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A B S T R A C T

Aims: NLRP3 inflammasome activation is essential for the development and prognosis of diabetic cardiomyo-
pathy (DCM). The anti-aging protein Klotho is suggested to modulate tissue inflammatory responses. The aim of
the present study was to examine the protective effects of Klotho on DCM.
Main methods: A streptozotocin-induced diabetes mouse model was established to assess the effects of Klotho in
vivo, which was administered for 12weeks. The characteristics of type 1 DCM were evaluated by general status,
echocardiography, and histopathology. The expression of associated factors was determined by RT-qPCR and
western blotting. Parallel experiments to determine the molecular mechanism through which Klotho prevents
DCM were performed using H9C2 cells exposed to high glucose (35mM).
Key findings: Diabetes-induced increases in serum creatine kinase-muscle/brain and lactate dehydrogenase le-
vels, cardiac fibrosis, cardiomyocyte apoptosis, and cardiac dysfunction were ameliorated by Klotho.
Additionally, Klotho suppressed TXNIP expression, NLRP3 inflammasome activation, and expression of the in-
flammatory cytokines tumor necrosis factor ɑ, interleukin-1β, and interleukin-18 in vivo. In high glucose-cul-
tured cardiomyocytes, Klotho and N-acetylcysteine significantly downregulated intracellular reactive oxygen
species generation and TXNIP/NLRP3 inflammasome activation. Pretreatment of H9C2 cells with NLRP3 siRNA
or Klotho prevented high glucose-induced inflammation and apoptosis in H9C2 cells.
Significance: Our results demonstrate that the protective effect of Klotho on diabetes-induced cardiac injury is
associated with inhibition of the NLRP3 inflammasome pathway, suggesting its therapeutic potential for DCM.

1. Introduction

Diabetic cardiomyopathy (DCM) significantly contributes to the
morbidity and mortality of patients with diabetes, and is characterized
by left ventricular hypertrophy, cardiomyocyte apoptosis, interstitial
fibrosis, and early diastolic dysfunction, which might be accompanied
by systolic dysfunction [1]. Patients with DCM show a progressive de-
cline in heart function over time. The process is irreversible, inevitably
leading to end-stage heart failure [2,3]. Additionally, the pathological
mechanism of DCM is not completely understood.

Previous studies showed that interleukin-1β (IL-1β) and interleukin-
18 (IL-18) are important proinflammatory cytokines for the develop-
ment of DCM [4]. IL-1β expression levels are consistently increased in
the blood or heart tissue of patients with DCM and are clearly corre-
lated with disease severity [5]. IL-1β and IL-18 production is tightly

controlled by inflammasome activation. The most extensively studied
inflammasome is NLRP3, which is a multiprotein cytoplasmic complex
composed of NLRP3, caspase-1, and apoptosis-associated speck-like
protein (ASC) [6]. Additionally, several studies suggested that the
NLRP3 inflammasome plays a critical role in the inflammatory process
of DCM, because silencing of NLRP3 significantly attenuated cardiac
dysfunction, myocardial apoptosis, and inflammatory responses in-
duced by diabetes [7]. The mechanisms leading to NLRP3 inflamma-
some activation remain controversial. One model proposed that NLRP3
is activated by a common pathway involving reactive oxygen species
(ROS). A recent report implicated a ROS-sensitive NLRP3 ligand,
thioredoxin-interacting protein (TXNIP), in NLRP3 activation. Further,
TXNIP and ROS induced NLRP3 activation, leading to maturation of the
proinflammatory cytokines IL-1β and IL-18 [8].

Klotho (KL) is a putative anti-aging gene predominantly expressed in
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the kidney, and its secreted protein functions as a humoral factor to
regulate physiological processes [9]. KL has been found to mediate the
regulatory effects of calcitonin gene-related peptide during cardiac fi-
broblast senescence. KL-deficient (kl/+) mice exhibit cardiovascular
disease phenotypic features, including accelerated left ventricular hy-
pertrophy and vascular calcification [10,11]. Previous studies demon-
strated that KL downregulates inflammatory cytokines and attenuates
the generation of ROS in DCM [12]. Although numerous studies have
examined the inhibitory roles of KL in inflammatory responses, the
effects and underlying mechanisms of KL on DCM remain unclear. This
study was conducted to investigate whether KL attenuates the damage
associated with experimental DCM, as well as the relevant mechanism.

2. Materials and methods

2.1. Cell culture and treatment

H9C2 cardiomyoblasts were purchased from the Library of Typical
Culture of the Chinese Academy of Sciences (Shanghai, China). The
cells were cultured in Dulbecco's modified Eagle's medium supple-
mented with D-glucose (5.5mmol/L), 10% fetal bovine serum, peni-
cillin (100 U/mL), and streptomycin (100mg/mL). In the control (Con)
group, the medium contained 5.5 mmol/L of D-glucose, and in the high
glucose (HG) culture groups, the medium contained 35mmol/L of D-
glucose. N-Acetylcysteine (NAC) was obtained from Abcam
(Cambridge, UK). KL protein was obtained from R&D Systems
(Minneapolis, MN, USA) and dissolved in phosphate-buffered saline
(PBS) for in vitro and in vivo experiments.

2.2. Animals

Forty, 6-week-old male C57BL/6 mice (weighing 18–22 g) were
purchased from the Laboratory Animal Unit of Nanchang University.
Diabetes was induced in the animals via intraperitoneal (i.p.) injection
with a single dose of freshly prepared streptozotocin purchased from
Sigma-Aldrich (St. Louis, MO, USA; 130mg/kg) and dissolved in 0.1 mL
citrate buffer (pH 4.5). One week later, blood glucose levels were
measured using a glucometer (Roche, Basel, Switzerland) after the mice
had fasted overnight. Only mice with a fasting blood glucose con-
centration > 16.7mmol/L were considered diabetic. Briefly, 1 week
after inducing diabetes, diabetic mice (DM) were treated with KL pro-
tein (0.01mg/kg i.p. every 48 h [12]) for 12 weeks. Mice in the DM
group were simply treated with vehicle. Blood glucose levels and body
weights were measured regularly. After the echocardiography was
completed, blood samples were collected, and each mouse heart was
removed for further experiments. All animal experiments were con-
ducted according to the Guiding Principles in the Care and Use of La-
boratory Animals published by the U.S. National Institutes of Health
(NIH Publication No. 8023) and were approved by the Animal Ethics
Committee of Nanchang University.

2.3. Determination of cardiac function by echocardiography

An echocardiography system (Sequoia Acuson, Siemens, 15-MHz
linear transducer, Erlangen, Germany) was used to measure cardiac
function in vivo. The derived echocardiography parameters included
left ventricular ejection fraction (LVEF), fractional shortening (FS), and
early (E′) to late (A′) diastolic velocity ratio (E′/A′). All measurements
represent the mean of five consecutive cardiac cycles.

2.4. Histological analyses

Heart tissues were fixed in 4% paraformaldehyde and then em-
bedded in paraffin. Some tissues were stained with Masson's trichrome
to detect collagen. Another portion of the tissue was prepared for im-
munohistochemical analysis. Heart tissue images were acquired under a

light microscope (Leica, Wetzlar, Germany). Image analysis software
(Image-Pro Plus 6.0) was used to calculate the collagen volume fraction
(CVF=myocardial collagen area/total area of the image) and the
average value was determined.

2.5. Measurement of myocardial enzyme activities

The serum cardiac enzyme activities of lactate dehydrogenase
(LDH) and creatine kinase-muscle/brain (CK-MB) were determined
using a detection kit (Nanjing Jiancheng Bioengineering, Nanjing,
China) according to the manufacturer's instructions.

2.6. TUNEL assay

Apoptosis in heart tissue sections was detected using a terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) detec-
tion kit (Roche). TUNEL-positive cells were observed using a fluores-
cence microscope (Olympus, Tokyo, Japan).

2.7. ELISA

Supernatants of the cell culture or mouse sera were used to measure
IL-1β, IL-18, and tumor necrosis factor (TNF)-ɑ (R&D Systems) ac-
cording to the manufacturer's instructions.

2.8. Flow cytometric analysis

Cell apoptosis was assayed using the fluorescein isothiocyanate
(FITC) Annexin V Apoptosis Detection Kit (KeyGEN BioTECH, Nanjing,
China) following the manufacturer's instructions. The apoptosis rate
was measured by flow cytometry (FACSCanto II; BD, San Jose, CA,
USA). PI−/Annexin V−(Q4), PI+/Annexin V−(Q1), PI−/Annexin V
+(Q3), and PI+/Annexin V+(Q2) cells were considered viable cells,
necrotic cells, early apoptotic cells, and late apoptotic cells, respec-
tively. The apoptosis rate was expressed as Annexin V+/PI− (early
apoptosis) and Annexin V+/PI+ (late apoptosis).

2.9. ROS levels

ROS levels were detected with the peroxide-sensitive fluorescent
probe 20, 70-dichlorofluorescein diacetate (DCFH-DA) as described
previously [13]. The DCF fluorescence of treated cells was detected
with a fluorescence microscope (Leica, Germany).

2.10. Assessment of mitochondrial membrane potential (ΔΨm)

ΔΨm was assessed by JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetra-
ethyl-imidacarbocyanine iodide, Beyotime, China) staining according
to the manufacturer's protocol. Briefly, H9C2 cells were transferred to a
slide, washed twice with PBS, and stained with the ΔΨm-specific
fluorescent dye JC-1 at 37 °C for 20min in the dark. Fluorescence was
then analyzed with a fluorescence microscope (Leica, Germany).

2.11. siRNA transient transfection

H9C2 cells were transfected with siRNA as previously described
[14]. Briefly, H9C2 cells were transfected transiently with NLRP3
siRNA (Shanghai GenePharma Co., Ltd., Shanghai, China) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's instructions. The target sequence of the NLRP3 siRNA
was as follows: 5′-GGTGTTGGAATTAGACAAC-3′. The cells were in-
cubated with KL or HG after siRNA transfection.

2.12. RNA isolation and RT-qPCR analysis

After incubation, total RNA was extracted from the heart tissues and
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H9C2 cells using TRIzol (Invitrogen) according to the manufacturer's
instructions. Next, 2 μg purified RNA was used to synthesize cDNA
using TransScript cDNA Synthesis SuperMix (TransGen Biotech, Beijing,
China). Quantitative PCR was performed on a 7300 RealTime PCR
System using SYBR Green PCR Master Mix. The following protocol was
used for qPCR: 40 cycles (30 s at 95 °C and 10 s at 52 °C) after an initial
activation step of 10min at 95 °C. The specificity of the primers was
verified as previously described [15]. The GAPDH fragment was am-
plified as a reference gene. The primer sequences are shown in Table
S1.

2.13. Western blot analysis

The isolation of proteins in the cytosol was performed following the
method described by Cai et al. [16]. Western blot analysis was utilized
as described previously [17]. We used antibodies against TXNIP
(1:1000; ab188865, Abcam, Cambridge, UK), NLRP3 (1:1000;
ab214185, Abcam, Cambridge, UK), ASC (1:1000; ab70627, Abcam,
Cambridge, UK), caspase-1 (1:1000; ab207802, Abcam, Cambridge,
UK), IL-1β (1:1000; ab2105, Abcam, Cambridge, UK), α-smooth muscle
actin (α-SMA) (1:1000; ab32575, Abcam, Cambridge, UK), Lamin B1
(1:1000; ab133741, Abcam, Cambridge, UK), VDAC1 (1:1000;
ab15895, Abcam, Cambridge, UK), cytochrome c (1:1000; 11940, Cell
Signaling Technology, MA, USA), cleaved-caspase-3 (1:1000; 9661, Cell
Signaling Technology, MA, USA), collagen I (1:1000; bs-0578R, Bioss,
Beijing, China) collagen III (1:1000; bsm-33129M, Bioss, Beijing,
China), and β-actin (1:1000; bsm-33036M, Bioss, Beijing, China). The
protein band density was analyzed using an analysis system (Bio-Rad,
Hercules, CA, USA). The protein levels were normalized to those of β-
actin.

2.14. Statistical analyses

Data are expressed as the means± SEM of at least three in-
dependent experiments. Statistical analysis was performed by one-way
analysis of variance followed by a multiple comparisons test with a
Bonferroni correction using GraphPad Prism 5 software (GraphPad
Software, San Diego, CA, USA). A value of P < 0.05 was considered
statistically significant.

3. Results

3.1. KL improves serum LDH and CK-MB Levels but fails to attenuate
hyperglycemia in diabetic mice

We first established a type 1 diabetic mouse model to investigate the
effects of KL in vivo. Blood glucose and body weight of mice were
monitored regularly during the period of KL treatment. Consistent with
the findings of other investigators, KL had no obvious effects on blood
glucose and body weight (Fig. 1A–B). Additionally, in DM, KL treatment
prevented the increase in CK-MB and LDH levels, which are generally
recognized as biochemical indicators of myocardial injury (Fig. 1C–D).

3.2. KL alleviates cardiac fibrosis in the diabetic heart

We next detected fibrosis and collagen content in diabetic hearts.
The collagen fibers and myocardial cells were stained blue and red,
respectively, by using Masson's trichrome staining. As shown in Fig. 2A,
obvious collagen deposition was observed in the hearts of the DM,
whereas KL treatment remarkably mitigated the fibrotic area. Con-
sistently, quantitative analysis showed that the CVF in DM was sig-
nificantly greater than that in the control and KL groups (Fig. 2B).
Moreover, the KL group showed lower levels of types I and III collagen
and decreased expression of α-SMA, which is a reliable marker of
myofibroblasts, in DM (Fig. 2C). Hematoxylin and eosin (H&E) staining
was further used to investigate the protective effect of KL on cardiac

remodeling. The DCM mice showed severe damage to the left ven-
tricular ultrastructure including disrupted cellular structures and the
infiltration of inflammatory cells (Fig. 2D). After treatment with KL, DM
mice showed improved cardiac ultrastructure.

3.3. KL alleviates left-ventricular dysfunction in DM

Transthoracic echocardiography was conducted to evaluate the
protective effect of KL on DCM using various cardiac functional para-
meters including left ventricular fractional shortening (LVFS), LVEF,
and (E′/A′) (Fig. 3A). As shown in Fig. 3B–D, compared to that of the
control group, DM mice exhibited significantly decreased LVEF, LVFS,
and E′/A′, indicating impaired cardiac function. However, KL treatment
ameliorated the attenuated LVEF and FS in DM (Fig. 3B–C). With re-
spect to diastolic function, KL increased E′/A′ compared to that ratio in
the DM group (Fig. 3D). Collectively, KL treatment ameliorated the
impaired cardiac function in the DCM mice.

3.4. KL reduces apoptosis in the hearts of DM mice

DCM is characterized by impaired diastolic myocardial performance
and enhanced myocardial apoptosis [18]. To investigate the role of KL
in cardiomyocyte apoptosis in DM, a TUNEL assay was performed.
TUNEL-positive cardiomyocytes were less frequently observed in the KL
group than in the DM group (Fig. 4A–B). We next evaluated the levels of
cleaved caspase-3, an apoptosis marker. The results shown in Fig. 4C
indicate that the level of cleaved caspase-3 was significantly higher in
DM. Furthermore, KL treatment reduced the level of cleaved caspase-3.
These results indicate that KL treatment suppresses cardiomyocyte
apoptosis in DCM.

3.5. KL attenuates diabetes-stimulated cardiac inflammation in DM by
inhibiting the TXNIP/NLRP3 pathway

Considerable evidence supports the fact that the NLRP3 inflamma-
some contributes to cardiac inflammation in DCM [7,17]. We next
evaluated the role of KL in NLRP3 inflammasome activation by im-
munohistochemical staining, which revealed a marked reduction in
cardiac NLRP3 and IL-1β expression in the KL group (Fig. 5A). More-
over, the protein levels of TXNIP, NLRP3, ASC, IL-1β, and cleaved
caspase-1 (p20) in the hearts of DM mice were increased (Fig. 5B),
whereas KL suppressed activation of the TXNIP/NLRP3 pathway.
Consistent with the protein results, the mRNA levels of NLRP3, ASC,
TXNIP, caspase-1, and IL-1β were notably reduced by KL (Fig. 5C–G).
Additionally, KL inhibited the levels of mature IL-1β, TNF-ɑ, and IL-18
in the sera of mice (Fig. 5H–J). According to these results, KL prevents
NLRP3 inflammasome activation in vivo and attenuates diabetes-in-
duced myocardial injury.

3.6. KL suppresses TXNIP/NLRP3 activation in HG-treated H9C2 cells

To investigate the effect of KL on HG-induced cardiac inflammation,
H9C2 cardiomyocytes were pretreated with KL for 1 h and then in-
cubated with HG (35mM) for 48 h. The control cells were treated with
mannitol to eliminate the influence of osmolarity; preliminary results
showed that mannitol had no effect (data not shown). Western blotting
and RT-qPCR analyses were conducted to analyze the inhibitory effect
of KL on the HG-induced expression of inflammasome-related genes
(TXNIP, NLRP3, IL-1β, caspase-1, and ASC) and proteins (NLRP3, ASC,
cleaved-caspase-1, IL-1β, and TXNIP). The immunoblotting assay re-
sults shown in Fig. 6A revealed that the HG-induced protein expression
of NLRP3, ASC, cleaved-caspase-1 (p20), IL-1β, and TXNIP was sup-
pressed by KL. The RT-qPCR results also indicated that the mRNA ex-
pression levels of NLRP3, ASC, IL-1β, caspase-1, and TXNIP were ele-
vated in H9C2 cells treated with HG, whereas the expression of NLRP3
inflammasome and TXNIP was inhibited by KL treatment (Fig. 6B–F).

X. Li, et al. Life Sciences 234 (2019) 116773

3



Moreover, ELISA results revealed that IL-1β, TNF-ɑ, and IL-18 protein
levels in the supernatants of H9C2 cell medium were dramatically re-
duced by KL (Fig. 6G–I). These findings demonstrate that KL treatment
suppresses HG-induced TXNIP/NLRP3 activation and its downstream
protein expression.

3.7. KL inhibits HG-induced ROS generation in H9C2 cells

To determine the mechanisms underlying these aforementioned
effects, we next examined ROS release, a known activator of the NLRP3
inflammasome. H9C2 cells were pretreated with KL or NAC for 1 h and
then incubated with HG for 48 h. As shown in Fig. 7A, a significant
increase in ROS levels occurred in HG-treated H9C2 cells and KL in-
hibited this HG-induced ROS generation, which was comparable to the
effect induced by treatment with NAC, a known ROS scavenger
(Fig. 7A–B). ROS has been reported to trigger the dissociation of TXNIP
from thioredoxin, allowing it to bind to NLRP3 [19]. Accordingly, we
found that pretreatment with NAC decreased TXNIP expression and IL-
1β secretion (Fig. 7C–D). These findings indicate that KL inhibits the
TXNIP/NLRP3 pathway by reducing ROS production.

3.8. KL attenuates HG-induced apoptotic death in cardiomyocytes by
inhibiting NLRP3 inflammasome in H9C2 cells

KL improved cardiac apoptosis and inhibited NLRP3 inflammasome
in DCM mice. However, whether NLRP3 inhibition mediates the pro-
tective effects of KL on DCM was unknown. NLRP3 siRNA was used to
explore the mechanism through which KL regulates cardiomyocyte
apoptosis. Successful transfection was verified by western blotting
(Fig. 8A) and the protein levels of cleaved-caspase-1 and IL-1β were
shown to be reduced in HG-treated H9C2 cells, suggesting inactivation
of the inflammasome. We performed an Annexin V/PI apoptosis assay
to detect the level of apoptosis in H9C2 cells after different treatments.
Here, annexin V-positive cells, including both early (AV+/PI-) and late
(AV+/PI+) apoptotic cells, were considered apoptotic cells. Fig. 8B
and C revealed that NLRP3 knockdown significantly decreased the
number of early apoptotic H9C2 cells after HG treatment, which was
comparable to the effect induced by KL. At the same time, the rate of

late apoptosis of H9C2 cells after NLRP3 knockdown or KL treatment
was significantly decreased relative to that of HG-treated H9C2 cells
(Fig. 8D). Moreover, pretreatment of H9C2 cells with NLRP3 siRNA or
KL significantly inhibited the HG-induced increase in cleaved-caspase-3
in H9C2 cells (Fig. 8E). Mitochondrial dysfunction leads to diminished
energy generation, loss of myocyte contractility, altered electrical
properties, and eventual cardiomyocyte apoptosis, which involves ΔΨm
loss and cytochrome c release. JC-1 staining was performed to measure
the stability of ΔΨm in H9C2 cells. As shown in Fig. 8F, HG sig-
nificantly decreased ΔΨm, as evidenced by the decreased aggregate-to-
monomer ratio of JC-1. Pretreatment of H9C2 cells with NLRP3 siRNA
or KL effectively nullified this HG-induced decrease in ΔΨm
(Fig. 8F–G). Moreover, western blot results revealed that cytochrome c
levels in the cytoplasm were higher in the HG group than in the Con
group. Pretreatment of H9C2 cells with NLRP3 siRNA or KL inhibited
the HG-stimulated cytochrome c release (Fig. 8H).

4. Discussion

Diabetes increases the risk of heart disease, and 50% of people with
diabetes die of cardiovascular disease [5]. Cell inflammation is a closely
related key factor in the pathogenesis of DCM [20]. Strategies for in-
hibiting dysregulated inflammation in DCM patients have attracted
increasing attention in recent years. KL, a novel anti-senescence gene, is
closely associated with age-related diseases, such as chronic renal
failure and cardiovascular diseases [21–24]. The main type of KL pro-
tein is called α-KL (KL). The KL gene has been reported to encode two
other KL proteins, β-KL and Klotho-related protein (Klrp) [25–27].
There are two types of soluble α-KL protein, namely shedded and se-
creted α-KL. α-KL has extensive functions, which are partially due to
the secreted form that circulates in the blood. The α-KL protein is also
highly homologous across species. In particular, the α-KL protein se-
quence is 98% identical between humans and mice [27]. Our study
mainly investigated the effect of circulating soluble mouse KL. A recent
study showed that KL prevents diabetic myocardial damage by pre-
venting inflammatory responses and oxidative stress [12]. Nie et al.
have suggested that serum levels of α-KL and β-KL among patients with
T2DM were positively correlated with creatinine clearance rate and

Fig. 1. Effects of Klotho on blood glucose, body weight, and serum LDH and CK-MB levels in diabetic mice.
Blood glucose (A) and body weights (B) at the indicated time points are shown. Serum LDH (C) and CK-MB (D) levels were detected by corresponding detection kits
(n=8–10 per group, *P < 0.05, **P < 0.01 vs. Con group; #P < 0.05, ##P < 0.01 vs. diabetic mice (DM)).

X. Li, et al. Life Sciences 234 (2019) 116773

4



negatively correlated with urinary albumin to creatinine ratio, serum
creatinine, blood urea nitrogen, and glucose levels [28]. The protective
role of KL in DCM is emerging, but the underlying mechanisms remain
unclear. In this study, we showed that inhibition of the NLRP3 in-
flammasome is essential for the KL-mediated protective effects in DCM.
Mice with diabetes showed impaired cardiac functions, accelerated
cardiac fibrosis and cell death. The NLRP3 inflammasome and its po-
tential activator, TXNIP, were induced in vivo, which was inhibited by
KL treatment. KL had a beneficial effect on the functional and structural
alterations in DCM but had no effect on the levels of blood glucose,
suggesting that the protective effect of KL was associated with its anti-
inflammatory properties rather than the regulation of blood glucose
metabolism. To explore the mechanism underlying the protective effect
of KL on DCM, we performed experiments in vitro. In our study, we
found that KL reversed HG-induced NLRP3 inflammasome activation.
Additionally, KL significantly reduced HG-induced ROS generation, and
scavenging ROS with NAC attenuated TXNIP expression and in-
flammation in HG-treated H9C2 cells. These results indicate that KL
inhibits the TXNIP/NLRP3 inflammasome pathway by degrading ROS
in HG-treated H9C2 cells. Furthermore, we showed the anti-apoptotic

effect of KL in H9C2 cells, effects that also occurred with knockdown of
NLRP3. These findings suggest that KL ameliorates HG-induced cardi-
omyocyte injury by inhibiting the NLRP3 inflammasome.

The activated NLRP3 inflammasome regulates the conversion of
pro-IL-1β into its mature form, which exacerbates inflammation and
tissue damage. IL-1β expression was observed in the heart tissues of
DCM patients, whereas inhibition of IL-1β protected cells from apop-
tosis [29,30]. The serum levels of TNF-α and IL-1β were also found to
be markedly increased in hyperglycemia-induced myocardial injury
[31]. Recently, a study showed that the NLRP3 inflammasome is re-
sponsible for the glucotoxicity-related cardiac inflammation during the
process of DCM [7]. Consistent with the results of a previous study [32],
the present study showed that the NLRP3 inflammasome and its
downstream cytokines including mature IL-1β, TNF-α, and IL-18 were
increased both in vivo and in vitro.

Several cellular signals are responsible for NLRP3 inflammasome
activation including cytosolic K+ efflux, ROS production, and mi-
tochondrial DNA release [33]. Among these factors, ROS over-
production is thought to be an important upstream event for activating
NLRP3 inflammasome and stimulating IL-1β production [34].

Fig. 2. Klotho prevents cardiac fibrosis and histological abnormalities in diabetic hearts.
(A) Representative Masson's trichrome staining. (B) Comparison of collagen volume fraction (CVF) in mice from each group. (C) Expression of collagen I, collagen III,
and α-SMA in heart tissue assayed by western blot. (D) Heart tissues in each group were stained with hematoxylin and eosin (H&E) (n= 8–10 per group, *P < 0.05,
**P < 0.01 vs. Con group; #P < 0.05, ##P < 0.01 vs. diabetic mice (DM)).
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Hyperglycemia-induced ROS generation acts as an important con-
tributor to NLRP3 inflammasome activation in the diabetic myo-
cardium [19]. Additionally, ROS inhibitors dramatically reduce the
secretion of mature IL-1β and IL-18 [32]. Hyperglycemia was also

found to increase the production of ROS, leading to the dissociation of
thioredoxin and the TXNIP complex [35]. Subsequently, TXNIP binds to
the leucine-rich repeat region of NLRP3, leading to NLRP3 inflamma-
some activation [36]. NLRP3 agonists trigger the production of ROS,

Fig. 3. Klotho alleviates diabetes-induced left ventricular dysfunction.
(A) Representative images of M-mode echocardiograms in each group. Evaluations of left ventricular ejection fraction (LVEF) (B), fractional shortening (FS) (C), and
early (E′) to late (A′) diastolic velocity ratio (E′/A′) (D) (n= 8–10 per group, *P < 0.05, **P < 0.01 vs. Con group; #P < 0.05, ##P < 0.01 vs. diabetic mice
(DM)).

Fig. 4. Klotho inhibits cardiomyocyte apoptosis in diabetic mice (DM).
(A) Representative TUNEL-positive cells (green) in heart tissues of DM. (B) Quantitative analysis of apoptotic cardiomyocytes isolated from cardiac tissues. (C)
Expression of cleaved-caspase-3 in the heart tissue assayed by western blot (n= 8–10 per group, *P < 0.05, **P < 0.01 vs. Con group; #P < 0.05, ##P < 0.01
vs. DM).
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leading to activation of the NLRP3 inflammasome via the ROS-sensitive
TXNIP protein [37]. TXNIP might be the link between the glucose signal
and NLRP3 activation in DCM [38]. We found that KL downregulates
ROS production and prevents TXNIP expression, which contribute to
inhibition of NLRP3 inflammasome in response to high-glucose chal-
lenge.

Cell apoptosis is a defining pathological feature of DCM, which
leads to decreased myocardial contractility. Hyperglycemia can directly
induce the release of cytochrome c from the mitochondria into the
cytoplasm, triggering a cascade activation of caspase-3 and leading to
the intrinsic apoptosis of cardiomyocytes [39]. Our results also showed
that HG induced an obvious loss of ΔΨm, cytochrome c release, cas-
pase-3 activation, and subsequent apoptosis. These abnormalities drive
the development of diabetic cardiac hypertrophy and heart failure.
Interestingly, NLRP3 inflammasome activation and the resulting cyto-
kine release promote apoptosis, further exacerbating the severity of
DCM [40]. A recent study also demonstrated that an NLRP3-specific
inflammasome inhibitor significantly improved cardiac apoptosis [32].
Moreover, inhibiting the activation of NLRP3 significantly reduced the
apoptosis of hemin-treated endothelial cells [41]. Collectively, these
results suggest that the NLRP3 inflammasome contributes to diabetes-
induced cardiac injury. Consistently, treatment with KL markedly at-
tenuates cardiac injury and decreases NLRP3 inflammasome activation

both in vivo and in vitro. Additionally, the pretreatment of H9C2 cells
with NLRP3 siRNA or KL attenuates the activation of cardiac apoptosis
that is associated with DCM. However, the relevant evidence of how
NLRP3 effectively regulates cardiac apoptosis is absent in this study.
Future studies are required to investigate the mechanistic details of KL
in modulating the cardiomyocyte apoptosis and the expression of
NLRP3 inflammasome.

5. Conclusion

In conclusion, through in vitro and in vivo studies, we demonstrated
that KL might have significant therapeutic potential for treating DCM.
Further, the beneficial effect of KL was found to be dependent on in-
hibition of the NLRP3 inflammasome.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2019.116773.
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Fig. 7. Klotho inhibits high glucose (HG)-induced reactive oxygen species (ROS) production in H9C2 cells.
(A) Detection of ROS in various groups by DCFH-DA probes and representative images acquired under a fluorescence microscope. Green fluorescence intensity
reflects the presence of ROS. (B) Comparison of ROS levels across different treatment groups. (C) Relative TXNIP protein levels in lysates of H9C2 cells were
determined by western blotting and normalized to those of β-actin. (D) Protein levels of IL-1β in medium supernatants of H9C2 cells were analyzed by ELISA (n= 3,
*P < 0.05, **P < 0.01 vs. Con group; #P < 0.05, ##P < 0.01 vs. HG group).
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