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Abstract

DETERMINING THE EFFECT OF KNOCKING OUT MICRORNA-21 ON CARDIAC
SUBSARCOLEMMAL AND INTERFIBRILLAR MITOCHONDRIA

By Madhur Batra, B.S.

A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science in Physiology & Biophysics at Virginia Commonwealth University.

Virginia Commonwealth University, Richmond, VA, 2016
Director: Dr. Edward J. Lesnefsky, M.D.

Professor of Internal Medicine
VCU School of Medicine

Type 2 diabetes mellitus is a growing problem across the world and has
significant pathological changes associated with it, including diabetic
cardiomyopathy, wherein cardiac function is reduced. MicroRNA-21 has been
shown to play a role in both the heart and diabetes so it was thought that knocking
out miR-21 could have a protective effect on oxidative phosphorylation function in
diabetic mice. Subsarcolemmal and interfibrillar mitochondria were isolated from
adult male WT, miR-21 KO, db/db, and double knockout mice (db/db and miR-21
KO cross) and evaluated for function. Knocking out miR-21 in diabetic mice showed
a restorative effect in Complex [ and Complex II function even though it increased
ROS production in Complex I and did not show a significant change in MPTP
opening. Knocking out miR-21 could potentially restore oxidative phosphorylation

function in diabetic patients but at the expense of producing more ROS.
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Chapter 1: Introduction

1.1 Mitochondria
Mitochondria are the primary organelles involved in energy production and are

critical for proper cellular function. Enzymes in the mitochondria oxidize
carbohydrates, fats, and amino acids and the energy released in these processes
generates Adenosine Triphosphate (ATP), which is the major energy molecule of
cells (Cox & Nelson, 2000). This overall process is referred to as oxidative
phosphorylation. Electrons are first transferred to electron acceptors, which then
pass the electrons through a chain of membrane bound carrier molecules, most of
which are integral proteins in the inner mitochondrial membrane (IMM). Complex I
of the respirasome is also known as NADH dehydrogenase. NADH is oxidized by
ubiquinone and in the process, four protons are transferred to the intermembrane
space (IMS). Complex Il is also called succinate dehydrogenase. Succinate is oxidized
to fumarate and ubiquinone again is reduced however no protons are transferred to
the IMS in this reaction. Complex III, or cytochrome c reductase, oxidizes one
molecule of reduced ubiquinone molecule, or ubiquinol, and reduces two
cytochrome c molecules. Cytochrome c can only accept one electron at a time so this
reaction occurs in two steps, all while pumping protons into the IMS. Complex IV,
also known as cytochrome c oxidase, is the last protein in the electron transport
chain and transfers electrons to oxygen and also transfers protons to the IMS.(Cox &
Nelson, 2000). These four complexes make up the electron transport chain (ETC).
The electron transfer activity of this chain is coupled with the pumping of protons

across the IMM, which creates a concentration difference and separation of charge,
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jointly called the proton-motive force, across the inner mitochondrial membrane.
This force is the foundation for ATP synthesis. Proton specific pores in the IMM are
attached to ATP Synthase, or Complex V, molecules. As protons passively move
down their concentration gradient back into the mitochondrial matrix, ATP
Synthase is able to phosphorylate Adenosine Diphosphate (ADP) into an ATP
molecule. ATP molecules can then be used as energy carrier molecules for the cell
(Cox & Nelson, 2000). Since the heart needs to pump constantly to provide blood to
tissues throughout the body, it should be no surprise that heart muscle has a high
concentration of mitochondria. In pathological states such as diabetes mellitus,
cardiac mitochondria and, subsequently, cardiac function can be adversely affected
(Marin-Garcia, 2013).

During respiration, different terms are used to describe the various points of
oxidative phosphorylation and they can be measured to determine the function of
the respirasome in mitochondria. State 2 respiration occurs after mitochondria and
substrates for oxidation have been added but no ATP is being produced. State 3
respiration is triggered after the addition of ADP; ATP is produced and oxygen is
consumed in the process. When the ADP has been converted to ATP, oxygen
consumption slows and this signifies State 4 respiration. The respiratory control
ratio (RCR) is the ratio of State 3 respiration to State 4 respiration and links the
phosphorylation of ADP to the consumption of oxygen. The ADP:0 ratio signifies
how much oxygen is necessary to phosphorylate a known quantity of ADP. Adding
additional ADP shows the maximum coupled respiration rate. The addition of a

protonophore to uncouple the flow of protons across the IMM from ATP synthesis is
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used to measure the maximum uncoupled respiration rate (Lesnefsky and Hoppel,
2006).

The mitochondrial permeability transition pore (MPTP) is a protein pore that
forms in the IMM during pathological conditions and can contribute to cell death.
The MPTP opening has been implicated in increasing cell death after ischemia-
reperfusion injury (Wong, Steenbergen, & Murphy, 2012). Studies have shown that
calcium is a key factor in MPTP opening and once the mitochondria loses the ability
to sequester calcium and maintain homeostasis, MPTP opening can occur, which can
lead to cell death (Baumgartner et al., 2009). In our study, calcium retention
capacity was used as a proxy to study MPTP opening in the different test groups.

1.1.1 Subsarcolemmal and Interfibrillar Mitochondria

There are two distinct populations of mitochondria that exist in cardiac
myocytes: subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria
(IFM). As the names imply, SSM are located underneath the sarcolemma and IFM are
located in between the contractile elements. Not only do these mitochondrial
populations differ in location, but also in biochemical properties, which causes them
to respond differently to physiological and pathological changes. Williamson et al.
(2010) showed that SSM and IFM respond differently to streptozotocin (STZ)-
induced diabetes and that [FM had a higher tendency to undergo apoptosis in the
type 1 diabetic state (Williamson et al., 2010). Subsarcolemmal mitochondria, in
skeletal muscle, have also been shown to have a lower rate of efficiency than
interfibrillar mitochondria when producing ATP (Mollica et al., 2006). Specifically in

cardiac muscle, IFM were shown to utilize all substrates in oxidative
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phosphorylation faster than in SSM (Palmer, Tandler, & Hoppel, 1977). Since
subsarcolemmal and interfibrillar mitochondria respond differently to pathologic
states, such as diabetes, we thought it would be prudent to check the function of

both mitochondrial populations in the heart.

1.2 Type 2 Diabetes Mellitus and Diabetic Cardiomyopathy

Type 2 diabetes mellitus (T2DM) is characterized by the body’s resistance to
the effects of insulin. This long-term syndrome progresses as the body tries to
overcompensate for the ineffective use of insulin by liver, fat, and muscle cells by
producing more and more insulin. Eventually, even the increased levels of insulin
are not enough to keep the blood glucose levels in check. Because the pathology has
a long timespan, symptoms may have a delayed onset (National Institute for of
Diabetes and Digestive and Kidney Diseases [NIDDK], 2014). Type 2 diabetes is
more common than type 1 diabetes and as of 2010, approximately 285 million
people across the world were affected by type 2 diabetes (Melmed, Polonsky,
Larsen, & Kronenberg, 2011). There are many risk factors for T2DM, including gene
susceptibility and increased glucose production, but the main cause is obesity and
lack of physical exercise. Physical inactivity can lead to obesity, which can cause
insulin resistance. Since obesity can also lead to other pathological states, such as
cardiovascular disease and osteoarthritis, it is important to reduce body weight to a

manageable level to help control insulin resistance (NIDDK, 2014).

www.manaraa.com



1.2.1 Diabetic Cardiomyopathy

Diabetic cardiomyopathy is a catch all term used to describe the amalgamation
of different cardiac pathological states, some of which fall under the category of
cardiovascular disease (CVD), for patients suffering from diabetes. Type 2 diabetes
is a strong risk factor for CVD, which is actually the main cause of mortality of
patients suffering from T2DM. Diabetic patients have a higher incidence of
hypertension, obesity, and dyslipidemia than the normal population and all of these
pathologies are independent risk factors for diabetic cardiomyopathy. Diabetic
patients also show increased reactive oxygen species (ROS) production, which can
cause damage to DNA and other subcellular structures, eventually leading to cell
damage and improper function. Hyperglycemia can lead to glucose autooxidation,
which causes mitochondria to produce ROS in excess (Boudina & Abel, 2010). This
can have adverse effects on cardiac function as mitochondria make up a good
portion of cardiomyocytes. This oxidative stress can also cause imbalances in
calcium homeostasis, which may lead to further cardiac dysfunction (Clark, 2007).
Diabetic cardiomyopathy has also been known to cause contractile dysfunction and
alter energy metabolism in the heart. In a db/db mouse model, oxidative
phosphorylation rates were shown to be less than in control mice and production of
ROS was shown to be higher (Aluri, Koka, Lesnefsky, & Kukreja, 2012). Specifically
in SSM and IFM, diabetic hearts showed lower Complex I, II, and III activity, in
certain measures, and superoxide production was shown to be higher in diabetic

[FM (Williamson et al.,, 2009).
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1.3 microRNA-21

MicroRNAs (miRNAs) are small, noncoding nucleotide strands that serve to
repress gene expression by degrading mRNA strands and inhibiting translation
(Cheng & Zhang, 2010). MicroRNA-21 (miR-21), specifically, has been found to be
overexpressed in many solid tumors and is considered an onco-miR, or a microRNA
molecule associated with cancer. Since miR-21 acts to repress the activity of tumor
suppressors such as PDCD4 and TGFBRI]I, it has been implicated in breast cancer,
colon cancer, and lung cancer, among others (Asangani et al., 2008; lorio et al., 2005;
Volina et al., 2006). With regards to cardiac disease, studies have shown that miR-21
has variable effects depending on the pathological state and the type of cell in
question. Cardiac hypertrophy is a normal compensatory mechanism that occurs in
response to some disease states, such as hypertension, and in hypertrophic hearts
miR-21 was found to be upregulated (Tu et al., 2013). Specifically in fibroblasts,
miR-21 expression was higher than in cardiomyocytes and this led to fibrosis, which
is a poor outcome and leads to worse function of the heart. Fibroblasts are non-
contractile cells in the heart and contribute by producing collagen and other fibers.
Inhibiting miR-21 activity in fibroblasts led to reduced fibrosis and increased
cardiac function, including a decrease in left ventricular hypertrophy compared to
control mice (Thum et al,, 2008). In myocardial infarction studies, miR-21 was found
to be overexpressed in border areas of infarcted hearts and underexpressed in
infarcted areas. Increasing expression of miR-21, via hydrogen sulfide application,
led to a decrease in infarct size (Toldo et al.,, 2014). This result carries significance

with regards to diabetes since HzS has been shown to affect diabetic
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cardiomyopathy as well. In a type 1 diabetes model, H>S was found to decrease
fibrosis in the heart and also reduce hypertrophy (Szabo, 2012). MicroRNA-21 has
been studied in context with T2DM as well. A characteristic sign of type 2 diabetes
mellitus is hyperglycemia, or high blood glucose levels. This pathologic state can
eventually lead to hypertrophy in the kidney, which can cause kidney failure. This
pathway is partly caused by the repressed expression of phosphatase and tensin
homolog deleted in chromosome 10 (PTEN), a tumor suppressor protein. In the
hyperglycemic state, decreased PTEN levels were shown to be caused by increased
miR-21 expression. Inhibiting endogenous miR-21 expression allowed for normal
expression of PTEN and decreased kidney hypertrophy (Dey et al., 2011). Another
study implicated miR-21 in diabetic renal disease and showed that upregulating
miR-21 led to increased fibrosis and worse renal function when compared to
baseline (McClelland et al.,, 2015). MicroRNA-21 expression was also found to be
upregulated in fibroblasts in diabetic cardiomyopathic patient hearts and was
thought to increase cardiac fibrosis in diabetic hearts (Kumar, Raut, Saika, Sharma,

& Khullar, 2011).

1.4 Rationale for Present Study

Since T2DM is a growing issue in countries across the world, it is important to
expand the base of knowledge that exists on this pathology so that we may better
help patients that have type 2 diabetes mellitus. Decreasing microRNA-21
expression has been shown to have positive effects on diabetic pathologies and

certain cardiac states so we thought there might be a link with miR-21 and diabetic
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cardiomyopathy. We hypothesized that knocking out miR-21 would lead to some
restoration of cardiac function, in terms of oxidative phosphorylation, calcium
homeostasis, and ROS production, when compared to type 2 diabetic mice. We
compared four groups of mice: C57BL/6], miR-21 knockout (KO), db/db (T2DM
model), and a double knockout (DKO) strain (mir-21 KO and db/db cross). The
db/db mouse model is characterized by a deficiency in the leptin receptor, which
causes the mouse to develop obesity and type 2 diabetes with the progression of age
(Belke & Seveson, 2012). Therefore, in terms of cardiac pathology, it has served as
the distinctive model to study diabetic cardiomyopathy and is why it was chosen for
this study.

To see if there were any significant differences in function, the activity of
subsarcolemmal and interfibrillar mitochondria were checked by comparing
oxidative phosphorylation rates of Complex I, Complex II, and Complex IV, H20>
production, calcium retention capacity, and membrane potential among the four test

groups.

Chapter 2: Materials and Methods

2.1 Materials

2.1.1. Chemicals and Reagents

Chemicals and reagents were either purchased from Sigma-Aldrich, Saint
Loius, MO, for mitochondrial isolation and functional assays, or from Fisher
Scientific, Pittsburgh, PA.

2.1.2. Animals
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C57BL/6] (WT)(n=5) and homozygous Leprd® (db/db)(n=4) mice were
purchased from The Jackson Laboratory, Bar Harbor, Maine. The miR-21 KO mice
(n=6) were obtained from Eric Olson’s laboratory at the University of Texas
Southwestern Medical Center (Patrick et al., 2010). The DKO mice(n=6) were
generated by cross breeding the miR-21 KO mice with the db/db mice. All mice
were aged eight to twelve weeks through the Division of Animal Resources (DAR) of
Virginia Commonwealth University (VCU). All mice were housed in a fully AALAC-
accredited Animal Research Facility at VCU. All procedures that were implemented
followed the National Institutes of Health guidelines for the humane use and care of
laboratory animals for biomedical research. All protocols were reviewed and

approved by the Institutional Animal Care and Use Committee (IACUC) of VCU.

2.2 Methods

2.2.1 Isolation of heart tissue homogenates, cytosol, subsarcolemmal
mitochondria, and interfibrillar mitochondria

Male mice were anesthetized with sodium pentobarbital (90 mg/kg; i.p.) and
the heart was then excised, put into a chilled modified Chapell-Perry 1 (CP1) buffer
[100mM KCI, 50mM mM 3-(N-morpholino) propanesulfonic acid(MOPS), 5mM
MgS04+7H20, 1mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic
acid(EGTA), and 1mM adenosine 5’-triphosphate disodium(ATP)] at pH 7.4, and
then dried with Whatman filter paper. The dried heart was then weighed and placed
into an empty beaker on ice. The heart was then minced and transferred to a glass

tube with 3mL of Chapell-Perry 2(CP2)[CP1 and 0.2% of Bovine Albumin
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Serum(BSA) (#A7030, Sigma Aldrich, Saint Louis, MO)]. The tissue was further
minced for 2.5 seconds with a polytron homogenizer at 10,000rpm. The sample was
then homogenized with a tight pestle twice using a potter elvehjem homogenizer at
600rpm. A 100uL sample was saved as polytron homogenate (PH) and the rest was
centrifuged at 500 x g for 10 min at 4°C. The supernatant was poured into another
15mL centrifuge tube, labeled SSM#1, and the myofibrillar pellet was resuspended
in 3mL CP2. This solution was centrifuged at 500 x g for 10 min at 4°C. The
supernatant was poured into another 15mL centrifuge tube, labeled SSM#2, and the
polytron pellet (PP) was saved for IFM purification. The SSM#1 and SSM#2
supernatants were centrifuged at 3000 x g for 10 min at 4°C. The pellet from SSM#1
was saved for further resuspension as SSM pellet.

The supernatant from the SSM#1 tube was crude cytosol(cCS) and 100pL
was saved while the rest was pipetted into two 1mL eppendorf tubes in equal
volumes and centrifuged at 22,000 x g for 10min at 4°C. A 0.1puM filter was then
used to purify the supernatants and the result was pure cytosol.

The saved polytron pellet was resuspended in 3mL of CP1 along with 5mg/g
(wet weight) of trypsin (#T0303, Sigma-Aldrich, Saint Louis, MO). This mixture was
incubated in a glass tube, on ice, for 15 min with stirring. After 15 min, 3mL of CP2
was added to stop the effect of trypsin. The sample was homogenized with a tight
pestle twice using a potter elvejhem homogenizer at 600rpm. The homogenized
sample was then placed in a 15mL tube and centrifuged for 10min at 500 x g at 4°C.
The resulting supernatant was poured into another 15mL tube and centrifuged for

10min at 3000 x g at 4°C. The supernatant was then discarded and the pellet was
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saved as IFM pellet. Both the SSM pellet and IFM pellet were resuspended in 2mL of
KME [100mM KCI, 50mM MOPS, and 0.5mM EGTA] buffer each. They were then
centrifuged at 3000 x g for 10 min at 4°C. The resulting supernatants were
discarded and the pellets were resuspended in 60pL of KME each. The final volumes
for SSM and [FM were measured (Palmer, Tandler, & Hoppel, 1977).

Protein concentrations of SSM, IFM, and purified cytosol were then measured
using a Lowry Protein Assay with BSA as the standard and sodium deoxycholate
(DOC) [Sigma-Alrdige, Saint Louis, MO] as the detergent.

2.2.2 Measurement of oxidative phosphorylation of SSM and IFM

A Model 782 Oxygen Meter (Strathkelvin Systems, Glasgow, Scotland), glass
chamber of a MT200 Mitocell Respirometer (Strathkelvin Instruments, Glasgow,
Scotland), and a 1302 Microcathode Oxygen Electrode (Strathkelvin Instruments,
Glasgow, Scotland) were used to measure oxygen consumption at 31°C. The glass
chamber was filled with 0.5mL of buffer [100mM KCI, 50mM MOPS, 1.0mM EGTA,
5mM KH2PO4, and 1mg/mL of defatted BSA]. To measure Complex I respiration,
150pg of SSM was placed in the glass chamber along with 20mM Glutamate and
5mM Malate. To measure State 3 respiration, 10puL of 10mM ADP was added to
reach a concentration of 0.2mM ADP and 10pL of 10mM ADP was added once again.
State 4 respiration was measured when oxygen consumption slowed as ADP was
finished being converted into ATP. Then, 10pL of 100mM ADP was added to reach a
final concentration of 2ZmM ADP. The recording taken at this point was the
maximum coupled respiration rate. Finally, 10pL of 10mM of DNP (2,4-

dinitrophenol), an uncoupler, was added to measure the maximum uncoupled
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respiration rate. The same process was repeated to measure Complex 1 respiration
for [FM.

To measure Complex Il respiration, 100pg of SSM was used with 20mM
Succinate and 2.5uM Rotenone, an inhibitor of Complex 1. State 3, State 4, maximum
coupled respiration rate, and maximum uncoupled respiration rate measurements
were taken using the same method as above. The same process was used to
measure Complex Il respiration for IFM.

To measure Complex IV respiration, 50pug of SSM was used with 2.5uM
Rotenone. 20uL. TMPD and 10uL of 100mM ADP were used as substrates for
reducing cytochrome c so Complex IV maximal coupled respiration could be
measured (Chen, Moghaddas, Hoppel, & Lesnefsky, 2008).

2.2.3 Measurement of SSM and IFM H:0: production

Hydrogen peroxide production was measured by using Amplex Red (10-
acetyl-3, 7-dihydroxyphenoxazine) (A12222, Invitrogen, Carlsbad, CA). In order for
hydrogen peroxide to be reduced by horseradish peroxidase (HRP) (Sigma-Aldrich,
Saint Louis, MO), Amplex Red’s purpose was to be oxidized. This reaction produced
resorufin, a fluorescent molecule. An LS55 Fluorescence Spectrophotometer
(PerkinElmer Instruments, Waltham, MA) was used to quantitate the amount of
resorufin at 31°C with stirring.

Production of H20; was measured by adding 0.2mg of SSM into 1mL of MMC
buffer [150mM KCIl, 5mM KH2PO4, 1mM EGTA] and 0.95mL of dH;0. Then, Amplex
Red [25 uM] and HRP [0.20 units/mL] was added. To measure H202 production from

Complex I, 10puL of glutamate (6.67mM) and 5uL of malate (3.33mM) were added.
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2uL of rotenone (5uM) was then added to block the transfer of electrons from
Complex I to Complex I and only measure Complex 1 hydrogen peroxide
production (Ross etal., 2013).

The same process was used to measure H202 production in I[FM.

2.2.4 Measurement of SSM and IFM Calcium Retention Capacity

The calcium mediated opening of the mitochondrial pore transition
permeability (MPTP) can be measured by Calcium Retention Capacity (CRC).
Calcium is gradually added in small concentrations until the MPTP opening results
in calcium release from the mitochondria. A LS55 Fluorescence Spectrophotometer
(PerkinElmer Instruments, Watham, MA) was used to measure the fluorescence of
Calcium-Green 5N (Invitrogen, Carlsbad, CA) at an excitation wavelength of 500nm
and an emission wavelength of 530nm.

Firstly, 2mL of CRC buffer [150mM Sucrose, 50mM KCl, 20mM Tris/HCI,
2mM KH2PO4, pH 7.4] was mixed with 10uL of 0.5mM Calcium-Green at 31°C with
stirring. 0.2mg of SSM was added to the mixture. After one minute, 10uL of CaCl;
was added every 60 seconds until the MPTP opened, indicating the release of
calcium. The final measurement was taken as the total concentration of calcium
uptake before the release of Ca?* (Chen etal., 2015).

The same process was repeated to measure CRC for IFM.

2.2.5 Measurement of SSM and IFM membrane potential

Tetramethylrhodamine methyl ester (TMRM) is a dye that was used to
measure maximum membrane potential and maximum depolarization potential of

SSM and IFM. While TMRM is in the cytosol of uncoupled mitochondria, it emits a
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fluorescence at a wavelength of 573nm. TMRM that has entered into the
mitochondria of depolarized mitochondria shows a fluorescence at a wavelength of
546nm. A LS55 Fluorescence Spectrophotometer (PerkinElmer Instruments,
Watham, MA) was used to measure the fluorescence of TMRM and use a ratio
between the cytosolic TMRM wavelength and mitochondrial TMRM wavelength to
calculate the membrane potential.

In 2mL of respiration buffer [100mM KCI, 50mM MOPS, 1.0mM EGTA, 5mM
KH2P0O4, and 1mg/mL of defatted BSA], 0.2mg of SSM was added along with 10uL of
0.1mM TMRM at 31°C with stirring. Adding 10puL of Glutamate (6.67mM) and 5pL of
malate (3.33mM) activated State 2 respiration. State 3 respiration was activated by
adding 10uL of 10mM ADP. Adding 2uL of oligomycin caused the membrane
potential to be restored as oligomycin inhibits Complex V and protons cannot move
down the concentration gradient. Lastly, 10uL of 10mM DNP was added to cause the
complete uncoupling of the mitochondria. The difference between the complete
uncoupled membrane potential and the State 4 oligomycin membrane potential is
the physiologic membrane potential. The difference between State 2 and State 3
respiration is the depolarization potential (Chen, Ross, Hu, & Lesnefsky, 2012).

The same process was used to measure membrane potential and
depolarization potential in I[FM.

2.2.6. Data Analysis and Statistics

The data is present as mean + SEM. A one-way ANOVA test was used to
compare all results. A two-tailed student’s t-test was used to compare differences

between the various groups. P < 0.05 was considered to be statistically significant.
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Chapter 3: Results

3.1. Db/db mice had the highest blood glucose levels out of the four test
groups

Before excision of the heart in each mouse, the blood glucose level was
checked by glucometer and recorded. As expected, db/db mice, which are known to
be hyperglycemic with blood glucose values above 200 mg/dl, showed the highest
levels of blood glucose (Keren et al., 2000). Knocking out miR-21, surprisingly,
prevented hyperglycemia in the db/db mice as DKO mice had blood glucose levels

comparable to C57BL/6] (WT) and miR-21 KO mice, as seen in Figure 3.1.1.

Blood Glucose Level
o Bt 1 Y

100

[~ mif-21 X0 @/do oxo

Figure 3.1.1. Db/db mice showed the highest blood glucose levels. The levels
are shown in units of mg/dl. The data are presented as both mean * SEM. A one-way
ANOVA test was used to compare all results. *P < 0.05 C57BL/6] vs. db/db, BP < 0.05

miR-21 KO vs. db/db, and YP < 0.05 db/db vs. DKO (C57BL/6 n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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3.2. Knocking out miR-21 in diabetic mice augments Complex I function

As described in Methods and Materials, the oxidative phosphorylation
activity of Complex I was measured in both SSM and IFM for all four tested groups
using glutamate and malate as substrates. For state 3 respiration, maximum coupled
respiration, and maximum uncoupled respiration, DKO SSM and IFM had higher
oxygen consumption rates than db/db SSM and IFM IFM, as shown in Figures 3.2.2,
3.2.3,3.2.5,3.2.6,3.2.8,and 3.2.9.

Although few results were statistically insignificant, the overall trend in all
the measured variables was that db/db SSM and IFM showed lower rates of oxygen
consumption than C57BL/6] mice, as shown in Figures 3.2.2, 3.2.3, 3.2.5, 3.2.6, 3.2.8,
and 3.2.9.

While the trend in WT, db/db, and DKO mice was that [FM showed higher
oxygen consumption rates than SSM in the measured variables, the results were
only statistically significant for DKO mice in maximum coupled respiration and in
db/db mice as well as DKO mice in maximum uncoupled respiration, as seen in

Figures 3.2.4 and 3.2.7.
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Figure 3.2.1. There are no significant differences between SSM and IFM oxygen
consumption in each of the test groups. Complex I State 3 respiration rates were
measured using the procedure described in Methods and Materials. The unit of
measurement was nanoatoms of atomic oxygen per mg of mitochondria per minute
(nAO/mg/min). The data are presented as the mean + SEM. A one-way ANOVA test

was performed to compare the results. *P < 0.05 (C57BL/6 n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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Figure. 3.2.2. Db/db mice have the lowest oxygen consumption rates. Complex I
State 3 respiration rates were measured using the procedure described in Methods
and Materials. The unit of measurement was nanoatoms of atomic oxygen per mg of
mitochondria per minute (nAO/mg/min). The data are presented as the mean *
SEM. A one-way ANOVA test was performed to compare the results. ®P < 0.05
C57BL/6] vs. db/db, BP < 0.05 miR-21 KO vs. db/db, and YP < 0.05 db/db vs. DKO

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).

www.manharaa.com




19

IFM Complex | State 3 Respiration
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Figure. 3.2.3. Db/db IFM have lower oxygen consumption rates than WT and
DKO mice. Complex I State 3 respiration rates were measured using the procedure
described in Methods and Materials. The unit of measurement was nanoatoms of
atomic oxygen per mg of mitochondria per minute (nAO/mg/min). The data are
presented as the mean + SEM. A one-way ANOVA test was performed to compare
the results. ®P < 0.05 C57BL/6] vs. db/db and fP < 0.05 db/db vs. DKO (C57BL/6]

n=>5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.2.4. The rate of oxygen consumption is higher in IFM than SSM for
only the DKO group. Complex [ maximum coupled respiration rates were
measured using the procedure described in Methods and Materials. The unit of
measurement was nanoatoms of atomic oxygen per mg of mitochondria per minute
(nAO/mg/min). The data are presented as the mean + SEM. A one-way ANOVA test
was performed to compare the results. *P < 0.05 for DKO IFM vs. DKO SSM

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).

www.manharaa.com




21

SSM Complex | Maximum Coupled Respiration

:

¢ 8

Oxygen Consumption (nAO/mg/min)
g

C578BL/6 miR-21 KO db/db DKO

Figure. 3.2.5. Db/db mice have the lowest oxygen consumption rates among
the test groups. Complex I maximum coupled respiration rates were measured
using the procedure described in Methods and Materials. The unit of measurement
was nanoatoms of atomic oxygen per mg of mitochondria per minute
(nAO/mg/min). The data are presented as the mean + SEM. A one-way ANOVA test
was performed to compare the results. “P < 0.05 C57BL/6] vs. db/db, PP < 0.05 miR-

21 KO vs.db/db, and YP < 0.05 db/db vs. DKO, (C57BL/6] n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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Figure. 3.2.6. The oxygen consumption rates for db/db IFM are lower than
DKO IFM. Complex [ maximum coupled respiration rates were measured using the
procedure described in Methods and Materials. The unit of measurement was
nanoatoms of atomic oxygen per mg of mitochondria per minute (nAO/mg/min).
The data are presented as the mean + SEM. A one-way ANOVA test was performed

to compare the results. “P < 0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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Figure 3.2.7. The rate of oxygen consumption is higher in IFM than SSM for the
db/db and DKO groups. Complex | maximum uncoupled respiration rates were
measured using the procedure described in Methods and Materials. The unit of
measurement was nanoatoms of atomic oxygen per mg of mitochondria per minute
(nAO/mg/min). The data are presented as the mean + SEM. A one-way ANOVA test
was performed to compare the results. *P < 0.05 for db/db SSM vs. db/db IFM and

DKO SSM vs. DKO IFM (C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure. 3.2.8. Db/db SSM have the lowest oxygen consumption rates. Complex I
maximum uncoupled respiration rates were measured using the procedure
described in Methods and Materials. The unit of measurement was nanoatoms of
atomic oxygen per mg of mitochondria per minute (nAO/mg/min). The data are
presented as the mean + SEM. A one-way ANOVA test was performed to compare
the results. ®P < 0.05 C57BL/6] vs. db/db, PP < 0.05 miR-21 KO vs. db/db, and YP <

0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure. 3.2.9. The oxygen consumption rates for db/db IFM are lower than
DKO IFM. Complex I maximum uncoupled respiration rates were measured using
the procedure described in Methods and Materials. The unit of measurement was
nanoatoms of atomic oxygen per mg of mitochondria per minute (nAO/mg/min).
The data are presented as the mean + SEM. A one-way ANOVA test was performed

to compare the results. ®P < 0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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3.3. In Complex II, knocking out miR-21 from diabetic mice generally increases
function of both SSM and IFM

Complex II function was measured in SSM and IFM for all four test groups,
using succinate and rotenone as the substrates, by the procedure described in the
Methods and Materials section. In Complex II state 3 respiration, DKO SSM had
higher rates of oxygen consumption than db/db SSM. The same result was true for
DKO IFM compared to db/db IFM. DKO SSM and IFM had higher rates than db/db
SSM and IFM in maximum coupled respiration as well, although the results were not
significant. DKO SSM had higher rates of maximum uncoupled respiration than
db/db SSM and the same was true for I[FM, but the difference was not significant.

MiR-21 KO SSM showed an increase in state 3 respiration compared to WT
SSM but there was no significant difference in [IFM. MiR-21 KO SSM also showed a
significant increase in maximum coupled respiration and an insignificant increase in
maximum uncoupled respiration compared to WT SSM. The changes in IFM were
not significant.

Db/db mice also generally showed a reduction in Complex II function
compared when compared to miR-21 KO mice and C57BL/6] mice. Even though

some results were not significant, the overall trend was still present.
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Figure 3.3.1. C57BL/6] IFM had higher oxygen consumption rates than SSM.
Complex II State 3 respiration rates were measured using the procedure described
in Methods and Materials. The unit of measurement was nanoatoms of atomic
oxygen per mg of mitochondria per minute (nAO/mg/min). The data are presented
as the mean + SEM. A one-way ANOVA test was performed to compare the results.

@P < 0.05 C57BL/6] SSM vs. C57BL/6] IFM (C57BL/6] n=5, miR-21 KO n=6, db/db

n=4, DKO n=6).
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Figure 3.3.2. Db/db SSM have lower oxygen consumption rates than miR-21
KO and DKO SSM. Complex II State 3 respiration rates were measured using the
procedure described in Methods and Materials. The unit of measurement was
nanoatoms of atomic oxygen per mg of mitochondria per minute (nAO/mg/min).
The data are presented as the mean + SEM. A one-way ANOVA test was performed
to compare the results. “P < 0.05 miR-21 KO vs. db/db, PP < 0.05 db/db vs. DKO

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure. 3.3.3. The oxygen consumption rate for db/db IFM is lower than
C57BL/6] IFM and DKO IFM. Complex II State 3 respiration rates were measured
using the procedure described in Methods and Materials. The unit of measurement
was nanoatoms of atomic oxygen per mg of mitochondria per minute
(nAO/mg/min). The data are presented as the mean + SEM. A one-way ANOVA test
was performed to compare the results. @P < 0.05 C57BL/6] vs. db/db and fP < 0.05

db/db vs. DKO (C57BL/6J n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.3.4. There are no significant differences between SSM and IFM oxygen
consumption rates in the test groups. Complex [l maximum coupled respiration
rates were measured using the procedure described in Methods and Materials. The
unit of measurement was nanoatoms of atomic oxygen per mg of mitochondria per
minute (nAO/mg/min). The data are presented as the mean + SEM. A one-way
ANOVA test was performed to compare the results. P < 0.05 (C57BL/6] n=5, miR-21

KO n=6, db/db n=4, DKO n=6).
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Figure 3.3.5. Db/db SSM has lower rates than miR-21 KO and DKO SSM.
Complex II maximum coupled respiration rates were measured using the procedure
described in Methods and Materials. The unit of measurement was nanoatoms of
atomic oxygen per mg of mitochondria per minute (nAO/mg/min). The data are
presented as the mean + SEM. A one-way ANOVA test was performed to compare
the results. ®P < 0.05 miR-21 KO vs. db/db and FP < 0.05 db/db vs. DKO (C57BL/6]

n=>5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure. 3.3.6. Db/db IFM had lower rates than DKO IFM. Complex Il maximum
coupled respiration rates were measured using the procedure described in Methods
and Materials. The unit of measurement was nanoatoms of atomic oxygen per mg of
mitochondria per minute (nAO/mg/min). The data are presented as the mean *
SEM. A one-way ANOVA test was performed to compare the results. *P < 0.05 db/db

vs. DKO (C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.3.7. The rates of oxygen consumption in IFM and SSM were not
significantly different within each group. Complex Il maximum uncoupled
respiration rates were measured using the procedure described in Methods and
Materials. The unit of measurement was nanoatoms of atomic oxygen per mg of
mitochondria per minute (nAO/mg/min). The data are presented as the mean *
SEM. A one-way ANOVA test was performed to compare the results. P < 0.05

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.3.8. Db/db SSM has lower rates than miR-21 KO SSM and DKO SSM.
Complex II maximum uncoupled respiration rates were measured using the
procedure described in Methods and Materials. The unit of measurement was
nanoatoms of atomic oxygen per mg of mitochondria per minute (nAO/mg/min).
The data are presented as the mean + SEM. A one-way ANOVA test was performed
to compare the results. “P < 0.05 miR-21 KO vs. db/db and fP < 0.05 db/db vs. DKO

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure. 3.3.9. The oxygen consumption rates for IFM were not significantly
different among the four groups. Complex Il maximum uncoupled respiration
rates were measured using the procedure described in Methods and Materials. The
unit of measurement was nanoatoms of atomic oxygen per mg of mitochondria per
minute (nAO/mg/min). The data are presented as the mean + SEM. A one-way
ANOVA test was performed to compare the results. P < 0.05 for comparison

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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3.4. Knocking out miR-21 does not have a major effect on Complex IV coupled
respiration rates
As described in Methods and Materials, the maximum coupled respiration

rates of Complex [V were measured in both SSM and IFM for all four tested groups.
No significant differences were seen when comparing SSM oxygen consumption
rates to IFM oxygen consumption rates. No significant differences were seen when
comparing each SSM group to the other SSM test groups. Even though some results
were not significant, the overall trend was that DKO IFM showed higher oxygen
consumption rates than WT IFM, miR-21 KO [FM, and db/db IFM, as seen in Figure

3.4.1.
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Figure 3.4.1. There were no significant differences between SSM and IFM and
also between each of the test groups. Complex [V maximum coupled respiration
rates were measured using the procedure described in Methods and Materials. The
unit of measurement was nanoatoms of atomic oxygen per mg of mitochondria per
minute (nAO/mg/min). The data are presented as the mean + SEM. A one-way
ANOVA test was performed to compare the results. P < 0.05 for all comparisons

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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3.5. db/db IFM show greater ability for handling calcium than db/db SSM
Calcium retention capacity, as described in Methods and Materials, was used

to measure the calcium handling ability of SSM and IFM for each of the four tested

groups and to provide a marker for the sensitivity of each group to MPTP opening.

In the db/db group, IFM were able to retain more calcium than SSM, as seen in

Figure 3.5.1.
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Figure 3.5.1. The calcium retention for IFM is higher than SSM only in the
db/db group. As described in Methods and Materials, the calcium retention
capacity was measured in SSM and [FM for each of the four groups. The unit of
measurement was nanomolars of Calcium per mg of mitochondria. The data is
shown as mean + SEM. A one way ANOVA was performed to compare the results. *P

< 0.05 for db/db SSM vs. db/db IFM (C57BL/6] n=5, miR-21 KO n=6, db/db n=4,

DKO n=6).
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3.6. The membrane depolarization potential was higher in DKO SSM and IFM
compared to most other groups

Tetramethylrhodamine methyl ester (TMRM) is a dye that was used to
measure membrane depolarization potential of SSM and IFM in each of the four
groups, as described in Methods and Materials.

DKO SSM showed the highest depolarization potential compared to the miR-
21 KO and db/db groups while DKO IFM showed higher potentials than all three
other groups, as seen in Figures 3.6.2 and 3.6.3.

IFM showed lower depolarization potentials compared to SSM in the

C57BL/6] and db/db groups, as shown in Figure 3.6.1.
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Figure 3.6.1. SSM showed higher membrane depolarization potentials in the
WT and db/db groups. A TMRM dye was used to measure membrane
depolarization potential of SSM and IFM in each of the four test groups according to
the procedure described in Methods and Materials. The depolarization potential was
measured in units of RFU (Relative Fluorescence Units). The data is shown as mean
+ SEM. A one way ANOVA was performed to compare the results. *P < 0.05 C57BL/6]
IFM vs. C57BL/6] IFM and db/db SSM vs.db/db IFM (C57BL/6] n=5, miR-21 KO

n=6, db/db n=4, DKO n=6).

www.manharaa.com




42

SSM Membrane Depolarization Potential

0.23 4 . B

<

0.22 4

0.21 4

RFU

0.20 4

0.19 4

0.18 4
C578L/8 miR-21 KO db/db DKO

Figure 3.6.2. DKO SSM had a higher membrane depolarization potential than
miR-21 KO and db/db SSM while WT SSM depolarization potential was also
higher than db/db SSM. A TMRM dye was used to measure membrane
depolarization potential of SSM in each of the four test groups according to the
procedure described in Methods and Materials. The depolarization potential was
measured in units of RFU (Relative Fluorescence Units). The data is shown as mean
+ SEM. A one way ANOVA was performed to compare the results. *P < 0.05
C57BL/6] vs. db/db, BP < 0.05 miR-21 KO vs. DKO, and YP < 0.05 db/db vs. DKO

(C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.6.3. DKO IFM had a higher membrane depolarization potential than
the other test groups. A TMRM dye was used to measure membrane depolarization
potential of SSM in each of the four test groups according to the procedure
described in Methods and Materials. The depolarization potential was measured in
units of RFU (Relative Fluorescence Units). The data is shown as mean + SEM. A one
way ANOVA was performed to compare the results. “P < 0.05 C57BL/6] vs. DKO, FP <
0.05 miR-21 KO vs. DKO, and YP < 0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO

n=6, db/db n=4, DKO n=6).
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3.7. Diabetic mice show lower maximum membrane depolarization potentials
than WT and DKO mice

Tetramethylrhodamine methyl ester was used to measure maximum
membrane depolarization potential of SSM and IFM in each of the four groups, as
described in Methods and Materials.

SSM and IFM from db/db mice showed lower maximum membrane
depolarization potentials than WT and DKO SSM and IFM, respectively, as seen in
Figures 3.7.2 and 3.7.3.

There were no significant differences seen in each of the test groups when

comparing SSM and IFM, as shown in Figure 3.7.1.
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Figure 3.7.1. There were no significant differences in the maximum membrane
depolarization potential when comparing SSM and IFM in of the separate test
groups. A TMRM dye was used to measure maximum membrane potential of SSM
and IFM in each of the four test groups. The depolarization potential was measured
in units of RFU (Relative Fluorescence Units). The data is shown as mean + SEM. A
one way ANOVA was performed to compare the results. P < 0.05 for comparison

between SSM and IFM (C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Figure 3.7.2. Db/db SSM had a lower maximum membrane depolarization
potential than WT SSM and DKO SSM. A TMRM dye was used to measure
membrane depolarization potential of SSM in each of the four test groups according
to the procedure described in Methods and Materials. The depolarization potential
was measured in units of RFU (Relative Fluorescence Units). The data is shown as
mean * SEM. A one way ANOVA was performed to compare the results. *P < 0.05

C57BL/6] vs. db/db and PP < 0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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Figure 3.7.3. Db/db IFM had a lower maximum membrane depolarization
potential than WT IFM and DKO IFM. A TMRM dye was used to measure
membrane depolarization potential of SSM in each of the four test groups according
to the procedure described in Methods and Materials. The depolarization potential
was measured in units of RFU (Relative Fluorescence Units). The data is shown as
mean * SEM. A one way ANOVA was performed to compare the results. *P < 0.05

C57BL/6] vs. db/db and PP < 0.05 db/db vs. DKO (C57BL/6] n=5, miR-21 KO n=6,

db/db n=4, DKO n=6).
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3.8. Maximal Complex I ROS production was increased in DKO SSM compared
to the other test groups while DKO IFM Complex I ROS production was
increased compared to C57BL/6] and db/db mice.

To measure ROS production in SSM and IFM in the four test groups, the
amount of H20; release was quantified, as described in Methods and Materials. The
ROS production of Complex I was increased in DKO SSM compared to C57BL/6],
miR-21 KO and db/db SSM. DKO IFM also showed an increase in ROS production

compared to C57BL/6] and db/db IFM, as seen in Table 3.8.1.
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Maximal Production of ROS in Complex I

SSM IFM
C57BL6/] 1448 +184«  100.3+13.6%

miR-21 KO 150.1+£12.1«2 203.8 +58.8
db/db 1376 £10.1<3 83.9 £ 13.982

DKO 1915+7.8 138.0.3 £9.0

Table 3.8.1. DKO SSM had higher ROS production than the other three test SSM
groups and DKO IFM had higher ROS production than C57BL/6] and db/db
IFM. H20> release was measured and used as a marker when measuring ROS
production in SSM and IFM of the four test groups, as described in Methods and
Materials. The measurement unit was pmol/mg/min and the data is shown as mean
+ SEM. A one way ANOVA was performed to compare the results. 1P < 0.05
C57BL/6] SSM vs. DKO SSM, @2P < 0.05 miR-21 KO SSM vs. DKO SSM, 3P < 0.05
db/db SSM vs. DKO SSM, #1P < 0.05 C57BL/6] IFM vs. DKO IFM, and 2P < 0.05 db/db

IFM vs. DKO IFM (C57BL/6] n=5, miR-21 KO n=6, db/db n=4, DKO n=6).
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Chapter 4: Discussion

4.1. Db/db mice have the highest blood glucose levels but DKO blood glucose
levels are similar to WT and miR-21 KO mice.

In mice, normal blood glucose levels are regarded to be approximately 100
mg/dl and diabetic blood glucose levels are 200 mg/dl and above (Keren et al.,
2000). Since db/db mice display a model of type 2 diabetes mellitus, it is expected
that they would show increased blood glucose levels. But knocking out miR-21 in
diabetic mice restored the blood glucose levels back to values near WT and miR-21
KO levels, indicating that knocking out miR-21 may have a protective effect against

hyperglycemia.

4.2. Knocking out miR-21 generally restores oxidative phosphorylation
activity in diabetic mice

Oxidative phosphorylation is the term used to combine the activities of the
electron transport chain (ETC) and ATP synthase function. Together, the transfer of
electrons is linked to ATP production. This can be referred to as coupled respiration;
electrons are transferred through Complex [, II, II], and IV and are eventually used to
reduce oxygen to water. While the electrons are being transferred through the ETC,
protons are translocated from the mitochondrial matrix to the inner mitochondrial
space. This electrochemical potential drives Complex V, or ATP Synthase, to
phosphorylate ADP and produce ATP. Coupled respiration rates measure the
activity of Complexes I through Complex V, since ATP is linked with oxygen

consumption. An uncoupling molecule, such as DNP, can disrupt the electrochemical
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gradient of H* by allowing free movement of protons from the IMS to the matrix. So
in uncoupled respiration, oxygen consumption is not linked with ATP production, as
ATP Synthase activity is minimal. This diminishes Complex V function so only the
activity of the electron transport chain is measured (Cox & Nelson, 2000).

There are many different ways to assess oxidative phosphorylation function
including measuring State 3 respiration, State 4 respiration, respiratory control
ratios, ADP:O ratios, maximum coupled respiration rates, and maximum uncoupled
respiration rates. State 3 respiration is the respiration rate that occurs after
mitochondria, substrates, and ADP have been added. When ADP is added, oxidative
phosphorylation begins and oxygen consumption is measured. When the exogenous
ADP has been phosphorylated, oxygen consumption slows and this is referred to as
State 4 respiration. The respiratory control ratio (RCR) is just the ratio of State 3
respiration to State 4 respiration. A high RCR value shows that there was a large
increase in oxygen consumption, an indicator of overall respiration, followed by a
steady value of State 4 respiration, which suggests that the IMM is relatively intact
and there is little proton “leakage” across the membrane. The ADP:O ratio refers to
the amount of ADP molecules that are phosphorylated for each oxygen atom that is
reduced to water. When a high concentration of ADP is added, the maximal rate of
coupled respiration can be measured. The addition of DNP causes uncoupling of
respiration from ATP production so only oxygen consumption can be measured
(Lesnefsky & Hoppel, 2006). For Complex [, the substrates used were
glutamate+malate while the substrates used for Complex I and Complex IV were

succinate+rotenone and TMPD, respectively. Rotenone blocks the transfer of
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electrons from Complex I to Complex II, which effectively allows for the
measurement of the ETC only from Complex II through Complex V. The function of
TMPD is to reduce cytochrome c, therefore mimicking the activity of Complex IV.

In the present data, the overall trend in Complex I and Complex II was that
db/db mice had lower rates of oxygen consumption in the measured variables, for
both SSM and IFM, than WT mice. This result is in accordance with literature as
other studies have reported that db/db mice show lower respiration rates of
Complex I and Complex II (Croston et al., 2014). But in the DKO mice, with a few
exceptions due to statistical insignificance, higher levels of Complex I and Complex II
were seen when compared to db/db mice in terms of State 3 respiration, maximum
coupled respiration, and maximum uncoupled respiration in both the SSM and IFM
populations. However, a significant difference between the maximum coupled
respiration rates using substrates for Complex [V were not seen, indicating that a
defect, if one is present, is upstream of Complex IV. Overall, this data indicates that
knocking out miR-21 in diabetic mice has a protective effect on oxidative

phosphorylation activity in cardiac mitochondria.

4.3.IFM show a greater ability for handling calcium than SSM in db/db mice

In some pathological conditions, the mitochondrial permeability transition
pore can open, which leads to release of certain molecules that can cause
mitochondrial death (Crompton, 1999). Calcium retention capacity can be used an
assay to mark MPTP opening since a high concentration of calcium can lead to MPTP

opening. A higher sensitivity to calcium indicates that the mitochondria is not able
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to sequester much calcium and reaches MPTP opening earlier (Hollander, Thapa, &
Sheperd, 2014).

In this study, the only significant difference was seen in the db/db mouse
group, in which [FM showed the ability to handle calcium better than SSM. Due to
high variability in the other groups, not many significant conclusions can be drawn
even though the overall trend is that that knocking out miR-21 has a detrimental
effect on calcium handling ability and [FM can handle calcium better than SSM in all
four groups. The ability of [FM to handle calcium better has been reported in the
literature and led to a slower opening of the MPTP (Hollander, Thapa, & Sheperd,
2014). However, these results cannot be taken at face value due to the high

variability and low sample size.

4.4. DKO mice have higher depolarization and maximum membrane
depolarization potentials compared to other db/db mice

As discussed earlier, oxidative phosphorylation generates a proton motive
force (pmf) that contributes to ATP synthesis by Complex V of the respirasome and
also creates a potential difference across the inner mitochondrial membrane (IMM).
This potential can be measured using TMRM, which is a positively charged
fluorescent dye that accumulates in the negatively charged matrix of the
mitochondria. When mitochondria depolarize, TMRM is released and the
fluorescence can be quantified. The depolarization potential can be measured when
protons cross the IMM and are used by Complex V to make ATP from ADP. The

maximum membrane potential can be measured using oligomycin and DNP.
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Oligomycin is an inhibitor of Complex V and therefore stops the flow of protons
across the IMM, which restores the mitochondrial membrane potential. DNP, an
uncoupler, causes protons to flow across the IMM independently of Complex V
function. Taking the difference between the oligomycin potential and final DNP
potential results in the maximum membrane potential, as seen in Figure 4.4.1 (Chen,
Ross, Hu, & Lesnefsky, 2012). Since the electrochemical potential across the IMM
has an integral role in the activity of Complex V, it is expected that the IMM

membrane potential has a large impact on oxidative phosphorylation rates.

0.65 7 Glutamate ,~ADP

51 85 _DNP
= DNP T
= 0.53 4
“g il DNP DNP DNP V3
S 041 l’ *l'
035 Mitochondria
0 50 100 150 200 250 300 350

Time (s)

W¥1: ADP stimulated depolarization
V2: Oligomycin induced polarization
¥3: DNP induced depolarization

Figure 4.4.1. A depiction of depolarization and maximum membrane
depolarization potential measurements (Chen, Ross, Hu, & Lesnefsky,

2012).

In this study, the DKO SSM and IFM populations both had higher

depolarization potentials and higher membrane potentials than db/db mice. When

the proton-motive force in intact, oxygen consumption increases as the membrane
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potential increases in a nonlinear fashion. When the proton-motive force is
depleted, oxygen consumption again increases with the membrane potential but in a
linear fashion and at a much lower rate, as seen in Figure 4.4.2 (Jastroch,

Divakaruni, Mookerjee, Treberg, & Brand, 2010).

oxygen consumption —

AY —

Figure 4.4.2. A depiction of the rise in oxygen consumption as the
membrane potential increases. The solid line indicates the rise in oxygen
consumption when the proton motive force is intact. The dashed line indicates the
rise in oxygen consumption if the proton motive force is depleted (Jastroch,

Divakaruni, Mookerjee, Treberg, & Brand, 2010).

Proton “leakage” from the IMM can be determined using oligomycin; since
oligomycin blocks the movement of protons by Complex V, the membrane potential
is restored. If there is a significant proton leak across the membrane, the membrane

potential will be diminished. Since a depletion of membrane potential was not seen
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with oligomycin in this study, it can be inferred that there was no significant proton
backflow. This indicates that the proton motive force was intact and the rates of
oxygen consumption were significant in the ETC. This is supported by the previously
shown data references the rates of oxygen consumption in Complex I, Complex II,

and Complex IV.

4.5. DKO production of ROS in both SSM and IFM was increased compared to
most other groups

The overproduction of reactive oxygen species in cells is a poor
indicator of overall cell survival as ROS production can lead to apoptosis and MPTP
opening, both of which lead to cell death. However, it has been shown that at
moderate concentrations, ROS can stimulate signaling cascades and lead to the
activation of transcription, gene expression, and even muscle contraction. Muscle
contraction is dependent on Ca?* release from the sarcoplasmic reticulum, which
might be partially regulated by the release of H202. (Suzuki, 1999).

In this study, H20> release was taken as a measure of ROS production in SSM
and IFM in all four test groups. Glutamate and malate were used as substrates while
rotenone was used to block the transfer of electrons from Complex [ to Complex II,
effectively giving a reliable measurement of the ROS production from only Complex
[. With some exceptions due to statistical insignificance, the overall trend was that
DKO mice showed increased ROS production in both SSM and [FM populations in

Complex I.
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These results may be an indicator that knocking out miR-21 in diabetic mice
negatively impacts Complex [ and leads to higher release of H,02. However,
knocking out miR-21 in the diabetic state led to an increase in oxidative
phosphorylation Complex [ function. The increased ROS production may play a role
in the rescue of ATP production, as seen in the increased oxidative phosphorylation
rates, which could lead to increased contractile function. Prioritizing oxidative
phosphorylation function over ROS production could lead to these results and
rescue contractile function but increased ROS production may affect the heart

detrimentally in the long run.

Chapter 5: Conclusion

In this study, we hoped to determine some of the effects that miR-21 might
have on subsarcolemmal and interfibrillar mitochondria in the normal and diabetic
heart and hypothesized that knocking out miR-21 function would have a positive
impact on oxidative phosphorylation activity, ROS production, and MPTP opening.
We saw that knocking out miR-21 had both positive and negative effects based on
what variable was being measured and in which group it was being tested.

Complex I is especially important in oxidative phosphorylation because it is
NADH-dependent. It uses the electrons from NADH to set off the oxidative
phosphorylation chain. NADH is the link between the catabolism of proteins, sugars,
and fats, and eventual energy production as the breakdown of those molecules
creates substrates that enter the citric acid cycle and eventually, electrons are

transferred to NADH. Glucose oxidation and fatty oxidation both use NADH as an
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intermediary between catabolism and ATP production from oxidative
phosphorylation (Cox & Nelson, 2000).

Knocking out miR-21 in diabetic mice increased function in Complex [ and
Complex II. However, DKO mice also showed increased ROS production in Complex
I

Overall, these results indicate that knocking out miR-21 may have a
protective role in oxidative phosphorylation function in the diabetic heart but may
come at the expense of increased ROS production so the initial hypothesis may be
partially correct.

Due to small sample size, few solid conclusions can be drawn even though
the overall trend is present throughout the measured variables. Increasing the
sample size might improve the efficacy of the measured variables and could be a
step to take in the future. This study also raises further questions and avenues for
exploration, such as if miR-21 primarily has a systemic effect on diabetic mice and
then a secondary effect on diabetic heart function. In the long term, mitochondria
from the liver and skeletal muscle could be tested for function and compared against
cardiac mitochondrial data. It might be particularly beneficial to check the effects of
knocking out miR-21 in the pancreas, especially in the insulin producing cells, as a
total knockout of miR-21 had a protective effect against hyperglycemia in diabetic
mice. In the short term, the sample size could be increased to improve the
significance of the present data. Future studies should be performed to pinpoint the

exact effects miR-21 has on the heart, as well as throughout the body.
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