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Summary

We explored molecular events associated with aging-induced matrix changes in the kidney. 

C57BL6 mice were studied in youth, middle age, and old age. Albuminuria and serum cystatin C 

level (an index of glomerular filtration) increased with aging. Renal hypertrophy was evident in 

middle-aged and old mice and was associated with glomerulomegaly and increase in mesangial 

fraction occupied by extracellular matrix. Content of collagen types I and III and fibronectin was 

increased with aging; increment in their mRNA varied with the phase of aging. The content of 

ZEB1 and ZEB2, collagen type I transcription inhibitors, and their binding to the collagen type 

Iα2 promoter by ChIP assay also showed age-phase-specific changes. Lack of increase in mRNA 

and data from polysome assay suggested decreased degradation as a potential mechanism for 

kidney collagen type I accumulation in the middle-aged mice. These changes occurred with 

increment in TGFβ mRNA and protein and activation of its SMAD3 pathway; SMAD3 binding to 

the collagen type Iα2 promoter was also increased. TGFβ-regulated microRNAs (miRs) exhibited 

selective regulation. The renal cortical content of miR-21 and miR-200c, but not miR-192, 

miR-200a, or miR-200b, was increased with aging. Increased miR-21 and miR-200c contents were 

associated with reduced expression of their targets, Sprouty-1 and ZEB2, respectively. These data 

show that aging is associated with complex molecular events in the kidney that are already evident 

in the middle age and progress to old age. Agephase-specific regulation of matrix protein synthesis 

occurs and involves matrix protein-specific transcriptional and post-transcriptional mechanisms.
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Introduction

It is well documented in humans that aging is associated with progressive replacement of 

functioning kidney parenchyma with extracellular matrix proteins (fibrosis), albuminuria, 

and reduction in renal clearance function. Global glomerulosclerosis increases with age, and 

the remaining functioning glomeruli undergo hypertrophy (Glassock & Rule, 2012). 

Mesangium expands (Zheng et al., 2003), and the tubulointerstitium shows increased 

deposition of matrix proteins, focal fibrosis, tubular dilatation (Abrass et al., 1995), and 

macrophage infiltration (Zheng et al., 2004). The glomerular filtration rate (GFR) decreases 

in the elderly although it may be normal in up to a third of the elderly subjects (Lindeman et 
al., 1985). Abnormal increase in urine albumin excretion is reported in the elderly 

population in the absence of hypertension, diabetes, or metabolic syndrome, and in 

association with normal GFR (Reed & Kopyt, 2011). Albuminuria is also increased in the 

aging rodents (Abrass et al., 1995).

The mechanisms underlying these structural and functional changes are not well understood 

although several pathways have been suggested including a role for growth factors such as 

TGFβ (Choudhury & Levi, 2011). TGFβ is well known to promote accumulation of renal 

extracellular matrix proteins in the kidney in disparate conditions including diabetes and 

ureteral obstruction by both promoting their synthesis and inhibiting their degradation (Ka et 
al., 2012; Samarakoon et al., 2012). In addition to transcription, mRNA translation is a 

crucial step in the synthesis of proteins, and recent findings have assigned an important role 

for microRNAs (miRs) in the regulation of translation (Kasinath et al., 2009). These 

noncoding, approximately 22 nucleotide-long RNAs inhibit mRNA translation by binding to 

the complementary 3′-untranslated region of target mRNA and promote its degradation; 

they may also affect other steps in the initiation and elongation phases of mRNA translation 

(Kasinath & Feliers, 2011). miRs have been shown to play an important role in renal 

physiology. Podocyte-specific deletion of Dicer, an endoribonuclease essential for miR 

production, results in glomerular and tubular lesions with massive proteinuria and 

accelerated death by 4 weeks of age (Ho et al., 2008). TGFβ/Smad3 axis regulates the 

expression of miRs by promoting their maturation (Davis et al., 2008). TGFβ augments the 

expression of miR-192 in conditions associated with renal fibrosis, for example, diabetes 

and obstructive nephropathy (Kato et al., 2007; Chung et al., 2010). miR-21 mediates pro-

fibrotic effects of TGFβ/Smad3 axis in ureteral obstruction–associated renal fibrosis (Zhong 

et al., 2011). However, the status of miRs in renal senescence has not been explored. In this 

study, we explored molecular pathways that participate in the accumulation of renal matrix 

proteins in a mouse model of aging with focus on TGFβ and miRs under its control.
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Results

Clinical parameters

Random blood glucose concentrations were normal in all age groups (Table 1). Body weight 

was significantly increased in the middle-aged mice (18 months old) compared to young 

mice (4–6 months of age) with no significant change from middle age to old age (26–32 

months of age). The kidney weight significantly increased in both middle-aged and old mice 

(P < 0.05 and P < 0.01 vs. young mice, respectively). When compared to young mice, the 

kidney weight corrected to body weight was significantly increased by 20% in the middle-

aged mice (P < 0.01) and by 49% in old mice (P < 0.001) demonstrating kidney hypertrophy. 

The urinary albumin/creatinine ratio was significantly increased by about two- and threefold 

in the middle-aged and old mice, respectively (P < 0.01), with marked heterogeneity (Fig. 

1A). Serum cystatin C level bears an inverse relationship with GFR and is employed as an 

index of renal clearance function in aging studies in mice (Kume et al., 2010); it is reported 

to be more sensitive than serum creatinine in mouse models of kidney injury (Song et al., 
2009). There was a progressive increase in serum cystatin C level through the aging process, 

reaching significance in old age (P < 0.05 vs. young) with significant heterogeneity (Fig. 

1B). These data are in agreement with aging-related renal functional deterioration in mice 

(Kume et al., 2010); some mice may retain clearance function despite aging as shown in 

human subjects in the Baltimore Longitudinal Study on Aging (Lindeman et al., 1985).

Changes in extracellular matrix

Computer-aided morphometric analysis showed an increase in the glomerular area by 37% 

in the middle-aged mice (P < 0.01) and 63% in the old mice (P < 0.001) compared to young 

mice; the difference in glomerular area between the middle-aged and old mice was also 

significant (P < 0.05; Fig. 2A,B). These data suggest that glomerular hypertrophy occurs 

with aging as a part of kidney hypertrophy (Table 1). The contribution of extracellular 

matrix to the glomerular enlargement was assessed. PAS staining showed a progressive 

increase in PAS-positive mesangial area of the glomerulus by 33% in the middle-aged mice 

(P < 0.01) and by 40% in the old mice (P < 0.001; Fig. 2A,C). The percentage mesangial 

area occupied by PAS-positive material correlated directly with glomerular area (r2 = 0.445, 

P = 0.0025; Fig. 2D). Because matrix proteins stain positive with the PAS stain, these data 

suggest that increase in extracellular matrix, that is, glomerulosclerosis, contributes 

importantly to the glomerular hypertrophy in the aging kidney.

To evaluate the status of extracellular matrix in the tubulointerstitium, we performed Sirius 

Red staining and examined it under polarized light, which detects types I and III collagen 

(Grimm et al., 2003). Morphometry showed that there was an approximately fivefold (P < 

0.05) and tenfold (P < 0.001) increase in the fractional area of staining in the 

tubulointerstitium in the middle-aged and old mice, respectively; the increment was also 

significant between the middle-aged mice and old mice (P < 0.01; Fig. 3A). Sirius Red 

staining was confirmed by immunoblotting for collagen types I and III. Thus, the content of 

collagen type Iα2 chain in the renal cortex increased by twofold in middle age (P < 0.001) 

and further in old age (P < 0.001; Fig. 3B); the content of collagen type IIIα1 chain was 

increased by about twofold in both middle-aged and old age compared to young mice (P < 
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0.05; Fig. 3D). Quantitative RT-PCR showed a fourfold increase in mRNA for collagen type 

Iα2 chain in the renal cortex of old mice (P < 0.01) but not in the middle-aged mice (Fig. 

3C). In contrast, there was a progressive increment in collagen type IIIα1 chain mRNA 

through middle age to old age, reaching significance in the latter phase (P < 0.01; Fig. 3E). 

These data suggested a transcriptional mechanism for increase in collagen type III in renal 

aging, in agreement with a recent report (Abrass et al., 2011).

We also examined the status of matrix fibronectin content in the aging kidney. Expression of 

fibronectin protein was increased in the kidneys in both middle-aged and old mice (P < 0.01; 

Fig. S1A, Supporting information); this was associated with unchanged mRNA content (Fig. 

S1B), suggesting nontranscriptional mechanisms. These data suggest that distinct regulatory 

mechanisms contribute to increase in individual matrix proteins in the aging kidney.

Differences in correlation between collagen type Iα2 chain mRNA and protein in the 

middle-aged and old mice suggested distinct mechanisms for its accumulation in the two 

phases of aging, that is, nontranscriptional mechanism(s) in the middle age and 

transcriptional mechanism in old age. Zinc finger enhancer–binding transcription factors, 

ZEB1 and ZEB2, regulate collagen synthesis and are under the control of TGFβ (Brabletz & 

Brabletz, 2010). ZEB1 binds to an E box in the promoter of collagen type Iα2 and inhibits 

its transcription (Kato et al., 2007). The expression of renal ZEB1 was increased in the old 

mice (P < 0.05) but not in the middle-aged mice (Fig. 4A). ZEB2 content in the kidney was 

increased at middle age (P < 0.01) and significantly decreased in old mice (P < 0.05 vs. 

young and P < 0.001 vs. middle-aged mice; Fig. 4B). We next performed Chromatin 

immunoprecipitation (ChIP) analysis to explore whether changes in ZEB1 and ZEB2 

content were associated with corresponding differences in their binding to the collagen type 

Iα2 promoter. Despite increase in its expression, binding of ZEB1 to the collagen type Iα2 

promoter in the renal cortex was unchanged in the old mice compared to young mice (Fig. 

4C); it was unchanged in middleaged mice. Although ZEB2 expression was increased at 

middle age, its binding to promoter was significantly decreased (P < 0.01 vs. young mice; 

Fig. 4C); in old mice, ZEB2 expression was decreased, which was associated with reduction 

in its binding to the collagen type Iα2 promoter (P < 0.01). In contrast, the binding of RNA 

polymerase II to the promoter was increased in middle-aged and old mice, reaching 

significance in the latter (P < 0.01; Fig. 4C). These data suggest the following: (i) In the 

kidney of old mice, reduction in ZEB1 binding to the promoter is not required for 

augmenting the transcription of collagen type Iα2 mRNA; however, reduction in ZEB2 

binding to the promoter could facilitate its transcription. (ii) Because mRNA for collagen 

type Iα2 did not increase in the middle-aged mice (Fig. 3C), increase in binding of RNA 

polymerase II and reduction in ZEB2 binding to the promoter are not sufficient to promote 

its transcription. There must be other regulators that inhibit transcription or accelerate 

mRNA decay of collagen type Iα2 chain in the kidneys of middle-aged mice.

While the increment in collagen type Iα2 protein in the kidney in old mice was likely due to 

augmented transcription, in the middle-aged mice, it was not associated with the increase in 

mRNA content (Fig. 3B, C), suggesting nontranscriptional mechanisms such as augmented 

efficiency of mRNA translation and/or decreased degradation. We performed a polysome 

assay to test the former possibility. An mRNA that is targeted for translation is bound by 
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several 80S ribosomal units forming the polysome (Feliers et al., 2005; Kasinath et al., 
2009). Polysomes are selectively distributed to the denser fractions on a sucrose gradient. 

Assay for collagen type Iα2 chain mRNA showed that whereas approximately 20% of the 

mRNA was present in the denser fractions that contain polysomes in the young mice, it was 

reduced to approximately 10% in the middle-aged mice (Fig. 5A vs. B). These data show 

that there was no evidence of increased efficiency of translation of collagen type Iα2 mRNA 

in the kidneys of middle-aged mice. Because mRNA was not changed and polysome 

analysis did not support augmented translation, it is likely that decreased degradation 

accounts for the accumulation of collagen type Iα2 in the kidney in the middle age. The 

distribution of collagen type Iα2 mRNA into polysomal fractions was increased in the old 

mice compared to young mice (approximately 45% vs. 20%; Fig. 5A vs. C). This is 

predictable because increase in mRNA content of collagen type Iα2 seen in the kidneys in 

the old mice (Fig. 3C) would drive translation, resulting in increase in its protein expression 

(Fig. 3B); these data do not preclude a contributory role for decreased degradation in 

collagen accumulation in old mice. Taken together, our data suggest that age-phase-specific 

regulation exists for the accumulation of collagen type I α2 chain in the kidney in aging.

Activation of TGFβ and SMAD3 in the aging kidney

TGFβ activation contributes importantly to renal fibrosis in a variety of diseases including 

diabetic nephropathy and obstructive uropathy (Kato et al., 2007; Chung et al., 2010). 

Because progressive accumulation of extracellular matrix proteins is a prominent feature of 

aging in mice, we investigated the regulation of TGFβ expression and whether its signaling 

pathway was activated. Immunoblotting showed increment in TGFβ protein in the kidney 

during aging, reaching significance in old mice (P < 0.05; Fig. 6A). TGFβ mRNA content in 

the kidney showed a more than threefold increment in the old mice (P < 0.01 vs. young and 

P < 0.05 vs. middle-aged mice; Fig. 6B), in agreement with previous reports (Zheng et al., 
2003; Wiggins et al., 2010). Ligand-activated TGFβ receptor complex phosphorylates 

SMAD3 on Ser423/425, which translocates to the nucleus in association with Smad4 and 

binds to the promoters of matrix genes and augments their transcription (Sanchez & Sharma, 

2009). Immunoblotting showed increase in phosphorylated SMAD3 in the renal cortex from 

middle-aged and old mice (P < 0.01, Fig. 6C). Chromatin immunoprecipitation analysis 

showed a nearly threefold increase in the binding of SMAD3 to the collagen type Iα2 

promoter in the kidneys of old mice but not in the kidneys of middleaged mice (Fig. S2, 

Supporting information). These data show that renal aging is associated with the activation 

of the canonical TGFβ signaling pathway that is evident in the middle age and persists into 

old age; Smad3 appears to participate in augmenting the transcription of collagen type I α2 

in the kidneys of old mice.

Recent studies have implicated miRs in pro-fibrotic actions of TGFβ. TGFβ-SMAD3 

signaling system augments the production of miR-21 by facilitating its maturation (Davis et 
al., 2008); renal fibrosis in ureteral obstruction and ischemia–reperfusion injury is dependent 

on miR-21 (Chau et al., 2012). The renal cortical content of miR-21 was increased in the old 

mice compared to both young mice (P < 0.001) and middleaged mice (P < 0.01; Fig. 6D). 

One of the targets of miR-21 is Sprouty, of which four homologs exist in mammals. 

Sprouty-1 is an inhibitor of growth factor signaling (Cabrita & Christofori, 2008). Sprouty 
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expression is reduced in cardiac fibrosis associated with miR-21 increment (Thum et al., 
2008) and in diabetic nephropathy by the activation of miR-29c (Long et al., 2011). A 

reduction in renal cortical expression of Sprouty-1 (P < 0.05) was observed during aging 

(Fig. 6E). Not all miR-21 targets were affected in the aging kidney. Phosphatase and tensin 

homolog deleted in chromosome 10 (PTEN) is a phosphatase that inhibits signaling of 

phosphatidylinositol (PI) 3 kinase by dephosphorylating PI 3-4-5 trisphosphate; PTEN 

translation is inhibited by high glucose-induced miR-21 in renal mesangial cells (Dey et al., 
2011). The expression of PTEN was unchanged in the renal cortex of middle-aged mice and 

old mice (Fig. S3A, Supporting information).

There was selectivity also in aging-associated changes in kidney miRs that are under 

regulation by TGFβ. Thus, there was no change in the expression of miR-192, miR-200a, 

and miR-200b (Fig. S3B–D). miR-192 has been implicated in renal matrix protein 

accumulation in diabetes (Kato et al., 2007). The renal cortical content of miR-200c was 

increased in the old mice compared to young or middle-aged mice (P < 0.01; Fig. S3E). 

ZEB2 is one of the targets of miR-200c; there are several consensus sites for miR-200c 

binding in the 3′untranslated region of ZEB2, and miR-200c inhibits ZEB2 translation (Park 

et al., 2008). Corresponding to the increment in miR-200c in the kidneys of old mice, the 

expression of ZEB2 protein was decreased (Fig. 4B), suggesting a functional role for 

miR-200c. Conversely, reduction in ZEB2 can lead to increased expression of miR-200c; a 

mutually inhibitory regulation between miR-200 family and ZEBs has been described 

(Brabletz & Brabletz, 2010). There was a trend toward decreased expression of miR-200c in 

the kidneys from middle-aged mice (Fig. S3E); it coincided with increase in ZEB2 

expression (Fig. 4B). These data suggest that miR-200c could regulate ZEB2 expression in 

the kidney during aging.

Discussion

Our data show that aging-induced increase in renal matrix protein content, albuminuria, and 

elevation in cystatin C are associated with the activation of TGFβ/SMAD3 canonical 

signaling pathway and increase in the expression of select miRs. The regulatory mechanisms 

contributing to accumulation of extracellular matrix in the aging kidney vary depending on 

the protein and the phase of aging process. Aging changes in the kidney evaluated in this 

study, that is, TGFβ activation, miR increment and matrix accumulation, albuminuria, and 

reduction in clearance function, are evident in the middle age suggesting senescent changes 

in the kidney have an early onset and a progressive course.

TGFβ promotes both glomerular and tubulointerstitial fibrosis, which contribute to the loss 

of renal function (Liu, 2011). TGFβ binding to type II receptor promotes the latter to 

dimerize with the type I receptor (activin-like kinase 5). In the TGFβ1 canonical pathway, 

the activated TGFβ1 receptor complex catalyzes Ser phosphorylation of receptor SMAD3. 

Phosphorylated SMAD3 binds to SMAD4 and is translocated to the nucleus, where, along 

with other transcription factors, it promotes transcription of genes encoding matrix proteins; 

SMAD3 activity is inhibited by SMAD7 (Chen et al., 2010). Interestingly, SMAD2, another 

SMAD that binds TGFβ receptor, appears to have an inhibitory effect on TGFβ-induced 

renal matrix synthesis (Meng et al., 2010). Chromatin immunoprecipitation analysis showed 
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that SMAD3 binding to the collagen type Iα2 promoter was increased at old age suggesting 

a role in collagen transcription in aging of the kidney. However, in the kidneys of middle-

aged mice, neither the SMAD3 binding to the collagen type Iα2 promoter nor mRNA 

content of the collagen was increased, suggesting nontranscriptional mechanisms, that is, 

augmented efficiency of mRNA translation and/or decreased degradation. TGFβ activates 

mRNA translation to increase the synthesis of proteins including matrix proteins in kidney 

mesangial cells (Ghosh Choudhury & Abboud, 2004). Because polysomal assay did not 

suggest augmented translation, it is likely that decreased degradation contributes to 

accumulation of collagen type Iα2 chain in the kidney in middle-aged mice; future studies 

will explore this possibility. TGFβ may affect matrix content by regulating the activity of 

factors that govern matrix degradation. Thus, our data show that increment in collagen type 

Iα2 chain content in middle age and old age involves distinct mechanisms. In the case of 

collagen type III, our data suggest transcription as the main mechanism in the aging kidney. 

Recent investigations indicate that alteration in epigenetic factors exerts control over 

transcription of collagen type III in the kidney in the aging rat (Abrass et al., 2011). 

Adenovirus-mediated overexpression of TGFβ in kidney glomeruli is associated with 

augmented protein losses in the urine (Ghayur et al., 2012), suggesting in the aging mouse, 

TGFβ may contribute to albuminuria.

The mechanisms by which TGFβ regulates cellular events including renal fibrosis include 

miRs. Of the several miRs stimulated by TGFβ , we found consistent increase in the content 

of miR-21 during renal aging. TGFβ can augment miR-21 content by promoting maturation 

of its precursor (Davis et al., 2008). Recent studies have assigned an important role for 

miR-21 in pulmonary fibrosis (Liu et al., 2010) although its contribution to cardiac fibrosis 

has been contested (Thum et al., 2008; Patrick et al., 2010). Increased miR-21 has been 

implicated in renal fibrosis associated with ischemia–reperfusion injury, anti-Thy1 

glomerulonephritis, ureteral obstruction, and diabetes (Denby et al., 2011; Dey et al., 2011; 

Chau et al., 2012).

The mechanism by which miR-21 elicits a fibrotic response can vary with the model of renal 

disease. In ischemia–reperfusion injury and obstruction, pro-fibrotic actions of miR-21 are 

mediated by changes in PPARα (Chau et al., 2012). In diabetes, miR-21 reduces PTEN 

expression in the kidney to stimulate PI3 kinase signaling pathway, leading to augmented 

synthesis of matrix proteins (Dey et al., 2011). Because PTEN expression was unaffected in 

the aging kidney, other pathways are probably recruited by miR-21 to promote renal fibrosis. 

In this context, we examined the status of Sprouty-1, a target of miR-21 and an inhibitor of 

signaling by growth factors. Long et al. (2011) have shown that renal matrix accumulation in 

diabetes is associated with reduced Sprouty expression by suppression of its translation by 

miR-29c; restoration of Sprouty by antisense oligo against miR-29c reduced matrix 

fibronectin in diabetic mice, perhaps, by inhibition of Rho kinase. The molecular mechanism 

by which Sprouty may affect changes in the aging kidney needs to be investigated. Changes 

in miRs can vary between models of renal fibrosis. For instance, miR-192 is increased in the 

kidney in diabetes (Kato et al., 2007); we did not find a significant change in miR-192 

expression in the aging kidney. The aforementioned studies suggest that renal fibrosis has 

unique mechanisms, including involvement of miRs and their targets, which vary with the 

context (Kasinath & Feliers, 2011). Although miRs are but one of the many factors that 

Sataranatarajan et al. Page 7

Aging Cell. Author manuscript; available in PMC 2018 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



affect gene expression, individual miRs can influence the outcome in a contextspecific 

manner. For instance, neutralization of miR-29c or miR-21 ameliorated renal matrix 

abnormalities in diabetes, ureteral obstruction, and ischemia (Long et al., 2011; Chau et al., 
2012). A schematic diagram of pathways potentially underlying kidney manifestations seen 

in old mice is shown in Fig. 7.

Renal fibrosis represents a failed wound healing process, which commonly involves TGFβ 
(Liu, 2011). Factors that induce TGFβ expression in the aging kidney are not well 

understood. Angiotensin II, oxidative stress, and advanced glycation end products are 

capable of inducing TGFβ in the aging kidney (Choudhury & Levi, 2011). Augmenting 

PPARγ activity with pioglitazone inhibits TGFβ signaling in the kidney in the aging rat, 

assigning a regulatory role for the nuclear receptor possibly through inhibition of 

mitochondrial oxidative stress (Yang et al., 2009). There are several limitations to our study. 

We took a candidate approach to explore miR regulation based on regulation by TGFβ and 

involvement in renal fibrosis; an unbiased microarray is likely to reveal dysregulation of 

many other miRs. Our data do not provide a cause and effect link between molecular events 

described and structural and functional changes in renal senescence. However, our data 

suggest several potential sites for the investigation of mechanisms underlying aging-related 

changes in the kidney and intervention, that is, TGFβ , miR-21, Sprouty-1. Because our data 

show that molecular events and the downstream phenotypes of renal aging are in place in the 

middle age, interventions will need to be initiated early, and it is likely that a multipronged 

approach will be needed. A more complete understanding of molecular events may reveal 

additional targets for intervention and improvement of health span.

Experimental procedures

Animals

We employed female C57BL6 mice (National Institute of Aging). Studies were performed 

on young mice (4–6 months of age), middle-aged (18 months of age), and old mice (26–32 

months of age) because it is important to track aging-related changes in an age-linear 

fashion in order to distinguish them from changes related to the end of life pathologies 

(Miller & Nadon, 2000). The mice had free access to standard chow and water and 

maintained on a 12-h light/dark cycle. Before sacrifice, individual mice were placed in 

metabolic cages for 24-h urine collection. Commercial kits were used to measure albumin 

(Bethyl Laboratories, Montgomery, TX, USA), creatinine (Enzo Life Sciences Inc, 

Farmingdale, NY, USA), and serum cystatin C (Quantikine ELISA assay; R&D Systems, 

Minneapolis, MN, USA). Blood glucose concentration was measured by a glucometer 

(Ascensia Elite XL, Mishawaka, IN, USA). At the time of sacrifice, both kidneys were 

removed and weighed. A part of the kidney section was paraffin-embedded or snap-frozen in 

liquid nitrogen for image analysis. The Institutional Animal Care and Use Committee 

approved the studies.

Morphometric analysis

Glomerular morphometry was performed as described in the study by Sataranatarajan et al. 
(2007). Photographic images were taken from 25 random glomeruli from each mouse using 
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an Olympus AX70 research microscope equipped with a 20× objective and DP70 digital 

camera (Olympus America Inc, Melville, NY, USA). In each digital image, the 

circumference of the glomerular tuft was outlined using the polygonal tracing tool and area 

calculated using Image-Pro Plus 4.5 software (Media Cybernetics, Silver Spring, MD, 

USA). All images were calibrated to a stage micrometer. Mesangial matrix in PAS stained 

formalin-fixed tissue was also measured by digital analysis using the segmentation tool of 

Image-Pro Plus and quantified as a percentage of the total glomerular tuft area. In addition, 

cross-linked collagens were detected by Sirius Red–stained frozen sections under polarized 

light. Refracted light representing collagen types I and III staining was segmented and 

quantified as a percentage of the total field area.

Immunoblot analysis

Immunoblot analysis was performed as described (Sataranatarajan et al., 2007; Mariappan et 
al., 2011; Lee et al., 2012). Equal amounts of renal cortical protein from homogenates were 

resolved by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was 

probed with the primary antibody overnight at 4 °C. The following antibodies were 

employed: fibronectin and actin (Sigma, St. Louis, MO, USA), collagen type Iα2 chain 

(Proteintech Group Inc, Chicago, IL, USA), ZEB1 (Bethyl Laboratories), collagen type 

IIIα1 chain, Sprouty-1, PTEN and ZEB2 (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), TGFβ, RNA polymerase II (Abcam, Cambridge, MA, USA), phospho-SMAD3 

(Origene, Rockville, MD, USA), and SMAD3 (Zymed, San Francisco, CA, USA). 

Membranes were extensively washed and incubated with secondary antibodies linked to 

horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or 

IRDye (Rockland Immunochemicals, Gilbertsville, PA, USA). Proteins were visualized 

using enhanced chemiluminescence reagent. Alternatively, Odyssey infrared imaging system 

(Li-Cor Biosciences, Lincoln, NE, USA) was used to detect fluorochrome-coupled antibody. 

Signal intensities were quantified using the Scion image software (Scion Corporation, 

Frederick, MD, USA).

Real-time PCR

Total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA 

yield and purity were determined by measuring the absorbance at 260 and 280 nm. First-

strand cDNA was synthesized from 1 μg of total RNA using Reaction Ready First-strand 

cDNA synthesis kit (SABiosciences, Valencia, CA, USA). Fifty nanogram of cDNA samples 

was PCR amplified using primers for TGFβ, collagen type Iα2 chain, collagen type IIIα1 

chain, fibronectin or GAPDH and SYBR green master mix (SABiosciences). Real-time PCR 

was performed using a Realplex Mastercycler instrument. Relative mRNA expression was 

calculated using the ∆∆Ct method (Sataranatarajan et al., 2007; Mariappan et al., 2008, 

2011).

TaqMan miR assay for mature miR expression analysis

Total RNA was isolated as described above. Primers specific for mature miRs and U6 were 

used for miR quantification. Briefly, cDNA was prepared using the RT miR-specific stem 

loop primer from TaqMan microRNA reverse transcription kit (Applied Biosystems, 

Carlsbad, CA, USA). cDNA was used to perform the real-time PCR using the miRspecific 
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TaqMan primers (Applied Biosystems). The assay was performed in triplicate. The fold 

change was determined between U6 control and mature miRs.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation was performed as described in the study by Nelson et al. 
(2009). Cross-linked chromatin from the kidney cortex was sheared by sonication and used 

for immunoprecipitation using ChIP-validated antibodies. DNA was purified from the 

immunoprecipitates using a 10% Chelex (Bio-Rad, Hercules, CA, USA) solution 

supplemented with proteinase K (0.2 mg mL−1 final), incubated at 55 °C for 30 min 

followed by boiling for 15 min, and used for quantitative PCR using primers spanning E box 

region (Kato et al., 2007) to detect binding of ZEB proteins and primers spanning the +1 to 

−1000 bases of the collagen type Iα2 promoter for RNA pol II binding.

Polysome assay

The protocol has been previously described (Feliers et al., 2005). Slices of kidney cortex 

were homogenized in 0.4 mL of buffer containing 10 mM Tris (pH 7.5), 250 mM KCl, and 2 

mM MgCl2. A 10% Tween-80, 5% (w/v) deoxycholate mix was added to the lysates, which 

were centrifuged at 4 °C for 10 min at 20 800 g. The postnuclear supernatants were laid on 

top of 15–40% sucrose gradient and centrifuged for 90 min at 200 000 g. After 

ultracentrifugation, the gradients were separated into ten fractions, and RNA was extracted 

from each fraction using TRIzol (Invitrogen). Reverse transcription of mRNAs was 

performed using iScript cDNA Synthesis Kit (Bio-Rad). The resulting cDNAs were used for 

quantitative PCR (qPCR) using primers in a RT2 qPCR Master Mix (SABiosciences/Qiagen) 

and a MasterCycler RealPlex4 (Eppendorf, Hauppauge, NY, USA).

Statistical analysis

Data were expressed as mean ± SE. Comparisons among the three age groups were 

performed by analysis of variance (ANOVA) with post-testing correction by the Newman–

Keuls method employing the GraphPad Prism 4 software (GraphPad Software, Inc., La Jolla, 

CA, USA); analyses between two groups were performed by the Student’s t-test. Data were 

considered statistically significant at P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Albuminuria and serum cystatin C levels in young (Y), middle-aged (M), and old (O) mice. 

(A) Urinary albumin to creatinine ratio in young (Y), middle-aged (M), and old (O) mice. 

Data from 5 to 9 mice in each group are shown (**P < 0.01 vs. young mice by ANOVA). (B) 

Serum cystatin C level bears an inverse relation to glomerular filtration function. Data from 

5 to 6 mice in each group are shown (*P < 0.05 vs. young by ANOVA).
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Fig 2. 
Glomerular area and mesangial matrix fraction in young (Y), middle-aged (M), and old (O) 

mice. Kidney sections were stained with PAS (A), and glomerular area (B) and mesangial 

matrix fraction of the glomerulus (C) were measured by computer-aided morphometry. 

Representative micrographs from six mice in each of the three age groups are shown. 

Composite mean ± SE data from six mice in each group are shown in a histogram (**P < 

0.01, ***P < 0.001 vs. young mice; †P < 0.05 vs. middle-aged mice by ANOVA). (D) 

Correlation between glomerular tuft area and mesangial matrix fraction of the glomerulus.

Sataranatarajan et al. Page 15

Aging Cell. Author manuscript; available in PMC 2018 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 3. 
Expression of collagen types I and III in renal parenchyma in young (Y), middle-aged (M), 

and old (O) mice. (A) Kidney sections were stained with Sirius Red and examined under 

polarized light to detect cross-linked type I and type III collagens. The boxed area in the 

bottom left panel is enlarged in the bottom right panel to show anatomical details of the 

stained area. Composite mean ± SE data from 3 to 4 mice in each group are shown in a table 

(*P < 0.05, ***P < 0.001 vs. young mice; ††<0.01 vs. middle-aged mice by ANOVA). (B, 

D) Equal amounts of renal cortical homogenates from mice were separated by SDS-PAGE 
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and immunoblotted with a specific antibody against either collagen type Iα2 chain or 

collagen type IIIα1 chain. Composite mean ± SE data from 4 to 5 mice in each group are 

shown in a histogram (*P < 0.05, ***P < 0.001 vs. young mice; †††<0.001 vs. middle-aged 

mice by ANOVA). (C) Quantitative RT–PCR was performed to assess changes in mRNA for 

collagen types Iα2 chain; **P < 0.01 vs. young mice, †P < 0.05 vs. middle-aged mice (n = 

10 mice in each group). (E) Quantitative RT-PCR for type IIIα1 chain mRNA (**P < 0.01 

vs. young, ††P < 0.01 vs. middle-aged mice by ANOVA, n = 5-9 mice in each group).
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Fig 4. 
ZEB1 and ZEB2 contents and their binding to the collagen Iα2 promoter in young (Y), 

middle-aged (M), and old (O) mice. Immunoblotting of equal amounts of renal cortical 

homogenates was performed to assess changes in the expression of ZEB1 (A) and ZEB2 (B) 

(*P < 0.05, **P < 0.01 vs. young, †††P < 0.001 vs. middle-aged mice by ANOVA, n = 6 

mice in each group). Histograms of composite data for each protein are shown in the lower 

panels. (C) Chromatin immunoprecipitation (ChIP) assay was performed for the binding of 

ZEB1, ZEB2, and RNA polymerase II (RNA Pol II) to the collagen type Iα2 promoter as 

described in Methods. There was no significant change in ZEB1 binding to the promoter. 

ZEB2 binding to the promoter was decreased in the middle-aged and old mice (**P < 0.01 

vs. young by ANOVA, n = 4–6 mice in each group). RNA Pol II binding to the promoter was 

increased progressively with aging (**P < 0.01 vs. young, ††P < 0.01 vs. middle-aged mice 

by ANOVA, n = 4–6 mice in each group).
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Fig 5. 
Polysomal assay in young (Y), middle-aged (M), and old (O) mice. Postnuclear preparations 

from the renal cortex of mice were separated into ten fractions on a 15–40% sucrose 

gradient, and mRNA for collagen type Iα2 was detected by RT–PCR. The percentage of 

total mRNA for collagen type Iα2 distributed to fractions 7–10 represents that bound to 80S 

ribosome and ready for translation; note the increment in this fraction of mRNA in the old 

mice. Mean data from two mice from each group are shown.
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Fig 6. 
TGFβ expression and activation, miR21 and Sprouty expression in young (Y), middle-aged 

(M), and old (O) mice. (A) Immunoblotting of renal cortical homogenates was performed to 

assess changes in the expression of TGFβ in the middle-aged and old mice. Composite mean 

± SE data from four mice in each group are shown in a histogram (*P < 0.05 vs. young mice 

by ANOVA). (B) Quantitative RT-PCR was performed to assess TGFβ mRNA. Composite 

mean ± SE data from 5 to 6 mice in each group are shown in a histogram (**P < 0.01 vs. 

young mice; †P < 0.05 vs. middle-aged mice by ANOVA). (C) Immunoblot analysis of 
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Smad3 phosphorylation in kidney cortical homogenates (representative data from 3 to 6 

mice in each group, **P < 0.01 vs. young mice). (D) Real-time PCR was performed to 

assess changes in miR-21 and U6, the latter serving as control. Composite mean ± SE data 

from 7 to 8 mice in each group are shown in a histogram (***P < 0.001 vs. young mice, ††P 
< 0.01 vs. middle-aged mice by ANOVA). (E) Immunoblot analysis of Sprouty-1 (Spy-1) 

expression in kidney cortical lysates. Composite mean ± SE data from 6 to 8 mice in each 

group are shown in a histogram (*P < 0.05 vs. young mice by ANOVA).
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Fig 7. 
A schematic diagram shows pathways involved in changes in the kidney in old mice 

reported in this study.
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Table 1

Data on blood glucose concentration, body weight, kidney weight, kidney to body weight ratio for young, 

middle-aged and old mice are shown

Young Middle-aged Old

Blood sugar (mg dL−1) 112± 4.7 104 ± 5.6 101 ± 10

Body weight (g) 21.8 ± 0.5 26.2 ± 0.8*** 24.5 ± 0.9*

Kidney weight (mg) 185 ± 23.8 277 ± 31.6* 350 ± 39**

Kidney/Body weight (mg g−1) 5.9 ± 0.2 7.1 ± 0.1**
8.8 ± 0.5

***,†††

*
P < 0.05,

**
P < 0.01,

***
P < 0.001 vs. young,

†††
P < 0.001 vs. middle-aged mice by ANOVA (n = 6–10 mice in each group).
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