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Abstract

Recently, the Klotho protein (Klotho) has received substantial attention as protective

factor against cardiovascular complications of chronic kidney disease (CKD).

However, the direct effect and mechanism of Klotho on endothelial cells injury are

not well-known. In this study, we incubated human vein umbilical endothelial cells

(HUVECs) with uremic toxin indoxyl sulfate (IS) to mimic CKD internal environment

and investigated the direct effect of Klotho on the HUVECs injury induced by IS and

to explore the mechanism in this process. We found IS inhibited cell viability,

increased endoplasmic reticulum stress, and mediated apoptosis of HUVECs.

Treatment with Klotho significantly attenuated IS-induced above effects. Further-

more, Klotho alleviated the IS toxic effect on HUVECs via promoting AMP-activated

protein kinase (AMPK) α1 phosphorylation instead of directly upregulating AMPKα1,

which could be partly blocked by AMPK pathway inhibitor-Compound C. In addition,

Klotho also inhibited intercellular adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) expression induced by IS. Altogether, these results

indicated that Klotho can protect HUVECs from IS-induced injury by alleviating

AMPKα1-mediated endoplasmic reticulum stress.
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1 | INTRODUCTION

The morbidity and mortality related to cardiovascular disease are

much higher in patients with chronic kidney disease (CKD) than in the

general population, and these patients are prone to major adverse

cardiovascular events (MACE), such as heart failure, myocardial

infarction, and cerebrovascular disease (Mathew et al., 2017). Athero-

sclerotic cardiovascular disease (ASCVD) is more likely to occur in

CKD patients and is also one of the important mechanisms of MACE.

Atherosclerosis occurs at the early stage of CKD and develops rapidly;

this is called “accelerated atherosclerosis.” Injury and dysfunction

of endothelial cells are the starting points of atherosclerosis
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(Cibor et al., 2016) and the most important factors in the progression

of atherosclerosis (Dharmashankar & Widlansky, 2010).

Indoxyl sulfate (IS) is a dietary metabolite of tryptophan, which

acts as a uremic toxin in kidney-impaired patients. As renal function

declines, IS accumulates in the body. IS cannot be effectively removed

by conventional dialysis and brings side effects in the state of uremia.

It has been found that IS exhibits vascular toxicity, which can induce

oxidative stress, stimulate endothelial particle release, delay wound

healing, and damage vascular endothelial cells.

The anti-aging gene Klotho gene (Kl gene) was originally discov-

ered in studies of aging-related organ failure. Kl gene overexpression

can significantly extend the lives of organisms. The phenotype of Kl

gene knockout mice is very similar to the clinical manifestations of

CKD, suggesting that CKD might be a state of Kl gene deficiency (Hu,

Kuro-o, & Moe, 2013), and anti-aging treatment may be a new

approach for delaying CKD and the development of its complications

(Kooman et al., 2013). Our previous study has shown that supplemen-

tation of exogenous Klotho protein (Klotho) protects vascular endo-

thelial cells from uremia serum (Chen et al., 2015). However, the

mechanisms remain to be elucidated.

AMP-activated protein kinase (AMPK) is a signaling molecule that

maintains endothelial homeostasis and protects cells from injury and

stress, and AMPKα1 is the catalytic isoform expressed in vascular cells

and leukocytes (Fisslthaler & Fleming, 2009). Compound C is the

inhibitor of AMPK, which inhibits AMPK phosphorylation. The endo-

plasmic reticulum (ER) is an important organelle in the cytoplasm.

Some damage factors disrupt the steady state in the ER and induce

endoplasmic reticulum stress (ERS). Excessive ERS, characterized by

the elevation of glucose-regulated protein 78 (GRP78), eventually

causes the activation of apoptosis signaling pathway, and CCAAT/

enhancer binding protein homologous protein (CHOP) is involved in

ERS-mediated apoptosis as a transcription factor. Atherosclerosis is

an inflammatory disease. Intercellular adhesion molecule-1 (ICAM-1)

and vascular cell adhesion molecule-1 (VCAM-1), secreted by acti-

vated endothelial cells, may mediate the initial adhesion between

endothelial cells and leukocytes and platelets, which play an important

role in the development of atherosclerosis.

This study was to investigate the viability and apoptosis of human

umbilical vein endothelial cells (HUVECs) in the presence of IS with or

without Klotho intervention and also to explore the role of AMPKα1

expression, AMPKα1 phosphorylation, AMPKα1-mediated ERS, and

ICAM-1 and VCAM-1 expressions in the toxic effect of IS on HUVECs

and the possible protective mechanism of Klotho.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

HUVECs were purchased from ATCC (Manassas, VA, USA). Dulbecco's

modified Eagle's medium (DMEM), fetal bovine serum, penicillin, and

streptomycin were purchased from Gibco BRL (Grand Island, NY, USA).

The cell counting kit 8 (CCK 8) detection kit (Beyotime, Shanghai, China)

was used to assess cell viability. The total AMPKα1 (t-AMPKα1) rabbit

antibody, phosphorylated AMPKα1 (p-AMPKα1) rabbit antibody, and

CHOP mouse antibody were purchased from Cell Signaling Technology

(Danvers, MA, USA). The AMPK inhibitor Compound C was purchased

from Selleck Chemicals (Houston, TX, USA). The GRP78 rat antibody

was purchased from Santa Cruz (Dallas, TX, USA). The anti-cleaved

caspase-3 antibody was purchased from Abcam (Cambridge, MA, USA).

The ICAM-1 rabbit antibody and VCAM-1 mouse antibody were pur-

chased from Proteintech (Wuhan, Hubei, China). The anti GAPDH anti-

body was purchased from Wuhan Boster Biological Technology

(Wuhan, Hubei, China). The anti-β-actin antibody was purchased from

Cell Signaling Technology (Danvers, MA, USA). The sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels were pur-

chased from Beyotime Institute of Biotechnology (Shanghai, China). The

recombinant Klotho and IS were purchased from PeproTech (Rocky Hill,

NJ, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. The

Annexin V Fluorescein Propidium Iodide Apoptosis Detection Kit

(BD Biosciences, San Jose, CA, USA) was used to assess the levels of cell

apoptosis using flow cytometry. Hoechst 33342 was purchased from

Beyotime Institute of Biotechnology (Shanghai, China). The polymerase

chain reaction (PCR) primers were purchased from Ruizheng Biology

(Nanjing, China). The AMPKα1 siRNA and nonspecific siRNA were

purchased from GenePharma (Shanghai, China).

2.2 | Cell culture

The HUVECs were routinely cultured in DMEM supplemented with

10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL strepto-

mycin at 37�C in a humidified atmosphere with 5% CO2. All the

experiments were conducted using cells at Passages 5–10.

2.3 | CCK-8 assay

To investigate the inhibitory effect of different concentrations and

time points of IS and protective effect of Klotho on viability of

HUVECs, cells were seeded in 96-well plates at a density of 10 × 104

cells/well and cultured at 37�C. After the cells had completely

adhered and reached a confluence of 70%, the culture medium was

removed and the cells treated with different concentrations of IS

(0, 5, 25, and 50 μg/mL) for 48 h or 50 μg/mL IS for different time

(0, 12, 24, and 48 h) and 0, 1, 10, and 100 μg/L Klotho preincubated

for 1 h and then incubated with 50 μg/mL IS for 48 h. Then, 10 μL

CCK-8 reagent was added, and the cells were cultured at 37�C a fur-

ther 4 h. Optical density was measured using a microplate reader

(OD = 450 nm; Bio Rad Laboratories, Inc., Hercules, CA, USA).

2.4 | Small interference RNA transfection

To evaluate the role of AMPKα1 in IS-induced ERS and the regula-

tion of Klotho, AMPKα1 small interference RNA (siRNA) was
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synthesized by GenePharma (Shanghai, China). AMPKα1

sense siRNA sequence is 50-GCUUGAUGCACACAUGAAUTT-30.

AMPKα1 antisense siRNA sequence is 50-AUUCAUGUGUGCAU

CAAGCTT-30. As a control (Sicntl), nonspecific siRNA (sense:

50-UUCUCCGAACGUGUCACGUTT-30 , antisense: 50-ACGUGACACGU

UCGGAGAATT-30) was used. Chemically synthesized siRNAs were

transfected according to the manufacturer's specifications using

Lipofectamine 2000 (Invitrogen, Paisley, UK). Briefly, cells were

seeded into six-well plates and incubated under their normal growth

conditions to 70% confluence; 100-nM siRNA was diluted in 400-μL

culture medium without serum, and 4-μL Lipofectamine 2000 were

added into it. Cells were incubated with the transfection complexes for

20 min at room temperature before mixed into 1.6-mL fresh culture

medium without fetal bovine serum. After 8 h it was replaced by fresh

culture medium with 10% fetal bovine serum. Then, the cells

were exposed to 50 μg/mL IS or 50 μg/mL IS and 100 μg/L Klotho

(preincubated for 1 h) for 48 h. Subsequently, cells were used for

assessment.

2.5 | Flow cytometry analysis

HUVECs were plated on to six-well culture plates (10 × 104 cells/well)

and cultured at 37�C. After the cells had completely adhered and

reached a confluence of 70%, the cells were exposed to 50 μg/mL IS

or 50 μg/mL IS and 100 μg/L Klotho (preincubated for 1 h) or 50 μg/

mL IS, 100 μg/L Klotho (preincubated for 1 h), and 10 μmol/L AMPK

inhibitor Compound C (Selleck Chemicals, Houston, TX, USA) for

48 h. Then, cells were harvested and washed twice in phosphate-

buffered saline. They were suspended and stained using the Annexin

V Fluorescein Propidium Iodide Apoptosis Detection Kit

(BD Biosciences, San Jose, CA, USA). Briefly, cells were suspended

with 1× binding buffer at a concentration of 2 × 105 cells per 100 μL.

Five microliters of FITC Annexin V and propidium iodide (PI) were

added to each solution and incubated for 10 min at room temperature

in the dark. Subsequently, we detected the rate of apoptosis by flow

cytometry (BD Biosciences, San Jose, CA, USA) at an excitation

wavelength of 488 nm and emission wavelength of 530 nm for FITC

fluorescence and 610 nm for PI fluorescence. The percentage of

viable (PI−, Annexin−), apoptotic (PI−, Annexin+), and necrotic cells

(PI+, Annexin+) was evaluated with CellQuest Pro software

(BD Biosciences, San Jose, CA, USA).

2.6 | Hoechst staining

To detect cell apoptosis and observe the nucleus morphology,

HUVECs were plated on to 12-well culture plates (10 × 104 cells/well)

and cultured at 37�C. After the cells had completely adhered and

reached a confluence of 70%, cells were grouped as in the flow

cytometry analysis experiment section. After 48 h, the cells were

stained by Hoechst 33342 (Beyotime Institute of Biotechnology,

Shanghai, China). Briefly, cells were washed by phosphate-buffered

saline twice before fixed with 4% paraformaldehyde and then incu-

bated with 500-μL Hoechst 33342 for 15 min at room temperature in

the dark. Subsequently, cells were washed twice with double

distilled water, and chromatin condensation was observed under a

fluorescence microscope (ZEISS, Jena, Germany).

2.7 | Quantitative real-time PCR analysis

To evaluate the CHOP and GRP78 mRNA expressions, HUVECs were

grouped as in the experiment section describing the flow cytometry

analysis or small interference RNA transfection experiment. After

incubation for 48 h, total RNA was extracted utilizing TRIzol (TaKaRa,

Japan). The concentration of the isolated RNA was determined by

measurement of the absorbance at 260 nm, and the purity was calcu-

lated using A260/A280. The cDNA was synthesized with Prime Script

RT Master Mix (TaKaRa, Japan) and used for qPCR with SYBR Premix

Ex Taq II (TaKaRa, Japan) on real-time PCR detection system (Roche

Diagnostics, Mannheim, Germany). The relative expression levels of

GRP78 and CHOP mRNA were analyzed using the 2 − ΔΔCt method

and normalized using GAPDH as a control. The results were presented

as fold increase relative to the control. The primers used for qPCR

were as follows:

GRP78: Forward 50-CATCACGCCGTCCTATGTCG-30 , Reverse

50-CGTCAAAGACCGTGTTCTCG-30;

CHOP: Forward 50-GGAAACAGAGTGGTCATTCCC-30 , Reverse

50-CTGCTTGAGCCGTTCATTCTC-30;

GAPDH: Forward 50-AGAAGGCTGGGGCTCATTTG-30, Reverse

50-AGGGGCCATCCACAGTC TTC-30.

2.8 | Immunoblotting

To evaluate the CHOP, GRP78, t-AMPKα1, p-AMPKα1, ICAM-1,

VCAM-1, and caspase-3 protein expressions, HUVECs were

grouped as in the experiment section describing the flow cyto-

metry analysis or small interference RNA transfection experiment.

After incubation for 48 h, the proteins from the cells were homog-

enized in lysis buffer and quantified. The proteins (30 μg) from

each sample were separated using SDS-PAGE (the percentage of

the spacer gel and separation gel was 8% and 10%, respectively)

and transferred onto nitrocellulose membranes. The membranes

were blocked with 5% nonfat dry milk for 2 h and then incubated

overnight at 4�C with the corresponding primary antibodies

(CHOP: 1:1000, t-AMPKα1: 1:1000, p-AMPKα1: 1:1000, caspase-3:

1:1000, ICAM-1: 1:1000, VCAM-1: 1:1000, and GRP78 1:200).

Subsequently, the corresponding secondary antibodies (1:5000)

were added, and the signals were developed with an ECL plus

Western blotting detection system (Bio Rad Laboratories, Inc.,

Hercules, CA, USA). The densitometric analysis was performed with

Image J software version 1.41 (National Institutes of Health,

Bethesda, MD, USA).
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2.9 | Statistical analysis

Statistical analyses were performed using SPSS 20.0 (SPSS, Inc.,

Chicago, IL, USA). The values were expressed as the mean ± standard

deviation. Multiple comparisons were evaluated using one-way

analysis of variance (ANOVA), and significant differences between

two groups were analyzed using the Student Newman Keuls test.

P < 0.05 was considered to indicate a statistically significant

difference.

3 | RESULTS

3.1 | IS inhibited the viability of HUVECs in a
concentration- and time-dependent manner

Compared with that in the control group, the viability of the HUVECs

in the 5, 25, and 50 μg/mL IS groups was decreased, and there were

significant differences between the control and 25 and 50 μg/mL IS

groups. Compared with that in the control group, the viability of the

HUVECs in the 50 μg/mL IS group after 12, 24, and 48 h was

decreased, and there were significant differences between the control

and 24- and 48-h groups. Klotho alleviated the IS-induced reductions

in HUVECs viability. Compared with that in the 50 μg/mL IS group,

the viability of the HUVECs in the 100 μg/L Klotho group increased

(Figure 1).

3.2 | Klotho inhibited the IS-stimulated expression
of GRP78 and CHOP, and AMPKα1 knockdown
blocked this effect of Klotho in HUVECs

Compared with those in the control group, the expression levels of

GRP78 and CHOP mRNA and protein in the IS group were markedly

increased. Silencing AMPKα1 further increased the expression of

GRP78 and CHOP. Klotho treatment decreased the mRNA and

protein expression of GRP78 and CHOP. This inhibitory effect of

Klotho was blocked by AMPKα1 knockdown (Figure 2).

3.3 | Klotho inhibited the IS-mediated reduction of
p-AMPKα1 in HUVECs

Compared with that in the IS group, the expression of t-AMPKα1 was

not affected by Klotho; however, p-AMPKα1 was markedly increased.

Furthermore, this effect of Klotho was blocked by Compound C.

Given that Klotho could not influence the expression of t-AMPKα1,

these results indicated that AMPKα1 was involved in ERS and that

the inhibitory effect of Klotho was dependent on the phosphorylation

of AMPKα1 rather than on the direct upregulation of AMPKα1

expression (Figure 3A).

3.4 | Klotho inhibited the IS-induced expression of
GRP78 and CHOP, and Compound C blocked this
effect of Klotho in HUVECs

Compared with those in the control group, the expression levels of

GRP78 and CHOP mRNA and protein in the IS group were markedly

upregulated. Klotho treatment reduced the mRNA and protein expres-

sion of GRP78 and CHOP. This inhibitory effect of Klotho was

blocked by Compound C (Figure 3B,C).

3.5 | Klotho inhibited the apoptosis of HUVECs
induced by IS

Compared with that in the control group, the apoptosis of the

HUVECs in the IS group increased. The apoptotic rates of the IS

group and control group were 7.27 ± 0.57% and 1.52 ± 0.12%,

respectively, and this difference was statistically significant. The

apoptotic rate was reduced when the HUVECs were treated with

100 μg/L Klotho, resulting in an apoptotic rate of 4.67 ± 0.37%

(P < 0.01, compared with the IS group). In addition, the anti-

apoptotic effect of Klotho was blocked by the AMPK inhibitor

Compound C. In the Compound C group, the apoptotic rate was

6.05 ± 0.12%, which was significantly different from that in the

Klotho group (Figure 4A). Furthermore, the expression of caspase-3

F IGURE 1 Effects of IS and Klotho on HUVECs viability. Cell viability was detected by CCK-8 assay. (A) Cells were exposed to 50 μg/mL of
IS for 12, 24, and 48 h. (B) Cells were exposed to various concentrations of IS (5, 25, and 50 μg/mL) for 48 h. (C) Cells were pretreated with
Klotho (1, 10, and 100 μg/L) for 1 h, then exposed to IS (50 μg/mL) for 48 h. Data were shown as mean ± SD. Statistical differences were
expressed as *P < 0.01 versus control; #P < 0.01 versus IS alone. HUVECs, human vein umbilical endothelial cells; IS, indoxyl sulfate
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(an important apoptotic protein) increased in the IS group. Klotho

decreased the expression of caspase-3 (Figure 4B). In addition,

Hoechst staining to detect the morphological alterations of the

HUVECs showed that compared with the control and Klotho

treatment, IS treatment led to significant apoptosis with chromatin

condensation (Figure 4C).

F IGURE 2 Effects of IS and Klotho on the expression of GRP78 and CHOP in HUVECs. Cells were pretreated with Klotho (100 μg/L) for 1 h,
then incubated with IS (50 μg/mL) for further 48 h, followed by transfected with AMPKα1 SiRNA (SiAMPKα1) or scrambled siRNA (SiCntl).
(A) Quantitative polymerase chain reaction (qPCR) analysis for GRP78 and CHOP. (B) Western blotting analysis for GRP78 and CHOP. Data were
shown as mean ±SD. Statistical differences were expressed as *P < 0.01 versus corresponding IS group; #P < 0.05 versus corresponding IS
group; &P < 0.01 versus corresponding IS and Klotho treatment together. HUVECs, human vein umbilical endothelial cells; IS, indoxyl sulfate;
AMPKα1, AMP-activated protein kinase α1; GRP78, glucose-regulated protein 78; CHOP, CCAAT/enhancer binding protein homologous protein

F IGURE 3 (A) Effects of IS and Klotho on the phosphorylation of AMPKα1. Cells were pretreated with Klotho (100 μg/L) for 1 h, then
incubated with IS (50 μg/mL) for further 48 h with or without Compound C (10 μmol/L). (A) Western blotting analysis for p-AMPKα1 and
t-AMPKα1. Data were shown as mean ± SD. Statistical differences were expressed as *P < 0.05 versus IS alone; **P < 0.01 versus IS alone;
#P < 0.05 versus IS and Klotho treatment together; ##P < 0.01 versus IS and Klotho treatment together. (B,C) Effects of IS and Klotho on the
expression of GRP78 and CHOP in HUVECs. Cells were pretreated with Klotho (100 μg/L) for 1 h, then incubated with IS (50 μg/mL) for further
48 h with or without Compound C (10 μmol/L). (B) Quantitative polymerase chain reaction (qPCR) analysis for GRP78 and CHOP. (C) Western
blotting analysis for GRP78 and CHOP. Data were shown as mean ± SD. Statistical differences were expressed as *P < 0.05 versus IS alone;
**P < 0.01 versus IS alone; #P < 0.05 versus IS and Klotho treatment together; ##P < 0.01 versus IS and Klotho treatment together. HUVECs,
human vein umbilical endothelial cells; IS, indoxyl sulfate; t-AMPKα1, total AMP-activated protein kinase α1; p-AMPKα1, phosphorylated
AMP-activated protein kinase α1; GRP78, glucose-regulated protein 78; CHOP, CCAAT/enhancer binding protein homologous protein
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3.6 | Klotho inhibited the IS-induced expression of
ICAM-1 and VCAM-1, and Compound C blocked this
effect of Klotho in HUVECs

Compared with that in the control group, the expression of ICAM-1

and VCAM-1 in the IS group was upregulated. Klotho treatment

decreased the expression of ICAM-1 and VCAM-1. This inhibitory

effect of Klotho was blocked by Compound C (Figure 5).

4 | DISCUSSION

At the end stage of CKD, IS has obvious toxic effects on the cardio-

vascular system, and its plasma concentrations are nearly 100 times

higher than those of the general population (Duranton et al., 2012). IS

has cytotoxic effects on renal tubular epithelial cells and mesangial

cells, which can promote the development of CKD (Ng et al., 2014). In

addition to intrinsic kidney cells, IS also has toxic effects on cells of

F IGURE 4 Effects of IS and Klotho on apoptosis in HUVECs. Cells were pretreated with Klotho (100 μg/L) for 1 h, then incubated with IS
(50 μg/mL) for further 48 h with or without Compound C (10 μmol/L). (A) Cells apoptosis were determined by flow cytometry. (B) Western
blotting analysis for caspase-3. (C) Hoechst staining (×200). Arrow indicated apoptosis-induced chromatin condensation. Data were shown as
mean ±SD. Statistical differences were expressed as *P < 0.01 versus IS alone; #P < 0.01 versus IS and Klotho treatment together; ##P < 0.05
versus IS and Klotho treatment together. HUVECs, human vein umbilical endothelial cells; IS, indoxyl sulfate
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the cardiovascular system. IS induces myocardial hypertrophy and left

ventricular hypertrophy by increasing oxidative stress and activating

the p38 or ERK signaling pathway (Yang et al., 2015). IS also induces

arrhythmia by regulating myocardial potassium channels (Tang

et al., 2015). IS induces the calcification of vascular smooth muscles

(Opdebeeck et al., 2019) and accelerates the aging of human aortic

smooth muscle cells. In addition, IS also increases the risk of thrombo-

sis after vascular intervention (Chitalia et al., 2013).

Atherosclerosis is one of the most important cardiovascular com-

plications of CKD, and atherosclerotic lesions can occur at the early

stage of renal dysfunction (Campean et al., 2005). For uremic patients,

atherosclerosis is a major risk factor for long-term survival in mainte-

nance hemodialysis patients. The pathogenesis of atherosclerosis in

CKD patients is complex, and it is related to not only traditional fac-

tors, such as hypertension and lipid metabolism disorders, but also

chronic inflammatory status, calcium and phosphorus metabolism dis-

orders, oxidative stress, malnutrition, anemia, overload hydration, and

coagulation system abnormalities. In addition, the accumulation of

metabolites and toxins is closely associated with atherosclerosis. In

this study, we found that IS has direct toxic effects on the HUVECs,

inhibiting cell viability in a concentration- and time-dependent manner

and inducing endothelial cell apoptosis and affecting the expression of

adhesion molecules in endothelial cells.

The anti-aging gene Kl gene was first discovered in 1997.

Kl-deficient mice and CKD subjects have similar phenotypes,

suggesting that Kl gene is tightly correlated with the pathogenic

mechanisms of CKD (Zou, Wu, He, Ma, & Gao, 2018). The main form

of the Klotho is called α-Klotho. There are two forms of the α-Klotho:

the transmembrane Klotho and the soluble Klotho. The soluble

Klotho, which is found in the cerebrospinal fluid, urine, and blood, acts

as an endocrine factor and plays an important antioxidative stress,

anti-aging, anti-apoptosis, and anti-fibrosis roles and promotes

autophagy in distant organs and tissues (Bian, Neyra, Zhan, &

Hu, 2015). A large amount of evidence suggests that the Klotho in the

circulation system is mainly derived from the kidneys (Hu et al., 2016;

Lindberg et al., 2014), and the Klotho levels significantly decrease dur-

ing CKD in humans and rodents, which represents a state of “pan-
α-Klotho deficiency” (Hu et al., 2017). The lack of Klotho reduces the

tolerance of kidney tissue to injury, increases renal fibrosis, and accel-

erates the development of CKD, but upregulating Klotho expression

can delay the progression of CKD (Kooman et al., 2013). In addition,

Klotho also plays an important role in the cardiovascular system. The

serum Klotho concentration is negatively correlated with the inci-

dence and severity of coronary artery disease after adjusting for

factors such as age, smoking, diabetes, and inflammatory status

(Navarro-González et al., 2014). A recent study by Göçer et al.

showed that the serum Klotho concentration is an independent

predictor of the occurrence and severity of coronary artery disease

(Göçer, Aykan, Kılınç, & Göçer, 2020). Yu et al. found a negative corre-

lation between the serum Klotho concentration and carotid athero-

sclerosis in maintenance hemodialysis patients (Yu, Kang, Ren, Diao, &

Liu, 2018). In addition to being a predictor of cardiovascular disease,

F IGURE 5 Effects of IS and Klotho on the expression of ICAM-1 and VCAM-1 in HUVECs. Cells were pretreated with Klotho (100 μg/L) for
1 h, then incubated with IS (50 μg/mL) for further 48 h with or without Compound C (10 μmol/L). (A) Western blotting analysis for ICAM-1.
(B) Western blotting analysis for VCAM-1. Data were shown as mean ±SD. Statistical differences were expressed as *P < 0.01 versus IS treatment

alone; **P < 0.05 versus IS alone; #P < 0.05 versus IS and Klotho treatment together. HUVECs, human vein umbilical endothelial cells; IS, indoxyl
sulfate; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1
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Klotho also protects against cardiovascular disease. The recombinant

Klotho inhibits the IS-induced cardiac hypertrophy and ventricular

hypertrophy (Yang et al., 2015). Hu et al. found that in mice with

CKD, the recombinant Klotho can attenuate cardiac remodeling,

improve cardiac function, and delay uremic cardiomyopathy

(Hu et al., 2017). The overexpression of Klotho also inhibits

TGF-β-induced myocardial fibrosis (Liu et al., 2019). Our previous

studies have shown that the recombinant Klotho can antagonize the

toxic effects of serum from CKD patients with secondary hyperpara-

thyroidism on vascular endothelial cells (Chen, Mao, Yu, et al., 2015)

and can alleviate vascular smooth muscle cell calcification induced by

β-glycerophosphoric acid (Chen et al., 2015). Studies on the expression

of Klotho in the cardiovascular system are not consistent (Corsetti

et al., 2016; Fang et al., 2014; Jimbo et al., 2014; Lindberg et al., 2013;

Scialla et al., 2013). Interestingly, even scholars who did not find Klotho

expression in the vasculature also believe that soluble Klotho plays a

protective role in the cardiovascular system (Mencke et al., 2015). In

basic research, the methods to increase Klotho in circulation include

transgenic technology, adeno-associated virus transfection, stimulation

of endogenous Klotho production, and direct administration of recombi-

nant Klotho (Chen et al., 2013; Hu et al., 2010). It is almost impossible

to use transgenic technology and transfection of adeno-associated virus

directly in humans. It is also not easy to stimulate the production of

endogenous Klotho in CKD patients. Direct supplementation with

recombinant Klotho may be the most promising method for increasing

Klotho expression in humans in the future. In the present study, we

found that the recombinant human Klotho protects vascular endothelial

cells from the apoptosis induced by IS.

AMPK is a major cellular energy sensor and a master regulator of

metabolic homeostasis. A lot of work has confirmed that AMPK is a

signaling molecule in endothelial cells that maintains endothelial

homeostasis and protects cells from injury and stress (Fisslthaler &

Fleming, 2009). AMPK exists as a heterotrimeric complex that is com-

posed of a catalytic subunit (α1 or α2) and two regulatory subunits

(β1 or β2 and γ1, γ2, or γ3) in mammals. AMPKα1 is the catalytic

isoform expressed in vascular cells and leukocytes (Fisslthaler &

Fleming, 2009). Yang et al. found that the specific knockout of

AMPKα1 in mouse endothelial cells accelerates the formation of

atherosclerosis, and the mechanism is related to reduced glycolysis

(Yang et al., 2018). Li et al. found that the upregulation of AMPKα1

reverses the high glucose-induced decrease in viability and reduces

apoptosis and oxidative stress in HUVECs (Li, Li, Wei, & Li, 2016). In

addition, AMPKα1 deficiency reduces the lifespan of red blood cells

(Wang, Dale, Song, Viollet, & Zou, 2010), suggesting that AMPKα1

may be involved in cellular aging. In this study, we found that Klotho

had no significant effect on the total AMPKα1 expression in the pres-

ence of IS but promoted the phosphorylation of AMPKα1 and then

played a role in protecting endothelial cells from IS-induced injury.

ER is an important organelle in the cytoplasm and plays an impor-

tant role in regulating protein synthesis, assembly, and folding. When

cells are affected by hypoxia, chemical toxins, and other damage

factors, the steady state in the ER is disrupted, and incorrect protein

folding or unfolded protein aggregation occurs in the ER; this

phenomenon is known as ERS. Early ERS is the adaptive compensa-

tory response to damage stimulation, but excessive ERS damages cells

and eventually causes the activation of the apoptotic signaling path-

way. GRP78 is an important companion molecule for the ER and the

hallmark protein of ERS. The ER is another important organelle

involved in apoptosis in addition to mitochondria. Excessive ERS

induces apoptosis, and CHOP, which is a transcription factor, plays a

key role in ERS-mediated apoptosis (Tabas & Ron, 2011). ERS plays a

vital role in the glomerular podocyte injury induced by advanced

glycation end products and in the renal tubular epithelial cell apopto-

sis induced by aldosterone (Ding, Yang, Zhang, & Gu, 2012). In addi-

tion, ESR contributes to the pathogenesis of diabetic nephropathy

(Babak, Jun, & Mahmood, 2013). ERS is also involved in the occur-

rence of atherosclerosis. The deposition of a large number of apopto-

tic macrophages, accompanied by high GRP78 and CHOP expression

in weak fibrous caps, leads to the rupture of plaques in the vascular

F IGURE 6 Schematic view of the damage effect of IS on
HUVECs. IS induces ERS and its mediated apoptosis and promotes

the expression of endothelial adhesion molecules by inhibiting
AMPKα1 phosphorylation, ultimately damages HUVECs and causes
cardiovascular complications of CKD. IS, indoxyl sulfate; HUVECs,
human vein umbilical endothelial cells; ERS, endoplasmic reticulum
stress; CKD, chronic kidney disease; ICAM-1, intercellular adhesion
molecule-1; VCAM-1,vascular cell adhesion molecule-1 [Colour figure
can be viewed at wileyonlinelibrary.com]
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endothelium of patients with acute coronary syndromes. Furthermore,

ERS mediates isoproterenol-induced mouse cardiomyocyte hypertro-

phy and apoptosis (Song, Gao, Xiao, Xu, & Si, 2013). In the present

study, we found that IS induces ERS in HUVECs and that treatment

with the recombinant Klotho alleviates excessive ERS. The expression

of GRP78 and CHOP induced by IS is increased, and the inhibitory

effect of Klotho is reduced when AMPKα1 is knocked down using

siRNA, indicating that AMPKα1 participates in the Klotho-mediated

inhibition of IS-induced ERS. However, Klotho cannot directly affect

the expression of AMPKα1 in the presence of IS but promotes the

phosphorylation of AMPKα1, while IS inhibits AMPKα1 phosphoryla-

tion. In addition, as AMPK phosphorylation inhibitor, Compound C

can block the inhibitory effect of Klotho on ERS and apoptosis. In

addition, we also found that IS induced the expression of ICAM-1 and

VCAM-1, which are important molecules involved in atherosclerosis,

and Klotho treatment inhibited their expression, which was blocked

by Compound C. It is suggested that Klotho inhibits the expression of

IS-induced adhesion molecules in endothelial cells by inhibiting the

phosphorylation of AMPKα1.

5 | CONCLUSION

This study shows that uremic toxin IS injures HUVECs via inhibiting

AMPKα1 phosphorylation and inducing excessive ERS, and Klotho

antagonizes the damage effects of IS (Figure 6). IS may play an impor-

tant role in the occurrence and development of the vascular endothe-

lial injury complications of CKD, which warrants further work.
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