell types within

the gut responsible for these DPP4-dependent glucoregulatory

actions have not been identified.

Enteric Inhibition of DPP4 by Sitagliptin Significantly
Improves Glucose Tolerance in Chow-Fed and HFD-
Fed Mice
We now reproduce the findings of Waget et al. (2011) that local

intestinal DPP4 inhibition improves oral glucose tolerance in

WT mice. Importantly, we extend these observations by demon-

strating that the glucoregulatory actionsof entericDPP4 inhibition

are completely extinguished in DIRKOmice, thereby reaffirming a

dominant role for activation of both incretin receptors in the glyce-

mic response toDPP4 inhibition (Flock et al., 2007;Hansotia et al.,

2004). Interestingly, intestinal selective DPP4 inhibition with sita-

gliptinwassufficient to augmentcirculating levelsof insulin, active

GLP-1 and active GIP under chow diet-fed conditions, despite

no inhibition of systemic DPP4 activity. In contrast, in HFD-fed

WT mice, intestinal-selective inhibition of DPP4 with sitagliptin

improved glucose excursion by over 50%without a detectable in-

crease in plasma levels of insulin, active GLP-1 and active GIP,

highlighting the importance of local, enteral-portal incretin gradi-

ents (Nakajima et al., 2015; Waget et al., 2011) in the control of

glucose homeostasis under these conditions. We then sought

to identify the cellular origin of DPP4 within the gastrointestinal

tract critical for glucoregulation and, as such, genetically elimi-

nated Dpp4 in enterocytes, endothelial cells, and immune cells.
Low Dose Sitagliptin in Dpp4EC–/– and Dpp4EC–/–(BMT) Mice

ouse or 10mg/kg body weight sitagliptin and fed a HFD for 4–6 weeks (n = 15–

15 min after glucose challenge (n = 8–15/group).

stituted with WT bone marrow treated with 14 mg/mouse and 10 mg/kg body

in after glucose challenge (n = 7–8/group). Data are presented as the mean ±
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DPP4 Expressed in Villin+ Enterocytes Does Not
Contribute to Incretin Cleavage or Glucoregulation
Although enterocytes within the mucosal epithelium account for

85%–90% of total DPP4 expression in the gut, our data show

that DPP4 activity in villin+ epithelial cells does not contribute

significantly to circulating DPP4 activity and does not play an

important role in the cleavage of GLP-1 and GIP. Importantly,

although intestine-selective inhibition of DPP4 with sitaglip-

tin potently reduced DPP4 activity in gut mucosal extracts

(that contain predominantly enterocytes), genetic elimination of

Dpp4 in Dpp4Gut�/� mice had no effect on basal glucose

tolerance and did not abrogate the glucoregulatory effects of

intestinal-selective DPP4 inhibition under regular chow or HFD

conditions. Hence, the principal DPP4+ cell type within the small

bowel, the enterocyte, does not substantially contribute to

DPP4-mediated control of glucose homeostasis.

Genetic Elimination of DPP4 in Tie2+ Cells Reveals
Cellular Origin of DPP4 Responsible for Incretin
Cleavage
In contrast to findings in Dpp4Gut�/� mice, DPP4 activity in the

intestine of Dpp4EC�/� mice was not reduced following genetic

elimination of DPP4 in vascular endothelial cells and cells of he-

matopoietic origin. Nevertheless, our study revealed important

contributions from endothelial cells and bone marrow-derived

cells to total plasma DPP4 activity (Figure 3I). Targeting DPP4

deletion in endothelial cells decreased DPP4 activity by �25%,

and bone marrow transplantation studies revealed a further

contribution of hematopoietic cells to total plasmaDPP4 activity,

in keeping with findings reported by others (Wang et al., 2014).

Consistent with the immunohistochemical localization of DPP4

in capillary endothelium adjacent to GLP-1 secreting enteroen-

docrine cells (Hansen et al., 1999), our genetic data demon-

strated that endothelial cell DPP4 is responsible for inactivation

of GLP-1 and GIP in the post-prandial state under both chow-

and HFD-fed conditions. Although DPP4 is widely expressed in

cells of hematopoietic origin, previous studies have not revealed

a role for bone marrow-derived cells in the control of incretin

inactivation. Unexpectedly, fasting plasma levels of intact GIP

were reduced inDpp4EC�/�mice after bonemarrow transplanta-

tion. These findings suggest a heretofore unappreciated role

for one or more hematopoietic cell lineages in the DPP4-medi-

ated inactivation of GIP (Table S1). Nevertheless, despite a

contribution of bone marrow-derived cells to plasma DPP4

activity, Dpp4EC�/� and Dpp4EC�/�(BMT) mice displayed similar

increased levels of fasting and post-prandial active GLP-1 under

both regular chow- and HFD-fed conditions. Hence, DPP4+

endothelial cells, but not bone marrow-derived cells, are critical

for control of GLP-1 inactivation. These findings highlight the util-

ity of mouse genetics for elucidating novel cellular determinants

of DPP4-dependent incretin hormone degradation.

Dietary Induction of Insulin Resistance Reveals
Important Roles of DPP4 in Endothelial Cells for
Glucoregulation
Surprisingly, despite increased circulating levels of intact incretin

hormones and an augmented insulin response to glucose, regu-

lar chow-fed Dpp4EC�/� mice did not exhibit improved glucose

tolerance. These data highlight the potential importance of local
162 Cell Metabolism 25, 152–165, January 10, 2017
incretin signaling gradients rather than illustrate a clear endo-

crine mechanism for the glucoregulation mediated by DPP4

inhibition. To more comprehensively address glucose disposal

and insulin sensitivity, we performed hyperinsulinemic-euglyce-

mic clamps. Compared to controls, Dpp4EC�/� mice had sig-

nificantly decreased glucose disposal complemented by a

decrease in glucose production, resulting in no overall change

in the glucose infusion rate. These data are consistent with our

previous studies demonstrating that genetic elimination of the

Glp1r increased muscle glucose uptake but reduced hepatic in-

sulin sensitivity (Ayala et al., 2010). Nevertheless, low dose sita-

gliptin remained effective in lowering glycemic excursions after

oral glucose in Dpp4EC�/�mice. Hence, under the experimental

conditions in regular chow-fedmice described here, the target(s)

of selective intestinal inhibition of DPP4 remains unknown.

Unexpectedly, in contrast to the lack of a glucoregulatory

phenotype on a regular chow diet, both Dpp4EC�/� and

Dpp4EC�/�(BMT) mice exhibited significantly improved glucose

tolerance under high fat diet conditions. Further evidence for

the contribution of endothelial cell DPP4 to DPP4i-mediated glu-

coregulation was revealed by the lack of response of both

Dpp4EC�/� and Dpp4EC�/�(BMT) high fat diet-fed mice to in-

testinal-selective DPP4 inhibition with low dose sitagliptin. In

contrast, the response to systemic inhibition of DPP4 activity

with high dose sitagliptin remained intact in Dpp4EC�/� and

Dpp4EC�/�(BMT) mice. High fat feeding has significant effects

on many aspects of the enteroinsular axis, and discerning the

biological importance of endothelial cell DPP4 under conditions

of insulin resistance requires further investigations.

Resistance to Diet-Induced Obesity in Dpp4–/– Mice Is
Not Recapitulated by Targeting DPP4 Activity in
Enterocytes, Endothelial Cells, or Hematopoietic Cells
Althoughwhole body germline inactivation of theDpp4 genewas

associated with resistance to diet-induced obesity (Figure S7)

(Conarello et al., 2003), the majority of diabetic humans treated

with DPP4i do not exhibit weight loss (Deacon, 2011). Further-

more, despite significant reductions in plasma DPP4 activity in

regular chow- and HFD-fed Dpp4EC�/� mice, no changes in

bodyweight or food intakewere observed. Hence, despite endo-

thelial cell DPP4 accounting for �50% of DPP4-mediated inac-

tivation of GLP-1, the increased plasma GLP-1 levels detected

in HFD-fed Dpp4EC�/� and Dpp4EC�/�(BMT) mice were not suf-

ficient to control bodyweight. These findings highlight the impor-

tance of DPP4 activity in cell types beyond ECs, as well as other

DPP4 substrates that also regulate glucose metabolism and

food intake (Mulvihill and Drucker, 2014), in the integrated meta-

bolic response to genetic or pharmacological DPP4 inhibition.

In summary, we reveal that (1) enterocyte-derived DPP4 does

not contribute to plasmaDPP4 activity or regulate incretin degra-

dation, and (2) inhibition of enterocyte DPP4 does not mediate

the glucoregulatory properties of intestinal-selective DPP4 inhi-

bition. DPP4 in hematopoietic cells: (1) contributes to plasma

DPP4 activity, (2) selectively cleaves GIP but not GLP-1, and

(3) does not contribute to glucose control. Finally, endothelial

DPP4: (1) contributes to plasma DPP4 activity, (2) is responsible

for degradation of both GIP and GLP-1, and (3) is the target

of gut-selective inhibition of DPP4 by sitagliptin under con-

ditions of insulin resistance and metabolic stress (Figure 7).



Figure 7. Role of DPP4+ Cell Types in the

Enteroinsular Axis

Whole body genetic deletion of DPP4 increased

levels of intact GIP and GLP-1 and improved

glucose tolerance in both chow and HFD-fed mice.

Ablation of enterocyte DPP4 in Dpp4Gut�/� mice did

not produce alterations in plasma DPP4 activity,

incretin hormone levels or glucose tolerance.

In contrast, endothelial cell (EC)-derived DPP4

contributed to plasma DPP4 activity, incretin

degradation, and glucose control under conditions

of insulin resistance. Surprisingly, DPP4+ cells of

bone marrow origin mediated the selective degra-

dation of fasting GIP, but not GLP-1. Collectively,

these findings identify an essential role for endo-

thelial cells but not enterocyte DPP4 in the function

of the enteroinsular axis and DPP4i-mediated

glucoregulation.
Interestingly, systemic DPP4 inhibition maintained glucose-

lowering effects, despite genetic elimination of DPP4 within

endothelial cells. This is in accordance with only partial meta-

bolic improvement in Dpp4EC�/� mice compared with the whole

body Dpp4�/� mice and suggests that DPP4 expression in other

tissues remains critical for glucoregulation in the context of sys-

temic DPP4 inhibition. Although treatment with DPP4i is gener-

ally well tolerated, rare adverse events including arthralgia,

rhinitis, skin rash, pancreatitis, and hospitalization for heart fail-

ure have been described (Deacon, 2011; Mulvihill and Drucker,

2014). Our findings identify the importance of specific DPP4+

cell types for incretin degradation and glucose control under

different metabolic conditions, thereby enabling targeted devel-

opment of DPP4i for compartment-selective potentiation of

incretin action.
EXPERIMENTAL PROCEDURES

Animals

Mice were housed under a 12-hr light/dark cycle in the Toronto Centre for

Phenogenomics and maintained on regular chow (2018, 18% kcal from fat;

Harlan Teklad) or HFD (45% kcal fat, 35% kcal carbohydrate, 0.05% wt/wt

cholesterol, D12451, Research Diets) with free access to food and water, un-

less otherwise noted. Dpp4�/� mice were re-derived from a colony described

previously (Marguet et al., 2000; Sauvé et al., 2010). Double incretin receptor

knockout mice (DIRKO) were previously described (Hansotia et al., 2004,

2007). Flox Dpp4 mice were obtained from Merck Research Laboratories.

The LoxP sites span the catalytic serine in exon 22 of the Dpp4 gene.

B6.Cg-Tg(Tek-cre)1Ywa/J (Tie2-Cre) and B6.SJL-Tg(Vil-Cre)997Gum/J (Vil-

Cre) mice were obtained from Jackson Laboratories. As described for the

B6.Cg-Tg(Tek-cre)1Ywa/J strain (de Lange et al., 2008), germline deletion

was prevented by restricting Cre expression to male breeders. Conversely,

as B6.SJL-Tg(Vil-cre)997Gum/J mice demonstrated germline deletion when

Cre was expressed in male breeders, we restricted Cre expression to female

breeders. To control for gene dosage, breeders were heterozygous for the

Cre gene. Intercrossing Cre-positive and Cre-negative Dpp4 loxP heterozy-

gotes resulted in four genotypes: wild-type mice with no Cre (WT), mice
Cell Me
homozygous for the LoxP on Dpp4 gene (Flox

Dpp4), wild-type mice expressing Cre recombinase

(Tie2-CreandVil-cre), andFloxDpp4miceexpressing

Cre recombinase (Dpp4EC�/� and Dpp4Gut�/�).
Whenever possible, we carried out experiments in

all four groups of mice (Figure S3). However, due to
lack of phenotypic differences in the control lines, we present data for mice ex-

pressing Cre and mice with the two different targeted Dpp4 deletions. All mice

were born at the expected Mendelian ratios and appeared healthy. All experi-

ments used age- and sex-matched littermates. Mice were fasted for 5 hr prior

to metabolic studies. All experiments were approved by the Animal Care and

UseSubcommitteeat theTorontoCentre forPhenogenomics,Mt.SinaiHospital.

Oral and Intraperitoneal Glucose Tolerance Tests

After a 5-hr fast, mice were administered water or sitagliptin (Merck Lab-

oratories) at 14 mg/mouse (intestinal-specific dose) or 10 mg/kg (systemic

inhibition) by gavage; 30 min later regular chow-fed mice were gavaged or

i.p.-injected with 20% glucose in PBS (2 g/kg of body weight). HFD-fed

mice were gavaged with 50% glucose in PBS (2 g/kg of body weight). Blood

for glucose measurements (Contour glucometer, Bayer Healthcare) was taken

up to 120 min post-injection. Glucose tolerance was assessed using the incre-

mental AUC glucose (iAUC). For gastric emptying, 1% acetaminophen was

administered and blood samples were taken for measurement of acetamino-

phen (Flock et al., 2011).

Blood and Tissue Collection

Blood was taken via the tail vein during metabolic studies. For terminal studies,

miceweresacrificedbyCO2 inhalation, bloodwasobtainedbycardiacpuncture.

Mucosal scrapings were isolated by opening the intestine and using a surgical

blade to remove themucosal layer. Bloodwas collected in heparin-coated capil-

larymicrovette tubes for assessment of DPP4 activity using a fluorometric assay

(substrate: 10 mM H-Gly-Pro-AMC HBr [Bachem #I-1225], standard: AMC

[Bachem #Q-1025]). For measurement of active GLP-1 (Mesoscale 150JVC-1),

activeGIP (Crystal Chem), glucagon (Mercodia), and insulin (ultrasensitive insulin

ELISA,AlpcoDiagnostics) bloodwasmixedwith 10%TED (5,000KIU/mLTrasy-

lol, 1.2mg/mLEDTA,and0.1nmol/LDiprotinA) andplasmastoredat�80�Cuntil

the assay was performed.

Bone Marrow Transplantation

Bone marrow chimeras were generated by irradiating Dpp4EC�/� and Tie2-cre

CD45.2+ recipient male mice (1,100 cGy, split into two equal doses 4 hr apart)

followed by tail vein injection of 5 3 106 congenic bone marrow cells from WT

B6.SJL-PtprcaPepcb/BoyJCD45.1+male donormice (obtained fromJackson

Labs), as described (Yusta et al., 2015). After 10weeks, the efficiency of recon-

stitution was assessed by flow cytometric (Gallios, Beckman Coulter) analysis

of blood with CD45.1-PE-Cy5.5 and CD45.2-APC-Cy7 antibodies.
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Flow Cytometry for Isolation of CD45+ and CD31+ Cells

Mice were fasted for 2 hr, injected with 25 U of heparin intramuscularly, and

anesthetized with Avertin. Ice-cold DMEM was perfused through the right

ventricle, and the lung was then injected with 1.5 mg of ice-cold collage-

nase. The lung was digested for 45 min at 37�C under constant agitation

in DMEM containing collagenase type A 1.5 mg\mL, glucose 2 mg\mL,

and DNase I 30 U\mL after which 25 mL of PBS containing 10% FBS was

added. Lungs were pooled from two mice. Cells were strained by 40 mM

strainer and isolated by centrifugation. Red blood cells were lysed using

red blood lysis solution (BioLegend) and resuspended in PBS containing

2 mM EDTA, 25 mM HEPES, and 2% FCS after isolation. Cells were

blocked with CD16\32 antibody. Cells were then incubated for 30 min

with fluorophore-conjugated antibodies to identify endothelial cells (APC-

CD31 [551262, BD Biosciences]) and hematopoietic cells (PE-30-FII [alpha

CD45], PE-Ter119, PE-I-A\I-E [M5/114.15.2; Sunnybrook antibody core

facility, Toronto, Ontario], and PE-CD41 [558040, BD Biosciences]). Target

populations of live cells (DAPI-) were isolated using an Astrios MoFlo cell

sorter (Beckman Coulter).

Food Intake

For calculation of food intake, mice were placed in individual cages with

measured amounts of food and bedding for 72 hr.

Gene Expression

First-strand cDNA was synthesized from total RNA using the SuperScript III

synthesis system (Invitrogen). Tissue mRNA levels were determined using a

two-step quantitative real-time PCR protocol on an ABI Prism (model 7900

HT) Sequence Detection System (Applied Biosystems) according to the man-

ufacturer’s instructions. Primer probe sets were manufactured by TaqMan

Assays-on-Demand (Applied Biosystems). The standard curve method was

used to determine mRNA concentrations, and each gene was normalized to

cyclophilin (Ppia) expression.

Hyperinsulinemic-Euglycemic Clamps

Flox Dpp4, Tie2-Cre, and Dpp4EC�/� mice on chow or high fat diets

were catheterized for at least 5 days before experimentation and clamped

as described previously (Ayala et al., 2008) with some modifications as

described below. Briefly, hyperinsulinemic-euglycemic clamps were per-

formed on 5-hr fasted mice. A 2.5-mCi bolus of [3-3H]glucose was given at

t = �90 min before insulin infusion, followed by a 0.04 mCi/min infusion for

90 min. Blood was obtained via an arterial catheter. Basal glucose-specific

activity was determined from blood samples taken at t = �15 and �5 min.

Fasting insulin levels were determined from samples taken at t = �5 min.

The clamp was begun at t = 0 min with a continuous infusion of human insulin

(2.5 mU/kg/min, Humulin R; Eli Lilly). Blood glucose samples were taken

every 10 min starting at t = 0 min. A variable glucose infusion containing

50% dextrose spiked with [3-3H]glucose (0.06 mCi/mL) was administered

to maintain euglycemia (�150–160 mg/dL). Mice received saline-washed

erythrocytes from donors throughout the clamp (5–6 mL/min). Blood samples

(80–240 mL) were taken every 10 min from t = 80 to 120 min and processed to

determine plasma [3-3H]glucose. Clamp insulin was determined at t = 100

and 120 min. At t = 120 min, mice were anesthetized with sodium pentobar-

bital. Glucose appearance (Ra) and disappearance (Rd) were analyzed

using Steele non-steady-state equations. Endogenous glucose production

(endoRa) was calculated by subtracting the glucose infusion rate from

total Ra.(Ayala et al., 2008).

Statistical Methods

Results are expressed as themean ± SEM. Statistical comparisonsweremade

by one- or two-way ANOVA followed by Tukey post hoc or by Student’s t test

(only two conditions) using GraphPad Prism 5. Statistically significant differ-

ences are indicated as *p % 0.05.
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Table 1 Intact plasma GIP measured in fasting and post-prandial states 

Supplemental Table 1 

    

WT Dpp4-/- Tie2Cre Dpp4EC-/- 
Tie2Cre 

(BMT) 

Dpp4EC-/-

(BMT) 

Fasting 

State 

Plasma 

Active 

GIP 

(pg/mL) 

  

15.5±1.9 45.2±6.7 14.8±2.5 42.6±9.5 12.1±1.4 22.1±3.5 

  

Intact GIP    

(% of 

Dpp4-/-) 

  

  100%   94%   49% 

Chow Diet 

 15 

minutes 

Post-

Glucose 

Plasma 

Active 

GIP 

(pg/mL) 

  

126.1±25.3 506.4±192.2 89.5±9.8 251.9±31.8 80.5±14.2 172.5±36.3 

  

Intact GIP    

(% of 

Dpp4-/-) 

  

  100%   50%   34% 

High Fat 

Diet 15 

minutes 

Post-

Glucose 

Plasma 

Active 

GIP 

(pg/mL) 

249.8±36.7 1293.5±54.9 195.8±40 560.1±89.6 157.8±16.3 461.6±36.4 

  

Intact GIP     

(% of 

Dpp4-/-) 

  100%   44%   35% 



Supplemental Figure 1 related to Main Figure 1: In contrast to treatment with a GLP-1R 

agonist, sitagliptin treatment did not modify gastric emptying in WT mice.  

A. Plasma acetaminophen measured 0-60 minutes after administration of oral glucose mixed 

with 1% acetaminophen in 10 week old WT mice treated dose-dependently with sitagliptin (0, 

14µg / mouse, 40µg / mouse, or 10mg/kg) or a GLP-1R agonist (Albiglutide, 2mg/kg). Data are 

presented as the mean ± SEM. (n=4 mice per group). * P ≤ 0.05 for control-treated vs. 

albiglutide-treated mice.  

 

Supplemental Figure 2 related to Main Figure 2: Metabolic consequences of eliminating 

Dpp4 in Villin+ cells of the gut epithelium. A-C. Plasma insulin (A), active GLP-1 (B) and 

active GIP (C) measured at 0 and 15 minutes after glucose challenge and 45 minutes after 

sitagliptin gavage during an OGTT in Vil-Cre or  Dpp4
Gut-/-

  mice fed on chow diet (n=4-15/per 

group).  D,E. Body weight of Vil-Cre and Dpp4
Gut-/-

 over 8 weeks on HFD (n=10 Vil-Cre and 14 

Dpp4
Gut-/-

). F. Food intake expressed as average kilocalories consumed/mouse/day on HFD (n=6-

13 mice/group). G-L. Oral glucose tolerance in Vil-Cre or Dpp4
Gut-/-

  mice treated with 14 

µg/mouse or 10 mg/kg body weight sitagliptin and fed a HFD for 4-6 weeks. G-I. Blood glucose 

and area under the curve analysis taken 0-120 minutes after administration of oral glucose (n=9-

14 mice/group). J-L. Plasma insulin (J), active GLP-1 (K) and active GIP (L) measured at 0 and 

15 minutes after glucose challenge (n=5-19/group). Data are presented as the mean ± SEM. * P ≤ 

0.05. 

 

Supplemental Figure 3 related to Main Figure 3: Wildtype, Flox and Tie2-Cre mice have 

similar control of the enteroinsular axis under chow or high fat diet conditions.  

A. DPP4 activity in plasma of chow fed 8-12 weeks-old male WT, Flox Dpp4 and Tie2-Cre mice 

(n=19-22 mice/group). B-C. Blood glucose taken 0-120 minutes after administration of oral 

glucose and iAUC analysis of glucose excursions in chow fed 8-12 week-old male control mice 

fasted for 5 hours (n=30-44 mice/group). D-G. Plasma insulin (D), glucagon (E), active GLP-1 

(F) and active GIP (G) measured at 0 and 15 minutes after glucose challenge during an OGTT in 

chow fed 8-12 week-old male mice (n=4-14/group). H. DPP4 activity in plasma of mice fed a 

HFD for 8 weeks (n=8-21/group). I,J. Blood glucose taken 0-120 minutes after administration of 



oral glucose and iAUC analysis for glucose excursions in control mice fed a HFD for 4-6 weeks 

and fasted for 5 hours (n=14-24 mice/group). K-N. Plasma insulin (K), glucagon (L), active 

GLP-1 (M) and active GIP (N) measured at 0 and 15 minutes after glucose challenge during an 

OGTT in control groups of mice fed a HFD for 4-6 weeks and fasted for 5 hours (n=4-13/group). 

Data are presented as the mean ± SEM. * P ≤ 0.05. 

 

Supplemental Figure 4 related to Main Figure 3: Phenotypic characterization of 

populations of CD31
+
CD45

-
, CD31

- 
CD45

+
 and CD31

-
CD45

-
 cells isolated from lung and 

purified through flow cytometric cell sorting and DPP4 mucosal expression and activity.  

A. Representative dot plots showing the gating of cell populations: CD31
+
CD45

-
 cells 

(endothelial cells), CD31
-
 CD45

+
 cells (hematopoietic cells, including CD41

+
Ter119

+
I-A/I-E

+
 

cells) and CD31
-
CD45

-
 cells (remaining cells) isolated from lung after collagenase digestion in 

Tie2-Cre or Dpp4
EC-/-

.  B. Relative mRNA expression of markers of endothelial cells to validate 

CD31
+
CD45

-
, CD31

-
 CD45

+
 and CD31

-
CD45

-
 sorted cell populations (hematopoietic cells used 

for normalization) (n=2-4/group) in pooled Tie2-Cre and Dpp4
EC-/-

 mice. C. Relative mRNA 

expression of markers of hematopoietic cells to validate CD31
+
CD45

-
 and CD31

-
 CD45

+
 FACS 

sorted cell populations (endothelial cells used for normalization) (n=2-4/group). D. mRNA 

abundance of Dpp4 normalized to Ppia in mucosal scrappings of chow fed 8-12 week-old female 

mice (n=4-6/group). E. DPP4 activity in extracts from intestinal mucosal scrapings from 8-12 

week-old female mice (n=3/group). Data are presented as the mean ± SEM. Jej, Jejunum. 

 

Supplemental Figure 5 related to Main Figure 4: Targeting of Dpp4 in hematopoietic and 

endothelial cells does not alter blood counts or indices of red blood cells allowing efficient 

WT donor chimerism in peripheral blood cells from Tie2-Cre and Dpp4
EC-/- 

BM recipients  

A,B. Results of complete blood count and indices of red blood cells from blood samples isolated 

from the tail vein of fed mice (n=3–8 mice/group). C-F. Representative dot plots showing the 

gating of cell populations CD45.1+  and CD45.2+ in  WT Pepboy CD45.1 (C), WT C57BL6/J 

CD45.2 mice (D), or Tie2-Cre (E)  and Dpp4
EC-/- 

BM recipients (F) 10 weeks after  

reconstitution. G. Quantitation of WT donor chimerism in peripheral blood cells from Tie2-Cre 

and Dpp4
EC-/- 

BM recipients. Data are presented as the mean ± SEM. RBC = red blood cell, 

Hgb= hemoglobin, HCT= hematocrit, MCV = Mean corpuscular volume, MCH = mean 



corpuscular hemoglobin, MCHC= mean corpuscular hemoglobin concentration and RDW= Red 

cell distribution width. BM= Bone Marrow. 

Supplemental Figure 6 related to Main Figure 4: Hyperinsulinemic-Euglycemic Clamps in 

chow-fed Tie2-Cre and Dpp4
EC-/-

 mice and metabolic response to sitagliptin in Tie2-Cre 

(BMT) and Dpp4
EC-/-

 (BMT). A-F. Hyperinsulinemic-euglycemic clamps in 5 hours-fasted, 

conscious, unrestrained chow-fed control and Dpp4
EC-/- 

mice (n=7-11mice/group). A. Arterial 

glucose levels, B-C. Glucose infusion rate D. Plasma insulin, E. Basal glucose appearance 

(appear; Ra). F. Basal glucose disappearance (Rd). G-I. Blood glucose and area under the curve 

analysis taken 0-120 minutes after administration of oral glucose with and without low dose 

sitagliptin in regular chow-fed Tie2-Cre (BMT) and Dpp4
EC-/-

 (BMT) mice (n=7-8/group). J-L. 

Plasma insulin (J), active GLP-1 (K) and active GIP (L) measured at 0 and 15 minutes after 

glucose challenge during an OGTT in regular chow-fed Tie2-Cre (BMT) and Dpp4
EC-/-

 (BMT) 

mice treated with or without 14 µg/mouse sitagliptin (n=7-8/group). Data are presented as the 

mean ± SEM. * P ≤ 0.05   

 

Supplemental Figure 7 related to Main Figure 5: Body weight and food intake under chow 

and HFD conditions in global vs. tissue-specific Dpp4 knockout mice and 

Hyperinsulinemic-Euglycemic Clamps in HFD-fed Tie2-Cre and Dpp4
EC-/-

 mice.                 

A-C. Body weight of Dpp4 targeted and respective control mice over 8 weeks on HFD (n=8-27 

mice/group). D. Body weight before and 8 weeks after starting HFD in Dpp4 targeted and 

respective control mice (n=8-27 mice/group). E. Food intake expressed as average kilocalories 

consumed per mouse per day (n=8-22 mice/group). F-K. Hyperinsulinemic-euglycemic clamps 

in 5 hours-fasted, conscious, unrestrained HFD-fed control and Dpp4
EC-/- 

mice (n=7-

11mice/group). F. Arterial glucose levels, G,H. Glucose infusion rate I. Plasma insulin, J. Basal 

glucose appearance (appear; Ra). K. Basal glucose disappearance (Rd). Data are presented as the 

mean ± SEM. * P ≤ 0.05. 

Supplemental Table 1 related to Main Figure 7: Characterization of Intact GIP 

concentrations in plasma collected under fasting conditions and in response to glucose. 
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