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A B S T R A C T   

Objective: Klotho is an aging-suppressor gene which leads to accelerated aging when disrupted. This study was 
designed to investigate whether glutathione reductase (GR), a critical intracellular antioxidant enzyme, is 
involved in the pathogenesis of kidney damages associated with accelerated aging in Klotho-haplodeficient (KL+/ 

–) mice. 
Methods and results: Klotho-haplodeficient (KL+/–) mice and WT mice were used. We found that Klotho hap-
lodeficiency impaired kidney function as evidenced by significant increases in plasma urea and creatinine and a 
decrease in urinary creatinine in KL+/– mice. The expression and activity of GR was decreased significantly in 
renal tubular epithelial cells of KL+/– mice, suggesting that Klotho deficiency downregulated GR. We constructed 
adeno-associated virus 2 (AAV2) carrying GR full-length cDNA (AAV-GR). Interestingly, in vivo AAV-GR delivery 
significantly improved Klotho deficiency-induced renal functional impairment and structural remodeling. 
Furthermore, in vivo expression of GR rescued the downregulation of the reduced glutathione/oxidized gluta-
thione (GSH/GSSG) ratio, which subsequently diminished oxidative damages in kidneys, as evidenced by sig-
nificant decreases in renal 4-HNE expression and urinary 8-isoprostane levels in KL mice. 
Conclusion: This study provides the first evidence that Klotho deficiency-induced kidney damage may be partly 
attributed to downregulation of GR expression. In vivo delivery of AAV-GR may be a promising therapeutic 
approach for aging-related kidney damage.   

1. Introduction 

Aging is defined as the age-related decline in intrinsic physiological 
function essential for survival and fertility [1]. Progressive renal reces-
sion is a common phenomenon in the aging process, and aging-related 
declines in renal function are associated with a progressive loss of 
functioning nephrons [2]. Population-based studies show that about half 
of adults over age 70 had decreased renal function [3–6], suggesting that 
aging is associated with declining renal function in the elderly. Kidney 
aging is an important process that contributes to declining lifespan [7]; 
however, its pathogenesis remains largely unclear. 

Klotho, an anti-aging gene, extends the lifespan when overexpressed, 
and shortens the lifespan when disrupted [8,9]. The Klotho protein is 
expressed in the kidneys, predominately in distal convoluted tubules 
[8]. In humans, Klotho levels decline in the aged population, and it has 
been reported that Klotho levels in humans at age 70 are only about half 

of those seen in humans at age 40 [10]. In a previous study, we reported 
that aging-related kidney damage is associated with decreased Klotho 
expression [2]. More recently, we showed that Klotho gene deficiency 
causes kidney damage in an adult murine model [11,12], indicating that 
Klotho may be a potential pathological factor for kidney aging. It is not 
known, however, how Klotho deficiency causes kidney damage. 

Glutathione reductase (GR) is a potent substrate-specific enzyme that 
plays an essential role in catalyzing an oxidized form of glutathione 
(glutathione disulfide, GSSG) into a reduced form (sulfhydryl form 
glutathione, GSH) [13]. Our preliminary study demonstrated that renal 
GR protein expression and activity were significantly decreased in 
Klotho-deficient mice. Thus, we hypothesized that in vivo overexpression 
of GR would attenuate Klotho deficiency-induced kidney damage 
through its anti-oxidative stress (anti-OS) effects. In our current study, 
we mimicked the accelerated aging process in KL+/– mice, to investigate 
the potential role GR in Klotho deficiency-induced kidney damage. 
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2. Methods 

A detailed Methods section is available in the Online Supplementary 
Materials. 

2.1. Construction of recombinant adeno-associated virus (AAV) with 
mouse GR gene 

The procedure for constructing the recombinant adeno-associated 
virus (AAV)-2 carrying the mouse GR full-length cDNA (AAV-GR) was 
performed as we described previously [14–17]. AAV carrying green 
fluorescent protein (AAV-GFP) was constructed and served as a reporter 
gene construct. For details, please refer to the Online Supplementary 
Materials. 

2.2. Animal study protocols 

This study was performed according to the guidelines of the National 
Institutes of Health (NIH) on the care and use of laboratory animals and 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of the University of Oklahoma Health Science Center. 

Three groups of Klotho-deficient heterozygous (KL+/–) mice and one 
group of age-matched WT mice, of which all had 129Sv background, 
were used (4–6 mice per group, all males, all 18-months- old). Briefly, 
the three groups of KL+/– mice received AAV-GFP, AAV-GR, and PBS, 
respectively. Viral particles were delivered intravenously via the tail 
vein at 2 × 108 particles per mouse (0.2 mL). The WT group received PBS 
and served as control. Body weight was measured and urine was 
collected weekly, and the animals were euthanized at the end of 9th 
week after gene delivery. Plasma was collected for measuring creatinine 
and urea. After perfusion, kidneys were collected and separated into 
three parts. One part was saved in − 80 ◦C for molecular assays and the 
others were embedded in paraffin or optimal cutting temperature 
compound for histological and immunohistochemical analysis. 

2.3. Measurements of renal function parameters 

Plasma urea level was detected with a urea assay kit (DIUR-500; 
BioAssay Systems, Hayward, CA, USA). Plasma and urinary creatinine 
levels were detected with a creatinine assay kit (DICT-500; BioAssay 
Systems). Urinary albumin concentration was measured with a mouse- 
specific microalbuminuria ELISA kit (Albuwell M; Exocell, Philadel-
phia, PA, USA). All renal function parameters were measured according 
to manufacturers’ instructions. 

2.4. Measurement of urinary 8-isoprostane and renal GSH/GSSG ratio 

The 8-isoprostane level in urine was measured using an ELISA kit 
(OxiSelect™ Oxidative DNA Damage ELISA Kit; Cell Biolabs, Inc., San 
Diego, CA, USA). The GSH/GSSG ratio in kidneys was detected with a 
fluorometric assay kit (GSH/GSSG Ratio Detection Assay Kit; Abcam 
Inc., Cambridge, MA, USA) according to manufacturer’s instruction 
[18]. 

2.5. Immunohistochemical analysis and histological examination of 
kidneys 

This procedure was described in our previous studies [9,11,19,20]. 
For details, please refer to the Online Supplementary Materials. 

2.6. Western blots 

Standardized protocols were used as in our previous studies [21–25], 
with details available in the Online Supplementary Materials. 

2.7. Identification of GFP expression 

This procedure was described in our previous studies [14,26]. For 
details, please refer to the Online Supplementary Materials. 

2.8. Measurement of in situ superoxide production 

In situ superoxide production was measured in aortas using the 
oxidation-sensitive dye dihydroethidium (DHE) [27–29]. For details, 
please see the Online Supplementary Materials. 

2.9. Statistical analyses 

All data were analyzed by one-way ANOVA. Unpaired t-test was used 
for comparisons between the two groups. Significance was set at 95% 
confidence limit. 

3. Results 

3.1. Klotho deficiency caused renal function impairment which was 
associated with a decreased expression and activity of GR in kidney 

To study the role of endogenous Klotho in the development of kidney 
aging, we detected the renal functions of 18-month-old KL+/– and age- 
matched littermate WT mice. Renal functional impairment in Klotho- 
deficient mice was evidenced by the significant increases in plasma 
creatinine and plasma urea (Fig. 1A and B), as well as significantly 
decreased excretion of creatinine in urine (Fig. 1C). Western blot anal-
ysis confirmed that Klotho protein expression in kidneys of KL+/– mice 
was about 50% of that of wild-type (WT) mice (Fig. 1D). Notably, GR 
protein expression was decreased significantly in kidneys of KL+/– mice 
(Fig. 1E). The GSH/GSSG ratio regulated by GR, an indicator of oxida-
tive stress, declined significantly in kidneys of KL+/– mice (Fig. 1F). 
These results revealed, for the first time, that GR expression protein and 
activity were down-regulated in kidneys due to Klotho deficiency during 
the development of renal function impairment. 

3.2. AAV-GR delivery attenuated klotho deficiency-induced renal 
functional and structural damage 

Since GR protein expression was notably downregulated by Klotho 
deficiency, we performed in vivo expression of GR in KL+/– mice to test 
whether GR supplement could attenuate kidney damage induced by 
Klotho deficiency. Consistent with the renal functional change, PAS 
staining showed extracellular matrix expansion in Klotho-deficient mice 
treated with either PBS or GFP. AAV delivery of the GR gene attenuated 
extracellular matrix expansion in glomeruli (Fig. 2A). Tubular cast for-
mation, another sign of kidney aging [7], was found notably increased in 
medullary region of Klotho-deficient mice compared with that of WT 
mice by Hematoxylin and Eosin (HE) staining. In vivo expression of GR 
significantly attenuated tubular cast formation in kidneys of 
Klotho-deficient mice (Fig. 2B). Plasma urea, plasma creatinine and 
urinary albumin of Klotho-deficient mice were significantly decreased to 
WT level by GR gene delivery (Fig. 2C–E), suggesting improved renal 
function. On the other hand, kidney and body weights (Fig. 3) were not 
affected by AAV gene delivery, suggesting the safety of AAV gene 
transfer. These results indicated that the downregulation of GR may be 
involved in Klotho deficiency-induced renal structural and functional 
damage. 

3.3. AAV-GR delivery ameliorated klotho-deficiency-induced renal 
fibrosis 

Masson’s trichrome staining showed that collagen deposition (blue 
staining) was increased in renal tubular interstitium (Fig. 4A). Western 
blot confirmed the enhanced expression of collagenIin kidneys (Fig. 4B) 
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of KL+/– mice versus WT mice. These results suggested that heteroge-
neous Klotho deficiency caused tubulointerstitial fibrosis. Notably, 9 
weeks after AAV-GR gene delivery, tubulointerstitial collagen deposi-
tion and collagenIprotein expression were significantly reduced to 
control level (Fig. 4), indicating that in vivo overexpression of GR 
abolished renal fibrotic formation induced by Klotho deficiency. 

3.4. AAV-GR gene delivery attenuated klotho-deficiency-induced renal 
oxidative damage 

Immunohistochemical analysis showed that 4-HNE adducts were 
mainly found in renal tubules in KL+/– mice, which could be signifi-
cantly attenuated by in vivo expression of GR (Fig. 5A). Western blot 
confirmed that the 4-HNE level was significantly increased in kidneys of 
KL+/– mice relative to WT, which was notably diminished after GR gene 
transfer (Fig. 5B), indicating that in vivo expression of GR reduced renal 
lipid peroxidation damages due to Klotho deficiency. 

To confirm the anti-oxidative effect of AAV-GR in kidney, we 
monitored urinary 8-isoprostane concentration, another marker of renal 
oxidative stress [30–33], at different time points after AAV-GR delivery. 
A significantly higher urinary level of 8-isoprostane was found in KL+/– 

mice versus WT mice (Fig. 5C). Two weeks after GR gene transfer, uri-
nary 8-isoprostane was reduced in Klotho-deficient mice although it did 
not reach statistically significant difference. The level of 8-isoprostane in 
urine in KL ±mice was significantly decreased to the control level at fifth 
week after AAV-GR delivery and everlasting (Fig. 5C). Thus, in vivo 
expression of GR gene effectively reduced renal oxidative stress caused 
by Klotho deficiency. 

3.5. AAV-GR delivery rescued the downregulation of GR protein 
expression and activity in kidneys of KL+/– mice 

Immunohistochemical analysis indicated that AAV-GR delivery 
significantly increased GR protein expression in the renal tubule 
epithelial cells of KL+/– mice (brown staining, Fig. 6A). This result was 
further confirmed by western blot data (Fig. 6B). Associated with the 
recovery of GR protein expression, the GSH/GSSG ratio in kidneys of 
KL+/– mice was significantly increased to the control level after GR 
overexpression (Fig. 6C), indicating that in vivo expression of GR also 
rescued the downregulated GR activity due to Klotho deficiency. These 
data suggested that AAV-GR delivery restored GR protein expression, 
which consequently rescued the renal GSH/GSSG ratio in Klotho- 
deficient mice. 

We further assessed the superoxide levels in kidneys using DHE 
staining. Superoxide levels were increased significantly in kidneys in KL 
± mice (Supplemental Figure S1). AAV-GR delivery effectively rescued 
klotho deficiency-induced superoxide accumulation. This result suggest 
that upregulation of superoxide levels may be partly attributed to the 
downregulation of GR expression and GSH/GSSG levels due to klotho 
deficiency. 

3.6. Expression of GFP in kidneys 

To determine whether AAV-based transgenes still exist at end of the 
experiment, we detected the expression of GFP, the reporter gene in 
kidneys, using a GFP-specific antibody. IHC analysis revealed that the 
GFP expression was only found in kidneys of KL+/– mice treated with 

Fig. 1. Klotho deficiency impaired renal function which was associated with decreased expression of GR and GSH/GSSG ratio in kidneys. (A) Plasma 
creatinine concentration. (B) Urinary creatinine concentration. (C) Plasma urea concentration. (D) Representative western blot bands and quantitative analysis of 
Klotho expression in kidney. (E) Representative western blot bands and quantitative analysis of GR expression in kidney. (F) GSH/GSSG ratio in kidney. n = 4–5 
mice/group. *P < 0.05 **P < 0.01 vs WT. 
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AAV. GFP (Fig. 7A). Positive staining (brown staining) was found in 
renal tubule epithelial cells. GFP staining was missing in kidneys of AAV- 
GR-treated group. Consistent with IHC result, immunofluorescent GFP 

signal (green fluorescence) was only found in AAV-GFP group (Fig. 7B), 
indicating that the GFP reporter gene was still expressed in mice 9 weeks 
after delivery of AAV. GFP. These results suggested that AAV achieved a 

Fig. 2. GR gene delivery abolished Klotho deficiency induced renal structural and functional damage. (A) Representative photomicrographs and quantitative 
analysis of PAS-stained kidney sections. Arrows indicate PAS-positive mesangial material (pink). Relative mesangial matrix area is expressed as PAS-positive 
mesangial matrix per total glomerular tuft cross-sectional area. An average value was obtained from analyses of 20 glomeruli per mouse. (B) Representative pho-
tomicrographs of H&E-stained kidney sections. Arrows indicate tubular cast (protein) formations. Semi-quantitative analysis of tubular cast formation in medulla is 
expressed as area fraction. Scale bars, 50 μm. (C) Plasma urea concentration. (D) Plasma creatinine concentration. (E) Urinary albumin (normalized to urinary 
creatinine). n = 4–6 mice/group. *P < 0.05 **P < 0.01 vs WT + PBS; +P < 0.05 ++ P < 0.01 vs KL+/- 

+ AAV-GFP. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. GR gene delivery did not alter kidney weight or body weight in KL ± mice. (A) Kidney weight (normalized by body weight). (B) Time course of body 
weight changes. n = 4–6 mice/group. 
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long-term expression of transgenes. 

4. Discussion 

Kidney aging, which also known as renal senescence is a complex, 
multifactorial process characterized by anatomical and functional 
changes accumulating during life span [34]. Population-based studies 
have documented that impaired renal function is common in the elderly 
[35]. Age-related kidney damage has been confirmed even after 
excluding other confounding factors [5,36,37]. However, how aging 
deteriorates renal function remains unclear. 

Klotho was originally identified as an aging-suppressor gene [38], 
mutation of which results in multiple premature aging phenotypes [8]. 
The klotho levels decline in the aged population [10]. In this study, we 
found obvious kidney structure remodeling manifested by glomerular 
mesangial matrix expansion (Fig. 2A), renal tubular cast formation 
(Fig. 2B) and tubular interstitial fibrosis (Fig. 4) in Klotho-haplodeficient 
mice. Associated with these structural changes, kidney function was also 
markedly impaired as proved by increased plasma creatinine, plasma 
urea, and urinary creatinine (Fig. 1A–C) in this accelerated aging model, 
which had a half renal Klotho level compared to WT mice (Fig. 1D). It is 
interesting that Klotho deficiency downregulated GR protein expression 
and activity in kidneys (Fig. 1D and E) because the relationship of Klotho 
and GR has never been investigated. GR, which catalyzes the GSSG back 
to reduced GSH form, is a critical molecule in resisting oxidative stress 

and maintaining the reducing environment of the cell [13]. It is reported 
that overexpression of GR increases the resistance of flies exposed to and 
extends flies’ life span under hyperoxic conditions [39], however, little 
is known about whether GR plays a role in kidney disease. In present 
study, we found that in vivo expression of GR abolished the Klotho 
deficiency-induced renal structural and functional damage (Fig. 2). This 
finding provided the first evidence that Klotho deficiency caused kidney 
aging partly through downregulation of GR. 

Notably, GR activity which was measured by the ratio of GSH/GSSG, 
was also rescued coincident with the recovery of protein expression after 
GR gene transfer (Fig. 6), suggested that the recovery of GR activity may 
be due to the restoration of downregulation of its protein expression due 
to Klotho deficiency. The GSH metabolism may not be affected by in vivo 
expression of GR which did not affect the total GSH and GSSG levels in 
kidneys (Supplemental Figure S4). It is well demonstrated that GR is 
critical in maintaining redox balance in all types of cells. This may also 
partially explain why Klotho gene deficiency causes extensive aging 
phenotypes in nearly all types of cells. The limitation of this in vivo study 
is that it does not address how Klotho regulates GR protein expression 
and activity. On the other hand, the Klotho protein regulates tran-
scription factors of antioxidant response elements (AREs) [40], the 
function of which is associated with GR expression [41–43]. Thus, 
Klotho may functionally interact with GR and regulate its activity 
through AREs. This hypothesis, however, needs to be validated. 

Oxidative stress (OS) is a state in which oxidation exceeds the 

Fig. 4. GR gene delivery attenuated Klotho deficiency induced renal fibrosis. (A) Representative photomicrographs of Masson’s trichrome-stained kidney 
sections. Arrows indicate trichrome-positive collagenous components in cortical interstitium (blue staining). Semi-quantification of the area fraction of collagen 
deposition in kidneys. Scale bars, 50 μm. (B) Representative Western blot bands and quantitative analysis of type I collagen. The relative protein expression was 
normalized to β-actin first and then calculated as fold changes of the controls (WT + PBS). n = 4–6 mice/group. *P < 0.05 **P < 0.01 vs WT + PBS; +P < 0.05 ++ P <
0.01 vs KL+/- + AAV-GFP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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antioxidant capacity in the body secondary to a loss of the balance be-
tween them, which causes profound alterations of various biological 
structures, including cellular membranes, lipids, proteins and nucleic 
acids [44]. Among other organs, the kidney is an organ highly vulner-
able to damage caused by OS [45]. Although Klotho is regarded as a 
regulator of OS [46], the underlying mechanism of the anti-oxidant ef-
fect of Klotho remains poorly understood. Indeed, in our study, renal 
oxidative stress was observed in the accelerated kidney aging model as 
evidenced by significant increases in 4-HNE expression in the kidney 
and 8-isoprostane in urine (Fig. 5), which was associated with kidney 
damage induced by klotho deficiency (Fig. 2). This finding is noteworthy 
because it at least partially explained the mechanism how Klotho 
involved in the pathological process of kidney aging, that is, through 
modulating OS in aged kidneys. 

Although it is known that OS contributes to kidney damage and 
aging [45,47], little is known what causes OS in aging-related kidney 
damage. To our knowledge, this is the first study to show that down-
regulation of GR activity played an important role in OS induced by 
Klotho deficiency as evidenced by the fact that in vivo expression of GR 
restored GSH/GSSG ratio (Fig. 6) which subsequently abolished the 
elevation of 4-HNE and 8-isoprostane due to Klotho deficiency (Fig. 5). 
Superoxide generation is known as the major source of reactive oxygen 
species (ROS) in vascular system which contributed to vascular 
dysfunction [14,15,48]. However, it may not be the major mechanism of 
OS in Klotho deficiency induced kidney damage [45]. In vivo studies 

have found accumulated oxidative damage occurs from decreased levels 
of endogenous anti-oxidants rather than increased ROS production [45]. 
Thus, Klotho deficiency-induced elevation of superoxide levels may be 
secondary to the impaired antioxidant system due to downregulation of 
GSH levels which can be rescued by AAV-GR delivery (Supplemental 
Fig. S2). Glutathione (GSH) is a major endogenous antioxidant that 
participates directly in neutralization of H2O2 which in turn leads to a 
decrease in superoxide (O2), as well as maintains exogenous antioxi-
dants (Vit C and E) in their reduced (active) forms [49]. In this manner, 
GSH protects the cell and delays the development of pathologies [45]. 
Upon interaction with ROS (e.g., H2O2), GSH was converted to its 
oxidized form, GSSG. GR is critical to cell survival because it recycles 
GSH, the active form of glutathione. Thus, this study suggests that the 
suppressed GR activity which resulted in decreased anti-oxidative de-
fense was involved in the development of OS in kidney aging, which can 
be attenuated by GR gene delivery. This finding may potentially change 
our concept upon kidney aging. 

In vivo GR gene transfer would lead to GR expression as AAV.GR 
carries GR full-length cDNA. Although we expect that GR gene transfer 
may not directly affect expression of other genes associated with the 
antioxidative defense system, improvement in oxidative stress by GR 
gene transfer may ameliorate cellular function which indirectly im-
proves expression of other genes associated with the antioxidative de-
fense system. In addition, an increase in the bioavailability of reduced 
GSH, a substrate of glutathione peroxidase (GPx), may enhance GPx 

Fig. 5. GR gene delivery attenuated Klotho deficiency induced renal oxidative damage. (A) Representative photomicrographs of 4-HNE immunostaining in 
kidney sections (brown color). Semi-quantification of 4-HNE staining in kidneys. Upper and lower photomicrographs represent cortex and medulla area, respectively. 
Scale bars, 50 μm. (B) Representative Western blot bands and quantitative analysis of 4-HNE. The relative protein expression was normalized to β-actin first and then 
calculated as fold changes of the controls (WT + PBS). (C) Time course of urinary 8-isoprostane concentration. n = 4–6 mice/group. *P < 0.05 **P < 0.01 vs WT +
PBS; +P < 0.05 ++ P < 0.01 vs KL+/- 

+ AAV-GFP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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activity and increase decomposition of H2O2 into water which decreases 
oxidative stress. A decrease in H2O2 levels would facilitate dismutation 
of superoxide (O2

− ) to H2O2 via superoxide dismutase (SOD). The activity 
of glutathione s-transferases (GSTs) is dependent upon a steady supply of 
GSH. An increase in the ratio of GSH/GSSG or bioavailability of GSH 
may increase GSTs activity and its detoxification effect on xenobiotics. 

Upregulation of mTOR activity is involved in the aging process 
[50–52]. We found that mTOR activity was increased in kidneys of KL 
±mice (Supplemental Fig. 2), which may be involved in Klotho 
deficiency-induced kidney damage. Interestingly, upregulation of mTOR 
activity was likely due to increased ROS and oxidative damage as a 
result of downregulation of GR expression/activity and GSH levels 
which can be rescued by in vivo AAV-GR delivery. Interestingly, in vivo 
expression of GR also increased Klotho protein expression in kidneys of 
KL ± mice (Supplemental Fig. S3). This may be attributed to the 
enhanced antioxidant effects by AAV-GR delivery which subsequently 
improved cell function although the detailed mechanism requires 
further investigation. 

GSH is a major antioxidant in mammalian cells. A decrease in GSH/ 
GSSG ratio would result in oxidative damage leading to cellular 
dysfunction. Thus, supplement with exogenous glutathione (GSH) may 
protect cells from oxidative damage and improve organ function. It has 
been reported that GHS decreases oxidative stress levels and improved 
kidney functions in kidney diseases models in which GSH levels are 

downregulated [53,54]. For example, treatment with GSH could inhibit 
oxidative stress and abnormal angiogenesis, and improve cellular im-
mune responses in patients with chronic kidney disease (CKD) [55]. 
Thus, GSH is an attractive antioxidant agent. A future study is warranted 
for investigating whether treatment with GSH improves kidney function 
in Klotho-haplodeficient (KL+/-) mice. 

Perspective 

To our knowledge, this is the first study demonstrating that Klotho 
deficiency downregulates GR expression and activity in tubular 
epithelial cells, which may mediate Klotho deficiency-induced kidney 
damage. This finding is significant, as it points to a new direction for 
understanding the pathogenesis of kidney aging. AAV-GR delivery may 
be an effective therapeutic approach for aging-related kidney damage. 

Translational statement 

This is the first exciting report showing that Klotho deficiency 
downregulates GR expression and activity in kidney cells, which may 
mediate Klotho deficiency-induced kidney damage. This finding is sig-
nificant, as it points to a new direction for understanding the patho-
genesis of kidney aging. AAV-GR delivery may be an effective 
therapeutic approach for aging-related kidney damage. 

Fig. 6. GR gene delivery restored GR protein expression and GSH/GSSG ratio in kidneys of Klotho-deficient mice. (A) Representative photomicrographs of 
GR immunostaining in kidney sections (brown color). Semi-quantification of GR staining in mice kidneys. Upper and lower photomicrographs represent cortex and 
medulla area, respectively. Scale bars, 50 μm. (B) Representative Western blot bands and quantitative analysis of GR. The relative protein expression was normalized 
to β-actin first and then calculated as fold changes of the controls (WT + PBS). (C) GSH/GSSG ratio in kidneys. n = 4–6 mice/group. *P < 0.05 **P < 0.01 vs WT +
PBS; +P < 0.05 ++ P < 0.01 vs KL+/- + AAV-GFP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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