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ABSTRACT
The molecular basis for aging of the kidney is not well understood. MicroRNAs (miRNAs) contribute to
processes such as development, differentiation, and apoptosis, but their contribution to the aging
process is unknown. Here, we analyzed the miRNA expression profile of young (3-month) and old
(24-month) rat kidneys and identified the biologic pathways and genes regulated by differentially
expressed miRNAs. We observed upregulation of 18 miRNAs with aging, mainly regulating the genes
associated with energy metabolism, cell proliferation, antioxidative defense, and extracellular matrix
degradation; in contrast, we observed downregulation of 7 miRNAs with aging, principally targeting the
genes associated with the immune inflammatory response and cell-cycle arrest. Bioinformatics analysis
suggested that superoxide dismutase 2 (SOD2) and thioredoxin reductase 2 (Txnrd2), located in the
mitochondria, are potential targets of miR-335 and miR-34a, respectively. Aging mesangial cells exhib-
ited significant upregulation of miR-335 and miR-34a and marked downregulation of SOD2 and Txnrd2.
miR-335 and miR-34a inhibited expression of SOD2 and Txnrd2 by binding to the 3�-untranslated regions
of each gene, respectively. Overexpression of miR-335 and miR-34a induced premature senescence of
young mesangial cells via suppression of SOD2 and Txnrd2 with a concomitant increase in reactive
oxygen species (ROS). Conversely, antisense miR-335 and miR-34a inhibited senescence of old mesangial
cells via upregulation of SOD2 and Txnrd2 with a concomitant decrease in ROS. In conclusion, these
results suggest that miRNAs may contribute to renal aging by inhibiting intracellular pathways such as
those involving the mitochondrial antioxidative enzymes SOD2 and Txnrd2.

J Am Soc Nephrol 22: 1252–1261, 2011. doi: 10.1681/ASN.2010040367

Kidney aging is an important clinical problem, not
only because normal aging reduces renal function
but also because of the high frequency of ESRD,
renal cancer, and renal failure in elderly people. Re-
nal aging is of interest as a general model for organ
aging because renal function can be quantitatively
assessed more readily than that of other organs in
clinical practice.1 At the present time, the molecular
basis of renal aging is not clearly known. For exam-
ple, nothing is known of the role of microRNAs
(miRNAs) in the aging process of organs.

miRNAs are a novel class of small, regulatory,
noncoding RNA molecules that inhibit the expres-
sion of multiple genes at the post-transcriptional
level. miRNAs have been found to play a crucial role
in development, differentiation, apoptosis, and me-

tabolism and are involved in the pathogenesis of
many human diseases.2,3 Bioinformatics studies
suggest that miRNAs may regulate �60% of all hu-
man genes.4,5 Studies have shown that overexpres-
sion of miRNA lin-4 increases longevity in Caeno-
rhabditis elegans, whereas loss of lin-4 leads to a
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reduced lifespan.6 However, it is currently unclear whether
miRNAs play an important role during the aging process in
higher organisms, and any miRNAs involved in mammalian
aging have yet to be identified. In this study, alterations in the
level of miRNA expression during kidney aging were investi-
gated using a miRNA chip, the target genes of the differentially
expressed miRNAs were predicted using bioinformatics, and a
global analysis of the biologic pathways and genes regulated
by miRNAs was performed. Furthermore, we investigated
whether miR-335 and miR-34a induce renal mesangial cell se-
nescence by inhibiting the functioning of their corresponding
target genes, mitochondrial superoxide dismutase 2 (SOD2)
and thioredoxin reductase 2 (Txnrd2).

RESULTS

Morphologic Changes in Aged Rat Kidney Tissues
Renal histologic changes in young (3-month) and old (24-
month) male Wistar rats were evaluated by periodic acid–Schiff
(PAS) staining. Compared with young renal tissues, old renal tis-
sues showed marked pathologic features of aging, including occa-
sional focal segmental glomerular sclerosis, interstitial fibrosis and
atrophy of renal tubules, and some inflammatory cell infiltration.
Semiquantitative scoring for renal structural changes showed that
the lesions in the aged renal tissues were significantly increased
compared with those in young kidneys (Figure 1).

Changes in the miRNA Expression Profile in Old Renal
Tissues
To investigate whether miRNAs play a significant role in the
aging process of organs, a miRNA microfluidic chip was

used to analyze the miRNA expression profile in old renal
tissues.7 The level of miRNA expression in old kidneys was
compared with that in young kidneys. The results (Table 1)
showed that 25 miRNAs were significantly differentially
expressed during renal aging. Of these, 18 miRNAs exhib-
ited increased expression (the log2 ratio of old/young signal
intensity was �2). Among these miRNAs, rno-miR-184,
rno-miR-335, and rno-miR-542–3p were upregulated by
more than a 4-fold change in the log2 ratio. Only seven
miRNAs were significantly downregulated (the log2 ratio
was less than �2) in old kidneys. This shows that among
these differentially expressed miRNAs, most miRNAs were
upregulated during normal renal aging.

Confirmation of the Differentially Expressed miRNAs
To investigate the reliability of the miRNA microarray results,
three miRNAs (rno-miR-184, rno-miR-335, and rno-miR-347)
were selected for further verification using quantitative real-time
PCR (qRT-PCR). The results showed that all of these miRNAs
exhibited statistically significant differential expression between
young and old rat renal tissues (Figure 2A). Some rat strains, such
as Sprague–Dawley and Fisher 344, often develop chronic pro-
gressive nephrosis (CPN), a renal age-dependent phenotype, dur-
ing the second year of life.8,9 To exclude the possibility that the
above-mentioned changes in miRNA levels in old rat kidneys were
caused by CPN rather than renal aging, we analyzed the changes in
expression levelsofmiR-184,miR-335,andmiR-347 inagedkidneys
(24 months old) of mice, which do not develop CPN, using qRT-
PCR. The results showed that these miRNAs were also significantly
differentially expressed during mouse renal aging (Figure 2B).

Figure 1. The lesions in the aged renal tissues were significantly
increased. (A) Semiquantitative analyses of the renal lesions in aged
rats. Glomerular scoring: *P � 0.01 versus young. Interstitial scoring:
#P � 0.01 versus young. (B) Histologic analysis of 3- and 24-month
rat renal tissues by PAS staining. In some glomeruli, focal segmental
glomerular sclerosis may exist occasionally.

Table 1. The significantly differentially expressed miRNAs
in aging kidney

Upregulated
miRNA Name

Fold Change
log2

(old/young)

Downregulated
miRNA Name

Fold Change
log2

(old/young)

rno-miR-184 7.00 rno-miR-347 �3.47
rno-miR-335 4.62 rno-miR-494 �2.79
rno-miR-542-3p 4.18 rno-miR-290 �2.60
rno-miR-212 3.63 rno-miR-129 �2.41
rno-miR-142-5p 3.34 rno-miR-378 �2.27
rno-miR-333 3.22 rno-miR-378a �2.15
rno-miR-223 2.95 rno-miR-451 �2.03
rno-miR-340-5p 2.87 rno-miR-365 �1.79
rno-miR-21 2.84 rno-miR-329 �1.73
rno-miR-708 2.80 rno-miR-339 �1.72
rno-miR-7a 2.71
rno-miR-132 2.69
rno-miR-224 2.60
rno-miR-34a 2.21
rno-miR-34ca 2.21
rno-miR-351 2.18
rno-miR-141 2.04
rno-miR-350 2.00
a represents *.

BASIC RESEARCHwww.jasn.org

J Am Soc Nephrol 22: 1252–1261, 2011 miRNAs Modulate Renal Aging 1253



Key Biologic Pathways and Genes Regulated by
miRNAs in Aged Kidneys
To screen the key miRNAs implicated in the regulation of renal
aging and to determine the probable functional roles of these
miRNAs, three algorithms (TargetScan, PicTar, and miRanda)
were used to further analyze the target genes of the above dif-
ferentially expressed miRNAs. As expected, each of these
miRNAs has a multitude of different target genes; some
miRNAs share common mRNA targets, which then have a
higher probability of being suppressed by the miRNAs. For
example, rno-miR-184, rno-miR-335, and rno-miR-7a up-
regulated in old kidneys all target the antioxidative SODs.

We then collected these target genes and performed gene
ontology (GO) term analysis, including biologic process and
molecular function, and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis using the DAVID gene anno-
tation tool to interpret the biologic functions, biologic pro-
cesses, and biologic pathways of these miRNA targets. The
results of GO and KEGG pathway analyses showed that the
miRNAs upregulated in old kidneys mainly target the genes in
biologic pathways involved in the antioxidative system (Table 2), en-
ergy metabolism (Supplemental Table 1), cell mitosis and pro-
liferation (Supplemental Table 2), and extracellular matrix
(ECM) degradation (Supplemental Table 3). Although some
of these pathways and genes have been shown to participate in
the modulation of the renal aging process, most have never
been reported to play a role in renal aging. For example, it has
been found that rno-miR-184 targets antioxidative genes such
as [copper-zinc] superoxide dismutase and glutathione perox-
idase (Gpx) 3, ECM-degradative gene membrane-type matrix
metalloproteinase 3, and the longevity-related genes sirtuin 3
and 7. Rno-miR-335 targets the antioxidative genes Gpx 2,
mitochondrial SOD2, and thioredoxin-like protein 1. In short,
these miRNAs upregulated in old kidneys may play a critical
regulatory role during the renal aging process by suppressing
the expression of these target genes.

On the other hand, the results from the GO
and KEGG pathway analyses indicated that the
miRNAs downregulated in senescent kidneys
principally target immune and inflammatory re-
sponse genes (Supplemental Table 4), cell cycle ar-
rest genes such as p21 and p16Ink4a (Supplemental
Table 2), and ECM synthesis genes (Supplemental Ta-
ble 3). Some of these targets have been found to be up-
regulated in aging renal tissues. Our analyses also re-
vealed that many miRNAs target a common gene. For
example, the upregulated miR-335, miR-224, and
miR-21 all repress proliferating cell nuclear antigen.

Isolation and Identification of Primary Renal
Residential Cells
The primary renal cells were isolated, and their purity
was identified by means of immunofluorescence stain-
ing with antibodies against the specific markers of the
renal cells. The results showed that almost all mesangial
cells showed positive reaction for desmin and vimentin,

markers of the mesangial cells (Figure 3, A and B). The glomerular
endothelial and epithelial cells stained positively for their corre-
sponding specific markers, platelet/endothelial cell adhesion mol-
ecule-1 (CD31) (Figure 3C) and nephrin (Figure 3D), respec-

Figure 2. miR-184, miR-335 and miR-347 exhibited differential expressions in
(A) aged rats and (B) mice. (A) Fold differences between old and young rat
kidneys measured by chip and qRT-PCR. (B) Expression levels of mmu-miR-184,
mmu-miR-335, and mmu-miR-347 in the aged mouse kidneys detected by
qRT-PCR. n � 5 per miRNA. *P � 0.01 versus young.

Table 2. Antioxidation-related miRNAs differentially
expressed in old kidney and their target genes

miRNA Upregulated
Target Gene

Symbol
Target Gene Name

Predicted

rno-miR-132, 335, 351 Gpx2 Glutathione peroxidase 2
rno-miR-184 Gpx3 Glutathione peroxidase 3
rno-miR-223, 21 Gpx5 Glutathione peroxidase 5
rno-miR-333 Gpx6, Gpx7 Glutathione peroxidase 6, 7
rno-miR-340-5p Gsta2 Glutathione S-transferase a2
rno-miR-333 Gstt1 Glutathione S-transferase t1
rno-miR-214 Gstz1, Gstm1 Glutathione S-transferase

z1, m1
rno-miR-335 SOD2 Mitochondrial superoxide

dismutase
rno-miR-184, 7a SOD3 Extracellular superoxide

dismutase
rno-miR-224, 7a CAT Catalase
rno-miR-335, 708,

542–3p, 7a Txnl1
Thioredoxin-like protein 1

rno-miR-224 Txnl2 Thioredoxin-like protein 2
rno-miR-132, 142-5p,

708 Txnl5
Thioredoxin-like protein 5

rno-miR-132, 212 Txnrd1 Thioredoxin reductase 1
rno-miR-708, 34a Txnrd2 Mitochondrial thioredoxin

reductase 2
rno-miR-334 Txndc9 Thioredoxin domain-

containing protein 9
rno-miR-34c Txndc11 Thioredoxin domain-

containing protein 11
rno-miR-34c Prdx2 Peroxiredoxin 2
rno-miR-708 Prdx3 Peroxiredoxin 3
rno-miR-333, 351 MT Metallothionein

BASIC RESEARCH www.jasn.org

1254 Journal of the American Society of Nephrology J Am Soc Nephrol 22: 1252–1261, 2011



tively. The tubular epithelial cells and interstitial fibroblasts
respectively showed positive reaction against their corresponding
specific markers, cytokeratin 18 (Figure 3E) and fibroblast-spe-
cific protein-1 (FSP-1) (Figure 3F).

Expression Levels of miR-335 and miR-34a in the
Aging Renal Residential Cells
To further establish a role of miRNAs in the senescence of renal
mesangial cells, we compared the expression levels of two highly
expressed miRNAs (miR-335 and miR-34a) in old versus young
rat primary glomerular mesangial cells using qRT-PCR. We
found that miR-335 and miR-34a were significantly upregulated
in aging mesangial cells (Figure 4A), suggesting that both miRNAs
may play a primary role in the aging process of mesangial cells.
The expression levels of miR-335 and miR-34a were also analyzed
quantitatively in other types of primary renal residential cells iso-
lated from young and old kidneys. As shown in Figure 4C, miR-
335 and miR-34a were significantly upregulated in aging tubular
epithelial cells and interstitial fibroblasts, upregulated to some ex-
tent in aging endothelial cells, and not upregulated significantly in
aging glomerular epithelial cells.

Expressions of miR-335 and miR-34a Were Inversely
Correlated with Those of Their Potential Target Genes
SOD2 and Txnrd2 in Aging Mesangial Cells
The above-mentioned computational analyses for miRNA tar-
gets identified homology between miR-335 and the 3�-un-
translated regions (UTRs) of the SOD2 mRNA, establishing
this gene as a potential molecular target of miR-335. Bioinfor-

matic analyses also revealed that mitochondrial Tx-
nrd (Txnrd2) is a potential target of miR-34a.

Recent studies have demonstrated that aging is asso-
ciated with an increase in oxidative damage to biomol-
ecules, which may be due to an insufficiency of antiox-
idants such as superoxide dismutase (SOD), Gpx,
catalase, and Txnrd. For example, it has been shown
that overexpression of catalase in mitochondria can ex-
tend the lifespan of transgenic mice.10 To verify the cor-
relation between miR-335 and its predicted target gene,
we analyzed the expression level of SOD2 in old mesan-
gial cells by Western blot. The results confirmed that, in
the same cells, expression of the protein was corre-
spondingly downregulated (Figure 4B), demonstrating
that the expression level of the miR-335 target protein
was inversely correlated with that of the corresponding
miR-335. Similarly, Western blot analysis showed that
the expression level of miR-34a was negatively corre-
lated with that of its target gene, Txnrd2, in old mesan-
gial cells (Figure 4B). These results suggest that miR-335
and miR-34a potentially play an important regulatory
role in the aging process in mesangial cells.

SOD2 and Txnrd2 are Potential Target Genes
of miR-335 and miR-34a, Respectively
To determine the target genes of miR-335 and miR-34a,

we selected SOD2 and Txnrd2 localized in mitochondria as can-
didate target genes of miR-335 and miR-34a, respectively. The
3�-UTRs of SOD2 and Txnrd2, which respectively contain con-
sensus-binding sequences of miR-335 and miR-34a, were PCR
amplified and inserted downstream of the luciferase reporter
cDNA gene in the pGL3 vector to construct Luc-SOD2-UTR and
Luc-Txnrd2-UTR vectors (Figure 5A) so as to explore the effect of
miR-335 and miR-34a on expression of SOD2 and Txnrd2
proteins. The results indicated that cotransfection of premiR-
335 and premiR-34a (mimics, to mimic mature miR-335 and
miR-34a) with Luc-SOD2-UTR and Luc-Txnrd2-UTR in mes-
angial cells resulted in 57% and 63% inhibition of luciferase
activity, respectively, compared with samples with control
miRNA (Figure 5, B and C). To further confirm that miR-335
and miR-34a acted via binding to the 3�-UTRs of SOD2 and
Txnrd2, the binding elements in the 3�-UTRs of SOD2 and
Txnrd2 were mutated. The results indicate that cotransfection
of premiR-335 and premiR-34a with the mutated Luc-3�-UTR
constructs (Luc-SOD2-mutant UTR and Luc-Txnrd2-mutant
UTR) had no marked effect on luciferase activity (Figure 5, B
and C).

miR-335 and miR-34a Mimics Downregulated
Expressions of Endogenous SOD2 and Txnrd2 in
Young Mesangial Cells
To further validate the hypothesis that miR-335 and miR-34a
negatively regulate expression of SOD2 and Txnrd2, respectively,
we transfected young mesangial cells with premiR-335 and
premiR-34a or with corresponding control miRNAs. The West-

Figure 3. The purity of the primary renal cells was identified by immunofluores-
cence staining. (A and B) The glomerular mesangial cells were stained with anti-
bodies against desmin and vimentin. (C and D) The glomerular endothelial and
epithelial cells were stained with antibodies against CD31 and nephrin, respectively.
(E and F) The tubular epithelial cells and interstitial fibroblasts were stained with
antibodies against cytokeratin 18 and FSP-1, respectively. Green color: fluorescein
isothiocyanate-labeled secondary antibodies were used; red color: tetramethyl rho-
damine isothiocyanate-labeled secondary antibodies were used.
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ern blot revealed that levels of SOD2 and Txnrd2 were signifi-
cantly decreased in the young cells transfected with premiR-335
and premiR-34a compared with the controls (Figure 6A).

Antisense miR-335 and miR-34a Upregulated Expressions
of SOD2 and Txnrd2 in Aging Mesangial Cells
Next, we transfected aging mesangial cells with antisense miR-
335 and miR-34a inhibitors or with corresponding control
miRNAs. The Western blots demonstrated that after transfec-
tion with antisense miR-335 and miR-34a, the expression lev-
els of SOD2 and Txnrd2 were significantly increased in aging
cells compared with the controls (Figure 6B). To strengthen
the significance of these in vitro results, the expression levels of
the candidate genes SOD2 and Txnrd2 regulated by miR-335 and

miR-34a were observed in aging rat renal tissues in vivo.
The results revealed that both genes were downregulated
in the aged kidneys in vivo (Figure 6C).

miR-335 and miR-34a Mimics Induced
Premature Senescent Phenotypes in Young
Mesangial Cells
To investigate the role of miR-335 and miR-34a in the
senescence of renal mesangial cells, premiR-335 and
premiR-34a were transfected into young mesangial
cells, and senescence-associated �-galactosidase (SA-�-
gal) activity (a biomarker of cellular senescence) and
senescence-associated heterochromatic foci (SAHF)
formation (a novel specific biomarker of senes-
cent cells) were observed.11 SA-�-gal-staining results
showed that in young cells, overexpression of miR-335
and mi-R34a after transfection increased significantly
the percentage of SA-�-gal-positive cells compared
with the control (Figure 7A). As shown in Figure 7B,
overexpression of miR-335 and miR-34a also led to
pronounced DNA SAHF formation, which was visual-
ized by 4�-6�-diamidino-2-phenylindole (DAPI) stain-
ing. By contrast, the cells in the control group displayed
relatively uniform staining patterns.

Antisense miR-335 and miR-34a Delayed the
Senescence Process in Old Mesangial Cells
Aging mesangial cells were transfected with antisense
miR-335 and miR-34a inhibitors or corresponding
control miRNAs. The SA-�-gal and DAPI staining
results revealed that after transfection, the percent-
age of SA-�-gal-positive cells (Figure 7C) and the
formation rate of SAHF (Figure 7D) decreased sig-
nificantly compared with the controls.

miR-335 and miR-34a Modulated Oxidative
Stress Level in Mesangial Cells
To confirm that miR-335 and miR-34a induced pre-
mature senescence in young mesangial cells by inhib-
iting the antioxidative function of their target genes,
SOD2 and Txnrd2, respectively, thereby augmenting

the oxidative stress level in the cells, we next determined the
levels of reactive oxygen species (ROS) in the young mesangial
cells transfected with premiR-335 and premiR-34a. The results
showed that the ROS levels were significantly elevated in young
mesangial cells transfected with premiR-335 and premiR-34a
(Figure 8A). By contrast, in aging mesangial cells transfected
with antisense miR-335 and miR-24a inhibitors, the ROS levels
were significantly decreased (Figure 8B).

DISCUSSION

The mechanisms of renal organ aging are currently unknown.
Studies have found that in the aged kidney and brain, expres-

Figure 4. Expressions of miR-335 and miR-34a in aging mesangial cells,
endothelial cells, tubular epithelial cells and interstitial fibroblasts were sig-
nificantly upregulated and expressions of SOD2 and Txnrd2 in aging mes-
angial cells were downregulated. (A) Expression levels of miR-335 and miR-
34a in aging renal mesangial cells were detected by qRT-PCR. n � 5 per
miRNA. *P � 0.01 versus young. (B) Levels of SOD2 and Txnrd2 proteins
were analyzed by Western blot in aging renal mesangial cells. The graph is
representative of three separate experiments. (C) Expression levels of miR-
335 and miR-34a were detected by qRT-PCR in the aging glomerular epi-
thelial cells, endothelial cells, tubular epithelial cells, and fibroblasts. n � 5
per miRNA. *P � 0.01 versus young, #P � 0.05 versus young.
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sion of oxidative defense proteins such as SOD, catalase, Gpx,
and peroxiredoxins are downregulated,12–14 leading to reduced
antioxidant capacity. This could be the result of post-tran-
scriptional suppression by miRNAs. Therefore, we postulate

that miRNA may play a very important role in the regulation of
renal aging.

In this study, the role of miRNAs during renal aging in rats
was investigated using a miRNA chip. We have observed sig-
nificant age-related changes in miRNA expression in old kid-
neys. Among these differentially expressed miRNAs, most
miRNAs were upregulated, and a few miRNAs were down-
regulated. To gain further insights into the role of miRNAs in
renal aging, the target genes of the differentially expressed
miRNAs in aging kidneys were determined. The biologic func-
tion and biologic pathways of these targets were analyzed. The
results revealed that the miRNAs upregulated in aging kidneys
mainly regulate the pathways or genes associated with energy
metabolism, cell proliferation, antioxidative defense, and ECM
degradation, whereas the downregulated miRNAs principally
target the pathways or genes related to immune inflammatory
response and cell-cycle arrest. For example, rno-miR-184, rno-
miR-335, rno-miR-34a, rno-miR-224, and rno-miR-7a up-
regulated in old kidneys were found to target antioxidative
genes such as Gpx, SOD, catalase, and Txnrd. This suggests
that these miRNAs may be implicated in an aging mechanism
related to oxidative stress. Under physiologic conditions, anti-
oxidative gene products play major roles in the detoxification
of ROS. Decreased expression and activity of these antioxida-
tive genes induced by high expression of miRNAs in the aging
kidney expose the organism to higher oxidative stress and cel-
lular injury. A previous study found that the expression and
activity of SOD and Gpx decrease with age in rat kidneys.14

Therefore, the increase in expression level of these miRNAs in
old kidneys may contribute to the oxidative damage associated

Figure 5. SOD2 and Txnrd2 were potential target genes of miR-
335 and miR-34a, respectively. (A) Construction of luciferase-wild-
type UTR vectors (Luc-SOD2-UTR and Luc-Txnrd2-UTR) and the
corresponding luciferase-mutated UTR vectors (Luc-SOD2-mu-
tant UTR and Luc-Txnrd2-mutant UTR). (B) The effect of miR-335
on luciferase activity in mesangial cells cotransfected with miR-
335 mimic (premiR-335) and Luc-SOD2-UTR vector or Luc-SOD2-
mutant UTR. *P � 0.05 versus premiR control. (C) The effect of
miR-34a on luciferase activity in mesangial cells cotransfected
with miR-34a mimic (premiR-34a) and Luc-Txnrd2-UTR vector or
Luc-Txnrd2-mutant UTR. *P � 0.05 versus premiR control.

Figure 6. (A) miR-335 and miR-34a mimics inhibit SOD2 and
Txnrd2 expressions in young mesangial cells, and (B) antisense
miR-335 and miR-34a increase SOD2 and Txnrd2 expressions in
aging mesangial cells. Co, miRNA control; CA, antisense miRNA
control; miR335 and miR34a, miR-335 and miR-34a mimics, re-
spectively; AmiR335 and AmiR34a, antisense miR-335 and miR-
34a inhibitors, respectively. (C) Analysis of expression levels of
SOD2 and Txnrd2 by Western blot in aged renal tissues. The
graph is representative of three separate experiments.
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with aging by inhibiting expression of the antioxidative target
genes and increasing the oxidative stress level.

The antioxidative enzymes SOD2 and Txnrd2 are located in
the mitochondria and may play a key role in modulating cel-
lular aging by detoxifying ROS generated in the mitochondria.
Because miR-335 and miR-34a/708 were predicted to target
SOD2 and Txnrd2, respectively, we selected two highly ex-
pressed miRNAs (miR-335 and miR-34a) in the aging renal
tissues to further investigate whether both play a modulating
role in renal mesangial cell senescence. Here, we have shown
that in the aging mesangial cells, the expression levels of miR-
335 and miR-34a were significantly upregulated, whereas the
predicted target genes (SOD2 and Txnrd2) of miR-335 and
miR-34a were markedly downregulated. miR-335 and miR-
34a could inhibit SOD2 and Txnrd2 expression through bind-
ing to the corresponding binding sites in the 3�-UTRs of SOD2
and Txnrd2 genes. In young mesangial cells, miR-335 and
miR-34a induced premature senescent phenotypes via sup-

pression of SOD2 and Txnrd2 expression with a con-
comitant increase in ROS levels. Conversely, anti-
sense miR-335 and miR-34a reduced senescent
phenotypes by upregulating SOD2 and Txnrd2 ex-
pression and lowering ROS levels in old mesangial
cells. miR-34a has also been found to be upregulated
in aging mouse brains and human diploid fibro-
blasts.12,15 These results suggest that miRNAs may
regulate the aging process by modulating genes in-
volved in the scavenging of ROS in mitochondria
because mitochondria are major sites of intracellular
ROS production. The free-radical theory of aging
suggests that if production of ROS exceeds the capac-
ity of the antioxidative system to remove the ROS,
oxidative damage occurs to intracellular biologic
macromolecules such as DNA, protein, and lipids,
leading to aging.16 In conclusion, this study demon-
strates that miRNAs may play a crucial role during
renal aging by regulating the expression of some key
target genes in multiple pathways. miR-335 and
miR-34a can modulate mesangial cell senescence via
inhibition of the expression and function of the
mitochondrial antioxidative enzymes SOD2 and
Txnrd2.

CONCISE METHODS

Preparation of miRNA Microarray
The miRNA probe sets used in this study were composed

of 711 human miRNAs, 568 mouse miRNAs, 348 rat

miRNAs, and positive and negative controls, which in-

cluded all miRNA bases (on the basis of Sanger miRBase

version 10.0, http://microrna.sanger.ac.uk/). LC Sciences

(Houston, TX) provided the miRNA microarray chip

(�Paraflo microfluidic chip). The detection probes were

made by in situ synthesis using photogenerated reagent

chemistry. On the microfluidic chip, each detection probe consisted

of two parts: a chemically modified antisense oligonucleotide frag-

ment, which is complimentary to the corresponding miRNA or con-

trol RNA, and a spacer segment of polyethylene glycol, which ex-

tended the antisense fragment away from the chip substrate and

decreased space hindrance in the hybridization process. Every

miRNA probe on each chip was repeated 3 times.

Tissue Sample and Histology
Male Wistar rats and male C57BL/6 mice were purchased from

the Vital River Laboratory Animal Technology, Co., Ltd. (Beijing,

China). The kidney tissues from 3- (young) and 24-month (old) rats

and mice were collected and placed immediately into either liquid

nitrogen or 10% neutral buffered formalin. Formalin-fixed kidney

tissues were paraffin embedded, and 4-�m sections were cut. Sections

were stained with PAS and examined under a light microscope at

�200 magnification for age-associated changes. Semiquantitative

scoring was used to evaluate the lesions in the aged kidneys. The

Figure 7. miR-335 and miR-34a mimics induce premature senescent phe-
notypes in young mesangial cells, and antisense miR-335 and miR-34a re-
lieve senescent phenotypes in old mesangial cells. (A) SA-�-gal staining in
young mesangial cells transfected with miR-335 and miR-34a mimics. Blue
precipitation in the cytoplasm was observed in the senescent cells. (B)
Analysis of SAHF formation in young mesangial cells transfected with miR-
335 and miR-34a mimics. The cells were stained with DAPI, and heterochro-
matin foci were observed in the senescent cells. (C) SA-�-gal staining in
aging mesangial cells transfected with antisense miR-335 and miR-34a inhib-
itors. (D) Analysis of SAHF formation in aging mesangial cells transfected with
antisense miR-335 and miR-34a inhibitors. Co, miRNA control; CA, antisense
miRNA control. The above results of SA-�-gal staining and SAHF analysis are
representative images of three experiments.
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severity of glomerular lesions was graded from 0 to 4 as follows: 0

represents no lesion; 1 represents lesions of �25% of the glomerulus;

and 2, 3, and 4 represent lesions of 25 to 50, 50 to 75, and �75% of the

glomerulus, respectively. The degree of interstitial lesions was graded

from 0 to 3 on the basis of cast, tubular atrophy, interstitial inflam-

mation, and fibrosis.

miRNA Labeling and Microarray Hybridization
Small RNAs were isolated from total RNAs using an YM-100 Micro-

con centrifuge filter column (Millipore). The enriched small RNAs

were 3�-extended with a poly (A) tail using poly (A) polymerase. An

oligonucleotide tag was then ligated to the poly (A) tail for subsequent

fluorescent dye labeling. The small RNA samples from young and old

rat renal tissues were labeled with Cy3 or Cy5 fluorescence dyes (Am-

ersham Pharmacia, Piscataway, NJ), respectively. Hybridization on a

�Paraflo microfluidic chip was performed overnight at 34°C in 100 �l

6� SSPE buffer (0.9 M sodium chloride, 60 mM sodium hydrogen

phosphate, 6 mM EDTA, pH 6.8) containing 25% formamide using a

microcirculation pump (Atactic Technologies, Houston, TX). After

hybridization, the hybridized chips were washed and then scanned

using a GenePix 4000B laser scanner (Molecular Devices, Sunnyvale,

CA) to collect and quantify hybridization images.

Data Analysis
Fluorescence intensities for each spot were scanned and calcu-

lated using Array-Pro image analysis software (Media Cybernetics,

Bethesda, MD) after subtracting the local background (on the basis of

the median intensity of the area surrounding each spot) from the total

intensities. A miRNA was considered detectable on an array if the

intensity of its fluorescence was significantly above negative controls.

Median values of the nine spots (three replicate probes in every chip,

three chips used for hybridization) for each probe were calculated,

and the signal from each spot was then normalized to the average

signal of the whole block using a LOWESS filter (Locally Weighted

Regression). A miRNA was considered to be differentially expressed

between old and young rat kidneys if the P value of the t test was

�0.01. The ratio of old sample signal versus young sample signal was

log2 transformed. If the log2 ratio is positive, a miRNA is upregulated;

if the log2 ratio is negative, a miRNA is downregulated.

Validation of Individual miRNA Expression Using
qRT-PCR
Expression levels of individual miRNA were quantified using qRT-

PCR with TaqMan. The methods were similar to conventional real-

time PCR, with modifications that allowed detection of the short,

mature miRNAs. To avoid any bias introduced during the miRNA

enrichment procedure, total RNA samples were used in these analy-

ses, and 5S ribosomal RNA was used as an internal normalizer. The

kidney tissues were collected from 3- (young) and 24-month (old)

male Wistar rats and male C57BL/6 mice from the Vital River Labo-

ratory Animal Technology Co., Ltd. (Beijing, China).

Prediction and GO and Pathway Analyses of the
miRNA Target Genes
Three bioinformatics algorithms were used to computationally pre-

dict the target genes of the differentially expressed miRNAs in the

aged kidneys, including miRanda (http://microrna.sanger.ac.uk/

targets/v4.0), PicTar (http://pictar.bio.nyu.edu/), and TargetScan 3.1

(http://www.targetscan.org/). To fully inspect the function of the dif-

ferentially expressed miRNAs, we collected the reported and pre-

dicted miRNA targets from the Sanger database (http://microrna.

sanger.ac.uk/) and performed GO term analysis. GO analysis was ap-

plied to organize genes into hierarchical categories and uncover the

miRNA gene regulatory network on the basis of biologic process and

molecular function; the network of miRNA-mRNA interaction, rep-

resenting the critical miRNAs and their targets, was established ac-

cording to the miRNA degree. Meanwhile, the miRNA targets were

subjected to KEGG pathway annotation (http://www.genome.jp/

kegg/) using the DAVID gene annotation tool (http://david.abcc.

ncifcrf.gov/).

Isolation and Identification of Primary Renal
Residential Cells
Primary mesangial cells of renal glomeruli from male Wistar rats at

the ages of 2 (young) and 24 (old) months were isolated and cultured

as described previously.17,18 Briefly, cortices were separated from me-

dullas, cut into small pieces, incubated with 0.1% collagenase for 20

minutes, passed serially through 200- and 90-mm stainless steel

Figure 8. miR-335 and miR-34a mimics significantly elevated
ROS levels in young mesangial cells and miR-335 and miR-34a
inhibitors significantly decreased ROS levels in aging mesangial
cells. (A) Level of ROS was determined in young mesangial cells
transfected with miR-335 and miR-34a mimics. *P � 0.01 versus
control. (B) Level of ROS was determined in old mesangial cells
transfected with antisense miR-335 and miR-34a inhibitors. #P �
0.05 versus control.
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meshes, and washed 3 times with PBS. Cell clusters were resuspended

and grown in RPMI-1640 medium containing D-valine instead of the

natural L-valine. Because of a deficiency of D-amino acid oxidase in

mesenchymal-like cells, their growth in vitro was blocked, and con-

taminant mesenchymal-like cells were excluded.19 Desmin and vi-

mentin were applied as markers of rat glomerular mesangial cells by

means of indirect immunofluorescence staining. Primary mesangial

cells at passage 2 to 3 were used for in vitro cell transfection studies.

The isolation procedure of renal glomerular epithelial cells was based

on the reports described previously.20,21 Glomerular epithelial cells

were identified by distinct staining for the epithelial markers nephrin

or synaptopodin. Glomerular endothelial cells were isolated with the

method developed previously and were identified by positive immu-

nofluorescence for the endothelial cell-specific marker CD31 (plate-

let/endothelial cell adhesion molecule-1).22–24 Isolation and identifi-

cation of rat primary tubular epithelial cells were performed

according to previously published techniques, and cytokeratin 18 was

used as a specific marker of tubular epithelial cells.25–27 Interstitial

fibroblasts were isolated and identified as reported.28 FSP-1 was used

as marker for renal fibroblasts.29 To perform immunofluorescence

staining, the above cells were grown on coverslips and fixed with

ice-cold acetone or 4% paraformaldehyde for 15 to 20 minutes. The

cells were washed with PBS, blocked with milk, and stained with the

primary antibodies specific for the renal cells. Fluorescein isothiocya-

nate and tetramethyl rhodamine isothiocyanate-labeled immuno-

globulins were used as secondary antibodies. The primary antibodies

used include mouse monoclonal antibodies against desmin (Santa

Cruz), vimentin (Santa Cruz) and cytokeratin 18 (Santa Cruz), and

polyclonal antibodies against nephrin (Abcam, Cambridge, United

Kingdom), FSP-1 (Abcam) and CD31 (Abcam).

miRNA Transfection
Young mesangial cells (1 � 107 count) were suspended in 400 �l of

electrotransfection solution, to which was added 40 nmol/L miR-335

mimic (premiR-335) or antisense miR-335 inhibitor (AmiR335),

miR-34a mimic (premiR-34a) or antisense miR-34a inhibitor

(AmiR34a), and control miRNA (Thermo Fisher, Waltham, MA).

Transfection was performed at 340 V with a capacitance of 550 �F.

Fresh medium (500 �l) was added immediately after transfection, and

the cells were plated and incubated at 37°C for 3 days.

Luciferase Assay
The SOD2 3�-UTR sequence spanning 1311 bp was PCR-amplified

with primers (�) AGCCCTTCCGCCAGGCTGTGTG and (�)

AAATACTCCATTAAGAAGTAATG; this region contains the miR-

335 consensus-binding element TGCTCTTGA. The Txnrd2 3�-UTR

sequence spanning 374 bp was PCR-amplified with primers (�)

GTTACCATCCCTGCTGAGCTAAG and (�) TACTAAAACACG-

CTCTTTATTAGC; this region contains the miR-34a consensus-binding

element TGCTCTTGA. The amplicons were inserted into pGL3 control

vectors (Promega, Madison, WI) downstream of the cDNA for the firefly

luciferase reporter gene. The binding elements in the 3�-UTRs of SOD2

and Txnrd2 were mutated to TGCTCTTGA and TGCTCTTGA using

PCR-based methods with the Quick Change Site-Directed Mutagenesis

Kit (Stratagene, LaJolla, CA). Wild-type and mutated pGL3-SOD2–

3�UTR or pGL3-Txnrd2–3�UTR vectors were used to test the activity of

miR-335 or miR-34a. Each vector, along with 40 nmol/L of premiR-335

or premiR-34a and the internal control vector pRL-TK containing the

renilla luciferase reporter gene (Promega), was cotransfected into rat

mesangial cells with Lipofectamine 2000 reagent (Invitrogen) according

to the manufacturer’s instructions. Cells were cultured for 2 days and

then assayed using the Dual-Luciferase Reporter Assay System (Pro-

mega).

Western Blot
Western blots were performed using rabbit anti-SOD2 and anti-

Txnrd2 antibodies and �-actin antibody (Abcam). The blots were

then incubated with the corresponding secondary antibodies conju-

gated with horseradish peroxidase for 1 hour. After washing with

Tris-Tween Buffered Saline, the membranes were incubated with

electrochemiluminescence reagent (Amersham Life Science, Inc.,

Buckinghamshire, United Kingdom), exposed to x-ray film, and de-

veloped. �-actin was used as a normalization control.

SA-�-gal Staining
Cells were washed twice in PBS, fixed to plates using 3% formalde-

hyde for 3–5 minutes, and washed with PBS again. These cells were

then incubated overnight at 37°C without carbon dioxide in a freshly

prepared staining buffer (1 mg/ml X-gal, 40 mM citric acid/sodium

phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium

ferricyanide, 150 mM sodium chloride, 2 mM magnesium chloride).

Stained cells were examined using a Zeiss Axiovert 200 inverted mi-

croscope (Carl Zeiss, Inc., Germany) under bright-field illumination.

SAFH Analysis
SAFH formation is a novel specific biomarker of cellular senescence

because there is marked focal heterochromatin in the aged cells. To

determine SAFH formation, cells were cultured directly on glass cover

slips and then fixed with 4% paraformaldehyde. After washing with

PBS, cells were permeabilized with 0.2% Triton X-100/PBS for 10

minutes. DNA was visualized by DAPI (1 mg/ml) for 1 minute and

then washed with PBS twice. Cover slips were mounted in a 90%

glycerol PBS solution and examined under a laser confocal micro-

scope.

Determination of Intracellular ROS Level
Intracellular ROS generation was measured using the oxidant-sensi-

tive fluorescence probe carboxy-dichlorodihydrofluorescein diace-

tate. Briefly, suspensions of cells (1 � 106) were loaded with 5 �M

carboxy-dichlorodihydrofluorescein diacetate (Molecular Probes,

Eugene, OR) for 10 minutes at 37°C. After centrifugation and washing

to remove unincorporated probe, measurements of cellular fluores-

cence were performed by flow cytometry (Becton-Dickinson, San

Jose, CA) using excitation at 488 nm and observing emission at

515 nm.

Statistical Analysis
Results are expressed as mean � SD. Statistical difference was assessed

by the t test as appropriate. P � 0.05 was considered significant. Anal-

yses were performed with SPSS software, version 13.0.
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