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ABSTRACT 

 

Obesity is an independent risk factor for the development of chronic kidney 

disease (CKD). Non-resolving inflammation is a key mechanism that initiates and 

amplifies progressive renal injury in the setting of obesity. Recently, Toll-like receptor 4 

(TLR4) has been identified as a molecular link between the innate immune system and 

obesity-linked chronic inflammation. Up-regulation of TLR4 on various tissues has been 

documented in obese patients and its activation by endogenous ligands, such as free fatty 

acids, may represent an important inflammatory mechanism that contributes to end-organ 

damage in obesity. We found that TLR4 expression was also up-regulated in the kidneys 

of obese rats, suggesting their potential involvement in mediating renal injury in obesity. 

Angiotensin AT2 receptors (AT2R) are up-regulated in the kidneys from obese 

rats. AT2R stimulation has been shown to exert anti-inflammatory, renoprotective effects 

in diverse models of renal injury. However, whether AT2R activation can attenuate 

TLR4-induced inflammation, which occurs in obesity, is not clear. The present study was 

designed to characterize the anti-inflammatory, renoprotective role of AT2R stimulation 

in obesity-linked inflammation and renal injury using a combination of in vivo and in 

vitro experimental models.  

First, obesity was induced in AT2R knock-out (AT2KO) mice by placing them on 

a high-fat diet (HFD) for a period of 16 weeks. Subsequently, plasma and renal pro- and 
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anti-inflammatory cytokines were measured and renal morphology was assessed. 

Compared to wild-type (WT) mice on the HFD, AT2KO mice on the same diet had 

increased systemic and renal levels of pro-inflammatory cytokine TNF-α while anti-

inflammatory IL-10 was markedly lower. This was associated with increased renal injury 

in HFD-fed AT2KO mice. Also, stimulation of AT2R for 2 weeks in pre-hypertensive 

obese Zucker rats (OZR) was found to attenuate plasma and renal pro-inflammatory 

TNF-α and IL-6. This was associated with decreased renal macrophage infiltration and 

mesangial matrix expansion (MME). Conversely, AT2R antagonist treatment led to 

decreased renal IL-10 and worsening of MME. These findings suggested that AT2R 

stimulation may favor the production of anti-inflammatory cytokine IL-10, while down-

regulating pro-inflammatory cytokine production, thus affording renoprotection in 

obesity. 

Next, a series of in vitro experiments using proximal tubule epithelial cells 

(PTEC), glomerular epithelial cells and macrophages was conducted to clarify the 

cellular mechanisms that orchestrate the anti-inflammatory response to AT2R stimulation. 

AT2R agonist was found to attenuate TLR4-induced increase in pro-inflammatory 

cytokine production via increased IL-10 production in PTEC and macrophage cell-lines. 

Furthermore, IL-10 was increased in PTECs, but not in macrophages, by AT2R 

stimulation in the absence of TLR4 activation. The increase in IL-10 was mediated by 

NO/cGMP signaling in PTECs. The altered cytokine profile of PTECs was found to 
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inhibit the activation of macrophages in response to the TLR4 ligand, lipopolysaccharide 

(LPS).   

Lastly, to demonstrate the anti-inflammatory role of AT2R stimulation in vivo, a 

mouse model of LPS-induced systemic inflammation and acute kidney injury was used. 

Mice pre-treated with AT2R agonist had lower renal pro-inflammatory cytokine levels. 

This was associated with preserved renal function and structural integrity compared to 

LPS-treated mice. Furthermore, renal TLR4 expression in AT2R agonist pre-treated mice 

was also lower than LPS-treated controls.  

Overall, these findings demonstrate a protective role for AT2R stimulation in 

obesity-linked inflammation and renal injury. This protective effect is mediated via 

increased IL-10 production and cross-talk between renal epithelial cells and infiltrating 

macrophages, which can attenuate local renal inflammation. In the present study, we also 

identify signaling pathways, including NO/cGMP signaling and sustained ERK1/2 

phosphorylation as potential mechanisms involved in promoting IL-10 production. Our 

results indicate that AT2R stimulation may be beneficial in TLR4-induced acute renal 

injury as well as obesity-linked chronic kidney disease. 
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1. STATEMENT OF RESEARCH PROBLEM 

Chronic kidney disease (CKD) is a serious health concern characterized by a 

progressive loss of renal function evidenced by a drop in glomerular filtration rate 

(GFR). Patients with CKD are 10-30 times more likely to die of cardiovascular 

disease. Furthermore, in about half the cases, CKD inevitably progresses to end-

stage renal disease (ESRD), requiring dialysis and/or transplantation. 

Unfortunately, despite our increased understanding of the mechanisms of CKD 

progression, the prevalence of ESRD continues to rise. 

Hypertension and diabetes mellitus are the leading risk factors for renal failure 

and account for over 70% of all CKD cases.  For decades, it was known that co-

morbidity of obesity with hypertension and diabetes mellitus worsened kidney 

damage. However, it is now recognized that obesity even in the absence of 

elevated BP and hyperglycemia can lead to renal damage and proteinuria. Thus, 

obesity itself is an independent risk factor for the development of CKD and the 

mechanisms involved in obesity-linked renal disease warrant further 

investigation. 

Obesity affects the kidney in three major ways. First, obesity results in 

anatomical abnormalities including mechanical compression of the kidneys, 

glomerular hypertrophy and associated mesangial and podocyte abnormalities. 

Obesity is also associated with abnormal renin angiotensin system (RAS) 
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activation, leading to increased sodium retention, renal hyperfiltration and 

glomerular hypertension. These maladaptations ultimately lead to 

glomerulosclerosis and nephron loss. The third adverse consequence of obesity is 

systemic inflammation. Obesity is generally acknowledged to be a state of 

chronic, low-grade inflammation characterized by increased levels of circulating 

cytokines, the soluble mediators of inflammation.  The adipose tissue is not 

merely an organ that stores excess fat, but can actively secrete a number of 

cytokines and chemokines. These cytokines and chemokines can promote the 

infiltration of activated macrophages into the adipose tissue itself as well as in 

target tissues, including the kidney, and set-up a state of local tissue 

inflammation. However, the precise cellular and molecular mechanisms involved 

in orchestrating obesity-linked renal inflammation remain obscure. 

Recent reports suggest that activation of Toll-like receptors (TLRs), 

specifically TLR4, may potentially initiate and maintain chronic systemic and 

tissue inflammation in obesity. TLRs are an essential component of the innate 

immune system since they can recognize pathogen associated molecular patterns 

(PAMPs) and mount a pro-inflammatory response. Typically TLR4 recognizes 

lipopolysaccharides (LPS), which are components of the Gram-negative bacterial 

cell wall. This leads to activation of downstream signaling pathways, including 

activation of nuclear factor-κB (NF-κB) and other transcription factors that 

promote the enhanced production of cytokines. However, free fatty acids (FFA) 
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which may be structurally similar to the lipid component of LPS could also 

potentially activate the TLR4. These TLR4s are expressed on a variety of cell-

types, including adipocytes, macrophages and monocytes and epithelial cells, 

including those in the kidney. In obesity higher circulating FFAs could thus 

activate tissue TLR4 and initiate the inflammatory cycle. Within the adipocytes, 

TLR4 activation results in NF-κB activation which then recruits macrophages to 

the adipose tissue via adipokine and chemokine secretion. What results is a state 

of chronic inflammation involving sustained production of pro-inflammatory and 

pro-oxidant agents by adipocytes as well as infiltrating macrophages, ultimately 

culminating in chronic systemic inflammation. Activated circulating 

monocytes/macrophages can then infiltrate the kidney and initiate renal injury. In 

concert with infiltrating macrophages, cellular inflammatory pathways and 

cytokine crosstalk between glomerular and tubular cells within the kidney further 

exacerbate the renal pro-inflammatory environment. Moreover, we found that 

TLR4 expression in the renal cortex is significantly up-regulated in obesity and 

may represent an important pathway in mediating renal inflammation.  

The RAS is a major hormone system that is involved, not only in the 

regulation of renal function, but also in promoting renal injury. Furthermore, up-

regulation of TLR4 expression and increased production of pro-inflammatory 

mediators has been shown to be induced by Angiotensin II (Ang II) via the AT1 

receptor (AT1R) in a number of cell-types, including macrophages, epithelial and 
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mesangial cells. Since obesity itself results in an abnormal activation of the RAS, 

it is likely that TLR4 activation may occur as a result of higher AT1R activity. 

While most of the pro-inflammatory, pro-fibrotic functions of Ang II are mediated 

by the AT1R, recent evidence suggests a protective, anti-inflammatory role for the 

AT2R. However, this has been demonstrated either in cell-lines or surgically 

manipulated animal models, neither of which can truly mimic the array of 

pathophysiological changes that occur as a result of obesity.  

The molecular pathways involved in mediating the anti-inflammatory effect of 

AT2R stimulation are the subject of active investigation. A few studies have 

identified inhibition of NF-κB and STAT3 phosphorylation as potential 

mechanisms by which AT2R inhibits inflammation. More recently, AT2R 

expression was linked to increased expression of Interleukin-10 (IL-10) in a 

subset of CD8
+
 T-cells, which usually have a low expression of this potent anti-

inflammatory cytokine. Further, stimulation of these cells by an AT2R agonist 

further enhanced IL-10 production. IL-10 can itself attenuate NF-κB and STAT3 

activation and thus potentially be the molecular link between AT2R activation and 

lowered pro-inflammatory status. Though, whether this mechanism can protect 

the kidney from inflammatory injury in obesity is not known. 

We have previously shown that AT2R expression is up-regulated in obese rats 

and stimulation of this receptor can mediate protective effects on long-term blood 
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pressure regulation in obesity. In addition, multiple studies have highlighted the 

beneficial role of the AT2R against renal injury. Based on this evidence, the 

present study was designed to test the hypothesis that AT2R activation exerts an 

anti-inflammatory response and protects the kidney from obesity-linked 

inflammation and renal injury. This hypothesis was tested using a combination of 

in vivo models of obesity as well as in vitro experiments using cell-types, such as 

tubular and glomerular epithelial cells and macrophages that play a major role in 

mediating renal inflammation and injury. The effect of AT2R stimulation on the 

levels of TNF-α, IL-6, IL-10 and TGF-β, which are the key cytokines involved in 

kidney damage was evaluated in vivo and in vitro. The renoprotective potential of 

AT2R was also investigated in a mouse model of TLR4 mediated acute renal 

failure, which further broadens the scope of the beneficial effect of AT2Rs in 

inflammatory renal injury.  
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2. REVIEW OF LITERATURE 

 

2.1  THE LINK BETWEEN OBESITY AND CKD 

CKD is a serious public health concern and according to the latest National 

Health and Nutrition Examination Survey report, over 26 million Americans over 

the age of 20 suffer from CKD and a third of these patients have ESRD. CKD is 

the 9
th

 leading cause of death in the United States. Further, the risk of developing 

cardiovascular disease (CVD) is 10 times greater in patients with CKD. 

Inevitably, CKD progresses to ESRD, the only treatments for which are dialysis 

and/or transplantation. Unfortunately, though there has been a decline in 

traditional risk factors such smoking and hypertension (Gregg et al., 2005), the 

incidence of CKD and ESRD continues to rise. 

Obesity is considered to be one of the most important risk factors for diabetes 

and hypertension, which account for over 70% of CKD and ESRD cases (USRDS 

Report, 2011). However, evidence in support of obesity itself playing a causative 

role in chronic renal disease is growing (Stengel et al., 2003 Fox et al., 2004; 

Ejerblad et al., 2006; Hsu et al., 2006). These epidemiological studies, using body 

mass index (BMI) as a measure of obesity, have identified increasing body mass 

as an independent risk factor for the development of CKD and ESRD in the 

absence of hypertension and diabetes. Furthermore, the presence of obesity can 

accelerate the progression to renal failure (Praga and Morales, 2006).  
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Proteinuria and focal segmental glomerulosclerosis (FSGS) are the most 

common pathological lesions reported in obese patients (Weisinger et al., 1974; 

Warnke and Kempson, 1978; Jenette et al., 1987; Kambham et al., 2001; Tozawa 

et al., 2002). Moreover, these glomerular abnormalities correlate well with body 

mass and can occur even in the absence of overt renal disease (Serra et al., 2008). 

Rea et al. (2006) examined the early histopathological changes in kidneys from 

obese kidney donors with elevated systolic blood pressure, but normal renal 

function and report increased glomerular surface area and tubular dilatation. 

Similar pathological findings have been reported in animal models of obesity, 

such as the obese Zucker rat (Kasiske et al., 1985, 1992), high-fat diet-fed mice 

(Deji et al., 2009), obese dogs (Henegar et al., 2001) and obesity-prone Ossabaw 

pigs (Zhang et al., 2013). Thus, obesity is gaining recognition as a major risk 

factor for renal injury and several causative mechanisms have been proposed, as 

discussed below.   

 

2.2  OBESITY-LINKED CHRONIC INFLAMMATION AND RENAL INJURY 

Obesity is considered to be a state of chronic low-grade systemic 

inflammation with circulating blood mononuclear cells being activated to a pro-

inflammatory phenotype (Ghanim et al., 2004). Plasma levels of IL-6 and C-

reactive protein (CRP) are found to correlate positively with increasing body mass 

in obese individuals (Kern et al., 2001; Khaodhiar et al., 2004; Fischer et al., 
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2007). Further, the adipose tissue expression of TNF-α (Hotamisligil et al., 1995; 

Kern et al., 2001) and IL-6 is found to be significantly higher in obese subjects 

compared to their lean counterparts (Kern et al., 2001). In fact, the adipose tissue 

has been identified as a major source of circulating pro-inflammatory mediators in 

obesity (Xu et al., 2003). Increasing adiposity is associated with accelerated 

infiltration of bone marrow derived macrophages in the adipose tissue (Weisberg 

et al., 2003). Thus, both, adipocytes and invading macrophages contribute to the 

production of pro-inflammatory cytokines in obesity.    

Inflammation has been linked to renal disease in obesity. A strong association 

between plasma CRP and BMI has been reported in patients with CKD 

(Ramkumar et al., 2004). Also, the glomeruli from patients presenting with 

obesity-related glomerulopathy had elevated expression of inflammatory genes 

such as TNF-α, IL-6 signal transducer and interferon-gamma (IFN-γ) (Wu et al., 

2006). This local production of inflammatory mediators can set up a pro-

inflammatory environment which exerts toxic effects on the renal parenchymal 

cells and ultimately results in a loss of nephron function. Resolution of renal 

inflammation is suggested to be important in halting the progression of chronic 

renal disease based on the beneficial effects of novel anti-inflammatory drugs in 

experimental models of CKD (Gong et al., 2006; Sankaran et al., 2007; Quiroz et 

al., 2008; Tu et al., 2008; Dhande et al., 2013). A clinical trial using the anti-

inflammatory agent Pentoxyfilline in combination with RAS blockade is currently 
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underway for the treatment of CKD in patients with the metabolic syndrome 

(Navarro-Gonzales et al., 2011). 

 

2.3  CELLULAR MECHANSIMS OF INFLAMMATORY RENAL INJURY IN 

OBESITY 

Though the role of inflammation in progressive renal injury is known, the 

cellular pathways that mediate renal inflammation in obesity are incompletely 

understood. Ghanim et al. (2004) demonstrated that the circulating monocytes 

from obese patients were in a pro-inflammatory activated state. This group also 

demonstrated that increased free fatty acids (FFA) in the circulation were 

responsible for this induction of inflammation (Tripathy et al., 2003). A possible 

mechanism could be linked to activation of the inflammatory signaling pathways 

via FFA-induced TLR4 stimulation in macrophages (Shi et al., 2006), which have 

been reported to have an up-regulated TLR4 expression in circulating blood 

mononuclear cells from obese patients (Ahmad et al., 2012; Hardy et al., 2012). 

Further, TLR4 expression on adipocytes has also been shown to be up-regulated 

in obese mice (Shi et al., 2006). Thus, inflammatory cytokine production from 

adipose tissue as well as macrophages and monocytes results in chronic systemic 

inflammation in obesity. The role of TLR4 in renal injury will be discussed in 

detail in the forthcoming section. 
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In addition to pro-inflammatory cytokines being up-regulated, obesity is also 

associated with a marked down-regulation of the anti-inflammatory cytokines IL-

10 and adiponectin (Bluher et al., 2005). Recently, the primary mechanism that 

initiates obesity-linked renal injury has been proposed based on this adiponectin 

deficiency. Under normal conditions, adiponectin has a protective effect on 

glomerular podocytes via activation of AMP-activated protein kinase (AMPK) 

(Sharma et al., 2008). However, in obesity, the levels of adiponectin, and 

consequently AMPK, are downregulated, which makes the glomerulus more 

susceptible to inflammatory renal injury. High circulating FFA, such as palmitic 

acid, via TLR4 activation has been shown to induce the expression of the potent 

chemokine monocyte chemoattractant protein-1 (MCP-1) in adipocytes 

(Schaeffler et al., 2009) and mesangial cells (Decleves et al., 2011). In obesity, 

MCP-1 is elevated in the plasma (Kim et al., 2007) and is positively linked to 

increased renal injury (Fu et al., 2012). Moreover, MCP-1 is the earliest pro-

inflammatory mediator that is up-regulated in the kidneys in response to a high-fat 

diet (Decleves et al., 2011) and has been shown to precede the renal infiltration of 

macrophages (Pérez de Lema et al., 2001). Increased renal MCP-1 rapidly recruits 

activated macrophages to the glomerulus and thus, initiates glomerular injury 

(Lavaud et al., 1996). This increase in MCP-1 has been shown to be related to the 

deficiency of AMPK and adiponectin (Decleves et al., 2011). In addition to FFAs, 

in obesity increased Ang II via AT1R activation has also been implicated in the 
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induction of MCP-1 (Wolf et al., 1998; Pan et al., 2009). Thus, multiple pathways 

may cooperate in obesity to promote renal macrophage infiltration, which is a key 

event in initiating renal injury. 

High fat diet has shown to promote an inflammatory environment in the 

kidney (Stemmer et al., 2012). Infiltration of macrophages into the glomerulus 

results in the induction of pro-inflammatory cytokines, such as TNF-α, IL-6, IL-1 

and IL-18 by glomerular cells. This results in the disruption of the glomerular 

ultrafiltration barrier, allowing the inflammatory mediators to pass into the lumen 

and activate proximal tubule epithelial cells (PTECs) which then further produce 

pro-inflammatory and pro-fibrotic cytokines (Lai et al., 2011). Thus, renal 

inflammation is set up as a result of cross-talk between infiltrating macrophages 

and resident renal cells. However, this cross-talk may not necessarily promote 

inflammation. Wang et al., (2004) have shown that PTECs activated by the TLR4 

agonist LPS inhibited the activation of macrophages via increased IL-10 

production. Thus, the renal microenvironment largely dictates the infiltration and 

subsequent activation of macrophages. 

 

2.4 TLR4 IN OBESITY-LINKED RENAL INJURY 

Toll-like receptors (TLRs) are a family of pattern-recognition receptors that 

play a central role in the innate immune response by triggering pro-inflammatory 

cytokines in response to microbial products, though non-microbial endogenous 
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ligands known as damage-associated molecular patterns (DAMPs) can also 

activate TLRs (Kawai and Akira, 2010). Activation of TLRs leads to downstream 

signaling cascades that result in engagement of transcription factors NF-κB and 

signal transducer and activator of transcription (STAT), as well as mitogen 

activated protein kinases (MAPKs) and protein kinase C (PKC). This results in a 

tightly regulated program of pro- and anti-inflammatory cytokine production 

which is an essential part of the immune response.  The TLR4 is the most well 

studied TLR and has been proposed to be the link between obesity and 

inflammatory end-organ damage (Shi et al., 2006; Banas et al., 2008). All major 

cell-types that participate in inflammatory renal injury express TLR4. These 

include macrophages (Devraj et al., 2009; Dasu et al., 2010), dendritic cells 

(Kokkinopoulos et al., 2005; Watts et al., 2010), podocytes (Banas et al., 2008), 

tubular epithelial cells (Kruger et al., 2009; Lim et al., 2009), mesangial cells 

(Wolf et al., 2006; Kaur et al., 2012) and endothelial cells (Chen et al., 2011; 

Takata et al., 2013). Further, TLR4 activation has been implicated in a number of 

experimental models of acute and chronic renal disease, including ischemia-

reperfusion injury (Wu et al., 2007; Pulskens et al., 2008), diabetic nephropathy 

(Lin et al., 2012), obstructive uropathy (Pulskens et al., 2010; Campbell et al., 

2011), tubulointerstitial nephritis (Correa-Costa et al., 2011) and 

cisplatin/cyclosporine nephrotoxicity (Kim et al., 2012; Zhang et al., 2008; Lim et 

al., 2009). 



 

13 
 

In the context of obesity-linked renal injury, FFAs have been shown to act as 

DAMPs, owing to their structurally similarity to the TLR4 ligand 

lipopolysaccharide (LPS).  FFAs have been shown to stimulate TLR4-induced 

NF-κB activation in macrophages (Shi et al., 2006; Nguyen et al., 2007), 

podocytes (Cha et al., 2013) and endothelial cells (Kim et al., 2007). Other lipid-

derived DAMPs may also be able to activate TLR4 pathways in obesity/metabolic 

syndrome. Minimally oxidized low-density lipoprotein (LDL) has been 

demonstrated to activate macrophage TLR4-NF-κB (Miller et al., 2003; Bae et al., 

2009). Similarly, advanced glycation end products-LDL has been found to 

activate TLR4 in tubular epithelial cells resulting in increased IL-6 and IL-8 

production (Cheng et al., 2013). Moreover, high-fat diet consumption itself has 

been described as ‘metabolic endotoxemia’ characterized by 2- to 3-fold higher 

levels of LPS in the circulation derived from increased LPS-containing Gram-

negative bacteria in the gut (Cani et al., 2007). Thus, increased LPS itself could 

up-regulate and activate TLR4 in various target tissues. The inflammatory 

mechanisms involving TLR4 that participate in obesity-linked renal injury are 

outlined in Figure 1. 

Inhibition of TLR4 signaling is considered to exert renoprotection in 

inflammatory renal injury. TLR4-/- mice were found to be protected against renal 

fibrosis in response to unilateral ureteral obstruction (UUO) (Pulskens et al; 2010) 

and had lower plasma and renal levels of pro-inflammatory cytokines in a model 
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of cisplatin nephrotoxicity (Zhang et al; 2008). The renoprotective effect was 

found to be mediated by lack of TLR4 in the renal parenchymal cells rather than 

in macrophages in a model of cisplatin nephrotoxicity (Zhang et al., 2008). 

Further, the TLR4 antagonist TAK242 has been recently demonstrated to 

attenuate TLR4-induced signaling in HK-2 proximal tubule epithelial cell-line 

(Mudaliar et al., 2013). Another TLR4 antagonist Eritoran was found to be 

renoprotective in a mouse model of ischemia-reperfusion injury (Liu et al., 2010). 
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Figure 1: TLR4-mediated inflammation in obesity. 

Metabolic overload as a result of sustained high-fat feeding results in increased 

accumulation of fatty acids in the adipose tissue. Dysregulated lipid metabolism in 

obesity results in spillover of free fatty acids into the plasma. These can activate 

TLR4 on a number of tissues, including the adipocytes, macrophages as well as the 

kidneys. This leads to activation of downstream signaling molecules such as NF-κB 

leading to increased production of pro-inflammatory cytokines and chemokines 

which set up local inflammation in target tissues. High dietary lipid content can also 

increase the permeability of the intestines, leading to leakage of gut LPS, the ligand 

for TLR4, into the circulation. Increased plasma free fatty acids can additionally 

stimulate the production of hepatic pro-inflammatory cytokines such as IL-6 and 

CRP which can add to the existing systemic inflammation. 

FFA – free fatty acids; TLR4 – Toll-like receptor 4; LPS – lipopolysaccharide; 

MCP-1 – Monocyte chemoattractant protein-1; IL-6 – Interleukin-6; CRP- C-

reactive protein.  
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2.5   ABNORMAL RAS ACTIVATION IN OBESITY AND ITS EFFECT 

ON RENAL INJURY 

Despite the increased sodium reabsorption (discussed in section 2.8), the RAS 

is found to be activated in obesity (Tuck et al., 1981; Engeli et al., 2005; Saiki et 

al., 2009). This may be attributed to altered hemodynamics at the level of the 

kidney and increased sympathetic activation (Montani et al., 2002). However, a 

more prominent source of circulating Ang II may actually be the adipose tissue 

(Engeli et al., 2003; Goosens et al., 2003). Increasing adiposity has been found to 

be associated with up-regulated angiotensinogen (AGT), AT1R and ACE 

expression in adipose tissue (Giachetti et al., 2002) and this has been suggested to 

be a result of hyperinsulinemia (Harte et al., 2003). Further, a 5% reduction in 

body weight in obese patients was found to be accompanied by significant 

reductions in plasma and adipose tissue RAS components (Engeli et al., 2005). 

Obesity is also associated with an up-regulated renal RAS, including 

increased ACE expression (Barton et al., 2000); AT1R expression and function 

(Xu et al., 2005; Ali et al., 2013) and AT2R expression, which is thought to be a 

compensatory increase to oppose the effect of AT1R signaling (Hakam and 

Hussain et al., 2005; Dhande et al., 2013; Ali et al., 2013). Conversely, the RAS 

components which functionally oppose the actions of the ACE-Ang II-AT1R axis 

of the RAS, such as ACE2, were found to be down-regulated in the kidneys of 

obese Zucker rats (Ali et al., 2013), which could be a response to enhanced AT1R 
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function in these rats (Becker et al., 2003; Gallagher et al., 2008). Figure 2 is a 

schematic showing the detrimental and the protective axes of the RAS.  

There is a large body of evidence that implicates Ang II in worsening renal 

disease by multiple mechanisms including increased systemic and glomerular 

hypertension, induction of pro-inflammatory and pro-fibrotic cytokine signaling, 

disruption of the  glomerular ultrafiltration barrier and apoptosis in the kidney 

(reviewed by Ruster and Wolf; 2006). A testament to the causative role of Ang II 

in renal injury is the fact that RAS blockade is the therapy of choice for patients 

with CKD (Griffin and Bidani, 2006). However, though ACE inhibitors and 

ARBs do slow down the progression of CKD, they are often not successful in 

preventing ESRD, particularly in patients without diabetes mellitus (Sharma et al., 

2011). 
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Figure 2: The Renin-Angiotensin System 

AGT – Angiotensinogen; ACE – Angiotensin converting enzyme; Ang – 

Angiotensin; AT1R – Angiotensin type 1 receptor; AT2R – Angiotensin type 2 

receptor; AMPA – Aminopeptidase A; AMPM – Aminopeptidase M 
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2.6 ANGIOTENSIN AT2 RECEPTORS IN RENAL INJURY 

The AT2R is generally known to oppose the AT1R mediated signaling events, and 

is therefore considered to be a functional antagonist of the AT1R (Masaki et al., 

1998). Also, one of the additional mechanisms of AT1R blockade is via increased 

Ang II, which can stimulate AT2Rs and exert protective effects (Azizi et al., 

2004). The AT2R is thought to play an important role in fetal development and is 

ubiquitously expressed in fetal mesenchymal tissues but declines rapidly after 

birth (Grady et al., 1991; Nahmias and Strosberg, 1995). In the kidney, expression 

of AT2R begins to decline later, during adolesence (Ozono et al., 1997). In the 

adult kidney, detectable amounts of AT2R are expressed mainly in the proximal 

and distal tubules (Cao et al., 2000; Ruiz-Ortega et al., 2003) blood vessels and 

glomeruli (Ozono et al., 1997; Miyata et al., 1999); though their expression 

remains far lower than AT1R expression. Renal AT2R expression is found to be 

up-regulated in the kidneys in models of renal injury, irrespective of the causative 

factors (Ruiz-Ortega et al., 2003). Further, this group also reports that Ang II 

infusion in AT1R knock-out mice resulted in the up-regulation of AT2R. A 

number of stimuli that are altered in obesity have been reported to influence AT2R 

expression. For example, in R3T3 fibroblasts, IL-1β, insulin and Ang II were 

capable of inducing AT2R expression while serum (10%), fibroblast growth 

factors and phorbol ester decreased it (Ichiki et al., 1995). Persistent proteinuria 

was also reported to increase AT2R expression in proximal tubule (Tejera et al., 
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2004). Interferon-regulatory factor-1 (IRF-1) is a transcription factor that has also 

been shown to promote AT2R expression to induce apoptosis, while IRF-2 

negatively regulates this effect (Horiuchi et al., 1995). In response to high 

glucose, IRF-1 is activated and results in increased AT2R expression in proximal 

tubule epithelial cells (Ali et al., 2010). Vazquez et al., (2005) report an Ang II-

dependent induction of renal AT2R in the renal ablation model, though the 

physiological consequence is not clear.  

Earlier reports implicated AT2R in progressive renal injury and blockade of 

AT2R was shown to be beneficial in the renal ablation model (Cao et al., 2002) 

but detrimental in the UUO model (Morrissey and Klahr, 1999). On the contrary, 

in the same model Esteban et al., (2004) report that treatment with PD123319 in 

combination with AT1R blockade was anti-inflammatory and renoprotective. 

However, the same treatment regimen in the 5/6 nephrectomy model PD123319 

decreased the efficacy of the ARB in attenuating glomerular injury, suggesting a 

protective role for the AT2R (Naito et al., 2010). The AT2R antagonist PD123319 

was also shown to attenuate macrophage infiltration and NF-κB activation (Ruiz-

Ortega et al., 2001), possibly via inhibition of the chemokine RANTES in 

glomerular endothelial cells (Wolf et al., 1997). While interpreting these findings, 

it is important to consider the suitability of PD123319 as an AT2R agonist, since 

at higher doses, PD123319 has been shown to lose specificity for the AT2R and 

could potentially exert agonistic actions via the AT1R, which could complicate the 
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in vivo results (Wenzel et al., 2010). Furthermore, it has been suggested that 

PD123319 may be a partial agonist rather than an antagonist of the AT2R (Zhou et 

al., 1993). Moreover, the animal models used in these studies were surgical in 

nature, and may not accurately reproduce the pathological events that occur in the 

progression of CKD, which takes years to develop.  

Emerging evidence supports the notion that the up-regulation of AT2R in renal 

injury may be a compensatory mechanism to counter-regulate the deleterious 

effects of enhanced AT1R function. Overexpression of the AT2R was found to 

ameliorate renal injury in the remnant kidney model (Hashimoto et al., 2004). 

Recently, the receptor for AGE (RAGE) was found to negatively renal AT2R 

expression, thus promoting diabetic renal injury (Sourris et al., 2010). Renal 

injury, evidenced by albuminuria, increased renal inflammatory cytokine and 

chemokine production, impaired renal function, mesangial matrix accumulation 

and glomerulosclerosis was found to be exacerbated in AT2KO mice after 

undergoing subtotal nephrectomy (Benndorf et al., 2009). Also, the AT2R has 

been reported to exert anti-fibrotic effects, which was demonstrated using AT2KO 

mice subjected to UUO (Ma et al., 1998). In line with these observations, 

pharmacological stimulation of the AT2R has been demonstrated to prevent renal 

injury as a consequence of attenuation of inflammation in models of hypertensive 

renal injury (Gelosa et al., 2009; Matavelli et al., 2010; Rehman et al., 2011). 

Renal inflammation was also attenuated following chronic treatment with an 
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AT2R agonist in obese Zucker rats (Sabuhi et al., 2010) though it is unclear 

whether this anti-inflammatory response is independent of its blood pressure 

lowering effect. 

Stimulation of the AT2R is postulated to exert renoprotection via multiple 

mechanisms. The most widely studied of these mechanisms are the anti-

inflammatory and anti-fibrotic pathways. Additional pathways include 

vasodilation and counteracting the hemodynamic effects of increased AT1R 

function, such as sodium reabsorption (Hakam and Hussain, 2005; Ali et al., 

2013). AT2R agonist treatment has been linked to up-regulation of nephrin to 

maintain podocyte integrity and prevent slit diaphragm dysfunction and 

proteinuria (Suzuki et al., 2007). Further, AT2R stimulation in obesity may 

improve metabolic parameters, such as insulin sensitivity and lipid metabolism 

and thus could treat the root-cause of obesity-linked renal injury (Ohshima et al., 

2012; Samuel et al., 2013; Nag et al., unpublished data). 

 

2.7 SIGNALING PATHWAYS ACTIVATED BY THE AT2 RECEPTOR 

Although the physiological effects of AT2R stimulation in cardiovascular and 

renal disease are well documented, the signaling pathways activated by AT2R are 

much less clear. G-protein-dependent and –independent pathways have been 

reported (Hansen et al., 2000; Kambayashi et al, 1993; Berry et al., 2001). 
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Signaling via the NO/cGMP pathway is one of the major pathways that mediate 

the response to AT2R stimulation and has been reported to promote vasodilation 

(Gohlke et al., 1998) and inhibition of sodium reabsorption in renal tubular cells 

(Siragy and Carey, 1996; 1997; Jin et al., 2001; Hakam and Hussain, 2006). 

Recently, this pathway has been implicated in attenuating renal fibrosis by 

inhibition of TGF-β in a mouse model of UUO (Chow et al., 2014). 

Two principal pathways involving transcription factors have been identified 

that mediate the anti-inflammatory response to AT2R stimulation. The first is 

inhibition of NF-κB via increased epoxyeicosatrienoic acid synthesis and 

activation of protein phosphatases (Rompe et al., 2010) in dermal fibroblasts. The 

second involves inhibition of STAT3 signaling and decreased TNF-α production 

in PC12W cells (Abadir et al., 2013). 

AT2R stimulation mediates diverse, and even opposing, physiological effects, 

depending upon the cell-type and experimental conditions. For example, AT2R 

has been shown to promote cell differentiation while conversely; it has also been 

linked to inhibition of growth and apoptosis. This is because various mediators, 

such as cGMP, ERK1/2 and serine/threonine or tyrosine phosphatases that could 

individually exert opposing effects  

Typically, AT2R stimulation results in the activation of phosphatases, 

including MAP kinase phosphatase-1 (MKP-1) (Hayashida et al., 1996; Yamada 

et al., 1996; Horiuchi et al., 1997) and SH-2 domain containing phosphatase-1 
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(SHP-1)
 
(Bedecs et al., 1997; Elbaz et al., 2000; Shibasaki et al., 2001), which 

ultimately leads to AT2R-mediated apoptosis. On the other hand, AT2R 

stimulation has also shown to promote growth and cellular differentiation via a 

sustained increase in ERK1/2 phosphorylation (Gendron et al., 1999; Hansen et 

al., 2000; Stroth et al., 2000; De Paolis et al., 2002) which is independent of 

cAMP-mediated signaling (Gendron et al., 2003).     

 

2.8 HEMODYNAMIC ALTERATIONS IN OBESITY THAT PROMOTE 

RENAL INJURY 

In order to accommodate the increasing body size, structural and functional 

adaptations, such as increased glomerular filtration rate (GFR), renal blood flow 

and renal hypertrophy are typically described in humans and animal models of 

obesity (Kasiske et al., 1985; Chagnac et al., 2000; Henegar et al., 2001). This 

likely occurs as a result of afferent arteriole dilation, caused by increased 

proximal salt reabsorption and efferent vasoconstriction due to increased Ang II 

levels (Wahba and Mak, 2007). The pressure natriuresis in obesity has been found 

to be dysregulated (Granger et al., 1994). In this case, sodium excretion is 

impaired despite increased GFR, which indicates increased sodium reabsorption 

at the proximal tubule, due to both, increased Ang II and sympathetic activation. 

A consequence of this would be decreased sodium delivery to the macula densa, 

leading to increased renin release and glomerular hyperfiltration (Hall et al., 
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2004). The long term effects of these altered glomerular hemodynamics can 

contribute to glomerulomegaly and FSGS in obesity. 

 

2.9 RODENT MODELS OF OBESITY-LINKED RENAL INJURY  

2.9.1 High-fat diet-fed mice 

The mouse model of diet induced obesity has been gaining increasing 

attention in the past decade as a suitable, cost-effective model to study obesity and 

associated metabolic derangements. A Pubmed search reveals over 1300 reports 

published in the year 2013 alone and close to 4000 publications in the past decade 

using high fat diet-fed mice as a model of obesity. This model was first described 

by Surwit et al. in 1988 using C57BL/6J mice. The propensity to develop diet-

induced weight gain and associated metabolic dysfunction appears to be strain-

specific and is higher in the C57BL/6J strain compared to the A/J mouse and the 

C57BL/KsJ strains (Rossmeisl et al., 2003). The progression of obesity and 

metabolic abnormalities, such as hyperinsulinemia, hyperglycemia and 

hyperlipidemia, in high-fat diet-fed B6 mice closely resembles that in humans, 

making this a useful model for studying these conditions (Surwit et al., 1988; 

West et al., 1992; Wang et al., 2012).  
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Increase in body weight begins as early as 1 week after high-fat feeding and 

continues for the duration of the dietary modifications (Lin et al., 2000). After 16-

20 weeks on the high-fat diet, these mice demonstrate a 20-30% increase in body 

weight (Speakman et al., 2007). Hyperinsulinemia is initiated by 1 week (Winzel 

and Ahren, 2004) and hyperglycemia is noted at week 4 after initiating the high-

fat diet (Sato et al., 2010). Leptin sensitivity is markedly decreased at around 8 

weeks and leptin resistance develops at 19 weeks (Lin et al., 2000).  Unlike in 

rats, only modest increases in arterial blood pressure, about 10 mm Hg above 

baseline have been reported at 10 weeks (Rahmouni et al., 2005) and 8-12 weeks 

(Deji et al., 2009) of high-fat diet in mice. However, no differences in systolic or 

mean arterial pressure are typically observed at earlier (1-2 weeks) (Raher et al., 

2008) or later (6-12 months) time points between lean and obese mice (Calligaris 

et al., 2013).  

Renal injury including early diabetic nephropathy (Wei et al., 2004) and 

dysfunctional renal lipid metabolism (Jiang et al., 2005; Kume et al., 2007) has 

been described in high-fat diet-fed B6 mice after 9-12 weeks. This high-fat diet-

induced renal injury was characterized by Deji et al. (2008). They report at 12 

weeks, these mice present with albuminuria, increased glomerular tuft and 

mesangial area, increased glomerular collagen IV deposition, renal lipid 

accumulation and macrophage infiltration. Though distinct obesity-linked renal 

lesions are observed, the B6 strain is inherently resistant to severe renal injury 
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(Zheng et al., 1998; Esposito et al., 1999), which limits its suitability as an animal 

model for chronic kidney disease. However, this animal model does have a 

distinct advantage over the genetically modified ob/ob strain, since it more 

accurately parallels the etiology of human obesity-linked cardiovascular and renal 

pathologies. 

 2.9.2 Obese Zucker rats 

The obese Zucker rat (OZR) a genetic rodent model of obesity associated with 

insulin resistance that closely resembles the metabolic syndrome in humans. 

OZRs are markedly hyperphagic at the time of weaning and become noticeably 

obese by the age of 3-4 weeks (Stern et al., 1977). These rats exhibit 

hyperinsulinemia at an early age i.e., at day 16 after birth (Bazin and Lavau, 

1982), and become mildly hypertensive at age 9 weeks (Kurtz et al., 1989) and 

diabetic after 14 weeks of age (Coimbra et al., 2000). Plasma cholesterol and 

triglycerides are also significantly elevated as early as 4 weeks of age (Lavaud et 

al., 1996). The appearance of these metabolic derangements has been found to 

precede proteinuria and renal injury in this model (Zucker, 1965; Kamanna and 

Kirschenbaum, 1993). Lean littermates do not exhibit these metabolic 

abnormalities and have preserved renal structure and function (Kasiske et al., 

1985).  
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The OZR is generally considered to be a model for nephron degeneration 

(Gassler et al., 2001) and this susceptibility to renal injury makes it a more 

preferable model to study obesity-related glomerulopathy compared to obese B6 

mice. OZRs spontaneously develop focal segmental glomerulosclerosis (FSGS) at 

age 18 weeks and marked proteinuria and tubulointerstitial injury at age 32-40 

weeks (Iliescu and Chade, 2010; Coimbra et al., 2000). Inflammation has been 

shown to be an important underlying mechanism that initiates and accelerates the 

progression of renal injury in the OZR, and the infiltration of macrophages into 

the glomeruli is one of the earliest events that precedes glomerular damage 

(Lavaud et al., 1996). Systemic and renal inflammation, evidenced by elevated 

plasma and renal levels of TNF-α, IL-6, CRP, and MCP-1, has been reported in 

OZR (Sabuhi et al., 2010; Iliescu and Chade, 2010; Dhande et al., 2013). 

Moreover, the levels of these inflammatory mediators continue to rise in a manner 

that parallels the decline in GFR and appearance of proteinuria which supports the 

role of renal inflammation in the progression of declining renal function in OZRs 

(Iliescu and Chade, 2010). Further, alterations of glomerular hemodynamics are 

not considered to be a major factor in the development of renal injury in the OZR, 

since these parameters are similar in lean and obese rats (O’Donnell et al., 1985). 

The RAS has also been implicated in the renal injury seen in OZR, since ACE 

inhibitors and AT1R blockers (ARBs) have been found to attenuate renal injury in 

this model (Toblli et al., 2004). In line with these findings, renal AT1R function 
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has also been shown to be enhanced in OZR, though renal Ang II levels are not 

altered (Becker et al., 2003; Ali et al., 2013). The up-regulation of inflammatory 

mediators in the kidney has also been attributed in part to enhanced AT1R 

function (Xu et al., 2005). We have previously shown that there is a marked up-

regulation in the renal expression of the AT2R in this animal model, possibly as a 

compensatory mechanism in response to enhanced AT1R function (Hakam and 

Hussain, 2005; Siddiqui et al, 2009). Stimulation of the AT2R for 2 weeks in 

hypertensive OZRs resulted in lowering of blood pressure and markers of renal 

inflammation (Sabuhi et al., 2010). Thus, the OZR is a suitable model to study the 

effects of AT2R stimulation on renal structure and function, including the early as 

well as late stage events in renal pathology. 
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2.10 IN VITRO AND IN VIVO MODELS OF TLR4-INDUCED 

INFLAMMATION  

2.10.1. HK-2 cell-line 

The HK-2 cell-line is a human proximal tubule epithelial cell-line that is 

commonly used as an in vitro tool to study inflammatory cytokine production in 

response to LPS (Li et al., 2005; Wang et al., 2005; Wang et al., 2011; Zhang et 

al., 2013). This cell-line expresses TLR4 (Anders et al., 2004; Kruger et al., 2009; 

Wu et al., 2010; Meldrum et al., 2012) and can produce both, pro- and anti-

inflammatory cytokines within 4 hours upon stimulation with LPS (Wang et al., 

2004). Moreover, HK-2 cells express major components of the RAS (Ali et al., 

2010; Liu et al., 2009) and are capable of Ang II production (Visavadiya et al., 

2011). These properties make the HK-2 cell-line a useful tool to study cytokine 

production as a result of the interaction between TLR4 and AT2R signaling. 

2.10.2. THP-1 macrophage cell-line 

The THP-1 cell-line is a monocytic cell-line derived from a 1 year old male with 

acute monocytic leukemia. These cells can be differentiated to macrophages by 

phorbol ester treatment (Takashiba et al., 1999; Park et al., 2007; Ma et al. 2013). 

THP-1 macrophages are commonly used to study the innate immune response and 

produce a wide range of pro- and anti-inflammatory mediators depending upon 
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the stimulating factors. THP-1 macrophages have been shown to express both, 

AT1 and AT2 receptors, however, their ability to synthesize Ang II is the subject 

of debate (Okamura et al., 1998; An et al., 2010). 

2.10.3. Mouse model of LPS-induced acute kidney injury (AKI) 

A single intraperitoneal injection of the endotoxin LPS is often used to study 

sepsis-induced AKI (Remick et al., 2005; Doi et al., 2009). Injection of non-lethal 

doses of LPS ranging from 0.5-5 mg/kg results in a rapid up-regulation of pro-

inflammatory cytokines that peaks at 2 hours and returns to baseline by 4-6 hours 

(Copeland et al., 2005). While higher doses of LPS are associated with severe 

hypovolemic shock, doses of 5 mg/kg are best suited to study the inflammatory 

components of LPS-induced renal injury without alterations in systemic blood 

pressure (Knotek et al., 2001).  
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3.  MATERIALS AND METHODS 

3.1 CHEMICALS AND ANTIBODIES 

AT2R agonist C21 was custom synthesized according to a previously published 

scheme (Wan et al., 2004). AT2R antagonist PD123319 was kindly provided by 

Pfizer (New York, NY) and AT1R antagonist Candesartan was kindly provided by 

AstraZeneca (Wilmington, DE). Lipopolysaccaride (LPS E.coli serotype B55:05) and 

phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma-Aldrich. MAPK 

inhibitors SB203580 and PD98059 were purchased from Cell Signaling Technologies 

(Danvers, MA). Recombinant TNF-α, ELISA kits, neutralizing IL-10 antibody, L-

NAME and ODQ were purchased from R&D Systems (Minneapolis, MN). Protein G 

Agarose was obtained from Thermo Fisher Scientific (Rockford, IL). Primary 

antibodies used are listed in Table 1. Anti-rat CD68 antibody for 

immunohistochemistry was purchased from R&D Systems (Minneapolis, MN). HRP-

conjugated secondary antibodies were purchased from Santa Cruz Biotechnologies 

(Santa Cruz, CA). Periodic Acid Schiff staining kit was procured from Polysciences, 

Inc. (Warrington, PA). 
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No. Antibody Type Source Catalog. No. 

1. AT1R 
Rabbit, 

polyclonal 

Biomolecular Integrations 

(Little Rock, AR) 

Custom 

Synthesized 

2. AT2R ” EZ Biolab (Carmel, IN) 
Custom 

Synthesized 

3. TLR4 ” 
Cell Signaling Technologies 

(Danvers, MA) 
#2219 

4. eNOS ” Abcam (Cambridge, MA) ab-5589 

5. iNOS ” ” ab-3523 

6. p-p38 
Rabbit, 

monoclonal 

Cell Signaling Technologies, 

Danvers, MA 
#9215 

7. p38 
Rabbit, 

polyclonal 
” #9212 

8. p-ERK1/2 ” ” #9101 

9. ERK1/2 
Mouse, 

monoclonal 
” #4696 

10. TNF-α 
Rabbit, 

polyclonal 
” #3707 

11. IL-6 
Mouse, 

monoclonal 

Invitrogen-Life Technologies  

(Grand Island, NY) 
ARC0962 

12. IL-10 ” 
R&D Systems,  

Minneapolis, MN 
MAB519 

13. β-Actin ” Biovision (Milpitas, CA) #3598-100 

 

Table 1: List of primary antibodies used for immunoblotting 
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3.2 IN VIVO EXPERIMENTS  

3.2.1. Animals 

AT2KO mice on a C57BL/6 background were kindly provided by Dr. Tadashi Inagami 

(Vanderbilt University School of Medicine, Nashville, TN). Male lean and obese Zucker 

rats (5 weeks of age) and male C57BL/6J (8-10 weeks of age) mice were purchased from 

Harlan Laboratories (Madison, WI). The animals were housed in the University of 

Houston animal care facility and had free access to standard chow (or high-fat diet) and 

tap water. All animal experimental protocols were approved by the Institutional Animal 

Use and Care Committee. 

3.2.2. Diet-induced obesity protocol 

Male WT and AT2KO mice (3–4 weeks old) were placed either on normal diet (ND with 

% kcal 29:15:56 protein:fat:carbohydrate) or high-fat diet (HFD with adjusted % kcal 

18:60:21protein:fat:carbohydrate) for 16 weeks to induce obesity. The HFD feed Teklad 

custom research diet (catalogue # TD.06414) with adjusted calorie diet (60/Fat) containing 

18.4% protein, 21.3% carbohydrate and 60.3% fat, and normal diet 7022 with isocaloric 

29% protein, 56% carbohydrate and 15% fat were purchased from Harlan, Indianapolis, 

IN. Both diets contained similar mineral mix AIN-93G-MX (94046) and vitamin mix 

AIN93-VX (94047). The animals were individually housed in metabolic cages during the 

last week of diet administration to collect urine. At the end of 16-weeks treatment, the 
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mice were euthanized by cervical dislocation under isoflurane anesthesia following 6 

hours of fasting. Plasma and kidneys were collected and stored at −80°C until further use. 

A portion of the left kidney was fixed in formalin for histological analyses. 

3.2.3. Treatment protocol in Zucker rats 

The lean and obese rats (n=5-7) were divided into vehicle (saline), AT2R antagonist 

(PD123319), AT2R agonist (C21), and AT2R agonist-antagonist (PD123319+C21) treated 

groups. Vehicle (saline) and C21 (300 µg/kg/day) were injected daily i.p and PD123319 

(50 µg/kg/min) was continuously infused for 2 weeks via subcutaneously implanted 

osmotic pumps (Alzet, Palo Alto, CA). All animals were implanted with osmotic pumps. 

Blood pressure was measured by tail-cuff plethysmography at the beginning and the end 

of the experiment. At the end of the treatment period, animals were anaesthetized using 

Inactin (150 mg/kg, i.p.) and plasma and kidneys were harvested and stored at −80°C until 

further use. A portion of the left kidney was fixed in formalin for histological analyses. 

3.2.4. LPS-induced acute kidney injury protocol 

Male C57BL/6 mice (10-12 weeks old) were randomly assigned to treatment groups.  

Mice were treated with vehicle (Saline), TLR4 agonist (LPS; 5 mg/kg i.p), AT2R agonist 

(C21; 300 µgl/kg, i.p.) and both LPS+C21. C21 was administered on day 1 and 24 hours 

later, i.e. on day 2. LPS was administered 1 hour after C21 administration on day 2. Mice 

were sacrificed 24 hours after LPS administration on day 3. Saline was injected i.p as a 
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control. Mice were anaesthetized under isoflurane and spot urine was collected from the 

bladder. Plasma was collected by aortic puncture, and kidneys were rapidly harvested. 

Plasma and tissues were stored at −80°C until further use. A portion of the left kidney was 

fixed in formalin for histological analyses. 

3.2.5 Blood Pressure measurement in Zucker rats 

Blood pressure was measured in conscious, restrained rats using CODA System tail-cuff 

plethysmography (Kent Scientific, Torrington, CT). The CODA system uses utilizes 

volume pressure recording (VPR) technology to measure blood pressure. Rats were 

trained for 3 days prior to taking final BP measurements to ensure reproducibility of the 

results. This system has been clinically validated and the results have been shown to 

provide 99% correlation with telemetry measurements of BP.  

3.2.6 Renal Histology and Morphometry 

In order to assess the pathological changes that occur in the kidneys of the lean and obese 

Zucker rats, mesangial matrix expansion, focal segmental glomerulosclerosis 

development, tubulo-interstitial fibrosis and macrophage infiltration was assessed. After 

sacrificing the animals under anesthesia with inactin (150 mg/kg i.p), the kidneys were 

fixed in formalin for 24 hours at 4°C. The formalin-fixed tissue was embedded in paraffin 

and 4 μm sections were prepared. The slides were further stained with Periodic Acid 

Schiff reagents. 
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3.2.6.1 Periodic Acid Schiff (PAS) Staining:  

To evaluate the gross tubular and glomerular structural changes, PAS staining was 

performed on the sections using a kit-based technique (Dako North America, Inc.) 

according to the manufacturer’s instructions. All tissue samples were evaluated 

independently by two investigators in a blinded fashion by light microscopy (x400).  

Glomerular injury: For each animal, 30 glomeruli from each of the 3 consecutive 

sections were assessed. A semi-quantitative scoring method described by Raij et al. (1984) 

was used to evaluate the degree of damage to the glomeruli. This was graded according to 

the severity of the glomerular damage: 0, normal; 1, slight glomerular damage of the 

mesangial matrix and/or hyalinosis with focal adhesion involving <25% of the 

glomerulus; 2, sclerosis of 25% to 50%; 3, sclerosis of 50% to 75%; and 4, sclerosis >75% 

of the glomerulus. Mesangial matrix expansion (MME) score was assigned in a similar 

manner on a scale of 0-4 depending upon the area of the glomerulus occupied by 

mesangial matrix when compared to lean control glomeruli. The glomerulosclerosis index 

or mesangial score was calculated by averaging the grades assigned to all glomeruli fields 

using the formula: Sclerosis Index/MME score = (N1 x 1 + N2 x 2 + N3 x 3 + N4 x 4)/ 

n; where N1-N4 represent the number of glomeruli with the respective score, n is the total 

number of glomeruli. 
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Tubular injury: Histologic sections for each animal were assigned a semiquantitative 

score for tubular injury adopted from Nomura et al. (1995).  Two blinded observers 

assigned a score ranging from 0 (no injury) to 3 (severe/widespread injury) for each of 

three variables: tubular dilatation/flattening, tubular casts, and tubular 

degeneration/vacuolization. For each animal, 10 cortical and 10 medullary high-power 

fields were examined at random. For each variable within each field a score of 0 was 

assigned when <5% of the tubules were affected, a score of 1 when 5–33% were affected, 

a score of 2 when 34–66% were affected, and a score of 3 when >66% were affected. An 

average of all the scores from 10 sections from each sample was used as the final score for 

that animal. Six animals were used for the study. 

3.2.6.2 Immunostaining for CD68:  

CD68 is a cytosolic antigen protein specific for monocytes and macrophages. 

Immunostaining was carried out according to standard procedures using anti-CD68 (R&D 

Systems), and biotinylated secondary antibodies (Vector Laboratories) and revealed with 

avidin-peroxidase (Vectastain Elite; Vector Laboratories Inc.). Slides were mounted with 

VectaMount (Vector Laboratories) and photographed under a Nikon Eclipse TS100 

microscope (Nikon Instruments Inc.) using an Infinity 1 digital camera (Media 

Cybernetics Inc.). The number of CD-68 positive cells per glomerulus was reported. An 

average of 30 glomeruli per section and 3-consecutive sections per kidney were analyzed. 

  



 

39 
 

3.2.7. Plasma and renal cytokine measurements by ELISA 

Cytokines in the plasma and renal cortex homogenates were assessed by kit-based ELISA 

using the manufacturers protocols (R&D Systems). Briefly, plasma (diluted 10 times) or 

renal cortex homogenates (containing approximately 5 mg/ml protein) were incubated 

with primary antibodies to cytokines in pre-coated ELISA plates for 2 hours at room 

temperature. Next, wells were washed with ELISA wash buffer and wells were incubated 

with HRP-conjugated secondary antibodies for 2 hours. Wells were washed and incubated 

with chromogen for 30 minutes. Acidic stop solution was added at this time to terminate 

the reaction and absorbance was read at 450 nm with 540 nm wavelength correction. 

Serial dilutions of the cytokine standard provided were also quantified in addition to 

samples to generate a standard concentration curve, which was used to calculate sample 

concentrations. All samples were assayed in duplicate. 

3.2.8. Urinary nitrate/nitrite quantification by the Greiss method 

Urinary nitrates were quantified as an indicator of renal nitric oxide (NO) production by 

the Greiss method, using a kit-based assay (R&D Systems, Minneapolis, MN). This assay 

determines the concentration of (NO) by quantifying the conversion of nitrates to nitrites 

by nitrate reductase. This is measured colorimetrically following the addition of Greiss 

Reagents, which convert the nitrite to azo dye products. Urine samples were diluted 5-fold 

in the reaction diluents supplied with the assay kit. A set of standards ranging from 3.12 

µmol/L to 200 µmol/L were assayed along with the samples to generate a standard curve. 
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Absorbance was read at 540 nm with wavelength correction set at 690 nm. All samples 

were assayed in duplicate. 

3.2.9. Plasma insulin and blood glucose measurements 

Plasma insulin was measured using a kit-based ELISA from Crystal Chem Inc. (Downers 

Grove, IL) according to the manufacturer’s protocol. Briefly, undiluted plasma samples or 

supplied standards were added to pre-coated ELISA plates and incubated for 2 hours at 

4ºC. This was followed by washing with ELISA wash buffer and incubation with enzyme-

conjugated secondary antibody for 30 minutes at room temperature. Wells were washed 

again and incubated with chromogen for 30 minutes. Acidic stop solution was added at 

this time to terminate the reaction and absorbance was read at 450 nm with 630 nm 

wavelength correction. A standard curve was generated to calculate sample 

concentrations. All samples were assayed in duplicate. 

Blood glucose was measured from the blood collected at the time of sacrifice using a 

commercially available Accu-Chek glucometer (Roche Diagnostics, Indianapolis, IN). 

 3.2.10. Measurement of plasma markers of renal function 

Blood urea nitrogen (BUN) and plasma creatinine were estimated as markers of renal 

function in LPS-induced acute kidney injury using kit-based assays. Plasma urea was 

measured using the QuantiChrom Urea Assay kit (BioAssay Systems, Hayward, CA) 

using the modified Jung method which uses a chromogenic reagent that reacts specifically 
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with urea. Samples and supplied standards were incubated with chromogen reagent for 30 

minutes at room temperature. Absorbance was measured at 520 nm. All samples were 

assayed in triplicate. 

BUN (mg/dL) = [Urea (mg/dL)]/2.14 

Plasma creatinine was measured using the Creatinine Colorimetric Assay kit (BioVision, 

Milpitas, CA). In this assay, creatinine is converted to creatine by creatininase, creatine is 

converted to sarcosine, which is specifically oxidized to produce a product which reacts 

with a probe to generate red color. A background correction was applied to all samples by 

incubation of the sample without creatininase. Absorbance in standard and diluted samples 

(5-fold dilution) was read at 570 nm and a standard curve was used to calculate sample 

concentrations. All samples were assayed in duplicate. 

3.2.11. Western blotting for proteins in renal cortex and plasma 

The renal cortex from mice and rats was homogenized in RIPA buffer containing 

protease (Roche, Indianapolis, IN) and phosphatase (Sigma, St. Louis, MO) inhibitor 

cocktails. Protein was quantified in the homogenates using the Pierce BCA protein 

assay kit (Thermo Fisher Scientific, Rockford, IL). Equal amounts of protein in 

Laemmli buffer were loaded per well (15 µg/lane for AT1R, 45 µg/lane for AT2R, 30 

µg/lane for TLR4, and 50 µg/lane eNOS) and separated by SDS-PAGE using a Tris-

Glycine system. Proteins were then transferred to a PVDF membrane using the wet 
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transfer protocol. The membrane was incubated in 5% non-fat dry milk in PBST for 1 

hour, following overnight incubation at 4ºC with primary antibodies for AT1R and 

AT2R at a 1:1000 dilution and TLR4 and eNOS at a 1:500 dilution. This was followed 

by washing with PBST and 1 hour incubation with appropriate HRP-conjugated 

secondary antibodies (Santa Cruz Biotechnology, Inc). Chemiluminesence was detected 

by the addition of Luminol HRP substrate (Santa Cruz Biotechnology, Inc.) and 

quantified by software-assisted densitometric analysis (Alpha Innotech Corp.). To 

ensure equal loading, blots were stripped and re-probed for β-Actin with 2 hour 

incubation with primary antibody, followed by secondary antibody incubation and 

detection as described previously. 

Plasma cytokines in Zucker rats were quantified in a manner similar to that described 

for renal cortex homogenates. Primary antibody dilutions were 1:1000 for TNF-α, IL-6 

and IL-10. To ensure equal loading, blots were stripped and stained with amido black, 

which specifically is used to stain plasma proteins. Total protein per lane was 

quantified using densitometric analysis and was used to normalize protein expression of 

plasma cytokines. 
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3.3 IN VITRO EXPERIMENTS  

3.3.1. Cell-lines and culture reagents 

HK-2 cell line was purchased from ATCC (Manassas, VA). THP-1 monocyte cell-

line was kindly provided by Dr. Jianzhong Shen (Auburn University, Auburn, AL). 

Mouse podocyte cell-line was kindly provided by Dr. Stuart Dryer (University of 

Houston, Houston, TX).  

Keratinocyte serum free medium (K-SFM), epidermal growth factor (EGF) and 

bovine pituitary extract (BPE) were purchased from Life Technologies (Carlsbad, 

CA). RPMI-1640 media, fetal bovine serum (FBS) and antibiotic/antimycotic cocktail 

(penicillin 100U/ml, streptomycin 100µg/ml and Amphotericin B 250 ng/ml) were 

purchased from (HyClone, Thermo Fisher Scientific, Inc.). 

3.3.2. Culture conditions and treatment protocols 

3.3.2.1 HK-2 cells  

HK-2 cells were cultured at 37ºC, 5% CO2 in K-SFM supplemented with 10% FBS, 

1% penicillin/streptomycin, 5ng/ml EGF and 50µg/ml BPE. All experiments were 

performed on cells between passages 5-12 when the cells were 70-80% confluent. All 

experiments were performed in triplicate. 
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Treatment protocol: HK-2 cells were seeded in 6-well plates and when 70-80% 

confluent, the media was replaced with in K-SFM containing EGF and BPE. These 

cells were treated for 24 hours with LPS (1 ug/ml), C21 (1 umol/L or a dose range 

0.1-10 umol/L) or both agents simultaneously for 24 hours. At the end of treatment, 

media was collected, filtered through 0.2 um filter and analyzed for total nitrates or 

cytokines by kit-based ELISA (R&D Systems). Total nitrates in the supernates were 

determined using a kit-based EIA (R&D Systems).  

To determine whether the effect of C21 on cytokines was indeed mediated by the 

AT2R, cells were treated with AT2R antagonist PD123319 (10 umol/L) 15 min before 

the addition of C21.  For neutralizing the effect of IL-10, a specific IL-10 antibody 

(0.25, 0.5, 1.0 and 2.5 ug/ml) was added to the medium 15 min before the addition of 

LPS and/or C21. For inhibition of NO/cGMP signaling, non-specific NOS inhibitor 

L-NAME (1 mmol/L) or sGC inhibitor ODQ (10 µmol/L) was added to the media 15 

min before the addition of LPS and/or C21.  
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3.3.2.2 THP-1 cells  

The THP-1 monocytic cell-line was cultured in RPMI-1640 supplemented with 10% 

heat-inactivated FBS and antibiotic/antimycotic cocktail at 37ºC in a humidified 

atmosphere with 5% CO2.  

THP-1 differentiation protocol: To differentiate monocytes to macrophages, 5x10
5
 

cells/well were treated with 40 nmol/L phorbol 12-myristate 13-acetate (PMA) for 48 

hours in RPMI-1640 containing 5% FBS. At the end of the 48 hour incubation period, 

the medium was aspirated and cells were washed with RPMI-1640 without FBS and 

antibiotic/antimycotic and were incubated in this medium for 6-8 hours. To eliminate 

pre-existing cytokine production, the medium was replaced by fresh serum free 

medium before treatments were initiated.  

Treatment protocol: LPS (1µg/ml) was used to induce the production of pro-

inflammatory cytokines. Cells were pre-treated with C21 60 minutes prior to the 

addition of LPS and the drug remained in the medium for the entire duration of 

treatment. Treatments with specific inhibitors including Candesartan (1µmol/l) and 

PD123319 (10µmol/l) were administered 30 minutes prior, while L-NAME (1 

mmo/L), SB203580 (10µmol/l) and PD98059 (10µmol/l) were added to the cells for 

60 minutes prior to the addition of C21. 
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3.3.2.3 Mouse podocyte cell-line  

Podocytes were maintained in RPMI 1640 medium supplemented with 10% fetal 

bovine serum and 100 U/ml penicillin/streptomycin, in humidified incubators in an 

atmosphere containing 5% CO2. Podocytes were propagated on collagen I-coated 

plates at 33°C in the presence of mouse γ-interferon (10 U/ml). Differentiation to 

podocytes was achieved by removal of γ-interferon and raising the temperature to 

37°C for 2 weeks. Subsequent treatment protocols for podocytes were identical to 

those used in HK-2 cells.  

3.3.3. Quantification of cytokines in the media 

Cytokines were quantified in cell-free media using ELISA kits according to the 

manufacturer’s protocol, described in section 3.2.7. Medium was diluted 10-fold for 

the detection of TNF-α and IL-6 while undiluted medium was used for the detection 

of IL-10 and TGF-β. 

3.3.4. Quantification of cytokine mRNA expression in THP-1 macrophages 

Total RNA from the cells was extracted using the RNEasy kits (Qiagen, Valencia, 

CA) according to the manufacturer’s protocol. cDNA was synthesized by RT-PCR 

from 1 µg of total RNA using the SuperScript III First-Strand Synthesis System (Life 

Technologies, Grand Island, NY). This cDNA was used as a template for the 

quantitative RT-PCR analysis of gene expressions of TNFA, IL6 and IL10 using 
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TaqMan gene expression assays (Applied Biosystems, Grand Island, NY). Relative 

quantification was determined using the delta-delta Ct method with GAPDH as a 

control. 

3.3.5. Protein expression by immunoblotting 

Cells were washed twice with PBS and lysed on the plate using ice-cold cell lysis 

buffer (Cell Signaling Technology, Danvers, MA) containing protease and 

phosphatase inhibitor cocktails. Total protein was quantified using the BCA protein 

assay kit. Equal amounts of protein in Laemmli buffer were loaded per well (15 

µg/lane for AT1R, 45 µg/lane for AT2R and 30 µg/lane for ERK1/2 and p38 MAPK) 

and separated by SDS-PAGE using a Tris-Glycine system. This was followed by wet 

transfer and western blotting as described in section 3.2.10. To ensure equal loading, 

blots were stripped and re-probed for β-Actin (BioVision) for AT1R and AT2R, and 

total-p38 and total-ERK1/2 for p-p38 and p-ERK1/2, respectively. 
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3.4. CONDITIONED MEDIUM EXPERIMENTS 

Conditioned medium (CM) from HK-2 cells was used to determine the effect of 

AT2R agonist treated PTECs on macrophage TLR4-activation. CM was prepared 

based on the method described by Wang et al. (2004).  

3.4.1. Preparation of CM 

Confluent HK-2 cells in 100 mm culture plates were washed twice with K-SFM and 

then incubated in 5 mL of K-SFM with BPE and EGF alone or 5 mL of medium 

containing 1 µmol/L C21 for 24 hours at 37◦C. At the end of 24 hours, the media 

were removed, washed twice with K-SFM Ham, replaced with fresh medium and 

incubated for a further 24 hours. Media were then collected, filtered through a 0.2 µm 

filter and used immediately for treatment in THP-1 macrophages.  Medium incubated 

with C21 was designated CM and medium without C21 was designated control CM 

(CCM). 2 ml aliquots of CM were taken to generate IL-10-free CM as described 

below. 

3.4.2. Preparation of IL-10-free CM 

IL-10 absorption from the CM was performed as described by Endharti et al., (2005). 

Conditioned medium was incubated with 1 μg/ml anti-IL-10 antibody by gentle 

mixing for 2 h. Protein G resin was added to the Ag-Ab complex (50 μl of resin per 

10 μg of Ab), and samples were incubated with gentle mixing overnight at 4°C. 
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Immobilized protein G-bound complexes were removed from the conditioned 

medium by centrifugation at 2500 x g for 5 min. Supernatant was designated as IL-

10-free CM. IL-10 cytokine expression was  

3.4.3. Treatment of THP-1 macrophages with CM from HK-2 cells 

THP-1 macrophages were derived from monocytes as described above. After the 

resting phase, CCM, CM or IL-10-free CM was added to macrophages 1 hour prior to 

stimulation with LPS (1 µg/ml). Media was collected 24 hours post-LPS and TNF-α 

and IL-10 were quantified by ELISA.  

3.5. STATISTICAL ANALYSES 

Data are presented as means ±SEM. Student’s t-test was used to compare means of 

two groups. One-way ANOVA with post-hoc test (Tukey) for multiple comparisons 

was used to compare variations between more than 2 groups. A value of p<0.05 was 

considered statistically significant, with n=5–8 experiments per group. 
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4. ROLE OF AT2 RECEPTORS IN LOWERING INFLAMMATION AND 

PROTECTING AGAINST  EARLY RENAL PATHOLOGICAL CHANGES IN 

OBESITY  

 

4.1 RESULTS 

4.1.1. Plasma and renal cytokines in the high-fat diet (HFD) fed AT2KO mice 

Mice maintained on HFD for 16 weeks had significantly higher levels of 

the pro-inflammatory cytokine tumor necrosis factor-α (TNF-α) in the plasma and 

renal cortex and this was exacerbated in HFD-fed AT2KO mice (Figure 3 A, B). 

On the other hand, AT2KO mice on HFD had markedly low plasma and renal 

anti-inflammatory Interleukin-10 (IL-10) levels compared to HFD-fed wild type 

(WT) mice (Figure 3 C, D). There were no significant differences in the cytokine 

expression in the plasma or renal cortex between WT and AT2KO mice 

maintained on a normal diet (ND) (Figure 3 A, B, C, D). 

 

4.1.2. Markers of early renal injury in HFD-fed AT2KO mice 

Early pathological changes, including glomerular hypertrophy, mesangial 

expansion, basement membrane thickening and leukocyte infiltration, were 

observed in WT and AT2KO mice maintained on the HFD while the renal 

morphology of ND-fed WT and AT2KO mice was normal (Figure 4 A, B). 

Mesangial matrix expansion scores were higher in HFD-fed AT2KO mice 
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compared to WT mice fed the HFD (Figure 4 A, B). No fibrosis was detected in 

any of the treatment groups (data not shown). WT mice on HFD excreted 

increased amounts of albumin in the urine, and lack of AT2R in HFD-fed mice 

modestly increased the urinary albumin excretion (Figure 4 C). The urinary 

albumin excretion was within normal values in WT and AT2KO mice on ND 

(Figure 2 C). 

 

4.1.3. Urinary nitric oxide excretion in HFD-fed AT2KO mice 

Urinary total nitrates/nitrites were measured as an indication of renal NO 

production in WT and AT2KO mice on ND or HFD by the Greiss reaction 

(Figure 5). Urinary NO levels were comparable to normal values in WT and 

AT2KO mice on ND. HFD itself did not alter NO production, however in the 

absence of AT2R, urinary NO levels were about 50% lower than basal levels. 
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Figure 3: Plasma and renal cytokine expression in WT and AT2KO mice. 

TNF-α concentration in the plasma (A) and the renal cortex (B) and IL-10 

concentration in the plasma (C) and the urine (D) from wild type (WT) and AT2 

knock-out (KO) mice on a normal diet (ND) or high-fat diet (HFD) was measured 

by ELISA. TNF-α levels in the kidney were normalized to total protein. Data are 

represented as mean ± SEM. * indicates p<0.05 vs WT ND, # indicates p<0.05 vs 

WT HFD and $ indicates p<0.05 vs KO ND mice (n=6). 
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Figure 4: Markers of obesity-linked early renal injury in WT and AT2KO 

mice  

Renal morphology (A) and mesangial matrix expansion (MME) score (B) and 24 

hour urinary albumin excretion (C) from wild type (WT) and AT2 knock-out 

(KO) mice on a normal diet (ND) or high-fat diet (HFD). 4 µm sections were 

stained with periodic acid Schiff (PAS) stain (Magnification x400). MME score 

was assigned based on a semiquantitative scale described in the methods section. 

Data are represented as mean ± SEM. * indicates p<0.05 vs WT ND, # indicates 

p<0.05 vs WT HFD and $ indicates p<0.05 vs KO ND mice (n=6). Scale bar is 50 

µm. 
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Figure 5: Urinary NO levels in WT and AT2KO mice.  

Total nitrate/nitrite concentration over 24 hours in the urine from wild type (WT) 

and AT2 knock-out (KO) mice on a normal diet (ND) or high-fat diet (HFD) was 

quantified by the Greiss reaction. Data are represented as mean ± SEM. * 

indicates p<0.05 vs WT ND mice (n=6). 
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4.1.4. General parameters in Zucker rats 

As shown in Table 2, at 7 weeks of age, obese rats had significantly higher body 

weight and lower kidney to body weight ratio compared to age-matched lean rats. 

Fasting plasma insulin was also significantly higher in obese rats compared to 

lean controls. Treatment with AT2R agonist C21 modestly lowered plasma 

insulin values, though they were still significantly higher compared to lean rats. 

Systolic blood pressure (SBP) and plasma glucose levels were similar between 

lean and obese rats. 

 

Table 2: General Parameters in lean and obese Zucker rats 

Parameter Lean 
Obese - 

Vehicle 

Obese – 

PD 

Obese – 

C21 

Obese – 

PD+C21 

Weight (g) 202±3 348±10.5* 348±9.6* 345±9* 363±11* 

Kidney Wt (g) 1.7±0.1 2.1±0.1* 2.1±0.1* 2.0±0.1* 2.2±0.2* 

Plasma Insulin 

(ng/ml) 

1.3±0.4 10.3±2.7* 11.6±3.2* 6.1±4.6*
$
 8.32±5.4* 

Blood glucose 

(mg/dl) 

86±6 

 

102±6 

 

110±8 

 

103±12 

 

96±4 

 

Systolic BP 

(mm Hg) 

105±1.7 

 

106±1.5 

 

104±2.1 

 

103±0.5 

 

102±1.5 

 

 

Data was collected at the end of the 2 weeks treatment with vehicle, PD123319 

(PD), C21 or PD+C21. Data are represented as mean ± SEM. * indicates p<0.05 

vs lean vehicle treated rats (n=5-7). 
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4.1.5. Renal Angiotensin II receptor abundance and expression in Zucker rats 

In order to assess the relative abundance of Angiotensin II receptors in lean and 

obese rats, increasing amounts of protein from the renal cortex were loaded and 

probed for antibodies against AT1R (5, 15, 30 and 50 µg per lane) and AT2R (10, 

25, 50 and 70 µg per lane). Relative expression of AT2R was higher in obese rats 

compared to lean rats since 70 µg of protein from lean animals was needed to 

obtain a band similar in intensity to that obtained on loading 50 µg of protein 

from obese rat kidneys (Figure 6 A). Relative abundance of AT1R was similar in 

lean and obese rats (Figure 6 A).  

Total expression of AT1R and AT2R after 2 weeks treatment with vehicle (Veh), 

AT2R antagonist PD123319 (PD), AT2R agonist (C21) or both, PD123319 and 

C21 (PD+C21) was determined by Western blotting. Obese rats had ~25% higher 

AT2R expression in the renal cortex compared to lean rats and this was not 

altered by any of the treatments (Figure 6 C). AT1R expression was similar in 

lean and obese rats and was not altered by any of the treatments (Figure 6 B). 
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Figure 6: Renal AT1 and AT2 receptor expression and abundance in Zucker 

rats 

Abundance (A) and expression of AT1 (B) and AT2 (C) receptors in the kidney 

cortex of lean and prehypertensive obese Zucker rats after 2 weeks treatment with 

vehicle (Veh), AT2R antagonist PD123319 (PD), AT2R agonist (C21) and both 

PD123319+C21 (PD+C21). The upper panels show representative western blots 

for AT1R, AT2R and β-actin which are quantified in lower panels. Data are 

represented as mean ± SEM. * indicates p<0.05 vs lean vehicle treated rats (n=5-

6). 
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4.1.6 Pro- and anti-inflammatory cytokine expression in the plasma and renal 

cortex from Zucker rats  

The levels of pro-inflammatory cytokines TNF-α and IL-6 in the plasma (Figure 

7 A, B) and renal cortex (Figure 7 C, D) were about 2-fold higher in obese rats 

compared to lean controls. Treatment with C21 for 2 weeks significantly 

attenuated the levels of these cytokines in the plasma as well as in the kidney. 

PD123319 alone treatment did not alter the cytokine levels in lean or obese rats, 

however when administered along with C21, the anti-inflammatory response of 

the AT2R agonist was abrogated (Figure 7 A, B, C, D). None of the treatments 

altered the TNF-α and IL-6 expression in lean rats. 

Similarly, the plasma and renal expression of the anti-inflammatory cytokine IL-

10 was up-regulated in obese rats compared to lean controls. However, treatment 

with PD, but not C21, attenuated the levels of IL-10 in the plasma and the renal 

cortex of obese rats. Interestingly, C21 treatment in lean rats was found to up-

regulate the expression of IL-10 in the plasma as well as in the renal cortex 

(Figure 8 A, B), while no change in TNF-α or IL-6 was observed (Figure 7).  
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Figure 7: Plasma and renal pro-inflammatory cytokine levels in Zucker rats 

Plasma  and renal cortical expression of  TNF- α (A, C) and IL-6 (B, D) in lean 

and pre-hypertensive obese Zucker rats after 2 weeks treatment with vehicle 

(Veh), AT2R antagonist PD123319 (PD), AT2R agonist (C21) and both 

PD123319+C21 (PD+C21). Plasma cytokines were determined by western 

blotting and were normalized with total plasma protein stained with amido black. 

Top panels show representative western blots for TNF-α and IL-6. Renal 

cytokines were measured by ELISA and were normalized to total protein in the 

homogenate. Data are represented as mean ± SEM. * indicates p<0.05 vs lean 

vehicle treated, # indicates p<0.05 vs obese vehicle treated and $ indicates p<0.05 

vs obese C21 treated rats (n=6).  
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Figure 8: Plasma and renal anti-inflammatory cytokine levels in Zucker rats 

Plasma (A) and renal cortical (B) expression of  IL-10 in lean and pre-

hypertensive obese Zucker rats after 2 weeks treatment with vehicle (Veh), AT2R 

antagonist PD123319 (PD), AT2R agonist (C21) and both PD123319+C21 

(PD+C21). Plasma IL-10 was determined by western blotting and was normalized 

with total plasma protein stained with amido black. The upper panel shows 

representative western blots for IL-10. Renal IL-10 was measured by ELISA and 

was normalized to total protein in the homogenate. Data are represented as mean 

± SEM. * indicates p<0.05 vs lean vehicle treated, # indicates p<0.05 vs obese 

vehicle treated and $ indicates p<0.05 vs obese C21 treated rats (n=6).  
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4.1.7 Renal macrophage infiltration and morphological changes in Zucker rats 

Renal macrophage infiltration, identified by CD68
+
 cells, was significantly 

increased in obese rats compared to lean controls (9±2 vs 1±1 cells/glomerulus) 

(Figure 9 A, B). Infiltration of macrophages was limited to the glomerulus and 

CD68
+
 cells were not detected in the tubulointerstitial compartment (Figure 9 A). 

Treatment with C21 for 2 weeks significantly attenuated the infiltration of 

macrophages in the kidneys of obese rats.  PD123319 alone treatment did not 

alter macrophage infiltration, however when administered along with C21, the 

anti-inflammatory response of the AT2R agonist was abrogated (Figure 9 A, B). 

PAS-stained renal sections revealed increased incidence of early obesity-related 

renal pathological changes such as glomerular hypertrophy and mild mesangial 

matrix expansion (MME) and mesangial hypercellularity in obese rats compared 

to lean controls (Figure 10 A). These changes were global and affected 

approximately 70% of all glomeruli that were analyzed.  Treatment with 

PD123319 worsened the MME while C21 prevented this increase in mesangial 

matrix accumulation (Figure 10 A, B). Renal sections were also stained with 

Masson’s Trichrome stain to assess the deposition of collagenous matrix, 

however, no fibrosis was detected in any of the experimental groups (data not 

shown). 
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Figure 9: Macrophage infiltration in glomeruli from Zucker rats 

CD68 immunostained sections (A) from the kidney cortex of lean (L, upper panel) and 

obese (O, lower panel) Zucker rats after 2 weeks treatment with vehicle (V), AT2R 

antagonist PD123319 (PD), AT2R agonist (C21) and both PD123319+C21 (PD+C21). 

Quantitative measurement of CD68
+
 monocyte/macrophages from immunostained 

sections (B). An average number of infiltrating macrophages was obtained from analysis 

of 30 glomeruli per rat. Data are mean ± SEM (n=6). * indicates p<0.05 vs lean vehicle 

treated, # indicates p<0.05 vs obese vehicle treated rats (400x magnification). Scale bar is 

50 µm. 
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Figure 10: Renal morphology in Zucker rats 

Periodic Acid Schiff (PAS) stained sections (A) from the kidney cortex of lean (L, upper 

panel) and obese (O, lower panel) Zucker rats after 2 weeks treatment with vehicle (V), 

AT2R antagonist PD123319 (PD), AT2R agonist (C21) and both PD123319+C21 

(PD+C21). (B) Semi-quantitative mesangial matrix expression (MME) score from PAS 

stained sections. An average MME score was obtained from analysis of 30 glomeruli per 

rat. Data are mean ± SEM (n=6). * indicates p<0.05 vs lean vehicle treated, # indicates 

p<0.05 vs obese vehicle treated rats (400x magnification). Scale bar is 50 µm. 
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4.1.8 Renal cortical eNOS expression in Zucker rats 

Renal eNOS expression was measured by western blotting. A band at ~130 kDa 

was detected which corresponds to the predicted molecular weight of eNOS. The 

expression of this NOS isoform was down-regulated by approximately 50% in 

obese rats treated with vehicle or AT2R antagonist PD123319. However, eNOS 

expression was comparable to basal values in obese rats treated with C21. 

Treatment with PD123319 concomitantly with C21 reversed the beneficial effect 

of AT2R agonist on renal eNOS expression (Figure 11).   

 

4.1.9 Renal cortical TLR4 expression in lean and obese Zucker rats 

Renal expression of TLR4, a pro-inflammatory receptor that has been 

demonstrated to mediate chronic inflammation in obesity, was determined in lean 

and obese rats by western blotting. A band of ~100 kDa was detected 

corresponding to the predicted molecular weight of rat TLR4. Densitometric 

analysis revealed TLR4 expression was 3-fold higher in the kidney cortex of 

obese rats compared to age-matched lean rats (Figure 12).  
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Figure 11: Expression of eNOS in kidney cortex of Zucker rats. 

Renal cortical eNOS expression in lean and pre-hypertensive obese Zucker rats 

after 2 weeks treatment with vehicle (Veh), AT2R antagonist PD123319 (PD), 

AT2R agonist (C21) and both PD123319+C21 (PD+C21) was determined by 

western blotting using β-actin as a loading control. Data are represented as mean 

± SEM. * indicates p<0.05 vs lean vehicle treated, # indicates p<0.05 vs obese 

vehicle treated and $ indicates p<0.05 vs obese C21 treated rats (n=6). 
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Figure 12: Expression of TLR4 in kidney cortex of Zucker rats. 

Renal cortical TLR4 expression in lean and obese Zucker rats was determined by 

western blotting using β-actin as a loading control. Data are represented as mean 

± SEM. * indicates p<0.05 vs lean vehicle treated rats (n=5). 
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4.2 DISCUSSION 

Obesity itself is an independent risk factor for CKD, even in the absence of 

diabetes and hypertension (Kambham et al., 2001; Serra et al., 2008). In addition 

to the anatomical and hemodynamic alterations that occur as a result of increasing 

body mass, obesity also creates a state of chronic, low grade, systemic 

inflammation characterized by elevated pro-inflammatory cytokine and 

chemokine levels in the circulation. Increased circulating cytokines such as IL-6 

and TNF-α from the plasma can promote the infiltration of macrophages into the 

renal tissue via activation of transcription factors, including NF-κB, which 

increase chemokine production and thus set up renal inflammation. Increased 

cytokine production locally within the kidney can exert toxic effects on renal cells 

and promote mesangial expansion, fibrosis, and ultimately nephron loss and 

reduced GFR. The importance of the resolution of renal inflammation in 

preventing the progression of kidney damage has been demonstrated using novel 

experimental anti-inflammatory drugs in animal models of CKD (Quiroz et al., 

2008; Tu et al., 2008; Gong et al., 2006; Sankaran et al., 2007; Dhande et al., 

2013). 

Evidence in support of the anti-inflammatory role of the AT2R is growing 

(Rompe et al., 2010; Abadir et al., 2010). Further, it has been shown that AT2R 

agonists may potentially afford renoprotection as a consequence of lower 

systemic inflammation in models of hypertensive renal injury (Matavelli et al., 
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2010; Rehman et al., 2011). Our group has previously reported a decrease in 

plasma TNF-α, IL-6, CRP, and MCP-1 in hypertensive obese Zucker rats treated 

with AT2R agonist CGP42112A for 2 weeks (Sabuhi et al., 2010). However, since 

this was associated with a 19 mm Hg drop in blood pressure, it was not clear 

whether the lower cytokine expression was a consequence of lowered blood 

pressure or as a direct inhibitory effect of AT2R agonist on inflammatory cytokine 

production.  

The present study was designed to test the hypothesis that AT2Rs play a 

protective role in obesity-linked renal inflammation and prevent the development 

of early renal pathological changes associated with obesity. This was 

demonstrated using AT2R knock-out mice maintained on a HFD for 16 weeks as 

well as using pre-hypertensive, pre-diabetic obese Zucker rats (OZR) treated with 

AT2R agonist C21, AT2R antagonist PD123319, or a combination of agonist and 

antagonist for 2 weeks.  

AT2KO mice on HFD had higher levels of TNF-α in the plasma and kidney 

compared to WT mice on the HFD. Conversely, the anti-inflammatory IL-10 

levels in the plasma and urine were markedly lower in HFD-fed AT2KO mice 

compared to HFD-fed WT mice. This suggests that in obesity, the AT2R may 

participate in the compensatory increase in anti-inflammatory components 

required to resolve systemic inflammation. The plasma and renal TNF-α values 

correlated well; however this was not the case with IL-10. Compared to ND 
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feeding HFD in WT mice resulted in elevated plasma IL-10, which may be 

derived from a number of sources including circulating immune cells, the adipose 

tissue, the liver, the gut, the endothelium and the kidneys. On the other hand, 

urinary IL-10 was markedly lower in HFD-fed WT mice compared to their ND-

fed counterparts. A possible explanation for this might be the fact that unlike 

TNF-α, IL-10 is not readily filtered at the glomerulus and typically, the urinary 

IL-10 levels are a better reflection of the renal production of this cytokine rather 

than the circulating IL-10 levels (Gormley et al., 2000). The renal pathological 

changes and increased urinary albumin excretion observed in AT2KO mice on 

HFD was consistent with their plasma and renal pro-inflammatory status. 

However, despite the fact that these animals were maintained on a HFD for 4 

months, the severity of renal lesions was mild, since the C57BL/6 strain of mice 

are known to be relatively resistant to renal injury (Zheng et al., 1998). 

Nevertheless, an increased severity of the obesity/diabetes associated early 

pathological changes including mesangial expansion and basement membrane 

thickening seen in mice lacking the AT2R maintained on the HFD compared to 

their HFD-fed WT counterparts suggests that the AT2R does play a role in 

renoprotection in the setting of obesity. AT2KO mice had modestly elevated 

systolic blood pressure compared to WT controls; however, HFD did not further 

alter blood pressure (Samuel et al., unpublished data). This supports the notion 
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that the anti-inflammatory response to AT2R stimulation may not be linked to its 

effect on blood pressure. 

The OZR model more accurately recapitulates the obesity-associated renal 

injury seen in humans and develops spontaneous renal injury with increasing age. 

At 5 weeks of age, these animals are obese and hyperinsulinemic and develop 

hyperglycemia and hypertension after about 9 weeks of age (Kasiske et al., 1988; 

Kurtz et al., 1989; Coimbra et al., 2000; Iliescu and Chade, 2010). At the age of 7 

weeks, the renal AT2R expression was approximately 40% higher in obese rats 

compared to lean controls, while the expression of AT1R remained unaltered, 

which is consistent with previous reports in this animal model (Hakam and 

Hussain, 2005; Ali et al., 2013). The up-regulation in AT2R could possibly be a 

result of hyperinsulinemia, since high levels of insulin have been shown to 

enhance AT2R expression in R3T3 cells (Ichiki et al., 1995) and in the atria 

(Samuelsson et al., 2006). However, our studies in proximal tubule epithelial cells 

suggest that hyperglycemia, but not hyperinsulinemia up-regulates renal AT2R 

expression (Ali et al., 2010). To bring this into context of pre-diabetic, pre-

hypertensive OZRs, even though they are not hyperglycemic based on their 

fasting glucose levels, their insulin sensitivity is low, and hence, after feeding, 

their plasma glucose levels remain elevated for prolonged periods of time. This 

state of hyperglycemia may be sufficient to cause up-regulation of AT2R 

expression in the kidneys.  
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TLR4 is a pro-inflammatory receptor of the innate immune system that has 

recently been implicated in mediating the chronic inflammation associated with 

obesity (Shi et al., 2006; Ahmad et al., 2012; Hardy et al., 2012). In the present 

study, we report a 3-fold increase in the renal TLR4 expression, which could 

account for the increased renal pro-inflammatory cytokine expression. Treatment 

with AT2R agonist C21 for 2 weeks attenuated the plasma and renal TNF-α and 

IL-6 expression to values comparable to lean controls, while AT2R antagonist 

PD123319 did not alter the cytokine profile significantly in any of the treatment 

groups. Similar to the pro-inflammatory cytokine levels, the anti-inflammatory 

IL-10 expression was also elevated in obese rats. This is contrary to some 

published reports in humans where obesity was associated with lower circulating 

levels of IL-10 (Esposito et al., 2003; Manigrasso et al., 2005). It is likely that the 

levels of IL-10 were increased in the early stages of obesity linked inflammation 

in response to the high levels of TNF-α as a compensatory mechanism. These 

already high levels of plasma and renal cortical IL-10 were not further increased 

by C21 treatment, possibly because the IL-10 levels were at the maximal 

production limit. However, a marked reduction in the levels of this cytokine was 

observed when the AT2R was blocked with PD123319; which suggests that 

increase in IL-10 production is AT2R-mediated. Also, unlike the pro-

inflammatory cytokines, which were unaffected by drug treatments in lean rats, 

IL-10 production was markedly increased in the plasma and kidney cortex of lean 
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rats treated with C21, which suggests that AT2R activation may have a direct role 

in increasing IL-10 production, which is not dependent on increased TNF-α or IL-

6 levels. The data supporting this notion will be presented in chapter 6. 

Similar to the results from AT2KO mice study, the primary renal lesions 

observed in OZRs were early pathological changes including, glomerular 

hypertrophy, mesangial cell hypercellularity, mesangial expansion and 

macrophage infiltration. Obese rats treated with PD123319 had significantly 

higher mesangial expansion scores compared to obese controls while C21 treated 

obese rats had markedly lower renal macrophage infiltration and MME scores. 

Drug treatment had no effect on renal morphology in any of the experimental 

groups in lean rats, emphasizing the fact that AT2R plays a more significant role 

in pathophysiological conditions rather than in the normal state. 

Deficiency of NO has been linked to the development of glomerulosclerosis, 

tubular fibrosis and proteinuria (Reviewed by Zatz and Bayliss, 1998 and Baylis, 

2008). In the present study, we found that AT2KO mice on HFD had markedly 

reduced levels of NO in the urine compared to WT HFD controls, and this 

corresponded to increased renal injury in this group. We also report a significant 

down-regulation of eNOS in obese rats compared to lean controls, which is in 

agreement with published findings in rodent models of obesity (Roberts et al., 

2004; Li et al., 2005). We have previously demonstrated that acute AT2R 
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stimulation results in increased NO production in obese Zucker rats (Hakam and 

Hussain, 2006; Ali et al., 2013). Here, we found that AT2R agonist treatment for 2 

weeks restored the renal eNOS expression in obese rats, which may account for 

the enhanced NO production in this model. NO, in addition to being a potent 

vasodilator, can also exert anti-inflammatory effects including inhibition of NK-

kB (Peng et al., 1995; Walley et al., 1999) and increased IL-10 production (Singh 

et al., 2014). Thus, it may be speculated that the anti-inflammatory effect in 

response to AT2R stimulation could be a result of NO-induced IL-10 production 

in the kidney.   

Taken together, the results from AT2KO mice and OZR support the notion 

that the AT2R shifts the balance of cytokine production in obesity from pro-

inflammatory to anti-inflammatory and consequently prevents the progression of 

inflammatory renal injury. This anti-inflammatory effect appears to be distinct 

from the blood pressure lowering effect of AT2R stimulation. Increased IL-10 

production may potentially be a mechanism by which AT2R stimulation 

attenuates pro-inflammatory cytokine production. However, it is still unclear 

whether the anti-inflammatory response is systemic or mediated locally at the 

level of the kidney, or whether it is a result of crosstalk between immune cells and 

renal cell-types. Also, the cellular source of IL-10 and the signaling pathway(s) 

activated by the AT2R to promote IL-10 synthesis are yet to be ascertained. We 

shall attempt to answer these questions in the forthcoming chapters. 
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6. AT2 RECEPTOR STIMULATION ATTENUATES TLR4-INDUCED PRO-

INFLAMMATORY CYTOKINE PRODUCTION VIA INCREASED 

INTERLEUKIN-10 IN RENAL PROXIMAL TUBULE EPITHELIAL CELLS 

 

6.1 RESULTS 

5.1.1. AT2R expression in response to LPS and AT2R agonist in a human 

proximal tubule epithelial cell-line (HK-2 cells) 

AT2R expression was determined in HK-2 cells following 24 hours 

treatment with vehicle (Ctrl), AT2R agonist (C21; 1 µmol/L), TLR4 agonist (LPS; 

10 µg/ml) or LPS and C21 both. Two bands were detected for AT2R at 

approximately 45 and 37 kDa in the renal cortex (Figure 13), most likely due to 

varying degrees of glycosylation (Kornfeld and Kornfeld, 1985). We have 

previously reported that treatment of renal cortical membranes with the 

deglycosylating enzyme N-glycanase shifted AT2R multiple bands towards a 

single band at ~30kDa. (Hakam and Hussain, 2005). Treatment with TLR4 

agonist LPS significantly up-regulated the AT2R expression, which was not 

further altered in the LPS+C21 treated cells. Treatment with AT2R agonist C21 

alone did not change the AT2R expression (Figure 13).   
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Figure 13: Expression of AT2R in HK-2 cells. 

AT2R expression in HK-2 cells treated with vehicle (control), TLR4 agonist (LPS; 

10 µg/ml), AT2R agonist (C21; 1 µmol/l) and both LPS+C21 was determined by 

western blotting using β-actin as a loading control. Upper panels are 

representative western blots while lower panels represent the densitomertic 

quantification of data. Data are represented as mean ± SEM. * indicates p<0.05 vs 

control HK-2 cells (n=6). 
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5.1.2. Cytokine expression in response to LPS and AT2R agonist in HK-2 cells 

The levels of pro-inflammatory cytokines (TNF-α and IL-6), pro-fibrotic 

cytokine (TGF-β) and anti-inflammatory cytokine (IL-10) were measured by 

ELISA in the media collected from HK-2 cells treated with vehicle (Ctrl), AT2R  

agonist (C21; 1 µmol/L), TLR4 agonist (LPS; 10 µg/ml) or LPS and C21 both 

for 24 hours (Figure 14 A, B, C, D). LPS-induced increase in TNF-α, IL-6 and 

TGF-β were attenuated significantly in cells treated with both, LPS and C21 

(Figure 14 A, B, C). On the other hand, the LPS-induced increase in the anti-

inflammatory IL-10 was further augmented in the presence of C21 (Figure 14 

D). Furthermore, AT2R agonist treatment alone resulted in elevated IL-10 

production, which was comparable to that observed in the LPS+C21 treatment 

group, while C21 treatment had no effect on the levels of TNF-α, IL-6 or TGF-β 

in the absence of LPS stimulation.  

5.1.3. Cytokine expression in response to TNF-α and AT2R agonist in HK-2 cells 

The levels of the pro-inflammatory cytokine IL-6 and anti-inflammatory 

cytokine IL-10 were measured by ELISA in the media collected from HK-2 cells 

treated with vehicle (Ctrl), AT2R agonist (C21; 1 µmol/L), TNF-α (10 ng/ml) or 

TNF-α and C21 both for 24 hours (Figure 15 A, B). TNF-α-induced increase in 

IL-6 was attenuated in the presence of C21, while the TNF-induced IL-10 was 
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further augmented with C21, in a manner similar to that observed with LPS-

stimulation.  

5.1.4. IL-10 production is critical for the anti-inflammatory effect of AT2R 

stimulation in HK-2 cells 

Treatment with AT2R agonist C21 for 24 hours dose-dependently (0.1 – 10 

µmol/L) increased the production of IL-10 in HK-2 cells (Figure 16). To 

determine whether IL-10 was critical for mediating the anti-inflammatory 

response to AT2R agonist, IL-10 produced following C21 treatment was 

functionally neutralized using a blocking antibody to  IL-10 and the levels of 

TNF-α and IL-6 in the media were determined by ELISA after 24 hour treatment 

with vehicle (Ctrl) or LPS and C21 both (Figure 17 A, B). The IL-10 

neutralizing antibody dose-dependently (0.25 – 5 µg/ml) abolished the anti-

inflammatory effect of AT2R agonist on LPS-induced TNF-α and IL-6 production 

by HK-2 cells.  
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Figure 14: Effect of AT2R agonist on LPS-induced cytokine expression in 

HK-2 cells 

Concentration of TNF-α (A), IL-6 (B), IL-10 (C) and TGF-β (D) in the media 

collected from HK-2 cells stimulated by LPS (10 µg/ml) and/or C21 (1 umol/L). 

Cytokine measurements were obtained using ELISA. Data are represented as 

mean ± SEM. * indicates p<0.05 vs control untreated, # indicates p<0.05 vs 

LPS treated and $ indicates p<0.05 vs C21 treated HK-2 cells (n=6-8). 
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Figure 15: Effect of AT2R agonist on TNF-α-induced cytokine expression in HK-2 

cells 

Concentration of IL-6 (A) and IL-10 (B) in the media collected from HK-2 cells 

stimulated by TNF-α (10 ng/ml) and/or C21 (1 umol/L). Cytokine measurements were 

obtained using ELISA. Data are represented as mean ± SEM. * indicates p<0.05 vs 

control untreated, # indicates p<0.05 vs TNF-α treated and $ indicates p<0.05 vs C21 

treated HK-2 cells (n=3). 
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Figure 16: AT2R-induced IL-10 production in HK-2 cells. 

Concentration of IL-10 in media from HK-2 cells treated with increasing doses of 

C21 (0.1, 0.5, 1, 5, 10 µmol/L) for 24 hours was determined by ELISA. Another 

set of cells was incubated with AT2R antagonist PD123319 (PD; 10 µmol/L) for 

30 minutes prior to treatment with C21. Data are represented as mean ± SEM 

(n=3). 
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Figure 17: Effect of IL-10 neutralizing antibody on LPS-induced pro-

inflammatory cytokine production in HK-2 cells  

Concentration of TNF-α (A) and IL-6 (B) in media from HK-2 cells treated with 

LPS (10 µg/ml), C21 (1 µmol/L) and increasing doses of IL-10 neutralizing 

antibody for 24 hours was determined by ELISA. The cells were incubated with 

IL-10 antibody for 30 minutes prior to treatment with LPS and C21. Data are 

represented as mean ± SEM. * indicates p<0.05 vs control, # indicates p<0.05 vs 

LPS treated and $ indicates p<0.05 vs LPS+C21 treated HK-2 cells (n=6). 
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5.1.5 Effect of blockade of NO/cGMP signaling on AT2R-mediated anti-

inflammatory response in HK-2 cells 

Treatment with AT2R agonist C21 for 24 hours dose-dependently (0.1 – 

10 µmol/L) increased the production of NO by HK-2 cells (Figure 18). To 

determine whether the NO/cGMP pathway was involved in mediating the anti-

inflammatory response to AT2R stimulation, HK-2 cells were treated with either 

the NOS inhibitor (L-NAME; 1 mmol/L) or soluble guanylate cyclase inhibitor 

(1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ); 10 µmol/L) for 30 

minutes prior to the stimulation with LPS and/or C21 and IL-6 and IL-10 levels 

in the plasma were measured by ELISA after 24 hours treatment. NOS inhibition 

completely prevented the AT2R agonist-induced increase in IL-10 both, in the 

presence and in the absence of LPS stimulation. On the other hand, L-NAME 

significantly up-regulated IL-6 production in the absence of LPS and reversed the 

anti-inflammatory response to C21 in the presence of LPS-stimulation. Inhibition 

of sGC by ODQ resulted in a similar reversal of the anti-inflammatory response 

to AT2R agonist (Figure 19 A, B). 
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Figure 18: AT2R-induced NO production in HK-2 cells. 

Concentration of total nitrates in media from HK-2 cells treated with increasing 

doses of C21 (0.1, 0.5, 1, 5, 10 µmol/L) for 24 hours was measured by the Greiss 

reaction. Another set of cells was incubated with AT2R antagonist PD123319 

(PD; 10 µmol/L) for 30 minutes prior to treatment with C21. Data are represented 

as mean ± SEM (n=3). 
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Figure 19: Effect of inhibition of the NO/cGMP pathway on LPS-induced 

pro- and anti-inflammatory cytokine production in HK-2 cells  

Concentration of IL-6 (A) and IL-10 (B) in media from HK-2 cells treated with 

LPS (10 µg/ml), C21 (1 µmol/L) and L-NAME (1 mmol/L) or ODQ (10 µmol/L) 

for 24 hours was determined by ELISA. The cells were incubated with inhibitors 

of NO/cGMP for 30 minutes prior to treatment with LPS and C21. Data are 

represented as mean ± SEM. * indicates p<0.05 vs control, # indicates p<0.05 vs 

LPS treated and $ indicates p<0.05 vs LPS+C21 treated HK-2 cells (n=5). 
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5.1.6 Effect of AT2R agonist on LPS-induced cytokine production in a mouse 

glomerular epithelial cell-line 

Cultured mouse podocytes expressed detectable amounts of the AT2R, which was 

up-regulated upon treatment with LPS (Figure 20). The levels of the pro-

inflammatory cytokine IL-6 and anti-inflammatory cytokine IL-10 were 

measured by ELISA in the media collected from HK-2 cells treated with vehicle 

(Ctrl), AT2R agonist (C21; 1 µmol/L), LPS (10 µg/ml) or LPS and C21 both for 

24 hours (Figure 21 A, B). LPS resulted in a marked up-regulation of IL-6; and 

concurrent treatment with C21 resulted in a modest attenuation of LPS-induced 

IL-6 production (Figure 21 A) as was observed in proximal tubule epithelial 

cells. A basal level of IL-10 production was detected in the medium collected 

from podocytes at 24 hours; however, neither LPS nor C21 altered the IL-10 

levels in this cell-type (Figure 21 B). 
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Figure 20: Expression of AT2R in the mouse podocyte cell-line. 

AT2R expression in mouse podocytes treated with vehicle (control) or TLR4 

agonist (LPS; 10 µg/ml) was determined by western blotting using β-actin as a 

loading control. Upper panels are representative western blots while lower panels 

represent the densitomertic quantification of data. Data are represented as mean ± 

SEM. * indicates p<0.05 vs control HK-2 cells (n=6). 

 

 

Figure 21: Effect of AT2R agonist on LPS-induced cytokine expression in a 

mouse podocyte cell-line 

Concentration of IL-6 (A) and IL-10 (B) in the media collected from mouse 

podocytes stimulated by LPS (10 ng/ml) and/or C21 (1 umol/L). Cytokine 

measurements were obtained using ELISA. Data are represented as mean ± SEM. 

* indicates p<0.05 vs control untreated, # indicates p<0.05 vs LPS treated cells 

(n=4). 
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5.1.7 Effect of AT2R agonist treated HK-2 cell-derived conditioned media on 

LPS-induced cytokine production in THP-1 macrophages 

Conditioned medium (CM) from C21-treated HK-2 cells was used to determine 

whether PTECs treated with AT2R agonist can inhibit TLR4-induced activation of 

macrophages. CM, control CM (CCM) and IL-10-free CM were prepared as 

described in the methods section and IL-10 produced in each type of CM was 

determined by ELISA. IL-10 concentration in CM was 3-fold higher compared to 

CCM and IL-10-free CM contained negligible amounts of IL-10 (Figure 22). 

Treatment with CM from C21-treated HK-2 cells resulted in a ~33% decrease in 

LPS-induced TNF-α production (Figure 23 A) and a ~30% increase in IL-10 

production (Figure 23 B) in THP-1 macrophages. However, treatment with IL-

10-free CM abrogated the anti-inflammatory effect of CM from C21-treated HK-2 

cells and the cytokine levels were comparable to those obtained with LPS+CCM 

treatment (Figure 23). 
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Figure 22: IL-10 concentration in conditioned media (CM) from HK-2 cells 

Concentration of IL-10 in the conditioned media (CM) collected from HK-2 cells 

stimulated by vehicle (CCM) or C21 (CM; 1 umol/L). Cytokine measurements 

were obtained using ELISA. IL-10 free CM was derived from C21-CM after 

removing IL-10 using an IL-10 antibody as described in the Methods section. 

Data are represented as mean ± SEM. * indicates p<0.05 vs CCM, (n=5). 
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Figure 23: TNF-α and IL-10 production in response to CM in LPS-activated 

THP-1 macrophages 

Concentration of (A) TNF-α and (B) IL-10 in the media collected from LPS-

stimulated THP-1 macrophages following incubation with control conditioned 

medium (CCM) or C21-conditioned medium (CM) or IL-10-free CM derived 

from HK-2 cells for 24 hours. Cytokine measurements were obtained using 

ELISA. Data are represented as mean ± SEM. * indicates p<0.05 vs CCM, (n=5).  
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5.2 DISCUSSION 

In addition to immune cells, renal epithelial cells are also capable of 

producing an array of cytokines and chemokines that can modulate the net 

immune response and contribute to the pathogenesis of renal injury (Frank et al., 

1993; Boswell et al., 1994; Hughes et al., 2001; Parry et al., 2001). Recently, the 

activation of TLRs, particularly TLR4 up-regulation and activation, has been 

identified as a molecular link between the innate immune system and renal 

inflammation (Lin et al., 2012; Banas et al., 2008). In the previous chapter, we 

demonstrated an up-regulation of the TLR4 in the kidney cortex of obese Zucker 

rats compared to lean controls, which suggests that TLR4-induced renal 

inflammation may play a role in obesity-linked kidney disease.  

The present in vitro study was designed to elucidate the cellular mechanisms 

that occur at the level of the kidney in response to AT2R stimulation that may 

contribute to renoprotection in TLR4-induced renal inflammation. 

IL-10 is a potent anti-inflammatory cytokine that is generally believed to 

attenuate inflammation and fibrosis, thus providing reno-protection in acute as 

well as chronic renal disease (Kitching et al., 2002; Choi et al., 2003; Mu et al., 

2005). Further, increased IL-10 production by proximal tubule epithelial cells 

(PTECs) is an inherent anti-inflammatory mechanism which may down-regulate 

the severity of LPS-induced renal inflammation (Wang et al., 2004). Here, we 
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report that activation of AT2Rs further augmented the production of IL-10 in 

human PTEC HK-2 cells activated by LPS (10 µg/ml). This increase in IL-10, 

though modest, was largely responsible for the AT2R-mediated decrease in pro-

inflammatory TNF-α and IL-6 production, since blocking IL-10 with a 

neutralizing antibody dose-dependently abolished the anti-inflammatory response 

to AT2R agonist C21. Interestingly, while treatment with C21 alone did not alter 

the production of pro-inflammatory cytokines, there was a significant increase in 

IL-10 levels with C21 even in the absence of LPS. Moreover, the C21-induced 

levels of IL-10 were higher than those produced as a result of LPS-activation, 

which suggests that AT2R activation directly drives the production of IL-10, 

possibly independent of classical toll-like receptor mediated pathways. In order to 

further illustrate this point, another set of cells was activated with TNF-α instead 

of LPS and the levels of IL-6 and IL-10 were found to be similarly altered in 

response to C21, though the magnitude of these changes was not as great as was 

observed with LPS-stimulation. Nevertheless, these observations support the 

notion that AT2R agonist treatment may not directly inhibit TLR4 activation, but 

rather, may interact with downstream signaling pathways triggered by TLR4 

stimulation. 

Though IL-10 production has been demonstrated in PTECs, the molecular 

pathways that regulate renal IL-10 levels remain obscure. Recently, it has been 

reported that systemic NOS inhibition resulted in the suppression of renal IL-10 
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production (Singh et al., 2014). Our data from AT2KO mice and pre-hypertensive 

obese Zucker rats, discussed in the preceding chapter, also suggests that NO may 

be potentially involved in AT2R-induced IL-10 production. Blocking NO 

production significantly attenuated the IL-10 levels in cells treated with AT2R 

agonist in the presence and absence of LPS stimulation. However, further studies 

are required to confirm the precise molecular pathways involved in NO-mediated 

IL-10 production. 

While PTECs have been demonstrated to produce both pro- and anti-

inflammatory cytokines, the cytokine profile of glomerular epithelial cells (GECs) 

appears to be skewed towards promoting inflammation and leukocyte infiltration 

(Niemir et al., 1997; Huber et al., 2002; Xing et al., 2006; Banas et al., 2008; 

Brahler et al., 2012; Srivastava et al., 2013). Reports of anti-inflammatory 

cytokine production by GECs are lacking, though there is a report of IL-10 being 

detected in glomeruli from mice treated with TLR3 agonist (Ishimoto et al., 

2012). However, it is difficult to ascertain the cellular source of IL-10 in this case, 

since infiltrating macrophages and lympohocytes as well as glomerular mesangial 

cells and endothelial cells are all capable of IL-10 production. Here, we report a 

basal level of IL-10 which is detectable in a murine podocyte cell-line; however, 

IL-10 was not further increased by treatment with either C21 or LPS, or both in 

this cell-type. However, LPS did result in up-regulated IL-6 production, which 

was modestly attenuated by C21-treatment, suggesting the existence of additional 



 

93 
 

IL-10-independent pathways which may mediate the anti-inflammatory response 

to AT2R stimulation. 

Our findings reveal a novel anti-inflammatory role for PTEC AT2Rs via 

increased IL-10 production, which raises the possibility that AT2R stimulation 

may prevent the activation of macrophages, which are known to initiate 

inflammatory renal injury (Lavaud et al., 1996), at the level of the kidney. 

Conditioned media from C21-treated HK-2 cells was used to investigate the 

cross-talk between PTECs and LPS-activated macrophages in vitro. Our results 

indicate that media from C21-treated HK-2 cells inhibited the TLR4-induced 

increase in TNF-α production which was associated in a further enhancement of 

IL-10 production in THP-1 macrophages. This anti-inflammatory effect of C21-

conditioned media could be attributed to IL-10, since removal of this cytokine 

from the conditioned media abolished the effect of AT2R agonist.  

Overall, these findings suggest that AT2R stimulation, via increased IL-10 

production by PTECs, can contribute to renoprotection in response to TLR4-

induced inflammation. Further, IL-10-independent anti-inflammatory mechanisms 

in the glomerular epithelial cells may also contribute to the net renoprotective 

effect of AT2R stimulation. Our in vitro data using conditioned medium from 

PTECs suggest that in vivo, tubular cells could promote a local anti-inflammatory 

microenvironment that could deter the infiltration of activated macrophages.  
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7. AT2 RECEPTOR STIMULATION ATTENUATES TLR4-INDUCED PRO-

INFLAMMATORY CYTOKINE PRODUCTION VIA INCREASED 

INTERLEUKIN-10 IN THP-1 MACROPHAGES 

 

7.1 RESULTS 

6.1.1. AT1R and AT2R Expression in response to LPS and AT2R agonist in a 

human macrophage cell-line (THP-1 cells) 

Western blotting was used to detect the expression of AT1R and AT2R in 

THP-1 macrophages at 24 hours post-treatment with vehicle (Ctrl), C21 (1 

µmol/L), LPS (1 µg/ml) or both (LPS+C21).  AT1R expression was detected by as 

a band at ~45 kDa. Neither C21 nor LPS treatment alone altered the macrophage 

AT1R expression. However, in cells treated with both C21 and LPS, the 

expression of AT1R was down-regulated by about 60% (Figure 24 A).  Two 

bands were detected for the AT2R at about 50 and 45 kDa and the expression of 

this receptor was not altered by any of the treatments (Figure 24 B). 
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Figure 24: Expression of AT1R and AT2R in THP-1 macrophages. 

(A) AT1R and (B) AT2R expression in THP-1 macrophages treated with vehicle 

(Ctrl), TLR4 agonist (LPS; 1 µg/ml), AT2R agonist (C21; 1 µmol/l) and both 

LPS+C21 was determined by western blotting using β-actin as a loading control. 

Upper panels are representative western blots while lower panels represent the 

densitomertic quantification of data. Data are represented as mean ± SEM. * 

indicates p<0.05 vs control THP-1 macrophages (n=5). 
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Figure 25: Dose-response of AT2R agonist on LPS-induced TNF-α and IL-10 

production 

 

The dose-dependent effect of AT2R agonist C21 on TNF-α (A) and IL-10 (B) was 

assessed at 24 hours following LPS-activation (1µg/ml). C21 pre-treatment (0.1-

10µmol/l) was given 60 minutes before LPS and cytokines in the media were 

assessed by ELISA. An additional set of cells was incubated with AT2R 

antagonist PD123319 (PD; 10µmol/l) for 30 minutes prior to C21 pre-treatment to 

demonstrate the receptor specificity of C21. Data are represented as mean ± SEM. 

* indicates p<0.05 vs LPS+C21 treated THP-1 macrophages (n=4). 
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6.1.2. Effect of AT2R agonist on pro-inflammatory TNF-α and anti-inflammatory 

IL-10 production in LPS-stimulated THP-1 macrophages  

THP-1 macrophages were treated with increasing doses of AT2R agonist C21 (0, 

0.1, 0.5, 1, 5, 10 µmol/L) with or without AT2R antagonist PD123319 (10 

µmol/L) for 1 hour prior to LPS-stimulation (1 µg/ml) and levels of TNF-α and 

IL-10 in the cell-free media were determined by ELISA 24 hours after the 

addition of LPS. C21 dose-dependently decreased TNF-α (Figure 25 A), but 

increased IL-10 concentration (Figure 25 B) in the cell-free media after LPS-

stimulation. This anti-inflammatory effect of C21 was blocked when cells were 

pre-incubated with PD123319 for 30 minutes prior to C21 treatment (Figure 25 

A, B). Based on the dose-response curve, the concentration 1 µmol/L of C21 was 

determined to be the optimum dose of AT2R agonist and was used for subsequent 

experimental protocols.  

THP-1 macrophages were treated with vehicle (Ctrl), AT2R agonist C21 (1 

µmol/L), LPS (1 µg/ml) or both (LPS+C21) for 24 hours, following which media 

and cells were harvested separately to determine the protein and mRNA 

expression of cytokines in response to these treatments. LPS treatment induced a 

6-fold increase in TNF-α and a 4-fold increase in IL-6 mRNA expression, while 

C21 treatment alone did not significantly affect the mRNA expression of either of 

these pro-inflammatory cytokines (Figure 26 A, B). Treatment with both LPS and 

C21 blunted the TNF-α mRNA expression by about 30% and the IL-6 mRNA by 
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almost 50%. Correspondingly, LPS treatment resulted in a significant increase in 

TNF-α and IL-6 protein levels in the media, which were reduced by about 38% 

and 55% respectively, when treated with both LPS and C21 (Figure 26 D, E). On 

the other hand, C21 treatment led to a 2-fold increase in IL-10 mRNA, which was 

comparable to the up-regulation of IL-10 induced by LPS or LPS+C21 treatment 

(Figure 26 C). 

However, unlike the pro-inflammatory cytokines, this did not translate to 

increased IL-10 protein concentration in the media (Figure 26 C, F). LPS-

stimulation increased the IL-10 protein levels 2-fold, while treatment with LPS in 

the presence of C21 further increased the IL-10 concentration in the media which 

was close to 4-fold higher than baseline IL-10 production (Figure 26 F). 

Incubation with AT2R antagonist PD123319 (10 µmol/L) for 30 minutes prior to 

C21 stimulation abolished the anti-inflammatory effect of AT2R agonist at the 

level of mRNA as well as protein (Figure 26 A-F).  
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Figure 26: LPS-induced cytokine expression in response to AT2R agonist in 

THP-1 macrophages 

Macrophages were treated with vehicle (Control), C21 (1µmol/ml), LPS (1µg/ml) 

or both, LPS and C21 (LPS+C21). C21 pre-treatment was started 60 minutes prior 

to LPS-activation. Expression of TNF-α, IL-6 and IL-10 at the level of mRNA (A, 

B, C) was determined by RT-PCR while TNF-α, IL-6 and IL-10 protein was 

quantified in the media (D,  E,  F) by ELISA 24 hours after LPS-activation. Data 

are represented as mean ± SEM. * indicates p<0.05 vs Control and # indicates 

p<0.05 vs LPS treated THP-1 macrophages (n=5-8).  
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6.1.3. Effect of AT2R agonist on the kinetics of TNF-α and IL-10 production in 

LPS-stimulated THP-1 macrophages  

The time course of TNF-α and IL-10 production was studied to determine the 

effect of AT2R agonist on earlier time points of cytokine production. Typically, 

pro-inflammatory cytokines like TNF-α are produced in detectable amounts 

within 30 minutes of LPS stimulation, while IL-10 is usually produced only after 

2 hours (Ma et al., 2001). Cells were incubated with either vehicle or C21 (1 

µmol/L) for 1 hour after which LPS (1 µg/ml) was added. Cell-free media was 

collected at the indicated time points following addition of LPS. TNF-α was 

detected in the media as early as 30 minutes after LPS-stimulation in vehicle 

treated cells, and this was delayed to 60 minutes in the C21-treated group. 

Further, the TNF-α produced in response to LPS remained significantly lower in 

the C21 treated group compared to vehicle treated LPS-stimulated controls up to 4 

hours post-LPS (Figure 27 A).  

On the other hand, detectable amounts of IL-10 were present in the media 

from C21 treated cells even at time 0 minutes after the addition of LPS, while in 

vehicle treated cells, IL-10 could only be detected after 60 minutes post-LPS. The 

IL-10 concentration in the media from C21 treated cells continued to increase 

with time and remained significantly higher than that from vehicle treated LPS-

stimulated controls throughout the duration of the time-course studies (Figure 27 

B).  
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Figure 27: Effect of AT2R agonist on the kinetics of TNF-α and IL-10 

production in LPS-stimulated THP-1 macrophages 

The effect of AT2R agonist C21 on TNF-α (A) and IL-10 (B) production at earlier 

time points (0, 15, 30, 60, 120 and 240 min) was determined in the media at the 

indicated times after LPS-activation (1µg/ml) following C21 (1µmol/L) pre-

treatment. Cytokine measurements were made using ELISA. Data are represented 

as mean ± SEM. * indicates p<0.05 vs LPS treated THP-1 macrophages (n=6). 
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6.1.4. Effect of AT1R antagonist on pro-inflammatory TNF-α and anti-

inflammatory IL-10 production in LPS-stimulated THP-1 macrophages  

The effect of AT1R antagonist candesartan (10 µmol/L) on TNF-α and IL-10 

levels in response to LPS was studied to determine whether the AT1 receptor 

participated in the anti-inflammatory response to AT2R stimulation. Treatment 

with candesartan did not alter the levels of TNF-α, IL-6 or IL-10 in response to 

LPS stimulation (Figure 28 A-C). Also, incubation of macrophages with Ang II 

did not result in up-regulation of TNF-α, IL-6 or IL-10 (data not shown).   

 

6.1.5. IL-10 production is critical for the anti-inflammatory effect of AT2R 

stimulation in LPS-stimulated THP-1 macrophages 

To determine whether IL-10 was critical for mediating the anti-inflammatory 

response to AT2R agonist C21 (1 µmol/L), IL-10 produced following LPS+C21 

treatment was functionally neutralized using a blocking antibody to IL-10 and the 

levels of TNF-α in cell-free medium was determined by ELISA after 24 hour 

treatment with vehicle (Ctrl), LPS (1 µg/ml) or LPS+C21 both (Figure 29). The 

IL-10 neutralizing antibody dose-dependently (0.25 – 5 µg/ml) abolished the anti-

inflammatory effect of AT2R agonist on LPS-induced TNF-α in THP-1 

macrophages.  
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Figure 28: Effect of AT2R agonist and AT1R antagonist on cytokine 

production by LPS-activated THP-1 macrophages 

THP-1 macrophages were incubated with either AT2R agonist (C21; 1µmol/l) or 

AT1R antagonist Candesartan (Can; 1µmol/l) for 60 minutes prior to activation 

with LPS (1µg/ml). The cytokines TNF-α (A), IL-6 (B) and IL-10 (C) were 

assessed in the media 24 hours after LPS-activation by ELISA. Data are 

represented as mean ± SEM. * indicates p<0.05 vs Ctrl, # indicates p<0.05 vs 

LPS treated THP-1 macrophages (n=6). 

  



 

104 
 

 

 

 

Figure 29: Effect of IL-10 neutralizing antibody on the anti-inflammatory 

effect of AT2R agonist (C21) on LPS-induced TNF- α production in THP-1 

macrophages 

Cells were incubated with increasing doses of IL-10 neutralizing antibody (0.125-

2.5µg/ml) for 30 minutes prior to C21 pre-treatement (1µmol/l). Cells were 

activated with LPS (1µg/ml) 60 minutes after addition of C21. Cytokine 

concentrations in media were measured by ELISA. Data are represented as mean 

± SEM. * indicates p<0.05 vs LPS, # indicates p<0.05 vs LPS+C21 treated THP-1 

macrophages (n=5). 
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6.1.6. Effect of AT2R stimulation on p38 MAPK activation in LPS-stimulated 

THP-1 macrophages 

To determine the effect of AT2R agonist on p38 MAPK activation, THP-1 

macrophages were incubated with either vehicle or C21 (1 µmol/L) for 1 hour and 

were subsequently stimulated by LPS (1 µg/ml). Cells were harvested at indicated 

time points after LPS-stimulation and were probed for phosphorylation of p38, 

which is an indicator of its activation, by western blotting. LPS activation resulted 

in increased phosphorylation of p38 which peaked at 30 minutes post-LPS and 

returned to baseline by 120 minutes. This peak of p38 phosphorylation was 

delayed to 60 minutes in the LPS+C21 treated macrophages and returned to 

baseline values at 120 minutes (Figure 30 A, B). No phosphorylated p38 was 

detectable in any of the treatment groups at 24 hours post-LPS. 

To determine whether altered kinetics of p38 activation by C21 were linked to 

the increase in IL-10 in LPS+C21 treated macrophages, cells were incubated with 

a selective inhibitor of p38 MAPK SB203580 (10 µmol/L) for 60 minutes prior to 

C21 treatment. Inhibition of p38 resulted in a ~75% decrease in IL-10 production 

in response to LPS+C21 treatment (Figure 30 C).  
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Figure 30: Effect of AT2R agonist on the phosphorylation of p38 MAPK  

The time course of p38 phosphorylation in response to LPS-activation with or 

without C21 was determined by immunoblotting (A) and the ratio of 

phophorylated to toal p38 was quantified (B). C21 pre-treatment (1µmol/l) was 

started 60 minutes prior to the addition of LPS (1µg/ml). Times indicated are after 

the addition of LPS. The effect of p38 inhibition on IL-10 production was also 

assessed (C). Macrophages were activated with LPS (1µg/ml) 60 minutes after 

addition of C21 (1µmol/l). An additional set of cells was pre-treated with p38 

inhibitor SB203580 (10µmol/l) for 60 minutes before C21 was added. Cytokine 

concentrations in media were measured by ELISA 24 hours after LPS treatment. 

Data are represented as mean ± SEM. * indicates p<0.05 vs Ctrl, # indicates 

p<0.05 vs LPS treated and $ indicates p<0.05 vs LPS+C21 treated THP-1 

macrophages (n=6).  
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6.1.7. Effect of AT2R stimulation on ERK1/2 activation in LPS-stimulated THP-1 

macrophages 

To determine the effect of AT2R agonist on ERK1/2 activation, THP-1 

macrophages were incubated with either vehicle or C21 (1 µmol/L) for 1 hour and 

were subsequently stimulated by LPS (1 µg/ml). Cells were harvested at indicated 

time points after LPS-stimulation and were probed for phosphorylation of 

ERK1/2, which is an indicator of its activation, by western blotting. LPS 

activation resulted in increased phosphorylation of ERK1/2 which peaked at 30 

minutes post-LPS and returned to baseline by 120 minutes. This peak of ERK1/2 

phosphorylation was delayed to 60 minutes in the LPS+C21 treated macrophages 

and declined slightly at 120 minutes, though it remained significantly higher than 

baseline values (Figure 31 A, B). Further, this phosphorylation of ERK1/2 was 

sustained even at 24 hours post-LPS treatment in the presence of C21, while no 

ERK1/2 phosphorylation was detected in cells treated with vehicle, C21 or LPS 

alone (Figure 31 C)  

To determine whether this delayed, sustained ERK1/2 activation by C21 was 

linked to the increase in IL-10 in LPS+C21 treated macrophages, cells were 

incubated with a selective inhibitor of ERK1/2 kinase (10 µmol/L) for 60 minutes 

prior to C21 treatment. Inhibition of ERK1/2 activation resulted in a ~90% 

decrease in IL-10 production in response to LPS+C21 treatment (Figure 31 D).   
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Figure 31: Effect of AT2R agonist on the phosphorylation of ERK1/2 

 The time course of ERK1/2 phosphorylation in response to LPS-activation with or 

without C21 was determined by immunoblotting (A) and the ratio of phophorylated to 

total ERK1/2 was quantified (B). C21 treatment (1µmol/l) was started 60 minutes before 

LPS (1µg/ml). Times indicated are after the addition of LPS. In another set of 

macrophages were activated with LPS (1µg/ml) 60 minutes after addition of C21 

(1µmol/l) and cells were collected after 24 hours post-LPS treatment. The ratio of 

phophorylated to total ERK1/2 was quantified by immunoblotting (C). The effect of 

inhibition of ERK1/2 phosphorylation on IL-10 production was also assessed (D). 

Macrophages were activated with LPS (1µg/ml) 60 minutes after addition of C21 

(1µmol/l). An additional set of cells was pre-treated with MEK inhibitor PD98059 

(10µmol/l) for 60 minutes before C21 was added. Cytokine concentrations in media were 

measured by ELISA 24 hours after LPS treatment. Data are represented as mean ± SEM. 

* indicates p<0.05 vs Ctrl, # indicates p<0.05 vs LPS treated and $ indicates p<0.05 vs 

LPS+C21 treated THP-1 macrophages (n=6).  
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6.1.8. Effect of AT2R stimulation on iNOS expression in LPS-stimulated THP-1 

macrophages 

Expression of iNOS, which is considered to be a marker of pro-inflammatory 

M1 macrophages was determined by western blotting, LPS stimulation resulted 

in a 6-fold increase in iNOS expression, while C21 treatment prevented this up-

regulation of iNOS in response to LPS (Figure 32 A). Total nitrate/nitrite levels 

in the cell-free media after 24 hour treatment with LPS and/or C21 was also 

determined and served as a measure of NO production. Total NOx levels were 

increased x-fold by LPS-treatment and the increase in total nitrates was similar 

between LPS treated and LPS+C21 treated THP-1 macrophages (Figure 32 B). 

C21-treatment alone also resulted in an increase in NO levels (Figure 32 B). 

THP-1 macrophages were also incubated with the NOS inhibitor L-NAME prior 

to AT2R stimulation in order to determine whether the C21-mediated increase in 

NO plays a role in increased IL-10 production. Pre-incubation with L-NAME 

inhibited the C21-induced increase in IL-10 production in LPS-activated THP-1 

macrophages which was associated with a loss of anti-inflammatory effect of 

AT2R agonist on TNF-α (Figure 32 C, D).  
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Figure 32: Involvement of NO production in the anti-inflammatory response 

to AT2R agonist in THP-1 macrophages. 

The expression of iNOS in response to LPS-activation with or without C21 was 

determined by immunoblotting using β-Actin as a loading control (A). The total 

nitrates were also measured in the media from these cells (B). The effect of 

inhibition of NOS on TNF-α and IL-10 production was also assessed (C, D). 

Macrophages were activated with LPS (1µg/ml) 60 minutes after addition of C21 

(1µmol/l). An additional set of cells was pre-treated with the NOS inhibitor L-

NAME (10 mmol/l) for 60 minutes before C21 was added. Cytokine 

concentrations in media were measured by ELISA 24 hours after LPS treatment. 

Data are represented as mean ± SEM. * indicates p<0.05 vs Ctrl, # indicates 

p<0.05 vs LPS treated and $ indicates p<0.05 vs LPS+C21 treated THP-1 

macrophages (n=5). 
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6.2 DISCUSSION 

Macrophages are a major source of inflammatory cytokines that result in the 

chronic systemic inflammation associated with obesity (Hotamisligil, 2006; Weisberg 

et al., 2003; Xu et al., 2003). The circulating monocytes/macrophages from obese 

patients have been described to have an up-regulated TLR4 expression which can 

lead to their pro-inflammatory activation (Shi et al., 2006; Ahmad et al., 2012; Hardy 

et al., 2012). Furthermore, infiltration of such activated macrophages in the kidneys is 

known to precede glomerulosclerosis, and may even initiate renal injury in the setting 

of obesity (Lavaud et al., 1996). Thus, attenuation of TLR4-induced signaling in 

macrophages may lower obesity-linked systemic and renal inflammation and injury.  

Macrophages have been shown to express both AT1R and AT2R (Okamura et al., 

1999); however their precise cellular function in this cell-type is not well understood. 

The present study was designed to test the hypothesis that stimulation of the AT2 

receptor attenuates TLR4-mediated pro-inflammatory cytokine production in 

macrophages via increased IL-10 production.  

Treatment with AT2R agonist C21 significantly attenuated LPS-induced TNF-α 

and IL-6 expression at the level of mRNA as well as protein, while IL-10 was 

significantly up-regulated. The anti-inflammatory response to AT2R agonist was 

largely mediated by this increase in IL-10 since blocking its function using an IL-10 

neutralizing antibody dose-dependently abrogated the AT2R-induced decrease in 

TNF-α. Unlike the findings from PTECs, AT2R agonist C21 was unable to elicit a 
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significant increase in the IL-10 protein expression in the absence of LPS stimulation. 

However, IL-10 mRNA expression in response to C21 was up-regulated even though 

this did not translate to higher protein expression. This observation could be a result 

of post-transcriptional modifications to IL-10 mRNA that prevent its translation. This 

appears to be an inherent property of immune cells that serves to negatively regulate 

IL-10 production in the absence of an inflammatory stimulus (Powell et al., 2000). 

Nevertheless, this observation provides evidence that AT2R stimulation appears to 

promote the up-regulation of IL-10 production, however whether this results in 

increased IL-10 protein concentration would depend upon the specific cell-type. 

Multiple pathways exist in macrophages that can regulate the production of 

IL-10 depending upon the activating stimulus
 
(Chanteux et al., 2007; Iyer et al., 

2010; Elcombe 2013; Mackenzie et al., 2013; Okenwa et al., 2013). Of these, 

activation of p38 and ERK1/2 MAPKs has been shown to be critical for induction 

of IL-10 synthesis, particularly in response to TLR activation (Saraiva and O’Garra, 

2010; Ma et al., 2001; Yi et al., 2002; Chanteux et al., 2007). In the present study, 

inhibition of p38 activation partially abrogated the AT2R-mediated increase in IL-

10, however since p38 inhibition can largely abolish LPS-induced IL-10 (Ma et al., 

2001), it is possible that the decrease in IL-10 in response to p38 inhibitor in the 

LPS+C21 treatment group may be attributed to the TLR4-mediated pathways 

producing IL-10, leaving the AT2R-induced pathways intact. On the other hand, 

inhibition of ERK1/2 activation resulted in a complete lack of IL-10 production in 
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response to AT2R stimulation. This finding when considered with the AT2R-

induced sustained ERK1/2 phosphorylation supports the notion that ERK1/2 is 

critical for AT2R agonist-induced increase in IL-10. Overall, these data suggest that 

p38 MAPK may contribute to, but is not essential for AT2R-mediated IL-10 

expression, which appears to be largeley ERK1/2-dependent. Treatment with AT2R 

altered the kinetics of p38 MAPK phosphorylation in response to LPS, which may 

explain the lack of TNF-α production up to 60 minutes in this treatment group. 

However, the precise mechanisms that orchestrate these changes in time course of 

MAPK phosphorylation require further investigation. Also, whether the delayed 

p38 phosphorylation affects IL-10 production is not known at this time. 

Though evidence in support of the anti-inflammatory effect of AT2 receptor 

stimulation continues to grow, the downstream signaling cascades that mediate this 

response are still a matter of debate. Moreover, the cell-types and experimental 

conditions greatly influence the signaling pathways activated by the AT2R. Typically, 

AT2R stimulation results in the activation of phosphatases, including MAP kinase 

phosphatase-1 (MKP-1) (Hayashida et al., 1996; Yamada et al., 1996; Horiuchi et al., 

1997) and SH-2 domain containing phosphatase-1 (SHP-1)
 
(Bedecs et al., 1997; 

Elbaz et al., 2000; Shibasaki et al., 2001), which ultimately leads to AT2R-mediated 

apoptosis. On the other hand, AT2R stimulation has also shown to promote growth 

and cellular differentiation via a sustained increase in ERK1/2 phosphorylation 

(Gendron et al., 1999; Hansen et al., 2000; Stroth et al., 2000; De Paolis et al., 2002) 



 

114 
 

which is independent of cAMP-mediated signaling (Gendron et al., 2003). In the 

present study, AT2R agonist pre-treatment resulted in a delayed increase in ERK1/2 

phosphorylation which was sustained up to 24 hours post-LPS activation. However, 

AT2R agonist alone did not promote ERK1/2 phosphorylation at any of the time 

points studied, nor was IL-10 detectable in the medium. Thus, it appears that LPS-

mediated signaling pathways are required for the augmented IL-10 production by 

AT2R agonist. It may be speculated that C21 pre-treatment ‘primes’ macrophages 

such that in the presence of an activating signal such as LPS, their polarization to the 

‘alternatively activated’, anti-inflammatory M2 phenotype is favored over the pro-

inflammatory, ‘classically activated’ M1 phenotype. This is supported by the finding 

that AT2R agonist treated macrophages expressed low levels of iNOS, a marker of 

classically activated macrophages, in response to LPS-stimulation. 

Though iNOS expression was low in LPS+C21 treated macrophages, the levels of 

NO detected from this treatment group were comparable to those from LPS-treated 

cells. This raises the possibility of additional sources of NO in response to AT2R 

agonist, since even in the absence of LPS, C21 treatment led to increased NO levels, 

though these were significantly lower than LPS-induced NO production. Further, the 

anti-inflammatory effect of AT2R agonist was lost when macrophages were pre-

incubated with L-NAME prior to C21 treatment. However, whether this AT2R-

induced increase in NO was linked to the increase in ERK1/2 phosphorylation and 

IL-10 production is not clear at this time. AT2R activation has been demonstrated to 
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promote NO production via increased PI3K-Akt signaling (Carillo-Sepulveda et al., 

2013; Gao et al., 2013), a pathway which can attenuate LPS-induced NF-κB 

activation in immune cells (Guha and Mackman, 2002). This could explain, in part, 

the decrease in pro-inflammatory cytokine production in response to C21. It is 

possible that an additional pathway may be involved in promoting IL-10 production. 

It may be speculated that AT2R-stimulation via increased NO/cGMP signaling may 

activate the kinase PKG which has been shown to promote ERK1/2 activation (Endo 

et al., 2003; Abdul et al., 2007; Kim et al., 2007). Our findings thus reveal potential 

signaling molecules that may orchestrate the anti-inflammatory response of AT2R 

agonist in macrophages, however, delineating the precise pathways involved would 

require further investigation. 

While Ang II via the AT1R has been documented to promote pro-

inflammatory cytokine production in a number of cell types, including endothelial 

cells (Pastore et al., 1999; Pueyo et al., 2000), renal tubular epithelial cells (Rice et 

al., 2003), dendritic cells (Lapteva et al., 2002; Muller et al., 2002) and T 

lymphocytes (Jurewicz et al., 2007; Crowley et al., 2008), its role in inducing 

cytokine production in macrophages is controversial (Nakamura et al., 1999; Dai et 

al., 2007; Larrayoz et al., 2009; An et al., 2010). There are conflicting reports in the 

literature regarding the ability of macrophages to synthesize Ang II as well 

(Okamura et al., 1999; An et al., 2010). In the present study, we were able to detect 

AT1R expression in THP-1 macrophages, though Ang II was unable to induce TNF-
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α, IL-6 or IL-10 in this cell-type. Further, the AT1R antagonist candesartan did not 

block the LPS-induced cytokine production in this study, which differs from one 

report (Larrayoz et al., 2009) where candesartan did attenuate low dose (50 ng/ml) 

LPS-induced NFκB activation and cytokine production in human monocytes. It is 

important to keep in mind, though, that the commonly used AT1R blockers, 

including losartan and candesartan, have been found to exert anti-inflammatory 

actions independent of their antagonism of the AT1R (Larrayoz et al., 2009; An et 

al., 2010), which may further complicate the interpretation of the role of the AT1R 

in LPS-induced cytokine production. However, our results clearly demonstrate that 

AT2R stimulation exerts an anti-inflammatory effect in macrophages via increased 

IL-10. Since this alteration in cytokine profile could be blocked by AT2R antagonist 

PD123319, we conclude this anti-inflammatory effect was a specific AT2 receptor 

mediated response. Treatment with C21 in the presence of LPS also attenuated 

AT1R expression in the present study. The down-regulation of AT1R in response to 

AT2R stimulation under pathophysiological conditions has been reported in a 

number of experimental models (Yang et al., 2012; Ali et al., 2013; Shum et al., 

2013). In this case, however, this observation may be not necessarily be related to 

the anti-inflammatory response to AT2R agonist since the increase in pro-

inflammatory cytokine levels did not appear to be mediated via AT1R activation. 

   Taken together, these findings reveal a novel anti-inflammatory role for AT2R 

stimulation in attenuating TLR4-induced pro-inflammatory cytokine production via 
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increased IL-10. These results can be extrapolated to the setting of obesity, in which 

case AT2R agonist treatment may be speculated to attenuate systemic as well as tissue 

inflammation induced by TLR4 activation, owing to its anti-inflammatory action on 

multiple target tissues. The experimental protocol discussed in the following chapter 

was designed to test whether AT2R agonist treatment was able to attenuate 

inflammation and prevent LPS-induced acute kidney injury. 
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7. AT2 RECEPTOR AGONIST TREATMENT ATTENUATES 

INFLAMMATION AND PRESERVES RENAL STRUCTURE AND FUNCTION 

IN TLR4-INDUCED ACUTE RENAL INJURY  

 

7.1 RESULTS 

7.1.1. Renal cortical expression of TLR4 and AT2R. 

Western blotting was used to detect the expression of TLR4 (Figure 33 A) and 

AT2R (Figure 33 B) in the renal cortex 24 hours post-treatment with saline, C21 

(300 µg/kg, i.p), LPS (5 mg/kg, i.p.) or both (LPS+C21).  

 TLR4 expression was detected by as a band at ~100 kDa. LPS treatment 

resulted in a 4-fold up-regulation in renal TLR4 expression. However, in mice 

treated with both C21 and LPS, the expression of TLR4 was down-regulated by 

about 40% (Figure 33 A).  Two bands were detected for the AT2R at about 50 

and 45 kDa and the expression of this receptor was not altered by any of the 

treatments (Figure 33 B). 
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Figure 33: Expression of TLR4 and AT2R in the renal cortex of mice. 

(A) TLR4 and (B) AT2R expression in the renal cortex of mice treated with 

vehicle (Saline), TLR4 agonist (LPS; 5 mg/kh i.p), AT2R agonist (C21; 300 

µgl/kg, i.p.) and both LPS+C21 was determined by western blotting using β-actin 

as a loading control. C21 treatment was given at 24 hours and 1 hour prior to LPS 

in the LPS+C21 cohort. Upper panels are representative western blots while lower 

panels represent the densitomertic quantification of data. Data are represented as 

mean ± SEM. * indicates p<0.05 vs saline and # indicates p<0.05 vs LPS treated 

mice (n=6-8). 
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7.1.2. Plasma pro- and anti-inflammatory cytokines at 2 hours and 24 hours post-

LPS treatment 

Plasma was collected at 2 hours and 24 hours post-LPS to determine the early 

and late stage response to LPS and AT2R agonist C21. Plasma cytokines were 

quantified by ELISA. LPS treatment resulted in a rapid up-regulation of TNF-α, 

IL-6 and IL-10 within 2 hours. In mice treated with C21 prior to LPS, the levels 

of TNF-α were ~40% lower, IL-6 were ~25% lower while IL-10 levels were 

comparable to the LPS treated group. Levels of these cytokines were low or 

undetectable in saline treated controls and were not altered by C21 treatment 

alone (Figure 34 A-C).  

Pro-inflammatory cytokines TNF-α and IL-6 were undetectable in all 

treatment groups at 24 hours post-LPS (data not shown). IL-10 levels were 

detectable at this time-point, however, the values were ~10-fold lower. Compared 

to saline treated controls, mice treated with LPS with or without C21 pre-

treatment had 3-fold higher plasma IL-10 concentration. Further, C21 treatment 

alone increased the 24 hour plasma IL-10 concentration comparable to the LPS-

treated groups (Figure 34 D). 
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Figure 34: LPS-induced plasma cytokine expression in response to AT2R 

agonist at 2 hours and 24 hours post-LPS administration 

Plasma concentration of (A) TNF-α (B) IL-6 and (C) IL-10 at 2 hours and (D) IL-

10 at 24 hours in mice treated with vehicle (Saline), TLR4 agonist (LPS; 5 mg/kh 

i.p), AT2R agonist (C21; 300 µgl/kg, i.p.) and both LPS+C21 was determined by 

ELISA. C21 treatment was given at 24 hours and 1 hour prior to LPS in the 

LPS+C21 cohort. Data are represented as mean ± SEM. * indicates p<0.05 vs 

saline and # indicates p<0.05 vs LPS treated mice (n=6-8). 
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7.1.3. Renal pro- and anti-inflammatory cytokines at 24 hours post-LPS treatment 

Kidneys were harvested at 24 hours post-LPS treatment and cytokines were 

quantified in the renal cortex homogenate by ELISA. LPS treatment resulted in 

~2.5-fold increase in renal TNF-α, ~7-fold increase in renal IL-6 and ~2.5-fold 

increase in renal IL-10 concentration. Treatment with C21 prior to LPS 

administration prevented this increase in renal cytokine expression, and the levels 

of TNF-α, IL-6 and IL-10 in the LPS+C21 group were comparable to those from 

the saline treated controls. C21 treatment alone did not alter the levels of pro-

inflammatory cytokines TNF-α and IL-6, however, the ant-inflammatory cytokine 

IL-10 was ~2.5-fold higher in the renal cortex from C21 treated mice (Figure 35 

A-C). 
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Figure 35: LPS-induced renal cytokine expression in response to AT2R 

agonist 24 hours post-LPS administration 

Renal cortical concentration of (A) TNF-α (B) IL-6 and (C) IL-10 at 24 hours in 

mice treated with vehicle (Saline), TLR4 agonist (LPS; 5 mg/kh i.p), AT2R 

agonist (C21; 300 µgl/kg, i.p.) and both LPS+C21 was determined by ELISA. 

C21 treatment was given at 24 hours and 1 hour prior to LPS in the LPS+C21 

cohort. Data are represented as mean ± SEM. * indicates p<0.05 vs saline and # 

indicates p<0.05 vs LPS treated mice (n=6-8). 
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7.1.4. Effect of AT2R agonist on markers of renal function in LPS-induced renal 

injury 

Blood urea nitrogen (BUN), plasma creatinine and urinary albumin excretion 

were measured as indicators of renal function 24 hours after LPS treatment. Renal 

function was impaired by LPS administration, evidenced by a ~4-fold increase in 

plasma BUN and creatinine levels and ~3-fold increase in urinary albumin 

excretion. Treatment with C21 prior to LPS administration resulted in a 40% 

decrease in BUN and a 50% reduction in plasma creatinine levels. Urinary 

albumin excretion was within the normal range. C21 treatment alone did not alter 

markers of renal function (Figure 36 A-C).    
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Figure 36: Markers of renal function in response to AT2R agonist 24 hours 

post-LPS administration 

 (A) Blood urea nitrogen (BUN) (B) plasma creatinine and (C) urinary albumin 

excretion expressed as urinary albumin/creatinine ratio at 24 hours in mice treated 

with vehicle (Saline), TLR4 agonist (LPS; 5 mg/kg i.p), AT2R agonist (C21; 300 

µgl/kg, i.p.) and both LPS+C21. Measurements were made in the plasma and 

urine as described in the methods section. C21 treatment was given at 24 hours 

and 1 hour prior to LPS in the LPS+C21 cohort. Data are represented as mean ± 

SEM. * indicates p<0.05 vs saline and # indicates p<0.05 vs LPS treated mice 

(n=6-8). 
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7.1.5. Effect of AT2R agonist on renal structural integrity in LPS-induced acute 

renal injury 

Kidneys were harvested at 24 hours post-LPS treatment and stained with PAS 

to study the morphological changes in response to LPS-induced acute tubular 

necrosis (Figure 37 A). The renal injury was quantified using a semi-quantitative 

scoring system described in the Methods section (Figure 37 B). Modest tubular 

injury manifested mainly by tubular vacuolization and tubular degeneration was 

noted in the LPS-treated cohort. This renal injury was restricted largely to the 

tubulointerstitium in the renal cortex and glomeruli appeared normal. Renal injury 

scores were significantly lower in LPS+C21 treated mice compared to LPS-

treated mice (1.12±0.03 vs 1.73±0.2). No renal injury was detected in the saline or 

C21 treated controls (Figure 37 A, B). 
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Figure 37: Effect of AT2R agonist on renal morphology in mice 24 hours 

after LPS challenge  

Renal morphology (A) and tubulointerstitial injury score (B) after 24 hours from 

mice treated with vehicle (Saline), TLR4 agonist (LPS; 5 mg/kg i.p), AT2R 

agonist (C21; 300 µgl/kg, i.p.) and both LPS+C21.  Tubular injury score was 

assigned based on a semiquantitative scoring system described in the methods 

section. Arrows indicate tubular vacuolization and tubular degeneration. 4 um 

sections were stained with periodic acid Schiff (PAS) stain (x400). Data are 

represented as mean ± SEM. * indicates p<0.05 vs WT ND, # indicates p<0.05 vs 

WT HFD and $ indicates p<0.05 vs KO ND mice (n=6). Scale bar represents 50 

µm. 
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7.2 DISCUSSION 

Up-regulation and activation of TLR4 in various tissues can lead to pro-

inflammatory cytokine production in obesity (Shi et al., 2006; Ahmad et al., 2012; 

Hardy et al., 2012). Our findings indicate that renal TLR4 expression is also up-

regulated in obese Zucker rats and may contribute to obesity-linked inflammatory 

renal injury. We report that activation of AT2Rs in the PTECs as well as in 

macrophages can attenuate TLR4 signaling in vitro via increased IL-10 and this 

can protect against early renal pathophysiological changes in obese Zucker rats. 

However, obesity is a complex disorder which is associated with profound 

hemodynamic and metabolic derangements which also contribute to renal 

damage. In order to more clearly define the anti-inflammatory and renoprotective 

effect of AT2R activation on TLR4-induced inflammation and renal injury, an in 

vivo model of LPS-induced acute kidney injury was used. High doses of LPS (20 

mg/kg and more) for 48 hours or longer are often used as a model to study severe, 

established experimental septic shock (reviewed by Remick et al., 2005). 

However, in the present study, a relatively lower dose was used (5 mg/kg) for 24 

hours which made it possible to study the inflammatory component of TLR4-

induced renal injury in the absence of severe systemic hypotension and mortality, 

as previously described (Knotek et al., 2001). Our results indicate that AT2R pre-

treatment attenuates renal inflammation and protects mice from LPS-induced 

acute kidney injury.    
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LPS-treatment in rats has been demonstrated to down-regulate AT2R 

expression in the adrenal gland (Bucher et al., 2001), glomerular mesangial cells 

(Schwobel et al., 2000) and renal cortex homogenates (Yamaguchi et al., 2006). 

However, contrary to these reports, we were unable to detect any change in renal 

AT2R expression upon treatment with LPS or LPS+C21. A possible explanation 

might lie in the fact that these studies used relatively higher doses of LPS 

compared to the present study. Also, the rats used in these investigations were 

from the outbred Wistar or Sprague-Dawley strains, which appear to be more 

susceptible to LPS-induce AKI than the inbred C57BL/6 mouse strain we used in 

our study (Doi et al., 2009). Thus, the extent of LPS-induced renal failure was not 

as severe in the present experimental model, which may be a reason why AT2R 

expression remained unaltered.  

On the other hand, LPS treatment resulted in up-regulation of renal TLR4 

which is consistent with published reports (Zhu et al., 2012; Zhao et al., 2013) and 

this was prevented when mice were injected with C21 prior to LPS. Ang II via the 

AT1R has been shown to up-regulate TLR4 expression in mesangial cells and 

podocytes (Wolf et al., 2006, Bondeva et al., 2007). Further, treatment with AT1R 

antagonist candesartan was found to attenuate Ang II-induced TLR4 expression 

and pro-inflammatory signaling in mesangial cells (Lv et al., 2009). Since AT2R 

activation has been shown to attenuate AT1R function and expression (Yang et al., 
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2012; Ali et al., 2013), this may represent a possible mechanism which may 

partially account for AT2R-mediated renoprotection.  

Plasma cytokines were measured at 2 hours and 24 hours post-LPS treatment 

to investigate the early and late cytokine profiles, since pro-inflammatory 

cytokines typically peak at 2 hours in the plasma and are subsequently down-

regulated. LPS induced significant amounts of TNF-α, IL-6 and IL-10 at 2 hours 

and only TNF-α levels, but not IL-10, were significantly lower in the plasma from 

LPS+C21 treated mice, while IL-6 was only modestly lower. This is an important 

finding, since TNF-α is believed to be the dominant pro-inflammatory cytokine 

that drives LPS-induced kidney injury (Knotek et al., 2001). None of these three 

cytokines were detectable at 2 hours in mice treated with vehicle or C21 alone. At 

24 hours, only IL-10 was detected in the plasma. While the levels of IL-10 were 

comparable between LPS and LPS+C21 treated mice, interestingly, C21 treatment 

alone resulted in equally high plasma IL-10 concentrations. This can be explained 

based on the differing cellular sources of cytokines at early and late time points 

following LPS injection. Within the first 2 hours of LPS, the plasma cytokines are 

mainly from bone marrow-derived cells, including monocyte/macrophages and 

lymphocytes, however, after 18 hours following LPS administration, the plasma 

cytokines reflect the cytokine production mainly from parenchymal cells 

(Juskewitch et al., 2012).  
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Renal cytokines were measured at 24 hours as an indication of renal 

inflammation. LPS treated mice had markedly increased expressions of TNF-α, 

IL-6 and IL-10 in the kidney, however pre-treatment with AT2R agonist prior to 

LPS completely suppressed this up-regulation of renal cytokine expression. 

Similar to plasma cytokine levels, renal IL-10 was significantly high at 24 hours 

in mice treated with C21 alone. This data thus falls in line with our observations 

from C21-treated PTECs, discussed in chapter 5, which produced increased IL-10 

at 24 hours, further consolidating the notion that increased renal IL-10 production 

by AT2R activation exerts an anti-inflammatory effect in the kidney. However, 

unlike the data from HK-2 cells, LPS+C21 treatment did not further increase renal 

IL-10 expression over that observed with LPS administration. On the contrary, 

renal IL-10 expression was close to baseline values. This may be explained by the 

fact that TLR4-mediated signaling itself could have been suppressed, thus 

preventing the up-regulation of both, pro- and anti-inflammatory cytokines. 

However, the effect of AT2R agonist on TLR4-induced signaling cascades 

requires further investigation.  

Similar to the suppressive effect of AT2R agonist on LPS-induced cytokine 

production, C21 pre-treatment also attenuated markers of renal injury such as 

BUN, plasma creatinine and urinary albumin excretion, though these parameters 

did not return to baseline values. This might be a result of non-inflammatory 

factors that also participate in LPS-induced loss of renal function, including 
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altered hemodynamics leading to renal hypoperfusion and ischemic renal injury, 

which has been documented to using even low doses of LPS that do not cause 

systemic hypotension (Wang et al., 2002; Wang et al., 2003). The renal 

histological lesions observed in our study were relatively mild, possibly owing to 

the low dose of LPS and the short duration of study. Nevertheless, while early 

signs of acute renal injury were seen in some of our LPS-treated mice, the kidneys 

from the LPS+C21 treated mice were normal. 

Taken together, the findings from this in vivo study support the notion that 

AT2R stimulation can attenuate TLR4 mediated pro-inflammatory signaling, 

which may be linked to increased anti-inflammatory IL-10 production.  Moreover, 

the renoprotection afforded by the AT2R agonist may be due to its anti-

inflammatory actions on renal cells, while the systemic anti-inflammatory 

response may play a smaller role. 
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8. CONCLUSIONS AND PERSPECTIVES 

Non-resolving inflammation is a key factor in the initiation and progression of 

obesity-associated metabolic and cardiovascular dysfunction. In obesity, circulating pro-

inflammatory mediators, in addition to altered renal hemodynamics, initiate progressive 

renal inflammation and nephron loss, ultimately resulting in renal failure. Ang II via the 

AT1R is known to play a central role in mediating hemodynamic and non-hemodynamic 

perturbations that can result in renal injury in obesity. Moreover, AT1R activation has 

also been found to up-regulate renal TLR4 expression (Wolf et al., 2006), which 

represents an important pathway of renal inflammation. However, the role of AT2R in 

obesity-linked inflammation and renal injury is not known. In the present study, we used 

a combination of in vivo and in vitro models to demonstrate that AT2R stimulation exerts 

an anti-inflammatory response and confers renoprotection in TLR4-induced renal injury.  

The following are the salient findings from our study. 

1. Mice lacking a functional AT2R are more susceptible than WT controls to HFD-

induced inflammation and renal injury, which suggests that the AT2R may play a 

protective role under pathological conditions. 

2. Treatment with AT2R agonist for 2 weeks attenuated systemic and renal pro-

inflammatory cytokine expression and preserved renal structural integrity in pre-

hypertensive obese Zucker rats.  
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3. AT2R stimulation attenuated TLR4-induced inflammatory cytokine production in the 

HK-2 proximal tubule epithelial cell-line via increased IL-10 production. The increased 

anti-inflammatory cytokine production was largely mediated via activation of the 

NO/cGMP signaling pathway. 

4. This increased IL-10 production from proximal tubule epithelial can inhibit TLR4-

induced activation of macrophages. This suggests that the renal epithelial cells may 

possess the capability to modulate the local renal inflammatory response by modifying 

the renal microenvironment. It may be speculated that AT2R stimulation may be able to 

enhance the kidneys’ inherent ability to resist inflammatory insults, such as infiltration of 

activated macrophages. 

5. AT2Rs are expressed on macrophages and upon stimulation, can attenuate TLR4-

induced proinflammatory cytokine production. Similar to proximal tubule epithelial cells, 

this anti-inflammatory response is a result of increased IL-10 production. However, in 

addition to increased NO production, this augmented IL-10 production and net anti-

inflammatory response may also be linked to alterations in the activation profiles of p38 

MAPK and ERK1/2 in this cell-type.  

6. The anti-inflammatory, renoprotective effect of AT2R stimulation was further validated 

using a mouse model of TLR4-induced systemic inflammation and renal tubular injury. 

AT2R agonist treatment prior to TLR4 stimulation attenuated renal inflammation and 
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preserved renal function and structural integrity. This was also associated with down-

regulated expression of the TLR4 in the renal cortex. 

 

 

Figure 38: Proposed scheme for the anti-inflammatory renoprotective role of AT2R 

stimulation in obesity  

In the setting of obesity, chronic renal occurs as a result of cytokine cross-talk between 

renal epithelial cells and infiltrating macrophages. This leads to progressive renal cell 

proliferation, fibrosis and loss of functional nephrons, leading to kidney disease. Obesity 

is also associated with an abnormally activated RAS which results in altered 

hemodynamic factors that can contribute to renal injury. AT2R stimulation can act on 

multiple targets, including PTECs and macrophages to attenuate inflammation via 

increased IL-10 production. AT2R stimulation may also normalize RAS activation and 

thus lower renal injury in obesity. 
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In the past decade, there has been a growing interest in deciphering the role of the 

AT2R in tissue injury. Controversy regarding the precise signaling pathways and 

molecular mechanisms involved in mediating the responses downstream of AT2Rs still 

persists. However, the availability of the selective AT2R agonist C21 has helped clarify 

the generally protective effect of AT2R stimulation in the setting of tissue injury. 

Evidence of this has been shown in a variety of experimental models including 

myocardial infarction (Qi et al., 2012), cerebral ischemia (Li et al., 2005), atherosclerosis 

(Hu et al., 2008), stroke (Joseph et al., 2014), and diabetic/hypertensive renal injury 

(Chang et al., 2011; Matavelli et al., 2011; Landgraff et al., 2011; Rehman et al., 2012).  

Ang II via AT1Rs can promote inflammation and fibrosis, up-regulate renal 

TLR4, disrupt the glomerular ultrafiltration barrier, stimulate tubular sodium reabsorption 

and induce the proliferation of mesangial cells and fibroblasts, which represent  important 

non-hemodynamic mechanisms that can sustain renal injury in obesity. Blockade of 

AT1R signaling has been found to be useful in delaying, but not arresting, the progression 

of renal injury. On the contrary, stimulation of the AT2R has been shown to attenuate 

inflammation and fibrosis, promote apoptosis, promote sodium excretion and generally 

counteract the effects of AT1R activation. Thus, instead of merely blocking the AT1R-

mediated signaling events, it may be beneficial to also stimulate the AT2R-mediated 

counter-regulatory signaling which may potentially be able to halt the progression of 

renal injury. Our data suggests that stimulation of AT2R can exert renoprotection in both, 

chronic and acute renal injury, broadening its scope as a therapeutic intervention. In our 
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experimental design, AT2R agonist treatment was initiated before, or at the time of the 

inflammatory insult, and it remains to be determined whether AT2R activation can be 

beneficial under conditions of established inflammation and renal injury. However, based 

on studies on the SHR where C21 and candesartan together dramatically lowered BP 

(Bosnyak et al., 2010), we speculate that AT2R administration in combination with an 

ARB can exert synergistic anti-inflammatory, renoprotective effects. Future studies will 

be aimed at investigating this hypothesis. 

In addition to the signaling pathways directly activated in response to AT2R 

agonists, stimulation of the AT2R also regulates the expression and activity of other 

components of the RAS. Down-regulation of AT1R expression and/or function is 

typically observed in a variety of experimental models in response to AT2R stimulation. 

Further, we have recently found that AT2R agonist treatment can also increase renal 

ACE2 expression and promote  Ang-(1-7) production in obese Zucker rats. Expression of 

the Ang-(1-7) receptor Mas was also found to be up-regulated in both, lean and obese 

Zucker rats (Ali et al., 2013). Ang-(1-7) via the Mas receptor is also generally believed to 

oppose the Ang II- AT1R-mediated effector functions. The molecular mechanisms 

involved are being currently investigated by our group. Thus, multiple pathways exist 

that can amplify the effects of AT2R stimulation, which may help to explain the 

magnitude of physiological effects seen, despite the relatively low levels of expression of 

the AT2R.    
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In conclusion, the present study shows that AT2R agonist treatment affords 

protection against the early stages of obesity-related glomerulopathy. We also identify the 

novel anti-inflammatory, renoprotective effect of AT2R stimulation via increased IL-10 

in PTECs and macrophages in vitro and TLR4-induced acute tubular injury in vivo. AT2R 

stimulation appears to be especially protective in the setting of obesity due to its 

widespread protective physiological effects. Not only does AT2R activation attenuate 

systemic and renal inflammation, our group has demonstrated its ability to lower blood 

pressure via increased natriuresis, lower hyperinsulinemia, attenuate oxidative stress 

improve lipid metabolism and also prevent weigh-gain upon exposure to a high-fat diet 

(Sabuhi et al., 2010; Ali et al., 2013; Nag et al., unpublished data). These findings 

provide further support to the idea that stimulation of the AT2R, especially in addition to 

blockade of the AT1R, may be a more viable therapeutic strategy to treat not just renal 

injury, but potentially other inflammatory conditions that are linked to obesity-related 

chronic inflammation. 
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