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Introduction:  GLP-1  is secreted  from  the  gut upon  nutrient  intake  and stimulates  insulin  secretion.  The
lymph  draining  the  intestine  may  transport  high  levels  of GLP-1  to the  systemic  circulation  before  it  is
metabolized  by  DPP-4.  The  aims  of  this  study  were to  investigate  to what  extent  the  lymphatic  system
might  contribute  to the  final  level(s)  of  systemic  circulating  intact  GLP-1  and,  in addition,  whether  secre-
tory profiles  in  intestinal  lymph  might  reflect  lamina  propria  levels  of  GLP-1  i.e.  before  capillary  uptake
and  degradation  by endothelial  dipeptidyl  peptidase-4  (DPP-4).
Method:  7 pigs  of  the  YDL-strain  were  catheterized  in  the portal vein,  carotid  artery  and  cisterna  chyli
(lymph).  Neuromedin  C (NC)  was  infused  through  an  ear  vein  catheter,  before  and  after  injection  of  a  selec-
tive DPP-4  inhibitor  (vildagliptin).  Total  and intact  GLP-1  levels  were  measured  throughout  the  150  min
experiments  using  specific  sandwich  ELISAs.  DPP-4  activity  was  measured  spectrophotometrically.
Results:  Concentrations  of  both  total  and  intact  GLP-1  were  markedly  lower  in  lymph  compared  to plasma
samples,  and did  not  increase  significantly  in response  to stimulation  with  NC  in the absence/presence  of

vildagliptin.  In  contrast,  total  and  intact  GLP-1  levels  increased  significantly  in  the  portal  vein  and  carotid
artery.  DPP-4  activity  was  lower  in  lymph  than  plasma,  and  was  reduced  further  by vildagliptin.
Conclusion:  Our  observations  indicate  that  the  lymphatic  system  does  not  transport  high  levels  of  intact
GLP-1  to  the  systemic  circulation,  and  that  GLP-1  levels  in  cisternal  lymph  do not  reflect  the  hormone
levels  in  the  intestinal  lamina  propria.

© 2015  Elsevier  Inc.  All  rights  reserved.
ntroduction

Glucagon-like peptide-1 (GLP-1), secreted from intestinal L-
ells, regulates glucose levels by potentiating glucose-stimulated
nsulin secretion (the incretin effect), supressing glucagon secre-
ion, and inhibiting appetite [4,14,19]. Because of these features,
LP-1 receptor agonists are currently used as treatment in patients

ith type 2 diabetes (T2DM). After secretion, intact (active) GLP-

 (7–36 NH2) diffuses to the lamina propria, and enters the local
apillaries, where it is rapidly degraded by dipeptidyl peptidase

Abbreviations: DPP-4, dipeptidyl peptidase 4; GLP-1, glucagon-like peptide-1;
C, bombesin/neuromedin C.
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4 (DPP-4) located on the capillary endothelium to its metabo-
lite (9–36 NH2), This process is highly efficient, with only 20–30%
reaching the portal vein in the intact form, and less than 15% circu-
lating as the intact peptide [5]; indeed, it has been calculated that
only 8% of newly secreted GLP-1 actually reaches peripheral tar-
gets in the intact form [13]. Circulating GLP-1 levels are, therefore,
low, which complicates measurement and assessment of poten-
tial GLP-1 stimulating drugs (secretagogues). However, it has also
been suggested that GLP-1 might enter the lymphatic capillaries
(lacteals) together with other nutrients e.g. chylomicrons [17], with
the lymph system acting as a conduit for transporting high levels of
GLP-1 from the intestinal mucosa to the systemic circulation [17],
Moreover, since DPP-4 activity was  reported to be less in lymph
compared to plasma [17], measurement of intact GLP-1 in lymph
has also been suggested as a novel model for studying the effects

of GLP-1 secretagogues [15].

The primary aim of this study was to investigate whether the
lymphatic system in anaesthetized pigs carries high levels of intact
GLP-1 to the systemic circulation. In addition, we hypothesized that
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LP-1 levels in lymph might reflect its concentrations in the inter-
titial intestinal fluid of the lamina propria i.e. its local site of action,
here it is been proposed to interact with sensory afferents before

t reaches the capillaries and is degraded by DPP-4 [10].

aterials and methods

The animal studies were conducted in accordance with inter-
ational guidelines (National Institutes of Health publication no.
5-23, revised 1985, and Danish legislation governing animal
xperimentation, 1987), and were carried out after permission had
een granted by the Animal Experiments Inspectorate, Ministry of
ustice, Denmark.

nimal and surgical experiments

7 young pigs of the YDL-strain weighing 34.7 ± 3.4 kg
mean ± SD) were fasted overnight, but had free access to drink-
ng water. After premedication with ketamine (10 mg/kg, Ketalar,
arke-Davis, Morris Plains, NJ) and induction with pentobarbital
Mebumal®, Nycomed DAK, Copenhagen, Denmark), the animals
ere anaesthetized with iv �-chloralose (50 mg/kg, Merck & Co,
armstadt, Germany) and ventilated with intermittent positive
ressure using N2O/O2 (AGA, Copenhagen, Denmark). Catheters
ere placed in the left ear vein for peptide administration and

he right ear vein for DPP-4 inhibitor administration (vildagliptin;
indly provided by Novartis Institutes Biomedical Research, Inc.,
ambridge, USA). Catheters were placed in the right carotid artery
nd in the portal vein as previously described [6]. Additionally, a
on-obstructing catheter was fixed to the walls of the cisterna chyli
y means of a purse-string suture for lymph sampling. The lymph
ow during the entire experiment was sufficient for sample collec-
ion. After surgical preparation, the animals were heparinised and
eft undisturbed for 30 min.

xperimental protocol

In order to stimulate the release of endogenous GLP-1, the ani-
als received two intravenous boluses of neuromedin C [120 nmol]

11,13] (cat#3120, Bachem, Bubendorf, Switzerland) via the left
ar vein catheter, one before and one after vildagliptin (1 mg/kg)
dministration. Simultaneous blood (3.5 ml)  and lymph (1 ml)  sam-
les were collected over 150 min  from the carotid artery, portal vein
nd cisterna chyli, respectively, into chilled tubes containing EDTA
7.2 nmol/l, final concentration), aprotinin (500 KIE/ml blood) and
he DPP-4 inhibitor, valine-pyrrolidide (0.01 mmol/l, final concen-
ration; a gift from Novo Nordiak, Bagsvaerd, Denmark). The flow
f lymph in the cisterna chyli was sufficient to allow sampling by
autious suction on the catheter during the entire sampling time.
or DPP-4 activity measurements, 0.5 ml  (of each sample) was dis-
ensed into tubes containing only EDTA. The tubes were kept on

ce until centrifugation at 4 ◦C, and the supernatant stored at −20 ◦C
ntil analysis. The blood volume taken did not exceed 10% of the
otal blood volume, but fluid loss was replaced after each blood
ample with corresponding volumes of saline [8]. Both heart rate
nd blood pressure were monitored continuously and remained
table throughout the experiment.

eptide analysis

Total GLP-1 levels were measured using Millipore Total GLP-

 ELISA kit (cat# EZGLP1T-36K, Millipore, Billerica, MA,  USA) as
escribed previously [2]. Intact GLP-1 levels were measured using
n in-house 2-site sandwich ELISA for GLP-1 as described pre-
iously [18]. DPP-4 activity was assessed kinetically by standard
s 71 (2015) 28–31 29

procedures, using H-Gly-Pro-p-nitroaniline as substrate [16], with
minor modifications.

Statistical methods

Total GLP-1 and intact GLP-1 responses were evaluated by
AUC (total AUC: whole experiment, incremental AUC: stimula-
tion period with NC) calculated using the trapezoidal rule, tested
by paired t-test, and two-way ANOVA for repeated measurement
followed by Bonferroni post hoc analysis as appropriate. DPP-4
activity was  evaluated using a paired t-test. All data are pre-
sented as mean ± standard deviation (SD), P-values of <0.05 were
considered significant. Statistical analysis was carried out using
Graphpad Prism version 6.00 for Windows, GraphPad Software, La
Jolla, California, USA.

Results

Total GLP-1 levels (see Fig. 1A) were higher (P < 0.05) in the por-
tal vein compared to the carotid artery, and each was  markedly
(P < 0.05) higher compared to lymph (4680 ± 2381 pmol/l min,
3067 ± 1251 pmol/l min  and 373 ±226 pmol/l min  AUCtotal respec-
tively). Intact GLP-1 levels at all three sites were lower than
total GLP-1 levels (see Fig. 1B), but the pattern was similar,
with highest concentrations in the portal vein (P < 0.05), and
levels in both vascular vessels being greater (P < 0.05) com-
pared to lymph (853 ± 277 pmol/l min, 689 ± 185 pmol/l min  and
134 ± 99 pmol/l min  AUCtotal respectively).

Total GLP-1 levels measured during NC stimulation alone
(AUCincremental) increased significantly (P < 0.05) in plasma but not
in lymph (P = 0.33). The inclusion of the DPP-4 inhibitor, vildagliptin
had no effect on total GLP-1 concentrations during NC stimu-
lation (being similar without and with vildagliptin, portal vein:
216/236 pmol/l min; carotid artery: 162/178 pmol/l min; lymph:
16/17 pmol/l min). In contrast, intact GLP-1 (see Fig. 1B) levels in
both portal vein and carotid artery (P < 0.05), but not in lymph
(P = 0.17), increased significantly in response to NC when DPP-4
was inhibited.

DPP-4 activity (see Fig. 1C) was  significantly higher (1.5 fold,
P < 0.05) in plasma (carotid artery) compared to lymph. Vildagliptin
significantly (P < 0.05) reduced DPP-4 activity in both plasma and
lymph (by 80 ± 6% and 81 ± 4%, respectively; values not corrected
for dilution in the assay), but absolute activity still remained higher
in plasma.

Discussion

In the current study, we investigated whether the lymphatic
system transports high levels of intact GLP-1 from the intestine
(lamina propria) to the systemic circulation, using anaesthetized
pigs. We  used the pig as a model because of its physiological sim-
ilarities to human, in terms of digestive and associated metabolic
processes [12], and since it allowed us to collect multiple larger
(volume) samples compared to rodents. By estimating both intact
and total GLP-1 in lymph and in plasma from portal vein and
carotid artery simultaneously, we were able to identify the sys-
temic, mesenteric and lymph GLP-1 ratios under basal conditions
and during stimulation with NC (a powerful GLP-1 secretagogue),
with or without simultaneous inhibition of the DPP-4 enzyme.
This allowed us to estimate the sites of important DPP-4-mediated

inactivation of the hormone. In particular we hypothesized that
DPP-4-mediated degradation would be small in intestinal lymph,
because GLP-1 is not expected to come into contact with DPP-4
before it enters the capillaries of the gut (and again in the liver).
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Fig. 1. Total GLP-1 (A) and intact GLP-1 (B) levels (pmol/l) in the portal vein (blue),
carotid artery (red) and the cisterna chyli (black) during NC (first vertical stippled
line), vildagliptin (second vertical stippled line) and vildagliptin + NC (third verti-
cal  stippled line). (C) illustrates the DPP-4 activity (mU/ml) in plasma (black) and
in  lymph (gray) before (left bars) and after (right bars) infusion with vildagliptin.
Data are means ± SD, n = 7. * indicates a significant difference (P < 0.05) between
plasma and lymph; # indicates a significant difference (P < 0.05) in DPP-4 activity
after vildagliptin for plasma and lymph using a paired t-test (For interpretation of
the references to color in this figure legend, the reader is referred to the web  version
o

p
o
p
v
t
G
t

f  this article.).

Measurement of GLP-1 in lymph fluid has been proposed to
rovide a reliable estimate of GLP-1 levels in the lamina propria
f the gut. This is important to know, because GLP-1 has been
roposed to interact with local sensory nerves in addition to acting

ia the classical endocrine route [10,14,19]. Our lymph concentra-
ions were considerably lower than the portal vein plasma levels.
iven that GLP-1 must diffuse across the lamina propria from

he endocrine epithelial cells to the capillaries, it follows that the
s 71 (2015) 28–31

concentration here, in the interstitial fluid, must be higher than
in the plasma draining the gut, leading us to conclude that GLP-1
concentrations in lymph in this study do not necessarily reflect
the lamina propria concentrations. This raises the question of the
relationship between the lymph and blood vessels in the villus. It
is generally thought that the lymph vessels of the villi (the lacteals)
are located in the core of the villus, whereas the blood capillaries
form a dense network immediately below the basal membrane
of the epithelium. The intestinal blood flow is high (in the pig,
receiving about 1/3 of the cardiac output) and it is, therefore,
conceivable that a large fraction of newly released hormone from
the epithelium will be removed by solvent drag in the capillary
layer. This could explain that much lower concentrations are found
in the central core [7]. Tso et al. previously found food stimu-
lated GLP-1 levels in lymph from rats to be 10-fold higher than
plasma (v.portae) levels increasing from about 15 (basal levels)
to 300 pmol/l (total GLP-1), and Ohlsson et al. recently reported
increases in intact GLP-1 during glucose or fat stimulation from 0.5
to around 40 pmol/l in lymph from anaesthetized mice [1,3,17]. In
the present study, NC resulted in robust increases in arterial GLP-1
concentrations (reaching 50 pmol/l), indicating that we  achieved a
similar degree of stimulation of secretion as in the rodent studies.
This raises the question of whether the lymph drainage in pigs
differs from that of rodents [7]. The low concentrations were not
due to excessive DPP-4 activity – on the contrary, the activity mea-
sured in lymph was  lower than that found in plasma. In addition,
although DPP-4 inhibition, as expected, increased portal as well
as arterial plasma levels of intact GLP-1, there was little influence
on lymph concentrations. For the present study, we  used assays
for intact and total GLP-1 that have been thoroughly validated
[2,18], also regarding their reliability for use in intestinal lymph.
Thus, we  obtained linear and complete recoveries of low picomolar
amounts of added GLP-1 with these assays in pig lymph. The lack of
a response, therefore, is unlikely to represent erroneous analytical
results. Whether similar methodological scrutiny was exercised
in the previous studies is unclear. In the present study, we  used
non-obstructing catheters draining the cisterna chyli, whereas
the rodent studies involved indwelling obstructing catheters in a
major mesenteric lymph duct. It is difficult to see that this should
provide a significant difference (although the use of obstructing
catheters may  present a problem), since the intestinal lymph flows
through the cisterna chyli before emptying into the thoracic duct
(at least in pigs and humans). It has been reported that intestinal
lymph flow may  be reduced by anesthesia; but to mitigate this
we used an anesthetic (�-chloralose), which is mainly a hypnotic
with minimal effect on gastrointestinal motility and secretion
and enteric reflexes in pigs [9]. While our findings with respect
to GLP-1 levels in lymph clearly contrast to the cited studies
[1,3,17], D’Alessio et al. reported, similar to our findings, lower
DPP-4 activity in lymph when compared activity levels in plasma
[3]. Thus, despite stimulating the secretion of GLP-1 to a similar
extent as in the rodent studies (as evidenced from the prompt
and robust increases in plasma concentrations), we were unable
to demonstrate a corresponding increase in lymph levels, which
remained low and relatively unchanged throughout the study.
However, based on the available data we are hesitant to conclude
whether this is due to species variation or perhaps technical issues.

It cannot be excluded that a very small fraction of measured
circulating total GLP-1 may  be derived from the pancreatic alpha
cells; however, there is little doubt that the majority is derived from
the intestinal L-cells. Anesthesia is another limitation, although the
secretory response obtained by us was clearly adequate. Finally,

we cannot exclude that GLP-1 stimulation by orally administrated
nutrient may  result in higher concentrations of GLP-1 in the lym-
phatic fluid draining the gut compared to i.v. administration of
neuromedin C.
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onclusion

In conclusion, this study indicates that the lymphatic system
n pigs does not per se seem to function as a significant alternative
oute for GLP-1 delivery to the systemic circulation. In addition, the
ymph concentrations of GLP-1 are unlikely to reflect those of the
nterstitial fluid of the lamina propria in the small intestine given
hat these must be higher than those observed in plasma from the
ortal vein.
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