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Abstract

Background—Recently, we demonstrated that urinary angiotensinogen (AGT) levels are 

increased and reflect intrarenal renin–angiotensin system (RAS) status in pediatric patients with 

chronic glomerulonephritis. Therefore, this study was performed to test the hypothesis that urinary 

AGT (UAGT) levels provide a specific index of intrarenal RAS status associated with RAS 

blockade treatment in pediatric IgA nephropathy (IgAN) patients.

Methods—We measured plasma and UAGT levels and urinary transforming growth factor beta 

(TGF-β) levels, after which we performed immunohistochemical analysis of AGT, angiotensin II 

(Ang II), and TGF-β in 24 pediatric IgAN patients treated with RAS blockades for 2 years. Paired 

tests were used to analyze the changes from baseline to study end.

Results—Although there was no change in plasma AGT levels, UAGT and TGF-β levels were 

significantly decreased after RAS blockade, which was accompanied by the expression levels of 

AGT, Ang II, and TGF-β, as well as the magnitude of glomerular injury. Baseline UAGT levels 

positively correlated with diastolic blood pressure, urinary protein levels, scores for mesangial 

hypercellularity, and the expression levels of AGT, Ang II, and TGF-β in renal tissues.

Conclusions—These data indicate that UAGT is a useful biomarker of intrarenal RAS 

activation, which is associated with glomerular injury during RAS blockade in pediatric IgAN 

patients.
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Introduction

Renin–angiotensin system (RAS) activation plays a pivotal role in the pathogenesis of 

hypertension and chronic kidney disease [1]. Focus on the RAS as the mechanism of renal 

damage has shifted to the role of tissue RAS in the kidney [2, 3]. Increasing evidence shows 

that the local RAS in various tissues, including brain [4], heart [5], vasculature [6], and 

kidneys [3], is independently regulated by the systemic RAS. Angiotensin II (Ang II) is the 

most powerful biologically active product of the RAS, and abnormal increases in the 

kidney’s Ang II levels can lead to renal functional damage and renal tissue injury [1]. In the 

kidney, Ang II is derived from its locally formed substrate, angiotensinogen (AGT) [3]. 

Experimental studies have demonstrated that AGT levels in renal tissues reflect the activity 

of intrarenal RAS [1, 7]. A direct quantitative method to measure urinary AGT (UAGT) 

using human AGT enzyme-linked immunosorbent assays (ELISA) has now been developed 

[8] that reveals significantly increased UAGT levels in patients with hypertension [9, 10], 

chronic kidney disease [11, 12], and diabetes [13, 14]. Thus, AGT plays an important role in 

the development and progression of hypertension and kidney disease.

Although its prevalence varies across different geographical regions, IgA nephropathy 

(IgAN) is the most common primary glomerulonephritis worldwide. IgAN is diagnosed by 

kidney biopsy and is defined as dominant or codominant staining with IgA in glomeruli by 

immunohistology [15]. In pediatric IgAN, a glomerular lesion is characterized by an 
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increased number of mesangial cells accompanied by mesangial extracellular matrix; this 

pathological change is thought to be an early lesion for IgAN [16]. Our previous study 

showed an increased expression of AGT in the glomerular endothelial and mesangial cells of 

IgAN patients [17, 18]. Furthermore, studies also show that treatment with an angiotensin-

converting enzyme inhibitor (ACEi) and/or an Ang II type 1 receptor blocker provides 

antiproteinuric and renoprotective effects in normotensive pediatric patients with IgAN [19, 

20]. These results suggest that intrarenal RAS activation plays a critical role in IgAN 

progression. However, no direct evidence exists showing that UAGT reflects intrarenal RAS 

status in pediatric IgAN patients. Therefore, we tested the hypothesis that measurements of 

UAGT level provide a specific diagnostic test for identifying patients with activated 

intrarenal RAS in IgAN. Additionally, we further hypothesized that UAGT is associated 

with reduced renal damage in IgAN after RAS blockade.

Material and methods

Participants and study protocol

The experimental protocol for this study was approved by the Institutional Review Board of 

the University of Tokushima Graduate School. We recruited 24 pediatric patients who were 

detected by the yearly urine screening programs in Japanese school children and diagnosed 

with IgAN by clinical course and renal biopsy at the Tokushima University Hospital from 1 

April 2008 to 1 November 2013. All study participants with other disorders, including 

Henoch–Schönlein purpura, systemic lupus erythematosus, chronic liver disease, diabetes 

mellitus, malignancies, and urinary tract infections were excluded. All participants received 

and signed a consent form, and when a participant was not capable of providing assent based 

on age, simple oral explanation of the study was offered and a written parental permission 

form was obtained. At the time of study enrollment, all patients were asked to undergo 

repeat renal biopsies for 2 years following the end of RAS blockade (candesartan or 

benazepril). The dose was 0.2 mg/kg body weight (maximum 4 mg/day) for candesartan and 

0.2 mg/kg body weight (maximum 5 mg/day) for benazepril. Clinical parameters, including 

gender, age, height, body weight, and blood pressure, and laboratory parameters, including 

serum concentrations of sodium, potassium, creatinine and cystatin C, and urinary 

concentrations of protein and creatinine were determined at the time of biopsy. Urine 

collections were combined to calculate the 24-h creatinine clearance (ml/min), which was 

used as an index of glomerular filtration rate. Plasma renin activity was measured in the 

blood by radioimmunoassay. Plasma and urinary concentrations of AGT were measured 

with a human AGT ELISA kit (IBL, Fujioka, Japan), as previously described [12]. 

Additionally, we performed sandwich ELISA for transforming growth factor beta (TGF-β) 

with urine in accordance with the manufacturer’s specification (R & D Systems, 

Minneapolis, MN, USA).

Histological study

For light-microscopic examination, the biopsied tissues were fixed in 10 % buffered 

formalin and embedded in paraffin. The paraffin sections (3 µm) were stained with periodic 

acid- Schiff reagent. All glomeruli in each section (usually 10–26) were coded and read by 

two independent observers blinded to all clinical data. Modifying the previous studies [21, 
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22], histological changes were scored as follows: Mesangial hypercellularity, 0=none; 

1=mild (three to four mesangial cells per peripheral lobule); 2=severe segmental (more than 

four mesangial cells per peripheral lobule); 3=severe global proliferation);. Mesangial 

matrix score, 0=none; 1=mild; 2= marked segmental (width of mesangial interspace between 

capillaries exceeding three mesangial cells; 3=marked global increase). Endocapillary 

hypercellularity, 0=absence; 1=presence. Interstitial fibrosis, 0=none; 1=<25 %; 2=26–50 

%; 3>50 % of the cortical area. Tubular atrophy, 0=none; 1= <25 %; 2=26–50 %; 3=>50 % 

of the cortical tubules.

Immunohistochemistry

Using formalin-fixed paraffin-embedded renal sections, immunohistochemistry with anti-

AGT antibody (H7; IBL), anti- Ang II antibody (H-002-12; Phoenix Pharmaceuticals, 

Burlingame, CA, USA), or anti-TGF-β antibody (sc-146; Santa Cruz Biotechnology, Dallas, 

TX, USA) was performed. Sections (3 µm) were incubated with primary antibodies 

overnight at 4 °C, rinsed, and incubated with biotinylated secondary antibodies (Vector 

Labs, Burlingame, CA, USA). After rinsing, the sections were incubated with avidin–biotin–

peroxidase complex (ABC Elite; Vector Labs), followed by 3,3’-diaminobenzidine 

(Dojindo, Kumamoto, Japan). Each section was counterstained with Mayer’s hematoxylin 

(Wako, Tokyo, Japan), dehydrated, and cover-slipped. The fraction of glomeruli occupied 

by immunoreactive area was determined using the EIS-Elements software (Nikon 

Corporation, Tokyo, Japan). For each glomerulus, the immunoreactive area (brown) was 

automatically calculated by the software, and this affected area was, in turn, divided by the 

total area of the glomerulus. At least six equatorially sectioned glomeruli were examined 

from each slide.

Statistical analysis

Pearson and Spearman correlation coefficients were used for parametric and nonparametric 

data, respectively. The Wilcoxon signed-rank test was used to perform paired comparisons 

before and after RAS blockade. All data are presented as mean ± standard error of the mean 

(SEM). A value of P<0.05 was considered significant. All computations, including data 

management and statistical analysis, were performed with JMP software (SAS Institute, 

Cary, NC, USA) and GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA).

Results

Demographics and laboratory data

Table 1 describes patients’ demographic and baseline laboratory data. Baseline and 

posttreatment indices in blood pressure and laboratory data are shown in Table 2. Plasma 

renin activity was significantly increased because RAS blockades suppress the negative 

feedback inhibition of renin release, and the urinary protein–creatinine ratio (UPro/UCre) 

was significantly lower at the study end. There was no significant change in either systolic 

or diastolic blood pressure or in serum concentrations of sodium, potassium or cystatin C, or 

in creatinine clearance.

Urushihara et al. Page 4

Pediatr Nephrol. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Plasma and urinary AGT, urinary TGF-β levels, and histological findings

Figure 1 illustrates plasma AGT levels (Fig. 1a), logarithmically transformed UAGT/

creatinine ratio (Log[UAGT/UCre]) (Fig. 1b), and logarithmically transformed urinary TGF-

β/creatinine ratio (Log[UTGF-β/UCre]) (Fig. 1c). While there was no significant change in 

plasma AGT between baseline and posttreatment (22.20±1.51 vs. 25.21±1.71 µg/ml), the 

Log(UAGT/UCre) levels were significantly decreased at the study end (2.57±0.16 vs. 

0.82±0.13 µg/g). There were also significant decreases in Log(UTGF-β/UCre) levels in 

patients treated with RAS blockade (3.76±0.10 vs. 3.48±0.08 ng/g). Scores for mesangial 

hypercellularity, mesangial matrix, and glomerular expression levels of AGT, Ang II, and 

TGF-β in renal tissue were lower at the study end compared with baseline (Table 3, Fig. 2).

Single regression analysis

Table 4 demonstrates the single-regression analyses for Log(UAGT/UCre) with clinical 

parameters. Log(UAGT/UCre) levels are significantly positively correlated with diastolic 

blood pressure, UPro/UCre, scores for mesangial hypercellularity, and glomerular 

expression levels of AGT, Ang II, and TGF-β in renal tissue. However, Log(UAGT/UCre) 

levels were not correlated with age, height, body weight, body mass index (BMI), systolic 

blood pressure, serum sodium levels, serum potassium levels, plasma renin activity, 

creatinine clearance, plasma AGT levels, scores for mesangial matrix, or interstitial fibrosis 

and tubular atrophy.

Multiple regression analysis

Factors with significant single correlation were adopted as explanatory variables in multiple 

regression analysis. As shown in Fig. 3, the expression level of Ang II in renal tissue and 

UPro/UCre ratio can account for 76.88 % of the variation in the Log(UAGT/UCre) 

(r=0.8768, R2=0.7688, P<0.0001).

Discussion

Recent studies have demonstrated the involvement of UAGT levels in RAS activation and 

the development of cardiovascular and kidney disease [1, 7]. In human studies, a link has 

been established between UAGT and hypertension/renal damage [1, 7]. However, UAGT 

excretion and renal AGT expression associated with the pathophysiology of renal injury has 

not been studied extensively in humans, especially in pediatric patients with IgAN. For the 

first time, we demonstrated that UAGT and TGF-β levels, as well as renal AGT, Ang II, and 

TGF-β expression were decreased in pediatric IgAN patients treated with RAS blockade. 

We also demonstrated that UAGT levels positively correlated with diastolic blood pressure, 

urinary protein levels, scores for mesangial hypercellularity, and expression levels of AGT, 

Ang II, and TGF-β in renal tissue.

Intrarenal RAS activation during IgAN progression has been suggested, which is largely 

based on the ability of RAS blockade to reduce proteinuria [19, 20]. We demonstrated that 

renal AGT expression is elevated in patients with IgAN [17, 23, 24]. Furthermore, UAGT 

levels are correlated with the degree of proteinuria and reflect intrarenal AGT expression in 

patients with IgAN [25, 26]. In the study reported here, UAGT levels and glomerular AGT 
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expression levels decreased after RAS blockade. Additionally, correlation analysis provided 

some important findings: urinary AGT levels positively correlated with glomerular 

expression levels of AGT and Ang II in renal tissue, as well as with scores for mesangial 

hypercellularity. Multiple regression analysis showed that UAGT levels were coupled with 

expression levels of Ang II and urinary protein excretion. These data are compatible with 

former reports and indicate that intrarenal RAS is activated through local augmentation of 

AGT production.

We previously tested the hypothesis that UAGT levels reflect intrarenal RAS status in 

chronic glomerulonephritis during childhood [12]. We found that UAGT levels were 

significantly increased in patients with chronic glomerulonephritis who were not treated 

with RAS blockers compared with control individuals. Notably, patients with 

glomerulonephritis treated with RAS blockers showed a marked attenuation of this 

augmentation. Thus, the efficacy of RAS blockade in reducing intrarenal RAS activity can 

be confirmed by UAGT measurements in patients with chronic glomerulonephritis during 

childhood [12]. We further reported that UAGT levels were significantly increased in 

patients with juvenile type 1 diabetes who showed no microalbuminuria, compared with 

controls, while plasma AGT levels were not increased [13]. These data indicate that 

increased UAGT levels precede increased urinary albumin levels, which may be one of the 

earliest predictors of intrarenal RAS activation in juvenile type 1 diabetes. These findings, 

along with the findings reported here, suggest that UAGT can be a novel biomarker of 

intrarenal RAS activation in pediatric patients.

Although most circulating AGT is produced and secreted by the liver, it is also produced by 

the kidneys [7]. Messenger RNA (mRNA) and AGT protein have been localized to proximal 

tubular cells, and intratubular Ang II can be derived from locally formed and secreted AGT 

[27]. The AGT produced in proximal tubule cells appears to be secreted directly into the 

tubular lumen, in addition to producing its own metabolites intracellularly and secreting 

them into the tubular lumen [28]. Proximal tubular AGT concentrations in anesthetized rats 

have been reported to range from 300 to 600 nM, which greatly exceeds free Ang I and Ang 

II tubular fluid concentrations [3]. Because of its molecular size (50–60 kDa), it seems 

unlikely that much plasma AGT filters across the glomerular membrane, further supporting 

the concept that proximal tubular cells secrete AGT directly into the tubules [29]. To 

determine whether circulating AGT is a source of UAGT, glomerular permeability of AGT 

was examined by multiphoton imaging [30]: Glomerular permeability of injected exogenous 

AGT was extremely low. By contrast, urinary excretion of endogenous AGT was 

significantly increased. These results indicate that the majority of UAGT originated from the 

kidney rather than from glomerular filtration [30]. Consistent with this concept, the study 

reported here found that plasma AGT levels did not differ between baseline and 

posttreatment despite significant differences in UAGT levels. Furthermore, we previously 

revealed that cultured glomerular cells produced both AGT mRNA and protein [17, 31]. 

Therefore, it seems highly likely that AGT in urine originates from AGT in the kidney, not 

from AGT in plasma.

It is well known that intrarenal RAS activation is a major mediator in the pathogenesis of 

progressive glomerular injury [32–35]. Ang II induces mesangial cell activation, and former 
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studies have shown that the degree of mesangial cellularity is associated with a high 

sensitivity to the beneficial effects of RAS blockade on glomerular structure and proteinuria 

[36, 37]. Minutolo et al. suggested that high intrarenal Ang II production contributed to the 

proliferation of mesangial cells [38]. In our study, glomerular Ang II levels were correlated 

with mesangial hypercellularity score (r=0.4303, P=0.0358). Additionally, we clarified that 

UAGT levels are associated with glomerular Ang II levels and mesangial hypercellularity 

score; RAS blockade consistently reduced those levels. Therefore, we believe that UAGT is 

a useful marker for monitoring changes in intrarenal RAS activity associated with 

glomerular injury in pediatric IgAN patients.

TGF-β is a major profibrotic factor that plays a key role in the progression of glomerular 

injury [39]. Moreover, Ang II is the key inducer for TGF-β [40, 41]. In the study reported 

here, RAS blockade reduced urinary and glomerular expression levels of TGF-β associated 

with reduced glomerular Ang II and UAGT levels, which suggests the mitigation of 

intrarenal RAS activation. Based on these findings, it is suggested that overexpression of 

TGF-β induced by intrarenal RAS activation contributed to the development of glomerular 

injury in pediatric patients with IgAN.

Our relatively small sample size is a potential limitation to this study. For instance, patients 

with nephrotic proteinuria were not enrolled because all participants were detected by school 

urinary screening and were identified in the early stages of the disease. Therefore, it is 

difficult to subdivide patients according to urinary protein level or pathology pattern. 

However, this study demonstrated that UAGT levels were statistically decreased after RAS 

blockade, accompanied by mesangial hypercellularity score, renal AGT, Ang II, and TGF-β. 

Furthermore, UAGT levels were correlated with those parameters. These data strongly 

support the hypothesis that UAGT is a powerful tool for determining intrarenal RAS status 

and associated glomerular injury in pediatric IgAN. However, we recognize that future 

evaluation of UAGT in prospective studies with a larger number of patients and an 

extended, long observation period is needed. Subsequently, a prospective study has been 

projected to clarify the novel mechanism of the RAS, which may provide useful information 

for optimizing the approach for treating pediatric IgAN.
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Fig. 1. 
Changes in plasma angiotensinogen (AGT) in pediatric patients with immunoglobulin A 

nephropathy (IgAN) after renin–angiotensin system (RAS) blockade (a). Changes in 

logarithmically transformed urinary AGT/urinary creatinine ratio (Log[UAGT/UCre]) in 

pediatric patients with IgAN after RAS blockade (b). Changes in logarithmically 

transformed urinary transforming growth factor beta (TGF-β)/creatinine ratio (Log[UTGF-β/

UCre]) in pediatric patients with IgAN after RAS blockade (c). Each marker and line 

represents an individual participant in the study
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Fig. 2. 
Representative images of angiotensinogen (AGT) (a, b), angiotensin II (Ang II) (c, d), and 

transforming growth factor beta (TGF-β) (e, f) in pediatric patients with immunoglobulin A 

nephropathy (IgAN) at baseline (a, c, e) vs. posttreatment (b, d, f). Renin–angiotensin 

system (RAS) blockade decreased immunoreactivity of AGT, Ang II, and TGF-β in renal 

tissues from pediatric patients with IgAN
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Fig. 3. 
Multiple regression analysis for logarithmically transformed urinary angiotensinogen 

(AGT)/urinary creatinine ratio (Log[UAGT/UCre]) in pediatric immunoglobulin A 

nephropathy (IgAN) patients. Only two parameters—angeotensin II (Ang II) expression 

levels by immunohistochemical study and urinary protein/UCre ratio [UPro/UCre])—

accounted for 76.88 % of the variation in the Log(UAGT/UCre) (r=0.8768, R2=0.7688, 

P<0.0001)
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Table 1

Baseline characteristics of 24 patients with immunoglobulin A nephropathy (IgAN)

Parameters Data (mean±standard error)

Gender (F/M) 12/12 (n)

Age, Year 12.67±0.82

Height, cm 149.18±4.25

BW, kg 43.25±2.76

BMI 18.82±0.57

Serum Cre, mg/dl 0.52±0.04

F females, M males, BW body weight, BMI body mass index, Cre creatinine
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Table 2

Changes in blood pressure and laboratory data

Parameters Baseline N=24 Posttreatment N=24 Change P values

SBP, mmHg 109.67±1.75 108.08±1.58 −1.58±1.91 0.1946

DBP, mmHg 59.54±1.84 62.00±1.55 2.46±2.15 0.2480

Serum Na, mEq/L 139.83±0.29 140.42±0.31 0.58±0.33 0.0720

Serum K, mEq/ 4.19±0.08 3.97±0.05 −0.22±0.10 0.0584

PRA, ng/ml/h 2.73±0.30 18.18±4.01 15.45±4.03 < 0.0001*

UPro/UCre, g/g 0.47±0.06 0.05±0.01 −0.42±0.06 < 0.0001*

CCr, ml/min 108.33±3.10 113.97±4.70 5.63±6.13 0.2626

Cystatin C, mg/L 0.76±0.02 0 0.74±0.02 −0.02±0.01 0.1777

SBP systolic blood pressure, DBP diastolic blood pressure, Na sodium, PRA plasma renin activity, UPro/UCre urinary protein-creatinine ratio, CCr 
creatinine clearance

*
P<0.05
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Table 3

Changes in histological findings

Parameters Baseline N=24 Posttreatment N=24 Change P values

Mesangial hypercellularity 1.07±0.08 0.60±0.05 −0.48±0.09 < 0.0001

Mesangial matrix score 1.04±0.07 0.80±0.08 −0.25±0.10 0.0205

Endocapillary hypercellularity 0.13±0.07 0.02±0.02 −0.10±0.06 0.0961

Interstitial fibrosis 0.08±0.06 0.15±0.07 0.06±0.10 0.6875

Tubular atrophy 0.10±0.06 0.25±0.09 0.15±0.08 0.0625

AGT expression 2.74±0.40 0.63±0.05 −2.10±0.40 < 0.0001*

Ang II expression 0.63±0.04 0.33±0.02 −0.30±0.04 < 0.0001*

TGF-β expression 0.89±0.07 0.34±0.03 −0.54±0.07 < 0.0001*

AGT, angiotensinogen, Ang II, angiotensin II, TGF-β, transforming growth factor-β

*
P<0.05
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Table 4

Urinary angiotensinogen (UAGN) and correlation in patients with immunoglobulin A nephropathy (IgAN)

Parameters R values P values

Age 0.3835 0.0843

Height 0.3084 0.1425

BW 0.1140 0.5957

BMI 0.2483 0.2420

SBP 0.1570 0.4638

DBP 0.5010 0.0126*

Serum Na 0.2615 0.2171

Serum K 0.1008 0.6392

PRA 0.0933 0.6644

UPro/UCre 0.4591 0.0240*

CCr 0.1197 0.5776

Plasma AGT 0.0873 0.6849

Mesangial hypercellularity 0.4904 0.0150*

Mesangial matrix score 0.0195 0.9278

Interstitial fibrosis 0.2858 0.1758

Tubular atrophy 0.3080 0.1432

AGT expression 0.5772 0.0031*

Ang II expression 0.6854 0.0023*

TGF-β expression 0.5621 0.0043*

BW body weight, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, PRA plasma renin activity, UPro/UCre urinary 
protein-creatinine ratio, CCr creatinine clearance, AGT angiotensinogen, Ang II angiotensin II, TGF-β transforming growth factor-β

*
P<0.05
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