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 Background: Klotho deficiency has been implicated in various kidney diseases and has been associated with renal fibrosis. 
However, the role of Klotho in renal allograft fibrosis still remains undetermined.

 Material/Methods: A 24-week-old rat renal transplant model with chronic allograft dysfunction (CAD) was carried out by orthotop-
ic kidney transplantation using F344 donor rats to Lewis recipient rats. Successful establishment of the model 
was verified by HE and Masson staining and renal allograft function assessment. HK-2 cells were cultured and 
treated with TGF-b1 and/or siRNA-Klotho at various time points. Total proteins and RNA were extracted from 
the cultured cells and kidney tissues. Western blot assay and quantitative RT-PCR were used to analyze the ex-
pression of Klotho, fibronectin, and b-catenin pathways.

 Results: We successfully established and identified a 24-week-old rat renal transplant model with CAD. Loss of Klotho 
was identified to be associated with epithelial-to-mesenchymal transition (EMT), renal allograft fibrosis, and 
CAD. In HK-2 cells, a significant decrease of Klotho protein was observed in the renal fibrosis induced by TGF-b1 
in a time-dependent manner. Moreover, intervention of siRNA-Klotho remarkably promoted the progression of 
renal fibrosis and activation of the Wnt/b-catenin signaling pathway.

 Conclusions: Our results show that Klotho has a significant protective role against EMT, renal allograft fibrosis, and CAD fol-
lowing kidney transplantation, which is mediated by inhibition of the Wnt/b-catenin signaling pathway.
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Background

With the development of surgical technology and novel im-
munosuppressive agents, the short-term survival of allograft 
has increased dramatically, whereas the long-term survival still 
remains relatively low [1]. Chronic allograft dysfunction (CAD) 
was reported to be the crucial factor influencing the long-term 
prognosis of renal transplant recipients [2]. CAD was patho-
logically characterized as interstitial fibrosis and tubular atro-
phy (IF/TA), glomerular sclerosis, and monocytes infiltration, 
whereas there is still a lack of substantial understanding of 
the cellular mechanism involved in CAD [3].

Originating from the kidneys, Klotho is a membrane-bound 
protein which has been extensively studied as a molecule re-
sponsible for spontaneous mutation in mice that express a va-
riety of aging symptoms [4]. In recent decades, a decreased 
expression of Klotho protein which accompanies reduced re-
nal function has been observed, indicating that Klotho has 
a protective effect on renal function [5]. Furthermore, stud-
ies have reported that the protective role of Klotho partly oc-
curs by attenuating renal fibrosis by inhibiting transforming 
growth factor-b1 (TGF-b1) signaling [6,7]. In renal transplant 
recipients, Bleskestad et al reported a trend toward lower ex-
pression of serum levels of Klotho compared with those from 
healthy volunteers matched for estimated glomerular filtra-
tion rate (eGFR), suggesting a potential link between Klotho 
and renal allograft function [8].

In this study, we designed, established, and verified a 24-week-
old rat renal transplant model with significant CAD. Based on 
this, we explored the expression of Klotho in renal allograft 
fibrosis and CAD, as well as the cellular mechanism involved.

Material and Methods

Ethics Statement

All animals were kept in a pathogen-free environment with free 
access to food and water. The procedures for care and use of 
animals were approved by the local Ethics Committee of the 
First Affiliated Hospital of Nanjing Medical University (2019-
SRFA-091) and all applicable institutional and governmental 
regulations concerning the ethical use of animals were followed.

Animals and Experimental Design

Adult male Lewis and F344 rats weighted ranging from 200 to 
250 g were purchased from Charles River Laboratories Company 
(Yokohama, Japan). All rats were raised in the Animal Feeding 
Center of Nanjing Medical University.

Orthotopic left kidney transplantation surgery was performed 
using previously described methods, and we strictly followed the 
detailed steps [9]. The mean warm and cold ischemia times for 
each surgery were 30.5 min and 10.4 min, respectively. We per-
formed right kidney nephrectomy surgery of recipient rats on the 
3rd post-transplant day. Cyclosporine A (5 mg/kg per body weight) 
was administered once a day intraperitoneally for 14 post-trans-
plant days. We assigned these rats into the CAD group (n=5) and 
Sham group (n=5). For the CAD group, F344 recipient rats were 
transplanted with the donor kidney from Lewis rats, whereas 
F344 recipient rats only had general anesthesia without any 
transplant surgery in the Sham group. Kidney tissues were har-
vested after 24 post-transplant weeks and divided into 2 parts, 
which were either stored in liquid nitrogen or fixed in paraffin.

Renal	Function	Assessment

Renal allograft function of each recipient in the Sham and CAD 
groups was evaluated by blood creatinine and blood urea ni-
trogen using a kit purchased from Changchun HUILI BioTech, 
Changchun, China, according to the manufacturer’s instructions.

Cell Culture

Human proximal tubular (HK-2) cells were purchased from 
American Type Culture Collection (CRL-2190) and were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 
medium which was contained 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin in a humidified atmosphere 
with 5% CO2 at 37°C. For TGF-b1 stimulation, cells were treat-
ed with human recombinant TGF-b1 (5ng/mL; Santa Cruz, 
CA, USA) after being starved overnight, for 0 h, 24 h, 48 h, 
or 72 h. For siRNA-Klotho intervention, cells with the densi-
ty of 1.0×106 were starved overnight and transfected with 
siRNA-Klotho (siRNA-kl; 2μL) or siRNA-Negative Control (siR-
NA-NC; 2μL) for 24 h, which was constructed by GeneChem 
Biotech (Shanghai, China). The sequence of siRNA-Klotho was: 
GCAGAATTACATAAACGAA. Transfection of siRNA was carried out 
using Lipofectamine 3000 transfection reagent following the 
manufacturer’s instructions. After treatment of siRNA-Klotho, 
cells were treated with TGF-b1 (5 ng/mL) or control solutions 
for 48 h. To explore the effect of b-catenin in the anti-fibrot-
ic procedures mediated by Klotho, ICG-001 (25 μM, Selleck 
Chemicals, USA), the specific inhibitor of b-catenin, was add-
ed with or without TGF-b1 to the HK2 cells.

Histology and Immunohistochemistry

Kidney tissues from rats in the renal transplant CAD mod-
el group were fixed in paraffin and stained with hematoxylin 
and eosin (HE) and Masson’s trichrome according to the man-
ufacturer’s instructions. The severity of renal allograft fibrosis, 
including IF/TA, glomerulitis, and monocyte infiltration, were 
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semi-quantitatively evaluated using a color image analyzer. The 
extent of interstitial fibrosis was assessed by viewing 10 inde-
pendent fields on each slide stained with Masson’s trichrome.

Then, fixed kidney tissues were incubated with primary an-
tibodies against Klotho (1: 100, CST technology, USA) and 
Fibronectin (FN; 1: 100, CST Technology, USA). The protocol 
of immunohistochemistry staining was carried out according 
to the instructions. The expression and distribution of Klotho 
and FN were quantitatively assessed using Image Pro plus 6.0 
software (Media Cybernetics, MA, USA).

Western Blot Analysis

Total proteins were obtained from kidney tissues and cultured 
cells, and concentrations were assessed using the BCA pro-
tein kit (Beyotime, Shanghai, China). NE-PER™ Nuclear and 
Cytoplasmic Extraction Reagents (ThermoFisher Scientific, MA, 
USA) was used to isolate proteins from cytoplasm or nucleus 
according to the manufacturer’s instructions. Western blotting 
analysis was performed strictly according to previously pub-
lished studies [2]. Briefly, proteins were electro-transferred by 
PVDF membrane. The membrane was blocked using 5% skim 
milk and then incubated overnight with primary antibodies 
against Klotho (1: 1000, Abcam, USA), FN (1: 1000, Abcam, 
USA), E-Cadherin (1: 1000, Abcam, USA), phosphor-b-catenin 
(1: 1000, CST Technology, USA), and b-catenin (1: 1000, CST 
Technology, USA), GAPDH (1: 1000, Abcam, USA). GAPDH was 
used to assess the relative abundance of proteins, which were 
considered as an internal reference. The intensity of the pro-
tein signals was explored using the Odyssey infrared imaging 
system (LI-COR Biotechnology, Lincoln, NE, USA). The individ-
ual experiments were performed at least 3 times.

Quantitative RT-PCR

Total RNA was extracted from kidney tissues and cultured 
cells using Trizol Reagent (Pufei, Shanghai, China). cDNA was 
synthesized with a PrimeScriptTM RT reagent kit (TaKaRa 
Biotechnology, Shiga, Japan). Amplification and detection of 
cDNA were carried out using the ABI 7500 Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). The sequenc-
es of primers used were:
Klotho, 5’-AAATGGCTGGTTTGTCTCGGG-3’ (F),
5’-GCAACAACTCCTTGTCCTGACTC-3’ (R);
FN, 5’-CGGTGGCTGTCAGTCAAAG-3’(F),
5’-AAACCTCGGCTTCCTCCATAA-3’(R);
MMP-2, 5’-CAAGTTCCCCGGCGATGTC-3’ (F),
5’-TTCTGGTCAAGGTCACCTGTC-3’(R);
MMP-9: 5’-CTGGACAGCCAGACACTAAAG-3’ (F),
5’-CTCGCGGCAAGTCTTCAGAG-3’(R); and
Actin: 5’-TGACGTGGACATCCGCAAAG-3’ (F),
5’-CTGGAAGGTGGACAGCGAGG-3’ (R).

Expression of each mRNA was normalized according to b-ac-
tin expression. Each experiment described above was repeat-
ed at least 3 times.

Statistical Analysis

Data are shown as the mean ± standard deviations (SD). The 
t test was used to compare the difference between 2 groups. 
A P value less than 0.05 was considered as statistically signif-
icant. All statistical analysis was performed in SPSS 19.0 soft-
ware. Each experiment was performed at least 3 times.

Results

Establishment and Identification of the Rat Renal 
Transplant CAD Model

We established a 24-week-old rat renal transplant model with 
significant CAD, and performed the modeling identification 
by HE and Masson staining. For the CAD group, renal trans-
plant was performed in 8 recipients, 5 of which survived for 24 
weeks (3 recipients died from surgical complications); while in 
Sham group, all 5 recipients survived for 24 weeks. The renal 
allograft function in the 2 groups was evaluated, and concen-
trations of blood creatinine and blood urea nitrogen in the CAD 
group were significantly higher than those in the Sham group 
(P<0.05, Supplementary Figure 1). As illustrated in Figure 1, 
remarkable interstitial fibrosis and tubular atrophy (IF/TA) 
was observed in the CAD group when compared to the con-
trol group through HE staining (Figure 1A) and Masson stain-
ing (Figure 1B). In addition, the mono-nuclear cells were high-
ly infiltrated in the allograft interstitium and atrophic tubules 
(Figure 1A). The quantitative analysis showed the proportion of 
fibrosis area in the renal allograft tissue was significantly high-
er than those in the Sham group (Figure 1C). Therefore, signif-
icant morphologic changes suggested that the rat renal trans-
plant CAD model was successfully established and identified.

Loss of Klotho was Associated with Chronic Allograft 
Dysfunction

Moreover, we explored the protein expressions of Klotho 
and Fibronectin (FN) in the renal allograft tissues. The results 
showed that loss of Klotho distributed in the fibrosis area 
(Figure 1D, 1E) and highly expressed FN (Figure 1F, 1G) were 
potentially associated with the IF/TA and CAD progression. 
The total protein and transcript expression of Klotho was also 
significantly reduced in the CAD group, which was consistent 
with the results of IHC staining (Figure 1H, 1I). Furthermore, 
highly expressed FN protein and mRNA were found in the al-
lograft tissue with significant IF/TA (Figure 1H, 1J), suggesting 
the potential link of loss of Klotho with the progression of CAD.
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Inhibition of Klotho In Vitro Promotes Progression of 
Epithelial-To-Mesenchymal Transition (EMT) and Renal 
Fibrosis

Then, we assessed the effect of Klotho on the progression 
of EMT induced by TGF-b1 during fibrosis. As illustrated in 
Figure 2A and 2B, in HK-2 cells in a time-dependent man-
ner, TGF-b1 suppressed the protein expression of Klotho and 
E-Cadherin (epithelial cells biomarker), and stimulated the ex-
pression of FN and a-SMA, which were considered as biomark-
ers of EMT. Levels of Klotho mRNA and E-Cadherin were also 

rapidly reduced by the stimulation of TGF-b1 (Figure 2C, 2F), 
and, similarly, FN and a-SMA mRNA were remarkably highly 
expressed in a time-dependent manner (Figure 2D, 2E).

Loss of Klotho Promoted Development of EMT And CAD via 
Inhibiting Activation of Wnt/b-Catenin Signaling Pathway

Consequently, we investigated the potential cellular mechanism 
of inhibition of Klotho in the progression of fibrosis. We trans-
fected the HK-2 cells with the siRNA-kl to silence the expres-
sion of Klotho and observed that the FN protein expression was 
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Figure 1.  Reduced Klotho expression was strongly associated with the progression of chronic allograft dysfunction. Renal allografts 
derived from the rat renal transplant model were harvested and identified by HE staining (A) and Masson trichrome staining 
(B). The quantitative analysis of fibrosis area is shown in Figure C. Furthermore, distribution and expression of Klotho were 
examined by immunohistochemistry staining (D), and quantitative analysis showed significantly reduced Klotho expression 
in the renal tubular area and the interstitial area (E). Fibronectin expression was tested (F) and quantitative analysis 
indicated the remarkable expression of fibronectin in the Allo group (G). Finally, the total protein and RNA was extracted and 
we performed western blotting and RT-PCR to examine the protein and mRNA levels of Klotho (H, I) and fibronectin (H, J). 
*** P<0.001 compared to control group; **** P<0.0001 compared to control group. Each experiment was performed at least 3 
times.
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remarkably increased after the inhibition of Klotho, along with 
the increase of EMT in HK-2 cells (Figure 3A, 3B). Our results 
showed that Klotho deficiency promoted the development of 
renal fibrosis. Furthermore, the opposite expression of b-catenin 
in the cytoplasm and nucleus of HK2 cells was observed to be 
induced by siRNA-kl treatment (Figure 3C, 3D). Combined with 
the increase of Wnt target gene – Matrix Metalloprotease-2 

(MMP-2) and MMP-9, activation of the Wnt/b-catenin signal-
ing pathway by the loss of Klotho was examined (Figure 3E). 
To identify the role of the Wnt/b-catenin signaling pathway 
in the loss of Klotho, HK2 cells were treated with ICG-001, the 
specific inhibitor of b-catenin, and no change in expression of 
Klotho was found, along with the significant decrease of a-
SMA (Figure 3F, 3G). Finally, the effect of EMT and activation 
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Figure 2.  Inhibition of Klotho in vitro promotes the progression of epithelial-to-mesenchymal transition (EMT) and renal fibrosis. 
We stimulated the HK-2 cells by TGF-b1 (5 ng/ml) at various time points (0-72 h). Western Blot assay and RT-PCR were 
performed to investigate the protein and mRNA expression levels of Klotho in HK-2 cells (A, C), as well as the expression of 
EMT-related biomarkers: Fibronectin (A, D), a-SMA (A, E), and E-Cadherin (A, F). The quantitative analysis of western blotting 
(B) and PCR (C-F) indicated the potential relationship between Klotho and the progression of EMT. *** P<0.001 compared 
with control group; **** P<0.0001 compared to control group. Each experiment was performed at least 3 times.
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of b-catenin was tested in the rat CAD model, which was con-
sistent with in vitro results (Figure 3H, 3I).

Discussion

In this study, we explored the protective role of Klotho in the 
progression of renal allograft fibrosis and CAD for the first time. 
The results showed that Klotho has a remarkably protective 

role against progression of EMT, renal allograft fibrosis, and 
CAD following kidney transplantation by inhibition of the Wnt/
b-catenin signaling pathway.

Numerous studies have explored the cause of and mecha-
nisms leading to the CAD, and reported that immunological 
and non-immunological factors are involved in the renal al-
lograft fibrosis and CAD, such as acute rejection, immunosup-
pressive agents-related nephrotoxicity, delayed graft function, 
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Figure 3.  Loss of Klotho promoted the development of EMT and CAD by inhibiting activation of the Wnt/b-catenin signaling pathway. 
To confirm the role of loss of Klotho in the development of EMT and CAD, we transfected the HK-2 cells with siRNA-kl to 
silence the expression of Klotho and observed that the FN protein expression was remarkably increased after the inhibition 
of Klotho, along with the increase of EMT procedure in HK-2 cells (A, B). Furthermore, the contradictory expression of 
b-catenin in the cytoplasm and nucleus of HK2 cells was observed to be induced by the treatment of siRNA-kl (C, D). 
Combined with the increase of Wnt target gene – Matrix Metalloprotease-2 (MMP-2) and MMP-9, activation of the Wnt/b-
catenin signaling pathway by the loss of Klotho was examined (E). HK2 cells were treated with ICG-001, the specific inhibitor 
of b-catenin, and no change of expression of Klotho was found, along with the significant decrease of a-SMA (F, G). Finally, 
the effect of EMT and activation of b-catenin were tested in the rat CAD model, which was consistent with the in vitro results 
(H, I). * P<0.001 compared with control group; # P<0.0001 compared to control group. Each experiment was performed at 
least 3 times.
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and virus infections [10-12]. Our previous studies have already 
shown that endothelial-to-mesenchymal transition (EndMT) in-
duced by TGF-b1 was remarkably activated during the patho-
genesis of CAD [2]. EMT has also been found to significant-
ly contribute to the progression of CAD [13]. In this study, we 
found that Klotho is a promising target for protecting renal 
allografts from fibrosis and CAD. A recent study has suggest-
ed the positive correlation of Klotho with renal function and 
eGFR in chronic kidney disease by an evidence-based method, 
suggesting that Klotho is a promising early biomarker for re-
nal injury and repair [14]. Furthermore, soluble Klotho in renal 
transplant recipients with acute ischemia kidney injury has also 
been explored, and a similar trend was found in renal allograft 
function [15]. Considering the occurrence of renal allograft fi-
brosis and CAD in the late stage of renal transplant, early and 
persistent monitoring of renal allograft function early identifi-
cation of allograft injury appears to be crucial for improvement 
of renal allograft fibrosis and prevention of CAD. Because the 
kidneys are the primary source of Klotho production, dynam-
ic monitoring of soluble Klotho becomes more practical for 
renal transplant recipients, which is consistent with our out-
comes. Therefore, our results supported the hypothetical ben-
efit of soluble Klotho in the monitoring of allograft function.

Our results also showed therapeutic effects on renal allograft 
fibrosis and CAD. The silencing of Klotho substantially in-
creased the extent of renal fibrosis in cultured HK-2 cells, in-
dicating the protective role of Klotho in renal fibrosis and the 
therapeutic effect of soluble Klotho in kidney diseases. Qi-feng 
Liu et al [16] observed that treatment with Klotho remarkably 
attenuates the cyclosporine A-induced epithelial-to-mesenchy-
mal transition (EMT) and renal fibrosis in rats, which was con-
sistent with our results. Moreover, the Klotho expression has 
been found to decrease after stimulation of inflammatory cy-
tokines such as TGF-b1 [17,18]. In addition to the correlation 
of Klotho with renal damage, this also suggests that an epi-
genetic mechanism may be involved in Klotho intervention, 
which could help develop drugs regulating epigenetics as treat-
ments for renal disease [5]. Also, for renal transplant recipi-
ents, the complexity of immunosuppressive protocols not only 
promotes the drug-related nephrotoxicity in a time-dependent 
manner, but also limits the administration of novel agents to 
protect against renal allograft fibrosis. Epigenetics regulation 
allows us to view the disease from a novel perspective as en-
hanced or depressed transcription activity, which may help 
explain the diversity of renal allograft fibrosis, as well as the 
treatment of CAD [19].

TGF-b/Smad signaling has been indicated to be crucial among 
the downstream signaling pathways participating in renal in-
terstitial fibrosis and CAD [2]. However, certain pathways are 
drawing more and more attention in renal fibrosis, includ-
ing b-catenin pathways. Substantial studies have suggest-
ed that Klotho acts as a tumor suppressor and an inhibitor of 
the Wnt/b-catenin pathway, which is considered as the key 
b-catenin pathway in human hepatocellular carcinoma (HCC), 
providing a novel downstream signal for Klotho treatment [20]. 
Consistent with these findings, our data showed the potential 
relationship between the Klotho and its downstream signal-
ing of b-catenin in renal allograft fibrosis, which also could be 
considered as the therapeutic molecule for CAD.

Importantly, our results should be interpreted with great cau-
tion due to several limitations in this study. Firstly, a mouse 
renal transplant CAD model based on the knockout of Klotho 
should be established. Based on this model, a direct relation-
ship between Klotho and CAD could be demonstrated in vivo 
instead of the hypothesis in this study. Moreover, studies on 
the expression of Klotho and EMT, cell culture of various cell 
types (fibroblast, endothelial cells, and macrophages), and ex-
tensive signaling pathway exploration may provide solid evi-
dence of detailed molecular mechanisms.

Conclusions

In conclusion, we revealed for the first time that Klotho is an 
anti-fibrotic molecule in the pathogenesis of EMT, renal al-
lograft fibrosis, and CAD by inhibiting activation of Wnt/b-
catenin pathways. Elucidation of the underlying mechanism 
may provide therapeutic targets for Klotho in CAD and renal 
transplant patients.
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