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Abstract:

Chronic kidney disease (CKD) affects over 26 million adults in the United States, thus it is
imperative that we deduce more about the pathogenesis of the disease. CKD is generally multi-
factorial, and loss of renal function can result from a number of diseases and pathologic
processes. For example, propagation of kidney injury and renal fibrosis can result from abnormal
regulation of energy metabolism in kidney cells. In renal proximal tubule epithelial cells, a key
segment of the nephron, fatty acids are a major fuel source. As the proximal tubule is responsible
for the bulk of sodium reabsorption by the kidney, maintaining adequate energy balance is crucial
to this function; therefore, alterations in fatty acid oxidation in the renal proximal tubule may
lead to renal dysfunction.

Our hypothesis is that angiotensin Il (Ang Il) signaling, a major effector of the powerful renin-
angiotensin system (RAS), alters fatty acid oxidation and this becomes exaggerated in states of
renal injury such as hypertension and diabetes where the RAS can be dysregulated. Therefore,
we sought to explore the metabolic changes linked to Ang Il signaling in the renal proximal tubule.
Increased levels of Ang Il have previously been shown to induce renal fibrosis and hypertension.
For our studies, we used a novel mouse line, one lacking AT1a receptors in renal proximal tubule
cells (PTKO mice) and expected that the lack of AT1a receptors helps to maintain normal fatty
acid oxidation in disease states. To model pathology which might stress the renal proximal tubule
cells, we induced two diseases: hypertension, by infusing Ang Il via osmotic mini pumps and
diabetes, by employing a genetic model of type 1 diabetes, the Akita model. Our major outcome
was the assessment of gene expression of several key metabolic pathways, using a quantitative
PCR analysis of samples from mouse renal cortex, which is rich in proximal tubules. We aimed to
measure genetic biomarkers in the fatty acid oxidation pathway, glucose oxidation pathway,
markers of renal injury and fibrosis. These studies demonstrate how two clinically-relevant
diseases influence metabolism in the kidney and how leveraging the RAS may lead to solutions
against this disruption, and potentially alter CKD progression.






Introduction & Background:

Our project seeks to explore the metabolic changes linked to angiotensin Il (Ang Il)

signaling in the renal proximal tubule. Our hypothesis is that Ang Il signaling leads to aberrant

fatty acid oxidation and this becomes exaggerated in states of renal injury such as hypertension

and diabetes where the renin-angiotensin system is dysregulated. The kidney is one of most
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FIGURE 1. ANATOMY OF THE NEPHRON. THIS FIGURE DISPLAYS THE INTRICATE STRUCTURE OF THE

FUNCTIONAL UNIT OF THE KIDNEY.

and the medulla, both of which have important physiological functions. The functional unit of

the kidney is called the nephron, it is this structure that accomplishes the task of filtering the

blood, reabsorbing critical solutes, and excreting waste material. The nephron can be further

subdivided into several structures (listed in the order that filtrate travels through them): the

glomerulus, proximal tubule, the loop of Henle, the distal tubule, and finally the collecting duct.

Please refer to figure 1 for a visual representation. (Britannica, 2017).



The significance of this research can be clearly seen when you examine the vast impact
that kidney disease has on the health of Americans. Chronic kidney disease (CKD) is a widespread
disease that affects hundreds of thousands of Americans every year, increases cardiovascular
risk, and eventually leads to end-stage renal disease (ESRD). Currently, over 661,000 Americans
have kidney failure and ESRD cases are rising by about new 21,000 cases per year. The prevalence
of CKD has also been increasing since 1980, costing Americans over $30.9 billion in 2013 ("Age-
adjusted prevalence of CKD Stages 1-4 by Gender 1999-2012. Chronic Kidney Disease (CKD)
Surveillance Project," 2016). It is for these reasons that discovering more about the causes of CKD
is so critical to revealing new treatments for an ailment that affects so many Americans. As
patients reach ESRD, the prognosis without a transplant is a life expectancy less than six months

(Neild, 2017).

Over an extended period of time, CKD will often cause a pathology known as renal fibrosis
or scarring. Injury to the kidney can be caused by a number of factors such as elevated arterial
pressures, hyperglycemia, and outlet obstruction or reflux. Injury leads to cellular infiltration of
macrophages in the functional renal tissue and accumulation of excessive extracellular matrix
(ECM) proteins in renal epithelial cells (Pradere et al., 2008). This accumulation of ECM is often
considered to be brought about by interstitial myofibroblasts, whose infiltration causes aberrant
accumulation of ECM fibers in the renal tissue. The pathology of this disease is characterized by
the aforementioned accumulation of these ECM structures such as fibronectin and collagen. This
accumulation and the subsequent destruction of epithelial cells leads to kidney failure (Pradere

et al., 2008). The scar tissue that forms in place of healthy renal epithelial cells is what will



eventually lead to renal failure, as the intricate structure of the nephron (basic unit of filtration

in the kidney) becomes destroyed and can no longer function (Pradére et al., 2008).

There are many phases of renal fibrosis, and one of the least understood phases of renal
fibrosis, the origin of the myofibroblast infiltration, is still unknown. One hypothesis is that
myofibroblasts are derived from an epithelial-to-mesenchymal transition, in which epithelial cells
can give rise to myofibroblasts that further exacerbate the renal injury. It is in this epithelial-to-
mesenchymal transition, that the critical cells of the nephron are destroyed and as the kidney
begins to lose proper functionality, patients experience kidney failure, and are subsequently put
on dialysis (Pradere et al., 2008). Much is still unknown about the exact physiological mechanisms
that drive renal fibrosis and approved therapies have not yet been found to treat progression of
renal fibrosis. It might be possible that this transition is triggered by a reduction in FAO or other
intercellular process. Our project aims to address the gap in knowledge about the pathways
leading to renal fibrosis in hypertension and diabetes, the two most common causes of renal

disease in the US.

Decreased fatty acid oxidation (FAO) levels have been suggested as a cause of renal
fibrosis (Kang et al., 2015). Beta-fatty acid oxidation is the pathway of catabolism used by the
body to break down and harvest energy from fatty acids. Free fatty acids are cleaved at the beta
carbon and bound to a coenzyme A molecule. This creates high energy carriers such as FADH2
and NADH2, that along with acetyl-CoA can then be fed into the electron transport chain in
oxidative phosphorylation to produce ATP. We are interested in this process because we

hypothesize that a decrease in beta-FAO could lead to energy starvation in the high-energy cells



of the proximal tubule, leading to a battery of detrimental effects (Berg, 2015), such as loss of

normal cellular functions and development of fibrosis.

In (Kang et al., 2015), the investigators provided evidence that a decrease of FAO in the
kidney is linked with increased renal fibrosis development in both humans and mice. In the
relative mRNA expression of key FAO genes in normal humans vs. humans with CKD, they
reported that humans with CKD have severely reduced gene expression for these key genes
(Cptla, Cpt2, Acox1, Acox2, Ppara, and PGC-1-Alpha). Similar studies done with transgenic mouse
models, have induced fibrosis, then compared the mRNA expression with wild type mice, show

the same result as in humans (Kang et al., 2015).

According to Kang et al., 2015, FAO disruption is suggested to be a cause of renal fibrosis.
The oxygen consumption rate of human tubular cells (HKC-8 cell line) was measured under
several conditions and the following result was seen. When palmitate (a 12-carbon fatty acid)
was added, 02 consumption increased, meaning that the cells could effectively oxidize fatty
acids. When Etomoxir, a compound that inhibits a key FAO enzyme Carnitine
palmitoyltransferase 1A (CPT1A), was added the 02 consumption levels went down, indicating
that FAO is at work in the human tubular cells. Lastly the introduction of oligomycin, which blocks
oxidative phosphorylation via blocking proton channel of ATP synthase, caused the 02 levels to
further drop. Further data showed that ATP production is much higher in control cells versus
Etomoxir treated HKC-8 cells, supporting that FAO is the main energy source. In another
experiment when glucose was added to the cells, the oxygen consumption rate (OCR) was

unaffected although the extracellular acidification levels increased, indicating that the glucose



was mostly used for anaerobic oxidation. These findings taken together demonstrate that FAO is

the main contributor to ATP levels in tubular epithelial cells.

To understand why FAO in the proximal tubule is important we must first examine the
anatomy and physiology of the proximal tubule. The proximal tubule is made up of tubular
epithelial cells (TEC) (Nakhoul & Batuman) and fatty acids are their main source of energy. The
proximal tubule is the powerhouse of the nephron as it is responsible for over 80% of the
reabsorption of water, sodium, chloride, bicarbonate, and all the glucose from the filtrate of the
glomerulus (T. Wang, 2006). This high level of reabsorption makes the cells of the proximal tubule

some of the most energy demanding cells in the body. Humans need copious amounts of energy
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In the renal proximal tubule, the renin-angiotensin system (RAS) is of immense
importance in this segment of the nephron (Sparks, Crowley, Gurley, Mirotsou, & Coffman, 2011).
Since decreased FAO levels have been suggested as a cause of renal fibrosis we turn our attention
to what contributes to this decrease in FAO in renal cells and suggest that the RAS may play a

role. It has been well established in the literature that high doses of Ang Il have a fibrotic effect,
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but the exact mechanism is still debated (Di et al., 2014; Jung et al., 2014; Li et al., 2013). The
renin-angiotensin hormone cascade is exceedingly important in blood pressure regulation and
sodium regulation. Via a series of proteolytic hydrolysis reactions (removal of amino acids)
starting with the angiotensinogen protein, the renin-angiotensin-aldosterone system (RAAS)
produces Ang Il, which has a battery of downstream effects that include vasoconstriction, sodium
retention and increased pressure in the glomerulus causing subsequent damage (Sparks et al.,
2011). In mice, the major receptor for Ang Il is the AT1a receptor, and without this receptor the
Ang Il hormone cannot cause the aforementioned downstream effects (Crowley et al., 2011). In
PTKO mice after Cre-mediated excision, the AT1a receptors are deleted specifically from the renal
proximal tubule. This mitigates the effects of Ang Il, preventing an increase in blood pressure,
and other possible effects during Ang Il infusion. We used a Cre — lox p system where the Cre is
under the control of the phosphoenolpyruvate carboxykinase promoter as described in (Gurley
et al., 2011). We leveraged the function of the RAS in genetically modified mice to examine FAO

as a potential contributor to renal disease.

We specifically examined Ang |l signaling via the AT1a receptor in the renal proximal
tubule and expected the absence of AT1a receptors on the cells of the proximal tubule in the
nephron to mitigate the effects of Ang Il. Our lab has produced a novel mouse model, that has
the AT1a receptor knocked out specifically in the renal proximal tubule, referred to as a AT1AR
PTKO mouse. Thus, our question is: would these PTKO mice have a resistance to FAO decline
and subsequent renal fibrosis when compared to the wildtype (WT) mice in disease states? We
hypothesized that PTKO mice are protected against renal fibrosis because of their lack AT1a

receptors and that this protective effect is mediated by FAO maintenance. We seek to examine



FAO in our PTKO mice under two disease states: hypertension (Ang Il infusion) and diabetes (Akita

model).

As part of our project, we included measuring the FAO in a diabetic mouse model. This
was accomplished by the utilization of the Akita mouse model (Izumi et al., 2003) combined with
our AT1AR PTKO model. The Akita mouse model is an established model for diabetes as it has a
gene mutation that mimics the physiological effects of insulin deficiency in type 1 diabetes in
humans. Akita mice have a point mutation on the Mody4 locus of the insulin 2 gene, on
chromosome 7. This mutation is now commonly referred to as the Ins2- Akita, or simply Akita
mutation. This mutation works by causing a cystine to tyrosine missense substitution at the
seventh amino acid in the A subunit of the insulin 2 gene protein. This is highly disruptive to the
guaternary structure of the protein as it prevents the formation of a critical disulfide bridge
between the A and B subunits of the mature protein. This irregular protein accumulates in the
endoplasmic reticulum (ER) in beta cells of the pancreas. This maladaptive formation of protein
in the ER eventually causes the beta cells to undergo apoptosis. Without the beta cells of the
pancreas, the mice become an excellent model for type 1 diabetes (insulin deficiency) in humans.
Mice that are homozygous for this mutation die before birth, but the heterozygous genotypes
are an excellent model for type 1 diabetes as they show development of hyperglycemia and
hypoinsulinemia at an early age (lzumi et al., 2003; Oyadomari et al., 2002; J. Wang et al., 1999).
Due to the fact that diabetes is the leading cause of renal disease, identifying the propagating

factors in diabetic nephropathy is critical to developing novel treatments for CKD.



Methods:

Animal Models

For our project we used two major mouse models. The AT1a proximal tubule knock out
and the diabetic Akita mouse, both of which are described extensively in the background section.
These mouse lines were bred on a 12956 mouse background, that is the one of the most
commonly used background strains in gene targeting experiments. This mouse line was
historically used because it could easily produce competent embryonic stem cells (Threadgill,
Yee, Matin, Nadeau, & Magnuson, 1997). This wide use in various genetic models made it an ideal
choice for our background. The mice were crossed to have the desired genotype to form our
experimental groups, and were weaned at 3 weeks of age. During the course of the experiment
none of the mice showed signs of unidentified/unintended distress, malnourishment, or disease.
When harvesting tissues, the mice were anesthetized with isoflurane, and tissues were flash
frozen using liquid nitrogen. All animal work was performed under approved institutional IACUC
protocols. The PTKO genotype was determined using DNA extraction, PCR amplification, and

separation using gel electrophoresis.

Phenotyping

Urine was collected from mice monthly from 2 to 7 months of age, during 24-hour time

intervals using individual mouse wire mesh metabolic cages. The volume of the urine was



measured, and then the urine was also used to calculate an albumin/creatinine ratio (ACR) to
measure renal injury in Akita mice. The ACR was obtained using data from ELISAs both for the
albumin and creatinine individually and calculated using this formula [urine albumin (mg/dL) +
urine creatinine (mg/dL)] x 1000 = urine albumin-creatinine ratio (ACR in mg/g). The ELISA
(enzyme-linked immunosorbent assay) used to detect albumin was the Albuwell M. This is a
direct competitive ELISA that uses anti-mouse albumin Ab-HRP conjugate (HRP (HRP=Horseradish
Peroxidase). This is an inverse ELISA, as color intensity is inversely related to albumin
concentration. Additional phenotyping of PTKO mice has been previously reported in (Gurley et
al., 2011). Glucose was also measured at the same time points using an AlphaTrak2 blood glucose
meter, the venous blood sample was taken from the tail and the mice were fasted at least 6
hours, to confirm the hyperglycemia of the mice. Mouse body weight was measured manually

using a lab balance at each time point for the Akita mice.

Gene Expression Studies

We sought to measure gene expression in our experimental animals to identify how the
cells of the mouse renal tissue react to the disease conditions. To measure the levels of gene
expression we chose to utilize the real-time quantitative polymerase chain reaction method
(gPCR or RT-PCR). This method of gene expression allows for measurement of gene transcription
to a very accurate degree. The gPCR method functions by replicating sample cDNA during several
cycles until an established threshold has been reached. This number of cycles tells the researcher

how much starting cDNA was in the sample; the lower the cycle value the more cDNA initially



was in the sample (Schmittgen, 2001). Our method of measuring gene expression can be broken
down into three steps: 1 — extraction of RNA from the sample tissues, 2 — Creation of cDNA from
the RNA in a 1:1 ratio, 3 — Measuring the number of cDNA copies that were present in each
sample via the aforementioned gPCR method. The specific method of qPCR that we utilized was
the CT method also known as the 2-AACT method. This method uses a reporter dye that produces
a fluorescent signal when bound to double stranded DNA. There are two types of probes: non-
specific DNA-binding dyes and specific detection fluorescent probes. Non-specific dyes bind to all
double stranded DNA products, even non-desired ones such as primer dimers left over from the
production of the cDNA. The SYBR-green dye, for example, exists in the solution in excess but
only fluoresces in the DNA-dye bound state. This allows for prediction of the amount of cDNA at
each cycle. Specific detection probes, on the other hand, only bind to cDNA that has the correct
sequence complementary to the probe, then the fluorophore is cleaved from the DNA sequence
of the probe when the DNA is replicated, this causes the total fluorescence to increase (Tajadini,
Panjehpour, & Javanmard, 2014). We chose to use the latter method and use a TagMan probe
for the measurement of our gene expression because of its greater specificity. Being a specific
detection probe, the TagMan allowed us to calculate our levels of gene expression to a greater
degree of accuracy. To calculate the critical threshold or CT value for each sample the gPCR
apparatus measures the level of fluorescence until it reaches that critical value and records how
many cycles were required; multiple wells of the same sample are run to confirm precision
(Schmittgen & Livak, 2008). Using this method, we can then accurately measure gene expression

to explain the changes in physiology during renal injury.
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In our project, we are interested in metabolic process, therefore, logic follows that we
would measure the expression of genes that code for the critical enzymes or transcriptional
regulators of metabolism. To assess FAO, we measured a number of different genes that track
FAO activity. The Ppara gene, is critical in the peroxisomal beta-oxidation of fatty acids
(Navidshad & Royan, 2016). The PGC-1-Alpha (PPARG Coactivator 1 Alpha) gene, is a
transcriptional activator that regulates the expression of many genes that regulate both fatty acid
and glucose metabolism (Esterbauer, Oberkofler, Krempler, & Patsch, 1999). The Cptla and Cpt2
genes are involved in the oxidation of long-chain fatty acids via transport across the inner
mitochondrial membrane (Morillas et al., 2004). Finally, the Acox1 gene is the first enzyme in the
beta-oxidation pathway of fatty acids and the Acox2 gene codes for the branched chain acyl-CoA
oxidase (Baumgart et al., 1996; Varanasi et al., 1994). Next, we aimed to assess the glucose
oxidation levels in the tissue samples. The Pkilr gene, codes for the enzyme that is the rate-limiting
step in glycolysis (van Wijk et al., 2009). The pfk1 gene is a member of the phosphofructokinase
A protein family and regulates glycolysis (Hellinga & Evans, 1987). One of the last gene groups
we looked at was for renal injury and fibrosis. This included, the Fnl gene that codes for the
fibronectin glycoprotein that is found in wound healing and renal fibrosis (Sharma, Askari,
Humphries, Jones, & Stuart, 1999). Also present in fibrosis are the alpha chains for collagen 1 and
3 (COL16A1 gene & COL9A3) (Pan, Zhang, Mattei, Timpl, & Chu, 1992). We also looked at the
fatty acid synthesis of the Akita mice using the ACAC-alpha and ACAC-beta that are the two forms
of Acetyl-CoA carboxylase; this enzyme catalyzes the rate limiting step of fatty acid synthesis

(Tong, 2005).

Data Analysis and Statistical Methods
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Raw CT value data produced by the gPCR machine were converted to relative expression
values using the 2-AACT method. To test for statistical differences in our mouse lines we
conducted unpaired students t-tests between each treatment group. We used a significance level
(alpha) of 0.05, as is standard statistical convention. For each cohort of animals, we calculated
the mean and standard deviation using normal methods, these were then used to conduct the

unpaired t-test.

Results Section:

Mouse Models

Blood Glucose Levels:

In both Akita mouse lines (Akita and Akita-PTKO) the average fasting blood glucose remained
consistent during each time point, between 600-650 mg/dL. In addition, there was no
significant difference in body weights between the two mouse lines at any time point.

Fast 6hrs blood glucose of Akita Male mice
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FIGURE 3. BLOOD GLUCOSE OF AKITA MALE MICE FROM AGES 2
MONTHS TO 7 MONTHS

Mouse Bodyweight:

In both Akita mouse lines (Akita and Akita-PTKO) the average body weight remained consistent
during each time point, steady increase from 20- 27 grams. In addition, there was no significant
difference in body weights between the two mouse lines at any time point.
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Body weight of Akita Male mice
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FIGURE 4 . BODY WEIGHT OF AKITA MALE MICE FROM AGES 2 MONTHS
TO 7 MONTHS

24-Hour Urine Volume:

In both Akita mouse lines (Akita and Akita-PTKO) the average urine output remained consistent
during each time point, in the range of 11-15 mL/day. In addition, there was no significant
difference in body weights between the two mouse lines at any time point.
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24h urine volume of Akita Male mice
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FIGURE 5. URINE VOLUME OF AKITA MALE MICE FROM AGES 2
MONTHS TO 7 MONTHS

ACR ratios across a 7-month period:

The ACR ratios did not show a meaningful change, value remained between 10 and 15, across

the time points in either of Akita mouse lines (Akita and Akita-PTKO). In addition, when the two

groups are compared the also did not show a significant difference at any time point (2-

7months).

FIGURE 6. ACR RATIOS OF AKITA MALE MICE FROM AGES 2 MONTHS TO 7 MONTHS
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Gene Expression Data

For our project we measured the gene expression of several key metabolic proteins, the results
are shown below:

Before subjecting mice to treatments to induce renal injury we first collected data from naive
(untreated, but may be of any genetic background) mice to gain a perspective of what gene
expression looks like in healthy mice.

Baseline genetic expression:

Baseline fatty acid oxidation:

CT value
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The accuracy and precision of the 18s loading control data support the validity of our qPCR
results. The values are in close proximity, so we can assume that our qPCR data was not affected
by faulty laboratory skill, as wells of the same sample, yield similar CT values. It also flows logic
that the 18s loading control expression would be significantly higher than that of other genes

because the 18s protein is very highly expressed globally, due to its function as part of the
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ribosome. In the data for relative expression we can see that the only major difference in
expression is in the level of Acox2 in the heart, when compared to other tissues. We can see
approximately equal levels of expression of the key FAO genes in both the kidney cortex and

medulla at baseline in WT mice.

PPARA mRNA expression in naive kidney pgclA mRNA expression in naive kidney
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FIGURE 8. THE RELATIVE EXPRESSION OF PPARA BETWEEN FIGURE 9. THE RELATIVE EXPRESSION OF PGC-1-ALPHA

WT, PTKO, AND GKO MOUSE LINES BETWEEN WT, PTKO, AND GKO MOUSE LINES
In the expression of Ppara and PGC-1-Alpha genes (Figures 8, 9), both of which indicate higher
levels of FAO, there is no significant difference in the expression between the wild type (WT)
mice, the proximal tubule AT1a receptor knock out (PTKO), and the global knock out (GKO) mice.
The GKO mice have the AT1a receptor knocked out in all the mouse tissues not just the proximal
tubule, as is the case in the PTKO mice. This suggests that at baseline the FAO of mice without

AT1a receptors have just minor differences in FAQO levels.
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Fatty acid oxidation in naive mice:

CPT1 mRNA expression in naive kidney cortex CPT2 mRNA expression in naive kidney cortex
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FIGURE 11. THE RELATIVE EXPRESSION OF THE CPT2 GENE
IN THE NAIVE KIDNEY CORTEX AT BASELINE FOR WT, PTKO,
GKO MOUSE LINES.

FIGURE 10. THE RELATIVE EXPRESSION OF THE CPT1A GENE
IN THE NAIVE KIDNEY CORTEX AT BASELINE FOR WT, PTKO,
GKO MOUSE LINES.
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FIGURE 12. THE RELATIVE EXPRESSION OF THE ACOX1 GENE FIGURE 13. THE RELATIVE EXPRESSION OF THE ACOX2 GENE
IN THE NAIVE KIDNEY CORTEX AT BASELINE FOR WT, PTKO, IN THE NAIVE KIDNEY CORTEX AT BASELINE FOR WT, PTKO,
GKO MOUSE LINES. GKO MOUSE LINES.

The expression of the Ctpla, Ctp2, Acox1, and 2 genes show that there is a slight trend in the

GKO mouse expression, they have a higher expression of these genes when compared to the WT
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and PTKO mice. This was most likely due to a small sample size (n=2), so therefore our data

showed that the three groups have a nonsignificant difference at baseline.

Glucose oxidation in naive kidney cortex:

pfk1 mRNA expression in naive kidney cortex PK mRNA expression in naive kidney cortex
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The data on gene expression for glucose oxidation showed very similar expression among all the
cohorts. This indicates that at baseline, the three mouse types have similar levels of glucose
oxidation. This suggests that at baseline, the presence of AT1a receptors have little effect on

glucose oxidation in the renal cortex.
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Hypertensive Renal Injury:

This group of mice was used to model the injury caused by Ang Il mediated hypertension and
how it might affect renal metabolism and injury.

Fatty Acid Oxidation Hypertension (Ang Il) treatment groups:

CT vaule
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FIGURE 16. THE CT VALUES OF THE FAO GENES IN THE HYPERTENSION
TREATMENT GROUPS IN THE KIDNEY CORTEX
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FIGURE 17. THE RELATIVE EXPRESSION OF CPT1A IN
THE HYPERTENSION TREATMENT GROUPS (WT-SALINE,
WT- ANG II, AND PTKO- ANG II)
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FIGURE 19. THE RELATIVE EXPRESSION OF ACOX1 IN THE
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treated by Angll1000 day14
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FIGURE 18. THE RELATIVE EXPRESSION OF CPT2 IN THE

HYPERTENSION TREATMENT GROUPS (WT-SALINE, WT- ANG

11, AND PTKO- ANG II)
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FIGURE 20. THE RELATIVE EXPRESSION OF ACOX2 IN THE

HYPERTENSION TREATMENT GROUPS (WT-SALINE, WT- ANG HYPERTENSION TREATMENT GROUPS (WT-SALINE, WT- ANG

Il, AND PTKO- ANG Il)

Il, AND PTKO- ANG Il)
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During the hypertension experiment, the only significant difference was between the gene
expression in Cptla within the two Ang Il treated groups (WT, PTKO). The difference was the
inverse of the expected result, as the expression of Cptla was higher in the WT-Ang Il group than
the PTKO-Ang Il group, indicating higher FAO in the WT group. The rest of the genes were not
significant in an unpaired t-test. We can confirm the validity of our data by looking at the loading

control 18s expression cycle threshold (CT) values, using the logic explained above.

Fibrosis expression in the hypertension treatment groups:
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FIGURE 21. CT VALUES FOR THE FIBROSIS INDICATORS IN THE FIGURE 22. RELATIVE EXPRESSION OF FN1 IN THE RENAL CORTEX IN THE
HYPERTENSION GROUPS HYPERTENSION TREATMENT GROUPS
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FIGURE 23. RELATIVE EXPRESSION OF COL1 IN THE RENAL CORTEX  FIGURE 24. RELATIVE EXPRESSION OF COL3 IN THE RENAL CORTEX IN
IN THE HYPERTENSION TREATMENT GROUPS THE HYPERTENSION TREATMENT GROUPS

The data on the fibrosis indicator genes reveal that while most of the gene expression was not
significant in an unpaired t-test, there was a significant difference in Fn1 expression between the
WT-Saline and WT-Ang Il mice. As an overall trend, we can see that the Ang Il treatment groups
have a higher gene expression of fibrosis indicator genes. We can again confirm the validity of

our data by looking at the loading control 18s expression CT values.

Diabetic Renal Injury:

This group of mice was used to model the injury caused by diabetic nephropathy and how it might
affect renal metabolism and injury.
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Fatty Acid Metabolism in Akita and Akita+ At1aPTKo mice:
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CORTEX IN THE DIABETIC TREATMENT GROUPS CORTEX IN THE DIABETIC TREATMENT GROUPS
CPT2
CPT1
25 87
o
[ J
v ® o v
- 20+ [ 4= v v
o o VV
) v v A v
$ 151 %o M @
s o s 2+ v
> v < v
D 10+ g (o)
2l o —— —=— .
— v = -
S 57 o v v s 1 v
o v o
(0] T T T T 0.5 T T T
& o
< N a ~&° < &° > ©
2% by <l < - K
v x e, 24 <
-2 \"a X
O N
s o

FIGURE 27. RELATIVE EXPRESSION OF CPT1A IN THE RENAL CORTEX FIGURE 28. RELATIVE EXPRESSION OF CPT2 IN THE RENAL
IN THE DIABETIC TREATMENT GROUPS CORTEX IN THE DIABETIC TREATMENT GROUPS

Over all fatty acid metabolism was reduced in the Akita renal cortex, mainly in Acox1 and Acox2
gene expression, but interestingly there was no difference between Akita and Akita+ At1aPTKo
FAO. Also, there was a significant difference between the WT and the Akita in the Acox2 gene. In

the Cptla and 2 genes there was a slight change in expression between the mouse phenotypes.
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Fatty acid synthesis in the Akita mice renal cortex:

MRNA of Acaca in renal cortex of 7months
old Akita AT1aPTKO male mice acaca

MRNA of Acacb in renal cortex of 7months
old Akita AT1aPTKO male mice
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FIGURE 29. RELATIVE EXPRESSION OF ACACA IN THE RENAL CORTEX IN  FIGURE 30. RELATIVE EXPRESSION OF ACACB IN THE RENAL CORTEX IN
THE DIABETIC TREATMENT GROUPS THE DIABETIC TREATMENT GROUPS

There was no difference in fatty acid synthesis between the different mouse genotype groups.
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Assessing fibro sis in the Akita mouse renal cortex:
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FIGURE 31. RELATIVE EXPRESSION OF COL1 IN THE RENAL CORTEX IN FIGURE 32. RELATIVE EXPRESSION OF COL3 IN THE RENAL CORTEX IN THE
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FIGURE 33. RELATIVE EXPRESSION OF FN1 IN THE RENAL CORTEX IN THE
DIABETIC TREATMENT GROUPS

The gene expression for the indexes of fibrosis was not significantly different between the

phenotype groups of the seven-month-old mouse lines. The three genes measured (Col1, Col3,
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and Fnl) appear to remain constant among the phenotype groups, suggesting propagation of

fibrosis is not significant at the current time point.

TABLE 1. GENE EXPRESSION IN EACH GROUP COMPARED TO THEIR APPROPRIATE CONTROL (STATISTICALLY SIGNIFICANT AT

ALPHA = 0.05)

PTKO(baseline) GKO(baseline) | WT Anglli PTKO Ang Il | Akita Akita -PTKO
Ppara | No change No change N/A N/A N/A N/A
PGC-1- | No change No change N/A N/A N/A N/A
Alpha
Cptla | Nochange No change No change No change No change No change
Cpt2 No change No change No change No change No change No change
Acox1 | Nochange No change No change No change No change Upregulated
Acox2 | Nochange No change No change No change Upregulated | Upregulated
Pklr No change No change N/A N/A N/A N/A
pfk1 No change No change N/A N/A N/A N/A
Fn1l N/A N/A Upregulated No change No change No change
Col1 N/A N/A No change No change No change No change
Col3 N/A N/A No change No change No change No change
Acaca | N/A N/A N/A N/A No change No change
Acacb | N/A N/A N/A N/A No change No change
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Discussion & Future Plans:

This study has proved to reveal numerous interesting results and many of the discovered
relationships would benefit from further study. It is well established in the clinical literature that
renal fibrosis is an unavoidable final stage of chronic kidney disease (CKD). Renal fibrosis has been
shown to be highly regulated by the renin-angiotensin-aldosterone system (RAS) (Mezzano et
al.). Thus, when these two facts are taken together, one can clearly see how leveraging the RAS

to prevent CKD patients from developing renal fibrosis is a very promising endeavor.

It is for these reasons that we studied the effects of long term disease on the fatty acid
oxidation (FAO) pathway, and subsequent fibrosis in the renal cortex of mice. Looking at the
baseline data for the gene expression of the key genes in the FAO pathway of different mouse
tissues at baseline, we see that Acox2 expression has a significant reduction in the heart when
compared to the expression in the renal cortex and medulla. This reduction in expression will
require more experimentation to determine why it is reduced by over 10,000-fold. A possibility
is that since Acox2 mediates the degradation of long branched fatty acids in the peroxisome, that
the heart metabolizes very little if any branched fatty acids. Logic follows that the high energy
requirements of the heart might be more selective in the fuel type the utilize. My hypothesis is
that cardiac cells have evolved to not metabolize branched fatty acids and only metabolize
unbranched fatty acids as they require a less intensive (fewer steps) metabolic process

(Taegtmeyer et al., 2016).

We then moved to examining the expression of FAQO in only the renal cortex of different

mouse lines. The expression of the Ppara and PGC-1-Alpha genes had no significant difference at
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baseline in WT, PTKO, and GKO mice. These genes predict fatty acid oxidation (FAO) levels as they
code for proteins that are critical in the metabolism of fatty acids. It is an important result that
at baseline the three phenotypic groups have no significant difference in the expression of FAO
genes because that allowed us to detect how FAO levels will change in the event of renal injury,
refer to figures 9-13. Confirmation of equal FAO (compared to WT mice) at baseline in the mice
lacking AT1a receptors both in the proximal tubule only (PTKO), and the global knock outs (GKO),

was critical being able to test our hypothesis.

Gene expression of FAO biomarkers showed no statistical difference in the naive mice
(WT, PTKO, GKO) for the genes Cptla, Cpt2, Acox1, and Acox2. This was an important result as it
proves that without any induced renal injury, the FAO levels of the genetically modified mice
equal to the WT control mice, allowing us to detect a potential difference under disease
conditions. Although the levels of gene expression did not prove to be statistically significant we
can see a trend of the GKO mice having higher expression of the key FAO genes. This has two
explanations: the first being that the small sample size of two, for the GKO group produced a
sample mean that is higher that true mean of the GKO population due to chance. Additionally, it
could be possible that for some unidentified reason, the lack of AT1a receptors globally has an
unknown downstream effect that increased FAO at baseline. This would be an excellent follow-

up experiment for a project with a greater sample size.

Naive mice seem to have an equivalent expression of glucose metabolism genes at
baseline. This indicates that at baseline, the absence of the AT1A receptors has little to no
influence on the glucose metabolism levels in the renal cortex. Any differences we see in the

three phenotypic groups (WT, PTKO, and GKO) are likely due to chance and a sample size that is
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not large enough to accurately predict the true mean of the data. Ideally, if this experiment was
to be performed again we would want each group to have an n > 30, this would give us greater
statistical power (ability to employ the use of the central limit theorem in our statistical analysis)
and ability to confirm that, at baseline, there is no difference in glucose metabolism between the
mouse phenotypes. Despite this lack of a large enough sample size we can still interpret this data,
which suggests that glucose metabolism is not affected by the presence of AT1a receptors in the

proximal tubule or anywhere in the body for that matter.

The baseline data revealed many thought-provoking trends, but since there was no
statistical difference in the expression of the critical FAO genes we then explored how Ang Il
mediated hypertensive renal injury might affect their expression. When looking at FAO
expression for our four major FAO biomarkers (Cptla, Cpt2, Acox1 and Acox2) the only statistical
difference (p-value < 0.1, not significant at our set alpha of .05) was a reduced expression of
Cptla in the renal cortex in the PTKO Ang Il infused mice, when compared to the WT Ang I
infused mice. This is contrary to our hypothesis that the PTKO mice would be protected from FAO
reduction because of their lack of AT1a receptors. This result is likely explained by a range of
factors, although we suspect that the largest contributor is our small sample size. Our WT Ang Il
group only had an n=3, this likely contributed to the increased expression measurement in this
group of mice by chance. In addition, our group suspects that the renal injury attained was not
sufficient to significantly reduce FAO levels when compared to the WT saline only mice. Our
analysis of the FAO biomarkers did not show a significant reduction in FAO between the WT saline
mice and the WT Ang Il infusion mice. This result suggests that either the renal injury caused by

the Ang Il infusions was not enough to cause renal injury, or that renal injury does not cause an
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FAO reduction. In addition, our data did not show that the PTKO Ang Il infused mice were

protected from a reduction of FAO when compared to the WT Ang Il mice.

While the data on the renal fibrosis biomarkers was mostly not statistically significant, it
did display very fascinating results. There was increased expression of fibronectin 1 in the WT
Ang Il group, compared to WT saline control. This result is what we expected for the three fibrosis
biomarkers, but only Fn1 showed this result. We expected that fibrosis would be increased in the
mice that were treated with Ang Il because it is known to induce renal injury. The two collagen
coding genes (1 and 3) did show increased expression in the renal cortex in the WT Ang Il group
when compared to the WT saline group, but it did not reach statistical significance. This lack of a
statistically significant increase in fibrosis biomarkers further provides evidence that our Ang Il
treatment likely did not produce sufficient renal injury to induce fibrosis. An improvement to our
experiment would be expose the mice to a more chronic exposure to Ang Il. Our methods were
to expose the mice to a 1000ng/kg/min dose of angiotensin Il via mini-pumps for 14 days. In a
follow up experiment, we should use a longer exposure time than 14 days, that will more closely
mimic the results of CKD in humans. CKD often takes place over several years before significant
fibrosis is seen, it is very likely that our Ang Il exposure was too acute to produce significant
fibrosis in the kidneys. We also did not see a protective factor of FAO in the PTKO Ang Il mice
when compared to the WT Ang Il mice. This again was most likely due to lack injury necessary to
produce significant fibrosis pathology. This study should be repeated with a larger cohort of mice
and a more chronic exposure to Ang Il in the treatment groups to reproduce the clinical pathology

of renal fibrosis.
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In a separate cohort of mice, we tested the FAO expression between 4 groups of
genetically distinct mice, WT, PTKO only, diabetic Akita mice and Akita-PTKO mice. In this study
we saw a very interesting result in that the Akita mice had significantly reduced FAO when
compared to the non-diabetic mice. Akita-PTKO mice had significantly reduced Acox1 expression
when compared to the non-diabetic, PTKO only mice. A similar result was seen in the gene
expression of the Acox2 gene when both Akita and Akita-PTKO mice had significantly reduced
gene expression when compared to their non-Akita/non-diabetic counterparts. This result may
be due to some early stage chronic renal injury caused by the diabetic phenotype. The Akita
mouse model has lifetime hyperglycemia, which is well documented to cause renal injury
(Bjornstad, Cherney, & Maahs, 2014). This Akita mouse seems to have produced enough renal
injury to mimic very early stage diabetic nephropathy. This damage to the nephron likely
subsequently caused the expression of these key FAO genes to drop. If our hypothesis proves
true, in the long term this will facilitate the propagation of renal fibrosis. The hypothesized

protective effect of the PTKO mice was not seen in any of the FAO biomarkers.

Fatty acid synthesis levels did not seem to be different among the four mouse genotypes.
The two fatty acid synthesis biomarkers that were measured had relative expression levels that
were consistent among the four mouse genotypes. This might be due to fatty acid synthesis not
being highly affected in the progression of renal injury caused by diabetes. Due to this negative
result we can deduce that levels fatty acid synthesis are either not a pathway that is significantly
affected by the pathology of chronic kidney disease or that the renal injury was not sufficient to

disrupt the pathway.
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The biomarkers for renal fibrosis (Fn1, Col1, Col3) did not show any significant difference
in expression. This was in all likelihood caused by a lack of sufficient renal injury to begin to
display renal fibrosis pathology. The kidneys in this experiment were harvested at a 7-month time
point, it is very probable that this was not sufficient time for the CKD caused by the diabetes to
produce significant renal scaring. In future studies one of two approaches should utilized. First,
measuring gene expression data in older mice, if the mice are aged past 7 months it is much more
possible that the renal scaring seen in end stage renal disease will be produced in the mouse
model. This more longitudinal presence of hyperglycemia will better mimic the time scale of CKD
in humans which can often be 10 years or more (Neild, 2017). Secondly, an alternate method to
produce sufficient renal injury would be to combine the diabetic Akita model with a hypertensive
renin transgene overexpression model (Peters, Wanka, Peters, & Hoffmann, 2008). Our group
believes that this combination of phenotypes that contribute to CKD progression will likely
produce additional renal injury in mice at the 7-month time point, which may result in alterations

in FAO.

Overall, the results for our study were somewhat mixed, but nonetheless produced many
relevant results that merit follow up studies. A few of our studies lacked the sufficient sample
size to reach significance and that was a major limitation of our study. It seems that both Ang Il
infusion and Akita diabetic models show some renal injury but it would seem that the kidneys
are not sufficiently damaged to produce the type of renal fibrosis that we sought to test our
hypothesis. FAO levels do seem to be overall correlated with renal injury as for both the Ang Il
infusion group and the Akita mice at least one FAO biomarker was reduced when compared to

the control mice. Our data do not support our hypothesis that the PTKO mice would have some
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sort of protective effect when compared to AT1a intact mice. None of our PTKO mice groups
fared better in the face of preserving FAO reduction or mitigation of fibrosis when compared to
their WT controls. While our studies did not identify a causal link between hypertension and
diabetes and FAO, we hope that further study of RAS signaling in the kidney can provide a starting
point for novel treatment development for one of Americans deadliest and most expensive

ailments.
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