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Abstract

Lymphoma continues to pose a significant global health burden, highlighting the urgent need for
novel therapeutic strategies. Recent advances in microbiome research have identified gut microbiota-
derived metabolites, or postbiotics, as promising candidates in cancer therapy. This study
investigates the antiproliferative and mechanistic effects of two postbiotics, Nisin (N) and urolithin
B (UB), individually and in combination, against the human lymphoma cell line HKB-11. Moreover,
this study evaluated cytotoxic efficacy and underlying molecular pathways using a comprehensive
experimental approach, including Alamar Blue assay, combination index (CI) analysis, flow
cytometry, reactive oxygen species (ROS) quantification, and bottom-up proteomics. N and UB
displayed notable antiproliferative effects, with ICs values of 1467 uM and 87.56 puM, respectively.
Importantly, their combination at a 4:6 ratio demonstrated strong synergy (CI = 0.09 at 1Cos),
significantly enhancing apoptosis (p < 0.0001) and modulating oxidative stress. Proteomic profiling
revealed significant regulation of key proteins related to lipid metabolism, mitochondrial function,
cell cycle control, and apoptosis, including upregulation of COX6C (Log:FC = 2.07) and
downregulation of CDK4 (Log:FC = -1.26). These findings provide mechanistic insights and
underscore the translational potential of postbiotics in lymphoma treatment. Further preclinical and
clinical investigations are warranted to explore their role in therapeutic regimens.

Keywords: Lymphoma; Postbiotics; Nisin; Urolithin B; Synergy; Proteomics; Apoptosis

1. Introduction

Lymphoma, a heterogeneous group of malignancies originating from lymphocytes, remains a
significant global health burden despite advancements in cancer research and treatment modalities.
According to recent global cancer statistics, lymphoma ranks among the ten most common cancers
worldwide, with an increasing incidence and mortality rate (Ferlay et al., 2021). Non-Hodgkin’s
lymphoma (NHL) and Hodgkin’s lymphoma (HL) are the two primary subtypes, characterised by
distinct clinical and molecular features. Moreover, while advancements in immunotherapy and
targeted treatments have improved outcomes for many patients, the prognosis for aggressive or
refractory lymphoma remains suboptimal, necessitating novel therapeutic approaches (Ansell, 2015;
Swerdlow et al., 2016).
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HKB-11, a hybrid cell line that exhibits key characteristics of non-Hodgkin B-cell lymphoma,
serves as a relevant model for investigating therapeutic interventions. Also, HKB-11 shows a
doubling time of approximately forty-one hours in serum medium, with similar growth rates in
chemically defined formulations, confirming its robust proliferation across various culture systems
(Costa e Silva et al., 2020). For instance, Mei and colleagues demonstrated that HKB-11 supports eight
to thirty times higher factor VIII secretion than HEK293 or BHK21, highlighting its efficient
endoplasmic reticulum trafficking and secretory capacity (Mei et al., 2006). Moreover, HKB-11 can
grow to high densities in serum-free suspension without aggregation, ensuring uniform drug
exposure during viability, apoptosis, and proteomics assays (Cho et al., 2002; Costa e Silva et al.,
2020). Additionally, these characteristics establish HKB-11 as a scalable human Burkitt lymphoma
model that encapsulates MYC dependence, EBV latency, rapid growth, and uncomplicated assay
logistics, justifying its selection for antiproliferative and synergy studies while exploring novel
therapies.

Emerging evidence suggests a critical role for the gut microbiota in modulating cancer
pathogenesis, treatment responses, and patient outcomes. The gut microbiota comprises a complex
ecosystem of bacteria, fungi, archaea, and viruses that interact with the host to maintain homeostasis
and influence various physiological processes, including immune regulation, metabolism, and
inflammatory responses (Kho & Lal, 2018). Recent studies highlighted the intricate relationship
between gut microbial dysbiosis and lymphoma, suggesting that specific microbial metabolites may
modulate tumour growth, immune evasion, and responses to therapy (Thaiss et al., 2015; Zhu et al.,
2023; Zitvogel et al., 2017). Gut microbial metabolites, often called postbiotics, represent bioactive
molecules derived from microbial metabolism that may exhibit diverse biological functions,
including anticancer and immunomodulatory activities (O’keefe, 2016; Peluzio et al., 2021; Rafique et
al., 2023). Nonetheless, studies investigating the interactions of postbiotics with cancer and other
diseases are still in their early stages and warrant further exploration.

Among the most studied postbiotics are inosine, N, Urolithin A (UA), UB, and short-chain fatty
acids (SCFAs), which have shown potential therapeutic benefits in various cancer models (Al-
Khazaleh et al., 2024; Lewies et al., 2018; Mager et al., 2020; Niamah et al., 2024). Inosine, a purine
metabolite, has demonstrated immunostimulatory effects by enhancing T-cell activation and
modulating the tumour microenvironment (Mager et al., 2020). N, a bacteriocin produced by certain
strains of Lactococcus lactis, has exhibited antiproliferative and pro-apoptotic effects in in vitro and in
vivo cancer studies, including lymphoma models (Lewies et al., 2018; Niamabh et al., 2024). Urolithins,
metabolites derived from dietary ellagitannins through gut microbial metabolism, have shown anti-
inflammatory and anticancer properties, particularly by inducing apoptosis and modulating cell
signalling pathways in haematological malignancies (Al-Khazaleh et al., 2024; Gandhi et al., 2024;
Hasheminezhad et al., 2022; Shetty et al., 2024). SCFAs, primarily acetate, propionate, and butyrate,
are by-products of the fermentation of dietary fibres by gut bacteria. They have been extensively
studied for their role in immune modulation, epigenetic regulation, and tumour suppression (Bhat &
Kapila, 2017; Cui et al., 2019; Eladwy et al., 2024; Jaye et al., 2023; Tan et al., 2023). The mechanisms
through which these metabolites exert their anticancer effects can be multifaceted and involve
modulation of immune responses, alteration of cell signalling pathways, and induction of
programmed cell death (Cui et al., 2019; Nan et al., 2023). For instance, butyrate has been shown to
inhibit histone deacetylases (HDACs), leading to epigenetic reprogramming and apoptosis in
lymphoma cells (Berni Canani et al., 2012; Peng et al.; Steliou et al., 2012). Similarly, UA has been
reported to enhance the efficacy of chemotherapeutic agents by inhibiting key pathways associated
with cell proliferation and survival in colorectal cancer cells (EI-Wetidy et al., 2021; Zhang et al., 2023).
Despite these promising findings, the molecular mechanisms underlying the antiproliferative effects
of these metabolites against lymphoma remain inadequately explored. Against this backdrop,
proteomics offers a powerful and comprehensive approach to characterise cellular responses,
enabling deeper insights into the pathways and molecular networks modulated by these metabolites.
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In this context, the current study investigated the antiproliferative activities of postbiotics,
including inosine, N, UA, UB, and SCFA salts, in cellular models of lymphoma. The study also
evaluated the potential synergistic effects of these metabolites when combined. By employing
advanced proteomic and cell-based approaches, we elucidated the molecular mechanisms
underlying their anticancer activities and identified potential biomarkers for therapeutic targeting.

2. Materials and Methods

2.1. Chemicals and Drug Preparation

All the metabolites used in the study, N and UB, were purchased from Sapphire Bioscience
(Redfern, NSW, Australia). Magnesium acetate (MgA), sodium propionate (NaP), sodium butyrate
(NaB), and Doxorubicin (Dox) were also purchased from Sigma Aldrich (Castle Hill, NSW,
Australia). Furthermore, all reagents were prepared according to the standard methods and protocols
provided with the assay Kkits.

2.2. Cell Culture

Hs 313.T (ATCC CRL-7235) passage (4), HKB-11 (ATCC CRL-12568; human kidney/B cell
Hybrid) passage (4-10) and HS-5 (ATCC CRL-3611) passage (5) were purchased from the American
Type Culture Collection (ATCC, Manassas, Virginia, United States). Hs 313.T lymphoma cells were
grown in the ATCC-formulated Dulbecco’s Modified Eagle’s Medium (DMEM; ATCC 30-2002),
comprised of 4.5 g/L glucose, L-glutamine, and sodium pyruvate supplemented with 10% foetal
bovine serum (FBS; Bio-Strategy PTY Campbellfield, VIC, Australia), and supplemented with 1%
penicillin and streptomycin (Sigma Aldrich, Castle Hill, NSW, Australia). The HKB-11 cells were
grown in the ATCC-formulated DMEM: F12 (1:1 mixture of DMEM and Ham'’s F-12) supplemented
with 10% FBS (Bio-Strategy PTY Campbellfield, VIC, Australia) and supplemented with 1% penicillin
and streptomycin (Sigma Aldrich, Castle Hill, NSW, Australia). HS-5 normal cells were grown in the
ATCC-formulated DMEM (ATCC 30-2002), comprised of 4.5 g/L glucose, L-glutamine, and sodium
pyruvate, supplemented with 10% FBS (Bio-Strategy PTY Campbellfield, VIC, Australia), and
supplemented with 1% penicillin and streptomycin (Sigma Aldrich, Castle Hill, NSW, Australia).
These cells were maintained at 37°C in a 5% controlled CO: atmosphere, and cell maintenance was
performed every 48-72 h, which is the time necessary for cells to achieve confluent monolayers.

2.3. Cell Viability Assays

The cell viability of the HKB-11, Hs313.T and HS-5 cells after treatment with different
concentrations of the seven different postbiotics, including SCFA salts (magnesium acetate, sodium
propionate and sodium butyrate), UA and UB, purine nucleoside (inosine) and bacteriocin (N) were
determined using the Alamar Blue assay as per the method described earlier (Alsherbiny et al., 2021;
Dissanayake et al., 2023). Briefly, 100 pL of cells were cultured in 96-well plates at a 3 x 10° cells/mL
seeding density. After 24 h, the cells were treated with 16,000 uM of each postbiotic except for the
urolithins, which were applied at 500 uM using a 1:2 serial dilution across a 10-point dose-response
curve, followed by a 72-h incubation. A positive control using doxorubicin was prepared at a
concentration of 4 uM, and an untreated control with 0.1% DMSO was added to every plate. At the
end of the incubation period, the culture media were removed, and 100 pL of a 0.1 mg/mL Alamar
Blue solution (resazurin, prepared as a stock solution at 1 mg/mL in freshly made PBS, followed by
a 1:10 dilution with serum-free media) was added to each well. The fluorescence levels were assessed
using a microplate spectrophotometer (BMG CLARIOstar, Mornington, VIC, Australia) with an
excitation wavelength of 555 nm and emission measurement at 595 nm. The compounds were tested
in triplicate, with the untreated control taken as 100% cell viability.

2.4. Synergy Analysis
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The most potent metabolites (N and UB) were combined at nine different ratios 1:9 v/v (800:450
uM), 2:8 v/v (1600:400 uM), 3:7 v/v (2400:350 pM), 4:6 v/v (3200:300 uM), 5:5 v/v (4000:250 uM), 6:4
v/v (4800:200 uM), 7:3 v/v (5600:150 uM), 8:2 v/v (6400:100 uM), and 9:1 v/v (7200:50 uM), with serial
dilution 1:2 ratio, for combination index (CI) analyses. This study used the CI model to show the
interaction between N and UB. CompuSyn version 2.0 (Biosoft, CA, United States) was used for our
calculations. Moreover, this software calculates CI based on the median-effect equation from the mass
action law (Alsherbiny et al., 2021). The current study used the CI model to study the nine pairwise
postbiotic combinations with a six-point dose-response curve. The CI model quantifies the potential
interactions between drug-drug combinations into three categories: (a) synergistic effect: CI value <1,
(b) additive effect: CI =1, and (c) antagonistic effect: CI value >1.

2.5. Analysis of ROS Production

The effect of the most active gut metabolites and their most synergistic combinations on the
oxidative stress of the lymphoma cells was studied as per the protocol using the H2DCFDA (2',7'-
dichlorofluorescein diacetate) cellular ROS Detection Assay Kit (#ab113851; Abcam, Melbourne, VIC,
Australia) (Dissanayake et al., 2023; Jaye et al.,, 2023). Briefly, HKB-11 lymphoma cells (2.5 x 10°
cells/mL) were cultured in a 96-well plate, allowed to adhere overnight, and treated with 20 uM
H2DCFDA for 45 min to assess ROS levels. The dye solution was removed, and cells were washed
with 1x buffer. Next, the cells were treated with N (8000 uM), N (4000 uM), UB (500 uM), UB (250
uM), N:UB (3500 uM), N:UB (1750 uM), N:UB (5750 uM), N:UB (2875 uM), Dox (4 uM) , and tert-
Butyl hydroperoxide (TBHP) (150 uM), and then incubated at 37°C for 4 h. Finally, the plate was
immediately read at Ex/Em = 485/535 nm using a microplate spectrophotometer (BMG CLARIOstar,
VIC, Australia). The fold-change in ROS production was determined relative to the untreated control
(cells treated with the supplement buffer according to the manufacturer’s protocol).

2.6. Flow Cytometry Analyses of the Apoptotic Profiles

The impact of the most potent postbiotics and their most synergistic combinations on the
apoptosis profiles of the HKB-11 lymphoma cells after 24 h treatment was studied using an annexin
V and 7-AAD-based kit (#ab214663, Abcam, Melbourne, VIC, Australia) (Dissanayake et al., 2023;
Jaye et al., 2023). The HKB-11 cells were cultured in T75 cell culture flasks with an initial density of 1
x 106 cells per 10 mL at 37°C in the presence of 5% CO: for 24 h. The following day, the cell culture
media was removed from each flask and replaced with fresh FBS-containing media. The cultured
flasks were then treated with the highest concentration of the most active postbiotics N (8000 uM),
UB (500 pM) and the positive control Dox (4 uM). FBS-containing medium was used as the untreated
control. The flasks were then incubated at 37°C with 5% CO:z for 24 h. Then, the cell culture media
from each flask was collected. Subsequently, trypsin (0.25% w/v) was applied to the flasks for 4 min
at 37°C. The trypsin reaction was neutralised with an equal volume of 10% FBS serum-containing
media, and the cells were combined with the previously collected media. The cell pellets were
obtained by centrifuging at 500 x g for 5 min at room temperature (RT). This procedure was repeated
by suspending the cell pellets in 1 mL of PBS each time. The collected cell pellets from each treatment
were immediately suspended in 500 pL of 1x binding buffer and gently mixed by pipetting. Annexin
V-CF Blue (5 puL) and 7-AAD (5 pL) staining solutions were added to 100 pL cell suspension. The
stained cells were incubated for 15 min in the dark at RT, after which 400 pL of a 1x assay buffer was
added to each cell suspension. Subsequently, the cells were examined using a flow cytometer
(Novocyte 3,000, ACEA Biosciences Inc., CA, United States), and data analysis and processing was
performed using NovoExpress software (version 1.5.0, ACEA Biosciences Inc., CA, United States). In
the initial step, the cells were gated on forward and side scatter modes to exclude cell aggregates and
debris near the origin. The cells were then gated on dot plots, where Annexin V-CF in Pacific Blue
was plotted against 7-AAD fluorescence in PerCP. Quadrants were positioned relative to the
untreated control, indicating live cells (+Annexin V and — 7-AAD) appearing in the lower-left
quadrant, early apoptotic cells (+Annexin V and - 7-AAD) in the lower-right quadrant, late apoptotic
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cells (+Annexin V and + 7-AAD) in the upper-right quadrant, and necrotic cells (—Annexin V and + 7-
AAD) in the upper-left quadrant. For statistical analyses and visualisation, the percentage data of
cells in each quadrant after different treatments (n = 3) were exported to GraphPad Prism software
(version 9.0, San Diego, CA, United States).

2.7. Liquid Chromatography-Mass Spectrometry (LC-MS)-Driven Bottom-Up Proteomics Analysis
2.7.1. Cell Culture, Treatment, and Protein Extraction

The HKB-11 lymphoma cells were placed in 6-well plates at a density of 3.0 x 10° cells/well and
incubated overnight at 37°C in 5% CO2. After removing the media, it was replaced with fresh
DMEM/F-12 medium supplemented with 10% FBS, and the cultured flasks were treated with specific
doses of the most active postbiotics and their combinations. Treatments were done in triplicate and
incubated for 24 h under the same conditions. Following incubation, each flask of cells was subjected
to a 0.25% w/v trypsin treatment for 4 min at 37°C, and the cell culture medium was collected.
Additionally, an equal volume of DMEM F-12 medium (containing 10% FBS) was added before
mixing with the previously collected media to neutralise the trypsin. The cells were spun in a
centrifuge at 500 x g for 5 min at RT. The cell pellets were washed twice with ice-cold PBS and spun
again at 500x g for 5 min. These cell pellets were then suspended in a lysis buffer that included 1 pL
of universal nuclease (Easypep Mini Kit) and supplemented with Halt™ Protease and Phosphatase
Inhibitor Cocktail in 1:100 ratio (Thermo Fisher Scientific, Sydney, NSW, Australia). The cells were
gently pipetted 10-15 times to reduce the sample’s viscosity and then placed on ice for 20 min. The
lysate was centrifuged at 14,000 rpm for 20 min at 4°C, and the resulting liquid was collected.

2.7.2. Protein Quantification

The Pierce™ Rapid Gold BCA Protein Assay Kit (#A53226, Thermo Fisher Scientific, Sydney,
NSW, Australia) was used to determine the protein concentration of the cell lysate in triplicate, using
a bovine serum albumin (BSA) standard, following the manufacturer’s protocol (Eladwy et al., 2024;
Jaye et al., 2023). In brief, 1 uL of each sample replicate was diluted 1:20 in Milli-Q water, along with
20 uL of each standard, and then placed in a 96-well plate with 200 uL of working reagent in each
well. Samples were diluted to a concentration within the 202,000 ug/mL working range. The plate
was thoroughly mixed on a plate shaker for 30 s, incubated at RT for 5 min, and then the absorbance
was measured within 20 min at 480 nm using a microplate spectrophotometer (BMG CLARIOstar,
Melbourne, VIC, Australia). The blank absorbance was subtracted from all other readings of
standards and samples, and the sample concentration was determined using the established BSA
standard calibration curve. The samples were then stored at -80°C for further analysis.

2.7.3. Peptides Preparation and Clean-Up

The protein samples (100 pg) were subjected to chemical and enzymatic sample processing using
the EasyPep™ Mini MS Sample Prep Kit following the manufacturer’s instructions (Thermo Fisher
Scientific, Sydney, NSW, Australia) and as reported in the literature (Dang et al., 2024; Eladwy et al.,
2024; Jaye et al., 2023). Briefly, the sample volume was adjusted to 100 pL using a lysis buffer in a
microcentrifuge tube. Subsequently, the reduction and alkylation solutions (50 pL each) were
introduced, gently mixed, and incubated at 95°C with a heat block for 10 min. The samples were
allowed to cool to RT, after which 50 uL of the reconstituted trypsin/lys-C protease mixture was
added to each sample and incubated with shaking at 37°C for 3 h. Following incubation, 50 uL of a
digestion stop solution was gently mixed into the samples. Peptide clean-up columns were used to
remove both hydrophilic and hydrophobic impurities. The resulting clean peptide samples were
dehydrated using a vacuum centrifuge and reconstituted in 100 uL of a 0.1% formic acid solution in
water for LC-MS analysis. Subsequently, these samples were carefully transferred to maximum
recovery sample vials (Waters Corp., Milford, MA, United States).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1591.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 June 2025 d0i:10.20944/preprints202506.1591.v1

6 of 31

2.7.4. Label-Free Quantitative Proteomics Using Micro-High-Performance Liquid Chromatography
Coupled with Quadruple Time-of-Flight Mass Spectrometry (Micro-HPLC-QTOF-MS)

Liquid Chromatography and Mass Spectrometry Setup

Label-free, bottom-up proteomic quantification was performed using a micro-high-performance
liquid chromatography system (Waters M-Class) coupled with a SCIEX™ TripleTOF® 6600
quadrupole time-of-flight mass spectrometer, operated in positive electrospray ionisation mode
(ESI+). A total of 4 ug of tryptic peptide digest was injected onto a nanoEase M/Z HSS T3 column (1.8
pm, 300 pum x 150 mm; Waters, 186009249) with an in-line Zorbax 300SB-C18 guard column (5 um, 5
x 0.3 mm; Agilent Technologies, USA). The column temperature was maintained at 40 °C. Mobile
phase A consisted of 98% water and 2% acetonitrile, and mobile phase B consisted of acetonitrile with
0.1% formic acid. The system operated at a 5 uL/min flow rate, with loading and column washing
steps conducted at 7 puL/min. The LC gradient was as follows: 2-10% B over 1.66 min at 7 pL/min,
10-25% B from 1.67 to 21.67 min at 5 pL/min, followed by a sharp increase to 95% B from 23.33 to
24.67 min, held for 2 min, and re-equilibrated at 2% B for 9 min at 7 uL/min.

Mass Spectrometry Acquisition Parameters

The mass spectrometer had a DuoSpray™ ion source and a 25 um internal diameter electrode.
Data were acquired using the Analyst 1.8.1 software suite and associated LC control drivers. Key ion
source parameters were: GS1 =25, G52 = 15, curtain gas = 20, ion spray voltage floating = 5500 V, and
ion source temperature = 150 °C. The acquisition employed the SWATH™ data-independent
acquisition (DIA) strategy, comprising an MS1 survey scan (m/z 350-1250, 50 ms accumulation)
followed by 40 variable-width MS2 windows (m/z 400-1250), each with a 35 ms accumulation time,
covering the full precursor m/z range. MS2 spectra were acquired in high-resolution mode across m/z
100-2000, with an overall cycle time of approximately 1.5 s.

Mass Calibration and Library Generation

PepCalMix calibrant (SCIEX, P/N 5045759; 10 fmol/uL), diluted 1:100 in 5% acetic acid and 2%
acetonitrile, was injected every 12 samples to ensure mass accuracy. Six pooled quality control (QC)
samples were used to construct a DIA-only spectral library using a gas-phase fractionation approach
(Pino et al., 2020), covering m/z segments: 400-500, 500—-600, 600-700, 700-800, 800-900, and 900-1000.
The precursor isolation window was set to 5 m/z, with a collision energy spread of 5 eV, except for
m/z 700-990 (8 eV) and 990-1000 (10 eV). Each DIA segment cycle time was 2.14 s, incorporating low-
and high-energy scans with 40 ms MS2 accumulation.

Data Processing and Statistical Analysis

Data were processed using Spectronaut v19.5, which implemented the DirectDIA+ workflow
with the Biognosys Standard (BGS) analysis framework. The canonical human reference proteome
(UniProt, released 24 January 2024; 17,179 entries) was used as the reference database. Searches were
conducted using Pulsar, with enzymatic specificity for trypsin/P and LysC/P, allowing up to 2 missed
cleavages. Peptide lengths were restricted to 7-52 amino acids. Carbamidomethylation (C) was set as
a fixed modification, while variable modifications included protein N-terminal acetylation,
methionine oxidation, and methylation and demethylation. A maximum of five variable
modifications per peptide was permitted. Peptide-spectrum matches (PSMs), peptides, and protein
groups were filtered at a % false discovery rate (FDR) of 1%. Label-free quantification (LFQ) was
performed automatically using MS2 area integration with default normalisation strategies. Protein
inference employed the IDPicker algorithm.

Ingenuity Pathway Analysis (IPA, Qiagen)was implemented for pathway enrichment analyses
using differentially expressed proteins (DEPs at absolute Log2FC 0.58 and Q 0.05) to identify
canonical pathways responsible for the anticancer mechanisms of mono treatment vs. control and the
synergistic effects of the combinations vs. the mono-treatments against the HKB-11 lymphoma cells.
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Data Availability

The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2025) partner repository with the dataset identifier
PXD063948.

2.8. Statistical Analysis

Data were collected and managed using MS Office Excel and GraphPad Prism for statistical
analyses and visualisation. Data collection and analyses were carried out in triplicate, and the
outcomes were presented as the mean + standard deviation. Statistical significance between the mean
values was determined at p < 0.05 employing a two-way ANOVA. Tukey and Dunnett’s tests were
utilised within the GraphPad Prism software to perform nonlinear regression and multiple
comparisons. Furthermore, GraphPad Prism software computed the ICso value (representing the
drug concentration required to achieve a 50% cell growth inhibition). The experimental groups in the
proteomics study were compared statistically using unpaired t-tests, assuming equal variances.
Candidate proteins were selected based on an absolute log2 fold change > 0.58 and a Q-value < 0.05.
Enrichment analysis was subsequently conducted using Ingenuity Pathway Analysis (IPA), applying
a significance threshold of adjusted Q < 0.05 to identify functionally enriched pathways, focusing on
those with an absolute z-score of >1.

3. Results and Discussions
3.1. Antiproliferative Activity of the Seven Postbiotics Against the HKB-11 (BL) Human Cell Line

The antiproliferative activities of seven postbiotics, including magnesium acetate, sodium
propionate, sodium butyrate, inosine, N, UA, and UB, were evaluated against HKB-11 lymphoma
cells over 72 hours using the Alamar Blue assay (Table 1).

Among these, N (ICs0 = 1467 uM) and UB (ICs0 = 87.56 uM) demonstrated the most potent
inhibitory effects (p < 0.05). The comparative analysis of antiproliferative effects against HKB-11
lymphoma cells revealed statistically significant differences among the tested metabolites.

For instance, at 8000 uM, N showed complete inhibition of cell growth (100.26 + 0.09%), which
was significantly greater (p < 0.05) than sodium butyrate (57.83 + 9.95%), sodium propionate (38.07 +
10.39%), magnesium acetate (9.97 + 3.12%), and inosine (30.91 + 6.27%).

Moreover, similar trends were observed at 4000 uM, where N maintained total inhibition (100.21
+ 0.18%), statistically exceeding sodium butyrate, sodium propionate, magnesium acetate, and
inosine. Furthermore, at 2000 uM, N (65.22 + 1.35%) showed similar activity to that of sodium
butyrate (45.36 + 9.08%; p > 0.05), and greater activity compared to sodium propionate, magnesium
acetate, and inosine (p < 0.05). This trend continued at 1000 and 500 uM of N. All postbiotics exhibited
dose-dependent activity, exhibiting greater efficacy at higher doses.

As a bacteriocin, N has a well-established role in antimicrobial applications, but its anticancer
potential is recently gaining recognition. Studies have demonstrated that N induces apoptosis in
cancer cells through mitochondrial membrane disruption, generation of ROS, and modulation of
pathways such as caspase activation and autophagy (Ahmed et al., 2023; Jaye et al., 2023; Preet et al.,
2015; Shen et al., 2018). For example, Shen et al. (2018) reported that N significantly inhibited the
proliferation of head and neck squamous cell carcinoma cells by increasing intracellular ROS and
downregulating the Akt/mTOR signaling pathway (Shen et al., 2018). Furthermore, N’s ability to
target cancer stem cells and enhance the efficacy of conventional chemotherapeutic agents such as
doxorubicin makes it a desirable candidate for further research (Ahmed et al., 2023; Preet et al., 2015).
Recent research by our group has provided additional mechanistic insights into the anti-proliferative
action of N in breast adenocarcinoma (Jaye et al., 2023). Specifically, N induced significant apoptotic
cell death in breast adenocarcinoma cell lines (MCF7 and MDA-MB-231) by modulating ROS
production and potentially triggering cell cycle arrest (Jaye et al., 2023). Furthermore, proteomic
analyses revealed alterations in proteins associated with cell cycle regulation, apoptosis, and cellular
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stress responses, indicating a multifaceted mode of action (Jaye et al., 2023). N’s impact on these
cellular processes suggested that its anticancer effects extend beyond simple cytotoxicity, as it also
interferes with the molecular machinery required for cancer cell survival and proliferation (Jaye et
al., 2023). These findings underline N’s potential as a therapeutic agent, particularly in combination
with other postbiotics or chemotherapeutic agents, to exploit synergistic effects and maximise
efficacy.

Table 1. Cell growth inhibition (%) of Nisin, inosine, Urolithin A, Urolithin B and SCFA’s (Sodium butyrate,
Sodium propionate and Magnesium acetate), against the HKB-11 lymphoma cells at concentrations of 1.953125
-16000 uM for 72 h using the Alamar Blue assay (n=9).

Cell growth inhibition (%) of HKB-11 lymphoma cell line

Concentration N Sodium Soc%lum Magnesium Inosine Concentration UA UB
(uM) butyrate  propionate acetate (uM)
145+ 1241 151+13.44
16000 NA 6383489900 F 1823+566¢ 352410764 500 MM g6, 0510
soo0 10020500 5y 0310050 70N G075 10a s0014627¢ 250 PTERIS punsigor
100.21 +0.18 53.18 +10.22 1822+10.1
ao00 10021 =018 3821022 401 L 750 986184 27024827 125 82221015 555147580

2000 6522 +1.3524536+9.08" 11.82+2.51 ¢ 857 +4.414d 19.32+7.15¢ 62.5 12.03+5.162 39.63+7.48°P
1000 34.84+£35222333+£6.66°10.26+3.23¢ 7.85+4.89d 14.41+52¢ 31.25 10.77 +6.16 2 36.16 +11.92
500 1518 +6.982 18.58 +3.59 10.99 +2.83 ¢ 7.61+5.669 13.54 +4.57 ¢ 15.625 8.16£5.422 30.96 +15.63 ©

250 2.64+3472 1531+3.23> 947 +2.61< 6.82+6.074 12.42+6.04¢ 7.8125 6.84+4.752 23.05+2.71P
125 ND 13.38£3.51a 7.75+4.79" 6.66+4.01¢ 9.45+4.764 3.90625 572+5122 17.99+3.26P
62.5 ND 11.64+3912 57+421b 547+3.16°c 7.69+5334 1953125  5.64+5612 12.22+273°P
1Cso 1467 uM 2022 UM 14597.14 uM NA NA 384.41 uM 87.56 uM

All cell growth inhibition (%) values are means + standard deviations. *><d¢ Values in the same row not having
the same superscript letter are significantly different (p < 0.05) from each other at the same concentration. “NA”

indicates not analysed. “ND” indicates no activity detected.

UB also demonstrated significantly greater antiproliferative activity across all nine tested doses
compared to UA (p <0.05; Table 1). For instance, at 500 uM, UB inhibited cell growth by 81.81 +9.51%,
significantly greater than UA (61.51 +13.44%; p <0.05). This trend continued even at the lowest tested
concentration of 1.953 uM. The ICso values supported these findings, with UB showing the greatest
potency with an ICso of 87.56 pM, followed by UA at 384.41 uM; both substantially more active than
N (1467 uM), sodium butyrate (2022 uM), and sodium propionate (14,597.14 uM). UB has been
previously shown to induce apoptosis, impair cell proliferation, and modulate key signalling
pathways in cancer cells. For instance, studies have demonstrated that UB can inhibit the NF-xB
pathway, reducing inflammation and enhancing apoptosis in breast and colorectal cancer models
(Stanistawska et al., 2017). Additionally, its ability to induce oxidative stress and mitochondrial
dysfunction in cancer cells further underscores its potential (Djedjibegovic et al., 2020). UA, though
less potent than UB, has been associated with beneficial effects on mitochondrial biogenesis and
autophagy, which may contribute to its anticancer properties (Ryu et al., 2016).

The ICso values of magnesium acetate and inosine could not be calculated due to insufficient
antiproliferative activity at the tested doses (< 50%). Magnesium acetate consistently produced the
weakest activity, with no apparent dose-dependent response, and was significantly less effective than
the other treatments across all tested concentrations. Also, among the tested SCFAs, sodium butyrate
demonstrated significantly greater activity (p < 0.05) and a clear dose-response than sodium
propionate and magnesium acetate. Sodium butyrate was reported previously for its role as a HDAC
inhibitor, inducing cell cycle arrest and apoptosis in various cancer types (Chen et al., 2015; Conaty,
2013; Lin et al., 2015; Riester et al., 2007). Overall, sodium propionate, magnesium acetate, and inosine
exhibited limited efficacy in this study, suggesting a lower therapeutic priority for lymphoma
models.The significant antiproliferative effects of N and UB against HKB-11 lymphoma cells
highlight their potential as therapeutic agents. N’s strong efficacy and established safety profile make
it an excellent candidate for immediate preclinical studies. Moreover, with its potent activity at low
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concentrations, UB provides a complementary avenue for therapeutic exploration. Therefore, the
promising activities of N and UB make them suitable candidates for combination therapy.

3.2. The synergy of N with UB Against the HKB-11 Lymphoma Cells

Nine different ratios of N and UB- 1:9 v/v (800:450 uM), 2:8 v/v (1600:400 uM), 3:7 v/v (2400:350
uM), 4:6 v/v (3200:300 uM), 5:5 v/v (4000:250 uM), 6:4 v/v (4800:200 uM), 7:3 v/v (5600:150 uM), 8:2
v/v (6400:100 uM), and 9:1 v/v (7200:50 pM), were evaluated using Alamar Blue against the HKB-11
lymphoma cells. Synergistic interactions (CI values <1; Table 2) were observed between N and UB
between IC7 and ICos at all combinations. At the 4:6 combination (N 3200 uM and UB 300 uM), the
CI value was observed to be as low as 0.09 at ICos (Table 2).

Table 2. Drug interaction analysis of N and UB combinations in the HKB-11 lymphoma cells.

Comll:l):ltllja];mns ICso ICs ICo0 1Cos
1:9 (800:450 uM) 1.02 0.74 0.54 0.44
2:8 (1600:400 uM) 1.03 0.88 0.76 0.69
3:7 (2400:350 M) 0.95 0.61 0.40 0.31
4:6 (3200:300 pM) 0.77 0.33 0.15 0.09
5:5 (4000:250 uM) 0.94 0.53 0.31 0.22
6:4 (4800:200 uM) 1.09 0.66 0.42 0.32
7:3 (5600:150 uM) 0.91 0.46 0.25 0.17
8:2 (6400:100 uM) 0.61 041 0.30 0.26
9:1 (7200:50 uM) 1.32 0.92 0.70 0.61

CI, combination index; IC, inhibitory concentration. The bold numbers (CI values < 1) indicate synergistic

interactions between N and UB.

Following the synergy study on HKB-11 human lymphoma cells, the most potent synergistic
combination- N and UB at the 4:6 ratio, was further evaluated for its antiproliferative effects against
Hs 313.T human lymphoma and HS-5 normal stromal cells (Table 3). The aim was to assess
antiproliferative potency, selectivity, and therapeutic potential. The combination exhibited a dose-
dependent inhibitory effect on both lymphoma cell lines. At the highest tested concentration of 3500
uM, the combination showed statistically similar cell growth inhibition values against both HKB-11
and Hs 313.T cell lines (p > 0.05; Table 3). Overall, Hs 313.T was more sensitive to the combination
with a lower ICso of 335.4 uM than HKB-11 cells (ICs0= 1304 uM). Specifically, at lower concentrations
(1750, 875 and 437.5 uM), the combination exhibited significantly greater inhibition of Hs 313.T cells
than the HKB-11 cells (p < 0.05; Table 3).

Table 3. Cell growth inhibition (%) against HKB-11 and Hs 313.T lymphoma cell lines and cell viability (%) of

HS-5 normal stromal cell line at different concentrations of N: UB (4:6).

Cell growth inhibition (%)  Cell viability (%)

Concentration (uM) N: UB 4:6 (3200 : 300)

HKB-11 Hs 313.T HS-5
3500 98.49+243+ 100.55+0.04>  10.08 +4.01
1750 65.77+9.032 90.26+1.17° 17.92 £2.52

875 46.80+1.322 86.33+1.59b 23.46 +3.96
4375 30047512 76.06+443b 6637 +11.53

218.75 25.74+17.07° 29.84+7.042 89.08 +9.20

109.375 21.86+£16.07° 9.99+8.81 2 92.32+7.72
1Cso 1304 uM 335.4 uM 551.6 uM

Data are presented as mean + standard deviation (SD). *® values in the same row not having the same superscript

letter are significantly different (p < 0.05) from each other at the same concentration.
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The impact of the combination on HS-5 normal stromal cells also followed a dose-dependent
response (ICs = 551.6 uM). At 3500 pM, cell viability was significantly reduced to 10.08 + 4.01%,
indicating cytotoxicity (Table 3). However, at lower concentrations, stromal cell viability improved
markedly, reaching 92.32 + 7.72% at 109.375 uM. At intermediate concentrations, such as 437.5 uM,
stromal cell viability (66.37 + 11.53%) remains high while inhibiting the growth of Hs 313.T lymphoma
cells by 76.06 + 4.43% (Table 3), highlighting a potential therapeutic window where cancer cells are
effectively targeted while sparing normal cells (Blagosklonny, 2006; Chou & Talalay, 1984).
Furthermore, the combination’s selectivity was further underscored by its lower ICs against Hs
313.T, making it a promising candidate for subtype-specific therapies. These results suggested a dose-
dependent inhibition pattern across all of the lymphoma cell lines. The Hs 313.T line consistently
showed higher sensitivity to both combinations, implying a biological distinction potentially rooted
in genetic or metabolic vulnerabilities. Additionally, the significantly lower ICso values for Hs 313.T
underscored the possibility of subtype-selective efficacy. Such differential sensitivity is a known
phenomenon in cancer pharmacology and reflects the heterogeneous nature of tumour biology and
potential variations in cellular mechanisms or metabolic responses between the two cancer cell lines
(Du et al., 2019; Liu & Wang, 2024). The HKB-11 is a hybrid cell line derived from HEK293S and 2b8
Burkitt lymphoma cells (Mei et al., 2006). It carries a MYC rearrangement, mimicking the behaviour
of high-grade B-cell lymphoma (Mei et al., 2006). Moreover, HKB-11 cells are more likely to exhibit
aggressive or proliferative traits, making them a better model for studying oncogenic signalling,
resistance, and treatment-induced pathway modulation (Mei et al., 2006). HKB-11 exhibits better
growth characteristics, higher transfection efficiency, and a greater protein yield, making it more
suitable for proteomic studies. These technical advantages are critical for mass spectrometry-based
analyses and pathway enrichment.

3.3. ROS Production in the HKB-11 Lymphoma Cells After Treatment with Different Concentrations of N,
UB and N: UB (4:6)

Oxidative stress, characterised by an increase in ROS, is a hallmark of carcinogenesis, playing a
pivotal role in cancer initiation, progression, and metastasis (Pelicano et al., 2004; Trachootham et al.,
2009). Inhibiting ROS production is a promising strategy for developing anticancer drugs
(Schumacker, 2006). This study investigated the effects of N, UB and their synergistic combination
(4:6) on oxidative stress in HKB-11 lymphoma cells (Figure 1). The results are expressed as fold
changes in ROS levels, providing insight into the potential of these compounds to modulate oxidative
stress. N, UB, and their combination (N:UB) at the highest concentrations reduced ROS production
in HKB-11 lymphoma cells compared to the established ROS inducer, tert-butyl hydroperoxide
(TBHP), as shown in Figure 1. Doxorubicin (Dox) was included for comparative purposes.

Treatment with N alone, at concentrations of 8000 uM, resulted in a statistically significant
increase in ROS levels compared to the untreated control (p <0.01), emphasising N’s strong oxidative
potential. Furthermore, this dose-dependent rise of ROS supported the hypothesis that N possesses
pro-oxidative activity, potentially inducing oxidative stress-mediated apoptosis in lymphoma cells.
Elevated ROS levels can disrupt mitochondrial function, induce DNA damage, and promote cancer
cell death (Trachootham et al., 2009; Valko et al., 2006). In contrast, UB administered alone (at 500 uM
and 250 uM) induced only minimal changes in ROS levels, which were statistically comparable to
those of the untreated control (p > 0.05). This suggested that UB may have a neutral or possibly
antioxidant role, consistent with findings that some compounds help modulate oxidative
environments without directly elevating ROS (Reuter et al., 2010).

Interestingly, the combination of N and UB (4:6; 3500 um N:1750 um UB) showed a modest
increase in ROS levels; however, this increase was statistically similar to that of the untreated control
(p>0.05). Also, the positive controls, Dox (4 uM) and TBHP (150 uM), induced high ROS production,
validating the assay’s sensitivity and serving as benchmarks for oxidative stress induction. Dox is
well-known for its redox cycling properties and mitochondrial disruption, which leads to cell death
(Minotti et al., 2004). Additionally, these results have important therapeutic implications. The strong
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ROS induction by N at 8000 pM alone suggested its potential use as a pro-oxidative agent in cancer
therapy, capitalising on the vulnerability of cancer cells to oxidative stress (Pelicano et al., 2004).
Meanwhile, the antioxidative effect of UB in combination therapy could help mitigate collateral
damage to normal cells, offering a more selective and safer treatment strategy. In summary, our
findings demonstrated that while N can significantly elevate ROS at higher doses and potentially
induce apoptosis in cancer cells, its combination with UB provides a balanced oxidative profile. This
approach may enable effective tumour targeting with reduced toxicity, thereby supporting the
development of synergistic combination therapies for lymphoma.
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Figure 1. The effect of two different concentrations of N (8000, 4000, 3200 and 1600 uM), UB (500, 250, 300 and
150 uM), N: UB 4:6 (3500 uM and 1750 uM) on the production of ROS in the HKB-11 lymphoma cell line. Dox (4
uM) and tert-Butyl hydroperoxide (TBHP; 150 uM) were included for comparative purposes. The values are
expressed as mean + SD. ** indicates p < 0.01; **** indicates p < 0.0001 compared to untreated control.

3.4. Flow Cytometric Analyses of Apoptotic Profiles of HKB-11 Lymphoma Cells After Treatment with
Different Concentrations of N, UB and N: UB (4:6)

Flow cytometry was used to assess the apoptotic responses in HKB-11 lymphoma cells following
24-h exposure to the most potent N (8000 uM) and UB (500 M) (chosen based on the findings of the
Alamar Blue and ROS assays), and the most potent synergistic combination 4:6 (3500 uM) and its
individual components N (3200 uM) and UB (300 uM). As shown in Figure 2A, N at 8000 uM
significantly increased cell death relative to untreated controls (p < 0.01), with marked elevations in
both apoptotic and necrotic populations. However, at 3200 uM, N induced apoptosis with greater
potency (p < 0.01) than at 8000 pM. UB demonstrated a dose-dependent apoptotic effect, i.e., the 500
UM concentration of UB produced a greater apoptotic induction (p < 0.0001) compared to the
untreated control, followed by 300 uM. Moreover, combination treatments of N and UB (4:6; 3500
puM) produced significantly higher apoptosis levels than their mono treatments (p < 0.05). This
combination triggered an increase in both apoptotic (p < 0.05) and necrotic cell populations (p <0.01)
compared to the untreated control, indicating a synergistic effect. Additionally, Dox (4 uM)
significantly induced apoptosis as a positive control (p < 0.0001), and its efficacy was comparable to
high-dose UB treatments (p < 0.0001), validating the assay sensitivity and providing a reference for
therapeutic comparison. However, Dox treatment also induced a markedly higher proportion of
necrotic cell death compared to the untreated control and other treatment groups.
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Figure 2. Flow cytometric assessment of the apoptotic profiles of the HKB-11 lymphoma cancer cells after 24 h
of treatment. (A) The live, early apoptotic, late apoptotic, and necrotic cell percentages after 24 h treatment with
N (8000 uM), UB (500 pM), N (3200 uM), UB (300 uM), N:UB 4:6 (3500 uM), Dox (4 uM) and untreated control
(n = 6), respectively. * indicates 0.01 < value of p <0.05; ** indicates p < 0.01; *** indicates p < 0.001; *** indicates p
<0.0001 compared to the untreated control. (B) Represented are the density plots of each drug treatment, most
representative of the average data from the flow cytometric analyses, with Q4-1 = necrotic cells, Q4-2 = late-stage

apoptotic cells, Q4-3 = live cells, and Q4-4 = early-stage apoptotic cells.

This increase in necrosis is not considered therapeutically advantageous. Unlike apoptosis, a
controlled and non-inflammatory form of cell death, necrosis results in the rupture of the cell
membrane and the release of intracellular contents into the surrounding tissue (D’arcy, 2019;
Davidovich et al., 2014) , triggering local inflammation and recruiting immune cells, potentially
exacerbating tissue damage and systemic side effects (Davidovich et al.,, 2014). Clinically, this
inflammatory response can contribute to cardiotoxicity, mucositis, and fatigue, all of which are
commonly reported complications of Dox therapy (Sheibani et al., 2022). Furthermore, these findings
are consistent with emerging studies linking necroptotic signatures to chemotherapeutic overload
(Kuszczak et al., 2025). In contrast, treatments that primarily induce apoptosis, such as N and UB in
this study, are more favourable for targeted tumour clearance with reduced collateral damage.
Therefore, while Dox effectively reduces tumour burden, its necrotic profile highlights the need for
safer alternatives or combinatorial strategies that minimise necrosis and its associated toxicities.

In summary, UB at 500 uM induced the greatest level of apoptosis in HKB-11 lymphoma cells,
significantly outperforming both the untreated control (p < 0.0001) and the high-dose N treatment.
However, the combination of N and UB in a 4:6 ratio (p < 0.01) triggered a stronger apoptotic response
than either compound alone, including UB at 300 uM (p < 0.05). Therefore, this suggested a
synergistic effect where the combined treatment enhances cell death more efficiently than the
individual compounds. Mechanistically, UB promotes mitochondrial-driven apoptosis by
modulating oxidative phosphorylation and activating pro-apoptotic signalling, while N induces
membrane disruption and oxidative stress through ROS generation (Bhutia et al., 2019; Sadri et al.,
2022). These distinct yet converging mechanisms likely account for the superior efficacy of the
combination. Using N and UB together may also allow for lower individual doses, minimising
toxicity while maximising therapeutic impact, highlighting the N:UB (4:6) combination as a more
effective and rational approach for lymphoma treatment. The apoptosis induced by N and UB may
involve the intrinsic (mitochondrial) and extrinsic (death receptor-mediated) pathways (Kuszczak et
al., 2025). Moreover, these findings align with contemporary research demonstrating that modulation
of apoptosis through novel drug conjugates or dual-target inhibitors is pivotal in overcoming
resistance in lymphoma (Rossi et al., 2025; Wang et al., 2025).
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3.5. Proteomics Study of the HKB-11 Lymphoma Cells Treated with the Synergistic Combination vs. Mono
Treatments

A bottom-up, label-free quantification proteomics analysis was carried out using Micro-UPLC-
QTOF-MS/MS, based on a recent protocol developed by our group. The goal was to identify
significant changes in the expressed proteins related to apoptosis, cancer development, cell cycle and
broad cell death functions. HKB-11 lymphoma cells were treated with: N (3200 uM), UB (300 uM),
and their combination 4:6 (3500 uM). Furthermore, each treatment group was compared to the control
group to detect changes in the global proteome that might be associated with the antiproliferative
effects. Differentially expressed proteins were selected based on strict statistical thresholds of
absolute log2 FC > 0.58 and Q < 0.05.

3.5.1. Differentially Expressed Proteins (DEPs) in N (3200 uM) Treated HKB-11 Lymphoma Cells
Compared to Untreated Control (abs log2FC > 0.58 and Q < 0.05)

LCMS-based bottom-up proteomic profiling of HKB-11 lymphoma cell lysate after treatment
with N at 3200 uM, and DEPS were listed in Table S1, with the Ingenuity Pathway Analysis (IPA)
enrichment report listed in Table S2 (Supplementary File A). Moreover, Table 4 lists the anticancer-
related proteins dysregulated upon N treatment. Furthermore, Figure 3A shows the IPA graphical
summary, along with the volcano plot in Figure 3B of N compared to the untreated control cell lysate.
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Figure 3. Proteomics analysis of nisin (N; 3200 uM)-treated HKB-11 lymphoma cells vs untreated control,
showing A) IPA graphical summary showing two biologically enriched themes. The significantly regulated
proteins were identified (Q < 0.05, log2 fold change > 0.58). B) Volcano plot of significantly regulated proteins
(Absolute Log? fold change > 0.58 and Q < 0.05).

The IPA graphical summary in Figure 3A offers a concise visualisation of the key biological
insights derived from the IPA Core Analysis. It highlights and links a selected subset of the most
statistically relevant entities, such as upstream regulators and biological functions, into an integrated
overview. By leveraging machine learning, the system prioritises these entities and infers potential
relationships, even when direct connections are not yet documented in the QIAGEN Knowledge
Graph. These inferred links help depict the broader biological context and interactions uncovered in
the analysis.

IPA summary upon using DEPs of N vs untreated control revealed several key biological themes
central to the network that emerged as a dominant concept, influenced by regulators such as C3,
CTNNB1, HGF, NRAS, and TBX3, all of which contribute to maintaining or disrupting cellular
survival (Szilveszter et al., 2024). The inhibition of cell cycle progression is closely linked and
regulated by similar factors, including CTNNBI and HGF, indicating their role in governing cell
division and growth processes essential for proper cellular and organismal development (Santos et
al., 1993; Szilveszter et al., 2024). Cell migration and motility also play a critical role in the network,
with CTNNB1 and HGF significantly impacting carcinoma cell movement, thereby connecting this
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theme to processes such as tissue repair and cancer metastasis. Lastly, organismal growth is strongly
affected by CTNNB1, HGF, and TBX3, pointing to their influence on developmental biology (Khan et
al., 2020; Santos et al., 1993; Szilveszter et al., 2024). The N treatment also inhibited several vital
proliferative and survival pathways in the HKB-11 cells. Proteins essential for nucleotide synthesis,
DNA replication, and stress response, such as TYMS (Log2FC = -1.54), LARP1 (Log2FC = -1.27),
MAPK14 (Log2FC = -0.80), SRPK2 (Log2FC = -0.70), CDK4 (Log2FC = -1.26), PRC1 (Log2FC =-0.72),
RFC1 (Log2FC = -0.85), RFC2 (Log2FC = -0.59), and PCNA (Log2FC = -0.63), were notably
downregulated. The reduced expression of TYMS directly inhibits DNA synthesis, thereby impairing
cell proliferation (Matuszyk, 2022; Peplow, 2024). Likewise, diminished LARP1 and MAPK14 levels
indicated potential suppression of mTOR-mediated translation and stress-responsive mitogenic
signalling pathways, crucial for cancer cell survival (Garcia-Hernandez et al., 2021; Mura et al., 2015).
Furthermore, downregulation of CDK4, PRC1, RFC1, RFC2, and PCNA was previously linked to a
significant inhibition of cell cycle progression, particularly halting the Gi/S transition and DNA
synthesis phase, resulting in cell cycle arrest and apoptosis (Schmidt et al, 2001; Strzalka &
Ziemienowicz, 2011; Sturm et al., 2016). Moreover, decreased HDAC1 expression (Log2FC = -0.67)
observed in this study may contribute to tumour inhibition through epigenetic modulation,
enhancing susceptibility to apoptosis (Gallinari et al., 2007).

Figure 3 illustrates enriched pathways (IPA, Q <0.05, absolute z-score = 2 or < -2) linked explicitly
to cell adhesion, cancer proliferation, and mRNA processing. The altered expression profiles
suggested a dual impact of N treatments, suppressing key cell cycle and DNA replication pathways
while disrupting metabolic processes essential for tumour survival. Additionally, proteins such as
CTNNBI1, HGF, and TBX3, which are involved in cell viability, movement, migration, and organismal
growth, indicate broader implications of genetic modulation on developmental biology and disease
dynamics, as the same genes that control development often drive disease when dysregulated.
However, mutations or altered expression can lead to cancer, fibrosis, or developmental disorders
(Ghosh et al., 2025; Li et al., 2021; Wang, 2021). In summary, these findings depict a complex interplay
induced by N treatment, balancing proliferative adaptations with robust inhibitory mechanisms,
ultimately influencing lymphoma cell viability and tumour progression pathways.

Table 4. The upregulation (red) and downregulation (blue) of the relevant differentially expressed proteins and
genes and their associated molecular pathways and mechanisms of action (Q < 0.05) by the nisin (N; 3200 uM),
urolithin B (UB; 300 uM), and their combination 4:6 (3500 uM) in the HKB-11 lymphoma cell line.
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3.5.2. Differentially Expressed Proteins (DEPs) in UB (300 uM) Treated HKB-11 Lymphoma Cells
Compared to Untreated Control (abs log2FC > 0.58 and Q < 0.05)

The IPA graphical summary in Figure 4B highlights several biological themes enriched by
significantly regulated proteins (Q < 0.05, Abs log2FC > 0.58) upon UB treatment. One major theme
is metabolic regulation and mitochondrial function, which suggested significant regulation of
metabolic pathways and mitochondrial activities, particularly via PPARGCIA (PGC-la). This
component plays a central role in fatty acid metabolism, molecule transport, and mitigating
mitochondrial dysfunction, positioning it as a key regulator of mitochondrial biogenesis and energy
metabolism (Rius-Pérez et al., 2020). Another important theme is the proliferation and invasion of
cancer cells, where proteins such as CDK4, EGF, and ERBB2 play a crucial role in controlling the
growth and metastasis of carcinoma cell lines. This theme is crucial for understanding the
mechanisms of cancer progression and identifying potential therapeutic targets. The theme of insulin
resistance and hepatic steatosis was also prominent, with genes such as CLPP, IGFIR, and
PPARGCIA influencing metabolic disorders like diabetes and non-alcoholic fatty liver disease
(NAFLD), indicating potential pathways for intervention (Qiu et al.,, 2023). Lastly, the theme of
genitourinary tumours is highlighted, where ERBB2 and IGFIR are involved in pathways leading to
the development and progression of genitourinary cancers. This theme offers insights into cancers
affecting the urinary and reproductive systems and explores potential therapeutic options.
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Figure 4. Proteomics analysis of urolithin B-treated (UB; 300 uM) HKB-11 lymphoma cells vs untreated control,
showing A) IPA graphical summary showing two biologically enriched themes. The significantly regulated
proteins were identified (Q < 0.05, log2 fold change > 0.58). B) Volcano plot of significantly regulated proteins
(Absolute Log?2 fold change >0.58 and Q < 0.05).

Comprehensive proteomic profiling of HKB-11 lymphoma cells after treatment with UB at 300
uM is in the attached supplementary_1, with tables S1 and S3 summarised in Table 5 and visualised
in Figure 4 (A and B). Treatment with UB significantly enhanced mitochondrial activity in lymphoma
cells, prominently upregulating key components of the mitochondrial respiratory chain, including
COX6C (Log2FC =2.07), COX7C (Log2FC = 2.08), MT-CO2 (Log2FC = 2.34), MT-ND4 (Log2FC =2.24),
and NDUFA11 (Log2FC = 2.01), as illustrated in Figure 4. This mitochondrial reprogramming was
underscored by enhanced oxidative phosphorylation, which is essential for ATP production and
cellular survival under oxidative stress conditions commonly present in tumour microenvironments
(Vikramdeo et al., 2022; Xu et al.,, 2023). In contrast, treatment with UB also induced notable
downregulation of critical proteins involved in mitotic progression and proteostasis, such as
MAD2L1 (Log2FC = -1.45), UBE2S (Log2FC = -1.21), and UBE2E1 (Log2FC = -1.69). However, these
proteins are pivotal in ensuring accurate cell cycle progression and genomic stability. Their
suppression indicated disruption of mitotic control mechanisms, leading to mitotic arrest, increased
genomic instability, and apoptosis (Bates et al., 2020; Garnett et al., 2009; Maffeo & Cilloni, 2024).
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Thus, UB treatment reveals a dual action mechanism that simultaneously enhances mitochondrial
metabolic resilience and impairs cell division pathways, collectively influencing lymphoma cell fate.

3.5.3. Differentially Expressed Proteins (DEPs) in Combo N:UB (4:6) Treated HBK-11 Cells vs Mono
Treatments (N 3200 uM and UB 300 uM) (abs log2FC > 0.58 and Q < 0.05)

The IPA graphical summary Figure 5B reveals key biological themes enriched within the gene
network, based on significantly regulated proteins (Q < 0.05, Abs log2FC > 0.58). A central theme is
the inflammatory response, prominently influenced by genes such as EDN1, F2, and HNF4A, which
drive increased inflammation by activating pathways associated with myeloid cells and immune
signalling (Subbian et al., 2013; Yang et al., 2022). Closely related is the activation of immune cells,
with EDN1, INSR, IL4, and others playing roles in stimulating antigen-presenting cells, leukocytes,
and phagocytes, highlighting immune activation as a core network component. Another key theme
is fatty acid metabolism, governed by the actions of EDNI, F2, and SREBF1, underscoring the
relevance of lipid processing and energy utilisation in the system (Bionaz et al., 2012; Khan et al,,
2024; Shimano & Sato, 2017). Cell movement, especially that of phagocytes, also emerges as a
significant motif, facilitated by ACSS2, EDN1, and IL4, which are critical for immune surveillance and
tissue remodelling (Mohammad; Parra-Medina et al.). Lastly, the transport of molecules is a recurring
and interconnected theme, with involvement from F2, HNF4A, INSR, IL4, NTRK1, and SREBFI,
indicating the pivotal role of intracellular and intercellular transport in maintaining functional
homeostasis within the biological network (Errafii, 2022).

Comprehensive proteomic profiling of HKB-11 lymphoma cells after treatment with N:UB (4:6),
N 3200 uM and UB 300 uM is in the attached supplementary_1, with tables S1 and 54 summarised in
Table 5 and visualised in Figure 5 (A and B). Combination therapy using N and UB (4:6) intensified
anticancer effects via multiple complementary mechanisms. Notably, proteins crucial to metabolic
reprogramming were significantly upregulated, including NNMT (log2FC = 2.46), which alters
NAD+ metabolism, potentially restricting tumour growth through metabolic modulation (Sun et al.,
2024). Additionally, proteins involved in immune modulation and tumour microenvironment
remodelling, such as A2M (log2FC = 2.30) and SERPINF1 (log2FC = 2.27), were also elevated,
suggesting a potential reduction in tumour invasiveness and angiogenesis (Lagrange et al., 2022;
Mathew et al., 2024). Conversely, key regulators of cell cycle progression and chromosome
segregation BUB3 (log2FC = -0.75), CCNB1 (log2FC = -1.18), CDCAS (log2FC = -0.60), and CDK1
(log2FC = -0.66) were markedly downregulated. This suppression potentially indicated disrupted
mitotic progression, genomic instability, and potential mitotic catastrophe, ultimately arresting
tumour proliferation (Fatma & Kumar, 2021; Li, 2024; Sarkar et al., 2021; Zhang et al., 2020).
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Figure 5. Proteomics analysis of nisin (N) and urolithin B (UB) combination (4:6; 3200: 300 uM) vs mono
treatment- N (3200 uM) and UB (300 uM) in HKB-11 lymphoma cells showing, A) IPA graphical summary
showing two biological enriched themes. The significantly regulated proteins were identified (Q <0.05, log2 fold
change > 0.58). B) Volcano plot of significantly regulated proteins (absolute Log2 fold change >0.58 and Q <0.05).
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Comparative pathway analysis demonstrated enhanced effects unique to the combination
treatment. Figure 6A reveals significantly altered canonical pathways, notably those governing cell
cycle regulation, oxidative stress response, and immune-related signalling such as IL-6, TREM1, and
NF-kB. Figure 6B presents enriched disease and biological functions, emphasising the suppression of
tumour proliferation, reduced metastatic potential, and heightened activation of leukocyte migration
and immune cell responses. Figure 6C shows key upstream regulators affected by the combination,
with predicted inhibition of MYC and activation of tumour-suppressive mediators including TP53
and IFNG, reinforcing the synergistic modulation of oncogenic and immunological networks.
Collectively, these proteomic findings highlighted a nuanced interplay among metabolic
adjustments, mitochondrial flexibility, immune regulation, and cell cycle inhibition. Thus, the data
robustly supported the therapeutic efficacy of N and UB, individually and synergistically, in
lymphoma management by targeting pivotal cellular pathways essential for tumour cell survival and
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Figure 6. Comparison analyses of nisin (N) and urolithin B (UB) combination (4:6; 3200: 300 uM) vs mono
treatment- N (3200 uM) and UB (300 uM) in HKB-11 lymphoma cells. A) Cannonical pathways, B) Enriched
disease functions, C) Upstream regulators. All filtered by Q <0.001 and abs Z score >2.

4. Conclusions

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202506.1591.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 June 2025 d0i:10.20944/preprints202506.1591.v1

23 of 31

This research provided robust evidence supporting the therapeutic potential of N and UB
against lymphoma, with significant antiproliferative and pro-apoptotic effects individually and
synergistically against the HKB-11 lymphoma cell line. Moreover, the monotherapies and their
combination significantly outperformed in both HKB-11 and Hs 313.T lymphoma cell lines, with
selective cytotoxicity sparing HS-5 normal stromal cells at lower concentrations, suggesting a
favourable therapeutic window. Furthermore, flow cytometry results revealed that a higher dose of
UB (500 uM) was the most potent inducer of apoptosis. However, the combination of N and UB in a
4:6 ratio triggered a stronger apoptotic response than either monotherapy- N at 3200 and UB at 300
uM. Our findings demonstrated that while N can significantly elevate ROS at higher doses and
potentially induce apoptosis in cancer cells, its combination with UB provides a balanced oxidative
profile. Additionally, proteomics analysis further indicated that N (3200 uM) treatment resulted in
widespread downregulation of proteins essential for cell cycle progression and nucleotide
metabolism, such as CDK4, PRC1, RFC1, PCNA, and TYMS. These changes reflected a potential
blockade of cell cycle progression and DNA synthesis stages, promoting replication stress and
apoptotic signalling. Additionally, suppression of LARP1 and MAPK14 indicated probable
impairment of mTOR signalling and cellular stress responses in the HKB-11 cells, further reducing
proliferative potential. UB (300 pM) treatment induced a significant mitochondrial shift, upregulating
components of the electron transport chain, including COX6C, MT-CO2, and NDUFA11, which
suggests an enhanced oxidative phosphorylation capacity. Furthermore, this metabolic
reprogramming likely supported energy-dependent survival under oxidative stress. However, it was
counterbalanced by marked downregulation of mitotic checkpoint proteins, including MAD2L1,
UBE2S, and UBE2E], indicating potential mitotic arrest and increased genomic instability. Notably,
the N and UB combination elicited a synergistic response, characterised by coordinated effects on
metabolism, cell division, and immune evasion. Notable upregulation of NNMT indicated altered
NAD* metabolism and tumour metabolic stress in the HKB-11 cells. Additionally, the upregulation
of A2M and SERPINF1 suggested enhanced immune-modulatory and anti-angiogenic effects,
potentially limiting tumour invasion and vascularisation. Similarly, suppression of BUB3, CCNB1,
CDCAS, and CDKI1 supported mitotic disruption and proliferative collapse in the HKB-11 lymphoma
cells upon treatment with the N and UB combination. In conclusion, these findings presented
compelling evidence that postbiotic therapies, particularly the N and UB combination, could
significantly advance research on lymphoma treatment. This study has its limitations as it is primarily
focused on cellular models. Future research should include preclinical validation in animal models,
pharmacokinetic and pharmacodynamic assessments, and eventual clinical trials to establish the
safety, efficacy, and therapeutic applicability of N and UB. Overall, the combination therapy
significantly enhanced cancer cell apoptosis, modulated oxidative stress, and induced substantial
proteomic changes in key cancer-related pathways, including lipid metabolism, mitochondrial
respiration, and cell cycle regulation, in the HKB-11 lymphoma cell line.
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