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SUMMARY - Insulin resistance has many deleterious effects on the central nervous system, includ-
ing the initiation and potentiation of neurodegeneration. While the pathogenesis of Alzheimer’s disease
has been extensively researched with many insights into the effects of amyloids and neurofibrillary tan-
gles, the connection between the two pathogenic entities has not yet been fully elucidated. Gangliosides
are commonly found in neuronal membranes and myelin, specifically in lipid rafts that have been linked
to pathological amyloidogenesis. In this study, 64 Sprague Dawley rats with equal sex distribution were
separated into four sex-specific groups, as follows: control group on standard diet; group on high-fat,
high-sugar diet (HFHSD); group on HFHSD treated with metformin; and group on HFHSD treated
with liraglutide. Free-floating immunohistochemistry of the rat hippocampi was performed to analyze
group-specific and sex-specific changes in the composition of the four most common gangliosides found
in neuronal membranes and myelin sheaths, GM1, GD1a, GD1b and GT1b. The groups on HFHSD
showed glucose tolerance impairment and body weight increase at the end of the experiment, whereas
the groups treated with pharmacotherapeutics had better insulin sensitivity and decreases in body weight
by the end of the experiment. Most changes were observed for GM1 and GD1b. Positive immunoreac-
tivity for GM1 was observed in the male group treated with liraglutide in regions where it is not phys-
iologically found. The changes observed following HFHSD and liraglutide treatment were suggestive
of ganglioside restructuring that might have implications on pathological amyloidogenesis. Metformin
treatment did not significantly alter the hippocampal ganglioside composition in either sex.
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Introduction

Chronic and progressive neurodegenerative diseas-
es such as Alzheimer’s disease still represent a great
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challenge for both researchers and clinicians. Some
of the most deleterious eftects of neurodegeneration
include cognitive decline and memory loss. They stem
from disruption of hippocampal homeostasis that is
based not only on cellular events observed across the
central nervous system (neuroinflammation, lipid per-
oxidation, ferroptosis, disruption of synaptic integrity
and transmission, etc.)!*, but also on affecting features
of the hippocampus that are hallmarks of its unique-
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ness, i.e., adult neurogenesis and synaptic plasticity*’.
'This leads to a pathological shift in hippocampal ar-
chitecture and creates progressive functional impair-
ments. While Alzheimer’s disease has been widely
researched, with pathological amyloid deposits and
fibrillary tangles identified as some of the key culprits®,
recent investigations have started to implicate insulin
resistance into the potential initiation and potentiat-
ing neurodegeneration’. An insulin resistant state im-
pairs neuronal signaling pathways not only by affecting
metabolic regulation, but also by creating a proinflam-
matory state and even promoting amyloidogenesis®’.

Neuronal membranes and myelin sheaths are espe-
cially rich in gangliosides. They are glycosphingolipids
with a variable number of sialic acid residues. GM1 is
the most common ganglioside in both the membrane
and myelin, while other common gangliosides include
GD1a, GD1b and GT1b". They are often incorpo-
rated within lipid rafts, specialized membrane micro-
domains that carry out a plethora of functions that
contribute to the regulation of physiological processes
and maintaining structural integrity''?. Lipid rafts are
also known to contain the amyloid precursor protein,
a membrane protein from which pathological amyloid
deposits in Alzheimer’s disease are derived®.

'This study aimed to investigate sex-specific chang-
es to ganglioside composition in the hippocampus
of a high-fat high-sugar diet rodent model, as well
as changes brought on by metformin and liraglutide
treatment.

Material and Methods

'This study was conducted on hippocampal tissue of
Sprague Dawley rats, commonly used in diabetes mel-
litus research'®. A total of 64 rats were included in the
study, 32 male and 32 female. Each sex was separated
into four equal groups (eight rats per group), as follows:
(1) control group on standard diet (StD); (2) group
on high-fat high-sugar diet (HFHSD); (3) group on
high-fat high-sugar diet treated with metformin (HF-
HSD-M); and (4) group on high-fat high-sugar diet
treated with liraglutide (HFHSD-L).

Prior to starting the experiment, the rats were fed a
standard diet, had water available ad /ibitum, and were
kept in cages with controlled temperature (20-23°C)
and humidity (40%-60%). The experiment started
once the rats reached 45 weeks of age (week 0) and
lasted for 20 weeks. Control group remained on a stan-
dard diet and did not receive any pharmacotherapeu-
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tic intervention. A change in diet was introduced to
the other three groups; the overall energy value of the
diet was increased, with increases in the shares of un-
processed fat and carbohydrates. From week 6 to week
20 of the experiment, groups 3 and 4 (male and female)
received pharmacotherapeutic interventions. Therapy
was administered daily, while control groups were given
saline solutions. Groups 3 were treated with metformin
(s.c., 50 mg/kg/day, manufacturer: Sigma-Aldrich, St.
Louis, MO, USA), while groups 4 were treated with
liraglutide (s.c., 0.3 mg/kg/day, manufacturer: Creative
Peptides, Shirley, NY, USA). Rats were monitored
throughout the experiment, with regular weighing and
oral glucose tolerance testing (OGTT) in order to eval-
uate their body mass, glycemic status and insulin sensi-
tivity. During the experiment, a total of 14 rats expired,
with the highest mortality observed in the female HF-
HSD-L group, where five rats did not survive until the
end of the experiment. The exact cause of death was not
identified, but since the experiment was initiated once
the rats were at a somewhat advanced age' and the fact
that they were submitted to strenuous diet and therapy
regimen'®, this might have shortened their lifespan. Af-
ter 20 weeks, once the rats reached 65 weeks of age, they
were terminated. Brain tissue was dissected and halved
in sagittal plane in order to isolate and analyze the hip-
pocampal tissue.

Free-floating immunohistochemical analysis of
four gangliosides was performed, i.e., GM1, GD1la
GD1b and GT1b. Primary antibodies for the includ-
ed gangliosides were manufactured at the Department
of Pharmacology and Molecular Sciences, The Johns
Hopkins University School of Medicine in Baltimore,
MD, USA. Visualization of the selected antigen-an-
tibody complexes was accomplished using avidin-bi-
otin complex conjugated with horseradish peroxidase
(Vector Laboratories, Burlingame, CA, USA, cat. no.
PK-6100) and 3,3’-diaminobenzidine (Vector Labo-
ratories, Burlingame, CA, USA, cat. no. SK-4100) as
the peroxidase substrate. After staining, the slices were
slide-mounted and cover slipped using VectaMount
(Vector Laboratories, Burlingame, CA, USA, cat. no.
H-5000). The slices were photographed using a digital
camera (Olympus D70; Olympus, Hamburg, Germa-
ny) set up on a microscope (Zeiss Axioskop 2 MOT;
Carl Zeiss Microscopy, Thornwood, NY, USA), under
a 40x objective (DP Manager, v.1.2.1.107, DP Con-
troller v.1.2.1.108). Analysis of the micrographs was
performed using the Fiji software'’. Integrated density
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values of each sample were calculated for three ana-
tomical regions within the hippocampus, as follows:
dentate gyrus (DG), cornu ammonis 1 region (CA1)
and cornu ammonis 3 region (CA3).

Body weight and OGTT data showed normal dis-
tribution and were expressed as mean and standard
deviation. Two-way ANOVA and Tukey’s post hoc
test were used in the analysis of immunohistochem-
ical data to determine significant differences between
the sexes, pharmacotherapy and interaction. Statistical
significance was set at p<0.05.

Results

Glycemic status was monitored by OGTT that was
performed at three timepoints during the experiment.
Changes in glucose levels for every group are shown in
Table 1. There were small differences in fasting plas-
ma glucose levels at the start of the experiment, with
the female HFHSD-L group showing highest plasma
glucose levels. Female HFHSD-L rats did not under-
go final OGTT due to their poor physical status.

Changes in body weight throughout the experi-
ment are shown in Figure 1. Weighing was performed

Table 1. Results of oral glucose tolerance testing throughout the experiment

Week 0 Week 6 Week 20
Sex Group Fasting | 2 hours Fasting | 2 hours Fasting | 2 hours
Plasma glucose concentration [mean (SD)], mmol/L
StD 5.8(0.4) 9.1 (5) 6.3 (1.1) 15 (4) 5.2(0.8) 15.3 (4.3)
Male HFHSD 4.3 (0.4) 10.3 (4.6) |6 (0.6) 27 (7.9) 7(0.8) 12 (4.4)
HFHSD-M | 3.3 (0.4) 8.6 (5.7) 6(0.9) 20.9(5.6) |4.5(0.8) 12 (3.1)
HFHSD-L [4.2(1.3) 11.5(4.4) |55(1.1) 24.5(7.6) [5.2(0.4) 14.4 (5.7)
StD 5.1(0.6) 7.3(1.2) 4.6 (0.6) 10.1(5.9) |6.4(0.4) 14.9 (4.5)
Fermale HFHSD 5(0.6) 7.1(1) 5(0.8) 9.6 (3) 5.6 (1) 15 (9.7)
HFHSD-M | 4.6 (3.9) 6.2 (2) 5.1(1.6) 16.2(7.9) |4.8(0.6) 11.1 (3.6)
HFHSD-L  |6.2(0.9) 21.9(11.4) [4.9(0.6) 18.8(9.1) |/* /*

HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar
diet, treated with metformin; OGTT = oral glucose tolerance test; SD = standard deviation; StD = standard diet; *female rats in the HF-

HSD-L group were not subjected to the third and final OGTT due to poor general physical status.

900
800
700
60
50

o

body weight (g)
o

40
30

o ©

StD(M) StD(F)

mWeek0 mWeek6 mWeek12

i il ||| ||| ||| l||

HFHSD (M) HFHSD (F) HFHSD-M HFHSD-M HFHSD-L HFHSD-L

(M) (F) (M) (F)

Week 20

Fig. 1. Changes in rat body weight throughout the experiment.

(M) = male; (F) = female; HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M
= high-fat high-sugar diet, treated with metformin; StD = standard diet
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at four timepoints during the experiment. Both HF-
HSD groups showed weight gain by the end of the
experiment, while groups treated with a pharmaco-
therapeutic showed weight loss by the end of the ex-
periment.

Significant changes in ganglioside composition
were observed for all four analyzed gangliosides with
certain sex-specific changes. For GM1, there was a

significant difference between male and female rats in
the StD groups, with immunoreactivity being higher
in male rats. GM1 levels were significantly higher in
the male HFHSD-L group in comparison with the
male HFHSD group. This was observed in all three
regions of interest, even in the CA1 region, where the
other three groups showed minimal or no immunore-
activity whatsoever. In female rats, GM1 immunore-

1,20€+08 t1 tt 1,206+08
N ~E ~E
Osto H £
" w
DHHSD & 6008407 ¥ t% S 6,006407
mHHOM = [ S
8 )
W HFHSD-L =18 [
— ol B b .. e
06 cA1 CA3 06 A1 CA3
| G ca1 a3
- F(1, 116) = 51.708, F(1, 114) = 16,822, F(1, 116) = 54.824,
P<0001 P <0001 P <0001
: F(3, 116) = 14,806, F(3,114) = 17.942, F(3, 116) = 87,446,
Mnsansention P<0.001 P<0.001 P<0.001
i F(3,116) = 11.261, F(3,114)=17.219, £(3,116) = 77.720,

P<0.001 P<0.001 P<0.001

Fig. 2. Immunobistochemical analysis of GM1 ganglioside.

*Significant change compared with the StD group; Fsignificant change compared with the HFHSD group; #significant change between
the same groups of different sexes; comparisons between the HFHSD-M and HFHSD-L groups of the same sex were excluded. The table
within the image shows results of the two-way ANOVA test; CA1 = cornu ammonis 1; CA3 = cornu ammonis 3; DG = dentate gyrus;
HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar
diet, treated with metformin; IDV = integrated density value; StD = standard diet
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Fig. 3. Immunohistochemical analysis of GD1a expression.

*Significant change compared with the StD group; Fsignificant change compared with the HFHSD group; #significant change between
the same groups of different sexes; comparisons between the HFHSD-M and HFHSD-L groups of the same sex were excluded. The table
within the image shows results of the two-way ANOVA test; CA1 = cornu ammonis 1; CA3 = cornu ammonis 3; DG = dentate gyrus;
HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar
diet, treated with metformin; IDV = integrated density value; StD = standard diet
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activity remained low, with pharmacotherapy showing
little to no effect. Changes in GM1 immunoreactivity
are shown in Figure 2.

The levels of GD1a were similar between the male
and female StD groups in the DG, with little to no
immunoreactivity detected in the CA1 region. CA3
immunoreactivity was observed in female StD rats. Li-
raglutide treatment showed alterations to GD1a levels

in both sexes, i.e., increase in immunoreactivity in the
CA3 region in female rats where statistical signifi-
cance was reached and increase in immunoreactivity
in the DG in male rats, but this change did not reach
statistical significance. Changes in GD1a immunore-
activity are shown in Figure 3.

Concerning D1b immunoreactivity, it showed
most differences between groups and between sexes.

8,006+07 ~ 8,00E+07 E .
Fxtt Fxt ++
- tt & " t+
Qsto £ t% E °
£
0 5 .
@D R 4 00e07 N 4,006407 *'
B HFHSOM = —
> > ‘
2 2
I HFHSD-L >
0,00€+00 0,00€+00
06 a1 A3 ca1 A3
06 ca1 ca3
o F(1, 86) = 13.880, F(1, 85) = 15.292, F{1, 86) = 0.504,
P<0,001 P<0.001 P=048
F(3,86) = 26.518, F(3, 85) = 31.982, #(3, 86) = 40.780,
intucvention P<0,001 P<0.001 P<0.001
F(3,86) = 38.843, F(3,85) = 12.430, F(3, 86) = 22.267,
L) <0001 P<0.001 P<0.001

Fig. 4. Immunobistochemical analysis of GD1b expression.

*Significant change compared with the StD group; Fsignificant change compared with the HFHSD group; #significant change between
the same groups of different sexes; comparisons between the HFHSD-M and HFHSD-L groups of the same sex were excluded. The table
within the image shows results of the two-way ANOVA test; CA1 = cornu ammonis 1; CA3 = cornu ammonis 3; DG = dentate gyrus;
HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar
diet, treated with metformin; IDV = integrated density value; StD = standard diet
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Fig. 5. Immunobistochemical analysis of GT1b expression.

*Significant change compared with the StD group; Fsignificant change compared with the HFHSD group; #significant change between
the same groups of different sexes; comparisons between the HFHSD-M and HFHSD-L groups of the same sex were excluded. The table
within the image shows results of the two-way ANOVA test; CA1 = cornu ammonis 1; CA3 = cornu ammonis 3; DG = dentate gyrus;
HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar
diet, treated with metformin; IDV = integrated density value; StD = standard diet
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Fig. 6. Immunobistochemical stains for every analyzed ganglioside, separate by sex, group and region qf interest.

C = control; CA1 = cornu ammonis 1 region; CA3 = cornu ammonis 3 region; DG = dentate gyrus; HFHSD = high-fat high-sugar diet;
HFHSD-L = high-fat high-sugar diet, treated with liraglutide; HFHSD-M = high-fat high-sugar diet, treated with metformin; StD =

standard diet

There was a sex difference in GD1b levels in the StD
groups. HFHSD groups showed opposite trajectories,
i.e., immunoreactivity was increased in male rats and
decreased in female rats. These changes were most
prominent in the DG. HFHSD-M and HFHSD-L
groups of both sexes showed significant changes in
immunoreactivity compared to their respective HF-
HSD groups, with a decrease in immunoreactivity
that reached statistical significance in several regions
of interest. Immunoreactivity following either met-
formin or liraglutide treatment was at similar levels
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between sexes, which was not observable in the control
StD groups. Changes in GD1b immunoreactivity are
shown in Figure 4.

Significant changes in GT1b immunoreactivity
were observable mostly between sexes and most prom-
inent in the DG. HFHSD-M and HFHSD-L groups
of both sexes showed only a couple of region-specific
significant changes compared to their respective HF-
HSD group. Changes in GD1b immunoreactivity are
shown in Figure 5. Stains for every analyzed ganglio-
side are shown in Figure 6.
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Discussion

In this study, we investigated the eftects of HF-
HSD, as well as treatment with two common phar-
macotherapeutics (metformin and liraglutide) on the
expression of the most common gangliosides found
in the hippocampus to identify the potential links
between insulin resistance and neurodegeneration, as
well as to observe changes induced by metformin and
liraglutide.

Statistical testing and significance of changes
in body weight and plasma glucose levels following
OGTT were not shown because there were small,
but still observable differences in these values at the
start of the experiment. These differences could be ex-
plained by simply acknowledging the fact that the rats
were already 45 weeks of age at the start of the experi-
ment and their biological aging could not be identical
despite having the same living conditions. However,
our monitoring tests throughout the experiment did
show that both male and female HFHSD groups pro-
gressively gained weight and showed glucose tolerance
impairment, which could be interpreted as developing
an insulin resistant state. The HFHSD-M and HF-
HSD-L groups, on the other hand, showed positive
effects of the pharmacotherapeutics by the end of the
experiment, which was reflected in both body weight
and OGTT. The female HFHSD-L group, however,
was the weakest of the eight groups, with five rats suc-
cumbing to unknown causes, even though we specu-
late that this might be related to their age and burden
of such an extensive change in diet®.

Gangliosides are very abundant in the central ner-
vous system and they are often seen in lipid rafts, which
have a specific lipid composition and include many
important molecules that contribute to the integrity
and homeostasis of neurons and myelin sheaths, such
as glycosylphosphatidylinositol anchors. Lipid raft
functions extend from synaptic integrity and synaptic
transmission to signal transduction®. A key com-
ponent of lipid rafts is the amyloid precursor protein,
which as its name states, gives rise to the patholog-
ical AB amyloid seen in Alzheimer’s disease. Still, it
is important to note that amyloid precursor protein,
despite its ominous name, has several important phys-
iological functions in the central nervous system that
overlap with those of lipid rafts®. Still, lipid rafts have
been identified as the origin site to pathological amy-
loidogenesis (carried out by amyloidogenic cleavage of
the protein by a group of secretases)™.
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In our analysis of ganglioside composition changes
following a HFHSD, as well as metformin and lira-
glutide treatment, there were two striking findings.
'The first one were changes in GM1 levels in male rats
treated with liraglutide, while the other one were all
the extensive changes seen in GD1b levels between
both groups and sexes. GM1 levels were higher even
in regions of the hippocampus where it is not physio-
logically found, as described in a 2013 paper by Vajn ez
al. on differential distribution of gangliosides in mice
hippocampi*’. GM1 and GD1a were two gangliosides
that showed significantly higher levels in male rats fol-
lowing liraglutide treatment. Female groups that re-
ceived pharmacotherapy, on the other hand, did not
show many significant alterations in ganglioside com-
position. We cannot claim with full certainty that this
lack of changes is not a reflection of the poor physical
status of surviving HFHSD-L female rats, but no sig-
nificant changes were observable in HFHSD-M rats
either.

The observed changes for GM1 and GD1b are
suggestive of ganglioside restructuring within the
neuronal membrane and/or myelin sheath, and these
changes could reflect changes related to amyloi-
dogenesis, as both metformin and liraglutide have
been shown to alter the expression of both amyloid
precursor protein and pTau, another key biomarker
of Alzheimer’s disease, leading to changes in amyloi-
dogenesis and synthesis of pathological neurofibril-
lary tangles. While the effects of liraglutide seem to
point in the direction of neuroprotection®?, research
into the effects of metformin on the central nervous
system and the hippocampus, specifically, are oppos-
ing, with certain investigations suggesting that met-
formin promotes amyloidogenesis®, while others are
indicative of its neuroprotective properties®.

This study showcased sex-specific differences in
the hippocampal ganglioside composition in a high-
fat high-sugar diet model, with metformin treatment
showing little effect and liraglutide treatment mainly
affecting GM1 and GD1b. Further investigation that
would correlate these findings with changes in the
expression of Alzheimer’s disease biomarkers could
prove useful in detecting specific structural changes
in the hippocampal neurons that would reflect an in-
crease or decrease in amyloidogenesis. This also high-
lights an important translational potential of this in-
vestigation.
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Sazetak

PRIMJENA METFORMINA T LIRAGLUTIDA UTJECE NA STRUKTURU HIPOKAMPUSNIH
GANGLIOZIDA U MODELU STAKORA NA DIJETI OBOGACENOJ] MASTIMA I UGLJIKOHIDRATIMA

M. Kubaric, V. Ivic, M. Zjalic, A. Matic, I. Drenjancevic, S. G. Vari, A. Vievi M. Heffer

Inzulinska rezistencija ima negativan u¢inak na sredisnji Ziv€ani sustav, ukljucujuéi razvoj i potencijaciju neurodegen-
erativnih promjena. Iako postoje brojna saznanja o patogenezi Alzheimerove bolesti u kontekstu amiloidnih depozita i
neurofibrilarnih vlakana, veza izmedu inzulinske rezistencije i Alzheimerove bolesti jos uvijek nije u potpunosti razjasnjena.
Gangliozidi su prisutni u membranama neurona i mijelinskim ovojnicama, osobito u sklopu lipidnih splavi, koje su identifi-
cirane kao mjesto patoloske amiloidogeneze. Ukupno je 64 Sprague Dawley stakora jednake spolne distribucije podijeljeno
u Cetiri spolno specifi¢ne skupine: kontrolnu skupinu na standardnoj dijeti, skupinu na dijeti obogacenoj mastima i ugljiko-
hidratima (HFHSD), skupinu na HFHSD uz lijecenje metforminom te skupinu na HFHSD uz lijecenje liraglutidom. Pro-
vedena je free-floating imunohistokemijska analiza promjena Cetiri najzastupljenija gangliozida u neuronskim membranama
i mijelinskim ovojnicama: GM1, GD1a, GD1b i GT1b. Skupine na HFHSD pokazale su poremeéenu toleranciju glukoze
te povecanje tjelesne mase na kraju eksperimenta, dok su skupine koje su primale farmakoterapeutike pokazale poboljsanje
tolerancije glukoze te smanjenje tjelesne mase na kraju eksperimenta. Najvi$e promjena zabiljezeno je kod gangliozida GM1
i GD1b. Pozitivna imunoreaktivnost za GM1 zabiljeZena je kod muzjaka koji su lijeceni liraglutidom i u regijama hipokam-
pusa gdje u fizioloskim uvjetima nisu prisutni. Promjene nakon HFHSD i lijecenja liraglutidom upucuju na restrukturiranje
hipokampusnih gangliozida, $to mozZe imati implikacije za patolosku amiloidogenezu. LijeCenje metforminom nije znacajno
utjecalo na hipokampusnu strukturu gangliozida u oba spola.

Kljuéne rije¢i: Gan gliozid; Hipokampus; Inzulinska rezistencija; Liraglutid; Mezformin; Neurodegeneracija
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