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AN ABSTRACT OF THE THESIS OF

Natalie Shawki Youssef for Master of Science
Major: Physiology

Title: Reno-protective effect of GLP-1 receptor agonists: Silencing the cross-talk
between TRPC6 and NADPH oxidases in diabetic rats.

Background

Diabetic kidney disease (DKD) is a life-threatening complication of Diabetes. It is
characterized by podocyte injury which compromises the glomerular filtration barrier,
thus, leading to proteinuria. Podocyte injury is thought to be mediated by reactive
oxygen species (ROS) production via NADPH oxidases. DUOX 1 and 2 are NADPH
oxidase isoforms that acquire in their structure a calcium binding site. Calcium
signaling through TRPC channels is of key importance in podocyte function and
disruption of its homeostasis leads to cytoskeleton disorganization, foot process
effacement and disruption of slit diaphragm. Evidence from literature suggests that
TRPC6 channels can be activated by NADPH oxidases eventually leading to diabetic
kidney injury. On the other hand, GLP-1 was found to regulate calcium channels in
pancreatic cells. Besides, hypoglycemic treatments such as GLP-1 receptor agonists
(GLP-1RA) have been shown to exert a reno-protective effect, yet this mechanism is
still not well elucidated. Herein, we aim to investigate the role of TRPC6 channel and
NADPH oxidases in kidney injury and the effect of GLP-1RA on reversing this process.
Design

Sprague Dawley rats were allocated into five groups: control, STZ induced type |
diabetic group, STZ induced type 1 diabetic group treated with Metformin or GLP-1RA
or combination for duration of 8 weeks. Functional, histopathological, biochemical and
molecular studies were performed on kidney tissues from all groups.

Results

GLP-1RA treatment ameliorates kidney injury. This was transduced by a reduction in
BUN, SCr and proteinuria. PAS and MT staining revealed reduced collagen deposition
and fibrosis. This result was consistent with mMRNA expression of fibronectin in kidney
tissues. In addition, nephrin mMRNA expression was restored upon treatment. Moreover,
we noticed decreased ROS production, NADPH oxidases activity and mRNA
expression of DUOXs, with reduced expression of TRPC6 but not TRPC3 upon treating
with GLP-1RA.

Conclusion

GLP-1RA seems to delay diabetic nephropathy by modulating the cross-talk between
TRPC6 and NADPH oxidases. These clues could pinpoint novel molecular mechanisms
in DKD.

Vi
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CHAPTER 1
INTRODUCTION

1.1. Diabetes Mellitus
1.1.1. Global Picture

Diabetes is one of the largest health emergencies of the 21% century. It affects
both developed and developing countries and considered as one of the NCDs which
encompass cardiovascular disease, cancer, respiratory disease in addition to diabetes.
Diabetes causes a significant reduction of the life expectancy of the elderly. This
problem is expected to grow to an even larger scale in the future. There are currently
425 million people suffering from diabetes worldwide. This number represents around
8.8% of adults ageing between 20 to 79 years. About 79% of this number represents
people dwelling in low- or middle-income countries which are exacerbating the
healthcare expenses over an already deteriorating economy. Increasing the age range to
span 18 to 99 years will show an increase of the number of patients with diabetes to 451
million. Plotting this trend of increase across the years and extrapolating it to the year
2045 will give us a number of around 700 million people suffering from diabetes’.

Diabetes presents a major economic burden. The economic health burden of
diabetes can be better explained by looking for example at the healthcare expenses of
the United States where one of every 8 dollars spent on healthcare is spent on diabetes.
People in the USA spent 727 billion Dollars yearly on diabetes. This amount of
expenditure exhausts the budget of healthcare resulting in reduction of productivity and
slow-down of the economic growth which can eventually lead to the overwhelming of

the healthcare system .



Finally, the problem of diabetes is exacerbated due to the fact that 30% to 80%
of people with diabetes are not diagnosed . It is obvious that early detection and
diagnosis of diabetes in addition to lifestyle changes and cost-effective treatment are all

required to tackle diabetes and its life-threatening complications.

1.1.2. Definition and Pathophysiology

The ADA defines diabetes as “a group of metabolic diseases that are
characterized by hyperglycemia resulting from defects in insulin secretion, insulin
action, or both.” ® Diabetes is associated with serious complications that affect the eyes
(retinopathy), nerves (neuropathy), kidneys (nephropathy), heart and blood vessels
causing dysfunction and deterioration of the affected organs *.

The pathogenesis of diabetes is complicated and several factors contribute
together to lead to the final development of diabetes. The most direct pathology is the
destruction of B-cells of the pancreas through an autoimmune reaction leading to an
absolute reduction of insulin secretion. Another pathological mechanism involves the
development of insulin resistance. Both reduction of insulin secretion and insulin
resistance affect the ability of the body to metabolize carbohydrates, fat and protein.
However, hyperglycemia is the end result of both mechanisms and it is the hallmark of
diabetes .

Hyperglycemia is associated with clinical symptoms that points towards the
diagnosis of diabetes. These symptoms include polyuria (frequent urination), polydipsia
(frequent thirst), weight loss in spite of polyphagia (frequent eating) and blurred vision.
In early age, diabetes can lead to increased susceptibility to infections and growth
retardation. If hyperglycemia is not tightly controlled, it can lead to ketoacidosis or a

condition called non-ketotic hyperosmolar syndrome *.



1.1.3. Types of Diabetes

According to the aforementioned pathophysiology, patients with diabetes are
classified into two main categories. The first category is TLIDM where the cause of
diabetes is an absolute reduction of insulin secretion by pancreatic -cells. Early
diagnostic approaches for this type focus on the detection of autoimmune serological
markers together with genetic markers that predisposes p-cells destruction. The second
category encompasses the most prevalent T2DM. The pathophysiology underlying this
type of diabetes is insulin resistance in multiple cell types concomitant with an adequate
insulin secretion by the pancreas. T2DM is accompanied by hyperglycemia that may
persist for sometimes without the appearance of any of the classic symptoms of diabetes
which makes it underdiagnosed for a while. However, this hyperglycemia can still
affect target organs and predispose complications. A helpful test during this
asymptomatic period is the oral glucose tolerance test which can detect abnormal
carbohydrate metabolism. Other tests include measurement of fasting blood glucose or

HbA . 3. For the sake of this thesis, we will focus on T1IDM.

1.1.4. Type 1 Diabetes Mellitus

About 5 to 10% of patients with diabetes suffer from T1DM. It was formerly
called IDDM due to the necessity of the incorporation of exogenous insulin in the
treatment regimen of these patients. Another synonym is juvenile-onset diabetes as it
strikes patients at early age. TLDM is caused by a cellular-mediated destruction of j3-
cells of the pancreas due to an autoimmune reaction. Autoimmune antibodies can be
detected in the sera of patients such as antibodies to GADG65, tyrosine phosphatase 1A-2
and IA-2p. These antibodies are used as biomarkers for T1DM as they are present in

85-90% of patients. They help in classifying their diabetes as type 1 which helps in



early treatment. The genetic background for TLDM involves genes of the immune
system including DQA, DQB and DRB genes in association with HLA >,

In TIDM, there is destruction for the insulin-producing cells which cannot be
redeemed. The rate of this destruction undergoes individual variation. While it can be
fast in some individuals (as we see in cases of children), it can be slower in others (as in
case of adults). When this destruction happens fast, the body loses the ability to secrete
insulin and carbohydrate metabolism will be severely affected resulting in ketoacidosis.
Some undiagnosed children with TIDM may only have moderate fasting hyperglycemia
but these moderate levels can be suddenly elevated upon exposure to infections or other
stressors. In case of adults where B-cells destruction is slow, some of their function can
be retained which will prevent episodes of severe hyperglycemia and subsequent
ketoacidosis. This type of diabetes is mainly detected in children and early adolescents.
However, it has been proven that the autoimmune destruction can even happen in
patients at their eightieth or ninetieth *.

Although the principal cause for this autoimmune reaction has been linked to
genetic factors, environmental factors appeared to be equally contributing. The role of
obesity in TIDM is still ambiguous. Intriguingly, patients with TLDM are also prone to
other immune disorders like Addison’s disease, Grave’s disease, vitiligo, Hashimoto’s
thyroiditis, celiac sprue and myasthenia gravis °.

Interestingly, TLIDM can occur without any autoimmune reaction in cases now
defined as idiopathic diabetes. These patients still suffer from permanent lack of insulin
and require lifetime insulin-replacement therapy. Only a very small portion of patients

with T1DM suffer from this idiopathic type mostly from African or Asian descent. The



genetic component is very dominant among these individuals and it is a heritable form

of diabetes and it is not associated with HLA or autoimmunity >.

1.1.5. Diabetic Complications

If diabetes is controlled and managed with hypoglycemic drugs and/or
exogenous insulin, patients will lead a completely normal life. On the other hand, if
diabetes is uncontrolled and hyperglycemia persists for long time, complications will
arise. Diabetic complications are divided into microangiopathies and
macroangiopathies. Diabetes can lead to retinopathy which can be further complicated
with vision loss, nephropathy which ultimately can lead to renal failure and requirement
for dialysis, neuropathy (both peripheral and autonomic) which can lead to foot ulcers
and risk of amputation. Other major complications of diabetes include cardiovascular,
genitourinary, gastrointestinal complications and sexual dysfunction. Epidemiological
studies show that patients with diabetes are more susceptible for atherosclerosis,
coronary artery disease and cerebrovascular disease °.

In our study, we focused on diabetic nephropathy or the broader term DKD.

1.2. Diabetic Nephropathy

Type 1 diabetes is associated with many complications, among them diabetic
nephropathy appears to be the most serious and the most frequent *. Hyperglycemia
associated with TLDM severely affects renal glomeruli causing microvascular lesions
that will eventually lead to nephropathy. Diabetes does not only cause microvascular
lesions in the kidneys, but it can also lead to macrovascular complications which further

aggravate diabetic nephropathy.

1.2.1. Epidemiology and diagnosis of Diabetic Nephropathy



Being the most frequent complication of TLDM, diabetic nephropathy affects
25-40% of patients with TLDM °. More prominent, if diabetes lasted for 20 to 30 years,

4 to 17% of patients would suffer from end stage renal disease °.

1.2.2. Diagnosis of Diabetic Nephropathy

The gold standard for screening, diagnosis and follow-up of diabetic
nephropathy is albuminuria. It has been used since the 1980s ®® and shows acceptable
sensitivity and specificity. There is a 60 to 90% chance that patients with TLDM, having
microalbuminuria (30-300 ug/min), will develop advanced kidney disease in 7 to 14
years. Microalbuminuria indicates irregular renal filtration function and abnormal

excretion which are the key pathological alterations in diabetic nephropathy.

1.2.3. Pathogenesis of Diabetic Nephropathy

Hyperglycemia affects many vital organs. In the setting of TLDM,
hyperglycemia affects endothelial cells of both blood vessels and renal glomeruli. This
will result in abnormal blood flow and increased vascular permeability. Vascular
permeability is very critical for the filtration barrier of the glomeruli and its disruption
will impair renal function. Since the hallmarks of the pathology centers around an
increase in blood flow paralleled with an increase in intra-capillary hydrostatic pressure,
it was thought that hyperglycemia causes reduced production of nitric oxide and an
increased production of angiotensin Il. Consequently, glomerular afferent arterioles will
be more permeant for plasma proteins and the AER will significantly increase. When
detected at early stage, diabetic nephropathy can be manageable and many therapeutic
strategies can be employed. However, if diabetes is uncontrolled and hyperglycemic

episodes are frequent, diabetic nephropathy can lead to end-stage renal failure *.



Evidence from literature shows that intensive control of hyperglycemia by
antidiabetic treatment did not completely prevent the development diabetic nephropathy
° This finding proves that factors other than hyperglycemia are essential in the
pathogenesis of this particular complication. Many efforts were undertaken to elucidate
these mechanisms. A central pathophysiological mechanism involves the mitochondrial
ROS in the renal mesangial cells *°. A summary of the pathological mechanisms

involved in diabetic nephropathy is outlined in Figure 1 **.

Diabetes mellitus
Hyperglycemia-diabetic millieu

Y
Sorbitol-aldose Advanced

reductase -«> glycation Growth factors

. pathway end-products TGF-p

CTGF

|Oxidative stress| <—>|Protein kinase C| VEGF

l Adipocytokines| | v
Tl SOy Adiponectin Chemokines
Visfatin Adhesion molecules
< > ICAM-1, VCAM-1

Proinflammatory cytokines
Interleukin 1, 6, 18 and TNF-a

l

Functional and structural changes
Diabetic nephropathy

A

Figure 1: Schematic overview of the participation of inflammatory mechanisms in the
pathophysiology of diabetic nephropathy. MCP: Monocyte chemoattractant protein;
CSF: Colony-stimulating factor; ICAM: Intercellular adhesion molecule; VCAM:
Vascular cell adhesion molecule (Luis-Rodriguz et al., 2012).



Hyperglycemia is associated with increased production of superoxide radicals
from the mitochondria. This hyper-production is believed to be the initiating mechanism
for vascular tissue damage observed in diabetic complications as it interferes with the
redox homeostasis and imparts oxidative stress inside affected cells °.

In case of diabetic nephropathy, oxidative stress was shown to be a key player
in the development of diabetic kidney injury. Hyperglycemia not only increases
oxidative stress, but also impairs the natural antioxidant mechanisms like superoxide
dismutase and others. Oxidative stress on its turn can impact the electron transport chain
leading to further formation of ROS in a vicious cycle that further complicates the
initial nephropathy. Furthermore, ROS can damage the mitochondrial DNA and affects
the cellular respiration *2.

Another mechanism responsible for the development of diabetic nephropathy is
the accumulation of AGEs. T1DM can accelerate the formation of AGEs in the kidneys
since the main route for excretion of AGEs is through the kidneys *°. AGEs acts by
binding to specific receptors that are expressed in kidneys (RAGE) which leads to the
expression of TGF-B and various cytokines that are involved in the epithelial cells
transformation into myofibroblasts which predisposes to renal fibrosis .

A hallmark of diabetic nephropathy is the disruption of the filtration barrier
and thickening of the GBM. The pathophysiological mechanisms underlying this
outcome is under control of PKC which is over-activated in diabetic nephropathy .
The activation of PKC may be a direct consequence for hyperglycemia or due to the
over-production of AGEs, RAGEs and ROS **.

Impairment of nephrin expression is another pathophysiological mechanism for

diabetic nephropathy. Nephrin is expressed in the slit membrane of the podocytes and it



is a transmembrane protein. The reduction of nephrin expression is responsible for the
disruption of the filtration barrier and excretion of albumin (alouminuria) observed in
diabetic nephropathy *°.

An essential target for all these pathological mechanisms is the podocytes

which governs the integrity of the renal filtration barrier.

1.3. Podocyte Dysfunction

The first link between podocyte and diabetic nephropathy was observed by
Pagtalunan et al. where he reported podocyte loss in diabetic nephropathy °. Growing
evidence from literature emphasized the key role of podocyte loss in diabetic
nephropathy and correlated it with glomerulosclerosis and proteinuria " *°. Podocyte
loss has a major impact on the GFB as their loss cannot be compensated and it is
irreversible %.

Podocytes are unique type of differentiated cells. They differentiate from
epithelial cells and their morphology include a cell body, primary and foot processes
making them ideal for their assigned function. While their cell bodies surround the
glomerular capillaries, their foot processes are arranged in a tight fashion closely
approaching the foot processes of the neighboring podocyte but with the creation of a
narrow SD. This SD is governed by many specialized proteins that allow glomerular
filtration and signal transduction 2*. Podocyte injury is reflected in FPE which signifies
the flattening of the podocyte processes followed by their widening and retraction from
the SD compromising the GFB 2. By disrupting GFB, FPE ultimately leads to

albuminuria.

1.3.1. Foot Process Effacement: Role of Nephrin



A key player in this process is the transmembrane protein, nephrin that was
mentioned earlier. Nephrin contributes to the formation of the SD through its zipper-
like extracellular domain while it contributes to signaling through the intracellular
domain. Podocyte survival depends a great deal on nephrin %. It is reported that
mutations in genes encoding nephrin was associated with congenital nephrotic
syndrome 2*. These findings suggest the use of nephrin as a biomarker for podocyte
injury.

The role of nephrin in diabetic nephropathy pathogenesis is multifactorial.
Nephrin acts as a scaffold protein to which several proteins can attach such as PI3K, the
Src family kinase Fyn, and phospholipase Cy1%?®. The main outcome of the attachment
of these proteins is the arrangement of the podocyte cytoskeleton 2. The absence (or
down regulation ) of nephrin in patients with diabetes, mainly due to faulty Ebf2
transcription impairs this process 2’. This impairment is manifested in abnormal
arrangement of action which results in disruption of the SD and subsequent FPE %.

Another pathological mechanism that is mediated by the loss of nephrin is
affecting the insulin sensitivity of podocytes. As scaffolding protein, nephrin facilitates
the docking of glucose transporters GLUT1 and GLUT4 which results in the
recognition of insulin and relaying its signaling 2°. The absence of insulin signaling in
podocytes can predispose to diabetic nephropathy even in the absence of hyperglycemia
as shown in mice with podocyte-specific knockout of the insulin receptors 2%
Moreover, it was proposed that Ang 1l and VEGF both mediate their pathological
effects by down-regulating nephrin expression 3!, This was further validated by using
irbesartan an ARB which successfully restored nephrin expression back to normal in

animals with diabetic nephropathy resulting in a reduction of their albuminuria levels .
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Collectively, these studies emphasize the role of nephrin in the arrangement of podocyte

cytoskeleton and insulin signaling and maintaining normal function of podocytes *2.

1.3.2. Podocyte Cytoskelton Disorganazition

The actin cytoskeleton is essential for podocytes to maintain a normal function
and to keep a healthy SD which is the key of proper filtration. This actin cytoskeleton is
mainly maintained by the Rho-family of small GTPases namely RhoA, Racl and
Cdc42. By switching between active and inactive states, these proteins affect cellular
motility and cellular migration in response to signaling molecules *. There is no
surprise then that these small regulatory proteins are under rigorous control by the
podocytes. For instance, Racl knockout was shown to be protective against podocyte
injury in animal models ** and its hyper-activation in vivo caused FPE manifested in
rapid-onset proteinuria . Likewise, manipulation of the upstream signaling pathways
resulted in cytoskeleton remodeling and FPE *°. In the diabetic milieu, hyperglycemia,
ROS and AGEs have been all shown to affect the Rho-GTPase family proteins resulting

in FPE 3%,

1.3.3. Detachment of Podocytes

Besides FPE, podocyte loss represents another key pathology for diabetic
nephropathy. The adherence of podocytes to the basement membrane, normally
governed by via a3p1 integrin and dystroglycans *, is compromised in diabetes. In
diabetic nephropathy, podocytes can be recovered from the urine of the patients
indicating podocyte detachment and death *. In addition, mMRNA levels of a3f1 integrin

increase in podocytes cultured under high glucose conditions in animal models.
1.3.4. Podocyte Death
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High glucose can result in podocyte death +°

. Mainly, the release of ROS from
the mitochondria and its interaction with the TGF-B/p38MAPK pathway has been
shown to be a central mechanism “°. Other studies by our group and others showed a
key role for the membrane-attached NOX and its regulatory pathways “***. Both
mechanisms lead to podocyte death resulting in albuminuria, expansion of the
mesangial matrix and pathological features of diabetic nephropathy associated with
T1DM and T2DM *+*2,

Alongside apoptosis, autophagy is also playing a role in podocyte rarefication.
Podocytes in diabetic nephropathy showed lower flux of autophagy as observed by
Hartleben et al. which affects protein turnover in these cells *°. This autophagy defect
will lead to the accumulation of faulty proteins contributing to eventual podocyte
death®,

Podocyte death can also be a result of diabetes-associated inflammation.
Patients with diabetes show higher levels of caspasel which is considered an
inflammatory marker #’. On its turn, caspasel acts by cleaving interleukin-1p resulting
in pyroptosis, which is a term used to describe inflammatory cell death due to the
involvement of NIrp3 inflammasome “®. Pyroptosis affects podocytes promoting the
development of diabetic nephropathy. This finding was further confirmed by

amelioration of the course of the disease in mice upon neutralization of interleukin-1

47,49

1.3.5. Podocyte Hypertrophy and Dedifferentiation
Podocyte detachment and podocyte loss leaves a gap in the GFB. The
remaining podocytes have the duty to cover this gap to try to compensate. This duty is

fulfilled through hypertrophy via the activation of the mechanistic mTOR pathway *°.
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There are two complexes that contain the mTOR catalytic subunit, mMTORC1 and
mTORC2. While mTORC1 is responsible for protein translation, cellular growth,
ribosomal biogenesis and autophagy, mTORC?2 appears to be responsible for cell
survival, metabolism and cytoskeleton arrangement “**°. Podocyte health is governed in
large part by homeostatic mTOR signaling that needs further investigation **. In
podocytes of patients with diabetic nephropathy, mTOR is responsible for autophagy
and notch reactivation “°. Similarly, the inhibition of mMTORC1 pathway in mice
resulted in slowing the progression of diabetic nephropathy *°. mTOR was also shown

to mediate ROS production through activation of NOX resulting in podocyte injury .

1.3.6. Glomerulosclerosis

The loss of 20% of podocytes will result in the death of the remaining cells
leading to the development of glomerulosclerosis even if hyperglycemia (or any other
initiating factor) is no longer present. It was shown that podocyte injury can be
transferred from one podocyte to another and from podocytes to glomerular cells >,
These findings suggest the presence of cellular interactions and communication inside
the glomeruli which is lost upon podocyte damage. This intra-glomerular
communication is shown in case of VEGF, which is synthesized by the podocytes .

As podocyte loss is irreversible, better understanding of mechanisms of
podocyte injury and its targeting in early stages is essential for the management of
diabetic nephropathy. The key mechanisms of podocyte injury in diabetic nephropathy

are outlined in Figure 2 **.
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Figure 2: Key mechanisms of podocyte injury in diabetic nephropathy (Bose et al.,
2017).

1.4. Calcium signaling in podocytes: Role of TRPC

1.4.1. Transient Receptor Potential Canonical Channels

TRPCs are transmembrane proteins that contain six membrane-spanning alpha-helical
domains, with both their N and C-termini protruded in the cytosol. There are 7 genes in
vertebrates that encodes for the TRPC family of cation channels. These genes are
clustered as follows: TRPC3/6/7 are clustered together while TRPC4/5 are clustered
together. This clustering mainly reflects their ability to form heterodimers. TRPC6
forms a heterodimer with TRPC3 as proved from their co-immunoprecipitation from
podocyte cell line. This heterodimer expresses better mechanosensitivity than dimers of
every channel alone *°. Both channels work together and compensate for each other.
Mutations in the gene encoding TRPC6 channels result in severe nephrotic syndromes

that typically lead to end-stage renal disease *°.
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1.4.2. TRPC in kidney diseases

Calcium signaling is of key importance in podocyte function and disruption of
its homeostasis can lead to pathological manifestations like those seen in diabetic
nephropathy. The calcium permeable channels TRPC (stands for transient receptor
potential canonical channels) control calcium influx in podocytes and have essential
role in diabetic nephropathy °°. Many studies have emphasized the role of TRPC
channels in podocytopathy and renal diseases 2. TRPC is a family of 7 structurally-
related protein channels denoted from 1 to 7 **®, All of TRPC channels are expressed
in podocytes except for TRPC2 and TRPC7 ®*%. Calcium influx into the podocytes is
governed by TRPC 3,5 and 6 as shown from literature %7,

A study that used smooth muscle cells of the aorta showed that TRPC channels
cross talk with each other as TRPC6-knockout mice had a higher calcium influx that
was abolished by inhibiting TRPC3 ®. This finding has yet to be confirmed in
podocytes . This crosstalk should be regarded in generating knockout mice models.

Although both TRPC3 and TRPCG6 are expressed in podocytes and are
involved in diabetic nephropathy, some studies have shown that TRPC6 and TRPC3 are
able to form heteromers in the renal cortex, however, not necessarily in all cell types.
For instance, in renal tubular cells, these two channels have shown to be independent, as
they traffic independently and thus do not form a heteromer *°.

In healthy states, podocyte TRPC5 channels appear to play a major role in
regulating calcium influx which is deteriorated in kidney disease. TRPC5 malfunction
may be a cause for the pathogenesis of proteinuria "°. However, the key player in
podocyte loss in nephropathy appears to be TRPC6. This was confirmed by reporting

gain-of-function mutation in TRPC6 in FSGS "*. Even without mutation, the change of
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TRPC6 expression can lead to nephropathies % e.g. TPRC6 expression increases in
patients with membranous glomerulonephritis and is associated with proteinuria in this
disease "*. On its own, the over-expression of TRPC6 due to a gain-of-function
mutation is responsible for development of a kidney disease that resembles FSGS ™.
When TRPC6 channels are expressed in supra-physiological amounts they lead to an
increased calcium influx into the podocytes, this can lead to podocyte loss and
detachment ". Inhibition of TRPC6 channels was even proposed as a therapeutic
strategy for kidney diseases .

TRPC6 channel is a transmembrane protein that interacts with several other
proteins such as nephrin and podocin and impart a signaling function inside these cells
.73 In an interesting experiment, researchers mutated podocin to lose its ability to
activate TRPC6. They found that the SD integrity was compromised showing
aggressive proteinuria followed by podocyte loss and eventually leading to
glomerulosclerosis . TRPC6 can be activated in response to stretch or binding of
diacylglycerol analog. Podocin profoundly controls TRPC6 and its knockout lead to the
activation of TRPCS in response to stretch but not to the diacylglycerol analog .

ANG I1, in addition to its classic role in mediating renal inflammation and
fibrosis, indirectly lead to podocyte death through activating TRPC6 channels leading to
abnormal calcium influx into these cells ”°. Moreover, ANG Il induce apoptosis in
podocytes through a mechanism that involves calcium influx through TRPC6 channels
% Inhibition of ANG I, through ARB or ACE inhibitors, can be highly beneficial in
reversing proteinuria and slowing the progression of glomerulosclerosis %2,

In summary, without proper activators, TRPC6 remain inactive, a fact that

accentuates the importance of its activators in both physiological and pathological
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conditions. On contrary, the hyper-activation of TRPC6 channel is observed in
podocyte depletion as mentioned before. It is all a matter of delicate balance between
the active and inactive states and the interplay between various activation stimuli and
molecules. Hyper-activation of TRPC6 can be a result of a gain-of-function mutation in
the TRPCG6 gene or a mutation that affects its interacting proteins or activators like
NPHS2, APOL1, ACTN4, and INF2. These highlighted mutations result in a disease
phenotype that is exactly the same as the one observed with the gain-of-function
mutation in the TRPC6 gene. Collectively, these data prove that regulation of calcium
influx inside the podocyte through TRPC6 channels is of utmost importance in the

course of kidney disease 3%,

1.4.3. TRPC6 and ROS Production

ANG II crosstalk with TRPCG6 further revealed another very important
mediator, which is ROS %. The activation of TRPCS6 in response to ANG Il needs the
presence of ROS to relay the signal as observed in rat podocytes %. More intriguing, the
incriminated NOX enzymes, that are involved in the pathogenesis of diabetic
nephropathy, can form a complex with TRPC6 channels in the presence of podocin &.
In diabetic patients, hyperglycemia and hyperinsulemia can result in induction of
TRPC6 expression and subsequent calcium influx into the podocytes &%, Remarkably,
these same factors are also associated with increased ROS production %. Moreover,
TRPC6 over-expression has been linked with oxidative stress and podocyte injury .

The pathological role of ROS in the development of kidney injury and diabetic
nephropathy is well documented. ROS production in podocytes can lead to glomerular
sclerosis and its scavenging using anti-oxidants have been shown protective against

such injury %, There are many sources for ROS production inside the cell. However,
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NADPH oxidases are the main driver and co-player with TRPC6 in maintaining
podocyte injury as documented by Chen et al. **. Figure 3 illustrates the crosstalk
between ANG 11, ROS and TRPC6 in podocyte loss and development of proteinuria *.
Finally, ANG Il and ROS are only 2 of many activators and regulators of TRPC6 which
appears to be an essential component in imparting podocyte injury and loss in diabetic
nephropathy. Studies are warranted to delineate the specific pathway by which TRPC6

is activated and how this can eventually lead to albuminuria and diabetic nephropathy.

Podocyte death —

) e i, Podocyte depletion —
capillary Foot process effacement Proteinuria

Figure 3: Crosstalk between ANG 11, ROS and TRPC6 channels in podocyte loss
(llatovskaya et al., 2015).

1.5. Oxidative Stress in Diabetic Nephropathy

Both the hyper-production of ROS and the inadequacy of the anti-oxidant
system can lead to oxidative stress and its accompanied pathological findings. Moderate
amount of ROS are required for physiological functions but when their level increase,
ROS will react with nucleic acids, carbohydrates, lipids and proteins causing distorted
cellular signaling and aberrant phenotypes. ROS in diabetic nephropathy regulate the
majority of the pathways in all stages from early nephropathy to end stage kidney
disease *°.

The molecular events that are responsible for the pathogenesis of diabetic

nephropathy are somehow connected through the central role of ROS. The observed
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increase in AGEs in patients with diabetes and the chronic hyperglycemia induce a
continuous redox imbalance, shifted towards oxidative injury. Likewise, the TGF-p and
the renin-angiotensin pathways crossroads at the ROS center. Collectively, they all
participate in the inflammatory state observed in the diabetic kidneys and eventually
fibrosis ®. ROS can lead to the deposition of ECM, thickening of basal membrane and
migration of mesangial cells which lead to irreversible renal fibrosis as an outcome *°.
Other prominent pathological phenotypes of diabetic nephropathy are traced back to

ROS such as glomerulosclerosis, albuminuria and proteinuria .

1.6. NADPH Oxidases in Diabetic Nephropathy

Among the various known ROS-producing enzymes, NOXs are the only
enzymes with the sole function of generating ROS. NOXs can generate superoxide and
hydrogen peroxide through transferring electrons to molecular oxygen .

NOXs is a big family of seven trans-membrane protein members (NOX 1to 5
and dual oxidases “DUOX” 1&2) (Figure 4) %. These subtypes of NOXs are
distributed differently in tissues and they are regulated through different signals. In
physiological conditions, ROS production by NOXs is fundamental for cellular
signaling that is involved in cellular growth, survival, motility and differentiation .

However, their role in disease pathogenesis is more profoundly studied and described.
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Figure 4: NADPH oxidase family members (Guichard et al., 2008).

As a prototype for NOX, we are going to take a look at the structure of NOX2.
It contains a flavocytochrome bssg which comprises gp91°"™ (Nox2) and p22°"*. This
complex is membrane-bound and in its extension in the cytoplasm, it has 3 regulators
which are p47°", p67P" and p40P"* 1% Al renal cells including podocytes,
mesangial cells, tubular cells, cells of the collecting duct, endothelial cells express
p47P"* p67P"% and p22°"* 10102 pifferent NOX isoforms are present in renal cells.
While NOX4 is the most prominent isoform across the kidneys, NOX2 is also
expressed in mesangial cells, endothelium and podocytes %,

In the kidneys, NOX4 is the most expressed isoform of NOXs 931% That fact
led researchers to call it RENOX. What differentiates NOX4 from other NOXs is its
constitutive function in producing ROS. The link between over-expression of NOX4
and diabetic nephropathy is well established. Many studies showed that NOX4
expression increases upon high glucose treatment of podocytes, tubular epithelial cells

and mesangial cells and in kidney tissues of diabetic animals ‘%%, ROS production is
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only one mechanism by which NOX4 is involved in diabetic nephropathy. NOX4
regulates many other signaling pathways such as Akt/PKB, ERK-1/2 and TGF-41 that
are all involved in diabetic nephropathy 1°°**°. The pharmacological inhibition of both
NOX1 and NOX4 by GKT136901 and GKT137831 resulted in retardation of diabetic
kidney injury through reduction of ROS production and inhibition of TGF-£ signaling
pathway which led to less albuminuria and renal fibrosis *****2. Likewise, functional
studies that involved deletion of Nox4 in mice resulted in impedance of renal injury and
albuminuria ™2,

Concerning DUOXs are calcium sensitive and their interaction withTRPC6 and
calcium influx in podocyte is very interesting to investigate. The mechanism by which
NOX and DUOXs are precipitating diabetic kidney injury is complex and further

studies are required to elucidate it.

1.7. Metformin

The most commonly prescribed oral hypoglycemic agent is metformin. It has
been used for decades without any major side effects to treat patients with T2DM
especially when they also suffer from obesity ***. Reducing diabetes-associated
hyperglycemia is only one mechanism of metformin by which it retards diabetic
complications. Metformin is also able to restore insulin sensitivity, reduces liver
gluconeogenesis and inhibits intestinal glucose uptake ***.

Although metformin is extensively studied, its exact mechanism of action is
still unknown. It is an activator of AMPK and its downstream signaling. AMPK is
implicated in diabetic nephropathy and it cross talks with NOX and ROS production *.

By activating AMPK in the diabetic kidneys, metformin can inhibit mTOR and NOX-

mediated ROS production **°.
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1.8. Glucagon-Like Peptide-1

GLP-1 receptor agonists emerged as very promising hypoglycemic agents in
the treatment of diabetes. In addition to their glucose-lowering activity, they are very
efficient for weight loss. In that sense, GLP-1 agonists may present a more agreeable
form of treatment than insulin in patients with T2DM. They also do not have the side
effects of hypoglycemia and their doses can be more flexibly adjusted **°. GLP-1
agonists gained more interest after reporting their renoprotective effects as observed

from clinical trials °.

1.8.1. Incretins and GLP-1

GLP-1 is one of many hormones secreted by the gut to control pancreatic
activity and reduce blood glucose levels. This discovery was made from over a century
ago . These glucose-lowering chemicals were purified in 1929 and they were called
incretins. Although incretins do not have the ability to stimulate insulin production, like
that is observed in case of sulfonylureas, they can augment the response of pancreatic
cells to glucose. Incretins can amplify the insulin secretion from the pancreas in
response to eating by more than 60% 2. Other functions of incretins in B-cells include
inhibition of their apoptosis, stimulating their proliferation in addition to enhancing
their sensitivity for glucose. Moreover, they are able to inhibit glucagon secretion from

pancreatic a-cells leading to reduction of hyperglycemia and gluconeogenesis **°.

The most important incretin produced by humans is GLP-1. The human gut
produces GLP-1 in minute amounts during fasting. These amounts increase
tremendously after eating in matter of minutes. When glucose is sensed in the lumen,

both K and L cells responds by secreting GLP-1 and other incretins. Other stimuli for
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GLP-1 secretion include carbohydrates, proteins, lipids, amino acids, and fatty acids **°.

GLP-1 aids in decreasing blood glucose levels by inhibiting glucagon release **. GLP-1

must attach to GLP-1R to exert its actions. GLP-1R are expressed in B-cells of the

islets of Langerhans, the portal system and hepatic cells ''®.

1.8.2. GLP-1 in Diabetes

The glucose-lowering ability of GLP-1 in diabetes is decreased by more than
half *# although their levels are the same as observed in healthy subjects. This anomaly
is explained by the down-expression of its receptors and/or the receptor resistance to
their actions. GLP-1R resistance can be tackled using high concentrations of a
pharmacological action in cases of diabetes to be able to restore their physiological
effects. GLP-1RA comprises exenatide, liraglutide and others. All the agonists were

able to reduce HbA_ levels, particularly in case of the long-acting agonists 122 More
impressive, GLP-1RA is as effective as insulin in lowering HbA  levels in poorly

controlled patients with T2DM.

1.8.3. Liraglutide in Diabetic Nephropathy

It has not been a long time since the effects of GLP-1 agonists on the renal
system were researched. Clinical trials involving GLP-1 agonists show promising
renoprotective effects of this class of drugs **. Substantial efforts have been made to
understand the involvement of GLP-1 in diabetic nephropathy and how its agonists can
be protective.

A clinical trial involving the GLP-1RA, liraglutide was conducted to assess the
effect of this agent on the development of diabetic complications. The so-called,

LEADER trial enrolled 9340 patients suffering from T2DM that were randomly
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allocated to either liraglutide-treated group or placebo *?*. Interestingly, after a four-year
follow up, the investigators reported that liraglutide reduced ACR by 19%. A reduction
that was sustained throughout the study period. This is a large cohort study that
confirmed and validated the previously reported renoprotective results of much smaller

trials 125126,

1.8.4. Mechanisms of liraglutide’s Renoprotection

Both direct and indirect mechanisms for liraglutide reno-specific actions have
been proposed. The direct mechanism includes the classic signaling pathway involving
cAMP/ PKA, natriuresis, modulating renal perfusion and prevention of ischemia **°,
The indirect mechanisms include lowering glucose levels, improving insulin sensitivity,
reducing blood pressure and weight loss **°. Additionally, GLP-1 regulates multiple

pathways implicated in renal hemodynamics (Figure 5) *°.

Hendarto et al. used a streptozotocin-induced type 1 diabetic rat model to
elucidate the effect of liraglutide on ROS production in diabetic kidneys **’. Their
findings show that liraglutide reversed albuminuria and inhibited ROS production
through a mechanism that involved cAMPK/ PKA and inhibition of NOXs **”. These
results suggest a direct influence of GLP-1R on the regulation of renal NOXs and their
ROS production. The inhibition of ROS production by liraglutide stopped the renal
pathological pathways at a pivotal point and prevented downstream activation of
TRPC6 and subsequent alteration of calcium homeostasis. For the sake of this study, we
are going to focus on the effect of liraglutide on reversing the oxidative stress associated

with diabetic nephropathy in response to NOX hyperactivation.
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Figure 5: Effects of GLP-1 and GLP-1RAs on renal haemodynamics in diabetes
mellitus (Muskiet et al., 2017). Ang-I1, angiotensin I; Ang-Il, angiotensin 11; ANP, atrial
natriuretic peptide; ATG, angiotensinogen; ET1, endothelin 1; NHE3, sodium—
hydrogen exchanger isoform 3; ROS, reactive oxygen species; SGLT, sodium—glucose
co-transporter; TGF, tubuloglomerular feedback.
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CHAPTER 2
AIM OF THE STUDY

Diabetic nephropathy is presenting a very serious complication of diabetes.
Many efforts were made to understand the exact mechanisms by which diabetes imparts
kidney injury. Mechanisms involving calcium channels, ROS production, NOXs,
AMPK, mTOR and GLP-1R resistance have been proposed. However, there is still a
gap in understanding how all these pathways interact with each other and more
importantly how they precipitate kidney injury in patients with diabetes.

In this context, we hypothesize that the absence of proper GLP-1R activity
predisposes hyper-activation of enzymes in the diabetic milieu leading to increased
ROS production. The produced ROS and the absence of proper GLP-1R activity
are able to activate TRPC6 channels increasing calcium influx inside podocytes
leading to diabetic kidney injury. Given the above proposed mechanism, we also
hypothesize that liraglutide, being a GLP-1RA; can reverse this process through
inhibition of ROS production and TRPC6 activation. An outline for our central

hypothesis is depicted in Figure 6.
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Figure 6: Schematic representation of our hypothesis of the molecular mechanisms of
podocyte injury in Diabetic Nephropathy.
To test this hypothesis, we assessed several parameters in streptozotocin type 1 diabetic
rat model as follow:

. Establishing type 1 diabetic rat model,

o Serum creatinine, serum BUN and proteinuria for kidney function;

. Fibronectin mRNA expressions for kidney fibrosis;

o Histopathology for kidney injury;

. Nephrin mMRNA expression for podocyte integrity;

o TRPC6 expression;

o Superoxide production, DUOX expression and NADPH activity for ROS

balance;

. MRNA expression of AMPK for GLP-1R treatment efficacy.
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CHAPTER 3
MATERIALS AND METHODS
3.1. Animal Studies

Twenty male Sprague-Dawley rats were used for this study. All the animal
procedures were approved by the IACUC of the American University of Beirut
according to the guidelines of the NIH.

Rats weighed between 200 and 250 g were allocated into two groups. The first
group (Group C; n=4) served as a control group while the other rats were rendered
diabetic (type 1) through a single 1V of 55 mg/kg STZ (Sigma-Aldrich, Germany). The
control group was injected with an equal volume of citrate buffer (Vehicle; 0.01 M,
pH=4.5). After STZ injection, rats were monitored and blood glucose was measured

using the glucose peroxidase method via a glucometer'?®

(Accuchek, Roche, Germany)
to validate the model. Rats were considered diabetic when their fasting blood glucose
was more than or equal 250 mg/dL.

After establishment of type 1 diabetes, diabetic rats were assigned into four
treatment groups (n=4 per group). Group D did not receive any treatment and served as
the disease control for the other treatment groups. Group DM received 150 mg/kg body
weight of metformin once daily through intraperitoneal injection (i.p.). Group 4 DL
received 0.3 mg/kg body weight of liraglutide, twice daily by SC. Finally, Group DML
received a combination of both i.p. Metformin (150 mg/kg) once daily and s.c.
liraglutide (0.3 mg/kg) twice daily.

Treatments continued for 8 weeks. Animals were kept at the animal care

facility of the American University of Beirut were they had ad libitum access to food

and water. They were maintained at temperature-controlled room with a 12 hour
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alternating light/dark cycles throughout the whole study period. Body weight and blood
glucose were measured weekly. A schematic representation of the animal study design

is depicted in Figure 7.
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Figure 7: Schematic representation of the animal study design.

3.2. Urine collection

At the final week of treatment, rats were placed in metabolic cages for 24
hours. Urine was collected and the 24-hour urine volume was recorded for each rat.
Urine was centrifuged at 1000 rpm for 5 minutes at 4°C and the supernatant was

collected to be analyzed for proteinuria.

3.3. Sacrifice and Organ Harvesting
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After the completion of the treatment period, all animals were anaesthetized
using Isofluorane and sacrificed. Blood was withdrawn from the heart and collected in
heparin tubes. Blood was further centrifuged at 3000 rpm for 15 minutes at 4°C and
plasma was collected and stored at -20°C for further analysis. Kidneys, liver, sciatic
nerve, pancreas, aorta and heart were harvested. Kidneys were weighed, their capsule
removed and sections were collected in 4% p-formaldehyde for histological analysis
while the rest of the kidney tissue was properly stored at -80°C for protein and mRNA

extraction.

3.4. Blood biochemical analysis
Plasma was assessed for BUN and serum creatinine using specialized Kits

(Caymen Chemical, USA) according to manufacturer’s instruction. The analysis was

performed in the labs of AUBMC.

3.5. MRNA Extraction

Extraction of mMRNA from renal cortex tissue was performed using the TRIzol
method. Briefly, renal tissue was homogenized in 250 uL of TRIzol reagent. This step
was followed by vortexing for 15 seconds and incubating at room temperature for 5
minutes. One hundred puL (or 2/5 of the initial volume of TRIzol) of chloroform was
added to each sample, followed by gentle vortexing and incubation at room temperature
for 5 minutes. After centrifugation at 10,000 G for 15 minutes at 4°C, the aqueous
supernatant was carefully transferred to another tube and 250 uL of isopropanol was
added and gently mixed with it and incubated for 5 minutes at room temperature.
Samples were centrifuged with the criteria mentioned previously and the supernatant

was discarded. The pellet was washed 3 times with 500 pL of cold 70% ethanol and
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then carefully dried and finally re-suspended in 30 uL of RNase-free water. RNA

quantification was performed on nanodrop (Denovix, USA).

3.6. cDNA Synthesis

The extracted mRNA was then converted to cDNA to facilitate further
downstream molecular applications. The Quantitect Reverse Transcription Kit (Qiagen,
Germany) was used according to the manufacturer instructions. Briefly, approximately
1 pg of the template mMRNA was added to 2 uL of gDNA wipeout mixture and the
volume was completed to 14 uL with RNase-free water and incubated for 3 minutes at
42°C. Subsequently, 6 uL of the master mix, which contained the reverse transcriptase
enzyme, buffer and the oligonucleotides, was added to each sample and incubated for
30 minutes at 42°C. Finally, the reaction was stopped by heating the samples at 95°C for

5 minutes. The synthesized cDNA was stored at -80°C for further analysis.

3.7. Real-time PCR

Real-time PCR was used to identify the differential expression of genes of
interest. The synthesized cDNA was used for this step. Two uL of cDNA template was
used to which 5 uL of SYBR green mastermix (that included Taq polymerase enzyme,
EVA green dye, MgCly, reaction buffer and oligonucleotide) was added. Thirty nm (0.3
uL) of the specific forward and reverse primers of the gene of interest (Table 1) was
added to each reaction and the volume was completed with RNase-free water to reach
the final volume of 10 uL. Reactions were run on the RT-PCR Bio-Rad CFX384 (Bio-
Rad, USA) platform at the specific melting temperature of the respective primers. All
samples were assayed in triplicates. The AAC;method was used to analyse the

differential expression of genes and expressed as fold change. Genes of interest
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included fibronectin, nephrin, DUOX1, DUOX2, and AMPK while GAPDH was used as

internal reference gene.

PRIMER SEQUENCE
Fibronectin (rFn) F: 5 -CGGGAACATCATCGGATCGT-3'
R: 5'-GGAGAACCAGGAGAGCACAC-3'
Nephrin (rNph) F:5' -GTGACCTCAGTGATGACGCA-3'
R: 5 -TAGGAGACACAAGCTCGGGA-3'
DUOX1 (DUOX-1) F: 5 -AGGCACTGGTGGAAAACATC-3'
R: 5'-GGAGAAAAGGTGCCTGAAAA-3'
DUOX2 (DUOX-2) F: 5" -GAAGTCCACAGCAGCATCAA-3
R: 5'-CCACGGACATTGAAGAAACC-3'
AMPK (AMPK-al) F: 5 -GCAGTTGCCTACCACCTCAT-3
R: 5 -GTACGCCTTGGTGTTTGGAT-3'
GAPDH F: 5 -GGGGCTCTCTGCTCCTCCTG-3'
R: 5'-CGGCCAAATCCGTTCACACCG-3’

Table 1: List of Primers used in RT-PCR.
3.8. Immunohistochemistry

The formalin-fixed kidney tissues were embedded in paraffin blocks and cut
into 5 um sections and fixed on glass slides to prepare them for staining. Sections were
stained using PAS and MT stains. PAS stain was used to detect any mesangial matrix
accumulation while MT stain was used to detect fibrosis through deposition of collagen
IV fibers. Quantification of various stains was done using NIH ImageJ software as
described elsewhere *%°.

Other sections were used for immunohistochemistry for the detection and
localization of TRPC6 channels. Novolink polymer Kit (RE7150-K) was used
according to manufacturer’s instructions. Briefly, formalin-fixed paraffin-embedded
sections were deparaffinized, followed by antigen-retrieval, washed, incubated with
rabbit polyclonal TRPC6 (1:20, Sigma), washed and counter-stained with hematoxylin.
The immune-stained sections were visualized using Zeiss light microscope where

TRPC6 appeared in brown color.
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3.9. Western Blot

Proteins from tissue samples were extracted using the RIPA buffer that
contained 20 mmol/I of Tris-HCL (pH=7.5), 5 mmol/l of EDTA, 150 mmol/l of NaCL,
1 mmol/l of PMSF, 1% of NP-40, 20 pg/ml of aprotini and 20 pg/ml of leupeptin.
Around 1 mg of tissue was homogenized with 200 uL. of RIPA buffer using the
Tisselyser Il (Qiagen, Germany) at frequency of 30 Hz for 5 minutes. Tissue
homogenates were incubated for 2 hours at 4°C to ensure complete protein extractions
then samples were centrifuged at 13,200 rpm for 30 minutes at 4°C and the supernatant
was collected into new tubes for further analysis.

Total proteins in each sample were quantified using the Lowry protein assay
130 The Bio-Rad DC protein assay kit (Bio-Rad, USA) was used according to the
manufacturer’s instructions. Briefly, 1 pL of each sample was diluted with 4 pL of
distilled water then 25 pL of reagent A was added followed by 200 pL of reagent B and
incubated for 15 minutes on a shaker before the absorbance was recorded at 750 nm.
Samples were run in duplicates and a standard curve was generated with each plate run.

Analysis of differential protein expression was performed using Western Blot.
After protein quantification, 40 pg of proteins were loaded onto SDS- gel (either 7% for
high molecular weight proteins (>100 kDa) or 12% for low molecular weight proteins
(<100 kDa)) that was run at 80 volts for 90 minutes. After the termination of the run,
proteins were transferred to a nitrocellulose membrane using a current of 300mA for 90
minutes. After blocking for 1 hour with 5% of BSA, membranes were incubated
overnight with rabbit polyclonal TRPC6 (1:250, Sigma), goat polyclonal anti-GLP-1R
(1:350, abcam), mouse monoclonal anti-HSC-70 (1:1000, Santa Cruz). After the end of

the incubation, membranes were washed three times with TBS with 0.1% tween-20 (10
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minutes for each wash) then incubated with the respective secondary 1gG (1:10000) that
is conjugated with horseradish peroxidase. Bands were visualized by
chemiluminescene. Quantification of protein bands was done using the NIH ImageJ

software 2.

3.10. Detection of Intracellular Superoxide in Kidney Cortex Using HPLC

Using kidney cortex tissue, cellular superoxide production was evaluated by
HPLC analysis of DHE-derived oxidation products. HPLC-based assay permits the
separation of the superoxide-specific EOH from the non-specific ethidium, as
previously described **.. Homogenates from the kidney cortex tissue were briefly
washed twice with HBSS- DTPA and incubated for 30 min with 50 uM DHE (Sigma-
Aldrich) in HBSS-100 uM DTPA. Tissues were then harvested in acetonitrile and
centrifuged (12,000 X g for 10 min at 4°C). The homogenate was then dried under a
vacuum and analyzed by HPLC with fluorescence detectors. Quantification of DHE,
EOH, and ethidium concentrations were performed by comparison of integrated peak
areas between the obtained and standard curves of each product under chromatographic
conditions identical to those mentioned above. EOH and ethidium were monitored by
fluorescence detection with excitation at 510 nm and emission at 595 nm, whereas DHE
was monitored via UV absorption at 370 nm. Finally, the results are expressed as the
amount of EOH produced (nmol) normalized for DHE consumed (i.e., initial minus

remaining DHE in the sample; pmol).

3.11. NADPH Oxidase Analysis
NADPH oxidase activity was analyzed and calculated in kidney cortex

homogenates via the lucigenin-enhanced chemiluminescence method. The protein was
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extracted from the kidney cortex using a cooled mortar and pestle by smashing the
frozen kidney tissue and suspending the remnants in lysis buffer. To commence the
assay, 20 pg of each homogenate were added to 50 mmol/l phosphate buffer, pH 7.0,
containing 1 mmol/l EGTA, 150 mmol/I sucrose, 5 pumol/I lucigenin, and 100 umol/l
NADPH. Photon emission expressed as relative light units were measured every thirty
seconds for ten minutes in a luminometer. A buffer blank (<5% of the cell signal) was
then subtracted from each reading. Superoxide production was expressed as relative

light units per milligrams of protein. The protein content was measured.

3.12. Statistical Analysis

Statistical analysis was performed using the GraphPad prism software
(GraphPad Inc., USA) **. All data are expressed as mean + SEM. The ANOVA test
was used to compare different groups (n> 3/ group). p-value <0.05 was considered
significant. The (*) symbol is used to denote significance between diabetic (or high
glucose treated) group when compared to the control group while the (#) symbol was
used to denote significance between the treated groups when compared to the diabetic

(or high glucose treated) group at p<0.05 level of significance.
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CHAPTER 4
RESULTS

To achieve our aforementioned aims, we performed in vitro experiments as
described in the previous section. All the results are presented as mean £ S.E.M. *
significant vs control at p<0.05, # significant vs diabetic at p<0.05. Groups are
represented as C for control, D for diabetic, DM for diabetic treated with metformin.
DL for diabetic treated with liraglutide, DML for diabetic treated with combination

treatment.

4.1. Body weight and blood glucose levels

To ensure that our model was effective and to assess the effect of our
treatments on body weight and blood glucose, we measured body weight and body
glucose. Blood glucose levels were not affected by any of the treatments used. All the
results are presented as mean + S.E. (Table 2).

Table 2: Body weight and blood glucose of the 5 animal groups.

Group Body weight | Body weight Glucose Glucose levels
day 1 day 57 levels day 1 day 57
(9) (9) (mg/dl) (mg/dl)
Control 266.3+1.1 | 521.3+134 129+19 108.8 +4.5
n=4
Diabetic 201+54 | 2065+426 | 5305+27.1° | 600+0.0°
n=4
Diabetic + 212+7.3 281 +37.3 384 + 33.0 538 + 35.9
metformin
n=4
Diabetic + 220.3+14.4 | 2155+40.6 | 506 +29.9 590.8 +9.3
liraglutide
n=4
Diabetic + 212.3+14.7 | 309.3+17.9 | 485+215 528 + 72.0
metformin +
liraglutide
n=3
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4.2. Serum creatinine and Blood urea nitrogen levels

To monitor kidney function, serum creatinine and blood urea nitrogen were
analyzed; 2 metabolic waste products excreted by the kidney. Results show a significant
increase in both serum creatinine and BUN in the STZ induced type 1 diabetic rats in

comparison with the control groups. However, in all treated groups this increase was

reversed. (Figure 8).

Serum Creatinine (mg/dl)
+H
BUN (mg/dl)
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Figure 8: Serum creatinine and BUN plasmatic concentration in the 5 animal groups.
All the results are presented as mean + S.E.M. * significant vs control at p<0.05, #
significant vs diabetic at p<0.05.

4.3. Proteinuria level

A key marker of kidney injury is the presence of protein in the urine.
Analyzing the urine of rats to screen for proteins, our results show an increase in
proteinuria in the STZ induced type 1 diabetic rats group in comparison to the control
group. Upon the use of the aforementioned treatments, a significant decrease in

proteinuria was noticed (Figure 9).
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Figure 9: Proteinuria levels in the 5 animal groups. All the results are presented as
mean £ S.E.M. * significant vs control at p<0.05, # significant vs diabetic at p<0.05.

4.4. Fibronectin expression in the kidney

In diabetic kidney disease, several structural changes take place at the level of
the glomerulus, one of which is the tubulointerstitial changes. To asses this alteration,
we analyzed kidney samples for fibronectin expression. Our results show an increase in
MRNA expression of fibronectin in the STZ induced type 1 diabetic rats in comparison
to the control group. A significant decrease was noticed upon the use of metformin or
liraglutide. However, this result was not consistent in the group treated with a

combination (Figure 10).
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Figure 10: mRNA expression of Fibronectin in the 5 animal groups. All the results are
presented as mean + S.E.M. * significant vs control at p<0.05, # significant vs diabetic
at p<0.05.
4.5. Histopathology of glomeruli and tubules

To further assess kidney injuries at the histological level,
immunohistochemistry tests were done. First, we used the PAS staining technique to
screen for extracellular matrix deposition. We noticed an increase in ECM deposition in
the STZ induced type 1 diabetic rats’ kidneys compared to the control group, whether in
the glomeruli or tubules. However, upon the use of the aforementioned treatments, a
significant decrease in ECM deposition was depicted. Second, we used the MT staining
technique to screen for Collagen 1V deposition. We noticed an increase in Col IV
deposition in the STZ induced type 1 diabetic rat’s kidneys compared to the control

group, which was reversed upon the use of metformin, liraglutide or combination of

both. This result was consistent in the glomerulus and tubules (Figures 11-14).
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Figure 11: PAS stain of the glomeruli in the kidney sections of the 5 animal groups. All
the results are presented as mean = S.E.M. * significant vs control at p<0.05, #
significant vs diabetic at p<0.05.
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Figure 12: PAS stain of the proximal tubules in the kidney sections of the 5 animal
groups. All the results are presented as mean + S.E.M. * significant vs control at
p<0.05, # significant vs diabetic at p<0.05.
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Figure 13: MT stain of the glomeruli in the kidney sections of the 5 animal groups. All
the results are presented as mean = S.E.M. * significant vs control at p<0.05, #
significant vs diabetic at p<0.05.
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Figure 14: MT stain of the proximal tubules in the kidney sections of the 5 animal
groups. All the results are presented as mean = S.E.M. * significant vs control at
p<0.05, # significant vs diabetic at p<0.05.
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4.6. Liraglutide and metformin restore Nephrin expression; a kidney injury
marker

Proper glomerular filtration is maintained through a number of slit diaphragm
proteins, of which is nephrin. Our results show that nephrin expression; a diagnostic
marker of kidney injury; was significantly decreased in the STZ induced type 1 diabetic
rats. This decrease was reversed in the three groups treated with metformin, liraglutide,

or on combination (Figure 15).
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Figure 15: Nephrin mRNA expression in the 5 animal groups. All the results are
presented as mean £ S.E.M. * significant vs control at p<0.05, # significant vs diabetic
at p<0.05.

4.7. TRPCG6 expression in kidney tissues

Proper functioning of cells is ensured by several factors, of which is calcium
homeostasis. To correlate kidney injury to calcium regulation, we screened for TRPC6
protein expression in the kidneys of each of the 5 groups. Our results show an
upregulation of TRPCG6 in kidneys of the STZ induced type 1 diabetic rats in

comparison to the control group. This increased expression was not affected by the

42



treatment with metformin. However, in the groups treated with Liragutide or a
combination of metformin and liraglutide, we noticed a downregulation of TRPC6

expression (Figure 16).
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Figure 16: TRPC6 expression in the kidneys of the 5 animal groups. The left panel of
the figure shows representative immunohistochemistry photos showing TRPC6 in the
glomerulus. The right upper panel shows representative immunoblots of TRPC6 while
the lower histogram shows a quantification of the Western Blot bands. All the results
are presented as mean + S.E.M. * significant vs control at p<0.05, # significant vs
diabetic at p<0.05.
4.8. TRPC3 expression in kidney tissues

We sought to investigate the role of another TRPC calcium channel, TRPC3 in
the pathogenesis of diabetic nephropathy. To achieve that, we measured the protein
expression of TRPC3. We found that the expression of TRPC3 was significantly

elevated due to diabetes but it did not change upon treatment with metformin or

liraglutide (Figure 17).
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Figure 17: TRPC-3 expression in the kidney of the 5 animal groups. The right upper
panel shows representative immunoblots of TRPC6 while the lower histogram shows a
quantification of the Western Blot bands. All the results are presented as mean = S.E.M.
* significant vs control at p<0.05, # significant vs diabetic at p<0.05.
4.9. ROS production

In diabetes, hyperglycemia induces nephropathy mainly by causing high
oxidative stress due to the increased amount of reactive oxygen species. In our study,
we used the HPLC method to analyze ROS production. The results show a significant

increase of ROS in the diabetic group when compared to the control. However, a

significant decrease was noticed in the 3 treated groups (Figure 18).
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Figure 18: ROS production in the 5 animal groups using HPLC. All the results are
presented as mean £ S.E.M. * significant vs control at p<0.05, # significant vs diabetic
at p<0.05.
4.10. DUOX1 and DUOX2 expression and its correlation with kidney injury

A major player in the development and progression of diabetic nephropathy is
the NADPH-oxidases family. These enzymes that play a role in the physiological state
as well as in the pathophysiological state, are considered a major source of ROS.
Through assessing the mMRNA expression levels of each of DUOX1 and DUOX2, we
noticed a significant increase of both in the STZ induced type 1 diabetic rats. Upon the

treatment of rats with metformin, liraglutide, or a combination, we noticed a decrease in

DUOX1 and DUOX2 mRNA expression (Figure 19).
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Figure 19: mRNA expression of DUOX1 and DUOX2 in the 5 animal groups. All the
results are presented as mean = S.E.M. * significant vs control at p<0.05, # significant
vs diabetic at p<0.05.
4.11. NADPH Oxidases; main source of ROS

Because expression is not always correlated to activity, we had to test NADPH
oxidases activity. Our results show an increase in activity in the diabetic group in

comparison with the control group. This high activity was dampened in the 3 treated

groups (Figure 20).
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Figure 20: NADPH oxidase activity in the 5 animal groups. All the results are
presented as mean £ S.E.M. * significant vs control at p<0.05, # significant vs diabetic
at p<0.05.
4.12. AMPK activation by metformin

Metformin exerts its anti-diabetic action by acting as an activator for AMPK.
We analysed the mRNA expression of AMPK. Our results show that AMPK expression

was significantly decreased due to diabetes and activated by metformin but not

liraglutide (Figure 21).
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Figure 21: AMPK mRNA expression in the 5 animal. All the results are presented as
mean £ S.E.M. * significant vs control at p<0.05, # significant vs diabetic at p<0.05.

4.13. GLP-1R expression in kidney tissues

To correlate GLP-1 receptor expression in kidney to diabetes and kidney
injury, we screened for GLP-1R protein expression in each of the 5 groups. We noticed
that GLP-1 receptor expression was upregulated in the diabetic group in comparison
with the control group. However, we noticed a significant downregulation in the 3

treated groups (Figure 22).
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Figure 22: GLP-1R protein expression in kidneys of the 5 animal groups. . All the
results are presented as mean + S.E.M. * significant vs control at p<0.05, # significant

vs diabetic at p<0.05.
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CHAPTER 5
DISCUSSION

This study was conducted to investigate the key role of calcium homeostasis
and its crosstalk with ROS-producing enzymes in mediating podocyte injury in diabetic
nephropathy, and the effect of GLP1-R agonist on these conditions. We mainly focused
on TRPC6 channels and the DUOX enzymes. To achieve this aim, we conducted in vivo
experimental study involving Sprague Dawley Rats.

We embarked on our research project by establishing a type 1 diabetic animal
model by STZ injection. The STZ-diabetic rat model is very reliable in studying

133

diabetic nephropathy ~*°. We followed the protocol described by Tesch and Allen
(2007) ** by starving Sprague-Dawley rats for 16 hours then injecting intravenously a
single dose of STZ (55 mg/kg) in sodium citrate buffer. After that, rats were supplied
with sucrose in the drinking water (15 g/L) for 2 days to prevent severe hypoglycemic
episodes due to the release of insulin stores from damaged P cells. After 5 days, blood
glucose was monitored and they were considered diabetic when it exceeded 250 mg/dL.
STZ is a pancreatic cytotoxic agent. The molecule of STZ contains a deoxy
glucose molecule that makes it preferentially targeting the B cells in the pancreas while
its linked methylnitrosourea group represents the cytotoxic moiety *3*. STZ targets
mainly the pancreas due to its specific recognition by the GLUT2 receptor which is
highly expressed in pancreatic B cells ***. Unfortunately, GLUT2 is also expressed in
the liver and kidneys which present off site targets for STZ **. However, the toxicity of
STZ to both the liver and the kidneys can be neglected due to the incredibly short half-

life of STZ as it is rapidly metabolized in the liver and excreted by the kidneys in less

than 15 minutes after injection *"**, Any following injury to the liver or the kidneys is
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solely due to the effect of diabetes-associated hyperglycemia and no way is linked to the
toxicity of STZ *.

STZ is used extensively to induce diabetes in experimental animals *>*. Its
diabetogenic effects were first discovered in 1963 **°. It is used to induce both TLDM
and T2DM with variation of its dosage, course of treatment and combination with other
chemicals or dietary modifications **"#2, STZ-diabetic animal models have been of
great value in understanding the pathogenesis of diabetes and screening of a plethora of
potential treatments with anti-diabetic actions 4344,

After the establishment of diabetes, we started our treatment regimen with
either metformin or liraglutide or a combination of both. Our treatments continued for 8
weeks after which rats were assessed for diabetic kidney injury and underlying
molecular mechanisms.

Plasma was collected from rats after sacrificed and was used for kidney
function tests. We measured both serum creatinine and blood urea nitrogen. As
expected, both metabolites were significantly increased with diabetes and interestingly,
they were profoundly decreased upon treatment with metformin or liraglutide or a
combination of both.

Proteinuria is the gold standard test in the diagnosis of diabetic kidney injury
195 Jefferson et al. (2008) presented proteinuria as the central finding of diabetic

nephropathy that unifies all the reno-pathological findings (Figure 23) *°.
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Figure 23: Scheme of unifying mechanisms of proteinuria. GBM, glomerular basement
membrane; GFB, glomerular filtration barrier (Jefferson et al., 2008).

Our results show that diabetes resulted in a marked increase in proteinuria
compared to the controls which was prevented by the treatments. These findings
suggest a reno-protective role for both metformin and liraglutide in TLDM. Noteworthy,
this effect is independent of the glucose lowering action of both treatments as it was
maintained even in the absence of any hypoglycemic effect of any of the treatments.

The pathological findings of renal injury were prevented upon treatment with
metformin and/or liraglutide. Recent guidelines support the use of metformin in patients
with diabetes that is complicated with renal disease **°. Metformin should be added to
the treatment regimen of patients with diabetes that have eGFRs of 30 to 45 mL/min **'.
This update of the guidelines is due to the observed beneficial action of metformin on the

diabetic kidneys '“®. The reno-protective action of metformin involves the activation of
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renal AMPK and subsequent inhibition of mTOR pathway, ER Stress, inhibition of EMT,
autophagy, ROS and AGE production and finally inhibition of HIF and lipotoxicity. All
these mechanisms are extensively studied and described in the literature (reviewed in *%°).
This encouraged us to use metformin as the gold standard in protection against diabetic
nephropathy and compare it to liraglutide.

The reno-protective effects of liraglutide are well documented *2"**349 Many
clinical trials reported that liraglutide attenuated renal injury in patients with T2D and
attenuated the progression of overt diabetic nephropathy *°**. Fujita et al. (2014) used
KK/Ta-Akita mice as a model of diabetic nephropathy and showed that liraglutide
reduced albuminuria and mesangial expansion. They postulated that the underlying
mechanism involves reduction of ROS production by NOXs paralleled with an increase
in CAMP and PKA activity **®. Another mechanism was proposed by Chen et al. (2018)
by using T2D rat models. They have shown that the amelioration of diabetic
nephropathy may be attributed to FOXO1-mediated upregulation of renal MNnSOD
expression **2. Both studies highlight the role of oxidative stress in mediating diabetic
kidney injury and the ability of liraglutide to restore normal oxidative state in renal
tissue.

Besides oxidative stress, liraglutide protects the diabetic kidneys by
enhancement of endothelial nitric oxide synthase activity in response to an inhibition of
the NF- kB pathway in diabetic rat model 149 Additionally, liraglutide is capable of
inhibiting autophagy in renal tubular epithelial cells in response to hyperglycemia **3.
Most of these studies used models of T2DM and the reno-protective effect was
associated with patients with T2DM. This is mainly due to the clinical purposing of

liraglutide as a treatment for this category of patients. To our knowledge, our study is

the first to highlight the reno-protective effects of liraglutide in TLDM.
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Both fibronectin and collagen IV are matrix proteins that can act as early
markers for diabetic nephropathy ***. More specifically, fibronectin and collagen 1V
deposition indicates defects in the glomerular basement membrane in diabetic
nephropathy **>**®_ In addition, both proteins are essential in the development of
glomerulosclerosis **'.

Thus, we investigated the effect of diabetes and our treatments on renal
fibrosis. We evaluated histologically mesangial expansion and collagen deposition
using PAS and MT stains. Moreover, we measured the mRNA expression of
fibronectin. Diabetic kidney sections show excessive deposition of collagen and
mesangial expansion. These findings were absent in controls and in the treatment
groups. Additionally, markers of fibrosis significantly increased in the diabetic rat
group only while treatment with metformin or liraglutide restored their normal
expression levels.

Agreeing with our results, metformin was previously shown to decrease
fibronectin and collagen IV and subsequent renal fibrosis ***%. Its mechanism of
action involves inhibition of Egr-1 and ERK *°#1%°,

Similarly, liraglutide presents a promising agent in reducing renal fibrosis.
Previous studies showed that liraglutide inhibits EMT and secretion of ECM and renal
fibrosis in cell culture and animal models %2,

A hallmark of diabetic podocyte injury is a reduction of nephrin expression .
Nephrin is expressed in the slit diaphragm in podocytes and is considered an early

marker for glomerular injury ***. Metformin was reported to increase nephrin expression

in rats with T2DM ®. On the other hand, Zuraeva et al. (2017) investigated the effect
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of liraglutide on tubular and glomerular biomarkers of kidney injury and reported that
liraglutide significantly reduced urinary levels of creatinine and nephrin .

In the current study, nephrin mMRNA expression was decreased in diabetic rats,
metformin and liraglutide succeeded in reversing this reduction indicating retardation of
diabetic kidney injury.

Nephrin is not only expressed in kidney tissues, but also in the pancreatic 3
cells. Liraglutide was shown to improve nephrin expression in these cells which is
essential for their survival **’. Whether in podocytes or in pancreatic { cells, these
observations suggest that nephrin expression is under control of GLP-1 signaling.

In our effort to elucidate the underlying molecular mechanism of diabetic
kidney injury, we assessed the protein expression of both TRPC3 and TRPC6 channels.
Our results show that both TRPC3 and TRPC6 expression increased in diabetes
reflecting exacerbation of kidney injury. Furthermore, we show for the first time that
liraglutide but not metformin succeded in partial reduction of TRPC6 expression but not
TRPC3. This finding suggests that liraglutide can selectively inhibit TRPC6 protecting
from kidney injury.

It was previously reported that TRPC6 expression is associated with diabetic
kidney disease ‘°® which is consistent with our findings. Ilatovskaya and Staruschenko
(2015) reviewed the role of TRPCG6 in podocyte proper functioning and its over-
expression in diabetic nephropathy . Ma et al. (2015) showed that tacrolimus (FK506)
reduced the injury of podocyte in rat models with T2DM by decreasing the expression
of both TRPC6 and NFAT **°. TRPC6 down-regulation ameliorates diabetic
nephropathy and podocyte injury through many mechanisms involving TGF-g1 *7°,

Wnt/B-catenin signaling pathway *"* and NOX4 "2,
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Diabetes, like other metabolic diseases, is associated with an imbalance
between oxidative and anti-oxidative systems in cells and tissues favoring the
generation of ROS *"*. ROS mediates renal injury ultimately resulting in diabetic
nephropathy. Both enzymatic and non-enzymatic pathways contribute to ROS
production in diabetes, among which NOXs and mETC are the major suppliers. ROS
per se can mediate pathophysiological events in diabetic nephropathy *"*. ROS through
NADPH oxidases *°104105119 activates cellular mechanisms that lead to podocyte
depletion and loss, compromising the SD and damaging the GFB leading to the onset of
albuminuria ",

ROS are important modulators of TRPC6 activation. This fact was established
by the observation that simple addition of H,O, can mobilize TRPC6 channels to the
podocyte membrane and increases calcium influx *”>. Noteworthy, the use of
antioxidants inhibited this activation ®°. We hypothesize that this ROS production
activates TRPC channels mediating kidney injury. HPLC was used to measure ROS
production in kidney tissues. As expected, ROS production was vastly elevated in
diabetic animals and it was significantly reduced upon treatment with metformin and/or
liraglutide. This is in accordance with what we report in our study that increased ROS
production in diabetic animals is correlated with elevated proteinuria. The activated
signaling pathways by ROS lead to deleterious incidences including increased GBM
thickness, mesangial expansion, renal fibrosis, ECM accumulation and
glomerulosclerosis 1*. All these findings were observed in our histological sections and
we can confidently attribute them to the elevated ROS production.

Metformin restored oxidative balance back to normal levels. Evidence from

literature support that metformin can protect against ROS-induced injuries in breast
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cancer cell lines ', cardiomyocytes *'’, hippocampus ", erythrocytes *”°, and kidneys
%8 In podocytes and kidney tissues, metformin inhibits mTOR and NOX-generated
ROS resulting in retardation of diabetic kidney injury >*. Similarly, liraglutide inhibits
NOX-generated ROS in H9c2 cardiomyoblasts **, cardiac microvascular endothelial

181 and retinal ganglion cells *®2. Remarkably, no study has investigated the effect

cells
of liraglutide on ROS generation in diabetic nephropathy. The combination of
metformin and liraglutide was shown to reduce ROS production in human aortic
endothelial cells in high glucose medium *#. In conclusion, diabetes causes renal injury
due to increased ROS production, activates TRPC6 and that can be tackled by
metformin or liraglutide or a combination of both

Previous work by our group stressed the importance of NOXs in the
pathogenesis of diabetic nephropathy *-°*'#*, Many studies have associated diabetes
with higher activity of NOX enzymes *8°%¥". They act as mediators for diabetic
complications *¥. DUOXs are highly expressed in the thyroid gland and are involved in
thyroid diseases characterized by hyperglycemia '*°. Diabetes increases ROS-
production in the thyroid through activating DUOX .

Both metformin and liraglutide can decrease enzymatic activity and ROS
production by many members of the NOX family >-83:19%,

We tried to pinpoint the major sources of ROS production in diabetic
nephropathy. We suspected the involvement of NOXs with emphasis on DUOX1 and
DUOX2. We measured mRNA expression of these 2 particular enzymes and found that
both increase with diabetes and decrease with treatment. Furthermore, we report that

NADPH oxidase activity was higher in the diabetic group compared to the control while

it was decreased by our treatments.
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To date, there is no description for the effect of diabetes on renal DUOXs and
their contribution to the kidney injury observed in diabetes. Our study is an effort to fill
this gap in knowledge. Likewise, this is the first study to describe a role for metformin
and liraglutide on renal ROS production through DUOXs. Since DUOXs have a
calcium-binding site, we hypothesize that there is a cross-talk between calcium influx
by TRPCG6 overexpression and the increased activity of DUOXs and the ensuing ROS
production ultimately leading to diabetic kidney injury. This should be further
confirmed via mechanistic cell culture studies and studying calcium currents using
electrophysiology.

Since metformin is an AMPK activator and liraglutide is a GLP-1 receptor
agonist, we tested the classical pathways of our 2 treatments. We measured the protein
expression of both AMPK and GLP-1R. As expected, diabetes decreased the expression
of AMPK that was restored by metformin but not liraglutide. In contrast, diabetes
increased expression of GLP-1R in kidney tissues. This is most probably due to the
increased resistance of these receptors to endogenous incretins. Fortunately, both
metformin and liraglutide restored the GLP-1R sensitivity manifested as reduction of
the protein expression of GLP-1R.

Finally, our group have previously described a link between AMPK/mTOR
pathway and NOXs in diabetic nephropathy **. Being an AMPK activator, metformin
may have showed the reduction in NOX activity and DUOX mRNA expression by
activating AMPK and inhibiting mTOR. On the other hand, GLP-1 have been shown to

inhibit NOXs and reduce oxidative stress in diabetes 1%

. We have shown that liraglutide
may exert the same action through reducing DUOX expression and deterring

consequential calcium influx into podocytes.
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CHAPTER 6
CONCLUSION

Pathogenesis of diabetic nephropathy involves increased calcium influx into
podocytes and oxidative stress. Both mechanisms result in podocyte depletion and loss,
compromising the GFB and renal fibrosis. Our study shows that in type 1 diabetic
animal model, liraglutide retarded diabetic nephropathy through activating GLP-1R and
AMPK respectively. GLP-1RA action involves inhibition of NOX and DUOX activities
and halted excessive calcium influx by inhibiting TRPC6 channels in kidney tissues.
These results outline the promising role of liraglutide in retardation of diabetic kidney

complications in subjects with TLDM (Figure 24).

( GLP-1R

G o DUOX1
Ak DUOX2

iraglutide ROS
l ?

TRPC6

!

Calcium influx in
podocytes

Podocyte depletion and loss

Compromising GFB = Proteinuria, loss of nephrin
Mesangial expansion, ECM depositin =2 Renal fibrosis

Diabetic nephropathy

Figure 24: Proposed mechanism for liraglutide reno-protection in type 1 diabetes.
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CHAPTER 7
LIMITATIONS AND FUTURE PRESPECTIVES

Each group of our animal studies contained only a limited number of animals,
this limitation prevented us from observing stronger significance in some of the
experiments that we performed. Our future work will include more animals per group to
increase our biological repeats. Our proposed pathway should be further validated in
cell culture studies that involve human and rat podocytes. Electrophysiological analysis
of calcium influx and TRPC channel activity will be of great value to describe calcium
homeostasis in normal and high glucose environments. The analysis of calcium binding
to the active site of DUOX will help us better to describe the vicious cycle of TRPC6-
DUOX interaction.

Other parameters of kidney function include albuminuria, urinary urea and
ACR will aid in the description of the renal injury staging.

Another marker of podocyte injury is the podocyte-specific protein, podocin.
Its protein and mRNA levels should be investigated. Podocin was also shown to form a
complex with TRPC channels and its loss in diabetic nephropathy affects the function
of these channels *® which emphasizes the importance of the assessment of this crucial
protein.

We plan to assess protein expression of nephrin, DUOX 1&2, and AMPK to
augment our observation in the alteration of mMRNA expression and to ensure that the
transcribed mRNA will be translated without any interference or epigenetic inhibition
through non-coding miRNA.

TRPC6 and TRPC3 knockout mice are now available and they are of extreme

value in the verification of our hypothesized pathway. Our future plans include the use
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of transgenic models to study the effect of of these channels on diabetic kidney injury
and how they affect ROS production through NOXs and DUOXs.

Further studies are warranted to test the reno-protective action of other GLP-1
receptor agonists and investigate if they share the same pathways of liraglutide.

Finally, clinical trials that test the protective effects of metformin and
liraglutide on renal outcomes of patients with TLDM are urgently needed. We believe
that modifying the current clinical guidelines and the introduction of metformin and/or
liraglutide in the course of treatment of TADM will delay kidney injury and immensely

benefit this patient group.
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