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Background: Uremic cardiomyopathy (UCM) is a severe and irreversible cardiovascular complication that commonly occurs
in patients with end-stage renal disease and is associated with poor prognosis. Both toll-like receptor 4 (TLR4)/nuclear factor
kappa-B (NF-kB) inflammatory signaling and autophagy dysregulation are critically implicated in the pathogenesis of UCM;
however, their internal interactive regulatory network has not been fully clarified. This study was designed to explore the role of
TLR4/NF-kB axis in regulating myocardial autophagy and pathological injury in UCM.

Methods: Based on 24 Sprague-Dawley rats, control (sham operation), UCM (5/6 nephrectomy), UCM+Resatorvid (TAK-242,
TLR4 inhibitor, 2 mg/kg/day s.c.), and UCM+JSH23 (NF-kB inhibitor, 3 mg/kg/day s.c.) groups were constructed (n = 6/group).
Following 10 weeks of observation, renal function, systemic inflammation, cardiac performance, myocardial histopathology,
TLR4/myeloid differentiation factor 88 (MyD88) pathway and autophagy-related protein expression were systematically evalu-
ated.

Results: UCM model rats exhibited significant renal function impairment, elevated systemic inflammation, deteriorated car-
diac function, as well as severe myocardial hypertrophy, interstitial fibrosis, and increased cardiomyocyte apoptosis (p < 0.05).
These pathological changes were accompanied by excessive activation of the TLR4/MyD88/p-P65 signaling cascade and obvious
changes in autophagy-related molecular expression, as evidenced by an elevated Microtubule-associated protein light chain 3 11
(LC3II)/LC3I ratio and higher Beclin 1 levels (p < 0.001). Both TAK-242 and JSH23 treatment effectively ameliorated renal and
cardiac dysfunction, suppressed adverse myocardial pathological remodeling, and reversed autophagy-related protein expression
in UCM rats (p < 0.05).

Conclusions: The TLR4/NF-kB signaling axis may contribute to UCM progression via modulating the expression of autophagy-
associated proteins. Concurrent inhibition of this axis was correlated with alleviation of renal injury, inflammation and myocar-
dial damage, indicating a potential therapeutic strategy for UCM.
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Introduction Innate immune dysregulation plays a pivotal role in
UCM pathology. Toll-like receptor 4 (TLR4), a key recog-
nition molecule of the innate immune system, serves as a

hub connecting uremic metabolic disorders with myocar-

Chronic kidney disease (CKD) is a prevalent chronic
disease worldwide. Approximately 50% of the deaths re-

lated to its complications are caused by damage to the car-
diovascular system [1]. Even for early-stage CKD patients,
the risk of cardiovascular death is much higher than that of
disease progression to end-stage renal disease [1,2]. Pro-
gressive deterioration of renal function leads to the ac-
cumulation of metabolic waste products, forming a “ure-
mic microenvironment” where toxic substances and inflam-
matory factors interact to induce uremic cardiomyopathy
(UCM) [3,4]. UCM is primarily characterized by my-
ocardial hypertrophy, interstitial fibrosis, apoptosis of my-
ocardial cells, and progressive decline in cardiac function
[5,6,7]. Current knowledge regarding UCM etiology re-
mains incomplete, and no targeted therapeutic drugs are
available in clinical practice.

dial inflammatory injury [8,9]. TLR4 is widely distributed
on the surface of cardiomyocytes, vascular endothelial cells
and immune cells [10,11]. Previous studies have demon-
strated that TLR4 can activate the NOD-like receptor fam-
ily pyrin domain-containing protein 3 (NLRP3) inflamma-
some to trigger an inflammatory cascade, and also sense
metabolic stress signals in myocardial tissue and convert
them into cell damage signals, participating in myocardial
remodeling [8]. However, the specific downstream signal-
ing pathways and molecular mechanisms by which it regu-
lates cardiomyocyte function in UCM still need to be sys-
tematically analyzed.

Autophagy is an important cellular metabolic process
to maintain intracellular homeostasis by eliminating dam-
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aged organelles and abnormal proteins, thereby promoting
cell survival. Dysregulation of autophagy is closely re-
lated to the development of cardiomyopathy [12,13]. Under
physiological conditions, moderate autophagy has a protec-
tive effect on cardiomyocytes, while excessive autophagy
activation in pathological conditions such as UCM dis-
rupts metabolic balance, accelerates cardiomyocyte apopto-
sis and functional failure, and promotes disease progression
[14]. TLR4 is closely linked to the regulation of autophagy,
and its activation can regulate the expression of autophagy-
related genes via transcription factors (e.g., nuclear fac-
tor kappa-B (NF-«B)), thereby regulating autophagy levels
[15,16]. However, whether NF-kB, as a key downstream
transcription factor of TLR4, mediates the regulation of
TLR4 on autophagy in UCM cardiomyocytes has not been
clearly reported.

Based on these findings, we hypothesize that aberrant
TLR4 activation in the uremic microenvironment regulates
cardiomyocyte autophagy via NF-«kB signaling, ultimately
mediating myocardial injury and UCM progression. To
test this hypothesis, a UCM rat model was established and
treated with TLR4 inhibitor resatorvid (TAK-242) and NF-
kB inhibitor JSH23. The role of the TLR4/NF-«B signaling
pathway in regulating myocardial autophagy and patholog-
ical injury in UCM rats was systematically explored, aim-
ing to elucidate the key molecular mechanisms underlying
UCM and provide theoretical and experimental support for
the development of targeted therapies.

Materials and Methods

Animal Ethics

Twenty-four 7-week-old male Sprague-Dawley rats
(250 £ 20 g, Hangzhou Medical College, China) underwent
a one-week adaptive feeding period in a specific pathogen-
free (SPF) environment. The breeding conditions were con-
trolled at 23 + 1 °C with a 12-hour light-dark rhythm and ad
libitum access to food and water. Upon approval from the
Laboratory Animal Welfare Ethics Committee of Zhejiang
Laboratory Animal Center (ZJCLA-IACUC-20011454), all
procedures were performed strictly in compliance with rel-
evant ethical standards and ARRIVE Guidelines 2.0.

Establishment of the UCM Model and Grouping

Male Sprague-Dawley rats (250 + 20 g) were given a
one-stage 5/6 nephrectomy to induce uraemia, as previously
reported [17]. In brief, rats were anesthetized with isoflu-
rane (3% for induction, then 2.5% for maintenance; 792632,
Sigma-Aldrich, St. Louis, MO, USA). A laparotomy was
then carried out, the left kidney was exposed, and approxi-
mately two-thirds of the kidney was resected, followed by
the extraction of the right kidney. Care was taken to avoid
injury to the adrenal glands. A sham procedure, including
the decapsulation and intact replacement of both kidneys,
was carried out for control animals.

All rats were randomly numbered by body weight us-
ing a random number table prior to surgery for random-
ization; grouping and subsequent sample testing were per-
formed by independent researchers in a blinded manner.
Rats were grouped into control, UCM, UCM + TAK-242,
and UCM + JSH23. After the model establishment, in the
UCM + TAK-242 group and the UCM + JSH23 group, rats
were subcutaneously injected with 2 mg/kg/d of the TLR4
inhibitor TAK-242 (HY-11109, MCE, Princeton, NJ, USA)
or 3 mg/kg/d of the NF-kB inhibitor JSH23 (HY-13982,
MCE, Princeton, NJ, USA) for 4 weeks, and samples were
collected 10 weeks later [18,19]. Animals with severe oper-
ative bleeding, adrenal injury, sustained poor mental status
or death within the 10-week observation period were ex-
cluded from the study.

Transthoracic echocardiography was used to assess
cardiac structure and function at weeks 4 and 10. In the
tenth week, the rats were anesthetized with isoflurane (3%
for induction, then 2.5% for maintenance). The depth of
anesthesia was confirmed by the absence of pedal with-
drawal and corneal reflexes. After confirmation of deep
anesthesia, blood samples were collected from the abdom-
inal aorta for subsequent serum analyses. Next, the rats
were euthanized by cervical dislocation. To ensure the an-
imals were completely unconscious and did not experience
any distress, cervical dislocation was performed while the
rats were still under deep anesthesia, confirmed by the lack
of response to a firm toe pinch. Then, the heart was dis-
sected to obtain a left ventricle sample for protein and his-
tological analysis. Hematoxylin-eosin (HE) staining and
Picro-sirius red/fast green staining (PSFG) sections were
used to assess the cross-sectional area in order to con-
firm the development of left ventricular hypertrophy and
fibrosis. Cell apoptosis was detected using Terminal De-
oxynucleotidyl Transferase-Mediated dUTP Nick End La-
beling (TUNEL). Immunofluorescence/Western blot analy-
sis was used to evaluate protein expression associated with
autophagy or TLR4/NF-kB signaling pathways.

Measurement of Creatinine and Urea Levels in
Serum

Following blood serum sampling, the procedures were
performed according to the manufacturer’s instructions
of the corresponding biochemical test kits for creatinine
(S02918S, Beyotime, Shanghai, China) and urea (S0574M,
Beyotime, Shanghai, China). First, the serum samples and
standards were prepared and incubated with the reagents in
the kits in proportion. Then, the reaction mixtures were in-
cubated under the specified temperature for a certain period
to complete the assay. After the reaction was completed,
the absorbance values of each well were measured using
an enzyme detector (Varioskan LUX, Thermo Fisher Scien-
tific, Waltham, MA, USA) at the wavelength 570/670 nm.
A standard curve was generated using absorbance data of
the standards, and the specific concentrations of creatinine
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(umol/L) and urea (mmol/L) in the serum were calculated
by substituting the sample absorbance values [20].

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum levels of inflammatory cytokines, interleukin-
1B (IL-1pB, PI303), tumor necrosis factor-a (TNF-a, PT516),
and interleukin-6 (IL-6, P1328) were detected using ELISA
kits (Beyotime, China). First, 100 pL of serum samples
or standards was loaded into the pre-coated wells and in-
cubated at 37 °C for 2 hours. The plate was then washed
three times (5 minutes each), followed by the addition of
100 pL of biotinylated detection antibody and incubation at
37 °C for 1 hour. After three additional washes, 100 pL of
HRP-conjugated streptavidin was added and incubated at
37 °C for 20 min. Following three washes, 100 L of TMB
substrate solution was added and incubated at 37 °C in the
dark for 20 min. The reaction was terminated by adding
50 pL of stop solution. The absorbance (450 nm) measure-
ment using a microplate reader, the actual concentration of
each inflammatory cytokine in the serum samples was cal-
culated according to the standard curve and calculation for-
mula provided in the ELISA kit instructions.

Echocardiography Experimental Procedures

Prior to echocardiographic detection, rats were anes-
thetized with isoflurane, and animals were placed on a heat-
ing pad to maintain normal body temperature during the
examination. Cardiac morphology and function were as-
sessed via transthoracic echocardiography (Vivid Q, GE
Healthcare, Milwaukee, WI, USA) at 4 and 10 weeks post-
model establishment: left ventricular internal diameter at
systole (LVIDs), left ventricular internal diameter at dias-
tole (LVIDd), and left ventricular ejection fraction (LVEF)
were determined via M-mode echocardiography in anes-
thetized rats using parasternal short-/long-axis views at the
papillary muscle level, while Doppler tissue imaging of
transmitral flow and mitral annular signals was performed
to assess the E/E’ ratio (a key indicator of left ventricular di-
astolic function (E = peak early mitral inflow velocity; E’ =
peak early mitral annular velocity)). All data were analyzed
using EchoPAC software (GE Healthcare, Milwaukee, WI,
USA) by a blinded investigator, with mean values of tripli-
cate measurements for statistical analysis.

HE and PSFG Staining

Formalin-fixed (G2161, Solarbio, Beijing, China)
paraffin-embedded (C06415103, Nanjing Reagent, Nan-
jing, China) subvalvular sections of the left ventricle were
cut into 5 um slices.

HE staining (C0105S, Beyotime, Shanghai, China):
Sections were stained with HE reagents following standard
protocols, dehydrated, and mounted. Blue-stained nuclei
and pink-stained cytoplasm of cardiomyocytes were visu-
alized to assess cellular morphology. Pathological changes
of left ventricle tissues were finally observed under an op-
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tical microscope (400x, THUNDER Imager Tissue, Leica,
Wetzlar, Germany).

PSFG staining: Sections were stained with picro-
sirius red (365548, Sigma Aldrich, St. Louis, MO, USA)
(stains collagen red) and fast green (HY-D0914, MCE,
Princeton, NJ, USA) (stains cardiac muscle green), dehy-
drated, and mounted. The cardiac fibrosis condition was
observed under a 400x magnification microscope.

TUNEL Assay

Myocardial paraffin sections were dewaxed in xy-
lene (C04305302, Nanjing Reagent, Nanjing, China) (two
cycles, 5-10 min each), rehydrated in graded ethanol
(C06915100, Nanjing Reagent, Nanjing, China), and rinsed
in distilled water. Sections were digested (20 pg/mL pro-
teinase K; ST532, Beyotime, Shanghai, China) (37 °C, 15
min) and blocked (3% hydrogen peroxide solution; 88597,
Millipore, Bradford, MA, USA) (room temperature, 20
min). Following PBS washes, sections experienced culti-
vation with 50 pL. TUNEL reaction mixture (G4891, Solar-
bio, Beijing, China) containing terminal deoxynucleotidyl
transferase (TdT) and biotinylated dUTP (37 °C, 60 min),
washing with PBS, and 30-min culture with Streptavidin-
HRP solution (G4891, Solarbio, Beijing, China) (37
°C). Following washing with PBS, the sections were
developed using 3,3'-Diaminobenzidine (DAB), counter-
stained with hematoxylin (HY-K0315, MCE, Princeton,
NJ, USA), dehydrated, cleared, and mounted. Five ran-
dom fields/sections were captured under a light microscope
(200x magnification). The apoptotic level was quantified
as the percentage of TUNEL-positive cells.

Western Blotting

For protein extraction, tissue and cell lysates were
prepared in radioimmunoprecipitation assay buffer (RI-PA
lysate; R0010, Solarbio, Beijing, China). Protein con-
centrations were determined using bicinchoninic acid as-
say (BCA; BCALI, Sigma-Aldrich, St. Louis, MO, USA).
Following sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE; P0012A, Beyotime, Shanghai,
China) fractionation, the separated proteins were wet trans-
ferred to a polyvinylidene fluoride membrane (YA1700, So-
larbio, Beijing, China). Before adding the primary antibody
dilution (Table 1), the membrane was blocked (1.5 hours,
room temperature) using 5% skim milk. Secondary anti-
bodies (Table 1) were incubated for two hours the next day,
after primary antibodies were incubated at 4 °C overnight.
Following band visualization with a gel imaging equipment
(ChampGel®7800, SINSAGE, Beijing, China), grayscale
analysis was performed employing Imagel software (Ver-
sion 1.52a, National Institutes of Health, Bethesda, MD,
USA).
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Fig. 1. Serum biochemical and inflammatory cytokine levels in rats with uraemic cardiomyopathy (UCM). (A) Serum urea
levels, (B) serum creatinine levels, (C) tumor necrosis factor-o (TNF-a) levels, (D) interleukin-1p (IL-1p) levels, and (E) interleukin-6
(IL-6) levels in the Control, UCM, UCM+Resatorvid (TAK-242, TLR4 inhibitor), and UCM+JSH23 (NF-kB inhibitor) groups. Serum
parameters were detected using enzyme-linked immunosorbent assay (ELISA) kits. Data are presented as mean + SD (n = 6 rats/group).
"p<0.01,™ p<0.001 vs. Control; *p <0.05, "*p <0.01 vs. UCM. NF-kB, nuclear factor kappa-B.

Table 1. Antibodies used in this study.

Name Catalog  Molecular weight (kDa) Dilution Manufacturer

TLR4 $¢-293072 95 1/1000 Santacruz, CA, USA

MyD88 ab219413 33 1/1000 abcam, Cambridge, UK

p-P65 #3033 65 1/1000  Cell Signaling Technology, Danvers, MA, USA
P65 #8242 65 1/1000  Cell Signaling Technology, Danvers, MA, USA
LC3B ab192890 14/16 1/2000 abcam, Cambridge, UK

Beclinl ab207612 52 1/1000 abcam, Cambridge, UK

GAPDH ab8245 36 1/10,000 abcam, Cambridge, UK

Goat anti-mouse ab205719 — 1/2000 abcam, Cambridge, UK

Goat anti-rabbit  ab205718 — 1/2000 abcam, Cambridge, UK

TLRA4, toll-like receptor 4; MyD88, myeloid differentiation factor 88; LC3B, microtubule-associated protein 1 light
chain 3 beta; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Immunofluorescence phenylindole (DAPI, C0065, Solarbio, Beijing, China). Im-

ages were captured under a fluorescence microscope (X200

Myocardial paraffin sections experienced dewaxing,
rehydration and antigen retrieval. After blocking nonspe-
cific binding, sections were incubated with primary anti-
body Phospho-NF-«B p65 (p-P65; #AF2006, Affinity Bio-
sciences, Jiangsu, China) (overnight at 4 °C), followed
by incubation with fluorescently labeled secondary anti-
body (A-11008, Thermo Fisher Scientific, Waltham, MA,
USA). Nuclei were counterstained with 4',6-Diamidino-2-

magnification), with DAPI staining (blue) marking cell nu-
clei and green fluorescence representing p-P65 protein ex-
pression. The staining intensity of p-P65 was quantitatively
analyzed based on the collected immunofluorescence im-
ages to quantify p-P65 protein in myocardial tissues.
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Fig. 2. Cardiac structure and function assessment in rats with UCM via transthoracic echocardiography. (A) M-mode echocar-

diographic images, (B) Doppler tissue imaging (DTI) images, (C) left ventricular internal diameter at systole (LVIDs), (D) left ventricular
internal diameter at diastole (LVIDd), (E) left ventricular ejection fraction (LVEF), and (F) E/E’ ratio (a key indicator of left ventricular
diastolic function (E = peak early mitral inflow velocity; E’ = peak early mitral annular velocity)) in the Control, UCM, UCM+TAK-242,

and UCM+JSH23 groups at weeks 4 and 10. Echocardiographic parameters were analyzed using EchoPAC software. Data are presented
as mean £ SD (n = 6 rats/group). “p < 0.05 vs. Control; p < 0.05, "'p <0.01 vs. UCM.

Statistical Analysis

GraphPad Prism 8.0 (GraphPad Prism Software, San
Diego, CA, USA) was used for statistical analysis [21]. The
mean + standard deviation was used to express the measure-
ment data. One-way analysis of variance (ANOVA) or re-
peated measures ANOVA was employed for comparisons
among multiple groups, followed by Tukey’s post-hoc test
for pairwise comparisons. p <0.05 was indicative of statis-
tical significance.

Results

TLR4 and NF-kB Inhibition Reverse the Increase in
Urea, Creatinine and Inflammatory Factor Levels in
UCM Rats

To elucidate the role of the TLR4 and NF-kB in UCM,
we analyzed serum biochemical and inflammatory cytokine
levels across experimental groups. As shown in Fig. 1A,B,
serum urea and creatinine levels were higher in the UCM
group than in the Control group (P < 0.01), confirming the
successful establishment of uraemia. Notably, administra-
tion of TAK-242 (TLR4 inhibitor) or JSH23 (NF-kB in-
hibitor) significantly reduced both urea and creatinine lev-
els (Fig. 1A,B, p < 0.05), indicating attenuation of renal
dysfunction in UCM rats. For inflammatory responses, the
results demonstrated significantly increased serum levels of
TNF-a, IL-1pB, and IL-6 in the UCM group (Fig. 1C-E, p

< 0.01 vs. Control). Treatment with TAK-242 or JSH23
notably downregulated these pro-inflammatory cytokines
(Fig. 1C-E, p <0.05), suggesting that TLR4/NF-«B sig-
naling drives systemic inflammation in UCM.

TLR4 and NF-xB Inhibition Limits the UCM
Echocardiographic Signs

To unveil the role of the TLR4/NF-kB signaling path-
way in cardiac structure and function of rats with UCM,
transthoracic echocardiography was performed at weeks 4
and 10. The UCM group showed a downward trend in
the systolic LVIDs and diastolic LVIDd at week 10 (Fig.
2A,C,D). In contrast, the LVIDs and LVIDd of rats treated
with TAK-242 showed an upward trend at the 10th week
(Fig. 2A,C,D). Overall, LVIDs and LVIDd did not differ
significantly among the groups (Fig. 2A,C,D).

For the contraction function, as shown in Fig. 2E,
LVEF was comparable among all groups at weeks 4 and
10. In contrast, the left ventricular mitral valve blood flow
pattern in the UCM group was abnormal (Fig. 2B,F), while
TAK-242 and JSH23 treatments partially restored diastolic
function. At the 10th week, the E/E’ ratio was significantly
reduced in the TAK-242 and JSH23 treatment groups (Fig.
2F, p <0.05).
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Fig. 3. Histopathological and apoptotic changes in myocardial tissues of rats with UCM. (A) Cardiomyocyte morphology and

arrangement (blue-stained nuclei, pink-stained cytoplasm) (Hematoxylin-eosin (HE) staining; x400, scale bar: 100 um). Bar graphs on

the right show quantitative analysis of cardiomyocyte (CM) cross-sectional area (um?) and perimeter (um). (B) Collagen fibers (red) and

cardiac muscle (green) (Picro-sirius red and fast green (PSFG) staining; 400, bar: 100 pm). The bar graph illustrates the percentage of
left ventricular (LV) fibrosis area (%). (C) Apoptotic cells in the Control, UCM, UCM+TAK-242, and UCM+JSH23 groups (Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining; %200, bar: 200 um). The bar graph displays the

percentage of TUNEL-positive cells (%). Data are presented as mean = SD (n = 6 rats/group). "p < 0.05, “p < 0.01, ™"p < 0.001 vs.

Control; “p < 0.05, "'p < 0.01 vs. UCM.

TLR4 and NF-xB Inhibition Alleviates Myocardial
Injury in UCM

To elucidate the influence of TLR4/NF-«xB signaling
in myocardial histopathological alterations of UCM, we
performed histological staining and apoptosis detection. As
shown in Fig. 3A (HE staining), the control group exhibited
an orderly cardiomyocyte (CM) arrangement with normal
cellular morphology. In contrast, the UCM group showed
marked cardiomyocyte hypertrophy and disorganized ar-
rangement, with significantly increased CM cross-sectional
area and perimeter (Fig. 3A, p < 0.05). Notably, TAK-
242 treatment significantly alleviated these hypertrophic
changes, JSH23 significantly reduced only the CM cross-
sectional area (p < 0.05 vs. UCM group), with cardiomy-
ocytes appearing more organized and closer to normal mor-
phology (Fig. 3A).

Cardiac fibrosis was assessed by PSFG staining. In the
control group, collagen fibers (stained red) were sparsely
distributed in the myocardium (Fig. 3B). In contrast, the
UCM group exhibited extensive collagen deposition, par-
ticularly in the perivascular and interstitial regions, accom-
panied by a significant increase in the left ventricular (LV)
fibrotic area (Fig. 3B, p < 0.001). Treatment with either
TAK-242 or JSH23 significantly attenuated collagen ac-

cumulation, indicating a reduction in fibrotic progression
(Fig. 3B, p <0.05).

TUNEL staining (Fig. 3C) was used to evaluate car-
diomyocyte apoptosis, and the nuclei of apoptotic cells
were brown to brownish-black. Few TUNEL-positive cells
were observed in the control group, whereas the number of
TUNEL-positive cells was markedly elevated in the UCM
group, confirming enhanced cardiomyocyte apoptosis in
UCM myocardial tissues (Fig. 3C, p < 0.01). Notably,
TAK-242 and JSH23 interventions significantly reduced
TUNEL-positive cells, suggesting that both agents could ef-
fectively suppress myocardial apoptosis (Fig. 3C, p <0.05).

TLR4 and NF-kB Inhibition Restricts UCM
Autophagy and the TLR4/NF-xB Signaling Pathway

For autophagic activity, Fig. 4A—C shows upregu-
lated LC3II/I (a marker of autophagosome formation) and
Beclin 1 (a key autophagy initiator) (p < 0.001) in the
UCM group. Treatment with TAK-242 or JSH23 notably
reduced LC3II/I and Beclin 1 expression (Fig. 4A-C, p
< 0.05). This suggests that TLR4/NF-xB signaling im-
pacts autophagy-related protein expression in the setting of
UCM. For the TLR4/NF-kB signaling cascade, Fig. 4D-G
demonstrates that TLR4, myeloid differentiation factor 88
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(MyD88) (an adaptor protein in TLR4 signaling), and phos-
phorylated P65 (p-P65, an activated form of NF-kB)/P65
ratio were significantly upregulated in the UCM group (p <
0.001 vs. control). Treatment of TAK-242 or JSH23 effec-
tively downregulated TLR4, MyD88, and p-P65/P65 (Fig.
4D-G, p <0.05).

Both TLR4 and NF-kB Inhibit the Fluorescence
Intensity of p-P65

To assess the activation status of NF-«kB signaling
in myocardium during UCM, immunofluorescence stain-
ing for p-P65 was performed. p-P65 fluorescence inten-
sity (green) was low in the control group (Fig. 5). In con-
trast, the UCM group exhibited a marked increase in p-P65
fluorescence intensity, indicating robust activation of NF-
kB signaling (Fig. 5, p < 0.001). Treatment with TAK-
242/JSH23 significantly reduced p-P65 fluorescence inten-
sity (Fig. 5, p <0.01). Accordingly, these findings suggest
activation of the TLR4/NF-«B signaling pathway in UCM
myocardium.

Discussion

UCM is a fatal complication for CKD patients, and
its pathological mechanism involves the complex interac-
tion of inflammatory storm, myocardial remodeling and
metabolic disorder [22]. Currently, the synergistic effect
of TLR4-mediated inflammatory signaling and autophagy
dysregulation remains a research focus [23]. Although

there are few studies on TLR4 in UCM, Hui et al. found that
TLR4 and MyD88 were upregulated in diabetic cardiomy-
opathy and closely associated with cardiomyocyte apopto-
sis [24]. Consistently, we revealed increased expression of
TLR4 and its downstream MyD88 proteins in UCM model
rats, confirming the key role of TLR4 signaling in UCM.
Importantly, this study further revealed the mediating role
of autophagy in this process.

Abnormally activated TLR4/NF-kB pathway is a
common pathological basis for various types of cardiomy-
opathy [25]. Zhao et al. [26] revealed that the TLR4
inhibitor TAK-242 alleviated diabetic cardiomyopathy by
inhibiting pyroptosis and the TLR4/calcium/calmodulin-
dependent protein kinase II (CaMKII)/NLRP3 pathway. In
this study, treatment with TAK-242 and JSH23 decreased
the levels of TNF-a and IL-1p in the serum of UCM rats
and reduced the degree of myocardial fibrosis, which cor-
responds to the reported mechanisms in other disease mod-
els. As the core indicator of autophagic activity, the LC3II/1
ratio directly reflects the efficiency of autophagosome for-
mation. Beclin 1 is the key molecule regulating the initia-
tion of autophagy. Together, these markers provide an im-
portant reference for evaluating autophagy-related molec-
ular changes [27]. Notably, the present study provides
new evidence for the association between the TLR4/NF-
kB pathway and autophagy in UCM. In the UCM model
group, both the LC31I/I ratio and Beclin 1 expression were
significantly increased, whereas treatment with TLR4/NF-
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Fig. 5. Immunofluorescence analysis of p-P65 in myocardial tissues of rats with UCM. 4',6-diamidino-2-phenylindole (DAPI, blue)
for nuclear staining and p-P65 (green) expression in myocardial tissues of the Control, UCM, UCM+TAK-242, and UCM-+JSH23 groups

mmunotluorescence; X , bar: m). Data are presented as mean + n = 6 rats/group). <0. vs. Control; <0.01 vs.
I fl 200, bar: 100 pm). D p d SD (n = 6 rats/group). ~~ p <0.001 vs. C p<0.01

UCM.

kB inhibitors downregulated these autophagy-related mark-
ers. These findings suggest that the TLR4/NF-kB signaling
axis may participate in UCM progression by modulating
autophagy-associated protein expression, providing a novel
mechanistic perspective on “inflammation-autophagy” to
the TLR4-mediated myocardial injury.

Autophagy exerts bidirectional modulatory effects
during the occurrence and progression of various cardiomy-
opathic diseases. Moderate physiological autophagy elimi-
nates impaired organelles and abnormal proteins, thereby
relieving myocardial oxidative stress and tissue injury.
In contrast, persistent upregulation of autophagy-related
molecules disrupts cellular homeostasis and facilitates car-
diomyocyte apoptosis [28,29]. As a well-established key
indicator of NF-kB pathway activation, p-P65 expression
level directly and objectively reflects the overall activation
status of NF-«xB signaling [30]. In our study, myocardial
p-P65 expression was markedly upregulated in UCM rats,
which was consistent with the altered trends of LC3II/I ra-
tio and Beclin 1 expression. These results confirm a close
correlation between elevated NF-«B signaling activity and
abnormal changes in autophagy-associated molecules dur-
ing uremic myocardial damage.

The present study has several limitations. First, all
mechanistic investigations were performed solely using an-
imal models, without further validation in clinical speci-
mens. In addition, our evaluation of autophagy only re-
lied on detecting the LC3II/I ratio and Beclin 1 expres-
sion. These two biomarkers merely reflect autophagosome
biogenesis and fail to differentiate elevated autophagic
flux from autophagosome accumulation caused by blocked
degradation. Further studies incorporating p62 detection
and transmission electron microscopy are needed to com-
prehensively evaluate the actual status of autophagic flux
in UCM.

Conclusions

In conclusion, this study verified that the TLR4/NF-
kB signaling axis modulates the expression of autophagy-
associated proteins and triggers abnormal alterations in
autophagy-related molecular profiles, thereby accelerating
the pathological progression of UCM. Future research can
focus on the expression characteristics of the molecules in
this pathway in clinical samples, combine single-cell se-
quencing technology to analyze the activation differences
of the pathway in different cell types, and develop dual-
target inhibitors of TLR4/NF-«B that can penetrate myocar-
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dial tissue, providing a more robust experimental basis and
transformation direction for the precise treatment of UCM.
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