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Uremic toxin p-cresyl sulfate enhances the calcification of
aortic valvular interstitial cells via klotho/sirtuin-1 signaling
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Abstract. Calcific aortic valve disease (CAVD), a valvular
heart disease with severe complications, is common in patients
with chronic kidney disease (CKD). P-cresyl sulfate (PCS) is
a protein-binding uremic toxin that induces chronic inflam-
mation. Klotho and sirtuin-1 (SIRT1) represent potential
therapeutic agents for mitigating CKD-induced vascular calci-
fications. We hypothesized that PCS could enhance valvular
interstitial cell (VIC) calcification, which could be modu-
lated by klotho/SIRT1 signaling. Alizarin Red S staining,
western blotting and immunohistochemical analysis were
performed in order to examine calcification and klotho/SIRT1
signaling in isolated porcine VICs following various 7-day
treatments. VIC treatments included incubation with PCS
(10 and 100 uM), klotho (100 pM), the hypoxia-inducible
factor-lo. (HIF-10) inhibitor PX-478 (0.5 M) and the SIRT1
activator SRT1720 (1 mM). Furthermore, the present study
established a PCS-induced rat model of CKD and analyzed
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the effects of klotho on runt-related transcription factor 2
(RUNX?2) expression in rat aortic valves in vivo. Treatment
with PCS increased VIC calcification, NF-xB acetylation and
the expression of RUNX2 and HIF-la expression but was
shown to reduce klotho expression. Klotho supplementation
attenuated the PCS-induced enhancement of VIC calcification
and mitigated PCS-mediated increases in NF-xB acetylation
and RUNX2 expression. Additionally, the SIRT1 activator
SRT1720 attenuated the PCS-mediated enhancement of
VIC calcification and was shown to upregulate klotho and
downregulate RUNX2 in PCS-treated VICs. Furthermore,
the present study demonstrated that klotho supplementation
mitigated CKD-mediated RUNX?2 upregulation in the aortic
valves of PCS-treated CKD model rats. The present study
demonstrated that PCS induced VIC calcification by activating
HIF-1a signaling and downregulating klotho. Treatment with
klotho or SRT1720 was shown to attenuate PCS-mediated acti-
vation of the NF-kB/RUNX?2 signaling pathway, suggesting
that these agents demonstrate notable therapeutic potential for
targeting PCS-induced CAVD.

Introduction

Calcific aortic valve disease (CAVD) is the most prevalent
valvular heart disease. Aortic valve (AV) calcification causes
restricted valve opening, leading to an unfavorable prognosis
marked by complications, including congestive heart failure
and sudden cardiac death. Therapeutic options for CAVD
remain scarce despite its clinical importance due to the
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poor elucidation of mechanisms underlying its pathogenesis.
Currently, surgical or transcatheter AV replacement represent
the only standard treatment strategies for CAVD. Notably,
patients with chronic kidney disease (CKD) demonstrate
a higher prevalence of CAVD (28-85%) and severe aortic
stenosis (6-13%) than patients without CKD (1,2). CKD is
characterized by the progressive loss of renal function, causing
uremic toxin accumulation that contributes to cardiovascular
complications. Among these toxins, p-cresyl sulfate (PCS),
a gut microbiota-generated p-cresol-derived metabolite, has
been implicated in kidney deterioration and cardiovascular
diseases (3-5). Circulating PCS levels increase as renal func-
tion decreases (6); however, the role of PCS in CKD-induced
valvular calcification remains ambiguous.

The klotho/sirtuin-1 (SIRT1) pathway has previously been
implicated in the pathogenesis of renal-related diseases (7-11).
SIRT1 upregulation has been associated with endoplasmic
reticulum stress inhibition and vascular calcification attenua-
tion in CKD (12). CKD progression is notably associated with
klotho downregulation. Previous studies have demonstrated that
uremic toxins promote klotho suppression and the upregulation
of hypoxia-inducible factor-la. (HIF-1a) (13,14), a transcrip-
tion factor that has been shown to be rapidly degraded within
minutes under normoxic conditions via the ubiquitin-protea-
some system (15). HIF-1a. further suppresses klotho expression
by activating p53 (16,17). These findings suggest that PCS, as
a uremic toxin, can directly impact klotho/SIRT1 and HIF-1a
signaling in valvular interstitial cells (VICs).

Klotho deficiency has been demonstrated to upregulate
runt-related transcription factor 2 (RUNX?2), a key driver of
osteogenic gene transcription, in AVs. Furthermore, klotho
deficiency has been shown to promote AV fibrosis, potentially
via the AMP-activated protein kinase o/ RUNX?2 pathway (18).
Recombinant klotho has been shown to attenuate hyperphos-
phatemia-induced osteogenic responses in human aortic
VICs (19). Additionally, our previous study demonstrated that
an osteogenic medium reduced klotho expression in aortic
VICs (20), highlighting the important role of klotho in RUNX2
regulation. However, the role of klotho in CKD-associated
CAVD remains to be fully elucidated.

SIRT1 activation has been demonstrated to mitigate
klotho deficiency-induced vascular disease (21). In human
calcified aortic stenosis, SIRT1 protein levels are reduced
within AV leaflets (22). One study on aged apolipoprotein
E- mice has demonstrated that resveratrol, a SIRT1 activator,
inhibits AV calcification and AV stenosis progression (23).
As an NAD*-dependent class III deacetylase, SIRT1 regu-
lates inflammation, cell death and metabolism through
deacetylation (24,25). Furthermore, SRT1720, another SIRT1
activator, has been reported to reduce vascular smooth muscle
cell calcification by inhibiting the RUNX2 pathway (26).

The present study aimed to investigate whether PCS
directly enhanced VIC calcification, thus contributing towards
CKD-associated CAVD, and aimed to explore the therapeutic
potential of the klotho/SIRT1 pathway in VIC osteogenesis.

Materials and methods

Isolation and culture of porcine VICs. As previously
described (20), AV leaflets were obtained from 6-month-old

pig hearts purchased from a commercial slaughterhouse
(Yahsen Frozen Foods, Co., Ltd.). AVs were digested with
collagenase I (250 U/ml; MilliporeSigma) for 30 min with
gentle shaking at 37°C to remove endothelial cells, and then
were subjected to a second digestion for 12 h with collagenase
I (250 U/ml) under gentle rocking at 37°C to isolate VICs.
As previously described, isolated VICs were cultured in a
DMEM/F12 medium (MilliporeSigma) (20). The Institutional
Animal Care and Use Committee (IACUC) of Taipei Medical
University (Taipei, Taiwan) reviewed and approved the use of
AV tissues and primary VICs in the present study (approval
no. LAC 2020-0332).

Induction of osteogenesis in aortic VICs and associated
treatments. Aortic VICs (1x10°/well in the 6-well plate)
were cultured in DMEM/F12 medium in a cell culture incu-
bator at 37°C for 7 days in the presence or absence of PCS
(10 and 100 uM; APExBIO Technology LLC). The present
study selected a PCS concentration of 100 uM to reflect
the comparatively high PCS levels observed in advanced
CKD (27). To clarify the underlying mechanism of PCS activity
on VIC calcification, VICs were also incubated with PX-478
(0.5 uM; cat. no. HY-10231; MedChemExpress), recombinant
klotho (100 pM; cat. no. APA798Hu02; Cloud-Clone Corp.
CCC) and the SIRT1 activator SRT1720 (1 mM; cat. no. CAS
925434-55-5; Calbiochem; Merck KGaA) at 37°C and
refreshed every 24 h before further analysis.

Calcification assessment. Alizarin Red S (ARS) staining
was performed in isolated VICs to visualize and quantify
calcium deposition. VICs were fixed with 4% paraformalde-
hyde for 15 min and incubated with ARS staining solution
for 1 h, both at room temperature. Subsequently, the excess
dye was removed and the sample was washed with distilled
water. ARS-stained cells were imaged using an Olympus
CKX41 fluorescence microscope (Olympus Corporation).
Calcification was subsequently quantified using ImagelJ soft-
ware (version 1.53t, National Institutes of Health).

Western blot analysis. Proteins extracted from aortic VICs
were extracted using RIPA lysis buffer (MilliporeSigma)
supplemented with protease and phosphatase inhibitors.
Protein concentrations were determined using a BCA protein
assay kit (Thermo Fisher Scientific, Inc.). Equal amounts of
protein (30 g per lane) were separated on 5-12% gradient gels
using SDS-PAGE and transferred onto a PVDF membrane.
The membranes were blocked with 10% non-fat milk in PBS
for 1 h at room temperature and incubated overnight at 4°C
with primary antibodies against RUNX2 (1:2,000 dilution;
cat. no. 12556; Cell Signaling Technology), acetylated-NF-«xB
(1:2,000 dilution; acetyl-NF-«xB; cat. no. 3045; Cell Signaling
Technology, Inc.), NF-kB (1:3,000 dilution; cat. no. 8242;
Cell Signaling Technology, Inc.), HIF-1a (1:1,000 dilution;
cat. no. NB100-479; Novus Biologicals), klotho (1:1,000
dilution; cat. no. LS-C145689; LifeSpan BioSciences, Inc.)
and B-actin (1:6,600 dilution; cat. no. ab6276; Abcam). After
washing, membranes were incubated with HRP-conjugated
goat anti-rabbit IgG-HRP (cat. no. 7074; Cell Signaling
Technology, Inc.) or goat anti-mouse IgG-HRP (cat. no. 7076;
Cell Signaling Technology, Inc.) secondary antibodies for 1 h
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at room temperature. Protein bands were visualized using an
enhanced chemiluminescence kit (Thermo Fisher Scientific).
Band intensities were quantified using Imagel] software
(version 1.53, NIH) and normalized to -actin.

PCS-induced CKD rat model development and klotho recom-
binant protein administration. Male Wistar rats aged 8 weeks
(~250 g; n=13) were used in this study. The animals were
obtained from BioLASCO Taiwan Co., Ltd. Prior to experimen-
tation, the rats were allowed to acclimatize for at least 1 week
under controlled housing conditions. Animals were maintained
in a specific pathogen-free animal facility at a temperature of
19-21°C with 40-70% relative humidity and a 12-h light/12-h
dark cycle. Rats had ad libitum access to food and water, and
were fed a standard laboratory diet (LabDiet® 5001; PMI
Nutrition International). All animals were housed in standard
cages under routine veterinary monitoring throughout the
experimental period. The rats were divided into the following
three groups: Control rats (n=4), PCS-induced CKD model rats
(n=5) and PCS-induced CKD rats (n=4) treated with rat klotho
recombinant protein (0.01 mg/kg/day; cat. no. RPH757Ra02;
Arp Inc.). To induce the CKD model, rats were subject to
intraperitoneal injection of PCS (50 mg/kg/day; APExBIO
Technology LLC) for 4 weeks; rats were anesthetized with
isoflurane prior to injections, which was administered by inha-
lation at a flow rate of 1 1/min (induction, 5%; maintenance, 2%
with oxygen). The CKD control group was injected with the
same volume of isotonic saline for the following 8 weeks. The
CKD + klotho group also received 0.01 mg/kg klotho protein
dissolved in 0.01 mol/l PBS via intraperitoneal injection once
every 2 days for a total of 8 weeks following the 4-week PCS
treatment. After 12 weeks, all rats were euthanized via admin-
istration of 5% isoflurane in oxygen until breathing had ceased.
Upon observation of a loss of righting reflex and the absence of
a response to a toe pinch, bilateral thoracotomy was performed
as a secondary physical method of euthanasia to ensure that
rats had been successfully sacrificed. Death was confirmed
by auscultation to detect the cessation of respiration and the
absence of a heartbeat for =5 min, as well as by confirmation
of the absence of a corneal reflex. A bilateral thoracotomy was
then performed and the heart tissue was extracted. The animal
experiments performed in the present study were approved by
the IACUC of Taipei Medical University (approval no. LAC
2023-0087).

Immunohistochemistry (IHC). AVs isolated from rats were
fixed in 4% paraformaldehyde and embedded in paraffin
at room temperature for 2 h, followed by routine paraffin
embedding. Paraffin-embedded tissues were sectioned
at 3-pm thickness and mounted on FRC-13 slides (Matsunami
Glass). Sections were deparaffinized in Surgipath xylene
(cat. no. 3803665; Leica Biosystems) twice for 10 min
each, and rehydrated through a descending ethanol series
consisting of 100, 95, 80 and 70% Surgipath reagent alcohol
(cat. no. 3803686; Leica Biosystems) for 5 min each, followed
by washing in tap water for 5 min.

Heat-induced epitope retrieval was performed using citrate
antigen retrieval buffer (cat. no. CBB500; Scytek Laboratories,
Inc.)) for 30 min, after which sections were washed with
TBST wash buffer (cat. no. TBT999; Scytek Laboratories,
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Inc.) for 5 min. Endogenous peroxidase activity was blocked
using Peroxidase Block (cat. no. RE7157; Novolink; Leica
Biosystems) for 10 min at room temperature, followed by
TBST washes twice for 3 min each. Non-specific binding
was blocked using Protein Block solution (cat. no. RE7158;
Novolink; Leica Biosystems) for 10 min at room temperature,
followed by TBST washes twice for 3 min each.

Sections were incubated with a rabbit monoclonal
anti-RUNX2 antibody (cat. no. 12556; Cell Signaling
Technology, Inc.), diluted 1:30 in antibody dilution buffer
(cat. no. ADB250; Roche Tissue Diagnostics), overnight at 4°C
in a humidified chamber. After primary antibody incubation,
slides were washed with TBST twice for 3 min each. Signal
detection was performed using the Polink-2 Plus HRP Rabbit
DAB Kit [cat. no. D39-6; GBI (Labs) Ltd.] according to the
manufacturer's instructions. Briefly, sections were incubated
with Rabbit Antibody Enhancer for 15 min at room temperature,
washed with TBST twice for 3 min, and subsequently incubated
with Polymer-HRP for Rabbit for 15 min at room temperature.

Immunoreactivity was visualized using DAB chromogen
(cat. no. RE7270-K; Novolink; Lecia Biosystems) for 5 min
at room temperature. Slides were rinsed in tap water for
5 min, counterstained with Surgipath Hematoxylin Gill II
(cat. no. 3801522; Leica Biosystems) for 5 min and washed
again in tap water for 5 min. Sections were then dehydrated
in 100% ethanol twice for 5 min each, cleared in xylene twice
for 5 min each, and mounted using Surgipath Micromount
mounting medium (cat. no. 3801731; Leica Biosystems).
RUNX2 expression was quantified using ImageJ (version 1.53t,
National Institutes of Health) under an Olympus CKX41 fluo-
rescence microscope (Olympus Corporation).

Statistical analysis. All parameters are expressed as the
mean = SEM. Statistical analyses were performed using unpaired
Student's t-test between two groups or one-way analysis of vari-
ance for multiple groups. Post-hoc analysis was performed using
Tukey's multiple comparisons test. Statistical analyses were
performed using Graphpad Prism 9 (Dotmatics). P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of PCS on VIC calcification. The present study incu-
bated VICs with 10 and 100 xM PCS to investigate the effect
of PCS on VIC calcification, as well as its impact on RUNX2
expression. The present study observed that, compared with
untreated VICs, incubation with 100 xuM PCS significantly
increased VIC calcification (Fig. 1A) and RUNX2 protein
expression (Fig. 1B). Furthermore, treatment with PCS signifi-
cantly decreased klotho expression and significantly increased
HIF-1a expression in VICs (Fig. 2).

Effects of a HIF-1a inhibitor, recombinant klotho and SIRT]
activator on VIC calcification. The present study investigated
whether HIF-1a or klotho modulated the effects of PCS in
VICs. Treatment with the HIF-1a inhibitor PX-478 (0.5 uM)
was shown to significantly reduce PCS-mediated calcification
of VICs (Fig. 3). Additionally, klotho (100 pM) administration
significantly attenuated PCS-induced calcification by 24.4%
(Fig. 4). Furthermore, klotho administration significantly
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Figure 1. Effect of PCS on VIC calcification. (A) The upper panel contains representative images of Alizarin Red S-stained VICs that were cultured with
various concentrations of PCS. VIC calcification was quantified by determining the total area of positive staining (red) per field (3 fields were observed per
treatment group), as shown in the lower panel (n=6). Scale bar, 50 ym. (B) Western blotting and semi-quantification of RUNX2 protein expression in control
and PCS-treated VICs (n=7). f-actin was used as an internal control. “P<0.01 and *“P<0.005. PCS, p-cresol; RUNX2, runt-related transcription factor 2; VIC,

valvular interstitial cell.
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Figure 2. Effect of PCS on klotho and HIF-1a expression. Western blotting and semi-quantification of (A) klotho and (B) HIF-1a protein expression in control
and PCS-treated valvular interstitial cells. PCS-treated cells were incubated with PCS (100 pM) for 7 days (n=5). 3-actin was used as an internal control.

“P<0.05. PCS, p-cresol; HIF-1a, hypoxia-inducible factor-1a.

attenuated PCS-induced increases in the expression levels of
RUNX?2 and acetyl-NF-kB/total NF-xB in VICs (Fig. 5).
Similarly, the present study examined the effects of SIRT1
on PCS-treated VICs. ARS staining revealed that SRT1720
(I mM), a SIRT1 activator, significantly reduced PCS-induced
VIC calcification (Fig. 6). Furthermore, SRT1720 signifi-
cantly attenuated PCS-mediated downregulation of klotho

and significantly reduced PCS-enhanced RUNX2 expression
in VICs (Fig. 7). PCS administration also resulted in the
elevation of NF-kB acetylation compared with the control
group, which was significantly mitigated by co-treatment
with klotho. These findings suggested that activation of the
klotho/SIRT1 axis was important for preventing PCS-induced
VIC calcification.
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Figure 3. Effect of HIF-1a inhibition on PCS-induced VIC calcification. The upper panel depicts representative images of Alizarin Red S-stained VICs that
have been incubated with or without the HIF-1a inhibitor PX-478 (0.5 pM) and with or without PCS (100 zM). VIC calcification was quantified by determining
the total area of positive staining (red) per field (3 fields were observed per treatment group), as shown in the lower panel (n=3). Scale bar, 25 pm. "P<0.05. PCS,
p-cresol; VIC, valvular interstitial cell; HIF-1a, hypoxia-inducible factor-1a.
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Figure 4. Effect of recombinant klotho on PCS-induced VIC calcification. The upper panel depicts representative images of Alizarin Red S-stained VICs
incubated with or without klotho (100 pM) and with or without PCS (100 #M). VIC calcification was quantified by determining the total area of positive
staining (red) per field (3 fields were observed per treatment group), as shown in the lower panel (n=4). Scale bar, 50 zm. “P<0.01 and ““P<0.005. PCS, p-cresol;
VIC, valvular interstitial cell.
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Figure 6. Effect of SRT1720 on PCS-induced VIC calcification. The upper panel depicts representative images of Alizarin Red S-stained VICs incubated with
or without SRT1720 (1 mM) and with or without PCS (100 x#M). VIC calcification was quantified by determining the total area of positive staining (red) per
field, as shown in the lower panel (n=4); 3 fields were observed per treatment group. Scale bar, 50 ym. “P<0.05 and *"P<0.005. PCS, p-cresol; VIC, valvular

interstitial cell.

Klotho ameliorates CKD-mediated RUNX2 upregulation in
PCS-treated AVs. The present study developed a PCS-induced
rat model of CKD to evaluate whether klotho played a role
in the CKD-mediated upregulation of RUNX2. Rats were
treated with recombinant klotho protein for a total of 8 weeks.

IHC revealed that PCS-induced CKD model rats exhibited a
significant increase in RUNX?2 expression in the AV leaflet
(Fig. 8). Treatment with recombinant klotho mitigated the
CKD-mediated upregulation of RUNX2 in PCS-induced
model rats.
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Figure 8. Effect of klotho on RUNX2 expression in the aortic valves of
PCS-induced CKD model rats. Representative immunohistochemistry
images displaying RUNX2 expression in rat aortic valves in control (n=4),
PCS-induced CKD (n=5) and PCS-induced CKD + klotho rats (n=4). Scale
bar, 50 pm. Immunohistochemical results were quantified to statistically
compare RUNX?2 expression between treatment groups by % of positive
staining. The arrows within the IHC images in this figure indicate the
RUNX2 expression. ““P<0.005. PCS, p-cresol; CKD, chronic kidney disease;
RUNXZ2, runt-related transcription factor 2.

Discussion

Elevated levels of circulating PCS have previously been
associated with an increased risk of cardiovascular disease in
patients with CKD (22). Furthermore, CKD occurrence is asso-
ciated with increased HIF-1a expression (28-30). PCS, a uremic

toxin, is associated with the pathogenesis of arterial stiffness
in CKD (31). A PCS concentration of 100 xM was used in the
in vitro protocols of the present study in order to reflect the
high physiological levels of PCS observed in CKD. The high
physiological levels of PCS in CKD have been suggested to
promote cellular stress, contributing to conditions such as AV
stenosis (32). To the best of our knowledge, the present study
demonstrated for the first time that PCS upregulated HIF-1a
expression levels in VICs. Previous studies have demonstrated
that HIF-1a upregulates RUNX2 expression in stem cells by
activating vascular endothelial growth factor (33), which may
further contribute to RUNX?2 upregulation in VICs (34). The
results of the present study indicated that inhibition of HIF-1a
activity significantly ameliorated PCS-mediated calcification
of VICs.

In patients with end-stage kidney disease, plasma PCS
concentrations have been reported to range from 115 to
>500 M, whereas healthy individuals demonstrate concentra-
tion levels of 15-35 uM (35). In the VIC culture system used in
the present study, 100 uM PCS was selected for CKD model-
ling as it was considered within the upper pathophysiological
range of serum PCS concentrations observed in advanced
CKD, and this aligned with PCS concentrations used in a
previous in vitro study of PCS-induced toxicity in vascular and
renal cells, which typically range from 20-500 M (36).

Furthermore, the results of the present study revealed that
PCS administration reduced klotho expression and increased
HIF-1a expression, which suggested that this effect may be
mediated by upregulating HIF-1a.. Mechanistically, a previous
study has established that HIF-1a-dependent p53 activation
suppresses klotho expression (17). Under hypoxic conditions
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(low oxygen availability), HIF-1a is stabilized and translocates
into the nucleus. HIF-1a activation has been shown to suppress
klotho activity by inducing the expression of microRNAs
(miRs), such as miR-34a, and other mediators that reduce
klotho levels, fostering a feedback loop associating oxygen
availability, klotho and HIF-1a (33). Although no knockdown
experiments were performed in the present study to isolate this
specific pathway, existing literature and parallel observations
in our previous study strongly support this mechanism (34).
Specifically, PCS treatment simultaneously upregulated
HIF-1a and downregulated klotho, whereas klotho supple-
mentation was shown to decrease the osteogenic phenotype.
These findings suggested that the PCS-induced simultaneous
upregulation of HIF-1a and suppressed klotho expression
resulted in the observed calcification of VICs.

The observed attenuation of PCS-induced VIC calcifica-
tion resulting from klotho supplementation suggested that
PCS-mediated klotho downregulation significantly promoted
VIC calcification. Consistent with the results of a previous
study (37), the present study also demonstrated reduced
klotho with increased HIF-1a in VICs. Klotho deficiency
may contribute, at least in part, to the HIF-1a activation.
The in vivo experiments of the present study revealed that
klotho administration reduced PCS-mediated upregulation
of RUNX2 in the AVs of CKD model rats. The present study
focused on the effects of PCS on the expression of RUNX2,
which is an important driver of osteogenic transdifferentia-
tion in AVs. The present study identified that, in CKD model
rats that were treated with PCS for 4 weeks, PCS upregulated
RUNX2 expression in rat AVs; however, no calcium deposition
was detected via the Alizarin red S staining. This result likely
reflects the model's relatively early stage, as CKD-associated
metabolic disturbances often precede overt mineral deposi-
tion. The results of the present study also demonstrated that
klotho supplementation mitigated the PCS-induced upregula-
tion of RUNX2 in the AVs of rats. Accordingly, future studies
should analyze a broader panel of histological markers, such
as HIF-1a or klotho, and extend the duration of CKD model
induction.

Furthermore, klotho deficiency has been demonstrated
to aggravate inflammation by activating the NF-kB/RUNX2
axis (38,39). Given that NF-«kB activation is a key driver of
CAVD pathogenesis (39), klotho has been shown to play a
protective role by preventing NF-«B nuclear translocation
and reducing its transcriptional activity (26). Soluble klotho
administration in klotho-mutant mice and membrane-bound
klotho overexpression in cultured cells have been shown to
suppress NF-kB signaling and its downstream effects (40).
Our previous study also demonstrated that the incubation of
aortic VICs in an osteogenic culture medium reduced klotho
expression (20). Furthermore, PCS has been reported to
reduce klotho expression in renal tubules by inducing klotho
gene hypermethylation (13). Previous findings have further
suggested that klotho can mitigate the deleterious effects
of PCS on the heart (35). Collectively, these findings have
provided substantial evidence that the PCS/NF-xkB/RUNX2
axis markedly contributes to klotho suppression and VIC
calcification. Notably, the present study demonstrated that
klotho supplementation attenuated PCS-induced VIC calci-
fication, highlighting the important role of klotho deficiency

in both in vivo (CKD-induced) and in vitro (PCS-induced)
settings. The results of the present study suggested that PCS
significantly contributed to AV calcification in CKD.

A previous study has demonstrated that klotho deficiency
inhibits SIRT1 activity and that pharmacological activation of
SIRT1 with SRT1720 can ameliorate klotho deficiency-induced
arterial stiffness (21). Furthermore, SRT1720 has been
demonstrated to suppress HIF-la expression both in vivo
and in vitro (41). A study by Szymanska et al (42) reported
that treatment with resveratrol or SRT2104, a SIRT1-specific
activator, notably decreased HIF-1la levels. Additionally,
SIRT1-mediated deacetylation of HIF-1a has been shown to
inhibit its transcriptional activity (43). As such, SRT1720 may
have enhanced klotho expression and mitigated PCS-induced
VIC calcification by suppressing HIF-1a. The findings of
the present study suggested that klotho supplementation and
SIRT1 activation attenuated the pro-calcific effects of PCS
on VICs. The present study also demonstrated that SRT1720
treatment inhibited RUNX2 expression in PCS-treated VICs,
indicating that SIRT1 demonstrated a regulatory role in
valvular calcification. Therefore, SIRT1 signaling activation
may represent a promising therapeutic strategy for mitigating
PCS-enhanced CAVD.

Considering that the surgical or transcatheter replacement
of AVs remain the standard treatment strategies for CAVD,
the results of the present study support the feasibility of
the klotho/SIRT1 axis as a target for CAVD treatment, and
suggest that this pathway represents an important avenue
for future clinical translation. Therapeutic strategies aimed
at restoring klotho expression or enhancing SIRT1 activity
therefore represent potential approaches for mitigating
CKD-associated CAVD. Recombinant klotho protein, genetic
or small-oligonucleotide-based klotho upregulation strate-
gies (44) and pharmacological SIRT1 activators, for example
resveratrol analogs and SRT1720 derivatives, are currently
under preclinical evaluation for use in CAVD-targeting thera-
pies; these strategies could, in principle, be combined with
PCS-lowering interventions, such as gut microbiota modula-
tion, protein-bound uremic toxin binders or optimized dialysis
modalities, to reduce valvular exposure to uremic toxins. The
findings of the present study offered mechanistic insights for
future translational studies targeting the klotho/SIRT1 axis for
decreasing PCS burden in patients with both CKD and CAVD.

In conclusion, the uremic toxin PCS induced VIC calci-
fication via HIF-1o/RUNX?2 signaling pathway activation
and concurrent klotho downregulation. Activation of the
klotho/SIRT1 pathway, via recombinant klotho or SRT1720,
effectively attenuated PCS-induced VIC calcification and may
represent a potential therapeutic strategy for mitigating CAVD
progression in CKD.
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