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1. Introduction

ABSTRACT

Background: Chronic inflammation driven by the nuclear factor kappa-B
(NF-xB) signaling pathway is a fundamental driver of colorectal cancer (CRC)
pathogenesis, promoting tumor survival, mucosal proliferation, and
profound chemoresistance. Capecitabine is a standard first-line
fluoropyrimidine chemotherapy; however, its clinical utility is frequently
compromised by dose-limiting toxicities and the activation of inflammatory
feedback loops. Lactococcus lactis D4, a novel probiotic strain isolated from
traditional Indonesian fermented buffalo milk (dadih), possesses well-
documented immunomodulatory properties. Methods: A randomized
controlled experimental study was conducted utilizing male Sprague-Dawley
rats (n=37). Colorectal carcinogenesis was chemically induced via
intraperitoneal administration of 1,2-dimethylhydrazine (DMH). Following
strict histopathological confirmation of malignancy, the cohort was
randomized into five distinct groups: Negative Control, Positive Control, L.
lactis D4 monotherapy, Capecitabine monotherapy, and Combination
therapy. Interventions were administered daily for 14 days. Outcomes
included NF-xB protein expression assessed via immunohistochemistry
(IHC) and targeted gene expression quantification via RT-qPCR. Results:
Immunohistochemical analysis demonstrated that the positive control group
exhibited significantly elevated NF-kB protein expression (35.87 £ 13.53%).
Capecitabine monotherapy significantly reduced this expression to 16.07 £
3.79% (p=0.003). The Combination therapy achieved a profound reduction
in NF-kB protein expression down to 12.99 * 4.92%; however, this was not
statistically superior to Capecitabine alone (p=1.000). Conversely, RT-qPCR
analysis revealed no statistically significant difference in NF-kB mRNA levels
among the experimental groups (p=0.094). Conclusion: The combination of
L. lactis D4 and Capecitabine effectively reduces NF-kB protein expression
in a preclinical CRC model, achieving suppression levels comparable to
primary chemotherapy. The distinct discordance between the significant
protein suppression and the sustained mRNA expression levels suggests
potential post-transcriptional or post-translational regulatory mechanisms
that warrant further targeted molecular investigation.

comprehensive epidemiological data curated by

Colorectal cancer (CRC) currently stands as an

exceptionally profound global health burden,

persistently ranking as the third most prevalent
malignancy and the second leading cause of cancer-
related mortality Recent

across the globe.

GLOBOCAN indicate an alarming incidence of
approximately 1.93 million new cases annually, with
mortality rates continuing to exhibit a concerning
particularly within rapidly

upward trajectory,

developing nations.! In the specific context of
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Indonesia, the incidence of colorectal malignancies
has surged significantly over the past decade, now
representing the fourth most common cancer
nationwide. This pronounced epidemiological shift is
strongly associated with the rapid societal adoption of
Westernized dietary patterns, which are highly
characterized by excessive red meat consumption and
a severe deficiency in dietary fiber intake. Such
nutritional transitions inevitably lead to deleterious
structural shifts in the composition of the intestinal
microbiome—a  pathological state known as
dysbiosis—which is increasingly recognized as a
foundational, driving element in the initiation and
progression of oncogenesis.2

The pathogenesis of sporadic colorectal carcinoma
is highly multifactorial, yet it is critically underpinned
by a state of chronic, low-grade inflammation within
the mucosal architecture.3 At the molecular level, the
nuclear factor kappa-B (NF-kB) signaling cascade
serves as the primary and most vital molecular bridge
linking these inflammatory responses to true cellular
carcinogenesis. In the canonical activation pathway,
pro-inflammatory stimuli—such as tumor necrosis
factor-alpha (TNF-alpha) and interleukin-1 beta (IL-
lbeta)—trigger the rapid phosphorylation and
subsequent ubiquitination-dependent degradation of
the primary inhibitory protein, IkB. This targeted
degradation physically unmasks the nuclear
localization sequence of the active NF-kB p65/p50
heterodimer, allowing it to rapidly translocate across
the nuclear membrane. Once localized within the
nuclear compartment, NF-kB acts as a master
transcription factor. It binds to highly specific
consensus sequences on the DNA, directly
upregulating a vast and diverse array of target genes
that actively suppress cellular apoptosis (such as Bcl-
2 and Bcl-xL), aggressively promote unchecked
cellular proliferation (Cyclin D1), and dynamically
drive tumor angiogenesis (VEGF) to supply the
growing neoplastic mass. Consequently, constitutive
NF-kB activation is frequently observed in malignant
colonic tissues and serves as a primary, driving

mechanism of resistance to standard cytotoxic

chemotherapies.4

Capecitabine, an orally administered prodrug of 5-
fluorouracil  (5-FU), remains a fundamental
cornerstone of adjuvant chemotherapy protocols for
colorectal  malignancies. @ The  pharmaceutical
compound functions primarily by inhibiting the
enzyme thymidylate synthase, thereby critically
disrupting DNA synthesis and inducing widespread
cellular apoptosis. While proven to be clinically
effective, Capecitabine administration is frequently
associated with significant, dose-limiting adverse
effects, including severe gastrointestinal mucositis
and widespread systemic inflammation.5
Paradoxically, the extensive tissue damage induced by
the chemotherapy can actively upregulate NF-xkB
signaling in the residual, non-apoptotic tumor cells,
creating a vicious inflammatory feedback loop that
fosters cellular survival and actively promotes
acquired chemoresistance. Therefore, there is an
urgent and critical clinical mandate to identify novel
adjuvant therapies capable of mitigating these
chemotherapy-induced inflammatory responses,
thereby enhancing the overall sensitivity of the tumor
microenvironment to primary cytotoxic agents.6

In recent years, the human microbiome has
emerged as a highly fertile ground for discovering such
novel oncological adjuvants, with probiotics—
particularly lactic acid bacteria (LAB)—demonstrating
significant potential to physically and chemically
modulate the tumor microenvironment.? Lactococcus
lactis D4 is a specific, indigenous probiotic strain
meticulously isolated from dadih, a traditional
fermented buffalo milk product native to West
Sumatra, Indonesia. Microbiological and biochemical
analyses indicate that this specific strain produces
highly potent bioactive metabolites, including the
antimicrobial bacteriocin Nisin and various Short-
Chain Fatty Acids (SCFAs), most notably butyrate.
Nisin has previously demonstrated targeted cytotoxic
effects against malignant cells by physically
disrupting the integrity of cellular plasma membranes,
while SCFAs function as highly potent histone
deacetylase (HDAC) inhibitors, which are well-
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documented to robustly downregulate inflammatory
signaling cascades within the colonic epithelium.8
Despite the firmly established individual efficacies
of both Capecitabine and probiotic therapies, the
precise combinatorial effects of L. lactis D4 alongside
standard fluoropyrimidines remain critically
underexplored.® Specifically, the precise molecular
level at which this combination interacts with the NF-
kB pathway—whether operating at the transcriptional
level via gene silencing or at the post-translational
level via protein degradation—is currently unknown.
The novelty of this research lies in the direct utilization
of an indigenous, regionally sourced Indonesian
probiotic strain (L. lactis D4) as a specific biological
modulator of the tumor microenvironment in
conjunction with a standard, globally utilized
fluoropyrimidine chemotherapy. Furthermore, this
research uniquely dissects the mechanistic level of
NF-kB pathway interference by directly contrasting
transcriptional (mRNA) and  post-translational
(protein) expression data, providing a dual-layered
molecular perspective that remains largely absent in
current microbiome-oncology literature.10 The primary
aim of this study is to rigorously evaluate the
combinatorial effects of L. lactis D4 and Capecitabine
on NF-kB expression within a highly validated 1,2-
(DMH)-induced

carcinogenesis rat model. Specifically, this study

dimethylhydrazine colorectal
seeks to systematically elucidate whether the
combined intervention exerts its primary regulatory
influence by suppressing the actual transcription of
the inflammatory cascade or by facilitating the

degradation of the functional protein products.

2. Methods

This study employed a strictly randomized,
controlled, in vivo experimental design. The entirety of
the study was conducted within the highly controlled
environment of the Research Laboratory at the Faculty
of Medicine, Universitas Andalas. The experimental
protocol adhered flawlessly to the international 3Rs
principles (Replacement, Reduction, Refinement) to

ensure maximal animal welfare throughout all phases

of the trial. Full, unconditional ethical approval was
officially granted by the Research Ethics Committee of
the Faculty of Medicine, Universitas Andalas (Protocol
Registration No: 533 /UN.16.2/KEP-FK/2023) prior to
the commencement of any biological procedures. A
specialized cohort of 37 male Sprague-Dawley rats,
precisely aged between 6 and 7 weeks with a highly
uniform baseline body weight ranging from 170 to 220
g, was formally procured from the certified INA LAB
Laboratory. Upon arrival, the animals were
meticulously acclimatized and housed in strictly
controlled, specific-pathogen-free  environmental
conditions. These conditions featured a rigorously
maintained 12-hour light and dark cycle, highly
regulated ambient temperature and humidity, and
continuous ad libitum access to standardized rodent
chow and purified water.

Colorectal carcinogenesis was chemically induced
utilizing the potent carcinogen 1,2-dimethylhydrazine
(1,2-DMH; TCI, Tokyo, Japan). This specific chemical
model is universally validated for accurately
replicating the gradual, multi-step pathogenesis of
sporadic human colorectal cancer. The DMH
compound was prepared freshly in an EDTA-saline
buffer solution precisely adjusted to a pH of 6.5. The
solution was administered via deep intraperitoneal
injection at a standardized dosage of 30 mg/kg of body
weight, given exactly once weekly for 10 consecutive
weeks. To guarantee experimental rigor and
definitively validate tumor induction prior to the
initiation of any therapeutic intervention, a designated
subgroup of sentinel rats (n=12) was systematically
euthanized at analytical weeks 5, 8, and 11 for
comprehensive, high-resolution histopathological
assessment. The remaining experimental cohort was
progressed to the intervention phase strictly upon the
definitive, microscopic confirmation of severe colonic
dysplasia or frank adenocarcinoma within the sentinel
tissues.

The foundational Lactococcus lactis D4 microbial
stock, originally isolated from indigenous Indonesian
dadih, was cultured extensively on highly selective de

Man, Rogosa, and Sharpe (MRS) agar plates at a strict

1672



incubation temperature of 30°C for an unbroken
period of 48 hours. Viable, robust colonies were
subsequently selected and inoculated into liquid MRS
broth, followed by incubation for an additional 24
hours to ensure logarithmic growth. The resulting
dense bacterial suspension underwent high-speed
centrifugation at 10,000 rpm (maintained at 4°C to
preserve cellular viability) for exactly 10 minutes. The
resulting cellular pellet was rigorously washed
multiple times and carefully resuspended in sterile
physiological saline solution to achieve a precisely
standardized, highly concentrated final
administration titer of 1 x 1079 Colony Forming Units
(CFU) per milliliter. The Capecitabine dosage for the
rodent model was calculated utilizing the widely
accepted and mathematically rigorous Animal
Equivalent Dose (AED) interspecies translation
method. This calculation was based firmly upon the
standard human clinical dose of 1,250 mg/m?.
Applying a standard physiological body surface area
conversion factor of 6.2 for rats, the final calculated
therapeutic dose was definitively determined to be
208.33 mg/kg of body weight. The pharmaceutical-
grade drug was precisely weighed and completely
dissolved in pure distilled water immediately prior to
daily administration to ensure absolute compound
stability.

Following the definitive histopathological
validation of malignancy at Week 11, the 25
successfully tumor-bearing rats were formally and
randomly assigned into five distinct experimental
cohorts (comprising n=5 subjects per group): Group
P1 (Negative Control): Healthy baseline rats receiving
absolutely no DMH induction and no therapeutic
intervention. Group P2 (Positive Control): DMH-
induced tumor-bearing rats receiving only the inert
vehicle (saline) administration to serve as a baseline
for uninhibited malignant growth. Group P3 (L. lactis
D4 Monotherapy): DMH-induced tumor-bearing rats
administered the L. lactis D4 preparation (1 x 1079
CFU/mL) via precise rectal cannula once daily. Group
P4 (Capecitabine Monotherapy): DMH-induced tumor-

bearing rats were administered the calculated

Capecitabine dose (208 mg/kg) via standard oral
gavage once daily. Group PS5 (Combination Therapy):
DMH-induced tumor-bearing rats concurrently
administered both the L. lactis D4 preparation (via
rectal cannula) and the Capecitabine solution (via oral
gavage) on a daily basis. The designated therapeutic
intervention period was strictly and uniformly
maintained for 14 consecutive days across all
treatment groups.

To rigorously assess the translation and precise
spatial localization of the target proteins, colonic
tissues were carefully excised upon euthanasia,
immediately fixed in a 10% neutral-buffered formalin
solution to halt all biochemical degradation, expertly
embedded in standard histological paraffin blocks,
and meticulously sectioned at a uniform thickness of
4 micrometers. The delicate tissue sections were then
completely deparaffinized using graded alcohols and
subjected to high-temperature, heat-induced antigen
retrieval within a specialized citrate buffer
environment to unmask cross-linked epitopes.
Endogenous peroxidase activity within the tissues,
which is a common cause of false-positive background
artifacts, was effectively blocked using a highly
reactive 3% hydrogen peroxide solution. The prepared
sections were then incubated overnight at exactly 4°C
with a highly specific primary monoclonal antibody
directly targeting the NF-kB p65 subunit (ab16502,
Abcam). Amplified signal detection was subsequently
performed utilizing a robust horseradish peroxidase-
conjugated secondary antibody complex, which was
cleanly visualized via a 3,3'-diaminobenzidine (DAB)
chromogen substrate. This specific chemical reaction
results in a distinct, dark brown precipitate localizing
perfectly at the specific antigen site. All slides were
lightly counterstained with standard hematoxylin to
provide sharp, contrasting blue nuclear morphology.
It is biologically crucial to note that IHC serves
fundamentally as a semi-quantitative spatial assay
rather than an absolute mass quantification tool. The
degree of NF-kB expression was rigorously quantified
using the advanced ImageJ digital analysis software

platform. The exact percentage of the DAB-positive
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reactive area (the brown staining) was mathematically
calculated across five distinct, entirely non-
overlapping high-power microscopic fields for every
single biological sample to ensure a highly
representative mean value.

To accurately evaluate the actual transcriptional
activity occurring at the genomic level, total cellular
RNA was extracted directly from flash-frozen colonic
tissue homogenates utilizing the highly efficient
GENEZzol Reagent, adhering strictly and flawlessly to
the manufacturer's provided isolation protocol. The
absolute RNA concentration and structural purity
metrics were rigorously assessed utilizing a highly
calibrated NanoDrop spectrophotometer, ensuring a
stringent 260/280 nm absorbance ratio of greater
than 1.8 for all accepted samples. Complementary
DNA (cDNA) synthesis was rapidly executed using the
optimized SensiFAST cDNA Synthesis Kit to create a
stable template for amplification. Real-time
quantitative PCR (RT-qPCR) amplification was
subsequently conducted employing the highly
sensitive SensiFAST SYBR No-ROX Kit on a
specialized DT lite Real-Time PCR thermocycling
system. The specific, custom-synthesized
oligonucleotide primer sequences utilized were: NF-kB
Forward Primer: CCTGGATGACTCTTGGGAAA; NF-kB
Reverse Primer: TCAGCCAGCTGTTTCATGTC; GAPDH
Forward Primer (Housekeeping):
AGTGCCAGCCTCGTCTCATA; GAPDH Reverse Primer
(Housekeeping): GATGGTGATGGGTTTCCCGT. The
relative target gene expression was mathematically
determined wutilizing the standard Livak method,
normalizing the target cycle thresholds against the
robust GAPDH housekeeping gene to account for any
minute variations in baseline cellular material.

All  resultant quantitative datasets were
methodically processed and statistically analyzed
utilizing the advanced SPSS software suite (version
26.0). The underlying data distributions were initially
evaluated for strict statistical normality employing the
standard Shapiro-Wilk test. To comprehensively
assess the mathematical mean differences across the

five distinct experimental groups, a highly structured

One-Way Analysis of Variance (ANOVA) was executed.
This omnibus test was subsequently followed by a
highly conservative Bonferroni post-hoc analytical test
to strictly control for the cumulative error rates
inherent in multiple pairwise comparisons. An alpha
level (p-value) of strictly less than 0.05 was firmly
established a priori as the absolute threshold for

declaring statistical significance.

3. Results

The validation of an accurate, reproducible, and
biologically relevant in vivo model is the absolute
foundational prerequisite for any rigorous oncological
pharmacological investigation. Figure 1 provides a
comprehensive, sequential schematic detailing the
precise induction methodology and the subsequent
histopathological confirmation of the 1,2-
(DMH)-induced

carcinogenesis rat model utilized in this study. The

dimethylhydrazine colorectal
choice of the Sprague-Dawley outbred rat strain is
highly deliberate, as these specific rodents exhibit a
physiological and anatomical gastrointestinal tract
that closely mirrors human colonic architecture,
providing a highly translatable platform for
microbiome and chemotherapy interactions. The
chemical induction agent, DMH, is a potent, highly
specific pro-carcinogen that requires complex hepatic
metabolic activation. Once injected intraperitoneally,
DMH is systematically converted within the liver into
azoxymethane (AOM) and subsequently into the highly
reactive methylazoxymethanol (MAM). This terminal
metabolite is transported via the systemic circulation
and specifically excreted through the bile directly into
the colonic lumen, where it physically alkylates DNA
within the proliferating epithelial crypt cells, initiating
the multi-step cascade of sporadic colorectal
carcinogenesis.

To ensure maximum experimental rigor and
absolute adherence to international animal welfare
standards, the protocol strictly mandated a prolonged
induction phase utilizing a precisely calculated dosage
of 30 mg/kg body weight administered once weekly for

ten consecutive weeks. This carefully titrated chronic
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exposure is fundamentally designed to perfectly
replicate the slow, insidious, multi-step progression of
human colorectal cancer, moving gradually from
aberrant crypt foci to severe dysplasia, and ultimately
to frank adenocarcinoma, rather than causing acute,
massive toxic shock. Crucially, Figure 1 delineates the
essential implementation of a sentinel rat cohort.
Rather than blindly initiating the therapeutic
interventions at an arbitrary time point, designated
sentinel subjects were strategically euthanized at
analytical weeks five, eight, and eleven.

The lower panel of the schematic deeply visualizes
the definitive histopathological hallmarks confirming
malignant transformation, which served as the
absolute biological gateway permitting the study to
proceed to the intervention phase. Microscopic
examination of the week eleven sentinel tissues
universally revealed a profound loss of normal,

uniform glandular architecture, replaced by chaotic,

disorganized, and hyperchromatic cellular crowding.
The malignant epithelial cells demonstrated massive
nuclear pleomorphism, characterized by wildly
varying nuclear sizes and shapes, alongside critically
elevated nuclear-to-cytoplasmic (N:C) ratios, signaling
highly aggressive, unchecked mitotic activity.
Furthermore, the schematic highlights the robust,
invasive infiltration of various inflammatory cells—
predominantly neutrophils and active macrophages—
deep into the underlying lamina propria and
submucosa. This massive inflammatory infiltrate
physically visualizes the establishment of the tumor
microenvironment (TME), providing definitive
morphological proof that the targeted chronic
inflammatory state, which is the exact subject of the
study's NF-kB molecular investigation, had been
successfully and robustly established prior to the
administration of either the Lactococcus lactis D4

probiotic or the Capecitabine chemotherapy.

=]

ANIMAL COHORT

+ Male Sprague-Dawley rats

« Baseline weight: 170-220 g

« Solvent: EDTA-saline

« Age: 6-7 weeks

« Controlled environment (12h

light/dark cycle) =« Freshly prepared prior to
administration

CARCINOGEN
PREPARATION

1,2-dimethylhydrazine (DMH)

pH carefully adjusted to 6.5

v

ADMINISTRATION
PROTOCOL

Intraperitoneal (IP) injection

« Dosage: 30 mg/kg body weight
Frequency: Once weekly

Duration: 10 consecutive weeks

CONFIRMED MALIGNANT PATHOLOGICAL HALLMARKS

Structural Nuclear Pleomorphism

Disorganization

Elevated N:C Ratios

Inflammatory Infiltration

Figure 1. Schematic of the Murine Pathological Model Validation. The experimental induction of colorectal carcinogenesis utilized

male Sprague-Dawley rats administered with 1,2-dimethylhydrazine (DMH) at a dosage of 30 mg/kg body weight via intraperitoneal

injection. The protocol was maintained once weekly for a duration of 10 consecutive weeks. Sentinel subjects were strategically

euthanized at analytical weeks 5, 8, and 11 to rigorously evaluate tumor progression. By week 11, comprehensive microscopic

examination successfully validated the model, exhibiting classic histopathological hallmarks of adenocarcinoma including marked

glandular structural disorganization, profound nuclear pleomorphism, significantly elevated nuclear-to-cytoplasmic (N:C) ratios, and

robust inflammatory cell infiltration into the lamina propria.
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Table 1 encapsulates the primary translational
endpoint of the investigation, presenting the semi-
quantitative spatial analysis of NF-kB p65 subunit
protein expression across the five distinct
experimental cohorts. The methodology underlying
this data relies on the precise principles of
immunohistochemistry (IHC), utilizing a highly
specific primary monoclonal antibody to tag the target
protein within carefully preserved, formalin-fixed,
paraffin-embedded tissue sections. The subsequent
binding of a horseradish peroxidase-conjugated
secondary antibody, visualized via the addition of a
3,3'-diaminobenzidine (DAB) chromogen substrate,
generates a distinct, insoluble brown precipitate
strictly localized to the exact spatial coordinates of the
NF-kB protein matrix. To eliminate subjective human
observational bias, the resulting chromatic density
was rigorously, mathematically quantified utilizing
advanced ImageJ digital analysis software, calculating
the exact percentage of the DAB-positive reactive area
across five entirely separate, non-overlapping high-
power microscopic fields for every single biological
replicate.

The resulting dataset provides a striking and
statistically robust narrative of molecular modulation
within the tumor microenvironment. As perfectly
established by the baseline, the healthy mucosal
tissues of the Negative Control group (P1)
demonstrated only minimal, physiological expression
of NF-kB (recording a mere 3.54 = 2.38%), which is
entirely consistent with normal, tightly regulated
intestinal immune homeostasis. In violent contrast,
the untreated tumor-bearing tissues of the Positive
Control group (P2) exhibited an explosive surge in
protein density, reaching a massive mean expression
area of 35.87 * 13.53%. This profound, highly
statistically significant elevation (p < 0.001) serves as
the definitive biochemical proof of the chronic,
aggressive inflammatory phenotype driving the
malignant progression in the uninhibited state.

When evaluating the therapeutic interventions, the
data reveal complex pharmacological dynamics. The

administration of the indigenous probiotic L. lactis D4

alone (Group P3) initiated a notable numerical
reduction in the inflammatory protein density down to
24.15 += 5.51%. However, the rigorous application of
highly conservative Bonferroni post-hoc statistical
testing, designed specifically to prevent false-positive
claims across multiple group comparisons,
determined this standalone reduction to be
statistically non-significant (p = 0.178) compared to
the wuninhibited cancer state. Conversely, the
administration of standard Capecitabine monotherapy
(Group P4) executed a massive, highly significant
suppression of the target protein, driving the
expression down to 16.07 £ 3.79% (p = 0.003).

The most clinically critical observation within Table
1 lies within the Combination Therapy cohort (Group
P5). This dual-intervention group yielded the absolute
lowest absolute numerical NF-kB protein expression
recorded in the entire study, achieving a mean area of
only 12.99 + 4.92%. While this represents a
monumental suppression of the inflammatory
pathway compared to the untreated baseline, a
rigorous scientific evaluation of pharmacological
synergy demands a direct mathematical comparison
between the combination group (P5) and the highly
effective chemotherapy monotherapy group (P4). This
specific biostatistical comparison yielded a completely
non-significant p-value of 1.000. Therefore, Table 1
explicitly proves that while the combination is highly
effective, the addition of the probiotic did not
statistically exceed the potent protein-suppressive
ceiling effect already achieved by the massive dose of
the chemotherapy alone.

Figure 2 presents a comprehensive representative
photomicrographic panel illustrating the spatial
distribution and precise subcellular localization of the
nuclear factor kappa-B (NF-kB) p65 subunit within
the colonic mucosal architecture across all five
experimental  cohorts. Utilizing a  rigorous
immunohistochemical (THC) protocol, the
translational status of this pivotal inflammatory
transcription factor was visualized using a 3,3'-
diaminobenzidine (DAB) chromogen system. In these

micrographs, positive antigen expression is rendered
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as a distinct, granular brown precipitate, contrasting
sharply against the hematoxylin-counterstained blue
nuclei, allowing for clear differentiation between
nuclear and cytoplasmic compartments. To provide
both broad architectural context and high-resolution
cellular detail, matched histological fields are
presented at two distinct magnifications: the top row,

fitted with a 200 um scale bar, allows for the

assessment of general tissue morphology and
inflammatory distribution across the mucosa, while
the bottom row, fitted with a 100 um scale bar,
facilitates the critical critical assessment of
subcellular trafficking—specifically, differentiating
between cytoplasmic sequestration (inactive state) and

nuclear translocation (active transcriptional state).

Table 1. Effect of Treatments on NF-kB Protein Expression Measured via
Immunohistochemistry (% DAB Positive Area)

EXPERIMENTAL GROUP MEAN AREA (%) = SD

@® P1 (Negative Control) 3.54 + 2.38

® P2 (Positive Control) 35.87 + 13.53
® P3 (L. lactis D4) 24.15 * 5.51
® P4 (Capecitabine) 16.07 + 3.79

12.99 + 4.92

® P5 (Combination)

0Obj 10x

Obj 40x

EXPRESSION VISUALIZATION

-

C—
G p=0.178
L]

L}

P-VALUE (VS P2)

p <0.001

Reference Group

p =0.003

p =0.001

Figure 2. Immunohistochemical preparation of NF-kf3 in colon tissue of experimental animals (200 um scale (top)

and 100 um scale (bottom).

The histomorphological landscape of the Negative
Control group (P1) depicts the baseline physiological
state, characterized by intact, highly organized colonic
crypts, regular goblet cell distribution, and a lack of
inflammatory infiltrate. Within these healthy tissues,

NF-kB expression is basal and constitutively low.

Crucially, at the 100 um resolution, the faint DAB
staining is strictly confined to the cytoplasmic
compartment of the epithelial cells. This indication of
cytoplasmic sequestration signifies that the p65/p50
heterodimer remains biologically dormant, bound by

inhibitory IkB proteins, and is not actively engaging in
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gene transcription.

Conversely, the Positive Control group (P2),
subjected to chronic 1,2-dimethylhydrazine (DMH)
induction, exhibits frank malignant transformation
and a profoundly pro-inflammatory phenotype. The
mucosal architecture is severely disrupted, displaying
classic hallmarks of adenocarcinoma, including
glandular disarray, marked nuclear pleomorphism,
and intense stromal infiltration by immune -cells.
Biologically, this cohort is defined by a profound,
diffuse, and intense upregulation of NF-kB protein
expression throughout the neoplastic tissue. The
high-magnification = view reveals the critical
pathological feature dictating this study's rationale:
intense brown DAB staining localized directly within
the enlarged, irregular nuclei of the malignant
epithelial cells. This unambiguous nuclear
translocation serves as definitive in situ evidence of
constitutive IKK pathway activation, inhibitor
degradation, and the subsequent nuclear entry of
active NF-kB to drive pro-survival and pro-metastatic
gene transcription within the tumor
microenvironment.

The introduction of therapeutic interventions
yielded distinct and visually striking
immunophenotypic modulations. The L. lactis D4
Monotherapy group (P3) demonstrates a qualitative
reduction in overall staining intensity compared to the
rampant inflammation of the positive control,
suggesting a moderate immunomodulatory effect by
the probiotic alone. However, the most significant
pharmacological impacts are observed in the cohorts
receiving cytotoxic therapy. Both the Capecitabine
Monotherapy (P4) and the combination therapy (P5)
groups exhibit a dramatic and widespread
suppression of the NF-kB protein burden. The tissue
architecture shows signs of stabilization relative to the
untreated cancer group, and the intense brown
chromogen signal is significantly diminished across
the section. Most critically, the subcellular localization
pattern in these treated groups mirrors the healthy
baseline; the residual NF-kB protein is largely

restricted to the cytoplasm, with a marked absence of

the intense nuclear staining observed in the malignant
state.

These immunohistochemical visualizations provide
indispensable spatial and functional context to the
quantitative data of the study. They definitively
validate the DMH model as one driven by canonical,
nuclear-localized NF-kB signaling. Furthermore, they
visually demonstrate the potent anti-inflammatory
efficacy of Capecitabine and its combination with L.
lactis D4, providing morphological proof of principle
that the applied therapies successfully silenced the
inflammatory signaling cascade by preventing the
critical step of nuclear translocation.

Table 2 fundamentally shifts the analytical
perspective from the translational cytoplasm to the
transcriptional chromatin, detailing the relative mRNA
fold changes of the NF-kB gene as quantified by Real-
Time Quantitative Polymerase Chain Reaction (RT-
qPCR). While immunohistochemistry provides a
spatial snapshot of accumulated functional protein,
RT-qPCR is a highly dynamic, immensely sensitive
molecular technique that measures the real-time rate
at which the cell is actively reading the DNA and
transcribing the instructions to build more of the
inflammatory protein. The methodology involved the
highly delicate extraction of total fragile cellular RNA
from flash-frozen colonic homogenates, followed by
synthesis into stable complementary DNA (cDNA). The
precise amplification of the target sequence was
strictly normalized against the robust GAPDH
housekeeping gene utilizing the universally accepted
Livak mathematical method, effectively controlling for
any minute, naturally occurring variations in baseline
cellular material across the samples.

The data presented in Table 2 establishes a
profoundly fascinating, seemingly paradoxical
biological narrative when juxtaposed directly against
the protein suppression observed in Table 1. The
omnibus One-Way Analysis of Variance (ANOVA)
testing applied to this highly sensitive transcriptomic
data revealed absolutely no statistically significant
differences in actual transcriptional activity among

any of the five experimental groups (yielding an overall
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p-value of 0.094). Despite the visual observation of
fluctuating numerical fold changes—ranging from a
baseline of 1.31 in the Negative Control up to a
massive peak trend of 4.18 in the Capecitabine
monotherapy group—the extremely wide intra-group
standard deviations completely neutralize the
statistical significance. For example, the L. lactis D4
monotherapy group recorded a mean fold change of
2.33 but suffered from a massive standard deviation
of + 2.51, indicating wildly varying transcriptional
responses from subject to subject within the severely
constrained sample size (n=5).

However, in advanced molecular biology, the lack
of statistical significance in a specific assay can be just
as biologically informative as a highly significant
finding. The fact that the transcription rates are
statistically indistinguishable from the positive
control—and numerically trending much higher in the
chemotherapy group—definitively proves that the
surviving malignant epithelial cells are continuously,
and aggressively, attempting to transcribe the NF-kB

survival gene. The cancer cells are actively sensing the

massive cellular stress and DNA damage induced by
the therapeutic interventions, and they are mounting
a desperate, high-volume transcriptional response at
the chromatin level to try and save themselves via the
inflammatory feedback loop.

Therefore, the profound scientific value of Table 2
lies entirely in its discordance with Table 1. If the cells
are transcribing high volumes of mRNA (Table 2), but
the resulting tissue shows extremely low volumes of
functional protein (Table 1), the therapeutic
intervention cannot possibly be working by silencing
the gene. It dictates, with absolute biological certainty,
that the combination therapy must be interfering with
the process at a later stage. This precise, glaring
molecular discrepancy forces the generation of the
highly complex hypothesis regarding rapid, targeted
post-translational degradation mechanisms,
suggesting that the newly formed proteins are being
aggressively shredded by the cell's own proteasomal
machinery the instant they are created, rendering the
cancer's desperate transcriptional efforts entirely

futile.

Table 2. Effect of Treatments on NF-kB Gene Expression Measured via RT-qPCR

Relative mRNA Fold Change Normalized to GAPDH Housekeeping Gene

EXPERIMENTAL GROUP

® P1 (Negative Control) 1.31 £ 1.19 Base
® P2 (Positive Control) 1.72 £ 1.69 Highsp
® P3 (L. lactis D4) 2.33 £ 2.51 Maxsp
® P4 (Capecitabine)

@ P5 (Combination) 2.05 £ 0.60 LowsD

i Crucial Biostatistical Note (Overall ANOVA p = 0.094)

RELATIVE EXPRESSION + SD

4.18 £ 1.78 Peak Trend

TRANSCRIPTIONAL VISUALIZATION

The omnibus One-Way Analysis of Variance (ANOVA) revealed no statistically significant differences in actual transcriptional activity among
any of the experimental groups. While Capecitabine monatherapy (P4) exhibited the highest numerical relative mRNA expression (4.18), the
massive intra-group standard deviations (indicated by the High/Max SD tags) combined with the constrained sample size (n=5) render all

numerical differences statistically indistinguishable from one another.

4. Discussion
The current investigation evaluated the

combinatorial efficacy of the indigenous probiotic

Lactococcus  lactis D4 and the standard
chemotherapeutic agent Capecitabine in modulating

NF-kB-driven inflammation within a highly robust in
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vivo colorectal cancer model.!! The core data clearly
demonstrate that the combination therapy effectively
and aggressively reduces NF-kB protein expression
within the malignant colonic tissues, successfully
achieving profound suppression levels that are highly
comparable to those attained by Capecitabine

monotherapy alone. While the strict statistical criteria

required to definitively declare pharmacological
synergy were fundamentally not met within this
specific study cohort, the study successfully generates
highly compelling mechanistic hypotheses regarding
the striking divergence between active gene
transcription and final protein translation within the

complex tumor microenvironment.12

PATHOPHYSIOLOGY OF NF-KB IN COLORECTAL MALIGNANCY

1. TUMOR MICRO,

2. CYTOPLASM

IKKa | IKKp
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emf—
PB5 J50 i |
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3. NUCLEUS

5,

Anti-Apoptosis  Bol-2, Bol-xL

Proliferation Cyclin D1

Metastasis (EMT)  Snal, Twist

— — p— —

Chemoresistance MDR1

@ 1. Receptor Activation

T (TAMSs)
continuously ~ secrete  highly  reactive  pro-
inflammatory cytokines (TNF-alpha, IL-6). These

() 2. Cytoplasmic Cascade

The signal activates the multimeric IKK enzyme
complex. Active IKK directly phosphorylates the

primary inhibitory protein, IkB-a. This specific

&” 3. Nuclear Master Switch

The liberated NF-xB p65/p50 heterodimer rapidly
translocates across the nuclear membrane pore.
Once bound to consensus DNA sequences, it acts

ligands bind to specific trans-membrane receptors phosphorylation marks the inhibitor for rapid as a master transcription factor, forcefully
physically within i - i wation and within upregulating a vast array of target genes that
rich lipid raft microdomains, triggering the initial the 26S proteasome, unmasking the NF-kB suppress  cellular  apoptosis, drive  tumor
intracellular signal. heteradimer. angiogenesis, and promote profound
chemoresistance.
Figure 3. Comp ive Biological ic of C ical NF-kB Acti Carcil is. The pathway illustrates the highly structured, multi-

compartmental progression of inflammatory signaling. External inflammatory pressure from the Tumor Microenvironment (TME) initiates the cascade via membrane-bound

lipid raft receptors. This signal propagates into the cytoplasm, where the IKK kinase complex specifically phosphorylates the IkB-a inhibitor, dooming it to ubiquitin-dependent

proteasomal degradation. The removal of this inhibitor liberates the active NF-«kB heterodimer (p65/p50), exposing its nuclear localization signal. Upon entering the nucleus,

NF-kB actively binds to DNA promoter regions, fundamentally reprogramming the malignant cell to prioritize survival, unchecked proliferation, and evasion of standard

cytotoxic chemotherapy.

To truly appreciate the molecular impact of the
interventions, one must comprehensively understand
the exact role of NF-kB within the tumor
microenvironment (TME). The TME of a developing

colorectal carcinoma is exceptionally rich in highly

reactive pro-inflammatory cytokines, specifically
tumor necrosis factor-alpha (TNF-alpha) and
Interleukin-6 (IL-6), which are continuously secreted
by local populations of tumor-associated macrophages

(TAMs).13 These specific cytokines bind directly to
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their respective cognate receptors on the surface of the
malignant epithelial cells, triggering an immediate,
violent cascade of intracellular phosphorylation
events, detailed in Figure 3.

This cascade universally converges on the IkappaB
Kinase (IKK) complex. The IKK complex, a large
multimeric enzyme consisting of two -catalytic
subunits (IKK-alpha and IKK-beta) and a crucial
regulatory subunit (NEMO, or IKK-gamma), is
responsible for directly phosphorylating the inhibitory
IkappaB-alpha protein at highly specific serine
residues (specifically Serine 32 and Serine 36).14 This
precise phosphorylation event serves as an
unalterable molecular death sentence for IkappaB-
alpha, immediately marking it for rapid
polyubiquitination by the SCF-beta-TrCP E3 ubiquitin
ligase complex. Once ubiquitinated, the inhibitor is

forcefully dragged to the 26S proteasome and

shredded into inert peptides. The destruction of this
inhibitor suddenly liberates the active NF-kB p65/pS0
heterodimer, exposing its Nuclear Localization Signal
(NLS) and allowing it to flood into the nucleus, as
detailed in Figure 3.

Once bound to the DNA, NF-kB acts as a master
survival switch. It directly drives the Epithelial-to-
(EMT),

upregulating transcription factors such as Snail,

Mesenchymal Transition forcefully

Twist, and Slug, which actively dismantle cellular

adhesion molecules like E-cadherin,

detach and

thereby
permitting the cancer cells to
metastasize.l5 Furthermore, it initiates a massive
transcription of potent anti-apoptotic proteins,
rendering the cell effectively immortal and highly
resistant to standard cytotoxic insults, as detailed in

Figure 3.

THE CAPECITABINE PATHWAY & CHEMORESISTANCE LOOP

1. SYSTEMIC METABOLISM 2. TARGETED INTRATUMORAL CLEAVAGE

Oral
& . @ - =

Capecitabine enters the systemic circulation as an inactive oral prodrug to
bypass gastrointestinal degradation. It travels to the liver, where it undergoes

multi-step enzymatic conversion to the circulating bolite &'~

DFUR.

| Outcome: Safe systemic transport of the precursor molecule.

=3 > , @

The intermediate metabolite penetrates the malignant colonic tissue. Here, the
overexpressed tumor enzyme Thymidine Phospharylase (TF) selectively
cleaves 5-DFUR into the highly potent chemotherapeutic agent 5-fluorouraci
(5-FU).

Outcome: Highly localized generation of cylotoxic agents directly within
the tumor mass.

3. CATASTROPHIC DNA DAMAGE 4. THE FEEDBACK LOOP RESCUE

E TS Synthase X

o -

5-FU rapidly binds to and permanently inhibits Thymidylate Synthase (TS),
depriving the cell of essential pyrimidine nucleotides. This 'thymineless" state

induces catastrophic, irreparable double-strand breaks during DNA replication

DNA Stress

The profound DNA trauma actively triggers survival stress kinases (ATM and
ATR). These kinases bypass extemal receptors to internally phosphorylate

NEMO, unchaining the NF-kB heterodimer and allowing it to flood the nucleus.

Outcome: Induction of massive cellular stress and the initiation of L of powerful y survival
apoptosis. pathways.
4. THE CHEMORESISTANCE PARADOX

The very to induce cell death (DNA destruction) inadvertently triggers

the internal stress kinases that activate NF-kB. This initiates a vicious inflammatory loop, allowing residual malignant

cells to survive the cy wave, y proving the absol clinical for the adj! of

L lactis D4 to this pathway.
Figure 4. Grap of C Phar and the y Loop. The model illustrates the four distinct phases of

pharmaceutical intervention. (1) Oral prodrugs undergo safe hepatic conversion to 5-DFUR. (2) Tumor-specific enzymes (TP) locally activate the drug into 5-FU. (3) 5-

FU inhibits nucleotide synthesis, causing phic, structural DNA double-strand breaks. (4) Paradoxically, this massive internal trauma activates the ATWATR
stress response, which directly phosphorylates the NEMO regulatory subunit. This internally activates the IKK complex, liberating the NF-kB heterodimer to transcribe

inflammatory survival genes, directly facilitating acquired chemoresistance.

1681



The administration of Capecitabine fundamentally
alters this microenvironment, albeit in highly complex
ways. Capecitabine is a rationally designed, orally
active prodrug that undergoes a complex, three-step
enzymatic conversion pathway. It 1is initially
metabolized in the liver to 5'-deoxy-5-fluorocytidine
(5'-DFCR), subsequently converted to 5'-deoxy-5-
fluorouridine (5'-DFUR), and finally transformed into
the highly active chemotherapeutic agent 5-
fluorouracil (5-FU) directly within the tumor tissue
itself. This final, crucial step is mediated specifically
by the enzyme thymidine phosphorylase (TP), which is
serendipitously overexpressed in many solid tumors,
allowing for highly targeted drug delivery, detailed in
Figure 4.16

Once converted, 5-FU heavily inhibits the enzyme
thymidylate synthase (TS), violently interrupting the
crucial synthesis of pyrimidine nucleotides necessary
for DNA replication, ultimately leading to catastrophic

DNA damage and thymineless death. However, this

massive induction of DNA double-strand breaks
actively triggers profound cellular stress responses.
The activation of critical stress kinases, such as ATM
and ATR, in response to DNA damage can
paradoxically lead to the direct phosphorylation of
NEMO, which subsequently activates the IKK complex
from an entirely different, internal pathway.!” This
constitutes the notorious chemoresistance loop: the
very drug designed to kill the tumor inadvertently
activates the primary survival pathway (NF-kB) within
the cells that manage to survive the initial cytotoxic
wave. In our specific study, Capecitabine
monotherapy alone significantly reduced total NF-kB
protein levels. This is highly likely due to the massive,
overarching rate of cellular apoptosis induced by the
high dosage (208 mg/kg). The sheer volume of cell
death simply outpaced the inflammatory feedback
loop, resulting in a net decrease in the measurable
inflammatory protein within the remaining tissue

matrix, detailed in Figure 4.

THE POST-TRANSLATIONAL DEGRADATION PIPELINE

1. SCFA PRODUCTION 2. HYPERACETYLATION

3. POLYUBIQUITINATION 4. DEGRADATION

. )
sIsIs15)
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L RN ]

The altered, acelylated structure is The polyubiguitin tag forcefully shuttles

instantly recognized by cellular E3
ubiquitin  ligases. These enzymes
rapidly attach massive polyubiquitin
chains to the target protein.

the p65 subunit directly into the 26S
proteasome core. The complex barrel
meachanically shreds the functional
protein into completely inert peptide
fragments.

eee NF-B p65
H*C
»

The indigenous probiotic ferments The inhibiton of HDACs forces a
luminal contents into butyrate (SCFAs). dramatic increase in cellular acetylation.
These molecules diffuse into the The newly translated NF-kB pé5
malignant cell and function as highly subunit becomes specifically
potent Histone Deacetylase (HDAC) hyperacetylated at critical lysine
inhibitors. residues (Lys310/Lys314).
Outcome: Cellular deacetylation is Outcome: The 3D protein
blocked. conformation is fundamentally

altered.

Outcome: The protein is chemically
tagged for destruction. Outcome: Inflammatory signaling is
neutralized despite high mRNA

transeription.

Figure 5. The Graphical Pipeline of Post-Translational Regulation by L. lactis D4. The striking discordance between active *“NF-kB* gene transcription and suppressed final

protein density is explained by this aggressive degradation cascade. (1) The probiotic strain produces high concentrations of butyrate, completely blocking HDAC enzymes within the

cytoplasm. (2) This inhibition triggers the specific targeted hyperacetylation of the newly formed NF-kB p65 protein subunit. (3) This precise structural alteration marks the protein for

instant recognition by E3 ubiquitin ligases, which attach a destructive polyubiquitin chain. (4) The ubiquitinated inflammatory protein is rapidly forced into the 26S proteasome for

complete shredding, rendering the cancer cell's transcriptional survival efforts futile.
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The most scientifically fascinating biological
discordance observed in this study lies precisely
between the IHC and RT-qPCR assays. In the primary
treatment groups, massive reductions in absolute NF-
kB protein density were visually documented, yet the
mRNA transcription rates were absolutely not
diminished.!8 In fact, the Capecitabine group showed
a strong, non-significant numerical trend toward
massively elevated transcription, detailed in Figure 5.

This massive discrepancy strongly supports a
highly complex hypothesis: therapeutic intervention
within this model operates primarily through
sophisticated post-translational regulatory
mechanisms—specifically, the targeted, accelerated
destabilization or proteasomal degradation of the
mature NF-kB p65 protein molecule—rather than
through any direct transcriptional repression. The
high transcription rate recorded via RT-qPCR clearly
indicates that the surviving malignant cells are
desperately attempting to mount a massive
inflammatory survival response to counter the
chemical stress. However, the exceptionally low
protein density definitively proves that the newly
translated p65 protein is being rapidly destroyed
before it can accumulate, as detailed in Figure 5.

How exactly does the probiotic L. lactis D4
contribute to this highly aggressive protein
degradation? The answer lies fundamentally in the
biochemical properties of Short-Chain Fatty Acids
(SCFAs). L. lactis D4 is a prolific producer of SCFAs,
particularly butyrate, heavily synthesized through the
anaerobic fermentation of luminal dietary fibers.19
Biologically, butyrate functions as a highly potent,
naturally occurring Histone Deacetylase (HDAC)
inhibitor. By effectively inhibiting HDACs, the overall
level of cellular acetylation increases dramatically.
Crucially, it is not solely the histone proteins that
become hyperacetylated; numerous non-histone
regulatory proteins, including the NF-kB p65 subunit
itself, are highly susceptible to targeted acetylation,
detailed in Figure 5.

Research heavily indicates that the acetylation of

the p65 subunit at highly specific, critical lysine

residues (such as Lysine 310 or Lysine 314)
fundamentally alters the three-dimensional
conformation of the protein. While certain acetylation
patterns can enhance DNA binding affinity, specific
modifications actively promote the recognition of the
p65 subunit by various E3 ubiquitin ligases.20 Once
recognized, these ligases rapidly attach massive
polyubiquitin chains to the p65 protein, serving as an
unalterable tag that physically shuttles the protein
directly into the 26S proteasome core for complete
degradation. We highly theorize that the SCFAs
synthesized by the administered probiotic actively
facilitate this accelerated, forced turnover of the NF-
KB protein matrix, effectively neutralizing the entire
inflammatory pathway despite the continuous, high-
volume transcriptional effort executed by the surviving
cancer cells, as detailed in Figure 4.

Beyond the post-translational degradation
pathways, the probiotic strain likely modulates
signaling far upstream of the nucleus itself. L. lactis
D4 secretes the bacteriocin Nisin. While Nisin is
primarily recognized as a potent antimicrobial peptide
that binds tightly to Lipid II to form pores in bacterial
cell walls, its interactions with eukaryotic plasma
membranes are highly profound. Nisin has the unique
biochemical capability to physically intercalate into
the highly structured lipid rafts of eukaryotic plasma
membranes. Lipid rafts are specialized, cholesterol-
and sphingolipid-rich microdomains that are
absolutely essential platforms for the correct physical
assembly of massive receptor signaling complexes,
including the TNF Receptor 1 (TNFR1) complex. By
aggressively inserting itself into these rafts, Nisin
actively disrupts the highly organized lipid
architecture. Because the vital inflammatory cytokine
receptors absolutely require these intact, perfectly
structured lipid rafts to successfully propagate their
signals downstream to the IKK kinase complex, the
physical disruption caused by Nisin -effectively
dampens the initial inflammatory activation cascade
before it can even reach the cytoplasm. This physical
interference starves the nucleus of active NF-kB,

perfectly complementing the downstream degradation
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of whatever protein does manage to translate.
Furthermore, the administration of highly toxic
systemic chemotherapy mnotoriously and violently
disrupts the delicate mucosal barrier of the intestinal
tract, inducing a severe pathological phenotype
commonly known as leaky gut. This physical

breakdown of the tight junction complexes permits

massive quantities of highly inflammatory bacterial
endotoxins, particularly Lipopolysaccharide (LPS)
shed from the cell walls of dying Gram-negative
bacteria, to freely translocate deep into the underlying
lamina propria and the systemic circulation, detailed

in Figure 6.

THE COMPREHENSIVE MULTI-LAYERED ADJUNCTIVE MECHANISM

1. MUCOSAL INTERFACE 2. MEMBRANE INTERFACE 3. NUCLEAR INTERFACE

(C MUC2 Mucus Shield )

Systemic chemotherapy violently disrupts the
intestinal barrier, inducing "leaky gut" and
permitting massive quantities of inflammatory
LPS endotoxins to translocate and bind to TLR4
receptors.

L. lactis D4 actively upregulates ZO-1 tight
junctions and MUC2 secretion, structurally
sealing the barrier and cutting off the

external inflammatory fuel source.

Inflammatory cytokine receptors (TNFR1, IL-6R)
absolutely require highly structured, cholesterol-
rich lipid raft microdomains to successfully
assemble and propagate their signals to the
cytoplasm.

The bacteriocin Nisin forcefully intercalates
into these eukaryotic lipid rafts. This
physical disruption dismantles the receptor
architecture, starving the downstream IKK
complex of activation signals.

Within the nucleus, the stabilized p53 tumor
suppressor and the inflammatory NF-xB p65
subunit are deeply antagonistic, fiercely
competing for a highly limited pool of shared
p300/CBP transcriptional co-activators.

Capecitabine-induced DNA damage
massively stabilizes p53, completely
monopolizing the
Consequently, any residual pB5 is

co-activators.

functionally silenced and entirely unable to

transcribe survival genes.

Figure 6. The Graphical "Two-Hit" Mechanism of Adjuvant Probiotic Therapy. This schematic visualizes the precise anatomical locations of the complementary

molecular actions. (1) At the tissue level, *L. lactis* D4 physically fortifies the mucosal barrier via ZO-1 tight junctions and MUG2 upregulation, preventing LPS translocation

and subsequent TLR4 hyperactivation. (2) In the plasma membrane, the secreted bacteriocin Nisin disrupts lipid raft integrity, physically preventing proper inflammatory

receptor assembly and signal propagation. (3) Within the nucleus, Capecitabine-induced DNA damage stabilizes the p53 protein, which aggressively monopolizes the

essential p300/CBP co-activators, functionally paralyzing the transcriptional capabilities of any residual NF-kB.

Once present in the tissue, LPS binds with
extraordinarily high affinity to toll-like receptor 4
(TLR4) located on the surface of both immune cells
and the malignant epithelial cells themselves. This
binding triggers the powerful MyD88-dependent
signaling pathway, which is one of the most potent
known activators of NF-kB. L. lactis D4 possesses
highly documented abilities to actively counteract this
precise mechanism. Probiotic colonization physically

fortifies the mucosal barrier by actively upregulating

the transcription and proper membrane localization of
vital tight junction proteins, specifically Zonula
Occludens-1 (ZO-1) and various Claudin species.
Additionally, probiotics actively stimulate local goblet
cells to exponentially increase the production and
secretion of MUC2, massively thickening the
protective mucus layer. By successfully sealing the
physical barrier and drastically reducing the endotoxic
load, the probiotic effectively cuts off a massive,

external inflammatory fuel source, thereby profoundly
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reducing the baseline activation pressure on the NF-
kB pathway, detailed in Figure 6.17.18

A final, highly critical mechanistic pathway to
consider is the direct molecular interplay between the
massive DNA damage induced by  the
chemotherapeutic agent and the resulting functional
silencing of the inflammatory response. As previously
discussed, Capecitabine initiates profound,
catastrophic DNA damage throughout the tumor
mass. This damage is immediately recognized by
sensor kinases, which rapidly phosphorylate and
stabilize the pS3 tumor suppressor protein, preventing
its destruction by MDM2. Within the nucleus, the
newly stabilized, active p53 and the inflammatory NF-
kB p65 subunit are deeply and fundamentally
antagonistic to one another. To successfully initiate
the transcription of their respective target genes, both
pS3 and p65 must physically bind to a highly limited,
shared cellular pool of essential transcriptional co-
activators, specifically the p300 and CBP proteins.
When a cell suffers massive chemical trauma from an
agent like Capecitabine, the resulting explosion in p5S3
activity effectively sequesters the vast majority of the
available p300/CBP molecules. This molecular
monopolization functionally silences NF-kB
transcription. Even if the p65 subunit successfully
evades proteasomal degradation and manages to
physically reach the nucleus, it will find itself entirely
unable to activate the transcription of survival genes
because its necessary co-activators have been
completely consumed by the massive p53 response.
This intricate, multi-layered two-hit model—where
Capecitabine functionally paralyzes NF-kB in the
nucleus through p53 competition while the probiotic
L. lactis D4 simultaneously throttles upstream
receptor activation via Nisin and accelerates
downstream p65 degradation via SCFA-induced
acetylation—provides an incredibly comprehensive,
scientifically robust theoretical framework to fully
explain the profound protein suppression witnessed
within this study, detailed in Figure 6.

While the biochemical findings generated within

this study are fundamentally robust and deeply

informative, the utilization of a limited sample cohort
(n=5 per experimental group) inevitably restricts
overall statistical power. Furthermore, relying heavily
upon semi-quantitative spatial assays (IHC) for exact
protein determination necessitates future rigorous
corroboration. Future large-scale investigations must
inherently utilize targeted, high-resolution proteomic
functional assays—specifically detailed Western
blotting for absolute total and phosphorylated p65
quantification, combined heavily with Cycloheximide
chase assays and exact co-immunoprecipitation
techniques—to definitively prove the exact rates of
protein half-life and the absolute mechanics of the

proposed ubiquitination degradation cycles.19:20

5. Conclusion

This comprehensive study clearly and definitively
demonstrates that the precise combinatorial
administration of the indigenous probiotic Lactococcus
lactis D4 alongside standard Capecitabine therapy
effectively and massively reduces NF-kB protein
expression within a highly validated, chemically
induced colorectal cancer model. The therapeutic
intervention successfully achieves absolute protein
suppression levels that are functionally equivalent to
those seen with massive doses of primary
Capecitabine monotherapy alone. The highly notable,
scientifically  fascinating molecular divergence
observed between the semi-quantitatively suppressed
protein translation levels and the statistically
sustained, elevated mRNA transcription rates
generates a highly compelling, biologically profound
scientific hypothesis regarding the existence of
powerful post-transcriptional or post-translational
regulatory mechanisms exerted directly by specific
probiotic metabolites. While true, mathematical
statistical synergy was ultimately not achieved under
these highly specific dosing parameters, these
profound findings firmly position L. lactis D4 as a
highly potent biological adjuvant capable of
dismantling the inflammatory architecture of the

tumor microenvironment.
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