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Abstract

The escalating burden of type 2 diabetes (T2D) and its related complications, has become a major
public health challenge worldwide. Substantial evidence indicates that T2D is one of the culprits
for the high prevalence of Alzheimer’s disease (AD) in diabetic subjects. This study aimed to
investigate the possible mitochondrial alterations in the pancreas induced by hyperglycemia in
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diabetes. We used a diabetic TallyHO/JngJ (TH), and non-diabetic, SWR/J mice strains. The
diabetic and non-diabetic status in animals was assessed by performing intraperitoneal glucose
tolerance test at four-time points i.e., 4-, 8-, 16- and 24-weeks of age. We divided 24 weeks old TH
and SWR/J mice into 3 groups: Controls, diabetic TH mice, and diabetic TH mice treated with
SS31 peptide. After the treatment of male TH mice with SS31, intraperitoneally, for 4 weeks, we
studied mitochondrial dynamics, biogenesis, and function. The mRNA and protein expression
levels of mitochondrial proteins were evaluated using gPCR and immunoblot analysis. The
diabetic mice after 24 weeks of age, showed overt pancreatic injury as demonstrated by
disintegration, and atrophy of p-cells with vacuolization and reduced islet size. Mitochondrial
dysfunction was observed in TH mice, as evidenced by significantly elevated H,O, production,
lipid peroxidation, and reduced ATP production. Furthermore, mMRNA expression and immunoblot
analysis of mitochondrial dynamics genes were significantly affected in diabetic mice, compared
to controls. However, treatment of animals with SS31 reduced mitochondrial dysfunction and
restored most of the mitochondrial functions, and mitochondrial dynamics processes to near
normal in TH mice. In conclusion, mitochondrial dysfunction is established as one of the
molecular events that occur in the pathophysiology of T2D. Further, SS31 treatment may confer
protection against the mitochondrial alterations induced by hyperglycemia in diabetic TallyHO/
JngJ mice.
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Introduction

Type 2 diabetes (T2D) is a condition in which a high level of blood glucose results in
increased hepatic glucose production, impaired insulin production by pancreatic p-cells, and
insulin resistance [1]. T2D is associated with a variety of genetic and environmental risk
factors, including age, family history of diabetes, poor diet, obesity, and physical inactivity.
Current global estimates by International Diabetes Federation (IDF) demonstrated that 463
million people were having T2D in 2019, worldwide, and this number is expected to rise to
700 million by 2045, with a 51% increase [2] Although diabetes affects the people of all
ages. However, a higher prevalence of diabetes is reported in older adults aged 60-69 years.
The recent global facts demonstrated diabetes prevalence of 9.3% in 2019, which is expected
to rise to 10.2% (578 million) by 2030 and 10.9% (700 million) by 2045 [2]. Over the past 3
decades, a significant number of epidemiological studies demonstrated a strong link between
T2D and a higher risk of developing Alzheimer’s Disease (AD) [3-7]. Besides, T2D is
known to increase the risk of dementia by 60% compared with individuals without diabetes
[8]. Further, T2D-related conditions, including obesity, hyperinsulinemia, insulin resistance,
and metabolic syndrome, also increase the risk of cognitive impairment and AD [5,9,10].
Despite substantial epidemiological evidence linking AD and diabetes, the underlying
molecular mechanisms remain to be elucidated.
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The male TallyHo/Jng (TH) mouse is a polygenic inbred model of T2D, which shows
similar characteristics as humans [11] in which both genetic and environmental factors are
known to interplay in T2D pathology [12]. Animal genetic models have been served as a
valuable resource for the study of disease pathophysiology. The TallyHo/Jng (TH) mouse is
a polygenic inbred model for human type 2 diabetes and obesity [12]. This mice model may
be most suitable for the study of molecular events that happen in the progression of type 2
diabetes to Alzheimer’s disease [13]. This albino strain of mice was originated from the
progeny of diabetic mice discovered in an outbred colony of Theiler’s original mice in the
United Kingdom, which were then imported to The Jackson Laboratory for further research
in 1992 [14]. The TH mice model shows several phenotypic characteristics demonstrated in
the pathophysiology of type 2 diabetes in humans. The most common parameters are
obesity, hyperleptinemia, hyperinsulinemia, insulin resistance, glucose intolerance,
hyperlipidemia, and hyperglycemia [14]. Kim et al. studied the genetic basis of obesity and
type 2 diabetes in TH mice using several outcross experiments with normal strains, which
further led to the identification of multiple quantitative trait loci linked to adiposity and
hyperglycemia [14]. The TH mice have become available only quite recently, so this
diabesity model is not that well known to the diabetes research community. Recently, several
studies have been reported in studying this mouse model for the identification and
development of therapeutic targets in obesity and T2D [15-20]. Clearly, much more research
on this model is warranted.

Recently, several mitochondria-targeted molecules have been developed and are currently
being tested in several laboratories [21-23]. SS31 is one of the tetra-peptide molecules
developed with other SS peptides that are shown to play a protective role against
mitochondrial insult by inhibiting mitochondrial swelling, oxidative damage, and
reperfusion injury in several pathological conditions [24], including islet cell transplantation
[25], myocardial infarction [26] and ALS [27].

Based on the neuroprotection capacity of SS31, the Reddy group [28-32] evaluated the
therapeutic potential of SS31 in various cell models of neurodegenerative diseases including
AD and Huntington’s disease (HD). In Amyloid beta (Ap)-treated mouse neuroblastoma
cells and primary neurons from ABPP mice [29], we found that SS31 treatment protects the
cells and primary neurons against A toxicity by modulating the mitochondrial fission and
fusion processes, mitochondrial functions, and synaptic activities [28]. In another study, our
research findings suggest that mitochondria-targeted molecules SS31 are protective against
mutant Htt-induced mitochondrial and synaptic damage in HD neurons [32].

In a recent study, TH mice reported exhibiting mitochondrial dysfunction [33]. Therefore, in
the current study, we treat TH mice with SS31 and study the beneficial effects against
mitochondrial dysfunction in TH mice.

The purpose of the present study was 1) to characterize the TH mouse model; 2) To study
the mitochondrial alteration in diabetes; and 3) to investigate the ameliorative role of a small
peptide, SS31, on the molecular alterations induced by hyperglycemia in the mitochondria of
diabetic mice, compared with a non-diabetic SWR/J mouse strain.
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Material and Methods

Animals

Diabetic inbred TallyHo/JngJ (TH) and non-diabetic SWR/J mouse strains used in the
present study were procured from The Jackson Laboratory. Both TH and SWR/J mice
strains shared 86.8% of their genetic makeup [34]. That’s why SWR/J may be one of the
most frequently used non-diabetic and non-obese strains in research as it does not develop
diabetes when fed a standard laboratory chow diet. All the animals were housed in clean
polypropylene cages and fed a standard chow diet ad /ibitum with free access to water under
controlled temperature and humidity with a 12-h light/dark cycle. All the experiments were
performed according to the guidelines for use and care of laboratory animals and were
approved by the institutional animal care & use committee (IACUC) of Texas Tech
University Health Sciences Center, Lubbock, TX, United States.

Characterization of animals

SS31

To establish the obesity in TH and SWR/J mice (both the sexes), body weight (bw) of all the
mice groups was continuously measured at 4, 8, 12, 16, 20 and 24 weeks of their age.
Similarly, to ascertain the diabetic status/insulin resistance in TH and SWR/J mice (both the
sexes), an intraperitoneal glucose tolerance test (IPGTT) was performed in all the animals at
different time points i.e., 4, 8, 16, and 24 weeks of age. Briefly, mice were fasted overnight,
and the baseline blood glucose level was measured in blood using a portable glucometer
(AlphaTRAK 2 blood glucose monitoring system kit) via tail nick. Animals were injected
intraperitoneally with glucose (1 mg/g bw) in normal saline. Blood glucose levels were then
measured at 0, 15, 30, 60, and 120 min after injection. For the insulin tolerance test, all the
animals were fasted for 4 hours and then injected insulin intraperitoneally. Glucose was then
measured in blood obtained via tail nick at 0, 15, 30, 60, and 120 min.

The SS31 peptide, a mitochondria-targeted antioxidant, was purchased from Biogenix, Inc.,
CA. The SS31 tetra-peptide was originally synthesized by Dr. Hazel H. Szeto in
collaboration with Dr. Peter W. Schiller. Drs. Szeto and Schiller designed and synthesized
four different peptides (SS31, SS02, SS20, and SS19) with the amino acids Dmt, D-Arg,
Phe, and Lys, and with the Dmt residue [23].

Treatment of animals

After confirming diabetic status at 24 weeks of age, male TH diabetic mice and age and sex
matched non-diabetic SWR/J mice were then divided into three experimental groups:

1. Control group: Non-diabetic, SWR/J mice were administered normal saline (i.p.)
4 times per week for 4 weeks.

2. TH group: Diabetic TH mice were administered normal saline (i.p.) 4 times per
week for 4 weeks.

3. TH+SS31 group: Diabetic TH mice were administered with SS31 (5mg/kg body
weight) (i.p.) 4 times per week for 4 weeks.
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At the end of 4 weeks of treatment, animals were sacrificed by cervical dislocation following
an overnight fast. Blood and other tissues (pancreas, liver, skeletal muscles, and brain) were
collected and stored in the deep freezer for further assays.

Mitochondrial Functional Assays

Hydrogen Peroxide

Hydrogen peroxide (H205) is one of the key reactive oxygen species generated via
respiratory chain cascade as well as byproducts of cellular metabolism, including protein
folding. The H,0, generation was measured in the pancreas tissue of all the three animal
groups using an Amplex® Red H,0, Assay Kit (Molecular Probes, Eugene, OR, USA). In
brief, the reaction mixture consists of mitochondrial proteins (ug/ul), Amplex Red reagents
(50 uM), horseradish peroxidase (0.1 U/ml), and a reaction buffer (1X). The mixture was
incubated at room temperature for 30 minutes, followed by spectrophotometer readings of
fluorescence at 570 nm. Finally, H,O, production was estimated using a standard curve
equation, expressed in nmol/pg mitochondrial protein. The protein concentration was
measured in all the animal groups by a BCA Protein Assay Kit (Pierce Biotechnology). All
the measurements were done according to the instructions provided by the manufacturers of
Assay Kkits.

Lipid Peroxidation Assay

Lipid peroxidation is an indicator of oxidative stress. The final product of lipid peroxidation
is 4-hydroxy-2-nonenol (HNE), which was measured in the pancreas tissue of TH and
control mice groups using HNE-His ELISA Kit (Cell BioLabs, Inc., San Diego, CA, USA).
Briefly, the freshly prepared protein was added to a 96-well protein binding plate and
incubated overnight at 4°C. The plate was then washed 3 times with a buffer. After the last
wash, the anti-HNE-His antibody was added to the protein in the wells, which was then
incubated for 2 hours at room temperature and then washed again 3 times. Further, the
samples were incubated with a secondary antibody conjugated with peroxidase for 2 hours at
room temperature, followed by incubation with an enzyme-substrate. Optical density was
then measured at 450nm to quantify the level of HNE. Lipid peroxidation levels were
compared among control, untreated TH, and SS31 treated TH mice groups.

Determination of ATP Levels

ATP levels were measured in mitochondria isolated from tissues of TH and control mice
using an ATP determination kit (Molecular Probes, USA). The bioluminescence assay is
based on the reaction of ATP with recombinant firefly luciferase and its substrate luciferin.
Luciferase catalyzes the formation of light from ATP and luciferin. It is the emitted light that
is linearly related to the ATP concentration, which is measured with a luminometer. ATP
levels were measured from mitochondrial pellets using a standard curve method.

Hematoxylin and Eosin (H&E) Staining

Mice of all the three experimental groups were perfused through the heart with 10 ml saline,
using a pump at 5 ml/min, to clear the required tissues of blood, then followed with cold 4%
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paraformaldehyde in sodium phosphate buffer, pH 7.4 for approximately 15 minutes.
Providing the perfusion was successful, and tissues were cleared of blood. The tissues were
removed, cut into 2-3 mm blocks, and placed in 30% sucrose for cryoprotection. Blocks of
the pancreas tissue were snap-frozen in liquid nitrogen and stored in —80° C. Frozen sections
were cut on a Reichert-Jung 1800 cryostat at 10 um, mounted directly on super frost slides
(Fisher Scientific, Pittsburgh PA), and air-dried for 10-30 min before processing for
staining. H&E staining was used to study the histopathological damage in tissues. For this
purpose, the slide-mounted 8-12 um cryostat sections were dehydrated through absolute
alcohol and rehydrated to water. Slides of all the groups were placed in hematoxylin stain
for 4 minutes, rinsed in water, differentiated in 70% alcohol, and stained in 0.01% eosin Y
for 2 seconds, rinsed with 95% ethanol, dehydrated with absolute ethanol, and cleared in
xylenes for 15 minutes before coverslipping.

Quantitative Real-Time PCR (qPCR)

For the gene expression studies, total RNA was extracted from the tissues of control, TH
mice, and SS31 treated TH mice using TriZol reagent (Invitrogen, ST, USA). Total RNA
(5ug) was reverse transcribed to cDNA using the Superscript I11 First-strand synthesis kit
(Invitrogen, Carlsbad, USA) in a final volume of 20pl. The sample was incubated at 65°C
for 5mins and then chilled on ice for 1 minute. 10ul of cDNA mix containing 50uM oligo
10X RT-buffer, 25mM Mgcl2, 0.1M DTT, RNase out, 20U Superscript 111 reverse
transcriptase was added. The sample was incubated at 50°C for 50 minutes, and then the
reaction was terminated at 85°C for 5 minutes. Using primer express software (Applied
Biosystems, Carlsbad, CA, USA), we designed the oligonucleotide primers for the
housekeeping genes B-actin, GAPDH, mitochondrial structural genes, fission genes (Drpl,
Fisl), fusion genes (MFN1, MFN2, Opal) as described in our previous study [35]. The
primer sequence for the above-mentioned genes are listed in Table 1. mRNA expression
levels of the above-mentioned genes were quantified using SYBR Green based real-time RT-
PCR (Applied bioscience, 7900HT r\fast Real-time PCR system). All reactions were carried
out as follows: 50°C for 2 mins, followed by 40 cycles of 95°C for 10mins, 95°C for 15s,
and 60°C for 1 min. The mRNA transcript was normalized against b-actin. The standard
curve was then normalized mRNA transcript level plotted against log cDNA input (ng).
Briefly, the CT method involved averaging duplicates samples, which were taken as the CT
values for B-actin, and mitochondrial genes. p-Actin normalization was used for determining
mitochondrial dynamics, biogenesis genes because the B-actin CT values were similar for
the SS31-treated mice and the untreated Tally-HO mice. The ACT-value was obtained by
subtracting the average p-actin CT value from the average CT value of the mitochondrial
genes. The ACT of the untreated mice was used as the calibrator. Fold change was calculated
according to the formula 2-nAACT, where AACT is the difference between ACT and the
ACT calibrator value. To determine the statistical significance of mMRNA expression, the CT
value differences between the untreated TH mice and other lines of mice were used in
relation to B-actin normalization.

Mol Neurobiol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhatti et al.

Page 7

Western Blotting

To determine the impact of hyperglycemia and SS31 treatment on the protein levels of
mitochondrial dynamics and the biogenesis genes (only those showing altered mMRNA
expression), we performed immunoblotting analyses of protein lysates from the pancreas of
experimental groups as described in our previous study [35]. Protein lysate was prepared
using the RIPA buffer (Thermo Scientific MA, USA). Sixty micrograms of the protein lysate
were resolved on a 10% SDS PAGE gel. The resolved proteins are transferred on to nylon
membrane (Novax Inc., San Diego, CA, USA) and incubated with blocking buffer (5% milk
in TBST) for one hour at room temperature. The PVDF membrane was then incubated
overnight with the primary antibodies (Table 2). The membranes were washed with a TBST
buffer three times at 10-min intervals and were then incubated for 2 h with appropriate
secondary antibodies, followed by three additional washes at 10-min intervals. Proteins were
detected with chemiluminescence reagents (Thermo Scientific, IL, USA), and the bands
from the immunoblots were quantified on a Kodak Scanner (ID Image Analysis Software
(Kodak Digital Science, Kennesaw, GA, USA). Briefly, image analysis was used to analyse
gel images captured with a Kodak Digital Science CD camera to define the positions and
specific regions of the bands.

Statistical analysis

Results

Values were expressed as Mean + Standard Deviation. Data were analysed using one way
ANOVA between the treatment groups. Values with p<0.05 (two-tailed) were considered as
statistically significant. Statistical analysis was performed using the Statistical Package of
Social Sciences (SPSS) for Windows, version 20 (SPSS, Inc., Chicago, IL).

Characterization of diabetic and non-diabetic animals

Body Weight—Figure 1 shows the gain in body weight of TH and SWR/J mice (both male
and female) at 4 different time points i.e., 4, 8, 16, and 24 weeks of age. These results
indicate that the bodyweight of TH mice of both sexes at 4 weeks of age was significantly
higher than the age- and sex-matched SWR/J control mice. This higher mean body weight in
TH mice of both sexes were maintained throughout the study period of 8, 16, and 24 weeks
(Fig. 1) and shows moderate obesity at a normal chow diet. However, few mice lost their
body weight and became lean after developing diabetes at the age of 16-24 weeks of age.
We also observed reduced locomotor activity in both male and female TH mice, compared to
age and sex-matched SWR/J mice without any diet differences.

Hyperglycemia—As shown in Fig. 2, both pre-pubertal male and female TH mice were
normoglycemic at 4 weeks. The development of diabetes started in post-pubertal male TH
mice and exhibited a prominent increase in the blood glucose levels between 8 to 16 weeks
of age, reaching full-blown diabetic levels, which further worsen at 24 weeks of age (280-
500 mg/dl, fasting). Although TH males are consistently hyperglycemic, the range and age
of onset of diabetes vary from litter to litter. On the other hand, female TH mice were
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normoglycemic throughout this study period. Hyperglycemia was not observed in SWR/J
mice of both the sexes at any time point of this study.

Insulin Resistance—To understand the progression from normoglycemic state to glucose
intolerance/ insulin resistance and then the development of diabetes in TH mice, an
intraperitoneal glucose tolerance test (IPGTT) was performed at all the study time points,
i.e., 8, 16, and 24 weeks of age. Fig. 3 (A—C) shows the results of IPGTT in TH and SWR/J
mice of both the sexes at all the time points. It exhibited impaired glucose tolerance in male
TH mice at 8 weeks that further worsened at 16 and 24 weeks of age. Our data revealed that
male TH mice were obese, hyperinsulinemic, and hyperglycemic by 4 weeks of age and
rapidly developed diabetes by 8 weeks of age. Contrary, female TH mice showed normal
glucose tolerance at all the time points. On the other hand, as expected, SWR/J mice (both
the sexes) did not show glucose intolerance or hyperglycemia at any point of time.

Impact of Hyperglycemia and SS31on mitochondrial functions

The results of the present study indicate that only male TH mice developed diabetes and
moderate obesity at 16-24 weeks of age, whereas female TH mice did not develop diabetes
at any time point. So for further studies on the impact of hyperglycemia and SS31 on
mitochondria, we included only male diabetic TH mice with age and sex-matched SWR/J
controls (24 weeks of age) for further studies. We studied biochemical, microscopic, and
molecular changes in the mitochondrial functioning due to persistent hyperglycemia and
ameliorative action of SS31 in TH mice in comparison to SWR/J and untreated TH groups
as described in the treatment section. Mitochondrial functions were evaluated by assessing
the levels of hydrogen peroxide (H,05), lipid peroxidation, and mitochondrial ATP
generation in the pancreas of SWR/J, TH, and TH+SS31 groups at 24 weeks of age.

H,05 levels—Fig. 4A shows the effect of hyperglycemia and treatment with SS31 on
hydrogen peroxide levels in control, TH, and TH+SS31 groups. Significantly higher values
of H,0, were observed in diabetic male TH mice, relative to age and sex-matched control
group (p<0.05), indicating that hyperglycemia increases H,O» levels in type 2 diabetes.
However, the treatment of male TH mice with SS31 for one month significantly abolished
the impact of hyperglycemia on H,O5 levels.

Lipid peroxidation—Fig. 4B shows the hyperglycemia-induced levels of HNE, an
indicator of lipid peroxidation in the pancreas of TH mice. These results indicate a
significant increase in the levels of lipid peroxidation that may be induced by persistent
hyperglycemia in TH mice (p<0.05), compared to age and sex-matched control group
animals. Though, treatment of male TH mice with SS31 for 4 weeks significantly reduced
the lipid peroxidation, as shown in Fig. 5B.

Determination of adenine triphosphate (ATP) levels—As shown in Fig.4C,
significantly decreased levels of mitochondrial ATP were observed in TH mice compared to
the control group (p<0.05), indicating that hyperglycemia reduces the mitochondrial ATP
generation in male TH mice. However, this decrease in mitochondrial ATP generation was
somewhat compensated in SS31 treated diabetic TH mice.
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Histological Examinations

Histological examination of pancreatic tissue in control mice showed normal appearance of
pancreatic beta cells (Fig. 5A). Sections from diabetic TH pancreatic tissue showed
disintegration of beta cells, atrophy of beta cells with vacuolization, and reduced islet size
(Fig. 5B). Whereas, the section from SS31 treated pancreatic tissue showed normal
architecture of the beta cells similar to the control mice (Fig. 5C).

Impact of SS31 treatment on diabetes-induced alterations in mMRNA expression

Mitochondrial dynamic genes—We compared gene expression data of TH mice with
age and sex-matched SWR/J controls in order to understand diabetes-induced alterations in
MRNA levels of mitochondrial genes. As shown in Table 3, the mitochondrial structural
genes were significantly affected by prolonged hyperglycemia in male TH mice, and
treatment of SS31 significantly reduced the mRNA expression of the Drpl gene by 2.7 folds
(P=0.001) and Fis1 gene by 2.5 fold (p=0.001) whereas, it significantly enhanced the mRNA
level of the fusion genes, Mfn 1 gene by 3 folds (P=0.001); Mfn2 gene by 3.65 folds
(P=0.001) and Opal gene by 1.8 folds (P=0.04) in the pancreas of SS31 treated TH mice,
compared to untreated TH mice (Table 3).

These observations indicate SS31 reduces the fission activity and enhances the fusion
activity in diabetic TallyHO mice.

Immunoblot analysis

As shown in Fig 6, the levels of mitochondrial fission proteins, Drpl (P=0.041) and Fisl
(P=0.032) were found to be elevated in the pancreas of untreated TH mice relative to the
control mice. Whereas, in the case of SS31 treated TH mice, the expression levels of Drpl
(P=0.020) and Fis1 (P=0.014) were lowered relative to the untreated TH mice and were
similar to the control mice. Contrary, the mitochondrial fusion proteins, Mfn1 (P=0.044) and
Mfn2 were lowered in the pancreas of untreated TH mice relative to control mice, statistical
significance was reached only for Mfnl (P=0.044), and in the case of SS31 treated TH mice,
the expression levels of Mfnl (P=0.011) and Mfn2 were enhanced, compared to the
untreated TH mice and visibly similar to control mice. These findings are in agreement with
the MRNA expression levels of the mitochondrial fission and fusion genes that were
quantified with real-time RT-PCR analysis.

These observations suggest that SS31 may modulate the hyperglycemia-induced alterations
mitochondrial dynamics in the pancreas of TH mice.

Discussion

Several epidemiological studies have established that T2D is one of the risk factors for the
development of AD. However, the underlying mechanisms have not been well elucidated
[8,3-7,36]. Impaired glucose tolerance leads to insulin resistance, which is a well-
established risk factor for the development of T2D in human populations [37]. The high risk
of developing T2D correlates with reduced B-cell function relative to the degree of insulin
sensitivity [38]. The present study was planned to establish the molecular events that take
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place in T2D that may lead to the development of AD in the later stage of life. This study
may help us in connecting the high prevalence of AD with diabetes by investigating the
underlying molecular mechanisms and potential therapeutic targets.

To investigate the molecular events in diabetes pathology, we used a polygenic, natural
model of humanized T2D, TallyHO/JngJ mice, because this mouse model may be most
suitable for the identification of possible therapeutic targets in diabetes, obesity, and AD
[13,39]. Preliminary results of this study indicated higher body weight in both the sexes of
TH mice at all the four different time points i.e., 4-, 8-, 16- and 24 weeks, compared to age
and sex-matched control mice. However, the obesity in male TH mice was not as severe as
that is found in female TH mice. We studied the progression of TH mice from
normoglycemic state to glucose intolerance/insulin resistance and then the development of
diabetes at different time points of age, indicated by fasting glucose levels and
intraperitoneal glucose tolerance test at these time-points. The present study exhibited the
development of diabetes in male TH mice at 8 weeks of age, which further worsen at 16-
and 24-weeks of age. Our results indicate that only male TH mice developed diabetes with
mild obesity, whereas female TH mice remain non-diabetic and obese at these time-points.
These findings were in agreement with the earlier studies done in TH mice, which exhibited
mild obesity and insulin resistance/diabetes in male TH mice only [40,14,41]. Similar to a
previous study, the reduced locomotor activity levels in TH mice, compared with SWR/J
mice without diet differences, may not directly correlate with increased body mass in
response to high-fat diets in TH mice [42]. Substantial evidence indicates that the interaction
of various genes and other environmental determinants, including diet, obesity, dyslipidemia,
etc. play a critical role in the pathophysiology of diabetes in male TH mice [43-48].

Our current study observations demonstrating diabetes-induced alterations in the
mitochondrial functions evident by enhanced levels of hydrogen peroxide, and lipid
peroxidation, and reduced mitochondrial ATP production in diabetic mice, are in agreement
with the earlier studies [49,50]. The state of insulin resistance in diabetic conditions leads to
excessive generation of ROS that induces oxidative stress and tissue damage [51]. The
excess of ROS generated during oxidative phosphorylation in mitochondria may primarily
trigger mitochondrial dysfunction by interacting with mitochondrial and cellular components
such as DNA, proteins, and lipids [52,53]. Several factors are involved in causing
mitochondrial dysfunction, of which aging, hyperglycemia, and excess of fatty acids are key
contributors to mitochondrial dysfunction in diabetic mice models. Oxidative damage to islet
B cells has also been reported in human type 2 diabetes. In this study, the overt pancreatic
injury in TH mice was demonstrated by the disintegration of -cells, and atrophy with
vacuolization and reduced islet size. These observations might be due to the enhanced lipid
peroxidation and overproduction of reactive oxygen species, as reported in previous studies
[51].

Mitochondrial dynamics is a delicate physiological balance between fission and fusion in
mitochondria, which is essential for their maintenance in the growing cells, regulation of cell
death pathway, and removal of damaged mitochondria [54,55]. In the current study,
hyperglycemia-induced abnormal mitochondrial dynamics i.e., increased fission, decreased
fusion, and biogenesis, have been reported in the pancreatic tissue of diabetic TH mice.
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Similar mitochondrial changes were reported in the literature [56,57]. In a previous study
[30], we administered SS31(IP) to an AD mouse model (APP) for 6 weeks and studied
various parameters including mitochondrial dynamics, biogenesis, and mitochondrial
function (H202 production, lipid peroxidation, cytochrome ¢ oxidase activity, and
mitochondrial ATP). We observed reduced levels of mRNA expression and reduced protein
levels of fission genes, and increased levels of mitochondrial fusion, biogenesis, and
synaptic genes in SS31-treated APP mice relative to SS31-untreated APP mice. These
mitochondrial abnormalities were observed to be modulated by the SS31 treatment
indicating that SS31 is protective against mitochondrial and synaptic toxicities in disease
progression in APP transgenic mice [30]. Similarly, in the SS31-treated mutant Htt neurons,
fission genes Drpl and Fis1 were down-regulated, and fusion genes Mfn1, Mfn2, and Opal
were up-regulated relative to untreated neurons, suggesting that mitochondria-targeted
molecules reduce fission activity [32].

Earlier studies have also reported a significant increase in the levels of mitochondrial fission
modulator, dynamin-related protein 1, which supports hyperglycemia-induced apoptosis in
pancreatic p-cells [58]. The activation of AMPK, SIRT1/3, and PGC-1a increased the
mitochondrial capacity for oxidative phosphorylation, restoration of physiologic
mitochondrial superoxide production, which is beneficial for insulin secretion by pancreatic
B cells, insulin sensitivity in skeletal muscle and liver, and prevention of micro- and macro-
vascular complications in diabetes [59]. Mitochondrial damage can also contribute to the
development of age-dependent insulin resistance [60]. Previous studies demonstrated that
T2D is associated with increased myocardial oxidative stress, and mitochondrial
dysfunction, regardless of body mass index [61,62]. It is well-established that structurally
damaged mitochondria are present in AD neurons and in the primary neurons from AD
mice, particularly at nerve terminals [63]. AD is reported to begin 20 years or more before
symptoms arise with small changes in the brain that are unnoticeable to the person affected
[64].

We observed increased levels of mitochondrial fission proteins and reduced levels of
mitochondrial fusion proteins in 24-weeks old diabetic TH mice, indicating the abnormal
mitochondrial dynamics in TH mice. Mitochondrial dynamics enable the maintenance of a
metabolically efficient mitochondrial population, and disruption of either fusion or fission
alters mitochondrial morphology and functionality. Mitochondrial fission and fusion
processes occur continually, and along with the removal of damaged mitochondria by
mitophagy, these processes maintain the mitochondrial health and physiological state of the
cell [65,66]. Prolonged hyperglycemia in diabetes may be responsible for impaired
mitochondrial dynamics (increased fission and decreased fusion) and mitochondrial
structural abnormalities in TH mice, as agreed in previous studies [67]. Our present study
findings agree with a previous study of diabetic/obese rats [68]. Alterations in mitochondrial
dynamics proteins and the balance between mitochondrial fusion and fission have been
shown to contribute to several diseases [69,70]. Several studies have documented the role of
mitochondrial dysfunction in the pathophysiology of T2DM [71-77]. Reduced
mitochondrial respiration, ATP production, and mitochondrial density and mRNA have been
reported in the insulin resistance and diabetes [78-83]. The findings of the current study
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demonstrated mitochondrial dysfunction as a connecting link between the T2D and AD
pathology.

In the current study, administration of a mitochondria-targeted small molecule, SS31
reduced excessive mitochondrial fragmentation and enhanced mitochondrial fusion in the
pancreas of Tally-HO mice by decreasing Drpl and Fisl expression levels and increasing the
expression of Mfl, Mfn2, and Opal. In agreement with the mMRNA data, the protein data
also showed reduced levels of Drpl1 and Fisl in the pancreas of SS31 treated TH mice. Also,
SS31 administration of SS31 improved the pancreatic beta-cell architecture in Tally-HO
mice. Several recent studies demonstrated that SS31 plays a protective role by modulating
mitochondrial functions in a wide range of pathologic conditions [84-86,31,87]. A previous
study demonstrated that SS31 is associated with the increase in the expression of fusion
genes, decrease H,O, production, increase ATP levels, and may protect the mitochondria
and neurons from aging and amyloid beta-induced oxidative stress [88]. Elevated glycemia
and insulin resistance observed in TH mice induce mitochondrial structural and functional
changes that may play a vital role in the development of AD in aged diabetic mice. Also,
several /in vivoand in vitro experimental studies revealed that the insulin signalling pathway
is impaired in AD [89-93].

Conclusions

The TallyHO/JngJ mouse is a polygenic model of early onset of T2D that displays key
clinical features mimicking human T2D, including hyperglycemia with obesity and
hyperinsulinemia. The structural and functional modifications in mitochondria, inflicted by
prolonged hyperglycemia in TH mice, may play a vital role in the development of AD-like
pathological alterations at an older age. Together, these observations point to insulin
resistance and oxidative stress leading to mitochondrial dysfunctioning as a common
molecular mechanism connecting type 2 diabetes and AD. Our findings suggest that SS31
can reduce diabetes-induced mitochondrial dysfunction, and maintains mitochondrial
dynamics. Additionally, TallyHO/IngJ mouse is established as an important mouse model
for understanding the underlying mechanisms linking T2D and AD in future studies.
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Figure 1.
Bodyweight changes in TH and SWR/J mice (Male and female) at 4-, 8-, 16- and 24-weeks

of age. Data are Means+SD. (n=6 for each group)
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Figure 2.
Fasting blood glucose levels in TH and SWR/J mice (Male and female) at 4-, 8-, 16- and 24-

weeks of age. Data are Means+SD. (n=6 for each group)
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Figure 3.

(A): Intraperitoneal glucose tolerance test in TH and SWR/J mice, male (A) and female (B)
at 8 weeks of age. Data are MeansSD. (h=6 for each group).

(B): Intraperitoneal glucose tolerance test in TH and SWR/J mice, male (A) and female (B)
at 16 weeks of age. Data are Means+SD. (n=6 for each group).

(C): Intraperitoneal glucose tolerance test in TH and SWR/J mice, male (A) and female (B)
at 24-Weeks of age. Data are Means+SD. (n=6 for each group).
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Figure 4.
Mitochondrial functional assay in the pancreas of Control, TH mice and SS31 treated TH

mice. Data are Means+SD. (n=6 for each group).
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Figure 5. (A-C):
H&E staining of the pancreas tissue of control SWRY/j, diabetic TH, and SS31 treated
diabetic TH mice.
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Figure 6 (A-B).
Immunoblot and densitometric analysis of mitochondrial fission in the Pancreas of the wild-
type, SS31 treated Tally-HO mice and untreated Tally-HO mice.
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Summary of quantitative real-time RT-PCR oligonucleotide primers used in measuring mRNA expression in
mitochondrial dynamics, mitochondrial biogenesis, and housekeeping genes in Control SWR/J, diabetic TH

and SS31 treated TH mice.

Gene DNA sequence (5'-3") Product size

Mitochondrial dynamics genes

Drpl Forward primer ATGCCAGCAAGTCCACAGAA 86
Reverse primer TGTTCTCGGGCAGACAGTTT

Fis1 Forward primer CAAAGAGGAACAGCGGGACT 95
Reverse primer ACAGCCCTCGCACATACTTT

MFN1 Forward primer GCAGACAGCACATGGAGAGA 83
Reverse primer GATCCGATTCCGAGCTTCCG

MFN2 Forward primer TGCACCGCCATATAGAGGAAG 78
Reverse primer TCTGCAGTGAACTGGCAATG

Opal Forward primer ACCTTGCCAGTTTAGCTCCC 82
Reverse primer TTGGGACCTGCAGTGAAGAA

Housekeeping genes

B-Actin | Forward primer AGAAGCTGTGCTATGTTGCTCTA | 91
Reverse primer TCAGGCAGCTCATAGCTCTTC

GAPDH | Forward primer TTCCCGTTCAGCTCTGGG 59
Reverse primer CCCTGCATCCACTGGTGC
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Summary of antibody dilutions and conditions used in the immunoblotting analysis of mitochondrial dynamics
and mitochondrial biogenesis proteins in Control, TH, and TH+SS31 groups.

1:500

MO

Markers | Primary antibody Supplier Secondary antibody (species and | Purchased from company, city
(species and dilution) dilution) & state
Drpl Rabbit polyclonal 1:500 Novus Biological, Donkey Anti-rabbit HRP 1:10 000 | GE Healthcare Amersham,
Littleton, CO Piscataway, NJ
Mfnl Rabbit polyclonal 1:400 Novus Biological, Donkey Anti-rabbit HRP 1:10 000 | GE Healthcare Amersham,
Littleton, CO Piscataway, NJ
Fis1 Rabbit polyclonal 1:500 Protein Tech Group, Inc., Donkey Anti-rabbit HRP 1:10 000 | GE Healthcare Amersham,
Chicago, IL Piscataway, NJ
Mfn2 Rabbit polyclonal 1:400 Abcam, Cambridge, MA Donkey Anti-rabbit HRP 1:10 000 | GE Healthcare Amersham,
Piscataway, NJ
GAPDH Mouse monoclonal Sigma-Aldrich, St Luis, Sheep Anti-mouse HRP 1:10 000 GE Healthcare Amersham,

Piscataway, NJ
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mMRNA fold changes of mitochondrial structural genes in the pancreas of SS31 treated Tally-HO mice relative
to untreated Tally-HO mice.

Mitochondrial Genes

mRNA fold change in TH+SS31

Mitochondrial structural genes

Drpl —2. 7%
Fis1 —2.5x
Mfn1 3.0%%
Mfn2 3.5%*
OPA1 1.8
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