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Abstract

The requirement and molecular contribution of acute high-dose aspirin (ASA) in the treat-
ment of Kawasaki disease (KD) remain clinically controversial. This study aimed to inves-
tigate the dose-dependent mechanism and pharmacodynamics of adjunctive ASA in an
experimental KD mouse model. Male C57BL/6 mice were injected with Lactobacillus casei
cell wall extract (LCWE; 100 pg/day, Days 1-7) to induce systemic coronary arteritis. On
Day 14, mice received intravenous immunoglobulin (IVIG) (2 g/kg, i.p.) monotherapy (G3)
or IVIG combined with High-dose (100 mg/kg; G4), Medium-dose (50 mg/kg; G5), or Low-
dose ASA (5 mg/kg; G6) daily via oral gavage for 3 days (Days 14-16), followed by a 5-
day drug washout until sacrifice on Day 21. Coronary vasculitis and internal elastic lam-
ina integrity were quantified using H&E and Verhoeff-Van Gieson (VVG) staining. Heart
tissue activation of p-nuclear factor kappa-B (NF-kB) and downstream matrix metallopro-
teinance-9 (MMP-9) expression were evaluated by Western blot. High-dose ASA com-
bined with IVIG (G4) achieved statistically superior suppression of upstream NF-xB
phosphorylation (p-NF-kB/NF-«B ratio) and perivascular leukocyte infiltration compared
to IVIG monotherapy (G3) (p < 0.05). This acute upstream blockade directly preserved
arterial wall architecture, with G4 demonstrating near-baseline structural restoration of
the internal elastic lamina on VVG scoring (G4 vs. G3, p <0.05). Following the 5-day drug
washout, downstream MMP-9 expression in G4 converged with G3 levels due to phar-
macodynamic waning, whereas suboptimal mid/low-dose ASA regimens (G5/G6) dis-
played lingering MMP-9 elevation, indicating persistent low-grade matrix remodeling.
Acute high-dose ASA provides a non-redundant, synergistic anti-inflammatory effect
alongside IVIG to prevent early elastolysis. Maintaining adequate acute ASA dose fol-
lowed by careful post-withdrawal tapering is vital to prevent delayed arterial wall remod-
eling and coronary aneurysm progression.
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1. Introduction

Kawasaki disease (KD) is an acute, self-limiting systemic vasculitis that primarily af-
fects infants and young children. It stands as the leading cause of acquired heart disease
in children in developed nations, carrying a critical risk of developing coronary artery
aneurysms (CAA) if left untreated [1-3].

While high-dose intravenous immunoglobulin (IVIG) combined with aspirin re-
mains the standard primary therapy during the acute phase, the therapeutic necessity and
efficacy of concurrent high-dose aspirin have become a subject of intense clinical debate.
Recent multi-center trials and meta-analyses suggest that high-dose aspirin does not
lower the incidence of CAA but significantly correlates with systemic risks such as transi-
ent anemia, leading to highly inconsistent outcomes across global treatment guidelines
[4-6].

However, high-dose aspirin use is associated with a risk of toxicity, such as gastric
irritation and Reye’s syndrome, without a clear additional benefit over lower doses. This
dosage controversy highlights the need for further investigation into how aspirin doses
modulate specific systemic and tissue-level pathways. To systematically bridge this trans-
lational gap, precise quantification of coronary arterial dimensions is required; in clinical
settings and advanced preclinical imaging, the assessment of coronary artery dimensions
relies heavily on standardized Z-scores to effectively mitigate body surface area variations
and track localized aneurysmal expansion [7,8]. To fill this research gap, this study used
Lactobacillus casei cell wall extract (LCWE) to induce a vasculitis model in C57BL/6 mice,
aiming to systematically investigate the effects of different doses of aspirin combined with
IVIG on microscopic pathology and molecular signaling pathways. Through this stand-
ardized gene platform, we hope to clarify whether high-dose aspirin has potential molec-
ular protective value in the acute phase and provide a mechanistic basis for future “tailor-
made” precision treatment strategies, aiming to maximize vascular protection while re-
ducing unnecessary drug risks.

2. Results

2.1. Physiological Observations and Systemic Assessment

To monitor the systemic effect of LCWE induction, body weight was measured on
Days 0, 7, 14, and 21 (Figure 1). Following seven consecutive days of LCWE administra-
tion (Day 1 to Day 7), all LCWE-treated groups (G2-G6) exhibited varying degrees of body
weight reduction on Day 7 compared to their baseline levels on Day 0 (ranging from —-0.5%
to —6.0% weight loss across groups), whereas the control group (G1) showed normal de-
velopmental weight gain (+6.3% increase).

Following the cessation of LCWE injection, a steady recovery in body weight was
observed across all LCWE-treated groups from Day 14 through Day 21, as illustrated in
Figure 1. This physiological trend indicates that the animals successfully survived the
acute phase of systemic inflammation induced by LCWE challenge.
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Figure 1. Changes in body weight during the 21-day experimental period across experimental
groups (n = 6 per group). Data depict body weight trajectories measured on Days 0, 7, 14, and 21.
Transient weight reduction was observed on Day 7 following the cessation of LCWE induction
across all disease groups (with the exception of G1 Control), followed by progressive recovery
through Day 21. Experimental groups: G1 (Control), G2 (KD only), G3 (KD +IVIG), G4 (KD +IVIG
+High ASA, 100 mg/kg), G5 (KD +IVIG + Medium ASA, 50 mg/kg), and G6 (KD +IVIG + Low ASA,
5 mg/kg). Data are presented as mean + SEM.

2.2. Assessment of Cardiac Hypertrophy

To evaluate potential macroscopic structural changes, the heart weight-to-body
weight (HW/BW) ratio was calculated at the study endpoint (Day 21). Although the G2
(KD only) group exhibited a slightly elevated HW/BW ratio (0.00552 + 0.00067) compared
to the G1 control group (0.00513 + 0.00021), one-way ANOVA revealed no statistically
significant differences among any of the experimental groups at this time point (p > 0.05).

This absence of overt cardiac hypertrophy suggests that the acute systemic inflam-
mation induced by LCWE had not yet led to gross cardiac structural alterations by Day
21. These findings underscore the critical necessity of shifting our focus from macroscopic
physiological indices to microscopic vascular histopathology to precisely characterize the
protective efficacy of the treatments on coronary integrity.

2.3. Histopathological Evaluation of Coronary Vasculitis and Elastic Lamina Damage

To characterize microvascular pathology, coronary artery sections were evaluated
using Hematoxylin and Eosin (H&E) staining for perivascular inflammation and
Verhoeff-Van Gieson (VVG) staining for internal elastic lamina integrity (n = 6 per group).

In H&E analysis, LCWE administration induced extensive perivascular leukocyte in-
filtration and tissue disorganization, markedly increasing H&E histopathological scores
compared to normal controls (G2 vs. G1, p < 0.001) (Figure 2A-G). IVIG monotherapy
significantly attenuated inflammatory cell infiltration relative to the untreated KD placebo
group (G3 vs. G2, p <0.05). Combination therapies with IVIG and aspirin further reduced
pathological severity across all dosage levels (G4, G5, and G6 vs. G2, all p <0.05). Notably,
the high-dose aspirin combination group demonstrated the most pronounced anti-inflam-
matory effect (G4 vs. G2, p <0.0001). Furthermore, adjunctive high-dose aspirin achieved
significantly superior suppression of vascular inflammation compared to IVIG monother-
apy alone (G4 vs. G3, p < 0.05) (Figure 2G).

In VVG structural assessment, LCWE-induced KD model mice displayed severe elas-
tolysis and structural disruptions of the internal elastic lamina, yielding significantly ele-
vated VVG pathological scores (G2 vs. G1, p < 0.001) (Figure 3A-G). IVIG monotherapy
significantly reduced elastic lamina degradation compared to the G2 group (G3 vs. G2, p
< 0.05). Adjunctive aspirin administration further protected elastic fiber integrity in a
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dose-dependent manner (G4, G5, and G6 vs. G2, all p < 0.05). Importantly, high-dose as-
pirin combination therapy showed exceptional structural preservation, restoring patho-
logical scores near baseline levels (G4 vs. G2, p < 0.0001). Consistent with H&E findings,
high-dose aspirin combined with IVIG offered significantly greater elastic lamina protec-
tion than IVIG monotherapy (G4 vs. G3, p <0.05) (Figure 3G).
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Figure 2. Histopathological evaluation and pathological scoring of coronary perivascular inflamma-
tion by H&E staining. (A-F) Representative histopathological images of coronary arteries stained
with Hematoxylin and Eosin (H&E) from each group: (A) Normal control (G1), (B) KD + Placebo
(G2), (C) KD + IVIG (G3), (D) KD + IVIG + High-dose Aspirin (100 mg/kg; G4), (E) KD + IVIG +
Medium-dose Aspirin (50 mg/kg; G5), and (F) KD + IVIG + Low-dose Aspirin (5 mg/kg; G6). Yellow
arrowheads indicate medial disruption and architectural disorganization; black arrowheads high-
light perivascular leukocyte and inflammatory cell infiltration. Scale bar = 20 um. (G) Quantitative
evaluation of H&E pathological scores across experimental groups. Data are presented as mean *
SD (n = 6 mice per group, evaluated from non-consecutive step sections per animal). Statistical sig-
nificance was calculated using the Kruskal-Wallis test followed by Dunn’s post hoc test. # p <0.001
vs. G1; * p < 0.05, *** p < 0.001, *** p < 0.0001 vs. G2. (Note: Combination therapy with high-dose
aspirin showed superior anti-inflammatory efficacy compared to IVIG monotherapy, G4 vs. G3, p <
0.05.)

https://doi.org/10.3390/ijms27219783


https://doi.org/10.3390/ijms27219783

Int. . Mol. Sci. 2026, 27, 9783

5 of 15

G 3.5
3 #
4
5 25
3 =
] i *
g 2
oo
g *
S
£ 15 -
& > kK T
[C) i
; 1
ok i
0.5
-
o -7
G1 G2 G3 GAa GS G6

Figure 3. Histopathological evaluation and pathological scoring of coronary arterial elastic lamina
integrity by VVG staining. (A-F) Representative Verhoeff-Van Gieson (VVG) stained coronary ar-
tery sections from each group: (A) Normal control (G1), (B) KD + Placebo (G2), (C) KD + IVIG (G3),
(D) KD + IVIG + High-dose Aspirin (100 mg/kg; G4), (E) KD + IVIG + Medium-dose Aspirin (50
mg/kg; G5), and (F) KD +1IVIG + Low-dose Aspirin (5 mg/kg; G6). Black/purple wavy bands denote
intact internal elastic lamina; red arrowheads represent severe elastic lamina ablation or disruption,
and yellow arrowheads indicate elastic lamina stretching and attenuation. Scale bar = 20 um. (G)
Quantitative evaluation of VVG pathological scores across experimental groups. Data are presented
as mean + SD (n = 6 mice per group). Statistical significance was determined by Kruskal-Wallis test
followed by Dunn’s post hoc test. # p <0.001 vs. G1; * p < 0.05, ** p <0.01, *** p <0.001, *** p <0.0001
vs. G2. (Note: Combination therapy with high-dose aspirin showed significantly enhanced protec-
tive efficacy compared with IVIG monotherapy, G4 vs. G3, p <0.05.)

2.4. Molecular Signaling and Proteolytic Markers Analysis

To elucidate the molecular mechanisms underlying the observed vascular protection,
Western blot analysis was performed to evaluate the activation of the central inflamma-
tory transcription factor Nuclear factor kappa-B (NF-kB) and the expression of the matrix-
degrading enzyme MMP-9 in heart tissues. The activation status of NF-kB p65 was quan-
tified by determining the ratio of phosphorylated NF-kB p65 (p-NF-kB p65) to total NF-
kB p65, with GAPDH serving as the internal loading control for normalization.

High-Dose Aspirin Combined with IVIG Suppresses NF-kB Activation and MMP-9 Ex-
pression

LCWE administration induced robust NF-kB activation, markedly increasing the p-
NF-kB p65/NF-kB p65 ratio compared to the normal control group (G2 vs. G1, p <0.0001)
(Figure 4A). Treatment with IVIG alone significantly attenuated NF-kB phosphorylation
relative to the untreated KD placebo group (G3 vs. G2, p <0.01) (Figure 4A). Combination
therapies with IVIG and aspirin further suppressed NF-kB activation across all dosage
levels (G4, G5, and G6 vs. G2, all p <0.05) (Figure 4A). Notably, high-dose aspirin adjunc-
tive therapy exhibited the strongest inhibitory effect, restoring p-NF-kB p65 levels near
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baseline (G4 vs. G2, p < 0.0001) (Figure 4A). Furthermore, adjunctive high-dose aspirin
achieved significantly greater suppression of NF-kB activation compared to IVIG mono-
therapy alone (G4 vs. G3, p <0.05) (Figure 4A).

Consistent with NF-kB activation, heart tissue MMP-9 protein expression was mark-
edly elevated following LCWE induction (G2 vs. G1, p <0.0001) (Figure 4B). IVIG mono-
therapy significantly reduced MMP-9 expression levels compared to the untreated model
group (G3 vs. G2, p < 0.001) (Figure 4B). All combination therapy groups also demon-
strated significant suppression of MMP-9 levels compared to placebo (G4, G5, and G6 vs.
G2, all p <0.05) (Figure 4B). High-dose aspirin adjunctive therapy demonstrated the most
pronounced suppression of MMP-9 expression (G4 vs. G2, p < 0.0001), bringing MMP-9
expression levels back to levels comparable to the normal control group (G4 vs. G1, p =
0.4632) (Figure 4B).
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Figure 4. Effects of IVIG and aspirin combination therapy on NF-kB phosphorylation and MMP-9
expression levels in heart tissues. (A) Representative Western blot images and quantitative analysis
of p-NF-kB p65 and total NF-kB p65 protein ratio. Target proteins were electrophoresed on separate
gels, and each signal was normalized to its corresponding internal control GAPDH from the respec-
tive blot prior to calculating the p-NF-kB/NF-kB ratio. (B) Representative Western blot images and
quantitative analysis of MMP-9 protein levels normalized to GAPDH. Data are presented as mean
+ SEM. Statistical significance was determined using one-way ANOVA followed by Tukey’s post
hoc test. # p <0.0001 vs. G1; * p < 0.05, ** p <0.01, ** p < 0.001, *** p <0.0001 vs. G2. (Note: Combi-
nation therapy with high-dose aspirin significantly enhanced the suppression of NF-kB phosphor-
ylation compared to IVIG monotherapy, G4 vs. G3, p <0.05.)

3. Discussion
3.1. Differential Efficacy of Combination Therapy on Inflammatory Signals and Histopathology

The management of acute vasculitis in Kawasaki disease (KD) relies heavily on high-
dose intravenous immunoglobulin (IVIG) combined with aspirin (ASA) to prevent coro-
nary artery complications [1]. However, the precise synergistic mechanisms of varied ASA
dosing regimens on vascular inflammatory pathways and structural integrity remain to
be fully characterized. In the present study, at the primary endpoint (Day 21), animals
receiving high-dose ASA combined with IVIG (G4) demonstrated superior anti-inflam-
matory and vascular protective outcomes compared to those receiving IVIG monotherapy
(G3) or IVIG with mid- or low-dose ASA (G5 and G6).

3.1.1. Significant Superiority of High-Dose ASA in Upstream Signaling and Histopathol-
ogy

https://doi.org/10.3390/ijms27219783
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A pivotal finding of our study is that the combination of high-dose ASA with IVIG
(G4) achieved a significantly greater reduction in the p-NF-kB/NF-kB ratio compared to
IVIG monotherapy (G3, p <0.05). This pronounced suppression of NF-kB phosphorylation
indicates that acute-phase (Days 14-16) administration of high-dose ASA exerts a robust
and sustained inhibitory effect on the activation of this master upstream inflammatory
regulator.

This molecular suppression directly correlated with our histopathological observa-
tions [9]. Semi-quantitative scoring of hematoxylin and eosin (H&E)-stained coronary ar-
tery sections revealed that perivascular leukocyte infiltration was significantly lower in
the G4 group than in the G3 group (p < 0.05). Although IVIG monotherapy attenuated
overall tissue inflammation, residual inflammatory cell clusters persisted in the perivascu-
lar space. The addition of high-dose ASA effectively accelerated the resolution of local
inflammation, demonstrating that high-dose ASA is essential during the acute phase to
suppress the recruitment and retention of circulating immune cells within the adventitia
and perivascular tissues.

3.1.2. Restoration of Structural Elastic Lamina

Beyond dampening acute cellular infiltration, the preservation of the structural in-
tegrity of the coronary vessel wall represents a critical determinant of long-term outcome
in KD [10]. Histological evaluation of the internal and external elastic laminae demon-
strated distinct structural protection across treatment arms. While all IVIG-containing reg-
imens (G3-G6) provided a baseline level of structural preservation compared to the un-
treated model group (G2), the G4 group exhibited the most complete and smooth elastic
lamina architecture, with minimal fragmentation.

This structural preservation is highly consistent with the observed suppression of
upstream p-NF-kB signaling in G4. By rapidly curtailing NF-kB activation during the crit-
ical acute window (Days 14-16), high-dose ASA effectively shielded the vascular extracel-
lular matrix (ECM) from enzymatic attack. Consequently, the combination of high-dose
ASA and IVIG prevents the structural weakness of the arterial wall that precedes elastol-
ysis, thereby maintaining coronary architectural integrity. Taken together, our systematic
comparison across diverse aspirin dosages highlights a clear dose-dependent threshold.
While medium- and low-dose ASA regimens provide partial protection, only the high-
dose combination regimen (G4) achieves the necessary spatiotemporal suppression of up-
stream NF-kB signaling to fundamentally preserve internal elastic lamina architecture and
mitigate subsequent matrix remodeling. Furthermore, characterization of post-with-
drawal MMP-9 dynamics suggests a theoretical molecular window for therapy transi-
tion—bounded by complete upstream p-NF-xB suppression and the onset of compensa-
tory MMP-9 rebound. Referencing established clinical treatment concepts, these mecha-
nistic benchmarks provide a strong rationale for designing future animal studies to ex-
plicitly evaluate whether seamless step-down bridging within this specific window can
eliminate pharmacodynamic gaps and optimize long-term vascular preservation.

3.2. Temporal Pharmacodynamics and the MMP9 Trajectory (Day 17-21 Washout Impact)
3.2.1. Waning Effect of Aspirin on Downstream MMP9 Expression

A critical aspect of our experimental design is the temporal sequence of drug admin-
istration and tissue sampling. Animals received therapy during the acute inflammatory
window (Days 14-16), which was followed by a 5-day drug withdrawal period prior to
terminal sacrifice at Day 21. While high-dose aspirin combined with IVIG (G4) exhibited
robust suppression of upstream p-NF-kB signaling, its inhibitory effect on downstream
matrix metalloproteinase-9 (MMP-9) expression diminished by Day 21, showing no sta-
tistically significant difference compared to IVIG monotherapy (G3).
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This convergence between G4 and G3 can be explained by pharmacodynamic wan-
ing following drug cessation [11]. Aspirin functions primarily as an irreversible inhibitor
of cyclooxygenase-1 (COX-1) with transient, dose-dependent anti-inflammatory kinetics
[12]. Because MMP-9 is a downstream effector enzyme driven by sustained transcription
factors and local cellular remodeling, its protein level reflects a delayed kinetic profile rel-
ative to upstream signaling events like NF-kB phosphorylation [13]. Upon the cessation
of high-dose aspirin therapy at Day 16, the direct pharmacological pressure suppressing
downstream transcriptional activity gradually dissipated over the 5-day washout period
[11]. By Day 21, the observed MMP-9 levels in the G4 group predominantly reflected the
lingering, steady-state immune-modulatory influence of IVIG rather than active aspirin
suppression [13].

3.2.2. Compensatory Dynamics in Mid/Low-Dose Regimens

Intriguingly, animals receiving mid-dose (G5) or low-dose (G6) aspirin in combina-
tion with IVIG exhibited sustained or slightly elevated MMP-9 expression levels at Day
21 compared to the high-dose group (G4). Rather than indicating a therapeutic failure,
this observation reflects the intricate balance between incomplete acute-phase inflamma-
tory suppression and post-withdrawal compensatory tissue remodeling [13].

When aspirin is administered at suboptimal anti-inflammatory dosages (mid or low
doses), it fails to fully abolish the acute activation of upstream transcriptional regulators
such as NF-kB during Days 14-16 [14]. Consequently, low-grade, persistent vascular in-
flammation continues to drive the transcription of downstream effector genes, including
MMP-9 [13]. Furthermore, suboptimal suppression of cyclooxygenase pathways can in-
duce an arachidonic acid metabolic shunt, diverting enzymatic flux toward pro-inflam-
matory leukotriene production or modulating tissue inhibitors of metalloproteinases
(TIMPs), which in turn stabilizes or upregulates active MMP-9 [15,16]. Following the 5-
day drug washout period (Days 17-21), this persistent low-level inflammatory drive man-
ifests as a compensatory increase in MMP-9, reflecting active extracellular matrix degra-
dation and reactive vascular remodeling in response to unmitigated tissue injury [17].
Therefore, insufficient acute dosing not only compromises immediate anti-inflammatory
efficacy but also permits delayed matrix remodelling dynamics following treatment with-
drawal [13].

3.3. Clinical Translation and Dosing Strategy
3.3.1. Acute Phase High-Dose ASA Requirement for Inflammatory Arrest

The clinical management of Kawasaki disease (KD) during the acute phase has long
debated the necessity and exact anti-inflammatory contribution of high-dose aspirin when
administered alongside intravenous immunoglobulin (IVIG) [1]. Our experimental find-
ings provide convincing, objective evidence supporting the mandatory inclusion of high-
dose aspirin during the early critical window. By demonstrating that the G4 combination
regimen (high-dose ASA +IVIG) achieved a statistically significant reduction in both the
p-NF-kB/NF-kB activation ratio and perivascular leukocyte infiltration compared to IVIG
monotherapy (G3, p < 0.05), our data indicate that high-dose aspirin provides a non-re-
dundant, potent synergistic anti-inflammatory effect.

While IVIG acts as a broad-spectrum immunomodulatory agent, high-dose aspirin
rapidly establishes acute tissue-level blockade against upstream transcriptional activation
[14,18]. This dual-action approach is clinically crucial because rapid arrest of acute peri-
vascular inflammatory cell recruitment is required before irreversible arterial destruction
takes place [19]. Consequently, reducing or omitting aspirin during the hyper-inflamma-
tory acute phase may compromise early inflammatory clearance within the adventitia,
leaving the vessel wall susceptible to ongoing microvascular injury [1].
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3.3.2. Implications for Drug Tapering and Long-Term CAA Prevention

While acute high-dose aspirin is required to arrest hyper-acute tissue inflammation,
our temporal observation of MMP-9 expression at Day 21 highlights the importance of
optimizing the drug tapering schedule. In clinical practice, high-dose aspirin is typically
tapered to a low anti-platelet dose once the patient remains afebrile for 48-72 h [1]. How-
ever, our findings show that following drug cessation, downstream matrix remodelling
markers like MMP-9 can exhibit delayed, persistent expression or mild post-withdrawal
rebound [13].

This lag between upstream signaling inhibition (e.g., p-NF-kB) and downstream tis-
sue matrix stabilization suggests that subclinical arterial wall remodeling may continue
even after systemic inflammatory parameters (such as fever or CRP) have normalized [20].
Therefore, abrupt discontinuation or overly rapid tapering of aspirin without monitoring
downstream remodeling dynamics could leave a transient window of vulnerability where
active matrix degradation proceeds uninhibited [21,22]. Clinically, maintaining low-dose
anti-platelet aspirin not only prevents microthrombus formation but may also support
long-term vascular lumen stability while the extracellular matrix fully restores [1,22]. Fu-
ture therapeutic strategies may benefit from combining acute anti-inflammatory blockade
with prolonged targeted matrix protection to minimize long-term CAA progression.
Taken together, our experimental findings provide a mechanistically sound rationale sup-
porting a balanced two-stage therapeutic concept in Kawasaki disease management: ini-
tial high-dose ASA combined with IVIG during the acute window to rapidly quench up-
stream transcriptional signaling, followed by a controlled step-down to low-dose mainte-
nance to mitigate post-withdrawal matrix remodeling rebounds and favor long-term vas-
cular stability.

3.4. Study Limitations and Future Directions

Despite providing valuable insights into the synergistic mechanism and anti-inflam-
matory kinetics of aspirin combined with IVIG in the LCWE-induced Kawasaki disease
vasculitis model, several potential limitations of this study should be acknowledged.

First, our tissue evaluations were restricted to fixed key time points—specifically Day
21 terminal sacrifice following a 5-day washout period (Days 17-21). While this temporal
framework successfully captured the post-acute matrix remodeling status and delayed
MMP-9 expression dynamics, it did not include continuous intermediate tissue harvesting
during the active treatment phase (Days 14-16). Consequently, the real-time, peak drug
kinetics of NF-kB inhibition during active dosing were inferred relative to terminal sacri-
fice data rather than direct acute-phase serial histopathology [13].

Second, although the LCWE murine model is widely accepted as the gold standard
animal model for mimicking human Kawasaki disease arteritis [23], murine vascular
physiology exhibits inherently higher baseline endothelial regenerative capacity com-
pared to humans. Furthermore, translating murine dosing kinetics to pediatric clinical
practice remains challenging due to the highly variable serum salicylic acid pharmacoki-
netics observed in children with acute Kawasaki disease [24].

Finally, our protein-level analyses focused primarily on p-NF-kB and total MMP-9
expression. While MMP-9 serves as a reliable marker for matrix degradation, future in-
vestigations incorporating zymography for enzymatic activity assays, together with com-
prehensive profiling of tissue inhibitors of metalloproteinases (TIMPs) and other matrix
metalloproteinase isoforms (e.g., MMP-2, MMP-12), will provide a more granular under-
standing of extracellular matrix balance [17]. Addressing these questions in future studies
with multi-time point longitudinal sampling will further refine the precise therapeutic
window for combination regimens in KD. Several limitations of the present study warrant
consideration. First, our experimental design was intentionally focused on the standard
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clinical regimen of adjunctive aspirin combined with frontline IVIG to reflect real-world
therapeutic management, and thus an aspirin-alone group was not included. Second, our
mechanistic investigation was centered on the canonical p-NF-xB/MMP-9 axis; however,
vascular remodeling in Kawasaki disease is inherently complex. Future studies incorpo-
rating broader transcriptomic or proteomic profiling to investigate other inflammatory
signaling pathways and systemic vascular beds will be valuable to further delineate the
complete regulatory network. Third, while the LCWE murine model provides a highly
reliable platform for acute coronary arteritis, intrinsic species-specific variations in meta-
bolic clearance rates and acute phase reactants necessitate caution when extrapolating
these findings directly to clinical practice. Finally, future investigations employing longi-
tudinal echocardiographic functional evaluations, multi-time-point temporal evaluations
and direct experimental testing of high-to-low dose step-down maintenance regimens will
be essential to clarify optimal transition timing and further refine these findings.

4. Materials and Methods
4.1. Animal Ethics and Housing

All animal experiments were conducted in accordance with the legislation on the
protection of animals and were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Kaohsiung Veterans General Hospital (Protocol No. IACUC-2503-2802-
25007-VGHKS). Five-week-old male C57BL/6 mice were used in this study, purchased
from the National Laboratory Animal Center, Taiwan. Mice were housed in a pathogen-
free facility at 22 + 2 °C with a 12 h light/dark cycle and provided with sterile food and
water ad libitum.

4.2. Preparation of LCWE

Lactobacillus casei (ATCC 11578) cell wall extract (LCWE) was prepared according
to established protocols. Briefly, L. casei cells were cultured in Lactobacillus MRS broth
and harvested after reaching the stationary phase. The cells were treated with 4% SDS
overnight, followed by incubation with RNase, DNase I, and trypsin to remove non-cell
wall components. The final pellet was sonicated and centrifuged to obtain the superna-
tant. The concentration of the LCWE was determined based on its rhamnose content using
a phenol-sulfuric acid colorimetric assay. [23,25-27]

4.3. KD Model Induction and Experimental Groups

To induce Kawasaki disease (KD) vasculitis, five-week-old male C57BL/6 mice were
intraperitoneally (i.p.) injected with LCWE at a dose of 100 ug/mouse/day for seven con-
secutive days (Day 1 to Day 7). The detailed experimental procedure and treatment time-
line are illustrated in Figure 5. Mice were randomly assigned into six experimental groups
(n =6 per group):
¢ Gl (Control): PBS injection + Saline placebo.

e G2 (KD only): LCWE induction + Placebo.
e  G3 (KD +1VIG): LCWE induction + IVIG (2 g/kg, i.p. on Day 14).
e G4 (High ASA): LCWE + IVIG + Aspirin (100 mg/kg/day, P.O. from Day 14 to Day

16).

e G5 (Medium ASA): LCWE + IVIG + Aspirin (50 mg/kg/day, P.O. from Day 14 to Day

16).

e  G6 (Low ASA): LCWE + IVIG + Aspirin (5 mg/kg/day, P.O. from Day 14 to Day 16).
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|V Aspirin oral gavage (PQ)

| A VIG (2 gmrkg, single dose)

Figure 5. Experimental schematic and timeline of LCWE-induced Kawasaki disease (KD) vasculitis
and treatment. (1) Induction: LCWE (100 ug/mouse/day, i.p.) was administered daily from Day 1 to
Day 7; (2) Intervention: A single dose of IVIG (2 g/kg, i.p.) was administered on Day 14 post-induc-
tion; (3) Treatment: Aspirin (P.O.) was administered daily from Day 14 to Day 16; (4) Endpoint:
Animals were sacrificed on Day 21 for comprehensive pathological and molecular analysis. Body

weight was monitored on Days 0, 7, 14, and 21 to evaluate systemic health status.

4.4. Drug Administration

Standard intravenous immunoglobulin (IVIG) was administered as a single dose of
2 g/kg on Day 14 post-induction via intraperitoneal injection. Aspirin (Aspirin Protect;
Bayer, Leverkusen, Germany) was administered via oral gavage (P.O.) once daily for three
consecutive days (Day 14 to Day 16) following IVIG administration to simulate clinical
combination therapy. Control and KD-only groups received volume-matched normal sa-
line via the corresponding routes.

4.5. Physiological, Histopathological, and Statistical Assessment

Body weight was recorded on Days 0, 7, 14, and 21 to evaluate systemic inflammatory
wasting. On Day 21, mice were humanely euthanized, and heart tissues were harvested
and weighed. The heart weight-to-body weight ratio (HW/BW) was calculated as a surro-
gate marker for cardiac hypertrophy.

For histopathological evaluations, heart tissues containing the aortic root and coro-
nary arteries were fixed in 10% neutral buffered formalin, embedded in paraffin, and cut
into 5 um thick sections. Step sectioning was performed by collecting 2 to 4 non-consecu-
tive sections separated by 100 um intervals (discarding 20 intervening 5 um sections) for
each animal (N = 6 per group). The quantitative scores from multiple sections per mouse
were averaged to represent a single biological replicate for statistical analysis.

Hematoxylin and Eosin (H&E) staining was performed to evaluate perivascular in-
flammation. Perivascular inflammatory infiltration was semi-quantitatively scored on a
scale of 0 to 4: Score 0, no inflammatory cell infiltration; Score 1, minimal/scattered single
inflammatory cells (1-4 cells); Score 2, mild/small focal inflammatory cell clusters; Score
3, moderate/multifocal or significant intramural infiltration; Score 4, severe/diffuse cir-
cumferential or semi-circumferential cuffing infiltration.

Verhoeff-Van Gieson (VVG) staining (Biotna, Catalog No. TASS11) was conducted
to evaluate internal elastic lamina integrity and vascular remodeling according to the
manufacturer’s protocol. Briefly, hydrated sections were stained in Verhoeff’s working
solution for 20 min, differentiated in 2% ferric chloride solution for 1 to 2 min, treated with
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5% sodium thiosulfate for 1 min, and counterstained with Van Gieson’s solution for 3 min.
Elastic fibers were visualized as dark blue to black. Elastic lamina damage and remodeling
were semi-quantitatively scored on a scale of 0 to 3: Score 0, intact 360-degree continuity
with sharp waviness; Score 1, mild remodeling, duplication, or local flattening without
disruption; Score 2, focal disruption or elastolysis involving less than 25% of the vessel
circumference; Score 3, severe elastolysis or multifocal disruptions involving more than
25% of the vessel circumference [27-29].

Continuous parametric data (HW/BW ratio and body weight changes) were analyzed
using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Semi-
quantitative histopathological scores (H&E and VVG scores) were analyzed using the
non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test. Histopathological
and physiological data are expressed as mean + SD, and a p-value < 0.05 was considered
statistically significant.

4.6. Western Blot Analysis

Total proteins were extracted from heart tissues using RIPA lysis buffer supple-
mented with protease and phosphatase inhibitors. Protein concentrations were deter-
mined using a BCA protein assay kit. Equal amounts of protein samples (40 ug) were
separated by SDS-PAGE and subsequently transferred onto PVDF membranes. After
blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incu-
bated overnight at 4 degrees C with primary antibodies against NF-kB p65 (1:1000,
GeneTex, Cat No. GTX102090), p-NF-kB p65 (1:1000, GeneTex, Cat No. GTX133899),
MMP-9 (1:1000, GeneTex, Cat No. GTX100458), and GAPDH (1:5000, GeneTex, Cat No.
GTX100118).

Following incubation with appropriate HRP-conjugated secondary antibodies, pro-
tein bands were visualized using an enhanced chemiluminescence (ECL) detection sys-
tem. Densitometric analysis of the bands was performed using Image software (version
1.54; National Institutes of Health, Bethesda, MD, USA). Target protein intensities were
normalized to GAPDH as an internal loading control to calculate relative protein expres-
sion levels. Quantitative data are presented as mean + SEM. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s post hoc test, and a p-value < 0.05
was considered statistically significant.

5. Conclusions

In conclusion, this study provides key mechanistic and pharmacodynamic evidence
supporting the mandatory therapeutic role of high-dose aspirin (ASA) combined with
IVIG during the acute phase of Kawasaki disease (KD) vasculitis. By utilizing the LCWE-
induced murine model, we demonstrated that the addition of high-dose ASA to IVIG (G4)
achieves statistically significant superiority over IVIG monotherapy (G3) in suppressing
upstream p-NF-kB/NF-kB activation and reducing perivascular leukocyte infiltration (p <
0.05). This rapid, synergistic inhibition during the early critical window directly translated
into the optimal preservation of arterial structural integrity and internal/external elastic
lamina continuity.

Furthermore, our longitudinal observation at Day 21 revealed a pharmacodynamic
waning effect on downstream MMP-9 expression following a 5-day drug washout period.
While active acute suppression prevents immediate elastolysis, delayed or persistent ma-
trix remodeling dynamics persist post-withdrawal, particularly under sub-optimal low-
dose regimens. These findings underscore that while acute high-dose ASA is irreplaceable
for arresting hyper-acute inflammatory tissue injury, careful post-withdrawal monitoring
and tailored anti-platelet maintenance are essential to safeguard against subclinical arte-
rial wall remodeling. Together, our results validate current clinical guidelines and offer a
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refined rationale for optimizing combination dosing strategies to prevent coronary artery
aneurysms in pediatric patients.
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The following abbreviations are used in this manuscript:

KD Kawasaki disease

IVIG Intravenous immunoglobulin
ASA Aspirin

LCWE Lactobacillus casei cell wall extract

MMP-9  Matrix metalloproteinance-9
NF-«B Nuclear factor kappa-B
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