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Abstract: Objectives: Diquat (DQ) induces severe cardiotoxicity through oxidative stress, yet no specific antidote is
currently available. Klotho, a known agonist of nuclear factor erythroid 2-related factor 2 (Nrf2), exerts antioxidative
effects in various diseases. However, its role in DQ-induced myocardial injury remains undefined. Methods: Acute
myocardial injury was induced in rats by intragastric DQ administration, followed by treatment with recombinant
Klotho protein. Myocardial histopathology, oxidative stress markers, and components of the Nrf2/antioxidant re-
sponse elements (ARE) pathway - including Nrf2, heme oxygenase-1 (HO-1), and NAD(P)H:quinone oxidoreductase
1 (NQO1) - were evaluated. Additionally, DQ-exposed H9c2 cardiomyocytes were treated with Klotho or the Nrf2
inhibitor ML385. cell viability, apoptosis, oxidative stress markers, and Nrf2 pathway protein expression were evalu-
ated. Results: DQ administration induced significant oxidative stress and upregulated mRNA levels (2-3-fold; all
P<0.0001) and protein expression (1.3-1.4-fold; P=0.0018, P=0.0039, P=0.0030) of Nrf2, HO-1, NQO1 in rat myo-
cardial tissues. Klotho treatment effectively preserved H9c2 cell viability (by 60%; P<0.0001), reduced apoptosis
(by 43%; P<0.0001), and alleviated oxidative stress (all P<0.0001). Klotho also enhanced Nrf2, HO-1, and NQO1
protein expression (2.5-3-fold; all P<0.0001). ML385 abrogated the protective effects of Klotho against DQ-induced
oxidative stress (all P<0.0001) and apoptosis (all P<0.0001) in H9c2 cells. In vivo, recombinant Klotho adminis-
tration attenuated myocardial histopathologic damage, normalized oxidative stress markers (all P<0.0001), and
increased Nrf2, HO-1, NQO1 protein levels (1.8-2-fold; all P<0.0001). Conclusion: Klotho mitigates DQ-induced
myocardial injury in rats by activating Nrf2/ARE signaling pathway and suppressing oxidative stress.
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Introduction organ support. Extensive research indicates
that the primary toxicological mechanism of DQ
poisoning stems from intracellular overproduc-
tion of reactive oxygen species (ROS)/reactive
nitrogen species (RNS) through redox cycling
[2, 6]. This process induces oxidative stress

and subsequent cellular dysfunction. Therefore,

Diquat (DQ) is a bipyridyl non-selective herbi-
cide characterized by its broad spectrum weed
control, rapid action, and low residue [1]. Since
the ban on paraquat sales in China, the wide-
spread agricultural use of DQ has led to an

increasing incidence of acute poisoning cases
[2]. As a highly toxic compound, DQ induces
multi-organ damage, inducing hepatic, renal,
digestive, and myocardial injuries [3-5], posing
a serious clinical challenge. Critically, no spe-
cific antidote is available for DQ poisoning, and
successful management depends on early rec-
ognition and prompt intervention to reduce
absorption, enhance elimination, and provide

developing therapeutic strategies that directly
target oxidative stress holds promise for the
discovery of novel antidotes against DQ
toxicity.

Oxidative stress arises when excessive ROS/
RNS generation overwhelms the intrinsic anti-
oxidant defense system, leading to irreversible
cellular damage [7]. The transcription factor
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nuclear factor erythroid 2-related factor 2
(Nrf2) serves as a master regulator of antioxi-
dant defense mechanisms [8]. Under physio-
logic conditions, Nrf2 is sequestered in the
cytoplasm by its repressor Kelch-like ECH-
associated protein 1 (Keapl) and undergoes
ubiquitin-mediated degradation. Upon oxida-
tive challenge, conformational alterations in
Keapl trigger Nrf2 release, allowing its nuclear
translocation, where it binds to antioxidant
response elements (ARE) to drive the transcrip-
tion of cytoprotective genes, such as heme oxy-
genase-1 (HO-1) and NAD(P)H:quinone oxidore-
ductase 1 (NQO1) [9]. Given its pivotal antioxi-
dant role, pharmacologic activation of the Nrf2/
ARE pathway has emerged as a promising strat-
egy to mitigate DQ-induced toxicity. Supporting
evidence shows that hydroxytyrosol amelio-
rates oxidative stress in DQ-treated mice by
Nrf2/ARE activation [10]. Similarly, ellagic acid
attenuates DQ-induced ROS generation in mice
by regulating the Nrf2/HO-1/NQO1 axis [11].
Furthermore, resveratrol mitigates DQ-driven
intestinal oxidative stress in weaned piglets
through Nrf2/ARE pathway activation [12]. Coll-
ectively, these findings demonstrate that en-
hancing Nrf2-mediated antioxidant responses
represents a promising strategy for developing
novel antidotes against DQ toxicity.

Klotho, a well-established aging-suppressor
protein, confers multi-organ protection through
its potent antioxidant and anti-inflammatory
properties [13, 14]. A compelling and innova-
tive aspect of Klotho’s mechanism is its role as
a physiologic agonist of the Nrf2 pathway.
Evidence highlights that Klotho enhances cel-
lular antioxidant defenses by activating Nrf2 in
diverse disease contexts. For example, Klotho
overexpression ameliorates renal aging by sup-
pressing Nrf2/HO-1-mediated oxidative stress
[15]. Similarly, recombinant Klotho protein pro-
tects against kidney injury by inhibiting Nrf2-
mediated ferroptosis [16]. In diabetic nephrop-
athy, upregulated Klotho expression alleviates
high glucose-induced oxidative damage by
Nrf2 activation [17]. Most notably, and of direct
relevance to the present study, exogenous
Klotho supplementation has been shown to
protect against myocardial infarction by atte-
nuating cardiomyocyte oxidative stress throu-
gh Nrf2/ARE activation [18]. Despite these find-
ings, whether Klotho confers protection ag-
ainst DQ-induced myocardial injury remains
unknown. Therefore, investigating the potential
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of Klotho to activate the cardiac Nrf2/ARE path-
way and alleviate DQ toxicity addresses a sig-
nificant knowledge gap and offers a novel ther-
apeutic perspective.

This study aimed to evaluate the cardioprotec-
tive effect of Klotho against DQ-induced acute
myocardial injury and to elucidate whether its
mechanism of action involves activation of the
Nrf2/ARE signaling pathway. We hypothesized
that Klotho mitigated DQ-induced oxidative
damage in the heart by enhancing Nrf2-driven
antioxidant gene expression. Clarifying this me-
chanism is of paramount clinical significance,
as it may not only advance the treatment of DQ
poisoning by identifying a promising novel ther-
apeutic candidate but also substantiate the
broader therapeutic potential of Klotho for oxi-
dative stress-related cardiac conditions.

Materials and methods
Cell culture and treatment

HO9c2 cardiomyocytes were obtained from the
American Type Culture Collection (ATCC; Mana-
ssas, VA, USA) and cultured in Dulbecco’s
Modified Eagle Medium (DEME; 11965175,
Gibco, USA) containing 10% fetal bovine serum
(A3382101, Gibco, USA) and 1% penicillin-
streptomycin (15140148, Gibco, USA) at 37°C
in a humidified atmosphere containing 5% CO,,.
To induce oxidative injury, cells were treated
with 50 uM DQ (45422, Sigma-Aldrich, USA)
for 24 h. For Klotho intervention, cells were
treated with 1 ug/mL recombinant Klotho pro-
tein (1819-KL, R&D Systems, USA) [19, 20].

Cell Counting Kit-8 (CCK-8) assay

HO9c2 cells were seeded in 96-well plates at a
density of 5x103/well and incubated at 37°C
for 24 h. Cell viability was assessed using the
CCK-8 (C0040; Beyotime, Shanghai, China)
according to the manufacturer’s instructions.
Briefly, 10 pyL of CCK-8 reagent was added into
each well and incubated for 2 h at 37°C. Ab-
sorbance was then measured at 450 nm using
a microplate reader (Model 680, Bio-Rad, USA).

Cell apoptosis assay

HO9c2 cells were suspended in binding buffer
and stained with Annexin V-FITC and propidium
iodide (5 pL each; E-CK-A211, Elabscience,
Wuhan, China) for 15 min in the dark. Apoptotic
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rates were determined by flow cytometry (BD
Biosciences).

Reactive oxygen species (ROS) assay

A ROS assay kit (CA1410, Solarbio, Beijing,
China) was used to assess ROS levels in
cells and tissues. H9c2 cells were incubated
with 10 pM 2’ 7’-Dichlorodihydrofluorescein
diacetate (DCFH-DA) at 37°C for 20 min, fol-
lowed by washing with phosphate-buffered
saline (PBS)to remove excess probe. Myocardial
tissue sections (4 um) were incubated with 10
UM dihydroethidium (DHE) for 30-60 min at
37°C and counterstained with 4’,6-Diamidino-
2-Phenylindole (DAPI) for 5 min. Fluorescence
signals were examined using an Olympus fluo-
rescence microscope.

Enzyme-linked immunosorbent assay (ELISA)

Levels of oxidative stress markers - including
malondialdehyde (MDA) contents, glutathione
peroxidase (GSH-PX), glutathione sulfotrans-
ferase (GSH-ST), and total superoxide dismu-
tase (T-SOD), were examined using commercial
ELISA kits (BC1195, BC0355, BC0170, Sol-
arbio, Beijing, China) following the manufactur-
er’'s instructions.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR)

RNA extraction was conducted using Trizol
(15596026, Invitrogen, USA). The cDNAs were
synthesized using the Prime Script RT reagent
Kit (RRO37Q, Takara, Dalian, China). Quan-
titative PCR was then performed with SYBR
Green gPCR Master Mix (A46110, Takara,
Dalian, China) on an ABI 7500 Real-time PCR
System (CA, USA). Relative mRNA expression
was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and calculated using
the 225°T method. The primer sequences used
were as below: Nrf2 (forward: 5’-TGC TGC CAT
TAG TCA GTC GC-3’, reverse: 5-TGC CGG AGT
CAG AGT CAT TG-3’), HO-1 (forward: 5’-ACA TGG
CCT TCT GGT ATG GG-3’, reverse: 5-CAC CTC
GTG GAG ACG CTT TA-3’), NQO1 (forward:
5-CCA CGC AGA GAG GAC ATC AT-3’, reverse:
5’-TCA GAT TCG ACC ACC TCC CA-3’).

Western blot analysis
Protein isolation was conducted using ra-

dioimmunoprecipitation assay (RIPA) solution
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(89900, Invitrogen, USA). Equal amounts of
protein were subjected to electrophoresis in
12% sodium dodecyl sulfate - polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred
onto a polyvinylidene difluoride (PVDF) mem-
branes (IPYHO0010, Millipore, USA). After
blocking with 5% nonfat milk in Tris-buffered
saline containing 0.1% Tween-20 (TBST) for 1 h
at room temperature, membranes were incu-
bated with primary antibodies overnight at
4°C. The membranes were then washed with
TBST and incubated with corresponding sec-
ondary antibody for 1 h at room temperature.
Immunoreactive bands were visualized using
an enhanced chemiluminescence detection kit
(RPN2236, Amersham, UK), and band intensi-
ties were quantified using Imagel software.
Primary antibodies were as follows: Klotho
(1:1000, ab181373, Abcam), Nrf2 (1:1000,
ab313825, Abcam), HO-1 (1:2000, ab189491,
Abcam), NQO1 (1:1000, ab97385, Abcam), and
GAPDH (1:2500, ab9485, Abcam).

Animal experiments

Male Sprague-Dawley rats (5-6 weeks, 150-
200 g) were provided by the Guangzhou Twelfth
People’s Hospital and housed under standard
conditions. Animal experiments were approved
by the Animal Ethics Committee of Guangzhou
Twelfth People’s Hospital. Rats were randomly
divided into three groups (n=8 per group): con-
trol group, DQ group, and DQ+Klotho group.
Rats in DQ group were intragastrically adminis-
tered with 115.5 mg/kg DQ (50% of the median
lethal dose) [21], while control rats were admin-
istered with equal volume of normal saline. The
expression of oxidative stress markers and
Nrf2/ARE signaling associated molecules was
detected at 12, 24, 48, 72, 120 h after DQ
exposure. Rats in DQ+Klotho group received
intraperitoneal injection of recombinant Klotho
protein (0.01 mg/kg/day) for 5 consecutive
days [22, 23], whereas rats in the control and
DQ groups were administered an equal volume
of normal saline. At the end of the experi-
ment, rats were euthanized by intraperitoneally
injecting 150 mg/kg pentobarbital sodium,
and myocardial tissues were harvested for fur-
ther examination.

Hematoxylin and eosin (H&E) staining
Myocardial tissue samples were fixed in 10%

neutral buffered formalin, embedded in paraf-
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fin, and sectioned at a thickness of 4 um. Fo-
llowing deparaffinization and rehydration, sec-
tions were stained with H&E (G1120, Solarbio,
Beijing, China) and then imaged using an Oly-
mpus microscope.

Immunohistochemistry

After deparaffinization and rehydration, tissue
sections subjected to antigen retrieval using
microwave heating in sodium citrate buffer.
After cooling to room temperature, endogenous
peroxidase activity was quenched with 3%
hydrogen peroxide for 10 min. Sections were
blocked with 5% bovine serum albumin (BSA)
for 30 min and then incubated with primary
antibody at 4°C overnight. After washing with
phosphate-buffered saline (PBS), sections we-
re incubated with secondary antibody for 1 h
at room temperature. Immunoreactivity was
visualized using diaminobenzidine chromogen
(DA1010, Solarbio, Beijing, China), with micro-
scopic examination using an Olympus micro-
scope. ImageJ software was used for quantita-
tive analysis.

Statistical analysis

Statistical analyses were conducted using
SPSS version 22.0 software. All experiments
were performed in triplicate, and data were pre-
sented as mean + standard deviation (SD).
Differences between two groups were per-
formed using Student’s t-test, while multi-group
comparisons were analyzed by one-way analy-
sis of variance (ANOVA) followed by Tukey-Kra-
mer post-hoc test. A P<0.05 was considered
significant.

Results

DQ stimulation promoted myocardial oxidative
stress injury

To evaluate DQ-induced myocardial oxidative
stress, rats were intragastrically administered
DQ, and oxidative stress markers were ass-
essed at 12, 24, 48, 72, and 120 hours post-
treatment. Myocardial ROS fluorescence signal
was markedly enhanced in DQ-treated rats
compared with controls, rising as early as 12 h
and peaking at 48 h (Figure 1A, 1B). Fur-
thermore, DQ exposure significantly increased
MDA level (Figure 1C) and GSH-ST activity
(Figure 1D), while reducing GSH-PX (Figure 1E)

8806

and SOD activities (Figure 1F) in myocardial tis-
sues. These oxidative stress markers reached
their maximal alterations at 24-48 h post-treat-
ment. Collectively, these findings suggest that
DQ administration induced significant oxidative
stress in myocardial tissues.

DQ stimulation activated the Nrf2/ARE signal-
ing pathway

To investigate the role of the Nrf2/ARE pathway
in response to DQ-induced oxidative stress, we
examined the expression of Nrf2 and its down-
stream effectors HO-1 and NQO1 in myocardial
tissues at 12, 24, 48, 72, and 120 hours after
DQ treatment. DQ administration significantly
increased the mRNA expression of Nrf2, HO-1,
and NQO1 in myocardial tissues compared to
controls (Figure 2A-C), with transcriptional acti-
vation observed at 24 h and peaking at 48 h
post-treatment. Consistent with these results,
western blot analysis revealed a corresponding
increase in Nrf2, HO-1, and NQO1 protein lev-
els, also peaked at 48 hours post-treatment
(Figure 2D-G). Immunohistochemical staining
further confirmed these results (Figure 2H-K).
Together, these findings demonstrate that DQ
exposure activates the Nrf2/ARE signaling pa-
thway during myocardial oxidative stress injury.

Klotho alleviated DQ-induced oxidative stress
in cardiomyocytes

HO9c2 cardiomyocytes were exposed to differ-
ent concentrations of DQ for 24 h or to 50 uM
DQ for varying durations. DQ exposure signifi-
cantly reduced H9c2 cell viability in both dose-
and time-dependent manners (Figure 3A, 3B).
Based on these findings, 50 uM DQ for 24 hour
- causing approximately a 50% reduction in via-
bility - was selected as the optimal condition for
subsequent experiments.

To evaluate the protective effects of Klotho,
DQ-stimulated H9c2 cardiomyocytes were
treated with recombinant Klotho protein. We-
stern blot analysis confirmed a marked increa-
se in Klotho protein expression following re-
combinant Klotho administration (Figure 3C).
Klotho treatment effectively preserved cell
viability (Figure 3D) and reduced apoptosis
(Figure 3E, 3F) of DQ-stimulated H9c2 cells.
Furthermore, DQ exposure significantly increa-
sed ROS levels (Figure 3G, 3H), MDA content
(Figure 3l), and GSH-ST activity (Figure 3J),
whiledecreasing GSH-PX (Figure 3K) and SOD
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Figure 1. Diquat (DQ) exposure promoted myocardial oxidative stress injury. (A, B) Reactive oxygen species (ROS)
fluorescence signal, (C) Malondialdehyde (MDA), (D) glutathione sulfotransferase (GSH-ST), (E) glutathione peroxi-
dase (GSH-PX), and (F) total superoxide dismutase (T-SOD) activities in myocardial tissues were assessed at 12,
24,48, 72, and 120 hours after DQ treatment using enzyme-linked immunosorbent assay (ELISA) kits. Data were
presented as mean + standard deviation (SD). *P<0.05, **P<0.01, compared to control group.

activities (Figure 3L) in H9c2 cells. Notably,
Klotho treatment reversed these DQ-induced
oxidative changes. Consistent with its antioxi-
dant effects, Klotho significantly upregulated
the expression of Nrf2 and its downstream
effectors HO-1 and NQO1 (Figure 3M, 3N).
Collectively, these findings demonstrate that
Klotho alleviated DQ-induced oxidative stress
in cardiomyocytes through activation of the
Nrf2/ARE signaling pathway.

Nrf2 inhibition abrogated the protective effects
of Klotho on DQ-induced oxidative stress in
cardiomyocytes

To investigate the role of Nrf2/ARE signaling in
Klotho-mediated protection, H9¢2 cardiomyo-
cytes were pretreated with the Nrf2 inhibitor
ML385. Klotho markedly upregulated Nrf2,
HO-1, and NQO1 protein levels (Figure 4A, 4B),
whereas ML385 effectively suppressed their
expression. Moreover, Klotho treatment sig-
nificantly alleviated DQ-induced viability inhibi-
tion (Figure 4C) and apoptosis (Figure 4D, 4E).
However, ML385 reversed these protective
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effects. Furthermore, Klotho mitigated DQ-in-
duced oxidative stress, as evidenced by de-
creased ROS fluorescence intensity (Figure 4F,
4G), MDA content (Figure 4H), and GSH-ST
activity (Figure 4l), along with restoration of
GSH-PX (Figure 4J) and SOD activities (Figure
4K). However, ML385 abrogated these regula-
tory effects of Klotho. Collectively, these find-
ings indicate that Klotho alleviated DQ-triggered
cardiomyocyte injury through Nrf2/ARE path-
way activation.

Klotho alleviated DQ-induced acute myocardial
injury in rats through Nrf2/ARE activation

The protective role of Klotho was further vali-
dated in a rat model of DQ-induced acute myo-
cardial injury. Rats were intragastrically admin-
istered with DQ to induce acute myocardial
injury and treated with recombinant Klotho pro-
tein for 5 days. Immunohistochemistry results
showed markedly decreased Klotho protein
expression in myocardial tissues of the DQ
group compared to controls, while recombinant
Klotho administration effectively restored Klo-
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Figure 2. DQ exposure activated nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response elements
(ARE) pathway. The mRNA and protein levels of Nrf2, heme oxygenase-1 (HO-1), and NAD(P)H:quinone oxidoreduc-
tase 1 (NQO1)at 12, 24,48, 72, and 120 hours after DQ treatment were examined using (A-C) reverse transcription
quantitative polymerase chain reaction (RT-qPCR), (D-G) Western blot, and (H-K) immunohistochemistry analysis.
Data were presented as mean = SD. *P<0.05, **P<0.01, compared to control group.
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Figure 3. Klotho alleviated DQ-induced cardiomyocyte oxidative stress. (A, B) Cell viability was examined using Cell
Counting Kit-8 (CCK-8) assay. (C) Klotho protein levels were examined using western blot analysis. (D) DQ-stimulated
H9c2 cardiomyocytes were treated with recombinant Klotho protein, followed by viability assessment using CCK-8
assay. (E, F) Apoptosis was examined using flow cytometry. (G, H) ROS fluorescence signal, (I) MDA level, (J) GSH-
ST, (K) GSH-PX, and (L) SOD activities in H9c2 cells were assessed using ELISA kits. (M, N) Nrf2, HO-1, and NQO1
protein levels were examined using western blot analysis. Data were presented as mean + SD. *P<0.05, **P<0.01,
compared to control group. ##P<0.01, compared to DQ group.

tho expression (Figure 5A, 5B). H&E staining
(Figure 5C) demonstrated well-organized car-
diomyocytes with clear interstitial spaces and
no inflammatory infiltration in control tissues.
In contrast, the DQ group exhibited myocar-
dial fiber disarray, necrosis, edema, and inflam-
matory cell infiltration. Notably, Klotho treat-
ment markedly alleviated these histopatholo-
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gic changes. Biochemically, DQ administration
increased ROS fluorescence intensity (Figure
5D, 5E), MDA content (Figure 5F), and GSH-ST
activity (Figure 5G), while reducing GSH-PX
(Figure 5H) and SOD activities (Figure 5I).
Klotho treatment normalized their expression
to control levels. Furthermore, immunohisto-
chemistry further indicated that Klotho treat-
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Figure 4. Nrf2 inhibition abrogated the protective effects of Klotho on DQ-induced oxidative stress. DQ-stimulated
H9c2 cells received recombinant Klotho protein and Nrf2 inhibitor ML385. (A, B) Nrf2, HO-1, and NQO1 protein lev-
els were examined using western blot analysis. (C) Cell viability was examined using CCK-8 assay. (D, E) Apoptosis
was examined using flow cytometry. (F, G) ROS fluorescence signal, (H) MDA level, (I) GSH-ST, (J) GSH-PX, and (K)
SOD activities in H9¢c2 cells were assessed using ELISA kits. Data were presented as mean + SD. **P<0.01, com-
pared to control group. ##P<0.01, compared to DQ group. &&P<0.01, compared to DQ+Klotho group.

ment activated the Nrf2/ARE pathway, as evi- findings confirm that Klotho alleviates DQ-indu-
denced by increased Nrf2, HO-1, and NQO1 ced acute myocardial injury in rats through
expression (Figure 5J, 5K). Collectively, these Nrf2/ARE activation.
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Figure 5. Klotho alleviated DQ-induced acute myocardial injury in rats through Nrf2/ARE activation. Rats were in-
tragastrically administered with DQ to induce acute myocardial injury and treated with recombinant Klotho protein
for 5 days. (A, B) Klotho protein expression in myocardial tissues was assessed using immunohistochemistry. (C)
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(H) GSH-PX, and (1) SOD activities in H9c2 cells were assessed using ELISA kits. (J, K) Nrf2, HO-1, and NQO1 protein
levels in myocardial tissues was assessed using immunohistochemistry. **P<0.01, compared to control group.
##P<0.01, compared to DQ group.
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Discussion

The present study demonstrates that Klotho
protein protects against DQ-induced myocardi-
al injury by activating the Nrf2/ARE signaling
pathway and suppressing oxidative stress. DQ
exposure triggers significant oxidative damage
in myocardial tissues, as evidenced by incre-
ased ROS and MDA levels, and elevated GSH-
ST activity, along with reduced SOD and GSH-
PX activities. These changes were associated
with Nrf2/ARE pathway activation, suggesting a
compensatory antioxidant response. DQ poi-
soning is known to cause multi-organ injury,
with oxidative stress playing a central role in its
toxicity [24-26]. Consistent with prior reports,
our data confirm that DQ generates excessive
ROS via redox cycling, overwhelming the endog-
enous antioxidant defenses and leading to cel-
lular dysfunction. The observed upregulation of
Nrf2, HO-1, and NQO1 in DQ-treated myocardi-
al tissues indicates an adaptive antioxidant
defense that is, however, insufficient to fully
prevent tissue injury, thereby highlighting the
need for therapeutic interventions to enhance
antioxidant capacity.

Klotho has emerged as a promising therapeutic
candidate for oxidative stress-related disorders
[15-17]. Notably, it exhibits potent cardiopro-
tective effects in myocardial (ischemia/reper-
fusion) I/R by attenuating ROS accumulation
and pro-infammatory cytokine release [27].
Moreover, Klotho supplementation mitigates
oxidative damage in myocardial infarction by
activating the Nrf2/ARE pathway [18] and de-
creasing ROS/RNS generation while maintain-
ing metabolic homeostasis in cardiomyocytes
[19]. Our results extend these findings by re-
vealing that Klotho attenuates DQ-mediated
myocardial damage through Nrf2-mediated an-
tioxidant responses. This conclusion aligns with
prior evidence that Klotho enhances Nrf2 nu-
clear translocation and upregulates its down-
stream antioxidant targets in both renal and
myocardial injury models [15, 18]. Importantly,
our rescue experiments using the Nrf2 inhibitor
ML385 confirmed that inhibition of Nrf2 abol-
ishes Klotho's cardioprotective effects, thereby
establishing the essential role of Nrf2/ARE sig-
naling in mediating this protection.

Of particular relevance, a recent study revealed
that paraquat exposure greatly downregulates
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cardiac Klotho expression in rats [28], which is
consistent with our observation that DQ reduc-
es Klotho protein levels in myocardial tissues.
Moreover, cardiac-specific Klotho overexpres-
sion alleviates paraquat-induced myocardial
injury by inhibiting oxidative stress and inflam-
mation through Nrf2/ARE pathway activation
[28]. These independent results corroborate
our data and collectively establish Klotho's
essential protective mechanism against DQ/
paraquat cardiotoxicity.

Our findings hold considerable clinical rele-
vance, particularly in the context of DQ poison-
ing for which no specific antidote is currently
available, leaving management largely depen-
dent on supportive care and early decontami-
nation [2]. Our data suggest that recombinant
Klotho protein may serve as a therapeutic
agent to mitigate DQ-induced cardiac damage
by activation of the Nrf2/ARE pathway. This
aligns with emerging evidence that Nrf2 activa-
tors such as hydroxytyrosol, ellagic acid, and
resveratrol effectively reduce DQ toxicity [10-
12]. However, further studies are needed to
optimize Klotho dosing, evaluate its long-term
safety, and explore clinically feasible delivery
routes. Moreover, developing indirect therapeu-
tic approaches targeting Klotho/Nrf2 axis rep-
resents a promising therapeutic direction.

Several limitations should be acknowledged.
First, although our findings establish that Klo-
tho exerts cardioprotection through Nrf2 acti-
vation, the potential involvement of other cyto-
protective mechanisms, such as autophagy
modulation or anti-inflammatory pathways, was
not assessed. Future investigations should ex-
plore these interactions to provide a more com-
prehensive understanding of Klotho’s multifac-
eted actions. Second, our findings were derived
from rodent models (rats in vivo and rat H9¢c2
cardiomyocytes in vitro), which may not fully
replicate human cardiac physiology, antioxi-
dant response pathways, or drug metabolism.
Therefore, further preclinical validation and
translational studies are warranted. Finally, this
study did not explore dose-response relation-
ships or optimal therapeutic time windows.
Future studies should systematically evaluate
alternative delivery strategies, multiple dosing
levels, and varied treatment durations to iden-
tify the most effective and translatable pro-
tocol.
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Conclusion

This study elucidated the critical role of Nrf2/
ARE signaling in mediating DQ-triggered myo-
cardial injury. Klotho conferred robust cardio-
protection by enhancing Nrf2-mediated antioxi-
dant defenses, offering a promising therapeu-
tic strategy for DQ poisoning. These findings ad-
vance our understanding of DQ cardiotoxicity
mechanisms, and support the development of
Klotho-based interventions for oxidative stress-
related conditions.
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