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Glucagon-like peptide-1 decreases intracerebral glucose
content by activating hexokinase and changing glucose

clearance during hyperglycemia

Michael Gejl'?, Leerke Egefjord’, Susanne Lerche', Kim Vang? Bo Martin Bibby?, Jens Juul Holst*, Annette Mengel®, Niels Maller’,

Jorgen Rungby'”, Birgitte Brock'® and Albert Gjedde®”

Type 2 diabetes and hyperglycemia with the resulting increase of glucose concentrations in the brain impair the outcome of
ischemic stroke, and may increase the risk of developing Alzheimer’s disease (AD). Reports indicate that glucagon-like peptide-1
(GLP-1) may be neuroprotective in models of AD and stroke: Although the mechanism is unclear, glucose homeostasis appears
to be important. We conducted a randomized, double-blinded, placebo-controlled crossover study in nine healthy males.
Positron emission tomography was used to determine the effect of GLP-1 on cerebral glucose transport and metabolism during
a hyperglycemic clamp with ®fluoro-deoxy-glucose as tracer. Glucagon-like peptide-1 lowered brain glucose (P=0.023) in all
regions. The cerebral metabolic rate for glucose was increased everywhere (P=0.039) but not to the same extent in all regions
(P=10.022). The unidirectional glucose transfer across the blood—brain barrier remained unchanged (P=0.099) in all regions,
while the unidirectional clearance and the phosphorylation rate increased (P=0.013 and 0.017), leading to increased net
clearance of the glucose tracer (P=0.006). We show that GLP-1 plays a role in a regulatory mechanism involved in the actions
of GLUT1 and glucose metabolism: GLP-1 ensures less fluctuation of brain glucose levels in response to alterations in plasma
glucose, which may prove to be neuroprotective during hyperglycemia.
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INTRODUCTION

Type 2 diabetes is characterized by hyperglycemia. The incidence
of type 2 diabetes has increased significantly in the latter years,
and patients with diabetes have an increased risk of athero-
sclerotic macrovascular disease, which may lead to stroke. Indeed,
cardiovascular diseases are the main causes of death in this group,
accounting for 50% of all diabetes fatalities.! Type 2 diabetes also
increases the risk of developing Alzheimer's disease (AD) 2- to
5-fold; AD shares several pathophysiological features with
cardiovascular disease, with a risk that may be related to plasma
glucose levels.?

Normal brain function depends on a continuous supply of
glucose by the cerebral circulation. However, the search for a
regulatory mechanism of blood—-brain barrier (BBB) glucose
transfer in the brain vasculature has failed. As far as it is known,
the only factor that definitively affects BBB glucose transfer is the
level of the plasma glucose itself. Hyperglycemia worsens the
outcome of stroke, but it remains unclear whether lowering of
plasma glucose during stroke actually is neuroprotective.*

The incretin glucagon-like peptide-1 (GLP-1) and artificial GLP-1
receptor agonists are well-established as counter-diabetic medica-
tions. The native hormone is mainly secreted by the intestinal
L-cells, and is also released as a neuropeptide in different brain
regions.’ It has a wide range of physiological actions in glucose

metabolism, including stimulation of insulin secretion, inhibition
of glucagon secretion, inhibition of gastric emptying, and
reduction of appetite and food intake.>” The GLP-1 receptor is
abundant throughout the brain,® and native GLP-1 and GLP-1
agonists have been reported to be neuroprotective in several cell,
animal, and human studies (e.g., in AD), to have a neurogenic and
antiinflammatory effect in the central nervous system, to enhance
synaptic plasticity, to improve learning, and to reduce ischemic
damage after stroke. The mechanisms are not clear, but glucose
homeostasis appears to be crucial >'°

MATERIALS AND METHODS

Ten nonsmoking, healthy, Caucasian males with a mean age of 22.0+2.3
years and a mean body mass index of 24.2 + 1.5 kg/m? participated in the
study, nine completed the study. They had a normal physical examination,
no history of diabetes or cardiovascular disease, and received no
medication. The study was conducted in accordance with the Declaration
of Helsinki and the protocol was approved by the official Regional Science
Ethics Committee of Region Midtjylland. All participants received both oral
and written information and signed an approved informed consent form
before entering the study. One subject experienced pronounced nausea
and withdrew from the study.
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In this randomized, double-blinded, placebo-controlled, crossover study,
each subject was studied twice in random order of GLP-1 and placebo
infusion. Positron emission tomography (PET) sessions were separated by
an interval of minimum 4 weeks. Both sessions commenced at 0700 hours
after an overnight fast. The subjects did not exercise 24 hours before
the sessions. Subjects were placed in bed and two catheters were inserted
for infusion of clamp hormones and for the infusion of GLP-1 or placebo.
A third catheter was placed in an arterialized (heated) dorsal hand vein
for blood sampling. An arterial catheter was placed in the radial artery of
the right arm to draw blood samples for measuring input radioactivity
during PET.

A hyperglycemic pancreatic-pituitary clamp was performed according to
the principles previously described.'"™? In brief somatostatin (Ferring
GmbH, D-24109 Kiel, Germany) was infused at a rate of 300 ug/h to
suppress the endogenous insulin, glucagon, growth hormone, and GLP-1
production. Human glucagon (Glucagen, Novo Nordisk A/S, Copenhagen,
Denmark) 0.6 ng per kg per minute, growth hormone (Genotropin Miniquik
0.2 mg, Pfizer ApS, Ballerup, Denmark) 2 ng per kg per minute were infused
with the aim of maintaining near basal levels (0 to 360 minutes). Insulin
(Actrapid, Novo Nordisk A/S, Copenhagen, Denmark) was infused at a rate
of 0.12mU per kg per minute. Glucose (200 g/L) was infused at a variable
rate to clamp plasma glucose at 9mM (0 to 360 minutes). Glucagon-like
peptide-1 or placebo infusion was initiated at time 60 minutes and
maintained during the entire session.

Synthetic GLP-1 (7 to 36) amide was purchased from PolyPeptide
Laboratories (Wolfenbuttel, Germany), and the same lot number was used
in all studies. The peptide was dissolved in sterilized water containing 2%
human serum albumin (Human Albumin, guaranteed to be free of
hepatitis B surface antigen, hepatitis C virus antibodies, and human
immunodeficiency virus antibodies; Statens Serum Institute, Copenhagen,
Denmark), and subjected to sterile filtration. The GLP-1 was dispensed into
glass ampoules and stored frozen (—20°C) under sterile conditions until
the day of the experiment. The peptide was demonstrated to be >97%
pure and identical to the natural human peptide by high-performance
liquid chromatography mass and sequence analysis. The subjects received
either intravenous synthetic GLP-1 (7 to 36 amide) or placebo at a rate of
1.2 pmol per kg per minute (60 to 360 minutes).'* The concentration of
GLP-1 (7 to 36 amide) was 20 ug/mL. The test solution consisted of 9mL
GLP-1, 20 mL of human albumin 5% (CSL Behring, King of Prussia, PA, USA)
and 0.9% saline solution to yield 100 mL of solution. The placebo solution
consisted of the above-mentioned buffer solution containing human
albumin and saline. One subject experienced severe nausea during GLP-1
infusion with onset at 300 minutes of infusion and was withdrawn.

Plasma glucose was measured every 5 to 10 minutes until it reached
9.0 mM and then every 10 minutes. Blood for measuring insulin, C-peptide,
glucagon, GLP-1 (total and intact), growth hormone, free fatty acids, and
cortisol was drawn every 30 minutes. Blood for measuring epinephrine and
norepinephrine was drawn at 0, 90, 150, 210 270, 330, and 390 minutes.
Arterial blood for measuring input radioactivity was drawn at predeter-
mined intervals during PET (12 x 5 seconds, 8 x 30 seconds, and 8 x 300
seconds).

Assays

Assays were described in details previously.'? Arterial input samples were
analyzed on a Packard radioactivity analyzer immediately after end of PET
session.

Magnetic Resonance Imaging

A high-resolution T1-weighted MR (magnetic resonance) was acquired for
each subject with a 3T GE Signa HDx scanner (GE Medical Systems,
Milwaukee, WI, USA) using a 3DIR-fSPGR sequence.

Positron Emission Tomography

["®F]-Fluoro-2-deoxy-glucose ('®F-FDG) was used as a tracer for brain
glucose uptake and was produced in-house according to the Drug Master
File, Danish national marketing authorization number 2165. We used the
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whole-body PET EXACT HR47 (Siemens Medical, Knoxville, TN, USA) with a
15-cm field of view and an acquisition capacity of 47 transaxial planes with
a spatial resolution of 4 to 5mm at the center of the field of view. All PET
data were acquired in 3D mode. A 15-minute transmission scan was
performed to correct photon attenuation. Five hours after clamp start and
4 hours after the GLP-1 or placebo infusion was started, a bolus of 175 MBq
of "8F-FDG in 10mL saline was injected intravenously over 10 seconds.
Dynamic acquisition commenced at the beginning of tracer injection and
continued for 45 minutes to acquire 23 frames (6 x 30 seconds, 7 x 1
minutes, 5 x 2 minutes, and 5 x 5 minutes).

Image Analysis

Positron emission tomography and MR-images were coregistered
and entered in Talairach spaces. Regional tissue time-activity curves for
'8E-FDG uptake were extracted for total cerebral gray matter, cerebral
cortex, thalamus, striatum, cerebellar cortex, brainstem, and white matter.

Kinetic Analysis

For the use of '®F-FDG to trace the phosphorylation rate of glucose,
the lumped constant is a necessary isotope conversion factor.™ In the
three-compartment model of irreversible accumulation of FDG-6-
phosphate, the lumped constant is the ratio between the net clearances
of '®F-FDG and glucose, which depends on the relative affinities of
transport across the BBB and phosphorylation of both hexoses (FDG and
glucose). Then, the net clearance of glucose (K) by definition of the lumped
constant is

K =K*/LC

where K* is the net clearance of '8F-FDG. With the three-compartment
model of irreversible FDG-6-phosphate accumulation, we obtained values
of K;* (unidirectional blood-brain clearance, where symbols marked with
asterisk indicate '®F-FDG), k,* (efflux rate constant), ks* (phosphorylation
rate constant), and V,, (volume of tissue occupied by intravascular blood
plasma) for '8F-FDG in each region of interest. The rate of depho-
sphorylation and the absolute quantity of '®F-FDG were both considered
negligible during the tomography sessions period. The net clearance of
'8E_FDG can then be described as,’>'®

K = Kiks/ (k3 + K5)

In the competition between native '®F-FDG and glucose in the brain, both
transport across the BBB (K;*, ky*) and phosphorylation by hexokinase (ks*)
obey the Michaelis-Menten equation, which vyields fixed ratios of
unidirectional blood-brain clearances (t=K;*/K;) and phosphorylation
rates (o =k;*/k;) for the tracer and native glucose."” By substituting
transfer constants of '8F-FDG for those of glucose, using the constants t
and ¢, we determined the lumped constant directly for each subject in
each region of interest as described previously,'” using the values of
7=1.48 and ¢ =0.39."® As the ratio between the net '®F-FDG and glucose
clearances, the lumped constant then equals,'*"”

LC=0o+[(t—9@)(ks/(k; +K3))].
and the unidirectional glucose flux from blood to brain (Jyc) is
Jgic = Ky Gy /7,

where G, is the arterial steady-state plasma glucose concentration (300 to
360 minutes). The net cerebral metabolic rate of glucose then is

CMRgyc = K*G,/LC,
the cerebral tissue glucose concentration Cissye iS
Ciissue = T(ngc_CMRglc)/kzv

and, by virtue of the Michaelis-Menten description of blood-brain and
brain-blood glucose transfer, the exchange volume V, is the same for
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glucose and '8F-FDG,">'%"? such that,

Ve = K{ /K5

Calculations and Statistics

We analyzed the PET data with a linear mixed effects model (repeated
measurement analysis of variance) with subject and all interactions
involving subjects, including the interaction between subject and brain
region and the interaction between subject and treatment, as random
effects. Treatment (GLP-1 versus placebo), region, and the interaction
between the two were included in the analysis as fixed effects. To compare
the two treatment groups’ circulating hormones and metabolites, a similar
statistical model was used with time instead of region. Significant
differences were at significance levels of P<0.05, and we present data
as mean *s.d.

RESULTS

The infusion of GLP-1 at a constant rate resulted in high
pharmacologically relevant plasma concentrations of the intact
hormone'? (Figure 1H). During the PET scan, the C, concentrations
averaged 871+04mM (GLP-1) and 9.0£04mM (placebo),
respectively, with no significant difference (P=0.17; Figure 1A).
The glucose infusion rates rose significantly with GLP-1
infusion (13.5+47mg per kg per minute (GLP-1) versus
2.1 £2.3mg per kg per minute (placebo) P<0.0001) (Figure 1B).
The levels of serum insulin and C-peptide were significantly
increased with GLP-1 infusion (Figures 1C and 1D). Insulin
levels rose to 190 £ 127 pmol/L during scans with GLP-1 infusion
compared with 53 + 13 pmol/L during placebo scans (Figure 1C).
Norepinephrine concentration decreased during scans in the
placebo group, P=0.02 (Figure 1F). As expected, there were no
significant differences among other circulating hormones and
metabolites (epinephrine, cortisol, glucagon, growth hormone,
and free fatty acids—Figures 1E and 1G) between sessions during
the scans.

Glucagon-like peptide-1 lowered the intracerebral concentra-
tion of glucose (Gyssue) Significantly by 0.18 mM (P =0.023) (95%
confidence interval (Cl): 0.02 to 0.32) in all regions (Figure 2A)
(P=0.47 for interaction between region and treatment). The
cerebral metabolic rate for glucose (CMRyJ) was increased
significantly overall (P=0.039) but not to the same extent
(P=0.022 for interaction between region and treatment);
significantly so in thalamus and cerebellum (P=0.001 and
0.049) and with a strong trend in GM and cortex (P=0.05 and
0.06) (Figure 2B). The unidirectional glucose transfer Jgc across the
BBB was not changed significantly (P=0.099) in any region
(Figure 2C). The net clearance of '®F-FDG (K*) increased 0.002 mL
per cm’® per minute (P=0.006) (95% Cl: 0.0005 to 0.003) with
GLP-1 infusion with the same effect in all regions (Figure 2D).
Glucagon-like peptide-1 induced significant increases (P=0.0001
to 0.04) of the net clearance of glucose (K) in GM, cortex, thalamus,
striatum, and cerebellum (Figure 2E). There was an overall
significant effect of GLP-1 on the unidirectional clearances of
'8F-FDG (K;*) and glucose (K;) (P=0.013), which increased by
0.007 mL per cm?® per minute (95% CI: 0.001 to 0.01) (Figure 2F).
We found an overall increase of the efflux rate constant of '®F-FDG
(k*) (P=0.046) with interaction between region and treatment
(P=0.04). The efflux constant increased in GM, cortex, and
thalamus (P=0.002 to 0.04) as a consequence of lowered brain
glucose (Figure 2G). For the same reason, the phosphorylation
coefficient for '8F-FDG (k5*) increased by 0.005 pr. minute (95% Cl:
0.001 to 0.01) in the brain as a whole (P=0.017) (Figure 2H). The
lumped constant and volume of tissue occupied by intravascular
blood in the brain (V,) remained constant (P=0.73 and 0.92,
respectively), as did the exchange volumes (V) between sessions
(P=0.46) (data not shown).
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DISCUSSION

In the present hyperglycemia study, GLP-1 administration elicited
the combined effects of lowered intracerebral glucose content
and raised cerebral metabolic rate in specific regions. The
net clearance of '8F-FDG and hence of glucose increased, and
GLP-1 had an impact on the rates of unidirectional clearance,
efflux, and phosphorylation of glucose. Glucagon-like peptide-1
infusion led to endogenous insulin secretion, despite somatostatin
administration.

Insulin and Glucose Infusion

Insulin plays a significant role in the metabolism of glucose in
peripheral tissues, while the possible roles in the brain metabolism
and transport have been subject to debate for decades. Numerous
studies confirm that insulin has no effect per se on BBB
transport?® %> or metabolism?'*™% of glucose in the human
brain, and hence is unlikely to affect the magnitudes of the
transport constants K;* k,* and ks* and a recent study concluded
that hyperinsulinemia also failed to increase brain glucose
metabolism in subjects with normal glucose tolerance.?®

The facilitated and insulin-insensitive diffusion of glucose across
the BBB is predominantly dependent on the GLUT1 glucose
transporters in the two membranes of the microvascular brain
endothelium.'®?? By contrast, increased insulin levels have a marked
effect on the '8F-FDG plasma activity curves, because of rapid
clearance of glucose from plasma, due to the insulin-dependent
increase in '8F-FDG uptake by skeletal and cardiac muscle tissue,?'*°
and this clearance by peripheral tissues is evident in the additional
need for glucose infusion following the GLP-1 infusion.

Norepinephrine. was constant during sessions but lower in the
placebo group than in the GLP-1 group, due to a decline during
the tomography. The difference was not reflected in other cate-
cholamines that remained almost constant during the tomogra-
phy and norepinephrine is not known to affect CMR9|C.31

Ve

Estimates of K;*/k,* ratios are expressions of the exchange volume
(V) for dissolved tracers in models with multiple compartments
for tracer molecules and metabolites, as is the case for '®F-FDG
and its metabolites. In the brain, the GLUT1 proteins in the
capillary endothelium are the main sites of facilitated diffusion of
glucose and glucose analogs from the circulation to the tissue. The
exchange volume indicates the magnitude of the joint extra- and
intracellular pools of solvent available for solution of intact tracer
'8F-FDG, relative to the solvent in which the tracer concentrations
in the circulation are measured, that is, arterial plasma in this case.
The values remained unchanged between sessions with values
averaging 0.5 mL/cm?® with minor differences among regions. This
value implies that 0.5mL fluid of a total brain tissue quantity
of 1cm?® is available for joint extra- and intracellular solution
of "®F-FDG. It is a real physical volume and as such should not
undergo dynamic or short-term changes. The total distribution
volume of unchanged '®F-FDG in the brain tissue then consists of
the plasma and the extracellular and intracellular volumes of solvent.

Positron Emission Tomography

We previously linked GLP-1, cerebral glucose transport, and
neuroprotection during normoglycemia.'? Thus, GLP-1 provides
a possible regulatory mechanism for the link between plasma
glucose and brain glucose, and the reported neuroprotective
effects may be linked to the lowering of glucose fluctuations in
the brain when plasma glucose is increased.” Hyperglycemia with
concomitantly increased glucose concentration in the brain tissue
accelerates ischemic damage and worsens the outcome after
ischemic stroke.* Glucagon-like peptide-1 is reported to counter
the effects of stroke by unknown means,'® but the present results
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Figure 1. Plasma content of hormones and metabolites. (A) Plasma glucose (PG); (B) glucose infusion rate (GIR); (C) insulin; (D) C-peptide;
(E) glucagon; (F) Norepinephrine; (G) epinephrine; (H) glucagon-like peptide-1 (GLP-1). Data are represented as mean *s.d. *P<0.05.

indicate a mechanism by means of which GLP-1 lowers the Cissue
because of increased net clearance of glucose (and CMRy). The
continuous metabolism of glucose transferred across the BBB
maintains Cyssue levels that are lower than the concentration of
glucose in plasma.3? Thus, the Cssue depends on the BBB glucose
transfer as well as on the glucose phosphorylation rate. In contrast
to the hypothesis, however, the net glucose flux Jy. was not
changed significantly during the sessions, although a trend
emerged in all regions. The values of CMRyc were increased in
specific regions, but the rates are not held to depend on the tissue
glucose concentration because the low Michaelis half-saturation
constant (Ky 0.05mM) ensures that brain hexokinase is fully
saturated at all but the lowest glucose concentrations. The
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increased CMRy. is reflected in the increased net clearance, and
the unidirectional clearance, the efflux coefficient, and the
phosphorylation coefficients all relate descriptively to the net
clearance.

The results show that transport across the BBB is affected by the
acute infusion of GLP-1. These end points are not independent
and hence do not yield independent evidence of the direction of
an effect of GLP-1 but do throw light on different aspects of the
kinetics of blood-brain transport and brain metabolism. In the
three-compartment tracer analysis, K; represents the ‘unidirec-
tional’ clearance of glucose across the BBB from blood to the
combined extra- and intracellular spaces, k,* represents the rate of
efflux of '8F-FDG across the BBB to the circulation, and ks*
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directional clearance (K;); (G) efflux rate constant (k,*); (H) phosphorylation coefficient (ks3*). Data are represented as mean + s.d. *P<0.05,

**P =0.05 to 0.06.

represents the rate of phosphorylation of '8F-FDG. Therefore, the
Ki* and ky* values reflect GLUT1 activity and ks* reflects the
activity of hexokinase, > all of which were increased.

With the three-compartment model of irreversible FDG-6-
phosphate accumulation, the apparent magnitude of ks* is
affected by both the magnitude of the inherent phosphorylation
rate and the effect of loss of FDG-6-phosphate from the tissue due
to dephosphorylation, expressed by the rate constant k;* in the
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three-compartment model of reversible FDG-6-phosphate accu-
mulation. If the magnitude of k;* decreased during GLP-1 infusion,
then statement of an increase in the rate of phosphorylation could
be inaccurate. However, there are two reasons why this is an
unlikely outcome. First, insulin increased during GLP-1, and
hyperinsulinemia appears, if anything, to raise the magnitude of
ks*2' which supports the observation that ks* actually did
increase. Second, the magnitude of the lumped constant is
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likewise affected by changes of the magnitude of k;* and hence
counteracts the effect.'” The absence of a change of the lumped
constant further indicates that no change of the relationship
between the two rate constants occurred.
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