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Abstract

Among the more promising treatments proposed for Alzheimer’s disease (AD) and Parkinson’s
disease (PD) are those reducing brain insulin resistance. The antidiabetics in the class of incretin
receptor agonists (IRAs) reduce symptoms and brain pathology in animal models of AD and PD,
as well as glucose utilization in AD cases and clinical symptoms in PD cases after their systemic
administration. At least 9 different IRAs are showing promise as AD and PD therapeutics, but we
still lack quantitative data on their relative ability to cross the blood-brain barrier (BBB) reaching
the brain parenchyma. We consequently compared brain uptake pharmacokinetics of intravenous
125|_1abeled IRAs in adult CD-1 mice over the course of 60 min. We tested single IRAs
(exendin-4, liraglutide, lixisenatide, and semaglutide), which bind receptors for one incretin
(glucagon-like peptide-1 [GLP-1]), and dual IRAs, which bind receptors for two incretins (GLP-1
and glucose-dependent insulinotropic polypeptide [GIP]), including unbranched, acylated,
PEGylated, or C-terminally modified forms (Finan/Ma Peptides 17, 18, and 20 and Hdlscher
peptides DA3-CH and DA-JC4). The non-acylated and non-PEGylated IRAs (exendin-4,
lixisenatide, Peptide 17, DA3-CH and DA-JC4) had significant rates of blood-to-brain influx (K»),
but the acylated IRAs (liraglutide, semaglutide, and Peptide 18) did not measurably cross the
BBB. The brain influx of the non-acylated, non-PEGylated IRAs were not saturable up to 1 ug of
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these drugs and was most likely mediated by adsorptive transcytosis across brain endothelial cells,
as observed for exendin-4. Of the non-acylated, non-PEGylated IRAs tested, exendin-4 and DA-
JC4 were best able to cross the BBB based on their rate of brain influx, percentage reaching the
brain that accumulated in brain parenchyma, and percentage of the systemic dose taken up per
gram of brain tissue. Exendin-4 and DA-JC4 thus merit special attention as IRAs well-suited to
enter the central nervous system (CNS), thus reaching areas pathologic in AD and PD.
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Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common
neurodegenerative disorders [1, 2]. We lack clinically effective treatments for both diseases.
While several drugs have been FDA approved for symptomatic improvement of AD [3], all
clinically-tested drugs for the disease have failed to produce significant improvements in
cognition (i.e., increase of at least 3 points on the mini-mental state examination [MMSE])
[4] or to slow disease progression [4-8]. Similarly, all clinically-tested drugs for PD, while
providing symptomatic relief early in the disorder, fail to slow its progression [9-11] and
can, in the case of common dopaminergic treatments, induce motor and non-motor
complications causing greater treatment-resistant disability later in the disorder [10-12]. In
the absence of clinically effective treatments, AD and PD impose major economic burdens
on our healthcare system [3, 13] and continue to exert tragic costs on patients and their
families.

Insulin resistance as a promising therapeutic target in AD and PD

Given the noted deficiencies of drugs approved or proposed for treatment of AD and PD,
most of which target only limited and conventional causal factors in these disorders (e.g., A
elevation in AD and dopamine dysregulation in PD), many investigators are now exploring
novel causal factors in these disorders as targets for improvements. One of the novel factors
is insulin resistance. Systemic insulin resistance is common in AD [14-17] and in PD [15,
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16, 18]. Brain insulin resistance, which can be induced by systemic insulin resistance
[19-23] or independently by brain Ap oligomers and hyperphosphorylated tau [24],
promotes many AD-like [22, 25-27] and PD-like [16, 28, 29] pathologies.

Systemic and especially brain insulin resistance are thus efficient targets for new treatments
of AD [27, 30, 31] and PD [28, 29, 31]. Among the most promising drugs being tested are
the antidiabetics known as incretin receptor agonists (IRAs). These drugs are effective in
reducing systemic insulin resistance independent of weight loss in obesity and type 2
diabetes (T2D) [32-34] and in reducing brain insulin resistance in AD [35] and PD [36],
which may explain their potent neuroprotective effects in animal models of AD [37-50] and
PD [51-63]. The promise IRAs have shown in animal model studies has been validated by
clinical trials showing that such drugs positively impact brain glucose uptake [36] and
cerebral glucose utilization [64] in AD and alleviate clinical symptoms in PD [65-68].

1.2. The diversity of antidiabetic IRAs showing potential as AD and PD therapeutics

Many different IRAs have been introduced, originally for the purpose of treating T2D based
on the discovery that incretin hormones increase glucose-stimulated insulin secretion by the
pancreas [69, 70]. The most intensively studied incretins, glucagon-like peptide-1 (GLP-1)
and glucose-dependent insulinotropic polypeptide (GIP), are now known to play important
roles in the brain [69, 71-73], including in regions that show pathological features of AD
and/or PD (i.e., cerebral cortex, hippocampal formation, striatum, and substantia nigra/
ventral tegmental area), where GLP-1 receptors (GLP-1Rs) [74-79] and/or GIP receptors
(GIPRs) [80-83] are expressed. At present, there are two types of IRAs: those that activate
receptors for one type of incretin (single IRAs) and those that activate receptors for both
types of incretins (dual IRASs). The single IRAs thus far demonstrating the greatest promise
as AD and/or PD therapeutics are the FDA approved GLP-1 receptor agonists (GLP-1RAS)
exendin-4 (Byetta®) [42, 43, 56-58, 65-67, 84], liraglutide (Victoza®) [36-41, 43, 48-50, 53,
85], lixisenatide (Adlyxin® in the U.S., Lyxumia® in Europe) [40, 45, 53], and semaglutide
(Ozempic®) [61, 62]. The dual IRAs showing promise as therapeutics for those disorders do
not have generic names yet. We refer to them simply as Peptide 18 (from B. Finanand T.
Ma, co-first authors of the paper reporting synthesis of this peptide [86]) and DA-JC4 [44,
59]. DA3-CH [60], and DA5-CH [46, 47, 59, 63] (from C. Holscher, director of the lab
introducing these peptides). Of these, Peptide 18, DA-JC4, and DA5-CH are of special
interest since their therapeutic potency is greater than that of single IRAs [59, 60, 63].

1.3. The importance of pharmacokinetic studies in assessing relative IRA brain uptake

To determine which IRAs are the best candidate AD and PD therapeutics, we need to know
their relative ability to completely cross the blood-brain barrier (BBB) and enter the central
nervous system (CNS). While a pharmacokinetic study by Kastin and Akerstrom [87]
showed that exendin-4 does cross the BBB in mice, no such study has been published on
other IRAs.

The need for rigorous pharmacokinetic studies on other IRAs is illustrated by conflicting
reports on brain uptake of liraglutide. Studies that have suggested liraglutide crosses the
BBB, have not taken into consideration brain capillary binding or sequestration [46, 63, 88].

Biochem Pharmacol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salameh et al. Page 4

Other studies have suggested liraglutide accumulates within circumventicular organs
(CVOs) [89-91], small brain regions lacking a BBB and regulating metabolic state (i.e., the
median eminence) [99].

1.4. Objectives of this study

To resolve the noted inconsistencies in the literature on brain influx of liraglutide and to
extend them to virtually all IRAs showing promise as AD and PD therapeutics, the present
study compared the pharmacokinetics of 1251-labeled single IRAs (exendin-4, liraglutide,
lixisenatide, and semaglutide) and 12%1-labeled dual IRAs (Peptides 17, 18, and 20, as well
as DA3-CH and DA-JC4) injected intravenously (iv) in adult mice. DA5-CH was not tested,
because it proved refractory to successful iodination. Given the number of IRAs tested, this
initial study focused on whole brain analyses.

For each peptide tested, we determined the rate of clearance from serum, the rate of
unidirectional brain influx, degree of transport across capillaries into brain parenchyma,
percentage of the dose taken up per gram of brain tissue, degradation rate of iodinated
peptides in serum and brain, and saturability of the influx rate. Additional tests were run to
determine the mechanism of exendin-4 brain influx and whether liraglutide brain-to-blood
(efflux) occurs. Of the nine IRAs tested, exendin-4 and the dual IRA derivative DA-JC4
showed the fastest rates of brain influx and significant accumulation in brain parenchyma.

2. Materials and methods

2.1. Peptide sources

Exendin-4, liraglutide, and Peptides 17, 18, and 20 were supplied by Dr. Richard D.
DiMarchi at Indiana University. The sequence and synthesis of these peptides are described
in Finan and Ma et a/. [86]. Derivatives of Peptide 17 (DA-CH3, DA-J4, and DA5-CH) were
synthesized by ChinaPeptide Co., Ltd. (Shanghai, China) for Dr. Christian Hdlscher, who
supplied them for this study. Lixisenatide and semaglutide were purchased from BOC
Sciences (Shirley, NY), catalog numbers B0084-090106 and B0084-007194, respectively.
Sequences and additional peptide information are listed in Table 1.

2.2. Animal use

Male CD-1 mice (8-10 weeks old) purchased from Charles River Laboratories (Wilmington,
MA) were used for all studies. They had ad /ibitum access to food and water and were kept
on a 12 h light/12 h dark cycle. All animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Veterans Affairs Puget Sound Health Care System
in Seattle, WA in a facility approved by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). In all studies, mice were first
anesthetized with 0.15 mL of 40% urethane via an intraperitoneal (ip) injection.

2.3. Radioactive labeling

The IRAs were radioactively labelled following the protocol outlined in Rhea et al. [92]. Ten
micrograms of each IRA were labeled with 0.5 mCi Na 12| (Perkin Elmer, Waltham, MA)
by reacting it with 10 pg of chloramine-T (Sigma-Aldrich, St. Louis, MO) in 0.25 M
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chloride-free sodium phosphate buffer, pH 7.5. After 1 min, the reaction was terminated by
adding 100 pg of sodium metabisulfite (Sigma-Aldrich). Bovine serum albumin (BSA,
Sigma-Aldrich) was labeled with %®MTechnetium (%*MTc, GE Healthcare, Seattle, WA) by
combining 1 mCi %™T¢ with 1 mg albumin, 120 pg stannous tartrate, and 20 uL 1M HCI in
500 pL deionized waterfor 20 min. Radioactively labeled IRAs (1251-IRAs) and albumin
(99MTc-Alb) were purified on Sephadex G-10 columns (Sigma-Aldrich), collected in 1%
BSA lactated Ringers solution (BSA/LR) and characterized by 15% trichloroacetic acid
(TCA, Fisher Scientific) protein precipitation (1 uL radiolabeled peptide, 500 uL BSA/LR,
and 500 pL 30% TCA). Greater than 90% radioactivity in the precipitated fraction was
consistently observed for the IRAs tested and albumin.

2.4. Octanol/buffer partition coefficient

To measure lipid solubility of the IRAs, 1x10° counts per minute (cpm) of an 1251-IRA was
added to duplicate tubes containing equal volumes 0.25 M chloride-free sodium phosphate
buffer, pH 7.5 and octanol (Sigma-Aldrich). This solution was vigorously mixed and
centrifuged to separate the two phases. Aliquots of 100 uL were taken in triplicate from each
phase, and total radioactivity was counted in a gamma counter. The measure of lipophilicity
equates to the mean partition coefficient expressed as the ratio of the cpm in the octanol
phase to the cpm in the buffer phase. The log value for the coefficient can be either greater
than unity, indicative of a lipophilic compound, or less than unity, indicative a hydrophilic
compound.

2.5. In vivo stability of 12%-IRAs in brain and blood

Following anesthetization, arterial blood and whole brain were taken 10 or 60 min after iv
injection of 1x108 cpm of 125]-IRA in 0.2 mL of BSA/LR. The blood samples were allowed
to clot, centrifuged at 54009 for 10 min, and 50 pL of the separated serum was added to 250
uL of BSA-LR, mixed and combined with 300 uL of 30% TCA, mixed again, and then
centrifuged for 10 min at 5400g. Brains were homogenized in 500 pL of BSA-LR with a
bead beater for 30 sec on ice at 4800 rpm twice. Homogenates were centrifuged at 54009 for
15 min, and a portion of the resulting supernatant was added to an equal volume of 30%
TCA, mixed, and then centrifuged at 54009 for 10 min. The radioactivity in the resulting S
and P fractions for serum and brain was calculated separately, and the percent of
radioactivity in the precipitate was calculated as outlined by Rhea et a/. [92] using the
following equation:

% Precip = 100 x (P) / (S+P) @

To correct for degradation that might have occurred during the processing, 1251-IRA was
added to non-radioactive arterial whole blood or to whole brain and processed as above. The
biological samples were corrected for degradation during processing by dividing their values
by those for processing control values and multiplying by 100. Processing control values are
listed in Table 2.
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2.6. Clearance of 125]-|RAs from serum

Following anesthetization, the jugular vein and right carotid artery were exposed. Mice were
given an injection into the jugular vein of 0.2 mL BSA-LR containing 1x108 cpm of an 125]-
labeled IRA and 5x10° cpm of 2°™Tc-Alb. Blood samples were collected 1 to 60 min after iv
injection. Immediately after blood collection, the mouse was decapitated, and the brain was
removed and weighed. The arterial blood was centrifuged at 54009 for 10 min at 4°C, and
the serum was collected. Levels of radioactivity in serum (50 L) and brain were measured
in a gamma counter (Wizard2, Perkin-Elmer) for 3 min. To determine the rate of 12°I-IRA
clearance from the serum, the results were expressed as the percentage of an injected dose in
each mL of serum (%Inj/mL), which was calculated by dividing the cpm in a mL of serum
(cpm/mL serum) by the cpm injected into the mouse (Inj cpm):

% Inj/mL = 100 X (cpm/mL serum) / (mean Inj cpm) )

The log(%Inj/mL) was plotted against time to calculate the rate of clearance from the serum.
Because we plotted log (%lnj/mL) vs time, the inverse slope (Kj) of the curve for each IRA
was multiplied by 0.301 (log1(2) to determine the half-time clearance in minutes. The
blood and brain cpm data were used for the measurement of brain influx and initial volume
of distribution in brain as described in Section 2.7.

2.7. Measurement of brain influx and initial volume of distribution in brain

To calculate the blood-to-brain unidirectional influx rate (Kj) multiple-time regression
analysis was used as detailed previously [92-94]. The brain/serum (B/S) ratios (uL/g) of the
1251.1RA in each gram of brain were calculated from the data in Section 2.6 and plotted
against their respective exposure times as previously described by Rhea et a/. [92]. B/S ratios
were corrected for vascular space by subtracting the B/S ratio for %™Tc-Alb (delta B/S
ratio). Exposure time differs from clock time in that exposure time corrects for 125]-IRA
serum clearance and thus, better represents the amount of 125|-IRA available for BBB
transport at any given time. The slope of the linear portion of the relationship between B/S
ratios and exposure time defines Kj (uL/g-min) and is reported with its error term. The y-
intercept of this linear portion of the relationship defines V4, (uL/g), the initial volume of
distribution in brain at t = 0, which is the functional volume per unit brain mass of a soluble
compound that exchanges rapidly and reversibly with plasma [94].

2.8. Percent of injected dose taken up by the brain

For IRAs that showed transport into the brain, the percentage of the iv injected dose taken up
by each gram of brain tissue (%Inj/g) was calculated using the following equation:

% Injlg = (Am/Cpt - V;) X (% Inj/mL) ®)

where Am is cpm/g of brain, Cpt is cpm/mL arterial serum at time t, and V4 corrects the B/S
ratio for the amount of peptide reversibly binding the endothelium.
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2.9. Saturability of brain uptake

To determine whether brain uptake of each IRA was saturable, some anesthetized mice were
co-injected iv with 1 ug of the non-radioactive IRA with 1x108 cpm 1251-IRA and 5x10°
cpm of 99MTc¢-Alb in 0.2 mL BSA-LR. Blood was collected from the right carotid artery,
and the whole brain was removed and weighed at 15 min after iv injection. Results were
expressed as B/S ratios in units of uL/g.

2.10. Capillary depletion without vascular washout

2.11.

2.12.

The capillary depletion method was used to separate cerebral capillaries and vascular
components from brain parenchyma following the methods described by Rhea et a/. [92].
Anesthetized mice received an iv injection of 1x108 cpm of an 1251-IRA with 5x10° cpm
99mTc-Alb BSA-LR and 15 min later, blood and brains were collected. Whole brains were
homogenized in glass with physiological buffer (10 mM HEPES, 141 mM NaCl, 4 mM KCl,
2.8 mM CaCly, 1 mM MgSOy4, 1 mM NaH,POy4, and 10 mM D-glucose adjusted to pH 7.4),
mixed with 26% dextran (Sigma-Aldrich), and centrifuged at 5400g for 15 min at 4°C. The
pellet, which contained the capillaries, and the supernatant, which contained the brain
parenchymal/interstitial fluid space, were carefully separated. The ratio of 12%I-IRA
radioactivity in the supernatant (parenchyma) was corrected for vascular space by
subtracting the B/S ratio of 9™MTc-Alb in the supernatant. The parenchyma/serum and
capillary/serum ratios (uL/g) were calculated as (cpm/g tissue)/(cpm/uL) serum.

Measurement of exendin-4 uptake by adsorptive transcytosis

Following anesthetization, the jugular vein and right carotid artery were exposed. They were
then given a jugular vein injection of 0.2 mL BSA-LR containing 1x106 cpm of 125]-
exendin-4 and 5x10° cpm of 9°MTc-Alb. In some mice, 10 pg/mouse of a plant lectin (wheat
germ agglutinin [WGA], Sigma-Aldrich) was included in the iv injection [95, 96]. Brain and
serum samples were collected between 1 and 10 minutes. At each time point, the B/S ratio
of 125]-exendin-4 was calculated as in section 2.7 and corrected for vascular space using
99mTC-Alb B/S ratios. Brain influx rates (K;) with and without WGA over the course of the
course of the experiment were expressed in uL/g-min.

Liraglutide efflux transport from brain to blood

An intracerebroventricular (ICV) method [97, 98] was used to assess brain-to-blood efflux
rate of liraglutide. In anesthetized mice, the scalp was removed, a hole was made in the skull
(0.5mm posterior and 1 mm lateral to bregma), and a 26-gauge needle with a tubing guard
was used to keep the depth of the hole constant (3.0-3.5 mm). One uL of LR containing
2.5x10% cpm of 125]-liraglutide was injected ICV into the lateral ventricle using a 1.0 pL
Hamilton syringe. For self-inhibition studies, 1 pg of unlabeled liraglutide was co-injected
with 2.5x10% cpm of 125]-liraglutide ICV. Whole brain was removed and weighed 10 min
later. The level of 125]-liraglutide available for transport at t = 0 was estimated by repeating
the procedure in mice that had been overdosed with urethane and had been dead for 10-20
min [97, 98]. Levels of radioactivity in the brain samples were counted for 3 minutes in a
gamma counter and divided by the amount injected and the brain weight in grams to yield
the percentage of 1251-liraglutide injected remaining per gram brain weight (%Inj/g). The
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amount of 123|-liraglutide that was available for transport out of the brain (%T) was
determined with the equation:

% T =100 X [(% Inj/g)o- (% Inj/g)10] / (% Inj/g) )

where (%Inj/g)g is the mean level of %Inj/g for the t = 0 group and (%Inj/g)g is the
individual mouse’s level of %lnj/g at t = 10 min.

2.13. Statistical analyses

Regression analysis and other statistical analyses were performed with the use of Prism 8.0
(GraphPad Software Inc., San Diego, CA). Means are reported with their standard error and
compared by one-way analysis of variance (ANOVA) followed by the Newman-Keuls post-
hoc test. Linear and non-linear regression lines are reported with their correlation
coefficients and n values. Multiple-time regression analyses were used to compare changes
in variables over time. T-tests were used to analyze results when only two experimental
groups were compared. Statistical significance was defined as p < 0.05.

3. Results

3.1. Properties of the IRAs studied

Table 1 provides basic information on the 9 IRAs studied, all of which are 31-45 amino acid
(aa) peptides. The GLP-1R mimetic exendin-4, the GLP-1R analogue lixisenatide, and the
dual GLP-1R/GIPR agonist Peptide 17 are unbranched peptides, the last of which is referred
to here as the native or unmodified dual IRA. The GLP-1 analogues liraglutide and
semaglutide are acylated. The other 4 tested IRAs are modified versions of Peptide 17 with
Peptide 18 being an acylated version, Peptide 20 being a PEGylated version, and DA3-CH
and DA-JC4 being versions with modified C-termini in which the final cysteine is replaced
by a lysine in DA3-CH or 6 lysines in DA-JC4. All the peptides except lixisenatide and DA-
JC4 are negatively charged, especially exendin-4 and Peptide 17, with roughly equivalent
percentages of hydrophobic residues (32-41%). Lixisenatide and DA-JC4 are positively
charged and contain equivalent percentages of hydrophobic residues (44-50%). We found
that the acylated dual agonist (Peptide 18) is significantly more lipid soluble than all the
other tested IRAs (partition coefficient = 0.249 + 0.02), including the other acylated
peptides, namely liraglutide (partition coefficient = 0.0123 + 0.00) and semaglutide
(partition coefficient = 0.0353 + 0.00).

3.2. Degradation in serum and whole brain

To confirm that radioactivity measured in serum and whole brain tissue was intact 12°1-IRAs
and not free iodine, serum and brain homogenates were acid precipitated. The majority of
labeled peptide in the serum remained intact for the duration of the uptake study. Table 2
shows the amount of peptide bound to 12°1 precipitated with acid at 10 and 60 min. DA3-CH
showed the greatest amount of degradation, losing 19.6% in serum from 10 to 60 min and
44.9% over the same period in whole brain. Liraglutide and semaglutide were the most
stable, precipitating less than 2% in serum over time and less than 12% in whole brain.
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3.3. Clearance from Serum

3.4. Whole

Fig. 1A shows the clearance of 125I-IRAs from serum after injection. The relation between
log levels of the radioactivity in arterial serum expressed as percentage of injected IRA per
ml (%Inj/mL) over time during the linear period after iv injection is shown in Fig. 1B.
Linear regression analysis showed a statistically significant relation between log (%Inj/mL)
and time for all peptides. 1251-Peptide 18 had the fastest clearance (32.37 min) while 125]-
liraglutide had the slowest clearance (167.22 min). The half-time clearance rates for all the
peptides tested are listed in Table 3.

brain influx and initial volume of distribution

The brain influx rate of all 9 1251-1RAs calculated from the B/S ratios is graphed in Fig. 2.
The full curve is presented in Fig. 2A, while the linear rate of transport is shown in Fig. 2B.
A blood-to-brain unidirectional influx rate (K/) was measurable for all the 1251-IRAs except
for 125]-liraglutide, 1251-semaglutide, and 1251-Peptide 18, in which there was no significant
relationship between B/S ratios and exposure time.

The unidirectional blood-to-brain influx rate K/ for the 9 IRAs tested is graphed in Fig.3.
Table 3 lists the Kj and Vj values for each IRA. As seen in that table, significant K7's were
found only for non-acylated and non-PEGylated IRAs. Among those IRAS, the rank order of
brain influx rates were as follows from highest to lowest: (1) 12°1-DA-JC4 (K/j= 0.6680
0.1089 uL/g - min, r = 0.8707, p < 0.0001), (2) 12%1-exendin-4 (K/= 0.423 + 0.0703 uL/g -
min, r = 0.8191, p = 0.0003), (3) 1251-DA3-CH (K/=0.3922 + 0.0668 uL/g - min, r =
0.7418, p < 0.0001), (4) 1251-Peptide 17 (K/= 0.3489 + 0.0228 uL/g - min, r = 0.0151, p<
0.0001), (5) 125I-lixisenatide (K/= 0.3271 + 0.0726 pL/g - min, r = 0.6924, p = 0.0015), and
(6) 1251-Peptide 20 (K/=0.0890 + 0.0382 pL/g - min, r = 0.5750, p = 0.0398). The brain
influx rate thus differed over 50-fold among the IRAs tested. The initial volume of
distribution V4 in brain at t = 0 min was highest for 125]-DA-JC4 at 2.495 + 0.8554 pL/g,
while that for 125]-Peptide 20 was the lowest at 0.4075 pL/g + 0.2728, suggesting DA-JC4
has a greater level of binding at the brain vascular endothelium compared to Peptide 20; \’s
for the other IRAs are listed in Table 3. No 99MTc-Alb uptake was observed during this
period as expected (data not shown). The K did not correlate with the solubility octanol
partition coefficient, the octanol partition coefficient divided by the square root of the
molecular weight, nor the log of the octanol partition coefficient divided by the square root
of the molecular weight (data not shown).

The percent of injected 1251-IRAs taken up per gram brain tissue (%Inj/g) is shown in Fig. 4,
except for the 125]-IRAs that did not exhibit significant BBB transport: liraglutide,
semaglutide, and Peptide 18. The data are based on the influx rate depicted in Fig. 2. By 60
min, the percent was highest by far for 1251-exendin-4 (0.54%) and was continuing to rise.
For all the other 125]-IRAs with significant K5, the percent plateaued by 30 min. For these,
the peak %Inj/g percent was highest for 1251-DA-JC4 (0.17%), somewhat lower for 125]-
Peptide 17 (0.15%), and much lower for 1251-DA3-CH (0.08%), 1251-Peptide 20 (0.05%) and
1251|ixisenatide (0.05%).
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3.5. Saturability of transport across the BBB

To help characterize the nature of IRA whole brain uptake after iv injection and determine if
transport occurred in a saturable manner, we injected each 1251-IRA with or without its non-
radioactive form. Inclusion of the non-radioactive IRA (1 pg/mouse) with the 1251-IRA 15
min after injection did not affect the B/S ratios of all 12°I-IRAs, except 12°|-liraglutide. Co-
injection of non-radioactive liraglutide (1 pg/mouse) with 12°|-liraglutde increasedits B/S
ratio (8.02 % 1.554 ulL/g for 12°|-liraglutide alone vs. 9.86 + 1.784 uL/g for 125|-liraglutide +
the unlabeled drug, p < 0.05, n = 8 mice/group, Table 4). Serum cpm/uL was decreased
when 125|-liraglutide was co-injected with unlabeled liraglutide (573.1 + 59.48 cpm/uL vs.
447.8 +38.17 cpm/pL, p < 0.001), which was also seen when 125]-Peptide 18 was co-
injected with unlabeled Peptide 18 (422.7 + 74.96 cpm/pL vs. 349.4 £ 57.98 cpm/L, p <
0.05).

3.6. Uptake by brain parenchyma

To determine if the iodinated IRAs were transported into brain parenchyma rather than being
sequestered by vascular endothelial cells, we performed capillary depletion studies. This is
necessary to verify transport of a drug across the endothelial cell wall. The percent of each
IRA reaching the brain that was found in parenchyma vs capillaries (Table 3) was highest for
DA-JCA4 (89.72%) followed by DA3-CH (86.02%), exendin-4 (84.2%), lixisenatide (66.8%),
and Peptide 17 (73.2%). The majority of Peptide 20 (56.4%) and liraglutide (71.3%) was
trapped in the capillaries. Semaglutide and Peptide 18 appeared completely sequestered by
the capillaries as none of the 125]-semaglutide or Peptide18 was detected in brain
parenchyma.

3.7. Testing adsorptive transcytosis as a mechanism for exendin-4 brain influx

A common mechanism of transfer across the BBB is that of adsorptive transcytosis. We
tested this for exendin-4 whose K/ was the highest found in this study. As shown in Fig. 5,
addition of WGA significantly increased the rate of 1251-exendin-4 brain uptake by about
45% (p = 0.0015). The rate of transport with the addition of WGA was 0.5683 + 0.0611
pL/g - min (r = 0.9371, p < 0.001), while the rate in the absence of WGA was 0.3153 +
0.0338 uL/g - min (r = 0.9375, p < 0.001). Enhanced transport occurred without affecting
permeability of the BBB to 99MTc-Alb, demonstrating that WGA did not disrupt the BBB
(data not shown).

3.8. Characterization of BBB efflux of liraglutide from the brain

One cause of a paradoxic negative relation between B/S ratios as well as an increase in
transport across the BBB with the addition of unlabeled material as seen for liraglutide is the
presence of an efflux (i.e., brain-to-blood) transporter. Efflux of 1251-liraglutide was
measured by its disappearance from whole brain after an ICV injection. As shown in Fig. 6,
1251)jraglutide efflux was not inhibited by ICV injection of unlabeled liraglutide,
demonstrating that its clearance is probably not regulated by a saturable system (52.05%
125_|jraglutide alone vs. 53.96% 125|-liraglutide + unlabeled liraglutide).
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4. Discussion

Defining the pharmacokinetics of IRA BBB transport helps to elucidate the direct
therapeutic potential of drugs administered systemically for AD [36, 64] or PD [65, 66, 68],
including animal models of AD [37-46, 48-50, 99] and PD [51-53, 55-63, 84]. While an
intranasal route of administration may be the most efficient means of delivering IRAs to the
brain judging from studies on exendin-4 [100]. GLP-1 [101], and the GLP-1R antagonist
exendin 9-39 [102], a systemic route for an IRA with CNS access has the advantage of
targeting both brain and systemic insulin resistance. This is advantageous because many AD
and PD cases with cognitive impairment suffer not only from brain insulin resistance [25,
28, 29], but also from systemic insulin resistance [14-17, 103]. Like T2D, systemic insulin
resistance is itself a risk factor for AD [104-107] and possibly PD [18, 103], especially PD
with dementia [103].

It is thus important to determine which systemically administered IRAs can cross the BBB
and thereby widely target both brain and systemic insulin resistance. We provide here the
first pharmacokinetic study comparing the relative ability of IRAS to cross the BBB,
specifically 4 single IRAs (i.e., the GLP-1RAs exendin-4, liraglutide, lixisenatide, and
semaglutide), 3 dual IRAs of Finan and Ma et al. [86] (i.e., the unbranched GLP-1R/GIPR
agonist Peptide 17, its acylated form Peptide 18, and its PEGylated form Peptide 20), and 2
dual IRAs of C. Hélscher derived from Finan and Ma et al.’s [86] Peptide 17 in which the C-
terminal cysteine is replaced by a single lysine (DA3-CH) [60] or by 6 lysines (DA-JC4)
[59].

4.1. Stability of 1251-IRAs in serum and whole brain

The iodinated IRAs we studied remained primarily intact in serum over 60 min. At least
75% of 125] radioactivity in each iodinated dose was recovered in precipitated serum
peptides at 60 min. Brain levels of 12°] radioactivity detected in our experiments could thus
be attributed primarily to uptake of intact IRAs. At least 75% of 125] radioactivity in each
iodinated dose was also recovered in precipitated peptides in brain homogenates at 60 min
for liraglutide, lixisenatide, semaglutide, Peptide 18, and Peptide 20. Lesser brain recovery
at 60 minutes was obtained, however, for iodinated IRAs with the fastest uptake rates: 48%
for DA-JC4 (K/7=0.668 = 0.11 pl/g - min), 37.7% for exendin-4 (K/=0.423 £ 0.07 pl/g -
min), and 26.7% for DA3-CH (K/=0.392 + 0.07 ul/g - min). It should be noted that the Kr's
were determined, as required for the multiple-time regression analysis, on only the linear
portion of the relation between B/S ratios and Expt. The lowest value for precipitation
during the linearity was 69.63% for brain and 85.66% for serum, both for DA-JC4.

The findings suggest that the IRAs with the fastest brain uptake are more rapidly
metabolized in brain than in serum. There are several possible explanations for this. First,
the radioactive iodine labels a tyrosine and the brain is abundant in iodotyrosinases. Thus,
the radioactive iodine can be quickly cleaved from the peptide soon after entering the brain,
leaving free iodide which is poorly precipitated by acid. Second, transport by the route of
adsorptive transcytosis classically involves routing to the lysosomal compartment resulting
in degradation of peptide during its passage across the BBB [108-110]. Lastly, two enzymes
classically degrade IRAs: dipeptidyl peptidase-4 (DPP-4) and neprilysin, also known as
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neutral endopeptidase or enkephalinase [111, 112]. DPP-4 is not expressed in the rodent
brain [113] and neprilysin activity in mouse brain [114] is not higher than it is in mouse
plasma, whereas DPP-4 activity is higher in mouse plasma than neprilysin activity [115].
Irrespective of brain degradation, the serum degradation values suggest the peptides were
intact at the time of transport.

4.2. Relative brain influx rates of IRAs and their saturability

Brain influx rates (K/in pL/g-min) were calculated for all 12°I-IRAs and are listed in order
starting with the fastest transport rate: DA-JC4 (0.6680) > exendin-4 (0.4231) > DA3-CH
(0.3922) > Peptide 17 (0.3489) > lixisenatide (0.3271) >> Peptide 20 (0.0892). The
calculated exendin-4 K7 matches with previous literature [87]. There was no statistically
significant correlation between the B/S ratios and the exposure time for the acylated IRAs
liraglutide, semaglutide, or Peptide 18, indicating lack of transport. These data are consistent
with brain uptake rates of fluorescently labeled IRAs [46, 63]. This suggests that acylation
of IRAs impairs their ability to cross the BBB. While acylation classically increases
transmembrane diffusion across the BBB [116], it can also enhance stability of a peptide in
serum by increasing albumin binding [117]. This modification can also affect the physical
stability leading to the formation of oligomers, as is the case for liraglutide [118], which
might impact the ability to cross the BBB.

An explanation for the negative K7 of 125|-liraglutide and for its paradoxic increase in brain
uptake when co-injected with unlableled liraglutide is the presence of a brain-to-blood efflux
transporter. However, co-injecting unlabeled liraglutide along with 125|-liraglutide into the
lateral ventricle of the brain (1 pg) did not alter 1251-liraglutide efflux from the brain.
Therefore, a brain efflux transporter is likely not a contributor to the lack of liraglutide
accumulation by brain observed here. Our results are consistent with studies of GLP-1 pS8
and exendin-4 [87, 119], which showed no evidence of a rapid efflux transport system for
these GLP-1-like peptides.

Since the B/S ratio of all 12%]-labeled IRAs studied, except liraglutide, was unaffected by
addition of a 1 ug iv dose of the unlabeled IRA, these peptides do not appear to cross the
BBB by a saturable process. This is consistent with a previous study showing that brain
influx of an 12°|-labelled, degradation-resistant GLP-1 analog, GLP-1 pS8, is not inhibited
by 5 ug of the unlabeled peptide [119], but is inconsistent with a study showing that 1251-
exendin-4 brain influx is weakly inhibited by 5 pg of unlabeled exendin-4 [87]. However, if
transport is saturable, the 1 pg iv competition dose should be sufficient to affect transport at
a therapeutic level as it is 1000 fold greater than a common dose given in clinical studies (2
mg sc) [120]. Even if transport is saturable at greater doses, saturability likely occurs at
therapeutically irrelevant levels.

4.3. Relative total influx of IRAs into brain and its parenchyma

To quantify how much of each IRA injected can enter the brain, we calculated the
percentage of the injected dose per gram of brain tissue (%Inj/g). It should be noted the
amounts of each drug we injected were sub-micromolar as radioactivity allows us to work
with extremely low levels of peptide, providing a much greater signal to noise ratio in
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detecting BBB transport rates without affecting physiology. On this parameter, the
percentages ranged over 20-fold, from 0.025-0.56 %Inj/g. Exendin-4 was exceptional in this
regard at 0.56 %Inj/g and still rising at the final 60 min time point, suggesting that an even
greater amount of this GLP-1 analog would be present in brain at later time points. As
expected based on its Kj, DA-JC4 had the next highest percentage of injected drug entering
the brain (0.17 %Inj/g). This percentage is in the range of hormones crossing the BBB that
affect insulin-related functions, including insulin (0.046%) [121], amylin (0.12%) [121],
ghrelin (0.063%) [122], and leptin (0.171%) [123].

Rarely, substances taken up by brain endothelial cells are sequestered by them rather than
completing the transport into the brain parenchymal space. Small amounts of peptide are
expected in capillaries as transit is a time-dependent process, but large amounts in capillaries
may indicate a block to complete passage across the capillary wall. Our capillary depletion
studies indicated that the 12°]-IRAs tested varied in their ability to completely cross the
capillary wall and enter brain parenchyma. Within 15 minutes of iv injection, the majority of
DA-JC4, DA3-CH, exendin-4, Peptide 17, and lixisenatide reaching the brain entered its
parenchyma. On the other hand, within this same time interval, the majority of Peptide 20
and of liraglutide was sequestered in brain endothelial cells. Semaglutide and Peptide 18
could not be reliably detected in brain parenchyma.

Of the 9 IRASs studied, then, the single IRA exendin-4 and the dual IRA DA-JC4 are best
able to cross the BBB based on their rate of brain influx (KJ), percentage reaching the brain
that was found in parenchyma versus capillaries (% parenchyma), and percentage of
systemic dose taken up per gram of brain tissue (%Inj/g). With the possible exception of
DA5-CH, which we were unable to test as explained earlier, our findings thus identify
exendin-4 and DA-JC4 as the IRASs best able to reach the whole brain, including both
forebrain and brainstem, structures pathological in AD and/or PD. Future studies should be
designed to investigate the regional transport of the IRAs as BBB transport kinetics can vary
regionally [87, 124]. Exendin-4 and DA-JC4 consequently merit primary interest among the
tested IRAs as therapeutics for these disorders, in which brain insulin resistance is likely to
play an important role [16, 25, 28-31, 125]. DA-JC4 deserves special attention in this regard,
because a similar dual IRA (Peptide 18) is more potent than a single IRA (liraglutide) or a
GIPR agonist (D-Ala2-GIP) in reducing insulin resistance in the hippocampal formation
from AD cases when administered directly to such tissue [35].

4.4. Probable adsorptive transcytosis of non-acylated and non-PEGylated IRAs

As noted in section 4.2, the IRAs best able to cross the BBB were non-acylated and non-
PEGylated, specifically the single IRAs exedin-4 and lixisenatide and the dual IRAs Peptide
17, DA3-CH, and DA-JC4. We found no correlation between transport rate and lipid
solubility/molecular weight, making transcellular diffusion an unlikely mechanism for this
class of peptides. The inability to demonstrate self-inhibition with reasonable doses of
unlabeled peptide make saturable mechanisms like carrier transporters and receptor-
mediated transport unlikely. The lack of saturable transport mechanism is consistent with
studies so far showing no established GLP-1 or GIP receptors on endothelial cells in the
adult CNS [74-82, 90, 126, 127]. Indeed, immunoEM of the arcuate hypothalamus in adult
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rats [90] revealed no endothelial GLP-1Rs despite clear detection of GLP-1Rs in tanycytes
there. Usdin et al. [80] do mention finding GIPR in endothelia of large blood vessels in the
rat brain, but they do not show that in their figures nor state if that was seen in their
embryonic and/or adult tissue samples.

Adsorptive transcytosis, by contrast, appears the most likely means by which non-acylated
and non-PEGylated IRAs cross the BBB. This is a process in which blood-borne substances
adhere non-specifically to the luminal surface of endothelial cells, are endocytosed at that
surface into vesicles that are transported directly or indirectly to the abluminal surface,
where they are exocytosed into interstitial fluid of brain parenchyma [108, 109]. Such a
process is consistent with the relative unsaturability of brain influx shown by the non-
acylated and non-PEGylated IRAS (see section 4.2) and the net positive charge of
lixisenatide and DA-JC4 (see Table 1).

Positive charge has long been considered critical for adsorptive endocytosis and transcytosis
given the net negative charge of the luminal and abluminal surfaces of endothelial cells and
of the facing basement membrane [108]. Yet recent studies show that negatively charged
substances, including small peptides, can cross the BBB by transcytosis [128, 129]. This
suggests that negatively charged, non-acylated, non-PEGylated IRAs such as exendn-4,
Peptide 17, and DA3-CH may also cross the BBB via adsorptive transcytosis similar to the
way WGA crosses that barrier [96]. We tested that with respect to exendin-4 and found that
its rate of brain influx was enhanced nearly 45% by co-administration of WGA, a lectin
shown to cross by adsorptive transcytosis in brain endothelial cells [130]. Exendin-4
presumably binds to endothelial glycoproteins bound by WGA and is accordingly taken up
by WGA-dependent mechanisms. Since WGA did not affect transport of albumin across the
BBB (data not shown), it did not enhance exendin-4 influx by disrupting the BBB.
Adsorptive transcytosis may thus be the means by which systemically and intranasally
administered exendin-4 has been found to reach the cerebral cortex [87, 100].

4.5. Limited brain uptake of liraglutide and semaglutide occurs independent of the BBB

Since systemically administered liraglutide [37-41, 43, 48-50, 53] and semaglutide [61, 62]
ameliorate many forebrain and midbrain pathologies in mouse models of AD and/or PD, it
was puzzling to find that neither had a significant K/ This is not attributable to our use of
acute rather than chronic drug administration given a study [90] described earlier (section
1.3). There are several other mechanisms by which circulating substances can influence
brain function without crossing the BBB. First, a substance can affect the blood levels of
another substance that does cross (i.e., insulin inducing hypoglycemia). Second, a substance
can bind to brain endothelial cells without crossing, triggering release of an abluminal
substance, such as the case for adiponectin [131, 132]. Third, afferent nerve transmission
can be affected (i.e., CCK regulates appetite via the vagus nerve). Lastly, circulating
substances can act directly at the CVO to elicit quick actions, the most common examples of
which include vomiting, thirst, blood pressure, and temperature.

In the case of liraglutide and semaglutide, it is thought these substances affect brain function
by accumulating in brain regions outside to the BBB rather than being transported across the
BBB, similar to what we have shown here [89, 90]. These studies have found measureable
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levels of these to drugs in 1) CVOs, 2) regions in which the BBB structure fluctuates based
on metabolic state (i.e., the hypothalamic arcuate nucleus, and 3) GLP-1R expressing
regions near the CVVOs or arcuate nucleus, connected by interstitial fluid. However, it is
currently unclear how accumulation in these brain regions would affect cognition.

4.6. Rodent versus human BBB

One important consideration to address is the difference between the human and the murine
or rodent BBB. Given the BBB structure and function is an understudied field relative to
other endothelial beds (i.e., lung or muscle endothelium), we often do not know how much
the murine BBB relates to the human. This is compounded by quite different methods used
to study the rodent (radioactivity, microdialysis, brain sampling) and human BBB (imaging,
CSF sampling). Despite this, there are great similarities between the species in that both
transport glucose, have CVOs present, have brain-to-blood efflux systems, and display
saturable systems for insulin, leptin, and other substances.

4.7. Relevance to other neurological disorders via multiple therapeutic effects

Our findings are relevant beyond AD and PD, because systemically administered IRAs also
show promise in treating other neurological conditions, most notably amyotrophic lateral
sclerosis (ALS) [133, 134], stroke [100, 135-140], and traumatic brain injury (TBI) [141].

The promise of IRAs in treating diverse neurological disorders has become increasingly
evident with the discovery that such drugs, in addition to more rapidly degraded GLP-1 and
GIP, alleviate molecular pathology by diverse mechanisms. Apart from reducing brain
insulin resistance, these therapeutic effects fall into the following 5, not necessarily mutually
exclusive, categories.

a. Reducing atherosclerosis [142, 143]
b. Diminishing BBB dysfunction [37, 138, 144, 145]
c. Enhancing neurogenesis in the dentate gyrus [38-41, 81, 88, 146-150]

d. Promoting neuroprotection in many, not necessarily mutually exclusive, ways,
specifically by enhancing DNA repair [151]; increasing expression and signaling
of brain-derived neurotrophic factor (BDNF) [55, 152, 153]; reducing AR
oligomers [38], AB plaque load [38-40, 154-157], Ap toxicity [158-162],
advanced glycation end products [163], apoptosis [44, 100, 135, 136, 164-167],
excitotoxicity [168-171], neuroinflammation [38-41, 44, 60, 135, 155-157, 172],
endoplasmic reticulum stress [43], oxidative stress [155, 173], tau
hyperphosphorylation [44, 46, 48, 163]; pathological reduction of dopamine in
the substantia nigra/ventral tegmental area and striatum [51-53, 55-63, 84]; and
synaptic degeneration [38-41, 154, 156, 157], and

e. Facilitating synaptic plasticity and cognitive function [38-41, 50, 147, 148, 154,
156-160, 162, 174-183].
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4.8. Conclusions

. Within 10 min of iv administration, non-acylated and non-PEGylated IRAs (i.e.,
exendin-4, lixisenatide, Peptide 17, DA3-CH and DA-JC4) display significant
rates of blood-to-brain influx (K7's), whereas acylated IRAs (i.e., liraglutide,
semaglutide, and Peptide 18) do not.

. Our results indicated that the acylated IRAs liraglutide and semaglutide do not
cross the BBB when assessed for whole brain. Future studies are needed,
however, to determine if there is regional transport to key brain areas known to
accumulate immunoactive levels of liraglutide following systemic administration
and known to have therapeutic effects in AD and PD animal models.

. The non-acylated IRAs are nevertheless of greater interest in treating AD and PD
when systemiclly administered because they have the ability to access directly
and broadly pathologic brain areas. Brain Influx of non-acylated (and non-
PEGylated) IRAs is not a saturable process up to 1 ug of these drugs and is most
likely mediated by adsorptive transcytosis across brain endothelial cells,
consistent with our WGA test of exendin-4.

. Of the 9 tested peptides, the single IRA exendin-4 and the dual IRA DA-JC4
were best able to cross the BBB based on their rate of brain influx, percentage
reaching the brain that accumulate in brain parenchyma, and percentage of the
systemic dose taken up per gram of brain tissue. Exendin-4 and DA-JC4 thus
deserve priority among the IRAs tested as potential AD and PD therapeutics.

. Finally, our results on IRAs with a wide rage of structural variation should aid in
design of new IRAs to achieve greater rates of brain uptake across the BBB and
thus greater therapeutic effects on brain pathologies in AD and PD, as well as in
ALS, stroke, and TBI, animal models of which are also showing therapeutic
benefits from IRA treatment.
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Fig 1.

Cl?aarance of 1251-1RAs from serum. The level of radioactivity in serum over 60 min clock
time is graphed in (A). The linear distribution phase during the first 15 min when
represented as log(%Inj/mL) was used to calculate the clearance (B). The half-time
clearance from blood for each IRA is listed in Table 3.
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Multiple-time regression analysis of 1251-IRAs across the BBB. The brain to serum (B/S)
ratios of radioactivity, corrected for vascular space, present in whole brain over the entire

ti

me curve are graphed in (A). The linear first 10 min clock time of the experiments are

shown in (B) and are used to calculate the unidirectional influx rate, K; for Fig. 3 and Table
3.
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Fig. 3.
Rate constants of 125]-IRAs transport into whole brain. The unidirectional influx rates, K;

(slope) and V; (y-intercept) are listed in Table 3. n=10-14/IRA
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Time (min)

Percent of the iv injected dose of 1251-IRAs taken up per gram of brain tissue (%Inj/g)
corrected for the initial level of vascular binding (4). The values for all the tested IRAs
other than exendin-4 plateaued by 30 min. n=1-2/time point/IRA
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Fig. 5.

Characterization of exendin-4 influx into brain. The influx of 125]-exendin-4 was enhanced
by WGA about 45% in the time span of the study. Results are expressed in terms of tissue to
serum (T/S) ratios.
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Fig. 6.
Characterization of liraglutide efflux from brain. Brain-to-blood efflux of 125|-liraglutide

was not inhibited by 1 pg unlabeled liraglutide, consistent with a non-saturable efflux
mechanism. Results are expressed as % Transport defined in section 2.12. Data are presented
as mean + SEM with n = 10 per group.
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Table 2.
In Vivo Degradation of 12°|-IRA Peptides ™
Peptide Whole Brain Serum
10 min 60 min PC 10 min 60 min PC
Single IRAs:

Exendin-4  79.04+2.750 3771+53307 681+13 9358+1440 76456580 87.9+0.8
Liraglutide ~100.1+4.206 ggg1+10157 854%37 10120062 10018 +0244% 974
Lixisenatide 83.91+1000 78.13+5167 729+04 9757+0430 gpq0+1.6077 87407
Semaglutide 95.55+1.139 gp44+2026% 99400 100.0£0031 ggg1+0020% 99.8%0.0
Dual IRAs:

Peptide 17  78.98+3.930 5591450307 94302 95770350 g1o0+1.9607 98.6+0.0

Peptide 18 ~ 107.8+3.37 7g4g8+41207 91.2+10 99.85+0.020  90.78+4.440 99.1+0.2

Peptide 20 99.4+2070 7500451017 929+12 10016+0120 9380418507 98.2%0.1

DA3-CH  7159%1214 9571+1723% 76020 9326+1110 7365+3138% 97.6%0.1
DA-JC4  69.63+16.36 47.99+1871 721+10 8566+1866 @330+ 10877 88.7+0.8

*
The data shown are mean + SEM percentages of 125 1abelled IRAS injected iv that remained intact 10 or 60 min later as reflected in
accumulation of radioactive degradation products with time as determined by precipitation of those products. Data are expressed relative to

processing controls (PC, n = 1-2) with n = 3 per group.

a . R
p<0.05 vs values at 10 min post injection.
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Table 4.

Saturability of 125]-IRA Peptide Transport into Brain ™

Peptide Whole Brain Serum
Without With Without With
Unllail?bgled Un:ab:\led Unllabgled Unlabeled IRA
Single IRAs:

Exendin-4 17.32+1.422 18.67+1.365 110.0+9.812 109.1 +9.753
Liraglutide ~ 8.02+0549 ggg+0631% 573142103 44738+ 13509
Lixisenatide 14.78+0.724 1351+0.743 40.90+2.027  48.21 +4.246
Semaglutide  9.637+0.308 9.430+0.344 692.1 +55.27 723.6 +41.74
Dual IRAs:

Peptide 17 1141+0528 11.34+0.321 81.33+6.720 89.47 + 5.466
Peptide 18 ~ 7.18+0.202  7.43+0.265 422.7+2650 3494 + 20.50%
Peptide 20 9.51+0.421 956+0.287 217.3+7.176 216.2 +5.307
DA3-CH 20.86 +1.943 19.44+0.866 65.07 +6.275 63.13 + 3.087
DA-JC4 1510+1.243 17.10%£3.232 29.32+2014  31.07 +£2.426

*
Values are mean + SEM (uL/g) of brain/serum ratios (n = 5-16 per group). Data were analyzed by a two-tailed, unpaired t test

ap < 0.05 comparing samples with or without unlabeled IRA peptides.
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