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Abstract. Klotho is a type of single‑pass transmembrane 
protein that is important for the proper function of numerous 
organs. The aim of the present study was to investigate the 
role of Klotho in sepsis‑associated myocardial damage. In the 
present study, reverse transcription‑quantitative PCR, western 
blotting and ELISA were conducted to examine the expression 
levels of function genes, and flow cytometry was performed to 
detect cell apoptosis and reactive oxygen species. The present 
study demonstrated that Klotho expression was significantly 
downregulated in septic mice and that the myocardial func-
tion of septic mice improved after treatment with exogenous 
Klotho protein. It further demonstrated that indoxyl sulfate 
inhibited the expression of Klotho protein. In addition, 
decreased Klotho protein further led to activation of the 
reactive oxygen species‑p38 mitogen‑activated protein kinase 
signaling pathway, finally resulting in myocardial damage. 
In conclusion, Klotho protein may be a key regulator in the 
myocardial damage of cardiorenal syndrome in sepsis. It also 
has a potential to be a therapeutic target for sepsis‑associated 
myocardial damage in the future.

Introduction

It is well known that sepsis is a complex systemic disorder. 
Sepsis is defined as a dysregulated immunological host 
response to infection, usually caused by invading micro-
organisms and their products (1). As the most severe form 
of infection, sepsis can lead to multiple organ dysfunction 

syndrome and tissue damage (2,3). It is estimated that 40‑60% 
of cases of multi‑organ dysfunction are associated with sepsis, 
including cardiorenal syndrome (CRS) (4). Sepsis‑associated 
CRS is classified as type 5 CRS, which is characterized by 
a strong systemic inflammatory reaction that can result in 
simultaneous heart and kidney failure (5). Cardiac dysfunction 
during sepsis mainly presents as reduced cardiac contractility, 
impaired ventricular response to fluid therapy and progressive 
ventricular dilatation (4,6). The mortality rate in patients with 
myocardial dysfunction may reach up to 70% (7). However, 
the molecular mechanisms of myocardial dysfunction in sepsis 
have yet to be fully elucidated.

Klotho is a type of single‑pass transmembrane protein that 
is commonly expressed in renal tubes (8). The Klotho gene 
family includes three subtypes: α‑, β‑ and γ‑Klotho. Among 
them, α‑Klotho is the main type, the protective activity 
of which is crucial for the proper function of numerous 
organs  (9). In addition, it has been confirmed that Klotho 
has antioxidative activity in acute kidney injury and cardio-
vascular disease (9,10). In the present study, it was found that 
Klotho expression was decreased in mice with lipopolysac-
charide (LPS)‑induced sepsis. Klotho treatment could reverse 
the myocardial damage of CRS in sepsis. The data from 
the present study further demonstrated that indoxyl sulfate 
decreased the Klotho level and activated the reactive oxygen 
species (ROS)‑mitogen‑activated protein kinase signaling 
pathway in LPS‑induced sepsis mice.

Materials and methods

Animal experiments. A total of 80 male wild‑type C57BL/ 
6 mice (aged 6‑8 weeks, weight 20‑24 g) were purchased from 
the Experimental Animal Center of Zhejiang Academy of 
Medical Sciences. All were housed at a specific pathogen‑free 
laboratory (temperature, 20‑24˚C; humidity, 50‑70%; free 
access to food and water; 12‑h light/dark cycles). The animals 
were randomly divided into control and model groups 
[LPS group, LPS + Klotho group, LPS + activated charcoal 
(AST‑120) group and indoxyl sulfate (IS) group]. There were 
5 mice per group. The control group received no treatment. 
The LPS group was established through the intraperitoneal 
injection of LPS (Sigma‑Aldrich; Merck KGaA) at doses of 5, 
10 and 20 mg/kg. The LPS + AST‑120 group, after LPS injec-
tion, received charcoal oral absorbent, 8% AST‑120 in powder 
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diet for 3 weeks. The IS group was established through intra-
peritoneal injection for 4 weeks. The final concentrations of IS 
were 5, 10 and 20 µM, with the mice blood volume being 8.3% 
x weight. Pentobarbital sodium was administered through 
intraperitoneal injection at a dose of 50 mg/kg for anesthesia. 
The health and behavior of the mice were observed each day. 
The humane endpoints in the present study were followed 
to the greatest extent possible to avoid mice mortality, severe 
pain or suffering during the experiments. In addition, the 
mice were euthanized when exhibiting the follow symptoms: 
Weight loss of 15‑20% of the original weight or no continuous 
weight gain during the growth period, displaying cachexia and 
persistent muscle wasting, loss of appetite [appetite loss for 
24 h or poor appetite (<50% of normal amount) for 3 days] 
or weakness (inability to eat and drink, inability to stand for 
24 h or extreme reluctance to stand). There was no accidental 
mortality in each group during the experiment. Finally, all the 
mice were sacrificed with euthanasia by cervical dislocation. 
Mice exhibiting no breathing or heartbeat were deemed to 
have succumbed in the present study. All animal experiments 
conformed to the guidelines established by the Ministry of 
Health (China) and were approved by the Animal Care and 
Welfare Committee of Zhejiang Hospital.

Hematoxylin and eosin (HE) staining. Heart and kidney 
tissues were fixed with 4% formalin at room temperature for 
24 h, embedded in paraffin and sectioned into 4‑mm thick 
sections. Subsequently, the tissue sections were deparaf-
finized in xylene and rehydrated in a series of graded alcohol 
solutions. Subsequently, the tissues sections were stained 
with hematoxylin‑eosin (cat. no. C0105; Beyotime Institute 
of Biotechnology) according to the manufacturer's protocol. 
Stained sections were observed under a light microscope 
(magnifcation, x200). 

Reverse transcription‑quantitative (RT‑q) PCR. TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract 
the total RNA from kidney and cardiomyocyte tissue samples 
(50‑100 mg) according to the manufacturer's instructions. 
Total RNA (1 µg) was reversed into cDNA with a PrimeScript 
RT reagent kit (Takara Biotechnology Co., Ltd.). Prior to being 
reversed into cDNA, RNA samples were treated with DNase I 
recombinant and RNasin inhibitor. The primers used were: 
Atrial natriuretic peptide (ANP; sense: 5'‑CG​TAT​ACA​GTG​
CGG​TGT​CCA‑3', antisense: 5'‑GGT​TGA​CTT​CCC​CAG​TCC​
AG‑3'), brain natriuretic peptide (BNP; sense: 5'‑GCT​GCT​
GGA​GCT​GAT​AAG​AGA​A‑3', antisense: 5'‑CGA​TCC​GGTC​
TAT​CTT​GTG​CC‑3') and GAPDH (sense: 5'‑AGG​AGC​GAG​
ACC​CCA​CTA​ACA‑3', antisense: 5'‑AGG​GGG​GCT​AAG​
CAG​TTG​GT‑3'). Each experiment was repeated three times. 
qPCR was performed using SYBR Premix Ex Taq (Takara 
Biotechnology Co., Ltd.). The PCR program used for the 
thermocycler (Bio‑Rad Laboratories, Inc.) was 95˚C for 5 min, 
followed by 39 cycles at 95˚C for 15 sec, 58˚C for 30 sec and 
72˚C for 30 sec. The relative changes in gene expression were 
normalized to GAPDH and analyzed using the 2‑ΔΔCq analysis 
method (11).

ELISA. Serum Klotho level was measured using a commercial 
ELISA kit (cat. no. AB15504; Sigma‑Aldrich; Merck KGaA) 

based on the biotin double antibody sandwich technology. 
All serum samples were run in duplicate according to the 
manufacturer's protocol. The Klotho level was calculated as 
the average of duplicate samples.

Western blotting. For western blotting, protein samples 
were extracted from lysed tissues using RIPA (Beyotime 
Institute of Biotechnology) and the levels were detected 
with a bicinchoninic acid protein assay kit (Thermo Fisher 
Scientific, Inc.). Thereafter, protein samples with the same 
quality (30  µg) were subjected to 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred 
to a nitrocellulose membrane (Merck KGaA) using a wet 
method. The membranes were blocked with 5% skim 
milk powder for 2 h at room temperature. Subsequently, 
the membranes were incubated at 4˚C for overnight with 
primary antibodies targeted against: Klotho (1:1,000; 
cat. no. ab15504; Abcam), p38MAPK (1:1,000; cat. no. 8690; 
Cell Signaling Technology, Inc.), phosphorylated‑p38MAPK 
(1:1000; cat. no. 5140; Cell Signaling Technology, Inc.) and 
GAPDH (1:1,000; cat. no. 5174; Cell Signaling Technology, 
Inc.). Subsequently, the membranes were incubated with a 
horseradish peroxidase‑conjugated anti‑rabbit IgG secondary 
antibody (1:100,000; cat.  no. 70‑GAR007; MultiSciences 
Biotech Co., Ltd.) for 1  h at room temperature. Protein 
bands were visualized using an enhanced chemilumines-
cence method (EMD Millipore) with the Odyssey imaging 
system (LI‑COR Biosciences). Protein expression was 
quantified using Image Pro Plus software (version 6.0; Media 
Cybernetics, Inc.).

Flow cytometry for apoptosis and ROS detection. For 
cell apoptosis analysis, H9c2 cells (ATCC) were seeded 
(2x105 cells/well) and treated with IS (5, 10 and 20 µM) for 
24 and 48 h. Floating and attached cells were all harvested. 
Cell apoptosis was assessed using flow cytometry by labeling 
with the Annexin V‑fluorescein isothiocyanate and prop-
idium iodide apoptosis detection kit (MultiSciences Biotech 
Co., Ltd.). For ROS analysis, heart tissue and H9c2  cells 
were first incubated with dichlorodihydrof luorescein 
diacetate (H2DCFDA) at 37˚C for 20 min. The levels of intra-
cellular H2O2 were measured using H2DCFDA fluorescent 
dye (Abcam). Cell apoptosis and ROS levels were determined 
using a BD Accuri C6 flow cytometer (BD Biosciences) and 
analyzed using FlowJo software (version 10; FlowJo LLC).

Cell viability assay. Cell viability was examined using the 
Cell Counting Kit‑8 (ccK8) assay (Beyotime institute of 
Biotechnology). Briefly, cells were trypsinized and seeded 
(2x103 cells/well) into 96‑well plates. After culturing with IS for 
48 h at 37˚C, 10 µl CCK‑8 reagent was added to each well and 
incubated at 37˚C for 3 h. Subsequently, the absorbance of each 
well was measured at a wavelength of 450 nm using a Multiskan 
MK3 spectrophotometer (Thermo Fisher Scientific, Inc.).

Equipment. The FACScan cytometer was purchased from BD 
Biosciences, the centrifuge was purchased from Eppendorf, 
the microscope was obtained from Olympus Corporation, 
the NanoDrop1000 spectrophotometer was purchased from 
Thermo Fisher Scientific, as was the cell incubator, and the 
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protein electrophoresis transfer device was purchased from 
Bio‑Rad Laboratories, Inc. 

Statistical analysis. All data are presented as mean ± stan-
dard error of mean. For comparisons between two groups of 
normally distributed data, the Student's t‑test was used. For 
multiple comparisons of normally distributed data, one‑way 
analysis of variance was used followed by Tukey's test. P<0.05 
was considered to indicate a statistically significant difference.

Results

LPS‑induced sepsis can lead to CRS in mice. CRS is a 
common complication of sepsis. To study the pathogenesis and 
pathological features of sepsis‑related CRS, an LPS‑induced 
sepsis mice model (LPS concentrations: 5, 10 and 20 mg/kg) 
was established. The data from the present study demonstrated 
that LPS injection can successfully induce sepsis in mice. In 
addition, it was found that 10 mg/kg was the optimal LPS 

Figure 1. LPS injection induced kidney damage in mice. (A) Representative histopathological image of kidney tissue in the LPS‑induced sepsis group at 24 h. 
(B and C) Levels of Scr and BUN in LPS‑induced sepsis mice. Data are representative of 3 independent experiments (n=5 mice per group). Data are shown as 
mean ± standard deviation. Scale bars=100 µm. *P<0.01 and ***P<0.001. LPS, lipopolysaccharide; Scr, serum creatinine; BUN, blood urea nitrogen.

Figure 2. LPS injection induced cardiac dysfunction in mice. (A) Representative echocardiographic image of LPS‑induced sepsis mice. (B) Histopathological 
changes of the myocardium in the LPS‑induced sepsis group at 24 h shown by hematoxylin‑eosin staining. Quantification of mRNA levels of (C) ANP and 
(D) BNP. (E) ROS production determined by ROS assay at 4 and 24 h. Scale bars=100 µm. *P<0.05 and **P<0.01. LPS, lipopolysaccharide; ANP, atrial 
natriuretic peptide; BNP, brain natriuretic peptide; ROS, reactive oxygen species.
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Figure 3. Klotho was decreased in LPS‑induced sepsis mice. (A) Protein expression levels of Klotho in kidney tissue. (B) Protein expression levels of Klotho 
in myocardial tissue. (C) Serum levels of Klotho in LPS‑induced sepsis mice. **P<0.01 and ***P<0.001. LPS, lipopolysaccharide.

Figure 4. Klotho treatment prevented LPS‑induced myocardial injury in septic mice. (A) Representative echocardiographic image of LPS‑induced sepsis mice 
following Klotho treatment. (B) Hematoxylin and eosin staining of myocardial tissues following Klotho treatment. (C and D) mRNA levels of ANP and BNP 
measured using quantitative PCR. (E) ROS production in LPS‑induced sepsis mice following Klotho treatment. Scale bars represent 100 µm. *P<0.05, **P<0.01 
and ***P<0.001. LPS, lipopolysaccharide; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; ROS, reactive oxygen species.
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concentration. Thereafter, the heart and kidney functions of 
mice were evaluated. HE staining of renal tissue revealed 
obviously edematous glomerular and tubular epithelium cells, 
as well as a large number of inflammatory cell infiltrates in 
LPS‑induced sepsis mice. By contrast, the structure of the 
glomerulus and tubules was clear and normal in control mice 
(Fig. 1A). The levels of serum creatinine and urea nitrogen 
were significantly higher in LPS‑induced sepsis mice 
(Fig. 1B and C). 

Cardiac dysfunction is another clinical feature of sepsis. 
Cardiac echocardiography revealed that LPS‑induced sepsis 
mice had left ventricular systolic dysfunction and decreased 
cardiac contractility (Fig. 2A). Evaluation of the myocardial 
tissue morphology demonstrated that the myocardial gap of the 
LPS‑induced sepsis group was broader than that of the control 
group, cardiac cells had severe edema, myocardial hyperemia 
was evident, adherent inflammatory cells were increased and 
some myocardial tissues demonstrated myocardial degenera-
tion and dissolution (Fig. 2B). The expression of myocardial 
injury markers such as ANP and BNP were detected and, as 
shown in Fig. 2C and D, the expression of ANP and BNP was 
upregulated in the LPS‑induced sepsis group. In addition, 
the ROS production of cardiomyocytes was also increased in 
LPS‑induced sepsis mice (Fig. 2E).

Klotho protein is significantly decreased in LPS‑induced 
sepsis mice. It has been reported that Klotho protein plays an 
important role in numerous organs, such as the kidney and 
heart (12,9). To ascertain whether Klotho protein can affect the 
development of LPS‑induced sepsis, the level of Klotho was 

detected in LPS‑induced sepsis mice. As shown in Fig. 3A, 
the Klotho protein level of kidney tissue was significantly 
decreased in the LPS‑induced sepsis group. The data further 
revealed that the expression of Klotho protein was also down-
regulated in myocardial tissues and that the downregulation 
of Klotho protein was dependent on the LPS concentration 
(Fig. 3B). Serum samples were collected for ELISA, which 
indicated that the level of Klotho protein was decreased 
compared with that in the control group (Fig. 3C).

Klotho protein treatment reverses myocardial injury in 
LPS‑induced sepsis mice. To further investigate the func-
tion of Klotho in the myocardial damage of CRS in sepsis, a 
Klotho protein intervention experiment was next performed. 
After LPS injection at a dose of 10 mg/kg for 24 h, the mice 
were treated with Klotho protein (0.02 mg/kg) through intra-
peritoneal injection for 4 days. The results indicated that the 
myocardial function of LPS‑induced sepsis mice was improved 
after Klotho protein injection (Fig. 4A and B). Similarly, the 
expression levels of ANP and BNP were downregulated 
compared with the LPS‑induced sepsis group (Fig. 4C and D). 
In addition, the ROS production of cardiomyocytes was also 
decreased compared with that in the LPS‑induced sepsis 
group (Fig. 4E). These results confirmed that Klotho had an 
important role in the myocardial damage of CRS in sepsis.

Klotho downregulation is associated with redundant IS. As 
Klotho is essential in CRS, the cause of Klotho downregu-
lation required investigation. It is known that uremic toxins 
often accumulate in sepsis. IS is a well‑known protein‑bound 

Figure 5. IS downregulated the expression of Klotho protein. (A) Protein expression levels of Klotho in kidney tissue after AST‑120 treatment. (B) Protein 
expression levels of Klotho in heart tissue after AST‑120 treatment. (C) Serum levels of Klotho in LPS‑induced sepsis mice after AST‑120 treatment. 
(D and E) Protein expression levels of Klotho in kidney and heart tissue after IS injection. (F) Serum levels of Klotho in IS‑treated mice. *P<0.05, **P<0.01 and 
***P<0.001. IS, indoxyl sulfate; AST‑120, activated charcoal.
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Figure 6. Klotho downregulation activated the ROS/p38 MAPK signaling pathway. (A) mRNA levels of ANP and BNP in H9c2 cells after IS treatment. 
(B) Viability of H9c2 cells after IS treatment determined using Cell Counting Kit‑8 assay. (C) H9c2 cells were treated with IS for 24 and 48 h and the results 
were analyzed using a flow cytometer. (D) ROS production in H9c2 cells after IS treatment. (E) Protein expression levels of p38 MAPK in H9c2 cells after IS 
treatment.
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uremic toxin that is correlated with sepsis (13). AST‑120 (8%) 
was administered to LPS‑induced sepsis mice in order to 
remove the excess IS in serum. Notably, western blot analysis 
demonstrated that the expression of Klotho was improved in 
kidney and heart tissues (Fig. 5A and B). As shown by ELISA, 
the serum level of Klotho protein was also increased (Fig. 5C). 
IS injection was then administered to mice in order to simulate 
a similar septic model and it was found that Klotho protein 
was decreased in kidney and heart tissues (Fig. 5D and E). 
The ELISA data demonstrated that the serum level of Klotho 
protein was also decreased after IS injection (Fig. 5F). These 
results indicated that IS decreased the expression of Klotho 
protein in LPS‑induced sepsis.

Klotho downregulation by IS activates the ROS/p38 
mitogen‑activated protein kinase (MAPK) signaling pathway 
in LPS‑induced sepsis. To investigate the downstream effectors 
of Klotho in the myocardial damage of CRS in sepsis, H9c2 
cardiomyocyte cells were treated with different IS concentra-
tions to imitate Klotho downregulation. As shown in Fig. 6A, 
the expression levels of ANP and BNP were upregulated in the 
IS group. Fig. 6B shows that cell proliferation was decreased 
after IS treatment. In addition, the proportion of apoptotic 
cells was increased in the IS group (Fig. 6C). The production 
of ROS was also increased (Fig. 6D). As the ROS/MAPK 
signaling pathway plays an important role in CRS (14,15), the 
level of MAPK was then detected. As shown in Fig. 6E, the 
phosphorylated p38 MAPK level was increased in IS group. 
Exogenous Klotho was added to the IS‑treated H9c2 cells and 
it was found that the expression of ANP and BNP had a certain 
degree of reversal compared with the IS group (Fig. 6F). The 

expression of p38 MAPK was also decreased after Klotho 
treatment (Fig. 6G). These results indicated that decreased 
Klotho expression may cause the activation of the ROS/p38 
MAPK signaling pathway, leading to myocardial damage.

Discussion

Myocardial injury caused by CRS is a common complica-
tion in sepsis patients and has a high mortality rate. Recent 
studies have indicated that myocardial depression in sepsis 
is caused by a number of factors (16). For example, indocya-
nine green‑001 can attenuate endotoxemia‑induced cardiac 
depression through the downregulation of the Wnt/β‑catenin 
signaling pathway  (17). In addition, it has been reported 
that microRNA(miR)‑135a is upregulated in sepsis‑induced 
myocardial depression (18) and a further study confirmed that 
miR‑135a aggravated sepsis‑induced myocardial dysfunction 
by regulating the p38 MAPK/nuclear factor‑κB signaling 
pathway  (18). In addition, high serum levels of soluble 
triggering receptor expressed on myeloid cells‑1 have been 
confirmed to be negatively correlated with left ventricular 
ejection fraction in septic patients (19). However, the molec-
ular mechanism of this myocardial injury has yet to be fully 
elucidated. The results of the present study confirmed that 
Klotho protein is a key molecule in myocardial disorders in 
sepsis patients. Klotho is a protein that is correlated with the 
suppression of several aging phenotypes (20‑22). It has been 
reported that Klotho can affect phosphate and glucose metab-
olism, and has antioxidant, adipogenic and other actions (23). 
In addition, previous studies have demonstrated that Klotho 
protein has protective activity against cardiovascular disease 

Figure 6 (Continued). Klotho downregulation activated the ROS/p38 MAPK signaling pathway. (F) mRNA levels of ANP and BNP in H9c2 cells after Klotho 
treatment detected using quantitative PCR. (G) Protein expression levels of p38 MAPK in H9c2 cells following Klotho treatment. *P<0.05, ** P<0.01 and 
***P<0.001. ROS, reactive oxygen species; MAPK, mitogen‑activated protein kinase; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; IS, indoxyl 
sulfate.
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and heart injury (9,24). A study confirmed that adults with 
higher plasma Klotho have a lower risk of developing coro-
nary artery disease  (25). In addition, Klotho protein can 
inhibit canonical transient receptor potential 6 channels to 
reject pathological heart alterations (26). However, whether 
Klotho has a protective function against the myocardial 
damage of CRS in sepsis has yet to be elucidated. The present 
study found that Klotho protein was downregulated in the 
heart and kidney tissues of septic mice and that the serum 
level of Klotho was also significantly decreased. In addition, 
the myocardial function of LPS‑induced septic mice was 
significantly improved after treatment with Klotho protein. 
These results suggested that Klotho played an important 
role in sepsis‑associated myocardial injury. Therefore, this 
raises the question of what role the downregulation of Klotho 
protein expression plays in sepsis‑associated myocardial 
injury. The data from the present study demonstrated that 
IS negatively regulated the expression of Klotho. It has been 
reported that IS can induce cell apoptosis through oxidative 
stress and the MAPK signaling pathway (27). In addition, 
a previous study confirmed that the protective function of 
Klotho protein in cardiovascular disease mainly depends on 
its antioxidative and antiapoptotic activity (9). The data from 
the present study confirmed that decreased Klotho induced 
the activation of the ROS/p38 MAPK signaling pathway, 
leading to cardiomyocyte apoptosis and finally resulting in 
myocardial damage. 
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