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ABSTRACT

Presently, there is a significant need to develop therapeutics to combat chronic
kidney disease (CKD) due to the rise in its prevalence along with the burden of
disease it conveys to the patients that suffer from CKD. Further, it's association
with comorbities including hypertension and cardiovascular disease contribute to
CKD'’s adverse effects on human health. Experimental and clinical evidence points
to a role for endoplasmic reticulum (ER) stress in pathogenesis of CKD, however,
the mechanism by which ER stress components ameliorate CKD in animal studies
have not been fully elucidated. The research presented in this thesis has explored
the impact of modulating the ER stress responses on CKD development. A central
focus in this thesis involved investigating the pathways regulated during ER stress
inhibition and the identification of therapeutic targets that could be used to treat
CKD.

Firstly, a model of CKD in the C57BL/6 mouse was established (Chapter 2). This
model involved a uninephrectomy combined with Angiotensin (Ang) Il and
deoxycorticosterone acetate (DOCA) infusion and high salt diet. This model
overcame the resistance of C57BL/6 mice against CKD development and allowed
the use of genetic knockout mice that are commonly available on the C57BL/6
background. Moreover, the Ang II/DOCA salt model exhibited key features of
human CKD within 21 days including proteinuria, glomerulosclerosis, renal
interstitial fibrosis, inflammation and apoptosis.

A time point analysis of the Ang II/DOCA salt model showed that ER stress was
upregulated in the kidneys within 7 days along with the occurrence of proteinuria,
fibrosis and inflammation (Chapter 3). Treatment with 4-phenyl butyric acid (4-
PBA), a small molecular weight chaperone, used to alleviate ER stress, resulted in
attenuated hypertension, proteinuria, glomerulosclerosis, fibrosis and
inflammation. Further investigation showed that 4-PBA halted CKD progression
through its effect on 1) the glomeruli, where 4-PBA treated mice had lower

glomerulosclerosis and 2) the tubules, where 4-PBA resulted in an increased level



of cubilin available on the membranes for the reabsorption of hyperfiltered albumin
in CKD (Chapter 3). When the Ang II/DOCA salt model was applied to mice
deficient in CHOP, a pro-apoptotic gene upregulated by ER stress,
glomerulosclerosis, proteinuria, fibrosis and inflammation were significantly
reduced compared to wildtype (WT) mice. CHOP deficient mice were shown to
have higher levels of nephrin, an important component of the renal filtration barrier
and thus greater glomerular structure integrity than WT mice and improved CKD.

Chapter 4 of this thesis describes the effects of heterozygosity in GRP78, the
key regulator of the unfolded protein response (UPR) on Ang II/DOCA salt-induced
CKD. GRP78*" mice showed lower proteinuria, fibrosis and macrophage infiltration
than WT mice.

Collectively, the data discussed in this thesis presents potential therapeutic
targets within the UPR and demonstrates pharmacological ER stress inhibition as
a strategy to ameliorate CKD.
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PREFACE

This thesis is structured in the “sandwich” format as per the instructions explained
in the “Guide for the Preparation of Master’'s and Doctoral Theses” provided by the
School of Graduate Studies at McMaster University. Chapter 1 consists of a
general introduction composed of sections adapted from a review article and a
book chapter that | wrote during my doctoral studies. The body of this thesis is
comprised of 3 chapters (Chapter 2-4), each of which represent an independent
study. Chapter 2 has already been published in Biomed Research International,
Chapter 3 has been submitted to Nature Scientific Reports (under review, minor
revisions) at the time of the thesis submission and Chapter 4 has been prepared
to be submitted to American Journal of Physiology- Renal Physiology. Since the
research conducted in each study was a collaborative effort, the manuscripts
produced are muti-authored. In this section | will elaborate on different author
contributions to the review, book chapter and manuscripts | have generated during
my doctoral studies.

Chapter 1: This chapter is an introduction to my PhD thesis and will consist of
material adapted from a review article and a book chapter which | wrote during
my graduate studies.

Publication 1 (Review Article): Crosstalk between the unfolded protein
response and NF-kB-mediated inflammation in the progression of chronic
kidney disease. Journal of Immunology Research.

2015. doi: 10.1155/2015/428508. Authors: Zahraa Mohammed-Ali, Gaile L.

XIl



Cruz and Jeffrey G. Dickhout. My contribution to this work involved conducting
the literature review, summarizing relevant research on the role of inflammation in
the development of kidney disease in humans as well as in animal models. My
thesis supervisor, Dr. Jeffrey G. Dickhout provided intellectual feedback and
acted as the corresponding author. Gaile L. Cruz (undergraduate student)
contributed to this review by assisting in in-vitro experiments on the tools used to
study ER stress.

Publication 2 (Book Chapter): Animal Models of Kidney Disease
(submitted). Authors: Zahraa Mohammed-Ali, Rachel E. Carlisle, Samera
Nademi and Jeffrey G. Dickhout. In “Animal Models for the Study of Human
Disease 2" Edition” to be published in June 2017 (Elsevier publishing group,
Academic Press). For this book chapter, | wrote the section entitled “Animal
models of chronic kidney disease”. My role involved conducting a literature
review and writing this section in its entirety. My thesis supervisor, Dr. Jeffrey G.
Dickhout provided intellectual feedback and acted as the corresponding author.
Chapter 2: Development of a Model of Chronic Kidney Disease in the
C57BL/6 Mouse with Properties of Progressive Human CKD. BioMed

Research International. 2015. http://dx.doi.org/10.1155/2015/172302. Authors:

Zahraa Mohammed-Ali, Gaile L. Cruz, Rachel E. Carlisle, Kaitlyn E. Werner,
Kjetil Ask and Jeffrey G. Dickhout.
Establishing a mouse model of chronic kidney disease set the foundation for my

doctoral thesis work and so the experiments in this study were conducted

Xiii



between 2011-2013. As a primary author, | designed and performed all the
experiments, analyzed all the data and wrote the manuscript. Gaile L. Cruz
(undergraduate student), Rachel E. Carlisle (graduate student) and Katie Werner
(undergraduate student) provided me with experimental assistance. Dr. Kjetil Ask
(McMaster University collaborator) provided me with feedback on pulmonary
edema in the CKD model.

Chapter 3: ER stress inhibition attenuates chronic kidney disease
progression by preserving glomerular filtration barrier integrity and
endocytic receptor-mediated albumin scavenging. Nature Scientific Reports,
2016 (under review, minor revisions). Authors: Zahraa Mohammed-Ali, Chao Lu,
Mandeep K. Marway, Rachel E. Carlisle, Kjetil Ask, Dusan Lukic, Joan K.
Krepinsky, Jeffrey G. Dickhout.

This study constitutes the main portion of my doctoral thesis and includes a time
point analysis of chronic kidney disease progression in an Angiotensin |[I/DOCA
salt mouse model, a drug intervention and gene knockdown experiments to
explore CKD progression. | designed and performed all of the experiments and
analysis in this study between 2013-2016. | was assisted by Dr. Chao Lu
(technologist) in all the mouse experiments. Mandeep K. Marway joined our
laboratory in January (2016) as an undergraduate research assistant and has
helped me investigate the effect of our model and 4-PBA treatment on the levels
of endocytic receptors, megalin and cubilin and the impact of CHOP deficiency

on nephrin protein levels. Rachel E Carlisle, a fellow graduate student, provided

Xiv



me with renal tissue from 3 mice treated with Angll/DOCA and 4-PBA to add to
my Ang II/DOCA+4-PBA group and helped review the manuscript before
submission. Our collaborator, Dr. Joan Krepinsky (McMaster University) has
provided us with human tissue (via pathologist Dr. Dusan Lukic) to validate and
translate our work to human CKD. Dr. Kjetil Ask (McMaster University
collaborator) has kindly provided us with CHOP deficient mice. Drs. Krepinsky
and Ask also reviewed and critically appraised the manuscript.

Chapter 4: GRP78 heterozygosity imparts protection against Angiotensin
IIIDOCA salt-induced CKD in the C57BL/6 mouse. Authors: Zahraa
Mohammed-Ali, Chao Lu, Mandeep Marway, Edward G. Lynn, Richard C. Austin,
Jeffrey G. Dickhout.

The research in this study is focused on the effect of GRP78 heterozygosity on
chronic kidney disease development in a mouse model. | designed and
performed all the experiments with technical assistance provided by Dr. Chao Lu
between 2012-2016. Mandeep Marway (undergraduate student), assisted in
evaluating GRP78 expression in different groups. GRP78 heterozygous mice
were kindly provided by Dr. Richard C. Austin’s group where Dr. Edward G. Lynn
managed the breeding colony.

Finally, Chapter 5 involves a discussion of my doctoral thesis, summarizing
conclusions and expressing the overall significance of our studies in the context

of the field of nephrology as well as future directions.
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INTRODUCTION
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Chronic Kidney disease: Definition, Prevalence and Treatments

Chronic kidney disease (CKD) is defined as abnormalities of kidney structure or
function, present for > 3months with implications for health according to the Kidney
Disease: Improving Global Outcomes (KDIGO) organization (Stevens, Levin, &
Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline
Development Work Group, 2013). The criteria for CKD diagnosis includes a
glomerular filtration rate (GFR) threshold of less than 60 ml/min per 1.73 m? and
an albumin-creatinine ratio of 30 mg/g or greater. CKD is classified in stages based
on cause and severity of abnormal kidney measures, however, identifying the
cause has been emphasized in the guidelines due to its importance in predicting
outcome and determining cause-specific treatments. Severity is expressed by the
level of albuminuria and decrease in GFR (Stevens et al., 2013).

The global prevalence of CKD is high (8-16%) and presents a major health
burden due to its associated risk of progression to end-stage renal disease
(ESRD), cardiovascular disease and premature death (Jha et al., 2013).
Worldwide, an estimated 1.9 million ESRD patients were on renal replacement
therapy in 2010 and the prevalence of CKD has experienced an increase of
134.6% from 1990 (Anand, Bitton, & Gaziano, 2013; Mortality & Causes of Death,
2015). In addition to the increase in CKD prevalence, the rise of its concordant
comorbidities including hypertension and diabetes represents a considerable
financial burden to the economy and deteriorates quality of life for a significant

segment of society (Jha et al., 2013).
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Presently, there is no cure for CKD and therapies available are focused on
preventing disease progression and preserving organ function. According to the
KDIGO guidelines, management of CKD involves blood pressure lowering and
reduction in proteinuria through Renin-Angiotensin-Aldosterone System (RAAS)
blockade. Additionally, lifestyle interventions include glycemic control in diabetic
nephropathy (target hemoglobin A1C level of 7%), achieving a healthy BMI of 20-

25 kg/m2, smoking cessation and exercise (Stevens et al., 2013).

ER Stress in Kidney Disease’

Endoplasmic reticulum (ER) stress is cellular pathology that occurs due to an
imbalance between protein folding capacity and protein folding demand (J. G.
Dickhout & Krepinsky, 2009; Remuzzi & Bertani, 1998). The accumulation of
misfolded proteins in the ER results from disturbances in ER homeostasis making
conditions unfavourable for protein folding or mutations in proteins that impair their
proper folding (J. G. Dickhout & Krepinsky, 2009). These disturbances in ER
homeostasis include hypoxia, glucose depletion and oxidative stress (Inagi, 2009).
ER stress plays an important role in the pathogenesis of chronic diseases
associated with the accumulation of misfolded proteins. These include
neurodegenerative diseases such as Alzheimer's and Parkinson’s diseases,

atherosclerosis, diabetes mellitus and chronic kidney disease (Xu, Bailly-Maitre, &

! This section has been adapted from Mohammed-Ali, Z et al. (2015) Crosstalk between the unfolded

protein response and NF-kB-mediated inflammation in the progression of chronic kidney disease.
Journal of Immunology Research. 2015. doi: 10.1155/2015/428508.
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Reed, 2005; Yoshida, 2007; Zhang & Kaufman, 2006). ER stress results in the
activation of the unfolded protein response (UPR), an evolutionarily conserved
cellular response regulated primarily by glucose regulated protein 78-KD (GRP78).
The UPR involves the activation of processes such as apoptosis and inflammation
that determine the fate of cell survival and tissue scarring (J. G. Dickhout &
Krepinsky, 2009; Garg et al., 2012; Xu et al., 2005). Therefore, ER stress is an
important factor in the development of renal diseases and the study of the UPR
pathways is likely to reveal molecular targets that influence disease progression.
The UPR includes the dissociation of GRP78 from three known ER
transmembrane proteins: PKR (double-stranded RNA-dependent protein kinase)-
like ER protein kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating
transcription factor 6 (ATF6) (Cybulsky, 2010; J. G. Dickhout & Krepinsky, 2009;
Inagi, 2010). UPR activation causes the release of ATF6 leading to its cleavage in
the Golgi by site 1 and site 2 proteases (Ye et al., 2000; Zhang et al., 2006). The
cytosolic, DNA-binding fragment of ATF6 travels to the nucleus where it activates
the transcription of ER chaperones, enzymes that aid in protein folding and
secretion as well as components of ER-associated degradation (Inagi, 2010).
PERK is a Ser/Thr protein kinase and is activated through homodimerization and
transphosphorylation during the UPR. PERK activation leads to the
phosphorylation and inhibition of elF2a, a component of the translation initiation
complex (Kaufman, 2004; S. Wang & Kaufman, 2012). This pathway reduces the

recognition of initiation AUG codon thereby attenuating translation to decrease
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protein load on the ER. Certain mRNAs with short open reading frames in the 5’-
untranslated region are preferentially translated in this pathway including activating
transcription factor (ATF4) (Kaufman, 2004; S. Wang & Kaufman, 2012). ATF4 is
a transcription factor that induces the expression of ER stress target genes, notably
CCAAT/enhancer-binding protein homologous protein (CHOP) resulting in
apoptosis (J. G. Dickhout & Krepinsky, 2009; Inagi, 2010). CHOP is a transcription
factor that upregulates expression of pro-apoptotic factors and decreases anti-
apoptotic genes such as Bcl2 (J. G. Dickhout & Krepinsky, 2009; Inagi, 2010).
IRE1a activation results in X-box-binding protein-1 (XBP1) mRNA splicing. This
step causes a change in the reading frame allowing the translation of a
transcription factor that induces expression of genes with an ER stress response
element including ER chaperons such as GRP78 (Chen & Brandizzi, 2013; Hetz,
Martinon, Rodriguez, & Glimcher, 2011; Inagi, 2010; Jager, Bertrand, Gorman,
Vandenabeele, & Samali, 2012).

Kidney biopsies from patients at different stages of glomerulonephritis showed
upregulation of GRP78 and CHOP highlighting the significance of ER stress
responses in renal disease progression (Markan et al., 2009). As well, the
upregulation of ER stress markers has also been shown in nephrotic syndrome
patients (Wu, He, Jing, Li, & Zhang, 2010). ER stress pathways may be targeted
pharmacologically to attempt to modify the outcome of renal disease (Inagi, 2010).
The use of 4-phenylbutyric acid (4-PBA), a low molecular weight chemical

chaperone which prevented ER stress, in a rat model of streptozotocin-induced
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diabetic nephropathy significantly reduced urinary protein excretion (Luo et al.,
2010). Treatment with 4-PBA in this model also reduced basement membrane
thickening, mesangial cell proliferation and mesangial matrix accumulation in rats
with diabetic nephropathy (Luo et al., 2010). In a model of acute kidney injury, 4-
PBA treatment prevented damage to the outer medullary stripe of the kidney and
reduced ER stress upregulation and CHOP-induced apoptosis (Carlisle et al.,
2014). Further, the deletion of the GRP78 ER retention sequence, KDEL, has been
show to exacerbate renal injury by increased urinary protein excretion and tubular
damage in an in-vivo model of albumin overload (K. Kimura, Jin, Ogawa, & Aoe,
2008). Therefore, the manipulation of the UPR has a significant impact on CKD

progression.

ER stress Pathways?

ER stress-induced inflammation

All three arms of the UPR, IRE1-a, PERK and ATFG, result in transcriptional
activation of pro-inflammatory genes by primarily activating NF-xB (Hasnain,
Lourie, Das, Chen, & McGuckin, 2012; Hotamisligil, 2010; Zhang & Kaufman,
2008). In mammals, the NF-kB family consists of five members: p65/RelA, cRel,

RelB, p100/p52, and p105/p50 (Sanz et al., 2010). These proteins can

% This section has been adapted from Mohammed-Ali, Z et al. (2015) Crosstalk between the unfolded

protein response and NF-kB-mediated inflammation in the progression of chronic kidney disease.
Journal of Immunology Research. 2015. doi: 10.1155/2015/428508.
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homodimerize and form heterodimers with each other and share a highly
conserved domain, Rel homology region (RHR) (Baldwin, 1996; Oeckinghaus,
Hayden, & Ghosh, 2011; Sanz et al., 2010). NF-kB dimers are bound to inhibitory
IkB proteins in the cytoplasm and are inactive since kB interferes with the function
of nuclear localization sequence present on the RHR domain (Beg et al., 1992).
Phosphorylation and subsequent degradation of IkB is required for NF-«B
translocation to the nucleus (Oeckinghaus et al., 2011).

Figure 1 shows an overview of the pathways involved in ER stress-mediated
activation of inflammatory gene transcription. During prolonged ER stress, the
dissociation of GRP78 results in autophosphorylation of IRE1a causing a
conformational change in its cytosolic domain. The cytosolic domain of activated
IRE1a then binds to adaptor protein TNFa receptor-associated factor 2 (TRAF2)
(Urano et al., 2000). The IRE1a-TRAF2 complex recruits kB Kinase (IKK),
phosphorylating IkB resulting in its degradation and NF-xB activation (Hu, Han,
Couvillon, Kaufman, & Exton, 2006; Kaneko, Niinuma, & Nomura, 2003). IRE10-
TRAF2 complex can also recruit Jun-amino-terminal kinase (JNK) leading to
phosphorylation of transcription factor AP-1, linking ER stress to other pro-
inflammatory pathways (Davis, 2000). UPR activation of PERK results in
translation attenuation via phosphorylation of elF2a, a component of the translation
initiation complex. This process causes decreased translation of I«B, freeing more
NF-«B to translocate to the nucleus (J. Deng et al., 2004; Jiang et al., 2003). ATF6

leaves the ER upon activation and undergoes cleavage by site 1 and site 2

7
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proteases in the Golgi complex. These activated ATF6 fragments form
homodimers and induce transcription of acute-phase response genes (Ye et al.,
2000; Zhang & Kaufman, 2008; Zhang et al., 2006). Although the ATF6 pathway
can also result in NF-xB activation via phosphorylation of AKT (Yamazaki et al.,
2009), the PERK and IRE1a arms of the UPR have been demonstrated as crucial
for ER-stress induced NF-«xB activation. In a study by Kaneko et al. (Kaneko et al.,
2003), human embryonic kidney 293T cells treated with thapsigargin showed
phosphorylation and degradation of kB and upregulation of NF-xB. This effect was
suppressed with transfection of dominant negative mutant of IRE1a or a dominant-
negative mutant of TRAF2 (Kaneko et al., 2003). ER stress-induced activation of
NF-kB using thapsigargin and tunicamycin was impaired with IRE1a knockdown
and IRE1a”™ in mouse embryonic fibroblasts (MEFs) (Hu et al., 2006).
Reconstitution of IRE1a” MEFs with IRE1a resulted in the recovery of ER stress-
induced NF-xB activation (Hu et al., 2006). Similarly, studies have shown elF2a
phosphorylation results in NF-xB activation through translation attenuation as it
occurs independently of IkB phosphorylation or degradation (J. Deng et al., 2004;
Jiang et al., 2003). Moreover, PERK™ and elF2a mutant MEFs inhibited NF-«xB
activation in response to treatment with ER stress agents indicating PERK-induced
elF2a phosphorylation is essential in NF-xB activation (Jiang et al., 2003). The
analysis performed in Chapter 3 and 4 of this thesis involves the study of the effect
of UPR modulation on NF-«kB-mediated inflammatory pathways, innate immune

response genes and macrophage and T cell infiltration.
8
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Figure 1. Overview of UPR-induced inflammatory gene transcription. The
dissociation of GRP78 from the transmembrane transducers, PERK, IRE1a or
ATF6 leads to their activation. PERK activation brought about by
autophosphorylation results in the phosphorylation of elF2a and general translation
attenuation reducing the binding of NF-«B to its inhibitory subunit IxB due to IkB'’s
shorter half-life. This steps allows NF-«B to enter the nucleus and activate
transcription of inflammatory genes. Autophosphorylation of IRE1a causes the
cytosolic domain to associate with TRAF2. The IRE1a-TRAF2 complex recruits
IKK which phosphorylates kB resulting in NF-xB activation. As well, this complex
recruits protein kinase JNK leading to phosphorylation of transcription factor AP-1.
Upon activation, ATF6 leaves the ER and undergoes cleavage by site 1 and site 2
proteases in the Golgi complex. The 50-kilodalton cleavage product (p50) acts as
a transcription factor in the nucleus and results in the transcriptional initiation of

acute phase inflammatory response genes

10
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ER stress-induced apoptosis

Apoptosis is triggered through multiple pro-apoptotic pathways of the UPR during
prolonged ER stress (Inagi, 2010). The loss of renal tubular epithelial cells through
apoptosis occurs in both acute and chronic kidney diseases. An increase in
apoptosis has been demonstrated using TUNEL staining on kidney sections from
diabetic nephropathy patients (Kumar, Robertson, & Burns, 2004) and from rats in
the streptozotocin-induced diabetic nephropathy model (G. Liu et al., 2008). As
well, apoptotic nuclei have been observed in polycystic human kidneys and kidney
sections from mouse models of the disease (Woo, 1995). The absence of
apoptosis in the normal human and mouse kidneys implies that apoptosis may
contribute to the progressive loss of renal tissue in polycystic kidney disease (Woo,
1995). Cyclosporine A (CsA), an immunosuppressive drug used to improve graft
survival rates following organ transplantation has been shown to induce acute and
chronic nephropathy (Yoon & Yang, 2009). CsA nephropathy has been showed to
cause an increase in apoptosis combined with the upregulation of ER stress in both
human disease (Lhotak et al., 2012; Yoon & Yang, 2009) and animal models (Han
et al., 2008; Lhotak et al., 2012). Therefore, apoptosis is a common feature of most
renal pathologies and is strongly associated with ER stress. Apoptotic cell loss from
nephron segments leads to tubular atrophy and their loss eventually leads to a
decline in GFR. Therefore, characterizing the molecular pathways activated in

apoptotic responses and their time frames during disease progression would allow
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the development of therapeutic strategies (Sanz, Santamaria, Ruiz-Ortega, Egido,
& Ortiz, 2008).

During prolonged ER stress, the activation of IRE1a and CHOP can result in
apoptosis and under normal physiological conditions is useful in eliminating
stressed cells. Damaged but non-apoptotic cells can induce inflammation,
however, apoptosis is generally accompanied by phagocytic clearance that
induces an anti-inflammatory response (Tabas & Ron, 2011). The activation of JNK
downstream of the IRE1a-TRAF2 complex that forms upon IRE1a phosphorylation
allows JNK to phosphorylate pro-survival protein Bcl-2 inhibiting its activity. Bcl-2
mediates survival cell survival by sequestering BH3-only proteins such as Bad, Bim
and BBC3/PUMA, which are necessary for Bax/Bak-mediated apoptosis. CHOP
also blocks Bcl2 expression (Szegezdi, Logue, Gorman, & Samali, 2006). These
changes allow the activation of Bax and Bak, which olidomerize to form pores in
the mitochondrial outer membrane causing the release of cytochrome c. Cytosolic
cytochrome c results in caspase activation and subsequent cell death (Westphal,
Dewson, Czabotar, & Kluck, 2011). Chapter 3 and 4 of this thesis involves an
analysis of the effect of manipulating the UPR on ER stress-induced apoptotic

genes in a CKD mouse model.

ER stress and fibrosis

Renal fibrosis is characterized by extracellular matrix (ECM) deposition and is an

inevitable outcome of progressive CKD. The mechanisms underlying renal fibrosis
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involve multiple players, however, cellular differentiation into myofibroblasts has
been implicated as a key component in this process (Baum & Duffy, 2011).
Myofibroblasts can be defined by the presence of ruffled membranes, a-smooth
muscle actin staining and a highly active ER and are considered to be the dominant
collagen-producing cells in many pathologies, including wound healing, organ
fibrosis, and cancer (Baum & Duffy, 2011; LeBleu et al., 2013). Sources of
myfibroblasts in the kidney include resident fibroblast expansion and renal
epithelial cells that acquire a myofibroblast phenotype through a process referred
to as epithelial to mesenchymal transition (EMT) (Y. Liu, 2010). This change is
characterized by the loss of epithelial proteins such as E-cadherin, zonula
occludens-1 and cytokeratin and the acquisition of new mesenchymal markers
including vimentin, a-smooth muscle actin, fibronectin and collagen (Y. Liu, 2010).
The alteration in protein markers is also accompanied by a change in cell
morphology where reorganization of the cortical actin cytoskeleton occurs thus
enabling dynamic cell elongation and increased contractility and motility (Nelson,
Khauv, Bissell, & Radisky, 2008). EMT is thought to be an adaptive response of
renal epithelial cells to chronic injury and is induced by three interconnected
signaling pathways: TGF-B/Smad, integrin/integrin-linked kinase (ILK) and wnt/B-
catenin. In addition to EMT induction, these pathways stimulate the transcription of
ECM components and inhibitors of matrix metalloproteinases, which degrade the

ECM (M. K. Kim et al., 2013).
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The direct involvement of UPR components in the development of renal
interstitial fibrosis has yet to be established, however, studies have shown a
relationship between ER stress activation and EMT in the kidney. For instance, ER
stress induction by the sarcoplasmic/endoplasmic reticulum Ca?*ATPase inhibitor,
TG, and the calcineurin inhibitor CsA results in loss of renal epithelial cell junctions
thus allowing myofibroblast differentiation (Carlisle et al., 2012; Pallet et al.,
2008b). In fact, recent work in our laboratory has shown that UPR inducers drive
myofibroblast differentiation from renal proximal tubular epithelial cells through a
process of endothelial to mesenchymal transformation (EMT) to myofibroblasts
(Carlisle et al., 2012). Additionally, the use of ER stress inhibitor 4-PBA caused a
significant decrease in fibrosis as shown by marked reduction in collagen type I,
fibronectin and a-SMA in rats undergoing the unilateral ureteral obstruction (UUQO)
model (Chiang et al., 2011). Thus, the UPR may be a central mediating mechanism
of renal fibrosis through its influence on myofibroblast differentiation. Chapter 3 and
4 of this thesis involves an analysis of the effect of manipulating the UPR on key
fibrotic genes in the TGF-f and Wnt pathways and ECM deposition in a CKD

mouse model.
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Studying ER stress in-vivo and in-vitro®

Since ER stress pathways and inflammatory responses have been demonstrated
in human CKD as well as animal models of the disease, the use of pharmacological
tools in vitro and in vivo may help elucidate molecular targets essential to disease

progression. Table 1 summarizes drugs that could be used to manipulate the UPR.

® This section has been adapted from Mohammed-Ali, Z et al. (2015) Crosstalk between
the unfolded protein response and NF-kB-mediated inflammation in the progression
of chronic kidney disease. Journal of Immunology Research.
2015. doi: 10.1155/2015/428508.
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Table 1. Pharmacological manipulation of the UPR.

UPR Gene Pharmacological Manipulation

Description

Phosphatase Inhibitor, prevents

PERK Salubrinal dephosphorylation of elF2a
GSK2606414 Potent and selective PERK inhibitor
Specifically inhibits IRE1a
IRE1a STF083010 endonuclease activity during ER stress
without affecting its kinase activity
Irestatin Specific inhibitor of IRE1a
Serine protease inhibitor, inhibits site 1
ATF6 4-(2-aminoethyl) benzenesulfonyl and site 2 proteases preventing ATF6

fluoride (AEBSF)

cleavage and inhibits transcription of
ATF®6 target genes

4-phenylbutyrate (4-PBA)

Small chemical

4-PBA and TUDCA aid in protein

protein folding folding reducing their accumulation in
chaperones  Tauroursodeoxycholic acid the ER
(TUDCA)
Inhibitor of N-linked protein
Tunicamycin glycosylation, hinders a process
required for proper protein folding
UPR activating Inhibitor of sarcoplasmic/endoplasmic
agents Thapsigargin reticulum calcium ATPase (SERCA)

pump, causing ER stress

Indoxyl Sulfate

Uremic toxin that causes ER stress via
oxidative stress

16



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

Table 1. Pharmacological manipulation of the UPR. To study the various
pathways of the UPR, pharmacological manipulations to the specific pathways can
be utilized. To examine the PERK pathway, salubrinal is an inhibitor of the
dephosphorylation of elF2a. To investigate the IRE1 pathway, STF-083010 and
Irestatin are inhibitors of IRE1 endonuclease activity. The ATF6 pathway can be
inhibited with 4-(2-aminoetheryl) benzenesulfonyl fluoride (AEBSF) to prevent
cleavage of ATF6. The role of protein folding chaperones can be determined by
utilizing artificial chaperones including 4-phenylbutyrate (4-PBA) and
tauroursodeoxycholic acid (TUDCA), which aid in the folding of proteins. Further,
to investigate sustained activation of the unfolded protein response, classic ER
stress inducers, tunicamycin and thapsigargin, can be used as well as disease-

related inducers including indoxyl sulfate.
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Salubrinal (Sal) is a small molecule identified through high-throughput screening
for its ability to enable cells to withstand ER stress. This drug acts as a
phosphatase inhibitor specific in preventing the activation of elF2a, a key
component of the PERK pathway (Boyce et al., 2005). In vivo, Sal has been shown
to protect against cyclosporine A-induced nephrotoxicity (Pallet et al., 2008a),
which has been associated with ER stress (Bouvier et al., 2009). GSK2606414 is
a potent and selective PERK inhibitor shown to inhibit PERK activation in response
to ER stress in A549, a human lung adenocarcinoma cell line and inhibits the
growth of human tumor xenografts in mice (Axten et al., 2012). Since it penetrates
the blood-brain barrier, GSK2606414 administration has been shown to impart
neuroprotective effects and prevent clinical disease in prion-infected mice (Moreno
et al., 2013). Therefore, Sal and GSK2606414 provide pharmacological
interventions that could be used to study the effect of the PERK pathway on ER
stress-induced inflammation.

STF 083010 is a novel molecule, first identified though high-throughput
screening. This reagent was able to inhibit IRE1a endonuclease activity during ER
stress both in vitro and in vivo. Pre-treatment of RPMI 8226 human multiple
myeloma cells with STF 083010 blocked XBP1 splicing activated by both
tunicamycin- and thapsigargin-induced ER stress. Additionally, treatment of XBP1-
luciferase reporter mice with STF 083010, reduced XBP1 splicing in an in vivo

model of ER stress induced by bortezomib (Papandreou et al., 2011).
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Irestatin, is another molecule that is able inhibit IRE1a endonuclease activity
and has been reported to disrupt the growth of malignant myeloma cells (Feldman
& Koong, 2007). Therefore, STF 083010 as well as Irestatin could be used as
pharmacological tools to study the effect of inhibiting the IRE-1a pathway on ER
stress-induced inflammation.

4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF) has been shown to prevent
ER stress-induced cleavage of ATF6a and ATFG6(B, resulting in inhibition of
transcriptional induction of ATF6-target genes (Okada et al., 2003). This compound
has been used been used as a serine protease inhibitor in both in vitro (Colgan,
Tang, Werstuck, & Austin, 2007; Lhotak et al., 2012) and in vivo studies (Buitrago-
Rey, Olarte, & Gomez-Marin, 2002; Zen et al., 2011). Therefore, AEBSF could be
used as a pharmacological tool to study the effect of inhibiting the ATF6 pathway
on ER stress-induced inflammation.

4-PBA is a chemical chaperone that has been shown to stabilize protein
conformation and improve protein folding in the ER by inhibiting ER stress. This
drug has been used clinically for the treatment of urea cycle disorders in children,
sickle cell disease, thalassemia, and cystic fibrosis (Perlmutter, 2002). In particular,
in vitro studies have shown that 4-PBA administration results in a reduction in
GRP78 levels in response to ER stress (Basseri, Lhotak, Sharma, & Austin, 2009;
X. L. Liu et al., 2004). In a mouse model of brain ischemia, pre-treatment or post-
treatment of 4-PBA at therapeutic doses was able attenuate disease progression

possibly as a result of a decrease in protein load retained by the ER (Qi, Hosoi,
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Okuma, Kaneko, & Nomura, 2004). Due to its efficacy in ER stress inhibition and
the ease of its use where it can be administered to mice in the drinking water, 4-
PBA was used as a pharmacological intervention to inhibit ER stress in a mouse
model of CKD in Chapter 3 of this thesis.

Tauroursodeoxycholate (TUDCA), a derivative of an endogenous bile acid, is
another chaperone that has been shown to resolve ER stress in liver and adipose
tissue thereby normalizing hyperglycemia and restoring systemic insulin sensitivity
in obese and diabetic mice (Ozcan et al., 2006). TUDCA has also been shown to
inhibit the expression of ER stress markers in intestinal epithelial cells (Berger &
Haller, 2011) and attenuate intestinal inflammation in a rodent model of
inflammatory bowel disease (Uchida, Yamada, Hayakawa, & Hoshino, 1997).
Therefore, both 4-PBA and TUDCA could be used to manipulate ER stress
responses.

ER stress-inducing agents Tunicamycin (TM), Thapsigargin (TG) and Indoxyl
sulfate (IS) could be used to evaluate the effects of ER stress induction in vitro and
in vivo. TM is a nucleoside antibiotic, which inhibits N-linked protein glycosylation
and is used to model acute kidney injury (AKI) in vivo (Carlisle et al., 2014). TG is
a plant-derived sesquiterpene lactone and induces ER stress by inhibiting the
sarcoplamsic/endoplasmic reticulum calcium ATPase (SERCA) pump and altering
Ca homeostasis (Lytton, Westlin, & Hanley, 1991). Both TG and TM result in
upregulation of ER stress markers GRP78, GRP94, CHOP and phosphorylated

elF2a in human proximal tubule cells (Carlisle et al., 2014; Carlisle et al., 2012; J.
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G. Dickhout et al., 2012). IS is a uremic toxin that has been reported to accumulate
in the serum of CKD patients and contribute to disease progression (Barreto et al.,
2009; Namba, Okuda, Morimoto, Kojima, & Morita, 2010). IS interacts with organic
anion transporter types 1 and 3 and is therefore able to incorporate into the
basolateral membrane of renal proximal tubular cells (Enomoto et al., 2002). IS
was shown to induce ER stress via oxidative stress in human proximal tubular cells
and inhibits cell proliferation through the upregulation of CHOP and ATF4 in these

cells (Kawakami et al., 2010).

Animal models of CKD*

In the studies included in my PhD thesis, a model of hypertensive CKD was used.
Models of hypertensive CKD are important since hypertension has been reported
to occur in 85% to 95% of patients with CKD (stages 3-5) (Rao, Qiu, Wang, &
Bakris, 2008). Hypertension has been considered a cause for CKD development
and is an independent risk factor for CKD progression to ESRD as well as
cardiovascular events in CKD patients such as myocardial infarction and stroke
(Barri, 2008). In the RENAAL study, every 10-mmHg rise in systolic blood pressure
increased the risk for ESRD or death by 11% (Bakris et al., 2003). Further, anti-

hypertensive drugs including p-blockers and dihydropiridine calcium channel

* This section has been adapted from Mohammed-Ali, Z et al. (submitted) Animal Models of Kidney
Disease. In “Animal Models for the Study of Human Disease 2" Edition” (Elsevier publishing group,
Academic Press).
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blockers are widely used in the treatment of CKD patients. Along with increased
blood pressure, hypertensive CKD in humans is characterized by proteinuria and
glomerulosclerosis resulting in declining GFR (Rao et al., 2008). Renal histological
analysis shows interstitial fibrosis and associated renal inflammation where T cells
and macrophages have been implicated in the pathogenesis and progression of
CKD (Silverstein, 2009). The upregulation of the UPR has been reported in human
CKD (Wu et al., 2010) and plays an important role in determining the fate of renal
glomerular and tubular cells during CKD. Animal models of hypertensive CKD
discussed here display most of the features of human hypertensive CKD and its

associated comorbidities, particularly cardiovascular disease.

Spontaneously Hypertensive Rat (SHR)

The spontaneously hypertensive rat (SHR) is the most commonly used model of
hypertension and cardiovascular disease. The SHR strain was produced by
Okamoto et al. in the 1960s by selective inbreeding of Wistar-Kyoto (WKY) rats
with high blood pressure (Okamoto & Aoki, 1963). Therefore, normotensive WKY
rats are employed as normotensive controls in studies on SHRs. Hypertension
starts to develop in these rats at 5-6 weeks of age, and systolic blood pressure
plateaus at approximately 200 mmHg at about 15 weeks (Tanase, Yamori,
Hansen, & Lovenberg, 1982). In the early stages of hypertension, SHRs
experience increased cardiac output and normal total peripheral resistance,

however, as the hypertensive state stabilizes, cardiac output returns to normal and
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hypertrophied blood vessels produce a higher total peripheral resistance (J.G.
Dickhout & Lee, 1997; Smith & Hutchins, 1979). Proteinuria, glomerulosclerosis
and interstitial fibrosis along with characteristics of cardiovascular disease such as
cardiac hypertrophy begin to develop between the initiation of hypertension and its
plateau phase at 40 weeks (Conrad et al., 1995; Feld, Van Liew, Brentjens, &
Boylan, 1981; Ofstad & Iversen, 2005). Between 14 and 15 weeks renal pathology
begins to appear and may be exacerbated by high salt diet, however, this animal
model is mostly salt resistant. Between 30 and 32 weeks, male SHRs exhibit a
20% to 30% decrease in GFR (Reckelhoff, Zhang, & Granger, 1997) as renal
pathology progresses. Age-related GFR decrease is absent in female SHRs.
Female SHRs also have approximately six-fold lower proteinuria (Reckelhoff et al.,
1997). Some level of protein cast formation can be seen at 40 weeks and these
increase with time (Ofstad & lversen, 2005). Inflammation in the form of lymphocyte
and macrophage infiltrates as well as the increased expression of cytokines and
chemokines has been observed at the pre-hypertensive stage (3 weeks) in renal
tissue of SHRs (Biswas & de Faria, 2007; Rodriguez-lturbe, Quiroz, Ferrebuz,
Parra, & Vaziri, 2004). Treatment with anti-inflammatory agents has shown a
reduction in blood pressure and inflammation in adult SHRs (Rodriguez-lturbe et
al., 2005; Rodriguez-lturbe et al., 2002). Oxidative stress precedes inflammation
(occurs at 2 weeks) in SHR kidneys (Biswas & de Faria, 2007). Inflammatory and
ER stress marker expression have been reported in the blood vessels and cardiac

tissue of SHRs (Carlisle et al., 2016; Guo & Yang, 2015; Miguel-Carrasco,
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Zambrano, Blanca, Mate, & Vazquez, 2010; Sanz-Rosa et al., 2005; Spitler,
Matsumoto, & Webb, 2013; Sun, Zhang, Li, & Wang, 2015). Compared to other
models of hypertensive CKD such as the Dahl S model, SHR rats develop a much
lower level of renal injury. The absence of progressive renal damage has been
attributed to enhanced preglomerular vasoconstriction which prevents systemic
hypertension from being transmitted to the glomeruli (Arendshorst & Beierwaltes,
1979; G. Kimura & Brenner, 1997). Combining uninephrectomy with the SHR
model intensifies and accelerates glomerulosclerosis, urinary protein excretion and
fibrosis (Dworkin & Feiner, 1986; Kinuno, Tomoda, Koike, Takata, & Inoue, 2005).
These changes have been reported due to inhibition of vascular narrowing of the
preglomerular resistance vessels by uninephrectomy. Adaptations to
uninephrectomy such as glomerular enlargement are also impaired in the SHR
(Kinuno et al., 2005). Alternatively, placing SHRs on high salt accelerates the
development of hypertension and cardiac remodeling (H. C. Yu et al., 1998). As
well, high salt-fed SHR rats have higher urinary protein excretion and glomerular
damage than those fed low salt diets (Blizard, Peterson, Iskandar, Shihabi, &
Adams, 1991). The SHR has become the model of choice to test anti-hypertensive
drugs. Another valuable contribution of the SHR, is in mapping and identification
of genes responsible for the development of hypertension. Although, just like
humans, the SHR model experiences a progression starting with a pre-
hypertensive, developing and sustained hypertensive phase, the lifespans of SHRs

(1.5-2.5 years) and their normotensive controls (2.5-3 years) are short. This makes
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the SHR convenient for the study of hypertension and ageing. As well, SHR is also
suited for the study of gender in hypertension. As well, SHR has been crossed with
other strains to create new models such as the SHR heart failure (SHHF) rat to
model congestive heart failure secondary to essential hypertension and the stroke-
prone SHR (SHRSP), a unique model of severe hypertension and hemorrhagic

stroke.

Dahl Salt Sensitive rat

The Dahl Salt Sensitive rat is another model of hypertensive CKD and develops
hypertension when fed a high salt diet (Dahl, Heine, & Tassinari, 1962, 1963). In
experiments with this strain, low-salt diet generally involves 0.1-0.4% NaCl
whereas high salt refers to 4%- 8% NaCl diet (De Miguel, Das, Lund, & Mattson,
2010; Hayakawa, Coffee, & Raij, 1997; Rapp & Dene, 1985; H. C. Yu et al., 1998).
Upon high salt-feeding these rats rapidly develop significant hypertension,
mesangial expansion and glomerulosclerosis (Raij, Azar, & Keane, 1984). Salt-
resistant Brown-Norway (BN) and consomic rats (SS. BN13) in which chromosome
13 from the BN has been introgressed into the Dahl S genetic background are
included as salt-resistant controls in experiments with the Dahl S (Cowley et al.,
2001; Hoagland et al., 2004). The increase in mean arterial pressure is attributed
to sodium retention and can be prevented through the use of diuretics (Greene,
Yu, Roman, & Cowley, 1990; Tobian et al., 1979). Along with hypertension, Dahl

S rats experience endothelial dysfunction and cardiac hypertrophy and fibrosis
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(Hayakawa et al., 1997; M. Yu et al., 2003). Cardiac hypertrophy is comparable to
that seen in the SHR but cardiac failure occurs much earlier in the Dahl S than in
the SHR (Hasenfuss, 1998). Urinary excretion of protein, albumin and nephrin has
been shown in Dahl S rats on high salt (Hye Khan et al., 2013). Protein cast
formation has been reported in the medulla (Hye Khan et al., 2013; Rapp & Dene,
1985; M. Yu et al., 2003) and can also be observed in the cortex. Renal interstitial
fibrosis and inflammation in the form of T cell and macrophage infiltrates has been
documented in the cortex and medulla associated with renal damage in this model
(De Miguel et al., 2010; Hye Khan et al., 2013; Mattson, James, Berdan, & Meister,
2006). High salt Dahl S rats also show an increased renal expression of ER stress
genes (Hye Khan et al., 2013). As with most rat models, the Dahl salt sensitive
model is cost effective and easily- manageable, time efficient and non-invasive.
Salt sensitivity makes the Dahl S clinically relevant. Renal injury in this model is
similar to that seen in patients with diabetic nephropathy (O'Bryan & Hostetter,
1997; Ritz & Orth, 1999) and in hypertensive African Americans (Campese, 1994;
Cowley & Roman, 1996), a population five times more likely to progress to ESRD

(Hsu, Lin, Vittinghoff, & Shlipak, 2003; Norris et al., 2006).

Renal Mass Reduction

The 5/6 nephrectomy model entails reducing the total mass of the kidney by 5/6".
The most common technique involves a two-step procedure. A full uninephrectomy

is performed on one kidney. Two-third of the remnant kidney is then ablated either
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by anterior (Al Banchaabouchi et al., 1998) or posterior (Ma & Fogo, 2003) renal
artery branch ligation or by kidney pole resection (Kren & Hostetter, 1999;
Leelahavanichkul et al., 2010). The ligation method is not feasible in the mouse
due to limited artery branching however, the polar excision method can be used in
both rats and mice (Yang, Zuo, & Fogo, 2010). Various mouse and rat strains are
differentially responsive to renal mass reduction in terms of CKD progression
(Fleck et al., 2006; Ortiz et al., 2015). Both mice and rats experience hypertension,
glomerular and tubulointerstitial damage and proteinuria as a result of this model
but CKD progression is accelerated in some strains. The CD-1 strain of mice has
shown progressive increase in albuminuria, severe glomerulosclerosis,
hypertension and renal interstitial and cardiac fibrosis by 4 weeks on the model
(Leelahavanichkul et al., 2010). Swiss-webster mice, the 129/Sv strain and its
inbred substrain (129S3) develop disease in 9-12 weeks (Leelahavanichkul et al.,
2010; Ma & Fogo, 2003). The C57BL/6 strain, however, is the most resistant strain
to this model showing increased albuminuria at 16 weeks without the development
of hypertension, progressive CKD or cardiac fibrosis (Leelahavanichkul et al.,
2010; Ortiz et al., 2015; Yang et al., 2010). Rats generally show more susceptibility
to CKD induced by renal mass reduction. However, a report by Fleck et al. showed
that Sprague-Dawley rats were less susceptible than Wistar rats (Fleck et al.,
2006). Rats show the development of hypertension and proteinuria at 4 weeks and
glomerulosclerosis, renal fibrosis and mesangial expansion by 8 weeks (Fleck et

al., 2006; Ma et al., 2005; Zhao et al., 2012). Progressive CKD is also denoted by
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tubular protein cast formation (Li et al., 2012; Zhao et al., 2012), as well as renal
inflammation, and oxidative stress (Ghosh et al., 2009; H. J. Kim & Vaziri, 2010;
Romero et al., 1999). ER stress inhibition has been shown to ameliorate renal
injury, heart dysfunction, myocardial fibrosis and apoptosis (Ding, Wang, Zhang, &
Gu, 2016). Immune suppression has also been shown to significantly reduce
fibrosis and inflammation in this model (Romero et al., 1999). Renal mass reduction
is a reliable model for the induction of CKD in rodents as it provides robust readouts
in terms of glomerulosclerosis, proteinuria and hypertension. It is ideal to model
decline in renal function in humans through loss of nephron number. The main
limitation of the 5/6 nephrectomy is the need for two surgical interventions requiring
technical expertise to perform the surgeries successfully. Additionally, the remnant
kidney is small and, especially in the mouse, provides very little renal tissue for
analysis. Another disadvantage is the variability in responses from different strains
and the variability, which may be created in the model itself. Since the surgery is
technically demanding, and there is a direct correlation between disease severity
and the amount of renal mass removed or infracted, variation in surgical technique
or renal anatomy between animals will cause wide variability in disease severity

requiring large sample size to adequately power statistical tests.

DOCA-salt
This model entails the administration of deoxycorticosterone acetate (DOCA), an

aldosterone precursor, combined with a unilateral uninephrectomy and high salt
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diet. DOCA is administered through subcutaneous injection or implanted as a pellet
while salt loading involves 1% NaCl in drinking water (Dobrzynski, Wang, Chao, &
Chao, 2000; Hartner, Cordasic, Klanke, Veelken, & Hilgers, 2003; Jadhav,
Torlakovic, & Ndisang, 2009; Xia, Bledsoe, Chao, & Chao, 2005). This model
exhibits a suppressed renin-angiotensin system with decreased plasma renin
concentrations. The increased aldosterone results in increased sodium and water
reabsorption from epithelial cells in the distal nephron of the kidney thereby
increasing blood pressures. Clinically, primary aldosteronism or a decrease in renin
to aldosterone ratio is an important cause of hypertension (Drenjancevic-Peric et
al., 2011; lyer, Chan, & Brown, 2010; Tomaschitz, Pilz, Ritz, Obermayer-Pietsch,
& Pieber, 2010). This model has been performed in both mice and rats and
hypertension and renal damage is more severe in males than in females (Bubb,
Khambata, & Ahluwalia, 2012; Karatas et al., 2008). The response to DOCA-salt
is strain-dependent in mice where the 129/Sv strain has shown more susceptibility
to progressive renal damage and hypertension than C57BL/6 mice (Hartner et al.,
2003). This model produces hypertension, proteinuria, luminal protein cast
formation and glomerulosclerosis (Hartner et al., 2003; Jadhav et al., 2009; Xia et
al., 2005). Renal interstitial fibrosis and inflammation are indicated by the increase
in TGF-B and collagen deposition as well as the upregulation of pro-inflammatory
transcription factors NF-xB and AP-1 and immune cell infiltrates (Jadhav et al.,
2009) (Elmarakby, Quigley, Imig, Pollock, & Pollock, 2008). DOCA-salt

administration also results in oxidative stress through superoxide formation in the
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vasculature and the kidney. The mineralcorticoid receptor that aldosterone binds
to is not only present on renal epithelia but is also found on vascular smooth muscle
cells, cardiac fibroblasts and the brain. Therefore, the DOCA-salt model also
manifests chronic cardiovascular remodeling including cardiac hypertrophy and
fibrosis in both the left and right ventricles resulting in inflammatory cell infiltration
into the cardiac tissue and upregulation of hypertrophy markers ANP and BNP
(Dobrzynski et al., 2000; Karatas et al., 2008). Morphological changes are
accompanied by function changes that include an increase in action potential
duration at 20%, 50% and 90% of repolarization (Loch, Hoey, & Brown, 2006). This
model is known to cause smooth muscle and endothelial dysfunction and vascular
hypertrophy in small and large arteries (Cordellini, 1999; L. Y. Deng & Schiffrin,
1992; lyer et al.,, 2010). The DOCA-salt model is a model of human primary
aldosteronism and volume-dependent hypertension. The technical requirements of
this model are somewhat invasive and two surgeries would be required if a DOCA
pellet is implanted subcutaneously instead of injections. However, this model has
a lower risk of mortality due to procedures alone in comparison to the 5/6
nephrectomy model. This model generally lasts for no more than 8-12 weeks and
is therefore not a good model to study the effects of ageing on aldosterone-induced
hypertension. However, the DOCA-salt model is a popular choice in the study of

the effect of high dietary salt intake on CKD progression.
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Angiotensin Il infusion

Chronic Angiotensin (Ang) Il infusion, usually through the implantation of Ang Il
osmotic minipumps, has been used as a model of progressive CKD in mice and
rats. Sustained elevations in circulating levels of Ang Il result in renal dysfunction,
proteinuria, focal tubulointerstitial and vascular damage (Ortiz et al., 2015). The
pleiotropic actions of Ang Il encompass Ang-Il vasoconstriction and hypertension
as well as stimulating aldosterone secretion, superoxide production, TGF--
mediated fibrosis and inflammation via NF-kB activation (Agarwal, Campbell, &
Warnock, 2004; Muller et al., 2000; Ozawa, Kobori, Suzaki, & Navar, 2007; Ruiz-
Ortega et al.,, 2006). As well, ER stress genes have been reported to be
upregulated in the kidney and cardiac tissue with Ang Il infusion in mice (Kassan
etal, 2012; T. N. Wang et al., 2015). In fact, ER stress inhibition has been shown
to attenuate cardiac hypertrophy, cell death and fibrosis (Kassan et al., 2012). Ang
Il infusion has also been combined with models of reduced renal mass and with
the DOCA-salt model. Ang Il administration has been shown to overcome the
resistance of C57BL/6 mice to CKD induction and results in hypertension,
albuminuria and severe glomerulosclerosis by 4 weeks instead of 16 weeks
(Leelahavanichkul et al., 2010). The Ang II/DOCA salt model which involves a
uninephrectomy following by Angiotensin Il infusion through an osmotic minipump,
a DOCA pellet implantation and high salt was also designed to overcome the
resistance of C57BL/6 mice to CKD development (Kirchhoff et al., 2008; Z

Mohammed-Ali, 2015). Female mice experience less severe CKD due to this
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model compared to male mice (Z Mohammed-Ali, 2015). Increase in systolic blood
pressure and proteinuria is seen after the first week on the Ang II/DOCA salt model
(Kirchhoff et al., 2008; Z Mohammed-Ali, 2015). Renal damage involved protein
cast formation, glomerulosclerosis, apoptosis and renal interstitial fibrosis and
inflammation. Inflammation resulted in both T cell and macrophage infiltration and
upregulation of inflammatory mediators MCP-1 and IP-10 (Kirchhoff et al., 2008; Z
Mohammed-Ali, 2015). Cardiac hypertrophy and fibrosis as well as pulmonary
edema also manifest in this model (Kirchhoff et al., 2008; Z Mohammed-Ali, 2015).
The intrarenal renin-angiotensin system is important in the pathophysiology of
hypertension and hypertensive nephropathy. CKD management guidelines
emphasize angiotensin-converting enzyme inhibitors or Angiotension Il type 1
receptor blockers as antiproteinuric and renoprotective therapy regardless of their
effect on hypertension (Griffin & Bidani, 2009). Therefore, models of Ang Il-driven
CKD are clinically relevant. Consequently, the Ang II/DOCA salt model is the one
that will be used for all in vivo experiments in this thesis and is characterized in
Chapter 2. The C57BL/6 mouse serves as a genetic background for several
transgenic and gene knockout models. However, this strain is highly resistant to
CKD development. Therefore, the development of a model with stable CKD
development in this strain would widen the scope of experiments focused on CKD

progression.
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Central Aim and Thesis Objectives

Overall, the central hypothesis of this PhD thesis is as follows: UPR modulation
impacts CKD development. To test this hypothesis, | pursued the following thesis
objectives:

(1) To establish and characterize a model of CKD in the C57BL/6 mouse
(Chapter 2).

(2) To study the progression of CKD and the pattern of UPR, inflammatory and
fibrotic pathways activated during CKD development through a time point
analysis of our CKD mouse model (Chapter 3)

(3) To investigate the impact of manipulating the UPR on CKD development by
inhibiting ER stress pharmacologically using 4-PBA and by using genetic
knockouts of the key UPR gene CHOP (Chapter 3).

(4) To propose mechanisms by which ER stress inhibition ameliorates
proteinuria and alleviates CKD (Chapter 3).

(5) To describe the effects of heterozygosity in GRP78, the key regulator of the

UPR, on CKD development (Chapter 4).
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Chapter 2

Development of a model of chronic kidney disease (CKD) in the
C57BL/6 mouse with properties of progressive human CKD.

Summary and Significance:

This article involved the characterization of a mouse model of CKD in the
C57BL/6 mouse. The model described combines a uninephrectomy with Ang Il
and DOCA infusion and high dietary salt intake (Ang II/DOCA salt). Mice exposed
to this model experienced a significant increase in systolic and diastolic blood
pressure, proteinuria and albuminuria. Kidneys from mice exposed to Ang
[I/DOCA salt showed an increase in protein cast formation, glomerulosclerosis,
TUNEL-positive cells, fibrosis and macrophage infiltration compared to SHAM-
operated controls. The pathology observed in this model was influenced by
gender as female mice developed less severe disease. This model is clinically-
relevant since it exhibits key features of CKD seen in humans and is based on
Ang Il activity. Increased Ang Il activity is an established factor contributing to
CKD progression and its pharmacological inhibition is the primary therapeutic
strategy used to treat CKD presently. C57BL/6 mice are the background strain for
several gene knockouts but are resistant to CKD induction by methods such as
renal mass reduction or protein overload. Therefore, developing a CKD model in
this strain is useful in diversifying gene knockout experiments in the context of

CKD.
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Development of a model of chronic kidney disease (CKD) in the C57BL/6

mouse with properties of progressive human CKD.
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Abstract

Chronic kidney disease (CKD) is a major healthcare problem with increasing
prevalence in the population. CKD leads to end stage renal disease and
increases the risk of cardiovascular disease. As such, it is important to study the
mechanisms underlying CKD progression. To this end, an animal model was
developed to allow the testing of new treatment strategies or molecular targets for
CKD prevention. Many underlying risk factors result in CKD but the disease itself
has common features, including renal interstitial fibrosis, tubular epithelial cell
loss through apoptosis, glomerular damage and renal inflammation. Further, CKD
shows differences in prevalence between the genders with premenopausal
women being relatively resistant to CKD. We sought to develop and characterize
an animal model with these common features of human CKD in the C57BL/6
mouse. Mice of this genetic background have been used to produce many
transgenic strains that are commercially available. Thus, a CKD model in this
strain would allow the testing of the effects of numerous genes on the severity or
progression of CKD with minimal cost. This paper describes such a mouse model

of CKD utilizing angiotensin |l and deoxycorticosterone acetate as inducers.
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Introduction

Although various models of chronic kidney disease (CKD) have been established
in the rat [1], the ability to transgenically manipulate the rat is not nearly as well
established as in the mouse. Further, many genetic knockout mouse strains,
including tissue specific and conditionally inducible knockouts, are available on
the C57BL/6 background [2]. However, this mouse has proven to be resistant to
the development of CKD. C57BL/6 mice have shown resistance to the induction
of CKD by standard techniques such as streptozotocin-induced diabetes [3],
bovine serum albumin-overload proteinuria [4] and reduced renal mass [5]. Thus,
developing a mouse model of CKD on the C57BL/6 background, that shares
salient pathological features of human CKD, allows the use of pre-existing
knockout stains. Experiments on these knockout strains would determine the
effect of these genes on the development of renal interstitial fibrosis, proteinuria
and the chronic inflammatory response in CKD.

A model has been developed in the C57BL/6 that shows features of
progressive human CKD, including proteinuria and inflammation [6]. In this
model, mice are uninephrectomized, given Angiotensin (Ang) Il infusion and
deoxycorticosterone acetate (DOCA) with 1% salt in the drinking water. This
model can be referred to as the Ang II/DOCA salt mouse. The use of Ang Il and
DOCA with a high salt diet in this model results in sodium retention and volume
expansion and therefore hypertension [7]. As well, the reduction in renal mass

promotes hyperfiltration, which contributes to proteinuria [8]. The dysregulation of
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the Renin-Angiotensin-Aldosterone system that is stimulated in this model plays a
central role in cardiorenal syndrome [9]. This fact is well-supported by the
success of Angiotensin Converting Ezyme (ACE) inhibitors and Angiotensin
Receptor blockers (ARBs) as first line therapies in the treatment of hypertension
and kidney disease patients [9, 10]. As previously demonstrated by Kirchhoff et
al. (2008), this mouse model of CKD induces proteinuria, renal injury and
increased systolic blood pressure [6]. In this paper, we will further characterize
this model by quantifying the apoptotic responses in renal tubular epithelium, as
well as renal interstitial fibrosis and the inflammatory response. Further, we
sought to determine whether gender alters the severity of the development of

these features of CKD in this model.

Methods and Materials

Model of CKD in C57BL/6 mice

Ten-week-old mice (gender-balanced groups) underwent uninephrectomy (Unx)
or a sham uninephrectomy under isofluorane/oxygen anaesthetisa 2-weeks
before the start of the experiment and were allowed to recover (Figure 1). The
Unx mice were then given 1% sodium chloride in the drinking water and
received DOCA pellet implants and Ang Il infusion using osmotic mini pumps.
Model 1004 Alzet osmotic infusion pumps (Durect) containing Ang Il in sterile

water were subcutaneously implanted in the back of the necks of mice under

isofluorane/oxygen anaesthetisa to deliver a dose of 1.5 ng Ang Il (Sigma) per
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minute per gram body weight. At this time, a 50 mg 21-day release DOCA pellet
(Innovative research of America, M-121) was also implanted subcutaneously.
Mice that underwent the sham Unx were also treated with a sham procedure for
subcutaneous implantation. All mice were sacrificed on day 21 post-implantation.
This animal utilization and the described procedures were approved by the

McMaster University Research Ethics Board.

Blood pressure measurements in animal model of CKD

Blood pressure measurements were obtained with tail cuff plethysmography
using a CODA (Kent Scientific) blood pressure analyzer before Ang II/DOCA
implantation and also before sacrifice (Figure 1). Briefly, animals were placed in
restraint and positioned on a heating pad with a tail cuff attached to the machine.
The cuff then measured the systolic blood pressure, diastolic blood pressure and

heart rate.

Urinalysis, metabolic cages, microalbumuria ELISA

Before the surgical procedure and after 3 weeks on treatment with Angll/DOCA
salt, mice were placed in metabolic cages for 24h urine collection (Figure 1).
Urine samples were sent to our in-house laboratory to evaluate total protein
concentrations and an ELISA was used to measure mouse urine albumin
concentration (BETHYL Laboratories) to determine hypertension-induced

proteinuria.
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Tissue preparation for histological assessment and immunohistochemical
analysis of protein cast formation, renal interstitial fibrosis, apoptosis and
glomerular sclerosis

Renal tissue was prepared for histological analysis. The tissue was fixed in 4%
paraformaldehyde upon sacrificing the animal. The tissue was then embedded in
paraffin blocks and sectioned (4 pym) using a microtome. To assess protein cast
formation and glomerular injury score, these tissues were stained with Periodic
Acid Schiff (PAS) stain and imaged using a light microscope (Olympus).

Collagen deposition indicating extracellular matrix accumulation and renal
interstitial fibrosis was evaluated using Masson’s Trichrome stain (Sigma-
Aldrich).

To assess apoptosis, kidney sections were stained using the protocol and
reagents provided by the TACS 2 TdT-Fluor In Situ Apoptosis Detection Kit
(Trevigen, Cat # 4812-30-K). This method is based on specific binding of TdT to
3’-OH ends of DNA and the incorporation of biotinylated deoxyuridine at sites of
DNA breaks. This signal is then amplified by avidin-peroxidase, allowing
apoptotic cells where DNA fragmentation has occurred to be visualized with light
microscopy [11].

The sections were analyzed using an Olympus BX41 microscope.
Immunohistochemistry sections were imaged with a 20X and a 40X objective
lens. For the quantification of protein cast formation, apoptosis and F4/80

staining, ten microscopic fields were sampled in each of the cortex and the
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medulla. To score glomeruli, ten microscopic fields were sampled from the cortex
allowing the scoring of approximately 50 glomeruli per animal. Images were
analyzed for protein cast formation using the Metamorph program to select and
quantify PAS-stained areas as a percentage of the total area of each image. The
average of protein cast areas density was then calculated for each animal.
TUNEL-stained sections were processed using the cell count tool in Image J
software. Glomerular sclerosis was assessed based on the scale and method
used in a previous study [12].

Lungs from Angll/DOCA salt and sham mice were extracted without
performing a broncheoalveolar lavage procedure, fixed in 4% paraformaldehyde
for 24 hours. After standard paraffin embedding, 4uM thick specimens were
sectioned and stained with H&E stain to visualize lung damage. Mouse hearts
were weighed upon sacrifice and this parameter was normalized to body weight
in grams to provide a measure of increase in cardiac mass. The hearts were then
fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin, sectioned and

stained with PAS to evaluate areas of hypertrophy.

Statistical Analysis
Statistical Analysis was performed using GraphPad Prism software. T-tests were
used to compare data between groups and significance is denoted by P<0.05.

Bar graphs show group averages and standard error of the mean as error bars.
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Results

Development of hypertensive proteinuria in Ang II/DOCA salt model

Blood pressure measurements were taken using tail cuff measurements before
the subcutaneous implantation of the osmotic pump containing Ang Il and the
DOCA pellet as well as at the end of the model before sacrificing the mice. Ang
[I/DOCA salt mice experienced a significant increase in systolic (Figure 2A;
P<0.001, N=14) and diastolic blood pressure (Figure 2B; P<0.001, N=14) 21-
days after implantation. Ang II/DOCA salt mice also had significantly higher
systolic (P<0.001, N=14) and diastolic (P<0.001, N=14) blood pressure compared
to sham operated controls 21-days after implantation. This hypertensive
response was accompanied by an increase in total protein (Figure 2C) and
albumin (Figure 2D) excreted in the urine over 24h. Ang II/DOCA salt mice
experienced significantly higher total protein (P=0.009, N=14) and total albumin
(p<0.001, N=14) in 24h urine compared to measurements obtained before
implantation. Total 24h urine protein (p=0.006, N=14) and albumin (P<0.001,
N=14) were also significantly higher with Ang II/DOCA salt treatment compared to
sham controls. In order to assess CKD progression in this model, the time course
of the evolution of proteinuria was followed at days 0, 7, 14, 18 and 21after Ang
[I/DOCA salt treatment. Proteinuria was significantly elevated at days 18 and 21

(Figure 2 E).
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Characteristics of renal tissue damage in response to Ang II/DOCA salt
treatment

The proteinuria data was consistent with the immunohistological analysis of PAS-
stained kidney sections showing percentage of protein cast formation as
compared to sham controls (Figure 3A). Kidneys from Ang II/DOCA salt mice
showed a significantly higher percentage of protein cast formation as compared
to sham controls. PAS staining images show increased protein cast formation in
renal tubules of the cortex (P=0.003, N=14) and Medulla (p=0.01, N=14) in Ang
/ll/DOCA salt mice compared to sham controls (Figure 3B). Higher magnification
images of PAS staining showed increased glomerular sclerosis in the cortex of
Ang IlI/DOCA salt mice compared to sham mice as indicated by the arrows
(Figure 3C). Quantification of glomerular sclerosis by two independent assessors
utilizing the method of Raij et al. [12] indicated that the Ang II/DOCA salt mice
displayed significantly elevated glomerular sclerosis scores (P<0.001, N=10)
compared to age-matched sham operated controls (Figure 3D).

In order to assess renal cell loss, we performed TUNEL staining. TUNEL
staining images demonstrated increased apoptosis (Figure 3E; arrows) in kidney
micrographs of Ang II/DOCA salt mice compared to sham animals (Figure 3F;
P<0.001, N=10). Immunohistochemical staining for F4/80, a highly specific
macrophage cell surface marker [13], demonstrated a significant increase in
macrophage infiltration density (Figure 3G) in response to Ang II/DOCA salt

treatment compared to sham controls (Figure 3H; P=0.02, N=5). To examine
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renal interstitial fibrosis, we stained kidney sections with Masson’s Trichrome
stain. Indeed, in our Ang II/DOCA salt model, we saw increased collagen
deposition as indicated by blue-stained fibres in the renal interstitium of areas
showing kidney damage in the Ang II/DOCA salt mice compared to sham controls

(Figure 3I).

Impact of CKD on cardiac and lung function and morphology

Microscope images of heart cross-section portrayed right and left ventricle
hypertrophy in response to Ang II/DOCA salt treatment (Figure 4A). Cardiac
muscle hypertrophy is an adaption to fluid retention and hypervolemia resulting
from the model. This phenomenon is confirmed by the increase in heart weights
(mg/g of body weight) (P<0.001, N=14) observed in mice treated with Ang
[I/DOCA salt compared to sham controls (Figure 4B). Lung sections derived from
Ang [I/DOCA salt mice showed features of pulmonary edema, inflammatory
infiltrates and thickening of the alveoli. Signs of increased vessel thickness and
capillaries congested with red blood cells are also observed (Figure 4C).
Although further characterization is required, it is likely that that the observed
pulmonary changes are driven by sodium retention and the severe hypervolemic

changes observed in this model.

44



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

Impact of Gender on renal tissue damage induced by Ang II/DOCA salt
model

Both male (P=0.02, N=7) and female (P=0.04, N=7) Ang II/DOCA salt mice
developed proteinuria compared to their respective sham controls as a result of
the CKD model. However, male Ang II/DOCA salt mice showed significantly
higher total protein in 24h urine (P= 0.04, N=7) compared to female Ang II/DOCA
salt mice (Figure 5A). Total 24h urine albumin measurements showed a similar
trend where male Ang II/DOCA salt mice (P<0.001, N=6) experience a higher
level of albumin in the urine compared to their sham controls and compared to
female Ang II/DOCA salt mice (P=0.03, N=6). Although female Ang II/DOCA salt
mice had a higher albumin level in 24h urine (P=0.11, N=6) than their sham
controls, this increase was not significant (Figure 5B). Protein cast formation was
significantly higher in the cortex (P=0.02, N=7) and medulla (p=0.04, N=7) of Ang
[I/DOCA salt male mice and in the cortex (p=0.004, N=7) and medulla (P=0.01,
N=7) of Ang II/DOCA salt female mice compared to their respective sham
controls. The percentage of PAS-stained area was higher in the cortex (P=0.048,
N=7) and medulla (P=0.145, N=7) of male mice treated with Ang II/DOCA salt
compared to female mice treated with Ang II/DOCA salt (Figure 5C). TUNEL
staining was used to assess the influence of gender on kidney cell death and,
ultimately, nephron loss. Although female Ang II/DOCA salt mice experienced an
increase in apoptosis (P=0.03, N=5) compared to female sham controls, the

apoptosis observed in male mice treated with Ang II/DOCA salt was significantly
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higher (P=0.002, N=5) compared to Ang |I/DOCA salt treated females (Figure
5D). In addition, Masson’s Trichrome staining showed a higher level of collagen
deposition and renal interstitial fibrosis (indicated by blue staining) in male Ang

[I/DOCA salt mice compared to female Ang II/DOCA salt mice (Figure 5E).

Discussion
CKD is characterized by reduction in glomerular filtration rate (GFR), albuminuria,
and structural or functional abnormalities of the kidney [14]. CKD is increasing in
prevalence globally and its comorbidities include cardiovascular disease,
increased all-cause and cardiovascular mortality, kidney-disease progression to
ESRD and acute kidney injury [15, 16]. The financial impact of CKD places a
large burden on health care systems with high costs associated with renal
replacement therapy, dialysis, and cardiovascular complications [15]. The
C57BL/6 mouse has been the most preferred strain for the generation of
transgenic and knockout animal models and will be utilized to develop a genome-
wide panel of knockout animals to characterize gene function [2]. The Ang
[I/DOCA salt model described here shows a robust CKD response that closely
mimics human CKD. Developing this model allows the use of genetically modified
mice in order to identify gene targets that play a role in CKD development and
progression.

Similar to the description of the model provided by Kirchhoff et al. [6], we found

systolic blood pressure to be elevated; additionally, we determined that diastolic
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blood pressure was also elevated. We present data for the total 24-h excretion of
both protein and albumin, demonstrating that the Ang [I/DOCA salt model
induced significant proteinuria and albuminuria. This finding is similar to the
increase in albuminuria/creatinine ratio described by Kirchhoff et al. [6]. Further,
we show the evolution of proteinuria in the model at days 0, 7, 14, 18 and 21
where we observe a statistically significant increase in proteinuria at day 18 and
day 21. We also demonstrate that protein cast formation and glomerular sclerosis
were significantly increased in the model, similar to findings by Kirchhoff et al. [6].
We further investigated renal injury by examining apoptosis through TUNEL
staining and found it to be significantly elevated. Additionally, the kidneys were
found to have a significant infiltration of macrophages and showed renal
interstitial fibrosis through trichrome staining. Similar to Kirchhoff et al. [6], we
found end-organ damage in the heart characterized by cardiac hypertrophy. We
extended these findings to examine the lung, where we noted an edematous
effusion in airspaces. Further, we characterized the model for gender differences
and found that the female gender imparted protection from proteinuria,
albuminuria, protein cast formation, apoptosis and renal interstitial fibrosis.
Hypertensive proteinuria is a common feature of CKD. Therefore, animal
models that display this feature have been used to investigate disease-specific
mechanisms, molecular pathogenesis and potential therapies [1]. The increased
glomerular permeability during hypertensive CKD allows protein hyperfiltration

into the proximal tubules causing renal tissue damage. Filtered albumin and other
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proteins that accumulate within intracellular compartments of proximal tubular
cells perturb cell function by several mechanisms [17]. Hypertension is an
important contributor to ESRD [18]. Proteinuria is associated with glomerular
damage and podocyte depletion [19] and can be used in the classification of
different stages of CKD clinically [20]. The Ang II/DOCA salt model displays
hypertensive proteinuria that mirrors human CKD, as demonstrated by a
significant increase in systolic and diastolic blood pressure, as well as proteinuria
and albuminuria. Overt proteinuria evolved later in this model at days 18 and 21,
indicating disease progression in response to glomerular injury. The
glomerulosclerosis seen in our model involves inflammation and fibrosis around
the area of the damaged glomeruli and could potentially result in tubular atrophy
and degeneration [19]. Tubulointerstitial injury caused by proteinuria includes the
formation of protein casts that may block the tubular lumen [19] and this
phenomenon has been shown in our model.

As CKD progresses tubular cell atrophy results primarily due to apoptosis. An
increase in apoptosis has been demonstrated using TUNEL staining on kidney
sections from diabetic nephropathy patients [21] and from rats in the
streptozotocin-induced diabetic nephropathy model [22]. In addition, apoptotic
nuclei have been observed in polycystic human kidneys and kidney sections from
mouse models of the disease [23]. The loss of renal tubular epithelial cells
through apoptosis occurs in both acute and chronic kidney diseases [24].

Apoptotic cell loss from nephron segments leads to tubular atrophy and their loss
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eventually leads to a decline in GFR. Since the Ang II/DOCA salt model displays
a robust apoptotic response, it could be used in identifying therapeutic targets
against apoptosis that are able to halt CKD progression [24].

Macrophage infiltration has been studied as a universal feature of
tubulointerstitial damage regardless of disease origin [25, 26], and is a key
feature of experimental and human kidney disease models [26, 27].
Macrophages have been shown to release cytotoxic moieties such as proteolytic
enzymes, reactive oxygen and nitrogen species, as well as proinflammatory
cytokines and chemokines [28]. By expressing cytokines such as TGF-B and
connective tissue growth factor, macrophages are able to induce myofibroblast
differentiation and extra cellular matrix deposition, key processes in renal
interstitial fibrosis [29, 30]. Increased macrophage infiltration is associated with
glomerulosclerosis and tubulointerstitial fibrosis [27, 31, 32]. Both macrophage
infiltration and renal interstitial fibrosis have been demonstrated in the Ang
[I/DOCA salt model of CKD. Further studies would be focused on the time course
of the development of these phenomena in order to establish pathways that lead
to CKD progression.

CKD, through its effects on volume overload plays an important
pathophysiological role in multiple organ failure. The effect of volume overload on
the heart is to develop cardiac hypertrophy through myocardial stretch. This

effect is reflected in our model. As hypertrophy progresses from compensation to
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decompensated heart failure, volume overload affects the lungs and results in
pulmonary edema [33]. This phenomenon is also reflected in our model.

The findings that Ang II/DOCA salt mice show a gender-based difference in
severity of CKD are consistent with findings in the human population [34] and in
agreement with previous clinical and experimental studies on the protective effect
of female gender on the development of renal diseases [35-38]. Female mice,
subjected to this model, show significantly lower levels of proteinuria. Ang
[I/DOCA salt female mice also experienced a trend for decreased protein cast
formation and collagen deposition thereby indicating lower level of renal tissue
damage compared to Ang II/DOCA salt male mice. A recent study identified
gender difference as a modifier of susceptibility to ER stress-induced injury in
tunicamycin-treated mice, a model of acute kidney injury, showing reduced renal
pathology in female mice [39]. The reduced induction of apoptosis in female Ang
[I/DOCA salt mice in our CKD model is therefore in agreement with in vivo
experiments of endoplasmic reticulum stress-induced acute kidney injury in the
tunicamycin mouse models [39].

Clinical studies have demonstrated an association between male gender and a
faster rate of CKD progression [36]. Interestingly, the impact of gender is
restricted to premenopausal women and is, therefore, thought to be an estradiol-
mediated protective effect [35]. This finding is supported by experimental studies.
Aged male rats have been shown to develop decreased GFR, increased

glomerular injury and increased proteinuria earlier than female rats [37]. In
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addition, estradiol treatment caused a reduction in glomerulosclerosis, expression
of adhesion and extracellular matrix molecules and prevented tubular damage in
animal models of unilateral nephrectomy and chronic renal allograft rejection [38,
40]. These studies indicate a renoprotective role for estradiol and although our
experiments show that female gender imparts a protective effect on CKD
development, the potential role of estradiol is still to be determined.

In conclusion, the Ang II/DOCA salt model produces a significant degree of
CKD that mimics progressive human CKD in the C57BL/6 mouse. This pathology
includes proteinuria, intertubular protein casts, renal interstitial fibrosis, and
tubular epithelial cell apoptosis. As this model recapitulates many of the aspects
of pathology found in human CKD [41], it will be of great utility to determine the
specific effect of various candidates genes on CKD severity and progression.
Further, a gender effect was observed where female mice showed lower
proteinuria and apoptosis in kidney tissue. Future work in this model may allow
the precise molecular nature of the protective effect of the female gender to be

determined.
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Figure Captions

Figure 1. Ang II/IDOCA salt model of chronic kidney disease in the C57BL/6
mouse.

Graph describing time course development of CKD.

Figure 2. Development of hypertensive proteinuria in Ang II/DOCA salt
model of CKD in the C57BL/6 mouse. For all graphs, * indicates a significant
difference between two groups where P<0.05. For A- D, O signifies pre-
treatment whereas ll signifies 21-days post-treatment with Ang [I/DOCA. A, B.
Changes in systolic and diastolic blood pressure in response to Ang II/DOCA. C,
D. Total 24h urinary protein and albumin excretion with Ang II/DOCA treatment.
E. Time-course development of proteinuria, expressed as total 24h protein

excretion at days 7, 14, 18 and 21 post-treatment with Ang II/DOCA.

Figure 3. Renal tissue damage in response to Ang I/IDOCA salt CKD mouse
model. For all graphs, * indicates a significant difference between two groups
where P<0.05. Effect of Ang II/DOCA salt model on A, B. protein cast formation
in the cortex and medulla, C, D. Glomerulosclerosis, E, F. Apoptosis, G, H.
Macrophage (F4/80+ cells) infiltration, I. Interstitial Fibrosis (Masson’s Trichome

staining).

52



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

Figure 4. Effect of Ang II/DOCA salt model on cardiac and lung tissue. A.
Images of heart cross-section cardiac hypertrophy in Ang [I/DOCA salt model. B.
Graph showing increase in heart weights (mg/g of body weight) in response to
Ang II/DOCA where * indicates a significant difference between two groups
where (P<0.05). C. Lung damage (20X, 40X) in response to Ang II/DOCA

compared to SHAM controls.

Figure 5. Impact of gender on CKD induced by Ang II/DOCA salt model. For
all graphs, * indicates a significant difference between two groups where P<0.05.
Ang IlI/ DOCA salt is denoted by B whereas U denotes SHAM operated
controls. ‘M’ and ‘F’ indicate sections from male and female mouse kidneys
respectively. Influence of gender on the development of A. Proteinuria B.

Albuminuria C. Protein cast formation D. Apoptosis E. Interstitial Fibrosis.
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Chapter 3

Endoplasmic reticulum stress inhibition attenuates hypertensive chronic
kidney disease through reduction in proteinuria

Summary and Significance:

This article comprises of a time point analysis to investigate the progression of
CKD in the Ang II/DOCA salt model characterized in Chapter 2. The induction of
ER stress was observed within 7 days on the model coinciding with increased
proteinuria and hypertension. ER stress inhibition with 4-PBA resulted in
diminished hypertension, albuminuria, fibrosis and inflammation. Our mRNA and
protein analysis of kidney tissue revealed that Ang II/DOCA salt mice treated with
4-PBA experienced an increase in cubilin, an endocytic receptor responsible for
tubular protein reabsorption. This suggests that the protein folding function of 4-
PBA as a chaperon was allowing more cubilin to be available for albumin
reabsorption thereby decreasing albuminuria. However, 4-PBA also decreased
glomeruloscleorsis, therefore, 4-PBA could be attenuating CKD by reducing
proteinuria through its action on both the glomerular and tubular compartment of
the kidney. CHOP, a pro-apoptotic transcription factor induced by ER stress was
upregulated early in the kidneys of mice treated with Ang II-DOCA salt and was
inhibited by 4-PBA which was associated with CKD attenuation. When we applied
the Ang II/DOCA salt model to CHOP deficient mice, we observed a decrease in
albuminuria, glomerulosclerosis, protein cast formation, fibrosis and inflammation.

However, CHOP deficient mice developed hypertension comparable to WT mice
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due to Ang II/DOCA salt. Upon closer examination, CHOP deficient mice had
higher levels of nephrin than WT mice upon Ang II/DOCA salt treatment. This
finding suggested that CHOP deficiency could be diminishing proteinuria by
preserving glomerular integrity. This study implicates ER stress inhibition as a

therapeutic strategy and CHOP as a molecular drug target to treat CKD.
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Abstract

Endoplasmic reticulum (ER) stress is implicated in chronic kidney disease (CKD)
development in patients and in animal models. Here we show that ER stress
inhibition through 4-phenylbutyric acid (4-PBA) administration decreases blood
pressure, albuminuria, and tubular casts in an angiotensin Il/deoxycorticosterone
acetate/salt murine model of CKD. Lower albuminuria in 4-PBA-treated mice was
associated with higher levels of cubilin protein in renal tissue membrane fractions.
4-PBA decreased renal interstitial fibrosis, renal CD3" T-cell and macrophage
infiltration, MRNA expression of TGFB1, Wnt signaling molecules, and ER stress-
induced pro-inflammatory genes. CHOP deficient mice that underwent this model
of CKD developed hypertension comparable to wild type mice, but had less
albuminuria and tubular casts. CHOP deficiency resulted in higher nephrin levels
and decreased glomerulosclerosis compared to wild type mice; this effect was
accompanied by lower macrophage infiltration and fibrosis. Our findings portray
ER stress inhibition as a means to alleviate hypertensive CKD by preserving
glomerular barrier integrity and tubular function. These results demonstrate ER
stress modulation as a novel target for preserving renal function in hypertensive

CKD.
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Introduction

Chronic kidney disease (CKD) can result from a variety of disorders that affect the
structure and function of the kidney, and it is a rising global health concern due to
its increasing prevalence (8-16%) worldwide'. There is presently no cure for CKD
and the treatments available are primarily aimed at halting disease progression.
Further, CKD can result in end stage renal disease (ESRD) and is associated with
complications, such as cardiovascular disease, cognitive decline, anaemia, and
mineral and bone disorders’. Individuals that progress to ESRD require renal
replacement therapy that involves dialysis and/or renal transplants that are
extremely costly, $35 billion per year in the United States of America. As well,
access to renal replacement therapy is limited in developing and third world
countries, causing 1 million people to die annually from ESRD?.

The endoplasmic reticulum (ER) is responsible for the synthesis of
transmembrane, secretory, and ER lumenal proteins®. During diseased states
there may be a disruption of ER proteostasis, whereby there is an imbalance
between protein folding capacity and protein folding demand®. The accumulation
of misfolded proteins in the ER is known as ER stress and leads to the activation
of the unfolded protein response (UPR). The UPR triggers the dissociation of
GRP78 from three known transmembrane sensors in the ER: activating
transcription factor 6 (ATF6), inositol-requiring enzyme | (IRE1), and PKR (double-
stranded RNA-dependent protein kinase)-like ER protein kinase (PERK). The

activation of these signal transduction pathways can result in cell death,
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inflammation, and fibrosis in the context of CKD*®. ER stress has been shown to
play a role in the pathogenesis of various renal diseases in humans®. The
upregulation of key UPR markers has been observed in patients with primary
glomerular disease”™ and diabetic nephropathy'®, and has been strongly
associated with proteinuria®”.

Our central hypothesis in this study is that inhibition of ER stress impedes
CKD progression. In our experiments, we utilized two methods to inhibit ER stress,
pharmacologically by dietary administration of 4-phenylbutyric acid (PBA) and
genetically through the disruption of CHOP, a pro-apoptotic transcription factor that

is induced by ER stress.

Results:
4-PBA inhibits hypertensive proteinuria in a model of CKD

This CKD model produced a significant increase in systolic (Figure 1A) and
diastolic blood pressure (Figure 1B) at day 7 post-angiotensin (Ang)
ll/deoxycorticosterone acetate (DOCA) salt treatment, continuing until sacrifice at
day 21. Hypertension was completely inhibited by 4-PBA treatment, as measured
on day 21. An increase in albuminuria was observed at all time points in response
to Ang II/DOCA salt treatment. 4-PBA treatment significantly reduced 24 h urinary
albumin excretion at day 21 (Figure 1C). To investigate why 4-PBA treatment
reduced albuminuria, we examined megalin and cubilin, two multi-ligand endocytic

receptors, responsible for tubular protein reabsorption'. Proteinuric kidney
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disease places an increased demand for synthesis of these receptors in the ER™.
Since 4-PBA alleviates ER stress by aiding in protein folding, we hypothesized that
mice treated with 4-PBA could produce higher amounts of megalin and cubilin in
response to the Ang II/DOCA salt-induced CKD. Therefore, we measured megalin
and cubilin expression at the RNA and protein level. Nanostring nCounter assay
analysis showed an increase in megalin (Figure 1D) and cubilin (Figure 1E) mRNA
in response to Ang II/DOCA salt treatment. 4-PBA treatment resulted in an even
higher level of megalin and cubilin mRNA, suggesting that the action of 4-PBA
increased endocytic receptor transcription. Western blotting showed an increase
in cubilin protein expression (Figure 1F, 1G) in response to Ang II/DOCA salt
treatment, with higher levels in 4-PBA-treated mice; however, no change was
found in megalin protein levels (Figure 1H, 1I). To decipher whether this increase
in cubilin protein reached the plasma membrane to become a functional endocytic
receptor, we extracted plasma membrane fractions from our experimental groups
and measured membrane cubilin expression. Figure 1J and 1K showed
significantly increased cubilin in plasma membrane lysates from 4-PBA-treated
animals compared to untreated animals in response to Ang IlI/DOCA salt. In
attempting to measure megalin in these same membrane fractions, we were not
able to obtain a reliable band in the 600 kDa range, the known molecular weight
for the protein. The effect of albuminuria on renal pathology was examined through
periodic acid-Schiff (PAS) staining by scoring glomerular damage and quantifying

intratubular protein casts. In Angll/DOCA salt mice, 4-PBA treatment significantly
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decreased glomerulosclerosis (Figure 1L, 1M) and significantly reduced
intratubuluar protein cast formation in both the cortex and the medulla (Figure 1N,

10).

4-PBA inhibits the UPR in a model of CKD

The NanoString nCounter determined the fold change of UPR gene expression
over 21 days of Ang II/DOCA/salt-induced CKD (Figure 2A). Fold changes for the
4-PBA-treated Ang II/DOCA salt mice were compared to sham controls that were
also sacrificed at day 21. Collagen-folding chaperones, such as Hsp47 and
Fkbp65'"°, were induced in the Ang II/DOCA salt-treated mice at day 7 and
remained elevated until the endpoint of the study. Hmox-1, a gene known to be
upregulated during ER stress'®, and an important marker of human CKD
progression’’” was shown to be significantly induced by the Angll/DOCA salt model
at an early stage. Our CKD mouse model also showed an increase in apoptosis
and authophagy genes that are induced by IRE1a phosphorylation and mediated
by Ask1 during ER stress. These genes include Bcl2, Bad, Bax, Bak1, Bbc3, Trp53,
and Beclin-1'®"°. As well, apoptotic genes that have been shown to be directly
induced by ER stress, Chop and phlda1, are increased in our CKD model®. 4-PBA
treatment inhibited the activation of UPR genes in response to Ang II/DOCA salt at
the 21-day time point. Pcsk9 was the only gene that was significantly induced by
4-PBA and was significantly higher in the 4-PBA-treated group compared to Ang

[I/DOCA salt mice without 4-PBA treatment. To examine the UPR activation in our
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CKD model, kidneys were stained for CHOP (Figure 2B) and phosphorylated
IRE1a (Figure 2C). Quantification of the staining showed an increase in CHOP
(Figure 2D) and phosphorylated IRE1a (Figure 2E) at all time points; both CHOP

and phosphorylated IRE1a were inhibited by 4-PBA treatment (Figures 2D, 2E).

4-PBA attenuated renal interstitial fibrosis in Ang II/DOCA salt-induced CKD
A Nanostring nCounter assay was performed to evaluate the fold changes in the
expression of fibrosis genes illustrated in a heat map (Figure 3A). Genes encoding
extracellular matrix (ECM) proteins collagen (Col1a1, Col3a1) and fibronectin
(Fn1), myofibroblast marker a-smooth muscle actin (Acta2), as well as regulators
of the ECM deposition process such as E-cadherin, Mmp2, Mmp3, Mmp14, Timp1,
are shown to be upregulated early in CKD development at day 7 and continue to
exhibit high levels of expression through all time points. The ECM deposition
process is initiated by TGF-p and Wnt signaling pathways in various animal models
of kidney disease, as well as in human CKD?*"??. Our Ang II/DOCA salt model
resulted in an early upregulation of TGF- signaling and non-canonical Wnt
signaling (Wnt5a-Ror2) as early as day 7 in the model and these pathways were
significantly lowered with 4-PBA treatment. Although 4-PBA-treated mice still
experienced a significant increase in pro-fibrotic genes Col1a1, Mmp3, Fn1, Loxl2,
Lgals3, Gremlin, and Timp-1, there was an overall decrease in ECM components

and fibrotic mediators. Kidneys were stained with a-smooth muscle actin (Figure

3B) and picrosirius red (Figure 3C) to examine renal fibrosis. Analysis of a-smooth
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muscle actin expression (Figure 3D) and collagen deposition (Figure 3E)
demonstrated that ECM deposition was increased at day 7 and continued rising
until sacrifice at day 21. Although some a-smooth muscle actin and collagen
deposition was observed in 4-PBA-treated Ang II/DOCA salt mice, it was

significantly lower than Ang II/DOCA salt mice (Figures 3D, 3E).

4-PBA treatment attenuated inflammation in Ang ll/DOCA salt-mediated CKD
Fold changes in the expression of inflammatory genes are demonstrated in a heat
map (Figure 4A). Only a few genes appeared to be regulated at day 7 in the
inflammatory gene codeset, whereas almost all inflammatory genes were
upregulated by day 21. This temporality in response allowed us to isolate potential
initiators of CKD development. These include pattern recognition receptors (PRRs)
such as TIr2, Tir4, and Nod-1 that have been shown to be associated with various
models of kidney injury?>?*. Transcription factors NF-«xB, AP-1, and Stat3, which

have been reported to be induced by ER stress®?

were also significantly
increased at day 7 in our model. The NanoString data showed an increase in
chemokines /IP-10 and Ccl20, which are known to attract various immune cells to
the site of tissue injury. Therefore, staining for F4/80 and CD3, well-established
cell-surface markers of macrophages (Figure 4B) and T-cells (Figure 4C),
respectively, were used to assess inflammation in kidney micrographs. This CKD
model resulted in significantly increased macrophage infiltration at day 14, 18 and

21 (Figure 4D) and T-cell infiltration at all time points (Figure 4E). The quantification
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of F4/80 staining shows that 4-PBA treatment completely inhibited macrophage
infiltration in response to Ang [I/DOCA salt treatment (Figure 4D). However, 4-PBA-
treated mice still experienced a certain level of T-cell infiltration in response to Ang
[I/DOCA/salt, although it was significantly lower than mice without 4-PBA treatment

(Figure 4E).

CHORP deficiency inhibits proteinuria but not hypertension in a CKD model

Since CHOP is a key transcription factor in the UPR and was upregulated at the
earliest time point, day 7, in our model, we examined the effect of genetic disruption
of CHOP on CKD severity. In response to the Ang [I/DOCA/salt model, CHOP™
mice experienced an increase in both systolic (Figure 5A) and diastolic blood
pressure (Figure 5B), which was comparable to wild type (WT) mice. However,
Ang II/DOCA salt-treated CHOP” mice showed a significantly lower level of
albuminuria compared with WT mice (Figure 5C). Therefore, we explored possible
mechanisms for the decreased albumin levels found in CHOP™”" mice. Reports have
established that elF2a phosphorylation during ER stress results in general
translation attenuation and CHOP induction. CHOP leads to the activation of
GADD34, which is able to recover protein translation by dephosphorylating
elF2a?’. During translation attenuation proteins with short open reading frames
such as ATF4 are preferentially translated®®. Nephrin, an integral component of the
podocyte slit diaphragm, is another protein that is preferentially translated during
elF2a phosphorylationzg. Our experiments show an increase in nephrin in
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response to our CKD model and a significantly higher amount of nephrin in CHOP"
" mice treated with Ang II/DOCA salt than in WT mice at both the mRNA (Figure
5D) and the protein level (Figure S5E, 5F). As well, our data shows a significantly
lower level of GADD34 in CHOP™ mice (Figure 5G, 5H), confirming our suggested
mechanism. Since nephrin is important in maintaining the renal filtration barrier, we
then investigated the effect of CHOP deficiency on the maintenance of glomerular
structure and renal pathology. Glomerular scoring showed a significantly lower
degree of glomerular damage in CHOP™ mice that underwent the Ang I1I/DOCA
salt model compared to WT mice (Figure 5l, 5J). PAS staining demonstrated a
significantly lower level of protein cast formation in the cortex and medulla of
CHOP™ mice compared to WT mice (Figure 5K, 5L, 5M) in response to Ang

[I/DOCA salt.

CHORP deficiency inhibits the UPR, inflammation, and fibrosis in CKD

CHOP deficiency reduced the number of genes regulated in response to Ang
[I/DOCA salt. Lower levels of UPR (Figure 6A), fibrotic (Figure 6B), and
inflammatory (Figure 6C) genes were induced by the Ang II/DOCA salt model in
the CHOP™" mice compared to WT mice. Of note, Pcsk9 is higher in the kidney in
CHOP™ mice treated with Angll/DOCA salt. Some UPR and apoptosis/autophagy
genes were regulated in the opposite direction in CHOP™ mice treated with Ang
[I/DOCA salt compared to WT, such as PPARy, Bad, Bif-1, Calreticulin, and

Fkbp13. Similarly, transcription factor AP-1 and transmembrane protein gp 7130 also
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experienced downregulation in CHOP™” mice treated with Ang II/DOCA salt, as
opposed to upregulation in WT mice. Although certain ECM deposition
components such as Col1A1, Col3A1, Fn1, showed a significant increase in
CHOP™ mice treated with Ang II/DOCA salt, the level of increase was attenuated.
a-smooth muscle actin staining of renal tissue was significantly lower in the cortex
and medulla of CHOP™ mice treated with Ang II/DOCA salt than in WT mice (Figure
7A, 7B). Similarly, area density of F4/80 staining showed significantly lower
macrophage infiltration in CHOP™ mice treated with Ang II/DOCA salt compared

with WT mice (Figure 8A, 8B&C).

The UPR is activated in human hypertensive nephrosclerosis

In order to translate our work into human CKD, we studied the renal pathology in
patients with hypertensive nephrosclerosis in comparison to renal pathology in our
mouse model. The similarities in pathology are demonstrated in terms of
glomerular damage between our mouse model and CKD patients. Further, protein
cast formation was present in both the cortex and the medulla of CKD patients,
similar to the Ang II/DOCA salt mouse model (Figure 9A). Masson’s trichrome
staining showed glomerular and renal interstitial fibrosis in both human CKD and
the Ang II/DOCA salt model (Figure 9B). Likewise, an increase in key UPR genes,
specifically phosphorylated IRE1a (Figure 9C) and CHOP (Figure 9D), was found

in the medullae of biopsies of human hypertensive CKD.
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Discussion

In this study, we investigated the temporal relationships between the inflammatory,
fibrotic, and UPR pathways in CKD. Our results implicate the UPR as an initiator
of CKD, since key ER stress genes, Grp78, Chop, Atf6 and phldal were
upregulated early in the disease process. ER stress-induced apoptotic and

autophagy genes, Ask1, Bad, Bax, Bcl2, Bbc3 and Beclin-1'%"°

, were also
upregulated early in our model. This model shows increased albuminuria and
protein cast formation early in CKD development. These results indicate
albuminuria and renal pathology occurs at the same time as UPR activation and
are in accordance with previous reports’"?°.

4-PBA is a small molecular chaperone that alleviates ER stress by aiding in
the protein folding in the ER**". We found 4-PBA significantly reduced albuminuria
and CKD progression in our model while inhibiting the upregulation of key UPR
genes. This result is in agreement with previous studies, where 4-PBA
administration has been reported to decrease urinary protein excretion and
glomerular damage in streptozotocin-induced diabetic nephropathy®*?. As well, 4-
PBA has been shown to decrease outer medullary stripe damage in tunicamycin-
induced acute kidney injury (AKI)**. Our experiments are the first to draw a link
between the effect of 4-PBA treatment and albumin reabsorption mediated by
megalin and cubilin in renal proximal tubules. In addition to abnormalities in the

glomerular filtration barrier, defective tubular reabsorption may also contribute to

albuminuria®*. In our study, 4-PBA treatment resulted in lower albuminuria, as well
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as a significant increase in megalin and cubilin mRNA. Protein analysis showed an
increase in cubilin in both whole kidney tissue lysates, as well as plasma
membrane extracts in 4-PBA-treated mice. In line with our findings, a recent study>®
showed a six-fold increase in urinary albumin excretion in cubilin-deficient mice.
Similarly, patients with defective cubilin, resulting in Imerslund-Grasbeck disease,
also have higher urinary excretion of albumin, along with other ligands of
cubilin®?"_ It appears that 4-PBA increased the folding and delivery of cubilin to
the apical membrane of the proximal tubule allowing for a greater reabsorption of
albumin, thereby reducing 24 h albumin excretion. However, further experiments
are necessary to conclude that 4-PBA increased cubilin directly through its
chaperone activity, since 4-PBA treatment augmented both mRNA and protein
cubilin levels. Therefore, the significantly lower albuminuria in 4-PBA-treated mice
could be attributed to the increased cubilin levels in these mice.

Albuminuria is an important risk factor for CKD progression®*=°. Albumin
excretion associated with renal injury has been shown to cause TGF-B activation**-
2 Our study shows increased TGF-p1 signalling, which stimulates resident
fibroblasts, myofibroblasts, and tubular epithelial cells to produce ECM
components, collagens type | and lll, FN1, and a-smooth muscle actin, resulting in
fibrosis?'. 4-PBA treatment inhibited a-smooth muscle actin and collagen protein
deposition in response to Ang II/DOCA/salt. Our experiments, along with others on
the unilateral ureteral obstruction (UUO) model, have shown 4-PBA treatment to

43,44

impart protection against apoptosis and renal interstitial fibrosis™"", suggesting a
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causative role for ER stress in renal fibrosis. Further, in a study by El Karoui et al.*®

4-PBA treatment resulted in decreased tubular lesions, interstitial fibrosis and

1 +/mut

tubular apoptosis in WT mice which develop glomerular disease due to a
mutation in WT1, an important regulator of podocyte function. In this study, 4-PBA
was also administered in a model of doxorubicin-induced nephropathy where it
caused a reduction in protein cast formation, apoptosis and ER stress in the
kidney*. The effect of 4-PBA was partly linked to its inhibition of Lipocalin 2, a gene
requiring calcium release-induced ER stress for its induction. Lipocalin 2 induction
was shown to generate tubular apoptosis and renal lesions. Interestingly, the
authors demonstrated that albumin is able to activate calcium-dependent ER
stress. They speculate that this may occur through albumin binding to megalin in
a calcium-dependent manner thereby triggering intracellular ER calcium release
and ER stress *°. Our study adds to this data by showing further association
between ER stress inhibition and decreased albuminuria through the increase in
membrane cubilin available for albumin reabsorption.

The IRE1a and PERK pathways of the UPR result in inflammation through
the activation of NF-xkB and AP-1, transcription factors responsible for the
upregulation of cytokines, chemokines, complement, and acute phase proteins®?°.
In our study, both NF-xB and AP-1 were significantly upregulated in our CKD
model. Immune cell recruitment was increased with Ang II/DOCA/salt CKD, with
an increased infiltration of CD3" and F4/80" cells in the kidneys of mice with CKD.

Macrophage and T-cell infiltration has been shown in human and animal models
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of kidney disease and is associated with disease progression and proteinuria®®.
Studies on the streptozotocin model of diabetic nephropathy have shown that in
addition to lowering urinary protein excretion, 4-PBA attenuates inflammatory
mediators NF-kB and MCP-1%%*". MCP-1 is responsible for the recruitment of
macrophages, and its urinary levels in humans have shown strong association with
proteinuria*®. In fact, MCP-1 deficiency has been shown to prevent renal fibrosis,
proteinuria, and macrophage infiltration in various animal models of disease®. 4-
PBA significantly reduced inflammatory cell infiltration and inflammatory gene
expression including NF-kB and MCP-1 in our study. In addition to reducing
albuminuria and renal injury, 4-PBA is able to prevent disease progression through
its inhibitory effect on pro-inflammatory and pro-fibrotic mediators.

Since CHOP was upregulated early in our CKD model, we examined the
efficacy of CHOP knockout to inhibit CKD progression. CHOP™” mice have
previously been studied in the context of renal fibrosis, where they have been
shown to protect against apoptosis, fibrosis, and inflammation in UUO and
AK[334449%0  oyr experiments have shown that in response to Ang [I/DOCA/salt,
CHOP™" mice exhibit significantly lower albuminuria, glomerular injury, and protein
cast formation compared to WT mice. Interestingly, unlike the 4-PBA treatment
group, they experienced an increase in blood pressure similar to WT mice.

Nephrin is a key component of the slit diaphragm in glomerular podocytes,
which helps maintain the glomerular filtration barrier®'. Cybulsky et al.?® provided

evidence that, analogous to ATF4, nephrin could be preferentially translated in
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stressed cells during elF2a phosphorylation, owing to its short upstream open
reading frames. General translation attenuation due to elF2a phosphorylation is
relieved by GADD34, a phosphatase induced by CHOP. Prolonged translation
attenuation and subsequently lower levels of GADD34, achieved through CHOP
deficiency, would allow increased preferential translation of nephrin during ER
stress. Our experiments have shown a significant increase in nephrin mRNA with
Ang II/DOCA salt treatment and even higher expression in CHOP™ mice. At the
protein level, however, WT Ang II/DOCA salt mice have similar levels of nephrin
as WT sham animals, whereas CHOP™ mice expressed significantly higher levels
of nephrin. Taken together, our findings indicate a link between diminished CHOP
expression and improved glomerular permselectivity.

Our experiments show lower ER stress and apoptotic gene expression with
CHOP deficiency. UPR genes Aff6, Atf4, Calnexin and Calreticulin, as well as
apoptotic and autophagy genes upregulated by the UPR, Bax, Bad and Beclin-1,
show reduced expression in CHOP™ mice. The inhibition of UPR genes by CHOP
deficiency has been demonstrated previously*®. CHOP has also been shown to
downregulate pro-survival gene Bcl2, thereby resulting in the activation of
apoptosis via Bax/Bak proteins and Beclin-1'®°2. In addition, CHOP™ mice had an
overall trend of attenuated expression of fibrotic and inflammatory genes, as
compared to their WT counterparts. Upregulation of key inflammatory transcription
factors NF-xB and AP-1 was diminished in CHOP” mice. In fact, AP-1 is

downregulated with CHOP deficiency; this could be due to the reported ability of
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CHOP to enhance the transcriptional activation of AP-1. The weakened
inflammatory gene expression in CHOP™ mice on Ang II/DOCA salt was also
reflected by lower macrophage infiltration. A recent study by Zhang et al.*® has
shown CHOP deficiency reduces fibrosis, macrophage infiltration, and TLR4-NFkB
signaling in a unilateral ureteral obstruction model of kidney disease. This group
attributed the reduction in fibrosis to the decreased TLR4-NF«kB signalling, which
results in significantly lower levels of TGF-3 activity49. Our experiments also show
a decrease in renal fibrosis in line with previous reports on CHOP knockouts;
CHOP deficiency attenuated TIr4, NF-xB, and TGF-f activity in response to Ang
[I/DOCA salt.

The finding that CHOP and phosphorylated IRE1a are upregulated in patients
with hypertensive nephrosclerosis aids in translating our work to human CKD. Both
methods of ER stress inhibition, 4-PBA treatment and CHOP knockdown, were
shown to decrease renal fibrosis, inflammation, and albuminuria, important
predictors of disease progression in humans. Taken together, these studies
provide strong support for a potential therapeutic benefit of 4-PBA in patients with

hypertensive kidney disease.

Methods and Materials

Mouse model of CKD

A combination of uninephrectomy, Ang II/DOCA infusion, as well as salt in the
drinking water was used to induce CKD, as previously documented®®*. Briefly, 10-
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week-old male mice were subjected to a uninephrectomy under isofluorane
anesthesia. Upon recovery, Ang Il (1.5 ng/min/g body weight) was administered
via osmotic pump along with a 50 mg 21-day release DOCA pellet. Mice were then
provided with 1% salt in drinking water and sacrificed at 7, 14, 18 and 21 days. For
each time point, a sham operation was performed on a group of mice for both the
uninephrectomy and osmotic pump and pellet implantation; these mice were used
as controls. 4-PBA (Scandinavian Formulas) was administered in the drinking
water upon pump and pellet implantation at 1 g/kg/day to determine if this treatment
would affect the endpoint of CKD development for the 21-day group. Dose was
adjusted through measurement of water intake in metabolic cages. Mice placed on
4-PBA were also provided with 1% salt in the drinking water while factoring in the
contribution of 4-PBA to the sodium content. Age-matched CHOP™ mice were
obtained from a breeding colony held at McMaster University Central Animal
Facility along with their wild type littermate controls. The founders of the colony
were purchased from Jackson Laboratories (Stock number: 05530). All animal
work was done in accordance with and approved by the McMaster University

Animal Research Ethics Board.

Human Kidney Biopsies
Kidney biopsies were obtained from the Department of Pathology at St. Joseph’s
Healthcare Hamilton, Canada. Human CKD kidney biopsies were obtained from

patients diagnosed with purely hypertensive nephrosclerosis. Uninvolved, normal
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renal tissue was obtained from kidneys resected from renal cell carcinoma patients.
Work on these tissues was approved by the Hamilton Integrated Research Ethics

Board.

Blood pressure measurements and urinalysis

Blood pressure measurements were obtained through the tail cuff method using a
CODA blood pressure analyzer (Kent Scientific), as done previously®*. Metabolic
cages were used to collect 24 h urine before the surgical procedure and after 3
weeks on treatment with Angll/DOCA/salt. Albuminuria, an important risk factor for

55,56

CKD progression®°, was assessed using an ELISA (Bethyl Laboratories) to

measure mouse urine albumin concentration in 24 h urine.

Western blotting

Total cell lysates were obtained using 4X SDS lysis buffer with protease inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail (Roche) added. Plasma
membrane lysates were obtained using the Mem-PER plus kit (ThermoFisher
Scientific). Protein levels were determined using BioRad DC Protein Assay
(BioRad) for control of protein loading. Tissue lysates were subjected to
electrophoretic separation in an SDS-PAGE reducing gel (BioRad). Primary
antibodies were detected using appropriate horseradish peroxidase-conjugated
secondary antibodies and ECL Western Blotting Detection Reagents (GE

Healthcare), as described previously**. Nephrin antibody (AF3159, R& D Systems)
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was diluted 1:10,000, GADD34 antibody (sc-8327, Santa Cruz) was diluted 1:200,
cubilin antibody (sc-20609, Santa Cruz) was diluted 1:200, megalin antibody (sc-
25470, Santa Cruz) was diluted 1:100, vinculin antibody (Sigma) was diluted 1:500
and B-actin antibody (Sigma) was diluted 1:5000. Results were densitometrically
quantified using ImagelLab software (BioRad) and expressed as a ratio of loading

controls.

Immunohistochemistry

At sacrifice, renal tissue was fixed in 4% paraformaldehyde and subsequently
sectioned using a microtome. To evaluate renal pathology, PAS staining was
performed to assess protein cast formation, and picrosirius red (PSR) and a-
smooth muscle actin staining was used to assess fibrosis. For PSR staining, kidney
tissue sections were processed with saturated picric acid solution and then stained
with Sirius red F3B (Colour Index 35782). For T-cell staining, rabbit anti-human
CD3 antibody (Dakocytomation) was used at a concentration of 0.6 g/L and a
dilution of 1:100 in normal goat serum (Vector). For macrophage staining, rat
antibody to F4/80 (ab6640, Abcam) was used at a dilution of 1:30 in normal rabbit
serum. For CHOP staining, rabbit anti-GADD153 (sc-575, Santa Cruz) was used
at 1:40 dilution. To detect IRE1a phosphorylation, anti-IRE1 (phospho S724)
antibody (ab48187, Abcam) was used at a dilution of 1:100. Horseradish
peroxidase streptavidin (Vector SA-5004) was used in combination with Nova Red

(Vector) and hematoxylin (Sigma) to visualize the stained cells.
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Assessment of renal pathology

Immunohistochemistry sections were imaged using an Olympus BX41 microscope.
Images of PSR-stained kidneys were taken using the U-POT polarizer and U-ANT
analyzer (Olympus) for transmitted light. The diaphragm and polarizer allowed the
detection of birefringence of collagen fibres. All other stained kidneys were imaged
without the polarizer and analyzer. Five random images of each of the cortex and
the medulla per mouse were taken to analyze the pathological features in renal
tissue. The Metamorph program was used to assess the area density for PSR, a-
smooth muscle actin, CHOP, phosphorylated IRE1a, and F4/80 staining. This
method involves setting a colour threshold in the Metamorph program to express
the area density of the stain as a percentage of the image total area. The
quantification of PAS staining was performed in the same program by manually
selecting the casts and then calculating the percentage area of casts per image
and then per mouse cortex or medulla. As well, glomerular scoring was assessed
based on the scale and method used in previous studies®’°®. CD3-stained sections

were processed using the cell count tool in Image J software.

RNA Isolation and NanoString Analysis

Total RNA was isolated from flash frozen mouse kidney tissue using the RNeasy
Mini Kit (Qiagen). RNA integrity was assessed using the Agilent 2100 bioanalyzer
and Agilent RNA 6000 Nano reagents (Agilent Technologies). Only RNA with
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RIN>5 was used in our NanoString analyses. The code set for NanoString analysis
was established based on literature searches of pathways that are important in
determining therapeutic targets for the treatment of CKD. NanoString data was
normalized against 7 housekeeping genes, IPO8, GUSB, TBP, YWHAZ, ACTB,
GAPDH and RPLP2. P-values were corrected for multiple comparisons using the
Benjamin-Hochberg procedure in R programming language and heat maps were
produced using Java Treeview software. Fold changes were log-transformed and
hierarchical gene clustering was performed on heat maps using Euclidean distance
and complete linkage. On the heat maps, each column represents a time point or
the effect of 4-PBA or CHOP deficiency on the 21 day Ang II/DOCA salt model.
Each box represents the fold change for a particular gene in Ang II/DOCA salt-
treated mice compared to their respective sham controls at the designated time
point, treatment, or genotype manipulation. Fold changes were log»-transformed.

Down-regulation is denoted by blue and up-regulation is denoted by red.

Statistical Analysis

Data are shown as the meantstandard error of the mean. Student’s T-test was
used to analyze difference between groups. Differences among multiple groups
were analyzed with analysis of variance followed by post-hoc Bonferroni tests in

Graphpad Prism 5.0. A P-value of < 0.05 was considered significant.
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Figure Legends

FIGURE 1: Effect of 4-PBA treatment on the development of hypertensive
proteinuria. Mice treated with Ang II/DOCA salt showed a significant increase in
(A) systolic and (B) diastolic blood pressures at the day 7 (7D), 14 (14D), 18 (18D)
and 21 (21D) time points (n=5 per group) compared to their corresponding SHAM
controls (n=3-5 per group). Ang II/DOCA salt animals treated with 4-PBA (n=5) did
not show any change in (A) systolic and (B) diastolic blood pressure. (C) Total 24
h urinary albumin excretion was significantly increased by Ang II/DOCA salt at all
time points, 7D (n=5), 14D (n=5), 18D (n=4) and 21D (n=6) compared to SHAM
controls (n=5-6), and was significantly reduced by 4-PBA treatment (n=6).
Normalized total counts for endocytic receptor mRNA (D) cubilin and (E) megalin
show a significant increase with Ang II/DOCA salt (n=3) treatment, and a further
significant increase with 4-PBA treatment (n=4) compared to SHAM controls (n=3).
(F, G) Protein levels of cubilin in whole kidney tissue lysates were significantly
increased with Ang IlI/DOCA salt treatment (n=3) and showed significantly higher
levels with 4-PBA treatment (n=3). (H, I) There was no change in kidney megalin
protein levels with Ang II/DOCA salt treatment or 4-PBA treatment (n=3 per group).
(J, K) Membrane extracts from kidney tissue lysates showed significantly increased
levels of membrane-embedded cubilin in the Ang II/DOCA salt group treated with
4-PBA (n=3 per group). (L, M) 4-PBA significantly decreased glomerulosclerosis in
Ang II/DOCA salt mice (n=3 per group). (N, O) An increase in protein cast formation

(arrows) was observed in Ang II/DOCA salt mice at all time points (n=4-5 per group)
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compared to their respective SHAMs (n=5-6), and is decreased with 4-PBA
treatment (n=6). 21D SHAM (n=5) is used as a representative image for all shams.
* denotes significantly different than the corresponding SHAM; # indicates
significantly different in the D21 Ang II/DOCA salt + 4-PBA compared to day 21

Ang II/DOCA salt. Scale bars=100 um in (L) and 200 um in (N).

FIGURE 2: Effect of 4-PBA treatment on the UPR activation. (A) Hierarchical
clustering of ER stress and apoptotic genes is demonstrated using a heat map.
Fold changes represent the changes in gene expression with Ang II/DOCA salt
treatment at days 7 (7D; n=4), 14 (14D; n=5), 18 (18D; n=3), 21 (21D; n=5) and
21D+4-PBA (n=5) compared to their respective sham-operated controls. (B, D)
CHOP and (C, E) phosphorylated IRE1a staining (60X) in the kidney was
increased by Ang II/DOCA salt (n=5 for 7D, 14D and 21D, n=4 for 18D), as
indicated by arrows, and inhibited by 4-PBA treatment (n=5). The 21D SHAM group
(n=5 for cortex, n=3 for medulla) is representative of all shams. * indicates that
the Ang II/DOCA salt group is significantly different than corresponding SHAM at
that time point; # indicates that the 21D+4-PBA is significantly different than the

21D Ang II/DOCA salt group. Scale bars=100 um in (B) and (C).

FIGURE 3: Effect of 4-PBA treatment on renal fibrosis. (A) Hierarchical
clustering of fibrotic genes is demonstrated in a heat map. Fold changes represent
the changes in gene expression with Ang [I/DOCA salt treatment at days 7 (7D;

n=4), 14 (14D; n=5), 18 (18D; n=3), 21 (21D; n=5) and 21D+4-PBA (n=5)
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compared to their respective sham-operated controls. (B, D) a-smooth muscle
actin staining (arrows) (20X) is increased at all timepoints (n=4 per group). (C, E)
Collagen deposition (arrows), demonstrated using picrosirius red staining (20X),
was significantly elevated at all timepoints (n=5 for 7D, 14D and 18D and n=4 for
21D). 4-PBA treatment (n=3) significantly decreased both collagen and a-smooth
muscle actin deposition in response to Ang II/DOCA salt. Only the representative
sham, 21D SHAM group (n=4 for cortex, n=3 for medulla), is shown. * indicates
that the Ang II/DOCA salt treatment is significantly different than corresponding
sham at that time point; # indicates that the 21D+4-PBA group is significantly

different than the 21D Ang I[I/DOCA salt group. Scale bars=200 um in (B) and (C).

FIGURE 4: Effect of 4-PBA treatment on renal inflammation. (A) A heat map
demonstrates hierarchical clustering of inflammatory genes. Fold changes
represent the changes in gene expression with Ang II/DOCA salt treatment at days
7 (7D; n=4), 14 (14D; n=5), 18 (18D; n=3), 21 (21D; n=5) and 21D+4-PBA (n=5),
compared to their respective sham-operated controls. (B, D) F4/80 staining (40X;
arrows) shows an increase in F4/80" macrophage infiltration at 14D (n=4), 18D
(n=5) and 21D (n=5), but not at 7D (n=6). (C, E) CD3 staining (60X; arrows)
demonstrates significant T-cell infiltration at all time points (n=4 per group). 4-PBA
treatment (n=3) significantly decreased macrophage and T-cell infiltration in
response to Ang II/DOCA salt. Only the representative 21D SHAM is included in

the figure (n=5 for F4/80 staining, n=4 for CD3 staining). * indicates that the Ang
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[I/DOCA salt is significantly different than corresponding sham at that time point
(n=4-5 per group); # indicates that the 21D+4-PBA is significantly different than the

21D Ang II/DOCA salt group. Scale bars= 100 um in (B) and (C).

FIGURE 5: Effect of CHOP knockout on the development of hypertensive
proteinuria. Both wild type (WT) (n=6) and CHOP™ (n=5) mice treated with the
CKD model experienced an increase in (A) systolic and (B) diastolic blood
pressures, compared to their respective SHAM controls (n=6 for WT SHAM and
n=5 for CHOP"~ SHAM). (C) Although CHOP™" mice (n=5) showed an increase in
albuminuria with CKD development compared to CHOP™ SHAM mice (n=6), they
had significantly lower albuminuria compared to WT mice (n=7). (D) Nephrin mRNA
levels increase with Ang II/DOCA salt treatment compared to sham controls (n=3
per group) and are significantly higher in CHOP™ animals treated with Ang II/DOCA
salt (n=5) compared to WT Ang II/DOCA salt animals (n=5). (E, F) Protein levels
of nephrin were significantly increased in whole kidney tissue lysates (n=3 per
group) in CHOP™ mice. (G, H) Significantly lower levels of GADD34 were observed
in CHOP™ mice. (1, J) CHOP™ mice (n=5) showed significantly lower glomerular
sclerosis (arrows) compared to WT mice (n=5) in response to Ang II/DOCA salt.
(K, L, M) Protein cast formation (arrows; 20X) demonstrates less damage in CHOP"
" mice (n=5) in response to Ang II/DOCA salt compared to treated WT mice (n=5).

There was no difference in glomerular score or protein cast formation between

CHOP™" sham (n=6) and WT sham (n=6). * indicates significantly different than the
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respective sham-operated controls; # indicates significant difference between the
CHOP™" Ang II/DOCA salt mice compared to WT Ang II/DOCA salt mice. Scale

bars= 50 um in (I) and 200 um (K).

FIGURE 6: Effect of CHOP deficiency on UPR, fibrosis, and inflammatory
gene expression. Heat maps demonstrate hierarchical clustering of (A) UPR, (B)
fibrotic, and (C) inflammatory genes. “WT” column represents fold changes in gene
expression with Ang II/DOCA salt treatment in wild type (WT; n=6) compared to
WT SHAM (n=3). “CHOP™ column represents fold changes in treated CHOP™"
mice (n=5) compared to CHOP” sham mice (n=3). Genes included in these heat
maps are those that were significantly regulated in WT Ang II/DOCA salt-treated
mice compared to WT sham at day 21. CHOP deficiency attenuated the
upregulation of important pathways underlying CKD. * indicates that Ang II/DOCA
salt CHOP™ is significantly different than corresponding sham in CHOP™ mice; #
indicates that the gene is regulated in the opposite direction in CHOP” Ang

[I/DOCA salt mice compared to WT Ang II/DOCA salt mice.

FIGURE 7: Effect of CHOP deficiency on the development of fibrosis. (A, B
and C) a-smooth muscle actin staining (arrows; 20X) is reduced with CHOP
deficiency. Extracellular matrix deposition was significantly increased by Ang
II/DOCA salt in wild type (WT) mice (n=5), but notin CHOP™" mice (n=5). * indicates
that the Ang II/DOCA salt is significantly different than corresponding sham; #
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indicates that the CHOP” mice are significantly different than WT mice. Scale

bars= 200 um in (A).

FIGURE 8: Effect of CHOP deficiency on the development of inflammation.
(A, B and C) F4/80 staining (arrows; 40X) demonstrates that macrophage
infiltration was significantly increased by Ang [I/DOCA salt in wild type (WT; n=4)
but not in CHOP” mice (n=5), compared to their corresponding sham controls
(n=4). * indicates that the Ang II/DOCA salt mice are significantly different than
corresponding sham; # indicates that the CHOP” mice are significantly different

than WT mice. Scale bars= 100 um in (A).

FIGURE 9: Similarities in pathology between human and murine chronic
kidney disease. This Ang II/DOCA salt mouse model of chronic kidney disease
(CKD) produces (A) protein cast formation, demonstrated by periodic acid-Schiff
staining, and (B) fibrosis, demonstrated by Masson’s trichrome staining, at a
comparable level to the kidney damage found in hypertensive nephrosclerotic
human patients. Human CKD patients (n=2) show an increase in medullary (C)
phosphorylated IRE1a. and (D) CHOP staining (arrows) compared to non-CKD

patients. Scale bars= 100 um in (A-D).
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FIGURE 4:
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Chapter 4

GRP78 heterozygosity imparts protection against Angiotensin
II/DOCA salt-induced CKD in the C57BL/6 mouse.

Summary and significance:

This article is focused on examining the effects of GRP78 heterozygosity on CKD
development in the Ang II/DOCA salt model. GRP78 is the key regulator of the
UPR and interacts with the three known UPR sensors PERK, IRE1a and ATF6.
GRP78 heterozygous mice were used in this study since total knockdown of
GRP78 has been shown to be embryonically lethal. GRP78 heterozygosity was
demonstrated to impart protection against proteinuria, albuminuria and protein
cast formation due to Ang II/DOCA salt treatment. GRP78 heterozygous mice
also exhibited significantly lower fibrosis and macrophage infiltration compared to
WT mice in the Ang II/DOCA salt model. This study is descriptive, however,
mRNA analysis using Nanostring showed an increase in Arginase 1, CD23 and
Foxp3 in GRP78 heterozygous mice undergoing Ang II/DOCA salt treatment
compared to WT mice. This finding points to a potential role for immune cells in
the development of pathology through their interaction with ER stress pathways,
however, further studies are required to fully elucidate the identity of the immune

cells involved and their role.
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Abstract

The unfolded protein response (UPR) is upregulated in experimental and human
renal diseases and its inhibition has been demonstrated to impede renal injury. In
this study we investigated the effect of modulating the ER resident chaperone,
GRP78, the main regulator of the UPR on chronic kidney disease (CKD)
development. GRP78 heterozygous mice on a C57BL/6 background were used in
a mouse model of CKD involving uninephrectomy, Angiotensin [I/DOCA
administration and high salt in the drinking water. GRP78*" mice developed
hypertension when subjected to this model, however, compared to wildtype mice
they had significantly lower wurinary protein excretion. Histology and
immunohistochemistry analysis showed a decrease in protein cast formation,
F4/80" macrophage infiltration and a-smooth muscle actin and collagen
deposition in the kidneys GRP78*" mice, compared to wildtype controls. RNA
analysis of whole kidney tissue showed comparable upregulation of key fibrotic
and inflammatory mediators in both WT and GRP78*" mice. These mediators
include TGF-B1, gremlin, extracellular matrix components, collagen Type1A and
3A, fibronectin1 and a-smooth muscle actin, metalloproteinases, MMP2, MMP 14
and MMP7, NF-xB, IP-10 and C1Q complement. The only genes found to be
regulated differently in GRP78*" mice were Foxp3, a marker of regulatory T cells,
Arginase 1, a marker for M2 macrophages and CD23, an IgE receptor expressed
on B cells, T cells, follicular dendritic cells, eosinophils and activated
macrophages. Therefore, our findings provide evidence that GRP78
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heterozygosity protects against CKD development through modulation of the

immune response.
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Introduction

Endoplasmic reticulum (ER) stress results from an imbalance between protein-
folding capacity and protein-folding demand in the ER and has been implicated in
the development of kidney disease in experimental models and in the human
population (8, 14). The aggregation of unfolded proteins in the ER activates the
unfolded protein response (UPR) to alleviate protein overload. Three main ER
signaling pathways mediate the UPR, PKR-like endoplasmic reticulum kinase
(PERK), inositol requiring-1 (IRE-1) a and activating transcription factor (ATF) 6
(10).

The 78-kDa glucose-regulated protein (GRP78), also known as BiP
(immunoglobulin heavy chain binding protein) or hspab, is a an ER resident
protein-folding chaperone and the master regulator of the UPR (32). During ER
stress, GRP78 dissociates from the three UPR mediators and assists in the
folding of newly synthesized polypeptides. This dissociation also activates the
production of more protein-folding chaperones through the ATF6 and IRE1a
pathways in an effort to ameliorate ER stress (32). Under conditions of severe ER
stress, IRE1a activation and the induction of CHOP, a pro-apoptotic transcription
factor, through the PERK arm of the UPR both stimulate apoptosis (28, 29).
IRE1a and PERK activation also result in NF-xB activation causing ER stress-
induced inflammation (21).

ER stress underlies a myriad of diseases including chronic kidney disease
(CKD) (8, 14), obesity (5), Type Il diabetes (4), rheumatoid arthritis (22) and

119



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

chronic obstructive pulmonary disease (24). Therefore, various attempts have
been made to investigate the precise role of the UPR in these diseases by
modulating GRP78 levels. The homozygous deletion of GRPP78 is embryonically
lethal, however, GRP78 heterozygous mice are viable and fertile (19) and have
been used in a number of studies to explore the effect of modifying the UPR by a
partial reduction of GRP78 (3, 35-37). For example, GRP78*" mice were shown
to be protected against high fat diet-induced obesity due to the activation of the
adaptive UPR characterized by higher levels of ER stress-induced chaperones
GRP94, protein disulfide isomerase (PDI), calnexin and calreticulin, compared to
WT mice (35). Similarly, our recent findings show that inhibition of bleomycin-
induced pulmonary fibrosis in GRP78"" mice was attributed to the upregulation of
CHORP in airway macrophages, thereby contributing to macrophage apoptosis (3).
Thus, GRP78 heterozygosity has a significant effect on UPR activation and can
be used to study the effect of UPR modulation on a variety of diseases where ER
stress is implicated in the development and progression of pathology.

In our previous study, we have shown an upregulation of GRP78 mRNA in
response to Angiotensin II/DOCA salt-induced CKD. The administration of 4-
phenylbutyrate, a low molecular weight chaperone used to inhibit ER stress, in
this model resulted in significantly lower GRP78 mRNA levels and attenuated
CKD. Therefore, the regulation of the UPR by GRP78 may influence key
processes involved in CKD development. In this study, we sought to elucidate the

effects of GRP78 heterozygosity on CKD development.
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Methods and Materials

Chronic kidney disease (CKD) mouse model

CKD was induced in C57BL/6 mice by combining uninephrectomy with
Angiotensin Il (Ang Il)/ deoxycorticosterone acetate (DOCA) infusion and high
salt in the drinking water, as reported by us previously (17, 38). Ten-week-old
male mice were subjected to a uninephrectomy under isofluorane anesthesia.
Upon recovery, 1.5 ng Ang Il (Sigma) per minute per gram body weight was
administered via osmotic pump along, while DOCA was provided with a 50 mg
21-day release pellet (Innovative Research of America, M-121). Mice were then
provided with 1% salt in drinking water. Age-matched GRP78"" mice were
obtained from a breeding colony held at the McMaster University Animal Facility
along with their Wildtype (WT) littermate controls. All animal work was performed
in accordance with and approved by the McMaster University Animal Research

Ethics Board.

Blood pressure measurements and urine analysis

Blood pressure measurements were obtained through the tail cuff method using a
CODA (Kent Scientific, Torrington, CT) blood pressure analyzer as examined
previously (38). Metabolic cages were used to collect 24-hour urine before the
surgical procedure and after 3 weeks following treatment with Angll/DOCA salt.
Urine samples were sent to an in-house laboratory to assess total 24h urinary

protein. ELISA was used to measure mouse urine albumin concentration
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(BETHYL Laboratories, Montgomery, TX).

Western blotting

Total cell lysates were obtained using 4X SDS lysis buffer containing the
protease inhibitor and phosphatase inhibitor cocktails (complete Mini; Roche;
Laval, Canada). Protein levels were determined using BioRad DC Protein Assay
(BioRad, Mississauga, Canada) for control of protein loading. Tissue lysates were
subjected to electrophoretic separation in an SDS-PAGE reducing gel (BioRad).
Primary antibodies were detected using appropriate horseradish peroxidase-
conjugated secondary antibodies and ECL Western Blotting Detection Reagents
(GE Healthcare, Mississauga, Canada), as described previously (7). GRP78
mouse Ab (BD Transduction Laboratories #610979) was diluted 1:1000 and B-
actin antibody (Sigma) was diluted 1:5000. Results were densitometrically
quantified using ImageLab software (BioRad) and expressed as a ratio of f-actin

loading control.

Immunohistochemistry and assessment of renal pathology

Renal tissue was fixed in 4% paraformaldehyde upon sacrificing the animal. The
tissue was then embedded in paraffin blocks and sectioned using a microtome.
For T cell staining, a polyclonal rabbit, anti-human CD3 antibody
(Dakocytomation) was used at a concentration of 0.6 g/L and a dilution of 1:100

in normal goat serum (Vector) at 1:20. The secondary antibody was an anti-rabbit
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IgG (H+L) from Vector BA-1000 biotinylated (1:500) in TBS. For macrophage
staining, a rat monoclonal antibody to F4/80 (abcam, ab6640) was used at a
dilution of 1:30 in normal rabbit serum at 1:20 and in combination with secondary
biotinylated anti-rat IgG (H+L) (Vector), mouse absorbed, affinity purified, made in
rabbit at a dilution of 1:500 in TBS. Sections were stained with horseradish
peroxidase Streptavidin (Vector SA-5004) in combination with Nova Red (Vector)
and Hematoxylin (Sigma) to visualize the stained cells. To evaluate renal
pathology, (Periodic Acid Schiff) PAS stain was performed to assess protein cast
formation and Picro-Sirius Red (PSR) and a-smooth muscle actin staining was
used to assess fibrosis. For PSR staining, kidney tissue sections were processed
with saturated picric acid solution and then stained with Sirius red F3B (Colour
Index 35782). Immunohistochemistry sections were imaged with a 20X objective
lens. Five random images from the cortex and the medulla per mouse were taken
to analyze the pathological features in renal tissue. PSR sections were analyzed
using an Olympus BX41 microscope. Polarized light microscopic images of PSR
staining were obtained using a U-POT polarizer and U-ANT analyzer (Olympus)
in transmitted light. The diaphragm and polarizer allowed the detection of
birefringence of collagen fibers. The Metamorph program was used to assess the
area density for PSR, a-smooth muscle actin and F4/80 staining. This method
involves setting a color threshold in the Metamorph program to express the area
density of the stain as a percentage of the image total area. The quantification of

PAS staining was performed in the same program by manually selecting the
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casts and then calculating the percentage area of casts per image and then per
mouse cortex or medulla. CD3 positive cells were quantified using the cell count

tool in Image J software (NIH).

RNA isolation and Nanostring Analysis

Total RNA was isolated from flash frozen mouse kidney tissue using the RNeasy
Mini Kit (Qiagen, Cat. No. 74104). RNA integrity was assessed using the Agilent
2100 bioanalyzer and Agilent RNA 6000 Nano reagents, Cat. No. 5067-1511
(Agilent Technologies, Mississauga, Canada). Only RNA with RIN>5 was used in
our nanostring analyses. The code set for Nanostring analysis was established
based on literature searches of pathways that are important in determining
therapeutic targets for the treatment of CKD. Nanostring data was normalized
against 4 housekeeping genes, IPO8, YWHAZ, GAPDH and RPLP2. P values
were corrected for multiple comparisons using the Benjamin-Hochberg procedure
in R programming language and heatmaps were produced using Java Treeview
software. Fold changes were log-transformed and Hierarchical gene clustering
was performed on heatmaps using Euclidean distance and complete linkage. On
the heatmaps, each column represents the response to the Angll/DOCA salt
model by WT or GRP78"" mice. Each box represents the fold change for a
particular gene in Angll/DOCA salt treated mice, compared to their respective
sham controls. Fold changes were logz-transformed. Down-regulation is denoted

by blue and up-regulation is denoted by red.
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Statistical Analysis

Data are shown as the meant standard error of the mean. Student’s T-test was
used to analyze difference between groups. Differences among multiple groups
were analyzed with analysis of variance followed by post-hoc Bonferroni tests in

Graphpad Prism 5.0. A p-value of <0.05 was considered significant.
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Results

GRP78 heterozygosity attenuates proteinuria and protein cast formation
but does not affect hypertension development in CKD.

GR78" mice showed a reduction of ~50% in GRP78 protein expression
compared to WT when treated with the Ang II/DOCA salt model (Figure 1A and
1B) This effect allowed us to study the impact of a 50% reduction in GRP78 in the
context of CKD. The Ang |I/DOCA salt model induced an increase in systolic and
diastolic blood pressure in both WT and GRP78"" mice (Figure 1C and 1D),
compared to sham-operated controls. GRP78 heterozygosity had no effect on
hypertension development due to Ang II/DOCA salt. Urine collected over a 24h
time period showed an increase in total protein and albumin with CKD
development in both WT and GRP78"" mice (Figure 1E and 1F). However,
GRP78 heterozygosity significantly attenuated proteinuria and albuminuria in
response to Ang II/DOCA salt. Next, we wanted to observe whether the decrease
in proteinuria also translated to decreased renal tubular damage. Therefore, PAS
staining was performed and the percentage of protein cast area density was
calculated. This showed an increase in protein casts formation in the cortex and
medulla of Ang [I/DOCA salt mice (Figure 2A-2D). Although both WT and
GRP78*" mice developed protein casts, GRP78"" mice had a significantly lower

area density of protein cast deposition.
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GRP78 heterozygosity decreases fibrosis and macrophage infiltration in
CKD.

The Ang II/DOCA salt model increases the deposition of both a-smooth muscle
actin (Figure 3A-3D) and collagen (Figure 3E-3H) in the cortex and medulla of
WT mice. Although GRP78*" mice also experienced some level of increase in
extracellular matrix (ECM) deposition due to Ang II/DOCA salt treatment, GRP78
heterozygosity significantly reduced fibrosis in CKD. Since macrophages have
been shown to play an important role in fibrosis in various diseased states (6,
25), we next assessed the area density of macrophage infiltration using F4/80
staining. Although both WT and GRP78" mice have increased F4/80"
macrophage infiltration, GRP78 heterozygosity significantly reduced the area
density of F4/80 positive staining in response to Ang II/DOCA salt treatment
(Figure 4A and 4C). To evaluate whether GRP78 heterozygosity resulted in
reduction in T cell infiltration in the CKD context, we performed CD3 staining. Our
results show comparable increased levels of average CD3+ T cell numbers in the

kidneys of WT and GRP78*" mice with CKD development (Figure 4B and 4D).

The effect of GRP78 heterozygosity on mRNA expression of fibrosis, UPR
and inflammatory genes

Nanostring gene expression analysis was performed to evaluate the pathways
underlying the protection of GRP78"" mice against proteinuria, protein cast

formation, fibrosis and macrophage infiltration in CKD. Overall, GRP78
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heterozygosity did not impact mRNA expression of genes important in fibrosis
such as ECM components including collagen type1a1 and 3a1, fibronectin (FN1)
and a-smooth muscle actin (acta 2) (Figure 5A). As well, there was comparable
activation of key regulators of renal fibrosis TGFB1, TGFp1-induced collagen
crosslinking enzyme, LOXL2, type | collagen folding chaperon, FKBP65, TGFj1
inhibitor, gremlin and matrix metalloproteinases MMP2, MMP7 and MMP14. Our
CKD model also caused the increase in ER stress genes, CHOP, phldal and
pro-apoptotic genes downstream of the UPR, Bcl2l111, BBC3 and Bak1. These
genes were regulated in both WT and GRP78"" mice. Similarly, GRP78"" mice
showed an increase in inflammatory gene expression with CKD development
comparable to WT mice (Figure 5B). NF-«xB and AP-1, pro-inflammatory
transcription factors known to be induced by ER stress were observed to
increase with Ang II/DOCA salt treatment. Our CKD model also resulted in an
increase in TLR2 and TLR4, pattern recognition receptors associated with innate
immune responses, as well as various cytokines and chemokines, IP-10, IL-6,
CCL20 and CXCRa3. Upregulation of macrophage markers Arginase 2, CD68 and
mannose receptor also indicated a role for macrophages in both WT and
GRP78"" groups in CKD renal pathology. Genes that showed a significantly
higher expression in the GRP78"" mice compared to their WT counterparts
included SREBP1-c (1.68-fold higher), Arginase 1 (9.86-fold higher) and CD23
(4.19-fold higher). GRP78"" mice with CKD induced by Ang II/DOCA salt also
showed a 2.85-fold higher level of T regulatory cell marker Foxp3 mRNA
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compared to WT mice, however, this difference was not statistically significant (p-

value=0.17).

Discussion

Various reports have defined an association between ER stress and the
development of progressive renal pathology in both animal and human CKD (8,
9, 14, 30). In addition to its role in protein folding and assembly, GRP78 interacts
with the three known UPR sensors PERK, IRE1a and ATF6 to repress UPR
activation (35). Therefore, GRP78 heterozygous mice on a C57BL/6 background
have been utilized to study the role of ER stress in diverse disease contexts (3,
16, 19, 35-37). A study by Kimura et al. investigated the role of ER stress in
chronic renal injury using C57BL/6 mice heterozygous for mutant-BiP (16). The
mutant-BiP mouse is deficient in the carboxyl-terminal-Lys-Asp-Glu-Leu (KDEL)
sequence that, under normal conditions, mediates the retrieval of BiP to the ER
after it is secreted from post-ER compartments. This mutation results in an
aberrant folding environment in the ER and can also affect quality control in post-
ER compartments (20). Mutant BiP is functional only as long as it remains in the
ER and this is dependent on ER retrieval of BiP via the KDEL receptor in the
golgi. Mice homozygous for mutant-BiP suffered from ER stress and died several
hours after birth due to impaired pulmonary surfactant biosynthesis and
respiratory failure (20). The heterozygous mutant-BiP mice studied in the context

of renal injury, however, showed significantly increased tubular-interstitial lesion

129



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

with aging compared to WT (16). The mutant-BiP mice also showed exacerbated
tubular damage and apoptosis in response to a CKD model consisting of a
uninephrectomy and protein overload. However, urinary protein excretion did not
differ between mutant-BiP mice and WT in response to protein overload (16).
Further, the authors reported that the pathological renal changes in response to
protein overload were strain dependent and were absent in the C57BL/6 mice,
which were used in their study (16). In our Ang II/DOCA salt model of CKD,
C57BL/6 mice experienced robust CKD responses that included features of
human CKD such as proteinuria, protein cast formation, inflammation and
fibrosis. Our findings show that GRP78 heterozygosity imparted a protection
against proteinuria, albuminuria and protein cast formation. GRP78 heterozygous
mice have been shown to exhibit modulated UPR activation (3, 35), whereas
mutations in BiP impair ER function (16, 20). Therefore, the effect that we
observed in our Ang II/DOCA salt model is influenced by both our model of CKD
and the use of GRP78 deficient mice rather than heterozygous mutant-BiP mice.
GRP78" mice on Ang II/DOCA salt also experienced significantly lower
fibrosis and macrophage infiltration compared to WT. These results are in
agreement with studies on mouse models of pulmonary fibrosis (3) and
rheumatoid arthritis (37) where GRP78 heterozygosity has been associated with
decreased fibrosis and inflammatory cell/macrophage infiltration. In a study by
Ayaub et al. (3), the decreased fibrosis in GRP78" mice in a model of

bleomycin-induced pulmonary fibrosis was shown to result from a higher level of
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CHOP and apoptosis in pro-fibrotic M2 macrophages found in the alveoli of
GRP78"" compared to WT. In the context of CKD, macrophages are involved in a
myriad of processes, renal inflammation, interstitial fibrosis and tissue remodeling
and resolving renal injury, that influence CKD progression (6, 25, 33). In animal
studies, depletion of macrophages using either liposomal clodronate or the
CD11b-DTR mouse resulted in decreased fibrosis in unilateral ureteral
obstruction as well as decreased proteinuria and improved renal function in
models of nephrotoxic nephritis (26). Although our study shows a decrease in
F4/80" macrophages with GRP78 heterozygosity in CKD indicating decreased
renal injury progression, we have yet to demonstrate that this occurs due to an
increase in CHOP-induced apoptosis as suggested by Ayaub ef al. (3) in a model
of pulmonary fibrosis.

Another future direction involves the identification of macrophage subsets
within GRP78 and WT mice in the Ang II/DOCA salt model. Numerous studies
show that macrophage polarization plays an important role in the progression of
several kidney diseases including obstructive nephropathy, ischemia-reperfusion
injury, glomerulonephritis and diabetic nephropathy (31). Our nanostring analysis
shows significantly higher levels of Arginase 1 in GRP78*" mice subjected to Ang
[I/DOCA salt compared to WT. Arginase 1 is cytosolic enzyme that is
constitutively expressed in the liver where it plays a role in nitrogen elimination by
catalyzing arginine hydrolysis to urea and ornithine (23). This enzyme is also

expressed in alternatively activated M2 macrophages, however, its expression is
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dependent on exogenous stimuli including Th2 cytokines IL-4 and IL-13 (23, 25).
Interestingly, CD23, which is significantly higher in GRP78"" mice on Ang
[I/DOCA salt compared to WT, is a Fc receptor specific for IgE that is also
reported to be a marker of activated M2 macrophages. CD23 is expressed on the
surface of macrophages and has been shown to regulate their cytokine
expression (27). However, CD23 is also expressed in T and B lymphocytes,
follicular dendritic cells, intestinal epithelial cells and bone marrow stromal cells
and imparts pleiotropic effects based on different stimuli (1).

Due to their small number within the lumen of proximal tubules, however,
macrophages are not considered the main cell type responsible for the clearance
of debris in the context of kidney disease. Nevertheless, F4/80" macrophages
have been shown to engulf debris coated with apoptosis inhibitor of macrophages
(AIM), a protein that is present at high levels in the blood and that accumulates
on intraluminal debris and enhances their clearance (2). Cell debris not only
contributes to cellular casts but also blocks tubular cell resorption and promotes
the precipitation of Tamm-Horsfall glycoprotein, the most abundant excreted
protein, to form hyaline casts. Under these conditions, serum proteins such as
albumin or immunoglobulin light chains are also prone to precipitate resulting in
granular casts (18). Therefore, the phagocytic function of macrophages could
play a role in regeneration following tissue injury. Whether macrophages are
involved in protecting GRP78*" mice against protein cast formation in the Ang

[I/DOCA salt model is a subject of future experiments.
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The increase in protein levels of UPR markers such as CHOP, ATF4, GADD34
and ATF6 and ER stress-induced chaperones PDI, calnexin and calreticulin in
GRP78"" mice compared to WT has also been demonstrated in a model of diet-
induced obesity (35). In this study, GRP78 heterozygosity was shown to promote
the adaptive UPR, i.e. it was shown to attenuate the translational block caused by
elF2a phosphorylation downstream of PERK and increased ER chaperone levels
to improve ER folding capacity. Since ER stress has been linked to obesity and
glucose tolerance, the ability to activate the adaptive UPR explained how GRP78
heterozygosity attenuated high fat diet-induced obesity and protected against
hyperinsulinemia, liver steatosis, white adipose tissue inflammation and
hyperglycemia (6). Our gene analysis, however, did not show any difference in
mMRNA levels of CHOP or other apoptotic genes induced by ER stress such as
Bak1, BBC3 or phlda1 between GRP78*" and WT mice on the Ang |I/DOCA salt
model. In fact, only three genes were significantly higher in the GPR78*" mice on
the model compared to WT, SREBP-1c, Arginase 1 and CD23. SREBP-1c is a
transcription factor involved in glucose utilization and fatty acid synthesis. Our
results are in agreement with experiments where GRP78 overexpression resulted
in the inhibition of SREBP-1c cleavage and the reduced expression of SREBP-1c
target genes (15).

Foxp3 is a transcription factor gene that induces a regulatory T cell (Treg

phenotype) and the depletion of Tregs has been shown to exacerbate renal
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disease in various animal models (13). In a model of adriamycin-induced
nephropathy, Foxp3-transduced T cells that showed a regulatory phenotype
protected against renal injury and resulted in lower urinary protein excretion, less
glomerulosclerosis, tubular damage and interstitial infiltrates (34). In db/db mice,
adoptive transfer of CD4+Foxp3+ T regs significantly improved insulin sensitivity
and diabetic nephropathy whereas Treg depletion enhanced insulin resistance,
albuminuria and glomerular hyperfiltration (11). ER stress has been shown to
drive a regulatory T cell phenotype in Foxp3+ human T reg clones by enhancing
IL-10 transcription (12). The modulation of the UPR using GRP78 heterozygosity
resulted in higher levels of Foxp3 mRNA in whole kidney tissue of GRP78*" mice
compared to WT. Therefore, GRP78 heterozygosity may impact Foxp3+ T reg
populations in the kidney and this could influence renal injury progression,
however additional experiments are required to explore this effect.

Collectively, our results show reduced renal injury in GRP78*" mice on the Ang
[I/DOCA salt model. Our gene expression analysis points to potential immune
pathways that could be underlying this effect. However, further analysis is
required to determine the precise mechanisms involved in protection against

CKD brought about by GRP78 heterozygosity.
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Figure Legends

Figure 1. Effect of GRP78 heterozygosity on the development of
hypertensive proteinuria. Wild type (WT) and GRP78" mice were
uninephrectomized and then chronic 1% NaCl was added to the drinking water
(Ang II/DOCA salt). WT and GRP78 sham-operated (SHAM) mice were utilized
as controls. (A, B) Western blotting and quantification (n=3 per group) showed a
~50% reduction in GRP78 in GRP78 heterozygous mice in response to our Ang
II/IDOCA salt model. GRP78"" mice (n=7) experienced a similar increase in
systolic (C) and (D) diastolic blood pressure as WT mice (n=6) in response to
Ang I[I/DOCA salt, compared to their respective SHAM controls (n=5-6).
Measurements of (E) total 24h protein and (F) albumin demonstrate significantly
higher urinary protein and albumin levels in WT and GRP78"" mice on Ang
[I/DOCA salt (n=5-6 per group), compared to their respective shams (n=3-4 for
total protein analysis and n=5-6 for total albumin analysis). GRP78"" mice,
however, showed lower urinary protein and albumin compared to WT. Error bars
are shown as mean + S.E.M. in (B-F). *indicates that the measurement is
significantly different in the Ang I[I/DOCA salt group compared to SHAM, while #

indicates significantly lower in GRP78*" mice compared to WT mice.

FIGURE 2: Effect of GRP78 heterozygosity on protein cast formation. The
percentage of protein cast formation in the (A, B) cortex and the (C, D) medulla is

increased with CKD development in both WT and GRP78*" mice compared to
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their respective sham-operated controls (n=5 per group). However, GRP78
heterozygosity significantly reduced protein cast formation in response to the
CKD mouse model. Error bars are shown as mean + S.E.M. in (B) and (D).
*indicates that the measurement is significantly different in CKD compared to
sham-operated mice while # indicates significantly lower in GRP78"" mice

compared to WT mice.

FIGURE 3: Effect of GRP78 heterozygosity on fibrosis. Alpha-smooth muscle
actin deposition is increased in the cortex (A, B) and medulla (C, D) of WT and
GRP78"" mice compared to sham-operated controls (n=5 per group for cortex
analysis and n=3-4 for medulla analysis). Collagen deposition is also increased in
the cortex (E, F) and medulla (G, H) of WT (n=5) and GRP78"" (n=6) mice
compared to sham-operated controls (n=4-5). GRP78 heterozygosity significantly
decreased o-smooth muscle actin and collagen deposition, indicating lower
fibrosis in a CKD mouse model. Error bars are shown as mean + S.E.M. in (B, D,
F and H). *indicates that the measurement is significantly different in CKD
compared to sham-operated mice while # indicates significantly lower in GRP78*"

mice compared to WT mice.

FIGURE 4: Effect of GRP78 heterozygosity on inflammatory cell infiltration.
Renal F4/80+ macrophages (A, C) and CD3+ T cell infiltration (B, D) is increased

in our CKD model in both WT and GRP78"" mice (n=4 per group for CD3"
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staining and n=5-6 per group for F4/70 staining) compared to sham-operated
controls (n=3-4). GRP78*" mice had similar T cell numbers but significantly lower
macrophage infiltration compared to WT mice with CKD development. Error bars
are shown as mean + S.E.M. in (C) and (D). *indicates that the measurement is
significantly different in CKD compared to sham-operated mice while # indicates

significantly lower in GRP78"" mice compared to WT mice.

FIGURE 5: Effect of GRP78 heterozygosity on mRNA expression of fibrosis,
UPR and inflammatory genes. Heatmaps showing hierarchical clustering of (A)
fibrosis and UPR and (B) inflammatory genes. Column 1 represents the fold
changes in gene expression between WT Ang II/DOCA salt (n=5) and WT SHAM
(n=5) whereas column 2 represents the fold changes in gene expression between
GRP78" Ang II/DOCA salt mice (n=5) and GRP78"" (n=4) sham-operated
controls. *indicates that the Ang II/DOCA salt treated group is significantly
different than corresponding SHAM whereas # indicates significantly higher in

GRP78"" Ang II/DOCA salt mice compared to WT Ang II/DOCA salt mice.
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FIGURE 1
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In this chapter, the major findings in preceding chapters of this thesis will be
discussed in the context of current literature. The significant findings of the studies
constituting Chapters 2-4 have been discussed in depth in each individual
chapter’s discussion. Therefore, the aim in this section is to summarize the key
findings in this thesis and elaborate on how they advance the field of nephrology

and their implications on future directions in the study of CKD.

Establishing a CKD mouse model

The manuscript in Chapter 2 involves the characterization of a CKD mouse model
comprising of a uninephrectomy combined with Ang Il and DOCA infusion via
subcutaneous implantation of an Ang Il containing osmotic mini pump and a DOCA
pellet respectively. Additionally, mice were provided with 1% NaCl in the drinking
water. Compared to other models described in Chapter 1 such as the SHR and the
Dahl salt sensitive rat, this model produces CKD in the C57BL/6 mouse. The
C57BL/6 mouse is a background strain for several genetic knockouts, however,
these mice are highly resistant to CKD development via Ang Il infusion alone
(Kirchhoff et al., 2008), albumin overload (Kato et al., 2008) and renal mass
reduction (ElI-Meanawy et al., 2012). Kirchhoff et al. first reported this model where
it resulted in significant focal and segmental glomerular sclerosis, proteinuria and
protein cast formation in Ang II/DOCA salt but not with isolated DOCA or Ang Il
treatment (Kirchhoff et al., 2008). In addition, Ang II/DOCA salt mice experienced

more pronounced increase in systolic blood pressure and cardiac and renal fibrosis

151



Ph.D. Thesis — Z. Mohammed-Ali McMaster University — Medical Sciences

than in mice treated with Ang Il or DOCA alone. The experiments discussed in
Chapter 2 extended the analysis performed by Kirchhoff et al. by showing an
increase in both systolic and diastolic blood pressure, lung damage indicative of
pulmonary edema as well as renal apoptosis and macrophage infiltration in
response to Ang [I/DOCA (Z Mohammed-Ali, 2015). The impact of gender on CKD
development was also explored and resulted in the finding that although they
developed some aspects of CKD, female mice were protected in this model (Z
Mohammed-Ali, 2015). This feature resembles what is observed in human CKD
where the male gender is associated with faster progression to ESRD (Eriksen &
Ingebretsen, 2006; Neugarten, Acharya, & Silbiger, 2000). Female mice on Ang
[I/DOCA salt had significantly lower proteinuria and albuminuria and their renal
histology showed lower protein cast formation, apoptosis and interstitial fibrosis
than male mice (Z Mohammed-Ali, 2015). Consequently, female mice were
eliminated from further experiments in this thesis to prevent gender from acting as
a confounding variable in our studies. Collectively, our data along with that
published by Kirchhoff et al., show that Ang II/DOCA salt model is applicable for

the study of both hypertensive CKD and CKD that arises from glomerular disease.

Why did we target ER stress to halt CKD progression?
Currently, the main therapeutic approaches to prevent CKD progression include
the control of blood pressure and reduction of proteinuria. At the frontline of this

strategy is RAAS blockade through the use of Angiotensin-converting enzyme
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(ACE) inhibitors and Ang |l receptor blockers (ARBs) (Stevens, Levin, & Kidney
Disease: Improving Global Outcomes Chronic Kidney Disease Guideline

Development Work Group, 2013).

Ang I, the main effector of RAAS, mediates hemodynamic processes that
include vasoconstriction, stimulation of aldosterone secretion and positive inotropic
effects resulting in water and salt retention and a rise in blood pressure as well as
cellular processes such as fibrosis and inflammation mediated by TGF- and NF-
kB respectively (Benigni, Cassis, & Remuzzi, 2010). The vasoconstrictor effect of
Ang |l also impacts glomerular arterioles where it causes an increase in glomerular
hydraulic pressure. This phenomenon leads to a reduction in glomerular barrier
selectivity to protein filtration, a feature of all chronic proteinuric renal disease
irrespective of their origin (Long, Price, Herrera-Acosta, & Johnson, 2004; Remuzzi
& Bertani, 1998). The increase in filtration of plasma proteins results in proteinuria
an important marker of CKD progression and GFR decline (Peterson et al., 1995;
Ruggenenti, Perna, Mosconi, Pisoni, & Remuzzi, 1998). Clinically, the degree of
proteinuria correlates with adverse outcomes and its reduction is associated with
improved renal function and the detection of proteinuria is a defining feature of
CKD onset (C. H. Chen et al., 2016; Lamb, MacKenzie, & Stevens, 2009).
Consequently, ACE inhibitors and ARBs have been used either separately or more
commonly as a combination and have shown success in the management of

hypertension and proteinuria (Jafar et al., 2003; Nakamura et al., 1999; Wolf & Ritz,
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2005; Yanagi et al., 2013). Recently, however, the benefit of the dual use of ARBs
and ACE inhibitors has been greatly questioned. Residual proteinuria occurs in
patients on these (Brenner et al., 2001; Eijkelkamp et al., 2007; Ruggenenti, Perna,
Remuzzi, & Investigators, 2003), which can impact long-term disease progression.
Dual therapy has also been associated with adverse side effects such as increased
risk of acute kidney injury and life-threatening hyperkalemia (de Zeeuw, 2013; Jafar
& Assam, 2015). Further, multiple clinical trials have shown that dual therapy does
not impart substantial improvement in cardiovascular or renal outcomes. In fact,
two large randomized controlled trials, the Aliskiren Trial in Type 2 diabetes using
cardiorenal endpoints (ALTITUDE) and the Veterans Affairs Nephropathy in
diabetes trial (VA NEPHRON-D), were terminated prematurely due to safety
concerns (Fried et al., 2013; Parving et al., 2009; Parving et al., 2012). Thus, there
is currently a significant need in the field of nephrology to identify therapeutic

targets for the treatment of CKD.

Accumulating evidence has demonstrated a role for ER stress in the
pathogenesis of kidney disease in association with proteinuria (Cybulsky, 2010; El
Karoui et al., 2016; Inagi, 2010). Downstream effects of the UPR pathways include
apoptosis, autophagy and inflammation and they can thus impact tubular and
glomerular pathophysiology. Indeed, an increase in BiP and CHOP expression has
been shown in human kidney biopsies of patients with FSGS, membranous

nephropathy and membranoproliferative as well as rapidly progressive
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glomerulonephritis (Bek et al., 2006; Markan et al., 2009). These studies implicate
a role for ER stress in CKD progression and validate the search for therapeutic

targets within UPR pathways.

The UPR, Inflammation and Fibrosis in CKD progression

Studies have demonstrated that ER stress inhibition results in the amelioration of
renal injury in various animal models (Dickhout & Krepinsky, 2009; Inagi, 2010).
However, the precise mechanisms involved in ER stress-induced renal injury in
terms of fibrosis and inflammation have yet to be fully elucidated. In Chapter 3, we
sought to establish temporal relationships between UPR activation, fibrosis and
inflammation by performing a time point analysis of our CKD mouse model.
Nanostring analysis was the method of choice for this aim as it allowed the
selection of genes that were either established markers of CKD progression or
being studied as therapeutic targets in renal disease. Our results showed a
significant increase in hypertensive proteinuria within one week of Ang [I/DOCA
salt treatment. The UPR was also upregulated at the 7-day mark indicating a role
for ER stress in the progression of pathology. Thus, Chapter 3 and Chapter 4
largely included experiments where components of the UPR were manipulated to
explore the impact of ER stress inhibition on CKD development. The output from
Nanostring analysis is highly applicable for future studies on molecular targets for
the treatment of CKD as it provides information about the timing and regulation of

certain key pathways during the course of the disease. In fact, the group that first
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published on the Ang II/DOCA salt model has also published work on potential
targets in hypertensive CKD development. This includes studies on IL-177, IL-
23p19” and CCR5™ mice, where IL17/IL23 deficiency was shown to worsen
albuminuria and glomerular injury whereas CCRS deficiency had no effect on
hypertensive-induced decline in renal function (C. Krebs et al., 2012; C. F. Krebs
et al., 2014). By using a gene code set based on literature searches of the current
pathways targeted for treatment of CKD, our time point analysis sets the foundation
for future work. Nanostring data could be directly used in several future projects by
focusing on genes that were upregulated early in response to Ang II/DOCA salt to
study their impact on CKD development. This strategy was carried out precisely in
Chapter 3 and Chapter 4 where we investigated the effect of CHOP deficiency and

GRP78 heterozygosity on Ang II/DOCA salt-induced CKD.

Treatment with 4-PBA resulted in diminished TGF-$ and canonical and non-
canonical Wnt signaling elements at the mRNA level (Chapter 3). Considering that
these pathways play a central role in renal fibrosis, it makes sense that renal
histology shows decreased a-smooth muscle actin and collagen deposition with 4-
PBA treatment. Similarly, 4-PBA lead to diminished levels of NFxB, AP-1, MCP-1
and TLRs—inflammatory mediators shown to play a role in inflammation in renal
disease, as well as F4/80" macrophage and CD3" T cell infiltration. Thus, 4-PBA
inhibited fibrosis and inflammation in response to Ang II/DOCA salt making it a
potential therapeutic in the treatment of CKD. These results are in agreement with
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previous experiments where 4-PBA was associated with decreased levels of NFxB
and MCP-1 and reduced fibrosis in animal models of diabetic nephropathy (Luo et
al., 2010; Qi et al., 2011). However, our analysis provides a comprehensive list of
the various potential inflammatory genes that are involved in the protective effect

of ER stress inhibition using 4-PBA.

CHORP is one of the UPR genes, which was upregulated after one week on Ang
[I/DOCA salt and was significantly decreased with 4-PBA treatment that conferred
renoprotection. Various experimental models of kidney disease have investigated
the role of CHOP. As indicated in Chapter 3, CHOP deficiency has been shown to
ameliorate fibrosis and reduce inflammation in UUO models and animal models of
AKI (Carlisle et al., 2014; B. L. Chen et al., 2015; Chiang et al., 2011; Zhang et al.,
2015). In the Ang II/DOCA salt model, CHOP deficient animals showed an overall
lower level of fibrosis and inflammatory gene regulation as well as decreased
macrophage infiltration and ECM deposition. Interestingly, applying the Ang
I/DOCA salt model to GRP78"" mice also resulted in decreased fibrosis and
macrophage infiltration. The GRP78"" mice also showed significantly lower
albuminuria and protein cast formation and thus GRP78 heterozygosity had
ameliorated CKD induced by Ang II/DOCA salt. In Chapter 4, this finding was
discussed from the perspective of a study by Ayaub et al., which showed that

GRP78*" mice were protected in a model of bleomycin-induced pulmonary fibrosis
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due to increased CHOP-induced apoptosis in M2 macrophages (Ayaub et al.,

2016). The decrease in fibrosis was attributed to lower M2 macrophage numbers.

Our work builds on studies by Harrison, Mattson and Remuzzi that compiled
evidence implicating a role for T cells and macrophages in the development of
hypertensive kidney disease in several animal models (Benigni et al., 2010;
Harrison, 2014; Mattson, 2014). Gene expression data from our Nanostring
analysis could therefore be used to further study the various immune cell subsets

that are involved in the pathogenesis of CKD.

ER stress inhibition and proteinuria

Chapter 3 demonstrated that inhibiting ER stress using 4-PBA attenuated
hypertension, albuminuria and protein cast formation. CHOP deficiency, however,
significantly lowered albuminuria and protein cast formation without affecting the
development of hypertension due to Ang II/DOCA salt treatment. This finding
shows that ER stress inhibition can protect the kidney against proteinuric damage
regardless of its effect on hypertension in experimental CKD. The blood pressure
lowering effect of 4-PBA has also been observed in the SHR model. In a recent
study published by our laboratory, 4-PBA restored vasodilatory responses in SHR
resistant vessels and reduced the the media-to-lumen ratio in maximally relaxed
renal arcuate arteries and mesenteric vessels (Carlisle et al., 2016). However, an

added control for the blood pressure lowering effect of 4-PBA in response to Ang
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[I/DOCA salt seen in Chapter 3 can include the use of Hydralazine. Hydralazine is
a blood pressure-lowering drug that exerts its hypotensive effect by direct
relaxation of arteriolar smooth muscle and can be administered in the drinking
water in animal studies (Hartono, Knudsen, Lerman, Textor, & Grande, 2014;
Jacobs, 1984; Leelahavanichkul et al., 2010). Interestingly, experiments using a
diabetic db/db mouse model (Hartono et al., 2014) and a model of renal mass
reduction (Leelahavanichkul et al., 2010) showed that while hydralazine was able
to significantly lower blood pressure comparable to treatment with ARBSs, it had no
effect on urinary protein excretion. Therefore, theoretically, if hydralazine was given
to mice on the Ang II/DOCA salt model, one would expect reduced hypertension
but unchanged proteinuria and thus a different outcome than with 4-PBA treatment.
Such an experiment would further establish the protective effect of 4-PBA as a
result of its ER stress inhibiting property (i.e. its actions as a small molecular weight

chaperone) as opposed to being attributed to its blood pressure lowering effect.

In the experiments in Chapter 3, 4-PBA is shown to upregulate cubilin, a
peripheral membrane protein expressed on the apical plasma membrane of renal
proximal tubule cells that is responsible for the reabsorption of proteins (Verroust
& Christensen, 2002). We speculate that during Ang II/DOCA salt-induced CKD,
the hyperfiltration of proteins results in an increased demand for cubilin thereby
causing ER stress. As a chaperone molecule, 4-PBA is able to aid in protein folding

in the ER thus alleviating ER stress. This may have made more cubilin available
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for reabsorption of filtered proteins such as albumin. The question then arises as
to whether this is the mechanism by which 4-PBA attenuates albuminuria in our
model. Based on glomerular scoring, we show in Chapter 3 that 4-PBA treatment
also results in decreased glomerulosclerosis in response to Ang II/DOCA salt.
Therefore, although we have shown that 4-PBA acts to increase cubilin, the
decrease in urinary albumin excretion could also be attributed to the preservation
of glomerular structure in 4-PBA treated animals. Interestingly, an in vitro study by
Liu et al. on human embryonic kidney 293 cells that stably express either wild type
or missense nephrin mutants retained in the ER showed that treatment with 4-PBA
rescued some of the nephrin mutants to the cell surface where they were able to
function in the same manner as wild type (Liu et al., 2004). This data suggests that
4-PBA may be improving urinary albumin excretion by alleviating ER stress in both
glomerular and tubular cells; however, further experiments are required to
determine the relative contribution of glomerular and tubular effects in reducing

albuminuria.

ER stress inhibition through CHOP deficiency, however, resulted in an increase
in nephrin mMRNA and protein levels in the kidney demonstrating a direct link
between ER stress inhibition and maintenance of glomerular integrity. These
results are built on previous work by Cybulsky et al. which established that nephrin
had a short open reading frame similar to ATF4 and was preferentially translated

during global translation attenuation induced by elF2a phosphorylation during ER
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stress (Cybulsky, Takano, Papillon, & Bijian, 2005). The recovery of protein
translation occurs through the activation of GADD34 by CHOP upregulation under
ER stress conditions (Marciniak et al., 2004). CHOP deficient mice have lower
GADD34 activity thus prolonging the global translation attenuation phase thereby
allowing the translation of more proteins with short open reading frames such as
nephrin leading to the preservation of glomerular structure. To further galvanise
this theory, in vitro experiments could be performed using a similar setup as
Cybulsky et al. where COS cells were used since cultured glomerular epithelial
cells do not typically express nephrin. This group showed an increase in elF2a
phosphorylation in an in vitro model of anoxia/recovery (Cybulsky et al., 2005).
Transfection with a DNA construct containing a CMV promoter linked to a GFP
reporter and the 391-nucleotide fragment of nephrin 5'-flanking region from the
nephrin transcription start site to the initiation ATG codon lead to an increase in
GRP expression during anoxia/recovery meaning that nephrin was preferentially
translated during elF2a phosphorylation (Cybulsky et al., 2005). To validate the
increase in nephrin in CHOP™ mice with CKD, mouse embryonic fibroblasts from
CHOP™ mice could be transfected with the DNA constructs and then treated with
ER stress-inducing agents TM and/or TG (both discussed in Chapter 1). Another
interesting experiment would involve the use of GSK2606414, a selective PERK
inhibitor, or Salbubrinal, a phosphatase inhibitor of elF2a activation (both described
in Chapter 1), to inhibit the molecular steps upstream of CHOP. These

pharmacological interventions could be administered to mice undergoing CKD
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through the Ang [I/DOCA salt model to investigate their impact on CKD
development by preserving glomerular integrity. However, preliminary in vitro
experiments would be required first to assess the efficacy of these drugs in CHOP

inhibition.

Summary and concluding thoughts

The research presented in Chapters 2-4 has included: 1) a characterization of a
CKD mouse model in the C57BL/6 mouse, 2) a time point analysis demonstrating
the genes regulated during CKD progression in this model, 3) A pharmacological
intervention using 4-PBA and 4) Genetic manipulation of UPR genes, CHOP and

GRP78 to investigate the effect of UPR modulation on CKD development.

The model of CKD characterized in Chapter 2 of this thesis is highly applicable
to basic science research in nephrology. Primarily, the induction of CKD by Ang
lI/DOCA showed key features of human CKD such as proteinuria,
glomeruloscleoris, fibrosis, inflammation and apoptosis. Moreover, the increased
RAAS activity observed in the kidneys of CKD patients makes this model
increasingly clinically relevant. Establishing this model in the C57BL/6 mouse, a
background strain for many genetic knockouts that is generally resistant to CKD
induction by renal mass reduction or albumin overload widens the scope of its
application to different studies. Next, in Chapter 3, regulation of UPR, inflammation

and fibrosis genes was studied in the context of CKD progression. The UPR was
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shown to be regulated early in Ang [I/DOCA salt induced CKD. Thus, the UPR was
modulated pharmacologically using 4-PBA (Chapter 3) and genetically using
CHOP™ mice (Chapter 3) and GRP78"" mice (Chapter 4). Treatment with 4-PBA
and CHOP deficiency resulted in attenuated disease that was associated with the
effects of ER stress inhibition on maintaining glomerular structure and tubular
reabsorption of hyperfiltered albumin. GRP78 heterozygosity also resulted in
protection from proteinuria, albuminuria and protein cast formation. The decrease
in macrophages observed in GRP78"" mice treated with Ang II/DOCA salt is a
future avenue to explore the mechanism behind the renoprotection imparted by

GRP78 heterozygosity.

Overall, this project has established CHOP as a potential therapeutic target and
provided data on its action on the glomerular compartment. The therapeutic
benefits of 4-PBA, an FDA-approved drug already prescribed to treat urea cycle
disorders was also demonstrated. The value of the experiments in this thesis lies
in the foundation they have assembled for future work on the treatment of

hypertensive, proteinuric CKD.
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