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Abstract

Introduction: Nutrient and gas exchange via microvascular blood flow is a key process of circulatory function. There is a
significant decrease in the microvascular blood flow to skeletal muscle after orally ingesting glucose. Incretins like glucagon-
like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP), are released in response to glucose in the gut, stimulating insulin
release. Incretins roles in promoting glucose uptake is thought to impact vascular blood flow. Our protocol plans to
investigate if incretins and the subsequent insulin release contribute to the decrease in microvascular blood flow.

Methods: 20 healthy young adults will consume a high glucose mixed nutrient meal. Using contrast-enhanced ultrasound
(CEU) and a blood glucose meter, microvascular blood flow and blood glucose will be measured. Blood GLP-1 and GIP will
be measured using a sandwich enzyme immunoassay, while an electrochemiluminescence technique using an autoanalyzer
will measure insulin. Measurements will be recorded at 0, 1, and 2 hours post-prandial. In a randomized order, the protocol
will be repeated with infusion of GIP and GLP-1 inhibitors, GIP(3-30)NH; and exendin(9-39)NH, or saline.

Results: With normal incretin secretion, we anticipate a significant decrease in microvascular blood flow, along with an
increase in blood insulin, GIP/GLP-1 levels. We postulate that supressing incretins will increase the microvascular blood
flow along with decreased plasma insulin and no change in GLP-1/GIP levels.

Discussion: Through our methods, we propose a study design which evaluates the relationship of incretins and insulin on
post-prandial microvascular blood flow. Our expected results aim to provide data that can be applied to the progressive
treatment of type Il diabetes with incretins like GLP-1. Understanding the impact of incretin treatment on the microvascular
blood flow could be beneficial to the discovery of an adverse effect or how glucose uptake in peripheral tissues is altered.
These are vital aspects of developing a clinical treatment to diabetes and our results will provide a basis to work off.
Conclusion: The goal of this protocol was to investigate and provide insight to fully understand incretins and their effects. It
will propel research on the biochemical pathways involving incretin and microvascular blood flow, which then helps progress
treatment of complications like diabetes.
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Introduction commonly occurs after the digestion of a meal, as blood

A vital aspect of human circulatory function is the
nutrient and gas exchange that occurs via microvascular
blood flow in capillary beds [1]. There is a significant
difference in skeletal muscle microvascular blood flow after
the ingestion of a glucose-rich meal compared to the
intravenous (1) administration of glucose [2][3]. By orally
ingesting glucose, microvascular blood flow decreases
780% in comparison to the microvascular perfusion after
IV administered glucose [2][3].

Insulin is the most important hormone responsible for
the uptake of glucose into myocytes from the blood [4].
During hyperglycemia, insulin will be released from the
pancreas to promote the uptake and storage of glucose
systemically (~85% in muscle) [4]. This insulin response
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glucose levels tend to rise [4]. Insulin is also a vasoactive
hormone, promoting vasodilation of blood vessels by
stimulating production of nitric oxide (NO) from the
vascular endothelium [5]. Vasodilation increases blood
flow to the myocytes and therefore aids in delivery of
glucose to the targeted tissues [5]. Given the known actions
of insulin increasing bulk blood flow, an increase in
microvascular blood flow would be expected. However, it
has been shown that a decrease in the skeletal muscle
microvascular blood flow arises after the ingestion of a
glucose-rich meal despite increases in insulin [2].

Incretins are peptide hormones synthesized in the gut
and aid the stimulation of insulin secretion during
hyperglycemia [6]. Gastric inhibitory peptide (GIP) and
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glucagon-like peptide-1 (GLP-1) are the two known incretins
responsible for the incretin effect [6]. Both GIP and GLP-1
begin secreting within one minute of ingestion of nutrients
and reach their peak after approximately one hour (h) [6].
The secretion of GLP-1 and GIP is mainly stimulated by
glucose and other carbohydrates such as sucrose, starch,
triglycerides and some amino acids [7]. This stimulation is
dependent on the dosage of carbohydrates present in the Gl
(gastrointestinal) tract [7]. It has been found that the incretin
effect can triple the insulin response [8]. Previous studies
have shown that the compounds GIP(3-30)NH. and
exendin(9-39)NH: are effective and safe receptor antagonists
of GIP and GLP-1 in humans, respectively [9]. GIP(3-
30)NH: is an antagonist that blocks binding of GIP to the
GIP receptors, thus preventing all GIP mediated functions,
such as increased insulin release [10]. Exendin(9-39)NH, is
an efficacious GLP-1 receptor antagonist that binds to the
orthosteric site and inhibits any GLP-1 induced functions
[11]. GIP(3-30)NH. and exendin(9-39)NH. are valuable
tools that can be utilized to examine incretin physiology, as
they allow us to identify if physiological responses occur in
the absence of incretin function [9][10][11].

When glucose is administered via an IV method,
glucose bypasses absorption in the digestive tract [3]. This
method prevents any glucose from triggering the release of
GLP-1 and GIP. In comparison, glucose ingestion from a
meal high in carbohydrates must travel throughout the
digestive tract before absorption resulting in glucose
mediated GLP-1 and GIP secretion [7]. The differences in
glucose delivery method that occur prior to the peripheral
uptake of glucose have been shown to potentiate differences
in vascular function. One study discovered that in humans,
acute hyperglycemia delivered via an IV resulted in
enhanced skeletal muscle microvascular prefusion [3].
Notably, they pharmacologically suppressed insulin to
obtain these results. Therefore, insulin and GLP-1/GIP
cannot be associated with the increase in microvascular
blood flow [3]. This is contradictory to another study that
found a decrease in microvascular blood flow after orally
ingesting glucose to become hyperglycemic [2]. As the
hyperglycemia was orally induced, it allowed for the
physiological effects of incretins and insulin [2]. These
findings demonstrate a knowledge gap in the regulation of
post-prandial muscle microvascular blood flow. This also
draws the question if GLP-1 and GIP, along with insulin
play a role in the contradictory findings on skeletal muscle
microvascular blood flow.

GLP-1 and GIP mediated functions related to glucose
uptake and microvascular blood flow are a very prevalent
and novel topic in physiological research. Moreover, the
role of insulin and GLP-1/GIP mediating the microvascular
response after a meal has not been researched thoroughly,
which provides an immediate basis for investigation. We
aimed to explore how the release of incretins triggered by
orally ingested glucose impacts skeletal muscle
microvascular blood flow. To do this, we designed a
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research protocol to test whether supressing incretin function
influences microvascular blood flow. We hypothesized that
our study would show that the functions of incretins with
digestion can decrease skeletal muscle microvascular blood
flow via an insulin mediated mechanism.

Methods
Participant Selection and Methodology

10 young (< 40 years-old) healthy male and female
adults will be selected for the study. Participants will be
screened for normal blood pressure and body mass index
prior to participation. Exclusion criteria will include any
subject who has any present day or previous history of
smoking or lung disease, any cardiometabolic disorders, and
medication or vitamin use that could impact microvascular
function or glycemic control. Notably, participants cannot
have used or use the following common prescription drugs:
aldosterone receptor blockers, angiotensin converting
enzyme inhibitors, statins and pentoxifylline [12][13].
Additionally, any supplementation with vitamin C,
commonly called ascorbic acid, or niacin (vitamin B-3) will
prevent entry into the study [14][15]. This criterion was
adapted from a related study [2]. Moderate to vigorous
exercise, caffeine consumption and alcohol consumption
will be restricted for 24 h prior to study visits. Additionally,
the participants will be required to fast with only the
ingestion of water for 8 h prior to study visits.

Treatment Protocol

Each participant (n=20) will be exposed to an active
incretin trial and an incretin supressed trial, in a double-
blind randomized cross-over study design. Data collection
will occur over two days, in which day one the participants
will be exposed to the active incretin trial and on day two
they will undergo the incretin supressed trial.

Prior to experimentation on both days of data
collection, the resting values of blood incretin: GLP-1 and
GIP, insulin, glucose, and microvascular blood flow will be
measured for each subject. The mean values of each
variable will be referred to as the resting conditions. All
data collection will be measured while the participants lay
supine on a standard medical bed.

To analyze any incretin effect on microvascular blood
flow properly, blood GLP-1, GIP, and insulin levels, along
with microvascular blood flow will be measured at time
points of 0, 1 and 2 h post-prandial. Blood glucose levels
will be monitored to assess the successful digestion of the
meal and entry into the blood stream mediating the incretin
pathway.

Active Incretin Trial

Participants in this treatment will receive a high glucose
mixed-nutrient meal of 300 grams (g) (45% carbohydrate,
35% fat, 20% protein). This will consist of eggs, cheese, and
a carbohydrate solution of 135 g dextrose powder (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in 200 millilitres
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(mL) of water. The meal and drink are to be consumed
within 5 minutes. To blind the participants, they will receive
an 1V infusion of saline (0.9% NaCl) (Sigma-Aldrich, St.
Louis, MO, USA). 800 mL of saline is to be administered
through a slow infusion period over 2.5 h prior to ingestion
of the meal and the 2 h measurement period.

Incretin Supressed Trial

The same participants will receive the same meal and
dextrose solution as the incretin active trial. They will also
have an IV infusion of both GIP(3-30)NH, and exendin(9-
39)NH,, (Phoenix Pharmaceuticals, Burlingame, CA, USA)
and (Sigma-Aldrich, St. Louis, MO, USA) respectively. In
order to suppress incretin effects, both GIP(3-30)NH, and
exendin(9-39)NH are to be diluted in saline (Sigma-Aldrich,
St. Louis, MO, USA) where both are soluble. An initial high
dose of exendin(9-39)NH, is delivered 2.5 h prior to the
meal, this initial dose is 20 nmol/Kg for 10 minutes (mins),
after which a continuous infusion of 400 pmol/kg/min is
maintained for the remaining 2 h measurement period [11].
The GIP(3-30)NH,, is administered 20 mins prior to the meal,
and infused at a constant rate of 1000 pmol/kg/min for the
remaining 2 h [10]. The concentrations and administration
processes follow the recommendation of the Copenhagen
center for clinical metabolic research and previous human
trials using exendin (9-39)NH, and GIP(3-30)NH,
[9][10][11]. The concentrations and administration processes
follow the recommendations of the Copenhagen center for
clinical metabolic research and protocols from previous
human trials using exendin (9-39)NH, and GIP(3-30)NH,
[9][10][11].

Microvascular Blood Flow

Contrast-enhanced ultrasound (CEU) will be utilized to
measure muscle microvascular perfusion in the vastus
lateralis. A 9L-D H40442LM transducer (bandwidth 3-8
MHz, field of view (FOV) 43 mm) and LOGIQ E9
ultrasound machine (GE Healthcare, Wauwatosa, WI, USA)
are to be used to perform the CEU [16]. Lipid-shelled
octafluoropropane microbubbles (Definity, Bristol-Myers
Squibb Medical Imaging) will be injected intravenously [17].
The infusion rate for the microbubbles will be 2.25 ml/min
[2]. Imaging is to be first performed immediately prior to the
meal for baseline microvascular blood flow, at 60 minutes
post-prandial and at 120 minutes postprandial. Imaging is to
start after 4 minutes of microbubble infusion to allow for
whole-body equilibrium, after which four 45-s videos will be
captured [2]. The imaging will be performed through
increasing pulsing ultrasound signal intervals (0.05 s — 15 s),
which destroys the microbubbles [17]. The function y=A(1 -
eP) will be used to graph the replenishment of microbubbles,
with y representing the video intensity (V1) at time t; A is the
plateau VI, which represents microvascular blood volume at
the area of interest, and B is the microvascular blood velocity
[18]. The microvascular blood flow will be determined using
the product of A and f [19].
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Measurement of Biochemical Markers

Blood samples for the measurement of biochemical
markers will be taken at 0, 60 and 120 min timepoints. A
COUNTOUR®ONEXT blood glucose meter will be utilized
to measure blood glucose (Ascensia Diabetes Care,
Mississauga, ON, CAN). GLP-1 and GIP level will be
measured with a commercially available sandwich enzyme
immunoassay kits (Code No. 27784 and 27201 respectively,
Immuno-Biological Laboratories Co. Ltd., Gunma, Japan).
Insulin will be measured using an electrochemiluminescence
technique using an autoanalyzer (Cobas E-411, Japan).
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Figure 1. Experimental design of the active incretin and
incretin suppressed trials. Flowchart detailing the timeline
of the experimental design. Each arrow represents
progression to the next step of the methodological design.
Time between measurements, feeding and interventions is
displayed above each arrow when necessary. Same patients
are used in both trials (n=20). t = time post-prandial. Graphic
was created using BioRender (Toronto, ON, Canada).
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Analysis
We anticipate using repeated measures analysis of

variance (ANOVA) to determine any significant differences
in each variable measured at the baseline, 0 h, 1 hand 2 h
post prandial timepoints. We will also run post hoc tests to
uncover which exact variables are different and at which
timepoints. This will be completed for both the active
incretin and supressed incretin trials, for the purpose of
comparison with each other.

Results

We predict that the participants in the incretin active
trial will experience a decrease in skeletal muscle
microvascular blood flow compared to baseline measures.
Previous studies demonstrated that skeletal muscle
microvascular blood flow was hindered after a high glucose
mixed meal [2]. With GLP-1 and GIP free to activate their
respective receptors, we expect subjects in this trial to
exhibit increased GLP-1, GIP, and insulin levels in
comparison to control values [6].

There is currently no empirical data on skeletal muscle
microvascular blood flow following the inhibition of
incretins and a high glucose mixed meal. However, we
believe that there will be improvements in microvascular
blood flow in comparison to the baseline values. We came
to this conclusion after assessing previous studies where
skeletal muscle microvascular blood flow was increased
following 1V induced hyperglycemia, where incretin
pathways were bypassed, and insulin was inhibited [3]. The
incretin supressed trial will administer GIP(3-30)NH- and
exendin(9-39)NH., and thus we expect a lack of GLP-1 and
GIP effect through little to no increase in insulin [8].
However, blood GLP-1 and GIP levels should increase as
they are still being released [7].

We expect that in both trials blood glucose levels are to
rise above baseline and indicate that the meal has been
properly digested and passed through the GI tract. In the
incretin suppressed trial, we expect an exaggerated and
prolonged hyperglycemic state, which will return to
baseline approximately 180 minutes post-prandial [9][4].
Besides the intensified hyperglycemia we expect no other
side effects from the use of the incretin inhibitors [9]. We
use the incretin suppressed trial as a control to confirm that
incretin inhibition has indeed suppressed insulin release. It
is expected that blood glucose levels will return to baseline
after 180 minutes with no side affects

Discussion

The proposition of this method was brought about
by the importance of understanding the roles of incretins
GLP-1 as well as GIP and their effects on skeletal
microvascular blood flow. By understanding the
mechanisms of GLP-1 and GIP, we can build upon our
knowledge of how these incretins, insulin, and other
mediating factors work together to maintain a proper
homeostatic environment in the body.
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In our protocol, we began with the ingestion of a mixed
nutrient meal and no inhibition of incretins through GIP(3-
30)NH, and exendin(9-39)NH,. From this treatment, we
expect an increase in insulin production and a significant
decrease in microvascular blood flow as well as high
incretin levels in the bloodstream. This would allow us to
confirm that incretin does indeed have an exponential effect
on insulin as well as the expected decrease in microvascular
blood flow. Additionally, it would allow for a comparative
analysis between incretin activation brought upon by
glucose of the mixed nutrient meal and the baseline results.
In turn, we could then place the results against that of the
results obtained from the inhibition of incretin receptors.

Through the IV administration of GIP(3-30)NH, and
exendin(9-39)NHj the function of incretin peptides GIP and
GLP-1 will be inhibited during the digestion of the mixed
nutrient meal. From this treatment we would still expect
increased GLP-1 and GIP, but minimal changes in blood
insulin when compared to resting values. We also anticipate
that the microvascular blood flow will increase compared to
controls. This would indicate that GIP(3-30)NH. and
exendin(9-39)NH- successfully blocked the GIP and GLP-1
receptors from eliciting any incretin mediated insulin
release. From this, we can gather that the decreased GIP
and GLP-1 are potentially responsible for the decrease in
blood insulin levels. Subsequently, it poses a potential
relationship between both incretins GIP and GLP-1 with
insulin and its ability to affect microvascular blood flow. In
this case we expect to find a substantial positive effect
when the incretins are inhibited. Moreover, when this is
placed against the active trial, we expect to provide
evidence that when insulin, GLP-1 and GIP levels are low,
microvascular perfusion is high. These revelations can then
be applied to external uses in better understanding nutrient
exchange in humans. For instance, patients with type Il
diabetes become unable to uptake glucose properly due
insulin resistance [20]. By better understanding how the
blood delivery of insulin occurs via hormones like GLP-1
and GIP, we can potentially help improve glucose uptake in
type Il diabetes patients.

Lastly, as there is very little data explaining as to why
this correlation would occur, many theories and ideas have
evolved. One of which is the theory of nutritive vs. non-
nutritive pathways wherein blood flow is redirected through
capillaries based on metabolic need [21]. This is a highly
controversial theory that there are two vascular routes
closely aligned within skeletal muscles [21]. One of which
directly lays on the muscle and supplies it with nutrients,
while the other lays slightly further and acts as a blood
shunt [21]. This theory suggests that when hyperglycemia is
induced, the non-nutritive pathway is recruited, which
would lead to lower myocyte glucose transport, potentially
contributing to acute hyperglycemia-induced insulin
resistance  [21].  Additionally, other  biochemical
mechanisms that have not been examined in the context of
incretins and its effects on microvascular blood flow could
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be at play. There is the possibility that glucose under
hyperglycemic conditions is redistributed to other areas of
the body instead of skeletal muscle. Specifically, under
hyperglycemic conditions the body may employ a
mechanism to distribute glucose to areas of the body such
as white adipose tissue instead of skeletal muscle [22]. In
our protocol, we only observe microvascular blood flow
within skeletal muscle. Therefore, this redistribution could
be the cause of the decreased microvascular blood flow that
is expected to be observed.

Conclusions

Through this protocol, we expect to provide valuable
data linking a decrease in microvascular blood flow with
elevated plasma GLP-1, GIP and insulin levels post-
prandially. As we only expect to find a relationship between
GLP-1, GIP and microvascular blood flow, we will not
determine incretins as the cause behind the decreased
microvascular perfusion. However, our expected findings
will provide a clear relationship between the decrease in
microvascular blood flow after orally ingesting glucose and
the glucose mediated release of GLP-1 and GIP. Therefore,
further work into the underlying biochemical pathways of
incretins and their effects on microvascular blood flow must
be done to attribute a cause. We recommend future studies
to investigate insulin-specific  receptors in  the
microvasculature of skeletal muscle to detect any functional
anomalies in comparison to previously studied insulin
receptors. We expect studies such as this to enhance
research on microvascular blood flow function with
potential beneficial impacts for nutrient exchange in humans
and its applications. This could involve future finding that
possibly improve insulin delivery and glucose uptake in type
Il diabetes patients.

List of Abbreviations Used
IV: intravenous

GIP: gastric inhibitory peptide
GLP-1: glucagon-like peptide-1
CEU: contrast-enhanced ultrasound
NO: nitric oxide

FOV: field of view

VI: video intensity

GI: gastrointestinal

h: hours

mins: minutes

g: grams

mL: millilitres

ANOVA: analysis of variance
Kg: kilogram

nmol: nanomole

pmol: picomole
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