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Background: Studies have shown that the Klotho gene has tremendous potential for future therapeutic
purposes in both acute and chronic kidney diseases (CKD). This study aimed to investigate the possible
protective mechanisms of the Klotho gene against acute kidney injury (AKI) induced by rhabdomyolysis
(RM).
Methods: In this study, bone marrow mesenchymal stem cells (BMSCs) were transfected with recom-
binant adenoviruses expressing the Klotho gene (BMSCs-Klotho) and by those expressing empty vector
(BMSCs-EV). After successful transfection, we tested the proliferation, secretion and migration abilities of
the BMSCs-Klotho compared with those of the BMSCs-EV and BMSCs. Then, 30 male C57BL/6 mice were
examined, with 6 mice randomly assigned to the control group (PBS injected into the tail vein, CON) or
one of the four treatment groups treated with either BMSCs-Klotho (AKIþBMSCs-Klotho), BMSCs-EV
(AKIþBMSCs-EV), BMSCs (AKIþBMSCs) or PBS (AKIþPBS) after induction of RM. Seventy-two h after
treatment, serum creatinine (SCr) and blood urea nitrogen (BUN) levels were obtained to assess renal
function, and renal tissue was obtained to measure kidney tissue damage. Additionally, kidney protective
mechanism-related indexes, such as EPO, IGF-1, KIM-1 and HIF-1, were analysed using Western blot
analysis and immunohistochemistry.
Results: The results obtained showed that the proliferation, secretory and migration abilities of the
BMSCs were significantly increased after transfection with the Klotho gene. Treatment with BMSCs-
Klotho, BMSCs-EV or BMSCs improved renal function compared to treatment with PBS. However, the
improvement observed in renal function in the BMSCs-Klotho group was better than that of the other
groups. Histological analysis demonstrated that tissue damage was significantly decreased in the mice in
the AKIþBMSCs-Klotho, AKIþBMSCs-EV or AKIþBMSCs groups compared to that in the mice in the
AKIþPBS group. However, the best recovery was observed in the mice treated with BMSCs-Klotho
concomitantly. Furthermore, the expression of protective factors erythropoietin (EPO) and insulin-like
growth factor 1 (IGF-1) increased obviously, and the injury biomarkers kidney injury molecule 1
(KIM-1) and hypoxia inducible factor 1 (HIF-1) decreased notably in the group of BMSCs-Klotho, BMSCs-
EV and BMSCs. Additionally, the levels of the aforementioned protein indicators in the AKIþBMSCs-
Klotho group were not different from those in the CON group.
Conclusion: Klotho overexpression exerted positive effects on BMSCs and markedly promoted recovery
from RM-induced AKI. These findings suggest that the overexpression of the Klotho gene might be a good
candidate for further therapy for AKI in clinical trials.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Background

Acute kidney injury (AKI) has been reported in up to 18% of
patients admitted for acute medical care [1]. AKI is associated with
significant short-term morbidity and mortality, with hospital
mortality rates exceeding 50% when severe AKI is complicated with
critical illness [2]. In 2001, The US National Center for Health Sta-
tistics estimated that roughly $10 billion of expenditures are
attributed to hospital-acquired AKI annually [3]. A preponderance
of evidence supports the presence of links between AKI and
chronic kidney disease (CKD) [4]. Pre-AKI baseline CKD was
associated with a two-fold increase in mortality and a four-to five-
fold increase in risk of CKD outcomes compared with patients
without AKI [5]. Therefore, strategies specifically for reducing renal
damage and CKD risk for patients suffering fromAKI are needed [6].

Rhabdomyolysis-induced by glycerol injection is a well-
established model of experimental AKI [7]. It is characterized by
intense acute tubular necrosis of the renal cortex and inflammatory
cell infiltration [8,9].

Mesenchymal stem cells (MSCs), also known as multipotent
mesenchymal stromal cells, originally isolated from bone marrow
and have also been found in other organs and tissues [10]. In 2013,
Chen K et al. evaluated the biodistributions of transplanted MSCs in
the organs of mice with cisplatin-induced AKI and found that
transplanted cells can enter the kidneys and survive [11]. MSCs
have regenerative capability and exert paracrine actions on
damaged tissues [10]. There is increasing interest in utilizing MSCs
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in a broad repertoire of cell-based therapies for the treatment of
diseases, including osteogenesis imperfecta, diabetes, and acute
graft-versus-host disease [10,13e18]. It has also been demonstrated
that MSCs can ameliorate AKI and improve renal function by
reducing apoptosis and alleviating the inflammatory response and
oxidative stress [19,20]. In recent years, MSCs have been used in
clinical trials [21,22]. Scientists have established several stem cell-
based therapy modalities for the treatment of AKI. Many different
types of stem cells, including haematopoietic progenitor cells [23],
adipose-derived stem cells [24] and umbilical cord-derived
mesenchymal stem cells [25], have been investigated and found
to have therapeutic effects against AKI [26]. Bone marrow mesen-
chymal stem cells (BMSCs) were used in the experiment in this
study. The characteristics of MSCs described above set a premise for
the success of this experiment.

Klotho was initially identified as a suppressor of ageing [27]. In
addition, the 130 kD form is a single transmembrane protein
encoded by the Klotho gene. The 70 kD Klotho isoform is a product
of alternative splicing with the extracellular domain of the mem-
brane, which can be released into the blood, functioning as a
circulating soluble Klotho [28]. Circulating soluble Klotho in the
bloodstream may act as an endocrine factor with multiple remote
functions, including ion channel regulation, anti-insulin action,
anti-Wnt signalling activity, suppression of cell senescence, and
antioxidation [29e31]. Defects in Klotho gene expression in mice
results in a syndrome that resembles human ageing, including a
short lifespan, infertility, arteriosclerosis, skin atrophy, osteoporosis
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and emphysema. Klotho is predominantly expressed in distal renal
tubules of the kidney, parathyroid glands, and choroid plexus of the
brain [32,33] and may function as an endocrine or paracrine hor-
mone [34]. Klotho is downregulated during kidney injury [35].
Klotho protein and gene therapy for kidney disease have been
shown to be more effective in reducing apoptosis, alleviating renal
fibrosis, and mitigating inflammatory cytokines and oxidative
stress [36e39]. However, the specific mechanism of the Klotho
gene in renal injury mitigation remains largely unknown.

In this experiment, we investigated the mechanisms of the
Klotho gene action on the treatment of AKI by measuring relevant
indexes.

2. Materials and methods

2.1. Isolation and expansion of BMSCs

MSCs from the bone marrow of 6-week-old to 8-week-old male
C57BL/6 mice (Animal Center of Xuzhou Medical University) were
isolated and cultured. Briefly, the mice were euthanized by cervical
dislocation, and their tibias and femurs were cleared of muscle and
connective tissue. Bone marrow cells were aspirated using an 18-
gauge needle with phosphate-buffered saline (PBS). The purge
PBS mixture was collected, and a density gradient was used to
isolate the blood mononuclear fraction from whole bone marrow.
The isolated cells were cultured in DMEM-low glucose (KaiJi,
Nanjing), 10% foetal bovine serum (FBS, Cyagen Biosciences,
Guangzhou, China) and antibiotics at 37 �C and 5% carbon dioxide
in air (Heal Force Development LTD, Hong Kong) [40]. The growth
medium was changed every day, and the cells were sub cultured
when 80e90% confluent.

2.2. Characterization of BMSCs

Flow cytometry analyses were performed to detect CD34, CD44,
CD45, and CD29 cells (all from eBioscience, US) using a flow cy-
tometer (Beckman Coulter, CA, USA). The cells were prepared at a
concentration of 1.0 � 105 cells in 100 ml of PBS. Antibodies,
including anti-CD34 conjugated to FITC, anti-CD29 conjugated to
FITC, anti-CD44 conjugated to PE, and anti-CD45 conjugated to
eFluor, were added to the cells and incubated at 4 �C for 30min. The
cells were acquired after two washes in PBS and analysed with
FACSCalibur flow cytometer (BD Bioscience).

Differentiation potential was examined by culturing these cells
under favourable conditions for adipogenic and osteogenic differ-
entiation using the method of Fishbane Sand colleagues [41].

2.3. Generation of BMSCs overexpressing the Klotho gene

BMSCs overexpressing Klotho were generated by transducing
BMSCs with lentiviral-based transfer of the Klotho gene (BMSC-
Klotho-green fluorescent protein [GFP], BMSCs-Klotho) or empty
vector gene (BMSC-empty vector-GFP, BMSCs-EV) (Shanghai Gen-
eChem Co., Ltd.). The BMSCs were transfected according to a pre-
vious report [42]. Briefly, BMSCs were plated in 25-cm2

flasks and
grown to 50% confluence (~106 cells). The Cells were incubated for
12 h with lentivirus at a multiplicity of infection (MOI) of 10 in the
presence of 8 mg polybrene ml�1 (Sigma, USA). The next day, the
mediumwas replaced with 5 ml of fresh medium. Three days later,
the transfected cells were cultured in complete medium containing
2 mg/l puromycin. The medium was replaced every three days for
four cycles. After screening by puromycin, the GFP-expressing cells
were collected. In addition, PCR, ELISA and western blotting were
used to assess the expression of Klotho i the n BMSCs transduced
with an empty vector or Klotho.
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2.4. CCK-8 cell viability assay

Cell viability was detected via the CCK-8 method (Dojindo,
Japan). Cells were divided into three groups, BMSCs, BMSCs-Klotho
and BMSCs-EV, and the cells were seeded into 96-well plates at a
density of 3000 cells/100 ml medium. DMEM containing 10% FBS
was used as the blank control. As soon as the cells were stable
(approximately 2 h later), 10% CCK-8 was added to themedium, and
the plates were incubated for 30 min. Cell proliferation was
measured on days 1, 2, and 3, and absorption was measured at
450 nm.

2.5. Cell cycle analysis

BMSCs, BMSCs-Klotho and BMSCs-EV were harvested, washed
with cold phosphate-buffered saline (PBS), and fixed in 1 ml of 70%
ethanol. After incubation overnight at 4 �C in ethanol, the cells were
washed in PBS and suspended in 500 ml of propidine iodide (PI) for
30 min before flow cytometry. The percentages of the cell pop-
ulations in the G0eG1, S, and G2/M phases were determined by
flow cytometry (BD Biosciences, USA), and the data were analysed
using multicycle-DNA cell cycle analysis software. Each measure-
ment was performed in triplicate.

2.6. Transwell cell invasion assay

BMSCs, BMSCs-Klotho and BMSCs-EV were collected, and the
cells were suspended in serum-free medium at a density of
1 � 105 cells/ml. Subsequently, 200 ml of each cell suspension was
added to the upper chamber of Transwell chambers (Corning Life
Sciences, Tewksbury, MA, USA) pretreated with Matrigel (BD Bio-
sciences, Franklin Lakes, NJ, USA), and 500 ml of DMEM supple-
mented with 30% FBS was added to each lower chamber. After
incubation in the incubator for 24 h at 37 �C, the cells on the upper
surface of the microporous membrane were removed with cotton
swabs, whereas the cells on the lower surface of the membrane
were fixed with a 4% paraformaldehyde solution (Sinopharm,
Shanghai, China) for 30min at room temperature and subsequently
stained with 0.5% crystal violet solution (Amresco, Solon, OH, USA).
Images of the stained cells from five selected visual fields were
captured under a light microscope (AE31; Motic Incorporation, Ltd.,
Xiamen, China) at 200�magnification, and the number of cells that
migrated through the microporous membranes was calculated. All
assays were performed in duplicate.

2.7. Wound healing assay

The cells were seeded into 6-well plates (1 � 105 cells per well).
When the cells reached 80e90% confluence, 200 -ml pipette tips
were used to make scratches on the monolayer cell surface. The
cells were subsequently washed with serum-freemedium and then
incubated with serum-free DMEM at 37 �C. At 0, 12, and 24 h, each
sample image was captured, and the data were recorded to calcu-
late the relative cell mobility based on the following formula:
relative mobility ¼ distance between the edges of the initial
scratches - between the edges of migrated scratches.

2.8. Enzyme-linked immunosorbent assay

After being cultured for 2 days in each group, the medium was
collected for secretory cell function analysis. Vascular endothelial
growth factor (VEGF), insulin-like growth factor-1 (IGF-1), and
hepatocyte growth factor (HGF), which are secreted by BMSCs,
were measured using ELISA kits (Abcam, United Kingdom)
following the manufacturer's instructions.
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2.9. Labelling of the BMSCs for histological cell tracking

In this experiment, the BMSCs were adjusted to 106/ml and
labeled with 10 mM green fluorescent tracer 5-
Chloromethylfluorescein diacetate (CMFDA, Invitrogen, San Diego,
CA, USA) for 30 min at 37 �C. After further centrifugation, the cells
were resuspended in PBS (BMSCs z 106 in 200 ml PBS) and kept on
ice until infusion. We infused CMFDA-labeled BMSCs via the tail
vein, and examined the kidneys on days 3 by confocal microscopy.
The tissue used for light microscopy was fixed in 10% neutral-
buffered formalin for 12 h, then embedded in OCT and
cryosectioned.

2.10. Experimental animals and procedures

Eight-to twelve-week-old C57BL/6 male mice were obtained
from the Experimental Animal Center of Xuzhou Medical Univer-
sity. The mice were housed at a constant room temperature with a
12-h light/dark cycle. Standard rodent chow and water were pro-
vided ad libitum. The animals were acclimated for seven days prior
to initiating the experiment. All animal protocols were approved by
the Animal Ethics Committee of the Chinese PLA General Hospital
and Military Medical College.

Animals were divided into five groups (six mice per group),
namely, AKIþBMSCs-Klotho, AKIþBMSCs-EV, AKIþBMSCs and
AKIþPBS. As described previously, AKI was induced by rhabdo-
myolysis (RM) [43]. C57BL/6 mice were deprived of water for 24 h
and then administered one-half the dose of glycerol (50% v/v in
sterile saline) in each hindlimb muscle under light sedation with
pentobarbital. Dose-dependent studies defined an optimal glycerol
dose of 8 ml/kg body weight. Six h later, the mice were given an
intravenous injection of BMSCs (BMSCs z 106 in 200 ml PBS),
BMSCs-Klotho (BMSCs-Klotho z 106 in 200 ml PBS) and BMSCs-EV
(BMSCs-EV z 106 in 200 ml PBS) or an equal volume of PBS (200 ml
PBS) into the tail vein. Only the control (CON) group received an
injection of 200 ml of PBS into the veinwithout RM-induced AKI. All
blood and kidney samples were harvested for further processing at
72 h.

To determine the biochemical variables serum creatinine (SCr)
and blood urea nitrogen (BUN) using a biochemistry Autoanalyser,
blood and tissue samples were collected at 72 h and stored
at�80 �C. For histological analysis, kidney tissue samples from each
group were fixed with formalin, embedded in paraffin, and
sectioned to a thickness of 5 mm.

2.11. Haematoxylin and eosin (H&E) staining

Kidney sections were sliced (5 microns), dewaxed using hy-
dration and xylene, stained with haematoxylin (5 min), treated
with hydrochloric acid ethanol (30 s), and soaked in water (15 min)
before staining with eosin (2 min). After conventional dehydration,
transparency, and sealing, the sections were analysed as described
below.

2.12. Immunohistochemistry

Briefly, paraffin-embedded kidney sections were deparaffinized
by xylene and rehydrated in an alcohol series and water. Samples
were incubated overnight with anti-mouse primary antibodies
including anti-VEGF (1:1000, Abcam, USA), antieHIFe1 (1:1000,
Abcam, USA), anti-EPO (1:200, PTG, China), anti-KIM-1 (1:200,
Absin, China) and anti-IGF-1 (1:300, PTG, China) at 4 �C, rinsedwith
PBS three times and incubated with biotinylated secondary
258
antibody. Nuclei were visualized by counterstaining with Harris
haematoxylin. The colour intensity was measured using Image-Pro
Plus 6.0.

2.13. Western blot analysis

Cells and tissues were washed twice in ice-cold PBS and then
lysed with RIPA lysis buffer for 30 min on ice. The lysates were
centrifuged at 12,000 rpm for 20 min at 4 �C, and the supernatants
were collected and used for evaluation of the relevant protein
levels. The protein concentrations in each sample were measured
using a BCA protein assay kit (Kaiji Biotechnology, Nanjing, China).
Western blotting was performed according to standard protocols.
We used the following anti-mouse primary antibodies: anti-Klotho
(1:1000, Proteintech, USA), anti-CXCR4 (1:500, Proteintech, USA),
anti-SDF-1 (1:200, Proteintech, USA), anti-CyclinD1 (1:200, Pro-
teintech, USA), anti-EGF (1:1000, Abcam, USA), antieHIFe1
(1:1000, Abcam, USA), anti-EPO (1:200, PTG, China), anti-KIM-1
(1:200, Absin, China), anti-IGF-1 (1:300, PTG, China), and anti-b-
actin (1:1000, Santa Cruz Biotechnology, USA)., and we used IgG
secondary antibodies (1:200, Santa Cruz Biotechnology, USA).

2.14. Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from the cells using a total RNA
extraction kit (Tiangen Biotech, Co., Ltd., Beijing, China) following
the manufacturer's instructions. The extracted RNA from each
group was reverse transcribed into cDNA using Super M-MLV
reverse transcriptase (BioTeke Corporation, Beijing, China) and
oligo (dT) 15. The mRNA expression levels of Klotho, CXCR4 and
SDF-1 were detected by RT-qPCR on an Exicycler TM 96 Real-Time
Quantitative PCR instrument (Bioneer Corporation, Daejeon, Korea)
using cDNA as a template. The PCR conditions were as follows:
95 �C for 5 min; 95 �C for 20 s, 60 �C for 30 s, 72 �C for 20 s (40
cycles); 5 �C for 5 min. The relative mRNA levels in each sample
were calculated using the 2-DDCt method [44], with GAPDH as a
reference. SYBR Green RT-PCR Master mix was purchased from
Beijing Solarbio Science & Technology Co., Ltd. The following
primers were used:

GAPDH forward AGGCCGGTGAGTATGTC and reverse 50-
TGCCTGCTTCACCACCTTCT-30

Klotho forward ACTACGTTCAAGTGGACACTACT and reverse 50-
GATGGCAGAGAAATCAACACAGT-30

CXCR4 forward GAAGTGGGGTCTGGAGACTAT and reverse 50-
TTGCCGACTATGCCAGTCAAG-30

SDF-1 forward TGCATCAGTGACGGTAAACCA and reverse 50-
TTCTTCAGCCGTGCAACAATC-30

3. Results

3.1. Bone mesenchymal stem cell phenotype

We verified the typical spindle-shaped morphology of the three
generations of BMSCs under a light microscope (Fig. 1aec). The
BMSCs showed multiple differentiation appearances, and they
were successfully differentiated into osteoblasts and adipocytes, as
demonstrated by positive staining with Alizarin red and oil red O,
respectively (Fig. 1d and e). The BMSCs were characterized by CD
markers with FACS, which showed that the cells were positive for
CD44 and CD29 and were negative for CD45 and CD34 (Fig. 1f). In
this experiment, we used third-generation mesenchymal stem
cells.



Fig. 1. Characterization of BMSCs (a,b,c) Light microscopy revealed that the bone mesenchymal stem cells (BMSCs) were spindle-shaped. (a) (b) (c) represents the first generation,
second generation and third generation of bone marrow mesenchymal stem cells respectively. (d) Alizarin Red S was used to show differentiation to osteocytes. (e) Oil Red O
staining determined differentiation to adipocytes (Magnification, �200). (f) Immunophenotype of isolated UC-MSCs. Isolated BMSCs were characterized by FACS. UC-MSCs were
positive for CD29, CD44, and nearly negative for CD34 and CD45.

W. Ni, Y. Zhang and Z. Yin Regenerative Therapy 18 (2021) 255e267
3.2. Efficient transfection of BMSCs by lentivirus overexpressing
Klotho and an empty vector

All cells, including BMSCs-Klotho and BMSCs-EV, significantly
expressed GFP fluorescence, with a positivity rate of approximately
98%e100% (Fig. 2aed). The protein expression of Klotho, measured
using Western blot, and the mRNA expression of Klotho, quantified
by qPCR, indicated that the expression levels of Klotho were
significantly higher in the BMSCs-Klotho compared with those in
the BMSCs and BMSCs-EV (P < 0.05; Fig. 2e and f). These results
suggest that BMSCs-Klotho were successfully generated by retro-
viral infection.

3.3. The overexpression of Klotho enhanced BMSC proliferation and
secretory capacity

The proliferation ability of BMSCs overexpressing Klotho was
evaluated using CCK-8 assay and cell cycle analysis. In addition, the
expression of cyclin D1 protein, which promotes cellular prolifer-
ation [45], was also analysed. As shown by the CCK-8 results,
viability of the BMSC-Klotho group cultured for 24 h was increased
and the proliferation rate was significantly increased at 48 h and
96 h relative to the viability and proliferation of the BMSCs and
BMSCs-EV (P < 0.05). The BMSC and BMSC-EV groups showed
slower multiplication rates, and there was no difference between
them (Fig. 3a).
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Cell cycle analysis revealed that the transfected Klotho gene
increased the percentage of cells in the S phase and G2/M phase
compared with the percentages in the BMSC and BMSC-EV groups
and a lower percentage of cells was in the G0/G1 phase (P < 0.05).
Therewas no difference between the BMSC group and the BMSC-EV
group (Fig. 3b). Consistent with these results, in the BMSC-Klotho
group, Western blot analysis revealed a concomitant increase in
the expression of cyclin D1 (P < 0.05; Fig. 3c). These results suggest
that Klotho overexpression in BMSCs greatly increases cell prolif-
eration in vitro. The proliferation capability of the BMSCs-Klotho
showed a marked difference compared with that of the BMSCs
and BMSCs-EV. In addition, therewas no difference between BMSCs
and BMSCs-EV.

The effects of Klotho gene overexpression on the secretory ca-
pacity of BMSCs in repairing AKI mechanisms (VEGF, IGF-1, and
HGF) were also evaluated by ELISAs. As the results showed, VEGF,
IGF-1, and HGF secreted by BMSCs-Klotho exhibited an increasing
tendency (P < 0.05), and the secretory capacity of the BMSCs-EV
and BMSCs did not show an obvious increase (Fig. 3d).

3.4. BMSC migration in vitro was enhanced by transfection with the
Klotho gene

A wound-healing assay was performed to detect changes in
the migration capacity of the cells, an essential early step in the
paracrine process and differentiation of MSCs in injured organs.



Fig. 2. Virus transduction ot BMSCs. BMSCs Transfected by lentivirus Klotho (a,b) and mediated-empty vector (c,d). In the BMSCs-Klotho and BMSCs-EV groups, cell were screened
by Purinemycin with a concentration of 2 mg/ml. Western-blot (e) and qPCR (f) analyses were performed for high protein expression of Klotho in the Klotho-BMSCs group as
compared with BMSCs-EV group and BMSCs group. Data presented as mean ± standard deviation (n ¼ 3 each, *P ˂ 0.05 versus BMSCs-EV, BMSCs).
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The results of the wound-healing assay demonstrated that the
relative mobility of the BMSCs cells was significantly faster
following the overexpression of the Klotho gene compared with
that of the cells in the BMSC-EV and BMSC groups (P < 0.05;
Fig. 4a and b). In addition, Transwell invasion assays were also
performed to evaluate the effect of cells in the BMSC-Klotho
group. Following transfection with Klotho, the results revealed
that more cells migrated through the pores of the membrane
from the bottom of the upper wells to the opposite side of the
Fig. 3. Klotho enhance the proliferation ability and secretory levels of BMSCs. (a) The cell pro
and 96 h (n ¼ 9). (b) Cell cycle analysis of BMSCs, by comparing the percentage of cells, in
immunoblot for Cyclin D1 in each group. (d) The secretory levels of insulin-like growth factor
A) and by BMSCs in each group (n ¼ 3). Data presented as mean ± standard deviation. *P
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membrane at 24 h and 48 h (P < 0.05; Fig. 4c and d,
respectively).

The expression of SDF-1 and its CXCR4, involved in the migra-
tion of cells to sites of injury, was tested by western blotting and
qPCR [46e49]. CXCR4 is normally expressed in bone marrow (BM)
stem cells and was upregulated significantly in the BMSC-Klotho
group compared to its expression in the BMSC-EV and BMSC
groups (P < 0.05; Fig. 5a and b). The expression level of SDF-1 was
highest in the BMSC-Klotho group relative to the BMSC-EV and
liferation ability of BMSCs in three groups was determined by CCK-8 assay at 24 h, 48 h
each group, in S phase and G2/M phase and G0/G1 phase (n ¼ 3). (c) Representative
-1 (IGF-1) Hepatocyte growth factor (HGF), vascular endothelial growth factor-A (VEGF-
< 0.05 versus BMSCs, BMSCs-EV.



Fig. 4. Klotho gene promotes the migration and invasion of BMSCs. (a,b) Following transfection, a wound-healing assay was performed to investigate changes in migration capacity
(n ¼ 3, magnification. �200). (c,d) A Transwell invasion assay was performed to detect cell invasion capacity following transfection (n ¼ 9). Images were captured under a light
microscope (magnification, �200). The experimental results are presented as the means ± standard deviation. *P < 0.05 versus BMSCs, BMSCs-EV.
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BMSC groups (P < 0.05; Fig. 5c and d). In addition, the qPCR results
were consistent with the Western blot results, and the mRNA
expression of SDF-1 and CXCR4 was profoundly increased in the
BMSC-Klotho group compared with the BMSC-EV and BMSC
groups. There was no difference in the expression of mRNA be-
tween the BMSC-EV and BMSC groups (P < 0.05; Fig. 5e and f).

These results suggest that Klotho gene overexpression in BMSCs
increases the expression of CXCR4 and SDF-1, which is beneficial for
Fig. 5. Klotho gene increased the relevant migration protein expression after rhabdomyolys
Western blot. (c.d) The expression of SDF-1 was tested by Western blot. (e,f) The mRNA ex
mean ± standard deviation. *P < 0.05 versus BMSCs-EV group and BMSCs group.
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BMSC transplantation in the kidney. We can hypothesize that more
cells can arrive at the kidney.

3.5. Chloromethylfluorescein diacetate-labeled BMSCs are recruited
to the kidney

We observed that BMSCs were recruited to the kidneys, most of
them localized to the cortical and medullary tubular tissue of
is (RM)-induced acute kidney injury (AKI). (a,b) The expression of CXCR4 was tested by
pression of CXCR4 and SDF-1 was examined by qRCR respectively. Date presented as



W. Ni, Y. Zhang and Z. Yin Regenerative Therapy 18 (2021) 255e267
kidneys. Enlarged views showed that every CMFDA-labeled BMSC
presented a nucleus counterstained with 40,6-diamidino- 2- phe-
nylin -dole (DAPI, Fig. 6aec) consistent with our previous study.

3.6. Bone mesenchymal stem cells transfected with the Klotho gene
protected renal function against RM-induced AKI

Renal function level was assessed in PBS-treated mice at 72 h
(SCr, 149.50 ± 21.51 mmol/L; BUN, 81.12 ± 1.17 mmol/L), and it was
significantly higher than that of the CON group. Thereweremarked
decreases in creatinine and BUN levels at 72 h in the BMSC-Klotho,
BMSC-EV and BMSC groups compared with those of the PBS group
(P < 0.05). However, renal function in the BMSC-Klotho group was
not different from that of the CON group (P > 0.05). BMSCs-Klotho
infusion markedly reduced the levels of SCr (Fig. 7a) and BUN
(Fig. 7b) 72 h after glycerol injection compared with the levels in
the mice administered BMCs, BMSCs-EV, or PBS(P < 0.05).

3.7. Bone mesenchymal stem cells transfected with the Klotho gene
alleviated renal tissue damage

BecausemaximumAKI was achieved at 72 h, according to FuM a
et al. [45], we selected a 72-h time point to evaluate kidney injury.
To evaluate the therapeutic effect of BMSCs, BMSCs-EV and BMSCs-
Klotho in the AKI model, the pathological changes in the kidney
tubules, kidney glomeruli, and collecting tubules of each group
were observed using H&E staining. Notable damage, including
tubular necrosis, dilatation, and effusion in the kidney tubules, was
observed in the AKIþPBS model group compared with the CON
group. Various degrees of amelioration were observed in the
AKIþBMSC, AKIþBMSC-EV and AKIþBMSC-Klotho groups
compared with the AKIþPBS group. There was no difference be-
tween the BMSC group and the BMSC-EV group in terms of histo-
pathology. The BMSC-Klotho group exhibited fewer necrotic and
dilated tubules and less effusion in the tubules (Fig. 7c).

3.8. Bone mesenchymal stem cells transfected with the Klotho gene
increased the protein expression of Klotho in renal tissues after RM-
induced AKI

AKI reduces the expression of Klotho protein levels in renal
tissue. However, protein expression in the BMSC-Klotho group was
highest compared with the BMSC-EV, BMSC and PBS groups
(P < 0.05) andwas close to that of the control group. However, there
was no difference between the BMSC group and the BMSC-vector
group (P > 0.05) (Fig. 8a and b).

3.9. Bone mesenchymal stem cells transfected with the Klotho gene
increased EPO expression after RM-induced AKI

EPO was shown to be indispensable in the protection against
AKI, as it helps enhance functional andmorphologic tissue recovery
Fig. 6. BMSCs are recruited to the kidney. (a) 5-Chloromethylfluorescein diacetate (CMFDA
(n ¼ 3; Y: CMFDA-labeled BMSCs; Magnification, �200).
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[50]. Renal EPO protein levels decreased after the glycerol treat-
ment. However, with BMSC-Klotho, BMC and BMSC-EV treatment,
EPO increased at 72 h compared to EPO level after treatment with
PBS (P < 0.05). The expression of EPOwas significantly higher in the
AKIþBMSC-Klotho group than in the AKIþBMSC-EV and
AKIþBMSC groups, according to the Western blot analysis and
immunohistochemical assay results (P < 0.05). However, there was
no difference in EPO expression between the AKIþBMSC-EV group
and AKIþBMSC group (P > 0.05) (Fig. 9aed).

3.10. Bone mesenchymal stem cells transfected with the Klotho gene
decreased KIM-1 expression after RM-induced AKI

The expression of KIM-1 protein in the kidney was elevated
72 h after treatment. With BMSC-Klotho, BMSC-EV and BMSC
treatments, drenal KIM-1 level was lower than that after the
PBS treatment following glycerol administration (P < 0.05;
Fig. 10a and b). KIM-1 expression was negligibly detected by
immunohistochemical staining in the untreated mouse kidneys.
In the PBS-treated mouse kidneys, the KIM-1 staining was more
intense and was localized mainly to the apical membranes of
proximal tubular epithelial cells along in some damaged tu-
bules. In contrast, the BMSC-EV- and BMSC-treated mice
exhibited less extensive distribution of KIM-1 staining in the
tubular epithelial cells, and there were fewer KIM-1-positive
tubules in the mice treated with BMSCs-Klotho (P < 0.05;
Fig. 10c and d).

3.11. Bone mesenchymal stem cells transfected with the Klotho gene
attenuated HIF-1 expression after rhabdomyolysis-induced AKI

Hypoxia-inducible factor (HIF) is a master regulator that medi-
ates the adaptive response to hypoxia in cells and tissues. Under
hypoxic conditions, HIF-1 protein accumulates [51]. In general, we
did not find any differences in HIF-1 expression among the BMSC-
EV and BMSC groups at 72 h (P > 0.05). BMSC-Klotho inhibited HIF-
1 expression after glycerol treatment compared to the PBS, BMSC-
EV and BMSC treatment groups (P < 0.05; Fig. 11a and b). HIF-1
localization at the basement membranes of proximal convoluted
tubules was more clearly blocked by BMSC-Klotho treatment than
it was after other treatments administered alone (P < 0.05). The
expression of HIF-1 was similar to that of the CON group (P > 0.05)
(Fig. 11c and d).

3.12. Bone mesenchymal stem cells transfected with the Klotho
gene increased IGF-1 expression after rhabdomyolysis-induced AKI

Insulin-like growth factor-1 (IGF-1) is a multifunctional hor-
mone that has pleiotropic effects on cellular proliferation,
apoptosis, hypertrophy, and differentiation [52]. IGF-1 has been
proven to have a remission effect on AKI [25]. We analysed the
protein expression of IGF-1 after AKI. Decreased IGF-1 expression
)-labeled BMSCs. (b) 40 ,6-diamidino-2-phenylindole (DAPI), and (c) merged channels,



Fig. 7. Klotho gene ameliorate rhabdomyolysis (RM)-induced acute kidney injury (AKI) and prevents tubular injury (a) Creatinine and (b) blood urea nitrogen (BUN) levels at 2 day
and 5 day for Rhabdomyolysis-induced AKI model mice treated with PBS, BMSCs-Klotho, BMSCs-EV and BMSCs (n ¼ 6/each group). Date presented as mean ± standard deviation.
*P < 0.05 versus PBS group, #P < 0.05 versus BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group at the corresponding times. (c) The overexpression of Klotho prevents
tubular injury and attenuates kidney peritubular capillary loss. Representative light microscopy images of hematoxylin and eosin-stained kidney sections on day 3 in the CON group,
BMSCs-Klotho group, BMSCs-EV group and BMSCs group (*: vascular blockage; Y: Vascular necrosis; Magnification, �200).

W. Ni, Y. Zhang and Z. Yin Regenerative Therapy 18 (2021) 255e267
was observed after PBS, BMSC-EV and BMSC treatment and was
negligibly decreased after the BMSC-Klotho intervention at the
same time point (P < 0.05; Fig. 12a and b). Furthermore, in the
BMSC-EV group and BMSC group, the protein expression of IGF-1
exceeded that of the PBS group. After BMSC-Klotho treatment,
tissue IGF-1 staining was also more intense at 72 h compared with
that of the mice receiving PBS, BMSC-EV and BMSC treatments
(P < 0.05; Fig. 12c and d).

4. Discussion

Klotho not only serves as an early biomarker for AKI but also
functions as a renal-protective factor with therapeutic potential. A
study by Ming-Chang Hu et al., proved the protective effects of
Klotho by supplementing recombinant Klotho protein in a Klotho
gene deficiency model [53]. Although the therapeutic effect of
human Klotho against AKI has been established, optimizations of
Klotho gene overexpression therapy in renal repair remain limited.
Fig. 8. Analysis of Klotho expression in different groups by Western blot. (a) The expression
blot. Date presented as mean ± standard deviation. *P < 0.05 versus PBS group, #P < 0.05
sponding times.
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Recently, several BMSC-based gene therapy studies in renal
repair have been conducted, such as those looking at the thera-
peutic effects of HGF-modified MSCs in ischaemia/reperfusion-
induced AKI rat models, overexpression of Nrf2 within MSC-
protected rats against acute kidney injury, and enhanced renal
protective effect of IGF-1-modified human umbilical cord-derived
mesenchymal stem cells on gentamicin-induced acute kidney
injury. In previous studies, we verified that most MSCs can be
recruited to the kidneys and localize to the cortical and medullary
tubular tissue of injured kidneys, especially in the outer medulla
where the proximal tubules are located, and that the number of
recruited MSCs decreased over time [25,54e56].

Considering the previous experiment, we modified the BMSCs
with the Klotho gene. Enhancement of Klotho expression and
secretion in BMSCs is a feasible strategy to improve the therapeutic
effects against AKI. Additionally, after transfection with Klotho, the
secretion of VEGF, IGF-1, and HGF and the proliferation ability of
BMSCs, which are beneficial for the recovery of AKI, also
of Klotho was tested by Western blot (n ¼ 3). (b) Quantification of the result of Western
versus BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group at the corre-



Fig. 9. Klotho gene increased the EPO expression after rhabdomyolysis (RM)-induced acute kidney injury (AKI). (a,b) The expression of EPO was tested by Western blot. (c,d) The
expression of EPO protein was examined by immunohistology (magnification, �200). Date presented as mean ± standard deviation. *P < 0.05 versus PBS group. #P < 0.05 versus
BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group.
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significantly increased. On the other hand, in our study, BMSCs-
Klotho also showed stronger migratory ability, compared with
normal BMSCs and BMSCs-EV. As tested using Western blot and
qPCR, SDF-1 and its ligand CXCR4 were upregulated by Klotho
overexpression in the BMSCs, and this was considered the key
mechanism of enhanced cell migration in our research. The in-
crease in the migration capability of BMSCs-Klotho was confirmed
by the Transwell and wound healing assays.

RM is a clinical syndrome characterized by injury to skeletal
muscle fibres with disruption and release of its contents into
the circulation. The severity of RM escalates from myoglobi-
nuria, which can result in AKI. Glycerol-induced AKI is charac-
terized by myoglobinuria, tubular necrosis and oxygen
metabolites [57].
Fig. 10. Klotho gene decreased the KIM-1 expression after rhabdomyolysis (RM)-induced ac
The expression of KIM-1 protein was examined by immunohistology (magnification, �200)
versus BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group.
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In this study, two essential indexes of renal function, SCr levels
and BUN, were substantially lower in the BMSC-Klotho treatment
group than in the other groups andwere not different from the CON
group. The levels of BUN and SCr in the AKIþBMSC-EV and
AKIþBMSC groups were not different but were lower than that of
the AKIþPBS group. Furthermore, histopathological renal injury
sections also demonstrated that BMSCs modified by Klotho were
superior to BMSCs and BMSCs-EV at improving impaired renal
function and attenuating kidney damage.

Some growth factors and chemokines such as EPO and IGF-1
that enhance epithelial proliferation, modulate inflammation, and
promote angiogenesis, are therefore good candidates for AKI ther-
apy. In this study, we found that the overexpression of the Klotho
gene increased the expression of EPO and IGF-1 in kidney tissue
ute kidney injury (AKI). (a,b) The expression of KIM-1 was tested by Western blot. (c,d)
. Date presented as mean ± standard deviation. *P < 0.05 versus PBS group, #P < 0.05



Fig. 11. Klotho gene decreased the HIF-la expression after rhabdomyolysis (RM)-induced acute kidney injury (AKI). (a,b) The expression of HIF-la was tested by Western blot. (c,d)
The expression of HIF-la protein was examined by immunohistology (magnification, �200). Date presented as mean ± standard deviation. *P < 0.05 versus PBS group. #P < 0.05
versus BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group.
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compared with the other groups, as tested using western blotting
and immunohistochemistry. It has also been reported that EPO has
antiapoptotic and anti-inflammatory properties that protect tissues
and enhance the tubular regeneration epithelium [58]. Therefore, it
is reasonable to believe that the overexpression of Klotho can
reduce inflammation and apoptosis by increasing EPO. Therefore, in
further studies, we can test the relevant factors and indicators of
inflammation and apoptosis, such as caspase 3, Bax, Fas, MCP-1 and
IL-10.

KIM-1, which can estimate the degree of kidney injury, has been
recognized as a sensitive biomarker of kidney injury after AKI [59].
We observed that the expression of KIM-1 increased in the group
Fig. 12. Klotho gene increased the IGF-1 expression after rhabdomyolysis (RM)-induced acut
expression of IGF-1 protein was examined by immunohistology (magnification, �200). Date
BMSCs-EV group and BMSCs group, DP < 0.05 versus CON group.
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treated with PBS and decreased with BMSC-Klotho treatment. KIM-
1 levels remained higher when treated with BMSCs-EV and BMSCs
thanwith BMSCs-Klotho. Thus, we can conclude that Klotho played
crucial roles in alleviating renal injury in this model.

Reviewing the relevant articles from the past 10 years, it ap-
pears that hypoxia occurs throughout the course of AKI. HIF-1 is
activated under hypoxic conditions. Some scholars believe that
HIF-1 is a core regulatory factor responding to oxygen deficiency
and blood deficiency after AKI [60,61]. We found that, after PBS
treatment, HIF-1 levels were higher than those after AKIþBMSC-
EV, AKIþBMSC or AKIþBMSCs-Klotho treatment. This result in-
dicates that the kidney tissues in the AKIþPBS group were in a
e kidney injury (AKI). (a,b) The expression of IGF-l was tested byWestern blot. (c,d) The
presented as mean ± standard deviation. *P < 0.05 versus PBS group. #P < 0.05 versus
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period of repair after tissue injury. Tissue hypoxia was more
serious than in the AKIþBMSC-EV, AKIþBMSC and AKIþBMSC-
Klotho groups. Because the expression of HIF-1 was not
different between the BMSC-Klotho group and the CON group, we
can infer that the renal tissue environment of the AKIþBMSC-
Klotho group was almost the same as that of the CON group. We
can also conclude that the Klotho gene can accelerate the repair
and improve the hypoxia of kidney tissues.

5. Conclusions

In summary, we conclude that Klotho overexpression exerts
positive effects on BMSCs. The overexpression of Klotho enhanced
the secretion, proliferation and migration of mesenchymal stem
cells. Furthermore Klotho gene markedly promotes recovery from
RM-induced AKI, by attenuating HIF-1 and KIM-1 expression,
increasing EPO and IGF-1 expression at the same time.
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