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ABSTRACT

LUNG CANCER-KIDNEY CROSSTALK
ENHANCES CISPLATIN-INDUCED NEPHROTOXICITY

Andrew Joseph Orwick
March 28", 2023
Cancer patients represent a unique patient population with increased susceptibility to
kidney disease. Drug-induced acute kidney injury (AKI) in cancer patients is a common
problem. Cisplatin is a highly effective treatment used in many solid organ cancers.
However, cisplatin causes AKI in 30% of patients, increasing the risk of chronic kidney
disease (CKD) development. The kidneys maintain homeostasis of the body’s
extracellular fluids and removing waste products. The kidneys filter nearly 170 liters of
fluid a day and must reabsorb over 99% of the filtrate. The reabsorption occurs in tubule
cells throughout the nephron, which are highly enriched in mitochondria to complete this
task. One mechanism by which cisplatin induces nephrotoxicity is by reducing
mitochondrial content and biogenesis leading to loss of kidney function, kidney injury,
inflammation, and development of fibrosis. Reduced kidney mitochondrial mass and
respiration also impairs the tissue repair process. Historically, most preclinical cisplatin
toxicity studies have been completed in mice without cancer. We believe the physiology
of cancer patients is not adequately represented in these non-cancerous murine models.
In this study we used multiple mouse models of lung cancer in combination with repeated
low dose cisplatin (RLDC) regimen to determine if cancer alters the nephrotoxicity of

cisplatin. Additionally, we pharmacologically induced mitochondrial biogenesis to increase



kidney mitochondrial content to determine if this pathway will protect from cisplatin-
induced nephrotoxicity. Our results show that lung cancer combined with cisplatin
enhances the nephrotoxicity of cisplatin. Additionally, cancer alone without cisplatin
reduced renal function, increased fibrosis, reduced mitochondrial content, and reduced
PGC-1a of kidney cortices. Stimulating mitochondrial biogenesis increased kidney
mitochondrial content and reduced loss of kidney function, kidney injury, inflammation,
and development of fibrosis from RLDC in mice without cancer. However, these effects
are nullified when the experiment was repeated in mice with subcutaneous lung cancer.
Previous clinical trials on nephroprotective agents have failed, and we propose that poorly
representative mouse models may be responsible for misleading preclinical research. Our
development of clinically relevant models of cisplatin-induced nephrotoxicity provides a
foundation for developing nephron-protective agents that can be used as an adjunctive

therapy for cancer patients taking cisplatin.
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CHAPTER 1: BACKGROUND & INTRODUCTION

Kidney disease is a significant public health concern, with acute kidney injury
(AKD[1, 2] and chronic kidney disease (CKD) affecting millions of people worldwide [3-5].
It is estimated that AKI occurs in up to 30% of hospitalized patients and up to 50% in the
critically ill patient population [6]. Patients hospitalized for AKI events have higher in-
hospital mortality rates and reduced survival at 1 year compared to patients hospitalized
for non-AKI events [7]. It was previously thought that AKI incidents had no long-term
consequences if renal function recovered [8], but recent studies indicate that patients who
develop AKI are 10 times or more likely to develop chronic kidney disease (CKD) [6, 9-
12]. Even patients that do not develop clinical AKI are at risk for long-term declines in renal
function [13, 14].

CKD affects over 20 million Americans, and over 500,000 have end-stage renal
disease (ESRD) [15]. Globally, the incidence and prevalence of CKD are also increasing,
with an estimated 800 million people affected [3-5]. Additionally, CKD significantly
increases the risk of mortality, with higher stages of CKD associated with a greater risk of
death. This risk of mortality is further increased when CKD is accompanied by other
comorbidities, such as cardiovascular disease or diabetes [16].

Cancer patients are a unique patient population and their increased susceptibility
to kidney disease has led to the rapidly growing specialty of Onconephrology [17-23].
Cancer patients often have decreased kidney function [24-26], and drug-induced acute
kidney injury (AKIl) is common and remains a hurdle [27-32]. Drug-induced AKI is a

common cause of renal dysfunction and is associated with significant morbidity and
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mortality [33]. Drugs can cause AKI through a variety of mechanisms, including direct
tubular toxicity, intravascular volume depletion, hemodynamic alterations, and immune-
mediated processes [34]. The incidence of drug-induced AKI is difficult to estimate due to
the wide range of medications that can cause kidney injury and the variability in patient
populations [33].

Of particular interest is the incidence of anti-cancer drug-induced AKI, as these
medications are frequently prescribed to cancer patients and have been shown to cause
renal dysfunction [30, 35-37]. Cisplatin is prescribed to 10-20% of cancer patients [38]
and is a highly effective chemotherapeutic agent for the treatment of various solid-organ
cancers, including head, neck, testicular, breast, ovary, and lung. [39]. Its approval for the
treatment of testicular cancer led to an increase in remission rates from 5% to 80% [40].
However, its usage is limited by its nephrotoxicity, with 30% of patients developing AKI
[39]. While newly developed cisplatin derivatives have reduced nephrotoxicity, they are
less effective in treating many forms of cancer [41]. Limiting cisplatin toxicity would
increase the therapeutic potential in cancer patients, however, there are currently no
therapies approved to prevent or treat cisplatin-induced AKI. It is therefore crucial to
understand the mechanisms underlying cisplatin-induced kidney injury and to develop
strategies to prevent and manage this condition.

KIDNEY PHYISOLOGY

The kidneys maintain the body’s fluid homeostasis [42-44]. The kidney has three
major avenues to keep the extracellular fluid in steady state. Firstly, the kidney controls
fluid volume of the body, osmolarity, electrolyte concentration, and acidity by altering the
amount of water and other charged particles excreted in the urine. The kidney can
independently regulate the excretion of water and various solutes, including sodium,
hydrogen, potassium, calcium, magnesium, and phosphate, by modulating the tubular
secretion and reabsorption of each at different segments of the nephron. Secondly, the
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kidney eliminates waste products of metabolism such as urea, as well as other exogenous
chemicals including toxins, drugs, and drug metabolites. Thirdly, the kidney synthesizes
and secretes hormones and enzymes into systemic circulation. Renin is produced and
secreted from the kidneys. This enzyme plays a critical role in systemic and renal
hemodynamics by catalyzing the formation of angiotensin | which is converted to
angiotensin Il. Angiotensin Il is a key regulator of blood pressure both in the kidney and
the body. Additionally, the kidney is involved in the production of erythropoietin, which
regulates the production of new red blood cells, and vitamin D metabolism converting
calcitriol to its biologically active form 1,25-OH dihydroxy vitamin D, which regulates
calcium and phosphate balance. [42-44].

The smallest functional unit of the kidney is the nephron. Nephrons are composed
of three major sections with distinct roles; (1) the glomerulus that filters the blood, (2) the
tubule that primarily reabsorbs vital nutrients and secretes solutes, and (3) the collecting
duct that carries urine to the calyx, then renal pelvis, and finally exits the kidneys via the
ureters [45]. There are over 26 different cell types in human adult kidneys to carry out the
wide range of functions needed for proper renal function [46].

Glomerular filtration is the first step in urine production and is a passive process
powered by hydrostatic pressure from the heart via glomerular capillaries. The glomerular
filtration rate (GFR) is the volume of fluid that is filtered per minute. Normal GFR ranges
from 90-100 mL/min in women and 115 to 125 mL/min in men. The kidneys account for
less than 1% of body weight but receive 20-25% of cardiac output [47, 48]. The calculation
of GFR is based on the equation: GFR = renal plasma flow x filtration fraction. Renal
plasma flow is approximately 55% of renal blood flow, which is 20-25% of cardiac output,
and the filtration fraction is normally 20% and is the ratio of the glomerular filtration rate to
renal plasma flow [49-51]. The total daily volume of fluid filtered by the kidneys at
120mL/min is ~170L/day. However, the average adult human only has between 3-5 liters
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of circulating blood and produces approximately 1.5 liters of urine [45, 52]. Therefore, to
prevent volume depletion and dehydration, reabsorption of nearly all filtered water and
solutes is necessary. [42-44]

The proximal convoluted tubule and thick ascending limb are responsible for the
bulk of reabsorption, while the distal convoluted tubule and collecting ducts fine-tune the
filtrate components/composition This reabsorption occurs through active transport,
secondary active transport, and passive diffusion [42-44], and the active transport is
performed primarily through the Na*/K* ATPase pump. The Na*/K* ATPase pump moves
3 Na* ions out of the cell and 2 K* ions into the cell against their respective concentration
gradients. The action of the Na*/K* ATPase pump creates a low intracellular sodium level
and a net negative charge in the cell, allowing for passive diffusion of sodium from the
filtrate into the tubule cells. Coupling the now passive diffusion of sodium to other solutes
allows secondary active transport through cotransporters (sodium-glucose) or exchangers
(sodium-hydrogen) to not require any additional energy. Additionally, the Na*/K* ATPase
pump plays a crucial role in both the development and maintenance of a well-
differentiated, polarized epithelial phenotype in epithelial cells [53]. When Na*/K* ATPase
pump activity is inhibited, the polarization of epithelial cells is impeded, resulting in the
disruption of tight junction structure and function [54]. Loss of appropriate cell polarization
and tight junctions in kidney tubule epithelial cells will impair their ability to properly
reabsorb solutes from the filtrate. Furthermore, decreased Na*/K* ATPase pump is
considered a marker of epithelial to mesenchymal transition (EMT), and in this study down
was down regulated by the TGF-B1 [55]. Proper renal function is dependent on healthy
tubule epithelial cells that have appropriate mitochondrial mass and Na*/K* ATPase pump
activity.

The proximal convoluted tubule, thick ascending limb and distal convoluted tubule
cells are highly enriched in mitochondria [43, 56, 57] and use ATP to power reabsorption
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through the Na*/K* ATPase pump. The proximal convoluted reabsorbs ~50% of the filtered
sodium and water and it reabsorbs almost all the filtered glucose, phosphate, and amino
acids. The thick ascending limb is responsible for reabsorbing ions, particularly sodium
and chloride, and maintaining the medullary concentration gradient that is crucial to
produce concentrated urine. The distal convoluted tubule is responsible for fine-tuning the
filtrate composition by reabsorbing ions such as sodium, chloride, and calcium and
secreting hydrogen and potassium ions. The collecting ducts are responsible for further
adjusting the filtrate composition by reabsorbing water, sodium, and bicarbonate ions, as
well as secreting hydrogen and potassium ions.

The reabsorptive capacity of the tubules is remarkable, as demonstrated by the
fact that a GFR of 170L/day and a plasma sodium concentration of 140mEq/L results in
filtration of over 23,000 mEq of sodium per day. This far exceeds the normal dietary intake
of sodium, which ranges from 80-250 mEqg/day. To maintain normal plasma sodium levels,
the tubules must reabsorb over 99% of the filtered sodium. If there is damage or injury to
the tubules which inhibits their ability to maintain this high level of reabsorption a
compensatory drop in GFR will occur [58]. Failure to maintain proper sodium reabsorption
can quickly lead to hyponatremia. Therefore, the tubules play a crucial role in regulating
sodium balance in the body, and any disruption to their function can have serious
consequences [42-44].

The inability of the proximal tubule cells to produce energy without oxygen makes
them highly susceptible to hypoxia, ischemia reperfusion injury, and vasculature damage.
Over 90% of the energy production in the kidney occurs through oxidative
phosphorylation, and any disruption to oxygen delivery or mitochondrial function can
increase the risk of acute kidney injury (AKI) [59]. Elevated levels of glycolysis and
increased mitochondrial dysfunction have been identified as hallmarks of various AKI

models.



The proximal tubule produce the majority of the required ATP from (-oxidation of
fatty acids in the mitochondrial matrix [60] and very little energy through glycolysis [43].
The proximal tubule's reliance on oxidative phosphorylation for ATP production leaves it
highly vulnerable to hypoxia, ischemia-reperfusion injury, vascular damage, and
mitochondrial toxins [59]. Kidney injury that disrupts oxygen delivery or mitochondrial
function are significant risk factors for the development of AKI [60]. Studies have shown
that increased glycolysis and mitochondrial dysfunction are hallmarks of various AKI
models [61-63].

ACUTE KIDNEY INJURY

Acute kidney injury (AKI) is a complex and heterogeneous disease process that
can be caused by a variety of factors, including decreased blood flow to the kidneys, direct
damage to the kidneys, or obstruction of urine flow [59, 64, 65]. Hospital admission is a
risk factor for developing AKI, with incidences of 15% for adults and 25% for children after
admission [1, 65]. In patients receiving intensive care, the incidence of AKl is even higher,
with over 50% of patients developing AKI [66]. The development of AKIl is associated with
an increased risk of progressing to chronic kidney disease (CKD) [6, 9-12, 65].
Additionally, the risk of mortality is increased 5 to 6-fold higher in patients with AKI when
compared to patients without AKI [67, 68].

However, diagnosing AKI remains a challenge, as it is a highly heterogeneous
group of conditions that share rapid loss of kidney function as an outcome [59, 64, 65].
Serum creatinine level and urinary output, which are used for diagnosis, are neither
sensitive nor specific for AKI. Changes in serum creatinine do not correlate closely with
the severity of kidney damage nor indicate the cause of AKI. A better understanding of the
underlying molecular pathways of AKI is needed to help improve the assessment of its

clinical course and enable a diagnosis based on specific molecular pathways.



AKI can be caused by several factors, including sepsis, major surgery, cardiorenal
syndrome, kidney hypoperfusion, systemic inflammation, exposure to nephrotoxins,
postrenal urinary tract obstruction, and intra-abdominal hypertension. The broad clinical
spectrum raises the question of whether different etiologies of kidney injury activate
distinct pathophysiological mechanisms or whether they share a common final pathway.
Several studies have identified nephron segment-specific gene expression changes in
response to diverse stimuli that can lead to AKI, suggesting that substantially different
molecular categories of AKI exist. Even etiologies that were traditionally thought to be
related activate functionally unrelated signal transduction pathways and trigger responses
in different regions of the kidney, which suggests distinct rather than shared pathologies.
[59, 64, 65]

Tracking the incidence and prevalence of Acute Kidney Injury (AKI) is a
challenging task due to the varying clinical markers used to diagnose and the broad
spectrum of disease classifications [69]. In an attempt to provide measurable criteria to
universally define the stages of kidney injury, the Acute Dialysis Quality Initiative proposed
the Risk/Injury/Failure/Loss/ESRD (RIFLE) classification for AKI in 2004 [70], followed by
the Acute Kidney Injury Network (AKIN) classifications in 2007 [71]. Subsequently, the
Kidney Disease: Improving Global Outcomes (KDIGO) group published guidelines
combining the RIFLE and AKIN definitions in 2012 [72]. These guidelines were developed
to provide measurabile criteria to universally define the stages of kidney injury using serum
creatinine and urine output.

In conclusion, AKI represents a highly heterogeneous group of conditions that
share rapid loss of kidney function as an outcome. The current diagnostic approaches
using serum creatinine level and urinary output are neither sensitive nor specific for AKI,
and changes in serum creatinine do not correlate closely with the severity of kidney
damage nor indicate the cause of AKI. The occurrence of different mechanism of AKI
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pathology or markers is relevant to the development of novel strategies for renoprotection,
and a better understanding of its underlying mechanisms might help to improve the
assessment of the clinical course of AKI.

BIOMARKERS OF AKI

Acute kidney injury (AKI) is defined by a rapid deterioration of kidney function [59,
64, 65]. Clinical markers, such as decreased urine output, elevated serum creatinine
(SCr), and blood urea nitrogen (BUN), are currently used to diagnose AKI, but these
markers are neither sensitive nor specific for AKI.[65]. Additionally, changes in SCr do not
correlate with the severity of kidney damage nor point to the cause of the kidney damage,
and their levels are affected by a variety of factors, including age, race, sex, body weight,
metabolism, and protein intake. BUN has similar limitations to SCr and only elevates after
the renal injury has occurred [69, 73-75].

To address the limitations of clinical markers, new biomarkers that are more
specific and sensitive for kidney damage have been sought after. Neutrophil gelatinase-
associated lipocalin (NGAL) and kidney injury molecule 1 (Kim-1) are two of the newer
biomarkers that have shown promise in diagnosing AKI.

Neutrophil gelatinase-associated lipocalin (NGAL), 25-kDa polypeptide of the
lipocalin superfamily, was initially identified in human neutrophil gelatinase [76]. NGAL
was first discovered as a biomarker after it was elevated in multiple animal models of AKI
[77-79]. NGAL is a rapid response protein to tissue injury, and while elevated during AKI
events, NGAL is also elevated during acute and chronic inflammatory conditions [80].
NGAL is released by activated neutrophils during bacterial infections and systemic
inflammation, making its use as a biomarker of AKI more complex [81]. NGAL can be
assayed from blood or urine, but urinary NGAL appears to carry higher specificity for AKI

[82]. Urinary NGAL is approved in Canada and Europe for diagnosing AKI [83, 84].



Kim-1 is a transmembrane cell surface receptor on epithelial and lymphoid/myeloid
cells. Kim-1 is a scavenger receptor that removes oxidized LDL particles and interacts
with phosphatidylserine to allow apoptotic cells to undergo phagocytosis. Under normal
conditions, Kim-1 expression in proximal tubule cells is minimal, but after ischemic or
nephrotoxic insult, expression of Kim-1 is significantly upregulated in proximal tubule cells
[85, 86]. Kim-1 elevation occurs within 1-3 hours of kidney injury, making it a very early
signal of damage [82]. Additionally, urinary excretion of Kim-1 has been approved by the
FDA and EMA for preclinical assessment of nephrotoxicity [80, 82].

Despite the development of newer biomarkers, the pathophysiology of AKI remains
a complex process that is still not completely understood. The heterogeneity of the kidney
in cell type, function, tissue oxygenation, and metabolism further complicates our ability to
develop protective measures from AKI [59]. While early recognition and management of
AKI are critical to patient outcomes, continued research is necessary to better understand
the pathophysiology of AKI and improve our ability to diagnose and manage this complex
disease process.

ETIOLOGY OF AKI

AKI can be caused by several factors, including sepsis, major surgery, cardiorenal
syndrome, kidney hypoperfusion, systemic inflammation, exposure to nephrotoxins,
postrenal urinary tract obstruction, and intra-abdominal hypertension. The process of AKI
varies according to the primary insult, but all end with reductions in kidney function. Given
the complexity of the kidney and multiple causes of AKI, the classification of AKI is
challenging. There are multiple ways to categorize AKI based on clinical setting,
reversibility or response to therapy, general mechanism of injury, primary affected
anatomical compartment, dominant underlying pathophysiology, or the traditional

categories. [59].



The traditional categories of AKI are Prerenal, Intrinsic Renal, and Postrenal [75,
87]. Prerenal AKI is the most common cause and is defined as decreased renal perfusion
resulting in lower GFR [87]. The most common cause of prerenal AKI is loss of fluid
volume, which can result from excessive vomiting or diarrhea or overuse of diuretic drugs.
Other causes of prerenal AKI include decreased perfusion from heart failure, systemic
vasodilation from sepsis, and changes to intrarenal vasoconstriction via different
medications (NSAIDs, ACE-I, ARBs, Antirejection agents) [87].

Intrinsic AKI, on the other hand, is defined by disruption to the internal processes
of the kidney and is further divided up into categories based on the primary affected
anatomical compartment, including glomerular damage, tubular damage, interstitial
damage, and vascular damage. [75]. Acute tubular necrosis (ATN) is the most common
cause of intrinsic AKI in hospitalized patients and is usually caused by ischemia or
nephrotoxic agents [75, 87].

ATN-induced AKI involves several pathophysiological processes, including
endothelial damage, vascular impairment, tubular cell death, and inflammatory/immune
response [88]. This process has been divided into four phases, initiation, extension,
maintenance, and recovery.

The initiation phase is characterized by functional damage to the tubule cells from
ischemia or nephrotoxic agents and subsequent decreases in renal blood flow, further
decreasing the oxygen levels and ATP production. These damaged cells epithelial and
endothelial cells release cytokines and chemokines, which initiate the inflammatory
cascade. The tubule epithelial cells responsible for most of the kidney's reabsorption
function begin to undergo morphological changes and lose their brush border membranes.
Loss of brush border membranes reduces their surface area and absorptive capacity.
Furthermore, during AKI, the function of the tubules is impaired, which can result in
increased delivery of sodium to the macula densa. The macula densa then signals the
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afferent arterioles to constrict and reduce the blood flow to the glomerulus. This is known
as the tubuloglomerular feedback mechanism and is a critical component of renal
autoregulation [58]. Lastly, tubule cells start to undergo apoptosis or necrosis, and the
dead cells slough off, leading to tubular obstruction. [75].

During the extension phase of AKI, the initial ischemic or nephrotoxic insult causes
persistent hypoxia and inflammatory response. The kidney's heterogeneity of tissue
oxygenation results in some areas being more vulnerable to damage than others. In the
cortex, oxygen levels return to near-normal levels, and tubule cells start to recover and
undergo repair. However, the corticomedullary junction and outer medullary region have
lower perfusion levels, leading to cell injury and ongoing apoptosis/necrosis. As cell death
occurs in the corticomedullary junction and outer medulla, the glomerular filtration rate
(GFR) continues to decline. Furthermore, the production and release of cytokines and
chemokines continues in these regions during this phase, which stimulate the
inflammatory cascade [75].

The maintenance phase of AKI marks the beginning of repair, increased cell
migration, apoptosis, and proliferation as cells attempt to maintain tubule integrity. During
this phase, the decline in GFR halts as tubule cells begin to dedifferentiate and migrate
towards the damaged area and reestablish tissue structure. Additionally, tissue perfusion
returns to baseline during this phase, indicating the recovery of kidney function. It is
important to note that the extension and maintenance phases of AKI are not always
distinct and can overlap, making it challenging to predict the timing and extent of kidney
function recovery [75].

During the recovery phase of acute tubular necrosis, the reestablishment of tubule
epithelial cell polarity and structure leads to the restoration of normal cellular and organ
function. However, for a full recovery to occur, it is crucial for proinflammatory and
profibrotic cells to be cleared. The extent of recovery depends on various factors and
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repeated insults can hinder the repair process and result in chronic impairment. Therefore,
successful management and prevention of future injury are crucial for the restoration of
kidney function and overall patient health [75].

In contrast to prerenal injury, acute tubular necrosis does not recover immediately
after removing the nephrotoxic agent or reperfusing the kidney. This is due to the time
required for the replenishment of lost tubular cells, which may necessitate renal
replacement therapy in severe cases [75, 87].

Acute glomerular damage is a common cause of AKI, resulting from acute
inflammation of the blood vessels and glomeruli, leading to loss of renal function. Systemic
illnesses such as systemic lupus erythematosus, arthritis, viral infections, and pulmonary-
renal syndromes are among the most common causes of glomerulonephritis [75, 87].

AKI can also result from damage to the interstitial tissue of the kidney, commonly
caused by allergic reactions to medications or infections. Acute interstitial nephritis
generally resolves once the causative agent is removed [75].

The kidney accounts for less than 1% of total body weight but receives over 20%
of cardiac output [47, 48], making them highly susceptible to vascular damage-induced
AKI. Damage to the intrarenal blood vessels results in decreased perfusion and lower
GFR. Arterial catheterization, hypercoagulation disorders, and vascular surgery are
common causes of intrarenal vascular damage [75, 87].

Postrenal causes of AKI are a result of obstruction to urine flow. In older men,
prostate hyperplasia is a common cause of postrenal AKI. Identification and removal of
the obstructing object generally result in a return to baseline [75, 87].

Currently, markers of AKI can only diagnose the condition after the injury has
occurred, and renal function has already declined. There are currently no FDA-approved
agents to prevent or treat AKI. A better understanding of the disease process is needed
to develop potential treatments. It was previously believed that if renal function returned
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to baseline after an AKl incident, there would be no long-term consequences [8]. However,
recent studies have indicated that patients who develop AKI are up to 10 times more likely
to develop chronic kidney disease (CKD) [6, 9-12]. Even patients that do not develop
clinical AKI are at risk for long-term declines in renal function [13, 14].

In summary, AKl is a complex disease with a wide range of etiologies that can be
classified into traditional categories, including Prerenal, Intrinsic Renal, and Postrenal.
Acute tubular necrosis is the most common cause of intrinsic AKI, and its pathophysiology
involves four phases. A better understanding of the underlying pathophysiological
mechanisms of AKI may help to identify novel therapeutic targets to improve patient
outcomes.

CHRONIC KIDNEY DISEASE

CKD affects over 20 million Americans, and over 500,000 have end-stage renal
disease (ESRD) [15]. Globally there are estimated to be 800 million people with CKD and
the incidence and prevalence are increasing [3-5]. CKD is a heterogeneous disorder
characterized by a gradual persistent loss of kidney function for greater than 3 months [8,
89] Clinically CKD is defined as the presence of albuminuria, a marker for kidney damage
or decrease in GFR for a duration of greater than 3 months [8, 89]. There are many
different insults to the kidney that can lead to CKD. Kidney fibrosis is a common pathway
in the development of CKD, regardless of the initial cause of the disease [8, 90, 91]. The
most common causes of CKD are diabetes and hypertension [15]. AKI, however, is
becoming more recognized as a potential cause of CKD, even after recovery from initial
nephrotoxic insult [8]. Additionally, more studies have shown that multiple nephrotoxic
events leading to AKI also increase the likelihood of developing CKD [9, 14, 92].

The most common cause of AKI is acute tubular necrosis (see above). After an
AKI event, the kidney utilizes a wound healing process to recover from the insult. However,
the repair process can go astray if subsequent insults occur during this time resulting in
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maladaptive repair. Maladaptive repair during an AKI event can lead to renal fibrosis and
CKD [8].
MALADAPTIVE REPAIR & KIDNEY FIBROSIS

Fibrosis is a pathological process that leads to tissue scarring, it occurs when there
is damage to tissue, resulting in inflammation, activation and migration of myofibroblasts,
and matrix deposition and remodeling of normal tissue architecture [8, 90, 91]. Fibrosis is
defined as increased expression and deposition of structural extra cellular matrix (ECM)
including proteins such as collagens and fibronectin. Although efforts have been made to
understand the mechanisms of kidney fibrosis and develop therapeutic strategies, there
has been little to no success, and no treatment specifically targets kidney fibrosis. The risk
of kidney fibrosis is increased with age and from repeated insults of nephrotoxic agents
leading to a maladaptive repair process [8]. Maladaptive repair refers to the incomplete
recovery following an AKI event, which can result in abnormal kidney structure and
impaired function. Maladaptive repair is characterized by renal fibrosis, vascular
rarefaction, tubular necrosis/apoptosis, glomerulosclerosis, and infiltrating inflammatory
cells within the kidney [8].

In the maintenance phase of AKI, tubule cells begin to dedifferentiate and
repopulate lost epithelium. Under normal healing conditions, these cells enter the cell
cycle and proliferate to maintain tissue structure [93]. Tissue repair is a complex process
that requires significant metabolic activity. Adequate mitochondrial mass and
mitochondrial respiration are necessary for cell replication, cell growth, and synthesis of
macromolecules and proper resolution of injured tissue [94]. In the maladaptive repair
process, these cells undergo cell cycle arrest and become senescent. These senescent
cells can adopt a secretory phenotype which is associated with the release of transforming
growth factor-beta (TGF-B1) and connective tissue growth factors (CTGF). TGF-1 is a
cytokine that is considered the master regulator of fibrosis and promotes the development
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glomerular and tubulointerstitial fibrosis [95]. CTGF is secreted protein with low levels of
expression in normal healthy kidneys. Following injury CTGF is released by tubular
epithelial cells and endothelial cells. CTGF then promotes TGF-B1 activity and release
from fibroblast and tubule epithelial cells [96]. CTGF and TGF-Bf1have been associated
with chronic inflammation, collagen deposition, and vascular rarefaction [8, 90, 91].

These secretory senescent cells affect other epithelial cells, pericytes, and the
immune system. Particularly these cytokines increase the production of activated
myofibroblasts [88]. Fibroblast activation, characterized by a-SMA expression and the
production of a large amount of ECM components, is the most important event in kidney
fibrogenesis rarefaction [8, 90, 91]. These activated myofibroblasts are considered the
primary source of collagen deposition and fibrotic matrix. Activated myofibroblasts are
essential to the normal healing process where they deposit extra cellular matrix (ECM),
which acts as a scaffold to maintain tissue structure integrity in damaged tissue. Under
maladaptive conditions, the myofibroblasts are overstimulated, leading to excessive
deposition of ECM and renal fibrosis. The accumulation of ECM in renal tissue starts to
disrupt normal tissue structure, impair function, and lead to CKD [97, 98]. In the normal
healing process, extra ECM is degraded, and profibrogenic myofibroblasts are removed.
However, repeated nephrotoxic events or chronic injury can lead to inadequate removal
of ECM, resulting in long-term organ fibrosis [98].

Injured tubule cells release multiple soluble factors including sonic hedgehog
(SHH), WNTs, and TGF-B1 that results in the activation of fibroblast [90]. Additionally,
Kim-1 is a significant biomarker for tubule injury, and its expression increases drastically
in response to tubule damage in both humans and rodents [85, 86]. It plays a crucial role
in promoting the clearance of apoptotic cells by tubular epithelia, which is vital for
endogenous kidney repair following injury [99]. However, prolonged expression of Kim-1
is linked to a profibrotic phenotype and increased leucocyte recruitment to the injured
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kidney [100]. This suggests that Kim-1 may provide a link between injury and fibrosis,
where chronic expression of Kim-1 can lead to maladaptive repair and development of
fibrosis. The injured tubule cell population can undergo partial EMT, cell-cycle arrest,
senescence, and apoptosis, leading to tubular atrophy [101]. Chronic exposure to multiple
sublethal injuries can lead to premature cell senescence, causing a failure to respond to
subsequent injury with correct adaptive repair. Additionally, repeated insults may cause
tubular cells to remain in a dedifferentiated state, continuing to produce profibrotic factors
that contribute to the development of fibrosis [8, 90, 91].

The injured tubule cells also secrete proinflammatory cytokines and chemokines,
leading to the activation of toll-like receptors (TLR). TLRs are a class of cell-surface
proteins that are responsible for activating the innate immune response. Tubule epithelial
cells express TLR, and during AKI events, these receptors are activated, resulting in the
production of tumor necrosis factor-alpha (TNF-a), monocyte chemoattractant protein 1
(MCP-1), and interleukin 6 (IL-6). Increased cytokine production leads to immune cell
recruitment to the damaged kidney [88]. These immune cells are part of the normal healing
process and help remove necrotic cells and debris. Chronic production of these cytokines
can lead to overactivation of the immune cells and maladaptive repair [8].

Repeated nephrotoxic insults impair the normal healing process in the kidney and
can result in maladaptive repair. The maladaptive repair process contributes to the loss of
kidney function as normal tissue structure is not restored in the kidney following injury.
Chronic inflammation and excessive fibrosis are characteristics of the maladaptive repair
process.

Kidney fibrosis is not uniform across the tissue but develops in specific areas of
injury. The reason why certain sites of injury repair normally and others progress to fibrosis
is unknown. Recent work has proposed the idea of a fibrogenic niche or microenvironment
that promotes fibroblast activation and the accumulation of extra cellular matrix (ECM)
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[90]. Similar to the features of maladaptive repair, the fibrogenic niche that promotes
fibrosis in CKD patients is characterized by fibroblast activation, persistent inflammation,
tubular atrophy, and vascular rarefaction [8, 90, 91]. The trigger for the formation of the
fibrogenic niche after kidney injury is unknown, but it is believed that the release of soluble
factors following initial tubular injury triggers interstitial fibroblasts to express Tenascin-C
(TNC), which is the primary organizer of the fibrogenic niche [102]. Decellularized kidney
tissue scaffolds are a model system to investigate the effect of the fibrogenic niche on
kidney cells. The kidney tissue scaffolds have no cellular contents, extracellular vesicles
or soluble factors, but do contain structure and composition of the ECM. When kidney
cells are seeded onto kidney tissue scaffolds from fibrotic kidneys, fibroblasts proliferate,
tubular cells undergo EMT, macrophages are activated, and endothelial cells undergo
apoptosis. These results suggest the ECM of the fibrotic niche is able to induce fibrosis
and recruit adjacent cells to in a similar phenotype.

Targeting and disrupting the maladaptive repair process and the formation of the
fibrogenic niche may represent a promising and innovative therapeutic approach for the
treatment of fibrosis and CKD. By interrupting the signaling pathways and molecular
interactions, it may be possible to prevent the activation of fibroblasts, the induction of
epithelial-to-mesenchymal transition, and the recruitment of inflammatory cells that lead
to tissue fibrosis. Such therapies could provide a significant improvement over existing
treatments, which often focus on symptomatic relief and do not address the underlying

disease mechanisms.

CISPLATIN
Cisplatin is a widely used and highly effective chemotherapeutic agent for the
treatment of various solid-organ cancers, including head, neck, testicular, breast, ovary,
and lung. [39]. Its approval for the treatment of testicular cancer led to an increase in

17



remission rates from 5% to 80% [40]. However, its usage is limited by its nephrotoxicity,
with 30% of patients developing acute kidney injury (AKI) [39].

The systematic chemical name of cisplatin is cis-Diamminedichloroplatinum (Il).
Cisplatin is an inorganic water-soluble planar molecule consisting of only 11 atoms. Its
molecular structure features a single central platinum atom surrounded by two chloride
and two ammonium atoms in the cis position. Although it was first synthesized in 1845
[103], its structure remained unknown until Alfred Werner published his transformative
paper in 1893 detailing the co-ordination theory of complex compounds and revealed the
chemical structure of cisplatin. Alfred would go on to receive a Noble Prize in Chemistry
for this work in 1913 [104, 105]. Platinum molecules were thought to have no biological
activity until Barnett Rosenberg at Michigan State University accidentally discovered its
cytotoxicity in 1965 [38, 103]. Dr. Rosenberg's laboratory was investigating the effects of
electricity on bacterial cell growth. To deliver the current to culture media, they used
platinum electrodes and observed that the addition of electrical current stopped the cell
division of bacterial cells. Two years later, the laboratory discovered that electricity was
causing the release of platinum molecules, which were responsible for inhibiting bacterial
cell growth and they were using platinum electrodes to deliver the current to culture media
[106]. Building on this discovery, the Rosenberg laboratory demonstrated that cisplatin to
inhibit tumor growth of sarcoma 180 and leukemia L1210 cells, and reduce tumor size in
a rat sarcoma model [107]. By 1972, the National Cancer Institute began clinical trials
using cisplatin for advanced testicular cancer, leading to its FDA approval for testicular,
ovarian, and bladder cancer in 1978 [38]. Cisplatin was the first inorganic heavy metal
used for cancer chemotherapy and changed how inorganic molecules were viewed [108].
Cisplatin’s mechanism of action involves the formation of DNA, RNA, and protein adducts,

which in turn inhibits DNA synthesis and replication of rapidly dividing cells [109, 110].
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The effectiveness of cisplatin is impaired by its dose-limiting side effect,
nephrotoxicity. AKI is a serious concern for patients receiving cisplatin, with up to 30% of
patients developing this life-threatening condition [39]. AKI from cisplatin can prevent
effective cancer treatment, often requiring a change in therapy or dosage reduction.
Although newer derivatives of cisplatin, such as carboplatin and oxaliplatin, have reduced
nephrotoxicity, they are often less effective in treating certain types of cancer [41].
Cisplatin would be a much more effective cancer treatment if this toxicity could be
prevented; however, there are currently no therapies approved to prevent or treat cisplatin-
induced AKI. Understanding how cisplatin induces nephrotoxicity and AKI is crucial to our
ability to develop preventative measures.

AKI and CKD are interconnected syndromes [6] and each AKI event increases the
likelihood of developing CKD. While the incidence of AKI after a single dose of cisplatin is
30%, most patients receive multiple cycles of the drug over the course of several weeks
or months. One study found that repeated cycles of cisplatin almost tripled the risk of
developing CKD [14]. Patients who develop stage 3 CKD (GFR < 60 ml/min) after multiple
cycles of cisplatin now fall into a patient group that are at increased risk of reduced overall
survival and cancer-related mortality [111, 112]. Understanding the mechanisms behind
the development of CKD from repeated cycles of cisplatin is critical to improving outcomes
for these patients.

CISPLATIN’S MECHANISMS OF NEPHROTOXICITY

Cisplatin’s nephrotoxicity correlates with the patient’'s dose, frequency, and
cumulative exposure [113]. Renal cells are exposed to high levels of cisplatin [47], the
kidney receives between 20-25% of the cardiac output while only accounting for less than
1% of the body weight. Cisplatin in the blood is uncharged and is cleared from the body
by the kidney via glomerular filtration and tubular secretion [114]. Cisplatin, once inside
the cell, becomes charged and has been shown to accumulate in kidney tubule epithelial
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cells, leading to cisplatin concentrations higher in the kidney than in the blood [39]. Copper
transporter (Ctr1) and the organic cation transporter (OCT2), both of which are highly
expressed on proximal tubule cells, transport cisplatin intracellularly and increase their
susceptibility to cisplatin toxicity [115]. In vitro studies have shown that downregulating
Ctr1 in kidney cells protects against cisplatin toxicity by reducing uptake into the cell [116],
and coadministration of OCT2 substrate reduces cisplatin uptake and toxicity [117, 118].
In vivo work has shown that the knockout of OCT2 protects mice from cisplatin
nephrotoxicity [119, 120]. Cisplatin-induced nephrotoxicity involves multiple mechanism
including proximal tubule cell damage, increased oxidative stress, inflammatory response,
and vascular injury [39, 115, 121].

The mechanism of cisplatin toxicity is through its interaction with DNA [109, 122,
123]. High concentrations of chloride in the blood limit the replacement of cisplatin's two
chloride ligands, but once inside the cell, cisplatin is hydrolyzed, and the chloride ligand is
replaced by a water molecule [123, 124]. This hydrolyzed cisplatin is a reactive positively
charged electrophile that forms adducts with nucleophilic sites on DNA, RNA, and
protein[122, 123], inhibiting the cell's ability to synthesize DNA and resulting in cell cycle
arrest of rapidly dividing cells[109, 110]. Cisplatin is able to bind to DNA and form a variety
of adducts, including monoadducts, DNA-protein cross-links, interstrand cross-links, and
the most common intrastrand cross-link adducts.

The belief that cisplatin's anti-tumor effects occur primarily through binding to
nuclear DNA has been challenged by in vitro studies. In vitro work has shown that only a
small percentage of cellular platinum is bound to nDNA, and sensitivity to cisplatin cell
death poorly correlates with the extent of nDNA platination [125]. Additionally, this study
found that cisplatin-DNA adducts bind at a higher level in mtDNA compared to nDNA, and
there is a lack of removal of adducts in mtDNA [126]. This concept was further supported
by experiments showing that enucleated cells, which lack nDNA, are susceptible to
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cisplatin-induced apoptosis, independent of nDNA damage. By comparison, etoposide,
known DNA damaging agent, was not able to induce apoptosis in these enucleated cells,
indicating that cisplatin had unique cytosolic targets [127].

More recent studies indicate that cisplatin primarily targets mitochondria and
mtDNA leading to toxicity. [128]. When cisplatin is converted into a positively charged
species, it accumulates in mitochondria, which have a negative charge, and this
accumulation is thought to contribute to cisplatin's toxicity [39, 129]. Furthermore, the
density of mitochondria and their membrane potential have been found to correlate with
the degree of sensitivity to cisplatin[130, 131]. Depletion of mtDNA using ethidium bromide
has been shown to result in cells that are highly resistant to cisplatin toxicity [130]. Since
mitochondria lack effective DNA repair mechanisms, mtDNA is more susceptible to
cisplatin-induced DNA damage than nDNA [132-134]. These findings provide compelling
evidence that mitochondria and mtDNA are critical factors in the toxicity of cisplatin.

The tubule cells in the proximal convoluted tubule, thick ascending limb, and distal
convoluted tubule have high mitochondrial density [43, 56, 57, 135], and we believe this
makes them highly susceptible to cisplatin-induced toxicity. Additionally, proximal tubule
cells express both Crt1 and OCT2 making them very sensitive to cisplatin toxicity.
Proximal tubule cells produce the majority of their energy from (B-oxidation of fatty acids in
the mitochondrial matrix [60]; cisplatin has been shown to disrupt mitochondrial energetics
and fatty acid oxidation [136-138]. Defective fatty acid oxidation has been associated with
a decline in renal function and the development of renal fibrosis [139-141]. Increasing fatty
acid oxidation protected from cisplatin nephrotoxicity in vivo [137, 138]. Additionally,
damage or loss of mMtDNA from cisplatin leads to a loss in mitochondrial protein levels and
a disruption of the mito-nuclear protein ratio leads to reduced respiratory capacity and
malfunctioning proximal tubule cells [142, 143]. Cisplatin also induces cell death in tubule
cells via multiple mechanisms including the extrinsic pathway activated through death
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receptors, the intrinsic mitochondrial pathway, and the endoplasmic reticulum stress
pathway [39].

Cisplatin-induced inflammation is a significant mechanism of nephrotoxicity that
has been extensively studied in the context of cisplatin-induced kidney injury. Injured
tubule cells release endogenous intracellular molecules known as damage-associated
molecular patterns (DAMPs), which activate Toll-like receptors (TLRs). The activation of
TLRs by DAMPs can result in a positive feedback loop where high levels of tissue damage
lead to a pro-inflammatory response, resulting in more tissue damage and chronic
inflammation [144].

Studies have shown that cisplatin treatment is associated with increased
expression of many different proinflammatory cytokines and chemokines, including
interleukin 1 beta (IL-1B), IL-6, MCP-1, and TNF-a [115, 121]. Cisplatin-induced
inflammation occurs through TLR4, as TLR4 knockout mice are resistant to cisplatin-
induced nephrotoxicity as compared to wild type mice [145]. Ramesh and Reeves used
TNF-a knockout mice and a pharmacological inhibitor of TNF-a and demonstrated that
both models provided protection against cisplatin-induced kidney injury [146]. Inhibition of
TNF-a signaling also reduced the production of other key pro-inflammatory mediators,
highlighting the role of TNF-a in the development of inflammation in cisplatin-induced
kidney injury. Furthermore, Maekawa et. al. demonstrated how cisplatin induces
mitochondrial damage and leakage of mtDNA into the cytosol. Cytosolic mtDNA activates
the cGAS-STING pathway leading to inflammation which contributes to the development
of cisplatin-induced kidney injury [147], again highlighting the importance of mitochondria
in cisplatin-induced kidney injury.

Cisplatin's nephrotoxicity is not limited to tubule cell death and inflammation but

also involves damage to vascular endothelial cells. This damage causes vasoconstriction,
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leading to reduced renal blood flow creating a more hypoxic environment in the kidney,
and there a subsequent drop in GFR. The resulting hypoxic conditions further exacerbate
tubule cell death and inflammation. The mechanism of cisplatin’s nephrotoxicity involves
tubule cell death, inflammation, and vascular damage; these pathways are interconnected
and show the complexity of cisplatin-induced kidney injury [121].

The nephrotoxicity of cisplatin has been a problem since it was first introduced into
the clinic. Multiple strategies have been developed to prevent cisplatin toxicity. The adjunct
treatment with hydration regimens and the use of diuretics such as mannitol have been
tried with mixed results [148]. Additionally, reduction in dose and extension in the duration
of administration time have been adopted. Unfortunately, there are no preventative
measures approved for cisplatin-induced AKI. The current clinical guidelines recommend
pre-hydration with normal saline and avoiding the use of diuretics for patient receiving
cisplatin therapy [149]. However, there is still a need for more effective preventative
measures to reduce the incidence and severity of cisplatin-induced nephrotoxicity.

MODELS OF CISPLATIN TOXICITY

Approximately 30% of patients receiving cisplatin treatment develop acute kidney
injury (AKI), which is characterized by elevated levels of blood urea nitrogen (BUN) and
serum creatinine (SCr), indicating a rapid decline in renal function [39]. In the past, it was
believed that if renal function recovered after an AKI incident, there would be no long-term
consequences [8]. However, recent studies suggest that patients who experience AKI are
at a higher risk of developing chronic kidney disease (CKD) [6, 9-12] and even those who
do not develop clinical AKI are at risk for long-term declines in renal function] [13, 14]. For
the remaining 70% of patients who have subclinical kidney damage following cisplatin
treatment, little is known about their risk of developing CKD.

Traditionally, the standard model of cisplatin-induced kidney injury has been to use
a single high dose (10-30 mg/kg) of cisplatin. This model leads to high levels of tubular
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necrosis, rapid decline in renal function, and is fatal to mice within 3-4 days of cisplatin
administration [150, 151]. While this model has allowed researchers to identify the
mechanisms underlying AKI in patients receiving cisplatin, it does not permit long-term
studies [40, 151]. In the clinic, patients are usually treated with periodic low doses of
cisplatin over weeks to months, rather than a single high dose. The single high dose model
of cisplatin toxicity is not a clinically relevant way to study cisplatin induced AKI to CKD.

Given the limitations of the previous approaches, the Siskind Lab and others have
recently developed repeated low dose cisplatin (RLDC) models that more closely mimic
the dose regimen of cisplatin in the clinic and enables the study of long-term impacts on
the kidney and the transition from AKI to CKD [150-158]. In the RLDC model, mice receive
7-9 mg/kg cisplatin once a week for four weeks. The mice treated with the RLDC regimen
can survive 6 months following treatment. Published data from various studies suggest
that the RLDC model induces a low level of repeated injury, leading to fibrosis and
progression to CKD [152-157]. Importantly, the cellular processes induced in the kidney
by the RLDC model differ greatly from those induced by a single high dose of cisplatin
[152-157]. Notably, the mild injury caused by RLDC, which may not meet the clinical
criteria for AKI, can still progress to CKD [152].

The RLDC model can be divided into two distinct phases: the injury and
progression phases. During the four-week injury phase, mice are subjected to mild
cisplatin-induced kidney damage, resulting in a decline in kidney function, cell-cycle arrest,
ER stress, increased levels of kidney damage markers (such as Kim-1 and NGAL),
inflammation, and the development of fibrosis [152-157]. The progression phase begins
when the nephrotoxic agent is removed, and the markers of AKI return to baseline levels.
However, persistent inflammation, increased fibrosis, and the development of CKD still
occur [152-157]. Although mice show only mild increases in BUN levels during the injury
phase, they experience a progressive and permanent loss of kidney function, leading to
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higher BUN levels compared to vehicle-treated mice and the injury phase counterparts
after six months of treatment. These results suggest that mice experience kidney function
deterioration and progression following the RLDC regimen, even without elevated clinical
markers of AKI during the injury phase [152]. The cellular biology of each phase is
significantly different, and the mechanisms involved in both phases of the RLDC model
are still not fully understood [153]. Identifying these mechanisms is crucial to identifying
potential therapeutic targets for cisplatin-induced kidney injury.

Recent work on the RLDC model has helped shed light on the mechanism driving
AKI to CKD transition from RLDC. This study used single-nucleus transcriptional profiling
to analyze the changes in gene transcriptional profiles at the single-cell level in the kidneys
of mice following RLDC [159]. The study identified a unique proximal tubule cell population
that co-expressed proliferation markers (Ki-67) and proximal tubule injury marker (Kim-1),
indicating their significance in tubular repair and recovery after cisplatin treatment. The
study also identified several new proximal tubule injury responsive genes and revealed
the induction of key inflammatory chemokine and cytokine genes in proximal tubule cells
after cisplatin treatment. Additionally, this study investigated the mechanisms behind
repeated cisplatin-induced kidney injury in mice, focusing on DNA damage caused by
each injection [160].. The study found that administering higher doses (10mg/kg compared
to 6mg/kg) of cisplatin repeatedly in a shorter interval led to severe DNA damage in renal
tubular cells. Although normal quiescent renal proximal tubular cells have low rates of cell
proliferation, in response to tubular injury and cell death, the surviving tubular epithelial
cells enter the cell cycle and rapidly proliferate. Active proliferation of tubular epithelial
cells after repeated cisplatin-induced kidney injury did not lead to complete repair and may
have promoted kidney injury by exposing the dividing cells to more cumulative DNA
damage. The study concluded that the dose, frequency, and interval of cisplatin
administration determines the severity of DNA damage, and robust DNA damage was
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observed when higher doses of cisplatin were repeatedly administered in a shorter
interval. Additionally, single low doses of cisplatin produce mild recoverable injury,
however with repeated administration of cisplatin the kidney injury is exacerbated. These
studies helped uncover the distinct injury/repair tubule cells population in a
proinflammatory failed-repaired state, which provides strong evidence that repeated
dosing of cisplatin induces a maladaptive repair state leading to the development of CKD
and fibrosis. Understanding these molecular mechanisms underlying kidney repair after
injury may contribute to the development of new therapies for chronic kidney disease.
Mitochondrial dysfunction has been identified as a key contributor to the development and
progression of CKD [161-163]. The effects of RLDC on kidney mitochondria has not been
investigated.
MITOCHONDRIAL BIOGENESIS

Mitochondria are vital intracellular organelles with a multitude of functions,
including ATP production, co-factor synthesis, amino acid metabolism, calcium
homeostasis, regulation of cellular redox state, and innate immune signaling [164, 165].
The dysfunction of mitochondria can lead to an imbalance in these processes, ultimately
leading to cell death and tissue damage. In recent years, numerous studies have
highlighted the importance of mitochondrial quality control in kidney injury and repair, as
well as potential therapeutic approaches targeting mitochondrial dysfunction in kidney
injury, inflammation, and disease [161-163]. Additionally, research has shown that
mitochondrial dysfunction plays a critical role in the transition from AKI to CKD [166].
Therefore, understanding the pathophysiology of mitochondrial dysfunction in RLDC
induced injury is important to our understanding of the disease process and development
of CKD.

The kidney cortex contains an abundance of mitochondria and consumes a high
amount of oxygen per unit of tissue [56, 167]. The tubule cells located in the cortex play a
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crucial role in reabsorption, utilizing active and passive transport mechanisms to maintain
homeostasis [42-44]. The proximal convoluted tubule, thick ascending limb and distal
convoluted tubule cells are highly enriched in mitochondria [43, 56, 57]. The reabsorption
process is powered by the Na*/K* ATPase pump, which relies on functional mitochondria
to generate ATP. Loss of mitochondrial function results in reduced ATP levels and
decreased Na*/K* ATPase pump activity, leading to increased delivery of Na* in the distal
tubule and compensatory reduction in GFR via tubuloglomerular feedback [58].
Additionally, decreased expression of Na*/K* ATPase pump is a marker of epithelial to
mesenchymal transition [55].

In addition, inherited genetic mitochondrial diseases frequently coincide with renal
impairment, with the most common kidney-related manifestations being tubular defects
[168-172]. For instance, Fanconi Syndrome is a mitochondrial cytopathy characterized by
tubular defects and resulting electrolyte disturbances. The proximal tubule cells are
particularly reliant on mitochondrial function, as they cannot synthesize ATP anaerobically
from glycolysis [173].

Each mitochondrion has its own circular genome, and there are multiple copies
(100-10,000) per cell [133, 134]. Mitochondria are dynamic organelles with inner and outer
membranes that undergo continuous fusion and fission events, collectively known as
mitochondrial dynamics [161]. The balance between fusion and fission processes is
essential for maintaining mitochondrial morphology, and excessive activation of either
process can lead to fragmentation or hypertubulation, ultimately resulting in mitochondrial
dysfunction[161]. Mitophagy is a selective autophagy process that degrades damaged
mitochondria. During AKI events, damaged mitochondria are cleared via mitophagy and
need to be replaced with new mitochondria. New mitochondria are created from existing
ones by a process called mitochondrial biogenesis. Mitochondrial biogenesis (MB)
involves the production of new mitochondrial mass and replication of mtDNA. MB and
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replication of mtDNA occurs independent of the cell cycle unlike replication of nDNA [133].
The regulation of MB is complex and involves a set of transcription factors that link
environmental cues to the cellular energy status and adaptive stress response. The
master regulator of MB is a transcriptional coactivator, peroxisome proliferator-activated
receptor-y coactivator-1a (PGC-1a) [141, 174-176].

PGC-1a was identified in brown adipose tissue as a cold-inducible regulator of
adaptive thermogenesis in 1998 by the Spiegelman laboratory [177]. The name is derived
from the originally identified interaction between the PGC-1a protein and PPARy
(peroxisome proliferator-activated receptor-y) protein. The Spiegelman laboratory would
go on to show PGC-1a’s role in mitochondrial biogenesis. They demonstrated that PGC-
1a activated the transcription factor Nrf-1 (Nuclear Respiratory Factor 1), which
subsequently leads to the expression of Tfam (Transcription factor A, mitochondrial) and
other nuclear-encoded mitochondrial proteins [178]. The PGC-1a protein is interesting, as
it does not directly bind to DNA, but it binds to other transcription factors already bound at
their respective response elements. The binding of PGC-1a to the already bound
transcription factors coactivates them to exert their regulatory effect [141, 163, 174-176].
PGC-1a is highly expressed in metabolically active tissues such as the heart, kidneys,
liver, skeletal muscle, brain, and brown adipose tissue.

PGC-1a is a key transcriptional regulator of various pathways, such as
mitochondrial biogenesis, fatty acid oxidation, lipogenesis, thermogenesis, and glucose
metabolism[141, 174-176]. The expression of PGC-1a can be induced by diverse stimuli,
including exercise, fasting/nutrient deprivation, hypoxia, cAMP activation, and oxidant
stress. The primary transcription factors that regulate PGC-1a expression are myocyte
enhancer factor-2 (MEF2), activating-transcription factor 2 (ATF2), and cAMP response
element-binding protein (CREB). The promotor region for PGC-1a contains binding sites
for MEF2, ATF2, and CREB that increase the expression of PGC-1a. ATF2 and CREB
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bind to the CREB-responsive element (CRE) site, and MEF2 binds to its own specific site
on the PGC-1a promotor. Additionally, PGC-1a expression can be suppressed by external
stimuli, including pro-inflammatory and pro-fibrotic mediators. The pro-inflammatory
factor, TNF-qa, activates NF-kB, which leads to epigenetic downregulation of PGC-1a via
histone H3 deacetylation [179]. Furthermore, Notch signaling and its downstream target
Hes1, a profibrotic transcription factor, directly bind to the PGC-1a promoter region and
inhibit its expression [180]. TGF-B1 also leads to decreased PGC-1a levels through
epigenetic downregulation by stimulating the activation of Smad3 [140]. Additionally, long
noncoding RNA (IncRNA) taurine-upregulated gene 1 (Tug1) interacts with PGC-1aq,
acting as a scaffold and allowing PGC-1a to bind to its own promoter and increase its
expression [181]. Activation of TLRs by various stimuli can also lead to decreased PGC-
1a expression through the MEK1/2, ERK1/2 pathway, which interacts with CREB [182].
Post-translational modifications play an important role in regulating the activity and
stability of PGC-1a, as well as determining which transcription factor interacts with it.
Phosphorylation, acetylation, and methylation are among the modifications that can affect
PGC-1a. Multiple serine and threonine sites on PGC-1a can be phosphorylated by several
kinases, including p38 MAPK, AKT, AMPK, S6 kinase, and GSK33. AMPK and p38 MAPK
phosphorylation activates PGC-1a, while AKT inhibits activity and GSK3p increases its
degradation[141, 174-176]. The half-life of the PGC-1a protein is only 2-3 hours, and the
phosphorylation p38 MAPK also helps stabilize the PGC-1a protein, allowing for a longer
activity window [183]. Additionally, PGC-1a can be activated by deacetylation of lysine
residues by SIRT1 and methylation of arginine residues by PRMT1(protein arginine
methyltransferase 1) [141, 174-176]. These findings highlight the fine-tuned and highly
responsive nature of PGC-1a expression and activity, which allow the cell to adjust gene

expression in response to changes in energy and metabolic demand.
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Mitochondria house more than 1,500 proteins, almost all of which are encoded by
the nuclear genome. The mitochondrial genome, in contrast, only encodes two ribosomal
RNAs, 22 transfer RNAs, and 13 messenger RNAs required for the formation of electron
transport chain super-complexes [133, 134, 184]. As proper mitochondrial function
necessitates coordination between mitochondrial genes encoded by the nucleus and
those by the mtDNA, any inhibition or damage to mtDNA replication or synthesis can
decrease steady-state levels of mtDNA-encoded proteins. This decrease leads to a mito-
nuclear protein imbalance and reduction in cellular respiration [133, 134, 184]. As
mentioned earlier, PGC-1a governs NRF-1 (Nuclear Respiratory Factor 1) expression, a
transcription factor that oversees the transcription of nuclear-encoded electron transport
chain components, such as B-ATP synthase, cytochrome c, and cytochrome c¢ oxidase
subunits. NRF-1 also triggers the expression of Tfam (Transcription factor A,
mitochondrial), which translocate from the nucleus to the mitochondria, where it fully coats
mtDNA, organizes its structure, and is critical for mtDNA maintenance[185]. Tfam binds
to and activates transcription at the two major promoters of mtDNA [186]. Tfam's
indispensability is evident from the embryonic lethality of global Tfam knockout mice [187]
and the renal inflammation and fibrosis that occur by six weeks of age upon tubule-specific
deletion of Tfam [188]. Through regulation of NRF1/2 and Tfam, PGC-1a controls the
expression of mitochondrial proteins encoded in both the nuclear and mitochondrial
genome.

Increased mitochondrial electron transport chain activity can result in elevated
production of reactive oxygen species (ROS), which, in excess, can cause DNA damage
and cell death. Therefore, PGC-1a is also involved in upregulating enzymes necessary for
ROS detoxification. PGC-1a induces expression of the antioxidant enzymes superoxide

dismutase, catalase, and glutathione peroxidase [189, 190].
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MITOCHONDRIAL BIOGENESIS AND KIDNEY INJURY

PGC-1a is highly expressed in the proximal tubule cells [191]. However, studies
on human biopsies from patients with AKI/CKD have shown reduced levels of PGC-1a
compared to normal kidney tissue [140, 192, 193]. In addition, kidney tissue from patients
with diabetic kidney disease has been found to have lower PGC-1a expression and
dysregulated mitochondrial function when compared to healthy controls [193]. Reduced
mitochondrial bioenergetics can lead to dysfunctional tubule cells and overall loss of renal
function [139]. PGC-1a is a regulator of energy metabolism and respiratory capacity and
decreased levels of this protein result in reduced mitochondrial bioenergetics and a
decline in renal function.

Several studies have examined the role of PGC-1a in both AKI and fibrosis models
[179, 192, 194-205]. During AKI, damaged mitochondria are removed from cells via
mitophagy and need to be replaced by the generation of new mitochondria via MB. PGC-
1a is the master regulator of mitochondrial biogenesis and bioenergetics; increasing PGC-
1a expression has provided protection against ischemia-reperfusion injury (IRI) [192, 203-
205], sepsis [200, 201], folic acid [179, 196-199], and single high dose cisplatin [194, 195,
206] induced AKI. PGC-1a has also been identified as a key mediator in renal fibrosis and
CKD development [140, 141, 163, 176, 180, 193]. Studies by the Susztak lab have shown
that restoring mitochondrial energetics through increased fatty acid oxidation protects
against folic acid-induced kidney fibrosis [140].

In mouse models of global and renal proximal tubule-specific PGC-1a knockout,
both PGC-1a null mice were unable to recover from sepsis-induced AKI when compared
to wild-type mice [207]. Additionally, in vitro work from the Schnellmann lab showed that
the overexpression of PGC-1a in proximal tubular cells produced a significant increase in

mitochondria number, respiratory capacity, and intracellular ATP and improved recovery
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from oxidative damage. This suggests increasing PGC-1a levels after an AKI may promote
repair and recovery [208].

Our hypothesis is that repeated administration of cisplatin damages the
mitochondria in tubule cells, leading to reduced ATP levels, impairs the energy intensive
repair process, and lowers Na*/K* ATPase pump a marker of EMT, ultimately causing
renal function to decline. In the microenvironment created by RLDC, the kidney is exposed
to high levels of inflammatory (TNF-q, IL-6, NLRP3) and fibrotic (TGF-$1) mediators [152-
157] which suppress PGC-1a [140, 179, 207]. Insufficient PGC-1a levels impair the
kidney's ability to recover properly from injury, resulting in a maladaptive phenotype and
progression to CKD. We propose that targeting PGC-1a is particularly promising in the

RLDC model, as it is involved in both AKI and renal fibrosis/CKD development.

OVERALL GOALS & SPECIFIC AIMS

Cisplatin is a commonly used chemotherapeutic for many solid organ cancers, but
up to thirty percent of cancer patients treated with cisplatin develop AKI [39]. AKl is a life-
threatening condition defined as a rapid decrease in renal function [209]. AKI and CKD
are interconnected syndromes [6] and each AKI event increases the likelihood of
developing CKD. Most patients in the clinic will receive multiple cycles of cisplatin over
week to months and repeated cycles of cisplatin increase the development of CKD almost
three-fold [14]. There is great need to understand the mechanism driving the development
of CKD from repeated cycles of cisplatin, and as there a no FDA approved treatments for
CKD or kidney fibrosis. Cisplatin-induced nephrotoxicity has been studied extensively [39,
115, 121, 210, 211], and most of this work has been completed in mouse models without
cancer. We believe the altered physiology of cancer patients is not adequately
represented in these models, and adding the comorbidity of cancer to this model will

further our understanding of the pathophysiology.
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Preclinical models of cisplatin-induced nephrotoxicity have failed to include the
critical variable of cancer and only patients with cancer will receive cisplatin therapy. There
is a need to understand how the comorbidity of cancer affects the nephrotoxicity of
cisplatin. Additionally, our preliminary results show that RLDC model reduces kidney
function, induces kidney injury and the development of fibrosis, along with reducing
mitochondrial content and PGC-1a expression. Further work is needed to determine the
role of kidney mitochondrial biogenesis in cisplatin-induced CKD.

The goal of this dissertation is to increase the clinical relevancy of the RLDC model
by including the comorbidity of lung cancer and determine if the SHT-+r agonist can protect
from cisplatin-induced CKD through increased kidney mitochondrial biogenesis and
content. These goals will be met via three aims: Aim 1: Determine if 5HT-1¢ agonist,
LY344864 will protect from RLDC induced AKI-CKD development. Aim 2: Use multiple
mouse models of lung cancer in combination with RLDC regimen to determine if lung
cancer enhances the nephrotoxicity of cisplatin. Aim 3: Determine if 5HT-1F agonist
LY344864 will protect from cisplatin induced nephrotoxicity in mice with subcutaneous
lung cancer. Understanding how lung cancer alters kidney biology and sensitizes the

kidney to cisplatin toxicity is vital to our ability to develop nephroprotective strategies.
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CHAPTER 2: KIDNEY MITOCHONDRIAL CONTENT AND BIOGENESIS ARE
REDUCED BY REPEATED LOW DOSE ADMINISTRATION OF CISPLATIN.
INTRODUCTION

Cisplatin is a widely used and highly effective chemotherapeutic agent for the
treatment of various solid-organ cancers, including head, neck, testicular, breast, ovary,
and lung. [39]. Its approval for the treatment of testicular cancer led to an increase in
remission rates from 5% to 80% [40]. However, its usage is limited by its nephrotoxicity,
with 30% of patients developing acute kidney injury (AKI) [39]. AKIl is a life-threatening
condition characterized by a rapid decline in renal function, and its onset from cisplatin
treatment often necessitates a change in therapy or dosage reduction, preventing effective
treatment [209]. While newly developed cisplatin derivatives have reduced nephrotoxicity,
they are less effective in treating many forms of cancer [41]. Limiting cisplatin toxicity
would increase the therapeutic potential in cancer patients, however, there are currently
no therapies approved to prevent or treat cisplatin-induced AKI.

Despite the high incidence of AKI associated with cisplatin use, it is still prescribed
in 10-20% of all cancer patients as part of their treatment regimen [38]. In the past, it was
assumed that if renal function recovered after an AKI incident, there would be no long term
consequences [8]. However, recent studies indicate that patients who develop AKI are 10
times or more likely to develop chronic kidney disease (CKD) [6, 9-12]. Even patients that
do not develop clinical AKI are at risk for long term declines in renal function [13, 14]. We
have previously shown that the RLDC is a model of CKD development, via mild decline in
renal function, increased kidney injury, inflammation, and development of interstitial

fibrosis [152-157].
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The kidney has unique anatomy and physiology which allows it to maintain balance
of the body’s extracellular fluids. The relatively small plasma volume of the average adult
male is filtered 30 to 50 times a day through the kidney. The filtered solutes and water
must be efficiently reabsorbed for survival. The proximal convoluted tubule and thick
ascending limb are responsible for the bulk of reabsorption, while the distal convoluted
tubule and collecting ducts fine-tune the filtrate components/composition. The proximal
convoluted tubule, thick ascending limb and distal convoluted tubule cells are highly
enriched in mitochondria [2, 12, 13] and use ATP to power active transport by the Na*/K*
ATPase pump. The action of the Na*/K* ATPase pump creates a low intracellular sodium
level and a net negative charge in the cell, which allows passive diffusion of sodium from
the filtrate into the tubule cells. The kidneys take advantage of this gradient to efficiently
reabsorb other vital solutes via secondary active transport that does not require any
additional energy. Mitochondrial function is important to proper kidney function, as shown
by inherited genetic mitochondrial diseases that coincide with renal impairment [168-171].
Additionally, tissue repair is energetically demanding, and adequate mitochondrial mass
and mitochondrial respiration are required for proper healing [94]. We propose that
reduced PGC-1a expression in the tubule cells after each dose of cisplatin prevents these
cells from replacing damaged mitochondrial leading to incomplete repair. The
injured/failed repair tubule cell population leads to a maladaptive phenotype to develop.

We hypothesize that repeated insults from the administration of cisplatin damages
the mitochondria of tubule cells, creating a microenvironment that is pro-inflammatory and
pro-fibrotic. The fibrotic niche, high in TNF-a and TGF-f3 [90] reduces PGC-1a expression
that is needed to replace damaged mitochondria leading to an increase in the injured/failed
repair tubule cell population. Ultimately resulting in a decline in renal function [139-141].

Our study aims to investigate how kidney mitochondrial content and PGC-1a expression
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are affected by RLDC. PGC-1a is a unique target for the RLDC model because of its role

in both AKI and the development of renal fibrosis/CKD.
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MATERIALS AND METHODS
ANIMALS
B6129SF1/J (B6;129) male mice were purchased from The Jackson Laboratory. B6;129
mice are a first filial generation hybrids that are the offspring of a cross between C57BL/6J
females (B6) and 129S1/SvimJ males (129). Upon arrival, the mice were allowed to
acclimate for 1 week prior to the initiation of the experiment. All mice were maintained on
a 12-hour light/dark cycle and provided food and water ad libitum. All animal procedures
were approved by the Institutional Animal Care and Use Committee and followed the

guidelines of the American Veterinary Medical Association.

CISPLATIN DOSING REGIMEN
Pharmaceutical grade cisplatin (NDC 16729-288-38, 1mg/ml) was purchased via the
University of Louisville Outpatient Hospital Pharmacy. The repeated low dose cisplatin
dosing regimen mice were administered cisplatin or vehicle via intraperitoneal (i.p.)
injection once a week between 8-9 a.m. for four weeks. In the vehicle group, 400 uL normal
saline was administered via i.p. injection. In the cisplatin treatment groups, 7mg/kg or
9mg/kg of cisplatin in normal saline in a total volume of 400 uL was administered via i.p.
injection. All mice were administered 500 L saline by subcutaneous injection 2 days after
dose 3 and 1 day before dose 4 to prevent weight loss. All animals were injected with
cisplatin at the same time of day as there are circadian influences on the response of the
kidney to cisplatin. Animals were euthanized 72 hours following their final cisplatin
injection. Upon euthanasia, blood was collected, and plasma prepared and frozen at -
80°C; urine was collected and frozen at -80°C; and kidneys were removed, flash-frozen in
liquid nitrogen, and stored at -80°C until use. A cross-section of one kidney from each

mouse was fixed in 10% neutral buffered formalin for histology.
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BLOOD UREA NITROGEN (BUN), SERUM CREATININE (SCR), AND NEUTROPHIL
GELATINASE ASSOCIATED LIPOCALIN (NGAL) DETERMINATION
BUN (AMS Diagnostics, 80146) levels were measured from plasma samples using the
indicated kits following the manufactures’ instructions. ELISAs for NGAL (R&D Systems,

DY1857) were performed on the urine as directed by the manufacturer.

PROTEIN QUANTIFICATION AND WESTERN BLOT ANALYSIS
Kidney tissues were homogenized in cell extraction buffer (Thermo Fisher Scientific)
containing a Complete Protease Inhibitor Cocktail Tablet and Phosphatase Inhibitor
Cocktail Tablets (Roche). Homogenates were centrifuged at 15,000 X g for 10 min at 4°
C. Supernatants were removed and stored at -80°C. Protein concentrations were
determined using Bradford Reagent (Bio-Rad). 40 ug of kidney homogenate protein were
loaded and separated on 4-12% gradient Tris-Glycine-SDS polyacrylamide gels. Protein
was then transferred to PVDF membranes that were blocked in 5% (w/v) dried milk in tris
buffered saline 0.1% Tween 20 (TBST) for 1 hour. Membranes were incubated with
primary antibody overnight at 4°C. The next morning, membranes were washed 3 times
for 5 min each with TBST containing 5% (w/v) dried milk. Membranes were then incubated
for 2 hours at room temperature with secondary antibodies conjugated with horseradish
peroxidase (1:20,000) in TBST containing 1% (w/v) dried milk. Following 2 washes, 1%
(w/v) dried milk and 1 wash in TBST membrane proteins were detected by

chemiluminescence substrate.

ANTIBODIES
The following antibodies were purchased from Cell Signaling Technology (Beverly, MA):
p44/42 MAP Kinase (Erk1/2) #4695, Phospho-p44/42 MAP Kinase (Erk1/2)
(Thr202/Tyr204) #4370, Transforming growth factor-beta (TGF-) #3711, Mothers against
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decapentaplegic homolog 2/3 (SMAD 2/3) #8685, Phospho-Smad3 (Ser423/425) #9520.
The following antibodies were purchased from Abcam (Cambridge, CB2 0AX, UK):
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGC-1a, abcam,
ab54481) and a-Smooth Muscle Actin (a-SMA, abcam, ab5694). The remaining
antibodies include fibronectin (F3648, Sigma-Aldrich), and a-tubulin (SC-5286, Santa

Cruz Biotechnology).

Rodent Total OXPHOS Antibody Cocktail (abcam, ab110413) contains 5 mouse mAbs,
one each against Complex | subunit NDUFB8 (ab110242), Complex [I-30kDa (ab14714),
Complex IlI-Core protein 2 (ab14745), Complex IV subunit | (ab14705) and Complex V

alpha subunit (ab14748) as an optimized premixed cocktail.

GENE EXPRESSION
RNA was isolated from kidney tissue using E.Z.N.A. Total RNA Kit 1 (OMEGA) per
manufacturer’'s protocol. cDNA was synthesized with High-Capacity cDNA Reverse
Transcriptase PCR (Thermo Fisher Scientific) per manufacturer’s instructions. Gene-
specific cDNA was quantified with real-time qRT-PCR using either predesigned TAQman
assays or self-designed SYBR assays. The following TAQman primers were purchased
from Thermo FisherScientific: tumor necrosis factor alpha (TNF-a, Mm00443258 m1),
chemokine (C-X-C Motif) ligand 1 (CXCL1, Mm04207460_m1), and the housekeeping
gene beta-2-microglobulin (B2M, Mm00437762_m1). The following primers were self-
designed: kidney injury molecule-1 (Kim-1, Invitrogen, forward:
AGATCCACACATGTACCAACATCAA, reverse: CAGTGCCATTCCAGTCTGGTTT),
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGC-1q,
Invitrogen, forward: AACAATGAGCCTGCGAACATATT, reverse:
TAGCAAGTTTGCCTCATTCTCTTC), Nuclear Respiratory Factor 1 (NRF1, Invitrogen,
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forward: GGATTCCAGTCTCTGTGGACAAA, reverse: CCCCCGACCTGTGGAATACT),
Transcription factor A, mitochondrial (TFAM, Eurofins, forward:
TTTAAAGCTAAACACCCAGATGCA, reverse: TTCTGGTAGCTCCCTCCACAG), TIMP-
1, Invitrogen forward: GCAACTCGGACCTGGTCATAA, reverse:
TTAGTCATCTTGATCTTATAACGCTGGTA), NLRP3, Invitrogen, forward:
AAGATGAAGGACCCACAGTGTAACTT, reverse: CAGATTGAAGTAAGGCCGGAATT),
and Col1a1, Invitrogen, forward: CGATGGATTCCCGTTCGAGTA, reverse:
GTGGACATTAGGCGCAGGAA) gRT-PCR was done with either iTaqg Universal Probes
Supermix (172-5134, Bio-Rad) or iTaqg Universal SYBR Green Supermix (172-5124, Bio-

Rad).

MITOCHONDRIAL DNA TO NUCLEAR DNA ASSAY

DNA was isolated from kidney tissue using E.Z.N.A. Tissue DNA Kit 1 (OMEGA) per the
manufacturer’s protocol. DNA was quantified using Nanodrop, and 5 ng/ul solutions were
prepared for each sample. 20ng of DNA was loaded into each well, followed by
quantitative PCR using primers designed for specific amplification of particular mtDNA
encoded and nuclear-encoded fragments. Primers were designed to evaluate the relative
copy number of mtDNA and nDNA. The mitochondrially encoded genes selected were
16S rRNA and ND1, and the nuclear-encoded gene was Hexokinase 2 (HK2) along with
the adaptation of the protocol according to previously published work [212]. Forward and
reverse primers 16S rRNA, Invitrogen, forward: CCGCAAGGGAAAGATGAAAGAC,
reverse: TCGTTTGGTTTCGGGGTTTC, ND1, Invitrogen, forward:
CTAGCAGAAACAAACCGGGC, reverse: CCGGCTGCGTATTCTACGTT, HK2,
Invitrogen, forward: GCCAGCCTCTCCTGATTTTAGTGT, reverse
GGGAACACAAAAGACCTCTTCTGG. gPCR was done with iTaq Universal SYBR Green
Supermix (172-5124, Bio-Rad).
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CITRATE SYNTHASE ASSAY
Kidney tissues were homogenized in CHAPS solution (1% CHAPS, 150 mM NaCl, 50 mM
Tris, 5 mM ETDA) containing a Complete Protease Inhibitor Cocktail Tablet (Roche).
Homogenates were centrifuged at 15,000 X g for 10 min at 4° C. Supernatants were
removed and stored at -80°C. Protein concentrations were determined using Bradford
Reagent (Bio-Rad). Citrate Synthase Assay Kit (Sigma-Aldrich, #:CS0720) was used to
determine relative amounts of citrate synthase per kidney cortices. Citrate synthase is the
initial enzyme of the tricarboxylic acid (TCA) cycle. The enzyme catalyzes the reaction of
acetyl CoA with oxaloacetate to form the citrate. This enzyme is an exclusive marker of
the mitochondrial matrix and is used as a proxy for mitochondrial content. The hydrolysis
of the thioester of acetyl CoA results in the formation of CoA with a thiol group (CoA-SH).
The thiol reacts with the DTNB in the reaction mixture to form 5-thio-2-nitrobenzoic acid
(TNB). This yellow product (TNB) is observed spectrophotometrically by measuring
absorbance at 412 nm. Eight (8) ug of kidney protein was loaded in triplicate per sample,
and a change in absorbance was recorded. The amount of citrate synthase activity was

determined using the manufactures’ instructions.

HISTOLOGY
Following formalin fixation, kidney tissue was processed and embedded in paraffin. Kidney
sections (5 uym) were stained with hematoxylin and eosin (H&E) and periodic acid schiff
(PAS). The degree of morphologic changes was determined by light microscopy. The
following measures were assessed as an indication of morphologic damage to the kidney
after drug treatment: proximal tubule degradation, loss of brush border, tubular casts,
proximal tubule dilation, proximal tubule necrosis, presence of inflammatory cells, and

interstitial fibrosis.
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SIRIUS RED/FAST GREEN STAINING
Kidney sections (5 pm thick) were rehydrated in Histoclear followed by an ethanol
gradient. Slides were then dipped in PBS with 0.1% Tween 20 and incubated for 5
minutes. Slides were washed with distilled water twice for 5 minutes each and then
incubated in 1.2% (w/v) saturated picric acid (#5860-32, Ricca Chemicals) containing
0.1% sirius red/direct red 80 (#365548, Sigma) and 0.1% fast green FCF (#F7258, Sigma).
Slides were then washed with 5% glacial acetic water until the water ran clear. Tissue
samples were then dehydrated and fixed using Permount (#17986-01, Electron

Microscopy Sciences).

IMMUNOHISTOCHEMISTRY
Kidney sections (5 pm thick) were rehydrated in Histoclear followed by an ethanol
gradient. Antigen retrieval was performed in citric acid buffer (pH 6.0) at 95°C in a steamer
for 30 min. Endogenous peroxidases were inhibited with 3% hydrogen peroxide and dual
endogenous enzyme blocker (Dako) for 10 min, followed by two 5-min PBS washes.

Slides were then blocked with avidin for 10 min followed by a PBS wash and then biotin

for 10 min followed by a wash in PBS (Dako). Slides were further blocked with 5% normal
goat serum in 0.1% TBST for 1 h at room temperature. a-SMA primary rabbit antibody
(Abcam) was added to slides at a concentration of 0.5 pg/ml and allowed to incubate at
4°C overnight. Slides were rinsed with PBS for 5 min, three times. Biotinylated goat anti-
rabbit IgG antibody (1: 25,000, BA-1000, Vector Laboratories) was added to each section
and incubated for 30 min at room temperature. Slides were rinsed twice with PBS (5 min
each). Vector ABC reagent (PK-7100, Vector Laboratories) was added to each section
and incubated for 30 min at room temperature. Slides were rinsed two times with PBS

followed by the addition of 100 pl of DAB substrate for 5-7 min to detect horseradish
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peroxidase (SK-4800, Vector Laboratories). Slides were rinsed in distilled water for 5 min,
counterstained with modified Mayer's hematoxylin (no. 72804, Thermo Scientific), and
then dehydrated in an ethanol gradient to Histoclear followed by mounting with Permount
(SP15, Fisher Scientific). Positive staining for a-SMA indicates the presence of

myofibroblasts.

STATISTICAL ANALYSIS DATA
Data are expressed as means + SEM for all experiments. Multiple comparisons of
normally distributed continuous data were analyzed by one-way ANOVA, and group
means were compared using Tukey post-tests. Nonparametric continuous data were
analyzed with a Kruskal-Wallis test followed by a Dunn’s multiple comparison test. The

criterion for statistical differences was p < 0.05 for all comparisons.
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RESULTS

Repeated low-dose cisplatin (RLDC) induces kidney injury in B6;129 mice.

The B6129SF1/J (B6;129) mouse strain was selected as our lab is developing a syngeneic
lung tumor model to investigate the nephrotoxicity of cisplatin with the co-morbidity of
cancer. Our lab has seen inter-strain variance [158], and the dose of cisplatin required to
induce kidney and fibrosis varies. We performed this initial experiment to optimize the
dose of cisplatin for the B6;129 mouse strain. B6;129 male mice were injected (i.p.) with
pharmaceutical grade cisplatin 7mg/kg, 9 mg/kg, or saline (vehicle) once a week for four
weeks (Figure 1B.). All mice were administered 500 pL saline by subcutaneous injection
2 days after dose 3, and 1 day before dose 4 to prevent dehydration. Mice were sacrificed
72 hours following the last dose. Blood urea nitrogen (BUN), neutrophil gelatinase-
associated lipocalin (NGAL), and urinary kidney injury molecule-1 (Kim-1) were used to
assess kidney damage. Following RLDC, there was an increase in BUN (Figure 2A),
NGAL (Figure 2B), and Kim-1 (Figure 2C) levels between vehicle and cisplatin-treated
groups. The weights of the mice were monitored throughout the RLDC regimen as a
measure of overt toxicity. The was a significant loss of body weight between the vehicle
and cisplatin-treated groups and a significant difference between the 7mg/kg and 9mg/kg
cisplatin groups (Figure 2D). Renal histological changes were assessed on 5 ym thick
H&E and PAS stained sections. The PAS-stained sections show a loss of brush border in
the proximal tubule cells from the cisplatin-treated groups (Figure 3). The H&E stained
sections show evidence of tubular necrosis, proximal tubule cast formation, inflammatory
cells, tubule degeneration, and tubule dilation in the cisplatin groups (Figure 4). These
findings suggest that there is an increase in markers of kidney damage and a decline in
renal function following the injury phase of the repeated low-dose model of cisplatin-
induced kidney injury. Additionally, the kidney function and injury markers together with
the histological changes suggest a dose-response to cisplatin-induced kidney injury with
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higher levels of loss of function (BUN), weight, kidney injury (Kim-1 and NGAL), loss of
proximal tubule brush border, increased cast formation, increased tubule degeneration,
and increased tubule dilation following the injury phase of the repeated low-dose model of

cisplatin-induced kidney injury in the 9 mg/ Kg dose group than the 7 mg/ Kg dose group.
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Dose 1 m Dose 2 m Dose 3 m Dose 4 m&thanize

Group 1: Vehicle (n=5)
1 Week 1 Week 1 Week

0 mg/kg ﬁ 0 mg/kg q 0 mg/kg ﬁ 0 mg/kg ﬁ Euthanize

Group 2: Cisplatin (n=10)
1 Week 1 Week 1 Week

7 mg/kg ﬁ 7 mg/kg q 7 mg/kg q 7 mg/kg q Euthanize

Group 3: Cisplatin (n=9)
1 Week 1 Week 1 Week

9 mg/kg ﬁ 9 mg/kgﬁ 9 mg/kgﬁ g mg/kgﬁ Euthanize

Figure 1. RLDC Experiment Design.

(A) Experiment schematic for RLDC model. (B) Experiment design for the study
conducted, B6;129 male mice were injected I.P. with 7-9mg/kg cisplatin or normal saline
once a week for four weeks. Mice were euthanized three days following the last dose.
Created using BioRender.com.
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Figure 2. RLDC induced kidney injury.

(A) BUN levels from serum and (B) NGAL levels from urine following 4 doses of cisplatin.
(C) Kim-1 mRNA expression from the kidney cortex was measured using qRT-PCR. (D)
Percent change in body weight was recorded throughout RLDC regimen as a marker of
overt toxicity. Data are expressed as means + SEM; n=5-10. Statistical significance was
determined by 1-way ANOVA followed by Tukey posttest. *p < 0.05, ***p<0.001, ****p <
0.0001
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Figure 3. PAS Stain

Renal histological changes were assessed with PAS-stained 5 ym thick sections. PAS is
used to identify brush borders of proximal tubule cells. (A) Vehicle Control, (B) 7mg/kg,
(C) 9mg/kg. Representative images of renal histology at 40X magnification.

49



50



Figure 4. H&E Stain

Renal histological changes were assessed with H&E stain on 5 ym thick sections. H&E
stain is used to identify tubular necrosis, proximal tubule cast formation, inflammatory
cells, tubule degeneration, and tubule dilation. (A) Vehicle Control, (B) 7mg/kg, (C)
9mg/kg. Representative images of renal histology at 40X magnification.
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RLDC induces renal fibrosis. Fibrosis was evaluated via multiple approaches, including
histopathology, immunohistochemistry (IHC), western analysis, and real-time qRT-PCR
analysis. Sirius red fast green (SRFG) staining indicated collagen accumulation (Figure
5.) and a-smooth muscle actin (a-SMA) IHC (Figure 6.). Positive a-SMA indicates an
increased number of myofibroblasts in the kidney following the RLDC regimen and is an
indicator of increased fibrosis. Western analysis indicated increased protein levels of
fibronectin and a-SMA (Figure 7A) between the vehicle and cisplatin-treated groups. The
MRNA expression of markers of fibrosis (TIMP-1, Col1a1) showed a significant increase
in the cisplatin-treated groups (Figure 7B, 7C). These findings suggest that there is a
significant development of fibrosis following the injury phase of the repeated low-dose

model of cisplatin-induced kidney injury.
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Figure 5. SRFG Stain

Renal histological changes were assessed with SRFG stain on 5 um thick sections. SRFG
stains collagen red and is a marker for interstitial fibrosis. (A) Vehicle Control, (B) 7mg/kg,
(C) 9mg/kg. Representative images of renal histology at 20X magnification.
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Figure 6. IHC for a-SMA

Renal histological changes were assessed with IHC for a-SMA on 5 ym thick sections. o-
SMA IHC indicates an increased number of myofibroblasts in the kidney and is a sign of
increased interstitial fibrosis. (A) Vehicle Control, (B) 7mg/kg, (C) 9mg/kg. Representative
images of renal histology at 40X magnification.
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Figure 7. Elevated kidney fibrosis following RLDC

Eight- to ten-week-old B6129 male mice were treated with 0, 7, or 9 mg/kg cisplatin once
a week for four weeks. (A) Immunoblotting from kidney cortex homogenates for TGF-31,
Fibronectin, a-SMA, and a-tubulin. (B-C) qRT-PCR of TIMP-1 and COL1A1 in kidney
cortex homogenates is normalized to B2M. Data are expressed as means + SEM; n=5—
10. Statistical significance was determined by One-Way ANOVA followed by Tukey post-
test. *p < 0.05, **p<0.01, ***p<0.001
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RLDC induces renal inflammation. Inflammation was assessed using western analysis,
real-time qRT-PCR, and flow cytometry. Western analysis indicated increased protein
levels of phosphorylated-nuclear factor kappa-light-chain-enhancer of activated B cells (p-
NF-kB) and total NF-kB (Figure 8A) between the vehicle and cisplatin-treated groups. The
MRNA expression of inflammatory markers, TNF-a (Figure 8B), CXCL-1 (Figure 8C), and
NLRP3 (Figure 8D) showed a significant increase in the cisplatin-treated groups. These

findings suggest that there is a significant increase in kidney inflammation following RLDC.
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Figure 8. Elevated kidney inflammation following RLDC.

Eight- to ten-week-old B6;129 male mice were treated with 0, 7, or 9 mg/kg cisplatin once
a week for four weeks. (A-C) qRT-PCR of NLRP3, TNF-a, and CXCL-1 in kidney cortex
homogenates is normalized to B2M. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by One-Way ANOVA followed by Tukey post-test.
***p<0.001, ****p < 0.0001
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Kidney mitochondrial content and biogenesis are reduced following RLDC.

As previously mentioned, the high density of mitochondria in the kidney led us to
investigate the effects of the RLDC model on kidney mitochondrial content. We performed
three different assays to evaluate mitochondrial content in the kidneys following RLDC.
First, we quantified the ratio of mtDNA to nDNA as described [212]. RLDC resulted in a
significant reduction in the mtDNA/nDNA ratio (Figure 9A), indicating a loss of mtDNA and
suggesting a loss of mitochondrial mass. We also evaluated citrate synthase activity on
kidney cortex homogenate. Data indicate a significant decrease in citrate synthase activity
following RLDC treatment (Figure 9B). Finally, we performed western analysis of the
electron transport chain (ETC) proteins. Data indicate a decrease in complexes 1-5 of
ETC subunits (Figure 9C). These results suggest that following RLDC, there is a
significant reduction in kidney mitochondrial content. These results lead us to investigate
how RLDC affected the master regulator of MB. PGC-1a mRNA expression were
evaluated by real-time qRT-PCR (Figure 9D). Data indicate decreased levels of PGC-1a
at the mRNA. | next evaluated genes whose expression is regulated by PGC-1a. Nuclear
respiratory factor 1 (Nrf1) expression is increased by PGC-1q, and it triggers the activation
of multiple mitochondrial genes encoded in the nucleus [174]. Nrfl expression is
significantly reduced following RLDC (Figure 9E). One gene whose expression is
regulated by Nrf1 is Tfam (transcription factor A, mitochondrial), and its expression is
significantly reduced in the RLDC model (Figure 9F). Tfam binds to and activates
transcription at the two major promoters of mitochondrial DNA (mtDNA) [186]. Tfam is
responsible for organizing and maintaining mtDNA structure [185], and loss of Tfam in a
mouse model resulted in the development of renal inflammation and fibrosis by 6 weeks
of age [188]. Reduced Tfam results may be related to reduced mtDNA levels as shown in
Figure 9A. mtDNA has a less efficient repair process compared to nuclear DNA (nDNA),

making mtDNA highly susceptible to cisplatin-induced damage [213, 214]. As previously
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stated, PGC-1a expression and activity are finely tuned and highly responsive to changes
in the microenvironment. PGC-1a is negatively regulated by pro-inflammatory and
profibrotic cytokines. PGC-1a protein is reduced following RLDC (Figure 9G), and the
inhibitory pathways that regulate PGC-1a are increased following RLDC (Figure 9G). We
looked at profibrotic factor TGF-B1 and phosphorylation of downstream target Smad 3 by
western analysis (Figure 9G). As mentioned previously, activation of TLR4 has been seen
in cisplatin models of injury. We looked at phosphorylation of ERK1/2, which is a
downstream target of TLR4 by western analysis (Figure 9G). Data indicate increased
levels of multiple inhibitors of PGC-1a expression and activity following the injury phase

of the RLDC model.
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Figure 9. Kidney mitochondrial content and biogenesis are reduced following
RLDC.

Eight- to ten-week-old B6;129 male mice were treated with 0, 7, or 9 mg/kg cisplatin once
a week for four weeks. (A) qPCR on nuclear-encoded Hexokinase 2 (HK2) and
mitochondrial-encoded 16S were used to calculate the ratio between mtDNA to nDNA as
a marker for mitochondrial content, normalized to vehicle-treated kidneys. (B) Citrate
Synthase Activity measured using Sigma-Aldrich kit (CS0720). (C) Immunoblotting for
electron transport chain (ETC) subunit proteins: Complex 1 (NDUFB8), Complex 2
(SDHB), Complex 3 (UQCRC2), Complex 4 (MTCO1), and Complex 5 (ATP5a) of kidney
cortex homogenates. (D-F) gRT-PCR of PGC-1a, NRF-1, and TFAM in kidney cortex
homogenates is normalized to B2M. (G) Immunoblotting for PGC-1a, TGF-$1, p-Smad3,
total Smad 2/3, p-ERK1/2, total ERK1/2, and a-Tubulin. Data are expressed as means +

SEM; n=5-10. Statistical significance was determined by 1-way ANOVA followed by
Tukey posttest. *P< 0.05, **P<0.01, and ****P < 0.0001.
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DISCUSSION

The kidney tubule cells are highly enriched in mitochondria and are the primary
site of cisplatin-induced nephrotoxicity. Our study demonstrates that the RLDC model
results in decline kidney function, increase in kidney injury, inflammation, and the
development of fibrosis, all evidence that the maladaptive repair process is in effect.
Additionally, we observed a significant decrease in kidney mitochondrial content and
mitochondrial biogenesis. These findings are particularly exciting as they suggest that the
reduced mitochondrial content and biogenesis may contribute to the failed-repair tubule
cell population. This discovery provides a novel pathway to explore for preventing RLDC-
induced kidney injury, furthering our understanding of the complex pathophysiology of
CKD and uncovering potential driving mechanisms. Importantly, there are currently no
effective treatments for CKD or options specifically targeted at preventing kidney fibrosis,
underscoring the significance of our results.

These findings are consistent with previous research that has shown reduced
expression of PGC-1a in human renal biopsies from AKI/CKD patients compared to
normal kidney tissue [140, 192, 193]. Lower PGC-1a expression is seen in other models
of AKI and increasing PGC-1a expression has provided protection in the IRl [192, 203-
205], sepsis [200, 201], folic acid [179, 196-199], and single high dose cisplatin [194, 195,
206] models. Moreover, mitochondrial diseases associated with genetic inheritance have
been found to coincide with renal impairment, particularly tubular defects [168-172].
Additionally we believe the tubule cells are highly susceptible to cisplatin toxicity, as shown
by in vitro studies where cisplatin was found to preferentially accumulate in mitochondria
[39, 129], and sensitivity to cisplatin correlates with mitochondria density and membrane
potential [130, 131]. The repeated insult of cisplatin produces a failed-repaired tubule cell
population [160], which can lead to a maladaptive repair process, fibrosis, and ultimately,
CKD. Tissue repair is energetically demanding, and adequate mitochondrial mass and
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mitochondrial respiration are required for proper healing [94]. Augmenting the kidney's
mitochondrial content and biogenesis during the RLDC model could allow for more
complete repair.

These findings strongly suggest that the repeated insults of cisplatin administration
damage the mitochondria of tubule cells, creating a pro-inflammatory and pro-fibrotic
microenvironment that inhibits PGC-1a expression, thereby preventing appropriate
mitochondrial biogenesis and recovery. The significance of PGC-1a in the RLDC model
requires further investigation. Future studies should explore the relationship between
kidney PGC-1a expression, mitochondrial content, and the development of fibrosis/CKD
to better understand their significance. Our hypothesis is that increasing PGC-1a
expression leading to increased kidney mitochondrial content will protect against kidney
injury and prevent progression to CKD caused by RLDC. Additional experiments using
pharmacological inducers of PGC-1a, as well as transgenic mice overexpressing PGC-1a
and mice that have conditional knockout of PGC-1a, are necessary to determine the role
of PGC-1a in preventing RLDC-induced nephrotoxicity. This information will be
instrumental in developing future therapeutic agents for clinical practice and could

ultimately improve the quality of life for those with CKD.
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CHAPTER 3: 5-HYDROTRYPTAMINE-1F RECEPTOR AGONIST PROTECTS FROM
REPEATED LOW DOSE CISPLATIN INDUCED NEPHROTOXICITY
INTRODUCTION

Cisplatin is a commonly used chemotherapeutic but has the unfortunate drawback
that up to thirty percent of cancer patients treated with cisplatin develop AKI [39]. AKl is a
life-threatening condition defined as a rapid decrease in renal function [209]. In the clinic
cisplatin is given on repeated cycles over weeks or months. Unfortunately, the repeated
dosing of cisplatin is associated with increased rates of chronic kidney disease (CKD) [14].
Previous studies have shown that the repeated low dose cisplatin (RLDC) model induces
kidney injury and the development of fibrosis, along with reduced kidney mitochondrial
content and PGC-1a expression. Mitochondrial dysfunction have been identified as
hallmarks of various AKI [61-63] and CKD models [163]. Moreover, tissue repair is
energetically demanding, and adequate mitochondrial mass and mitochondrial respiration
are required for proper healing [94].

Additionally the tubule cells are highly susceptible to cisplatin toxicity, as cisplatin
has been shown to preferentially accumulate in mitochondria [39, 129], and sensitivity to
cisplatin correlates with mitochondria density and membrane potential [130, 131]. The
tubule cells and their mitochondria are damaged by each cycle of cisplatin and need to be
replaced by mitochondrial biogenesis. PGC-1a is the master regulator of mitochondrial
biogenesis and bioenergetics and increasing PGC-1a expression has provided protection
against ischemia-reperfusion injury (IRI) [192, 203-205], sepsis [200, 201], folic acid [179,
196-199], and single high dose cisplatin [194, 195, 206] induced AKI. More recently, PGC-

1a has been shown to be a key mediator in renal fibrosis and CKD development
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[140, 141, 163, 176, 180, 193]. Therefore, our laboratory aimed to investigate the potential
of pharmacological inducers of PGC-1a to protect against cisplatin-induced kidney injury
and the progression to CKD.

The 5HT-¢ agonist, LY344864 has been shown to provide protection from AKI
[215] and from spinal cord injury [216] by increased PGC-1a and mitochondrial biogenesis.
The 5HT-1r receptor is a G-protein coupled receptor (GPCR) whose functions outside of
the central nervous system are not completely characterized [217-221]. The 5HT-4
receptor has been found on freshly isolated tubule cells and on cultured renal proximal
tubule epithelial cells [215]. Additionally, the knockout of 5HT-1¢ receptor in mice impairs
the injury repair process in the kidney and worsens AKI events [222].

This study was designed to determine if 5HT-1r agonist, LY344864 will protect from
RLDC induced AKI-CKD development. Our hypothesis is that by increasing PGC-1a
expression through the 5HT-1F receptor, kidney mitochondrial biogenesis and
mitochondrial content will be enhanced, leading to a decrease in injured/failed-repair

tubule cell population, resulting in improved renal function and reduced fibrosis.
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MATERIALS AND METHODS
ANIMALS
B6129SF1/J (B6;129) male mice were purchased from The Jackson Laboratory. B6;129
mice are a first filial generation hybrids that are the offspring of a cross between C57BL/6J
females (B6) and 129S1/SvimJ males (129). Upon arrival, the mice were allowed to
acclimate for 1 week prior to the initiation of the experiment. All mice were maintained on
a 12-hour light/dark cycle and provided food and water ad libitum. All animal procedures
were approved by the Institutional Animal Care and Use Committee and followed the

guidelines of the American Veterinary Medical Association.

CISPLATIN DOSING REGIMEN
Pharmaceutical grade cisplatin (NDC 16729-288-38, 1mg/ml) was purchased via the
University of Louisville Outpatient Hospital Pharmacy. The repeated low dose cisplatin
dosing regimen mice were administered cisplatin or vehicle via intraperitoneal (i.p.)
injection once a week between 8-9 a.m. for four weeks. In the vehicle group, 400 uL normal
saline was administered via i.p. injection. In the cisplatin treatment groups, 7mg/kg
cisplatin in normal saline with a total volume of 400 uL was administered via i.p. injection.
All animals were injected with cisplatin at the same time of day as there are circadian
influences on the response of the kidney to cisplatin. Animals were euthanized 72 hours
following their final cisplatin injection. Upon euthanasia, blood was collected, and plasma
prepared and frozen at -80°C; urine was collected and frozen at -80°C; and kidneys were
removed, flash-frozen in liquid nitrogen, and stored at -80°C until use. A cross-section of
one kidney from each mouse was fixed in 10% neutral buffered formalin for histology.

LY344864 DOSING REGIMEN
The serotonin receptor (5HT) subtype 1F agonist (5HT-+¢), LY344864 (item #, 29496, CAS
# 1217756-94-9) was purchased from Cayman Chemical Company (Ann Arbor, Michigan;
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United States). LY344864 was dissolved in normal saline, mice were administered vehicle
or LY344864 via intraperitoneal (i.p.). Following the first dose of cisplatin mice were
administered LY344864 (2mg/kg) or saline 6 days a week via i.p. injection for the duration
of the study. All mice were administered 20 doses of saline or LY344864 in a final volume
of 200 pL to control for fluid delivery. Mice were randomly assigned into the following four
groups: 1. Vehicle/Vehicle, 2. Vehicle/LY344864, 3. Cisplatin/Vehicle, 4.
Cisplatin/LY344864 (Cisplatin/LY-20). Additionally, a fifth group was used to assess if
LY344864 protection could occur partially through the RLDC regimen. Group 5.
Cisplatin/LY344864 only received 10 doses of LY344864 over the course of the
experiment, starting 5 days after the second dose of cisplatin on day 12 of the experiment.
Group 4 will be referred to as LY-20 and Group 5 will be referred to as LY-10 (Cisplatin/LY-

10). The LY344864 and cisplatin dosing regimen is shown in Figure 10A.
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Figure 10. Experimental design for RLDC with LY344864 treatment study.

Eight- to ten-week-old B6;129 male mice were treated with 0 or 7 mg/kg cisplatin once a
week for four weeks. Additionally, mice were treated with vehicle (normal saline) or
LY344864 via IP injection daily for a total of 20 doses (LY-20). In group 5 (LY-10), the
mice did not start LY344864 treatment until 5 days after the second dose of cisplatin for a
total of 10 doses. Cisplatin or saline was administered via intraperitoneal injection once a
week for four weeks. Animals were euthanized 72 hours following their final cisplatin

injection. (A) Schematic of the experimental design.
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BLOOD UREA NITROGEN (BUN), SERUM CREATININE (SCR), AND NEUTROPHIL
GELATINASE ASSOCIATED LIPOCALIN (NGAL) DETERMINATION
BUN (AMS Diagnostics, 80146) levels were measured from plasma samples using the
indicated kits following the manufactures’ instructions. ELISAs for NGAL (R&D Systems,

DY1857) were performed on the urine as directed by the manufacturer.

PROTEIN QUANTIFICATION AND WESTERN BLOT ANALYSIS
Kidney tissues were homogenized in cell extraction buffer (Thermo Fisher Scientific)
containing a Complete Protease Inhibitor Cocktail Tablet and Phosphatase Inhibitor
Cocktail Tablets (Roche). Homogenates were centrifuged at 15,000 X g for 10 min at 4°
C. Supernatants were removed and stored at -80°C. Protein concentrations were
determined using Bradford Reagent (Bio-Rad). 40 ug of kidney homogenate protein were
loaded and separated on 4-12% gradient Tris-Glycine-SDS polyacrylamide gels. Protein
was then transferred to PVDF membranes that were blocked in 5% (w/v) dried milk in tris
buffered saline 0.1% Tween 20 (TBST) for 1 hour. Membranes were incubated with
primary antibody overnight at 4°C. The next morning, membranes were washed 3 times
for 5 min each with TBST containing 5% (w/v) dried milk. Membranes were then incubated
for 2 hours at room temperature with secondary antibodies conjugated with horseradish
peroxidase (1:20,000) in TBST containing 1% (w/v) dried milk. Following 2 washes, 1%
(w/v) dried milk and 1 wash in TBST membrane proteins were detected by
chemiluminescence substrate.
ANTIBODIES

The following antibodies were purchased from Cell Signaling Technology (Beverly, MA):
p44/42 MAP Kinase (Erk1/2) #4695, Phospho-p44/42 MAP Kinase (Erk1/2)
(Thr202/Tyr204) #4370, Transforming growth factor-beta (TGF-) #3711, Mothers against
decapentaplegic homolog 2/3 (SMAD 2/3) #8685, Phospho-Smad3 (Ser423/425) #9520,
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Phospho-Akt (Ser473) Antibody #9271, total Akt Antibody #9272, and GAPDH (D16H11)
#5174. The following antibodies were purchased from Abcam (Cambridge, CB2 0AX, UK):
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGC-1a, abcam,
ab54481) and a-Smooth Muscle Actin (a-SMA, abcam, ab5694). The remaining
antibodies include fibronectin (F3648, Sigma-Aldrich), and a-tubulin (SC-5286, Santa

Cruz Biotechnology).

Rodent Total OXPHOS Antibody Cocktail (abcam, ab110413) contains 5 mouse mAbs,
one each against Complex | subunit NDUFB8 (ab110242), Complex II-30kDa (ab14714),
Complex llI-Core protein 2 (ab14745), Complex IV subunit | (ab14705) and Complex V

alpha subunit (ab14748) as an optimized premixed cocktail.

GENE EXPRESSION
RNA was isolated from kidney tissue using E.Z.N.A. Total RNA Kit 1 (OMEGA) per
manufacturer’'s protocol. cDNA was synthesized with High-Capacity cDNA Reverse
Transcriptase PCR (Thermo Fisher Scientific) per manufacturer’s instructions. Gene-
specific cDNA was quantified with real-time qRT-PCR using either predesigned TAQman
assays or self-designed SYBR assays. The following TAQman primers were purchased
from Thermo FisherScientific: tumor necrosis factor alpha (Tnf-a, Mm00443258 m1),
chemokine (C-X-C Motif) ligand 1 (Cxcl1, Mm04207460_m1), and the housekeeping gene
beta-2-microglobulin (B2m, Mm00437762_m1). The following primers were self-designed:
kidney injury molecule-1 (Kim-1, Invitrogen, forward:
AGATCCACACATGTACCAACATCAA, reverse: CAGTGCCATTCCAGTCTGGTTT),
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (Pgc-1a,
Invitrogen, forward: AACAATGAGCCTGCGAACATATT, reverse:
TAGCAAGTTTGCCTCATTCTCTTC), Nuclear Respiratory Factor 1 (Nrf-1, Invitrogen,
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forward: GGATTCCAGTCTCTGTGGACAAA, reverse: CCCCCGACCTGTGGAATACT),
Transcription factor A, mitochondrial (Tfam, Eurofins, forward:
TTTAAAGCTAAACACCCAGATGCA, reverse: TTCTGGTAGCTCCCTCCACAG), Timp-
1, Invitrogen forward: GCAACTCGGACCTGGTCATAA, reverse:
TTAGTCATCTTGATCTTATAACGCTGGTA), Nirp3, Invitrogen, forward:
AAGATGAAGGACCCACAGTGTAACTT, reverse: CAGATTGAAGTAAGGCCGGAATT),
and Col1a1, Invitrogen, forward: CGATGGATTCCCGTTCGAGTA, reverse:
GTGGACATTAGGCGCAGGAA) gRT-PCR was done with either iTag Universal Probes
Supermix (172-5134, Bio-Rad) or iTaqg Universal SYBR Green Supermix (172-5124, Bio-

Rad).

MITOCHONDRIAL DNA TO NUCLEAR DNA ASSAY

DNA was isolated from kidney tissue using E.Z.N.A. Tissue DNA Kit 1 (OMEGA) per the
manufacturer’s protocol. DNA was quantified using Nanodrop, and 5 ng/ul solutions were
prepared for each sample. 20ng of DNA was loaded into each well, followed by
quantitative PCR using primers designed for specific amplification of particular mtDNA
encoded and nuclear-encoded fragments. Primers were designed to evaluate the relative
copy number of mtDNA and nDNA. The mitochondrially encoded genes selected were
16s rRNA and Nd1, and the nuclear-encoded gene was Hexokinase 2 (Hk2) along with
the adaptation of the protocol according to previously published work [212]. Forward and
reverse primers 16s rRNA, Invitrogen, forward: CCGCAAGGGAAAGATGAAAGAC,
reverse: TCGTTTGGTTTCGGGGTTTC, Nd1, Invitrogen, forward:
CTAGCAGAAACAAACCGGGC, reverse: CCGGCTGCGTATTCTACGTT,  Hk2,
Invitrogen, forward: GCCAGCCTCTCCTGATTTTAGTGT, reverse
GGGAACACAAAAGACCTCTTCTGG. gPCR was done with iTaq Universal SYBR Green
Supermix (172-5124, Bio-Rad).

72



TISSUE HISTOLOGY
Sirius Red/Fast Green (SR/FG) staining was performed on formalin-fixed paraffin-
embedded (FFPE) kidney sections (5 um thick) for total collagen deposition as previously

published [152, 223].

SIRIUS RED/FAST GREEN STAINING
Kidney sections (5 pm thick) were rehydrated in Histoclear followed by an ethanol
gradient. Slides were then dipped in PBS with 0.1% Tween 20 and incubated for 5
minutes. Slides were washed with distilled water twice for 5 minutes each and then
incubated in 1.2% (w/v) saturated picric acid (#5860-32, Ricca Chemicals) containing
0.1% sirius red/direct red 80 (#365548, Sigma) and 0.1% fast green FCF (#F7258, Sigma).
Slides were then washed with 5% glacial acetic water until the water ran clear. Tissue
samples were then dehydrated and fixed using Permount (#17986-01, Electron

Microscopy Sciences).

QUANTIFICATION OF TISSUE HISTOLOGY
Orbit Image Analysis software [224] (version 3.64) was used to quantify positive staining
of kidney histology. The Tissue Quantification feature was used to quantify collagen
staining. The software developers’ protocol was followed for training the software to
correctly identify collagen over normal tissue [224, 225]. In the training step the images
were labeled by manually drawing several annotations per tissue class (e.g., collagen,
normal tissue,). After training the software images were tested to verify correct
determination of positive staining. Digital scans of kidney sections were divided into 5-8

sections and the classification (e.g., collagen, normal tissue) of the tissue sections were
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assigned by the software. The percentage of collagen per image was used to quantify

positive staining.

STATISTICAL ANALYSIS DATA
Quantitative data are expressed as the mean + SEM for all experiments. Statistical
significance was determined using GraphPad Prism software 9.4.1. Statistically significant
differences were determined by Two-Way ANOVA followed by Tukey post-test. The

criterion for the statistical difference was P < 0.05.
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RESULTS
Improved kidney function and reduced kidney injury following RLDC in mice treated
with LY344864. The administration of LY344864 concurrently in the RLDC model
provided protection against cisplatin induced decline in kidney function and kidney injury.
The cisplatin/vehicle group had significantly elevated plasma BUN, urinary NGAL, and
kidney KIM-1 expression compared to the vehicle/vehicle group (Figure 11A-C). The use
of LY344864 in the cisplatin/LY344864 groups partially protected from elevated BUN and
NGAL when compared to the cisplatin/vehicle (Figure 11A-C). The use of LY344864 in
the cisplatin/LY-20 group reduced Kim-1 expression and this reduction was statistically
significant in the cisplatin/LY-10 group compared to cisplatin/vehicle (Figure 11C). There
were a number of mice in each of the cisplatin/LY344864 groups that had markers of
kidney function and injury that were nearly at baseline compared the vehicle/vehicle mice
(Figure 11A-C). There were no significantly elevated markers of kidney function and injury
in the cisplatin/LY344864 groups compared to the vehicle/vehicle group. This suggests
that the use of LY344864 provides protection from RLDC induced injury. The loss of body
weight is used as a general marker of toxicity. The use of LY344864 in the
cisplatin/LY344864 groups reduced percentage of body weight loss compared to the
cisplatin/vehicle group (Figure 11D). The use of LY344864 in the vehicle/LY344864 group
had no toxicity as measured by BUN, NGAL, Kim-1, and loss of body weight (Figure 11A-
D). These data suggest the SHT-1¢ agonist, LY344864 protects from cisplatin induced

injury and this is a novel pathway to prevent cisplatin induced nephrotoxicity.
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Figure 11. Improved kidney function and reduced kidney injury following RLDC in
mice treated with LY344864.

Eight- to ten-week-old B6;129 male mice were treated with 0 or 7 mg/kg cisplatin once a
week for four weeks and vehicle or LY344864 daily. (A) BUN levels from plasma and (B)
Urine NGAL levels were measured following four doses of cisplatin on Day 24. (C) qRT-
PCR of KIM-1 in kidney cortex homogenates is normalized to B2M. (D) Percentage
change in body weight. Data are expressed as means * SEM; n=5-10. Statistical
significance was determined by TWO-Way ANOVA followed by a Tukey post-test. *p <
0.05, **p < 0.01 ***p<0.001.

76



Reduced kidney fibrosis following RLDC in mice treated with LY344864. Fibrosis was
evaluated via multiple approaches, including histopathology, western analysis, and real-
time gRT-PCR analysis of fibrotic markers. The immunoblots from kidney cortex
homogenates show increased levels of fibronectin, a-SMA, and TGF-31 in the kidneys of
the cisplatin/vehicle group compared to the vehicle/vehicle group similar to previous
results from our lab and others (Figure 12A; [152-157]) The use of LY344864 in the
cisplatin/LY344864 groups reduced protein levels for fibronectin, a-SMA, and TGF-31
assessed by immunoblotting compared to the cisplatin/vehicle group (Figure 12A). We
determined the development of interstitial fibrosis on FFPE kidney sections using SR/FG.
SR/FG stains collagen red and indicates collagen accumulation. There was a significant
increase in SR/FG positive staining in the cisplatin/vehicle kidneys compared to the
vehicle/vehicle kidneys (Figure 12B). The use of LY344864 in the cisplatin/LY344864
groups did not significantly reduce SR/FG staining compared to cisplatin/vehicle (Figure
12B). The mRNA expression of Timp-1 and Col1a1 are significantly increased in the
cisplatin/vehicle group compared to the vehicle/vehicle group (Figure 12C-D). The use of
LY344864 in the cisplatin/LY 344864 groups reduced the mRNA expression of Timp-1 and
Col1a1 compared to cisplatin/vehicle group (Figure 12C-D). The use of LY344864 in the
vehicle/LY344864 group did not increase the development of interstitial kidney fibrosis as
assessed by protein levels, SR/GF staining, and mRNA expression (Figure 12A-D). These
data suggest the 5HT-+¢ agonist, LY344864 may provide some protection from cisplatin
induced development of interstitial fibrosis and this is a novel pathway to prevent RLDC

induced development of kidney fibrosis.
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Figure 12 Reduced kidney fibrosis following RLDC in mice treated with LY344864.

Eight- to ten-week-old B6;129 male mice were treated with 0 or 7 mg/kg cisplatin once a
week for four weeks and vehicle or LY344864 daily. (A) Immunoblotting from kidney cortex
homogenates for Fibronectin, a-SMA, TGF-B1, and GAPDH. (B) SR/FG stain for total
collagen levels on 5-uym-thick paraffin-embedded kidney sections and the quantifications.
gRT-PCR of TIMP-1 (C) and COL1A1 (D) in kidney cortex homogenates is normalized to
B2M Data are expressed as means = SEM; n=5-10. Statistical significance was
determined by TWO-Way ANOVA followed by a Tukey post-test. *p < 0.05, **p < 0.01
***p<0.001.
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Reduced kidney inflammation following RLDC in mice treated with LY344864. The
administration of LY344864 concurrently with RLDC provided protection against cisplatin
induced kidney inflammation. Kidney inflammation is significantly increased in the
cisplatin/vehicle group compared to the vehicle/vehicle group as measured by mRNA
expression of Tnf-a, Cxcl1, and Nirp3 (Figure 13A-C). The use of LY344864 in the
cisplatin/LY344864 groups did not reduce Tnf-a mRNA expression compared to
cisplatin/vehicle group (Figure 13A). The use of LY344864 in the cisplatin/LY344864
group reduced mRNA expression of Cxcl/1, and Nirp3 compared to the cisplatin/vehicle
group (Figure 13B). NIrp3 mRNA expression was significantly reduced in the cisplatin/LY-
10 and cisplatin/LY-20 group compared to cisplatin/vehicle. The use of LY344864 in the
vehicle/LY344864 group had no increase in kidney inflammation as measured by mRNA
expression of Tnf-a, Cxcl1, and Nirp3 mRNA (Figure 13A-C). These data suggest the 5HT-
1f agonist, LY344864 protects from some aspects of cisplatin induced kidney

inflammation.
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Figure 13. Reduced kidney inflammation following RLDC in mice treated with
LY344864.

Eight- to ten-week-old B6;129 male mice were treated with 0 or 7 mg/kg cisplatin once a
week for four weeks and vehicle or LY344864 daily. (A-C) gRT-PCR of TNF-a, CXCL-1,
and NLRP3 in kidney cortex homogenates is normalized to B2M. Data are expressed as
means * SEM; n=5-10. Statistical significance was determined by TWO-Way ANOVA
followed by a Tukey post-test. *p < 0.05, **p<0.01, ***p<0.001, ****p < 0.0001
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Increased kidney mitochondrial content and biogenesis following RLDC in mice
treated with LY344864. Mitochondrial content was assessed by the ratio of mitochondrial
DNA to nuclear DNA and western analysis of the electron transport chain (ETC) subunit
proteins. were measured. The vehicle/cisplatin group had significantly lower mtDNA to
nDNA ratios (Figure 14A) and ETC subunit protein levels (Figure 14B) as compared to the
vehicle/vehicle group. The mice in the cisplatin/LY344864 groups had partially restored
kidney mtDNA to nDNA ratios in both LY-20 and LY-10 groups when compared to the
cisplatin/vehicle groups (Figure 14A). The proteins for ClI, Cll, and CV of ETC subunit
proteins were increased in the cisplatin/LY344864 groups when compared to the
cisplatin/vehicle group (Figure 14B). Mitochondrial biogenesis (MB) was measured
through PGC-1a mRNA expression and protein levels. The mice in the cisplatin/vehicle
group had significantly lower PGC-1a mRNA expression compared to vehicle/vehicle mice
(Figure 14C). The downstream targets of PGC-1a, Nrf-1 and Tfam which are involved in
MB were also significantly lowered in the cisplatin/vehicle group compared to the
vehicle/vehicle group (Figure 14D-E). The use of LY344864 in the cisplatin/LY344864
group did not significantly increases PGC-1a mRNA expression when compared to the
cisplatin/vehicle (Figure 14 C). LY344864 in the cisplatin/LY344864 group had little to no
effect on Nrf-1 or Tfam expression compared to cisplatin/vehicle group (Figure 14. D-E).
The lack of an increase in the mRNA expression of PGC-1a, Nrf-1, and Tfam may be
explained by the timing of the last dose of LY344864. The mice had not received a dose
of LY344864 in over 24 hours in this experiment at the time of euthanasia. Effects of the
LY344864 on PGC-1a mRNA expression are likely to have subsided by the time the
samples were collected. The suppression of PGC-1a in the cisplatin/vehicle group is also
supported by the increase in inhibitory regulators TGF-1 and p-ERK1/2 when compared
to vehicle/vehicle mice (Figure 14 F). The use of LY344864 in the cisplatin/LY344864
group reduced PGC-1a expression inhibitors TGF-B1 and p-ERK1/2 when compared to
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cisplatin/vehicle group (Figure 14F). The protein levels of PGC-1a were also reduced by
cisplatin in the cisplatin/vehicle group compared to vehicle/vehicle (Figure. 14F).
LY344864 in the cisplatin/LY344864 increased kidney PGC-1a protein levels when
compared to cisplatin/vehicle group. Additionally, AKT can phosphorylate PGC-1a and
reduce its activity. The use of cisplatin increased p-AKT levels in the cisplatin/vehicle
group compared to the vehicle/vehicle groups. The use of LY344864 in the
cisplatin/LY344864 group reduced p-AKT levels compared to cisplatin/vehicle group. The
use of LY344864 in the vehicle/LY344864 group had no effect on kidney mitochondrial
content or biogenesis (Figure 14A-F). Mitochondrial biogenesis is a highly regulated
process [141, 174-176] and under normal physiological conditions the stimulation of the
5HT-r receptor is not able to further increase mitochondrial biogenesis or content. These
data suggest that the SHT-1r agonist LY344864 provides protection from cisplatin induced

nephrotoxicity by increasing kidney mitochondrial content through increased PGC-1a.
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Figure 14. Increased kidney mitochondrial content and biogenesis following RLDC
in mice treated with LY344864.

(A) gPCR on nuclear-encoded HK2 and mitochondrial-encoded 16S were used to
calculate the ratio between mtDNA to nDNA, normalized to vehicle-treated kidneys. (B)
Immunoblotting for ETC subunit proteins: C1 (NDUFB8), C2 (SDHB), C3 (UQCRC2), C4
(MTCO1), and C5 (ATP5a) of kidney cortex homogenates. (C-E) gRT-PCR of PGC-1a,
NRF-1, and TFAM in kidney cortex homogenates is normalized to B2M. (C)
Immunoblotting for PGC-1a, TGF-B1, p-AKT, AKT, p-ERK1/2, total ERK1/2, and GAPDH.
Data are expressed as means + SEM; n=5-10. Statistical significance was determined by
TWO-way ANOVA followed by Tukey posttest. *P< 0.05, **p < 0.01, and ****P < 0.0001.
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DISCUSSION

In this study, we investigated the potential of the SHT-4+ agonist, LY344864, to
protect against cisplatin-induced kidney injury and fibrosis. Cisplatin is a widely used
chemotherapeutic agent for solid-organ cancers, but its dose-limiting side effect is
nephrotoxicity, which can lead to a reduction in treatment efficacy or a switch to less
effective and less nephrotoxic drugs [39]. Therefore, identifying strategies to protect
against cisplatin-induced kidney injury could increase its therapeutic potential and reduce
the risk of CKD development in cancer survivors.

Our results demonstrate that LY344864 provides protection against cisplatin-
induced kidney injury, interstitial fibrosis, and inflammation. Moreover, we found that
LY344864 increases mitochondrial content and biogenesis, which is typically reduced by
cisplatin treatment. The RLDC model produces an injury/repair tubule cell population that
after repeated doses enters a failed-repair state [159, 160]. We believe these cells
contribute to the development of the hallmarks of CKD, fibroblast activation, persistent
inflammation, tubular atrophy, and vascular rarefaction. This study suggests that reduced
mitochondrial content and biogenesis are drivers of the failed-repair tubule cell population
and increasing kidney mitochondrial content and biogenesis allows for a more complete
repair following RLDC. These results are helpful in our understanding of the complex
pathobiology of kidney fibrosis and help uncover potential driving mechanisms. These
findings are important as there are no effective treatments for CKD and no options
specifically targeted at preventing kidney fibrosis.

These findings are consistent with previous research that the 5HT-1 agonist,
LY344864 improves recovery from IRI-AKI [215] and spinal cord injury [216]. Additionally,
our study supports the published data indicating that increasing PGC-1a expression
protects in other rodent models of AKI, including IRI [192, 203-205], sepsis [200, 201],
folic acid [179, 196-199], and single high dose cisplatin [194, 195, 206]. These results
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indicate that diverse etiologies of kidney pathology models share some common
pathways.

However, we acknowledge that LY344864 may be working through pathways other
than PGC-1a and may be affecting multiple cell types other than just the proximal tubules.
Therefore, further experiments are required to determine the mechanism of action of
LY344864 and the role of PGC-1a. First, transgenic mice that have tubule specific
knockout and overexpression of PGC-1a need to be administered RLDC and
nephrotoxicity assessed. Second, in the transgenic mice with tubule specific knockout of
PGC-1a on RLDC model will be administered LY344864. These mice should have no
nephroprotection from LY344864, if the mechanism is through increased PGC-1a in the
tubule cells. Third, a second drug that works through the same 5HT-+r receptor needs to
be tested. There is an FDA approved 5HT-1r agonist and subsequent studies should be
conducted with Lasmiditan to strengthen the clinical relevance of this work. The ideal study
would be a clinical trial using Lasmiditan in cancer patients treated with cisplatin to prevent
cisplatin toxicity. Furthermore, we believe that increasing PGC-1a leads to increased
mitochondrial biogenesis and content. If all of these experiments fail to provide protection
against RLDC, it only shows the limited role of PGC-1a. More experiments altering kidney
mitochondrial content alone need to be completed to determine if increasing mitochondrial
content through alternative pathways will provide protection.

The repeated insult of cisplatin produces a failed-repaired tubule cell population
[160], which can lead to a maladaptive repair process, fibrosis, and ultimately, CKD.
Correct adaptive tissue repair is energy intensive, requiring sufficient mitochondrial mass
and mitochondrial respiration to produce the necessary building blocks for cell replication
and cell growth [94]. Our findings suggest that increasing mitochondrial content in the
kidneys can protect against cisplatin-induced nephrotoxicity, allowing for a more complete
recovery. However, it is important to note that cisplatin is only used in cancer patients, and
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current mouse models used to study cisplatin-induced nephrotoxicity do not fully represent
this comorbidity. Therefore, there is a need to include cancer in the RLDC model to
understand the role of solid organ tumors in cisplatin-induced nephrotoxicity. The
presence of cancer will likely alter the nephrotoxicity of cisplatin and interfere with
nephroprotective strategies. Understanding the role of solid organ tumors in cisplatin-
induced nephrotoxicity may provide mechanistic insights and novel therapeutic targets for
the prevention and effective treatment of cisplatin-induced nephrotoxicity and the
development of CKD. In conclusion, our study suggests that LY344864 provides
protection against cisplatin-induced kidney injury, interstitial fibrosis, and inflammation by

increasing mitochondrial content in mice without cancer.
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CHAPTER 4: LUNG CANCER-KIDNEY CROSSTALK INDUCES KIDNEY INJURY,
INTERSTITIAL FIBROSIS, AND ENHANCES CISPLATIN-INDUCED
NEPHROTOXICITY. (PUBLISHED)

INTRODUCTION

This chapter has been reformatted for the dissertation from the following publication [226].

The altered physiology of cancer patients and their unique susceptibility to kidney
disease has led to the rapidly growing specialty of Onconephrology [17-23]. Cancer
patients often have decreased kidney function [24-26], and drug-induced acute kidney
injury (AKI) is common and remains a hurdle [27-32]. Drug-induced AKI can interrupt
therapy and reduce overall survival [111, 112]. Cisplatin is a commonly used
chemotherapeutic with cure rates as high as 80% in testicular cancer [227, 228] and
prolongs survival in multiple other solid organ cancers [14]. Cisplatin causes AKI in 30%
of patients [30, 31, 39], and repeated cycles of cisplatin increase rates of chronic kidney
disease (CKD) [14]. AKI and CKD are interconnected syndromes [6] involving
maladaptive repair processes [8]. Recent advances have increased our understanding of
the pathophysiology of the injury that occurs from repeated low-dose cisplatin (RLDC).
Single-nucleus transcriptional profiling analysis following RLDC uncovered a unique
proximal tubule cell population in an injury/repair phase [159]. Additionally, injury from
cisplatin produces a proinflammatory failed-repaired tubule cell population, and the
repeated administration of cisplatin exacerbates kidney injury through the accumulation of
DNA damage to tubule cells attempting to repair from the previous round of cisplatin injury

[160]. These studies have helped shed light on the mechanism driving AKI to CKD
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transition from RLDC. Cisplatin-induced nephrotoxicity has been studied extensively [39,
115, 121, 210, 211], and most of this work has been completed in mouse models without
cancer. We believe the altered physiology of cancer patients is not adequately
represented in these models, and adding the comorbidity of cancer to this model will

further our understanding of the pathophysiology.

Preclinical models of cisplatin-induced nephrotoxicity have failed to include the
critical variable of cancer. In this study, we used multiple mouse models of lung cancer in
combination with repeated low-dose cisplatin (RLDC) regimen to begin to understand the
interplay between lung cancer and cisplatin-induced nephrotoxicity. Data indicate that lung
cancer-bearing mice treated with RLDC have increased renal toxicity, injury, and fibrosis
as compared to non-lung cancer-bearing mice. Additionally, lung cancer alone induced
kidney injury and fibrosis prior to cisplatin treatment. Lung-kidney crosstalk is a known
phenomenon [229, 230], and recent work has shown that during AKI events, the kidneys
release cytokines that induce lung injury [231]. Further work is required to understand the
mechanism driving this process. We believe the presence of lung cancer induces the first
hit of injury in the kidney, which potentiates the nephrotoxicity of cisplatin.

The results of this work support the hypothesis that the comorbidity of cancer alters
the complexity of cisplatin-induced nephrotoxicity that current models are not capturing.
Data presented here suggest that cancer primes kidneys for chemotherapy-induced injury.
Understanding mechanisms by which distant tumors affect kidney physiology to cause
injury and fibrosis is essential in our ability to develop nephroprotective strategies for
cancer patients. We believe these results highlight the necessity of using preclinical
models that more accurately capture the complexity of cancer patients treated with

cisplatin.
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MATERIALS AND METHODS
ANIMALS
All mice were maintained on a 12-hour/12-hour light/dark cycle and provided with food
and water ad libitum. Animals were maintained under standard laboratory conditions. All
animal procedures were approved by the Institutional Animal Care and Use Committee of
the University of Louisville (Protocol ID 19568) and followed the guidelines of the American

Veterinary Medical Association.

GENETICALLY ENGINEERED MOUSE MODEL OF LUNG CANCER
In the genetically engineered mouse model (GEMM) of lung cancer, at weaning all mice
were fed doxycycline chow for 9-10 months, and the mice with both transgenes developed
lung adenoma (Figure 15A). Mice expressing clara cell-specific promoter-reverse
tetracycline transactivator (CCSP-rtTA) were crossed with mice expressing the tet-Operon
of Kras4bG12D (KrasG12D). The rtTA is constitutively expressed in type Il lung epithelial
cells via a Clara cell-specific promoter (CCSP). In the presence of doxycycline, the rtTA
binds to the tet-Operon of Kras4bG12D (KrasG12D), thereby inducing the expression of
mutant Kras. Only double transgenic mice (positive for both CCSP-rtTA/tet-O-
Kras4bG12D) on a doxycycline diet will develop lung adenoma. Single transgenic mice
(positive for CCSP-rtTA or tet-O-Kras4bG12D) were used as littermate controls in this
experiment and do not develop lung adenoma in the presence of doxycycline chow. All
mice were in doxycycline-containing chow for an identical length of time. The
experimental design for this study is shown in Figure 15B, Single (+/-) and double (+/+)
transgenic 40-week-old male and female mice on doxycycline chow were administered
either saline vehicle (0.9% normal saline) or cisplatin (7 mg/kg; pharmaceutical grade
cisplatin, NDC 16729-288-38) once a week for four weeks via intraperitoneal (i.p.) injection
at 8-9AM. Animals were euthanized 72 hours following their final cisplatin injection. Mice
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were monitored daily and euthanized if they had signs of obvious discomfort/stress and

had 220% weight loss.

90



A : - ®

teto | Pro | | Krassi®

+Doxycycline

- L]
®
Single transgenic +doxy Double transgenic +doxy | — I . | | -
e
B
+/- (— Group 1: Vehicle (n=5)
= &-months Day 0 Day 24

Dexycycling 1 Week 1 Week 1 Week 3 Days ni
Chow ﬁ‘()mgrkg—’ 0 Mg/ ki e— () me/kg P 0 maikg -z Euthanize

Group 2: Cisplatin (n=8)
> g-months Day0 Day 24

Daxycycline 1 Week 1 Week 1 Week 30ays ;
Cﬂw - 7 mg/ig P 7 moikg 7 mgikg » 7 ma/kg > Euthanize

+)I+ (~ Group 3: Vehicle + Cancer (n=6)

= G-months Day 0 Day 24
i 1 Week 1 Week 1 Week an 8
DO S w11 e 1 e 0 1 e 011 e EVIN2IZE

Group 4: Cisplatin + Cancer (n=15)
= G-months Day 0 Day 24

Doxycycline 1 Week 1 Week 1 Week 3 Days )
Chow w7 g - 7mokg 7 mgkg P 7 mg/kg e EUthANIZE

Figure 15. Inducible lung adenocarcinoma model using transgenic mutant Kras
mice.

(A) In this double transgenic model, the reverse tetracycline transactivator (rtTA) is
constitutively expressed in type Il lung epithelial cells via a Clara cell-specific promoter
(CCSP). The rtTA, in the presence of doxycycline, binds to the tet-Operon of Kras4bG12D
(KrasG12D), thereby activating the expression of mutant Kras. Only mice that have both
transgenes for CCSP-rtTA/tet-O-Kras4bG12D and that are on a doxycycline diet will
develop lung adenocarcinoma. (B) Single transgenic mice (+/-) were used as littermate
controls and do not develop cancer following doxycycline chow. Double transgenic mice
(+/+) develop cancer following exposure to doxycycline. Cisplatin or saline was
administered via intraperitoneal injection once a week for four weeks. Animals were
euthanized 72 hours following their final cisplatin injection. Figure (B) was created using
BioRender.com.

91



SYNGENEIC XENOGRAFT MODEL OF LUNG CANCER

In the syngeneic xenograft model (SXM) of lung cancer, the mouse lung
adenocarcinoma cell line (238N1) previously developed [232] was injected
subcutaneously into B6129SF1/J male mice. Eight- to ten-week-old male B6129SF1/J
(B6129) mice were purchased from The Jackson Laboratory. Mice were randomly
assigned into four treatment groups: 1. non-cancer/vehicle, 2. non-cancer/cisplatin, 3.
cancer/vehicle, and 4. cancer/cisplatin. In the cancer groups, 10,000 Iung
adenocarcinoma cells (238N1) were injected subcutaneously in the right rear flank seven
days before the start of cisplatin treatment. Experimental Design is shown in Figure 16A.
Pharmaceutical grade cisplatin (NDC 16729-288-38, 1 mg/ml) or saline vehicle (0.9%
normal saline) was administered via intraperitoneal (i.p.) injection once a week between
8-9AM for four weeks. In the vehicle group, 400 uL normal saline was administered via
i.p. injection. In the cisplatin treatment group, 7mg/kg of cisplatin in normal saline in a total
volume of 400 yL was administered via i.p. injection. Animals were euthanized 72 hours

following their final cisplatin injection.
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Figure 16. Repeated administration of low-dose cisplatin does not alter overall
survival in mice with subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice were randomly assigned into four treatment
groups: 1. non-cancer + vehicle, 2. non-cancer + cisplatin, 3. cancer + vehicle, 4. cancer
+ cisplatin. In the cancer groups, 10,000 lung adenocarcinoma cells were injected
subcutaneously seven days prior to the start of cisplatin treatment. Cisplatin or saline was
administered via intraperitoneal injection once a week for four weeks. Animals were
euthanized 72 hours following their final cisplatin injection. (A) Experimental Design, (B)
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Survival Plot. (C) Percentage change in body weight for each group. (D) Tumor Weight
and (F) Volume for groups 3 and 4. (F) Photos of tumors after euthanasia. Animals were
euthanized 72 hours following their final cisplatin injection. Figure (A) was created using
BioRender.com.
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IMMUNOCOMPROMISED XENOGRAFT MODEL OF LUNG CANCER

In the immunocompromised xenograft model (IXM) of lung cancer, NRGS mice
were injected with mouse lung adenocarcinoma cell line (238N1) as detailed in the SXM
model. NRGS mice were derived from NOD.Rag1”;yc™" (NRG) that express human IL-3,
GM-CSF, and SF from the SGM3 (3GS) triple co-injected transgenes [233-235]. Eight- to
twelve-week-old male NRGS mice were randomly assigned into two groups: 1. non-cancer
and 2. cancer. In the cancer group, 10,000 lung adenocarcinoma cells (238N1) were
injected subcutaneously (100 pL in Hank’s buffered saline) into the right rear flank. The
mice were aged out for 31 days to match the same number of days as in previous

experiments. Experimental design is shown in Figure 17A.

95



& Group 1; Non-Cancer (n=5)
Day-7 Day 0 Day 24
P 4 . J  Euthanize
( —— L
Group 2: Cancer (n=8)
4 5 Day-7 Day D Day 24
.- n = Eut 2
— 10.%%23?“5 s $p  Euthanize
% Change in Body Weight
100 10
@
Y
5 5
H -+ Non-Cancer S %
S =
@ gy —o— Cancer 2y
P g
H = 2
F <
o & 04
5=
0 2 T T T T T J
T T T 1
0 6 12 18 24 5 0 5 10 15 20 25
Days Elapsed Day
Tumor Weight Tumor Volume
3 400
* . *
. e
g 2
%‘___. [3 o,
s 200 *
I g :
* 100
0 0

Figure 17. Experimental design for subcutaneous lung cancer model in
immunocompromised mice.

(A) Eight- to twelve-week-old NRGS male mice were randomly assigned into two groups:
1. non-cancer, 2. cancer. In the cancer group, 10,000 lung adenocarcinoma cells were
injected, and the mice were aged out to match the same number of days as in previous
experiments. (B) Survival Plot. (C) Percentage change in body weight for each group. (D)
Tumor Weight and (E) Volume. (F) Photos of tumor after euthanasia. Animals were
euthanized on day 24 to match previous experiments. Figure (A) was created using
BioRender.com.
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BLOOD UREA NITROGEN (BUN) AND NEUTROPHIL GELATINASE ASSOCIATED
LIPOCALIN (NGAL) DETERMINATION
BUN (AMS Diagnostics, 80146) levels were measured from plasma samples using the
indicated kits following the manufacturer’s instructions. ELISAs for NGAL (R&D Systems,
DY1857) were performed on the urine as directed by the manufacturer, as previously

published [152].

PROTEIN QUANTIFICATION AND WESTERN BLOT ANALYSIS
Kidney tissues were homogenized in cell extraction buffer (Thermo Fisher Scientific)
containing a Complete Protease Inhibitor Cocktail Tablet and Phosphatase Inhibitor
Cocktail Tablet (Roche). Homogenates were centrifuged at 15,000 X g for 10 min at 4° C.
Supernatants were removed and stored at -80°C. Protein concentrations were determined
using BCA reagent (Thermo Fisher Scientific). 40 ug of kidney homogenate protein were
loaded and separated on 4-12% gradient Tris-Glycine-SDS polyacrylamide gels. Protein
was then transferred to PVDF membranes that were blocked in 5% (w/v) dried milk in tris
buffered saline 0.1% Tween 20 (TBST) for 1 hour. Membranes were incubated with
primary antibody overnight at 4°C. The following day, membranes were washed three
times for 5 min each with TBST containing 5% (w/v) dried milk. Membranes were then
incubated for 2 hours at room temperature with secondary antibodies conjugated with
horseradish peroxidase (1:20,000) in TBST containing 1% (w/v) dried milk. Following two
washes with 1% (w/v) dried milk and one wash in TBST membrane proteins were detected

by chemiluminescence substrate.
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ANTIBODIES
The following antibody was purchased from Cell Signaling Technology: Transforming
growth factor-beta (TGF-) #3711. The following antibody was purchased from Abcam: a-
Smooth Muscle Actin (a-SMA, Abcam, ab5694). The remaining antibodies include

fibronectin (F3648, Sigma-Aldrich) and a-tubulin (SC-5286, Santa Cruz Biotechnology).

GENE EXPRESSION
RNA was isolated from kidney tissue using E.Z.N.A. Total RNA Kit 1 (OMEGA) per
manufacturer’'s protocol. cDNA was synthesized with High-Capacity cDNA Reverse
Transcriptase PCR (Thermo Fisher Scientific) per the manufacturer’s instructions. Gene-
specific cDNA was quantified with real-time qRT-PCR using predesigned TagMan assays
or self-designed SYBR assays. The following TagMan primers were purchased from
Thermo Fisher Scientific: tumor necrosis factor-alpha (Tnf-a, Mm00443258 m1),
chemokine (C-X-C Motif) ligand 1 (Cxcl1, Mm04207460_m1), interleukin-6 [//-6
(MmO00446190_m1)], Mcp-1 (Mm00441242_m1), and the housekeeping gene beta-2-
microglobulin (B2m, Mm00437762_m1). The following primers were self-designed: kidney
injury  molecule-1  (Kim-1) (For: AGATCCACACATGTACCAACATCAA, Rev:
CAGTGCCATTCCAGTCTGGTTT), Timp-1 (For: GCAACTCGGACCTGGTCATAA, Rev:
TTAGTCATCTTGATCTTATAACGCTGGTA), Nipr3 (For:
AAGATGAAGGACCCACAGTGTAACTT, Rev: CAGATTGAAGTAAGGCCGGAATT) ,
and Col1a1t (For: CGATGGATTCCCGTTCGAGTA, Rev:
GTGGACATTAGGCGCAGGAA). gRT-PCR was done with either iTaq Universal Probes
Supermix (172-5134, Bio-Rad) or iTaq Universal SYBR Green Supermix (172-5124, Bio-

Rad).
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TISSUE HISTOLOGY
Sirius Red/Fast Green and Masson’s Trichrome staining was performed on formalin-fixed
paraffin-embedded (FFPE) kidney sections (5 um thick) for total collagen deposition as

previously published [152, 223].

QUANTIFICATION OF TISSUE HISTOLOGY
Orbit Image Analysis software [224] (version 3.64) was used to quantify positive staining
of kidney histology. The Tissue Quantification feature was used to quantify collagen
staining. The software developers’ protocol was followed for training the software to
correctly identify collagen over normal tissue [224, 225]. In the training step the images
were labeled by manually drawing several annotations per tissue class (e.g., collagen,
normal tissue,). After training the software images were tested to verify correct
determination of positive staining. Digital scans of kidney sections were divided into 5-8
sections and the classification (e.g. collagen, normal tissue) of the tissue sections were
assigned by the software. The percentage of collagen per image was used to quantify

positive staining.

FLOW CYTOMETRY
Whole kidneys were homogenized into single-cell suspensions via mechanical disruption
and enzymatic digestion with Liberase DL Research Grade (05466202001,
Millipore/Sigma). After passing through a 40-um filter, cells were treated with ACK Lysing
Buffer (A1042-01,Thermo Fisher Scientific) for 2 min to remove red blood cells. Cells were
then suspended in PBS with 0.5% BSA, 0.01% sodium azide, and 2 mM EDTA. Cells were
blocked with CD16/32 (101321; BioLegend) and extracellularly stained with CD45-PerCP
(103130; BioLegend), CD3e-PE-Cy7 (552774; BD Biosciences), CD19-PE-CF594
(562329; BD Biosciences), CD4-FITC (100406; BioLegend), CD8a-BUV737 (612759; BD
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Biosciences), Ly-6G-Alexa Fluor 700 (561236; BD Biosciences), Ly-6C-APC-Cy7
(560596; BD Biosciences), F4/80-BV421 (565411; BD Biosciences), and CD11b-BV650
(563402; BD Biosciences). After staining, cells were fixed and permeabilized with
FoxP3/Transcription Factor Staining Buffer Set (00-5523-00;Thermo Fisher Scientific).
Intracellular staining was done with CD206-PE (141705; BioLegend). Hierarchical gating
was performed as previously [223]. Data are represented as the percentage of positively
stained cells for the indicated population from the total number of single cells observed in
that sample. Resident macrophages are identified as CD45+CD3-CD19-CD11b+F4/80

Hi. Infiltrating macrophages are identified as CD45+CD3—-CD19—-CD11b+F4/80 Lo.

STATISTICAL ANALYSES
Quantitative data are expressed as the mean + SEM for all experiments. Statistical
significance was determined using GraphPad Prism software 9.4.1. Statistically significant
differences were determined by Two-Way ANOVA followed by Tukey post-test in the
GEMM and SXM. In the IXM, the statistical significance was determined by an unpaired

T-test. The criterion for the statistical difference was P < 0.05.
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RESULTS
Lung cancer reduces overall survival, worsens kidney injury and fibrosis in mice
administered RLDC. Cisplatin nephrotoxicity has almost exclusively been studied in mice
without cancer. However, only patients with cancer receive cisplatin and the risk of cancer
increases with age [236-238]. To model this aging cancer patient population, we used
forty-week-old transgenic CCSP-rtTA/Tet-O-Kras mice that develop lung adenoma. Forty-
week-old non-cancer mice treated with either 4 doses of vehicle or 4 doses 7 mg/kg
cisplatin had 100% survival at Day 24 (Figure 18A). Cancer mice treated with vehicle had
83% survival, and cancer mice treated with 7 mg/kg (4 doses) cisplatin had 47% overall
survival (Figure 18A). This is in contrast with multiple studies by our lab and others [152-
157, 159, 160, 223, 239] where mice treated with 7 mg/kg of cisplatin once a week for 4
weeks had 100% survival rate at Day 24. BUN and NGAL were used to assess kidney
function and injury, respectively. In the cisplatin treated mice with and without lung cancer,
there was no difference in BUN (Figure 18B). After 4 doses of cisplatin, NGAL levels
increased nearly 80-fold (43 to 3,438 ng/ml) in non-cancer/cisplatin mice, but only 4-fold
(325 to 1,258 ng/ml) in cancer/cisplatin mice that survived to Day 24 (Figure 18C). There
is however a survivorship bias in these results, as we only have data on the mice that
survived the entire treatment regimen. Because of the dramatic drop in survival, we
decided to repeat the experiment and collect urine at earlier times (3-6 days after doses 1
and 2 of cisplatin) to assess NGAL levels. Previously we have shown only mild elevation
of NGAL after the 2" dose of cisplatin [152]. After a single dose of cisplatin, cancer mice
had a 19-fold (188 to 3,599 ng/ml) increase in urinary NGAL and after 2 doses, over 100-
fold (100 to 10,675 ng/ml) compared to non-cancer/cisplatin mice (Figure 18D). These
data suggest that mice with cancer have worsened kidney injury that occurs earlier in the

dosing regimen compared to mice without cancer.
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Multiple studies have shown that the RLDC model induces renal fibrosis [152, 158,
223]. There is no published data on how cancer alters the development of renal fibrosis
following cisplatin treatment. TGF-B1is considered a master regulator of fibrosis [95], and
TGF-B1protein levels are increased in the non-cancer/cisplatin mice (Figure 18E). These
levels are further elevated in the cancer/cisplatin mice (Figure 18E). Fibronectin is a
protein found in the extracellular matrix, and its levels were elevated in a similar pattern
with cancer increasing the accumulation following cisplatin treatment (Figure 18E). These
results were confirmed by SR/FG (Sirius Red/Fast Green) staining for total collagen
deposition showing an increase in cisplatin-treated mice that is additionally elevated in
cancer mice treated with cisplatin (Figure 18E). Results indicate that the presence of
cancer with moderate aging potentiates the nephrotoxicity of cisplatin. Previous work from
our lab has shown that moderate aging alone does not alter cisplatin nephrotoxicity [154],
however it cannot be ruled out that the combination of cancer and moderate aging is

responsible for the increased kidney injury and fibrosis in this model.
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Figure 18. Repeated administration of low-dose cisplatin decreases overall survival
in mice with transgenic lung cancer.

Forty-week-old male and female mice with and without cancer were treated with either O
or 7 mg/kg cisplatin once a week for four weeks. Mice that showed obvious signs of
discomfort/stress and that had =220% weight loss were euthanized before the end of the
study. (A) Survival Plot, (B) BUN levels from plasma, and (C) Urine NGAL levels were
measured following four doses of cisplatin on Day 24. (D) Urine NGAL levels were
measured on days 6 and 13 in mice treated with 1 or 2 doses of cisplatin, respectively. (E)
Protein levels of TGF and Fibronectin in kidney cortex homogenates were determined
by Western blot. (F) SR/FG stain for total collagen levels. Statistical significance was
determined by Two-Way ANOVA followed by Tukey post-test. A = Males, ) = Females
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Subcutaneous lung cancer induces kidney injury and exacerbates cisplatin toxicity.
The previous GEMM included both lung cancer and moderate aging as variables. We
chose a SXM of lung cancer to determine if cancer in young mice will increase the
nephrotoxicity of cisplatin. Eight- to ten-week-old B6;129 male mice with and without
subcutaneous syngeneic lung adenocarcinoma tumors (Figure 16A), were injected with
either cisplatin (7mg/kg) or normal saline (vehicle) once a week for 4 weeks. The mice in
this study had a 100% survival rate (Figure 16B). The non-cancer/cisplatin group had
decreased kidney function as measured by increased BUN levels, and increased kidney
injury shown by increased urinary NGAL and kidney KIM-1 expression (Figure 19A-C),
similar to previous results [152, 153, 158]. The cancer/cisplatin group had significantly
elevated BUN, NGAL, and KIM-1 expression compared to non-cancer/vehicle group
(Figure 19A-C). Comparing non-cancer/cisplatin and cancer/cisplatin we observed no
effect on BUN, non-significantly increased urinary NGAL levels, and significantly lowered
KIM-1 expression levels (Figure 19A-C). Mice in the cancer/vehicle group had increased
BUN, NGAL, and KIM-expression (Figure 19A-C; Figure 20A-C), as compared to the non-
cancer/vehicle group. There was a large amount of variability in the tumor sizes between
mice (Figure 16D-F). The lack of consistent tumor size obscured the effect of cisplatin to
significantly reduce tumor size, subsequent studies with similar tumor burden have
resolved this issue (data not shown). Mice in the cancer/vehicle group were grouped by
their tumor weight. Data indicate as tumor size increases there is an increasing degree of
kidney injury as detected by urinary NGAL (Figure 19E) and KIM-1 mRNA expression
(Figure 19F). In some mice in the cancer/vehicle group, kidney injury markers were higher
than those in the non-cancer/cisplatin group. The BUN levels (Figure 19D) also trended
with increasing tumor size in the cancer/vehicle group. These data suggest that increased

tumor burden negatively impacts kidney function and injury.
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Figure 19. Kidney function and injury following RLDC in mice with and without

subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either O or 7 mg/kg cisplatin once a week for four weeks. (A) BUN levels from
plasma and (B) Urine NGAL levels were measured following four doses of cisplatin on
Day 24. (C) qRT-PCR of KIM-1 in kidney cortex homogenates is normalized to B2M.
Figures D-F show data from the Cancer + Vehicle group separated by tumor size from
BUN, NGAL, and KIM-1, respectively. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by Two-Way ANOVA followed by Tukey post-test.

*p < 0.05 **p<0.01, ****p < 0.0001
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Figure 20. Kidney function, injury, fibrosis, and inflammation in mice with and
without subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer. (A) BUN
levels from plasma and (B) Urine NGAL levels were measured following four doses of
cisplatin on Day 24. qRT-PCR of (C) KIM-1, (D) TIMP-1, (E) COL1A1, (F) IL-6, (G) NLRPS3,
(H) TNF-a, and (I) CXCL-1 in kidney cortex homogenates is normalized to B2M. Data are
expressed as means + SEM; n=5—-10. Statistical significance was determined by an
unpaired t-test. *p < 0.05 **p<0.01
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Subcutaneous lung cancer induces kidney fibrosis and increases cisplatin induced
kidney fibrosis. We determined the development of interstitial fibrosis on FFPE kidney
sections using SR/FG and Masson’s trichrome. There was increased SR staining in the
no-cancer/cisplatin group as compared to the no-cancer/vehicle group as expected and
previously reported (Figure 21A-B; [152, 153, 158]). SR staining was also increased in the
cancer/vehicle group as compared to the no-cancer/vehicle group (Figure 21A-B).
Comparing non-cancer/cisplatin and cancer/cisplatin we observed additive SR staining in
the cancer/cisplatin kidneys (Figure 21A-B). We determined kidney cortex protein levels
of fibronectin, a-SMA, and TGF-B1via western analysis. All three markers were increased
in the non-cancer/cisplatin group as compared to the non-cancer/vehicle group (Figure
21C). The cancer/vehicle group had increased protein levels of fibronectin, a-SMA, and
TGF-B1(Figure 21C) as compared to the non-cancer/vehicle group, which even were
further elevated in cancer/cisplatin group (Figure 21C). There was increased expression
of Timp-1 and Col1a1 in the cancer/vehicle group as compared to the no-cancer/vehicle
group and these levels increased with increasing tumor size (Figure 20D-E, Figure 22A-

B). Data indicate as tumor size increases there is an increase in kidney fibrosis.
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Figure 21. Kidney fibrosis following RLDC in mice with and without subcutaneous
lung cancer.

(A) SR/FG stain & (B) Masson’s trichrome for total collagen levels on 5-um-thick paraffin-
embedded kidney sections and the quantifications. (C) Protein levels of Fibronectin, a-
SMA, TGF-B, and B-Actin in kidney cortex homogenates were determined by Western

blot.
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Figure 22. Fibrotic markers in the kidney increase as tumor size increases.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. mMRNA expression
via qRT-PCR of (A) TIMP-1, and (B) COL1A1 normalized to B2M. Panels (C) and (D)
show data in panels (A) and (B) with the group Cancer + Vehicle group separated by tumor
size. Data are expressed as means + SEM; n=3-15. Statistical significance was
determined by Two-Way ANOVA followed by Tukey post-test. **p<0.01, ***p<0.001, ****p
< 0.0001
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Subcutaneous lung tumors increase kidney inflammation independent of cisplatin
treatment. Inflammation plays a role in kidney fibrosis in the RLDC model [223]. We
assessed inflammation via expression of kidney inflammatory factors as well as
quantification of immune cell infiltrates by flow cytometry. We found increased expression
of the inflammation markers NLRP3, TNF-a, CXCL1, and IL-6 in the non-cancer/cisplatin
group compared to non-cancer/vehicle controls (Figure 23A-D) as expected based off
previous work [153, 158, 223]. Inflammatory cytokine and chemokine expression was
increased in the cancer/vehicle as compared to the non-cancer/vehicle group (Figure 23A-
D; Figure 20F-l). Data indicate as tumor size increases, there is a trend upward in
infammation markers (Figure 24A-D). There is no additive effect to kidney inflammation
in the cancer/cisplatin group, when compared to the non-cancer/cisplatin group (Figure
23A-D).

We assessed immune cell infiltration in the kidneys of mice with and without
subcutaneous lung cancer following RLDC treated with vehicle or cisplatin. Non-cancer/
cisplatin mice had increased infiltration of multiple immune cells types including CD45%,
CD4*, and CD8" cells (Figure 25A-D) in the kidneys compared to vehicle controls, as seen
in previous studies [223]. Non-cancer/cisplatin mice had increased F4/80" resident
macrophages, F4/80“ infiltrating macrophages, F4/80*CD206* macrophages, and
Ly6CH* cell populations compared to non-cancer/vehicle (Figure 25E-H). In the
cancer/vehicle group, we observed variable increases in immune cell infiltration of CD45%,
CD3*, CD4*, and CD8"* cells (Figure 25A-D; Figure 26A-D). The F4/80" F4/80'°,
F4/80*CD206*, and Ly6CH™ cell populations were elevated in the cancer/vehicle group as
compared to the non-cancer/vehicle controls (Figure 25E-H; Figure 26A-H). We next
separated cancer/vehicle group by tumor size and observed that larger tumors had higher
levels of immune cell infiltration (Figure 27A-H). In the cancer/cisplatin group, we saw no
additive effect on the immune cell population of the kidneys. The combination trended
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towards lower immune cell populations compared to non-cancer/cisplatin for CD45",
CD4*, CD8*, F4/80", CD206*, and Ly6CH' (Figure 25A-H). These data suggest that lung
cancer is altering the immune cell populations of the kidney and hindering immune cell
infiltration into the kidney following cisplatin. Tumors have been shown to create
microenvironments that benefit that tumor and are immunosuppressive [240-243], a

similar process may be occurring in this model.
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Figure 23. Elevated kidney inflammation following RLDC in mice with and without
subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. mMRNA expression
via qRT-PCR of (A) NLRP3, (B) TNF-a, (C) CXCL-1, and (D) IL-6 were measured in the
kidney cortex. Data are expressed as means + SEM; n=5-15. Statistical significance was

determined by Two-Way ANOVA followed by Tukey post-test. * p< 0.05, **p<0.01,
***p<0.001, and ****p<0.0001.
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Figure 24. Inflammatory markers in the kidney increase as tumor size increases.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either O or 7 mg/kg cisplatin once a week for four weeks. mMRNA expression
via qRT-PCR of (A) NLRP3, (B) TNF-a, (C) CXCL1, and (D) IL-6 were measured in the
kidney cortex and grouped by tumor size from the Cancer + Vehicle group. Data are
expressed as means + SEM; n=3-8
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Figure 25. Elevated immune cell infiltration in the kidney following RLDC in mice
with and without subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. Flow cytometric
analysis of renal immune cells. Whole kidneys were homogenized, made into a single-cell
suspension, and then stained with fluorescent antibodies. One million events were
collected from each sample. The analysis identified (A) CD45+ immune cells, (B) CD45+
CD3+ T-cells, (C) CD3+CD4+ Helper-T cells, (D) CD3+ CD8+ Cytotoxic T-cells, (E)
CD11b+ F4/80 Hi resident macrophages, (F) CD11b+ F4/80 Lo infiltrating macrophages,
and (G) F4/80+ CD206+ M2 macrophages, (H) CD11b+ Ly6c Hi inflammatory monocytes.
Data are expressed as means + SEM; n=5-16. Statistical significance was determined by
Two-Way ANOVA followed by Tukey post-test. * p< 0.05, **p<0.01, ***p<0.001, and
****n<0.0001.
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Figure 26. Elevated kidney immune cell infiltration with subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer. Flow
cytometric analysis of renal immune cells. Whole kidneys were homogenized, made into
a single-cell suspension, and then stained with fluorescent antibodies. One million events
were collected from each sample. Analysis identified (A) CD45+ immune cells, (B) CD45+
CD3+ T-cells, (C) CD3+CD4+ Helper-T, (D) CD3+ CD8+ Cytotoxic T-Cells, (E) CD11b+
F4/80 Hi resident macrophages, (F) CD11b+ F4/80 Lo infiltrating macrophages, (G)
F4/80+ CD206+ M2 macrophages, and (H) CD11b+ Ly6¢c Hi inflammatory monocytes.
Data are expressed as means + SEM; n=5-15. Statistical significance was determined by
an unpaired T-test. *p < 0.05, ***p<0.001
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Figure 27. Elevated kidney immune cell infiltration with subcutaneous lung cancer
grouped by tumor size.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. Flow cytometric
analysis of renal immune cells. Whole kidneys were homogenized, made into a single-cell
suspension, and then stained with fluorescent antibodies. One million events were
collected from each sample. The cancer + vehicle mice were grouped by tumor size.
Analysis identified (A) CD45+ immune cells, (B) CD45+ CD3+ T-cells, (C) CD3+CD4+
Helper-T, (D) CD3+ CD8+ Cytotoxic T-Cells, (E) CD11b+ F4/80 Hi resident macrophages,
(F) CD11b+ F4/80 Lo infiltrating macrophages, (G) F4/80+ CD206+ M2 macrophages,
and (H) CD11b+ Ly6c Hi inflammatory monocytes. Data are expressed as means + SEM;
n=5-15.
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Subcutaneous lung tumors alter makers of kidney function, injury, fibrosis, and
inflammation in immunocompromised mice even without cisplatin treatment. After
the observations that cancer alone without cisplatin can produce significant changes in
the kidney, we wanted to determine how much of this can be attributed to the immune
system. The immune system is a crucial player in other models of AKI [244-246], and loss
of T-cells is protective in other models of AKI [247, 248]. To assess how the loss of a
functional immune system contributes to the phenotype, we utilized an IXM with NRGS
mice, which have no mature B- or T-cells and functionally immature macrophages [233].
NRGS mice were injected subcutaneously with the 238N1 cells and allowed to grow over
the same timeframe as in the SXM model (Figure 17A) NRGS mice with cancer had
increased levels of BUN and urinary NGAL even without treatment with cisplatin (Figure
28A-B). There was no change in KIM-1 expression (Figure 28C). These results suggest
that subcutaneous lung cancer affects kidney function and injury regardless of an intact
immune system, but the KIM-1 expression may in part require crosstalk with functional
immune cells.

We assessed kidney fibrosis in these mice using multiple methods. Cancer
increased mRNA expression of TIMP-1 and COL1A1 in the kidneys, albeit not significantly
(Figure 29A-B). Kidney cortex protein levels of fibronectin and a-SMA were elevated in
the cancer mice compared to non-cancer mice (Figure 29C). SR/FG staining of collagen
was elevated in the tumor bearing mice as compared to non-cancer mice (Figure 29D).
These data indicate that the development of kidney fibrosis from subcutaneous lung
cancer does not require a fully functional immune system.

We hypothesized there would be little to no change in kidney inflammation or
immune cell infiltration in the immunocompromised mice when subcutaneous lung tumors
were present. We measured kidney inflammation using mRNA expression of NLRP3,
TNF-a, and CXCL1 (Figure 29E-G). All three markers were increased in the cancer group,
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and both NLRP3 and TNF-a were significantly elevated in the cancer groups compared to
the non-cancer mice. We assessed immune cell infiltration in kidneys of
immunocompromised mice with and without subcutaneous lung tumors. The tumor
bearing mice had increased kidney populations of CD45*, Ly6C°, Ly6CH F4/80H,
F4/80-, and CD206* immune cells compared to the non-cancer group (Figure 30A-F).
These data suggest that in the immunocompromised mice, the immune cell populations
are still being altered by a distant tumor, and functional B-cells and T-cells are not required

for the development of kidney injury and fibrosis in this model.
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Figure 28. Kidney function and injury in immunocompromised mice with and
without subcutaneous lung cancer.

Eight- to twelve-week-old NRGS mice were randomly assigned into two groups: 1. non-
cancer, 2. cancer. (A) BUN levels from plasma and (B) Urine NGAL levels were measured
31 days after tumor implantation. (C) gRT-PCR of KIM-1 normalized to B2M. Data are
expressed as means * SEM; n=5-8. Statistical significance was determined by an
unpaired T-test. *p < 0.05 **p<0.01, ****p < 0.0001
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Figure 29. Kidney fibrosis and inflammation in immunocompromised mice with and
without subcutaneous lung cancer.

Eight- to twelve-week-old NRGS mice were randomly assigned into two groups: 1. non-
cancer, 2. cancer. mRNA expression via gRT-PCR of (A) TIMP-1, (B) COL1A1, (F)
NLRP3, (G) TNF-a, and (H) CXCL1 normalized to B2M. (C) Protein levels of Fibronectin,
a-SMA, and B-Actin in kidney cortex homogenates were determined by Western blot. (D)
Quantification of SR/FG stain for total collagen levels on 5-um-thick paraffin-embedded
kidney sections and the representative images (E). Data are expressed as means + SEM;
n=5-7. Statistical significance was determined by an unpaired T-test.
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Figure 30. Elevated immune cell infiltration in immunocompromised mice with
subcutaneous lung cancer.

Eight- to twelve-week-old NRGS mice were randomly assigned into two groups: 1. non-
cancer, 2. cancer. Flow cytometric analysis of renal immune cells. Whole kidneys were
homogenized, made into a single-cell suspension, and then stained with fluorescent
antibodies. Analysis identified (A) CD45+ immune cells, (B) CD11b+ Ly6c Lo resident
monocytes, (C) CD11b+ Ly6c Hi inflammatory monocytes. (D) CD11b+ F4/80 Hi resident
macrophages, (E) CD11b+ F4/80 Lo infiltrating macrophages, and (F) F4/80+ CD206+
M2 macrophages. Data are expressed as means + SEM; n=5-8. Statistical significance
was determined by an unpaired T-test. ***p<0.001, and ****p<0.0001.
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Subcutaneous lung tumors increased liver fibrosis. Lung can cancer has been shown
to alter liver metabolism [249]. Thus, we determined if the fibrotic effects from cancer were
unique to the kidney. The development of liver fibrosis was assessed by protein levels of
fibronectin by western analysis. The treatment of cisplatin in non-cancer mice (non-
cancer/cisplatin) had no effect on fibronectin protein levels (Figure 31A). In contrast, the
cancer/vehicle and cancer/cisplatin group had increased liver fibronectin levels compared
to the non-cancer/vehicle mice (Figure 31A). There was also increased liver expression in
the cancer/vehicle group of the fibrotic marker Timp-1with increasing tumor size (Figure
31B-C). These data suggest that cisplatin alone has no effects on liver fibrosis, but lung

cancer does induce fibrosis in the liver.
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Figure 31. Mice with subcutaneous lung cancer had increased development of liver
fibrosis compared to non-cancer mice.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. (A) Protein levels of
fibronectin in liver homogenates were determined by Western blot. mRNA expression via
gRT-PCR of TIMP-1 (B) normalized to B2M. (C) TIMP-1 mRNA levels grouped by tumor
size for the Cancer/Vehicle group. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by Two-Way ANOVA followed by Tukey post-test.
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Elevated liver inflammation in mice with subcutaneous lung cancer independent of
cisplatin treatment. We measured mRNA expression of NLRP3, TNF-a, CXCL1, and IL-
6 in the liver. The treatment of cisplatin in non-cancer mice (non-cancer/cisplatin) had no
effect on the liver inflammatory markers that we measured compared to non-
cancer/vehicle group (Figure 32A-D). In the cancer/vehicle group, we observed significant
increases in the markers NLRP3 and TNF-a (Figure 32A-D) compared to non-
cancer/vehicle group. Breaking the cancer/ vehicle group up by tumor size allowed us to
see increasing tumor size increased liver inflammatory expression (Figure 32E-H). In the
cancer/cisplatin group, we saw increased expression of all four inflammatory markers
(Figure 32A-D) compared to non-cancer/vehicle, but none were significant. These data
suggest that cisplatin alone has no effects on liver inflammation, but lung cancer does

induce inflammation in the liver.
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Figure 32. Elevated liver inflammatory cytokine and chemokine levels following
RLDC in mice with subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer were
treated with either 0 or 7 mg/kg cisplatin once a week for four weeks. mMRNA expression
via qRT-PCR of (A) NLRP3, (B) TNF-a, (C) CXCL1, and (D) IL-6 were measured in the
liver. Figures (E-F) show mRNA expression grouped by tumor size for the Cancer +
Vehicle group. Data are expressed as means + SEM; n=5-15. Statistical significance was
determined by Two-Way ANOVA followed by Tukey post-test. * p< 0.05.
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KIDNEY MITOCHONDRIAL CONTENT AND BIOGENESIS ARE ALTERED BY LUNG
CANCER

In our study, we have demonstrated that subcutaneous lung cancer triggers kidney
fibrosis, which in turn creates a pro-inflammatory and pro-fibrotic microenvironment. Both
of these pathways suppress PGC-1a, as supported by previous research [140, 179, 207].
Furthermore, subcutaneous lung cancer leads to decreased kidney function and
increased kidney injury, as indicated by Figures 19 and 29. As proper kidney function
relies on adequate mitochondrial function, we were intrigued by the potential correlation
between lung cancer and kidney mitochondrial content and biogenesis. Inherited genetic
mitochondrial diseases have been shown to coincide with renal impairment [168-171], and
tissue repair is also highly dependent on mitochondrial mass and respiration [94]. Thus,
our results from CHAPTER 2 & 3 led us to investigate the effects of lung cancer on kidney
mitochondrial content and biogenesis in the SXM mice.

Our analysis involved assessing the mitochondrial content through mtDNA/nDNA
ratio and measuring mitochondrial biogenesis (MB) through PGC-1a mRNA expression
and protein levels. We speculate that cancer serves as the first hit of injury to the kidney,
reducing mitochondrial content and biogenesis, and potentially priming the kidney for
further damage.

Decreased kidney mitochondrial content and biogenesis following RLDC in mice
with lung cancer. The kidneys of mice in the cisplatin/vehicle group significantly lower
mitochondrial content when compared to non-cancer/vehicle group as measured by
mtDNA/NnDNA (Figure 33A). There was a large amount of variability in the tumor sizes
between mice (Figure 16D-F). Mice with subcutaneous lung cancer were grouped by their
tumor weight. Data indicate as tumor size increases there is lower amount of kidney
mitochondria as detected by mtDNA/nDNA assay (Figure 33B). Mice with medium and
large tumors in the cancer/vehicle group have suppressed levels of mtDNA/nDNA that are
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comparable to non-cancer/cisplatin treated mice. These data suggest that both cisplatin
and cancer are suppressing kidney mitochondrial content and the effect appears to be
additive in the cancer/cisplatin group (Figure 33B).

Mitochondrial biogenesis (MB) was measured through PGC-1a mRNA expression
and protein levels. The mice in the non-cancer/cisplatin group had significantly lower PGC-
1a mRNA expression compared to non-cancer/vehicle mice (Figure 33C). The
downstream targets of PGC-1a, Nrf-1 and Tfam which are involved in MB were also
significantly lowered in the non-cancer/cisplatin group compared to the non-cancer/vehicle
group (Figure 33D-E). Data indicate as tumor size increases PGC-1a expression is
suppressed (Figure 33F) and so are Nrf-1 and Tfam (Figure 33G-H). Mice with medium
and large tumors in the cancer/vehicle group have suppress of the MB pathway (PGC-1,
Nrf-1, and Tfam) comparable to non-cancer/cisplatin treated mice (Figure 33F-H). The
combination of cancer and cisplatin does not further suppress MB gene expression when
compared to non-cancer/cisplatin and cancer/vehicle.

The suppression of PGC-1a in the non-cancer/cisplatin group is also supported by
the increase in inhibitory regulators p-SMAD3 and p-ERK1/2 when compared to non-
cancer/vehicle group (Figure 33l). p-SMAD3 and p-ERK1/2 are also elevated in the
cancer/vehicle when compared to non-cancer/vehicle group (Figure 33l). The highest
levels of p-SMADS and p-ERK1/2 are found in the cancer/cisplatin group suggesting there
is an additive effect on PGC-1a suppression (Figure 33lI).

The protein levels of PGC-1a were also reduced by cisplatin in the non-
cancer/cisplatin group compared to non-cancer/vehicle group (Figure 33l). The
cancer/vehicle group only a few of the sample had detectable levels of PGC-1a protein
compared to non-cancer/vehicle and in the cancer/cisplatin group none of the kidneys had
any detectable level of PGC-1a protein (Figure 33l). Again, these data suggest an additive
effect between cisplatin and cancer on PGC-1a protein suppression. Additionally, AKT
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can phosphorylate PGC-1a and reduce its activity. The use of cisplatin increased p-AKT
levels in the non-cancer/cisplatin group compared to the non-cancer/vehicle group.
p-AKT levels were elevated in the cancer/vehicle group compared to non-
cancer/vehicle group and cancer/cisplatin group had elevated p-AKT levels compared to
non-cancer/vehicle group (Figure 33l). The use of LY344864 in the vehicle/LY344864
group had no effect on kidney mitochondrial content or biogenesis (Figure 14A-F). These
data suggest cisplatin reduces kidney mitochondrial content and biogenesis and cancer
independently reduces kidney mitochondrial content and biogenesis. The effects of
cisplatin and cancer on kidney mitochondrial content and biogenesis suppression appear
to be additive, though not significant and maybe be the driving mechanism of enhanced
toxicity in tumor bearing mice from cisplatin. Further studies need to be completed to
determine if altering kidney mitochondrial content and biogenesis will prevent cancer and

cisplatin induced nephrotoxicity.
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Figure 33. Decreased kidney mitochondrial content and biogenesis following RLDC
in mice with and without subcutaneous lung cancer.

(A) gPCR on nuclear-encoded HK2 and mitochondrial-encoded 16S were used to
calculate the ratio between mtDNA to nDNA, normalized to vehicle-treated kidneys. (B)
mtDNA/nDNA with the cancer groups separated by tumor size. (C-E) gRT-PCR of PGC-
1a, NRF-1, and TFAM in kidney cortex homogenates is normalized to B2M and separated
by tumor size (F-H). Immunoblotting for PGC-1a, p-AKT, AKT, p-ERK1/2, total ERK1/2,
p-Smad3, PGC-1[3, and B-actin on kidney cortex homogenates (I).
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Liver mitochondrial content and biogenesis altered by lung cancer independent of
cisplatin treatment.

The livers of mice in the cisplatin/vehicle group had slightly elevated, though not
significantly mitochondrial content when compared to non-cancer/vehicle group as
measured by mtDNA/nDNA (Figure 34A). The livers of mice in the cancer/vehicle group
had reduced levels of mitochondrial content compared to the non-cancer/vehicle group
(Figure 34A). There was a large amount of variability in the tumor sizes between mice
(Figure 16D-F). Mice with subcutaneous lung cancer were grouped by their tumor weight.
Data indicate as tumor size increases there is lower amount of liver mitochondria as
detected by mtDNA/nDNA assay (Figure 34B). Unlike the kidney, in the liver cisplatin does
not lower liver mitochondrial content, whereas tumor size does appear to correlate with
reduced mtDNA/nDNA levels in the liver (Figure 34B). These data suggest cancer is able
to reduce liver mitochondrial content and cisplatin does not alter liver mitochondrial
content.

Mitochondrial biogenesis (MB) was measured through PGC-1a mRNA expression
and protein levels. The mice in the non-cancer/cisplatin and cancer/cisplatin group had
significantly elevated levels of PGC-1a mRNA expression compared to non-
cancer/vehicle mice (Figure 34C). These data suggest that cisplatin induces PGC-1a
expression in the liver, the opposite of what occurs in the kidney. The expression of liver
Nrf-1 and Tfam expression are not changed in the any of the groups (Figure 34D-E). These
data suggest that neither cisplatin nor cancer alter the downstream targets of PGC-1a in

the liver, contrary to what occurs in the kidney.
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Figure 34. Liver mitochondrial content and biogenesis in mice with cancer following

RLDC.

(A) gPCR on nuclear-encoded HK2 and mitochondrial-encoded 16S were used to
calculate the ratio between mtDNA to nDNA, normalized to vehicle-treated kidneys. (B)
mtDNA/nDNA with the cancer groups separated by tumor size. (C-E) gRT-PCR of PGC-
1a, NRF-1, and TFAM in kidney cortex homogenates is normalized to B2M and separated
by tumor size (F-H). Data are expressed as means + SEM; n=5-10. Statistical significance
was determined by TWO-Way ANOVA followed by a Tukey post-test. *p < 0.05, **p<0.01,

***p<0.001, ****p < 0.0001
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DISCUSSION

Cisplatin toxicity in preclinical mouse models has traditionally been studied in mice
without cancer. Since all patients receiving cisplatin have cancer, cancer was incorporated
into the RLDC model. We found that in tumor bearing mice, cisplatin nephrotoxicity and
kidney fibrosis are significantly worsened. This is the first published data that we are aware
of that specifically assesses the impacts of cancer on the kidney and its response to the
nephrotoxicity of cisplatin. We believe the comorbidity of cancer has been a missing
variable in previous work. Optimizing preclinical models to more accurately represent the
dosing and comorbidities present in cancer patients will allow us to better understand the
pathophysiology and potentially develop more successful preventative and/or
interventional strategies. We believe cancer delivers the first hit to the kidney and the
subsequent doses of cisplatin become too burdensome, increasing kidney injury and
fibrosis.

In addition to our main findings, the data presented here shows that the presence
of lung cancer induces kidney injury, inflammation, and fibrosis even in the absence of
cisplatin treatment. The GEMM did not show this overt phenotype, but we believe this can
be explained by type of the cancer generated [250]. The tumors are driven solely by
mutant Kras®'?® producing a less aggressive lung adenoma, as compared to the
metastatic lung adenocarcinoma cell line 238N 1, which expressed a mutant Kras®'?® and
was deficient in tumor suppressor, p53 [232, 250]. This cell line has been shown to
metastasize [232], and is more characteristic of aggressive tumors in lung cancer patients.

The immune system is becoming increasingly recognized as an important
component of cancer development, progression, metastasis, and response to
therapeutics [251-253]. The immune system has been shown to play an important role in
other models of kidney disease [244-246]. We utilized tumor-bearing
immunocompromised mice to assess the contribution of the immune system on cancer
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induced kidney injury, inflammation, and fibrosis. The tumor- bearing mice had elevated
BUN and NGAL levels, but there was no change in KIM-1 expression. Recent data have
shown the importance of crosstalk between the proximal tubule cells and macrophages
[254], and the lack of proper crosstalk in the immunocompromised mice could help explain
the lack of increased KIM-1 expression. The data presented here indicate that the
presence of subcutaneous lung adenocarcinoma resulted in increased kidney fibrosis and
infammation even in the absence of T and B cells. Previous work from our lab and others
has shown resident macrophages to be an important driver of kidney fibrosis [223, 255,
256]. We cannot rule out the contribution of macrophages in this strain of
immunocompromised mice as there are still macrophages present that are elevated in the
kidneys that could retain some function. Further analysis whereby the macrophages are
eliminated [223] in this model will shed light on their contribution to the lung tumor-induced
sensitization of the kidney to cisplatin.

Solid tumors were once thought of as multiple clones of a single cell. However, it
is now recognized that solid tumors may more closely resemble complex organs [257] with
many different cell types that can affect the biology of the entire organism [258]. We show
that lung adenocarcinoma can alter kidney injury, inflammation, and fibrosis. Our study
supports prior findings by Masri, S., et al. [249] that indicate lung cancer alters liver
circadian rhythm, leading to changes in liver lipid metabolism that benefits the tumor. To
determine if our phenotype was unique to the kidney, we looked at liver fibrosis and
inflammation. We found that cisplatin had no effect on liver fibrosis or inflammation, while
tumor-bearing mice did have elevated markers of liver fibrosis and inflammation (Figures
31-32). The data presented in this study suggest that cancer cells are secreting factors
into systemic circulation that impact distant organs leading to inflammation, fibrosis, and
immune cell infiltration. There is no evidence to suggest metastasis to the kidney creates
this phenotype; however, we cannot rule it out.
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Previous studies in the literature employed models of tumor xenografts in nude
mice and syngeneic models to assess potential strategies of nephroprotection [259-261].
These studies did not assess the development of kidney fibrosis, immune cell infiltration,
and the transition to CKD. CD4* knockout mice had no protection from cisplatin, worsen
cancer growth [262], and until we fully understand the contribution of the immune system
to the sensitizing effects of cancer, the use of mouse models with a competent immune
system is critical to understanding the pathophysiology of cisplatin-induced CKD. We
believe our study is the first to use the RLDC dosing in a syngeneic cancer model to show
that cisplatin nephrotoxicity and kidney fibrosis are potentiated by cancer.

We utilized GEMM and SXM lung cancer models to investigate cancer-kidney
crosstalk in the context of a nephrotoxic chemotherapy. The GEMM has several
disadvantages over the SXM with a major concern being the low survivability of the mice.
Additionally, the GEMM model requires the mice to be on doxycycline chow for over 6
months before the formation of tumors. Lastly, quantifying tumor burden is challenging
which prevents us from examining the relationship between tumor size and nephrotoxicity.
The SXM allowed us to quantify tumor size as well as allowed us to examine the variable
of cancer independent of age. An additional advantage of the SXM that we employed is
that it can be implanted into mice with intact immune systems or those
immunocompromised to be able to dissect the contribution of specific immune cell
subtypes to the development of fibrosis. Additional cancer types need to be examined to
determine if this phenotype is specific to lung cancer. All studies employed here utilized
tumors driven by mutant Kras®'?°. Future studies also need to be completed with cells
lines that have different driver mutations to determine if the cancer-kidney crosstalk is
specific to mutant Kras®'?°.

The toxicity from RLDC is a cumulative process [160]. We believe cancer delivers
an initial injury hit to the kidney, which then primes the kidney for enhanced susceptibility
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to cisplatin toxicity. Understanding the mechanism that drives this priming in cancer
patients could be essential to understanding how to prevent cisplatin-induced
nephrotoxicity and the progression to CKD. Finally, we firmly believe that any
nephroprotective strategies developed for cisplatin must consider the comorbidity of

cancer and be designed to maximize the effectiveness/efficacy of chemotherapy.
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CHAPTER 5: LUNG CANCER-KIDNEY CROSSTALK PREVENTS PROTECTION
FROM 5-HYDROTRYPTAMINE-1F RECEPTOR AGONIST IN REPEATED LOW DOSE
CISPLATIN INDUCED NEPHROTOXICITY
INTRODUCTION

Cisplatin causes AKI in 30% of patients [30, 31, 39], and repeated cycles of
cisplatin are associated with increased incidence of chronic kidney disease (CKD) [14].
AKI and CKD are interconnected syndromes [6] involving maladaptive repair processes
[8]. Recent research has made significant strides in understanding the pathophysiology of
kidney injury caused by repeated low-dose cisplatin (RLDC), including the use of single-
nucleus transcriptional profiling analysis, which uncovered a unique population of proximal
tubule cells in an injury/repair phase [159]. In addition, cisplatin-induced injury produces a
proinflammatory tubule cell population that fails to repair, and repeated administration of
cisplatin exacerbates kidney injury by causing DNA damage accumulation in tubule cells
attempting to repair from previous rounds of injury [160].

Although, cisplatin-induced nephrotoxicity has been studied extensively, most of
this work has been completed in mouse models without cancer [39, 115, 121, 210, 211],
The addition of cancer to the RLDC model of nephrotoxicity further improves the clinical
relevancy of this preclinical model. We have shown that subcutaneous lung cancer alone
alters kidney physiology, inducing kidney injury, inflammation, and fibrosis [226]. The
advancement of the RLDC model to include the comorbidity of cancer requires
reassessment of previously discovered protective strategies.

One such protective strategy is the use of the 5HT-1r agonist LY344864. Our

laboratory recently used LY344864 to prevent cisplatin-induced nephrotoxicity. The
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results suggest LY34486 protects from RLDC induced kidney injury, interstitial fibrosis,
and inflammation by increasing mitochondrial content in mice without cancer. The SHT-+¢
receptor is a G-protein coupled receptor (GPCR) whose functions outside of the central
nervous system are not completely characterized [217-221]. The 5HT-1 receptor has
been found on freshly isolated tubule cells and on cultured renal proximal tubule epithelial
cells [215]. Additionally, the knockout of 5HT-1r receptor in mice impairs the injury repair
process in the kidney and worsens AKI events [222].

The 5HT-+¢ agonist, LY344864 has been shown to provide protection from AKI
[215] and from spinal cord injury [216] through increased PGC-1a and mitochondrial
biogenesis. In line with other published research increasing PGC-1a expression protects
in other models of AKI including; ischemia-reperfusion injury, sepsis, folic acid toxicity,
and single high-dose cisplatin-induced nephrotoxicity [179, 192, 194-201, 203-206]. More
recently, PGC-1a has been shown to be a key mediator in renal fibrosis and CKD
development [140, 141, 163, 176, 180, 193]. PGC-1a is a unique target for the RLDC
model because of its role in both AKI, CKD, and it is suppressed in the kidneys by cancer.

This study was designed to determine if SHT-1F agonist LY344864 will protect
from cisplatin induced nephrotoxicity in mice with subcutaneous lung cancer. Our work
has shown that both cisplatin and cancer suppress kidney mitochondrial content and the
effect appears to be additive in the cancer/cisplatin group. We hypothesize that increasing
PGC-1a expression through the 5HT-1 receptor will protect from both cancer-induced,
and cisplatin-induced nephrotoxicity. We believe increasing mitochondrial biogenesis and
mitochondrial content will reduce the injured/failed-repair tubule cell population resulting

in improved renal function and reduced fibrosis.
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MATERIALS AND METHODS
ANIMALS
All mice were maintained on a 12-hour/12-hour light/dark cycle and provided with food
and water ad libitum. Animals were maintained under standard laboratory conditions. All
animal procedures were approved by the Institutional Animal Care and Use Committee of
the University of Louisville (Protocol ID 19568) and followed the guidelines of the American
Veterinary Medical Association.
SYNGENEIC XENOGRAFT MODEL OF LUNG CANCER
In the syngeneic xenograft model (SXM) of lung cancer, the mouse lung adenocarcinoma
cell line (238N1) previously developed [232] was injected subcutaneously into
B6129SF1/J mice. Eight- to ten-week-old male B6129SF1/J (B6129) mice were
purchased from The Jackson Laboratory. Mice were randomly assigned into four
treatment groups: 1. cancer/vehicle, 2. cancer/LY344864, 3. cancer/cisplatin, and 4.
cancer/cisplatin/LY344864 (cancer/cis/LY). In the cancer groups, 10,000 Iung
adenocarcinoma cells (238N 1) were injected subcutaneously in the right rear flank seven
days before the start of cisplatin treatment. Experimental Design is shown in Figure 35A.
Pharmaceutical grade cisplatin (NDC 16729-288-38, 1 mg/ml) or saline vehicle (0.9%
normal saline) was administered via intraperitoneal (i.p.) injection once a week between
8-9AM for four weeks. In the vehicle group, 400 pL normal saline was administered via
i.p. injection. In the cisplatin treatment group, 7mg/kg of cisplatin in normal saline in a total
volume of 400 L was administered via i.p. injection. Animals were euthanized 72 hours
following their final cisplatin injection.
LY344864 DOSING REGIMEN

The serotonin receptor (5HT) subtype 1F agonist (5HT-+¢), LY344864 (item #, 29496, CAS
# 1217756-94-9) was purchased from Cayman Chemical Company (Ann Arbor, Michigan;
United States). LY344864 was dissolved in normal saline, mice were administered vehicle
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or LY344864 via intraperitoneal (i.p.). All mice were administered 10 doses of saline or
LY344864 in a final volume of 200 uL to control for fluid delivery. Starting 5 days after the
second dose of cisplatin on day 12 of the experiment mice were administered saline or

LY344864 daily. Experimental Design is shown in Figure 35A.
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Figure 35. Experimental design for RLDC in mice with subcutaneous lung cancer
treated with LY344864 study.

Eight- to ten-week-old B6;129 male mice were randomly assigned into four treatment
groups: 1. Cancer/vehicle, 2. Cancer/LY344864, 3. Cancer/cisplatin, and 4.
Cancer/cisplatin/LY344864. The cancer groups were injected with 10,000 lung
adenocarcinoma cells subcutaneously seven days prior to the start of cisplatin treatment.
Cisplatin or saline was administered via intraperitoneal injection once a week for four
weeks. Additionally, mice were treated with vehicle (normal saline) or LY344864 via IP
injection starting 5 days after the second dose of cisplatin for a total of 10 doses. Animals
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were euthanized 72 hours following their final cisplatin injection. (A) Experimental Design.
(B) Change in body weight. (C) Tumor photo, (D) tumor weight, and (E) tumor volume.

Data are expressed as means = SEM; n=5-10. Statistical significance was determined by
TWO-Way ANOVA followed by Tukey post-test. **p<0.01.
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BLOOD UREA NITROGEN (BUN) AND NEUTROPHIL GELATINASE ASSOCIATED
LIPOCALIN (NGAL) DETERMINATION
BUN (AMS Diagnostics, 80146) levels were measured from plasma samples using the
indicated kits following the manufacturer’s instructions. ELISAs for NGAL (R&D Systemes,
DY1857) were performed on the urine as directed by the manufacturer, as previously

published [152].

PROTEIN QUANTIFICATION AND WESTERN BLOT ANALYSIS
Kidney tissues were homogenized in cell extraction buffer (Thermo Fisher Scientific)
containing a Complete Protease Inhibitor Cocktail Tablet and Phosphatase Inhibitor
Cocktail Tablet (Roche). Homogenates were centrifuged at 15,000 X g for 10 min at 4° C.
Supernatants were removed and stored at -80°C. Protein concentrations were determined
using BCA reagent (Thermo Fisher Scientific). 40 ug of kidney homogenate protein were
loaded and separated on 4-12% gradient Tris-Glycine-SDS polyacrylamide gels. Protein
was then transferred to PVDF membranes that were blocked in 5% (w/v) dried milk in tris
buffered saline 0.1% Tween 20 (TBST) for 1 hour. Membranes were incubated with
primary antibody overnight at 4°C. The following day, membranes were washed three
times for 5 min each with TBST containing 5% (w/v) dried milk. Membranes were then
incubated for 2 hours at room temperature with secondary antibodies conjugated with
horseradish peroxidase (1:20,000) in TBST containing 1% (w/v) dried milk. Following two
washes with 1% (w/v) dried milk and one wash in TBST membrane proteins were detected
by chemiluminescence substrate.
ANTIBODIES

The following antibodies were purchased from Cell Signaling Technology (Beverly, MA):
p44/42 MAP Kinase (Erk1/2) #4695, Phospho-p44/42 MAP Kinase (Erk1/2)
(Thr202/Tyr204) #4370, Transforming growth factor-beta (TGF-) #3711, Mothers against
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decapentaplegic homolog 2/3 (SMAD 2/3) #8685, Phospho-Smad3 (Ser423/425) #9520,
Phospho-Akt (Ser473) Antibody #9271, total Akt Antibody #9272, and GAPDH (D16H11)
#5174. The following antibodies were purchased from Abcam (Cambridge, CB2 0AX, UK):
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGC-1a, abcam,
ab54481) and a-Smooth Muscle Actin (a-SMA, abcam, ab5694). The remaining
antibodies include fibronectin (F3648, Sigma-Aldrich), and a-tubulin (SC-5286, Santa

Cruz Biotechnology).

Rodent Total OXPHOS Antibody Cocktail (abcam, ab110413) contains 5 mouse mADbs,
one each against Complex | subunit NDUFB8 (ab110242), Complex [I-30kDa (ab14714),
Complex IlI-Core protein 2 (ab14745), Complex IV subunit | (ab14705) and Complex V

alpha subunit (ab14748) as an optimized premixed cocktail.

GENE EXPRESSION
RNA was isolated from kidney tissue using E.Z.N.A. Total RNA Kit 1 (OMEGA) per
manufacturer’s protocol. cDNA was synthesized with High-Capacity cDNA Reverse
Transcriptase PCR (Thermo Fisher Scientific) per manufacturer’s instructions. Gene-
specific cONA was quantified with real-time qRT-PCR using either predesigned TAQman
assays or self-designed SYBR assays. The following TAQman primers were purchased
from Thermo FisherScientific: tumor necrosis factor alpha (Tnf-a, Mm00443258 m1),
chemokine (C-X-C Motif) ligand 1 (Cxcl1, Mm04207460_m1), and the housekeeping gene
beta-2-microglobulin (B2m, Mm00437762_m1). The following primers were self-designed:
kidney injury molecule-1 (Kim-1, Invitrogen, forward:
AGATCCACACATGTACCAACATCAA, reverse: CAGTGCCATTCCAGTCTGGTTT),
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (Pgc-1a,
Invitrogen, forward: AACAATGAGCCTGCGAACATATT, reverse:
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TAGCAAGTTTGCCTCATTCTCTTC), Nuclear Respiratory Factor 1 (Nrf-1, Invitrogen,
forward: GGATTCCAGTCTCTGTGGACAAA, reverse: CCCCCGACCTGTGGAATACT),
Transcription factor A, mitochondrial (Tfam, Eurofins, forward:
TTTAAAGCTAAACACCCAGATGCA, reverse: TTCTGGTAGCTCCCTCCACAG), Timp-
1, Invitrogen forward: GCAACTCGGACCTGGTCATAA, reverse:
TTAGTCATCTTGATCTTATAACGCTGGTA), Nirp3, Invitrogen, forward:
AAGATGAAGGACCCACAGTGTAACTT, reverse: CAGATTGAAGTAAGGCCGGAATT),
and Col1a1, Invitrogen, forward: CGATGGATTCCCGTTCGAGTA, reverse:
GTGGACATTAGGCGCAGGAA) gRT-PCR was done with either iTag Universal Probes
Supermix (172-5134, Bio-Rad) or iTaq Universal SYBR Green Supermix (172-5124, Bio-

Rad).

MITOCHONDRIAL DNA TO NUCLEAR DNA ASSAY
DNA was isolated from kidney tissue using E.Z.N.A. Tissue DNA Kit 1 (OMEGA) per the
manufacturer’s protocol. DNA was quantified using Nanodrop, and 5 ng/ul solutions were
prepared for each sample. 20ng of DNA was loaded into each well, followed by
quantitative PCR using primers designed for specific amplification of particular mtDNA
encoded and nuclear-encoded fragments. Primers were designed to evaluate the relative
copy number of mtDNA and nDNA. The mitochondrially encoded genes selected were
16s rRNA and Nd1, and the nuclear-encoded gene was Hexokinase 2 (Hk2) along with
the adaptation of the protocol according to previously published work [212]. Forward and
reverse primers 16s rRNA, Invitrogen, forward: CCGCAAGGGAAAGATGAAAGAC,
reverse: TCGTTTGGTTTCGGGGTTTC, Nd1, Invitrogen, forward:
CTAGCAGAAACAAACCGGGC, reverse: CCGGCTGCGTATTCTACGTT,  Hk2,

Invitrogen, forward: GCCAGCCTCTCCTGATTTTAGTGT, reverse
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GGGAACACAAAAGACCTCTTCTGG. gPCR was done with iTaq Universal SYBR Green

Supermix (172-5124, Bio-Rad).

HISTOLOGY: SIRIUS RED/FAST GREEN STAINING
Following formalin fixation, kidney tissue was processed and embedded in paraffin. Sirius
Red/Fast Green performed on formalin-fixed paraffin-embedded (FFPE) kidney sections
(5 pm thick) for total collagen deposition as previously published [152, 223]. Kidney
sections were rehydrated in Histoclear followed by an ethanol gradient. Slides were then
dipped in PBS with 0.1% Tween 20 and incubated for 5 minutes. Slides were washed with
distilled water twice for 5 minutes each and then incubated in 1.2% (w/v) saturated picric
acid (#5860-32, Ricca Chemicals) containing 0.1% sirius red/direct red 80 (#365548,
Sigma) and 0.1% fast green FCF (#F7258, Sigma). Slides were then washed with 5%
glacial acetic water until the water ran clear. Tissue samples were then dehydrated and

fixed using Permount (#17986-01, Electron Microscopy Sciences).

QUANTIFICATION OF TISSUE HISTOLOGY
Orbit Image Analysis software [224] (version 3.64) was used to quantify positive staining
of kidney histology. The Tissue Quantification feature was used to quantify collagen
staining. The software developers’ protocol was followed for training the software to
correctly identify collagen over normal tissue [224, 225]. In the training step the images
were labeled by manually drawing several annotations per tissue class (e.g., collagen,
normal tissue,). After training the software images were tested to verify correct
determination of positive staining. Digital scans of kidney sections were divided into 5-8

sections and the classification (e.g., collagen, normal tissue) of the tissue sections were
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assigned by the software. The percentage of collagen per image was used to quantify

positive staining.

STATISTICAL ANALYSIS DATA
Quantitative data are expressed as the mean + SEM for all experiments. Statistical
significance was determined using GraphPad Prism software 9.4.1. Statistically significant
differences were determined by Two-Way ANOVA followed by Tukey post-test. The

criterion for the statistical difference was P < 0.05.
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RESULTS
Kidney function and kidney injury are not protected in mice with lung cancer
following RLDC treated with LY344864.

The experiment design for this study is shown in Figure 35A. Briefly mice were
randomly assigned into 4 groups: 1. cancer/vehicle, 2. cancer/LY344864, 3.
cancer/cisplatin, and 4. cancer/cisplatin/LY344864 (cancer/cis/LY). Ten-thousand lung
cancer cells were injected into the right flank of each mouse and allowed to engraft for 7
days prior to starting the cisplatin regimen. Starting 5 days after the second dose of
cisplatin on day 12 of the experiment mice were administered saline or LY344864 daily.
Mice were euthanized 3 days following the fourth dose of cisplatin.

We have previously shown that subcutaneous lung cancer alters kidney function
and induces injury (CHAPTER 4). The cancer/vehicle group from CHAPTER 5 was
compared to the non-cancer/vehicle group from CHAPTER 3 (Figure 36). This was done
to help visualize and understand the degree of injury and inflammation already occurring
in these mice just from cancer. There was a significant elevation in BUN, urinary NGAL,
and kidney Kim-1 expression (Figure 36A-C) between non cancer and cancer mice. The
cancer/vehicle group is represented in Figure 37 as the first column of data. The treatment
of LY344864 in the cancer/LY344864 group compared to the cancer/vehicle group had
no effect on BUN, NGAL, or kidney Kim-1 expression (Figure 37 A-C). These data suggest
the mechanism through which cancer reduces kidney function and induces kidney injury
is not protected by LY344864. The use of cisplatin in the cancer/cisplatin group elevated
BUN, NGAL, and kidney Kim-1 expression compared to the cancer/vehicle groups
confirming previous results that lung cancer exacerbates the nephrotoxicity of cisplatin
(CHAPTER 4). The use of LY344864 in the RLDC has previously been shown to be
protective by improving markers of kidney function and reducing markers of kidney injury
(CHAPTER 3). The use of LY344864 in mice with cancer did not provide the same
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protection from cisplatin. Comparing the cancer/cisplatin group to the cancer/cisplatin/LY
group shows that LY344864 does not provide protection from cisplatin induced
nephrotoxicity in mice with subcutaneous lung cancer as there is no reduction in BUN,
NGAL, or kidney Kim-1 expression (Figure 37A-C).

There was no significant difference in tumor weight or tumor volume between the
cancer/vehicle and cancer/LY344864 group (Figure 35C-E). The use of cisplatin in the
cancer/cisplatin group significantly reduced the size of tumors (weight and volume) when
compared to the cancer/vehicle group (Figure 35C-E). The use of LY344864 in the
cancer/cisplatin/LY group did not significantly change tumor weight or volume compared
to cancer/cisplatin group (Figure 35C-E). Our results suggest that LY344864 does not
alter the therapeutic efficacy of cisplatin to reduce tumor size. Additional work needs to be
completed to confirm tumor angiogenesis and distant organ metastasis are not being
stimulated by LY344864.

In total these data indicate that while LY344864 provides protection from RLDC
induced nephrotoxicity in mice without cancer, these effects are nullified in mice with

subcutaneous lung cancer.
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Figure 36. Kidney function, injury, fibrosis, and inflammation in mice with and
without subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer. Non-
cancer mice are from CHAPTER 3 non-cancer vehicle/vehicle group and cancer mice are
from CHAPTER 5 cancer/vehicle. (A) BUN levels from plasma and (B) Urine NGAL levels
were measured following four doses of cisplatin on Day 24. qRT-PCR of (C) KIM-1, (D)
TIMP-1, (E) COL1A1, (F) NLRP3, (G) TNF-a, and (H) CXCL-1 in kidney cortex
homogenates is normalized to B2M. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by an unpaired t-test. *p < 0.05 **p<0.01, ****p <
0.0001

151



BUN NGAL KIM-1 mRNA
200
* 4000 2500
%k ok =]
© B 20001 ° 20007 ok Kk =
150 S 1500
- . o 1 2000 f0] —— =
Z S E o ©o0 g 7 Fo%
£ 100 £ 1500 . g 5004 B
: . 2 0] 05 et
o 1000 © 2 o
? g0 o g 5 u} £ 2004 © o =
D [}
LG 5T IS T
0 T T T T 05 T T 0 T T T T
Cisplatin + o+ Cisplatin - - + o+ Cisplatin - - + +
LY344864 + - + LY344864 - + - + LY344864 - + - +
Cancer + + + + Cancer + + + + Cancer + + + +

Figure 37. Kidney function and kidney injury in mice with lung cancer following
RLDC treated with LY344864.

Eight- to ten-week-old B6;129 male mice with subcutaneous lung cancer were treated with
0 or 7 mg/kg cisplatin once a week for four weeks and vehicle or LY344864 daily. (A)
BUN levels from plasma and (B) Urine NGAL levels were measured following four doses
of cisplatin on Day 24. (C) gRT-PCR of KIM-1 in kidney cortex homogenates is normalized
to non-cancer vehicle-treated kidneys. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by TWO-Way ANOVA followed by Tukey post-test.
*p < 0.05, ***p<0.001, ****p<0.0001
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Kidney fibrosis in mice with lung cancer following RLDC treated with LY344864.
Subcutaneous lung cancer alters kidney fibrosis (CHAPTER 4). We determined kidney
cortex protein levels of fibronectin, and a-SMA, via immunoblotting analysis. Both markers
are increased in the cancer/vehicle group as compared to the non-cancer/vehicle group
(Figure 38A). The treatment of LY344864 in the cancer/LY344864 group compared to the
cancer/vehicle group had little to no effect on amount of fibronectin or a-SMA detected
(Figure 38A). These data suggest the mechanism through which cancer induces kidney
fibrosis is not protected by LY344864. The use of cisplatin in the cancer/cisplatin group
elevated fibronectin or a-SMA protein levels compared to the cancer/vehicle groups
similar to results in (CHAPTER 4). The use of LY344864 in the RLDC has previously been
shown to be protective by reducing markers of kidney fibrosis (CHAPTER 3). The use of
LY344864 in mice with cancer did not provide the same protection from cisplatin.
Comparing the cancer/cisplatin group to the cancer/cisplatin/LY group shows that
LY344864 does not provide protection from cisplatin induced kidney fibrosis in mice with
subcutaneous lung cancer as there is only a slight change in fibronectin or a-SMA protein
levels (Figure 38A).

We determined the development of interstitial fibrosis on FFPE kidney sections
using SR/FG. The treatment of LY344864 in the cancer/LY344864 group compared to the
cancer/vehicle group had no effect on SR staining (Figure 38B). The use of cisplatin in the
cancer/cisplatin group elevated SR staining levels though non-significantly compared to
the cancer/vehicle groups (Figure 38B). Comparing the cancer/cisplatin group to the
cancer/cisplatin/LY group shows that LY344864 does not provide protection from cisplatin
induced kidney fibrosis in mice with subcutaneous lung cancer as there is no reduction in
SR staining levels (Figure 38B).

Subcutaneous lung cancer alters kidney fibrosis (CHAPTER 4). The
cancer/vehicle group from CHAPTER 5 was compared to the non-cancer/vehicle group
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from CHAPTER 3 (Figure 36). This was done to help visualize and understand the degree
of kidney fibrosis occurring in these mice just from cancer. There was a significant increase
in Timp-1 and Col1a1 expression between non-cancer and cancer mice kidneys (Figure
36D-E). The treatment of LY344864 in the cancer/LY344864 group compared to the
cancer/vehicle group had no effect on Timp-1 or Col1a1 kidney expression (Figure 38C-
D). The use of cisplatin in the cancer/cisplatin group elevated kidney Timp-1 and had no
effect on Col1a1 expression levels compared to the cancer/vehicle groups. The use of
LY344864 in the RLDC model has previously been shown to be protective by reducing
markers of kidney fibrosis (CHAPTER 3). The use of LY344864 in mice with cancer did
not provide the same protection from cisplatin. Comparing the cancer/cisplatin group to
the cancer/cisplatin/LY group shows that LY344864 does not provide protection from
cisplatin induced kidney fibrosis in mice with subcutaneous lung cancer as there is no
change in kidney Timp-1 and Col1a1 expression (Figure 38C-D).

The mechanism through which cancer induces kidney fibrosis is not protected by
LY344864. The use of LY344864 in mice with cancer did not provide the same protection
from cisplatin induced kidney fibrosis. Together these data indicate that while LY344864
provides protection from RLDC induced kidney fibrosis in mice without cancer, these

effects are nullified in mice with subcutaneous lung cancer.
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Figure 38. Kidney fibrosis in mice with lung cancer following RLDC treated with
LY344864.

Eight- to ten-week-old B6;129 male mice with subcutaneous lung cancer were treated with
0 or 7 mg/kg cisplatin once a week for four weeks and vehicle or LY344864 daily. (A)
Immunoblotting from kidney cortex homogenates for Fibronectin, a-SMA, and a-Tubulin.
(B) SR/FG stain for total collagen levels on 5-um-thick paraffin-embedded kidney sections
and the quantifications. (C-D) qRT-PCR of Timp-1 and Col1a? in kidney cortex
homogenates is normalized to non-cancer vehicle-treated kidneys. Data are expressed as
means + SEM; n=5-10. Statistical significance was determined by TWO-Way ANOVA
followed by a Tukey post-test. **p < 0.01, ***p<0.001
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Kidney inflammation in mice with lung cancer following RLDC treated with
LY344864.

Subcutaneous lung cancer increases kidney inflammation (CHAPTER 4). The
cancer/vehicle group from CHAPTER 5 was compared to the non-cancer/vehicle group
from CHAPTER 3 (Figure 36). This was done to help visualize and understand the degree
of kidney inflammation occurring in these mice just from cancer. There was a significant
increase in Nirp3, Tnf-a, and Cxcl1 expression between non-cancer and cancer mice
kidneys (Figure 36F-H). The cancer/vehicle group is represented in Figure 39 as the first
column of data. The treatment of LY344864 in the cancer/LY344864 group compared to
the cancer/vehicle group had no effect on Tnf-a, Cxcl1, II-6, and Nirp3 kidney expression
(Figure 39A-D). The use of cisplatin in the cancer/cisplatin group elevated kidney Tnf-q,
and Cxcl1 and had no effect on /I-6 and Nirp3 expression levels compared to the
cancer/vehicle groups (Figure 39A-D). The use of LY344864 in the RLDC model has
previously been shown to be protective by reducing markers of kidney inflammation
(CHAPTER 3). The use of LY344864 in mice with cancer did not provide the same
protection from cisplatin. Comparing the cancer/cisplatin group to the cancer/cisplatin/LY
group shows that LY344864 does not provide protection from cisplatin induced kidney
inflammation in mice with subcutaneous lung cancer as there is no change in kidney Tnf-
a, Cxcl1, -6, and Nirp3 expression (Figure 39A-D).

The mechanism through which cancer induces kidney inflammation is not
protected by LY344864. The use of LY344864 in mice with cancer did not provide the
same protection from cisplatin induced kidney inflammation. Together these data indicate
that while LY344864 provides protection from RLDC induced kidney inflammation in mice

without cancer, these effects are nullified in mice with subcutaneous lung cancer.
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Figure 39. Kidney inflammation in mice with lung cancer following RLDC treated
with LY344864.

Eight- to ten-week-old B6;129 male mice with subcutaneous lung cancer were treated with
0 or 7 mg/kg cisplatin once a week for four weeks and vehicle or LY344864 daily. (A-D)
gRT-PCR of Tnf-a, Cxcl-1, lI-6, and Nirp3 in kidney cortex homogenates is normalized to
non-cancer vehicle-treated kidneys. Data are expressed as means + SEM; n=5-10.
Statistical significance was determined by TWO-Way ANOVA followed by a Tukey post-
test. ****p < 0.0001

157



Kidney mitochondrial content and biogenesis in mice with lung cancer following
RLDC treated with LY344864.

Subcutaneous lung cancer reduces kidney mitochondrial content and biogenesis
(CHAPTER 4). The cancer/vehicle group from CHAPTER 5 was compared to the non-
cancer/vehicle group from CHAPTER 3 (Figure 40). This was done to help visualize and
understand the magnitude of reduction in kidney mitochondrial content and biogenesis
occurring in these mice from cancer. There was a significant reduction in kidney
mtDNA/NnDNA ratio between non-cancer and cancer mice (Figure 40A). The
cancer/vehicle group is represented in Figure 41 as the first column of data. The treatment
of LY344864 in the cancer/LY 344864 group compared to the cancer/vehicle group had no
effect on kidney mitochondrial content as assessed mMtDNA/nDNA ratio and
immunoblotting for ETC subunit proteins (Figure 41A-B). The use of cisplatin in the
cancer/cisplatin group had slight reduction on mtDNA/nDNA ratio and ETC subunit
proteins compared to the cancer/vehicle groups (Figure 41A-B). The use of LY344864 in
the RLDC model has previously been shown to be protective by increasing kidney
mitochondrial content (CHAPTER 3). The use of LY344864 in mice with cancer did not
provide the same protection from cisplatin. Comparing the cancer/cisplatin group to the
cancer/cisplatin/LY group shows that LY344864 does not increase mtDNA/nDNA ratio in
mice with subcutaneous lung cancer (Figure 41A). The only marker to show benefit
between cancer/cisplatin group and cancer/cisplatin/LY group is an increase in Complex
5 of ETC subunit proteins (Figure 41B).

Mitochondrial biogenesis (MB) was measured through PGC-1a mRNA expression
and protein levels. Subcutaneous lung cancer reduces kidney mitochondrial biogenesis
(CHAPTER 4). The cancer/vehicle group from CHAPTER 5 was compared to the non-
cancer/vehicle group from CHAPTER 3 (Figure 36). This was done to help visualize and

understand the magnitude of reduction in kidney mitochondrial biogenesis occurring in
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these mice from cancer. There was a significant reduction in PGC-1a, Nrf-1, and Tfam
kidney expression (Figure 40B-D) between non-cancer and cancer mice. The
cancer/vehicle group is represented in Figure 41 as the first column of data. The treatment
of LY344864 in the cancer/LY344864 group compared to the cancer/vehicle group had no
effect on kidney mitochondrial biogenesis as assessed PGC-1a, Nrf-1, and Tfam kidney
expression (Figure 41C-E). The use of cisplatin in the cancer/cisplatin group had no
additional reduction on PGC-1a, Nrf-1, and Tfam kidney expression levels compared to
the cancer/vehicle groups (Figure 41C-E). The use of LY344864 in the RLDC model has
previously been shown to be protective by increasing markers of kidney mitochondrial
biogenesis (CHAPTER 3). The use of LY344864 in mice with cancer did not provide the
same protection from cisplatin. Comparing the cancer/cisplatin group to the
cancer/cisplatin/LY group shows that LY344864 does not increase kidney mitochondrial
biogenesis in mice with subcutaneous lung cancer as there is no change in kidney PGC-
1a, Nrf-1, and Tfam kidney expression (Figure 41C-E).

The treatment of LY344864 in the cancer/LY344864 group compared to the
cancer/vehicle group had no effect on kidney PGC-1a protein levels (Figure 41F). The use
of cisplatin in the cancer/cisplatin group had no additional reduction on kidney PGC-1a
protein levels compared to the cancer/vehicle groups (Figure 41F). The use of LY344864
in the RLDC model has previously been shown to be protective by increasing markers of
kidney mitochondrial biogenesis (CHAPTER 3). The use of LY344864 in mice with cancer
did not provide the same protection from cisplatin. Comparing the cancer/cisplatin group
to the cancer/cisplatin/LY group shows that LY344864 does not increase kidney
mitochondrial biogenesis in mice with subcutaneous lung cancer as there is no change in

kidney PGC-1a protein levels (Figure 41F).
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The mechanism through which cancer reduces kidney mitochondrial content and
biogenesis is not protected by LY344864. The use of LY344864 in mice with cancer did
not provide the same protection from cisplatin induced reduction in kidney mitochondrial
content and biogenesis Together these data indicate that while LY344864 provides
protection from RLDC induced reduction in kidney mitochondrial content and biogenesis

in mice without cancer, these effects are nullified in mice with subcutaneous lung cancer.
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Figure 40. Kidney mitochondrial content and biogenesis in mice with and without
subcutaneous lung cancer.

Eight- to ten-week-old B6;129 male mice with and without subcutaneous cancer. Non-
cancer mice are from CHAPTER 3 non-cancer vehicle/vehicle group and cancer mice are
from CHAPTER 5 cancer/vehicle. (A) gPCR on nuclear-encoded HK2 and mitochondrial-
encoded 16S were used to calculate the ratio between mtDNA to nDNA, normalized to
vehicle-treated kidneys. (B-D) qRT-PCR of PGC-1a, Nrf-1, and Tfam in kidney cortex
homogenates is normalized to non-cancer vehicle-treated kidneys. Data are expressed as
means + SEM; n=5-10. Statistical significance was determined by an unpaired t-test. ****p
< 0.0001
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Figure 41. Kidney mitochondrial content and biogenesis in mice with lung cancer
following RLDC treated with LY344864.

(A) gPCR on nuclear-encoded HK2 and mitochondrial-encoded 16S were used to
calculate the ratio between mtDNA to nDNA, normalized to non-cancer vehicle-treated
kidneys. (B) Immunoblotting for ETC subunit proteins: Complex 1 (NDUFB8), Complex 2
(SDHB) Complex 3 (UQCRC2), Complex 4 (MTCO1), and Complex 5 (ATP5a) of kidney
cortex homogenates. (C-E) qRT-PCR of PGC-1a, NRF-1, and TFAM in kidney cortex
homogenates is normalized to non-cancer vehicle-treated kidneys. (F) Immunoblotting for
PGC-1a, p-AKT, AKT, and o-tubulin. Data are expressed as means * SEM; n=5-10.
Statistical significance was determined by TWO-way ANOVA followed by Tukey
posttest.*P< 0.05, **P<0.01, and ****P < 0.0001.
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DISCUSSION

Cisplatin nephrotoxicity has almost exclusively been studied in mice without
cancer. Testing of nephroprotective agents in preclinical mouse models rarely includes
the comorbidity of cancer. This is the first study to our knowledge to address
nephroprotective agents in a clinically relevant cisplatin model that also includes the
proper comorbidities. Our findings suggest that LY344864 provides some protection
against cisplatin-induced nephrotoxicity in mice without cancer, as it reduces kidney
function loss, injury, inflammation, and accumulation of fibrotic proteins. The protective
effects of LY344864 are thought to be due to increased kidney mitochondrial biogenesis
and content. However, when tested in mice with subcutaneous lung cancer, LY344864
had no effect on increasing kidney mitochondrial biogenesis and content. More importantly
in mice with cancer LY344864 did not protect kidney function, injury, inflammation, or
fibrosis.

An additional finding of this study is that cancer and cisplatin reduce kidney
mitochondrial content and biogenesis through different pathways. The use of 5HT-1F
agonist LY344864 in mice without cancer increases kidney mitochondrial content and
biogenesis and helps prevent the reduction induced by cisplatin. However, mice with
subcutaneous lung cancer also have reduced kidney mitochondrial content and
biogenesis, and the use of LY344864 has no effect increasing kidney mitochondrial
content and biogenesis. The suppression of kidney mitochondrial content and biogenesis
from cancer appears to be a more powerful stimulus than cisplatin; and the combination
of cancer and cisplatin does not significantly lower kidney mitochondrial content or
biogenesis compared to cancer alone. The effects of cisplatin and cancer on kidney
mitochondrial content and biogenesis suppression appear to be additive, though not
significant, and maybe be the driving mechanism of enhanced toxicity in tumor bearing
mice from cisplatin. Alternatively, cisplatin and cancer could be suppressing PGC-1a
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through the same pathway and the dose of LY344864 used in this study was too low to
overcome the combination. The evidence for this is shown by no change in PGC-1a
expression or protein levels between cancer/vehicle and cancer/LY344864 groups.
Further work needs to be completed to determine if cisplatin and cancer are working
through the same pathway or are working independently of each other with an additive
effect.

This study unable to determine the role of increased angiogenesis as the protective
mechanism of 5SHT-1¢ agonist LY 344864 [263]. If angiogenesis is increased by LY344864,
this could present a major problem for the clinical potential of this drug as angiogenesis is
a hallmark of cancer and increasing angiogenesis in cancer patients could promote tumor
growth and metastasis [251, 264]. The effects of 5HT-1r agonist on tumor growth needs
to be fully characterized in preclinical models before any clinical studies should be
conducted. Our results do not suggest that LY344864 increases tumor growth or inhibits
the therapeutic effects of cisplatin. Additional work needs to be complete to confirm tumor
angiogenesis and distant organ metastasis are not being stimulated by LY344864.

Historically, cisplatin nephrotoxicity has been studied in mice without cancer. This
is the first study to our knowledge to demonstrate protection from cisplatin induced
nephrotoxicity in non-cancer mice, but when tested in mice with lung cancer the
nephroprotective effects are nullified. We believe any agents identified as potential
therapeutic candidates for cisplatin nephrotoxicity must be extensively tested in preclinical
models that more accurately represent the patient population they are being designed for.
All clinical trials on nephroprotective agents have failed, and this study provides evidence
that poorly representative mouse models may be misleading preclinical research to
investigate agents that are bound to fail in clinical trials. The development of
nephroprotective strategies for cancer patients must consider their primary comorbidity
and be designed to maximize the effectiveness/efficacy of the chemotherapy.
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CHAPTER 6: OVERALL DISCUSSION
SUMMARY

The results from this dissertation show that RLDC model reduce kidney function,
induces kidney injury and the development of fibrosis, along with reducing mitochondrial
content and PGC-1a expression. These findings are consistent with previous research
that has shown reduced expression of PGC-1a in human renal biopsies from AKI/CKD
patients compared to normal kidney tissue [140, 192, 193]. Lower PGC-1a expression is
seen in other models of AKI and increasing PGC-1a expression has provided protection
in other rodent models [179, 192, 194-201, 203-206]. Moreover, mitochondrial diseases
associated with genetic inheritance have been found to coincide with renal impairment,
particularly tubular defects [168-172]. The repeated insult of cisplatin produces a failed-
repair tubule cell population [160], which can lead to a maladaptive repair process, and
the development of kidney fibrosis/CKD. Tissue repair is energetically demanding, and
adequate mitochondrial mass and mitochondrial respiration are required for proper healing
[94]. The reduced kidney mitochondrial content and biogenesis during the RLDC model
may be driving the maladaptive repair process.

We conducted experiments to explore whether increasing kidney mitochondrial
content can mitigate cisplatin-induced nephrotoxicity and promote better recovery.
Specifically, we investigated the potential of the 5HT-1 agonist, LY344864, to protect
against cisplatin-induced kidney injury and fibrosis by enhancing kidney mitochondrial
content and biogenesis. We found that LY344864 increases mitochondrial content and
biogenesis, which is typically reduced by cisplatin treatment. Moreover, our results

demonstrate that LY344864 provides protection against cisplatin-induced kidney injury,
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interstitial fibrosis, and inflammation. LY344864 provides protection against cisplatin-
induced kidney injury, interstitial fibrosis, and inflammation by increasing mitochondrial
content in mice without cancer. These results are helpful in our understanding of the
complex pathobiology of kidney fibrosis and help uncover potential driving mechanisms.
It is particularly significant because current treatments for CKD are inadequate, and there
are no options specifically targeting kidney fibrosis. This work, along with an extensive
number of studies have investigated cisplatin-induced nephrotoxicity [39, 115, 121, 210,
211]. However, most of this work has been completed in mouse models without cancer
and only patients with cancer will be exposed to cisplatin toxicity.

We argue that these models do not adequately reflect the altered physiology of
cancer patients. Adding the comorbidity of cancer to this model will further our
understanding of the pathophysiology and improves the clinical relevancy of this
preclinical model. We used multiple mouse models of lung cancer in combination with the
RLDC regimen to begin to understand the interplay between lung cancer and cisplatin-
induced nephrotoxicity. Data indicate that lung cancer-bearing mice treated with RLDC
have increased renal toxicity, injury, and fibrosis as compared to non-lung cancer-bearing
mice. Additionally, lung cancer alone induced kidney injury and fibrosis prior to cisplatin
treatment. Lung-kidney crosstalk is a known phenomenon [229, 230], and recent work has
shown that during AKI events, the kidneys release cytokines that induce lung injury [231].
Further work is required to understand the mechanism driving this process. We believe
the presence of lung cancer induces the first hit of injury in the kidney, which potentiates
the nephrotoxicity of cisplatin. Additionally, we found that both cisplatin and cancer are
suppressing kidney mitochondrial content and the effect appears to be additive in the
cancer/cisplatin group.

The advancement of the RLDC model to include the comorbidity of cancer requires
reassessment of previously discovered protective strategies. The data presented in this
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study is the first to our knowledge to address nephroprotective agents in a clinically
relevant cisplatin model that also includes the proper comorbidities. Our results show that
the 5HT-4F agonist LY344864 is promising in protecting from RLDC induced nephrotoxicity
in mice without cancer, but these protective effects are nullified by the presence of
subcutaneous lung cancer. In non-cancer mice LY344864 provides protection against
cisplatin-induced kidney injury, interstitial fibrosis, and inflammation by increasing
mitochondrial content. However, in mice with cancer LY344864 had no effect on
increasing kidney mitochondrial biogenesis and content. More importantly LY344864
usage in mice with cancer is unable to provide any protection to kidney function, injury,
infammation, or the development of fibrosis from cancer or cisplatin. This suggests that
loss of kidney mitochondrial content is a driving mechanism of the maladaptive repair
process seen from cisplatin and cancer.

Together this work highlights the importance of testing nephroprotective strategies
to prevent cisplatin-induced nephrotoxicity in preclinical models that more accurately
represent the patient population they are designed for. This is the first study to our
knowledge to demonstrate protection from cisplatin induced nephrotoxicity in non-cancer
mice, but when tested in mice with lung cancer the nephroprotective effects are nullified.
Previous clinical trials on nephroprotective agents have failed, and we propose that poorly
representative mouse models may be responsible for misleading preclinical research on
agents that are bound to fail in clinical trials. Developing effective nephroprotective
strategies for cancer patients requires considering their primary comorbidity and designing

treatments to maximize the effectiveness and efficacy of chemotherapy.
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STRENGTHS AND LIMITATIONS

The dissertation has several strengths. First, the RLDC model used in this study is
more clinically relevant than other models of cisplatin-induced nephrotoxicity, which allows
for more accurate translation of the findings to human patients. Second, this study is the
first to demonstrate that repeated cycles of cisplatin lead to a reduction in kidney
mitochondrial content and biogenesis, which may contribute to the development of kidney
fibrosis. This novel pathway provides a new target for preventive and interventional
strategies. Third, the inclusion of cancer in the RLDC model is a significant strength of this
study. The data presented here demonstrate that cancer worsens cisplatin-induced
nephrotoxicity and kidney fibrosis, which highlights the importance of considering
comorbidities in preclinical models. Fourth, this study is the first to address
nephroprotective agents in a clinically relevant chemotherapy model that includes the
proper comorbidities. Fifth, the finding that the 5HT-1F agonist LY344864 provides
protection from cisplatin-induced nephrotoxicity in non-cancer mice is a significant
contribution to the field. However, the nullification of its effects in mice with lung cancer
highlights the importance of extensive testing of potential therapeutic candidates in
preclinical models that more accurately represent the patient population. Overall, this
dissertation provides new insights into the pathophysiology of cisplatin-induced
nephrotoxicity and highlights the need for more clinically relevant preclinical models and
extensive testing of potential therapeutic candidates.

While this study provides valuable insights into the mechanisms underlying
cisplatin-induced nephrotoxicity, the potential protective effects of 5HT-1 agonists, and
discovered a Lung cancer-kidney crosstalk phenotype there are several limitations to this
work that should be taken into consideration.

Firstly, all experiments were conducted in mice, which may not fully reflect what
occurs in humans. The RLDC model used in this study is more representative of clinical
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cisplatin administration than other mouse models, but there are still differences in dosing
regimen and concomitant drug use between mice and humans. Patients receive cisplatin
via slow L.V. infusion generally alongside fluids, and the dosing regimen can be multiple
weeks in between each cycle. It is impossible to perfectly model this dosing regimen in
mice. Additionally, most cancer patients are not on monotherapy and are receiving
potentially multiple nephrotoxic agents at once. Therefore, the translatability of these
findings to human patients may be limited.

Secondly, the only cancer type that was examined was lung-cancer and the lung
cancer had the driver mutation of Kras®'?°.The data presented here could be a unique
phenomenon to lung cancer driven by mutant Kras®'?°, Cisplatin is used clinically for a
number of cancer types including head and neck cancers, testicular, small-cell, and
NSCLC, ovarian, cervical cancer, and bladders. Mouse models of these different cancer
types need to be assessed to determine if the cancer-kidney crosstalk phenomenon is
exclusive to lung cancer.

Thirdly, the use of 5HT-1F agonist only caused slight increases in PGC-1a
expression, suggesting that the protective effects observed may be due to off-target
effects. Therefore, additional work is needed to determine the exact mechanism by which
5HT-4¢ agonists protect against cisplatin-induced nephrotoxicity. The role of PGC-1a in
RLDC also needs to be further elucidated, the use transgenic mouse models to remove
the issue of off-target effects from pharmacological agents is required.

Overall, while this study provides important insights into the potential mechanisms
underlying cisplatin-induced nephrotoxicity and the potential protective effects of 5HT-1¢
agonists, further research is needed to determine the clinical relevance of these findings

and to address the limitations outlined above.
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FUTURE DIRECTIONS

This dissertation provides evidence to support future work to determine how distant
cancer cells are altering kidney biology, inducing pathology, and enhancing cisplatin
toxicity. Additional solid organ cancer types need to be examined to determine if this
phenotype is specific to lung cancer. All studies employed here utilized tumors driven by
mutant Kras®'?P, additional driver mutations in lung cancer cells need to be examined.
This work needs to be repeated in humanized mice with tumors from PDX. These can be
met with the following future directions.
1. Determine if cancer-kidney crosstalk is specific to lung cancer, and if other
cancer types enhance cisplatin nephrotoxicity. Cisplatin is used clinically for a number
of cancer types including head and neck cancers, testicular, small-cell, and NSCLC,
ovarian, cervical cancer, and bladders. Mouse models of these different cancer types need
to be assessed to determine if the cancer-kidney crosstalk phenomenon is exclusive to
lung cancer. Each mouse model will have different stipulations, but the general experiment
will involve mice with and without the particular cancer and mice that are treated with
saline or cisplatin. Additionally, these studies will help us determine if other mouse models
of cancer have increased nephrotoxicity from cisplatin as reported here.
2. Determine if other driver mutations in NSCLC besides mutant Kras®'? are able
to induce kidney injury, fibrosis and enhance cisplatin nephrotoxicity. All studies
employed here utilized tumors driven by mutant Kras®'?°. Future studies also need to be
completed with cells lines that have different driver mutations to determine if the cancer-
kidney crosstalk is specific to mutant Kras®'2P.
3. Determine if lung cancer-kidney cross is only a mouse specific phenotype. This
work needs to be repeated in humanized mice with tumors from PDX. The NRGS mice
strain can be humanized to have human immune cells. These humanized NRGS mice can
then be implanted with patient derived xenografts (PDX) from multiple cancer types (see
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future directions #1 for list). These PDX models are more representative of clinical tumors

and will help determine if this phenotype is occurring in humans.

4. Determine the role of PGC-1a and its protective potential from RLDC induced AKI-
CKD. The use of transgenic mouse experiments that knockout and overexpression PGC-
1a will need to be conducted. Transgenic mice with tubule cell specific overexpression of
PGC-1a and transgenic mice with tubule cell specific deletion of PGC-1a will be utilized
to determine if the role of PGC-1a in RLDC induced nephrotoxicity. Additionally, to
determine if the benefits of 5HT-4r agonists are through PGC-1a, the transgenic mice with
tubule cell specific deletion of PGC-1a should show no benefit from LY344864 treatment.
If 5SHT-1¢ agonist provides protection in PGC-1a knockout mice an off-target mechanism
is at work, nullifying the importance of PGC-1a as the mechanism of protection. To
strengthen the clinical relevance of this work subsequent studies should be conducted
with the FDA approved 5HT-1r agonist, Lasmiditan. The ideal study would be a clinical trial

using Lasmiditan in cancer patients treated with cisplatin to prevent cisplatin toxicity.

5. Investigate the potential mechanisms by which distant cancer cells alter kidney
biology and induce pathology. This can be done by examining the expression of
signaling molecules, cytokines, and growth factors in the tumor microenvironment and
their potential effects on the kidney. In vitro and ex vivo experiments can also be
conducted to investigate the direct effects of cancer cell secretions on kidney cells. This
will help identify potential targets for therapeutic intervention.

6. Evaluate the potential of other nephroprotective agents in the context of cancer-
induced kidney injury. The current study found that the 5HT-if agonist LY344864
provided protection in non-cancer mice but not in mice with lung cancer. Other agents with
potential nephroprotective effects need to be reassessed in mouse models with cancer.
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7. Explore the potential of combination therapies to prevent or mitigate cisplatin-
induced kidney injury in cancer patients. The current study suggests that the presence
of cancer exacerbates cisplatin-induced kidney injury and fibrosis. Combining cisplatin
with other chemotherapy agents or targeted therapies may reduce the overall dose of
cisplatin required and thus minimize kidney damage. Additionally, combining cisplatin with

nephrotoxic agents may further increase kidney injury and needs to be investigated.
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Figure 42. Graphical Summary

Graphical summary of the effects of LY344864 on RLDC and cancer induced
nephrotoxicity. LY344864 increased kidney mitochondrial content and reduced loss of
kidney function, kidney injury, inflammation, and development of fibrosis from RLDC in
mice without cancer. Lung cancer alone without cisplatin reduced renal function, increased
fibrosis, reduced mitochondrial content, and reduced PGC-1a of kidney cortices. The use
of LY344864 in mice with cancer had no protective effects. Figure created using
BioRender.com.
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