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Abstract

Background—Extracellular beta- amyloid (AB), intra-neuronal hyper-phosphorylated tau
protein, and chronic inflammation are neuropathological hallmarks of Alzheimer’s Disease (AD).
A link between AD, insulin dysfunction, and tumor necrosis factor-alpha (TNF-a) in promoting
both tau and AR pathologies /n7 vivo has been proposed.

Methods—MA-[D-Leu-4]-OB3 was given, with or without insulin, to streptozotocin (STZ)-
treated male Swiss Webster mice, and to male diet-induced obese (DIO) mice. Brains were
excised, and coronal sections were imaged with fluoro jade-C (FJC), thioflavin-S, or hematoxylin
and eosin (H&E). Serum TNF-a and IGF-1 were measured by ELISA. Histopathological changes
in the cerebral cortex (CC) and hippocampus (HC) were correlated with changes in glycemic
regulation, episodic memory, and serum levels of TNF-a and IGF-1.

Results—In STZ-treated mice, blood glucose and serum TNF-a and IGF-1 were reduced by
insulin alone, and normalized when MA-[D-Leu-4]-OB3 was given in combination with insulin.
Improvement in episodic memory was inversely correlated with the number of FJC-positive cells
in the CC and HC and serum TNF-a and IGF-1. FJC, thioflavin-S and H&E staining indicated no
AP deposition. Similar results were observed in DIO mice treated with MA-[D-Leu-4]-OB3.
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Conclusions—The mechanism by which MA-[D-Leu-4]-OB3 improves episodic memory in
mouse models of TIDM and T2DM appears to be related to improved insulin sensitivity and
reduced TNF-a-induced neurodegeneration.

General Significance—MA-[D-Leu-4]-OB3 may have application to human pre-clinical and
clinical AD and AD-like dementia by interrupting the cascade of insulin resistance, neuro-
inflammation, and neurodegeneration, that characterizes these diseases.

Keywords

Alzheimer’s Disease; Dementia; Episodic memory; Insulin resistance; Leptin peptides;
Neurodegeneration

1. Introduction

Alzheimer’s Disease (AD), as a distinct clinical entity, is currently defined by the
identification of a specific neuropathological profile which includes the extracellular
deposition of B-amyloid (AB) plagues, the formation of intra-neuronal neurofibrillary
tangles (NTFs) consisting of aggregated, hyper-phosphorylated tau protein, and cytokine-
mediated chronic inflammation (Duyckaerts et al., 2009; McCaulley and Grush, 2015; Jack
etal., 2018). It is now generally accepted that tau pathology may be the primary driver of
neurodegeneration in AD (Long and Holtzman, 2019), and that tumor necrosis factor alpha
(TNF-a) plays a central role in the pathophysiology of this disease (Chang et al., 2017;
Cavanagh and Wong, 2018). Data from both longitudinal and cross-sectional studies of tau-
and amyloid-positron emission tomography (PET) imaging, combined with structural
magnetic resonance imaging (MRI), confirm the presence of tau alone as sufficient for
predicting cognitive impairment, and that deposition of A is predictive of more severe tau-
related-cognitive dysfunction (Aschenbrenner et al., 2018; Hanseeuw et al., 2019).

There is a growing body of evidence supporting links between AD, defective insulin
signaling, and chronic inflammation (de Oliveira Santos et al., 2012; De Felice, 2013; De
Felice and Ferreira 2014; El Khoury et al, 2014; Ferreira et al., 2018). In this regard,
inflammation is a prominent feature of both AD and diabetes, and is thought to play a
critical role in the pathogenesis of both disorders (Clark et al. 2012; Ferriera et al., 2014). It
is also well known that TNF-a. is overexpressed in obese individuals (Hotamisligil et al.,
1995); that elevated TNF-a levels cause peripheral insulin resistance (Hotamisligil et al.,
1996); and that brain inflammation is associated with the defective neuronal insulin
signaling that is characteristic of AD (Bomfim et al., 2013).

Our laboratory has recently shown that MA-[D-Leu-4]-OB3, a small molecule synthetic
peptide leptin mimetic, crosses the blood-brain barrier (Anderson et al., 2017), reduces body
weight gain (Wang et al., 2018), improves insulin sensitivity (Wang et al., 2018; Anderson et
al., 2019; Hirschstein et al., 2019), and normalizes episodic memory in mouse models of
T1DM (Anderson et al., 2019) and T2DM (Hirschstein et al., 2019). In the present study, we
hypothesized that the observed ability of MA-[D-Leu-4]-OB3 to improve cognitive function
may be influenced not only by its effects on glycemic control, but also by actions associated
with reducing serum concentrations of pro-inflammatory cytokines known to be associated
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with neuronal degeneration. To test this hypothesis, the cerebral cortex and hippocampal
regions of brains from untreated and MA-[D-Leu-4]-OB3-treated mouse models of TADM
(STZ-induced) and T2DM (diet-induced obese, DIO) were imaged and examined for signs
of neurodegeneration and Ap deposition. Serum levels of the pro-inflammatory cytokines
TNF-a and IGF-1 were measured.

The objective of these efforts was to identify a correlation, if any, between the previously
observed effects of MA-[D-Leu-4]-OB3 on glycemic regulation and episodic memory with
histopathological changes in the brain, and changes in serum levels of pro-inflammatory
cytokines known to influence neurodegeneration. Our results suggest that the mechanism by
which MA-[D-Leu-4]-OB3 has been shown to improve episodic memory in two models of
AD-like cognitive dysfunction may be related not only to its ability to improve insulin
sensitivity peripherally and in the brain, but also to reduce TNF-a-induced
neurodegeneration.

2. Materials and Methods

2.1. Animal procedures
2.1.1. Animals and housing

2.1.1.1. T1DM mouse model: Four- to five- week old male Swiss Webster (SW) mice
were obtained from Taconic Farms (Germantown, NY, USA). Upon arrival, the mice were
randomized by weight into four treatment groups (n = 8 mice per group): Group 1: normal
SW controls (to receive vehicle alone); Group 2: STZ-treated SW (to receive vehicle alone);
Group 3: STZ-treated SW (to receive insulin alone); Group 4: STZ-treated SW (to receive
insulin + MA-[D-Leu-4]-OB3). The mice were housed in polycarbonate cages fitted with
stainless steel wire lids and air filters in the Albany Medical College Animal Resources
Facility. The mice were maintained at a constant temperature (24° C) with lights on from
07:00 to 19:00 h, and allowed food and water ad libitum.

2.1.1.2. T2DM mouse model: Nine week-old male C57BL/6J wild type mice
(B6DIOCONTROL-M) placed on a low fat diet after weaning, and diet-induced obese mice
(DIO-B6-M) placed on a high-fat diet at six weeks of age, were obtained from Taconic
Farms (Germantown, NY, USA). Upon arrival, the mice were randomized by weight into
three treatment groups (n = 8 mice per group): Group 1: C57BL/6J wild-type controls on
low-fat diet (to receive vehicle alone); Group 2: DIO mice on high-fat diet (to receive
vehicle alone); Group 3: DIO mice on high-fat diet (to receive MA-[D-Leu-4]-OB3). The
mice were housed in polycarbonate cages fitted with stainless steel wire lids and air filters in
the Albany Medical College Animal Resources Facility. The mice were maintained at a
constant temperature (24° C) with lights on from 07:00 to 19:00 h, and allowed food and
water ad libitum.

2.1.2. Feeding and weighing schedule

2.1.2.1. T1DM mouse model: On day zero of the study, between 8:00 and 9:00 h, the
mice received approximately 400 g (tared) of pelleted rodent diet (Prolab Rat, Mouse,
Hamster 3000, St. Louis, MO, USA), composed of 22 kcal % crude protein, 5 kcal % crude
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fat, 5 kcal % fiber, 6 kcal % ash, 2.5 kcal % additional minerals, and containing 3.15 kcal/g.
Plastic water pouches (tared) containing approximately 350 mL of water were added to each
cage. Tared aliquots of food and water were added to the cages as needed throughout the 17-
day testing period. To assure fasting (6 h) glucose levels on days in which blood glucose was
measured, food was removed from the cages between 8:00 and 9:00 h, and replaced
immediately after testing. The mice were weighed daily between 8:00 and 9:00 h on an
Acculab V-333 electronic balance (Cole-Parmer, Vernon Hills, 1L, USA).

2.1.2.2. T2DM mouse model: Upon arrival, C57BL/6J wild type mice received standard
rodent chow composed of 22 kcal % protein, 5 kcal% fat, 5% fiber, 6% ash, 2.5% minerals,
and containing 3.16 kcal per gram (Prolab* Isopro* RHM 3000, Prolab, St. Louis, MO,
USA). DIO mice received rodent chow composed of 20 kcal% protein, 20 kcal%
carbohydrate, 60 kcal% fat, and containing 5.24 kcal per gram (D12492, Research diets,
New Brunswick, NJ, USA). C57BL/6J wild type mice received approximately 400 g (tared)
of standard rodent chow (low-fat), and DIO mice received approximately 400 g (tared) of the
high-fat diet. Tared water pouches containing approximately 350 mL of water were placed
on each cage. Food and water (tared) were added to the cages as needed.

To assure six-hour fasting glucose levels on days in which blood glucose was measured,
food was removed from the cages between 08:00 and 09:00 h and replaced immediately
after testing. When oral glucose tolerance tests (OGTTs) were done, overnight fasts (16 h)
were initiated by removing food from the cages between 17:00 and 18:00 hours the
afternoon before testing. OGTTs were performed between 09:00 and 10:00 the following
day. The mice were weighed weekly on an Acculab V-333 electronic balance (Cole-Parmer,
Vernon Hills, IL, USA).

2.1.3. Streptozotocin (STZ) administration

2.1.3.1. T1DM mouse model: Three groups (n = 8 per group) of male SW mice were
rendered hyperglycemic with two injections (ip) of 100 mg/kg STZ in 100 uL phosphate
buffered saline (PBS) given 24 h apart. The control group (n = 8) was given 100 pL PBS
(ip). Fasting (6 h) blood glucose levels were measured prior to STZ treatment to establish
baseline glucose levels. To avoid the metabolic stress of repeated daily fasting, non-fasting
glucose was measured each day thereafter to assess the progression of hyperglycemia
resulting from STZ treatment. Insulin treatment, in the absence or presence of MA-[D-
Leu-4]-OB3, was initiated when non-fasting blood glucose levels in STZ-treated mice were
elevated 100 to 200 mg/dL higher than those of normal mice.

2.1.4. Insulin and MA-[D-Leu-4]-OB3 administration

2.1.4.1.  T1DM mouse model: A detemir insulin delivery pen (Levemir®, Novo Nordisk,
Malov, Denmark) was used to prepare a solution of 0.05 U insulin/100 pL PBS, which was
delivered by subcutaneous (sc) injection once daily between 16:00 and 17:00 h for 17 days.
MA-[D-Leu-4]-OB3 was prepared commercially as a C-terminal amide by Atlantic Peptides
(Lewisburg, PA, USA). MA-[D-Leu-4]-OB3 (mw 944), an analog of [D-Leu-4]-OB3 (Ser-
Cys-Ser-dLeu-Pro-GIn-Thr, mw 734), is a synthetic linear peptide amide conjugated at the
N-terminus to a myristic (tetra-decanoic) acid moiety. MA-[D-Leu-4]-OB3 was dissolved in
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0.3% dodecyl maltoside (DDM, Intravail®, Aegis Therapeutics, San Diego, CA, USA)
reconstituted in sterile deionized water, and delivered by gavage once daily at a
concentration of 16.6 mg/kg/100 uL DDM between 16:00 and 17:00 h for 17 days.

2.1.4.2. T2DM mouse model: After 30 weeks on their respective diets, wild type
C57BL/6J mice on the low-fat diet and one group of DIO mice on the high-fat diet received
vehicle only, while the other group of DIO mice on the high-fat diet received MA-[D-
Leu-4-]-OB3 for 14 days. MA-[D-Leu-4]-OB3 was dissolved in vehicle (0.3% dodecy!l
maltoside, DDM, trade name Intravail®, Aegis Therapeutics, San Diego, CA, USA,
reconstituted in sterile deionized water), and delivered by oral gavage once daily at a
concentration of 16.6 mg/kg/100 uL DDM between 16:00 and 17:00. No undesirable side
effects were noted in MA-[D-Leu-4]-OB3- or vehicle-treated control mice throughout the
entire course of the study.

2.1.5. Blood glucose measurement

2.1.5.1. T1DM and T2DM mouse models: Both fasting (6 h) and non-fasting blood
samples were drawn by snipping the tip of the tail of each mouse. The blood droplet formed
at the tip was applied to a glucose test strip. Glucose levels were measured with a OneTouch
Verio 1Q glucose meter (Janssen Pharmaceuticals, Raritan, NJ, USA).

2.1.5.2. T2DM mouse model: Oral glucose tolerance testing: Following an overnight fast
(16 h), the mice received a single dose of 100 uL. DDM (vehicle) alone or MA-[D-Leu-4]-
OB3 (16.6 mg/kg) in 100 uL DDM. After 60 minutes, blood glucose levels were measured
(as described in 2.1.5.1) and the mice were challenged with 100 uL D-glucose (2g/kg) in
phosphate-buffered saline (PBS). Additional glucose measurements were taken at 15, 30, 45
and 60 minutes after the glucose challenge.

2.1.6. Novel object behavioral testing

T1DM and T2DM mouse models: Novel object recognition testing, as described by Bevins
and Besheer (2006), was done after 17 days (T1DM mouse model) and 14 days (T2DM
mouse model) of treatment with MA-[D-Leu-4]-OB3.

2.1.6.1. Apparatus and environment: In a designated behavioral testing room, a square
black plastic chamber with smooth walls and floor, and divided into four equal quadrants 51
cm long % 51 cm wide x 38 cm high, was thoroughly cleaned with 70% ethanol. Overhead
lights were turned off, and floor lamps with red bulbs were placed at the sides of the
chamber so that red lighting was evenly distributed over the four quadrants. A Logitech HD
Pro Webcam C920 (Logitech Inc., Newark, CA, USA) video camera with an adjustable
zoom lens was mounted on an overhead bracket facing straight down over the center of the
chamber. Habituation, training, and testing phases, each 5 minutes long, were recorded with
an automated video tracking system (ANY-maze 6.06, Stoelting, IL, USA).

2.1.6.2. Protocol: Object selection and placement: Prior to novel object testing, the mice
had been handled for approximately 15 minutes daily throughout the course of both studies.
To habituate the mice to the testing environment, each mouse was placed in an empty
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quadrant 24 hours before the training and testing phases, and allowed to freely explore for 5
minutes. During the training phase, the mice were exposed to two identical multi-colored
Lego towers (familiar objects), approximately 5 cm high and 5 cm in diameter. These
objects were placed in the center of each quadrant, equidistant from each other and from the
quadrant walls. The mice were placed midway between the two objects with their noses
pointing forward, and allowed to explore the objects for 5 minutes. In the testing phase, one
of the Lego towers was replaced with a multi-colored rubber duckling (novel object),
approximately 6 cm high and 6 cm long. The objects were placed in the center of each
quadrant equidistant from each other and from the quadrant walls. As in the training phase,
mice were placed midway between the two objects with their noses pointed forward, and
allowed to explore these objects for 5 minutes. Approximately one hour separated the
training phase from the testing phase, during which time the mice were returned to their
home cages. The chamber was cleaned with 70% ethanol after each 5-min habituation/
training/testing period.

2.1.6.3. Scoring: The videos from the training and the testing phases were blinded and
then manually scored. The exploration time of both novel and familiar objects was defined
as the time a mouse interacted with an object, i.e., when the mouse’s nose touched the object
or was within 1 cm of the object and pointed directly at the object. Not counted as
exploration: when the mouse climbed on top of the object or was not approaching the object.
For each mouse, the novel object and familiar object exploration times (in seconds) were
recorded, and the discrimination index (DI) was calculated as follows: time (in seconds)
exploring the novel object minus time (in seconds) exploring the familiar object divided by
the total time (in seconds) exploring the novel object and familiar object x 100.

2.1.7. Blood collection and serum preparation—At the end of both studies (TILDM
study: mouse age 6.5 weeks; T2DM study: mouse age 41 weeks), the mice were
anesthetized with isoflurane (5%) and exsanguinated by cardiac puncture. Euthanasia was
confirmed by cervical dislocation. The blood was collected in sterile non-heparinized plastic
centrifuge tubes and allowed to stand at room temperature for 1 h. Individual serum samples
were prepared by centrifugation for 30 min at 2000 x g in an Eppendorf 5702R, A-4-38
rotor (Eppendorf North America, Westbury N, USA). The serum samples from each
experimental group were then pooled and stored frozen at —20 C until analyzed for TNF-a
and IGF-1 content.

2.1.8. Tissue preparation

2.1.8.1. T1DM and T2DM mouse models: Following exsanguination by cardiac
puncture, the chest cavities were opened, and whole body fixation was achieved by
transcardiac perfusion at 5 mL/min with normal saline (0.5 mL/g BW) through the left
ventricle, followed by 4% phosphate-buffered paraformaldehyde perfusion (1 mL/g BW).
Brains were excised, post-fixed in paraformaldehyde (4%) at 4°C for 4 h, and cryo-protected
in 30% sucrose at —20°C until processed for histochemical analysis.

All of these animal procedures were approved by the Albany Medical College Animal Care
and Use Committee, and were performed in accordance with relevant guidelines and
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regulations as outlined in the Guide for the Care and Use of Laboratory Animals, Eighth
edition (2011). (http://grants.nih.gov/grant/olaw/guide-for-the-care-and-use-oflaboratory-
animals.pdf).

2.2. Histochemical analysis

2.2.1. T1DM mouse model—Coronal brain sections (3 mm thick) were paraffin
imbedded. Five-micron thick sections were then cut on a Spencer Precision rotary
microtome (American Optical, Southbridge, MA, USA), mounted on polysine microscope
adhesion slides (Thermo Fisher Scientific, Waltham, MA, USA), and stained with a ready-
to-dilute Fluoro-jade C (FJC) staining kit (Biosensis, Temecula, CA, USA) and DAPI
(Sigma Aldrich, St. Louis, MO, USA), according to instructions supplied by the
manufacturer. The slides were cover-slipped with a neutral mounting medium, DPX (Sigma-
Aldrich, St. Louis, MO, USA), and imaged on a Nikon Eclipse TE2000-U inverted
microscope (Nikon Instruments, Mellville, NY, USA) under blue light. FJC-positive cells in
10 different fields within the cerebral cortex, and 10 within the CA-1 region and DG of the
hippocampus of brains from four mice in each treatment group were counted manually and
expressed as number of FJC-positive cells per field.

Similarly, 5-micron thick coronal sections of brains from three or four mice in each
treatment group were stained with hematoxylin and eosin (H&E) and examined for evidence
of AB deposition by light microscopy.

2.2.2. T2DM model—35-micron free-floating frozen coronal sections were cut on a
Leica CM 3050 cryostat (Leica Biosystems Inc., Buffalo Grove, IL, USA) and transferred to
Net Well inserts (Sigma-Aldrich, St. Louis, MO, USA) in 12-well plastic tissue culture
dishes. The sections were washed with phosphate buffered saline (PBS), stained with
thioflavin-S (Sigma Aldrich, St. Louis, MO, USA) and DAPI (Sigma Aldrich, MO, USA),
mounted with Cytoseal 60 (Richard-Allan Scientific, Kalamazoo, MI, USA) on Super-Frost
Plus glass slides (Fisher Scientific, Pittsburgh, PA, USA), and covered with glass coverslips.
The slides were stored in light-proof slide boxes and imaged on a Zeiss Axiovert 200
inverted microscope (Carl Zeiss Microscopy, LLC, White Plains, NY, USA).

2.3. TNF-a and insulin-like growth factor-1 (IGF-1) measurement: TIDM and T2DM mouse

models

The TNF-a and IGF-1 content in pooled serum samples from each experimental group (8
animals per group) was measured using mouse enzyme linked immunosorbent assay
(ELISA) kits obtained from RayBiotech (Peachtree Corners, GA, USA) according to the
instructions supplied by the manufacturer.

2.4. Statistical analysis

All data are expressed as mean ¥ SEM. SigmaPlot®12.5 for windows (SPSS, Chicago, IL.
USA) was used to determine statistical significance. Differences in blood glucose levels,
discrimination index, numbers of FJC-positive cells, and serum levels of TNF-a. and IGF-1
were compared by one-way analysis of variance (ANOVA), followed by post fioc analysis
using the Holm-Sidak method. Differences between groups were considered statistically
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significant when P < 0.05. Both of these studies were done twice. The data were not pooled,
and represent the results of a single study.

3. Results

3.1. Effects of MA-[D-Leu-4]-OB3 on glycemic control in male STZ-treated Swiss Webster
(SW) and C57BL/6J diet-induced obese (DIO) mice

The effects of MA-[D-Leu-4]-OB3 in mouse models of TLDM and T2DM on glycemic
control are summarized in Table 1. In STZ-treated male Swiss Webster mice (T1DM model),
insulin treatment alone for 17 days reduced, but not significantly, fasting blood glucose
levels. When MA-[D-Leu-4]-OB3 was given in combination with insulin, fasting glucose
was reduced to levels approximating those of normal SW mice (P > 0.05). In male
C57BL/6J mice maintained on a high-fat diet for 30 weeks (T2DM model), glucose
tolerance was significantly (P < 0.05) impaired by high-fat diet alone. After 14 days of
treatment with MA-[D-Leu-4]-OB3, glycemic regulation was restored, and glucose
tolerance was equivalent (P > 0.05) to that of C57BL/6J mice of the same age and sex
maintained on a low-fat diet for 30 weeks.

3.2. Effects of MA-[D-Leu-4]-OB3 on episodic memory in STZ-treated male SW and
C57BL/6J DIO mice

The effects of MA-[D-Leu-4]-OB3 on episodic memory, described by changes in
discrimination index (DI), in male STZ-treated SW mice given insulin alone or in
combination with MA-[D-Leu-4]-OB3 for 17 days, and in male C57BL/6J DIO mice given
MA-[D-Leu-4]-OB3 for 14 days, are shown in Fig. 1A and Fig. 1B, respectively. Episodic
memory was significantly (P < 0.05) impaired by STZ treatment, only partially restored by
insulin alone, but normalized (P > 0.05) when insulin was given in combination with MA-
[D-Leu-4]-OB3 (Fig 1A). Similar results were observed in male C57BL/6J DIO mice
maintained on a high-fat diet for 30 weeks (Fig. 1B). Episodic memory, significantly (P <
0.05) impaired by prolonged exposure to the high-fat diet alone, was normalized (P > 0.05)
after 14 days of treatment with MA-[D-Leu-4]-OB3.

3.3. Effects of MA-[D-Leu-4]-OB3 on neurodegeneration in STZ-treated SW mice

Fluoro-jade C (FJC) was used to examine the effects of MA-[D-Leu-4]-OB3 on
neurodegeneration in male STZ-treated SW mice (Fig. 2). As expected, little to no FIC
labeling in the cerebral cortex (Fig. 2A) was observed in normal SW mice. In contrast, STZ-
treated mice exhibited multiple FJC stained neurons and fibers in these brain regions (Fig.
2B). Treatment with insulin alone for 17 days significantly reduced FJC staining in the
cerebral cortex (Fig. 2C). When MA-[D-Leu-4]-OB3 was given in combination with insulin,
very little or no labeling was evident (Fig. 2D). Similar changes in the level of FJC staining
were observed in the dentate gyrus and CAL region of the hippocampus (images not shown).
Quantification of the number of FJC-positive cells in multiple fields (10) of the cerebral
cortex and hippocampus is shown in Fig. 3A and Fig. 3B, respectively.
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3.4. Effects of STZ and high-fat diet on Ap deposition in male STZ-treated SW and
C57BL/6J DIO mice

Thioflavin-S and hematoxylin and eosin (H&E) staining were used in efforts to image Ap
deposition in male STZ-treated SW and C57BL/6J DIO mice.In both models, no evidence of
AP plaques could be identified by either staining protocol (images not shown), or in the
FJC-stained images (Fig. 2).

3.5. Effects of MA-[D-Leu-4]-OB3 on serum TNF-a and IGF-1 levels in male STZ-treated
Swiss Webster and C57BL/6J DIO mice

The effects of MA-[D-Leu-4]-OB3 on TNF-a levels in STZ-treated SW mice given insulin
alone or in combination with MA-[D-Leu-4]-OB3, and in DIO mice maintained on a high-
fat diet are shown Fig 4. STZ significantly (P < 0.05) elevated serum TNF-a levels, which
were significantly (P <0.05) reduced by insulin alone. When MA-[D-Leu-4]-OB3 was given
in combination with insulin, serum TNF-a levels were reduced to levels equivalent to (P >
0.05) those of normal SW mice (Fig. 4A). Similarly, serum TNF-a was significantly (P <
0.05) elevated in DIO mice maintained on a high-fat diet, and treatment with MA-[D-
Leu-4]-OB3 reduced serum TNF-a to levels equivalent to those seen in normal C57BL/6J
mice of the same age and sex maintained on the low-fat diet (Fig. 4B).

The effects of MA-[D-Leu-4]-OB3 on serum IGF-1 levels in STZ-treated SW mice given
insulin alone or in combination with MA-[D-Leu-4]-OB3, and in DIO mice maintained on a
high-fat diet are shown in Fig. 5A and Fig. 5B, respectively. STZ treatment significantly (P
< 0.05) elevated serum IGF-1 levels which were reduced (P < 0.05) by Insulin alone. When
given in combination with insulin, MA-[D-Leu-4]-OB3 further reduced (P < 0.05) serum
IGF-1 to levels lower than those seen in normal SW mice (Fig. 5A). In male DIO mice,
serum IGF-1 was significantly (P < 0.05) elevated by maintenance on a high-fat diet for 30
weeks. Treatment with MA-[D-Leu-4]-OB3 normalized serum IGF-1 to levels equivalent (P
> 0.05) to those of normal C57BL/6J mice of the same age and sex maintained on a low-fat
diet. (Fig. 5B)

4. Discussion

One of many challenges associated with developing a preventative therapy for the treatment
of AD is the identification of early biomarkers of this disease. There is no doubt that
characterization of the preclinical stages of AD would provide a target for therapeutic attack
on its progression or prevention. Human data indicate that AD is a long pathological process
that may start decades before the onset of clinical cognitive decline. Several preclinical
stages of AD have been proposed, and are currently characterized by studying changes in
imaging modalities (Cavanagh and Wong, 2018), biomarkers including beta amyloid and tau
levels in cerebrospinal fluid (CSF) (Sperling et al., 2011), and serum levels of pro-
inflammatory cytokines (De Felice and Ferriera, 2014).

In this regard, links between defective insulin signaling, AD, and inflammation are well-
established (de Oliveira Santos et al., 2012; Ferreira et al., 2014; EI Khoury et al., 2014; De
Felice and Ferreira, 2014; Ferreira et al., 2018). The observed ability of MA-[D-Leu-4]-OB3
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to improve insulin sensitivity peripherally and in the brain, and to enhance episodic memory
in mouse models of both TLDM (Anderson et al., 2019) and T2DM (Hirschstein et al.,
2019), prompted us to expand our investigation of the actions of MA-[D-Leu-4]-OB3 to
include an examination of its effects on the modulation of one or more pro-inflammatory
cytokines known to enhance neurodegeneration, and on histopathological changes in the
hippocampus and cerebral cortex in these mouse models.

To this end, we examined the influence of MA-[D-Leu-4]-OB3 on serum levels of TNF-a, a
pro-inflammatory cytokine known to play a central role in the pathophysiology of AD
(Chang et al., 2017; Cavanagh and Wong, 2018), in mouse models of insulin deficiency
(STZ-treated SW mice) and insulin resistance (C57BL/6J DIO mice). In both models, the
ability of MA-[D-Leu-4]OB3 to (1) improve fasting blood glucose levels and glucose
tolerance, (2) reduce STZ- and high-fat diet-associated neurodegeneration, and (3) normalize
STZ- and high-fat diet-associated elevation in serum TNF-a levels, was positively correlated
with its ability to improve episodic memory.

Worthy of special note, although FJC labeling revealed the presence of severe
neurodegeneration in STZ-treated mice, and contrary to what might be expected based on
their metabolic (insulin resistance), serologic (high TNF-a and IGF-1 levels), and behavioral
(low DI) profiles, no Ap deposition could be visualized in their brains by FIC, H&E or
thioflavin S staining. Absence of A deposition was also observed in the brains of untreated
C57BL/6J DIO mice with similar metabolic, serologic, and behavioral profiles. These
observations suggest that although cognitive function was significantly impaired in both
models, these deficits may be early-onset, and more than likely, will be amplified with time
and future AP deposition.

We also noted that neurodegeneration, identified by the presence of FJC-positive neurons,
was more prominent in the cerebral cortex than in the hippocampus of STZ-treated mice not
receiving insulin alone, or insulin in combination with MA-[D-Leu-4]-OB3. Our findings
are consistent with those of a recent study which showed that tau pathology in AD-
associated cognitive impairment in humans is brain region-specific and only weakly related
to amyloid burden, and that episodic memory deficits are mediated, at least in part, by grey
matter atrophy in the lateral and medial parietal cortex (Bejanin et al., 2017).

Our results are in agreement with what has been reported in a transgenic mouse model of
AD which indicated that increased hippocampal levels of TNF-a and enhanced excitatory
synaptic transmission are early-onset changes that occur weeks before amyloid plaque
formation was detected (Cavanagh et al., 2016). More importantly, this study and a
subsequent paper by Cavanagh and Wong (2018) indicated that inhibiting plaque formation
not only normalized excitatory synaptic function, but actually prevented future impairment
of cognitive function.

Although the role of IGF-1 in brain health and function has not been clearly defined and is
not without controversy, it is well known that serum IGF-1 levels are elevated in response to
brain injury (Labandeira-Garcia et al., 2017), and also increase TNF-a. expression (Renier et
al., 1996). Because our histopathological and behavioral evidence indicated that severe
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neurodegenerative changes were associated with both STZ treatment and prolonged
maintenance on a high-fat diet, we were interested in determining whether or not the
observed damage was reflected in changes in serum IGF-1, and if treatment with MA-[D-
Leu-4]-OB3 modulated serum IGF-1 concentrations. In both models, treatment with MA-
[D-Leu-4]-OB3 resulted in lower or normalized IGF-1 levels, reduced histopathological
evidence of neurodegeneration, and improved episodic memory.

In conclusion: based on the established links between diabetes, inflammation, and AD-like
cognitive dysfunction, and the ability of MA-[D-Leu-4]-OB3 to increase insulin sensitivity,
modulate serum levels of TNF-a and IGF-1, and improve cognitive function, it seems
reasonable to suggest a possible application of MA-[D-Leu-4]-OB3 for the treatment of
preclinical AD or other AD-like dementias, such as vascular dementia (VaD) or mixed
dementia, in individuals diagnosed as pre-diabetic and/or those with elevated serum or CSF
levels of TNF-a and/or IGF-1. In this regard, given the strong linkage between diabetes and
AD, the presence of prediabetes may be considered a “preclinical metabolic biomarker” for
AD-like cognitive dysfunction. By slowing or preventing its progression to full-blown
diabetes while reducing TNF-a and IGF-1 levels, intervention with MA-[D-Leu-4]-OB3
may be able to “nip AD and AD-like dementia in the bud”, thus interrupting the cascade of
insulin resistance in the brain, neuro-inflammation, neurodegeneration, and synaptic
dysfunction that characterize clinical AD and AD-like dementias. Exploring the
mechanism(s) by which MA-[D-Leu-4]-OB3 modulates this complex network of metabolic,
immunologic, and neurologic pathways will be the efforts of future studies.
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Highlights

. MA-[D-Leu-4]-OB3 reduces neurodegeneration in mouse models of TL.DM
and T2DM

. MA-[D-Leu-4]-OB3 reduces serum TNF-a and IFG-1 in mouse models of
T1DM and T2DM

. MA-[D-Leu-4]-OB3 improves cognitive function in mouse models of TI.DM
and T2DM

. MA-[D-Leu-4]-OB3 may have application to human AD, VaD, or mixed
dementia
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Effects of MA- [D-Leu-4]-OB3 on the discrimination index (DI) of male STZ-treated SW
mice (Fig. 1A) and male C57BL/6J DIO mice maintained on a high-fat diet for 30 weeks
(Fig. 1B). Each bar and vertical line represents the average DI of mice in each group (mean
F SEM, n = 8). *P < 0.05 compared to Group 1 (Fig 1A and 1B). **P > 0.05 compared

Group 1 (Fig 1A and 1B).
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Fig. 2.
Representative images of the cerebral cortex of male wild-type SW mice (A), STZ-treated

mice (B), STZ-treated mice given insulin alone (C), and STZ-treated mice given insulin in
combination with MA-[D-Leu-4]-OB3 (D) for 17 days. FJC labeling of degenerating
neurons was minimal in Fig. 2A, abundant in Fig. 2B and Fig. 2C, and significantly reduced
in Fig, 2D. (scale bar = 100 pm)
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hippocampus (B) of STZ-treated male SW mice given insulin alone or in combination with
MA-[D-Leu-4]-OB3 for 17 days. Each bar and vertical line represents the average (mean +
SEM) number of degenerating cells counted in 10 fields from 4 mice in each treatment
group. *P < 0.05 compared to Group 2 (Fig 3A and Fig 3B); ** P < 0.05 compared to Group

3 (Fig 4A and Fig 4B). #P > 0.05 compared to Group 1 (Fig 3B).
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Fig. 4.
Effects of MA- [D-Leu-4]-OB3 on serum TNF-a levels in male STZ-treated SW mice (Fig.

4A) and C57BL/6J DIO mice maintained on a high-fat diet for 30 weeks (Fig. 4B). Each bar
and vertical line represents the average serum TNF-a level of mice in each group (mean £
SEM, n = 8). *P < 0.05 compared to Group 2 (Fig 4A and Fig 4B). **P > 0.05 compared to
Group 1 (Fig 4A and Fig 4B).
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Effects of MA-[D-Leu-4]-OB3 on serum IGF-1 levels in male STZ-treated SW mice (Fig.
5A) and C57BL/6J DIO mice maintained on a high-fat diet for 30 weeks (Fig. 5B). Each bar
and vertical line represents the average serum IGF-1 level of mice in each group (mean *
SEM, n = 8). *P < 0.05 compared Group 1 (Fig 5A and 5B). **P < 0.05 compared to Group
2 (Fig 5A). ***P > 0.05 compared Group 1 (Fig 5B).
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Effects of MA-[D-Leu-4]-OB3 (16.6 mg/kg, oral gavage) on glycemic control in mouse models of TILDM
(STZ-induced) and T2DM (DIO, diet induced obese)

TiDM? Group 1 Group 2 Group 3 Group 4
No STZ STZ STZ STZ
Vehicle Vehicle Insulin (0.05U) Insulin (0.05U) + MA-D-Leu-4]-OB3
Initial body (gm) 31.3£0.7 31.4+06 31.8+05 315+09
Final body weight (gm) 35.0 + 0.8 33.4+1.2° 37.4+08° 326+0.8
Change (gm) +3.7 +2.0 +5.6 +1.1
Initial fasting blood glucose (mg/dL) 149+7 278 £ 55 302 + 37 325+ 52
Final fasting blood glucose (mg/dL) 162+4 530 + 520’ 280 + 47 189 + 80’
Change (mg/dL) +13 +252 -22 -135
T2DMb Group 1 Group 2 Group 3
C57BL/6J DIO DIO
Low-fat diet ~ High-fat diet High-fat diet
Vehicle Vehicle MA-[D-Leu-4]-OB3
Body weight (gm) 37+0.7 52+09 56 +1.0
Initial AUC (mg/dL x min) 13,636 + 756 20,099 + 882 23714+ 1207¢
Final AUC (mg/dL x min) 12,783 + 283 18,041 + 365° 12226+ 545f
Change (mg/dL x min) —-853 -1158 -11,488

aData taken from Anderson et al., 2019

bData taken from Hirschstein et al., 2019

CP < 0.05 compared to initial body weight

dP < 0.05 compared to initial fasting blood glucose
EP < 0.05 compared to Group 1

fP > 0.05 compared to Group 1
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