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ABSTRACT 

Pea protein hydrolysate (PPH) has antihypertensive effects and prostanoids 

have been implicated in renal diseases.  To investigate the role of PPH and 

prostanoids on renal and cardiovascular effects in cardio-renal disease, normal 

and diseased Han:SPRD-cy rats were given diets containing either 0, 0.5% or 

1% PPH for 8 weeks.  At termination, diseased rat kidneys displayed increased 

renal cyst growth, fibrosis, plasma creatinine and lower monocyte 

chemoattractant protein-1.  Diseased rats also exhibited left ventricular (LV) 

hypertrophy, elevated systolic and diastolic blood pressures and LV end diastolic 

and systolic pressures.  Four of five prostanoids were elevated in diseased rat 

kidneys. PPH attenuated systolic blood pressure, but not other components of 

the cardio-renal syndrome.  PPH also increased select prostanoids in normal and 

diseased rats. Thus, dietary PPH attenuates hypertension in the Han:SPRD-cy 

rat, but does not ameliorate other components of disease, possibly due to 

increased prostanoid effects or an insufficient treatment length. 
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1. Introduction and rationale for thesis research          

1.1. Literature review   

1.1.1. Chronic kidney disease 

1.1.1.1. Prevalence, definition and classification  

End stage renal disease (ESRD) and its precursor chronic kidney disease 

(CKD) are widely acknowledged as a public health concern with a prevalence 

that continues to rise. According to a recent Canadian Institute for Health 

Information (CIHI) report [CIHI, 2010], an average of 15 people per day are told 

that their kidneys have failed and an estimated 2.6 million Canadians are at risk 

for, or have CKD. The National Health and Nutrition Examination Survey 

(NHANES) III estimates the prevalence of CKD in the US adult population is 

approximately 26 million adults [Coresh et al., 2007; USRDS, 2010]. The 

approximate cost to provide dialysis for one patient is $77,000 per year [USRDS, 

2010; Ploth et al., 2003] and the cost of treating ESRD exceeds $17 billion 

annually in the US alone [Collins et al., 2008].  

In 2002, the National Kidney Foundation (NKF) published 15 clinical 

guidelines on CKD. The purpose of these guidelines were to: 1) define CKD and 

classify the stages of CKD irrespective of the underlying cause; 2) evaluate 

laboratory measurements for the clinical assessment of kidney disease; 3) 

associate the level of kidney function with complications of CKD; 4) provide 

stratification of the risk for loss of kidney function and the development of 

cardiovascular disease. CKD is defined according to the presence or absence of 

kidney damage and decreased level of kidney function. The NKF uses the 
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following criteria to establish the presence of CKD [NKF, 2002]: 1) kidney 

damage for ≥ 3 months, as defined as structural or functional abnormalities 

(including pathological abnormalities or markers of kidney damage), with or 

without a decrease in glomerular filtration rate (GFR); 2) GFR <60 mL/min/1.73 

m² for ≥3 months, with or without kidney damage. The two leading causes of 

CKD are diabetes and hypertension [CIHI, 2010].  Other risk factors include a 

family history of CKD, age (increased risk above 60 years), gender, race, urinary 

tract disorders, some autoimmune diseases (ie. lupus), cardiovascular disease 

(including heart disease, stroke and peripheral vascular disease), and excessive 

use of known toxins (ie. non-steroidal anti-inflammatory medications) [NKF, 

2002].  

The NKF classified CKD into five stages based on an individual’s GFR as 

follows [NKF, 2002]: stage 1 is kidney damage with normal or increased GFR 

(≥90 mL/min/1.73 m²); stage 2 is kidney damage with a mild decrease in GFR 

(60-89 mL/min/1.73 m²); stage 3 is moderate decrease in GFR (30-59 

mL/min/1.73 m²); stage 4 is severe decrease in GFR (15-29 mL/min/1.73 m²); 

stage 5 is kidney failure (GFR <15 mL/min/1.73 m²) requiring renal replacement 

therapy. Based on CKD stage, 3.2% of the US population have stage 1 CKD, 

4.1% have stage 2 CKD, 7.8% have stage 3 CKD and 0.5% of the population 

have stage 4-5 CKD [USRDS, 2010] (Table 1). 

1.1.1.2. Disease assessment 

GFR remains the most useful measurement in the assessment of renal function 

and classification of CKD.  The estimated GFR (eGFR) derived by the 
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Modification of Diet in Renal Disease (MDRD) equation has become the standard 

to assess kidney function in adults with stable CKD stage 3 or worse (i.e. <60 

ml/min/1.73m2) [NKF, 2002]. 

MDRD Equation: GFR = 1.86 x (serum creatinine in mg/dl)-1.154 x age-0.203 x 

(0.742 if female) x (1.21 if African American) 

This equation is important in a patient’s health as it may be used to identify renal 

disease and evaluate the effectiveness of therapies. Early detection is essential 

for the management of risk factors for disease progression and to delay or 

attenuate adverse outcomes [Hemmelgarn et al., 2010].  

Healthy individuals excrete very small amounts of protein in their urine. 

Persistent proteinuria usually suggests the presence of kidney damage and the 

type of protein detected can be indicative of the type of CKD that is present 

[NKF, 2002]. For patients who are not specifically at risk of CKD, a protein 

dipstick test is satisfactory and a value of < 30 mg/dL is considered normal. For 

patients at risk for CKD, it is recommended to complete an albuminuria dipstick 

test. If ≥3 mg/dL of albumin is found, it is recommended to complete an albumin 

to creatinine ratio to determine the extent of possible renal damage [Levey et al., 

2003]. When used in combination with eGFR, proteinuria is an established 

predictor of CKD progression [Taal and Brenner, 2008]. Other biomarkers have 

been discovered but are not relevant in this context as they are not ready for 

clinical use [Fasset et al., 2011]. 



Table 1. Classification of chronic kidney disease.  

Stage  Description Glomerular Filtration 

Rate (mL/min/1.73 m²) 

Amount of kidney 

function remaining at 

each stage 

Prevalence (%) 

of each stagea 

1 
Kidney damage with 

normal or elevated GFR 
≥90 More than 90% 3.2 

2 
Kidney damage with mildly 

decreased GFR 
60-89 60-89% 4.1 

3 
Moderate kidney damage 

with decreased GFR 
30-59 30-59% 7.8 

4 
Severe kidney damage 

with decreased GFR 
15-29 15-29% 

 

0.5 

5 
Kidney disease requiring 

renal replacement therapy 
<15 15% 

 

Note. Adapted from National Kidney Foundation, 2002 and United States Renal Data System, 2010. 
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1.1.1.3. Polycystic kidney disease 

 One type of CKD, polycystic kidney disease, encompasses a number of 

renal cyst disorders that are primarily genetically determined with the most 

common of them being autosomal dominant polycystic kidney disease (ADPKD). 

ADPKD is characterized by progressive development and enlargement of 

bilateral renal cysts that ultimately lead to ESRD [Harris and Torres, 2009]. 

Hypertension is commonly associated with ADPKD, develops in more than 60% 

of patients and typically precedes loss of renal function.  Hypertension in this 

population is associated with abnormal thickening of the left ventricular wall. This 

left ventricular hypertrophy is a risk factor for cardiovascular complications which 

remain the most common cause of death in ADPKD patients [Grantham et al., 

2004; Grantham, 2008; Kelleher et al., 2004].  

1.1.1.4. Pathology and pathophysiology of renal disease 

In time, regular chronological aging will result in decreased nephron size 

secondary to glomerular and renal tubular hypertrophy and increased sclerotic 

glomeruli by the third to fourth decade of life. The result of this increased 

glomerular density is associated with decreased GFR, increased albumin 

excretion and increased blood pressure [Glassock, 2011].  

In renal disease states, the initial cause of injury will differ depending upon 

disease type but the renal fibrosis that occurs remains the common histological 

feature. The progression to ESRD depends on complex renal pathology leading 

to fibrosis and can be affected by several factors [El Nahas, 2005]. Glomerular 

and tubulointersitial inflammation are known to precede glomerulosclerosis and 
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tubulointerstitial fibrosis. Glomerular hypertrophy, hyperfiltration and proteinuria 

are also known to occur [Remuzzi et al., 1997; Klahr, 2001].  This process 

involves the activation of glomerular and tubular cells leading to the release of 

cytokines, proinflammatory chemokines and growth factors. Their presence 

initiates the recruitment of inflammatory cells and natural killer cells which 

interact with renal epithelial cells, mesangial cells and myofibroblasts, which 

leads to their activation and enables them to proliferate, transform and 

synthesize excessive extracellular matrix [El Nahas, 2005]. The impairment of 

glomerular and tubular function directly correlates with these histological changes 

[Klahr, 2001]. 

1.1.1.5. Monocyte chemoattractant protein-1 and its involvement in 

inflammation and early stages of renal fibrosis 

There are three major families of chemokines based on the differences in 

their structure and function. Monocyte chemoattractant protein-1 (MCP-1) 

belongs to the largest subfamily of chemokines known as the CC chemokines 

[Charo and Taubman, 2004]. MCP-1 is secreted by various non-leukocytic cells, 

including endothelial cells, vascular smooth muscle cells and intrinsic renal cells 

(including mesangial cells and tubular epithelial cells) [Wada et al., 2004]. 

Through interaction with its receptor, CCR2, it acts to mediate the chemotaxis of 

monocytes and macrophages to inflammatory sites. It is hypothesized that in 

addition to being expressed by intrinsic renal cells, macrophages are also able to 

produce MCP-1 when activated. Therefore, an amplification loop of cytokine 

production in monocytes, macrophages and mesangial cells is suggested 



 

7 

 

[Shimizu et al., 2003]. The MCP-1/CCR2 axis appears to be involved in the early 

stages of renal fibrosis for its contribution to inflammation and hyperproliferation 

[Charo and Taubman, 2004; Daly and Rollins, 2003]. MCP-1 has been implicated 

in the pathogenesis of several renal diseases including diabetic nephropathy, 

crescentric glomerulonephritis and ADPKD [Cowley et al., 2001; Tarabra et al., 

2009; Wada et al., 2000]. Strategies for blocking the MCP-1/CCR2 axis may be 

effective in preventing macrophage-induced tissue damage [Segerer et al., 

2000]. In fact, inhibition of CCR2 in an animal model reduced the degree of 

macrophage infiltration and the extent of fibrosis, as well as decreasing 

transforming growth factor-β expression and MCP-1 [Kitawaga et al., 2004]. Anti-

MCP-1 animal models have also demonstrated decreased fibrotic damage 

caused specifically by the presence of proteinuria [Shimizu et al., 2003]. Recent 

findings in a Han:SPRD-cy rat showed lower unbound MCP-1 in diseased renal 

tissues and the authors suggest that this is due to a site specific activation of the 

MCP-1/CCR2 axis [Aukema et al., 2011]. MCP-1 is a suitable pro-inflammatory 

marker and is useful in determining the presence and degree of disease 

pathology [Lepines et al., 2011; Wada et al., 2000]. 

1.2. Chronic kidney disease and cardiovascular consequences 

1.2.1. The renin-angiotensin system as it relates to hypertension and 

disease pathology 

Patients with CKD often have an activated renin-angiotensin system (RAS), 

which mediates blood volume regulation and systemic vascular resistance, by 

influencing cardiac output and arterial pressure [Johnston and Burrell, 1995]. The 
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RAS operates at both the systemic and circulatory level, as well as at a local 

tissue level, thereby having a key role in maintaining cardiovascular function by 

regulating blood pressure and homeostasis [Lambert et al., 2010]. 

In this system, liver-derived angiotensinogen is converted to angiotensin I 

(Ang I) by renin which is released by the kidneys in response to hypotension, 

decreased sodium levels, or sympathetic stimulation [Johnston and Burrell, 

1995].  Renin and its precursor, prorenin, are released primarily from the 

juxtaglomerular cells in the glomerular afferent arterioles. Since circulating 

angiotensinogen is abundant, renin activity is the rate limiting factor for the 

formation of Ang I in systemic circulation [Nishiyama and Kim-Mitsuyama, 2010; 

Ichihara et al., 2004]. Vascular endothelium, particularly in the lungs, contributes 

angiotensin converting enzyme (ACE) which converts Ang I to angiotensin II 

(Ang I). Ang II causes vasoconstriction, sodium retention and remodelling of the 

blood vessels and heart. An increase in RAS activity ultimately leads to systemic 

hypertension. ACE is also important for the degradation of bradykinin, a 

vasodilator. Ang II is present in high concentrations in renal interstitial fluid which 

contributes to the high Ang II levels in the kidney [Johnston and Burrell, 1995].   

There are two major categories of G protein-coupled receptors for Ang II to 

bind to: Ang II receptor type one (AT1 receptor) and Ang II receptor type two (AT2 

receptor). Most of Ang II’s hypertensive actions are generally attributed to the 

AT1 receptor and it is widely expressed in adult tissues including blood vessels, 

heart, kidney, adrenal glands, liver, brain and lungs. Binding of Ang II to the AT1 

receptor triggers pathways that regulate vascular tone and cellular proliferation 
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and migration. It also has been shown to influence pressor and tachycardic 

responses and the mitogenic effects of Ang II in tumor cells. Although AT2 

receptor expression rapidly declines after birth, AT2 receptor expression has 

been detected in adult tissues such as the uterus, ovary, certain brain nuclei, 

heart and in the kidney. [Kim and Iwao, 2011; Nishiyama and Kim-Mitsuyama, 

2010; Lambert et al., 2010; Miyata et al., 1999]. AT2 receptors functions are not 

as well characterized; however, a recent report determined that both AT1 and AT2 

receptors are essential for both proliferation and migration of cells [Louis et al., 

2011].  

In cardiovascular and renal cells, Ang II directly causes cell growth and 

regulates the expression of genes for several bioactive substances such as 

growth factors, extracellular matrix components and cytokines.  Ang II is also 

capable of activating multiple intracellular signalling cascades for various 

transcription factors, tyrosine kinases and mitogen-activated protein kinases. Ang 

II specifically causes the release of arachidonic acid (AA) from phospholipids by 

stimulating phospholipase A2. The free AA could potentially be acted upon by the 

cyclooxygenase (COX) pathway that is responsible for the production of 

eicosanoids which will be discussed further in subsequent sections. Ang II also 

stimulates superoxide production in vascular smooth muscle cells which interacts 

with AA metabolites to from vasoconstrictor cytokines [Ichihara et al., 2004; Kim 

and Iwao, 2011]. In fact, clinical studies on ACE inhibitors suggest that Ang II 

may play a role in not only hypertension but in the pathophysiology of cardiac 

hypertrophy and cardiac remodelling, heart failure, vascular thickening 
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atherosclerosis and glomerulosclerosis in humans, independent of its blood 

pressure elevating effects [Kim and Iwao, 2011].  

Hypertension plays a dual role as both a cause and complication of CKD 

and is therefore a risk factor for faster progression of renal injury. Systolic blood 

pressure (SBP) refers to the force against the walls of the arteries when the heart 

contracts. In healthy individuals approximately 120 mmHg is a normal systolic 

pressure. Diastolic blood pressure (DBP) refers to the force against the walls of 

the arteries between heart contractions and generally 70 to 80 mmHg is 

considered normal in health individuals. Mean arterial pressure (MAP) is the 

effective blood pressure that drives the blood to the peripheral regions in the 

body and can be derived by calculations involving diastolic and systolic 

pressures [Marieb, 2002]. Left ventricular (LV) end diastolic pressure (LVEDP) 

immediately precedes the beginning of isovolumetric contraction in the LV 

pressure pulse and can be related both acutely and chronically to clinical 

conditions that affect ventricular contraction as they are dependent on ventricular 

filling pressure [Mielniczuk et al., 2007; Zile and Brutsaert, 2002]. Therapeutic 

manipulation of the RAS is very important in the treatment of hypertension and 

heart failure. According to the National Kidney Foundation Clinical Practice 

Guidelines [NKF, 2002], the target blood pressure for these individuals should be 

less than 130/80 mmHg.   

1.2.2. Left ventricular hypertrophy 

The increased resistance against the vessel walls from hypertension will 

cause hypertrophy of the vessels and heart and deterioration of function leading 
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to heart failure. For this reason, individuals with CKD are in the highest risk group 

for cardiovascular (CV) disorders. In fact, many individuals with CKD will 

succumb to events related to CV disease before they reach ESRD [Keith et al., 

2004; Perazella and Khan, 2006]. Pathological left ventricular hypertrophy (LVH) 

is characterized not only by an increase in myocyte size but also by myocyte 

gene programming.  When the heart is exposed to hypertrophic stimuli, such as 

hemodynamic overload, an increased accumulation of extracellular matrix 

proteins such as fibronectin and collagen occurs within the interstitium and 

around the blood vessels within the heart.  Ang II has been shown to be involved 

in all of these processes of pathological cardiac hypertrophy leading to cardiac 

dysfunction [Kim and Iwao, 2011]. 

CKD patients are faced with both volume and pressure overload stress. In 

conjunction with secondary hyperparathyroidism, RAS activation and anemia, it 

can contribute to the development of maladaptive LVH. Anemia and retention of 

sodium and water secondary to decreased renal function are responsible for 

volume overload. Volume overload is the result of the heart’s attempt to adapt to 

the reduced oxygen delivery that occurs with anemia. This increased effort, in 

turn, increases left ventricular mass. Secondary hyperparathyroidism often 

occurs in CKD and causes decreased vitamin D synthesis in the kidney leading 

to hypocalcemia and hyperphosphatemia. These changes are not only 

associated with bone loss but cardiovascular complications such as vascular 

calcification and LVH and cardiovascular events such as myocardial infarction 

and congestive heart failure. LVH remains the strongest independent predictor of 
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cardiovascular mortality in the CKD patient population [Taddei et al., 2011]. 

Blockage of the RAS and effective blood pressure control have been suggested 

to cause regression of LVH [Ulusoy et al., 2010]. 

1.2.3. COX-derived Prostanoids 

In addition to increased RAS activation, CKD is also associated with an 

inflammatory response and oxidative stress in the body. Oxidative injury leads to 

a toxic accumulation of free radicals and oxidant molecules which lead to renal 

damage [Wiswedel et al., 2005]. Eicosanoids are 20 carbon fatty acid 

metabolites that are generated from AA by three main enzymatic pathways: 

COX, lipoxygenase, and cytochrome P450. Our focus is on the major biological 

eicosanoids generated from the COX pathway: prostanoids. Phospholipase A2 

releases AA from the cellular phospholipids. COX enzymes initiate the first 

conversion of free AA into the common intermediate prostaglandin (PG), PGH2. 

The second enzymatic reaction relies on PG and thromboxane (TX) synthases to 

convert the unstable PGH2 into 5 more stable biologically active prostanoids: 

PGE2, prostacyclin (PGI2), PGD2, PGF2α, and TXA2. TXA2 and PGI2 are rapidly 

hydrolysed to their inactive forms TXB2 and 6-keto-PGF1α, respectively. The AA 

metabolite formed is influenced by species, hormone levels, disease states, cell 

types, and diet [Imig, 2006; Hao and Breyer, 2007; Claria and Arroyo, 2003] 

(Figure 1). 



Figure 1. Metabolism of arachidonic acid (AA) via the cyclooxygenase (COX) pathway. Adapted from Hao and 

Breyer, 2008. COX enzymes initiate the first conversion of free AA into the common intermediate prostaglandin (PG), 

PGH2. PG and thromboxane (TX) synthases act to convert the unstable PGH2 into one of the 5 more stable 

prostanoids: PGE2, PGI2, PGD2, PGF2α and TXA2. Each prostanoid acts on a specific receptor (EP1-4, IP, DP, FP and 

TP) to exert their biological functions. Dotted arrows demonstrate that PGI2 and TXA2 are rapidly hydrolysed to their 

inactive forms, 6-keto-PGF1α and TXB2. 
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1.2.3.1. COX isoforms 

Two COX isoforms exist and are appropriately named COX-1 and COX-2. 

COX-1 is expressed in normal tissues and appears to serve general house-

keeping roles such as cytoprotection and control of platelet aggregation. COX-2 

is commonly referred to as the inducible COX, as it is induced by 

proinflammatory mediators and mitogens in the setting of inflammation, injury 

and pain. COX-2 is therefore assumed to play a role in pathophysiologic 

processes; however, recent findings also suggest house-keeping roles for COX-2 

as well [Sellers et al., 2010; Cheng et al., 2002]. In the normal rat kidney, there is 

very little detectable COX-1 activity and most of the potential COX activity is 

produced from COX-2 [Warford-Woolgar et al., 2006]. The distribution of COX 

enzymes is not homogenous throughout the kidney. High levels of COX-1 are 

found in the connecting tubule and cortical collecting duct and low levels are 

found in interstitial cells, glomerular mesangial cells and endothelial cells of 

arterioles. COX-2 is mostly expressed in the renal medullary interstitial cells and 

cortical thick ascending limb and cells associated with the macula densa under 

normal conditions [Hao and Breyer, 2008; Imig, 2006; Vitzthum et al., 2002; 

Warford-Woolgar et al., 2006; Campean et al., 2003]. 

1.2.3.2. The effect of prostanoids 

PGE2 is the most abundant prostanoid in the kidney followed by PGI2, 

PGF2α and TXA2 and under basal conditions both COX-1 and COX-2 are 

responsible for biosynthesis of these prostanoids [Hao and Breyer, 2007, 

Campean et al., 2003]. Prostanoids orchestrate their effects on renal function via 
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a number of membrane-bound G protein-coupled receptors. Each prostanoid has 

one or more of these receptors that it will interact with. The biological effects 

produced will depend on which prostanoid is produced and which receptor is 

available locally. Since multiple prostanoids can be produced via the COX 

pathway and their potential actions depend on a receptor being available locally, 

there are many possible biological outcomes that can be stimulatory or inhibitory 

and both protective and detrimental. Balance is important and will determine the 

overall effect [Hao and Breyer, 2008; Sankaran et al., 2007]. 

1.2.3.3. TXA2 

TXA2 is a renal vasoconstrictor that is produced at low levels in the kidney 

under normal physiological conditions. Glomerular mesangial cells and 

podocytes are the major kidney cell types that synthesize TXA2. TXA2 is primarily 

COX-1 dependent as it is largely platelet derived and it has been shown to 

induce local vasoconstriction, exert proaggregatory effects, and smooth muscle 

cell proliferation. TXA2 acts on TP receptors to produce renal vasoconstriction in 

response to angiotensin. The main effects of TXA2 in the kidney are platelet 

aggregation and stimulation of mesangial cell matrix production and it has been 

associated with progressive glomerular damage causing decreased renal blood 

flow and decreased glomerular filtration rate [Vitzthum et al., 2002; Imig, 2006]. 

1.2.3.4. PGE2 

PGE2 is derived from COX-1 and COX-2 and possesses both vasodialtory 

and vasoconstrictory effects depending on which of the four E-prostanoid 

receptors (EP1, EP2, EP3, EP4) it interacts with. Therefore, it can prevent 
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excessive variation in either direction. EP1 and EP3 receptor activation typically 

causes constriction of renal vasculature whereas EP2 and EP4 receptor activation 

causes increased renal cAMP and relaxation. In high concentrations, PGE2 can 

inhibit platelet aggregation by activating the PGI2 receptor (IP) nonspecifically. 

Conversely, in low concentrations it is able to potentiate the activation of partially 

activated platelets through EP3 and increase platelet aggregation [Sellers et al., 

2010]. 

1.2.3.5. PGI2 

PGI2 is primarily COX-2 derived and mostly expressed by endothelial and 

vascular smooth muscle cells. Baseline sources of PGI2 are not known but in 

damaged and inflamed endothelial cells induced COX-2 produces PGI2 which 

minimizes the prothrombotic activities in the damaged areas.  PGI2 interaction 

with its receptor increases intracellular cAMP which causes a dilation of the 

glomerular vasculature; however, its vasodilatory effects are not as potent as 

those of PGE2 when it activates EP2 and EP4 receptors. Its antithrombotic and 

vasodilatory effects are essential for balancing the prothrombotic and 

vasoconstrictive effects of TXA2, contributing to vasculature homeostasis [Imig, 

2006; Sellers et al., 2010]. 

1.2.3.6. COX metabolites associated with blood pressure and disease 

pathogenesis 

COX-2 metabolites are important in the regulation of hemodynamics, salt 

and water reabsorption and excretion, renin secretion and glomerulogensis. 

Renin is synthesized and secreted by the juxtaglomerular cells and the macula 
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densa contributes to the regulation of juxtaglomerular cell renin secretion as well 

as tubuloglomerular feedback. The macula densa senses alterations in luminal 

chloride via changes in the rate of sodium, potassium and chloride cotransport 

and releases renin in response to these changes. Ang II indirectly inhibits renin 

release by increasing aldosterone production which limits the relative increase in 

COX-2 expression in response to volume depletion and therefore, the macula 

densa’s ability to signal renin release [Vitzthum et al., 2002; Harris and Torres, 

2000; Hao and Breyer, 2007]. Ang II specifically increases the production of 

PGE2 in the kidney and PGE2 buffers the angiotensin induced renal 

vasoconstriction. COX-2 plays a role in renal perfusion as high sodium diets 

induce COX-2 expression in the renal medulla, low sodium diets and loop 

diuretics increase COX-2 cortical expression in the macula densa and COX-2 

inhibitors and non-steroidal anti-inflammatory drugs have been shown to cause 

acute salt and water retention in healthy subjects [Imig, 2006; Hetu and 

Riendeau, 2005]. Metabolites of COX-2 can mediate or modulate ACE inhibitor-

induced renin production and release. PGE2 and PGI2 are known mediators of 

renal renin expression and secretion. Some studies have indicated the 

involvement of EP1, EP2, EP4, and IP in this renin production [Cheng et al., 2002; 

Guan et al., 2007; Imig, 2006].  

As previously mentioned, COX-2 has a central role in inflammation and has 

been implicated in the pathogenesis of epithelial cell carcinomas, neurological 

conditions and increased COX-2 levels have been noted in renal disease. A 

reduction in prostanoid formation has been associated with attenuated disease 
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process in some types of renal disease [Harris and Torres, 2000; Wardford-

Woolgar et al., 2006; Sankaran et al., 2007].  

1.2.4. Isoprostanes 

 F2 Isoprostanes (IsoPs) were first discovered in 1990 and were referred to 

as such because they contain the F-type prostane ring and are isomeric to PGF2α 

[Morrow et al., 1990]. F2 IsoPs are prostaglandin-like compounds that are 

produced by a mechanism involving free radical catalyzed peroxidation of AA 

that is independent of the COX pathway. Other IsoPs have since been 

discovered. F3 IsoPs and F4 IsoPs are derived from the oxidation of 

eicosapentaenoic acid and docosahexaenoic acid, respectively [Lauzurica et al., 

2005; Nourooz-Zadeh et al., 1998]. IsoPs differ from PGs as they are formed 

completely in situ in phospholipids and are then released by phopholipases; 

whereas, PGs are generated from free fatty acids. IsoPs levels are found to 

exceed PG levels which suggest that the formation of IsoPs is a major pathway 

of AA breakdown [Morrow, 2000]. 

1.2.4.1. Isoprostane involvement in oxidative stress and hypertension 

 F2 IsoPs peaked interest as a valuable tool to investigate the role of 

oxidative stress in vivo. They are stable compounds that are detectable in 

sufficient amounts in human tissues and fluids to determine normal ranges. F2 

IsoP formation increases dramatically in the presence of oxidative stress and its 

measurement is a reliable and non-invasive method to assess lipid peroxidation 

in vivo and ex vivo in humans and animal models to determine the role of lipid 

peroxidation in human pathophysiology [Roberts and Morrow, 1994]. 
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 In addition to being a valuable marker for oxidative stress, IsoPs also 

possess the capability of exerting potent biological activity.  Within the 4 

subfamilies of F2 IsoPs, 8-epi PGF2α has gained attention for its contribution as a 

powerful vasoconstrictor of renal and pulmonary vessels. F2 IsoPs have been 

detected in elevated amounts in patients with CKD, patients undergoing dialysis, 

in hepatorenal syndrome and have been implicated in the progressive reduction 

in renal blood flow that occurs with aging. It is thought that F2 IsoPs exert their 

biological actions through TX and/or PG receptors but it remains possible that 

they have their own receptors as well [Roberts and Morrow, 1994; Nourooz-

Zadeh et al., 1998; Lauzurica et al., 2005; Wiswedel et al., 2005]. F2 IsoPs 

remain important in determining the presence of oxidative stress in 

pathophysiology in many disease states and their biological actions reveal the 

potential for novel therapeutic targets. 

1.2.5. Current treatments for hypertension and chronic kidney disease 

Current lifestyle modifications such as increased physical activity, cessation 

of smoking, lower dietary saturated and trans fat intake and achieving a healthy 

body weight are recommended for hypertensive patients. When lifestyle 

modifications are not sufficient to ameliorate the hypertensive state, 

pharmacological therapies are employed. Commonly used pharmacological 

treatments for hypertension include ACE inhibitors (ie. Enalapril), Ang II receptor 

blockers (ie. Losartan), diuretics (ie. Lasix), and β- and α-blockers (ie. Prazosin, 

Metoprolol) [NKF, 2002; Mensah and Bakris, 2010].  
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Treatment of CKD focuses on similar lifestyle factors as those listed for 

hypertensive patients. Attention to CV risk factors remains the primary focus of 

care to delay the progression of CKD and to prevent the occurrence of CV 

events. Control of hypertension focuses on achieving and maintaining target 

blood pressures in conjunction with the use of ACE inhibitors and/or Ang II 

receptor blockers for reducing proteinuria, if present. Medical management of 

anemia as well as dietary management of mineral metabolism imbalances is also 

employed as necessary throughout the stages of CKD [Levin et al., 2008]. 

Some of these pharmacological interventions in the treatment of 

hypertension and CKD are often accompanied by undesirable side effects such 

as dry cough, dry mouth, drowsiness, dizziness, constipation and headache. 

Lowering the dosage, changing to another drug, or prescribing medication to 

counteract the side effects, are some strategies used to avoid these undesirable 

side effects [NKF, 2002].     

1.3. Protein hydrolysates as an alternative treatment for hypertension and 

chronic kidney disease 

There is a rapidly emerging interest in pursuing possible dietary 

interventions for the prevention and treatment of ailments. Literature concerning 

antihypertensive bioactive peptides first emerged in 1970 with the discovery of 

novel compounds found in snake venom that exerted ACE inhibiting effects 

[Ferreira et al., 1970]. Since this discovery, researchers have found similar 

bioactive peptides in a variety of food proteins such as soy bean [Yang et al., 

2004; Cha and Park, 2005], egg white [Miguel et al., 2006], milk [Minervini et al., 
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2003], rice [Li et al., 2005], royal jelly [Matsui et al., 2002] and different types of 

fish [Je et al., 2004; Bordenave et al., 2002]. 

1.3.1. Protein hydrolysate digestion and preparation 

Bioactive peptides are naturally found in food proteins but they are not 

always present in their active form.  In order to be effective after oral 

administration, bioactive peptides must reach their target organs in their active 

form.  The digestion of dietary proteins begins in the stomach with the action of 

pepsin. Once in the intestine, the polypeptides are further cleaved by other 

proteases such as trypsin and α-chymotrypsin [Vermeirssen et al., 2004].  During 

these stages, bioactive peptides that exert anti-ACE activity are not degraded 

and at times the hydrolysates will show increased activity when digested in vitro. 

Matsui et al. [2002] used peptic, chymotrypic and trypic hydrolyses to mimic 

gastrointestinal enzymatic action in vitro and determined that the peptides were 

activated to inhibit ACE only after such treatments. This confirms that enzymatic 

hydrolysis of food proteins facilitates the liberation of the peptides and allows 

them to exert their effects in the human body. Low molecular weight size 

peptides, especially those with 2 or 3 amino acid residue lengths are excellent 

therapeutic candidates because they typically demonstrate resistance to 

gastrointestinal proteolysis and are capable of being absorbed intact directly from 

the digestive tract and distributed in the blood circulatory system, at which point 

they are able to reach the action sites and exert their physiological function 

[Vermeirssen et al., 2004].  

 



 

22 

 

1.3.2. Determination of protein hydrolysate biological activity 

The biological activity of a peptide is based on amino acid composition. The 

level of bioactivity of specific proteins can be estimated by using quantitative 

structure-activity relationships (QSAR) modeling, a process by which the 

chemical structure is quantitatively correlated with biological activity. This model 

is used to predict the ACE and renin inhibitory activity of bioactive peptides by 

employing partial least square regression to create predictive power for the 

potential of peptides to exert ACE and renin inhibitory effects. From this 

information, a database of ACE and renin inhibitory peptides has been 

constructed. This tool is and will continue to be very useful in the investigation of 

new bioactive peptides [Udenigwe et al., 2011; Wu et al., 2006].  

1.3.3. Effect of protein hydrolysates on the renin-angiotensin system 

Once the peptides are absorbed they are considered to act at specific target 

sites to inhibit ACE. ACE is specifically influenced by the C-terminal end of the 

peptide. In fact, peptides with a hydrophobic amino acid at the C-terminal end 

tend to be potent ACE inhibitors [Je et al., 2004; Miguel et al., 2006]. Di- and tri- 

peptides are found to be particularly effective antihypertensive agents in vivo in 

hypertensive rats and humans [Wu et al., 2006; Yang et al., 2004; Matsui et al., 

2002]. In a study conducted on spontaneously hypertensive rats [Yang et al., 

2004], there were no significant differences in ACE activity between groups fed 

or not fed a hydrolysate diet in kidney, lung, and aorta tissues. However, there 

was significantly lower ACE activity in the hearts of the rats belonging to both 

groups that were fed diets containing the hydrolysate. Similarly, the plasma ACE 
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activity levels are significantly decreased in the hydrolysate fed groups. This 

suggests a localized action of ACE inhibitory peptides in the heart and circulating 

plasma.  

Food protein-derived peptides and hydrolysates possess the ability to inhibit 

renin activity [Aluko, 2008]. Peptides with a highly hydrophobic, low in molecular 

size N-terminal amino acid and a bulky amino acid residue at the C-terminal end 

have been shown to be excellent inhibitors of renin [Udenigwe et al., 2011]. 

Renin inhibition can provide superior control of HTN compared to ACE inhibition 

because it prevents the formation of Ang I, which can be converted into Ang II via 

reactions independent of ACE [Staessen et al., 2006; Segall et al., 2007]. There 

is currently no observed relationship between the renin and ACE inhibition 

activities of peptides [Udenigwe et al., 2011].  

1.3.4. Yellow field pea as an excellent source of protein hydrolysates 

Yellow field peas are rich sources of proteins that contain diverse amino 

acid sequences which are released through enzymatic hydrolysis. Field peas are 

a major food legume grown in different parts of the world [Iqbal, 2006] and 

proteins derived from pulse seeds are a economical choice compared to more 

expensive animal derived proteins in the production of food protein-derived 

bioactive peptides [Aluko, 2008]. 

Bioactive peptides may reduce the risk of developing CV disorders by 

reducing the progression of CKD and preventing or reducing hypertension. The 

CV benefits associated with the use of bioactive peptides have been attributed to 

the inhibitory activity of RAS and subsequent decrease in blood pressure in 
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spontaneously hypertensive rats and human subjects [Miguel et al., 2006; Yang 

et al., 2004; Kawasaki et al., 2000; Seppo et al., 2003]. The effect of bioactive 

peptides on RAS and hypertension, a risk factor for CKD, may also have 

beneficial effects on disease pathology as well as oxidant injury [NKF, 2002; 

Sankaran et al., 2007; Warford-Woolgar et al., 2005]. Targeting renin in RAS 

ensures high specificity since angiotensinogen is the only known renin substrate; 

whereas, ACE inhibitors have been shown to cause toxic effects since they can 

also affect other biological pathways [Staessen et al., 2006; Acharya et al., 

2003]. Incomplete protection with pharmacological ACE inhibitors and Ang II 

receptor blockers creates the demand for combination therapies involving renin 

and ACE inhibitors. Pea protein hydrolysates (PPH) containing bioactive peptides 

are a desirable alternative to current pharmacological therapies because 

enzymatic hydrolysis has no undesirable side reactions or by products and they 

have been shown to specifically act on ACE and renin [Li et al., 2010]. In addition 

to its antihypertensive potential, PPH have been shown to exhibit antioxidant 

activities [Pownall et al., 2010]. 

1.4. Animal model 

The Hannover (Han: SPRD-cy rat) lends itself as an acceptable model of 

ADPKD.  Heterozygous males develop several features that resemble human 

ADPKD such as progressive renal cystic development, renal interstitial fibrosis, 

uremia, proteinuria, inflammation, oxidative damage and hypertension [Cowley et 

al., 1993; Gretz et al., 1996]. Heterozygous females develop these features much 

more slowly and do not die of renal insufficiency until late in the second year of 
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life; whereas, males develop renal insufficiency soon after sexual maturation and 

die of renal failure by 12 to 14 months. Homozygous rats of either gender 

develop rapid progressive PKD and do not survive much past 3 weeks of age 

[Cowley et al., 2001]. Activation of the RAS is known to be involved in the 

progression of HTN, LVH and renal cyst development in this model of ADPKD 

[Zafar et al., 2007].          

1.5. Statement of the problem 

Although CKD is often accompanied by CV abnormalities that require 

therapies to reduce the progression of kidney disease and high morbidity and 

mortality rates among these patients [Perazella and Khan, 2006], the effects of 

bioactive peptides derived from pea protein on renal and CV health has not been 

investigated. The potential for PPH to prevent the progression of CKD has not 

been investigated. Specifically, evidence of the predicted potency of ACE and 

renin inhibitory peptides derived from pea protein is not known. Therefore, the 

purpose of this study was to investigate the renal and CV benefits of pea protein 

hydrolysate in normal and diseased Han:SPRD-cy rats, which is considered a 

suitable model of CKD [Sankaran et al., 2007]. 

1.5.1. Objectives 

a. To determine the ability of PPH to attenuate hypertension and reduce kidney 

disease progression and associated CV complications using the Han:SPRD-cy 

rat model of CKD. 

b. To examine potential mechanisms responsible for the beneficial actions of 

PPH. 
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1.5.2. Hypothesis 

It is hypothesized that bioactive peptides present in PPH will lower blood 

pressure and reduce kidney disease pathogenesis by reducing oxidative stress 

and production of inflammatory eicosanoids. Reducing hypertension will 

decrease renal disease progression and the workload on the heart and reduce 

the occurrence of left ventricular hypertrophy and subsequent cardiac 

dysfunction. 
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2. Materials and methods 

2.1. Diet and feeding of animals 

All experimental protocols for animal studies were approved by the Animal 

Care Committee of the University of Manitoba, following the guidelines 

established by the Canadian Council on Animal Care. A model of ADPKD was 

used. Han:SPRD-cy rats were bred and the offspring were genotyped at 2 weeks 

of age. 54 male rats were weaned at 3 weeks of age and were randomly placed 

into 1 of 3 diets groups, housed individually in hanging transparent plastic cages 

and fed ad libitum for the duration of 8 weeks of treatment.  Each diet group 

consisted of 5 normal and 13 heterozygous rats. The diets were formulated 

based on the American Institute of Nutrition-93G guidelines for growing rodents 

[Reeves et al., 1993]. Each diet contained 20% protein and differed only in the 

ratio of casein to PPH as follows: 1. Casein (20% casein as protein source); 2. 

PPH at a 0.5% inclusion level (19.5% casein + 0.5% PPH); and 3. PPH at a 1.0% 

inclusion level (19% casein + 1.0% PPH).  Details of the formulation of each diet 

is described in (Table 2). The pea protein isolate (provided by Nutrapea (Portage 

la Prairie)) was enzymatically hydrolysed by our colleagues using alcalase 

enzyme to produce the PPH used in the current study [Li et al., 2010].   

2.2. Body weight measurement and metabolic cage data collection 

Body weight measurements were recorded weekly. 24 hour metabolic cage 

data collection was conducted at weeks 4.5 and 7. At this time food and water 

intake and urine output was recorded and urine samples were collected. 



Table 2. Formulation of casein and pea protein hydrolysate diets. All diets are based on the American Institute of 

Nutrition (AIN)-93G diet [Reeves, 1993]. 

Ingredient Casein 0.5% PPH 1.0% PPH 

 

Formulation (g/kg diet) 

   

    Cornstarch 397.486 397.486 397.486 

    Pea Protein Hydrolysate n/a 5 10 

    Casein 200 195 190 

    Dextrinized Cornstarch 132 132 132 

    Sucrose 100 100 100 

    Corn Oil 70 70 70 

    Fiber 50 50 50 

    Mineral Mix (AIN-93G-MX) 35 35 35 

    Vitamin Mix (AIN-93-VX) 10 10 10 

    L-Cystine 3 3 3 

    Choline Bitartrate 2.5 2.5 2.5 

    Tert-butylhydroquinone 0.014 0.014 0.014 

2
8
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2.3. Blood pressure 

Blood pressure determination was performed via the tail cuff method at 

weeks 4, 5, 6, 7 and 8 using device IITC Model 29 SSP (SDR Clinical 

Technology).  Rats were acclimatized to the procedure by prior handling and 

ambient temperatures were ensured. SBP and MAP were generated by the 

program and DBP was calculated based on the following formula: 

MAP = DBP + 1/3 (SBP-DBP) 

2.4. Hemodynamic assessment 

The LV function of animals from each diet group was assessed by the in 

vivo catheterization technique [Tappia et al., 2004]. Rats were anesthetized by 

an injection of ketamine-xylazine (100:10 mg/kg ip.) The right carotid artery was 

exposed, and a micromanometer-tipped catheter (2-0; Millar SPR-249) was 

inserted and advanced into the LV. The catheter was secured with a silk ligature 

around the artery, and after a 15-min stabilization of the heart function, LV 

pressures and maximum rates of isovolumic pressure development (+dP/dt) and 

decay (-dP/dt) were recorded. Hemodynamic data was computed 

instantaneously and displayed on a computer data-acquisition workstation 

(Biopac, Harvard Apparatus).  

2.5. Sample collection 

2.5.1. Plasma 

Immediately following hemodynamic assessment blood was collected via 

heart puncture, placed in heparinized tubes (Lavender Top BD Vacutainers), and 

kept on ice.  The tubes containing the blood were then centrifuged at 3,000 g for 
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20 minutes (Beckman TJ-6 Centrifuge). From this 450 µL of plasma was 

aliquoted into a 500 µL labelled Eppendorf tube and 1 mL into two 1.5 mL 

labelled Eppendorf tubes. The 450 µl and one 1 mL sample was stored at -80ºC 

to be used for plasma ACE and Ang II determination. The second 1 mL sample 

was centrifuged a second time at 10,000 g for 10 minutes at 4ºC (Eppendorf 

5417C Centrifuge). 450 µL was aliquoted into two 500 µL labelled Eppendorf and 

stored at -80ºC with the previous samples tubes to be used for plasma creatinine 

determination.  

2.5.2. Tissue 

After heart puncture, the hearts were removed from each animal, LV, right 

ventricle, and atria were separated, weighed and immediately frozen in liquid 

nitrogen, and stored at -80ºC. The left kidney was cut in half and one half was 

placed in a labelled tube with 10% formalin. The other half of the left kidney, as 

well as the right kidney, liver, and lung, were flash frozen with liquid nitrogen, 

wrapped in appropriately labelled foil, placed in liquid nitrogen, and stored at        

-80ºC. 

2.6. RNA isolation 

Total RNA was isolated from LV tissue using TRIzol reagent. Previously 

harvested LV tissue was removed from -80ºC storage and kept on ice in -20ºC 

freezer until use. One sample at a time was removed from frozen storage, cut 

with scissors, and weighed to obtain a 150-200 mg sample. Each sample was 

placed into a mortar, liquid nitrogen added, and the sample crushed to a powder 

with a pestle. The sample was immediately mixed with 4 mL TRIzol reagent.  The 
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resulting mixture was poured into a 50 mL Corningware tube, and homogenized 

with a PowerGen 125 homegenizer (Fisher Scientific), as follows: 20 seconds 

homogenization followed by 10 seconds rest x5. This process was repeated for 

all samples and then the remaining LV tissue was returned immediately to -80ºC 

storage. The homogenate was divided equally between four 1.5 mL Eppendorf 

tubes, and 200 µL chloroform added to each tube. The tubes were inverted 50 

times by hand.  Following inversion, the samples were centrifuged at 4ºC, 10,000 

g for 15 minutes using a Allegra 21R centrifuge with a F2402H rotor (Beckman). 

The aqueous phase was removed with a pipette and transferred to a new 

centrifuge tube. 500 µL isopropyl alcohol was added to each tube, inverted by 

hand 20 times, then allowed to rest at room temperature for 10 minutes. Samples 

were then centrifuged at 4ºC, 10,000 g for 20 minutes. Following centrifugation, 

the supernatant was poured off, and the pellet was washed by adding 1 mL of 

75% ethanol and briefly vortexed until the pellet released from the base of the 

tube.  Samples were centrifuged at 4ºC, 10,000 g for 10 minutes.  The 

supernatant was poured off, and the inside of the centrifuge tubes gently dried 

with a Kimwipe.  The pellets were dried at room temperature for 20 minutes, and 

reconstituted through agitation with a pipette (x50) by adding 50 µL nuclease free 

water.  The resulting solution was heated in an Isotemp 500 Series Laboratory 

Oven (Fisher Scientific) at 55ºC for 10 minutes, then placed on ice.   

Previously harvested left kidney samples were removed from -80ºC. The 

samples were cut with a blade, placed in Falcon tubes, and frozen in liquid 

nitrogen. The samples were lyophilized, pulverised with a spatula, and 
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transferred to an Eppendorf tube. Once the samples were lyophilized and 

pulverized, a 150-200 mg sample was taken and the remaining amount returned 

to -80 ºC. RNA extraction procedures were identical to those employed for LV 

tissues as described above. 

2.7. Assessment of RNA concentration 

From the resulting RNA solution, 4.4 µL was removed by pipette and added 

to an Eppendorff tube containing 996 µl RNAse free water. RNA concentration 

was assessed by spectrophotometry, using a Spectronic 601 Spectrophotometer 

(Fisher Scientific), first by measuring at 260λ, then repeating the assessment at 

280λ. The 260λ / 280λ ratio was calculated and a ratio of 1.6 or higher was 

considered acceptable quality. RNA samples were stored at -80ºC. 

2.8. Real-time reverse transcriptase polymerase chain reaction 

For real-time reverse transcriptase polymerase chain reaction, 500 ng of 

total RNA was used. The Superscript First-Strand Synthesis System for RT-PCR 

(Bio-Rad) was used according to the instructions of the manufacturer. Real time 

PCR is performed using the Bio-Rad iCycler detection System. For analysis, 

cycle threshold (ct) values are calculated for each sample; this represents the 

value at which the fluorescent signal rises above background levels. Normalized 

target gene expression is further analyzed by the ct method [Winer et al., 

1999]. Primers used for amplification were derived from the National Centre for 

Biotechnology Information nucleotide database and were synthesized by SIGMA 

as follows: 
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GAPDH:  CAT GAC AAC TTT GGC ATC GT (forward)  

GGA TGC AGG GAT GAT GTT CT (reverse) 

  Renin:  TTC AGG AAC GAT GAC CTG TG (forward) 

     GAA CCC GAT GCG ATT GTT AT (reverse) 

  ACE:  CAT GTC ACT TTC TGC AGC TAC C (forward) 

    ACC ATC CAC CTC CAC TTC TCT A (reverse) 

  AT1 receptor: GGA AAC AGC TTG GTG GTG AT (forward) 

    ACA TAG GTG ATT GCC GAA GG (reverse) 

  COX-1:  TCT GAT GCT CTT CTC CAC GA (forward) 

    TCC TCC TTC AGC AAG TCA CA (reverse) 

  COX-2:  AGT GAT CGA AGA CTA CGT GCA A (forward) 

    CTG ATA CTG GAA CTG CTG GTT G (reverse) 

2.9. Lyophilization of the kidney tissue 

 The left kidney from each rat was lyophilized in preparation for fatty acid, 

isoprostane, and prostanoid determination and unbound MCP-1 analysis. The left 

kidney was removed from the -80ºC freezer and the frozen kidney was cut up 

into small pieces and placed into a pre-weighed 15 mL disposable sterile 

centrifuge tube (Fisher Scientific, cat no 05-395-5) topped with a porous lid. The 

tube with the frozen kidney pieces was weighed and the initial weight of the 

kidney tissue was recorded. The tube containing the kidney sample was then 

immersed in liquid nitrogen and placed in a pre-cooled lyophilizer (Labconco, 

Model No 44551 F, Kansas City, Missouri) at -40ºC to begin the drying process. 

The freeze dryer was monitored periodically to ensure the machine did not lose 
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its seal and the temperature was maintained. The tubes were removed from the 

freeze dryer and weighed every few hours. When two consecutive equal tube 

weights were obtained, the samples were deemed lyophilized and the freeze 

drying process was complete. If the weight was not equal to the last weight 

obtained, the tube was placed back into the liquid nitrogen and returned to the 

freeze dryer to continue drying. The final dry kidney weight was recorded. The 

porous lid was replaced with a lid without holes and the samples were stored at   

-80ºC. 

2.10. Determination of fatty acid composition 

The following methods were performed for the determination of kidney 

tissue fatty acid content (Sankaran et al., 2004). In preparation for fatty acid 

extraction, lyophilized kidney tissues were homogenized with tyrodes buffer 

(composed of 100 mg powdered sodium bicarbonate and 80 mL reconstituted 

tyrodes solution) and an antioxidant cocktail (composed of 0.2 mg/mL butylated 

hydroxytoluene, 0.2 mg/mL ethylenediaminetetraacetic acid, 2 mg/mL thiamine 

pyrophosphate and 2 mg/mL indomethacin in methanol:ethanol:water (2:1:1)). 

Chloroform:methanol (2:1) was added to the samples and the mixture was 

vortexed. Triheptadecanoin in chloroform and dipentadecanoyl 

phosphatidylcholine standard were added and the mixture was vortexed. Once 

again, chloroform:methanol (2:1) was added to the mixture and it was vortexed. 

0.73% sodium chloride was added and the mixture was vortexed and centrifuged 

to facilitate extraction of the lower phase lipid level. The extracted samples were 
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then dried down with nitrogen and the samples were reconstituted in additional 

chloroform:methanol (2:1). 

Thin layer chromatography (TLC) was performed to isolate phospholipids 

and triglycerides. The TLC tank was allowed to equilibrate for one hour with 

heptane:isopropyl ether:acetic acid (60:40:3). The pre-marked silica plate was 

spotted with the prepared samples and placed in the TLC tank until the solvent 

front reached 1 cm from the top of the plate. Once dry, the plates were sprayed 

with 0.1% ANS solution in water and UV light was used to identify areas to scrap 

for phospholipids and triglycerides. Silica areas were scraped to collect sample 

portions and placed in test tubes.  

Acid methylation was performed by adding toluene and methanolic 

hydrochloric acid to the samples and the mixture was placed in -80⁰C. Once 

cooled, de-ionized water was added, the samples were centrifuged and the top 

layer was transferred to a new tube. The samples were flushed with nitrogen 

stream and once the solvent evaporated, hexane was added and samples were 

stored at -20⁰C.  

Samples were injected on GC for analysis using a 30m column. An injector 

temperature of 270⁰C, a detector temperature of 290⁰C and a split ratio of 10:1 

with a 1.3 mL/minute column flow. The temperature program was as follows: 

70°C hold for 2 minutes, 30°C/minute to 180°C, hold for 1 minute, 10°C/minute 

to  200°C, hold for 2 minute, 2°C/minute to 220°C, hold for 10 minute, 

20°C/minute to 240°C, hold for 5 minutes, for a total run time of 36.67 minutes. 
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2.11. Determination of prostanoid production  

Lyophilized kidney tissues were homogenized in preparation for prostanoid 

determination [Warford-Woolgar et al, 2006]. The previously collected and 

lyophilized kidney tissue samples were removed from -80ºC, weighed and placed 

into a 16 x 125 mm glass tube. 2 mL of fresh Tyrode buffer on ice was added to 

the tissue and they were homogenized using a blade homogenizer-PTA 10S 

generator (Brinkman Instruments, Mississauga, Ontario). Triton X-100 was then 

added to achieve a final concentration of 0.01% and the homogenate was placed 

on ice for 30 minutes with vortexing for 10 seconds every 10 minutes. A 20 μL 

aliquot was stored at -80ºC for protein determination. For determination of 

endogenous prostanoid levels, steady-state prostanoid production in vitro, and 

potential COX activity, aliquots were incubated under the following conditions: 1) 

0 minute for determination of endogenous levels of prostanoids and 2) 10 

minutes at 37ºC for determination of prostanoid production by total COX activity. 

At the end of the incubation period, reactions were stopped with 800 μL of fresh 

ice-cold acetylsalicylic acid (5 mmol/L final concentration). Samples were then 

vortexed and centrifuged at 12, 000 g at 4ºC for 5 minutes. The supernatant was 

collected and stored at -80ºC for the determination of prostanoids. 

The following methods were performed to determine prostanoid content in 

kidney tissues [Milne et al., 2007]. The homogenate, as prepared above, was 

added to one of the predetermined standards 6-ketoPGF1α-d4, 8-isoPGF2α -d4, 

PGD2-d4, PGE2-d4, or TXB2-d4 and vortexed. The pH of the samples was 

adjusted to 3.0 (tested with pH paper) or lower using 1N HCl. The samples were 
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loaded onto a Sep-Pak Plus C18 cartridge (Waters) that was preconditioned with 

5 mL methanol followed by 10 mL pH 3.0 purified water and rinsed with 10 mL 

pH 3.0 water followed by 10 mL heptane. The sample was eluted with ethyl 

acetate:heptane (1:1) into a scintillation vial to which 5 g anhydrous sodium 

sulphate was added to absorb excess water. The supernatant was transferred to 

a reacti-vial and dried under nitrogen. The sample was reconstituted with 75 μL 

acetonitrile and vortexed. 300 μL 3% methoxyamine hydrochloric acid was 

added, the sample was vortexed and incubated at room temperature (22-25°C) 

for 30 minutes. After incubation, the reaction was completed by the addition of 3 

μL 1N HCl and extracted by adding 1.0 mL ethyl acetate and the lower phase 

was removed with a pipette, the sample was dried under nitrogen in a 37ºC water 

bath. 40 μL pentafluorobenzyl bromide (PFBB) in acetonitrile and 20 μL 

diisopropyl ether (DIPE) were added and the sample was incubated for 20 

minutes. After incubation the sample was dried under nitrogen and reconstituted 

with 50 μL methanol:choloroform (3:2).  

Two silica plates were prewashed and activated in 100ºC for 10 minutes 

and the TLC tank was allowed to equilibrate for 30 minutes with ethyl 

acetate:methanol (98:2). One plate was loaded with the standards and the other 

with the samples. The plates were placed into the TLC tank and removed before 

the solvent front reached the top of the plate. Once dry, the silica areas were 

scraped to collect sample portions (reference points for PGF2α-methyl ester (ME), 

PGE2-ME and PGD2-ME are approx. 0.12, 0.25, 0.5, respectively; therefore for 

PGD2 scrape from 4 mm above PGD2-ME to 2 cm above that which is a 2 cm 
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area; for PGE2 and TxB2 scrape 0.5 cm above PGE2–ME to 4mm above leading 

edge of PGD2-ME which is about 3 - 3.5 cm scrape; for 6-keto-PGF1α and PGF2α 

scrape mid PGF2α-ME to leading edge of PGE2-ME which is a 2 cm area and 

placed in Eppendorf tubes). Analytes were extracted by vortexing with 1 mL ethyl 

acetate and microcentrifuged at 14,000 rpm for 3 minutes. The supernatant was 

removed, dried under liquid nitrogen and 20 μL N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 6 μL dry dimethylformamid 

(DMF) were added to convert the trimethysilyl derivatives. The samples were 

then injected on GC/MS for analysis. The GC/MS was set up with a 15 m column 

(Supleco 1701). The initial temperature was 190ºC and increased by 20ºC every 

minute between 0.5 minutes to 6 minutes to a final temperature of 300ºC at 

which the temperature was held for 1 minute.  

The m/z 573 ion current chromatogram represents the [2H4]-8-isoPGF2 α, 

the m/z 569 ion current chromatogram represents the endogenous PGF2 α; the 

m/z 618 ion current chromatogram represents the [2H4]-TxB2 and [2H4]-6-keto-

PGF1 α standards; the m/z 614 ion current chromatogram represents the 

endogenous TxB2 and 6-keto-PGF1 α; the m/z 528 ion current chromatogram 

represents the [2H4]-PGD2 and [2H4]-PGE2 standards; and the m/z 524 ion 

current chromatogram represents the endogenous PGD2 and PGE2 . 

2.12. Determination of oxidative stress  

 The following methods were performed for the determination of kidney 

tissue IsoP levels (Milne et al., 2007). The previously collected and lyophilized 

kidney tissue samples were removed from -80ºC, weighed and placed into a 16 x 
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125 mm glass tube. 20 mL ice-cold Folch solution (chloroform:methanol (2:1) 

containing 0.005% BHT) was added to the sample and this mixture was 

homogenized at full speed for approximately 30 seconds using blade 

homogenizer-PTA 10S generator (Brinkmann Instruments, Mississauga, 

Ontario). The tube was then flushed with nitrogen gas, capped and left to stand 

at room temperature (22-25ºC) on a rocker in a dark room for 1 hour to maximize 

the extraction of lipids from the tissue. During this time the tubes were vortexed 

approximately every 15 minutes. 4 mL aqueous sodium chloride (0.9%) was 

added and the samples were vortexed for 1 minute at room temperature (22-

25ºC). The samples were then centrifuged at 1000 g for 10 minutes at room 

temperature. The upper aqueous layer was aspirated and discarded. The lower 

organic layer was carefully removed via pipette, transferred to a new 30 mL glass 

tube and the sample was evaporated under a nitrogen stream until dry. The lipids 

were resuspended with 4 mL methanol containing 0.005% BHT, vortexed and 4 

mL aqueous potassium hydroxide (15%, wt/vol) was added. The sample was 

vortexed and the tube was purged with nitrogen, capped and incubated at 37ºC 

for 20 minutes. After incubation the mixture was acidified to pH 3 (tested with pH 

paper) with 1N hydrochloric acid and diluted to 30 mL with pH 3 water.  

The following steps were conducted to purify the samples in preparation 

for mass spectrometric analysis. 5 ng of the internal standard [2H4]-8-isoPGF2a 

was injected into the sample with a syringe. The sample was loaded onto the 

Sep-Pak Plus C18 cartridge (Waters) which was preconditioned with 5 mL 

methanol and 7 mL pH 3 water. The cartridge was washed with 10 mL pH 3 
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water and 10 mL heptane. The sample was eluted with 10 mL ethyl acetate: 

heptane (1:1) into a scintillation vial. A small layer of 5 g anhydrous sodium 

sulphate was added to absorb the water. The eluates were transferred to another 

scintillation vial and samples were loaded to a Sep-Pak Plus Silica cartridge 

(Waters) that was preconditioned with 5 mL ethyl acetate. The sample was 

washed with 5 mL ethyl acetate and IsoPs were eluted with 5 mL 

acetate:methanol (1:1), and evaporated under nitrogen stream. 40 μL PFBB in 

acetonitrile and 20 μL DIPE were added and the samples were incubated at 40ºC 

for 20 minutes to complete derivitization. After incubation the sample was dried 

under nitrogen and resuspended with 50 μL methanol. Two silica plates were 

prewashed and activated in 100ºC for 10 minutes and the TLC tank was allowed 

to equilibrate for 30 minutes with cholorform:ethanol (9:1). At 15 cm from the 

silica line one plate was spotted with the standard, [2H4]-8-isoPGF2a, and the 

other spotted with the prepared samples. Once dry the plates were placed into 

the TLC tank and removed and allowed to dry once the solvent front reached the 

15 cm mark on the plates. Silica areas were scraped to collect sample portions 

(F2 isoP within 0.5 cm above to 4 cm above the standard and F3 isoP within 0.5 

cm above and 2 cm below the standard) and placed in Eppendorf tubes. 

Analytes were extracted by vortexing with 1 mL ethyl acetate and 

microcentrifuged at 14, 000 rpm for 3 minutes. The supernatant was removed, 

dried under liquid nitrogen and 20 μL BSTFA and dry 7 μL DMF were added to 

convert the trimethysilyl derivatives. The samples were then injected on GC/MS 

for analysis. The GC/MS was set up with a 15 m column (Supleco 1701). The 
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initial temperature was 190ºC and increased by 20ºC every minute between 0.5 

minutes to 6 minutes to a final temperature of 300ºC at which it was held at for 1 

minute. The m/z 573 ion current chromatogram represents the [2H4]-8-isoPGF2a 

internal standard, the m/z 569 ion current chromatogram represents the 

endogenous F2 isoPs and the m/z 567 ion current chromatogram represents the 

endogenous F3 isoPs. 

2.13. Monocyte chemoattractant protein- 1  

Lyophilized tissues were homogenized in a ratio of 15 mg of lyophilized tissue to 

1.5 mL of particulate buffer (50 mM Tris–HCl [pH 7.4], 250 mM sucrose, 2 mM 

EDTA, 1 mM EGTA, 10 mM β-mercaptoethanol, 100 M sodium orthovanadate, 1 

g/ml soybean trypsin inhibitor, 144 µM 4-(2-aminoethyl) benzene-sulfonyl 

fluoride, and 25 µg/mL of aprotinin, pepstatin and leupeptin (all reagents from 

Sigma, St. Louis, MO)) and ultracentrifuged at 100,000 g for 30 minutes. The 

supernatant was drawn off and the pellet was discarded [Cuozzo et al., 2002]. 

Determination of MCP-1 steady state levels was conducted with a solid phase 

sandwich Enzyme Linked-Immuno-Sorbent Assay (ELISA) kit from Invitrogen 

Corporation (Camarillo, California). Manufacturer specifications were followed. 

Briefly, an antibody specific to MCP-1 was pre-coated onto the wells of a 96 well 

plate. MCP-1 standards, control specimens and unknown samples were pipetted 

into their respective wells, along with the addition of a biotinylated second 

antibody. During the first incubation, the MCP-1 antigen binds simultaneously to 

the capture antibody on one site and to the solution phase biotinylated antibody 

on a second site. After the first washing and removal of excess secondary 
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antibody, streptavidin-peroxidase enzyme is added to bind to the biotinylated 

antibody to complete the four-member sandwich. After a second incubation and 

washing to remove the entirety of unbound enzyme, a substrate, stabilized 

chromogen, is added to act upon the bound enzyme and produce colour. The 

concentration of MCP-1 present in the specimen is directly proportional to the 

intensity of the colour determined spectrophotometrically at 450 nm, using a 

PowerWaveTM XS/XS2 microplate spectrophotometer (BioTek). 

2.14. Determination of plasma creatinine 

Plasma creatinine concentrations (mg/mL) were determined using the Jaffe 

reaction, as modified by Heinegard and Tiderstrom [1973], and adapted for 

microassay. A 96 well place (Fisher) was loaded with one well as a blank (20 μL 

deionized water), the creatinine standards at 0.0025 mg/mL, 0.005 mg/mL, 0.01 

mg/mL, 0.03 mg/mL, 0.05 mg/mL, and 0.06 mg/mL (Sigma) and the plasma 

samples. 200 μL picric solution (0.05 M sodium phosphate and 0.05 M sodium 

borate solution: 4% aqueous SDS: picric acid (2:2:1)) was added to each well, 

the well cover sheet (Cayman) was place on the plate and it was placed on an 

orbital shaker at 140 rpm, at room temperature (22-25ºC), for 40 minutes. After 

incubation the pre-acid absorbance value was read at 500 nm on a microplate 

reader and results were recorded. 20 μL 15% acetic acid solution (60% acetic 

acid: picric solution (1:4)) was mixed into the samples and incubated at room 

temperature (22-25ºC) for 6 minutes. After incubation the post-acid absorbance 

value was read at 500 nm on a microplate reader and the results were recorded. 

Creatinine concentrations were determined based on the difference in colour 
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intensity measured at 500 nm before acidification and after acidification by 

creating a standard curve. 

2.15. Histological assessment of kidney 

A half section of the left kidney was embedded in paraffin and cut into 5 µm 

sections using previously described methods [Sankaran et al., 2007]. Sections 

for cyst area measurement were stained with hematoxylin and eosin and those 

for quantitative analysis of fibrosis were stained with Sirius red to permit image 

analysis using a standard incandescent microscope light source. Cyst area was 

measured relative to kidney weight-to-body weight ratios. Renal interstitial 

fibrosis was measured by densitometry. 

2.16. Statistical analysis 

Data were analyzed using SAS version 9.2 (SAS, Cary, NC) by two-way 

(diet, genotype) ANOVA for all data except for data from histological analysis of 

cyst area and fibrosis which included only the analysis of diseased kidneys, in 

which case one-way (diet) ANOVA was used. Repeated measures (diet, 

genotype, time and diet, time) ANOVA was used for tail cuff blood pressure 

measurements. If the ANOVA found the interactions and/or effects significant it 

was followed by Tukey’s multiple comparison test to determine differences 

among means. All reported p-values are two-sided and a probability of 95% or 

more (p<0.05) were considered significant. All reported p-values between 0.05 

and 0.1 were considered a trend. Normality of the data was tested using a plot of 

actual versus predicted residual and the Shapiro-Wilk W-statistic on the 

residuals. Data were normalized by logarithmic transformation if necessary. All 



 

44 

 

values are expressed as mean ± SE. The number of animals in each group was 

determined by the numbers needed to detect differences in renal histology, since 

these values generally have the greatest variability. 
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3. Expected findings and significance of the work 

It is expected that the administration of diets containing pea protein 

hydrolysate will decrease kidney disease pathogenesis, blood pressure, and 

oxidative stress, as well as attenuate cardiac hypertrophy, in rats with CKD. 

This study will identify some of the mechanisms responsible for the 

hemodynamic changes observed in the hydrolysate fed animals.  It is anticipated 

that changes in the expression of one or more of the genes that regulate the 

proteins responsible for homeostasis of the RAS and prostanoid production will 

occur in specific hydrolysate fed groups. Similarly, levels of markers for oxidative 

stress are expected to be lower in diseased rats fed the hydrolysate diets. 

This work may therefore serve as a foundation for the establishment of pea 

protein hydrolysate as a possible novel preventative agent to act against the 

development of hypertension and CKD.  If this agent is useful in humans it will 

substantially decrease the fiscal burden of CKD and hypertension on the health 

care system. In addition to its health benefits, this research will bring value added 

pea products to the market and provide an economic benefit for Manitoba. 
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4. Results 

4.1. Animal health 

 One rat of normal genotype fed the PPH (1.0%) diet expired during the 

seventh week of the study. Animal holding staff conducted a gross examination 

of tissues and did not find any gross abnormalities.  The precise cause of death 

was not known and was thought to be unrelated to the therapeutic diet since no 

other animals had health complications during the course of the study. 

4.2. Rat oral intake and fluid output 

Food intake data, as measured by metabolic cage food disappearance at 

4.5 and 7 weeks, showed no differences in diet consumption (Figure 2). Fluid 

intake and urine output were both measured via metabolic cage housing at 4.5 

and 7 weeks. At week 4.5 diseased rats consumed 14% less water as compared 

to the normal rats (p=0.0367); however, at week 7, there were no differences in 

fluid consumption (Figure 3). Urine output was similar in all groups at both weeks 

4.5 and 7 (Figure 4). 

4.3. Morphological studies 

 Diet type had no effect on total weight gain within normal rats. 

Interestingly, despite no differences detected in food intake, diseased rats gained 

approximately 5% less than the normal rats (means of 336 ± 3 g and 354 ± 6 g, 

respectively, p=0.0036) during the course of the 8 week study period (Figure 5).  

Since diseased rats weighed less compared to normal rats, kidney weights 

relative to body weights were considered. Gross examination showed that 

kidneys from diseased rats were significantly larger than those of the normal rats 



Figure 2. Daily food intake (g/day), as measured during metabolic cage periods at 4.5 (A) and 7 (B) weeks, in 

diseased and normal rats fed casein, PPH (0.5%) and PPH (1.0%) diets for eight weeks.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). No differences were detected.
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Figure 3. Water intake (mL/day), as measured during metabolic cage periods at 4.5 (A) and 7 (B) weeks, in 

diseased and normal rats fed casein, PPH (0.5%) and PPH (1.0%) diets for eight weeks.  

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05). 
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Figure 4. Urine output (mL/day), as measured during metabolic cage periods at 4.5 (A) and 7 (B) weeks, in 

diseased and normal rats fed casein, PPH (0.5%) and PPH (1.0%) diets for eight weeks.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. No differences were detected. 
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Figure 5. Total weight gain (g) during the 8 week study period in diseased and normal animals fed casein, PPH 

(0.5%) and PPH (1.0%) diets for eight weeks.  

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05). 
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(p<0.001). Diet had no effect on kidney size or weight in both the normal and 

diseased rats (Figure 6).  

4.4. Early mediators of renal disease  

Unbound MCP-1 levels were analyzed in renal tissues. Diseased rats had 

significantly depressed levels of unbound renal MCP-1 compared normal rats 

(p=0.0158). The PPH diets at the 0.5 and 1.0% inclusion levels had no effect of 

the presence of this early mediator inflammatory marker seen in renal disease 

pathogenesis (Figure 7).   

4.5. Histological changes in diseased animals 

Similarly to the findings of MCP-1 and kidney size, there were no observed 

histological changes with the provision of PPH in regard to the presence of renal 

tissue fibrosis and no reduction of cyst area was seen (Figure 8). These findings 

indicate that PPH has no effect, beneficial or detrimental, on the progression of 

renal disease in this model of ADPKD at the 0.5 and 1.0 % inclusion levels 

(Appendix Table A1). 

4.6. Renal function  

 Plasma creatinine was measured as an indicator of renal function. As 

expected, there was an increase in plasma creatinine in diseased rats 

(p<0.0001).  There was no evidence of decreased plasma creatinine and 

therefore, no amelioration of renal function with the administration of PPH at the 

0.5 and 1.0% inclusion levels in this model of CKD (Figure 9). 



Figure 6. Total kidney weight (TKW) per body weights (BW) (g/g) in normal and diseased rats fed casein, PPH 

(0.5%) and PPH (1.0%) diets for 8 weeks. 

  

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05).
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Figure 7. Levels of renal unbound monocyte chemoattractant protein-1 (MCP-1) (pg/mg dry tissue) in normal and 

diseased rats fed casein, PPH (0.5%) and PPH (1.0%) diets for 8 weeks.  

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05). 
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Figure 8. Renal histological images of diseased rats fed casein (A), pea protein hydrolysate (0.5%) (B) and pea 

protein hydrolysate (1.0%) (C) for 8 weeks.  

 

 

 

 

 

 

Differences were tested by one-way ANOVA (p<0.05). No differences were detected. 
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Figure 9. Plasma creatinine (mg/mL) levels obtained at time of termination in normal and diseased rats fed casein, 

PPH (0.5%) and PPH (1.0%) diets for 8 weeks.  

  

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05). 
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4.7. Left ventricular hypertrophy 

In this study, LVH was measured by determining the ratio of left ventricular 

weight to body weight in effort to capture the consequence of increased 

hemodynamic overload caused by hypertension. Only a genotype effect was 

observed (p<0.0001) as diseased rats had left ventricle to total body weight ratios 

that were 14% larger compared to normal rats. Therefore, the PPH treatments 

showed no improvement in LVH at the 0.5 and 1.0% inclusion level for the 8 

week treatment time period (Figure 10). 

4.8. Long-term effects on blood pressure  

 Blood pressure measurements (MAP, DBP, SBP) were taken in both 

normal and diseased rats, via tail cuff measurement, at weeks 4, 5, 6, 7 and 8 of 

the study. No differences were detected when the data analysis for both normal 

and diseased rats was conducted (Appendix Tables A2, A3 and A4). 

Data analysis on diseased rats alone was conducted in order to determine 

the effect of PPH specifically within diseased rats using the casein fed rats as the 

control. There was a trend at week 6 and 8 of lower MAP in the PPH (0.5%) fed 

rats compared to casein fed rats (p=0.1038 and p=0.0890, respectively) (Figure 

11). Analysis of the DBP data determined that there were no differences found 

when comparing diseased rats that were fed casein diet versus diets containing 

PPH at weeks 4 through 8 (Figure 12).  Analysis of SBP concluded that 

interactions were present between diet and time (p=0.0284); therefore, diet effect 

at each time period was examined. When comparing SBP of diseased rats there 

were no differences detected at weeks 4 and 5; however, at week 6 there 



Figure 10. Left ventricular weight (LVW) to body weight (BW) ratios (g/g) in normal and diseased rats fed casein, 

PPH (0.5%) and PPH (1.0%) diets for eight weeks.  

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA. Significant genotype effect. Values with 

different letters are significantly different (p<0.05).
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Figure 11. Long-term changes in mean arterial pressure (MAP) (mmHg) of Han:SPRD-cy rats fed casein, pea 

protein hydrolysate (PPH) (0.5%) and PPH (1.0%) diets for 8 weeks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by one-way ANOVA. No differences were detected. Values 

with * symbol are marginally different compared to casein (p>0.05 - p<0.1). 
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Figure 12. Long-term changes in diastolic blood pressure (DBP) (mmHg) of Han:SPRD-cy rats fed casein, pea 

protein hydrolysate (PPH) (0.5%) and PPH (1.0%) diets for 8 weeks.  

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by one-way ANOVA. No differences were detected. 
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was a significant 20% decrease in SBP in rats fed PPH (0.5%) compared to 

casein fed rats. At week 7, there was a trend (p=0.0756) for the PPH (1.0%) fed 

rats to have lower SBP compared to casein fed rats. At week 8, both PPH (0.5%) 

and PPH (1.0%) significantly reduced SBP compared to casein fed rats by 17% 

(p=0.0009) and 18% (p=0.0007), respectively. These findings indicate that the 

PPH product has the ability to mitigate the development of hypertension that is 

associated with this model of CKD (Figure 13). 

 As one would expect, hemodynamic data at time of termination showed 

differences between normal and diseased rats with the latter having much higher 

SBP, MAP, left ventricle systolic pressure and LVEDP. No differences were 

detected between normal and diseased rats during the analysis of DBP. In 

contrast to tail cuff measurements, diet did not have an effect on cardiac function 

as evidenced by the hemodynamic data taken at termination (Table 3). No 

differences in diet effect were detected when diseased rats’ hemodynamic 

parameters were analyzed independently from normal rats (Appendix Table A5). 

It is possible that hemodynamic data did not provide an accurate reflection of the 

in vivo hemodynamics due to the hypotensive effects previously shown from 

ketamine-xylazine used as an anaesthetic prior to hemodyamic measurement 

[Rodrigues et al., 2006]. 

4.9. Preliminary renin-angiotensin system component and 

cyclooxygenase mRNA levels in renal and cardiac tissues 

Preliminary real time PCR was conducted on heart and kidney tissues to 

determine the possible effects of control and therapeutic diets on renin, ACE, AT1 
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Figure 13. Long-term changes in systolic blood pressure (SBP) (mmHg) of Han:SPRD-cy rats fed casein, pea 

protein hydrolysate (PPH) (0.5%) and PPH (1.0%) diets for 8 weeks.  

 

 

 

 

 

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by one-way ANOVA. Diet x genotype interactions (p <0.05). 

Means with different letters are significantly different. Values with * symbol are marginally different compared to 

casein (p>0.05 - p<0.1).
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Table 3. Hemodynamic results taken at termination in normal and diseased rats fed casein, PPH (0.5%) and PPH 

(1.0%) for 8 weeks.  

  Normal Rats  Diseased  Genotype Effect 

 
 Casein 

PPH 

(0.5%) 

PPH 

(1.0%) 
 Casein 

PPH 

(0.5%) 

PPH 

(1.0%) 

 
P values 

MAP 

(mmHg) 
 107 ± 9 93 ± 11 94 ± 9  114 ± 8 114 ± 7 120 ± 6 

 
0.0158 

DBP 

(mmHg) 
 94 ± 9 80 ± 12 80 ± 11  96 ± 9 100 ± 7 103 ± 6 

 
No Differences 

SBP 

(mmHg) 
 133 ± 9 117 ± 10 123 ± 6  150 ± 8 140 ± 6 155 ± 6 

 
0.0011 

LVEDP 

(mmHg) 
 2.62 ± 0.51 2.88 ± 0.53 2.73 ± 0.59  5.31 ± 0.79 5.54 ± 1.39 7.23 ± 1.40 

 
0.0120 

LVSP 

(mmHg) 
 136 ± 7 121 ± 8 132 ± 7  154 ± 7 141 ± 6 157 ± 7 

 
0.0027 

 

Abbreviations: MAP (mean arterial pressure), DBP (diastolic blood pressure), SBP (systolic blood pressure), 

LVEDP (left ventricle end diastolic pressure), LVSP (left ventricle systolic pressure).  

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). 
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receptor, COX-1 and COX-2 at the molecular level. The data generated are 

mRNA levels in diseased rats relative to the mRNA levels in normal rats fed the 

same diet. A small sample size of 2 was assayed to obtain preliminary mRNA 

level data. Due to the small sample size the following data is a reflection of the 

average of two values ± SE without statistical analysis. 

mRNA levels of renin, ACE, AT1 receptor, COX-1 and COX-2 from kidney 

tissues are shown in the Appendix Figure A1and mRNA levels of renin, ACE, AT1 

receptor, COX-1 and COX-2 from heart tissues are shown in the Appendix Figure 

A2. The values expressed are the mRNA levels in diseased rats relative to the 

mRNA levels in normal rats fed the same diet. The preliminary data suggests a 

possible depression of ACE mRNA levels with the administration of PPH diets at 

both inclusion levels in cardiac tissues and a possible increase in AT1 receptor 

mRNA levels with the administration of PPH diets at both inclusion levels in renal 

tissues. 

4.10. Arachidonic acid metabolites in renal tissues 

Kidney tissues were analysed to determine the presence of isoprostanes. 

The level of F2 and F3 isoprostanes did not differ between diet groups nor did 

they differ based on genotype.  Therefore, in this model of PKD the presence of 

oxidative stress did not increase or decrease in diseased rats and there was no 

reduction or induction of oxidative stress seen with the addition of treatment diets 

(Table 4). 

Kidney tissues were analysed to determine the quantity of prostanoids at 

time zero (endogenous) (Table 5) and at 10 minutes after incubation in 



Table 4. Renal F2 and F3 isoprostane levels (ng/mg dry tissue) in normal and diseased rats fed casein, PPH (0.5%) 

and PPH (1.0%) diets for 8 weeks.  

  Normal Rats  Cy/+ Rats 

Isoprostane 

(ng/mg  

dry tissue) 

 Casein PPH (0.5%) PPH (1.0%)  Casein PPH (0.5%) PPH (1.0%) 

F2  0.12 ± 0.03 0.35 ± 0.18 0.16 ± 0.05  0.26 ± 0.11 0.35 ± 0.18 0.22 ± 0.07 

F3  1.43 ± 0.48 1.94 ± 0.58 0.81 ± 0.38  1.01 ± 0.38 0.71 ± 0.29 1.00 ± 0.66 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). No differences were detected.
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Table 5. Endogenous prostanoid levels in renal tissues (pg/mg dry tissue) in normal and diseased rats fed casein, 

PPH (0.5%) and PPH (1.0%) for 8 weeks. 

 
Normal Rats 

 
Cy/+ Rats 

 
 p values 

Prostanoid 

(pg/mg 

dry tissue) 

Casein PPH (0.5%) PPH (1.0%)  Casein PPH (0.5%) PPH (1.0%) 

 

Genotype Diet Interaction 

PGD2 236 ± 43
b
 464 ± 100

ab
 835 ± 174

a
  679 ± 93

a
 520 ± 51

a
 779 ± 142

a
 

 
  0.0066 

PGE2 830 ± 265
c
 1837 ± 456

bc
 4732 ± 991

a
  2670 ± 370

ab
 1827 ± 147

b
 2842 ± 427

ab
 

 
  0.0001 

PGF2α 332 ± 28 988 ± 282 1854 ± 652  711 ± 126 823 ± 216 1299 ± 605 
 

 0.0212*  

6-keto-PGF1α 726 ± 176 1357 ± 358 2521 ± 819  3714 ± 635 4616 ± 1049 7075 ± 2042 
 

<0.0001 0.01*  

TxB2 3348 ± 1481 7920 ± 3219 11021 ± 4898  17066 ± 5024 13032 ± 4941 21693 ± 5468 
 

0.0261   

Total 

Endogenous 
5499 ± 1395 12566 ± 3862 20963 ± 5546  24840 ± 5592 21893 ± 6078 33687 ± 6439 

 
0.008   

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). Means with different letters are 

significantly different.  

*PPH (1.0%) fed rats have higher endogenous PGF2α and 6-keto-PGF1α levels compared to casein fed rats 

(p<0.05). 
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physiological buffer (in vitro prostanoid production) (Table 6). Endogenous PGD2 

levels showed significant interactions (p=0.0066) where endogenous PGD2 levels 

in casein fed normal rats were significantly lower compared to normal rats fed 

PPH (1.0%) and all diseased rats. There were no differences between the 

endogenous PGD2 levels in PPH (0.5%) fed normal rats compared to all other 

groups. There were no differences in PGD2 in vitro production levels. 

Endogenous PGE2 levels also showed significant interactions (p=0.0001) where 

casein fed normal rats had lower PGE2 endogenous levels compared to the 

normal rats fed PPH (1.0%) and all diseased rats. No differences in PGE2 

endogenous levels among diseased rats fed different diets were detected. PGE2 

in vitro production levels were greater in diseased compared to normal rats 

(p=0.001). Analysis of PGF2α detected diet differences (p=0.0212) with PPH 

(1.0%) fed rats having higher endogenous levels of PGF2α compared to casein 

fed rats. Endogenous levels of PGF2α in PPH (0.5%) fed rats were not different 

from other diet groups. No differences were found when examining PGF2α in vitro 

production levels. A genotype effect was detected for both endogenous and in 

vitro production levels of 6-keto-PGF1α (p<0.0001) showing higher levels in 

diseased compared to normal rats. There was also a diet effect (p=0.01) in the 

endogenous 6-keto-PGF1α levels where rats fed PPH (1.0%) had higher 

endogenous 6-keto-PGF1α levels when compared to and casein fed rats. 

Endogenous levels of 6-keto-PGF1α in PPH (0.5%) fed rats were not different 

from other diet groups. TXB2 endogenous and in vitro production levels were 



Table 6. In vitro prostanoid production in renal tissues (pg/mg dry tissue) in normal and diseased fed casein, PPH 

(0.5%) and PPH (1.0%) for 8 weeks. 

 
Normal Rats 

 
Cy/+ Rats 

 
p values 

Prostanoid  

(pg/mg dry tissue) 
Casein PPH (0.5%) PPH (1.0%) 

 
Casein PPH (0.5%) PPH (1.0%) 

 
Genotype 

PGD2 34 ± 6 42 ± 12 64 ± 16  65 ± 11 60 ± 9 65 ± 16 
 

 

PGE2 94 ± 25 165 ± 70 131 ± 68  307 ± 60 323 ± 49 299 ± 58 
 

0.001 

PGF2α 81 ± 21 161 ± 55 258 ± 109  169 ± 43 221 ± 66 122 ± 38 
 

 

6-keto-PGF1α 137 ± 37 152 ± 39 218 ± 76  798 ± 152 895 ± 175 839 ± 270 
 

<0.0001 

TxB2 803 ± 387 403 ± 179 351 ± 211  1402  ± 316 1717 ± 518 2155 ± 512 
 

0.0023 

Total Activity 1148 ± 395 924 ± 254 1175 ± 338  2729 ± 508 3309 ± 731 3676 ± 701 
 

0.0002 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). 
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higher in diseased compared to normal rats (p=0.0261 and p=0.0023, 

respectively). Overall, an increase in endogenous and in vitro production of 

prostanoids levels was seen in diseased rats compared to normal rats (p=0.008 

and p=0.0002, respectively).  

The fatty acid content of renal phospholipids was determined (Table A6). 

AA and DHA were both detected at lower (p<0.0001) levels in diseased rats 

compared to normal rats (Figure 14). Diet did not have an effect on renal 

phospholipid fatty acid composition. 



Figure 14. Arachidonic acid (A) and decosahexaenoic acid (B) content of renal phospholipids from renal tissues of 

normal and diseased rats fed casein, PPH (0.5%) and PPH (1.0%) diets for 8 weeks.  

  

 

 

 

 

 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). Means with different letters are 

significantly different.  

b 

a 

b 

a 
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5. Discussion 

This study demonstrates that dietary intake of PPH at the 0.5% and 1.0% 

inclusion levels attenuate HTN in the Han:SPRD-cy rat. There was no detected 

amelioration of cardiac or renal disease progression with administration of the 

PPH with the inclusion levels provided throughout the 8 week treatment period. 

The formation of renal cysts is a key trait in PKD disease progression 

causing an increase in kidney size in diseased rats as seen in the present study. 

Renal inflammation is thought to be a key contributing factor to tissue fibrosis. 

MCP-1 and its receptor CCR2 are known to induce renal inflammation by 

recruiting inflammatory cells, such as macrophages, to the renal tissue eventually 

leading to hyperproliferation of cells [Charo and Taubman, 2004]. In the present 

study, unbound MCP-1 levels were significantly decreased in diseased rats. This 

finding is similar to previously reported data in the Han:SPRD-cy rat in which a 

decrease in unbound MCP-1 reflects the increased activation of the MCP-

1/CCR2 axis [Aukema et al., 2011] and confirms the known role of MCP-1 in the 

production of fibrotic lesions in diseased kidneys [Kitagawa et al., 2004]. One 

may conclude that PPH at the 0.5% and 1.0% inclusion levels does not have a 

direct inhibitory effect on the MCP-1/CCR2 axis nor does it have an effect on 

reducing the fibrosis or cyst formation in diseased rats.  

  Multiple prostanoids can be produced via the COX pathway and their 

potential actions can be protective or detrimental. A balance of the production of 

prostanoids is important. For instance PGE2 is known to inhibit cell proliferation 

and extracellular matrix deposition whereas TXB2 is known to stimulate these 



 

71 

 

processes. Since 2-series prostanoids are derived from AA, the lower amount of 

AA content in diseased rats may be attributed to the increased production of 2-

series prostanoids typically seen in diseased rats. Normal rat kidneys contain 

predominantly 6-keto-PGF1α and PGF2α and lesser levels of TXB2. In diseased 

rats, prostanoid levels tend to be increased; especially in levels of TXB2 and to a 

lesser extent in PGE2 [Warford-Woolgar et al., 2006]. It has been established that 

the increased COX activity in diseased rats is primarily due to increased activity 

of COX-2. In fact, previous studies have demonstrated that COX-2 inhibition 

decreases TXB2 and 6-keto-PGF1α levels in diseased rats [Sankaran et al., 

2007]. In the present study, TXB2 and 6-keto-PGF1α endogenous and in vitro 

levels as well as PGD2 in vitro levels were elevated in diseased rats which is 

indicative of increased COX-2 activity in the diseased state. Endogenous PGD2 

and PGE2 levels were greater in normal rats fed PPH (1.0%) compared to casein 

fed normal rats. PGF2α and 6-keto-PGF1α endogenous levels were higher in rats 

fed PPH (1.0%). Since these prostanoids are typically implicated in increased 

inflammation and hyperproliferation it may indicate the potential for PPH at the 

1.0% inclusion level to potentiate COX-2 and the production of prostanoids that 

increase the progression of renal disease.   

PPH have exhibited antioxidant properties in laboratory oxidant 

scavenging assays [Pownall et al., 2010]. Isoprostane levels were measured in 

renal tissues to determine the level of oxidative stress in normal and diseased 

rats and to determine if these levels would be altered with the administration of 

the PPH in vivo. Isoprostane levels were not different when comparing diseased 
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and normal rats and diet did not have an effect on the levels of isoprostane 

tissues, suggesting PPH did not have an antioxidant effect in reducing oxidation 

present in renal tissues.  

  Plasma creatinine was measured as an indication of renal function. The 

plasma creatinine levels in diseased animals were higher, indicating decreased 

renal function in the diseased rats. No amelioration in renal function was detected 

with the administration of PPH at either inclusion level. 

HTN plays a dual role as a cause and complication of CKD [Johnston and 

Burrell, 1995]. The effects of peptides derived from pea protein on HTN in a CKD 

rat model have not been studied previously. Based on estimations from QSAR 

modeling, peptides within PPH have the potential to attenuate HTN by inhibiting 

renin and ACE [Undenigwe et al., 2011]. RAS activation and the production of 

vasoconstrictory and vasodilatory prostanoids, at the systemic, circulatory and 

tissue levels, play a role in the hypertension that occurs. Our colleagues 

measured the ACE and Ang II concentration present in the plasma obtained at 

termination from the rats from the present study. No differences in plasma ACE 

were detected; however plasma Ang II levels were significantly decreased in 

diseased animals fed PPH (0.5%) and PPH (1.0%) [Li et al., 2011]. A possible 

explanation for these results may be that the inhibition of renin acts as the rate 

limiting factor in the production of Ang II; thereby limiting its ability to cause 

increases in blood pressure. In the present study, PPH (0.5%) began to 

demonstrate an antihypertensive effect in systolic blood pressures by week 6 and 

PPH attenuated systolic HTN at both the 0.5% and 1.0% inclusion levels by the 
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8th week of the study. Since there was not an immediate antihypertensive 

response with the provision of PPH it is possible that the effect is occurring rather 

at the molecular level. Prelimiary mRNA presented suggests that the depressive 

effects of the PPH on renin mRNA levels may be responsible for the beneficial 

attenuation of hypertension in the current model. Further investigation is required 

to elucidate this theory.  

In addition to the effects of PPH on HTN, this study examined the effects 

of PPH on the development of LVH in the Han:SPRD-cy rat. It is known that 

pathological LVH is commonly seen in CKD due to the volume and pressure 

overload as well as induction of cardiac remodelling and hypertrophy from 

increased Ang II [Taddei et al., 2011; Kim and Iwao, 2011]. As expected, LVH, as 

measured by left ventricular weight over body weight ratio, was significantly 

greater in diseased compared to normal rats. The increase in LVEDP is a 

reflection, in part, of the left ventricular dysfunction to do increased left ventricular 

mass [Zile and Brutsaert, 2002]. No amelioration of LVH in diseased rats fed 

PPH was seen in the present study; however, it is important to consider that 

attenuation of systolic HTN, in both levels of PPH inclusion, was only considered 

significant at week 8 of the study. It is plausible that cardiac damage may 

improve with continued therapeutic intervention by decreasing the workload of 

the heart caused by HTN. 

  In conclusion, this study demonstrated that dietary PPH at the 0.5% and 

1.0% inclusion levels attenuate HTN. PPH remains to be a promising potential 
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therapeutic agent for use in humans to decrease HTN; however, further research 

is needed to rule out the possible proinflammatory effects. 

 PPH at the 0.5% and 1.0% inclusion levels attenuate HTN. 

 PPH did not have an impact on the renal function and did not prevent or 

decrease renal and cardiac damage. 

 PPH may promote the production of proinflammatory prostanoids. 

 PPH remains a potential therapeutic agent for use in humans to attenuate 

hypertension; however, further research is needed to rule out possible 

proinflammatory effects. 

 The mechanisms responsible for the PPH antihypertensive effects remain 

to be elucidated.  
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6. Strengths and limitations 

A primary strength of this study was the study design itself, as it included 

both normal and diseased rats. Control animals allowed us to see the effect of 

the hydrolysate on healthy rats and diseased rats provided a contrast of the 

changes that occur in our model with disease progression. More than one 

inclusion level of the PPH was important to develop preliminary data and provide 

insight on whether or not the suggestion of a dose response was present. 

There are several limitations to the current study. Firstly, even though 8 

weeks is a reasonable duration, the beneficial effects on hypertension only 

became evident towards the end of the treatment period. Perhaps a longer term 

study would allow us to see the sustainability of attenuation of hypertension and 

even indications of improvement of renal and cardiac function. 

Secondly, since only male rats have been studied, the role of gender in 

the PPH responsiveness cannot be excluded and thus remains to be determined.  

Finally, only MCP-1 was tested in the present study. Measurement of 

other reliable markers of inflammation such as tumour necrosis factor-α, 

transforming growth factor β-1 and interleukin-1 would have been useful. 
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7. Directions for future research 

The present study was helpful in determining the effects of PPH in an animal 

model to determine preliminary effects on hypertension and CKD. The following 

would be useful for further investigation of the effects of PPH on hypertension 

and CKD:  

 Other inclusion levels of the PPH would be helpful in determining the 

levels that are effective in attenuating blood pressure but do not cause 

undesirable increases in other markers such a COX-1 or COX-2 while 

providing dose response trends. Suggested levels are: 0.25% and 1.5% 

inclusion levels of PPH. 

 The use of an animal model that allows the research to focus on the 

hypertensive effects, such as a spontaneously hypertensive rat model. 

 Renal immunohistochemistry of inflammatory markers tumour necrosis 

factor-1, transforming growth factor β-1 and interleukin-1 to further explore 

production and location within the kidney.  

 Further investigation of the mRNA levels of renin, ACE, AT1 receptor, 

COX-1 and COX-2 in renal and cardiac tissues. 

 Investigation of the mRNA levels of MCP-1 and other inflammatory 

markers such as tumour necrosis factor-1, transforming growth factor β-1 

and interleukin-1 would be useful to determine the expression of these 

factors at the molecular level. 
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9. Appendix 

Table A1. Histology of renal tissues from diseased rats fed casein, pea protein hydrolysate (0.5%) and pea protein 

hydrolysate (1.0%) for 8 weeks.  

 Casein PPH (0.5%) PPH (1.0%) 

Cyst Area, pixels  104644 ± 3272 105159 ± 3522 106363 ± 3735 

Fibrosis volume, mL/ g left kidney   0.50 ± 0.03 0.56 ± 0.04 0.55 ± 0.04 

Relative fibrosis, % of non-cyst area 15.0 ± 0.9 16.3 ± 1.1 16.2 ± 1.3 

 

Data are shown as means ± SE. Differences tested by one-way ANOVA (p<0.05). No differences were detected.
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Table A2. Long-term changes in mean arterial pressure of normal and diseased rats fed casein, pea protein 

hydrolysate (0.5%) and pea protein hydrolysate (PPH) (1.0%) diets for 8 weeks. 

  Normal  Diseased 

Week 
 

Casein 
PPH 

(0.5%) 

PPH 

(1.0%) 
 Casein 

PPH 

(0.5%) 

PPH 

(1.0%) 

n  3 3 3  5 5 5 

4  111 ± 5 103 ± 7 95 ± 8  114 ± 7 101 ± 4 109 ± 9 

5  135 ± 6 106 ± 7 119 ± 7  116 ± 8 107 ± 13 123 ± 8 

6  102 ± 16 76 ± 11 97 ± 7  118 ± 10 92 ± 2 101 ± 10 

7  116 ± 6 107 ± 15 102 ± 3  124 ± 10 105 ± 5 103 ± 8 

8  96 ± 3 103 ± 6 109 ± 10  117 ± 9 96 ± 6 102 ± 4 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). No differences were detected.
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Table A3. Long-term changes in diastolic blood pressure of normal and diseased rats fed casein, pea protein 

hydrolysate (0.5%) and pea protein hydrolysate (PPH) (1.0%) diets for 8 weeks.  

  Normal  Diseased 

Week 
 

Casein 
PPH 

(0.5%) 

PPH 

(1.0%) 
 Casein 

PPH 

(0.5%) 

PPH 

(1.0%) 

n  3 3 3  5 5 5 

4  89 ± 8 85 ± 10 74 ± 13  96 ± 10 83 ± 3 92 ± 11 

5  115 ± 6 94 ± 9 104 ± 9  94 ± 10 84 ± 15 99 ± 9 

6  88 ± 18 55 ± 12 81 ± 9  93 ± 13 71 ± 4 75 ± 12 

7  97 ± 7 91 ± 13 83 ± 8  102 ± 12 87 ± 7 86 ± 6 

8  75 ± 4 83 ± 11 90 ± 10  91 ± 13 73 ± 8 83 ± 5 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). No differences were detected.
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Table A4. Long-term changes in systolic blood pressure of normal and diseased rats fed casein, pea protein 

hydrolysate (0.5%) and pea protein hydrolysate (PPH) (1.0%) diets for 8 weeks.  

  Normal  Diseased 

Week 
 

Casein 
PPH 

(0.5%) 

PPH 

(1.0%) 
 Casein 

PPH 

(0.5%) 

PPH 

(1.0%) 

n  3 3 3  5 5 5 

4  154 ± 5 138 ± 1 137 ± 3  149 ± 6 138 ± 5 144 ± 5 

5  176 ± 10 129 ± 5 149 ± 4  158 ± 6 154 ± 8 170 ± 8 

6  129 ± 5 117 ± 9 128 ± 7  168 ± 7 134 ± 6 153 ± 10 

7  156 ± 5 140 ± 18 140 ± 7  167 ± 11 141 ± 3 136 ± 11 

8  137 ± 1 144 ± 7 145 ± 11  170 ± 4 141 ± 6 140 ± 3 

 

Data are shown as means ± SE. Differences tested by two-way ANOVA (p<0.05). No differences were detected.
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Table A5. Hemodynamic results taken at termination in diseased rats fed casein, PPH (0.5%) and PPH (1.0%) for 8 

weeks.  

 
 Casein PPH (0.5%) PPH (1.0%) 

MAP (mmHg)  114 ± 8 114 ± 7 120 ± 6 

DBP (mmHg)  96 ± 9 100 ± 7 103 ± 6 

SBP (mmHg)  150 ± 8 140 ± 6 155 ± 6 

LVEDP (mmHg)  5.31 ± 0.79 5.54 ± 1.39 7.23 ± 1.40 

LVSP (mmHg)  154 ± 7 141 ± 6 157 ± 7 

 

Abbreviations: MAP (mean arterial pressure), DBP (diastolic blood pressure), SBP (systolic blood pressure), 

LVEDP (left ventricle end diastolic pressure), LVSP (left ventricle systolic pressure).  

Data are shown as means ± SE. Differences tested by one-way ANOVA (p<0.05). No differences were detected.
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Figure A1. mRNA levels of renin (A), ACE (B), Ang II (C), COX-1 (D) and COX-2 (E) in renal tissues of rats fed 

casein, PPH (0.5%) and PPH (1.0%) diets for 8 weeks (n = 2). 
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Figure A2. mRNA levels of renin (A), ACE (B), Ang II (C), COX-1 (D) and COX-2 (E) in cardiac tissues of rats fed 

casein, PPH (0.5%) and PPH (1.0%) diets for 8 weeks (n = 2). 
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Table A6. Fatty acid content of phospholipids from renal tissues of rats fed casein, PPH (0.5%) and PPH (1.0%) diets for 
8 weeks.  
 

  Normal  Diseased  p values 

Fatty Acid 
(nmol per mg dry 

tissue)   Casein PPH (0.5%) PPH (1.0%)   Casein PPH (0.5%) PPH (1.0%)   Genotype 

C14:0  0.7 ± 0.2 1.1 ± 0.2 0.8 ± 0.1  1.2 ± 0.3 0.7 ± 0.1 0.9 ± 0.3   

C14:1  0.4 ± 0.1 0.4 ± 0.08 0.3 ± 0.07  0.6 ± 0.2 0.3 ± 0.1 0.4 ± 0.1   

Unknown  5.2 ± 0.8 6.6 ± 0.6 5.1 ± 0.3  7.3 ± 1.3 5.3 ± 0.5 6.3 ± 1.2   

C16:0  57.2 ± 2.3 59.6 ±  1.1 54.8 ± 0.7  49.9 ± 3.8 42.5 ± 1.2 45.7 ± 3.3   <.0001 

C16:1  1.7 ± 0.2 1.8 ± 0.1 1.6 ± 0.2  1.5 ± 0.1 1.2 ± 0.2 1.4 ± 0.2  0.0285 

Unknown  2.0 ± 0.4 2.5 ± 0.4 1.8 ± 0.07  4.5 ± 0.8 3.5 ± 0.4 4.6 ± 1.2  0.0001 

Unknown  1.4 ± 0.3  1.8 ± 0.2 1.3 ± 0.06  1.5 ± 0.4 1.0 ± 0.1 1.3 ± 0.3   

C18:0  48.6 ± 3.1 50.0 ± 2.1 44.2 ± 2.4  39.4 ± 5.5 34.1 ± 1.2 38.4 ± 5.1  0.0025 
C18:1n9  16.0 ± 0.8 16.5 ± 1.1 14.3 ± 0.6  15.0 ± 1.3 14.2 ± 0.5 15.6 ± 1.9   

C18:1n7  6.5 ± 0.3 7.2 ± 0.2 5.9 ± 0.4  5.3 ± 0.6 4.6 ± 0.1 5.2 ± 0.7  0.0004 

C18:2  28.2 ± 2.6 29.6 ± 1.1 26.7 ± 1.4  21.7 ± 2.9 17.7 ± 0.7 20.1 ± 2.2   <.0001 

C20:0  0.6 ± 0.05 0.6 ± 0.08 0.5 ± 0.03  0.9 ± 0.1 0.9 ± 0.06 1.1 ± 0.2  0.0004 

C20:1  0.3 ± 0.02 0.3 ± 0.06 0.2 ± 0.02  0.4 ± 0.08 0.4 ± 0.03 0.5 ± 0.1  0.0006 

C20:2  0.9 ± 0.08 1.0 ± 0.06 0.9 ± 0.08  1.5 ± 0.2 1.3 ± 0.04 1.7 ± 0.3  0.0003 

C20:3n6  1.4 ± 0.2 1.6 ± 0.1 1.3 ± 0.1  1.0 ± 0.2 0.9 ± 0.07 0.9 ± 0.09  0.0001 

C20:4n6  67.4 ± 7.0 76.1 ± 4.7 62.8 ± 4.9  52.5 ± 8.9 45.1 ± 2.2 50.7 ± 7.4  0.0013 

C22:0  1.1 ± 0.1 1.0 ± 0.1 0.8 ± 0.07  1.2 ± 0.2 1.1 ± 0.1 1.4 ± 0.3   

C22:4  2.1 ± 0.3 2.3 ± 0.3 1.8 ± 0.2  4.4 ± 0.7 4.2 ± 0.2 5.3 ± 1.1   <.0001 

C22:5n6  1.4 ± 0.2 1.7 ± 0.2 1.4 ± 0.1  1.9 ± 0.3 1.6 ± 0.06 1.9 ± 0.4   

C22:5n3  0.3 ± 0.06 0.4 ± 0.04 0.3 ± 0.02  0.4 ± 0.08 0.3 ± 0.03 0.4 ± 0.08   

C22:6n3  2.2 ± 0.3 2.6 ± 0.2 2.1 ± 0.2  1.3 ± 0.3 1.0 ± 0.06 1.2 ± 0.2    <.0001 

C24:0  6.4 ± 0.9 5.8 ± 0.8 4.5 ± 0.5  3.6 ± 1.1 3.0 ± 0.3 3.5 ± 0.8  0.0026 

C24:1   2.0 ± 0.3 2.0 ± 0.3 1.5 ± 0.2   1.3 ± 0.4 1.1 ± 0.1 1.3 ± 0.3   0.0164 
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