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Communicable and non-communicable diseases are major contributors to the global
burden of disease. Although their etiologies differ, these diseases share molecular mecha-
nisms, including cellular oxidative stress damage, inflammation, and dysregulated immune
signaling. In this context, a growing body of evidence suggests that bioactive nutrients
of dietary and microbial origin—such as vitamins, phytochemicals, fatty acids, prebiotics,
and probiotics—can mitigate the impact of infectious illnesses and lower the risk of non-
communicable diseases by modulating oxidative and inflammatory pathways, shaping
the gut microbiota, influencing metabolic and endocrine signaling, and activating immune
responses to support human health [1,2]. However, the underlying molecular mechanisms
by which these bioactive compounds regulate cellular signaling and adaptively reshape
tissue homeostasis in humans remain to be elucidated.

This Special Issue of the International Journal of Molecular Sciences, titled “Molecular
Mechanisms of Bioactive Nutrients Promoting Human Health,” includes eleven contribu-
tions spanning in vitro systems, animal models, human studies, and review papers. They
offer mechanistic insights into how bioactive nutrients promote human health and propose
promising strategies to prevent or treat diseases. For instance, Cocksedge et al. reviewed
recent preclinical and clinical findings on superoxide dismutase (SOD)-rich Tetraselmis
chuii, indicating that it may act as an indirect antioxidant, modulate inflammatory path-
ways, and prevent immune and mitochondrial dysfunction by activating NRF2 and SIRT1
[Contribution 1]. Yan et al. collected evidence on the dietary flavonoids vitexin and iso-
vitexin, illustrating their cardiovascular, glycemic, anti-obesity, anticancer, antioxidant,
anti-inflammatory, and neuroprotective properties. They also emphasize the urgent need
to define molecular targets and signaling networks, and to establish clinically effective and
physiologically relevant doses [Contribution 2]. Han et al. used the 3T3-L1 adipocytes
model to investigate the anti-obesity effect of Lactobacillus brevis—fermented y-aminobutyric
acid, showing that it suppresses adipogenesis and lipogenesis, induces lipolysis via fatty
acid oxidation, and enhances energy expenditure via UCP1-mediated browning, all of
which support its potential as a novel anti-obesity functional food [Contribution 3].

Colon cancer (CRC) is the second leading cause of cancer-related deaths worldwide,
driving interest in bioactive nutrient-based interventions with therapeutic potential and
fewer side effects. In a comprehensive review, Bentharavithana et al. summarized the anti-
cancer effects, particularly the anti-colon cancer properties, of edible medicinal mushrooms.
The compounds derived from these medicinal mushrooms, including terpenoids, phenols,
polysaccharides, ascorbic acid, glycosides, and organic acids, can inhibit proliferation,
induce apoptosis, and reduce inflammation, thereby contributing to the prevention and
treatment of colon cancer. The authors emphasize the need for rigorous human clinical trials
to establish efficacy and safety before clinical adoption [Contribution 4]. Moreover, studies
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using an azoxymethane (AOM)-induced CRC rat model showed that low-molar-mass
oat B-glucan supplementation improved colonic redox balance, reduced inflammation,
and decreased lipid peroxidation. Wilczak et al. further demonstrated that this S-glucan
facilitates colonic metabolism remodeling during early carcinogenesis, as evidenced by
alterations in the amino acid, purine, biotin, and folate pathways [Contribution 5]. Similarly,
Yang et al. reported that chicoric acid alleviated dextran sulfate sodium (DSS)-induced
colitis in mice by reducing pro-inflammatory cytokines (TNF-« and IL-6), modifying the
gut microbiota (by decreasing Bacteroidetes and increasing Lachnospiraceae), and improving
metabolic homeostasis (by restoring thiamine and lithocholic acid) [Contribution 6]. In
an in vivo study using two murine colorectal cancer models (the orthotopic MC-38 cecum
injection model and the inflammation-driven AOM/DSS model), probiotic efficacy was
found to be model-dependent. Lactobacillus / Bifidobacterium mix (CI) reduced tumor burden
in the orthotopic MC-38 model, while Bifidobacterium alone (CII) suppressed inflammation
and tumors in the AOM/DSS model. Collectively, these findings support context-specific,
microbiota- and diet-based strategies for CRC prevention and treatment and encourage the
development of tailored probiotic strategies [Contribution 7].

Neagu et al. reviewed the interplay between diet, dietary patterns, behaviors, chemical
xenobiotic exposures, and breast cancer, highlighting evidence that a healthy diet pattern
with appropriate nutritional behaviors activates anti-tumor pathways and suppresses
tumor progression, while the accumulation of foodborne contaminants can synergistically
promote tumorigenesis [Contribution 8]. Jedrzejewski et al. investigated a combination
strategy by pairing Coriolus versicolor (CV) with the inhibitor of the phosphatidylinositol
3-kinase (PI3K) signaling pathway, LY294002. In MCF-7, HeLa, and A549 cell models, co-
treatment decreased viability and colony formation, induced G0/G1 arrest and apoptosis,
and inhibited migration/invasion. While this additive cytotoxic approach shows promise,
the authors stress the need to evaluate pharmacokinetics, bioavailability, safety, and the
nature of interaction in animal studies [Contribution 9].

In addition to the research on bioactive nutrients in non-communicable diseases,
this Special Issue also features two timely studies on antiviral immunity. One study
assessed whether an enzymatically liberated salmon oil can increase immune recovery
after acute SARS-CoV-2 infection by regulating cytokine, chemokine, and interferon-related
gene expression; the other study combined bioinformatics analysis with in vitro testing to
evaluate the anti-influenza A effect of Tagetes erecta Linn. (TE) extract. In a randomized
pilot study of adults with mild to moderate COVID-19 (n = 11), Currie et al. found that
participants receiving best supportive care and 4 g/day of full-spectrum, enzymatically
liberated salmon oil for 28 days experienced reduced inflammation, improved interferon
response, increased lung barrier function, and stronger immune memory [Contribution 10].
However, larger and well-controlled clinical trials are required to determine whether these
findings translate into meaningful clinical outcomes. In addition, Kim et al. integrated
bioinformatics, molecular docking, antiviral assays, and plaque reduction tests, identifying
lutein as a key active component in the TE extract and IL-6 as a central hub target associated
with influenza. In conclusion, these contributions demonstrate how nutrition-derived
interventions impact immune pathways to enhance human health, though more rigorous
clinical validation of efficacy, safety, and dosing is required [Contribution 11].

This Special Issue of the International Journal of Molecular Sciences integrates the lat-
est in vitro, animal, and human studies across non-communicable diseases and antiviral
immunity, revealing the mechanisms through which bioactive nutrients promote human
health. The research contributions to this Special Issue demonstrate the growing potential
of dietary interventions in disease prevention and treatment. Although further steps are
still necessary for clinical translation, such as optimizing dose and delivery and conduct-
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ing comprehensive safety assessments, ongoing advances in this rapidly evolving field
are promising.
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Abstract: Colorectal cancer (CRC) is a leading cause of cancer-related mortality worldwide
with limited treatment options for advanced disease stages. Growing evidence implicates
the gut microbiota in CRC pathogenesis, prompting interest in probiotics as a potential
therapeutic strategy. In this study, we evaluated the effects of two probiotic composi-
tions, CI (a mix of lactobacilli and bifidobacteria) and CII (bifidobacteria alone), in two murine
CRC models: the orthotopic MC-38 cecum injection model and the inflammation-driven
azoxymethane/dextran sodium sulfate (AOM/DSS) model. CI showed significant anti-
tumor effects in the orthotopic model, reducing tumor weight and volume, which was,
however, not associated with robust immune activation, suggesting microbiota-driven
mechanisms. In contrast, CII was more effective in the AOM/DSS model, reducing colonic
inflammation and completely preventing tumor development. Our study demonstrates
that probiotics might have great therapeutic potential via modulation of the gut microbiota,
and they can exert anti-tumor effects in murine models of CRC with distinct compositions
showing differential efficacy depending on the model. CI stabilized the gut microbiome
and inhibited pro-tumorigenic taxa in the MC-38 cecum injection model, while CII ex-
hibited anti-inflammatory properties in the AOM/DSS model, highlighting the potential
of probiotics as context-specific interventions for CRC. These findings contribute to the
growing body of evidence supporting microbiota-targeted strategies in oncology and their
relevance for therapeutic applications.

Keywords: colorectal cancer; probiotics; Lactobacillus; Bifidobacterium; anti-tumor activity

1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide
with more than 1.9 million new cases annually [1]. It is also the second leading cause of
cancer-related death, accounting for over 900,000 deaths per year [2]. Despite recent ad-
vancements in diagnostic and therapeutic strategies, the prognosis for advanced-stage CRC
remains poor, underscoring the need for novel preventive and therapeutic approaches [3].
The etiology of CRC is multifactorial, involving genetic, environmental, and lifestyle factors

Int. J. Mol. Sci. 2025, 26, 4404 https://doi.org/10.3390/ijms26094404
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with growing evidence implicating the gut microbiota as a key contributor to its patho-
genesis [4]. Emerging evidence suggests that the gut microbiota plays a pivotal role in
CRC pathogenesis, influencing carcinogenesis through mechanisms such as inflammation,
immune modulation, and the production of carcinogenic metabolites. Consequently, mod-
ulating the gut microbiota has been proposed as a potential strategy for CRC prevention
and treatment [5-7].

Probiotics, defined as live microorganisms that confer health benefits to the host when
administered in adequate amounts [8], have gained considerable attention for their poten-
tial to modulate the gut microbiota and exert protective effects against various diseases,
including CRC [9]. Mechanistically, probiotics may exert anticancer effects by restoring
microbial balance, promoting the mucosal barrier, modulating inflammation, and pro-
ducing metabolites such as short-chain fatty acids that possess anti-inflammatory and
antiproliferative properties [10-12]. Despite these promising mechanisms, the precise role
of probiotics in CRC and their impact on tumor development remain poorly understood
and are the subject of ongoing research [13].

Animal models, particularly murine models, have proven invaluable in elucidating the
complex interactions between probiotics, the gut microbiota, and colorectal carcinogenesis.
These models provide a controlled environment to investigate the molecular and cellular
mechanisms underlying probiotic effects, offering valuable insights into their potential
translational applications in humans [14,15]. In this study, we aimed to evaluate the effects
of probiotic administration on cancer development in two well-established murine models
of CRC, namely the orthotopic cecum injection model and the azoxymethane/dextran
sodium sulfate (AOM/DSS) inflammation-mediated model that mirrors CRC development
observed in colitis-associated cancer. By examining tumor incidence and progression, as
well as the intestinal microbiome, we sought to shed light on the therapeutic potential of
probiotics as a preventive strategy against CRC and contribute to the growing body of
evidence supporting microbiota-based interventions in oncology.

2. Results
2.1. Administration of Probiotics Affects the Gut Microbiome of Healthy Mice

In an initial step, the impact of the probiotic compositions (mixes) on the microbiota
of healthy mice was investigated. For this purpose, composition I (CI) and composition I
(CII) were administered in short-term experiments (two cycles of daily gavages for 3 days
within 2 weeks) and long-term experiments (four cycles of daily gavages for 3 days within
14 weeks). In both experiments, control groups received saline gavages only (Figure 1A).
The alpha diversity Shannon metric score showed no significant differences either at the
beginning or the end of the experiment, neither between the treatment groups nor in relation
to the duration of administration (Figure 1B). Weighted UniFrac beta diversity revealed
close clustering among all groups at the beginning of the experiment. However, the saline-
treated control animals started to diverge over time, while the CI and ClI-treated animals
remained more closely clustered (Figure 1C, Table S1). At the phylum level, minor changes
were observed in Cl-treated mice, including an increase in the abundance of Firmicutes
and Desulfobacteriota following long-term administration. Moreover, in Cll-treated mice,
an effect of the microbial dominance shifted from Firmicutes toward Bacteriota, which was
more pronounced after long-term exposure (Figure 1D). Finally, assessing the abundance
of the administered probiotics (Figure 1E) revealed that Lactobacillus had already colonized
the intestine of mice at the beginning of the experiment with its abundance increasing over
time in all groups. Whilst Bifidobacterium was completely absent at the beginning of the
administration experiments, it evidently increased only following short-term administration of
Cl and CII. This may be attributed to the 4-week period without treatment after the last gavage
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in the long-term administration experiment, suggesting that the successful maintenance of
intestinal probiotic bacteria requires frequent and continued administration.
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Figure 1. Effects of probiotic administration on intestinal microbiota in healthy mice. (A) Experimen-
tal design: mice received composition I (CI), composition II (CII), or saline for short-term (2 cycles over
2 weeks) or long-term (4 cycles over 14 weeks), once daily by oral gavage; (B) alpha diversity (Shan-
non metric index); (C) beta diversity (weighted UniFrac); (D) relative abundance of phyla at the end
of experiment; (E) probiotic abundance: Lactobacillus and Bifidobacterium genus.
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2.2. Composition I Has Greater Anti-Tumor Potential than Composition 11 in the Orthotopic
CRC Model

Given the observed impact on the intestinal microbiome composition after the adminis-
tration of our two probiotics compositions, we evaluated their effect on CRC development.
For this purpose, the orthotopic MC-38 CRC cecum injection model was used. In this
model, MC-38 colon adenocarcinoma cells are injected into the cecum wall of C57BL/6
mice. CI and CII were administered in two cycles of daily gavages—first from day 4 to 6
and secondly from day 11 to 13 (Supplementary Figure S1A). Control animals received
gavages of saline only. In two initial independent experiments, both CI and CII impacted
tumor development, as evidenced by decreases in tumor weight and volume. However,
CI seemed to induce a more pronounced effect (Supplementary Figure S1B,C). Therefore,
we further investigated the anti-tumor potential of CI in the cecum injection model in
three independent follow-up experiments, using the same administration scheme and
experimental design (Figure 2A). Again, a clear reduction in tumor weight and volume
(Figure 2B) was observed, which became statistically significant when the data from all
three consecutive experiments were pooled (Figure 2C).
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2.3. The Anti-Tumor Activity of CI Does Not Appear to Be Immune-Mediated

Given that CI demonstrated a clear anti-tumor potential, we aimed to assess whether
the observed effect was immune-mediated. To this end, the proportions and activation
status of intra-tumoral immune cells was analyzed by flow cytometry (gating strategies are
shown in the Supplementary Figure 52). With regard to the overall frequency of B-cells, T-
cells and NK cells, only a minor increase in CD8* cells and NK1.1* cells in the tumor tissue
was visible in the Cl-treated group (Figures 3A and S3A). Among the CD8* cytotoxic T-cells,
there was a slight trend toward an increase in perforin-positive (Prf*) cells. However, no
differences were observed in granzyme B (GrB*) levels (Figure 3B) or T-cell exhaustion, as
indicated by PD-1 staining (Figure 3C). In pro-inflammatory CD4" T-cells, a slight tendency
toward an increase in TNF-« but not IFN-y (Figure 3D) levels was observed. In CD8*
T-cells, no difference in TNF-« or IFN-y levels was observed upon CI administration. In
fact, nearly all CD8" T-cells were positive for both cytokines regardless of CI administration
(Supplementary Figure S3B). No differences in myeloid cell infiltration into the tumor tissue
were observed, as the frequency of neutrophils, macrophages, monocytes and dendritic
cells did not differ between the treatment groups (Supplementary Figure S3C). However, in
Cl-treated animals, there was an increase in CD80-expressing macrophages and a significant
induction of PDL-1 production (Figure 3E). In monocytes, increased surface expression
levels of CD80 and MHCII were observed in Cl-treated animals, while PDL-1 expression
was slightly reduced (Figure 3F). To further explore potential mechanisms, untargeted
metabolomics analysis of the serum was conducted alongside flow cytometry analysis of
the immune cells. The relatively close clustering of both treatment groups in the PCA plot
suggests that the overall differences in their serum metabolomic profiles were minimal
(Supplementary Figure S4, Table S2). The butyrate level was not altered or correlated
with tumor load (Supplementary Figure S4). Collectively, these findings suggest that the
anti-tumor activity of CI is not primarily driven by immune-mediated or metabolomic
alterations.

2.4. Administration of Composition I Modulates the Gut Microbiome to Promote a Healthy
Microbial Environment in the MC-38 Tumor Injection Model

To study the impact of CI on the intestinal microbiome in the context of CRC, 165
sequencing of fecal samples (sampled at the start and at the end of each experiment) from
control and Cl-treated mice was performed, combining data from the three cecal injection
experiments with CI. At the start of the experiment, the CI group exhibited slightly lower
Shannon diversity indices. However, by the end, alpha diversity increased in CI-treated
mice, while it decreased in the saline group (Figure 4A). In terms of beta diversity, there
was a substantial overlap between the saline and CI groups at the start of the experiment.
However, by the end, the saline group became more distinct, indicating that probiotic
administration altered the microbial composition over time (Figure 4B, Table S1). At the
phylum level, Firmicutes were less abundant in the Cl-treated group, while Bacteroidota
increased, indicating a shift in microbiome composition (Figure 4C). When examining the
abundance of the administered probiotics, Lactobacillales abundance increased over time in
both groups, whereas Bifidobacteriales appeared only in the Cl-treated animals (Figure 4D).
In Cl-treated mice, Bifidobacterium was clearly present at the genus level, along with the
stabilization of Muribaculum and the NK4A214 group (Figure 4E). The abundance of these
genera, which are highly associated with a healthy gut microbiome, notably decreased in
the saline-treated group during CRC progression. Furthermore, CI administration inhibited
the increase in Lachnoclostridium, was associated with pro-tumorigenic processes in CRC,
and prevented the rise of pathogenic bacteria such as Escherichia-Shigella and Enterococcus
(Figure 4E).
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Figure 3. The anti-tumor activity of Composition I is not primarily driven by a clear immune-
mediated mechanism. Flow cytometry data showing the frequency on intra-tumoral immune cells:
(A) CD8* cytotoxic T-cells, and NK1.1* NK-cells, (B) perforin and granzyme B producing CD8* T-
cells, (C) PD-1 expressing CD8* T-cells, (D) TNF-« and IFN-y producing CD4* T-cells, (E) CD80 and
PDL-1 expressing F4/80 macrophages and (F) CD80, MHCII and PDL-1 expression in CD11b*Ly6C™*
monocytes. * p < 0.05.

2.5. Composition Il Exhibits Greater Anti-Tumor Potential in the AOM/DSS
Inflammation-Mediated CRC Model

To validate the anti-tumor potential of the probiotics, the therapeutic effects of
both compounds were tested in the azoxymethane/dextran sodium sulfate (AOM/DSS)
inflammation-dependent model of colitis-associated cancer. In this model, tumor develop-
ment is induced by administering the chemical carcinogen AOM in combination with DSS,
which triggers chronic intestinal inflammation. The experiment involved four cycles of
DSS administration in drinking water, each lasting 7 days, which was followed by a 14-day
recovery period with regular drinking water (no DSS). After the final DSS cycle, the animals
underwent a 4-week recovery period. In each cycle, AOM was administered via intraperi-
toneal injection on days 1 and 9 (Figure 5A). At the end of each DSS cycle, mice received
daily gavage of saline, CI or CII for 3 consecutive days. Throughout the experiment, mice
in each group showed weight loss in response to DSS and AOM treatments but quickly
regained weight during phases with regular drinking water (Figure 5B). To evaluate the
impact of probiotics on intestinal inflammation, colonoscopy was performed at the end of
the experiment. The murine endoscopic index of colitis severity (MEICS) score indicated
that CI had a limited effect, while CII reduced colonic inflammation (Figure 5C). While
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both compositions had only little effect on colon length (which typically shortens upon the
presence of intestinal inflammation), mice treated with CII did not develop tumors in the
colon (Figure 5D).
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Figure 4. Composition I administration shapes the gut microbiome to foster a healthy microbial
environment in the MC-38 tumor model. (A) Alpha diversity (Shannon metric index); (B) beta
diversity (weighted UniFrac); (C) relative abundance of phyla at the end of experiment; (D) pro-
biotic abundance: Lactobacillus and Bifidobacterium; (E) genus-level abundance of Bifidobacterium,
Muribaculum, NK4A214 group, Lachnoclostridium, Escherichia-Shigella, and Enterococcus.
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When examining the fecal microbiome composition after probiotics treatment by 16s
rRNA sequencing, no significant differences were observed in the abundance of Lactobacil-
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lus. In contrast, Bifidobacterium increased with the administration of both compositions

(Figure 6).
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Figure 6. Impact of composition I and composition II on the fecal microbiome in the AOM/DSS
inflammation-mediated CRC model. (A) Alpha diversity (Shannon metric index); (B) beta diversity
(weighted UniFrac); (C) relative abundance of phyla at the start and at the end of the experiment;
(D,E) relative abundance of probiotics: Lactobacillus and Bifidobacterium. * p < 0.05.

3. Discussion

Our study highlights the potential of probiotics in the prevention of CRC through the
modulation of the gut microbiota while also revealing key differences in their effectiveness
depending on microbial composition and disease model. The probiotic composition I (CI,
lactobacilli and bifidobacteria mix) and II (CII, bifidobacteria) demonstrated distinct effects
in altering the microbial composition and influencing tumor progression in the two well-
established murine CRC models that were used here. The alterations observed in the gut
microbiota following probiotic administration indicate a potential to promote a potentially
healthier microbial environment.

The administration of both CI and CII resulted in distinct microbial shifts. CI demon-
strated the ability to increase the abundance of Bifidobacterium and other health-associated
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genera such as Muribaculum and Lachnospiraceae NK4A214 group while reducing pathogenic
taxa including Escherichia-Shigella and Enterococcus. Together with the tumor-reducing
effects that we observed upon the administration of CI, this aligns with the hypothesis that
a balanced microbiota might mitigate CRC-associated dysbiosis [16,17]. Furthermore, the
enhanced abundance of beneficial taxa in CI-treated mice, combined with the inhibition of
pro-tumorigenic genera such as Lachnoclostridium, further supports the role of probiotics
in reshaping the gut microbiome to counteract carcinogenesis [16]. These findings are
particularly relevant given the pressing need for novel therapeutic intervention strategies
and the growing interest in microbiota-based interventions for CRC prevention [18].

Notably, CI treatment was associated with an increased abundance of Lachnospiraceae
NK4A214, which is a known butyrate-producing group. While our untargeted metabolomics
did not show significant differences in systemic metabolite profiles, we acknowledge that
targeted short-chain fatty acid (SCFA) quantification, particularly of butyrate in fecal or
cecal samples, could provide more specific insight. This remains an important avenue for
future investigation, as local SCFA production may contribute to the tumor-suppressive
effects observed with CL

In addition, our data demonstrate a clear distinction in the anti-tumor potential of
the two compositions depending on the CRC model employed. In the orthotopic tumor
injection model, CI exhibited significant anti-tumor activity, which was evidenced by
reduced tumor weight and volume. In contrast, CII demonstrated superior efficacy in the
AOM/DSS inflammation-mediated CRC model, effectively reducing colonic inflammation
and preventing tumor development. The differential efficacy of CI and CII across CRC
models highlights the importance of tailoring probiotic interventions to specific disease
contexts. The ability of CI to promote a healthy microbial environment and reducing
pathogenic bacteria growth is particularly relevant in contexts where microbiota dysbiosis
is associated with tumor progression. Conversely, the anti-inflammatory properties of CII
render it a promising candidate for addressing inflammation-driven CRC. Although we did
not perform in-depth immune or metabolite profiling in the CII group, the rapid clinical
improvement suggests early anti-inflammatory effects. Whether these effects are mediated
by microbial changes or through host responses to probiotic-derived components remains
to be clarified. We recognize that the lack of mechanistic data for Cll is a limitation and have
now outlined this as a priority for future research. Overall, these findings emphasize the
importance of further investigation into the mechanistic underpinnings of probiotic action,
particularly the role of microbial metabolites and their interaction with host pathways.

Our results suggest that the observed anti-tumor effects of CI in the MC-38 injection
model may be mediated through microbiota-driven pathways rather than direct immune
or metabolomic modulation. Despite slight trends in the induction of cytotoxic CD8*
T-cells and macrophage activation, no significant changes in cytokine production, cyto-
toxicity or immune activation were observed. Furthermore, serum metabolomics analysis
revealed no significant differences between the Cl-treated and control groups with close
clustering of the two groups in PCA plots, indicating subtle or minimal differences in the
metabolomic profiles.

While our study provides evidence of the anti-tumor potential of probiotics, there
are also some limitations. One notable limitation was the relatively small group size in
the orthotopic MC-38 cecum injection model which was accounted to logistical challenges
related to surgical cell implantation procedures, such as the availability of trained personnel
and the need to ensure consistent, precise operations, which restricted the number of
animals that could be treated simultaneously. While the results observed in this model are
promising and consistent across experiments, future studies should aim to include larger
cohorts to strengthen statistical power and enhance the robustness of the findings. Secondly,
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the reduced tumor size observed in treated animals, while indicative of therapeutic efficacy,
resulted in less material available for subsequent analyses, which limited the extent of
downstream investigations, such as immune cell characterization and more comprehensive
molecular profiling. Additionally, variability in immune responses between experiments
was observed, highlighting the complexity of probiotic—host interactions and the need for
more in-depth investigations into their molecular mechanisms. The long-term effects of
probiotics on CRC progression and recurrence remain to be explored. Lastly, translating
these findings to human CRC requires clinical validation, as murine models may not fully
recapitulate the complexities of human disease.

Importantly, the anti-tumor effects of both compositions were observed alongside
distinct microbial patterns, supporting the hypothesis that probiotics may function through
microbiota-driven mechanisms, which are shaped by both composition and disease context.
However, our microbiota analyses were limited to initial and final time points. While
this allowed us to assess global shifts, it likely missed dynamic or transient microbial
changes during disease progression, particularly in the long-term AOM/DSS model. We
now acknowledge this as a limitation and emphasize the need for intermediate time-point
sampling in future longitudinal studies to better capture microbiota—host interactions
over time.

Despite the limitations mentioned, this study provides several novel contributions.
First, to our knowledge, this is among the first direct comparisons of two compositionally
distinct probiotic blends across two CRC models, revealing model-specific efficacy. Second,
we challenge the common assumption that probiotics exert anti-tumor effects primarily
through immune activation. In the case of CI, our data suggest a microbiota-centric
mode of action, which may operate independently of systemic immune responses. Finally,
the differential response to CI and CII across models underscores the need for more
personalized and context-aware strategies in microbiota-based therapy.

Future research should investigate the combinatorial effects of probiotics with other
therapeutic modalities, such as chemotherapy and immunotherapy, since the integration
of probiotics into existing treatment regimens may enhance therapeutic efficacy while
minimizing side effects.

In conclusion, our study reinforces the therapeutic potential of probiotics in CRC
prevention and treatment, highlighting the importance of model-specific strategies. It con-
tributes to the growing evidence supporting microbiota-targeted interventions in oncology,
encourages further research into the mechanistic pathways involved, including microbial
metabolites and host interactions, and lays the groundwork for integrating probiotics into
personalized medicine frameworks. More personalized approaches to probiotic therapy,
guided by individual microbiome profiles, hold promise for optimizing outcomes in the
prevention and treatment of CRC in the future.

4. Materials and Methods
4.1. Animal Experiments

All animal experiments were performed according to the Swiss Animal Welfare Leg-
islation and approved by the local veterinary office, the Veterinary Office of the Canton
Zurich (Licenses ZH153-2020 and ZH154-2020). Mice: In all studies, 12-week-old C57BL/6]
female wild-type (WT) mice purchased from Janvier Labs, Le Genest-Saint-Isle, France,
were used for the experiment. Upon arrival at our facility, the mice were given 2 weeks
of acclimatization time. The mice were kept in a specific pathogen-free (SPF) facility with
chow and water ad libitum. Study design: The primary outcome of the study was either
the tumor volume measured in mm?® or number of colon tumors (AOM/DSS model). Ran-
domization: Prior to the experiment, the mice were randomized using a random number
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generator. Blinding: Treatment administration was conducted blindly by using allocation
groups to ensure that all animals in the experiment were handled, monitored, and treated
the same way. Sample collection at the end of the experiment and sample analysis were
conducted in a blinded manner. Statistics: Analysis was performed using the GraphPad
Prism 10 software. Sample size calculations: The tumor cells were injected, and the bacteria
were administered via oral gavage for each mouse individually; thus, each mouse was
considered an experimental unit. Student’s ¢-test was performed when comparing only
two conditions, while a one-way analysis of variance (ANOVA) test was chosen when
comparing more than 3 conditions. Data are presented as means + standard deviation.
p-values lower than 0.05 were considered statistically significant.

4.2. Orthotopic Cecum Injection Model

MC-38 cells (isolated and provided from Prof. Dr. Lubor Borsig, University Ziirich,
Zirich, Switzerland): 300,000 cells in high-glucose DMEM (Gibco, Waltham, MA, USA)
medium mixed 1:1 with Matrigel (Corning, Corning, NY, USA) were injected into the cecum
wall during a surgical procedure under isoflurane anesthesia. Prior to the surgery, mice
received a subcutaneous injection of the painkiller Finadyne (MSD Animal Health, Rahway,
NJ, USA). After the surgery, an analgesia mix consisting of tramadol (Tramal, Griinenthal,
Aachen, Germany) and paracetamol (Dafalgan, UPSA, Rueil Malmaison, France) was
administered in the drinking water for 2-3 days. Mice were sacrificed 14 days post tumor
cells injection.

4.3. AOM/DSS Model

Four cycles of dextran sodium sulfate (DSS, Fisher Scientific/ MP Biomedicals, Irvine,
CA, USA) were applied; in each, 1-1.5% DSS was administered in the drinking water for
7 days, which was followed by 14 days of recovery with drinking water only. Azoxymethane
(AOM, Sigma-Aldrich/Merck, St. Louis, MO, USA) was injected intraperitoneally (1 mg/kg
in 100 pL PBS) on the 1st and 9th day of each DSS cycle. After the final DSS cycle, mice
received normal drinking water for 4 weeks before sacrifice.

4.4. Probiotics

Composition I (Bifidobacterium lactis P161, Bifidobacterium bifidum P162, Bifidobacterium
lactis P163, Bifidobacterium breve P164, Lactobacillus acidophilus PI1, Lactobacillus rhammnosus
PI28, Lactobacillus gasseri PI17, and Lactobacillus acidophilus PI4 mix, abbreviated as CI)
and composition II (Bifidobacterium lactis P161, Bifidobacterium bifidum P162, Bifidobacterium
lactis P163, and Bifidobacterium breve P164 mix, abbreviated as CII) were provided by PiLeJe
(Paris, France) and administered by oral gavage (10 x 108 CFU per dose). For every
administration, probiotics were freshly prepared by reconstituting frozen lyophilizates in
saline. In the short-term administration experiment and in cecum injection experiments,
bacteria were applied once daily in two periods: days 4-6 and days 11-13. In the long-term
administration experiment and in the AOM/DSS experiment, bacteria were applied once
daily for the first 3 days of weeks 1, 4, 7 and 10 of the experiment. In the control groups,
mice received gavages of saline instead of bacteria.

4.5. Clinical Readouts

In every cecum injection experiment, the obtained tumors were weighted and
measured. The tumor volume was calculated according to the following formula:
V = % x 3.14 x % X % X %, where “V” is the tumor volume, and “a”, “b”, “c” are the
tumor dimensions. In the AOM/DSS experiment colon length was measured, number
of tumors within the colon was counted and colonoscopy was performed using a mouse

endoscope (Karl Storz, Tuttlingen, Germany) and evaluated using the murine endoscopic
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index of colitis severity (MEICS score) as described by Becker et al. [19], which consists
of scoring for the thickening and granularity of the mucosal wall as well as alterations in
vascularity, stool consistency and the presence of fibrin.

4.6. Tumor Processing for Flow Cytometry

Upon removal, tumors were placed in PBS and kept on ice prior to further processing.
Once all the tumors were collected, each tumor was cut into pieces using small size surgical
scissors. Tumors were then enzymatically digested using the Tumor Dissociation Kit
Mouse (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s
instructions.

4.7. Flow Cytometry

Single-cell suspensions obtained from each tumor were divided into two different
sets for flow cytometry staining. One set was re-stimulated using a cocktail for immune
cell activation and subsequently stained for cytokine’s evaluation, while the other set
was stained immediately after tissue processing. Re-stimulation was performed using
50 ng/mL PMA (Sigma Aldrich, St. Louis, MO, USA), 1 pg/mL ionomycin (Sigma Aldrich)
and 1 ug/mL brefeldin A (Sigma Aldrich) in RPMI 1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA). Cells were re-stimulated in 12-well cell culture plates (TPP) for
3 hin 5% CO,. First, viability staining was performed using Zombie NIR (BioLegend)
for 30 min at room temperature in the dark. Cells where then washed with PBS and
stained with TruStain FcS™ PLUS (BioLegend) for 5 min at 4 °C in the dark. Further,
cells were washed with PBS and stained with anti-CD4-BUV563 (BD Biosciences, Franklin
Lakes, NJ, USA), anti-NK1.1-BUV395 (BD Biosciences, Franklin Lakes, NJ, USA), anti-CD3-
BV785 (BioLegend, San Diego, CA, USA), anti-CD45-PB (BioLegend, San Diego, CA, USA),
anti-CD45R(B220)-PE-Cy5 (Thermo Fisher Scientific, Waltham, MA, USA), and anti-CD8-
PE-CF594 (BD Biosciences, Franklin Lakes, NJ, USA) antibodies for 15 min at 4 °C in the
dark. After washing with MACS buffer (autoMACS™ Running Buffer, Miltenyi Biotec,
Bergisch Gladbach, Germany), cells were permeabilized for 20 min at 4 °C in the dark
using the BD Cytofix/Cytoperm (BD Biosciences, Franklin Lakes, NJ, USA) kit and stained
intracellularly using anti-CD4-BUV563 (BD Biosciences, Franklin Lakes, NJ, USA), anti-
CD3-BV785 (BioLegend), anti-TNFa-BV650 (BioLegend), anti-IL-17-BV510 (BioLegend),
anti-Granzyme-B-PerCP-Cyb5.5 (BioLegend), anti-Perforin-FITC (e-Bioscience), anti-IFN-y-
PE-Cy7 (BioLegend), and anti-CD8A-PE-CF594 (BD Biosciences, Franklin Lakes, NJ, USA)
antibodies for 30 min at 4 °C in the dark. Finally, cells were washed with BD Perm Wash
(BD Biosciences) and kept at 4 °C in 0.1% paraformaldehyde (PFA, Sigma-Aldrich, St. Louis,
MO, USA) until acquisition. For the second set of cells without the re-stimulation, cells
were processed in the same way; however, the surface staining consisted of the following
antibodies: anti-CD80-BUV737 (BD Biosciences, Franklin Lakes, NJ, USA), anti-Ly6G-
BUV563 (BD Biosciences, Franklin Lakes, NJ, USA), anti-CD4-BUV496 (BD Biosciences,
Franklin Lakes, NJ, USA), anti-CD3-BV785 (BioLegend, San Diego, CA, USA), anti-CD45-
BV650 (BioLegend, San Diego, CA, USA), anti-CD11b-BV605 (BioLegend, San Diego, CA,
USA), anti-Ly6C-BV570 (BioLegend, San Diego, CA, USA), anti-CD274(PD-L1)-BV480
(BD Biosciences, Franklin Lakes, NJ, USA), anti-F4/80-FITC (BioLegend, San Diego, CA,
USA), anti-CD11c-PE-Cy7 (BioLegend, San Diego, CA, USA), anti-CD45R(B220) (Thermo
Fisher Scientific, Waltham, MA, USA), anti-CD8A-PE-CD594 (BD Biosciences, Franklin
Lakes, NJ, USA), anti-I-A /I-E(MHCII)-AF700 (BioLegend, San Diego, CA, USA) and anti-
CD279(PD-1)-APC (BioLegend, San Diego, CA, USA), and anti-CD274(PD-L1)-BV480 (BD
Biosciences, Franklin Lakes, NJ, USA). Cells were acquired using the FACSymphony (BD

16



Int. ]. Mol. Sci. 2025, 26, 4404

Biosciences, Franklin Lakes, NJ, USA) and the analysis was performed using the Flow]Jo
software (Version 10, Flow]Jo LLC/BD, Ashland, OR, USA).

4.8. Microbiota 16S Sequencing

Fecal samples were collected at the beginning and at the end of each experiment and
subsequently stored at —80 °C prior to analysis. DNA extraction and sequencing of the V4
region of 16S ribosomal DNA was performed by Microsynth AG (Balgach, Switzerland).
The QIIME2 pipeline was utilized for analyzing 165 rRNA [20]. After assessing data
quality, denoising with DADA2 was conducted to merge the paired reads, producing
amplicon sequence variants (ASVs) [21]. The alpha rarefaction module was employed to
ensure sufficient depth for capturing most features. We then calculated both alpha and
beta diversity using the core-metrics-phylogenetic module. For the alpha analysis, we
utilized the faith phylogenetic matrix to compute richness and incorporate phylogenetic
relationships. For beta diversity, we employed the weighted UniFrac distance matrix to
quantify the dissimilarity between communities. Principal coordinate analysis (PCoA) was
conducted to enhance the visualization of beta diversity. Taxonomy was assigned to ASVs
using the q2-feature-classifier classify-sklearn naive Bayes taxonomy classifier against the
pre-trained Naive Bayes silva-132-99-nb-classifier, which was trained on Silva (release 132)
full-length sequences [22]. The Taxa barplot module was used to visualize the different
taxonomy compositions.

4.9. Serum Metabolomics

On the last day of the experiment, blood was collected into BD Microtainer tubes with a
serum separator and centrifuged at the maximum speed for 5 min at room temperature. The
obtained serum was transferred into a 0.5 mL Eppendorf tube and immediately snap frozen
in liquid nitrogen, and all samples were stored at —80 °C prior to analysis. Metabolomics
analysis was carried out with a high-resolution mass spectrometer (Agilent QTOF 6550,
Agilent, Santa Clara, CA, USA), and analysis was performed by MetaboAnalystR package
version 4.2 for the statistical analysis [23]. The normalized intensities by the median for
each sample were mean-centered and divided by the standard deviation of each variable
for all annotated features. A feteroscedastic (two-tail, unequal variance) ¢-test was used to
determine significant differences between the groups. In addition, p-values were adjusted
according to Benjamini-Hochberg, and g-values were adjusted according to Storey and
Tibshirani. Principle component analysis (PCA) was used to visualize sample variance.
Heatmap visually presented hierarchical clustering using the Euclidean method for distance
calculation and Ward’s linkage for clustering.

4.10. Statistical Analysis

Analysis was performed using the GraphPad Prism 10 software. Student’s ¢-test was
performed when comparing only two conditions, while an ANOVA test with Tukey’s HSD
was chosen when comparing more than 3 conditions. Data are presented as means =+ standard
deviation. p-values lower than 0.05 were considered statistically significant.
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Abstract: Obesity is characterized by an excessive imbalance in energy metabolism and is
associated with metabolic syndrome. Mammals have two types of adipose tissue: white
adipose tissue (WAT) and brown adipose tissue (BAT). These are key factors in regulating
the energy balance. Strategies aimed at reducing obesity should encompass not only the
prevention of lipid accumulation but also the stimulation of browning in both WAT and
BAT, with the aim of enhancing energy expenditure. In this study, the mechanism by which
Lactobacillus brevis-fermented gamma-aminobutyric acid (LB-GABA) prevents obesity
was investigated, as well as whether it induces lipolysis and browning in WAT using 3T3-L1
adipocytes. The expression of proteins involved in signaling pathways regulating lipid
accumulation and degradation, as well as browning, was measured using Western blotting
analysis. We demonstrated that LB-GABA significantly inhibited lipid accumulation by
suppressing adipogenesis and lipogenesis. In addition, the microscopic analysis of WAT
demonstrated that LB-GABA reduced the adipocyte size and the number of lipid droplets.
Moreover, Western blot analysis revealed that GABA increased lipolysis and activated the
protein kinase A (PKA) signaling pathway, which promotes uncoupling protein 1 (UCP1)-
mediated WAT browning. In conclusion, these results suggest that LB-GABA activates
energy expenditure through lipid metabolism regulation and exerts anti-obesity effects.

Keywords: obesity; lipid metabolism; energy expenditure; 3T3-L1 cells; LB-GABA

1. Introduction

Obesity is defined as an imbalance between dietary energy intake and energy expen-
diture and is also associated with metabolic syndrome [1]. Obesity is a major contributor to
the development of metabolic syndrome, a condition that predisposes individuals to sev-
eral health complications, such as type 2 diabetes, cardiovascular disease, and nonalcoholic
fatty liver disease [2]. The prevalence of obesity has increased very rapidly over the last
30 years, posing a serious threat to human health and socio-economic development [3,4]. In
recent years, the epidemiology of obesity, predisposing factors, and prevention mechanisms
have been the focus of an increasing number of studies [5].

White adipose tissue (WAT) is an important regulator of lipid metabolism and the
energy balance [6]. Two types of adipose tissue, WAT and brown adipose tissue (BAT),
have been identified as the key regulators of the energy balance in mammals [7]. Obesity
is caused by excessive WAT accumulation, where excess energy is stored in the form of
triglycerides (TGs) [8]. BAT, composed of adipocytes containing numerous small multi-
functional fat droplets, exhibits high levels of mitochondrial biosynthesis and dissipates
energy as heat because it expresses uncoupling protein 1 (UCP1) on its inner mitochondrial
membrane [9]. Studies have shown that cold exposure, adrenaline stimulation, and other
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conditions can trigger browning, which results in a shift from WAT to brown-like (beige or
light) fat cells [10].

The 3T3-L1 cell line is one of the most well-established models for the study of the
differentiation of preadipocytes to mature adipocytes (adipogenesis). The 3T3-L1 cell
line was utilized in the study to examine the processes of browning and obesity-related
properties. This particular cell line is a well-established preadipocyte cell line developed in
mouse embryos. These 3T3-L1 cells manifest an adipocyte-like phenotype when cultivated
under the appropriate conditions [11].

Adipocyte differentiation and subsequent lipid accumulation in mature adipocytes
occur through a well-organized process of hyperplasia and hypertrophy, respectively [12].
During preadipocyte differentiation, the expression of peroxisome proliferator-activated
receptor gamma (PPARY) and fatty acid binding protein 4 (FABP4) and the elevated ex-
pression of lipogenic factors, such as lysophosphatidic acid acyltransferase theta (LPAATS),
Lipin 1, and fatty acid synthase (FAS), lead to increased lipid accumulation and the devel-
opment of obesity [13]. Lipolysis is defined as the catabolic mechanism that facilitates the
breakdown of TGs stored in WAT, resulting in the release of free fatty acids (FFAs) and
glycerol [14]. TG hydrolysis is the result of protein phosphorylation of protein kinase A
(PKA), which in turn regulates several key lipolytic proteins. In adipocytes, these lipolytic
proteins control TG lipase activity [15]. These are transported across the membrane by
carnitine palmitoyl transferase 1 (CPT1) and undergo mitochondrial 3-oxidation [16,17].
The major lipases involved in the lipolytic process are adipocyte triglyceride lipase (ATGL),
diglyceride to monoglyceride lipase, and hormone-sensitive lipase (HSL) [18,19]. Glycerol
and FFAs released from WAT are transported through the blood and penetrate into other
tissues, where they distribute lipids and regulate the energy balance [18]. In order to ad-
dress the issue of obesity, there exist methodologies that not only prevent fat accumulation
but also promote energy expenditure by activating the browning of BAT and WAT [19].
The expression of UCP1 uncouples electron transfer in the mitochondria to generate energy
as heat [20]. WAT and BAT are readily interconvertible [21]. Similarly, the browning of
WAT is known to require the expression of the thermogenic protein UCP1 [22], as these
phenotypic changes activate thermogenesis, promoting the browning of WAT, which may
be a therapeutic approach to treat obesity [23].

LB-GABA consists of about 20% gamma-aminobutyric acid (GABA) (w/v) and about
80% modified food starch [24]. GABA is a non-proteinogenic amino acid that is widely
found in microorganisms, animals, and plants and is naturally produced in the human
organism [25-27]. GABA is produced from glutamate within the central nervous system
and functions as a significant inhibitory neurotransmitter in the human brain [28,29].
GABA is transported and used by the transporter [30,31]. The levels of GABA, which have
been shown to be significantly reduced in cases of insomnia, anxiety, depression, panic
disorder, and the aging process, have been identified as a chronic disease of modern people.
Consequently, the supplementation of GABA has emerged as a promising therapeutic
approach aimed at mitigating symptoms such as excitement, irritation, and stress while
also counteracting the physical and psychological effects of aging [32-35]. The known
effects of GABA are as follows: the body’s energy balance is regulated by the inhibition
of the activation of these neurons through the release of the neurotransmitter GABA,
and GABA has been reported to have a variety of physiological effects, including anti-
inflammatory and anti-diabetic [36—40], in addition to its role as an endogenous inhibitory
neurotransmitter in the mammalian central nervous system [35]. Due to these effects, GABA
is used as an active ingredient in pharmaceuticals and food products, and its demand is
increasing. However, the supply of foods containing GABA has proven inadequate in
meeting this demand [41]. Consequently, GABA is predominantly produced and utilized
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through fermentation processes involving yeast, fungi, and bacteria [42—45]. The LB-GABA
employed in this study was produced using Lactobacillus brevis fermentation, a method
which we hypothesize can counterbalance the limited GABA content in food.

However, in 3T3-L1 adipocytes, it is not known whether LB-GABA acts by decreasing
the expression of adipogenic proteins, such as PPARy and FABP4; lipogenic proteins,
such as LPAAT 0 and Lipin 1; and FA synthesis proteins such as FAS, thereby inhibiting
lipogenesis. Its ability to inhibit obesity by increasing the expression of pPKA and its
downstream lipolytic proteins, increasing the expression of UCP1 proteins, and increasing
the browning of white fat has not been reported. The hypothesis under investigation is
that given the proven effects of GABA contained in LB-GABA on oxidative stress and
associated inflammation, it would be expected to have potential benefits in terms of efficacy
against obesity. In addition, the anti-obesity effect of GABA has already been revealed
in previous studies [34], and it is expected that the same effect can be expected from LB-
GABA, a fermented GABA. Therefore, this study focused on the effects of LB-GABA on the
metabolism of 3T3-L1 cells and investigated the overall anti-obesity signaling of LB-GABA
in 3T3-L1 cells.

2. Results
2.1. Effects of LB-GABA on the Viability of 3T3-L1 Adipocytes

To determine the cytotoxic effect of LB-GABA on 3T3-L1 adipocytes and to de-
termine the appropriate concentration to use in our experiments, we measured the ef-
fect of LB-GABA on lipid metabolism using the MTT (3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide) assay. As shown in Figure 1 and Table S1, treatment with
200 pug/mL LB-GABA resulted in a significant difference, suggesting that it was cyto-
toxic; therefore, we used low and high concentrations of 25 and 100 pg/mL in the 3T3-L1
cell medium.

200 ,

100

Cell Viability (%)

(3]
o

0 25 50 100 200

LB-GABA (ug/mL)

Figure 1. LB-GABA effects on 3T3-L1 cell cytotoxicity. The viability of 3T3-L1 preadipocytes treated
with LB-GABA for 24 h was assessed using an MTT assay. Data are expressed as the mean + SEM
(n = 8). Values indicated by different letters are significantly different; p < 0.05 (a > b).
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2.2. LB-GABA Inhibits Lipid Accumulation

To determine the effect of LB-GABA on lipid accumulation in adipocytes, we induced
differentiation with IBMX (3-Isobutyl-1-methylxanthine), dexamethasone, and insulin for
8 days and treated them with two concentrations (25 and 100 ug/mL) of LB-GABA and
then used oil red O staining to determine the level of lipid accumulation. As shown in
Figure 2A and Table S2, differentiation induced intracellular lipid accumulation, but LB-
GABA inhibited lipid accumulation in a dose-dependent manner. Microscopic examination
showed that the MDI-treated group had larger lipid droplets, but the LB-GABA-treated
group had smaller lipid droplets and fewer number of droplets (Figure 2B,C). Consequently,
the findings of this study demonstrate that LB-GABA exerts a regulatory function on
adipose tissue accumulation by reducing the magnitude and quantity of adipose tissue
droplets in differentiated 3T3-L1 cells.

B
Differentiation LB-GABA (pg/mL)
LB-GABA (ug/mL) 25
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Figure 2. LB-GABA inhibits lipid accumulation in 3T3-L1 adipocytes. (A) The effect of LB-GABA on
lipid accumulation, as determined by oil red O staining. A differentiation-inducing cocktail, with or
without LB-GABA, was added to 3T3-L1 adipocytes. (B,C) Microscopic images of fully differentiated
3T3-L1 cells were obtained at day 8 (D8). The scale bar represents 100 um. Data are expressed as
the mean £ SEM (n = 12). Values indicated by different letters are significantly different; p < 0.05
(a>b>c>d).

In order to investigate the mechanism for the lipid accumulation inhibitory effect
of LB-GABA, the expression of key transcription factors and biomarkers of adipocyte
differentiation was measured by means of Western blot analysis. As shown in Figure 3A,
Tables S3-S5 and 59-511, the expression of key adipogenesis proteins (PPARy and FABP4)
was increased in the differentiation inducer group, but LB-GABA decreased the expression
of these proteins. And as shown in Figure 3B,C, lipogenesis proteins (LPAATO and Lipin1)
and fatty acid synthesis (FAS) proteins were upregulated in the differentiation group, but
LB-GABA downregulated their expression. These results suggest that LB-GABA inhibits
adipogenesis and lipogenesis in 3T3-L1 cells.
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Figure 3. LB-GABA reduces adipogenic and lipogenic proteins in 3T3-L1 cells. Cells were incubated
with various concentrations of LB-GABA for 8 days. The expression of (A) adipogenic proteins
(PPARy and FABP4), (B) lipogenic proteins (LPAAT 6 and Lipin 1), and (C) proteins involved in fatty
acid synthesis (FAS) was determined via Western blot. ND, undifferentiated; control, differentiated.
Data are expressed as the mean & SEM. Values indicated by different letters are significantly different;
p<005(>b>c>d).

2.3. LB-GABA Increases Lipolysis in 3T3-L1 Adipocytes

The process of lipolysis is characterized by the sequential activity of lipolytic enzymes
(ATGL and pHSL), which are induced by PKA activation [35]. Therefore, the present
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study employed Western blot analysis to determine whether LB-GABA increased lipolysis
through the upregulation of the expression of lipolytic enzymes. As shown in Figure 4,
Tables S6 and S12, treatment with LB-GABA resulted in a dose-dependent increase in the
level of phosphorylation of PKA and the expression levels of its sub-proteins (ATGL and
pHSL) in 3T3-L1 cells. This result suggests that LB-GABA increases lipolysis in 3T3-L1 cells.
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Figure 4. LB-GABA increases lipolysis in 3T3-L1 adipocytes. Adipocytes were cultivated in the
presence of a series of concentrations of LB-GABA. The expression of lipolysis proteins (pPKA, ATGL,
and pHSL) was determined using Western blot. ND, undifferentiated; control, differentiated. Data
are expressed as the mean 3+ SEM. Values indicated by different letters are significantly different;
p<0.05(@a>b>c>d).

2.4. LB-GABA Activates Energy Metabolism by Promoting the Browning of 3T3-L1 Adipocytes

White adipocytes can be browned to resemble brown adipocytes [36]. The presence
of UCP1 expression is a defining feature of brown adipocytes, which are known to con-
sume energy through the process of inefficient oxidation of FFAs within the mitochondria.
Western blot analysis was therefore performed to measure the expression of the brown
adipocyte-specific protein UCP1. As shown in Figure 5, Tables S7 and 513, the admin-
istration of LB-GABA resulted in a dose-dependent augmentation in the expression of
thermogenic proteins. The present research demonstrates that LB-GABA promotes brown-
ing by increasing the expression of UCP1 in mitochondria.
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Figure 5. LB-GABA increases browning in 3T3-L1 adipocytes. Adipocytes were cultivated in a series
of concentrations of LB-GABA. The expression of a browning protein (UCP1) was determined via
Western blot. ND, undifferentiated; control, differentiated. Data are expressed as the mean &= SEM.
Values indicated by different letters are significantly different; p < 0.05 (a >b >c > d).
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2.5. Investigation of LB-GABA’s Effect on Reducing Fatty Acid Oxidation in 3T3-L1 Adipocytes

The activities of CPT1 and UCP1 in the mitochondria are linked [37]. The pharmaco-
logical ligand of peroxisome proliferator-activated receptor alpha (PPARw) has been shown
to activate the expression of genes involved in the processes of fatty acid and glucose
oxidation, including carnitine palmitoyltransferase-1A (CPT-1A). At the initial stage of
mitochondrial oxidation of long-chain fatty acids, CPT1 functions as a catalyst, facilitating
the transfer of long-chain fatty acids from acyl-CoA to carnitine across the mitochondrial
membrane [38]. Therefore, we performed a Western blot analysis to determine whether
LB-GABA increased the expression of proteins involved in fatty acid oxidation. As shown
in Figure 6, Tables S8 and S14, the LB-GABA treatment increased the expression of PPAR«x
and CPT1, which are pivotal in the process of fatty acid oxidation. These findings indicate
that LB-GABA enhances the oxidation of fatty acids in 3T3-L1 cells.
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Figure 6. LB-GABA increases fatty acid oxidation in 3T3-L1 adipocytes. Adipocytes were cultured
with a series of concentrations of LB-GABA. The expression of fatty acid oxidation proteins (CPT1
and PPAR«x) was determined via Western blot. ND, undifferentiated; control, differentiated. Data are
expressed as the mean &= SEM. Values indicated by different letters are significantly different; p < 0.05
(a>b>c>d).

3. Discussion

Obesity and its associated diseases, including diabetes and hypertension, have
emerged as significant global health concerns. In addition, oxidative stress has been
demonstrated to induce inflammatory responses, which can result in extensive damage to
bodily functions and, in severe cases, even death [39]. Diagnosing and timely managing
metabolic syndrome, which is not a disease itself but a risk factor which significantly
increases the risk of developing chronic illnesses, can lead to substantial savings—both
in terms of time/life quality and financial resources—at the individual and healthcare
system levels. Consequently, this study was conducted to ascertain a sustainable method
of preventing obesity, a condition that has been demonstrated to diminish the quality
of life and reduce life expectancy. The anti-obesity effect of LB-GABA was confirmed in
differentiated 3T3-L1 adipocytes.

In this study, we demonstrated that LB-GABA reduces adipogenesis by decreasing
the expression of adipogenic proteins, including PPARv and FABP4, in 3T3-L1 adipocytes.
These adipogenic factors play important roles after differentiation in white adipocytes.
We also showed that LB-GABA can reduce adipogenesis by decreasing the expression of
adipogenic factors, an enzyme that is stimulated by TG biosynthesis, and by decreasing
PPARYy expression by decreasing LPAATO expression.
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In adipocytes, lipolysis is activated by p-PKA and carried out by enzymes including
HSL [40]. In particular, previous studies have shown that the phosphorylation of HSL is
induced following PKA activation, releasing FFAs that can be oxidized in the mitochon-
dria [41,42]. The process of lipolysis is defined as the hydrolysis of TGs, leading to the
consequent release of fatty acids and glycerol from adipocytes. TG hydrolysis requires
the action of lipases such as ATGL and phosphorylated HSL, resulting in the release of
free fatty acids. HSL in particular is the key enzyme responsible for the hydrolysis of
triglycerides stored in adipose tissue [43]. PKA activation in adipocytes was confirmed, as
would be expected to increase lipolysis and mitochondrial activity. Furthermore, it would
be expected to increase the expression of ATGL and p-HSL, leading to further hydrolysis
to glycerol and free fatty acids. Consistent with this, in this study, LB-GABA treatment
effectively increased lipolytic biomarkers, including ATGL and p-HSL, and its downstream
factors by increasing the expression of phosphorylated PKA. In summary, LB-GABA not
only reduces adipogenesis and lipogenesis but also upregulates lipolytic pathways in
3T3-L1 adipocytes, thereby reducing lipid accumulation.

There has been a significant increase in interest in inducing a switch in differentiation
from white adipocytes to BAT-like adipocytes or increasing energy expenditure in BATs.
In addition, a current research trend is the use of natural dietary compounds to prevent
and treat obesity through lipid metabolism, which is involved in fat browning and energy
expenditure [46-50]. Increasing energy expenditure has the potential to prevent metabolic
syndrome from obesity, as obesity occurs when energy intake consistently exceeds energy
expenditure. A mechanism called ‘browning’ is critically associated with the induction
of UCP1 expression in adipocytes [51,52]. Several small molecules, such as berberine and
curcumin, appear to induce browning by activating thermogenic transcription factors or
modulating key signaling pathways in adipocytes [53,54]. Therefore, a promising thera-
peutic strategy to increase energy expenditure is the use of substances to stimulate the
induction of beige adipocytes or activate brown adipocytes. The process of thermogenesis
in BAT-like adipocytes is initiated by the activation of UCP1 [51]. Therefore, this study
focused on the differentiation of adipocytes and the inhibition of lipogenesis, as well as
the promotion of lipolysis of stored fat through energy consumption and energy metamor-
phosis. In this study, we found that LB-GABA increased the expression of UCP1, which is
an important regulator of this process, thereby inducing the browning of adipocytes and
promoting energy metabolism. Furthermore, the results obtained suggest that lipolysis
releases FFAs through (3-oxidation via PPARa and CPT1, indicating that the 3-oxidation of
FFAs is also important in brown adipocytes when UCP1 is expressed [52].

In summary, the study utilized 3T3-L1 adipocytes, a model that has been extensively
validated for its application in the research domain. The 3T3-L1 model is particularly well
suited for investigating the process of adipogenesis, which refers to the transformation
of preadipocytes into fully mature adipocytes. This transformation occurs during the
developmental stage of mouse embryos. The findings from this study have the potential to
inform and guide future experimental research, including the design of animal and clinical
trials. Consequently, this cell experimentation confirmed the concentration of LB-GABA
administration and its inhibitory effect on obesity. Subsequent investigations will address
the anti-obesity impact of LB-GABA in animals. The findings of this study demonstrate that
PKA activation by LB-GABA has the potential to enhance metabolic health by inhibiting
lipid accumulation and increasing energy expenditure. The positive effects on metabolic
health are presumably attributable to lower adiposity, smaller adipocytes, and increased
energy expenditure. Consequently, LB-GABA has the potential to serve as a therapeutic
agent in the treatment of obesity, with the aim of enhancing metabolic health.
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4. Materials and Methods
4.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), bovine calf serum (BS), fetal bovine
serum (FBS), penicillin streptomycin (P/S), phosphate-buffered saline (PBS), trypsin-EDTA
(T/E), and insulin were purchased from Gibco (Gaithersburg, MD, USA). IBMX, dexam-
ethasone, isopropanol, oil red O, phosphatase inhibitors, and the protease inhibitor cocktail
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies specific for
PPARY (sc7273, 55 kDa), FABP4 (sc-30088, 15 kDa), LPAATO (sc-68372, 42 kDa), FAS (sc-
20140, 270 kDa), PPAR« (sc-9000, 55 kDa), p-PKA (sc-136460, 53 kDa), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH, sc365062, 37 kDa) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibodies specific to ATGL (cs-#1238, 54 kDa) and pHSL
(cs-#4139, 81 kDa) were purchased from Cell Signaling Technology (Danvers, MA, USA),
and antibodies specific to Lipin 1 (ab70138, 110 kDa), CPT1 (ab128568, 37 kDa), and UCP1
(ab23841, 33 kDa) were purchased from Abcam (Cambridge, UK).

4.2. Preparation and Analysis of LB-GABA

LB-GABA production was performed using Lactobacillus brevis fermentation from
monosodium L-glutamate. Lactobacillus brevis PF-1, originating from Kimchi, a Repub-
lic of Korean fermented vegetable, was cultured in a broth containing monosodium 1-
glutamate at 27-30 °C for 96-120 h. Culture broth was filter-sterilized, concentrated, and
mixed with modified starch. Afterward, it underwent another round of filter sterilization
before being subjected to the spray-drying process. LB-GABA comprises approximately
20% GABA (w/w) and 80% modified food starch [46]. The LB-GABA product contained
323.44 £ 29.48 ng of GABA per milligram (w/w) in modified food starch (AMOREPACIFIC
Co., Seoul, Republic of Korea).

The main peak was detected (Figure 7). The elution time of GABA was 23.95 min
(Figure 7B), which was the same as the elution time of synthetic GABA (Figure 7C). There-
fore, the LB-GABA sample was confirmed as GABA when compared against the standard
synthetic sample [47].
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Figure 7. (A) Chemical structure and (B) high-performance liquid chromatography (HPLC) chro-
matograms of Lactobacillus-fermented y-aminobutyric acid (LB-GABA) and the (C) GABA standard.
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4.3. Cell Culture

The 3T3-L1 preadipocytes were purchased from the American Type Culture Collection
(Manassas, VA, USA) and maintained in the growth medium (DMEM containing 10%
BS, 1% P/S, and 3.7 g/L NaHCO3) at 37 °C in a 5% CO; incubator. The 3T3-L1 cells
were cultured while replacing the growth medium every 2 days until they became 100%
confluent. Two days after they became confluent (D0), the growth medium was replaced
with the differentiation medium (DMEM containing 10% FBS, 1% P/S, and 3.7 g/L NaHCO3
containing 0.5 mM IBMX, 1 uM dexamethasone, and 4 pg/mL insulin [MDI]) for 2 days. On
day 2 (D2), the differentiation medium was removed and replaced with the maintenance
medium (DMEM containing 10% FBS, 1% P/S, and 3.7 g/L NaHCOj3; containing 4 pg/mL
insulin) every 2 days up to day 8 (D8).

4.4. Cell Viability

The 3T3-L1 preadipocytes were seeded (5 x 10° cells/well) in 96-well plates and
incubated overnight in the growth medium. The cells were then treated with LB-GABA
(0, 25, 50, 100, or 200 uM) and incubated for a further 24 h. After this, 20 uL of the MTT
solution was added to each well, and the cells were incubated for 3 h; then, the MTT-
containing medium was removed, and 100 pL of DMSO was added to elute the formazan
crystals. The absorbance of each well was then measured at 570 nm (BioTek, Winooski, VT,
USA) [48].

4.5. Oil Red O Staining

Fully differentiated 3T3-L1 adipocytes were fixed in 10% formaldehyde for 1 h at room
temperature and then washed twice with 60% isopropanol. The fixed cells were stained
with the oil red O solution (ratio of 6:4 with distilled water) for 20 min at room temperature
and then washed with distilled water. After drying, the stained cells were imaged; then,
the dye was eluted using 100% isopropanol, and its absorbance was measured at 490 nm.

4.6. Western Blotting

The 3T3-L1 adipocytes were washed twice with PBS and then lased in lysis buffer
(iNtRON Biotechnology, Seoul, Republic of Korea) containing phosphatase and protease
inhibitors. The lysate protein concentrations were determined using a protein assay reagent
(Bio-Rad, Hercules, CA, USA). Equal amounts of protein (20 pg) were diluted in 5x sam-
ple buffer (50 mM Tris pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% (3-
mercaptoethanol, and 0.1% bromophenol blue) and heated for 5 min at 90 °C. After cooling,
the proteins were separated using 8-12% SDS—polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes. Then, the membranes were blocked
with 5% skim milk for 1 h at room temperature. After blocking, the membranes were
washed with Tris-buffered saline containing Tween 20 (TBST) and incubated with primary
antibodies (1:1000) overnight at 4 °C, followed by incubation with secondary antibodies
conjugated with horseradish peroxidase (1:5000) (Santa Cruz Biotechnology) in TBST con-
taining 5% skim milk for 2 h at room temperature [46,47]. Specific protein bands were
detected using enhanced chemiluminescence and then imaged using an Amersham Imager
680 (GE Healthcare Life Sciences, Chicago, IL, USA). The localization of proteins was
determined using the protein markers of Tri-Glycine 4-20%.

4.7. Statistical Analysis

Data are expressed as the mean & standard deviation (SD). One-way ANOVA with
Duncan’s test (SPSS, Chicago, IL, USA) was used to analyze differences among multiple
groups. Statistically significant differences were accepted when p < 0.05.
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All data are expressed as the mean =+ standard deviation (SD) and are the results
of experiments performed at least three times. Prior to conducting subsequent analyses,
normality tests were performed. Differences between groups were analyzed using one-way
analysis of variance (ANOVA) with Duncan’s test (SPSS, version 20, Chicago, IL, USA) to
identify significant differences.

5. Conclusions

The results of this study showed that LB-GABA inhibits adipogenesis and lipoge-
nesis in 3T3-L1, induces lipolysis through FA oxidation, and promotes the browning of
adipocytes, confirming the biomarkers of overall obesity through the activation of energy
metabolism. In conclusion, LB-GABA exhibits anti-obesity effects within adipocytes. But
the long-term use of substances that inhibit adipogenesis may result in a condition called
lipodystrophy, which is of genetic or autoimmune origin. It is imperative to be cognizant of
the potential issues that may emerge. Further research is required to ascertain the precise
anti-obesity effect of LB-GABA in animal models. The present study thus sought to confirm
the overall anti-obesity effect of LB-GABA, and it is planned that animal experiments using
the established concentration will be conducted in the future. It is hypothesized that this
will facilitate the development of new anti-obesity health functional foods.
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Abstract: Coriolus versicolor (CV), known in traditional Chinese medicine for over
2000 years, is currently used in China and Japan to reduce chemotherapy or radiotherapy
side effects in cancer patients. Despite extensive research, its effects still need improvement.
This study aimed to determine if combining CV extract with LY294002, an inhibitor of the
phosphatidylinositol-3-kinase (PI3K) signalling pathway, enhances cancer cell treatment,
potentially leading to a novel therapeutic approach. Three human cancer cell lines (MCF-7,
HeLa, and A549) were treated with CV extract alone or combined with 1.Y294002. Cell
viability was assessed using MTT assays. Then, HeLa and MCF-7 cells most sensitive to the
co-treatment were used to evaluate colony formation, apoptosis, cell cycle, cell migration
and invasion, and phospho-PI3K expression. The results demonstrated that LY294002 en-
hanced the CV extract’s anti-tumour effects by reducing cell viability and colony formation.
The combined treatment with CV extract and LY294002 more effectively induced G0/G1
cell cycle arrest, promoted apoptosis, reduced cell invasion and migration, and inhibited
phospho-PI3K expression compared to each agent alone. This study highlights the po-
tent cytotoxic enhancement between CV extract and LY294002 on cancer cells, primarily
by inhibiting phospho-PI3K expression. These findings suggest promising avenues for
developing novel combination therapies targeting cancer.

Keywords: Coriolus versicolor; phosphatidylinositol 3-kinase; LY294002; cancer

1. Introduction

Coriolus versicolor (L.) Quél. (1886) (CV), also known as Trametes versicolor (L.) Lloyd
(1920) mushroom, is one of the most investigated species, and has been used in traditional
Chinese herbal medicine for over 2000 years. Ancient Chinese CV formulation is believed
to promote health, strength, and longevity. Within traditional Chinese medicine, CV
mushroom is believed to aid in detoxification, bolstering strength, optimizing liver and
spleen functionality, and augmenting the immune system’s response, particularly when
it’s dried, ground, and brewed into tea [1].

Nowadays, it is well-established that CV mushroom possesses various beneficial
properties, including anti-oxidant, hypoglycaemic, anti-inflammatory, anti-viral, immuno-
stimulating, and liver protection properties. These indicate its potential application value
in treating liver disease, diabetes, arteriosclerosis, Alzheimer’s disease, cardiovascular
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and cerebrovascular diseases, osteoarthritis, inflammatory bowel disease, and many oth-
ers [2-5]. However, the most widely studied properties of the compounds derived from
CV mushroom are their anti-cancer activity. Numerous in vitro and in vivo studies have
shown that CV compounds induce anti-tumoricidal effects against multiple cancer cell
lines, inhibit tumour growth and metastasis in animal models, and display specific anti-
angiogenic properties, which have been widely discussed in several review papers [3,5-7].
Clinical trials have reported both the indirect anti-cancer properties of CV through immuno-
stimulating mechanisms and its direct anti-cancer activity, leading to the adoption of CV
compounds as an adjunct therapy for cancer treatment in Japan and China. The bioactive
compounds derived from CV, recommended for patients undergoing or post-radiation and
chemotherapy, enhance their chances of survival, mitigate the immunosuppressive impacts
of standard treatments, and alleviate symptoms associated with cancer therapy, such as
fatigue, decreased appetite, vomiting, and pain [8-12]. Although CV extract is helpful in
cancer treatment, it is not potent enough to be used as monotherapy. Hence, it is necessary
to identify a substance that can enhance its effectiveness.

The present study investigated the effect of the combined treatment of cancer cells with
CV extract and LY294002, a chemical inhibitor of the phosphatidylinositol-3-kinase (PI3K)
signalling pathway. It is well-established that the PI3K pathway is frequently over-activated
in human cancers, playing a significant role in carcinogenesis, tumour cell proliferation,
invasion, and metastasis [13]. Over recent decades, research has concentrated on crafting
PI3K inhibitors, aiming at individual or multiple proteins, progressing from preclinical
tool compounds to specific medications for cancer patients [14]. Among them, LY294002 is
a morpholine-containing compound which causes the induction of apoptosis in tumour
cells, inhibits the invasiveness of cancer cells, and has anti-angiogenic properties [15,16].
The treatment with a combination of LY294002 and other drugs, such as tamoxifen [17],
talazoparib [18], sorafenib [19], or rapamycin [20], is still under investigation, since this
combination could both overcome the toxicity associated with LY294002 and may sensitise
cancer cells to these drugs.

This study aimed to determine if combining CV extract with LY294002 can enhance
cancer cell treatment, potentially leading to a novel therapeutic approach. For the experi-
ments, we selected cell lines representing the most prevalent cancers worldwide in 2022,
based on the latest World Health Organization (WHO) data. A549 cells were chosen as a
model for lung cancer, the most commonly diagnosed cancer, while MCE-7 cells represent
female breast cancer, which ranks second in global incidence [21]. Moreover, we included
HeLa cells, one of the most extensively studied and well-documented cancer cell lines,
facilitating comparative analysis and reproducibility across different studies.

2. Results
2.1. LY294002 and CV Extract Have Additive Cytotoxic Effects Against Cancer Cells

The effect of LY294002 and CV extract on cancer cells was assessed through MTT and
colony-forming assays. As shown in Figure 1, the viability of HeLa (Figure 1A-C), MCF-7
(Figure 1D-F), and A549 (Figure 1G-I) cells was decreased following the treatment with
the CV extract in a dose- and time-dependent manner. The co-stimulation of cells with CV
extract and LY294002 significantly reduced cell survival compared to the CV extract-treated
cells. It was mainly observed after 72 h of stimulation when this additive effect was noticed
for all tested doses of the CV extract and all used cell lines, except for a dose of 50 pug/mL.
Since the CV extract at a 100 ug/mL concentration was the highest non-toxic dose according
to the International Organization for Standardization (ISO) 10993-5 norm [22], it was used
for further experiments. Moreover, LY294002 at a concentration of 10 uM was selected for
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the cell co-treatment, since this dose did not reduce cell viability below 70% (Figure S1 in
the Supplementary Materials).
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Figure 1. The viability of HeLa (A—C), MCF-7 (D-F), and A549 (G-I) cells stimulated with CV extract
(50-250 pg/mL) or co-treated with the CV extract and LY294002 (10 uM) for 24, 48, and 72 h. The
results are expressed as means &+ S.E.M. of untreated cells from three independent experiments.
Asterisks indicate significant differences between CV extract-treated and co-treated cells (* p < 0.05;
**p <0.01; ** p < 0.001). Horizontal lines mark the 70% viability threshold for cytotoxicity.

The half inhibitory concentrations (ICsg values) calculated based on the results from
the MTT assay provided more detailed information about the differences in the cytotoxicity
of the tested compounds (Table 1). These results show that the co-treatment of HeLa
and MCF-7 cells with the CV extract and LY294002 (at a non-toxic dose) more effectively
inhibited cancer cell survival than stimulation of cells only with the extract. This effect was
observed for HeLa cells after 48 and 72 h of stimulation (p < 0.01 and p < 0.001, respectively)
and for MCEF-7 cell treatment after 72 h (p < 0.001). In contrast, the ICsy values calculated
for A549 cells revealed that stimulation of these cells with CV extract in the presence of
LY294002 did not significantly improve the cytotoxic effect compared with the cells treated
only with CV extract. Therefore, the rest of the experiments were only conducted using
HeLa and MCEF-7 cells.
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Table 1. The time-dependent inhibitory concentration of the CV extract and LY29402 (10 uM) against
different cell lines in the MTT assay.

ICs
Time Sample
HeLa MCEF-7 A549
oih cv >250 >250 >250
CV + LY294002 >250 >250 >250
ASh Ccv >250 >250 >250
CV +LY294002 2155 +£7.6** 2394 +99 >250
2411 6+7.
o h Ccv 2252 +11.2 208.6 £ 7.8 >250

CV +LY294002  153.0 £ 4.5 *** 133.4 £ 3.9 *** 2447 £ 6.7

Data are presented as mean + S.E.M. ICs): half-maximal inhibitory concentration (ug/mL). Asterisks show
significant differences between the co-stimulated cells and those treated only with CV extract (*** p < 0.001;
**p <0.01).

The colony-forming assay was performed to evaluate the survival of cancer cells,
measuring their capacity to form colonies from single cells. As shown in Figure 2, the
stimulation of both HeLLa and MCF-7 cells with the CV extract alone or LY294002 alone
significantly inhibited colony formation compared to control cells. However, combining
the CV extract and LY294002 provoked the lowest percentage of colony formation noticed
for HeLa cells and MCF-7 cells.
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Figure 2. Colony numbers of HeLa (A,B) and MCF-7 (C,D) cells stimulated with CV extract
(100 pg/mL), LY294002 (10 uM), or their combination. Colony formation was quantified as a percentage
of untreated cells and presented as the means + S.E.M. from three independent experiments. Asterisks
show differences between the variants of cell treatment as indicated (* p < 0.05; ** p < 0.01; *** p < 0.001).
Hashes show differences between control and treated cells (# p < 0.05; ## p < 0.01; ### p < 0.001).
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2.2. Co-Treatment of Cancer Cells with LY294002 and CV Extract Increases Cell Cycle Arrest at
the GO/G1 Phase

Cell cycle analysis was performed to further clarify the mechanism of additive cy-
totoxic properties of CV extract and LY294002 inhibitor against cancer cells. The results
showed that, in comparison with control cells, the single treatments led to a significant
increase in the percentage of both MCF-7 and HeLa cells in the GO/G1 phase both af-
ter stimulation with CV extract (p < 0.01 and p < 0.05, respectively) as well as LY294002
(p <0.001 and p < 0.05, respectively). However, the use of the combination of these agents
significantly enhanced cell cycle arrest at the GO/G1 phase in comparison with either
CV extract alone (p < 0.001 for MCF-7 cells and p < 0.01 for HeLa cells, respectively) or
LY294002 alone (p < 0.05 for MCF-7 cells and p < 0.01 for HeLa cells, respectively). At
the same time, the stimulation of both cell lines with CV extract alone or LY294002 alone
resulted in a significant decrease in the S cell population phase compared to control cells
(p <0.05 and p < 0.001, respectively). However, this effect was the most noticeable in the
co-treated cells. Finally, the decreased percentage of MCF-7 cells in the G2 phase was
observed after stimulation with CV extract alone (p < 0.05) or a combination of CV and
LY294002 (p < 0.05). In contrast, the G2 HeLa cell population was increased after CV extract
treatment (p < 0.001) and decreased after cell co-stimulation (Figure 3).

1902

_ Cell count
F] =

Control B cv F Control ‘G cv
= Goret =8 = GGt 62 = cuct 1470
[ s ‘\

B G2 \ B G2

Cell count

Cell count

Cell count
@

8

8x10°

3 Go/G1
s

BN G2

R s i ms
60

*kk - 62
k% * s
45 ek fi
sof| Il
5

* *
60 = G2
N $
»f |0 I
' e LI LN LI 23] i Ll [1la [l
0 = 0.0
A

¢ & & ¢ S & & &
S o o & o o
(& v < < <V <V
v 4,‘\/ v 4"\,
9 9

S
3
Q
2 45
<
Q
3
(8]

Cell phases [%]

Figure 3. Cell cycle distribution of HeLa cells (A-E) and MCF-7 cells (F-J) treated with the CV extract
(100 pg/mL), LY294002 (100 uM), or their combination compared with untreated cells (control).
Representative histograms in (A-D) and (F-I) show the percentage of cells in G0/G1, S, and G2
phases. (EJ) present the cell cycle distribution as means + S.E.M. from three independent experiments.
Asterisks indicate differences between control and treated cells (* p < 0.05; ** p < 0.01; *** p < 0.001).
Hashes show differences between CV extract and co-treated cells (# p < 0.05; ## p < 0.01; ### p < 0.001).
$ marks present differences between LY294002 and co-treated cells (* p < 0.05; %% p < 0.01; %% p < 0.001).
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2.3. Co-Treatment of Cancer Cells with LY294002 and CV Extract Increases Cell Apoptosis

The apoptosis analysis was performed using the cell death detection ELISAPLUS assay,
which allows for quantifying histone-complexed DNA fragments out of the cytoplasm of
the apoptotic cells. This analysis elucidated the underlying mechanism of the additive
inhibition of the growth of HeLa and MCF-7 cancer cells co-stimulated with CV extract
and LY294002. The results showed that the treatments of both cell lines only with the CV
extract significantly increased the level of apoptosis, which was observed after 48 and
72 h (Figure 4). A similar effect was noticed for the cells stimulated with LY294002 alone,
except for the HeLa cells treated with this inhibitor for 48 h. Moreover, the increase in
nucleosome release in LY294002-treated cells was lower than the values calculated for
the cells stimulated with the CV extract only. However, combining the CV extract and
LY294002 induced the highest level of apoptosis, which was observed in HeLa cells after
72 h and MCF-7 cells after 48 h.
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Figure 4. The induction of apoptosis in HeLa (A,B) and MCF-7 (C,D) treated with the CV extract
(100 pug/mL), LY294002 (10 uM), or co-stimulated with both agents for 48 and 72 h. The level of
the apoptotic index was expressed as a fold change relative to untreated cells (control; served as 1)
and is presented as the means + S.E.M. Asterisks indicate differences between the variants of cell
stimulation as indicated (* p < 0.05; *** p < 0.001). Hashes present differences between control cells
and the cells treated with the agents (## p < 0.01; ### p < 0.001).

2.4. LY294002 Increases the Anti-Migratory Activity of the CV Extract

To investigate the anti-migratory activity of the tested agents, scratch assays were
performed to estimate the cell migration levels. As shown in Figure 5, although the use of
CV extract alone or LY294002 alone decreased cell migration, the combined cell treatment
with these two agents most effectively inhibited the migration of HeLa cells and MCF-7
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cells. Moreover, both HeLa and MCF-7 cells stimulated only with LY294002 demonstrated
higher levels of scratch closure than the CV extract-treated cells.
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Figure 5. Anti-migratory effect of CV extract (100 ug/mL), LY294002 (10 uM), or their combination
on HeLa (A,B) and MCF-7 (C,D) cells compared to control cells. (A,C) show the representative cell
images at 0 h and after 24 h, respectively. Black and white lines in the lower corners represent a scale
of 200 um. (B,D) present the quantitative scratch closure (%) from 0 h to 24 h. Data are presented
as mean + S.E.M. from three independent experiments. Asterisks indicate significant differences
between treatments (* p < 0.05; ** p < 0.01; *** p < 0.001). Hashes show differences between control
and treated cells (# p < 0.05; ## p < 0.01; ### p < 0.001).

2.5. LY294002 Decreases the Invasive Ability of the Cancer Cells Stimulated with the CV Extract

The results of the transwell tumour cell invasion assays showed that the CV extract at
a concentration of 100 ug/mL significantly decreased the invasive ability of only MCF-7
cells (p < 0.05) compared to control cells, without an effect on HeLa cells. In contrast, the
number of HeLa and MCEF-7 cells invaded after the stimulation only with LY294002 was
lower than control cells (p < 0.01). However, the combined treatment with the CV extract
and LY294002 most significantly reduced the invasive ability of HeLa cells and MCF-7 cells
(p < 0.001) (Figure 6).
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Figure 6. Invasive ability of HeLa cells (A,B) and MCE-7 cells (C,D) stimulated with CV extract
(100 pg/mL), LY294002 (10 uM), or their combination compared to control cells. (A,C) show repre-
sentative images of invaded cells, while (B,D) display quantitative evaluations (% of control). Black
lines in the lower corners represent a scale of 200 um. Data are presented as mean & S.E.M. from three
independent experiments. Asterisks indicate significant differences between treatments (* p < 0.05;
**p <0.01). Hashes show differences between control and treated cells (# p < 0.05; ##p < 0.01;
##H p < 0.001).

2.6. Co-Treatment of Cancer Cells with LY294002 and CV Extract Potentiated Inhibition of
Phospho-PI3K Expression

The Western blot analysis was applied to check whether the bilateral effect of cancer
cell co-stimulation with the CV extract and LY294002 results from changes in the phospho-
PI3K (p-PI3K) expression. The results showed that the CV extract decreased the expression
of p-PI3K in both cancer cell lines compared to control cells (p < 0.01 for HeLa cells and
p < 0.05 for MCEF-7 cells). However, this effect was weaker than in the cells stimulated only
with LY294002 (p < 0.05 for both cancer cell lines). The lowest level of p-PI3K expression
was observed in the cancer cells co-treated with both compounds for 24 h (Figure 7).
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Figure 7. Representative Western blot images of p-PI3K and actin expression in untreated (control)
HeLa (A) and MCF-7 cells (C) or cells stimulated with CV extract (100 ug/mL), LY294002 (10 uM), or
both for 24 h. Densitometric bar graphs show p-PI3K levels in cell lysates (B,D). Data are presented
as mean + S.E.M. Asterisks indicate significant differences between treatments (* p < 0.05; ** p < 0.01;
*** p < 0.001). Hashes show differences between control and treated cells (# p < 0.05; ## p < 0.01;
#H# p < 0.001).

3. Discussion

Out of over 270 species of mushrooms known for their immunomodulatory properties,
50 are identified as non-toxic and have undergone testing in animal models. However,
human cancer studies have investigated only six of these species. Notably, the Coriolus
versicolor mushroom stands out as the sole species studied in phase I, II, and III clinical
trials involving patients with stomach, colorectal, oesophageal, and breast cancers [23].
The promising application of CV mushroom in cancer therapy stems from its capacity to
discriminate between cancerous and normal cells, induce different modes of cancer cell
death, such as apoptosis, necrosis, or necroptosis, and enhance the host immune response
to cancer, which has been widely discussed in several review papers [3,5-7]. Moreover,
numerous in vitro and in vivo studies show that active compounds derived from CV can
induce anti-tumour effects when used as a monotherapy, and the cancer cell sensitization
to various chemotherapeutic agents by CV has also been widely studied.

Despite promising results, there is still a need to refine therapy using CV by introduc-
ing an additional component because its anti-cancer effectiveness was observed only at high
doses, which is manifested by high ICs, values observed for certain cancer cell lines, such
as melanoma, breast cancer, leukaemia, stomach cancer, and colorectal cancer [5,24-27]. On
the other hand, the use of CV in combination with chemotherapy has disadvantages related
to side effects induced by chemotherapeutics that, unlike CV, do not differentiate cancerous
cells and normal cells. Therefore, solutions capable of potentiating the anti-tumour value
of CV mushroom in combined treatment in oncology patients, are still being searched for.

This study aimed to explore the therapeutic efficacy of co-treating cancer cells with
the PI3K inhibitor (LY294002) and CV extract. The PI3K signalling pathway encompasses
a range of biological processes pertinent to malignant cancers, such as cell proliferation,
differentiation, invasion, and metastasis. The aberrant activation of this pathway also
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holds significant sway over the emergence of multidrug resistance in various types of
neoplasms, representing a primary hurdle in chemotherapy efficacy [28]. Although several
PI3K signalling inhibitors have been influential in the inhibition of tumour progressions
during clinical trials and approved by the Food and Drug Administration in the USA, most
of them have demonstrated only modest clinical efficiency as monotherapies because of
drawbacks in their pharmacokinetics and tolerability [29,30]. We have chosen to explore
the impact of a PI3K inhibitor on CV-induced effects for two main reasons. Our previous
findings suggested that CV extract mediates immunostimulatory properties related to
cytokine production in macrophages through the PI3K signalling pathway [31]. Secondly,
there is a lack of research examining the potential impact of CV extract on cancer cells via
this pathway.

Previous results from MTT assays showed that CV extract decreased cancer cell
viability, confirming the results widely discussed in many papers [3,5,7,32]. In the present
paper, we have also demonstrated that this extract reduced cancer cell colony formation,
indicating that CV extract may suppress the regrowth and recurrence of tumours after
treatment [33]. Significantly, the use of LY294002 inhibitor at a non-cytotoxic dose improved
the anti-tumour properties of the CV extract compared to the anti-cancer activity of the CV
extract alone, which was manifested by the decreased cell survival rate (ICs values) and
reduced ability of single cancer cells to survive and reproduce to form colonies.

Additionally, we investigated cell cycle distributions to further explain the underlying
mechanism of the additive toxic effect resulting from treating cancer cells with the CV
extract and LY294002 combination. The results showed that, compared to control cells,
the treatments with CV extract alone or LY294002 alone led to a significant increase in the
percentage of cancer cells in the GO/G1 while causing a significant decrease in the S cell
population phase. These discoveries align with prior research, which has shown that CV
extract disrupts the progression of the cancer cell cycle and induces cell cycle arrest at the
GO [34], GO/G1 [35], G1/S [36], and G2/M [37] phases. Likewise, LY294002 is regarded
as a promising therapeutic agent due to its ability to inhibit the growth of different cancer
cell types, primarily by inducing cell cycle arrest at both the G0/G1 [38] and G1/M [17]
phases. However, our results demonstrated that combined treatment of cancer cells with
CV extract and LY294002 notably intensified cell cycle arrest at the GO/G1 phase in cancer
cells compared to using each compound alone.

The G0/G1-phase arrest of cell cycle progression is widely recognised as a crucial
juncture where cells can either engage in repair mechanisms or proceed along the apoptotic
pathway. Apoptosis, a significant form of cell death triggered by cytotoxic effects, is thus
facilitated by this arrest [39]. Numerous experiments also show that CV extract [35,40—42]
and LY294002 [17,43] can induce the apoptosis of cancer cells. Based on these findings and
the results from the cell cycle distributions, we decided to check how combined treatment
with CV extract and LY294002 affects the apoptotic death of cancer cells. Our results
showed that co-treatment with the CV extract and LY294002 more effectively induced the
apoptosis of cancer cells than the stimulation with each of these agents alone. This effect
can be partially associated with the more effective arrest of the cancer cell cycle at the
GO0/G1 phase observed during the combined treatment of cancer cells [17].

Cancer cells” migration and invasion capabilities facilitate their movement and infil-
tration into lymphatic and blood vessels, enabling the spread of neoplastic cells and the
development of metastatic growth in distant organs. Therefore, controlling cancer cell
migration and invasion becomes a pivotal focus of cancer treatment [44]. The aggressive
nature of cancer cells is governed by an intricate network of signalling pathways that
oversee crucial functions, including growth, survival, migration, and invasion. The PI3K
signalling pathway has been causally linked to these four responses. Moreover, overex-
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pression of PI3K in a wide range of human tumours is detected and often linked with poor
prognosis [13]. Accumulating evidence suggests that a PI3K inhibitor named LY294002 can
significantly attenuate the invasion and migration of leukaemia cells [45], prostate cancer
cells [46], oral squamous carcinoma cells [47], osteosarcoma cells [48], and pancreatic cancer
cells [49]. Here, we illustrated that LY294002 also exhibits these properties when tested
against breast and cervical cancer cells. There are also some experimental data showing
that CV extract has anti-migratory and anti-invasive potentials against numerous tumour
cells, including triple-negative breast cancer [42], oestrogen receptor (ER)-positive breast
cancer [26], colon cancer [25], pancreatic and gastric cancer [50], and melanoma [51]. Our
results demonstrated that CV extract also inhibits the invasiveness and migration of cervi-
cal cancer cells. The combined treatment with the CV extract and LY294002 significantly
reduced the invasive and migratory activities of ER-positive breast and cervical cancer
cells more considerably than the cell stimulation with each compound alone. Additional
investigations are imperative to clearly elucidate the mechanism behind this enhanced
interaction. However, we suppose that it can result from the effect of both compounds
on the simultaneous inhibition of the PI3K pathway. Our assumption is confirmed by the
results from the Western blot analysis, which showed that co-treatment of cells with the
CV extract and LY294002 more significantly inhibited the protein expression of p-PI3K in
the cancer cells than LY294002 alone. We also observed that CV extract decreased p-PI3K
expression in cancer cells for the first time compared to control cells.

Additional studies are required to assess the effects of combined stimulation with CV
extract and LY294002 on normal cells, providing a deeper understanding of their impact on
healthy tissues. Numerous studies, including ours, have shown that CV extract not only
lacks toxic effects on normal cells but that it has also been found to enhance the viability
and proliferation of these cells. This mitogenic effect has been particularly observed
in various immune cell types, including B and T lymphocytes, splenocytes, monocytes,
macrophages, and dendritic cells [3,5]. Moreover, CV extract can increase the resistance
of normal cells to chemotherapy-induced cytotoxicity, mainly by enhancing antioxidant
activity and immune response. Studies investigating the co-treatment of CV extract and
chemotherapeutics have revealed several beneficial effects, including protective effects on
bone marrow cells and hepatocytes, as well as the enhancement of immune cell functions.
These findings suggest that CV extract may help mitigate the side effects of chemotherapy
while supporting the body’s natural defence mechanisms [5,10]. In contrast, treatment of
normal cells with LY294002 can exhibit cytotoxic effects, particularly at high concentrations.
This is primarily due to the inhibition of the PI3K pathway, which plays a crucial role in the
survival, proliferation, and metabolic regulation of various normal cells [52]. Therefore, it
is crucial to use relatively low doses of LY294002 to minimise toxicity in healthy cells while
simultaneously enhancing the sensitivity of cancer cells to the cytotoxic effects of natural
compounds, like CV extract.

4. Materials and Methods
4.1. Cell Culture

The MCF-7 breast cancer cells and lung cancer cell line A549 were procured from
the European Collection of Authenticated Cell Cultures (ECACC; Salisbury, UK), while
cervical cancer cells (HeLa) were sourced from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Each cell line was cultured in DMEM supplemented with
10% foetal bovine serum (FBS) at 37 °C in an atmosphere with 5% CO,. The reagents used
for cell cultures were purchased from Merck KGaA (Darmstadt, Germany).
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4.2. Preparation of CV Extract and LY294002 Solution

The CV extract was provided by the MycoMedica Company (Police nad Metuji, Czech
Republic). Previously, we demonstrated that CV extract contains polysaccharide peptide
(PSP) and polysaccharide krestin (PSK), which are considered the most potent compounds
for anti-tumour and immunomodulatory effects. Additionally, we have identified various
low-molecular-weight compounds in the extract, including vitamins (D3, K, retinyl acetate),
monosaccharides (arabinose, glucuronic acid), amino acids (histidine), fatty acids (palmitic
acid, oleic acid, linolenic acid), and phenolic compounds (p-hydroxy benzoic acid) [53].

The culture medium was utilised to dissolve the CV extract, forming a 4 mg/mL stock
solution, which was received by continuous agitation for 48 h at room temperature. The
soluble supernatant, which held 1 mg of polysaccharide peptides, underwent sterilization
via a 0.22 pum filter. Subsequently, it was diluted with culture medium to the specified
concentrations as indicated.

The LY294002, an inhibitor of PI3K, was purchased from Cell Signalling Technology
(Leiden, The Netherlands) and reconstituted in dimethyl sulfoxide (DMSO; Merck KGaA,
Darmstadt, Germany). Before cell stimulation, the stock solution of the inhibitor was diluted
to the desired concentration using a culture medium. Throughout the cell treatment, the
ultimate concentration of DMSO remained below 0.1%.

4.3. Cell Viability

The cancer cells were seeded in a density of 3 x 10% cells/well and pre-incubated
overnight. Then, the cells were treated with the CV extract (50, 100, 150, 200, and
250 ug/mL) alone or co-stimulated with the CV extract and LY294002 (10 uM) for 24,
48, and 72 h. For the cell co-treatment, a 10 uM concentration of inhibitor was selected as
it maintained cell viability above 70% (Supplemental Figure S1) and, therefore, it cannot
be considered a cytotoxic agent according to the ISO 10993-5 norm [22]. After treatment,
the MTT solution (0.5mg/mL; Merck KGaA, Darmstadt, Germany) was added for 3 h,
followed by dissolving formazan crystals with DMSO and measuring the optical density at
570 nm using a microplate spectrophotometer (Synergy HT; BioTek Instruments, Winooski,
VT, USA). The results were presented as a percentage of the control cells. Using data from
the MTT assays, the IC5p values were determined using GraphPad Prism 7.0 (GraphPad
Software Inc., San Diego, CA, USA). For subsequent experiments, HeLa and MCF-7 cells
were used, since their viability was decreased during co-stimulation with CV extract and
LY294002 compared with the treatment with the extract alone. Furthermore, a 100 pg/mL
CV extract concentration was selected, as it maintained viability above 70%.

4.4. Colony Formation Assay

The cells were seeded in 6-well plates (3 x 10° cells/well) overnight, followed by the
stimulation with the CV extract (100 pg/mL), LY294002 (10 uM), or their combination for
48 h. After trypsinization, the live HeLa and MCF-7 cells were seeded in 6-well plates (in
triplicates) at a density of 2 x 10? or 1 x 10% cells/well. They were cultivated in 2 mL
media for 10 or 14 days, respectively. Every three days, the media were exchanged with
fresh culture medium. After the designated culture period, the cells were washed with
PBS and fixed with 100% v/v methanol for 20 min at room temperature. Next, staining
was carried out using a 0.5% v/v crystal violet solution (prepared in 25% v/v methanol)
for 25 min; the colonies were then washed with water and we air-dried the plates before
performing the colony counting. Colonies containing more than 50 cells were counted in
triplicate.
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4.5. Apoptosis Assay

The cell death detection ELISAPLUS assay (Roche Diagnostics, Mannheim, Germany)
was used to quantify histone-complexed DNA fragments (mono- and oligonucleosomes)
out of the apoptotic cells’ cytoplasm after the induction of apoptosis. HeLa and MCF-
7 (1 x 10* cells/well) were pre-incubated for 24 h, followed by treatment with the CV
extract (100 pg/mL), LY294002 (10 uM), or co-stimulated with both agents for 48 and
72 h. The subsequent procedures of the sandwich enzyme-linked immunoassay followed
the instructions provided by the manufacturer. The colour development, indicative of
the number of nucleosomes captured in the antibody sandwich, was assessed at 405 nm
(with a reference wavelength of 490 nm) using a Synergy HT Microplate Reader (BioTek
Instruments, Winooski, VT, USA). The results were expressed as a fold change relative to
untreated cells, normalised to 1.

4.6. Cell Cycle Analysis

The cell cycle was assessed following the manufacturer’s guidelines using the Cell-
CycleFlowEx Kit (EXBIO Praha, a.s., Vestec, Czech Republic), which facilitates the quan-
tification of DNA content through propidium iodide staining, followed by analysis using
flow cytometry. The cells were seeded at a density of 3 x 10° cells in a 25 cm? tissue culture
flask (in triplicates), cultured overnight, followed by starving with serum-free medium for
6 h. Then, the cells were treated with the CV extract (100 pg/mL), LY294002 (10 uM), or
their combination for 48 h. For flow cytometry analysis, the cells were stained for 30 min
with propidium iodide, and RNA was digested using RNAse A (EXBIO Praha, a.s., Vestec,
Czech Republic). Finally, the cell cycle distributions were analysed using a BriCyte E6
flow cytometer (Mindray, Shenzhen, China) and FCS Express 7 Image Cytometry Software
(DeNovo Software, Pasadena, CA, USA).

4.7. Scratch Assay

The cells (2 x 10°/well) were seeded in 12-well plates and pre-incubated in DMEM
with 10% FBS until they reached 100% confluency. The cell monolayer was scratched (in
triplicate) using a 10 pL pipette tip, and cells were treated with CV extract, LY294002,
or both agents in DMEM with 1% FBS for 24 h. Cell migration into the scratched area
was monitored using a Leica DMil inverted microscope with a digital camera (Leica
Microsystems, Wetzlar, Germany), both at the initial moment and 24 h later. Migration
scratch closure was measured with Image]J software v1.54d (National Institutes of Health,
Bethesda, MD, USA) and expressed as a percentage of the initial distance.

4.8. Invasion Assay

Cell invasion was assessed using the CHEMICON Cell Invasion Assay Kit (Merck
KGaA, Darmstadt, Germany). Cells (3 x 10° /well) were seeded in 6-well plates overnight
(in triplicates) and treated with CV extract, LY294002, or both agents for 48 h. Then,
5 x 10* live cells were suspended in 300 puL serum-free DMEM and added to the upper
chambers, while 500 uL. DMEM with 20% FBS was added to the lower chambers. After
24 h, non-invasive cells were removed using a cotton swab, and invasive cells were stained
with a staining solution provided by the manufacturer and imaged (40 x magnification).
The level of cell invasion was also quantitated by dissolving stained cells in 10% acetic acid
(200 uL/well) in addition to taking colorimetric absorbance readings at 560 nm (Synergy
HT Microplate Reader, BioTek Instruments, Winooski, VT, USA). The invasion levels were
expressed as a percentage of untreated cells.
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4.9. Western Blot Analysis

Western blotting was used to determine p-PI3K protein levels of in HeLa and MCF-7
cells after 24 h treatment with CV extract, LY294002, or both agents. After stimulation, the
cells were washed with ice-cold PBS and lysed in RIPA buffer supplemented with a protease
and phosphatase inhibitor cocktail (all reagents sourced from Merck KGaA, Darmstadt,
Germany). The protein concentration within the lysates was assessed using a Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The lysates were mixed
with sample buffer and subjected to electrophoresis. Then, proteins were transferred to
nitrocellulose membranes, and incubated with rabbit anti-phospho-PI3K p85 (cat. no. 4292;
Lot: 1; Cell Signalling Technology, Leiden, The Netherlands) and mouse anti-actin (cat
no. CP01; Lot: D00164515; Merck KGaA, Darmstadt, Germany) antibodies. Subsequently,
the membranes were exposed to either goat anti-rabbit (cat. no. 612657; Lot: 0296526
MP Biomedicals; Santa Ana, CA, USA) or goat anti-mouse (cat no. 115-035-003; Lot no.:
152341; Jackson ImmunoResearch, Cambridge, United Kingdom) antibodies conjugated
with horseradish peroxidase. Protein bands were visualised with SuperSignalWest Pico
substrate (Thermo Fisher Scientific, Waltham, MA, USA) and analysed densitometrically
using Image] software v1.54d.

4.10. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad
Software Inc., San Diego, CA, USA). Data are presented as mean =+ standard error of the
mean (5.E.M.) and were assessed using one-way ANOVA followed by Tukey’s multiple
comparisons test, with statistical significance set at p < 0.05.

5. Conclusions

In conclusion, while compounds derived from CV extract are utilised in complemen-
tary cancer treatment, there remains a quest for novel therapies to enhance its efficacy. Our
study illustrates that combining CV extract with a chemical inhibitor of the PI3K signalling
pathway induces an additive cytotoxic effect on cancer cells. This suggests a promising
avenue for developing more effective anti-cancer therapies incorporating CV extract within
conventional treatment protocols in China, Japan, and in Western countries. However,
this study has certain limitations, including the need to compare the effects of CV extract
and LY294002 not only on cancer cells but also on healthy cells to assess the potential
cytotoxicity of this kind of cell treatment. Additionally, further research is required to
examine the interactions between the two compounds and determine their nature, such as
their synergistic or additive effects, using isobolographic analysis. Finally, future studies
should incorporate animal models to evaluate the pharmacokinetics, bioavailability, and
systemic effects of the CV extract and LY294002 combination.
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Abstract: Tagetes erecta Linn. (TE) is traditionally used to treat cardiovascular, renal, and gastrointesti-
nal diseases. In this study, we investigated the active compounds and targets of TE extract that may
exert antiviral effects against influenza A. Active compounds and targets of TE extract were identified
using the Traditional Chinese Medicine Systems Pharmacology database (TCSMP). The influenza
A-related gene set was screened using GeneCards and the Kyoto Encyclopedia of Genes and Genomes
(KEGG). A protein—protein interaction (PPI) network was built to establish the hub targets. Pathway
and target studies were conducted using Gene Expression Omnibus (GEO). The interactions between
active compounds and potential targets were assessed by molecular docking. An in vitro study was
performed using antiviral and plaque reduction assays. From the compound and target search, we
identified 6 active compounds and 95 potential targets. We retrieved 887 influenza-associated target
genes and determined 14 intersecting core targets between TE and influenza. After constructing a
compound-target network, we discovered lutein and beta-carotene to be the key compounds. Next,
PPI network analysis identified the top three hub genes associated with influenza (IL-6, HIF1A, and
IL-1p3). Similarly, GEO analysis revealed IL-6, TGFB1, and CXCLS to be the top three target genes.
In our docking study, we identified that lutein and IL-6 had the strongest bindings. Our in vitro
experimental results revealed that the TE extract exhibited therapeutic rather than prophylactic effects
on influenza disease. We identified lutein as a main active compound in TE extract, and IL-6 as an
important target associated with influenza, by using data mining and bioinformatics. Our in vitro
findings indicated that TE extract exerted protective properties against the influenza A virus. We
speculated that lutein, as a key active component in TE extract, is largely responsible for its antiviral
effects. Therefore, we suggest TE extract as an alternative in the treatment of influenza.

Keywords: network pharmacology; molecular docking; influenza; antiviral treatment; Tagetes
erecta; bioinformatics

1. Introduction

Influenza is a respiratory disease that occurs due to continuous antigenic drift and
sporadic shift [1,2]. The influenza virus has a negative-sense RNA genome without a
proofreading mechanism, leading to constant mutations over the years. It is reported
that vaccines are the first line of defense against influenza; therefore, sequence analyses
are commonly used to develop effective global vaccines [1]. Therapeutic interventions
are also important, particularly when vaccines are unavailable or ineffective. However,
to date, only one class of drugs has been approved for antiviral treatment. These are
neuraminidase (NA) inhibitors (NAls), virus-specific drugs that bind to the active site of
the virus. However, a major drawback of NAls is that they must be administered within
48 h of onset, a challenging requirement in many countries. Moreover, the NAI-resistant
strains lower the efficacy of available antiviral agents, necessitating the development of
novel influenza drugs [3].
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Natural products are commonly used in medicine because they contain bioactive
compounds that control cellular targets in many diseases [4]. Their main benefits include
few adverse effects, affordability, and accessibility. Currently, high-throughput screening
is the primary technique used to evaluate the pharmacological effects of natural products
with potential to be used as herbal medicines [5]. However, with the rapidly increasing
need for new drugs, the traditional drug-discovery strategy of “one drug-one target—
one disease” has become inefficient and time-consuming [6]. Instead, the concept of
“network pharmacology” has emerged, the idea of developing multi-target drugs for
complex diseases by predicting genes controlled by bioactive compounds [7].

Tagetes erecta Linn. (TE; family Asteraceae) exerts several biological benefits, including
antioxidant, antiproliferative, and antidiabetic effects [8]. In South America, TE flower
extracts were commonly used to treat cardiovascular, renal, and gastrointestinal diseases [9].
Research in rodents suggests that TE flower extracts reduce inflammation and improve
gastric diseases [10]. TE extracts contain high levels of lutein that are used as nutritional
supplements to prevent aging or disease-related loss of visual acuity [11].

In this study, we aimed to determine the action of TE extract against influenza infec-
tion, in addition to identifying the major associated compounds, targets, and associated
pathways. First, we constructed a compound-target network to identify active compounds,
their targets, and pathways associated with the influenza virus. Second, we performed
molecular docking analysis to identify the potential compound and target. Finally, we
evaluated in vitro cytotoxicity and antiviral effects of the TE extract.

2. Results
2.1. In Silico Findings
2.1.1. Active Compounds and Target Prediction

We selected six active compounds from TCMSP based on the criteria of OB > 20 and
DL > 0.1, following the database suggestions (Table 1). The plant extract composition is
given in Supplementary Table S1. The targets regulated by these compounds in the TE
extract were queried against the TCMSP and NCBI databases to obtain 95 targets.

Table 1. Active compounds in the Tagetes erecta (TE) extract.

Compound Classification MW OB DL
Alpha-carotene Carotenoid 536.96 34.51 0.58
Beta-carotene Carotenoid 536.96 37.18 0.58
Beta-sitosterol Phytosterol 414.79 36.91 0.75
Campesterol Phytosterol 400.76 37.58 0.71
Lutein Carotenoid 568.96 22.59 0.55
Stigmasterol Phytosterol 412.77 43.83 0.76

MW: molecular weight; OB: oral bioavailability; DL: drug-likeness.

2.1.2. Influenza Target Prediction

We obtained 160 and 720 targets with the search terms “influenza” and “Homo sapiens”
from KEGG and GeneCards, respectively. Removing duplicates yielded 14 intersecting
target genes associated with both the TE extract and influenza. These 14 targets were
further analyzed using a compound—disease target network and four compounds (lutein,
beta-carotene, beta-sitosterol, and alpha-carotene). The results indicated that lutein had the
highest degree of connection, followed by beta-carotene (Figure 1).
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Figure 1. Target prediction. (A) Intersecting active targets. (B) Compound-disease target network
analysis. Fourteen TE-influenza common targets were retrieved and constructed as a compound-
disease target network.

2.1.3. Construction of the Protein—Protein Interaction (PPI) Network of Potential Targets

We analyzed 14 intersection targets of TE-active compounds associated with influenza
using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database
(https:/ /string-db.org/ accessed on 2 February 2024) and imported them into Cytoscape
to construct a compound-target network (Figure 2).

CAPNZ2

Figure 2. Target protein—protein interaction (PPI) network. Fourteen hub targets of TE and influenza
were used as inputs for the STRING database. The network contained 14 nodes and 49 edges.
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The network contained 14 nodes linked to 49 edges (see Table 2 for targets). The PPI
network analysis revealed that IL-6 exhibited the highest degree of connectivity.

Table 2. Intersection target prediction.

Target Description Degree
IL-6 Interleukin-6 11
HIF1A Hypoxia-inducible factor 1 subunit alpha 10
IL-1p3 Interleukin-1 beta 10
CXCL8 Interleukin-8 9
RELA RELA proto-oncogene, NF-«B subunit 9
HMOX1 Heme oxygenase 1 8
TGFB1 Transforming growth factor beta 1 8
APP Amyloid beta precursor protein 7
BAX Apoptosis regulator BAX 6
CTGF Cellular communication network factor 2 6
TNFRSF10B Tumor necrosis factor receptor superfamily 6

member 10B

ATM ATM serine/threonine kinase 5
CAPN2 Calpain 2 2
BAG3 BAG cochaperone 3 1

2.1.4. GEO Analysis

We obtained 20,396 HIN1 influenza-related disease genes from the GSE48466 dataset, then
characterized the expression data of seven overlapping targets from GEO case samples. Volcano
and box plots of the gene expression data are given in Supplementary Figures S1 and S2. A
gene-difference heatmap (Figure 3) revealed that the average expression levels of HIN1 patients
compared to healthy controls were ranked as IL6 > TGFB1 > CXCLS8 > RELA > TNFRSF10B >
BAX > ATM. Details of the expression levels are given in Supplementary Table S2.
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Figure 3. Gene difference heatmap of seven target genes. The Log;( expression levels of seven target
genes (rows in the heatmap) are shown for nine HIN1 samples (columns with the prefix “HIN1” in
the heatmap) and three healthy controls (columns with the prefix “HC” in the heatmap).
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2.1.5. KEGG Pathway and GO Analysis

The KEGG analysis revealed 81 enriched signaling pathways, and the top 10 pathway
enrichment rankings were plotted in bubble diagrams (Figure 4). Influenza was the disease
with the third highest correlation after diabetic complications and non-alcoholic fatty liver

disease.
AGE- RAGE signaling pathway in diabetic complications 1 o
Non- alcoholic fatty liver disease 4
Influenza A4
- logsg(pvalue)
Cellular senescence - I 750
7.25
7.00
Pathogenic Escherichia coli infection - 6.75
||
count
Salmoenella infection .
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Shigeliosis{ @ @ 550
@ 5
@ s
Th17 cell differentiation ®
Chagas disease @
Amoebiasis ®
650 675 700 725 750 7.75
KEGG pathway analysis

Figure 4. KEGG pathway enrichment analysis. TE and influenza—associated pathways and disease
were screened and plotted in a bubble diagram according to the enriched gene counts.

For GO biological process (BP) analysis, we used seven targets to draw a chord diagram
containing four biological regulatory processes (Figure 5). Six targets were enriched in a
GO chord. IL6, TGFB1, CXCLS8, and RELA were associated with inflammatory response
(GO:0006954), while IL6, TGFB1, and BAX were involved in cellular response to the virus
(GO:0098586).
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Figure 5. Gene ontology (GO) biological process (BP) analysis. The BP of the final screen targets was
analyzed based on logFC, and six targets were enriched in a GO chord.

2.1.6. Molecular Docking of Active Compounds with Hub Target Genes

We conducted molecular docking to evaluate the potential target bindings with lutein
and beta-carotene in the TE extract (Table 3). Three main targets retrieved from GEO
(IL-6, TGFB1, and CXCLS8) were docked to measure the binding affinity with the two
compounds. IL-6 exhibited the strongest binding affinity of the three targets with lutein
and beta-carotene. Between the two compounds, lutein bound more strongly to IL-6,
whereas beta-carotene bound more strongly to TFGB1 and CXCLS8. We then investigated
the 2D binding of lutein and IL-6 in Biovia Discovery Studio (Figure 6). The key bonds
were alkyl bonds with LYS66, PHE74, CYS73, ALA180, and PHE?78 as well as pi-alkyl bonds
with PHE74 and ARG179.
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Table 3. Binding affinities of the active compounds of the TE extract with influenza-associated genes.

Compound Binding Affinity (kcal/mol)
IL-6 TGFB1 CXCLS8
Lutein -8.6 -7.3 -7.3
Beta-carotene -8.2 -7.6 -7.6
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B:172 B:67 LYS
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Figure 6. The 2D molecular docking of lutein and IL-6. The ligand-target interaction was visualized
by using Discovery Studio Visualizer. The key bonds were alkyl bonds with LYS66, PHE74, CYS73,
ALA180, and PHE78 as well as pi-alkyl bonds with PHE74 and ARG179.

2.2. In Vitro Findings
2.2.1. Cytotoxicity and Antiviral Activity of TE Extract

A cytotoxicity test was conducted to determine the dose and toxicity at the cell level
(Figure S3). The cell viability levels with TE extract at the lowest (500 pg/mL) to highest
concentration (2000 ug/mL) were between 60-95%. The mean cytotoxicity concentration of
the 50% (CC50) value was higher than 2000 ng/mL (Table 4). The IC50 value was defined
based on a post-treatment assay. The IC50 value was higher than 70 pg/mL and the SI
value of >30. Four separate experiments were performed to determine whether the TE
extract exhibits anti-influenza activity at different stages of the viral life cycle (Figure 7).
Our in vitro results revealed that the TE extract had effects in the attachment inhibition and
co-treatment assays (Figure 7B,C). In both cases, the extract at doses of 1000 and 500 puL/mL
significantly improved cell viability from untreated conditions. However, antiviral activity
was absent in the pre-treatment assay (Figure 7A), indicating that TE extract is unlikely to
elicit protective effects against influenza infection. Instead, the extract exhibited antiviral
properties later in infection. Post-treatment yielded the best results among the four assays,
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with cell viability increasing to 31 ug/mL. Interestingly, incubation of the extract with
infected cells inhibited viral activity and increased cell growth, leading to cell viability of
>100% from the control levels.

Table 4. CCsy, IC59 and SI values of the TE extract.

CCsy (p.g/mL) ICs (ug/mL) SI
>2000 76 =18 >30

CCsp: mean cytotoxicity concentration of 50% compared with the control. ICsy: mean half-maximal inhibitory
concentration determined with WST method in the post-treatment assay. SI: selectivity index (CCsy/ICsp).
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Figure 7. Antiviral properties of TE extract. (A) Pre-treatment assay: MDCK cells were treated
with different concentrations of TE extract for 1 h at 37 °C, infected with influenza virus
(100 50% tissue culture infectious dose [TCID50]/well), and incubated with viral inoculum for 1 h at
37 °C. (B) Influenza HINT1 virus attachment inhibition: MDCK cells were infected with influenza
virus (100 TCID50/well) and co-treated with different concentrations of TE extract for 1 h at4 °C.
(C) Co-treatment assay: MDCK cells were co-incubated with influenza virus (100 TCID50/well) and
different concentrations of TE extract for 1 h at 37 °C. (D) Post-treatment: MDCK cells were infected
with influenza virus (100 TCID50/well) and incubated for 1 h at 37 °C. Virus was then removed, and
cells were treated with different concentrations of TE extract. NTC: non-infected and non-treated
control group; V (+): infected and non-treated group; ** p < 0.01, and * p < 0.05.

2.2.2. Time-of-Addition Assay

To further investigate the therapeutic effect of the TE extract in a post-treatment
test and to note the stage of viral life cycle inhibition, a time-of-additional assay was
conducted. The results showed a decreasing trend with delayed treatment initiation
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(Figure 8), suggesting that the best antiviral effects are assured with treatment administered
shortly after (2 h) infection.

Time-of-addition Assay

infection
_: H ? 4| ' TE (ug/mL)
] 250
2-48h [
4-48h ———— [ 125
8-48h
12-48h

N ™ ?® &

Hours post-infection

Figure 8. Time-of-addition assay: MDCK cells were infected with influenza virus (100 TCID50/well)
and incubated for 1 h at 37 °C (—1 to 0 h). Virus was removed, and cells were treated with 250 or
125 pg/mL of TE extract starting 2, 4, 8, or 12 h after infection. NTC: non-infected and non-treated
control group; V (+): infected and non-treated group; ** p < 0.01 (compared with virus-only control).

2.2.3. Plaque Reduction Assay

The antiviral activity of the TE extract was confirmed using a plaque reduction assay
(Figure 9), comparing the number of plaques in treated infected (50 PFU/well) cells to
the number in untreated infected (50 PFU/well) cells. Compared with the infection-only
control group, the plaque count decreased to approximately 60% post-treatment with
1000 uL/mL of the TE extract and stayed at approximately 70% for other groups.

Plaque Reduction Assay
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Figure 9. Plaque reduction assay. MDCK cells were infected with influenza HIN1 virus (50 plaque-
forming units [PFUs]/well) and incubated for 1 h at 37 °C. Next, cells were treated with different
concentrations of TE extract and incubated in the same conditions for 1 h. Compound mixtures were
then removed, and 3 mL of overlay medium was added to each well. After 2 d, cells were stained
with a crystal violet solution and plaques were calculated. Plaque reduction was determined via
comparison with untreated infected wells (1 = 3). ** p < 0.01 (compared with virus-only control).

3. Discussion

Influenza is a serious threat to public health [12]. Due to antigenic shift and the
complications of influenza infection, influenza vaccines are formulated annually to match
the circulating strains [13]. Antiviral agents that target influenza have been developed, but
the use of these agents have many limitations [2].

Although TE was traditionally used to treat gastrointestinal diseases, and is con-
sidered to have medicinal properties such as anthelmintic, diuretic, and sedative effects,
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there are no studies on the effectiveness of TE against influenza virus [10]. In this study,
we aimed to find active compounds and targets of TE associated with influenza for the
first time by using data mining, bioinformatics, and systems biology. We identified two
core active compounds—Iutein and beta-carotene—via compound-disease target network
analysis. For the target search, we applied a PPI network to identify the top three hub
genes associated with influenza (IL-6, HIF1A, and IL-1f). From our PPI analysis, we
identified HIF1A as one of the key targets associated with influenza. HIF1A is a key
mediator in inflammation and is involved in the transcriptional regulation of cytokines,
such as IL-6 and TNF-o [14]. Recent research reported that influenza infection induced the
nuclear translocation of HIF1A, which may promote the production of proinflammatory
cytokines [15]. Influenza infection also induces IL-1f3, resulting in lung inflammation [16].
It was reported that significantly higher levels of IL-1f3 and IL-6 were detected in influenza
patients with more severe conditions [17]. Similarly, GEO analysis revealed IL-6, TGFB1,
and CXCLS to be the top three target genes. TGF-beta is reported to control the immune
responses—both inflammatory and regulatory [18]. Additionally, influenza infection stimu-
lated CXCLS secretion by primary human alveolar epithelial cells [19]. In influenza, disease
severity is strongly associated with high levels of circulating IL-6-induced proteins, and
monocyte chemotactic protein [20,21]. In our study, we identified IL-6 as a hub target in
both PPI and GEO analysis. IL-6 levels were reported to be significantly increased in the
sera of patients with uncomplicated influenza [20]. Moreover, elevated levels of the pro-
inflammatory cytokine IL-6 are correlated with a high number of hospital admissions [22].
These findings correspond to our study result on potential targets associated with influenza
infection. Herein, we conducted molecular docking to assess target binding of the two main
compounds in TE extract. IL-6 exhibited the strongest binding affinity among the three
selected targets with lutein and beta-carotene. We found that lutein binds more strongly
than beta-carotene to IL-6. We speculated that lutein, as a key component in TE extract, is
largely responsible for its antiviral effects by possibly reducing IL-6 level.

Virus invasion causes oxidative stress, resulting in inflammation and an exaggerated
immune response, also known as cytokine storm [23]. Antioxidant therapy in combination
with antiviral drugs has been suggested to reduce the lethal effects of influenza infec-
tion [24]. Our two main compounds, lutein and beta-carotene, belong to a carotenoid
family that comprises natural lipid-soluble antioxidants. We speculate that the antioxidant
potential of lutein and beta-carotene may include a reduction in inflammatory mediators
and the prevention of viral mutations [25]. Antioxidants represent a potential therapeutic
option to prevent influenza infection [26]. Therefore, the development of novel antioxi-
dant compounds for influenza virus research and clinical use is needed to reinforce their
potential.

Finally, we validated the anti-influenza effects of TE extract in MDCK cells and
assessed its effects on the viral cycle. The post-treatment assay yielded the most potent
effects and was effective up to a concentration of 31 pug/mL; this value was very low
compared to the concentrations obtained in the other three assays. The time-of-addition
assay revealed that the treatment applied shortly after infection (2 h) was most effective.
Moreover, infected cell growth increased under incubation with TE extract, an improvement
that may be attributable to the antioxidant activity of the natural compounds we identified.

With the continued advancement of big data, it is possible to screen and develop drugs
from natural products using computer science [27]. Bioinformatics-driven drug screenings
are cost- and time-effective research tools in developing useful pharmacological agents [28].
The primary focus of this study was to retrieve a list of active compounds of TE and target
proteins of influenza infection through extensive data mining. The novelty of this study is
that it is the first study of the effect of TE extract on influenza infection, and it was mainly
conducted with computational work. The results of this study differ from the previously
known effects of TE extract. However, further studies involving oxidative stress with
influenza and its underlying mechanism will be required to provide a therapeutic option
for the prevention and the control of influenza virus infection.
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4. Materials and Methods
4.1. In Silico Analyses
4.1.1. Identification of Potential Active Compounds in TE Extract

Known TE compounds were searched in Dr. Duke’s Phytochemical and Ethnobotani-
cal database (version 1.10.07; https:/ / phytochem.nal.usda.gov/phytochem accessed on
2 February 2024) and the Traditional Chinese Medicine Systems Pharmacology (TCMSP)
database (version 2.3; http:/ /tcmspw.com/tcmsp.php accessed on 2 February 2024). Based
on the oral bioavailability (OB) and drug-likeness (DL) results from TCMSP, active com-
pounds were then identified with an in silico absorption, distribution, metabolism, and
excretion screening model.

4.1.2. Potential Targets of TE Extract and Influenza Virus

Regulatory target genes associated with the identified TE compounds were investi-
gated using TCMSP and DrugBank (version 5.1.10; https:/ /www.drugbank.ca accessed on
2 February 2024). Influenza virus-associated target genes (Homo sapiens) were obtained
from Kyoto Encyclopedia of Genes and Genomes (KEGG) and GeneCards (version 5.14.0;
https:/ /www.genecards.org/ accessed on 2 February 2024).

4.1.3. Network Construction and Pathway Analysis

Compounds and intersecting core target networks were constructed using Cytoscape
(version 3.9.0), and then analyzed to determine hub compounds and targets. Gene Ontology
(GO) and pathway analyses of predicted targets were performed with the Database for
Annotation, Visualization, and Integrated Discovery (DAVID, https:/ /david.ncifcrf.gov
accessed on 4 February 2024) and Kyoto Encyclopedia of Genes and Genomes (KEGG) [29],
respectively.

4.1.4. Gene Difference and Gene Enrichment Analyses

The Gene Expression Omnibus (GEO, https://www.ncbinlm.nih.gov/geo/ accessed
on 6 February 2024) from NCBI was used to further screen influenza targets from clinical
data. For preprocessing and normalization, we used the GEO2R analysis tool provided
by NCBI GEO. Influenza clinical case samples were retrieved from the GSE48466 dataset,
containing twelve clinical samples (nine from patients infected with human influenza
HIN1 and three from healthy controls). An analysis of gene differences across GSE clinical
samples allowed for the construction of an intuitive heatmap that further improved target
screening.

4.1.5. Molecular Docking Analysis

The major compounds in the TE extract were docked into three main targets retrieved
from the network analysis to understand target specificity. The three-dimensional (3D)
structures of the active compounds (lutein and beta-carotene) were downloaded from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/ accessed on 24 February
2024) and converted to PDB files using Biovia Discovery Studio (version 20.1.0.19295).
The 3D structures of the main targets were retrieved from the Research Collaboratory for
Structural Bioinformatics (RCSB) Protein Data Bank (for the targets, IL-6 [PDB ID: 1P9M],
transforming growth factor beta 1 [TGFB1; PDB ID: 5VQP], and IL-8 [CXCLS, PDB ID:
3IL8]). All the targets were converted to PDB files using Biovia Discovery Studio (ver. 4.5).
Ligand-target dockings were conducted with AutoDock Vina (ver. 1.1.2) using PyRx (ver.
0.9.6) based on a scoring system. The CASTp (Computer Atlas of Surface Topology of
proteins) server (ver. 3.0) was used to locate the active sites of the following targets: IL-6,
TGFB1, and IL-6. Two-dimensional ligand—target interaction was performed using Biovia
Discovery Studio.
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4.2. In Vitro Experiment
4.2.1. Plant Material and Extraction

TE flowers were grown at Woori Bio Smart farm (Gyeongsan, Republic of Korea).
The plant materials (5 g) were ground and extracted using 100% ethanol (100 mL, reflux
extraction for 3 h). Ethanol was used as it is safe for infused edibles and provides consistent
results [30]. The extracts were filtered and evaporated at a low temperature under reduced
pressure. After the extraction, the sample (450 mg) was provided by Woori Bio for the
in vitro experiment. This research on plants complies with relevant institutional, national,
and international guidelines and legislation. The extracted material has been deposited at
Konkuk University (Seoul, Republic of Korea) and Woori Bio Smart farm.

4.2.2. Cells and Viral Infection

Madin-Darby canine kidney (MDCK) cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in Eagle’s minimum es-
sential medium (EMEM; ATCC) containing 10% fetal bovine serum (Gibco, Carlsbad,
CA, USA) and 1% penicillin/streptomycin at 37 °C and 5% CO,. Human influenza type
A/California/07/09 (HIN1) was provided by the Centers for Disease Control and Preven-
tion (Korea). Infected MDCK cells were maintained in virus growth medium (EMEM) sup-
plemented with 0.3% bovine serum albumin, 1% penicillin/streptomycin, and 0.5 pg/mL
trypsin-TPCK (Sigma, Saint Louis, MO, USA). The virus titer was defined as the 50% tissue
culture infectious dose (TCID50), according to the Reed—Muench endpoint method. All
experiments involving virus-related work were performed in the Biosafety level 2 (BL2)
facility using a biosafety cabinet.

4.2 3. Cytotoxicity and Antiviral Assay

To determine the cytotoxicity of the TE extract, cell viability was determined by the
water-soluble tetrazolium salt (WST) method using an EZ-Cytox kit (Daeil Lab Service,
Seoul, South Korea) according to the manufacturer’s instructions. Briefly, MDCK cells were
seeded in a 96-well plate at a density of 1 x 10* cells/mL. After 24 h, cells were treated
with a serial dilution of extract and incubated at 37 °C for 2 days. After this time the
EZ-Cytox solution was added to each well and incubated in the dark for 2 h, followed by
spectrophotometric measurements of optical density (OD) at 540 nm. The CC50 value of
extract concentration inducing 50% cell death was calculated via regression analysis.

The antiviral activity of the TE extract against HIN1 infection was determined using
the following four methods: pretreatment, attachment inhibition, co-treatment, and post-
treatment assays. For all assays, MDCK cells were seeded in a 96-well plate and incubated
for 24 h. In the pre-treatment assay;, cells were first subjected to different concentrations
of TE extract and incubated for 1 h at 37 °C. Next, samples were removed and infected
with the virus (100 TCID50/well) for 1 h. In the attachment inhibition assay, the virus
(100 TCID50/well) was pre-absorbed into cells before they were treated with different
concentrations of TE extract for 1 h at 4 °C. The co-treatment assay involved incubating
the cells with the virus (100 TCID50/well) and extract for 1 h at 37 °C. Lastly, for the
post-treatment assay, cells were pre-incubated with the virus (100 TCID50/well) for 1 h at
37 °C, and then incubated for 48 h with various concentrations of the TE extract prepared
in virus growth media. After 48 h, cell viability was measured using the WST method with
the EZ-Cytox kit.

4.2.4. Time-of-Addition Assay

To define the timeline of viral replication in which TE extract shows anti-influenza
properties, a time-of-addition assay was performed. MDCK cells were seeded in a 96-well
plate and incubated for 24 h. Next, cells were pre-incubated with the virus (100 TCID50/well)
for 1 h at 37 °C. Later, the viral inoculum was removed, and cells were treated with 250 or
125 pug/mL of TE extract at different times post-infection. The experiment included treatment
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for 2-48 h, 448 h, 848 h, and 1248 h post-infection. At the end of the experiment, cell
viability was measured using the WST method with the EZ-Cytox kit.

4.2.5. Plaque Reduction Assay

MDCK cells were seeded in a six-well plate and cultured for 24 h. Cells were infected
with the virus at a dose of 50 plaque-forming units (PFUs) per well, and then incubated at
37 °C and 5% CO, for 1 h. After removing the inoculum, the cells were treated for 1 h with
different concentrations of TE extract. The mixture was then removed, and 3 mL of overlay
medium containing 0.6% low-melting agar was added. The overlaid plates were incubated
for 48 h at 37 °C and 5% CO,. Finally, the overlay medium was removed and the cells were
subjected to crystal violet staining for plaque counting.

4.3. Statistical Analysis

The results are presented as the average of at least three replications. Differences
between groups were analyzed using one-way analysis of variance and Dunnett’s test.
Significance was set at p < 0.05. Data processing and statistical analyses were performed in
GraphPad Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, we identified lutein as a key active component in TE extract, largely
responsible for its antiviral effects. Through an in silico study, we identified IL-6 as a hub
target associated with influenza infection. Our research suggests that TE flower extract
could be important as an alternative supplementation or treatment option for influenza in
the future.
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Abstract: Cytokines, chemokines, and interferons are released in response to viral infection with the
ultimate aim of viral clearance. However, in SARS-CoV-2 infection, there is an imbalanced immune
response, with raised cytokine levels but only a limited interferon response with inefficient viral
clearance. Furthermore, the inflammatory response can be exaggerated, which risks both acute
and chronic sequelae. Several observational studies have suggested a reduced risk of progression
to severe COVID-19 in subjects with a higher omega-3 index. However, randomized studies of
omega-3 supplementation have failed to replicate this benefit. Omega-3 fats provide important
anti-inflammatory effects; however, fatty fish contains many other fatty acids that provide health
benefits distinct from omega-3. Therefore, the immune health benefit of whole salmon oil (SO) was
assessed in adults with mild to moderate COVID-19. Eleven subjects were randomized to best
supportive care (BSC) with or without a full spectrum, enzymatically liberated SO, dosed at 4 g daily,
for twenty-eight days. Nasal swabs were taken to measure the change in gene expression of markers
of immune response and showed that the SO provided both broad inflammation-resolving effects
and improved interferon response. The results also suggest improved lung barrier function and
enhanced immune memory, although the clinical relevance needs to be assessed in longer-duration
studies. In conclusion, the salmon oil was well tolerated and provided broad inflammation-resolving
effects, indicating a potential to enhance immune health.

Keywords: COVID-19; long COVID; gene expression; immune health; cytokine; chemokine; interferon;
lipid mediators

1. Introduction

The successful development of pharmaceutical interventions for SARS-CoV-2 infection
has dramatically reduced the associated morbidity and mortality of COVID-19. Never-
theless, COVID-19 continues to impose significant health challenges, not least from the
post-acute sequelae of COVID-19 (PASC), commonly referred to as long COVID.

Marked elevations in the pro-inflammatory cytokines IL-6 and TNF«, predominantly
secreted by lung macrophages, appear central to both the effects of acute infection and long
COVID [1,2]. Serum CXCL-10, which activates macrophages via the CXCR3 receptor, is
also typically elevated and further increases the inflammatory response. Higher CXCL-10
levels are also associated with an increased risk of long COVID [3,4].

Although the lungs are the first organ to be affected by SARS-CoV-2 infection, the
virus can directly infect many organs, including the gut, kidney, brain, myocardium,
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and vasculature. This is likely a significant driver of the common long-term sequelae of
COVID-19, such as shortness of breath, fatigue, brain fog, and sleep disturbances [5,6].

SARS-CoV-2's ability to evade recognition by the innate immune system results in
lower levels of interferon-I and -III in the lungs and peripheral blood compared to respi-
ratory viral infections [7]. The innate immune system uses pattern recognition receptors
(PRRs) to detect the presence of viruses and mount an immune response to clear the virus
(8). This detection system includes toll-like receptors (TLRs) and ultimately results in
the release of inflammatory cytokines and chemokines, type I and III interferons, and the
activation of immune effector cells, especially natural killer (NK) cells [8-10]. In contrast,
COVID-19 infection results in an imbalanced response with a significant cytokine response
but a muted interferon response and hence reduced cellular antiviral activity. Compound-
ing this further is an increase of TGF( seen with SARS-CoV-2 infection, which reduces NK
cell anti-viral activity and viral clearance [11].

However, whilst viral persistence is observed in up to 50% of long COVID sufferers, in
others, the virus is undetectable but the inflammatory response, characterized by IL-6 and
TNF«, persists [12]. Immune dysregulation with elevated inflammatory markers therefore
appears central to the pathology and symptoms of long COVID [13,14].

The management of long COVID remains a significant challenge, with estimates of at
least 65 million individuals worldwide affected by this condition [13]. Furthermore, whilst
the absolute risk of long COVID is lower in those suffering mild infections, this cohort
represents the largest single group of COVID-19 infections and, therefore, a significant
contributor to long COVID cases. Indeed, COVID-19 results in a prolonged inflammatory
signature even after apparent recovery from acute infection.

Observational data, including from the United Kingdom Biobank, has suggested that
subjects with a higher omega-3 index (O3i) have a lower risk of hospitalization and severe
COVID-19 [15]. The regular consumption of fresh fish provides anti-inflammatory and an-
tioxidant benefits from the fatty fraction of the fish. The metabolism of omega-3 fatty acids
results in the production of specialist pro-resolving mediators (SPMs) of inflammation [16].
However, other fractions within fish o0il appear to provide anti-inflammatory benefits
distinct from omega-3. These effects include the regulation of nuclear factor-kappa beta
(NF-kB) activation and the moderation of inflammatory responses, including the reduced
expression of the pro-inflammatory cytokines IL-6 and IL-8 [17-19]. A non-fatty fraction of
microcolin lipopeptides, derived from fish-eating blue-green algae, has also been described
as moderating type II inflammation by modulating eosinophil effector function [20]. These
wide-ranging inflammation-resolving effects of marine fatty acids might, therefore, explain
how subjects with higher O3i levels were able to fare better when infected by COVID-19.

OmeGo is enzymatically liberated from Norwegian Atlantic salmon and has the
same lipid profile as contained in whole salmon. Our hypothesis was that OmeGo might,
therefore, aid recovery from acute COVID-19 infection and thereby reduce the risk of
progression to severe disease. To this end, our study recruited patients with milder forms
of COVID-19 and subjects were randomized to receive standard-of-care treatment with or
without OmeGo. This study assessed both clinical and biomarker outcomes. The biomarker
work, assessing the immune response to COVID-19 infection and recovery along with
biomarkers associated with long COVID, is the focus of this paper.

2. Results

This study ran from 10 August 2021 to 19 May 2022. The gene expression analysis
set was comprised of eleven subjects, six in the OmeGo group and five in the BSC group.
Four of the six subjects in the OmeGo group were female and two were male, with an
average age of 33.8 years, and in the BSC group, three were female and two were male,
with an average age of 29.4 years (Table 1). As noted, nasal swabs were taken on days zero,
fourteen, and twenty-eight.
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Table 1. Age distribution and ethnicity of the study subjects. Southeast Asian denotes persons having
origin from any of the following countries: Thailand, Singapore, Indonesia, and Taiwan.

Age Range (Years) Nsul?l;:.)::t;f Subjects on OmeGo and BSC Slﬂ)jegif; n BSC
20-29 6 2 4
30-39 3 3 0
40-49 0 0 0
50-59 2 1 1
Mean age (years) 33.8 29.4
Ethnicity
Caucasian 6 3
Southeast Asian 0 2

The two groups were balanced in terms of sex, age, and BMI, whereas there was an
imbalance in terms of ethnicity. Mean blood leukocyte count, CRP, and glucose were all
normal at the baseline and on day twenty-eight, as were blood electrolytes, creatinine,
and liver enzymes. There were no statistically significant differences between treatment
arms on any clinical endpoints. No serious adverse events were reported during this study.
Overall, two subjects (one in the BSC group and one in the OmeGo group) reported three
adverse events that were judged not to be related to the study treatment.

2.1. Change in Cytokine Gene Expression Levels

The gene expression analysis focused on the cytokines closely associated with acute SARS-
CoV-2 infection and recovery and those associated with long COVID. The gene expression of
the core pro-inflammatory cytokines in COVID-19, IL-6, and TNF«, were significantly lower
with OmeGo than in the BSC group (p < 0.01). The expression of IL-6 halved from the baseline
with OmeGo, whereas it declined by around 25% in the BSC group, resulting in an inter-group
difference of three fold on day 28 (Figure 1). TNFo expression was reduced by around 20% with
OmeGo, whereas it increased by almost 25% in the BSC group, resulting in a 3.4-fold difference
by the end of this study (Figure 1). Elevations of IL-1p are also noted in both acute and long
COVID, as well as IL-8, IL-13, GM-CSF (granulocyte-monocyte stimulatory factor), and TGFf3.
In our study, IL-1(3 expression was just over 20% higher in the OmeGo subjects at the baseline
compared to the BSC group, and whilst there was a 1.6-fold decline in IL-1f with OmeGo (and
no change in the BSC arm), there was ultimately no difference between the two arms at the end
of this study (Figure 1).

IL-6 TNFa IL-1B
BSC+OmeGo = 6.4, BSC =-2.9 (p = 0.006) BSC+OmeGo = -1.8, BSC =2.1 (p = 0.006) BSC+OmeGo =-1.6, BSC = 0.0 (p = 0.170)

Expression

0 14 2 o 14 28 0 14 28
— BSC+OmeGo — BSC

Figure 1. Fold change in the gene expression of cytokines IL-6, TNFx, and IL-1f3 from the baseline to
day twenty-eight. The numeric change from day zero to day twenty-eight is given for both groups at
the top of the chart along with the p-value to assess for significance of the difference between the two
groups. The significance level was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo
groups and the red lines the BSC-only group. The dots represent the gene expression level for the
individual subjects. The lines represent a line of best fit and do not go through the mean scores.
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There was also no difference seen in IL-8, with expression levels unchanged over the
duration of the trial in either arm. In contrast, IL-13 expression was reduced by over 40%
with OmeGo, whilst it increased by 25% in the BSC group, resulting in a 4-fold difference
on day 28 (p < 0.01). The expression of IL-4 remained unchanged with BSC and showed
a limited 0.9-fold increase with OmeGo, which was significant (p < 0.01). GM-CSF also
declined more in the OmeGo arm; however, the 2.4-fold difference was not significant, and
a similar outturn was seen with TGFf3, with a 1.6-fold difference in favor of OmeGo, which
again was non-significant (p = 0.07 for both) (Figure 2).

TGFB GM-CSF
BSC+OmeGo = -3.1, BSC = -1.1 (p = 0.068) BSC+OmeGo = -4.5, BSC = -2.6 (p = 0.068)
L] 12-
.
16 . .

Expression

o
-
=
N
o
(=}
N
N
N
o

— BSC+OmeGo — BSC

Figure 2. Fold change in the gene expression of TGF3 and GM-CSF from the baseline to day twenty-
eight. The numeric change is given for both groups at the top of the chart along with the p-value to
assess for significance of the difference between the two groups. The significance level was set at 5%
(p < 0.05). The blue lines represent the BSC and OmeGo groups and the red lines the BSC-only group.
The dots represent the gene expression level for the individual subjects. The lines represent a line of
best fit and do not go through the mean scores.

2.2. Change in Chemokine Gene Expression Levels

The chemokine analysis showed a more than halving of CXCL-10 expression from
the baseline to the end of this study in the OmeGo arm, with a small decline in the control
arm, which resulted in an almost four-fold significant difference in expression between
the two arms (p < 0.01). The associated chemokines, CXCL-9 and CXCL-11, showed more
limited changes (Figure 3). CXCL-9 trended up in the OmeGo arm and down in the control
arm, resulting in a 0.6-fold difference (p = 0.01), whereas the reduction in CXCL-11 with an
almost 2-fold expression difference compared to the control missed significance (p = 0.1).
CCL-19 showed a significant 2-fold greater reduction in expression with OmeGo, and levels
in the control group were basically unchanged (p < 0.01). CCL-22 and CXCL-17, which
are often raised alongside CCL-19 in COVID-19, showed little difference between the two
arms (Figure 4). Changes in the expression of CCL-3 and CCL-5, chemokines associated
with acute viral infection, were non-significant and showed little difference between the
two arms. Finally, CXCL-13 and CCL-21, chemokines associated with immune memory,
were significantly increased with OmeGo by 2.4 and 3.6 folds, respectively (both p < 0.01)
(Figure 5).

68



Int. ]. Mol. Sci. 2024, 25, 6917

CXCL-9
BSC+OmeGo = 0.4, BSC =-0.9 (p = 0.010)

CXCL-10
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Figure 3. Fold change in the gene expression of chemokines CXCL-9, CXCL-10, and CXCL-11 from
the baseline to day twenty-eight. The numeric change is given for both groups at the top of the

chart along with the p-value to assess for significance of the difference between the two groups.

The significance level was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo groups

and the red lines the BSC-only group. The dots represent the gene expression level for the individual

subjects. The lines represent a line of best fit and do not go through the mean scores.
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Figure 4. Fold change in the gene expression of chemokines CCL-19, CCL-22, and CXCL-17 from
the baseline to day twenty-eight. The numeric change is given for both groups at the top of the

chart along with the p-value to assess for significance of the difference between the two groups.

The significance level was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo groups

and the red lines the BSC-only group. The dots represent the gene expression level for the individual

subjects. The lines represent a line of best fit and do not go through the mean scores.

CXCL-13
BSC+OmeGo = 1.7, BSC = -0.2 (p = 0.006)

Expression
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Figure 5. Fold change in the gene expression of chemokines CXCL-13 and CCL-21 from the baseline

to day twenty-eight. The numeric change is given for both groups at the top of the chart along with

the p-value to assess for significance of the difference between the two groups. The significance level

was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo groups and the red lines the

BSC-only group. The dots represent the gene expression level for the individual subjects. The lines

represent a line of best fit and do not go through the mean scores.
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2.3. Change in Interferon and Interferon-Related Factors Gene Expression Levels

In contrast to pro-inflammatory cytokine and chemokine elevations observed in
COVID-19, interferon and interferon-related factors are typically under-expressed com-
pared to responses typically seen with other viral infections. OmeGo resulted in a more
than doubling of the expression of IFN1f3 compared to little change in the control arm,
with a 6.4-fold difference between the two arms on day 28 (p < 0.01). Interestingly, the
difference was even more marked on day 14, at which point the expression in the control
arm had declined by 1.6 fold, whereas it had increased in the OmeGo arm by almost 12 fold.
A very similar pattern was also seen with the expression of IFNYy, with the largest difference
between the arms on day 14 and a six-fold difference declining to an almost three-fold
significant difference (p < 0.05) (Figure 6). The interferon-stimulated gene, IFIT1, showed a
sustained increase throughout the study period in the OmeGo group, with an almost 4-fold
difference on day 28 versus BSC (p < 0.01), whereas the 1.6-fold difference in interferon
regulatory factor 7 (IRF7) on day 28 did not reach significance (p = 0.07) (Figure 7).

IFN1B IFNy
BSC+OmeGo = 7.2, BSC = 0.6 (p = 0.006) BSC+OmeGo = 3.1, BSC = 0.8 (p = 0.044)
22 L 124
18 &

Expression

N |
o

28 ) id4

©
Iy

— BSC+OmeGo — BSC

Figure 6. Fold change in the gene expression of interferons IFN1 and IFNYy from the baseline to day
twenty-eight. The numeric change is given for both groups at the top of the chart along with the
p-value to assess for significance of the difference between the two groups. The significance level
was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo groups and the red lines the
BSC-only group. The dots represent the gene expression level for the individual subjects. The lines
represent a line of best fit and do not go through the mean scores.

IFIT1 IRF7
BSC+OmeGo = 3.0, BSC = -1.0 (p = 0.006) BSC+OmeGo = 0.7, BSC = -0.7 (p = 0.067)
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Figure 7. Fold change in the gene expression of the interferon-related factors, IFIT1 and IRF7, from
the baseline to day twenty-eight. The numeric change is given for both groups at the top of the
chart along with the p-value to assess for significance of the difference between the two groups.
The significance level was set at 5% (p < 0.05). The blue lines represent the BSC and OmeGo groups
and the red lines the BSC-only group. The dots represent the gene expression level for the individual
subjects. The lines represent a line of best fit and do not go through the mean scores.
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3. Discussion

This twenty-eight-day study analyzed changes in gene expression in the nasal mucosa
of subjects with milder forms of COVID-19 to assess the impact of OmeGo, an enzymatically
liberated salmon oil, on the immune response and recovery from SARS-CoV-2 infection.
The subjects were all ambulatory with mild symptoms and, therefore, the response to SARS-
CoV-2 infection in the nasal epithelium was proposed as a more sensitive means to assess
immune response compared to serum markers. Whilst this is a relatively short-duration
study, the twenty-eight-day timeframe does cover the critical time points of the period of
peak viral load, the risk period for hospitalization, and the average time to viral clearance
with SARS-CoV-2 infection [21-23]. Hence, this enabled the assessment of both the initial
immune response and early post-infection recovery along with insights into the potential
to moderate the risk of long COVID, a syndrome that has been associated with a prolonged
inflammatory profile post-SARS-CoV-2 infection [24].

A hallmark of early COVID-19 is an increase in pro-inflammatory cytokines, especially
IL-6 and TNF, as well as IL-1 3, IL-8, GM-CSF, and the type 2 inflammatory cytokine
IL-13 [1,25,26]. Whilst such a response is important initially to help control viral replication
and spread, excessive or prolonged levels of inflammation can result in damage to the body
and ill health.

By day fourteen, subjects in the OmeGo arm showed marked reductions in the expres-
sion of IL-6 and TNF«, as well as IL-13, compared to BSC, and this difference persisted to
day twenty-eight, and these were all statistically significant. However, the 2.4-fold lower
expression of GM-CSF seen with OmeGo did not reach significance, which was perhaps a
result of the small number of subjects in our study. IL-1 and IL-8 showed little change
in either group. Whilst IL-4 showed a 75% significant relative increase compared to the
control, the absolute 0.9-fold difference in expression would question any benefit in terms
of reducing the risk of long COVID. Indeed, a minimum fold change of 1.5 is frequently
taken as physiologically relevant [27,28].

Chemokines are also central to the early immune response to infection, helping to re-
cruit immune cells to infected areas. Stimulatory loops between cytokines and chemokines
help ramp up inflammation and viral clearance. However, as per cytokines, a balanced
response with progressive resolution is required for optimal recovery from the infection.

There was an almost 50% greater decrease in the gene expression of the chemokine
CXCL-10, an important driver of inflammation in COVID-19, in the OmeGo-treated
group [29]. The chemokines, CXCL-9, -10, and -11, are closely related and act through a
common receptor, CXCR3, expressed on a number of immune cells including monocytes,
T-cells, and NK cells. CXCL-9 and -11 have also been noted to be raised with SARS-CoV-2
infection [30]. OmeGo appeared to have a more limited impact on both of these, and whilst
the 1.3-fold increase of CXCL-9 compared to BSC was statistically significant, the physio-
logical impact would likely be limited. CCL-19, CCL-22, and CXCL-17 are also frequently
raised in acute COVID-19 cases and are involved in T-cell, dendritic cell, and macrophage
chemotaxis. CCL-19 showed a significant 2-fold greater reduction in expression with
OmeGo with levels basically unchanged in the control group, and minimal changes were
seen with CCL-22 and CXCL-17 in either group of subjects. Limited changes were seen in
the expression of CCL-3 and CCL-5, chemokines that are often raised in viral infections
and help recruit both NK cells and macrophages. Finally, the significant increases in CXCL-
13 and CCL-21 are noteworthy. These play a part in antigen-specific B-cell maturation,
T-cell activation, and immune self-tolerance. Whether this suggests a potential for a more
sustained immunity against SARS-CoV-2 is unclear as we did not assess other markers,
such as the expression of CD27 and CD21 on B-cells and plasma cells, to provide greater
weight to this potential effect [31,32]. Furthermore, excessive amounts of CXCL-13 have
been associated with worse outcomes in COVID-19 [33]. As always, a balance of activity is
required with the immune system to support ongoing health.

Taken together, these cytokine and chemokine changes could suggest that OmeGo
helped restore a healthier level of inflammation compared to the control. IL-6 and TNF«x
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are central to the inflammatory response in COVID-19, and IL-13 has also been linked to
disease severity, driving increased levels of eosinophils and macrophages in the lungs and
stimulating smooth muscle hypertrophy and fibrosis [1,25-27]. CXCL-10 is associated with
IL-6 secretion with raised levels seen in COVID-19 patients with pulmonary immune cell
infiltration and cytokine storm [29]. The 2.4-fold reduction in GM-CSF is consistent with
a decreased inflammatory profile, with GM-CSF being involved in the differentiation of
alveolar macrophages and changes in lung barrier function [26]. As such, this reduction
might suggest a faster resolution of lung inflammation; however, the change versus BSC
did not reach statistical significance. Finally, whilst the three-fold decline from the baseline
in TGF( with OmeGo is consistent with a potentially improved immune profile, the 1.6-fold
greater decrease in TGFf3 versus BSC missed statistical significance.

In contrast to the inflammatory cytokine response to acute SARS-CoV-2 infection,
limited interferon production can blunt the overall immune response with an increased
risk of severe disease. This effect is linked to the production of inhibitory proteins encoded
by SARS-CoV-2 [6,34,35]. Subjects in the OmeGo arm showed a significant, greater than
six-fold increase in interferon-1 (IFN{31). Type 1 interferon response is typically viewed as
helping drive the most robust anti-viral immune response and helping to improve barrier
function in the lungs and gut, along with type III interferons [9,36-38].

Treatment with OmeGo also resulted in a near doubling expression of IFNY (type II
interferon) and a significant difference compared to the limited change in the BSC arm.
Whilst IFNYy is not typically involved in the natural course of SARS-CoV-2 infection, it
does appear to augment the immune response against SARS-CoV-2 infection in the lungs.
A study of IFNy in almost 2000 outpatients presenting with COVID-19 within seven days
of infection showed a halving of subsequent hospitalization compared to those receiving a
placebo despite high vaccination rates [39]. Further, a study in hospitalized patients with
moderate, new SARS-CoV-2 infection showed a faster recovery in those receiving IFNy;
however, a small case series in critically ill patients did not show a benefit for IFNy [40,41].
In total, these studies suggest that the greatest impact of IFNy on COVID-19 is in the earlier
stages of infection. Consistent with this, subjects who suffered from respiratory infections
prior to contracting SARS-CoV-2 seem to have a more robust immune response (including
an IFNy response), resulting in milder COVID-19 [42].

The interferon response in this study for both IFN1 and IFNy peaked on day 14 and
progressively declined from there onwards. This might suggest that OmeGo helped support
a better interferon response; however, we did not assess the impact on viral clearance or
longer-term outcomes, such as long COVID. We did, however, see consistent effects in
the interferon-related immune system. The action of interferon includes the induction
of interferon-stimulated genes (ISGs), which target different parts of the viral replication
cycle [43]. Interferon regulatory factors (IRFs) also induce the expression of ISGs in response
to TLR (toll-like receptors) and RLR (RIG-1-like receptors) activation. One important group
of ISGs is the IFIT proteins (interferon-induced protein with tetratricopeptide repeats),
which target viral protein production [44]. IFIT1 is a central part of this defense mechanism,
and a muted IFIT1 response is seen in SARS-CoV-2 infection, which is probably a result of
direct viral mechanisms and a limited interferon response. Mirroring the increase seen with
IEN-1$ and -y, OmeGo showed a significant two-fold increase in IFIT1 expression. Whilst
this could suggest a potential for more efficient clearing of the viral infection, further work
is needed to explore this potential benefit.

The increase in the gene expression of IRF7 (interferon-regulatory factor-7) was less
marked at 1.6 fold compared to BSC, and this change missed significance. Interferon
regulatory factors (IRFs) help sustain the production of type I and III interferons and help
reduce their expression after viral clearance, and IRF7 is considered a key IRF [45-47].
The limited change in IRF7 could reflect the relatively mild cases of COVID-19 in this
study, which would not require prolonged IFN production. Consistent with this, the
expression of both IFNf and IFNy declined by 50% from day 14 to day 28, which suggests
a resolving infection.
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Overall, these changes suggest that the subjects in the OmeGo arm had a better
immune health profile by day 28. The interferon response appears improved and is
combined with a progressive reduction in the expression of pro-inflammatory cytokines and
chemokines. Even in mild cases of COVID-19, the immune inflammatory gene signature
can remain exaggerated for many months after the resolution of symptoms [48]. Monocyte-
derived macrophages continue to express a number of inflammatory genes, in particular,
lipid mediators of immune function, which is, in essence, an upregulation of eicosanoid
(prostaglandins, leukotrienes, and thromboxane) production with a downregulation of
lipid mediators involved in inflammation resolution [48-50].

Lipid mediators are an important part of the immune response. Eicosanoids, metabo-
lites of 5-lipoxygenase, have numerous actions, including white cell chemotaxis, as well as
increasing vascular permeability to enable immune cells to reach infected areas. They also
help sustain the immune response. However disordered lipid metabolism with increased
eicosanoid production and reduced SPM expression can result in fibrosis with organ dam-
age, including airway remodeling and reduced lung function. Raised IL-6 and TNF« levels
appear central to PASC/long COVID and complications, such as the increased risk of
cardiovascular events, persist long after the acute infection, as does the neuroinflammation
and associated cognitive deficits (“brain fog”) [51,52]. IL-1, IL-13, CXCL-10, and TGFf
are also raised in long COVID, especially in those with respiratory complications and
suppressed levels of IL-4 and IL-10 [1,2,53].

OmeGo not only contains the omega-3 polyunsaturated fatty acids eicosapentaenoic
acid (EPA), docosapentaenoic acid (DHA), and docosahexaenoic acid (DPA) but also omega-
5, omega-6, omega-7, omega-9, and omega-11. The health benefits of omega-3 fatty acids
derive from their metabolism into three different classes of SPMs, namely, protectins,
resolvins, and maresins, which support immune and overall health [54]. For instance, spe-
cialized pro-resolving mediators (SPMs) reduce the production of inflammatory cytokines,
including IL-6, modify macrophage function to a more protective role, and balance neu-
trophil and T-cell activity with other SPMs, appearing to suppress viral replication [55-57].

These combined effects could enhance recovery from viral infections, consistent with
the observation of a higher omega-3 index appearing protective against severe COVID-
19 [17]. However, studies of omega-3 supplements have delivered somewhat equivocal
results. A large Norwegian study of cod liver oil (containing EPA, DHA, and vitamin D)
showed no benefit in preventing COVID-19 or reducing its severity and, overall, other
clinical trials have not shown a conclusive benefit for omega-3 oils containing EPA and
DHA in COVID-19 [58,59].

The importance of DPA in immune health has emerged more recently than that of
EPA and DHA, and DPA is now recognized as the source of a distinct family of SPMs.
These SPMs have a range of actions, including the inhibition of viral replication and
reduced platelet aggregation [57,60-62]. Recent publications have also shown the health
benefits of non-omega-3 fatty acids contained in fish oil. For example, omega-9 (oleic
acid) and pentadecanoic acid provide non-overlapping anti-inflammatory effects with
cardiometabolic health benefits [63,64]. For oleic acid, at least part of this effect appears to
be via a reduction in the inflammatory action of advanced glycation end products (AGEs)
by raising levels of soluble receptors for advanced glycation end products (sSRAGEs), a
decoy receptor that has no transcriptional activity [65]. This reduces the AGEs available to
bind to membrane RAGE (mRAGE) to trigger cellular inflammation and oxidative stress.
Lower levels of SRAGE occur with aging and in chronic diseases, such as obesity, and have
been correlated to COVID-19 severity and also implicated in long COVID [66].

The array of polyunsaturated and monounsaturated fats contained in OmeGo could,
therefore, provide broader inflammation-resolving and immune health benefits than an
intervention focused on two omega-3 fatty acids, namely, EPA and DHA, and more closely
mimic the health benefits of regularly eating whole fish. Beyond the anti-inflammatory
effects of oleic acid and pentadecanoic acid noted above, OmeGo also contains a lipopeptide
fraction composed of microcolins. These originate from blue-green algae, a natural part
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of the fish’s diet, and have been shown to moderate type 2 eosinophilic inflammation,
including a reduction in eosinophilic activation and migration and associated reductions in
IL-13 levels [20,67,68].

We did not measure plasma cytokine levels and note that changes in mRNA expres-
sion and protein levels can show a variable correlation due to various biological factors,
such as post-translational modifications. The overall correlation between mRNA and
protein expression is generally positive but moderate, as observed in similar studies of
human monocytes [69]. Correlations likely depend on the gene categories in question,
as the transcription and translation of various genes will be variably modified prior to
the final protein synthesis. Quantification methods employed also have some inherent
variability, adding some noise to the correlation. The strength of the correlations also
appears context dependent. For instance, the differential expression of mRNA versus the
control shows better correlations with their protein products compared to non-differentially
expressed ones. This would inherently make sense that a differential mRNA expression
should have a functional impact, such as a change in protein expression. If not, it would
question the purpose of the differential expression. This was demonstrated in an ovar-
ian cancer xenograft model, where differentially expressed mRNAs showed significant
protein correlation, increasing confidence in using mRNA data for biological discovery in
specific contexts [70]. The generally positive strength of the correlations was the basis for
investigating differential mRNA expression in this research.

Our study has some weaknesses. We only followed the subjects up for twenty-eight
days, and we have no data on whether subjects in either group subsequently suffered
from long COVID. Nevertheless, this time period does include important time points
relevant to acute infection and recovery. It should also be noted that the biomarker study
was a sub-study of only eleven subjects with an average age of 32 years and only two
subjects in their sixth decade. The effectiveness of the immune system against infectious
diseases, including COVID-19, declines with age. A nutritional supplement to better
support immune health in the elderly would be an important finding; however, our study
does not provide any insights into elderly subjects. We did not measure the change in
viral load, which would have further supported the immune health benefits indicated
by the changes in gene expression seen in this study. Delayed viral clearance has been
correlated to higher levels of TNFx and IL-6 and lower levels of neutralizing antibodies
with a greater risk of severe disease and long COVID [51,52,71]. Whilst we assessed the
change in TNFx and IL-6 expression, we did not assess blood antibody levels, which
would have strengthened the data into a potential for OmeGo to support efficient viral
clearance. Finally, we did not measure the change in the omega-3 index, which could
have provided further insights into the relative drivers of inflammation resolution with
OmeGo. Nevertheless, the biomarker changes seen in the OmeGo group are consistent
with previously published research, both with OmeGo and on the modulation of immune
signaling by lipid mediators. Further clinical trial work is needed to delineate OmeGo’s
potential role in supporting immune health, such as the prevention or treatment of long
COVID, a condition of immune dysregulation and inflammation. Pollution-related cough,
resulting from underlying particulate matter inflammation, is another area of unmet need
with a significant impact on quality of life, including sleep quality. It also has a broad
inflammatory signature with similarities to that seen in COVID-19, albeit at a significantly
lower level. A low-cost intervention derived from fresh fish would be an appealing
approach for this common symptom, and clinical trials should be considered in this setting.

4. Materials and Methods
4.1. Study Design and Study Subjects

This randomized, open-label, parallel study was conducted in five sites in three coun-
tries: Hungary, Serbia, and Brazil. It was designed by the sponsor, Hofseth BioCare, with
input from Eurofins (Luxembourg City, Luxembourg), the Clinical Research Organization
that managed the trial sites. Institutional review boards approved this study at each site,
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and it was run in accordance with the principles of the Declaration of Helsinki, Interna-
tional Conference on Harmonization (ICH) guidelines for current Good Clinical Practice
(GCP), and applicable regulatory requirements. All subjects freely provided their written,
informed consent.

Subjects were eligible if they were aged between 18 and 75 years with confirmed mild
to moderate COVID-19 infection. Patients with a known fish allergy or hypersensitivity
were excluded. Enrolled patients were randomized on day 0 to either OmeGo plus the
best standard of care (BSC) or BSC alone. Patients randomized to the OmeGo arm were
instructed to take two capsules (equivalent to 2 g of salmon oil) twice daily. They were
also requested to save all unused and open packages to determine treatment compliance.
A standard assessment, including physical, laboratory, and radiographic investigations,
was undertaken to assess the patient’s clinical condition at the baseline, and the same
assessments were undertaken periodically through the twenty-eight days of this study.
On days zero, fourteen, and twenty-eight, nasal swabs were taken for gene expression
analysis (Figure 8). The selected genes were those involved in the immune response to
COVID-19 infection, recovery from COVID-19, and markers associated with long COVID.

Best supportive care: 5 subjects with mild to moderate COVID-19
Day 0-27

OmeGo & best supportive care: 6 subjects with mild to moderate COVID-19
Day 0-27
3

N .
Day O: nasal swab Day 14: nasal swab Day 28: nasal swab

Figure 8. Trial design. Subjects with mild to moderate COVID-19 infection were randomized to
best supportive care (BSC) with or without OmeGo for 28 days. Voluntary nasal swabs to analyze
changes in the gene expression of markers of immune response and recovery were taken on days
zero, fourteen, and twenty-eight.

4.2. Gene Expression Analysis

Following the collection of the nasal swab samples, each swab was vortexed while
still in the tube with the transport medium for fifteen seconds. Using sterile forceps, the
swab was removed from the transport tube and squeezed by pressing it against the side of
the tube to wring out any remaining fluid and to ensure that most of the cells were in the
liquid medium.

The RNeasy UCP Micro Kit (Qiagen, Venlo, Netherlands) and the standard protocol
were used to purify mRNA from the nasal epithelial cells. The fluid collected from each of
the 3 x 11 patient swabs was pelleted by centrifugation for five minutes at 1000 rpm in
a centrifuge tube. All the supernatant was carefully removed by aspiration, making sure
that all the cell media had been removed thoroughly. The cells were disrupted by adding
a 350 pL buffer RULT, taking care to loosen the cell pellet from the tube, vortexed to mix
thoroughly, and the mixture was homogenized by passing the lysate five times through a
20-gauge needle fitted to an RNase-free syringe. Next, 350 uL of 70% ethanol was added
to the lysate and mixed again by pipetting (some precipitate was visible but was not a
problem for the assays).

The sample was transferred, including any precipitate that may have formed, to an
RNeasy UCP MinElute spin column placed in a 2 mL collection tube, centrifuged for fifteen
seconds at 10,000 rpm, and washed as per the instructions. Next, 10 uL DNase I stock
solution was added to 70 uL buffered RDD, mixed gently, and 80 pL of the DNase I mix
was added directly to the spin column membrane and vortexed for 15 min. Then, 350
L buffer RUWT was added to the spin column and centrifuged for 15 s at 10,000 rpm to
wash it, and the flow through was discarded. The spin column was placed in a new 2 mL
collection tube, 500 uL of buffer RUPE was added and centrifuged for fifteen seconds at
10,000 rpm, and the flow through was discarded.

The spin column was washed again with 500 pL of 80% ethanol, placed in a new 2 mL
collection tube, and centrifuged for 5 min at full speed with the lid open to make sure all



Int. ]. Mol. Sci. 2024, 25, 6917

the ethanol was removed. The spin column was placed in a new 1.5 mL collection tube,
14 pL ultra-clean water was added directly to the center of the spin column membrane, the
lid was closed, and it was centrifuged for 1 min at full speed to elute the RNA. The dead
volume of the spin column was 4 uL, which was eluted with 16 uL of ultra-clean water to
yield a ~20 uL (4 ug) RNA eluate.

For cDNA preparation for RT-PCR, the RNA samples from each of the 3 x 11 patients
were added to 40 pL of buffer GE2 (gDNA elimination buffer) and RNase-free water to
make a final volume of 60 pL. This was incubated at 37 °C for five minutes and immediately
placed on ice for two minutes, and 62 pL of the BC5 Reverse Transcriptase Mix was added
to each 60 pL RNA sample for a final volume of 102 uL. This was incubated at 42 °C for
exactly fifteen minutes, and then the reaction was immediately stopped by heating at 95 °C
for five minutes (then held on ice until qPCR as required).

The Human Oxidative Stress RT2 Profiler PCR Array (Qiagen, Venlo, Netherlands)
was used, as RT-PCR is a highly sensitive and reliable method for gene expression analysis.
The assay was used to analyze expression levels of nineteen genes related to the immune
response in nasal epithelial cells from SARS-CoV-2-positive subjects treated with and
without CARDIO salmon oil capsules for twenty-eight days. The cDNA from above
was mixed with the RT2 SYBR Green fluor Mastermix (Qiagen, Venlo, Netherlands) and
aliquoted into the wells of the PCR Array. RT-PCR was performed on an iCycler (Bio-Rad
Labs, Hercules, CA, USA). Gene expression was compared using Ct values, and the results
were calculated using the AA Ct. method with normalization to the average expression
levels of the five common genes (ACTB, B2M, GAPDH, HPRT, and RPL13A).

5. Conclusions

In summary, in subjects with milder forms of SARS-CoV-2 infection, twenty-eight
days of treatment with OmeGo, an enzymatically liberated whole salmon oil, resulted
in changes in the cytokine, chemokine, and interferon gene expression, which suggests
potential for a faster return to immune homeostasis. This is consistent with the published
literature on the inflammation-resolving effects of the range of lipid mediators contained in
whole fish. Further clinical trials are needed to assess how this translates into outcomes,
such as reducing the complications of infection, such as long COVID.
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Abstract: Factors that reduce the risk of developing colorectal cancer include biologically active
substances. In our previous research, we demonstrated the anti-inflammatory, immunomodulatory,
and antioxidant effects of oat beta-glucans in gastrointestinal disease models. The aim of this study
was to investigate the effect of an 8-week consumption of a diet supplemented with low-molar-
mass oat beta-glucan in two doses on the antioxidant potential, inflammatory parameters, and
colonic metabolomic profile in azoxymethane(AOM)-induced early-stage colorectal cancer in the
large intestine wall of rats. The results showed a statistically significant effect of AOM leading to
the development of neoplastic changes in the colon. Consumption of beta-glucans induced changes
in colonic antioxidant potential parameters, including an increase in total antioxidant status, a
decrease in the superoxide dismutase (SOD) activity, and a reduction in thiobarbituric acid reactive
substance (TBARS) concentration. In addition, beta-glucans decreased the levels of pro-inflammatory
interleukins (IL-1cx, IL-13, IL-12) and C-reactive protein (CRP) while increasing the concentration of
IL-10. Metabolomic studies confirmed the efficacy of oat beta-glucans in the AOM-induced early-
stage colon cancer model by increasing the levels of metabolites involved in metabolic pathways,
such as amino acids, purine, biotin, and folate. In conclusion, these results suggest a wide range
of mechanisms involved in altering colonic metabolism during the early stage of carcinogenesis
and a strong influence of low-molar-mass oat beta-glucan, administered as dietary supplement, in
modulating these mechanisms.

Keywords: azoxymethane; colorectal cancer; interleukins; metabolome; oat beta-glucan; redox status

1. Introduction

Colorectal cancer (CRC) ranks as the third most diagnosed type of cancer and the
second leading cause of cancer-related deaths worldwide [1]. Primary risk factors for
CRC development include intestinal inflammation (typically non-specific), older age, and
environmental factors, including alcohol consumption, smoking, obesity, and diet type.
Although early stages of CRC often remain asymptomatic, early diagnosis is associated with
a good prognosis of approximately 90% of 5-year survival rate [2]. Recent studies suggest
that diet (its quality and the content of potentially carcinogenic ingredients) plays a crucial
role in the initiation of inflammatory processes that lead to carcinogenesis. Meta-analysis
performed by Shivappa and co-workers has shown a direct link between the consumption
of certain dietary products and an increased risk of CRC development [3]. On the other
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hand, various factors, including regular physical activity a diet rich in fruits, vegetables,
fibre, folic acid, calcium, dairy products, vitamin D, vitamin B6, magnesium, garlic, and
regular fish intake, have been associated with a reduction in CRC rates [4]. Specific dietary
components, such as polyphenols, prebiotic fibre fractions, polyunsaturated n-3 fatty acids,
known for their antioxidative and anti-inflammatory properties, may exert an inhibitory
effect on CRC development [5].

Among the dietary components that show potential direct anti-inflammatory and
indirect antioxidative effects are beta-glucans. Beta-glucans are a group of compounds
composed of D-glucose molecules linked by beta-glycosidic bonds, forming non-starch
polysaccharides that belong to the dietary fibre fraction. They serve as a structural compo-
nents in the cell walls of fungi, yeasts, and marine algae, as well as the aleurone layer and
endosperm of certain cereals. The structure of beta-glucans varies depending on their source
of origin, which in turn leads to their different biological functions. Cereal beta-glucans
(including those isolated from oats), unlike mushroom, yeast, and seaweed beta-glucans,
form long, slightly branched chains consisting of 3-D-glucopyranose monomers linked
mainly via (3-1,4-glycosidic bonds and, to a lesser extent, (3-1,3-glycosides. This unique
structure renders oat beta-glucans well soluble in water, forming sticky gels. Among the
numerous properties of beta-glucans that directly affect gastrointestinal tract functions,
their anti-inflammatory and prebiotic properties are of most interest. Our previous re-
search demonstrated the inhibitory effect of oat beta-glucans on LPS-induced inflammatory
process in rats” colon [5,6]. In these studies, the effect of high- and low-molar-mass oat beta-
glucans was investigated, and our results showed that the low-molar-mass beta-glucan had
stronger anti-inflammatory properties [5,6]. Therefore, in the current study, we focused on
oat beta-glucan with a low molar mass (5.2 x 10* g/mol) and purity of 99.3%.

To demonstrate the anti-carcinogenic properties of the low-molar-mass oat beta-glucan,
we used an experimental model of azoxymethane (AOM)-induced early-stage colorectal
cancer in rats. AOM and its final metabolites of 1,2-dimethylhydrazine (DMH) are respon-
sible for the methylation of the DNA nitrogenous bases in various cells, including the
epithelial cells of colonic crypts. This process leads to colon cell apoptosis and an increased
mutagenicity of colonic epithelial cells [7-10]. In the present study, we determined the
levels of selected pro- and anti-inflammatory cytokines (IL-1x, IL-1f3, IL-12, IL-10, as well
as C reactive protein), markers of the redox status (glutathione reductase, glutathione
peroxidase, superoxide dismutase, and total antioxidant status), as well as the metabolomic
profile in the large intestine tissue of rats with AOM-induced early stage of colorectal cancer.
The rats were fed either a feed supplemented with the low-molar-mass oat beta-glucan
(OBG) at the level of 1% or 3% or a non-supplemented feed. This comprehensive approach
was adopted to explore the possible mechanisms underlying the protective effect of oat
beta-glucans against carcinogenesis in the colon.

2. Results
2.1. Colorectum Histopathological Changes

Histopathological examination of colorectal specimens showed pronounced changes
in the epithelium, including the presence of aberrant crypts and hyperplasia (Figure 1B),
observed mainly in rats from the CRC group without dietary intervention, which confirms
the effectiveness of the research model used. In control animals, regardless of the type of
diet consumed, and in most of the rats from groups CRC_BG_1 and CRC_BG_3, the col-
orectal epithelium showed normal morphology without microscopic signs of abnormalities
(Figure 1A). A detailed description of the analysis of histological changes can be found in
our previous publication [11].
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Figure 1. Microscopic images of colon epithelium of experimental rats. (A) normal colon epithelium;
(B) colon epithelium with aberrant crypts and hyperplasia (red arrows).

2.2. The Redox Balance of the Colorectal Tissue

The analyses indicated significant changes in the redox balance in the colorectum of
the examined animals. AOM treatment resulted in a statistically significant decrease in TAS
level along with a simultaneous increase in SOD activity and TBARS concentration in rats
from the CRC group in comparison to animals from the CON group. On the other hand,
in the CON_BG_1 and CON_BG_3 groups, the SOD activity and TBARS concentration
were at the same levels as those in the corresponding control group, although TAS levels
were increased in comparison to those in the control group (CON). In animals with CRC,
the 8-week consumption of feed supplemented with 1% or 3% OBG (CRC_BG_1 and
CRC_BG_3 groups) significantly altered all parameters when compared with corresponding
CON groups. TAS values in CRC_BG_1 and CRC_BG_3 groups reached levels observed in
animals from the CON group (Figure 2).

An analysis of all markers related to glutathione metabolism (Table 1) showed that
AOM administration caused a decrease in reduced gluthatione (GSH) and an increase in
the oxidized gluthatione (GSSG) concentration, which resulted in the lowest GSH/GSSG
ratio in the colorectal tissue of rats from the CRC group in comparison to other tested
groups. In the colorectal tissue of rats from the CON group, the value of GSH/GSSG ratio
was higher (0.13 & 0.02 vs. 0.68 = 0.07). Dietary intervention with OBG, regardless of the
dose used, increased the GSH/GSSG ratio to the value of approximately 0.31 in the case
of animals from the CRC_BG_1 and CRC_BG_3 groups. The rate of conversion of GSSG
to GSH is a consequence of the activity of glutathione reductase (GR). Its activity did not
change in control animals fed a diet containing OBG, regardless of its amount in the diet.
However, the activity of GR was decreased during AOM-induced CRC. Supplementation
of diet with OBG significantly increased the GR activity in comparison to the CRC group,
but this effect was observed only in the case of 1% OBG dietary dose (group CRC_BG_1).
In addition, a significant increase in glutathione peroxidase (GPx) activity was observed
in CRC groups. Only in rats from the CRC_BG_1 group was a significant decrease in the
activity of GPx was observed; however, this value did not reach the level characteristic for
control animals (CON_BG_1 and CON_BG_3 groups).
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Figure 2. Redox status of the colorectal tissue: total antioxidant status (TAS) (A), superoxide dis-
mutase activity (SOD) (B), and thiobarbituric acid reactive substances (TBARSs) (C) in colorectal
tissue of rats from control (CON) and AOM-induced colorectal cancer (CRC) groups fed a diet with
1% or 3% of oat beta-glucan (BG_1 and BG_3, respectively) or control diet. Results are presented as
means =+ standard deviation. Statistically significant differences between groups and within groups
were evaluated using two-way ANOVA with Tukey’s post hoc test. Means followed by a common
letter are not significantly different at the 5% level of significance (p < 0.05) when the comparison is
made among dietary subgroups in the control/CRC group. Connecting dotted line is placed above
bars that represent statistically different means between the control and CRC groups on the same
feed at p < 0.05.

Table 1. Concentration of reduced (GSH) and oxidized glutathione (GSSG), GSH/GSSG ratio, activity
of glutathione reductase (GR) and glutathione peroxidase (GPx) in colorectal tissue of rats from
control (CON) and AOM-induced colorectal cancer (CRC) groups fed a diet with 1% or 3% addition
of oat beta-glucan (BG_1 and BG_3, respectively) or control diet.

CON Group CRC Group
Parameters CON CON_BG_1 CON_BG_3 CRC CRC_BG_1 CRC_BG_3
(n=7) n=7) (n=7) (n=8) (n=28) (n=8)
GSH 269.89 + 11.2 &* 223.72 4 12.6 b 230.26 & 18.5 b* 109.05 4+ 13.3 &* 165.82 + 13.4 b+ 172.99 + 17.6 P+
GSSG 346.5 £ 25.7 % 3575 +12.1* 3143 +£17.6* 712.9 £ 72.9 ¥* 473.4 + 47.0 2b> 588.5 + 73.4 &%
GSH/GSSG 0.68 + 0.07 @* 0.56 + 0.03 >* 0.67 £ 0.08 ** 0.13 +0.02 @* 0.31 4 0.05 > 0.31 & 0.07 b
GR 2.60 £0.22* 2.55+£0.07 * 2521 £0.10* 1.71 £ 0.14 &* 2.07 +0.17 b 1.78 + 0.15 b
GPx 150.85 £11.5* 175.59 + 6.8 * 170.97 £10.9 * 331.22 +30.1 ** 246.43 + 12.4 b 296.63 + 25.2 *

All values were expressed as means = standard deviation. Statistically significant differences between groups and
within groups were evaluated using two-way ANOVA with Tukey’s post hoc test; *P—different letters denote
significant differences among dietary subgroups in the control/CRC group at p < 0.05; *—denotes significantly
different results between the control and CRC groups on the same feed at p < 0.05. GSH and GSSG concentration
is expressed in pmol/g of wet tissue; GR and GPx activity is expressed in U/g of wet tissue.

2.3. Immunological Parameters in Colorectal Tissue Samples

The induction of the early stage of CRC in rats by AOM (CRC group) caused an
increase in the concentration of pro-inflammatory interleukins and CRP protein, accom-
panied by a statistically significant decrease in the concentration of the anti-inflammatory
cytokine IL-10 (Figure 3). The intake of feed supplemented with OBG had the greatest
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effect on changing the inflammatory profile of the colorectal tissue, especially in animals
from the CRC groups. The concentrations of both pro-inflammatory interleukins IL-1«
and IL-1B, in CRC_BG_1 and CRC_BG_3 groups, reached values similar to those in the
control group (CON), suggesting that the consumption of feed with OBG lowered the
concentration of those interleukins to physiological values (Figure 3A,B). A similar trend
was observed in the case of IL-10. The level of anti-inflammatory cytokine IL-10 was
increased in the colorectal tissue of CRC rats receiving diet with OBG in comparison to
corresponding CRC group (Figure 3E). Consumption of feed supplemented with 1% or 3%
of OBG (CRC_BG_1 and CRC_BG_3) caused a significant reduction in the IL-12 and CRP
levels; however, the concentration of these proteins did not reach the values observed in
control animals (Figure 3C,D). In the case of CRP, the strongest effect was noted when rats
were fed a diet supplemented with 3% OBG (Figure 3D).

IL-1a

py/g wett tissue
po/g wett tissue

Pg/g wett tissue
palg wett tissue

Figure 3. Immunological parameters in colorectal tissue: levels of interleukin lalpha (IL-1cx) (A),
Interleukin 1beta (IL-1p) (B), interleukin 12 (IL-12) (C), C-reactive protein (CRP) (D), and interleukin
10 (IL-10) (E) in colorectal tissue of rats from control (CON) and AOM-induced colorectal cancer (CRC)
groups fed a diet with 1% or 3% of oat beta-glucan (BG_1 and BG_3, respectively) or control diet.
Results are presented as means =+ standard deviation. Statistically significant differences between
groups and within groups were evaluated using two-way ANOVA with Tukey’s post hoc test. Means
followed by a common letter are not significantly different at the 5% level of significance (p < 0.05)
when the comparison is made among dietary subgroups in the control/CRC group. Connecting
dotted line is placed above bars that represent statistically different means between the control and
CRC groups on the same feed at p < 0.05.
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2.4. The Metabolomic Profile of Colorectal Tissue

To determine the changes in metabolomic profiles of CRC rats under the influence of
consumption of feed supplemented with two different doses of OBG, metabolomic data
from the following group comparisons were analysed: CRC vs. CON, CRC vs. CRC_BG_1
and CRC vs. CRC_BG_3. This approach allowed a precise comparison of the metabolomes
of the large intestine under the influence of tested factors, including AOM effects and
dietary intervention. In addition, it facilitated the determination of the metabolic pathways
connected with the above factors. The final effect of such comparison was the selection of
metabolites that generated the most pronounced and statistically significant differences
between the experimental groups.

Data were mean-centred using scaling and principal component analysis (PCA) to
analyse the metabolomic data. A p value at <0.05 was considered statistically significant.
Metabolites that differed among tested groups were subjected to pathway analysis by
MetaboAnalyst 5.0, which combined results from powerful pathway enrichment analysis
with the pathways’ topology analysis. The identified metabolites were then mapped to the
KEGG pathway for biological interpretation to achieve a higher-level understanding of
systemic functions.

A PCA analysis (Figure 4) showed that the metabolomic profile in the colorectal tissue
samples of rats was statistically significantly affected by both the AOM treatment (CON
vs. CRC) and by consumption the feed supplemented with different doses of OBG. The
blocked diagrams show the separation of metabolomes of groups CON and CRC (Figure 4).
Homogeneity within the control groups (non-supplemented and supplemented with OBG)
can be noticed. The consumption of 1% or 3% OBG with the feed did not cause pronounced
differences in the metabolomes of control animals.

This difference in metabolomic profiles was also reflected in the number of differ-
entiating metabolites detected in the investigated groups. Within all CON groups, 465
differential metabolites were identified, whereas in three CRC groups, the number of
characteristic metabolites amounted to 1435. Therefore, a more detailed analysis was con-
ducted to examine the differences in metabolomes of the following experimental groups:
CRC vs. CON, CRC vs. CRC_1BG, CRC vs. CRC_3BG (Supplementary Data, Tables
S1-53). Supplementary Table S1 presents metabolic pathways in which the metabolites
differed between the CRC and CON groups. The following metabolic pathways were
found: metabolism of butanoate, valine, leucine and isoleucine degradation, metabolism
of lysine and tryptophan, fatty acids degradation and metabolism, purine metabolism,
sphingolipid metabolism, one carbon pool by folate, and others.

Metabolites that differed significantly between CRC and CRC_BG_1 groups (fed
non-supplemented versus supplemented with 1% OBG diets) represented the following
metabolic pathways: arachidonic acid, linoleate, vitamin A (retinol), glycerophospho-
lipid, porphyrin metabolism, prostaglandin formation from arachidonate, leukotriene
metabolism, and C21-steroid hormone biosynthesis and metabolism (Supplementary
Table S2a). When the amount of OBG added to the feed was increased to 3%, the metabolites
that differed significantly between CRC and CRC_BG_3 groups represented the follow-
ing metabolic pathways: aspartate and asparagine metabolism, methionine and cysteine
metabolism, mono- and di-unsaturated fatty acid beta-oxidation, leukotriene, linoleate
metabolism, omega-3 fatty acids metabolism, prostaglandin formation from arachidonate,
C21-steroid hormone biosynthesis and metabolism, androgen and oestrogen biosynthesis
and metabolism, porphyrin metabolism, and others (Supplementary Table S3a). Signifi-
cantly (p < 0.05) regulated metabolites detected in the colorectal tissues of rats from analysed
experimental groups are presented in Supplementary Tables S1b, S2b, and S3b.

Additional analysis was performed to confirm the presence of chosen specific metabo-
lites, selected from a list of metabolites that differed significantly between the CRC group
and other experimental groups included in the metabolomic analysis (CON, CRC_BG_1,
CRC_BG_3). After the initial verification of metabolites using the ChemSpider platform,
a LC-MS/MS based targeted metabolomic analysis was performed with a thorough anal-
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ysis of the fragmentation spectra. Only the confirmation of these spectra ensured that
the metabolites were correctly selected for further research. Out of the initially selected
12 metabolites, 4 were conclusively confirmed: kynurenine, methionine, citrulline and
tryptophan. These compounds showed significantly higher levels in the CRC group in
comparison to the control (CON) groups and CRC groups fed the diet supplemented with
OBG, regardless of the dose used (CRC_BG_1 and CRC_BG_3) (Figure 5). The consumption
of the feed supplemented with OBG led to a reduction in the levels of kynurenine, me-
thionine, citrulline, and tryptophan, bringing them in line with the values observed in the
colorectal samples from rats in the control groups (Figure 5). The role of these compounds
is described in more detail in the discussion section.
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Figure 4. Principal components analysis (PCA) of colorectal tissue metabolome of rats from control
(CON) and AOM-induced colorectal cancer (CRC) groups fed a diet with 1% or 3% of oat beta-glucan
(BG_1 and BG_3, respectively) or control diet. Areas with a grey background represent metabolomes
characteristic for control groups (CON), whereas areas with blue background represent metabolomes
characteristic for CRC groups.
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Figure 5. Sum of m/z metabolite counts of kynurenine, methionine, citrulline, tryptophan in col-
orectal tissue of rats from control (CON) and AOM-induced colorectal cancer (CRC) groups fed a
diet with 1% or 3% of oat beta-glucan (BG_1 and BG_3, respectively) or control diet. Results are
presented as means =+ standard deviation. Statistically significant differences between groups and
within groups were evaluated using two-way ANOVA with Tukey’s post hoc test. Means followed
by a common letter are not significantly different at the 5% level of significance (p < 0.05) when the
comparison is made among dietary subgroups in the control/CRC group. Connecting dotted line is
placed above bars that represent statistically different means between the control and CRC groups on
the same feed at p < 0.05.

3. Discussion

The presented study aimed to determine the effect of low-molar-mass oat beta-glucan
(OBG) on oxidative stress parameters, inflammation, and the metabolomic profile of
the large intestine tissue in rats exposed to azoxymethane. The AOM model is a well-
documented and widely used method for experimentally induced colorectal carcinogene-
sis [12]. This model, known for its resemblance to sporadic colorectal cancer in humans,
not only shares similarities in response to certain promotional and preventive factors but
also serves as an effective tool in evaluating the chemopreventive mechanisms of action of
biologically active compounds in this specific type of cancer [13,14].

There are many types of beta-glucans, and the structure of these polysaccharides
differs depending on the source of origin. Fungal beta-glucans are polymers of D-glucose
residues joined in a 3-1,3 configuration with additional 3-(1,6)-linked branches that show
a strong immunomodulatory effect [15]. In turn, branched or linear 1,4-f-glucans are
believed to show limited biological activity [15]. Our research investigated the effect of
OBG administered to rats for 8 weeks in the form of a feed supplement. The tested beta-
glucan was isolated from oat bran and purified by a patented method described in detail
elsewhere [16,17]. The structure of OBG is characterized by a mixture of 3-D-glucose
unbranched chains linked by 3-(1,3) and 3-(1,4) glycosidic bonds. Our previous reports
demonstrated that the examined low-molar-mass OBG administered at a dose of 1% feed
additive had a strong direct anti-inflammatory effect as well as an indirect antioxidant effect
in models of colitis induced by 2,4,6-trinitrobenzenesulfonic acid (TNBS) and systemic
inflammation induced by lipopolysaccharides (LPS) in rats [6,18,19]. To test whether the
effectiveness of OBG is maintained or modified by an increased dose of OBG present in the
diet, we also investigated the effect of 3% OBG.
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One of the objectives of the present study was to investigate the antioxidative effect
of dietary supplementation with OBG in animals with AOM-induced early-stage CRC.
The role of oxidative stress in cancer, characterized by the overproduction of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) with simultaneous deficiency in
endogenous antioxidant systems, has been extensively explored in many studies focused
on carcinogenesis in the digestive tract, including the colon. Endogenous antioxidative
systems include mainly superoxide dismutase (SOD), glutathione in reduced and oxidized
forms, enzymes involved in glutathione metabolism (glutathione peroxidase and reductase)
and others. Inhibition of the key enzymes involved in the synthesis of glutathione or
enzymes capturing ROS causes prolonged oxidative stress, which may lead to induction
and intensification of the process of carcinogenesis [20,21]. On the other hand, the inhibitory
effect of biologically active compounds on redox processes in cancer cells suggests the
possibility of their chemopreventive properties. In our study, AOM-induced CRC caused a
statistically significant decrease in the GSH concentration (glutathione in reduced form),
which also resulted in a decrease in the value of the GSH/GSSG ratio. Furthermore,
we found increased activity of glutathione peroxidase (GPx) and decreased activity of
glutathione reductase (GR) in all groups of animals with induced early-stage CRC. The
8-week dietary intervention with OBG, regardless of its dose (1% or 3%), improved the
parameters characteristic for antioxidant protection related to glutathione oxidation status.
Although the low-molar-mass OBG did not fully restore the activity of GPx and GR to
the values observed in control groups, it modulated those changes towards physiological
levels, particularly by decreasing GPx activity and increasing the activity of GR. The effect
was especially pronounced in the case of 1% OBG supplementation. The mechanism of
action of the low-molar-mass OBG in our experimental model does not seem to involve
direct inhibition of AOM-induced carcinogenesis because no available data confirm the
direct absorption of the beta-glucan into the intestinal cells. Oat beta-glucan exhibits high
solubility in water and forms viscous gels due to long, poorly branched polysaccharide
chains linked mainly by (3-1,4-glycosidic bonds. The probable antioxidative mechanism
of OBG action is based on limiting the promotion of the secondary oxidative factors that
lead to the generation of oxidative stress. This causes the decreased concentration of free
radicals, and thus, the diminished oxidation of GSH.

Glutathione peroxidase can also prevent the formation of toxic lipid peroxides by
reducing ROS concentration in the cells [22]. Thus, we also analysed the concentration of
lipid peroxidation products using the TBARS assay. The products of lipid peroxidation
are used as markers of the degree of lipid damage, and the formed lipid peroxides show
pro-mutagenic properties and induce mutations in oncogene/tumour suppressor genes in
human cancers as well as in animal research models [23,24]. In our study, the colorectal
tissue of rats with AOM-induced CRC showed a strong accumulation of lipid peroxidation
products, expressed as the sum of TBARS. The lowest TBARS concentration was noted in
control groups, irrespective of OBG supplementation, indicating that the protective effect
of OBG was not observed in healthy animals.

Among the crucial parameters determining the ability of cells to resist oxidative stress
is also superoxide dismutase (SOD). In the cancer cells microenvironment, there are several
metabolites that activate enzymes involved in elimination of the effects of oxidative stress
due to their pro-oxidative nature. The increase in SOD activity has been correlated with the
increase in colorectal cancer severity, which has been demonstrated in neoplastic tissues
compared to normal tissues [25]. The results from other studies have shown increased
SOD activity in colon samples from patients with colon cancer at stages I and III when
compared to the control group, whereas the lower SOD activity was demonstrated in
patients with colon cancer at stage IV [26,27]. In our study, the SOD activity of animals
in the control group (CON) was lower than that in the CRC group, confirming the initial
stages of CRC development. This was also reflected by the results of the histopathological
examination of colon sections from CRC and CON groups, revealing the initial stages
of crypt aberration under the influence of AOM treatment, without noticeable changes
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in inflammatory cells infiltration. The consumption of feed supplemented with OBG,
regardless of its concentration, significantly reduced SOD activity, confirming the potent
strong chemopreventive effect of these polysaccharides in animals with early-stage CRC
development. Taking together the results of the redox status of the colorectal tissue (GSH
and GSSG concentrations, activity of GSH-related enzymes, activity of SOD, and TBARS
concentration), it can be concluded that low-molar-mass OBG exhibits the potential to
modulate the antioxidative balance in tissues altered by the early stage of CRC development,
significantly diminishing the induced oxidative stress in the cancerous environment, but
the effect did not depend on the doses selected in the present research.

In order to create a favourable tumour microenvironment, cancer cells primarily
communicate with each other mainly through signalling molecules, such as cytokines,
chemokines, or growth factors [28]. Nutritional interventions aim at modifying the se-
cretory profile of the pro- and anti-inflammatory cytokines in order to minimize the risk
of cancer development, growth, invasion, metastases, and resistance to therapy. Dietary
bioactive compounds, such as beta-glucans, most probably are unable to reach further
organs in an unchanged form. Their mechanism of action is limited to specific sections of
the digestive tract, especially the large intestine. It is believed that oat beta glucans stimu-
late the immune cells to produce anti-inflammatory cytokines and inhibit the secretion of
pro-inflammatory cytokines [29,30]. Our present study demonstrated that the concentration
of pro-inflammatory interleukins IL-1«, IL-13, IL-12, and C-reactive protein (CRP) was in-
creased in the colorectal tissues of rats with AOM-induced CRC, whereas the concentration
of the anti-inflammatory IL-10 was decreased in CRC. Supplementation of feed with the low-
molar-mass OBG led to decreased concentrations of the pro-inflammatory cytokines (IL-1«,
IL-1f3, IL-12) in the colorectal tissue of rats with AOM-induced CRC to levels comparable
with healthy control rats. Our previous research also showed that dietary supplementation
with oat beta-glucans protected the large intestine from inflammation, in that case induced
by LPS [6]. Since chronic inflammation may lead to epithelial-mesenchymal transition,
dedifferentiation, and increased ROS production in cancer cells [31], our results support
the hypothesis of the anti-cancer activity of the oat beta glucans, reflected among others by
their potential for regulating the antioxidative balance and anti-inflammatory response.

One of the major objectives of the present study was to assess the difference in the
metabolomic profile of colorectal tissue under physiological state (CON) and pathological
conditions (CRC) induced by the AOM treatment. Additionally, the study aimed to identify
metabolites that may exhibit differences after dietary intervention with the low-molar-mass
oat beta-glucan. Therefore, for this purpose, metabolome comparisons of CRC vs. CON,
CRC vs. CRC_1BG, and CRC vs. CRC_3BG were performed separately.

As a result of early-stage colorectal cancer induction by AOM treatment, changes
in several key metabolic pathways were demonstrated. Some of the activated metabolic
pathways have been previously described in the literature. Recently, a systemic review of
studies reported from January 2012 to July 2021 described CRC biomarkers detected by
metabolomics, pointing out metabolites that may be used as potential diagnostic markers
in the future [32]. However, there are no data characterizing the metabolic profile of
the large intestine under physiological conditions. Therefore, we compared the results
of metabolomic analysis performed on control colorectal tissue samples with the CRC
samples. Among the metabolic pathways that differed between the compared experimental
conditions (CRC vs. CON), the crotonoyl-CoA and butanoyl-CoA pathway, involved in the
beta-alanine pathway, biotin metabolism, butanoate and folate metabolic pathways, purine
metabolism, and one-carbon metabolism, mediated by the folate cofactor, may be of special
interest. Folate, acting as a donor and carrier of one-carbon units, is involved in various
processes within the one-carbon metabolism, including the biosynthesis of guanine and
adenine nucleotides necessary for nucleic acid synthesis [33]. In our study the pathways of
purine metabolism were among the pathways differentially regulated in CRC group when
compared with control group (CON). Moreover, carcinogenesis induction by AOM also
induced changes in the sphingolipid pathway and a large part of amino acids metabolism.
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Sphingolipid metabolites can mediate several signalling pathways, as well as affect cell
growth, differentiation, autophagy, and apoptosis [34].

Our study also revealed a number of metabolic pathways regulated by the low-molar-
mass OBG administered as a dietary supplement at 1% or 3% concentration. It seems that
the most important metabolic pathways altered by 1% OBG are involved in the metabolism
of polyunsaturated fatty acids (PUFAs), specifically arachidonic acid, linoleic acid, and
their metabolites, as well as the metabolism of glycerophospholipids. Arachidonic acid
metabolites are crucial for the function of cell membranes of cells stimulated by onco-
carcinogens. Gholamalizadeh et al. [35] showed a relationship between the activity of
enzymes involved in arachidonic acid metabolism and the type of fat in the diet, with
highly inflammatory eicosanoids being products of those enzymatic reactions. Our study
confirmed that the dietary oat beta-glucan reduced the concentration of pro-inflammatory
cytokines, and given that PUFAs are precursors of prostanoids involved in inflammation,
the modulation of arachidonic acid metabolism becomes particularly relevant. Prostanoids,
which include leukotrienes, thromboxanes, and prostaglandins, are powerful signalling
molecules synthesized by a diverse set of enzymes during inflammation. Among them,
prostaglandin E2 (PGE2), the main product of cyclooxygenase (COX), plays a significant
role in colorectal carcinogenesis. Many studies showed elevated levels of PGE2 in colon
cancer [36]. An analysis using MetaboloAnalyst suggested that the change in the entire
metabolic pathway of arachidonic acid was influenced to the greatest extent by the pres-
ence of the eicosanoids 16(R)-HETE, 9(S)-HETE, 11.12-EET, 5(S)-HETE, Hepoxilin A3-C,
15(S)-HETE, 19(S)-HETE, and 20(S)-HETE, which, as isomers, would require a thorough
analysis in order to confirm their real impact on the metabolome of the tested samples.
Despite the attempts of chromatographic separation and their analysis, we were unable
to confirm the presence of these eicosanoids quantitatively. However, taking into account
the significant changes in the arachidonic acid metabolic pathway and our previous ob-
servations regarding the decreased concentration of PGE2 in the colon tissue of rats with
TNBS-induced colitis, receiving low-molar-mass OBG [19], it can be concluded that oat
beta-glucans play an important role in the regulation of arachidonic acid metabolism.

The addition of OBG to the feed of rats with AOM-induced CRC, especially at the
higher concentration (3%), also increased the concentration of metabolites involved in
the pathway of methionine and cysteine metabolism. Cysteine, in particular, plays a key
role in regulating the tumour microenvironment. This sulphur-containing amino acid
takes part in cell biosynthesis processes, in enzymatic catalysis and, above all, in redox
metabolism. Extracellular cysteine serves as the primary source for the intracellular cysteine
pool that supports the cellular redox state [37]. During carcinogenesis, the demand for
cysteine increases for glutathione production to manage oxidative stress. In our research,
an increase in the GSH/GSSG ratio was noted in tissue samples from rats with AOM-
induced CRC fed a diet supplemented with OBG (CRC_BG_1, CRC_BG_3) in comparison
to colorectal tissue samples from the CRC group. These finding confirm the antioxidative
properties of OBG, as discussed earlier, and show the relationship between the results of
our metabolomic analysis with the investigated oxidative status.

Methionine, the second sulphur-containing amino acid, initiates protein synthesis
during translation and serves as a source of methyl groups for most nucleotides, chromatin,
and protein methylation. It also donates carbon skeletons for various aspects of the
cellular antioxidant response and nucleotide biosynthesis. Cancer cells, unlike normal cells,
exhibit high methionine cycle activity and depend on exogenous methionine for continued
growth [38]. Methionine deficiency initiates extensive metabolic changes in cancer cells that
enable them to survive despite the limited availability of this amino acid [39]. Furthermore,
the combined effects of methionine and cysteine are important because of their direct
involvement in the metabolism of the glutathione pathways and the antioxidant capacity
of cells.

Our investigation also revealed the altered metabolism of glycine, serine, alanine, and
threonine in the colorectal tissue of rats treated with AOM and fed a diet containing 3%
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of OBG. Glycine, as a source of one-carbon units, together with increased expression of
glycine decarboxylase, promotes the growth of cancer cells, e.g., for colorectal cancer [40].
Interestingly, an excess of glycine can be harmful to cancer cells, leading to a reduction in the
rate of proliferation and inhibiting tumour growth. In colorectal cancer cells with an excess
of glycine and a serine deficiency, the dominant reaction catalysed by methyltransferases
is the conversion of glycine to serine. This reaction not only results in the depletion of
one-carbon units but also inhibits nucleotide synthesis [41]. Studies have shown that the
relationship between the breakdown of serine and the formation of glycine and the direction
of these changes is crucial for colon cancer cell survival [41]. The observed changes in
amino acid metabolism in our study emphasize the potential influence of OBG on the
one-carbon metabolism and nucleotide synthesis in CRC.

Finally, four metabolites (kynurenine, methionine, citrulline, and tryptophan) were
selected in the present study for further quantitative and qualitative analysis, thus al-
lowing us to confirm the changes in their levels in the investigated experimental groups.
Kynurenine plays a vital role in the nutritional modulation of immune cells and promotes
the differentiation of Treg lymphocytes, which leads to the increased production of anti-
inflammatory cytokines and inhibition of cytotoxic activity of T lymphocytes. However, an
excessive activation of the kynurenine pathway in tumours has been linked to increased sur-
vival and invasion of tumour cells into surrounding tissues [42]. The kynurenine pathway
strongly interacts with other molecular pathways involved in tumorigenesis, including the
Wnt/ 3-catenin pathway, which is directly related to the AOM mechanism of action, and
the COX2 and cyclin-dependent kinase pathways. The over-activation of the kynurenine
pathway predicts a poor prognosis for several cancers, such as gastrointestinal cancers [43].
In our study, the quantitative analysis confirmed that in the group of rats with CRC and
consuming feed supplemented with the oat beta-glucan (CRC_BG_1 and CRC_BG_3), the
concentration of kynurenine decreased to the concentrations observed in animals from the
control group (CON), while the highest concentration was observed in the large intestine
of animals from the CRC group. Such modulation may contribute to a less favourable
environment for tumour survival and invasion.

It is also important to link the metabolism of kynurenine with tryptophan (TRP)—one
of the essential, exogenous amino acids, which plays an important role in both nutrition and
a variety of physiological processes in organisms [44]. Two main metabolic pathways for
tryptophan are known in mammals: the kynurenine metabolism pathway and the serotonin
metabolism pathway. The former plays a significant role in the immune function and,
therefore, in development [45]. Tryptophan is converted to kynurenine through the actions
of enzymes such as tryptophan 2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenase
(IDO). In the gastrointestinal tract and brain, residual TRP is transformed into kynurenine
via IDO. Kynurenine then undergoes further metabolism leading to the production of
various metabolites, including kynurenic acid (KA) and quinolinic acid, which is later
transformed to NAD™". Additionally, the gut microbiome can metabolize TRP to indole
and its derivatives [46]. Tryptophan and its metabolites have multiple important functions
in the gastrointestinal tract. Firstly, metabolites of tryptophan are believed to be ligands
for the aryl hydrocarbon receptor (AhR), which is responsible for modulating immune
response in the intestine [44]. Studies suggest that the number of T cells can be positively
influenced by the high intake of tryptophan from the diet, and the indole acrylic acid
improves the overall function of the epithelial barrier in the intestine [47,48]. Furthermore,
TRP as well as kynurenine can inhibit the inflammatory response [49]. In the studies on
CRC progression, the kynurenine pathway has been connected with an inhibitory effect on
CRC cell proliferation. In the present research, the tryptophan level was reduced to control
physiological values in the colorectal tissue of CRC rats fed the diet supplemented with
OBG regardless of the dose used. This suggests a potential influence of oat beta-glucan
on tryptophan metabolism and its associated pathways. The modulation of tryptophan
metabolism, especially within the kynurenine pathway, appears to be a critical factor in
the complex interplay between diet, immunity, and colorectal cancer. Understanding these
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intricate mechanisms provides valuable insights for potential therapeutic interventions
and emphasizes the importance of dietary components in influencing metabolic responses.

4. Materials and Methods
4.1. Isolation and Characteristics of OBG

Beta-glucan was extracted from oat bran concentrate (Bestpharma, Warsaw, Poland)
using a unique method described in details in our previous reports [16,17]. The detailed
methodology for the isolation and purification of beta-glucan was described in our previous
article [50]. Briefly, the oat bran was frozen and subjected to repeated milling, and was then
extracted using an alkaline solution. The remaining substances were then separated by
centrifuging and the supernatant was de-proteinised at its isoelectric point. The protein
content, measured using the Lowry method, was found to be negligible, falling below
the method’s detection limit (<0.01 mg/mL). The purity of the beta-glucan was 99.3%,
as determined by enzymatic methods (AACC Method 32-23.01). The molar mass of the
beta-glucan used in the present study was determined by SEC-HPLC to be approximately
5.2 x 10* £ 0.6 x 10* g/mol.

4.2. In Vivo Experiment

The experiment was conducted on eight-week old male Sprague Dawley rats (CRL:CD(SD)),
purchased from Charles River Laboratories (Sulzfeld, Germany). Detailed description of
the in vitro experiment was presented in our recent research article [50]. Briefly, after a
one-week adaptation period, the animals were divided into 2 main groups: a treatment
group with chemically induced early-stage colorectal cancer (CRC, n = 24), and a control
group, without pathological colorectum changes (CON, n = 21). The CRC was induced by
peritoneal injection of azoxymethane (AOM) (Sigma-Aldrich, Saint Louis, MO, USA) at a
dose of 15 mg/kg once a week for two weeks in accordance with the method described
by Perse and Cerar [7]. Animals in control group (CON) received peritoneal injections of
physiological saline using the same scheme of treatment. On the day of last AOM injection,
both CRC and CON groups were subdivided into three sub-groups: (1) animals fed AIN-
93M feed (ZooLab, Sedziszéw, Poland) without beta-glucans (groups CRC and CON),
(2) animals fed AIN-93M feed supplemented with 1% (w/w) of OBG (groups CRC_BG_1
and CON_BG_1), and (3) animals fed AIN-93M feed supplemented with 3% OBG (w/w)
(groups CRC_BG_3 and CON_BG_3). Each CRC subgroup comprised 8 animals, whereas
each CON subgroup comprised 7 animals. Detailed description of feed composition in
all experimental groups and environmental conditions were provided in our previous
article [50]. Each animal’s body weight was recorded weekly, and feed consumption was
monitored every day. At the end of the 56-day feeding period, the animals were subjected
to general Isoflurane anaesthesia and blood was sampled by heart puncture, and after
bleeding, the three parts of large intestine (cecum, colon, and rectum) were sampled. In
order to minimize the impact of the ingesta components, all sampled parts were thoroughly
rinsed in phosphate-buffered saline (PBS), then frozen in liquid nitrogen and stored at
—80 °C for further analysis.

All experimental procedures were approved by the 2nd Local Ethical Committee in
Warsaw, Poland (resolution no. WAW2/040/2019), in accordance with the EU Directive
(2010/63/UE), the Polish law, and the 3R rules.

4.3. Histopathological Evaluation

Samples of the large intestine were fixed in 10% buffered formaldehyde, and dehy-
drated by successive immersion in a gradient of ethanol solutions. Subsequently, the
samples were rinsed with xylene, embedded in paraffin blocks, and cut into 5 pm sections.
The sections were stained with haematoxylin and eosin (H&E) for evaluation under a
light microscope (Motic BA400, Olympus Corporation, Tokyo, Japan) by a veterinarian
histopathologist.
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4.4. The Immunological Parameters Evaluation

The large intestine samples were homogenized in PBS using electric homogenizer,
vortexed for 15 min and centrifuged for 15 min at 500x g. Supernatants were used to
analyse the concentrations of chosen cytokines interleukin IL-10 (cat.no.: RBMS629R),
IL-12 (cat.no.: E90059Ra), IL-1x (cat.no.: E900233Ra), IL-1 (cat.no.: E900235Ra), and C
reactive protein (CRP, cat.no.: E900878Ra) by competitive specific enzyme immunoassay
(ELISA) commercial kits (USCN Life Science Inc., Wuhan, China). Analyses were performed
according to the manufacturer’s protocols.

4.5. The Colon Redox Balance Parameters Evaluation

Determination of total antioxidant status (TAS), glutathione reductase (GR), glu-
tathione peroxidase (GPx), and superoxide dismutase (SOD) activity was conducted in
tissue homogenates prepared according to the protocol described in Section 4.4. The pa-
rameters were analysed using the Randox assay kits (TAS, cat. no.: NX2332; GR, cat. no.:
GR 2368; GPx, cat. no.: R§504/505/506; SOD, cat. no.: SD125) according to the protocols
provided by the producer (Randox Laboratories Ltd., Crumlin, County Antrim, UK). Re-
duced (GSH) and oxidized (GSSG) gluthatione were detected using high-pressure liquid
chromatography (HPLC) with a colourimetric electrochemical detector from ESA (Chelms-
ford, MA, USA) with a 4-channel electrochemical array for the simultaneous detection
of both glutathione forms. The mobile phase for isocratic elution of the sulfhydryls was
composed of 25 mM monobasic sodium phosphate, 0.5 mM 1-octane sulfonic acid, and
2.5% acetonitrile, adjusted to pH 2.7. All chemicals, including GSH and GSSG standards
were purchased from Sigma-Aldrich (part of Merck KGaA, Darmstadt, Germany). The pH
for the mobile phase was adjusted with 85% phosphoric acid. A flow rate of 1 mL min~!
was used with a C18 column (5 pM column, 4.6 x 250 mm). Acetonitrile was the key
component in modulating the retention times of GSH and GSSG. With 2.5% of acetonitrile
in the mobile phase, the retention times for GSH generally appeared at 5 min and GSSG
at 20 min. The GSH/GSSG ratio was calculated on this basis. Thiobarbituric acid reactive
substances (TBARSs) were analysed according to the method described by Aguilar Diaz
De Leon and Borges [51].

4.6. Metabolomic Analysis

Metabolomic analysis was performed using a high-pressure liquid chromatography
Symbiosis Pico UHPLC system. The detector used for this analysis was a SCIEX TripleTOF
5600+ DuoSpray Source for SCIEX TripleTOF 5600+ (TurbolonSpray and APCI). The ac-
quired data were analysed using SCIEX MarkerView™ (ver. 1.3.1.), XCMSplus (on-line
ver.), and MetaboAnalyst 5.0 software packages for comprehensive interpretation and
extraction of metabolomic information.

The samples of colon tissue were homogenized in PBS and mixed with a mixture of
acetonitrile and methanol in a 1:1 ratio. Samples were vortexed (2000 rpm for 15 min) and
centrifuged for 15 min at 20,000 x g. Supernatants were transferred to glass autosampler
vials, and placed in an autosampler at 4 °C. Samples were injected directly into a Spark
Holland Symbiosis™ Pico system. Chromatographic separation was performed on the
Hypersil chromatographic column, BDS C18, (150 x 4.6 mm, 5 pm) with a Hypersil C18
guard column (10 x 2.1 mm, size 5 um). The mobile phase consisted of methanol/formic
acid (99:1, v/v) A and water/formic acid (99:1, v/v) B, and the flow rate was constant at
500 uL min~!. The gradient elution of the mobile phase 100% A was started at 1.1-40 min
linear gradient to 100% B, 40.1-55 min 100% B, and 55.1-60 min linear gradient to 100% A.

MS/MS parameters: the optimized detection conditions included curtain gas (N»)
25 psi, nebulizer gas (N) 20 psi, heater gas (N3) 50 psi, ion source voltage floating 5500 V,
and source temperature 500 °C. Samples with a heated electrospray 3 ionization probe
were measured in positive ionization (H-ESI+).
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4.7. Statistical Analyses

Analyses of variance (ANOVA) were performed using GraphPad Prism ver.6.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA). To determine the effect of AOM treatment, as well
as supplementation of the diet with 1% or 3% of OBG, two-way ANOVA was employed to
assess differences between control and experimental groups. The significance of differences
in results among the groups was determined by Tukey’s post hoc test. A significance level
of p < 0.05 was considered as a statistically significant difference. All data were expressed
as mean + standard deviation (mean + SD).

The metabolite profiles, obtained within the 100-1100 Da range with a sensitivity
of 5 cps, were analysed using SCIEX MarkerView™ software (ver.1.3.1.). Comparative
assessments between groups were conducted using Student’s ¢-tests and principal com-
ponent analysis (PCA). The generated metabolomic profiling data sets were processed by
the control software of the SCIEX Analyst® (ver.1.7.3) mass spectrometer and saved in
a specific data format (*.raw). The first step was to convert data from Excalibur-specific
raw files to open format files (*.mzXML) using MS Convertor software (MSConvert ver.
1.5.2.). Subsequently, the metabolomic data were processed using the XCMSplus platform.
Additionally, PCA resulted in comparative profiles of metabolomes of specific groups,
which were further analysed by SCIEX MarkerView™ software. The classification of
identified metabolites within particular metabolic pathways was conducted using the
XCMSplus on-line platform and MetaboAnalyst 5.0 software with a probability threshold
of p <0.0001. The identification of metabolites was carried out based on the ChemSpider
database (accessed via SCIEX PeakView™ ver.2.2). Indications above an 80% probability of
confirming a given structure were compared with the indications of metabolites from the
MetaboAnalyst 5.0 database.

5. Conclusions

The obtained results indicate that dietary supplementation with the low-molar-mass
oat beta glucan may play an important role in maintaining homeostasis of the intestinal
microenvironment. The observed effects include exerting the anti-inflammatory and antiox-
idant activities, emphasizing the potential use of oat beta-glucan in dietary intervention.
Additionally, low-molar-mass oat beta-glucan was found to modulate metabolic pathways,
specifically those related to amino acids and fatty acids metabolism, which are crucial for
maintaining the physiological functions of the colorectal tissue. The presented study is
consistent with contemporary trends of research investigating the role of biologically active
compounds in the prevention of colon cancer. However, only one type of beta-glucans was
investigated, which does not allow for a direct comparison of the mechanism of action of
beta-glucans of different origin and structure. Nevertheless, the present research, which
refers only to oat beta-glucans, documents their strong effect in the early stages of carcino-
genesis. Our results suggest potential therapeutic implications for dietary oat beta-glucan
interventions aimed at supporting the intestinal homeostasis. The potential therapeutic use
of beta-glucans isolated from oat grains should be further explored in the future preclinical
and clinical studies.
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Abstract: Chicoric acid (CA) has been reported to exhibit biological activities; it remains unclear,
however, whether CA could regulate colitis via modulation of the gut microbiota and metabolites.
This study aimed to assess CA’s impact on dextran sulfate sodium (DSS)-induced colitis, the gut
microbiota, and metabolites. Mice were induced with 2.5% DSS to develop colitis over a 7-day
period. CA was administered intragastrically one week prior to DSS treatment and continued for
14 days. The microbial composition in the stool was determined using 16S rRNA sequencing, while
non-targeted metabolomics was employed to analyze the metabolic profiles of each mouse group. The
results show that CA effectively alleviated colitis, as evidenced by an increased colon length, lowered
disease activity index (DAI) and histological scores, and decreased tumor necrosis factor-oc (TNF-c)
and interleukin-6 (IL-6) expression levels. CA intervention restored the structure of gut microbiota.
Specifically, it decreased the abundance of Bacteroidetes and Cyanobacteria at the phylum level
and Bacteroides, Rosiarcus, and unclassified Xanthobacteraceae at the genus level, and increased the
abundance of unclassified Lachnospiraceae at the genus level. Metabolomic analysis revealed that CA
supplementation reversed the up-regulation of asymmetric dimethylarginine, N-glycolylneuraminic
acid, and N-acetylneuraminic acid, as well as the down-regulation of phloroglucinol, thiamine,
4-methyl-5-thiazoleethanol, lithocholic acid, and oxymatrine induced by DSS. Our current research
provides scientific evidence for developing CA into an anti-colitis functional food ingredient. Further
clinical trials are warranted to elucidate the efficacy and mechanism of CA in treating human
inflammatory bowel disease (IBD).

Keywords: chicoric acid; colitis; DSS; gut microbiota; metabolites

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory condition affecting the
gastrointestinal mucosa, encompassing ulcerative colitis (UC) and Crohn’s disease (CD),
Behcet’s syndrome and lymphocytic syndrome, and infectious or ischemic colitis [1,2]. The
incidence and prevalence of UC and CD have shown a global increase over the past five
decades, contributing to a significant health burden [3]. UC, characterized by idiopathic
chronic relapsing—remitting inflammation in the colon that leads to symptoms like diarrhea
and rectal bleeding, arises from a complex interplay of genetic, microbial, environmental,
and other unidentified factors [4]. Standard treatments for ulcerative colitis primarily
involve anti-inflammatory medications, including 5-aminosalicylates such as olsalazine,
mesalazine, and balsalazide. For mild-to-moderate UC, immunosuppressants like thiop-
urines, 6-mercaptopurine, methotrexate, and cyclosporine are commonly prescribed [5]. In
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cases of moderate-to-severe colon inflammation, other drug classes, such as corticosteroids
like prednisolone and anti-TNF-« antibodies, may also be utilized [6]. Surgery becomes
a viable option for IBD patients in cases of refractory and fulminant disease stages [7].
Nonetheless, prolonged use of synthetic drugs can result in numerous complications and
side-effects, including vomiting, nausea, headache, fatigue, liver and kidney toxicity, drug
resistance, and allergic reactions [8,9].

In the gastrointestinal tract of mammals, gut microorganisms engage in intricate
communication with intestinal epithelial cells, playing a pivotal role in the regulation of
intestinal homeostasis [10]. Disruptions in the gut microbiota can adversely affect intestinal
epithelial function and lead to heightened intestinal permeability [11]. Patients suffering
from IBD frequently exhibit aberrations in the composition and activity of their gut micro-
biota, marked by reduced diversity, a decreased proportion of Firmicutes, and an increased
proportion of Proteobacteria and Actinobacteria [11,12]. Moreover, the proliferation of
pro-inflammatory microbiota, such as Ruminococcus gnavus and Escherichia coli, alongside
the depletion of anti-inflammatory microbiota, including Bacteroides, Lachnospiraceae, and
Faecalibacterium prausnitzii, has been associated with the progression of IBD [13]. Gender
influences IBD through the gut flora, as the metabolism of androgens and estrogens is
thought to be related to the gut microbiota [14,15]. One study reported that individu-
als, both men and women, with elevated levels of testosterone and estradiol exhibited
more diverse bacterial communities. This suggests that sex hormones may contribute to
the maintenance of gut health [16]. The majority of women encounter IBD symptoms
during the premenstrual or menstrual cycle, pregnancy, and postpartum periods, as sex
hormones may prolong the gastrointestinal transit time during the luteal phase [17]. Re-
search has indicated that the dysregulation of bile acid metabolism and its psychological
complications in CD patients may be linked to an overabundance of Enterobacteriaceae
and Lachnospiraceae, and a diminished abundance of Faecalibacterium prausnitzii [18]. In
a clinical trial involving 305 participants, the average number of Lactobacillus, Bifidobac-
terium, and Bacteroides increased after the consumption of probiotic yogurt, resulting in
the restoration of intestinal function [19]. A recent experimental study demonstrated that
a blend of four probiotic strains (including L. acidophilus LA1, L. paracasei 101/37, B. an-
imalis spp. Lactis Bil, and B. breve Bbr8) suppressed the production of IL-8, IL-23, and
IL-1p cytokine in monocyte-derived dendritic cells obtained from UC patients [20]. The
pronounced decrease in Roseburia in IBD may be associated with low levels of R. intesti-
nalis, which is thought to maintain intestinal homeostasis and induce anti-inflammatory
responses through IBD regulatory mechanisms [21]. Despite the robust connection between
gut microbiota and IBD, the mechanisms of interaction remain incompletely elucidated.
Metabolomics, frequently employed in clinical applications, serves to shed new light on
physiological regulatory processes within complex mammalian systems, spanning disease
etiology, diagnostic stratification, and potential mechanisms of therapeutic action. It is
characterized by the exploration of intricate metabolic interactions between the host and its
symbiotic microbiota [22]. Alterations in gut microbiota lead to modifications in bacterial
metabolites, including the production of short-chain fatty acids (SCFA), tryptophan, and
other small molecules within the gut [23]. Insufficient tryptophan levels can contribute to
the development or worsening of IBD [24]. SCFAs, a category of fatty acid compounds with
alkyl chains shorter than six carbons, are produced through the fermentation of anaerobic
gut microbes abundant in dietary fiber substrates. They may modulate inflammation
associated with IBD, a process crucial in the pathogenesis of IBD [25]. Recent research has
demonstrated that butyrate can modify the gut microbiota in IBD patients, leading to a re-
duction in intestinal symptoms [26]. In vitro studies revealed that butyrate and propionate
were more potent than acetate in suppressing lipopolysaccharide (LPS)-induced TNFo
production by neutrophils and inhibiting TNFx-mediated nuclear factor kappa-B (NF-«B)
activation in a human colon cancer cell line [27]. Within human colonic intestinal epithelial
cells, butyrate enhances intestinal epithelial barrier function by inhibiting the activation
of histone deacetylase, hypoxia-inducible factor-1, and signal transducer and activator of

99



Int. J. Mol. Sci. 2024, 25, 841

transcription-3. This modulation contributes to the integrity of epithelial tight junctions and
hinders LPS-induced NF-«B activation [3]. Importantly, SCFAs can additionally impede the
growth of potentially invasive pathogenic bacteria, such as Escherichia coli, by influencing
intracellular pH and metabolic functions [28]. Consequently, it is crucial to understand the
influence of intestinal microbiota and their metabolites on colitis development.

Chichoric acid (CA), also known as dicaffeoyl tartaric acid, was initially identified in
1958 [29,30]. CA is a natural phenolic compound, one of the important active ingredients in
Echinacea purpurea and Cichorium intybus, reported to have anti-inflammatory, antioxidant,
and antiviral activities [31]. CA has been demonstrated to attenuate lipopolysaccharide-
induced inflammatory signaling nuclear factor kappa-B p65 (NF-kB p65) and cyclooxygenase-
2 activity by inhibiting leucine-rich repeat (LRR) and pyrin domain (PYD) -containing protein
3 inflammasome activation, inhibiting caspase-1 activity, and inhibiting the inflammasome-
mediated secretion of interleukin-10 and interleukin-18 [32]. In a model of LPS-induced
acute lung injury, CA has been shown to reduce inflammatory cell infiltration, myeloperox-
idase activity, and proinflammatory cytokine production in bronchoalveolar lavage fluid.
Furthermore, in a rat model of collagen-induced arthritis, treatment with CA extracts from
Echinacea purpurea (at doses of 8, 16, and 32 mg/kg) significantly reduced serum levels of
TNF-«, interleukin-13 (IL-1§3), and Prostaglandin E2 (PGE-2), leading to substantial relief in
paw swelling [33]. However, the influence of CA on colitis, gut microbiota, and metabolite
dysregulation induced by DSS remains to be determined.

Therefore, in this study, we aim to study the influence of CA on colitis induced by DSS
in BALB/c mice. To further understand the potential role of gut microbiota and metabolites,
16S rRNA sequencing and fecal metabolomics were applied to elucidate the alterations in
microbial community structure and crucial metabolites after DSS exposure as well as CA
supplementation.

2. Results
2.1. Supplementation with CA Alleviated DSS-Induced Colitis in Mice

Weight loss during the modeling period is a characteristic feature indicative of colitis
severity [34]. As shown in Figure 1a, mice in the DSS group experienced a continuous
decline in body weight starting from the third day. In contrast, the CA group exhibited a
slower rate of weight loss, which began on the fourth day. In comparison with the CON
group, mice in the DSS group exhibited a significant decrease in body weight starting from
the sixth day, and weight loss in the DSS group intensified with the duration of DSS admin-
istration. Interestingly, the weight of the CA group was significantly higher than that of the
DSS group and CON group on the fourth day. This phenomenon may be attributed to the
brief period of DSS administration before the mice started experiencing discomfort, and CA,
improving the growth and development of the mice, leading to weight gain. Nevertheless,
there is no other robust evidence to corroborate this, necessitating further investigation.
After seven days of modeling, there was a significant decrease in the body weight of mice
in the DSS group compared to the CON group (p = 0.0009). However, CA supplementation
significantly mitigated the DSS-induced weight loss (p = 0.0171) (Figure 1b). Furthermore,
visible bleeding in the stool was observed in the DSS group starting on the fifth day of
modeling, while it occurred later in the CA group. By the seventh day post modeling, the
severity of hematochezia in the CA group was notably lower than that in the DSS group
(Figure 1c).
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Figure 1. Supplementation with CA alleviated DSS-induced colitis. (a) Percent change in mouse
body weight during DSS administration. (b) The percentage change in mouse body weight after
seven days of DSS administration. (c) Presence of blood in the feces of mice on the fifth and seventh
days of DSS modeling. (d) Disease activity index (DAI) scores of mice during DSS administration.
(e) DAI score of mice after seven days of DSS modeling. (f) Colon length measurement in each
group. (g) Representative colon from each group. (h—j) Representative images of H&E-stained colon
(100 x magnification). (k) Histological scores of colon in each group. (I,m) Expression levels of
TNF-« and IL-6 levels in mouse serum. The data are presented as mean £ SEM. Statistical analysis
was conducted using one-way ANOVA followed by the Tukey post hoc test between three groups
and using T-test between two groups. * denotes comparisons between the CON and DSS groups,
# indicates comparisons between the DSS and CA groups, and # indicates comparisons between
the CON and DSS groups. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001; # p < 0.05; # p < 0.01;
### 1 < 0.001; ## p < 0.0001; 2 p < 0.05.
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The disease activity index (DAI) was employed to assess the severity of colitis in
mice, taking into account factors such as weight loss, stool consistency, and intestinal
bleeding throughout the modeling period. As depicted in Figure 1d, the DAI score showed
a progressive increase with the duration of DSS administration. At the conclusion of
the experiment, the DAI score in the DSS group had significantly escalated, reaching
a substantial value of 8.375, which was markedly higher than that in the CON group
(p <0.0001). Following CA treatment, the DAI score in the CA group was significantly
lower than that in the DSS group (p = 0.0369) (Figure le). These observed phenotypic
changes collectively indicate that CA effectively mitigates DSS-induced colitis.

2.2. Supplementation with CA Attenuated DSS-Induced Colon Shortening and Colonic
Histological Damage

Colon length and colon histological assessment are effective disease indicators in
DSS-induced colitis models. Disease severity is often correlated with a reduction in colon
length due to intestinal inflammation [35]. Following seven days of DSS exposure, the colon
length of mice in the DSS group was significantly shortened compared to the CON group
(p < 0.0001), while CA supplementation significantly alleviated the DSS-induced colon
length reduction (p = 0.0162) (Figure 1f,g). Histological examination of colon tissue stained
with H&E revealed that the colon tissue in the CON group exhibited a normal histological
morphology, with intact crypts and mucosal structures and no noticeable inflammatory
cell infiltration. Conversely, the colonic mucosal tissue of mice in the DSS group displayed
erosion and loss of epithelial integrity, accompanied by a substantial infiltration of in-
flammatory cells. Additionally, the crypt structure in the colon of DSS-exposed mice was
disrupted. However, following CA supplementation, the mucosal structure of the colon
improved, with only a minimal amount of inflammatory cell infiltration, and a reduction
in crypt damage was observed (Figure 1h—j).

The histological scoring of the colon is determined by evaluating the extent of inflam-
matory cell infiltration, the degree of tissue damage, and the level of crypt damage. As
depicted in Figure 1k, the histopathological score of the colon in the DSS group exhibited
a significant increase (p < 0.0001) compared to the CON group. However, the supple-
mentation of CA significantly prevented the elevated histopathological score induced by
DSS (p < 0.0001). In summary, these findings strongly indicate the effectiveness of CA in
preventing intestinal inflammation.

2.3. Supplementation with CA Reduced the Levels of Inflammatory Factors in Mouse Serum

Increased intestinal permeability and the production of pro-inflammatory cytokines,
which play a pivotal role in the pathogenesis of IBD, contribute to the observed inflam-
matory cell infiltration [1]. To further validate the beneficial effects of CA on intestinal
inflammation, the levels of TNF-ox and IL-6 in the serum of mice from each group were
assessed. As seen in Figure 11,m, in comparison to the CON group, the levels of TNF-«
and IL-6 in the serum of the mice in the DSS group were significantly elevated (p < 0.0001,
p = 0.0005). After supplementing CA, the concentrations of TNF-o and IL-6 were markedly
lower than those in the DSS group (p = 0.0087, p = 0.0008). These results collectively provide
additional confirmation that CA effectively mitigates DSS-induced colitis.

2.4. Supplementation with CA Regulated Gut Microbiota

The balance of gut microbiota plays a crucial role in shaping host immunity and
maintaining gut homeostasis. However, when this balance is disrupted, it can lead to
intestinal immune dysfunction and trigger inflammation in IBD [36]. To investigate whether
CA can modulate the gut microbiota, we assessed the composition and structure of the
mouse gut microbiota using 165 rRNA sequencing. The Shannon index and Observed OTUs
were employed to evaluate the x-diversity of the gut microbiota. As shown in Figure 2a,b,
compared to the CON group, the a-diversity of the gut microbiota was significantly reduced
in the DSS group, as indicated by a decrease in the Shannon index (p = 0.009) and Observed
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OTUs (p = 0.008). To explore differences in the composition of the microbiota structure
among samples, principal coordinate analysis (PCoA) and non-metric multidimensional
scaling analysis (NMDS) were utilized to assess the (3-diversity of the gut microbiota. The
-diversity analysis revealed a clear separation between the gut microbiota of the DSS
and CON groups, indicating an overall change in the gut microbiota structure following
DSS exposure. However, CA intervention did not alter the overall structure of the gut

microbiota affected by DSS exposure (Figure 2¢,d).
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Figure 2. Supplementation with CA regulated gut microbiota. (a) Shannon index among three
groups. (b) Observed OTUs among three groups. (c) Principal coordinate analysis (PCoA). (d) Non-
metric multidimensional scaling analysis (NMDS). (e) Relative abundance of taxa at the phylum
level. (f-i) Significant differences in the abundances of gut microbial community at the phylum level.
(j) Relative abundance of taxa at the genus level. (k—o) Significant differences in the abundances of
gut microbial community at the genus level.

104



Int. J. Mol. Sci. 2024, 25, 841

Subsequently, we conducted an analysis of species composition and displayed the
relative abundance of different bacteria in the three groups. At the phylum level, Firmi-
cutes and Patescibacteria were the dominant bacteria (Figure 2e). Compared to the CON
group, the DSS group exhibited a significant increase in the abundance of Planctomycetes
(p = 0.0058) and Proteobacteria (p = 0.0477). Although there was no significant difference in
the abundance of Planctomycetes and Proteobacteria between the CA group and the DSS
group, there was a noticeable downward trend (p = 0.0611, p = 0.0815). Additionally, our
results showed significant differences in Bacteroidetes and Cyanobacteria among the three
groups. After DSS exposure, the abundance of Bacteroidetes (p = 0.0297) and Cyanobacteria
(p = 0.0179) significantly increased compared to the CON group, while CA supplementation
led to a significant decrease in the abundance of Bacteroidetes (p = 0.0025) and Cyanobac-
teria (p = 0.0333) (Figure 2f-i). At the genus level, the dominant gut microbiota included
Candidatus Saccharimonas, Lachnospiraceae NK4A136 group, and unclassified Lachnospiraceae
(Figure 2j). Figure 2k—o illustrate significant differences in gut microbiota at the genus
level among the three groups. Specifically, in the DSS group, there was a notable increase
in the abundance of Bacteroides, Roseiarcus, and unclassified Xanthobacteraceae, while the
abundance of unclassified Lachnospiraceae decreased significantly when compared to the
CON group. On the contrary, CA supplementation led to a significant increase in the abun-
dance of unclassified Lachnospiraceae, whereas the abundances of Bacteroides, Roseiarcus,
and unclassified Xanthobacteraceae were significantly reduced in the CA group. Results
from the linear discriminant analysis effect size (LEfSe) revealed distinct species among
the three groups. Genus-level discriminant species in the CON group included Roseburia,
Ruminococcaceae UCG-013, [Eubacterium] xylanophilum group, Marvinbryantia, Anaerotruncus,
[Eubacterium] nodatum group, Negativibacillus, and Candidatus Arthromitus. In the DSS group,
discriminant species included Bacteroides, Erysipelatoclostridium, and Roseiarcus, whereas
in the CA group, discriminant species comprised [Ruminococcus] torques group, Ruminococ-
caceae UCG-014, and Family XIII AD3011 group (Figure S1). Overall, the results indicated
that DSS exposure disrupted the balance of gut microbiota in mice, and CA intervention
had a beneficial effect on restoring gut microbiota homeostasis.

2.5. Supplementation with CA Altered Fecal Metabolites in Colitis Mice

Since 165 rRNA sequencing revealed significant changes in certain intestinal micro-
biota following CA supplementation, non-targeted liquid chromatograph mass spectrome-
try (LC-MS) was employed to further assess potential perturbations in the fecal metabolome
after CA supplementation. To assess differences between groups (the dissimilarity among
samples from the three groups) and within groups (the clustering degree of samples within
each group), principal component analysis (PCA) was conducted. PCA results indicated
that the first two principal component scores, PC1 and PC2, accounted for 36.86% and
18.18% of the variance, respectively (Figure 3a). There was a clear separation observed
among the CON group, DSS group, and CA group, suggesting that DSS treatment in-
duced alterations in mouse fecal metabolites, while CA intervention partially mitigated
these changes. Differential metabolites were identified based on three criteria: VIP > 1,
Fold Change > 1.2 or <0.83, and p-value < 0.05. In comparison to the CON group, the DSS
group exhibited 359 up-regulated and 323 down-regulated differential metabolites, totaling
682 differential metabolites between the two groups. Conversely, the CA group, when com-
pared to the DSS group, displayed 330 up-regulated and 340 down-regulated differential
metabolites, amounting to 670 differential metabolites between these two groups. Upon
clustering and analyzing the expression levels of these differential metabolites, distinct
expression patterns of metabolites in the three sample groups became apparent (Figure 3b).
Potential biomarker metabolites were defined as differential metabolites exhibiting an
opposite trend following DSS exposure and CA supplementation. Table 1 lists potential
biomarker metabolites in feces following DSS exposure and CA consumption. Asymmet-
ric dimethylarginine, N-glycolylneuraminic acid, and N-acetylneuraminic acid showed
significant increases in the DSS group compared to the CON group but were significantly

105



Int. J. Mol. Sci. 2024, 25, 841

down-regulated after CA supplementation. Additionally, following DSS exposure, metabo-
lites such as phloroglucinol, thiamine, 4-methyl-5-thiazoleethanol, lithocholic acid, and
oxymatrine were significantly down-regulated, with CA intervention leading to significant
increases in these metabolites as well. While alpha-tocopherol, acetate, and ursolic acid did
not exhibit significant differences between the CON group and DSS group, a decreasing
trend was observed in the DSS group compared to the CON group. However, after CA
supplementation, the levels of these metabolites were significantly increased (Figure 3c).
Figure S2a showed key metabolites identified by LEfSe. To elucidate the metabolic path-
ways in which CA participates, we conducted enrichment analyses of altered metabo-
lites using the KEGG database. Several significant metabolic pathways were identified
(Figure S2b), including “Glycine, serine and threonine metabolism”, “Arginine and proline
metabolism”, “Pyrimidine metabolism”, “Tryptophan metabolism”, and “Amino sugar
and nucleotide sugar metabolism”.
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Figure 3. Supplementation with CA altered fecal metabolites. (a) Principal component analysis
(PCA) score plot of metabolomic features between three groups. (b) Cluster analysis of differential
metabolite expression level between three groups. (c¢) The metabolites with significant difference
between three groups.
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Table 1. Potential biomarkers after DSS exposure and CA supplementation.

Metabolite Fold Change  p-Value VIP DCS (S)gs CAvs. DSS CAvs. CON
Asymmetric dimethylarginine 0.6509 0.0403 1.2106 0 1 1
D-(+)-Raffinose 0.4744 0.0071 1.5651 0 1 0
N-Acetyl-D-glucosamine 0.4189 0.0348 1.5544 0 1 n.s.
Quinone sulfate 0.1482 0.0248 3.6340 T 1 n.s.
Xanthurenic acid 0.245 0.0126 2.1214 0 1 ns.
4-hydroxy-2-quinolinecarboxylic acid 1.8232 0.0039 1.5071 N T n.s.
1H-Indole-2,3-dione 0.5489 0.0261 1.4475 0 1 n.s.
Gamma-linolenic acid 0.6312 0.0408 1.1922 1T 1 n.s.
Thiamine 2.0784 0.0054 1.4288 K T n.s.
4-Methyl-5-thiazoleethanol 2.1456 0.0046 1.5127 + T n.s.
N-Glycolylneuraminic acid 0.0199 0.0319 2.9523 0 1 n.s.
Allantoin 0.0886 0.0491 2.8324 T N n.s.
N-Acetylneuraminic acid 0.1702 0.0356 2.0773 T + n.s.
Phloroglucinol 3.5918 0.0181 2.0928 J T n.s.
Alpha -Aspartylphenylalanine 0.2381 0.0487 1.1902 0 1 ns.
Lithocholic acid 1.9365 0.0176 1.4303 J T n.s.
Lipoic acid 0.5566 0.0216 1.2972 0 1 ns.
D-(—)-Quinic acid 0.3136 0.0196 1.8506 T N n.s.
L-Alanine 0.3494 0.0040 2.0185 0 1 ns.
Piperine 1.3955 0.0440 1.2827 K T n.s.
Oxymatrine 2.4038 0.0063 1.2889 N T n.s.
2-Hydroxy-4-(hydroxymethyl)-6-(1-
hydroxy-3-methylbut-2-enyl)-3-[(E)-
prop-1-enyl]-7-oxabicyclo[4.1.0]hept-3- 1.8753 0.0037 1.4079 ' T ns
en-5-one
Ibuprofen 0.3316 0.0118 1.4320 T 1 n.s.
15-Deoxy-delta 12,14-prostaglandins D2 2.74 0.0003 2.0166 + T n.s.
Thymidine 5'-monophosphate 0.1015 0.0162 2.6353 T 1 ns.
Arachidonoyl ethanolamide phosphate 0.5875 0.0201 1.5616 0 1 ns.
(5)-AL 8810 0.4339 0.0208 2.1068 0 1 n.s.
14-(Hydroxymethyl)-5,9-
dimethyltetracyclo[11.2.1.0] 1535 0.0295 12260 ¥ T s
11-Deoxy prostaglandin F2 0.4026 0.0184 1.2333 T i n.s.
Skatole 0.7237 0.0074 1.1165 n.s. 1 n.s.
Alpha-tocopherol acetate 16.971 0.0184 2.6740 n.s. 0 n.s.
Ursolic acid 1.5638 0.0385 1.1528 ns. 0 ns.

The values of Fold Change, p-value, VIP are all from the comparison between CA group and DSS group.
T represents that the metabolite is up-regulated in the comparison of the two groups. | represents that the
metabolite is down-regulated in the comparison of the two groups. n.s. represents no significant difference
between the two groups.

2.6. Correlation Analysis between Gut Microbiota, Fecal Differential Metabolites, and Host
Phenotypes

Based on the aforementioned findings, it is evident that both DSS exposure and CA
intervention induced changes in the abundance of certain intestinal microbiota species
and the composition of fecal metabolites in mice. To explore the interplay between the gut
microbiota, host metabolism, and different treatments, Spearman correlation analysis was
performed on fecal metabolites, gut microbiota, and host phenotypic characteristics. The
results unveiled significant correlations between the gut microbiota and host phenotypes.
At the phylum level, Cyanobacteria, Planctomycetes, and Proteobacteria exhibited posi-
tive correlations with DAI and TNF-« levels. Tenericutes and unclassified bacteria were
positively correlated with DAL Bacteroidetes, Planctomycetes, and Proteobacteria demon-
strated positive correlations with IL-6 levels. Planctomycetes, Tenericutes, and unclassified
bacteria displayed negative correlations with colon length. Patescibacteria were positively
associated with weight loss, while Tenericutes were negatively associated with weight
loss (Figure 4a). At the genus level, Bacteroides and unclassified Xanthobacteraceae showed
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positive correlations with DAI, IL-6, and TNF-« levels, but exhibited negative correlations
with colon length and weight loss. Marvinbryantia, Roseburia, [Eubacterium] nodatum group,
[Eubacterium] xylanophilum group, Anaerotruncus, and unclassified Lachnospiraceae were
negatively correlated with DAI and IL-6, while they were positively correlated with colon
length. Lachnospiraceae NK4A136 group, Roseiarcus, and unclassified Chloroplast demon-
strated positive correlations with DAI and TNF-«. Erysipelatoclostridium, Rumiclostridium
6, and Ruminococcaceae UCG-010 were positively correlated with DAI, whereas Tyzzerella
exhibited a negative correlation with DAI. Lachnospiraceae NK4A136 group, Roseiarcus, and
Rumiclostridium 6 were inversely associated with colon length and weight loss. Marv-
inbryantia, Roseburia, unclassified Lachnospiraceae, and [Eubacterium] nodatum group were
positively correlated with weight loss, while Ruminococcaceae UCG-010 displayed a positive
correlation with IL-6 but a negative correlation with weight loss (Figure 4b). Importantly,
the results also indicated that changes in fecal metabolites induced by DSS exposure and
CA intervention are closely linked to gut microbiota. Cyanobacteria, Planctomycetes,
Proteobacteria, and unclassified bacteria showed positive correlations with asymmetric
dimethylarginine, while Bacteroidetes, Planctomycetes, and unclassified bacteria exhib-
ited positive correlations with N-glycolylneuraminic acid. Bacteroidetes, Cyanobacteria,
Planctomycetes, and unclassified bacteria displayed negative correlations with thiamine
and 4-methyl-5-thiazoleethanol. In addition, Planctomycetes exhibited a positive correla-
tion with N-acetylneuraminic acid and a negative correlation with lithocholic acid. Both
Bacteroidetes and Tenericutes showed negative correlations with phloroglucinol (Figure 4c).
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Figure 4. The heatmap of Spearman’s correlation analysis between three groups. (a) Correlation
among gut microbiota and host phenotypes at the phylum level. (b) Correlation among gut microbiota
and host phenotypes at the genus level. (c) Correlation among candidate metabolites and gut
microbiota. * p < 0.05; ** p < 0.01; ** p < 0.001.

3. Discussion

In our study, CA treatment demonstrated significant benefits in mitigating the effects
of DSS-induced colitis. It effectively prevented weight loss and colon shortening, and
it reduced the disease activity index (DAI) and histopathological scores that had been
elevated due to DSS treatment. Additionally, CA supplementation led to the suppression of
pro-inflammatory factors such as TNF-oc and IL-6. Taken together, these findings provide
compelling evidence of CA’s effectiveness in ameliorating UC. Furthermore, our research
results strongly suggest that CA exerts its anti-colitis effects through the regulation of gut
microbiota and metabolites.
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CA has garnered considerable attention for its well-documented anti-inflammatory
properties. It has been reported that CA mitigated LPS-induced neuroinflammation, mem-
ory impairment, and amyloid production via inhibition of the NF-«B transcription path-
way [37]. Landmann et al. reported that CA pretreatment significantly inhibited the mRNA
expression of inducible nitric oxidesynthase (iNOS) and TNF-o in LPS-treated RAW264.7
macrophages. In the model of acute alcohol-induced hepatic steatosis, CA has demon-
strated its ability to alleviate the condition in female C57BL/6] mice. This effect is achieved
through the inhibition of oxidative stress and the exertion of anti-inflammatory effects [38].
Echinacea purpurea L. CA extract significantly reduced collagen-induced paw swelling in
rats, which exerted anti-arthritic effects by reducing the levels of TNF-¢, IL-13, and PGE-2
in rat serum, and by reducing the levels of NF-kB, TNF-o, and PGE-2 in synovium tissues
of the ankle joint [33]. In line with previous findings [33,37,38], our current research results
demonstrate that CA treatment effectively improves colitis, reaffirming its well-established
anti-inflammatory properties.

It is widely recognized that the gut harbors a vast number of bacteria that play pivotal
roles in nutrition, energy metabolism, host defense, and immune system development [39].
Normally, a greater richness and diversity in the microbiota throughout life render the
organism more resilient to external environmental challenges [40]. Indeed, alterations in the
quantity and quality of the gut microbiota can result in dysbiosis, leading to intestinal in-
flammation [40]. Our results demonstrate that the mouse gut microbiota is altered following
DSS exposure, revealing a reduction in diversity, which is consistent with previous reports
of reduced gut microbiota diversity in IBD patients [41]. However, CA supplementation did
not reverse this reduction in diversity, suggesting that CA may not exert its anti-colitis effect
by increasing the overall diversity of the gut microbiota. In the current study, at the phylum
level, the DSS group exhibited a significant increase in the abundance of Planctomycetes
and Proteobacteria compared to the control group. The proliferation of Proteobacteria in the
intestine signifies dysbiosis or an unstable microbial community structure and contributes
to intestinal inflammation. Moreover, susceptibility to colitis positively correlates with the
relative abundance of intestinal Proteobacteria [42]. Importantly, a study collecting biopsy
samples from six UC patients through colonoscopy and utilizing Illumina high-throughput
sequencing analysis has demonstrated that Proteobacteria significantly increases in UC
patients during the severe inflammation stage compared to mild or moderate inflamma-
tion stages [43]. In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s
disease mouse model, CA significantly reduced the abundance of phylum Bacteroidota
and genus Parabacteroides, as well as increased the abundance of phylum Firmicutes and
genera Lactobacillus and Ruminiclostridium [44]. In a report exploring the effects of CA
on non-alcoholic fatty liver disease (NAFLD) in C57BL/6 mice, CA was found to reduce
Firmicutes levels and increase Bacteroidetes at the phylum level, while at the genus level,
the levels of Lactobacillus, Turicibacter, and Candidatus Saccharimonas were reduced and the
levels of Ruminococcaceae UCG-014 and Alloprevotella were increased after CA treatment [45].
In our study, CA supplementation reduced the abundance of Bacteroidetes, which is con-
sistent with previous reports. Interestingly, while CA has been shown in previous studies
to have various effects on gut microbiota, our results indicate that CA supplementation
reduced the abundance of Cyanobacteria at the phylum level and decreased the abun-
dance of specific genera, such as Bacteroides, Roseiarcus, unclassified Xanthobacteraceae, and
Ruminococcaceae UCG-009, while it increased the abundance of Ruminiclostridium 5, Lach-
nospiraceae UCG-006, and unclassified Lachnospiraceae at the genus level. These findings
highlight the complex and context-dependent effects of CA on gut microbiota and suggest
a unique impact of CA in the context of colitis. The observed inconsistencies in the effects
of CA on gut microbiota could indeed be attributed to various factors, including differences
in animal models, CA treatment concentrations, and treatment durations. It is reported that
Cyanobacteria have been associated with potential neurotoxic or pro-inflammatory activity.
A randomized controlled trial analyzed the fecal microbial profile of 50 amyotrophic lateral
sclerosis (ALS) patients treated with probiotics and 50 healthy individuals treated with a
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placebo for 6 months. This study revealed a higher abundance of Cyanobacteria in ALS
patients compared to the healthy individuals [46]. Furthermore, an analysis of microbial
composition in the colorectal mucosa of 20 healthy volunteers and 31 patients with col-
orectal adenomatous polyps revealed a significantly higher abundance of Cyanobacteria
in patients with adenomas [47]. Moreover, a clinical study collected fecal specimens from
18 infants with rotavirus (G9P8)-induced acute gastroenteritis (mean age 11.8 months) and
24 infants with human norovirus infections (GlI)-induced acute gastroenteritis (mean age
8.8 months). This study demonstrated a higher abundance of Cyanobacteria in infants with
viral diarrhea compared to healthy individuals [48]. In fecal samples from 38 children aged
7-17 years with pediatric Roman type III IBD who had previously completed a double-
blind, randomized, placebo-controlled crossover trial (fructose versus maltodextrin), an
elevated abundance of Cyanobacteria was observed after fructan ingestion compared to
fructan-tolerant children [49]. These studies suggest a potential involvement of Cyanobac-
teria in the development of gastrointestinal and inflammatory diseases, though further
research is needed to determine whether intestinal Cyanobacteria can cause diseases or
whether changes in their abundance are a consequence of disease. In vivo studies have
demonstrated a decrease in the abundance of Rumiclostridium 5 in the feces of rats with
necrotizing pancreatitis [50]. In a study that enrolled 13 patients with multiple kidney
stones and 13 matched healthy controls, a diminished abundance of Rumiclostridium 5
was observed in patients with kidney stones [51]. These studies suggest that a decreased
abundance of Rumiclostridium 5 could potentially contribute to the development of certain
diseases. Overall, our current findings suggest that CA supplementation is beneficial in
promoting the health of the gut microbial ecology to some extent.

Mouse feces encompass a diverse array of metabolites that can potentially serve as
reflections of both the gut microbiota composition and the outcomes of nutrient uptake,
digestion, and absorption within the gastrointestinal tract. The analysis of these fecal
metabolites offers a window into the repercussions of interactions between the host and gut
microbiota [52]. In our current investigation, we observed a noteworthy alteration in the
fecal metabolic profile of mice following exposure to DSS and subsequent CA intervention.
Our findings revealed a significant increase in the levels of asymmetric dimethylarginine,
N-glycolneuraminic acid, and N-acetylneuraminic acid within the DSS-exposed group.
These metabolites exhibited a significant down-regulation following CA supplementation.
Notably, asymmetric dimethylarginine is a prominent inhibitor of endogenous nitric oxide
synthase. Elevated levels of asymmetric dimethylarginine have been associated with
oxidative stress and endothelial dysfunction [53,54]. Furthermore, a study gathered serum
samples from 63 patients with colon cancer and 61 healthy individuals at the Fudan
University Cancer Center. This study revealed heightened serum levels of asymmetric
dimethylarginine in individuals with colon cancer [55]. Similarly, our study detected
an elevation in asymmetric dimethylarginine levels in the feces of mice with colitis. On
the other hand, N-glycolylneuraminic acid is a non-human glycan, and several studies
have reported that the ingestion of N-glycolylneuraminic acid from red meat can trigger
a heterophil-antibody-mediated inflammatory response, thus fostering the development
of colitis and potentially colorectal cancer [56]. Furthermore, prior in vitro research has
uncovered that N-glycolylneuraminic acid can promote the proliferation of colorectal cancer
cells [56]. N-Acetylneuraminic acid, another non-human sialic acid, has been documented
to induce cancer and inflammation [57].

Following exposure to DSS, we observed significant up-regulation of phloroglucinol,
thiamine, 4-methyl-5-thiazoleethanol, lithocholic acid, and oxymatrine. However, upon
CA intervention, these metabolites exhibited significant reductions. Phloroglucinol, catego-
rized under phenols and derivatives, has demonstrated the ability to inhibit oxidative stress
and decrease the expression levels of TNF-«, IL-1f3, IL-6, and PGE2 in lipopolysaccharide-
stimulated RAW264.7 cells [58]. In general, nutritional deficiencies in individuals with IBD
stem from factors such as decreased appetite, malabsorption, and systemic inflammation
triggered by active disease [59]. Notably, thiamine deficiency is relatively prevalent in indi-
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viduals with IBD and can lead to symptoms like nausea, vomiting, and abdominal pain [60].
Furthermore, 4-methyl-5-thiazoleethanol, a natural sulfur-containing flavor compound,
is a degradation product of thiamine [61]. In our study, we observed a similar pattern of
change for 4-methyl-5-thiazoleethanol and thiamine. It is worth noting that lithocholic
acid is a secondary bile acid produced only by microbiota, such as Lachnospiraceae and
Ruminococcaceae families, which undergo a 7x-dehydroxylation reaction to generate litho-
cholic acid. These bile acids are synthesized in the colon and subsequently transported into
the bloodstream [62-64]. More importantly, lithocholic acid, as a metabolite of cholesterol
conversion, has been shown to promote the regeneration of the intestinal epithelium via
activation of the Takeda G protein-coupled receptor 5 (TGR5) in intestinal stem cells to
combat epithelial damage and subsequent barrier disruption [65]. Oxymatrine, classified
as an alkaloid, has exhibited anti-inflammatory properties both in vitro and in vivo [66].
Additionally, it has been reported that oxymatrine ameliorated weight loss and histological
damage induced by DSS in C57BL/6 wild-type mice [67].

Moreover, our findings revealed notable correlations between intestinal bacterial
strains and fecal metabolites. Specifically, Bacteroidetes exhibited a significant positive
correlation with N-glycolylneuraminic acid and a significant negative correlation with
thiamine, 4-methyl-5-thiazoleethanol, and phloroglucinol. Cyanobacteria demonstrated a
significant positive correlation with asymmetric dimethylarginine and a significant negative
correlation with thiamine and 4-methyl-5-thiazoleethanol. Furthermore, Proteobacteria
displayed a significant positive correlation with asymmetric dimethylarginine. Altogether,
these comprehensive results collectively suggest that CA exerts its therapeutic effect in
alleviating colitis by modulating the levels of key metabolites. CA appears to down-
regulate the levels of asymmetric dimethylarginine, N-glycolylneuraminic acid, and N-
acetylneuraminic acid, while simultaneously up-regulating the levels of phloroglucinol,
thiamine, 4-methyl-5-thiazoleethanol, lithocholic acid, and oxymatrine.

Nevertheless, this study has certain limitations. While animal models can replicate
human diseases, disparities in physiology and immune systems between animals and
humans may exist. Therefore, crucial confirmation of the therapeutic efficacy of CA in
human colitis necessitates future clinical trials. While we observed a correlation between
microbiota and metabolites in mice, the causal relationship between these factors remains
unclear. Therefore, further investigations are warranted to elucidate the intricate relation-
ship between colonic microorganisms and metabolites. Such elucidation would provide
deeper insights into the mechanisms underlying the anti-colitis effects of CA. Furthermore,
in our experiments, DSS-induced enteritis was conducted for a duration of only one week.
This limited timeframe may not comprehensively capture all stages of colitis onset and
progression. Extending the experimental duration could contribute to a more thorough
understanding of the disease evolution and therapeutic effects. Importantly, although
CA may confer benefits in colitis, its dosage and safety require careful consideration. Var-
ied dosages and treatment durations may yield divergent effects and potentially induce
adverse reactions. Consequently, future research on the safety profile of CA is imperative.

4. Materials and Methods
4.1. Materials

Chicoric acid (>98%) was procured from Chengdu Pufei De Biotech Co., Ltd. (Chengdu,
China). Dextran sulfate sodium salt (DSS) with a molecular weight range of 36,000-50,000
was supplied by MP Biomedical (Irvine, CA, USA). Sodium carboxymethyl cellulose (CMC)
was sourced from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The urine
fecal occult blood test kit was obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) kits were purchased from
Jiubang Biotechnology Co., Ltd. (Quanzhou, China).
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4.2. Animals and Experimental Design

Seven-week-old male BALB/c mice purchased from Cavens Experimental Animal
Co., Ltd. (Changzhou, China) were housed in the Experimental Animal Center of Jiangsu
University under specific pathogen-free (SPF) conditions. Mice were kept in a room with a
12 h light-dark cycle at constant temperature (20-25 °C) and humidity (40-60%) with free
access to water and food. After one week of adaptation, the mice were randomly assigned
to three groups: control (CON) group, dextran sulfate sodium salt (DSS) treatment group,
and chicoric acid (CA) treatment group. The CA group received oral administration of
chicoric acid (50 mg/kg) once daily for 14 days, while the CON and DSS groups received
an equivalent 0.5% CMC solution. Seven days after the initiation of oral pre-treatment,
except for the CON group, which had unrestricted access to sterile water, the other two
groups were given 2.5% DSS solution to induce colitis for the final 7 days of the experiment.
Importantly, the DSS solution was freshly prepared every two days. Throughout this
study, the mice were monitored daily, and their body weights were recorded. All animal
experiments in this study were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals of Jiangsu University.

After the experiment, the mice were euthanized following standard protocols. Serum,
colon tissue, and fecal samples were collected and stored in a —80 °C freezer until further
analysis. A portion of the colon segment was also preserved in a 4% paraformaldehyde
fixative solution for subsequent investigations.

4.3. Disease Activity Index (DAI) Assessment

The disease activity index (DAI) score was employed to assess the severity of colitis,
primarily encompassing parameters such as weight loss, stool consistency, and intestinal
bleeding. Weight loss was calculated as the percentage difference between initial body
weight before modeling and body weight on any day after modeling (0: 0-1%; 1: 1-5%;
2: 5-10%; 3: 10-15%; 4: 15% or more). The consistency of stool was visually evaluated
and classified based on the following criteria (0: normal feces; 1: soft but formed stool;
2: very soft and shapeless stool; 3: semi-diarrhea; 4: full diarrhea). Intestinal bleeding was
detected with urine fecal occult blood test kit (0: the color of the stool does not change;
1: turn blue-green in 30 s; 2: turn blue-green in 10 s; 3: instantly turn blue-green; 4: instantly
turn blue) [68]. The DAI score was calculated by summing the individual scores for these
three parameters.

4.4. Colonic Hematoxylin and Eosin (H&E) Staining and Histopathological Analysis

The mouse colon was isolated and photographed, and its length was measured. A
segment of the colon, obtained from the same region, was fixed in a 4% paraformaldehyde
fixative solution. Following paraffin embedding, the colon tissue was sectioned into
5 um-thin slices and stained with hematoxylin and eosin. Visualization was carried out
using a Leica Microsystems microscope (Leica DM6000 B) for subsequent pathological
analysis. Furthermore, histological score refers to the following criteria based on the
severity of inflammatory cell infiltration, extent of damage, and degree of crypt damage.
The severity of inflammatory cell infiltration was graded as follows: 0 for absent, 1 for
slight and scattered cell infiltration, 2 for moderate cell infiltration with visible cell clusters,
and 3 for extensive inflammatory cell infiltration resulting in loss of tissue structure. The
extent of damage was scored as 0 for no damage, 1 for mucosal damage, 2 for mucosal
and submucosal damage, and 3 for transmural damage. The degree of crypt damage was
categorized as 0 for intact crypts, 1 for basal one-third damage, 2 for basal two-thirds
damage, 3 for only superficial epithelial cells remaining intact, and 4 for complete loss
of crypt and epithelial cells. The histological score was the sum of these three individual
scores [69].
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4.5. Inflammatory Cytokine Assay

The serum samples from the mice were retrieved from the —80 °C storage and al-
lowed to thaw. Levels of TNF-« and IL-6 in mouse serum were assessed using an ELISA
kit. In this assay, serum samples and horseradish peroxidase (HRP)-labeled detection
antibodies were successively introduced into microwells that had been pre-coated with
TNE-« or IL-6 capture antibodies. The mixture was incubated at 37 °C and subsequently
subjected to thorough washing. Color development was initiated using the substrate
3,3’ ,5,5'-Tetramethylbenzidine (TMB), which, under the catalytic action of peroxidase, con-
verted into a blue hue. Eventually, it transitioned into a final yellow color upon exposure
to an acid. The absorbance at 450 nm was quantified using a microplate reader (Tecan
Infinite® 200 PRO) within 15 min after the addition of the stop solution. Subsequently, the
concentration of each sample was determined.

4.6. 165 rRNA DNA Sequencing

Feces samples of mice in each group were selected to extract deoxyribonucleic acid
(DNA), and qualified genomic DNA samples were taken to perform polymerase chain
reaction (PCR) amplification on the V3-V4 region (338F ACTCCTACGGGAGGCAGCAG,
806R GGACTACHVGGGTWTCTAAT) of the bacteria. Additionally, the PCR amplification
products were purified using Agencourt AMPure XP magnetic beads and were then eluted
in Elution Buffer to prepare the library. The fragment size distribution and concentration of
the libraries were assessed using an Agilent 2100 Bioanalyzer (equipped with Agilent 2100
Expert software version B.02.08) Qualified libraries, based on insert size, were subsequently
subjected to sequencing on the HiSeq platform. The raw 16S rRNA sequences were
imported into Quantitative Insights Into Microbial Ecology version 2 (QIIME2) software for
demultiplexing and quality filtering. Divisive Amplicon Denoising Algorithm (DADA?2)
was employed for denoising sequences and for the construction of a feature table. A custom
Naive Bayesian classifier was developed for taxonomic classification against the SILVA
database release 132, utilizing the amplified 16S region. Subsequently, sequences were
clustered into Operational Taxonomic Units (OTUs) based on their similarity. A sampling
depth, defined as the number of sequences in the sample with the fewest sequences, was
employed to generate Observed OTUs as an « diversity measure and Sim distances as
a (3 diversity measure. The Kruskal-Wallis test was employed to assess differences in
« diversity. Differences in 3 diversity were assessed using permutation-based analysis
of variance, followed by Benjamini-Hochberg (BH) correction. Microbiome composition
data were obtained by normalizing to the total number of reads in each sample (relative
abundance). Analysis of compositions of microbiomes with bias correction was utilized for
the differential abundance analysis at the phylum and genus levels, with significance set at
p < 0.05. To determine the significantly important microbial taxa, the linear discriminant
analysis effect size (LEfSe) analysis was carried out as previously reported [70].

4.7. Untargeted Metabolomics Analysis

Twenty-five milligrams of thawed fecal samples were placed in a 1.5 mL Eppendorf
tube and mixed with 800 uL of pre-cooled extracting solution (—20 °C) composed of
methanol/acetonitrile/water in a 2:2:1 (v/v/v) ratio, along with 10 uL of an internal
standard. The mixture was then ground for 5 min. Afterward, the samples were sonicated
for 10 min at 4 °C and allowed to stand at 20 °C for 1 h. Subsequently, the mixtures were
centrifuged at 25,000 g for 15 min at 4 °C. The supernatant was collected, freeze-dried,
and then redissolved in 600 uL of a mixed solution (methanol/water = 1:9, v/v). Following
thorough mixing, the solution was centrifuged at 25,000 g for 15 min at 4 °C, and the
resulting supernatant was retained.

The supernatant from each sample was collected and combined to create a quality
control (QC) sample. Metabolite separation and detection were performed using a Waters
UPLC I-Class Plus system (Waters, Milford, MA, USA) coupled to a Q Exactive high-
resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). A BEH C18
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column (1.7 pm, 2.1 x 100 mm, Waters, USA) was employed in this experiment. For the
positive ion mode mobile phase, liquid A consisted of an aqueous solution with 0.1%
formic acid, while liquid B was composed of methanol containing 0.1% formic acid. In
contrast, for the negative ion mode mobile phase, liquid A contained an aqueous solution
with 10 mM ammonium formate, and liquid B consisted of a solution containing 10 mM
ammonium formate in 95% methanol. Gradient elution was conducted according to the
following conditions: 0 to 1 min, 2% B solution; 1 to 9 min, a gradient from 2% to 98% B
solution; 9 to 12 min, 98% B solution; 12 to 12.1 min, a transition from 98% B solution to 2%
B solution; and 12.1 to 15 min, 2% B solution. The flow rate was set at 0.35 mL/min, the
column temperature was maintained at 45 °C, and the injection volume was 5 uL.

The acquisition of primary and secondary mass spectrometry data was conducted
using a Q Exactive mass spectrometer. The primary resolution was set at 70,000, with an
automatic gain control (AGC) target of 3 x 10° and a maximum injection time of 100 ms.
Fragmentation for secondary mass spectrometry was based on precursor ion intensity,
selecting the top 3 for fragmentation. The secondary resolution differed from the primary,
being set at 17,500, with an AGC target of 1 x 10° and a maximum injection time of 50 ms.
Fragmentation energy levels were configured at 20, 40, and 60 eV. Additionally, the sheath
gas had a flow rate of 40, and the auxiliary gas was set to a flow rate of 10. In the positive
ion mode, the spray voltage was 3.80 | KV |, whereas in the negative ion mode, it was
3.20 KV |. The ion transfer tube temperature was adjusted to 320 °C, and the temperature
of the auxiliary gas heating was set to 350 °C.

The raw data were imported into Compound Discoverer 3.3 software, provided
by Thermo Fisher Scientific, USA. Concurrently, mass spectrometry data analysis was
carried out using the BMDB (BGI Metabolome Database), mzCloud database, and Chem-
Spider online database. In the R 4.0.2 software environment, the MetaX package was
employed to conduct principal component analysis (PCA) and partial least squares dis-
criminant analysis (PLS-DA) using the data derived from Compound Discoverer 3.3 soft-
ware. The Variable Importance in Projection (VIP) obtained from the PLS-DA model,
the Fold Change calculated as the ratio of the mean expression of each metabolite be-
tween two groups, and the P-value obtained from Student’s T-test were utilized to as-
sess statistical significance. The criteria for identifying differential metabolites were as
follows: (1) VIP > 1, (2) Fold Change > 1.2 or <0.83, (3) p-value < 0.05 [71,72]. Enrich-
ment analysis of differential metabolites was conducted based on the KEGG database
(https:/ /www.metaboanalyst.ca/MetaboAnalyst/ModuleView.xhtml (accessed on 28 De-
cember, 2023)).

4.8. Statistical Analysis

The results are presented as mean + SEM (standard error of the mean), and data
analysis was performed using GraphPad Prism 9.0 software. Statistical comparisons
among the three groups were conducted using one-way ANOVA, with a p-value of <0.05
considered statistically significant. Phenotypic data, 16s rRNA sequencing results, and
the metabolite dataset in each group were used for correlation analysis. The Spearman
correlation coefficients were calculated between the data. Spearman correlation analysis
was conducted using the R 4.0.2 software with the Corrplot and Psych package.

5. Conclusions

To conclude, this study establishes that the targeted administration of CA can alleviate
DSS-induced colitis in mice. The anti-colitis effect of CA is, at the very least, partially
mediated through the modulation of gut microbiota and metabolic processes. The structure
of the gut microbiota was restored after CA supplementation, including reductions in
levels of Bacteroidetes and Cyanobacteria at the phylum level and Bacteroides, Roseiarcus,
and unclassified Xanthobacteraceae at the genus level, while the abundance of unclassified
Lachnospiraceae at the genus level was increased. In addition, the metabolome results
showed that CA prevents colitis by down-regulating asymmetric dimethylarginine, N-
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glycolylneuraminic acid, and N-acetylneuraminic acid, and up-regulating phloroglucinol,
thiamine, 4-methyl-5-thiazoleethanol, lithocholic acid, and oxymatrine. In essence, this
current study provides a critical foundation for considering CA as a promising functional
food ingredient for combating colitis.
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TMB 3,3',5,5'-Tetramethylbenzidine
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NMDS Non-metric multidimensional scaling analysis
DADA2 Divisive Amplicon Denoising Algorithm
LC-MS Liquid chromatograph mass spectrometer
PCA Principal component analysis
LEfSe Linear discriminant analysis effective size
PLS-DA Partial least squares discriminant analysis
VIP Variable Importance in Projection
DA score Differential abundance score
OTUs Operational Taxonomic Units
iNOS Inducible nitric oxidesynthase
ALS Amyotrophic lateral sclerosis
NAFLD Non-alcoholic fatty liver disease
TGR5 Takeda G protein-coupled receptor 5
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Abstract: Vitexin and isovitexin are dietary flavonoids widely distributed in food and
medicinal plants. They have attracted increasing attention owing to their diverse phar-
macological activities and favorable safety profiles. These compounds exhibit therapeutic
potential across multiple biological systems, including the immune, nervous, respiratory,
cardiovascular, and endocrine systems, through antioxidant, anti-inflammatory, anticancer,
antibacterial, and neuroprotective mechanisms. Although previous reviews have addressed
the pharmacological effects of vitexin and isovitexin, most are limited in scope—either
focusing solely on vitexin or restricted to specific disease models such as cancer or di-
abetes. Moreover, some studies are outdated and do not reflect the recent advances in
synthetic modification, green extraction technologies, and systems pharmacology. This
review aims to provide a comprehensive evaluation of the pharmacological properties,
pharmacokinetics, and clinical relevance of vitexin and isovitexin, highlighting their poten-
tial in disease prevention and treatment. A literature search was conducted using Web of
Science, PubMed, and Google Scholar, with keywords including “vitexin”, “isovitexin”,
“disease”, and “mechanism”. Here, we summarize the current research on the pharma-
cological effects of vitexin and isovitexin in metabolic disorders, inflammatory diseases,
cancer, and neurodegenerative conditions, focusing on their molecular mechanisms and
therapeutic targets. Furthermore, we discussed their toxicity, bioavailability, pharmacoki-
netics, and clinical research findings. Vitexin and isovitexin hold promise as therapeutic
agents or adjuncts for multiple diseases with potential applications in modern medicine
and healthcare. However, their pharmacological mechanisms, clinical efficacy, and poten-
tial synergistic effects with other therapeutic agents remain unclear. Further systematic
research is needed to clarify molecular targets and optimize their therapeutic applications.

Keywords: vitexin; isovitexin; dietary flavonoid; chronic disease prevention; bioavailabil-
ity; health promotion

1. Introduction

Vitexin (5, 7, 4-trihydroxyflavone-8-glucoside, Figure 1) is a C-glycosylated flavonoid
compound widely present in various kinds of plants and is an active ingredient in many
traditional Chinese medicines and foods. Flavonoids often have multiple pharmacolog-
ical activities; therefore, vitexin has received increasing attention because of its wide
range of pharmacological effects, including anticancer, antioxidant, anti-inflammatory,
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anti-Alzheimer’s disease (AD), blood pressure-lowering, and anti-hypoxia/ischemic in-
jury [1-4]. These pharmacological effects are related to multiple systems, such as the central
nervous, cardiovascular, intestinal system, and endocrine systems [5].

Vitexin Isovitexin

Figure 1. Structure of vitexin and isovitexin.

Isovitexin (apigenin-6-C-glucoside, Figure 1), an isomer of vitexin, also exists in plants
containing vitexin, such as pigeon peas, passion flowers, bamboo, mimosa, and wheat
leaves, and has been screened as a bioactive ingredient [6,7] because of its similar chemical
structure. Isovitexin has also been shown to exert pharmacological effects similar to those
of vitexin, including antioxidant, anti-inflammatory, and anti-AD effects.

However, a review of the literature reveals several limitations in previous studies.
Some works have focused exclusively on vitexin and overlooked isovitexin, while others
have addressed both compounds but restricted discussion to individual diseases such
as cancer or diabetes, or emphasized isolated domains like extraction processes. Many
existing reviews have yet to incorporate recent findings from multiple disciplines, including
medicinal chemistry, systems biology, and clinical pharmacokinetics [1-3]. These limitations
hinder a comprehensive understanding of their therapeutic potential.

To bridge this gap, the present review systematically integrates the recent research
on vitexin and isovitexin, spanning from basic pharmacological studies and molecular
mechanisms to structural optimization and potential clinical translation. We highlight
their roles in treating metabolic diseases, cardiovascular conditions, neurodegenerative
disorders, and cancer. This review also emphasizes their complementary pharmacological
profiles and structural similarities, aiming to elucidate their synergistic mechanisms and
inform future drug development strategies.

This review provides a comprehensive summary of the pharmacological and molec-
ular mechanisms of action of vitexin and isovitexin as well as a brief overview of their
pharmacokinetic studies, highlights the potential of vitexin and isovitexin in health pre-
vention and treatment, and proposes future research directions and recommendations,
providing a reference for subsequent scientific exploration and clinical applications.

2. Methodology

The literature for this study was searched on 10 December 2024, in three electronic
research databases: Web of Science (Clarivate Analytics, Philadelphia, PA, USA), Google
Scholar (Google LLC, Mountain View, CA, USA), and PubMed (National Library of
Medicine, Bethesda, MD, USA). The selection was based on a series of clear inclusion
criteria: only research published in English journals must be included, and the keywords
“vitexin” and “isovitexin” must be included in the article. The system review excluded
review articles, abstracts, editorials/letters, conferences, and conference papers. Articles
unrelated to “vitexin” and “isovitexin” in terms of antioxidant, anti-inflammatory, safety,
and toxicological applications were also excluded. To further screen the articles, the re-
search results were manually screened to exclude articles that contained duplicate data or
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were duplicated in the database, as well as some articles on the phytochemical separation
of “vitexin” and “isovitexin” derivatives. The remaining articles constituted the main
source of information for writing this article. Figure 2 shows the study selection process,
through which the researchers ensured the quality and relevance of the included studies to
more accurately evaluate the therapeutic potential and health protection of “vitexin” and
“isovitexin” in diseases. This systematic approach helps extract the most valuable data from
a large amount of work in the literature, providing a scientific basis for further research and
clinical applications. Through this process, researchers can provide deeper insights into the
use of “vitexin” and “isovitexin” as disease treatment methods and provide guidance for
future research.

Records identified through
database searching

Pubmed Google Scholar Web of Science
articles (n=245) articles (n=7190) articles (n=417)

Non-diabetic and non-English review excluded

English language articles that
includes "vitexin" or "isovitexin" in
title, abstract or main text (n=6410)

Abstract excluded

Full-text articles included (n=289)

Duplicates, book chapters, encyclopedia and citatioins excluded

Studies included inqualitatives
analysis (n=177)

Figure 2. Flowchart of the literature retrieval and screening.

Chemical Structure and Sources

Flavonoids are a class of compounds characterized by a 2-phenyl-1-benzopyran-
4-one skeleton. Among them, apigenin (4,5,7-trihydroxyflavone) is a typical natural
flavonoid. Vitexin and isovitexin are C-glycosylated derivatives of apigenin, with glucose
units attached at different positions—C-8 in vitexin and C-6 in isovitexin. Both compounds
share similar chemical structures and properties. Vitexin, also known as 8-D-glucosyl-4',5,7-
trihydroxyflavone or apigenin 8-C-glucoside, has a molecular formula of Cp1Hp9O;9 and a
molecular weight of 432.38 g/mol. Isovitexin, the 6-C-glucoside isomer of vitexin, has the
same molecular formula (Cy1H9O1¢) and molecular weight (432.38 g/mol), but differs in
glycosylation position. Both contain seven hydroxyl groups, and their polyhydroxylated
structures contribute significantly to their biological activity. In vitexin, the order of radical
scavenging ability among hydroxyl groups is 4-OH > 7-OH > 5-OH. Additionally, the C-
glycoside bond in vitexin is more stable than O-glycosides, which enhances the antioxidant
capacity by reducing the negative charge at the C-3 oxygen. C-glycosyl flavonoids generally
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show stronger antioxidant and antidiabetic properties than their O-glycoside or aglycone
counterparts [8].

Vitexin exists in various plants, among which hawthorn leaves are the main source.
In recent years, technology for extracting the biological activities of vitexin and isovitexin
from plants has been optimized. Compared to the traditional Soxhlet extraction method,
there are limitations in solvent selectivity, extraction rate, and toxicity. Microwave-assisted
extraction (MAE) is the optimal technique for achieving maximum total polyphenol and
flavonoid content and high yield, obtaining high concentrations of antioxidants and anti-
inflammatory and antibacterial compounds in a short period of time, with reasonable
yield and good selectivity. The preparation and separation of vitexin and isovitexin can be
easily and effectively achieved through adsorption and desorption of the ADS-5 resin. This
method can also be used for the separation of flavonoid C-glucosides from other Chinese
herbal medicines.

3. Health Promotion Effects of Vitexin and Isovitexin

This section highlights the therapeutic effects of vitexin and isovitexin, including
cardiovascular protection, blood sugar regulation, anti-obesity, anticancer, antioxidant,
anti-inflammatory, and neuroprotective properties. Additionally, they exhibit antimicrobial
and antibacterial activities. Table 1 and Figures 3 and 4 illustrate the diseases and treatment
types that vitexin and isovitexin can improve, along with their key mechanisms. The yellow
inner circle of Figure 3 illustrates the key molecular mechanisms through which vitexin and
isovitexin exert their pharmacological effects, while the outer ring shows the corresponding
disease conditions or therapeutic areas.

Table 1. Typical pathways and target cases of vitexin and isovitexin in the treatment of diseases.

Vitexin/

. Biological Activities Cell/Animal Dosage Mechanisms and Pathways Targets References
Isovitexin

Reducing ROS levels; improving
mitochondrial activity,
mitochondrial membrane
potential, and ATP content;
Isolated markedly increasing MFN2
Myocardial solate expression and reducing the
Vitexin ischemi}; /reperfusion Sprague-Datwley 10 uM recruitment of Drp1 MEN2, Drpl,

(I/R) injury rat hejz hss Hoc2 in mitochondria. Epacl-Rapl

(4]

Inhibiting ischemic myocardial
mitochondrial dysfunction and
reducing cardiomyocyte apoptosis [9]
by regulating
Epacl-Rap1 signaling.

Vitexin induced elevated FOXO3a
Protect against protein expression levels, by
Vitexin DOX-induced acute Rats 30 mg/kg suppressing oxidative stress, FOXO3a [10]
cardiotoxicity inflammation, and
apoptotic signals.

Decreased sFlt-1, increased PIGF, HIF-1c,

Vitexin Pre-eclampsia Pregnant rats 45-60 mg/kg and alleviated oxidative stress VEGF

[11]

Vitexin/

Diabetic rats 1mg/kg Inhibits the negative regulator of [12]
Isovitexin

) ) insulin signaling, protein tyrosine
Diabetes, overweight phosphatase (PTP)-1B, inhibits PTP-1B
HepG2 a-amylase and a-glucosidase. [13]

Vitexin/
Isovitexin
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Table 1. Cont.

Vitexin/
Isovitexin

Biological Activities

Cell/Animal

Dosage Mechanisms and Pathways

Targets

References

Vitexin

HUVECs

Vitexin disrupted Wnt/ 3-catenin
signaling pathway, vitexin
activated nuclear factor-erythroid
2-related factor 2 (Nrf2) in HUVEC
under high glucose.

5-100 uM

Nrf2

[14]

Vitexin/
isovitexin

Diabetes, overweight

HepG2 cells
within an
insulin-resistant
system

Regulating glycemia, through
changes in anti-hyperglycemic
activity and in the gut microbiota
in overweight individuals.

[15]

Vitexin

Diabetic nephropathy

HK-2 cells/DN
rat

Vitexin could alleviate diabetic
nephropathy by attenuated
ferroptosis via activating GPX4.

0-40 uM.

GPX4

[16]

Vitexin

Non-alcoholic fatty
liver disease

NAFLD mice

Vitexin degraded lipids in
HFD-induced NAFLD mice liver
by inducing autophagy and
restoring both ER and
mitochondrial biological proteins.

6 mg/kg

[17]

CSHFD mice

Inhibit TLR4/NF-«B signaling and
reduce fatty acid
synthesis proteins.

40 mg/kg

(2]

Vitexin

Obesity

C57BL/6], 3T3-L1
adipocytes

Vitexin may prevent HFD-induced
obesity /adipogenesis via the
AMPK« mediated pathway.

30 mg/kg

AMPK«x

(18]

Isovitexin

Liver fibrosis

Hepatic stellate
cell models

Regulation of miR-21, targeting
PTEN-Akt signaling and the GSH
metabolic pathway.

PTEN

[19]

Vitexin

Triple-negative breast
cancer

Vitexin promoted M1 polarization
and suppressed M2 polarization,
affecting EGFR phosphorylation

and downstream signaling.

EGFR

[20]

Vitexin

Gastric cancer

Nude mice/GC
cells

Vitexin inhibited the malignant
progression of GC in vitro and
in vivo by suppressing
HMGB1-mediated activation of
PI3K/Akt/HIF-1x
signaling pathway.

2mg/kg
10-160 uM

HMGB-1

[21]

Vitexin

Colon cancer

HCT-116 cells

Inhibit colon cancer HCT-116 cell
proliferation by suppressing
CDK1/cyclin B expression,
leading to cell cycle arrest in the
G2/M phase.

1-300 uM

[22]

Isovitexin

Colon cancer

Promoted apoptosis and
suppressed cell proliferation by
activating the p53
signaling pathway.

(23]

Vitexin/
isovitexin

Vitexin

Non-small cell lung
cancer cells

Ab549/ H1299
cells, nude mice

Suppressed NF-«B, AKT and

1-120 uM ERK activation.

[24]

A549 cells,
nude mice

Reduced the levels of p-PI3K,

0-40uM p-Akt, and p-mTOR.

(25]

Isovitexin

Hepatocarcinoma

SK-Hep-1 cells

Mediated miR-34a upregulation
induces apoptosis and suppresses
the stemness of SK-SC.

miR-34a

[26]

Vitexin

Vitiligo

human
melanocyte PIG1

Protected melanocytes from
oxidative stress by activating
MAPK-Nrf2/ARE
signaling pathway.

0-40 pM

Nrf2

[27]
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Table 1. Cont.

Vitexin/
Isovitexin

Biological Activities Cell/Animal Dosage Mechanisms and Pathways Targets

References

Isovitexin

Inhibiting MAPK and NF-«B and

activating HO-1/Nrf2 pathways. Nrf2

Acute lung injury RAW 264.7 cells 0-50 uM

[28]

Vitexin

Vitexin ameliorated hepatic injury
in EAH mice through activation of
EAH mice 5mg/kg the AMPK/AKT/GSK-3 Nrf2
pathway and upregulation of the
Nrif2 gene.

Autoimmune
hepatitis

[29]

Vitexin

Vitexin inhibited the production of
ROS through promoting PPARYy,
increased the activity of
antioxidant enzymes, and reduced
inflammatory cytokines and
apoptosis by alleviating ER stress
and inactivation MAPKs and
NF-«B signaling pathway.

Mastitis MAC-T cells 20 uM PPARy

[30]

Isovitexin

Isovitexin ameliorates joint
100 mg/kg inflammation in acute GA via the TLR4
TLR4/MyD88/NF-kB pathway.

Sprague-Dawley

Acute gouty arthritis rats

[31]

Isovitexin

Ameliorated renal injury,
L SV40-MES-13 inflammation, and increased
Chr(()ir.uc kidney cells/C57BL/6 0-50uM, 5 protected autophagy by anti-ROS
isease - mg/kg . LS .
mice production, anti-inflammation,
and anti-pyroptosis.

[32]

Vitexin/
isovitexin

Mediating the nuclear
factor-kappa B (NF-«kB) NEF-«B
signaling pathway.

0.1-100

Alzheimer’s disease Microglial cells
ug/mL

[33]

Vitexin

Protect the neuron cells and brain
Cerebral Rat 50 me /k related with the
ischemia/reperfusion 8758 Keap1/Nrf2/HO-1
signaling pathway.

Keap1, Nrf2

[34]

3.1. Regulating Cardiovascular Protection

Vitexin has a wide range of pharmacological effects, particularly protective effects on
the cardiovascular system. The research has shown that vitexin plays an important role
in the cardiovascular system by affecting the myocardium, blood vessels, and platelets
through multiple signaling pathways. Vitexin has been shown to have a protective ef-
fect against myocardial ischemia-reperfusion injury (MIRI). Experimental data showed
that vitexin inhibited the expression of Epacl and regulated the Epacl-Rap1 signaling
pathway, alleviating MIRI-induced mitochondrial dysfunction and inhibiting the acti-
vation of mitochondria-mediated apoptosis pathways, thus exerting a protective effect
against MIRI [4]. This discovery provided new targets and a theoretical basis for the
potential application of vitexin in the treatment of ischemic myocardial injury. However,
this study also has limitations in exploring the specific regulatory mechanism of Epac in
ischemia/reperfusion (I/R), and further research is needed to determine the therapeutic
potential of vitexin through Epac1 [9].

Vitexin can also improve the pathological score of the myocardial tissue and reduce
the apoptosis index, which is related to its antioxidant activity, inhibition of inflamma-
tory cytokine release, and myocardial cell apoptosis. Experiments have confirmed that
doxorubicin (DOX) is an effective chemotherapeutic drug; however, its clinical applica-
tion is limited by the development of cardiotoxicity. Vitexin exerts a cardioprotective
effect against DOX-induced cardiac toxicity by reducing oxidative stress, lowering cardiac
inflammatory cytokines, increasing FOXO3a, and inhibiting caspase-3 activation. There-
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fore, vitexin may serve as an effective therapeutic agent for preventing DOX-induced
cardiomyopathy [10,20].
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Figure 3. The main mechanisms and treatment types of vitexin and isovitexin.
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Figure 4. The mechanisms of vitexin and isovitexin and the types of diseases in various systems.

Research has shown that flavonoids, such as vitexin, can regulate vasoconstriction
in an agonist-dependent manner, not only through endothelial dependence, but also by
inhibiting the MAPK/ERK pathway and partially inhibiting Rho kinase. Lagenaria siceraria
fruits containing vitexin exhibit anti-hypertensive and anti-cardioprotective effects induced
by L-NAME (a NOS inhibitor) [11]. Although further research is needed to determine
whether vitexin has anti-hypertensive effects associated with NOS, the existing studies
have shown its importance in vascular health.
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In summary, vitexin exerts multiple protective effects on the cardiovascular system
by affecting the myocardium and blood vessels. These effects include anti-myocardial
ischemia/reperfusion injury and anti-vasoconstriction effects, thus playing an important
role in the prevention and treatment of cardiovascular diseases. With further research, the
cardiovascular protective mechanism of vitexin will be further elucidated, providing a
more theoretical basis for clinical applications.

3.2. Regulating Blood Sugar and Combating Obesity

Vitexin and isovitexin have shown good therapeutic potential in diabetes as natural
compounds with protective effects. The research has indicated that pancreatic injury or
pancreatic tissue damage often leads to insufficient insulin secretion or insulin resistance,
which in turn affects blood glucose processing and increases blood glucose levels [35,36].
Vitexin has been shown to have a protective effect on pancreatic and islet tissues by upreg-
ulating Nrf2 and antioxidant enzymes, as well as inhibiting MAPK pathways, including
c-Jun N-terminal kinase (JNK) and p38, to alleviate the toxicity caused by streptozotocin or
lipopolysaccharide (LPS) [37,38].

Oral administration of vitexin and isovitexin can significantly reduce postprandial
blood glucose levels in normal blood glucose mice and sucrose-induced diabetic rats. They
can also provide potential therapeutic approaches for the prevention of diabetes or other
pathological complications through free radical scavenging and metal ion-trapping activ-
ities. Simultaneously, x-glucosidase and x-amylase, the key enzymes for carbohydrate
digestion, are located on the facial mask on the brush edge of intestinal cells. Vitexin
and isovitexin have significant inhibitory effects on o-glucosidase [12,39]. Vitexin and
isovitexin were found to exhibit inhibitory effects on AGE formation. For the first time,
vitexin and isovitexin were confirmed to inhibit PTP-1B activity, improve insulin signal-
ing, and increase glucose uptake [13]. Research has suggested that acute and long-term
hyperglycemia can activate resting endothelial cells and impaired endothelial function
of vascular cells. High blood sugar levels induced endothelial damage and apoptosis by
reducing the bioavailability of NO and increasing reactive oxygen species (ROS). Vitexin
inhibited endothelial activation caused by high glucose levels and reduced vascular inflam-
mation. It also increased superoxide dismutase (SOD) and glutathione peroxidase (GPx)
levels and decreased GPX4-mediated ferroptosis. Furthermore, vitexin promoted GLUT4’s
translocation from the cytoplasm to the cell membrane, potentially facilitating the uptake
of glucose [16,40].

High-dose glucose was added to an in vitro model to create a human umbilical vein
endothelial cell (HUVEC) model and examine the protective effect of vitexin against
high glucose-induced HUVEC damage. It was demonstrated that vitexin reduced the
proliferation and death of HUVECs driven by high glucose, activated Nrf2 in HUVECs, and
controlled the Wnt/ 3-catenin signaling pathway. Vitexin administration simultaneously
increased SOD activity and decreased ROS and malondialdehyde (MDA) content in high
glucose-induced HUVECs [14].

Obesity-related insulin resistance and glucose metabolism disorders cause cells’
metabolism of fats and carbohydrates to become unbalanced, which eventually results in
diabetes. According to the research, instead of depending only on one active ingredient,
vitexin and isovitexin are more likely to work in concert to prevent disease. Synergistic
gut microbiota regulation may be a component of the pharmacological effects. Insulin
resistance in obesity is characterized by decreased insulin-triggered glucose transport and
processing in skeletal muscles and adipocytes, as well as inefficient hepatic regulation of
glucose synthesis. Vitexin and isovitexin flavonoids not only affected the absorption of
peripheral glucose in insulin and non-insulin sensitive tissues but also showed the potential
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to restore insulin resistance in HepG2 cells by enhancing cellular uptake of glucose. Fur-
thermore, proteobacteria are the predominant gut microbiota in obesity and type 2 diabetes,
and vitexin and isovitexin have the ability to increase the number of beneficial bacteria
while suppressing the levels of harmful bacteria [15].

Through a variety of mechanisms, such as lowering postprandial blood glucose, block-
ing important digestive enzymes, and controlling intestinal flora, vitexin and isovitexin
have demonstrated both preventative and therapeutic effects in diabetes. In addition to
being possible medications for atherosclerosis and cardiovascular problems in diabetes,
vitexin and isovitexin may offer novel approaches for the prevention and management of
vascular diseases. Vitexin and isovitexin can be used as functional ingredients in the indus-
trial food sector. To clarify the metabolic pathways of bacteria and understand the specific
microbial glucose metabolism process, more research is required. Additional investigation
of the distinct routes of action of these chemicals will offer a scientific foundation for the
development of novel treatment approaches.

Adipose tissue abnormalities and excessive accumulation are intimately linked to
inflammation, as evidenced by elevated TNF-« and IL6 release. Vitexin dramatically de-
creased serum levels of IL6 and TNF-« in C57BL/6] mice fed a high-fat diet. Fat formation
is inhibited when AMPK «, the primary regulator of energy metabolism, is phosphory-
lated [17,18,27]. Previous studies have shown that vitexin ameliorated weight gain and
obesity induced by a high-fat diet (HFD) in C57BL/6] male mice, inhibited adipogenesis
in adipocytes, dramatically increased the expression of phosphorylated AMPK «, and
decreased the expression of C/EBP « and fatty acid synthase (FAS) in white adipose tissue
and 3T3-L1 adipocytes [41].

Vitexin-induced decrease in adipogenesis may involve additional signaling pathways
besides AMPK alpha. Vitexin has been shown to reduce the inflammation and apoptosis
induced by ER stress by blocking adipogenesis through ER stress-induced pathways.
Conversely, vitexin prevents HFD-induced vasculitis by blocking TMAO-mediated RNA
N6-methyladenosine (m6A) alteration, which paves the way for the creation of functional
foods [42].

In conclusion, vitexin decreased the expression of adipogenic genes in white adipose
tissue and relieved obesity induced by a high-fat diet [41]. Further research is necessary
to determine the possible impacts of vitexin on the upstream regulators of the AMPK
o and ER pathways. Vitexin could therefore be another dietary supplement that can be
utilized in conjunction with other methods for treating and preventing obesity and its
associated problems.

3.3. Lowering Blood Cholesterol and Treating Fatty Liver

Although liver damage from chronic alcohol use is inevitable, few effective liver-
protective medications are currently available to treat ethanol-induced liver damage. The
development of alcoholic liver disease (ALD) is significantly influenced by apoptosis
associated with liver injury. Hepatitis can result from the discharge of apoptotic cells into
the extracellular space, which can cause inflammation if they are not quickly removed.
Furthermore, the phagocytic action of apoptotic cells has a pro-fibrotic effect, and they also
release pro-fibrotic mediators, which cause fibrosis of liver cells. Thus, ALD can be slowed
or reversed by blocking apoptosis [43]. Studies have demonstrated that vitexin possesses
antiapoptotic properties, preserves the structural integrity of liver cells, controls lipid
metabolism, and dramatically reduces ethanol-induced LO2 cell damage. The protective
effect of vitexin against ethanol-induced liver damage was closely linked to the Sirt1/p53-
mediated apoptosis pathway, as evidenced by the fact that vitexin inhibited serum TG
and TC levels and significantly improved ethanol-induced ALD [44], and its protective

128



Int. J. Mol. Sci. 2025, 26, 6997

effect against ethanol-induced liver injury was closely linked to the Sirtl/p53-mediated
apoptosis pathway, as Sirtl could remove the acetyl group of p53, reduce the transfer of
p53 from cytoplasm to mitochondria, inhibit the release of mitochondrial pro-apoptotic
proteins, and ultimately restrict apoptosis [45].

Currently, there is no approved treatment for non-alcoholic fatty liver disease
(NAFLD), a prevalent liver illness characterized by the accumulation of liver fat. Since
diabetes and obesity are the primary causes of NAFLD, substances with anti-obesity prop-
erties and the ability to lower insulin resistance are regarded as promising candidates
for the treatment of NAFLD [46]. Studies have demonstrated that vitexin can decrease
the body and liver weight of C57BL/6] mice fed an HFD, as well as the serum and liver
levels of cholesterol and triglycerides. In the HFD group, vitexin markedly decreased
the serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT).
Activating receptor gamma (PPAR), FAS, steroid regulatory element binding protein-1c
(SREBP-1c), CCAAT/enhancer binding protein alpha (C/EBP«), peroxisome proliferators,
and acetyl CoA carboxylase (ACC) were also downregulated by vitexin, which inhibited
lipogenesis. By activating insulin receptor base-1 (IRS-1) and its downstream target AKT,
vitexin enhances insulin signaling [17,47]. NAFLD may worsen because of chronic stress
(CS). Research has demonstrated that vitexin helps treat NAFLD caused by a high-fat diet
and chronic stress. This mechanism is directly linked to lowering the accumulation of
fatty acids and suppressing the TLR4/NF-« B signaling pathway. Vitexin addresses lipid
metabolic issues, reduces liver inflammation, and decreases the accumulation of fat in the
liver. In addition, vitexin suppresses the expression of proteins and genes linked to the
production of fat in the liver [2].

The initial hypothesis was that isovitexin prevents liver fibrosis. Isovitexin could
alleviate liver fibrosis in two hepatic stellate cell models induced by platelet-derived growth
factor BB (PDGF-BB) and in mouse liver fibrosis models induced by carbon tetrachloride
(CCly) by reducing collagen deposition and hepatic stellate cell activation. According to
transcriptomic and metabolomic analyses, the primary regulatory processes of isovitexin
in liver fibrosis may be the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
signaling pathway and the glutathione (GSH) metabolic pathway, also confirming that
miR-21 is a crucial node in the isovitexin regulation of the PI3K/ Akt signaling pathway
and GSH metabolic pathway [19].

The biological roles of vitexin and isovitexin, which are possible medications for the
treatment of fatty liver disease, may include immune control, lipid metabolism regulation,
and anti-inflammatory activities. These results place vitexin and isovitexin as a solid
scientific foundation for novel medications for fatty liver and offer evidence in favor of
further clinical studies and development.

3.4. Anticancer Effect

As the second greatest cause of mortality and one of the main global public health
concerns, cancer not only endangers lives, but also has a significant financial impact. Thus,
creating successful plans for long-term cancer prevention and control is essential [48].
Plant-derived secondary metabolites have shown beneficial anticancer properties. Studies
conducted both in vitro and in vivo have demonstrated that the chemopreventive chemicals
vitexin and isovitexin exhibit pharmacological efficacy against a variety of malignancies by
boosting autophagy or apoptotic processes and preventing migration and proliferation [1].
According to the preliminary research, vitexin and isovitexin demonstrated antitumor
activity through targeted cell apoptosis in HepG2 hepatocytes, HeLa cervical cells, MCF-7
human breast cancer cells, U937 human leukemia cells, and HCT116 colorectal cells [49-52].
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Changes in the pathological milieu from an inflammatory state to a pro-tumor mi-
croenvironment are key risk factors for the development of colitis-associated cancer (CAC),
which is caused by chronic colitis. The deadly effects of inflammatory cytokines generated
by M1 macrophages were maintained by vitexin’s ability to bind to the vitamin D recep-
tor (VDR) protein, which inhibits macrophage development towards the M2 phenotype.
In vitro co-culture studies have shown that vitexin enhances the anticancer activity of
M1 macrophages by sustaining their pro-inflammatory phenotype and inhibiting the M2
polarization typically associated with tumor promotion. The targeting effect of vitexin on
VDR was further validated using myeloid-specific VDR gene knockout mice. The shift
from colitis to colorectal cancer is a major pathogenic role that VDR inhibits [53,54]. The
important role of VDR as a nuclear receptor transcription factor in colitis and colorectal
cancer has been confirmed by clinical and basic research. Isovitexin has been found to
activate the p53 signaling pathway in a dose-dependent manner, thereby exerting inhibitory
effects on colorectal cancer cells. The possible use of isovitexin in the treatment of colorectal
cancer now has a scientific foundation for this discovery [23].

Gastric cancer (GC) is a serious threat to public health and its high recurrence rate after
surgery is the main reason for the short survival of patients. The primary cause of stomach
cancer recurrence is metastasis, and epithelial-mesenchymal transition (EMT) is a crucial
step in the metastatic process. Two distinct gastric cancer cell lines (SGC-7901 and AGS) and
a normal, non-transformed gastric cell line (GES-1) were used to assess the antitumor po-
tential of vitexin, a medication that is thought to be a contender for the treatment of gastric
cancer. These findings showed that vitexin had a dose-dependent effect on gastric cancer
cells” production of HIF-1 «. Additionally, by deactivating the PI3K/AKT/mTOR /HIF-1
o pathway, vitexin therapy slowed the growth of gastric cancer cells. In particular, it was
discovered for the first time that vitexin inhibits the proliferation, migration, invasion, and
EMT of gastric cancer cells by downregulating the expression of HMGBI in these cells.
More significantly, vitexin inhibited the activation of the PI3K/AKT/mTOR pathway by
promoting the nuclear translocation of HMGBI1. According to the study results, vitexin
might be a novel and potent medication for the treatment of stomach cancer. Nevertheless,
it is still unknown how vitexin inhibits HMGBI in gastric cancer cells [21].

According to the research, vitexin can cause cell death by triggering apolipoprotein
L1 (ApoL1l)-mediated autophagy and JNK and suppresses the activity of heat shock factor
1 (HSF-1) to prevent the growth of colorectal cancer cells [53]. Many cancers overexpress
cyclin-dependent kinases (CDKs), which are important targets of new anticancer medi-
cations. According to experimental findings, vitexin’s ICsq value for HCT116 colorectal
cancer cells was 203.27 & 9.85 p mol/L. According to Zhao et al. (2024) [22], vitexin may
have an inhibitory effect on colorectal cancer cell proliferation, G2/M conversion, cell cycle
progression, and CDK1/cyclin B protein production in HCT116 cells.

Triple-negative breast cancer (TNBC) is a type of breast cancer with a dismal prog-
nosis and is insensitive to targeted and endocrine therapies. Following chemotherapy,
it has a poor prognosis and significant recurrence rate. Tumor-associated macrophages
(TAMs) are essential for the development of TNBC. According to previous studies, vi-
texin can stop TNBC cells from proliferation and invading, and can also prevent the
migration of cancer cells. Furthermore, vitexin can influence the downstream signaling
and phosphorylation of the epidermal growth factor receptor (EGFR), block M2 polar-
ization, enhance M1 macrophage polarization, and exert anticancer effects by targeting
the EGFR/PI3K/AKT/mTOR pathway [20,55]. When combined with doxorubicin (Dox),
vitexin can reduce tumor growth and show synergistic effects in in vivo tests, increasing
antitumor efficacy. However, more research is needed to determine how vitexin controls
this pathway and how it affects macrophage polarization. Furthermore, there is potential
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for the therapeutic application of vitexin's effect on other immunological targets in breast
cancer, which has yet to be investigated.

Chemotherapy remains the principal treatment for patients with non-small cell lung
cancer (NSCLC), although anticancer medications frequently have negative side effects.
Therefore, finding novel, low-toxicity anti-NSCLC medications is crucial. The possible
antitumor action of vitexin in NSCLC has been verified in previous studies. Treatment
with vitexin and isovitexin decreased the A549 cells in vitro survival rate and lessened
the increase in lactate dehydrogenase (LDH) release caused by cell membrane disruption.
Further evidence of the anti-NSCLC potential of vitexin came from the administration of
both vitexin and isovitexin, which both suppressed the growth of NSCLC tumors in vivo.
Based on the findings of this study, vitexin and isovitexin lowered the Bcl-2/Bax ratio
and caused cytochrome c to be released from the mitochondria into the cytoplasm, which
cleaved caspase-3 in A549 cells. It was hypothesized that vitexin uses a mitochondrial-
dependent pathway to partially trigger apoptosis in A549 cells. Through in vitro and
in vivo experiments, the survival rate of A549 cells damaged by vitexin treatment was
revealed for the first time, and apoptosis was partially induced through the mitochondrial
pathway and the PI3K/Akt/mTOR signaling pathway. Vitexin and isovitexin are expected
to be innovative and effective drugs for the treatment of NSCLC [24,25].

Through controlling the expression of miR-34a, isovitexin was shown to suppress the
stem cell properties of SK-Hep-1 cells. Isovitexin decreased the number of CD44+ cells and
prevented the development of spheroids and colonies. Furthermore, isovitexin showed
promise in treating liver cancer by increasing the amount of Bax protein in SK-SC cells
and lowering the levels of Bcl-2 and Mcl-1 proteins, which are linked to apoptosis. This
provides isovitexin’s new approach to liver cancer treatment as a scientific foundation,
particularly its regulatory effect on the traits of liver cancer stem cells, which could serve as
crucial targets for the development of novel therapeutic approaches [26].

Vitexin and isovitexin have antitumor properties through a number of mechanisms,
such as triggering cell death, preventing tumor growth, inhibiting tumor cell invasion
and migration, regulating immune responses and tumor cell autophagy, and directly
suppressing tumor development in specific cancers. These mechanisms provide a theo-
retical basis for exploring vitexin and isovitexin as promising candidates for anticancer
drug development.

3.5. Antioxidant Effect

Oxidative stress is a harmful process at the cellular or subcellular level and may
become an important mediator of damage to cellular structures and various disease states.
Reactive oxygen species-induced lipid peroxidation produces lipid peroxides in the cell
membrane, causing extensive damage to the membrane structure and membrane-mediated
chromosomal damage [56]. In recent years, vitexin and isovitexin have shown good
antioxidant properties in both in vitro and in vivo studies.

Excessive nitrosation and oxidative stress can trigger inflammatory responses, leading
to an increase in inflammatory mediators, which subsequently activate apoptotic path-
ways, are crucial for neuronal cell death, and play an important role in the development
of hyperactivity disorder (OD) [38]. In vitro experiments confirmed for the first time that
the flavonoid compound vitexin protects against neuro-inflammation, nitrosation, oxida-
tive damage, mitochondrial dysfunction, apoptotic activation through the Nrf2 pathway,
and haloperidol-induced hyperactivity disorder (HPD-OD). According to the study, the
antioxidant qualities of vitexin were ascribed to its capacity to directly scavenge oxygen
free radicals and shield antioxidant enzymes. Vitexin is a potent free-radical scavenger
because it can supply electrons via the nearby dihydroxy structure of the A ring. Vitexin
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also increased Nrf2 expression and boosted GSH and antioxidant enzymes such as SOD,
CAT, GPx, and GST. Additionally, vitexin can exert anti-inflammatory effects by inhibiting
NF kB transcription factors, downregulating pro-inflammatory mediators such as TNF-«
and IL-1 B, and upregulating anti-inflammatory mediators such as IL-4 and IL-10 [29,57].

Vitiligo is a common skin depigmentation disease, and its pathogenesis is related
to cellular oxidative stress caused by reactive oxygen species (ROS). Vitexin has been
shown to inhibit the apoptosis of melanocytes caused by HyO,, promote cell proliferation,
reduce the expression of inflammatory factors and ROS, and upregulate the expression of
antioxidant genes HO-1 and SOD by activating the MAPK-Nrf2/ARE signaling pathway,
thereby exerting its antioxidant effects. When Nrf2 was knocked down, the protective
effect of vitexin was reversed, indicating that Nrf2 plays a key role in the antioxidant effect
of vitexin. This study not only emphasizes the importance of the Nrf2/ARE axis in the
antioxidant defense of melanocytes but also provides new strategies for the treatment of
vitiligo [27].

Numerous pathophysiological processes such as tumor development, aging, inflamma-
tion, diabetes, and neurological illnesses are significantly affected by DNA damage. DNA
damage results from highly active endogenous aldehydes produced by cellular processes
such as oxidative stress, lipid peroxidation, and glycosylation. These aldehydes directly
react with DNA to form DNA aldehyde-derived adducts. Mice that drink diluted alcohol
suffer harm to their hematopoietic stem cell DNA as a result of the metabolism of ethanol
into acetaldehyde. Cellular homeostasis problems caused by unrepaired DNA damage can
accelerate the development and accumulation of the disease phenotypes. Different doses of
vitexin have been shown to have antioxidant effects that can repair ethanol-induced DNA
damage, suggesting its possible use in the treatment of liver injury [58].

In Caenorhabditis elegans, studies have shown that vitexin and isovitexin, as putative
SKN-1/Nrf2 activators, increase lifespan and support a healthy lifespan. To eliminate ROS
generated under stress, vitexin and isovitexin increased the expression of antioxidant genes
and proteins, decreased the accumulation of ROS, and increased the accumulation of SKN-1
in the nucleus. Vitexin and isovitexin have shown promise as prospective compounds for
novel approaches in the chemoprevention of aging and oxidative-related disorders, and
they offer fresh perspectives on activating the SKN-1/Nrf2 pathway [59].

By lowering intracellular ROS levels, suppressing the expression of heat shock proteins
(Hsp70 and Hsp90), and shielding cells from the synthesis of apoptotic proteins, vitexin
can effectively prevent heat stress-induced cell death. In addition to offering possible
application opportunities for the management of people working in hot environments and
patients suffering from heat-related illnesses, this discovery provides a fresh perspective
for the prevention and treatment of heat stress [60]. Research has found that vitexin inhibits
ROS production by promoting PPARY activity, enhancing antioxidant enzyme activity [30].

Chronic kidney disease (CKD) is a systemic inflammatory syndrome characterized by
tubulointerstitial inflammation. LPS, an outer membrane component of Gram-negative
bacteria, increases the production of ROS and triggers cellular inflammation. Isovitexin
has been demonstrated in vitro to improve cell viability in SV40-MES-13 cells and inhibit
ROS generation generated by LPS. Isovitexin also decreased inflammatory and apoptotic
markers and enhanced the mitochondrial membrane potential. Isovitexin decreased kidney
damage and inflammation in a C57BL/6 mouse kidney injury model by enhancing protective
autophagy, reducing ROS generation, and exhibiting anti-inflammatory and anti-pyroptotic
properties. Isovitexin also regulates the NF-«B, P53, PI3K/Akt, and MAPK signaling
pathways, which can cause autophagy in HepG2 human liver cancer cells. These findings
suggest that isovitexin may exert a protective effect against kidney injury through multiple
mechanisms [22,32].
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Both vitexin and isovitexin demonstrated antioxidant activity both in vitro and in vivo.
They achieve this by directly inhibiting oxidative stress markers, reducing inflammation,
encouraging autophagy, and shielding endothelial cells. These processes complement each
other, making them promising candidates for antioxidant medications. These findings offer
a solid scientific foundation for investigating the antioxidant mechanisms and the possible
uses of isovitexin and vitexin.

3.6. Anti-Inflammatory Effect

Vitexin has demonstrated possible protective effects against autoimmune hepatitis
(AIH), a chronic progressive liver disease [3]. According to previous studies, taking vitexin
dramatically lowered serum ALT and AST levels, reduced oxidative stress-induced liver
damage, and decreased the infiltration of inflammatory cells and CD4 + T cells into the
liver. Furthermore, vitexin ameliorated liver damage in EAH animals by upregulating the
Nrf2 gene and activating the AMPK/AKT/GSK-3 3 pathway, offering scientific support
for vitexin as a novel and potent medication for AIH treatment [29].

Several inflammatory cytokines, including IL-6, TNF-«, and IL-8, are associated
with skin inflammation, aging, and photoaging. Following UV exposure, these cytokines
increase and affect the epidermal barrier function. The excessive generation of ROS and
reactive nitrogen species (RNS) is also linked to inflammation, which accelerates the
development of wrinkles and skin dryness. According to previous research, vitexin has
anti-inflammatory properties and helps treat skin irritation; however, it has no discernible
effect on TNF-o levels and may instead control keratinocyte differentiation rather than
death. Through free radical scavenging and anti-inflammatory mechanisms in primary
human skin cells, vitexin was shown to eradicate UV-induced ROS/RNS for the first
time [61].

Since Nrf2 is thought to be a desirable biological target for vascular inflammation, it
is possible to create small-molecule medicines that specifically target it to treat metabolic
disorders. Non-covalent inhibitors may be less hazardous than covalent Nrf2 activators for
Nrf2 activation [62]. Vitexin is absorbed by HUVECs in a dose-dependent manner. Vitexin
inhibits vascular inflammation by directly binding to the Kelch domain of Keap1, breaking
the Keap1-Nrf2 connection, and releasing Nrf2 for transport to the nucleus, highlights a
new function for Nrf2 in vascular inflammation and offers intriguing molecular pathways
for innovative approaches to treating metabolic and cardiovascular disorders [28,63].

Lipopolysaccharide (LPS) is a microbial toxin that is one of the main causes of sepsis.
During inflammation, LPS is known to impair the function of P-glycoprotein (P-gp), and
molecular docking studies have shown that vitexin is an effective substrate for P-gp,
while verapamil is an effective inhibitor of P-gp. Mice were intraperitoneally injected
with LPS (10 mg/kg), and macrophages showed increased levels of H,O,, superoxide,
and NO, whereas antioxidant activity decreased. Mice treated with vitexin (5 mg/kg
body weight) and verapamil (5 mg/kg body weight) showed higher antioxidant enzyme
activities (SOD, CAT, and GRx), thereby reducing oxidative stress. This combination
therapy simultaneously downregulated the expression of TLR4, NF-«kB, and P-gp in mouse
peritoneal macrophages, leading to a polarization transition from M1 to M2 macrophages
and reduced inflammatory responses. Therefore, combined therapy with vitexin and
verapamil may be a potential therapeutic strategy to shield the body from inflammatory
damage and sepsis caused by LPS [64].

A study using an LPS/D-GalN-induced acute liver injury (ALI) animal model found
that isovitexin has potential therapeutic effects in ALI. Treatment with isovitexin dramat-
ically decreased the total m6A and m6A modification levels of phosphatase and tensin
homolog (PTEN) and binding immunoglobulin protein (BiP) in the liver, while upreg-
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ulating the expression of PI3K, Akt, and mTOR. PTEN is a negative regulator of the
PI3K/ Akt pathway and plays a crucial role in controlling immune cell activation and pro-
inflammatory signaling. BiP, an endoplasmic reticulum (ER) chaperone, is a key indicator
of ER stress, which is often linked to inflammation and cell apoptosis. These findings
suggest that isovitexin may alleviate liver inflammation by modulating PTEN and BiP
expression through m6A modification, thereby influencing key inflammatory signaling
cascades. To further validate these mechanistic insights, another study demonstrated that
isovitexin treatment reduced the inflammatory response induced by lipopolysaccharide
(LPS) in both in vitro macrophage models and an in vivo LPS-induced mouse ALI model,
highlighting its potential as a novel therapeutic agent for acute liver injury [65].

Ulcerative colitis (UC) is an idiopathic inflammatory disease of the colonic mucosa.
Studies have shown that dextran sulfate sodium (DSS) administration can cause chemical
damage to the intestinal epithelium of mice, leading to colon atrophy and inflammation.
Vitexin treatment significantly inhibited colonic atrophy induced by DSS in colitis mice and
reduced colonic mucosal inflammation, ulceration, and necrosis [66,67]. Vitexin reduced in-
flammation and DSS-induced colon damage by concurrently blocking the phosphorylation
of the p65, I k B, and STAT1 proteins in colon tissue. In addition to its anti-inflammatory
properties, the ability of vitexin to alter the colonic mucosal barrier is another crucial molec-
ular mechanism in the fight. The gut microbiota is vital for controlling the function of the
intestinal mucosal barrier and the inflammatory response, and there is mounting evidence
that it plays a significant role in the onset and progression of colitis. Increased intestinal
permeability and inflammatory activation brought on by gut microbiota dysfunction can
hasten the onset of colitis [68,69]. Therefore, regulation of the gut microbiota is considered
an important strategy for the treatment of UC. Research has found that vitexin regulated
the gut microbiota of DSS-induced colitis mice and significantly increased the abundance
of protective symbiotic bacteria, revealing that vitexin can alleviate colitis by reversing
dysbiosis of the gut microbiota in DSS-induced colitis mice. In summary, vitexin exerts
significant therapeutic effects in mouse models of DSS-induced colitis by suppressing
intestinal mucosal inflammation, preserving intestinal barrier integrity, and reversing gut
microbiota dysbiosis associated with colitis. In addition, vitexin has been shown to signifi-
cantly improve chronic colitis symptoms in CAC mouse models induced by azoxymethane
and dextran sulfate sodium (AOM/DSS), alleviate colon damage, and regulate inflam-
matory cytokine levels in the colon [53]. Therefore, vitexin may be a potential drug for
treating or preventing colitis and provides a scientific basis for potential therapeutic drugs
to prevent the progression of colitis to colorectal cancer [15,57].

Mastitis is caused by several pathogenic microorganisms. Staphylococcus aureus-
induced mastitis produces a large number of DEGs, including immune signaling pathways,
apoptosis, and endoplasmic reticulum stress. Vitexin may also reduce inflammatory factors
and apoptosis by alleviating endoplasmic reticulum stress and inactivating the MAPK
and NF-«B signaling pathways. Vitexin may have great potential as a preventive and
therapeutic agent for mastitis [30].

Allergic contact dermatitis (ACD) is a skin disease caused by environmental and
occupational allergens. During the sensitization stage of ACD, allergens activate innate
immunity by releasing pro-inflammatory cytokines and chemokines through keratinocytes,
recruiting T cells, and producing cytokines, such as TNF-«, IFN-y, and IL-17A. Appropriate
immune regulation is of great significance in preventing ACD. A study optimized an ACD
mouse model induced by Ginkgo biloba acid (GA). This study showed that isovitexin reduced
MAPK phosphorylation, decreased NF-«B activation, and promoted the M2 polarization of
macrophages. It was also found that isovitexin blocked SHP2 with immunomodulatory

134



Int. J. Mol. Sci. 2025, 26, 6997

effects, dose-dependently upregulated apoptosis, and inhibited cytokines, such as TNF-«,
IFN-y, IL-2, and IL-17A [70].

When the serum uric acid level in patients with gouty arthritis (GA) increases, super-
saturated urate salts precipitate to form crystals and deposit in the synovial tissue. These
urate crystals are recognized by TLR4 and activate the TLR4 signaling pathway, leading to
the transcription, synthesis, and release of downstream pro-inflammatory factors, causing
acute inflammatory reactions in joints. Research has found that isovitexin attenuated the
recognition and internalization of TLR4 in inflammatory responses, blocked intracellular
transmission of MyD88 connections, and inhibited the activation of NF-«B. In addition,
treatment with isovitexin + TLR4 inhibitors could inhibit the release of related inflammatory
factors [31].

Vitexin and isovitexin exert their anti-inflammatory activity through various mech-
anisms, including regulating immune responses and inflammatory cytokines, activating
the Nrf2 pathway, affecting LPS-induced inflammatory responses, and exhibiting good
anti-inflammatory effects on colitis, skin inflammation, and mastitis. The discovery of these
anti-inflammatory mechanisms provides a scientific basis for the application of vitexin and
isovitexin in the treatment of metabolic diseases.

3.7. Neuroprotective Effect

Vitexin and isovitexin have various pharmacological properties, including neuro-
protective effects. By reducing the levels of pro-inflammatory and cytotoxic factors in
LPS-induced microglia and mediating the NF-«B signaling pathway, neuroprotective ef-
fects have been demonstrated [33,71]. Research has shown that vitexin can regulate cell
activity through the AKT/mTOR, p53, or Bcl-2/Bax pathways. In the treatment of cerebral
ischemia-reperfusion injury (CIRI), vitexin can improve the behavior of CIRI mice and
inhibit oxidative damage in the mouse brain, thereby showing its potential as a drug
candidate for stroke treatment [72].

The short-term and long-term neuroprotective effects of vitexin were assessed by using
a rat neonatal model. Vitexin, as an HIF1-« inhibitor, has demonstrated good protective
effects by decreasing neuronal damage and reducing infarct volume, particularly when
administered early after hypoxic-ischemic (HI) injury. Moreover, vitexin reduced cerebral
edema, which is linked to the downregulation of VEGF and HIF-1-«, and helped preserve
the integrity of the blood-brain barrier (BBB). It has been demonstrated that vitexin protects
against a cerebral ischemia/reperfusion (I/R)-induced increase in the permeability of brain
endothelial cells [34]. Vitexin decreased inflammation and LDH and caspase 3 levels in the
human brain microvascular endothelial cells (HBMEc) I/R damage model. Additionally,
vitexin suppressed matrix metalloproteinase (MMP) activity and increased the expression
of tight junction proteins [46].

Research has shown that vitexin has a protective effect on cerebral ischemia—
reperfusion injury by upregulating p-ERK1/2, downregulating p-JNK and p-P38, increasing
Bcl-2, and decreasing Bax expression in the cortex and hippocampus. The data suggested
that vitexin may exert its effect by regulating the mitogen-activated protein kinase (MAPK)
signaling pathway [73].

In summary, vitexin, as a neuroprotective agent, may regulate multiple signaling
pathways, including inhibition of HIF-1-«, modulation of the MAPK signaling pathway;,
and impact on the expression of apoptosis-related proteins. In addition, the neuroprotective
effect of vitexin may be achieved through other pathways and targets, such as reducing
free radical levels, combating neuronal apoptosis, regulating inflammatory factors and
their pathways, and modulating neurotransmitters and related receptors. Vitexin has a
significant protective effect on the increased permeability of brain endothelial cells caused
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by cerebral ischemia/reperfusion through various mechanisms, including the reduction in
cell damage markers, alleviation of inflammatory responses, maintenance of the integrity
of the blood-brain barrier, and regulation of nitric oxide synthase activity. These findings
provide scientific evidence that vitexin is a potential neuroprotective agent. This may
also provide new strategies for the treatment of cerebral ischemia-reperfusion injury in
the future.

Another important neuroprotective role of vitexin has been demonstrated through
its potential role in Alzheimer’s disease (AD). AD is a chronic neurodegenerative disease
characterized by the deposition of the beta amyloid protein (Af3) to form senile plaques.
Research using a Caenorhabditis elegans model of AD has shown that vitexin treatment can
significantly prolong the lifespan of nematodes and delay A{-induced paralysis, which
may be related to its antioxidant activity. In nematodes, acetylcholinesterase gene 1 (ace-
1) and acetylcholinesterase gene 2 (ace-2) together account for approximately 95% of total
acetylcholinesterase activity and are critically involved in the termination of cholinergic
neurotransmission. Vitexin treatment significantly inhibited acetylcholinesterase activity
and markedly downregulated the expression of ace-1 and ace-2. In addition, it conferred
neuroprotection against A-induced toxicity in nematodes and upregulated the expression
of the acr-8 gene. These findings suggest that vitexin, as a multifunctional compound, holds
promise as a potential therapeutic agent for the treatment of Alzheimer’s disease [74,75].

3.8. Antimicrobial and Antibacterial Effect

Vitexin and isovitexin have also shown promising potential in modulating intestinal
microbiota and in turn play a significant role in regulating various diseases such as over-
weight [15], acute colitis [67], neuro-inflammation [57], and lipid metabolism disorders [76].
The gut microbiota is a key mediator of health, influencing a wide range of physiologi-
cal processes such as metabolism, immune response, and inflammation [68,69]. Recent
studies have suggested that vitexin and isovitexin exert therapeutic effects by altering the
composition of gut microbiota, thereby mitigating disease symptoms.

Research has shown that vitexin has inhibitory effects on Gram-negative bacteria,
including Proteus mirabilis, Escherichia coli, and Enterobacter cloacae, and even exhibits
antibacterial effects against Pseudomonas aeruginosa, which has the potential to resist
biofilms [77,78]). Vitexin can also resist Helicobacter pylori infection, which may be related
to its anti-myeloperoxidase (MPO) enzyme activity and inhibition of H- and K-ATPase
activity [79,80].

In terms of antiviral activity, vitexin is resistant to rotavirus and parainfluenza type 3
virus but has relatively weak resistance to human immunodeficiency virus (HIV). Although
the molecular mechanism of its antiviral activity is still unclear, vitexin has shown resistance
to plant viruses such as Tobacco mosaic virus (TMV) [81].

Vitexin’s anti-inflammatory and antioxidant properties, as well as its inhibitory effect
on a variety of pathogens, have potential applications in the treatment of mastitis and
other infectious diseases [30], indicating that vitexin may become a new anti-infective drug.
In a human gut simulation model, both vitexin and isovitexin were shown to affect the
abundance of several gut bacterial genera, including Adlercreutzia, Akkermansia, and Strepto-
coccus. These changes were associated with a reduction in the risk of T2DM in overweight
individuals. In an acute colitis mice model, vitexin significantly regulated the abundance of
beneficial gut bacteria such as Veillonella, Parabacteroides, and Flavonifractor, which are asso-
ciated with reduced gut inflammation. This modulation of gut microbiota was linked to the
alleviation of colitis symptoms, supporting the potential of vitexin as a therapeutic agent
for inflammatory bowel diseases. Vitexin has been shown to exert neuroprotective effects
by modulating the gut microbiota in a mice model of neuro-inflammation. This research
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suggests that vitexin’s ability to regulate gut bacteria contributes to its neuroprotective
effects, potentially offering a novel approach for treating neurodegenerative diseases. In a
study of lipid metabolism disorders, vitexin was found to influence the levels of Rombousia
and Faecalibaculum bacteria, both of which play a role in regulating lipid metabolism. This
highlights the importance of gut microbiota modulation in addressing conditions related to
dyslipidemia and obesity.

These findings demonstrate that vitexin and isovitexin can influence a broad range of
diseases through their ability to modulate the intestinal microbiota. This emerging area of
research suggests that these flavonoid compounds not only exert direct pharmacological
effects but also influence disease processes indirectly via the gut microbiota, offering
potential therapeutic benefits for a variety of conditions.

4. Mechanisms

To address the potential redundancy suggested in Section 3 and to enhance clarity, we
have summarized the core mechanisms of vitexin and isovitexin in Table 2 and Figure 5.
This table consolidates the major pharmacological effects alongside their corresponding
molecular pathways and target molecules, providing a clear and systematic overview.
Rather than repeating detailed mechanistic descriptions, this section highlights the key
molecular targets and regulatory axes that have been consistently observed across different
disease contexts, thereby facilitating a more integrated understanding of the bioactivities
of vitexin and isovitexin.

Table 2. Mechanistic overview of vitexin and isovitexin.

Pharn];aflfc;)cltogmal Compound Mechanism/Pathway Target Molecules Reference
Vitexin and Inhibits NF-«kB, activates TNF-«, IL-6, IL-13,
Anti-inflammatory Isovitexin Nrf2/HO-1, Nrf2, ICAM-1, [28,29,63]
AMPK/AKT/GSK-3p3 VCAM
.. L Activates HO-1/Nrf2, reduces ROS, GPx, SOD,
Antioxidant Isovitexin ROS, inhibits MAPK HO-1, CAT [28,32]
. o Inh1b1ts.: PI3K/Akt, promotes HMGB, caspase-3,
Anti-cancer Vitexin apoptosis, suppresses HMGBI, [21,22,25]
) CDK1, Bcl-2, Bax
modulates Bcl-2/Bax ratio
poptose and ipidseeamaltion, STl P53, TG, ALT
Hepatoprotective Vitexin Popto p ’ AST, PPARY, [44,47]
activates AMPK, enhances SREBP-1c
IRS-1/AKT signaling
Regulates HIF-1-0c, MAPK, )
Neuroprotective Vitexin Keap1/Nrf2, AKT/mTOR, VEGE, MMPs, Bl-2, 5, 71 73
) ) Bax, caspase-3
reduces inflammation
. . o Regulates Epacl-Rapl pathway, FOXO3a, Epacl,
Cardioprotective Vitexin FOXO3a, MAPK /ERK Drpl, MEN? [4,9,10]
o Inhibits «-glucosidase/o-amylase,
Antidiabetic V1tex.1n a.nd promotes GLUT4, modulates PTP-1B, GLUT4, [12,15,16,40]
Isovitexin . . GPx4, Nrf2
gut microbiota
Activates AMPK g, inhibits
Anti-obesity Vitexin C/EBPa, FAS, activates AMPK%’A%/ EBP«, [17,18,41]
Hedgehog signaling
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Table 2. Cont.

Pharmacological

Effect Compound Mechanism/Pathway Target Molecules Reference
. . L Suppresses PI3K/ Akt, modulates miR-21, PI3K, GSH,
Anti-fibrotic Isovitexin miR-21 and GSH pathway PTEN [19]
Inhibits H+/K+-ATPase,
o . o suppresses MPO and biofilm MPO,
Antimicrobial Vitexin formation, interferes with bacterial H+/K+-ATPase [77,79,80]

efflux pumps

. ' Vitexin *i: LPS, bacterial antigens, e I Isovitexin LPS, cytokines, et.al
2] cytokines, virus, et.al o ©
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Figure 5. Target mechanism diagram of vitexin and isovitexin.

Building upon the summarized evidence, we further elaborate on the biological ac-
tivities and molecular functions of vitexin and isovitexin in this section. In Table 2, these
compounds have demonstrated antioxidant, anti-inflammatory, anticancer, neuroprotec-
tive, and cardioprotective properties. Additionally, they have demonstrated lipid-lowering
effects, regulation of glucose metabolism, and hepatoprotective activity. Both in vitro and
in vivo studies have validated their anticancer potential, primarily through the induction of
apoptosis and autophagy [25,26]. Consequently, the molecular targets and therapeutic rele-
vance of vitexin and isovitexin in disease treatment have attracted significant research interest.

Nrf2 is widely regarded as an attractive biological target, and small-molecule com-
pounds that activate Nrf2 can be developed for the treatment of metabolic diseases. Re-
search has confirmed that vitexin significantly enhances the expression of the Nrf2 protein.
Using tissue adenosine triphosphate (TPP), molecular docking, siRNA-mediated RNA
interference, and in vitro cell-based studies, Obg-like ATPase 1 (OLA1) was reported for the
first time as a novel protein target of vitexin that activates Nrf2 and inhibits colitis through
non-covalent interactions with Keapl. Vitexin significantly reduced the elevated levels of
TNF- and IL-1 3 in the serum of DSS-induced colitis. In addition, after treatment with
vitexin, the levels of pro-inflammatory cytokines (IL-1 (3, IL-6, ICAM, and VCAM) in the
colon of DSS-induced colitis mice were significantly reduced at both the gene and protein
levels [40,63,82]. OLA1 is a novel target protein that contributes to the anti-inflammatory
effects by increasing the Nrf2 protein expression. OLA1 provides a molecular mechanism
for a new therapeutic strategy for colitis and related systemic inflammations [82].

Vitexin has therapeutic effects on chronic kidney disease (CKD), a progressive and
destructive disease that may ultimately lead to irreversible renal failure, end-stage renal
disease (ESRD), and premature death. Previous studies have confirmed that vitexin protects
the kidneys and prevents the formation of kidney stones by inhibiting pyroptosis, apoptosis,
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epithelial-mesenchymal transition (EMT), and macrophage activation. Vitexin also has a
protective effect against lipopolysaccharide (LPS)-induced apoptosis of rat renal tubular
epithelial cells and reduces cadmium-induced nephrotoxicity. In addition, vitexin inhibited
the development of diabetes nephropathy by regulating the NF-«kB and AMPK signaling
pathways. Data showed that vitexin inhibited ferroptosis and reduced GPX4-related
lipid peroxidation by regulating the KEAP1/NRF2/HO-1 pathway, thereby exerting a
renoprotective effect [27,29]. In addition, vitexin is considered a candidate drug for cancer
treatment because of its ability to inhibit EMT in various cancers. Mechanistic studies have
found that vitexin exerts its effects by inhibiting the expression of HMGB1 and activating
downstream PI3K/AKT/mTOR/HIF-1 « signaling pathways, providing evidence for
potential drugs for the clinical treatment of CKD [21].

APEX1 plays a role in promoting the atheromatous phenotype of the vascular en-
dothelium. The expression of pro-inflammatory cytokines (SELE, VCAM1, and ICAM1)
induced by oxidative stress is mediated by APEX1 via the NF-kB pathway. In vivo vitexin
administration alleviated neointimal formation and atherosclerosis induced by disturbed
blood flow. Through the use of target participation analysis (CETSA) and biophysical
properties (SPR), vitexin, as a direct inhibitor of APEX1 in endothelial cells, plays a key role
in the anti-inflammatory treatment of atherosclerosis, providing a theoretical basis for the
clinical use of vitexin [83].

5. Safety Profile and Toxicological Assessment of Vitexin and Isovitexin

Given the potential of vitexin and isovitexin as drug candidates, it is essential to
evaluate their safety profiles for human application. At present, a large number of in vitro
and in vivo studies have confirmed the safety of vitexin, whereas research on isovitexin
is relatively scarce. Invitro experiments have shown that vitexin had no cytotoxicity
(IC50 > 200 pg/mL). In in vivo studies, high concentrations of vitexin and isovitexin did
not show significant toxicity in terms of acute and sub-chronic toxicity, as well as genetic
toxicity. Furthermore, in terms of liver and gastric mucosal injury, the long-term repeated
use of high-dose vitexin (10 mg/kg, i. p.) was shown to be safe. Vitexin did not cause
significant toxic reactions, even at high doses in in vivo experiments [84,85]. These results
indicate that vitexin has potential advantages in terms of safety. However, further clinical
research on these compounds is necessary to comprehensively evaluate their safety and
efficacy, especially for their application in humans.

6. Absorption and Metabolism of Vitexin and Isovitexin in Human

Vitexin and isovitexin have poor absorption in the gastrointestinal tract, with sig-
nificant first-pass effects in the intestine (approximately 94%), stomach (30%), and liver
(50%), resulting in a lower bioavailability (F) (approximately 5%). Vitexin and isovitexin
directly reach the colon and are hydrolyzed by the gut microbiota through deglycosylation
and heterocyclic C-ring opening. The intestinal bacteria Eubacterium cellulosolvens can
completely convert isovitexin into apigenin by decomposing it into small molecule phenols
and various aromatic acids. However, vitexin cannot undergo this complete conversion.
This difference may be attributed to the presence of two adjacent hydroxyl groups at the
C6 position in isovitexin, which are absent in vitexin [86].

Vitexin is rapidly and widely distributed in various tissues after intravenous and oral
administration in rats or mice and has the highest content in the stomach and intestines
within 0.5 h, which may be related to residual drugs and enterohepatic circulation. The
highest accumulation was observed in the liver. In contrast, the enterohepatic circulation
of vitexin also affects its accumulation in the body and it is mainly excreted through the
urine. Through intravenous administration in rats, vitexin is mainly distributed in the liver
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and kidneys, with the lowest concentration in the brain and adipose tissue, and most of
it is excreted through the urine and bile. In contrast, after intravenous administration of
isovitexin in rats, the levels were highest in the kidneys, liver, and lungs and lowest in the
brain. The isovitexin content in the ovary was much higher than that in other organs [86].

The absorption and metabolism processes of vitexin and isovitexin in the human
body are complex, and their bioavailability is influenced by multiple factors, including
the action of the gut microbiota, interactions with dietary components, first-pass effects,
and plasma protein-binding rates. As shown in Table 3, different nano-delivery systems
have been developed to enhance the bioavailability of vitexin by improving its solubility,
stability, and sustained release properties. The vitexin-loaded bilayer nanoparticles are
designed by assembling soybean peptides and coating them with a goblet cell-targeting
peptide. They significantly increase the bioaccessibility and bioavailability of vitexin while
providing better antioxidant activity through sustained release in the intestine [87]. A
zein—pectin nanoparticle system exhibits slow-release properties and enhanced absorption
in the duodenum, providing a robust delivery system that improves the bioavailability
of vitexin, with potential applications in sustained-release formulations [88]. Researchers
have also developed D-x-tocopherol polyethylene glycol succinate, polyvinylpyrrolidone
K30, and sodium cholate-mixed micelles to enhance the bioavailability and demonstrated
the anti-osteoporotic effect of vitexin. The oral bioavailability of vitexin increased by
5.6-fold compared to free vitexin [89]. Another delivery system of mPEG-g-CTS/ALG
polyelectrolyte complex nanoparticles enhances vitexin’s gastrointestinal digestion and
is suitable for oral, intestinal-specific delivery, offering a new approach for improving
vitexin’s absorption and bioavailability [90]. Liposomal encapsulation using the ‘thin-film
hydration” method provides an effective strategy for treating liver cirrhosis by enhanc-
ing the bioavailability and therapeutic effectiveness of vitexin through oral delivery [91].
Moreover, the vitexin-rhamnoside (VR) and zein-VR-pectin nanoparticles were found to
improve the bioavailability of vitexin while alleviating chronic inflammation and hepatic
injury in HFD mice [76]. Collectively, these factors determine the distribution and excretion
of these two compounds in the body, thereby affecting their efficacy and safety [86-88].
Therefore, in clinical applications, it is necessary to optimize administration strategies
based on pharmacokinetic characteristics.

Table 3. Design types and mechanisms of vitexin-loaded nanocarriers.

Nano Types Efficacy Tested Model Type Results References
Vrlsri(cl)n:?gjzg l}: lli}}ir The bilayer Bioaccessibility and
asserrI:bl of 50 }l;ean nanoparticles could bioavailability of vitexin
eptides an}él the C}(I)atin of Pprotect vitexin from was significantly increased
polla)let cell tarceting pe %i de being released in In vitro by the bilayer nanoparticles [87]
& CSKSSDYgQ C (%PS)KF; stomach and and vitexin exhibited better
coupled N-trimethvl promote sustained antioxidant activity
Cﬁi tosan (TMC) y release in intestine after encapsulation.
Nanoparticles . .
[y o It provides a theoretical and
exhibited significant .
Encapsulated by the slow-release technical approach for the
. . . . In vivo/ construction of vitexin
zein-pectin nanoparticles properties and the . . . [88]
. . In vitro delivery system with
system highest absorption

sustained-release properties

rate in the duodenal and higher bioavailability

segment of rats
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Table 3. Cont.

Nano Types Efficacy Tested Model Type Results References
Vitexin (Vi)-loaded
D-o-tocopherol Vi-MMs exhibited The oral bioavailability of
polyethylene glycol enhanced Vi-MMs was increased by
succinate, bioavailability and In vivo [89]
. . . . 5.6-fold compared to
polyvinylpyrrolidone K30, anti-osteoporotic P .
: ree vitexin.
and sodium effect
cholate-mixed micelles
Vitexin into poly(ethylene  The gastrointestinal
glycol) methyl ether-grafted dlggstlon of vitexin Nanoparticles are suitable
chitosan increased by In vitro for oral intestinal-specific [90]
(mPEG-g-CTS)/alginate encapsulating into delivery svs terrllos
(ALG) polyelectrolyte mPEG-g-CTS/ALG y systems.
complex nanoparticles. nanoparticles.
Liposomal encapsulation of
Vitexin-encapsulated VLP-treated group vitexin and subsequent
liposomes were synthesized  also showed better In vivo PEG coating to be a [91]
by the ‘thin-film results up to substantial strategy for
hydration” method some extent. treating liver cirrhosis
through oral drug delivery.
Vi shamnoside (V) g o ol e b
and zein-VR-pectin In vivo P [76]

nanoparticles (VRN)

hepatic injury in
HFD mice.

bioavailability of vitexin
bioactive ingredients.

7. Bioavailability

Vitexin and isovitexin have poor water solubility, resulting in low oral bioavailability
and poor gastrointestinal absorption, which limit their effectiveness in vivo. Studies have
confirmed that loading it into a nano-delivery system can improve its bioavailability
and biological activity. A novel pH-stable targeted oral drug delivery nanosystem was
constructed by assembling soy peptides to form a hydrophobic inner layer for loading
vitexin and crosslinking the peptide CSKSSDYQC (CSK) targeting goblet cells coupled with
N-trimethyl chitosan (TMC) with TPP ions to form an outer layer [87]. By encapsulating
vitexin in a corn-zein-pectin nanoparticle system, the solubility, stability, and bioavailability
of vitexin, as well as the sustained-release properties of the nanoparticles and their high
absorption rate in the small intestine, can be improved [88]. D-a-tocopherol polyethylene
glycol succinate, polyvinylpyrrolidone K30, and sodium cholate-mixed micelles (Vi MMs)
loaded with vitexin improved the oral bioavailability of vitexin and enhanced its anti-
osteoporosis effect [89]. Researchers have successfully loaded vitexin into polyethylene
glycol methyl ether-grafted chitosan/alginate (mPEG-g-CTS/ALG) nanoparticles, which
could enhance their digestion [76,90,91].

The results showed that nanoparticles can protect vitexin from release in the stomach
and promote its sustained release in the intestine. In vitro and in vivo experiments showed
that nanoparticles significantly improved the bioavailability of vitexin, and vitexin exhib-
ited better antioxidant activity after encapsulation, providing a new strategy for improving
the bioavailability of vitexin [76,87-91].

8. Prospective

Flavonoids are a class of polyphenols widely present in nature. They have a variety
of biological activities, including antioxidant, anti-inflammatory, antitumor, cognitive im-
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provement, cardiovascular protection, and anti-diabetic effects [81,92,93]. These biological
activities may be related to the phenolic hydroxyl groups in their molecular structure,
especially the adjacent trihydroxy or dihydroxy groups on the A or B ring, which may
serve as active functional groups. In addition, the skeletal structure of flavonoids may have
good compatibility with certain proteins, although the current evidence is insufficient and
requires further validation [1-3].

As known flavonoid compounds, the apigenin 8/6-C-glucoside derivatives vitexin and
isovitexin not only possess the common biological activities of flavonoids but also exhibit
specificity due to their unique chemical structures. For instance, their shared adjacent
dihydroxy structure on the A ring facilitates effective free radical scavenging, while the
presence of C-8 glucoside enhances the antioxidant capacity of vitexin by reducing the
negative charge of the oxygen atom at C-3 [1,2,7]. Recent studies have suggested that these
compounds possess a broad spectrum of biological activities, which may contribute to the
treatment of cancer, cognitive impairment, depression, Alzheimer’s disease, brain injury,
ischemia/reperfusion injury, pain, cardiac hypertrophy, hypertension, diabetes, obesity,
infections, and metabolic disorders [81].

These compounds influence numerous physiological processes, including antioxidant,
anti-inflammatory [28,29,63], and pro-apoptotic effects [45]. Additionally, they exhibit
protective effects on the nervous [33] and cardiovascular systems [4,9,10,20], thyroid gland,
liver, and other organs [81] Several biological mechanisms have been proposed to explain
their pharmacological actions, such as the apoptotic signaling pathway, inflammatory
cytokine network, the MAPK pathway, and key molecular targets including HIF-1wa, P53,
and related signaling cascades [28,29,44].

Despite its structural similarity to vitexin, isovitexin has not been extensively studied.
Although research on isovitexin has been relatively recent, its potential in antioxidation,
anti-inflammation, blood glucose regulation, and liver fibrosis improvement has been
demonstrated [81]. As research progresses, isovitexin has emerged as a promising drug
candidate for the treatment of various diseases. Further investigations into isovitexin
will not only deepen our understanding of flavonoids but also provide essential scientific
insights for the development of novel therapeutic agents.

The gut microbiota plays a crucial role in host health by regulating immune responses,
preventing pathogen invasion, and influencing the progression of intestinal diseases. Given
their anti-inflammatory and antioxidant properties, vitexin and isovitexin may exert bene-
ficial effects by modulating the gut microbiota composition, as shown in Table 4 [15,57].
Future studies should explore the mechanisms through which vitexin and isovitexin in-
teract with the gut microbiota, including their effects on specific microbial populations
and their influence on host immune responses and gut barrier function. Additionally,
investigating their potential synergy with probiotics and their role in treatment strategies,
such as fecal microbiota transplantation, could provide valuable insights.

Thus far, experimental approaches for studying vitexin and isovitexin have included
screening assays for medicinal plant extracts, protein-level analyses, observations of cell
death and tissue damage, and behavioral tests in animal models. However, most studies
have used doses exceeding those typically used for the oral administration of vitexin and
isovitexin as plant-derived compounds. Determining the most effective and physiologically
relevant dose remains a significant challenge, necessitating further research to facilitate
future clinical trials.
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Table 4. The regulation and related mechanisms of vitexin and isovitexin on intestinal flora.

Is‘:)I\t?:((: >l<11/n Disease Model Chan%:;‘e:l(sienus Results References
Adlercreutzia,
Terrisporobactel, .
. Industry can use this
Promicromonospor, imal rati
Pseudonocardia optima ratio to
Anaerostives ! formulate more
Akkerman’;ia’ effective functional
L Simulation of . ’ ingredients for
Vitexin/ . Alistipes, ;
L Overweight Human Gut ; functional foods and [15]
Isovitexin Parabacteroides, .
Model Enterocloster create nutraceuticals
Peptacetobac te’r designed to reduce
réollinsella ' the risk of T2DM in
Paraclostridium, .ove.rv've1ght
Duncaniella individuals.
Streptococcus, Gillisia
Terxiifzzgi;er Vitexin could alleviate
o o An acute colitis Klebsiella, colitis b}’ regulatmg
Vitexin Acute colitis . . i gut microbiota and [67]
mice model Paeniclostridium, attenuating st
Parabacteroides, inﬂamma:cgi fn
Flavonifractor, Blautia ’
Vitexin exerted neural
protective effects via
. anti-oxidant,
Vitexin . Neuro—. Mice model Akkermqnsm, anti-inflammatory, [57]
inflammation Lachnospiraceae . .
and gut microbiota
modulating
properties.
Vitexin can regulate
Vitexin Lipid metabolism disorders Rombousia and the gut microbiota [76]

Faecalibaculum

and thus improve
lipid metabolism.

9. Conclusions

The current understanding of the pharmacological and biological activities, as well
as the underlying mechanisms of vitexin and isovitexin, remains limited and warrants

systematic investigation. Future research should consider the following;:

1. Identification of molecular targets involved in neuroprotection using animal models.
2. Investigation of potential synergistic effects and structure-activity relationships be-

tween vitexin, isovitexin, and other therapeutic agents.

Ultimately, in-depth studies encompassing both in vitro and in vivo approaches would
enhance our understanding of the pharmacological effects of vitexin and isovitexin. These
compounds may serve as promising alternative therapeutic agents for various diseases or
as treatments that target specific molecular pathways. Furthermore, vitexin and isovitexin
may hold potential as adjunct therapies or preventative health supplements for multiple

diseases, paving the way for their broader applications in medicine and healthcare.
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Abstract: Tetraselmis chuii (T. chuii) is a green, marine, eukaryotic, microalgae that was
authorized in the European Union (EU) as a novel food for human consumption in 2014, and
as a food supplement in 2017. This narrative review will provide an overview of preclinical
and clinical trials assessing the efficacy of a T. chuii-derived ingredient, characterized
by a high superoxide dismutase (SOD) activity (SOD-rich T. chuii), to improve various
aspects of cellular health. Collectively, results from in vitro, and more importantly in vivo
research, support SOD-rich T. chuii as a potential promoter of cellular health. Principally,
the ingredient appears to function as an indirect antioxidant by boosting intracellular
antioxidant systems. Moreover, it can positively modulate inflammatory status by up-
regulating anti-inflammatory and down-regulating pro-inflammatory cytokines and factors.
In addition, SOD-rich T. chuii appears to promote cellular health though protecting from
DNA damage, boosting immune function, strengthening cell structure and integrity, and
positively modulating cell signaling pathways. There is also some evidence to suggest that
SOD-rich T. chuii may improve aspects of mitochondrial function through the up-regulation
of genes linked to mitochondrial biogenesis and ATP synthesis. From the trials conducted
to date, transcriptional activation of nuclear factor erythroid 2-related factor 2 (NRF2) and
sirtuin 1 (SIRT1) appear to be important in mediating the effects of SOD-rich T. chuii on
cellular health. These exciting preliminary observations suggest that SOD-rich T. chuii may
represent a natural blue food supplement with the potential to enhance various aspects of
cellular health.

Keywords: Tetraselmis chuii; SOD; food supplement; cellular health; antioxidant;
anti-inflammatory

1. Introduction

Microalgae are a wide group of single-celled photosynthetic organisms that represent
the basis of aquatic food chains in both freshwater and seawater environments. From
a phylogenetic standpoint, the term microalgae comprises both prokaryotic (cyanobacte-
ria) and eukaryotic organisms, and it is considered to include 200,000-800,000 potential
species [1]. One noteworthy feature of microalgae is their immense physiological plasticity,
a characteristic that allows these organisms to survive in the most hostile environments,
ranging from hypersaline waters to soils and rocks [2,3]. The capacity of microalgae to
colonize such a diverse range of environmental conditions has been linked to their ability
to produce primary and secondary metabolites with a highly diverse chemical nature
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(peptides and proteins, polyunsaturated fatty acids (PUFAs), polysaccharides, pigments,
phytosterols, and/or phenolic compounds). These chemicals not only aid survival in
microalgae, but are recognized to confer potential benefits for human health by exerting
antidiabetic, antihypertensive, anti-obesity, anti-inflammatory, antimicrobial, or antivi-
ral effects [4-6]. Consequently, there is increasing interest in the potential of consuming
microalgae-containing supplements to enhance human health outcomes.

The marine eukaryotic microalgae Tetraselmis chuii (T. chuii) is a Chlorophyta in-
cluded in the family Chlorodendraceae. A freeze-dried ingredient derived from this species
is produced using a patent-protected technology under culture conditions that ensure
a superoxide dismutase (SOD) activity above 30,000 U/g of the end product, which is sig-
nificantly higher than that exhibited by other microalgae species [7,8]. In addition to high
SOD activity, this SOD-rich T. chuii-derived ingredient (SOD-rich T. chuii) contains other
compounds with potential bioactivity including PUFAs, vitamins, carotenoids, polyphenols,
or phytosterols [9,10]. Initial work using pre-clinical experimental models has indicated
that SOD-rich T. chuii can promote antioxidant and metal chelating responses, and inhibit
acetylcholinesterase activities in in vitro tests, which could have positive implications
for the prevention and/or management of neurological disorders, such as Alzheimer’s
disease [11]. Moreover, immunostimulant effects of T. chuii were revealed in vivo in the
gilthead seabream (Sparus aurata), as evidenced by increased hemolytic complement activ-
ity, phagocytic activity, serum levels of immunoglobulin M (IgM), expression of 3-defensin,
major histocompatibility complex II alpha chain (MHCII«), and colony-stimulating factor-1
receptor (CSF1-R) in head kidney, as well as expression of occludin (a marker of the integrity
of tight junctions) in the intestine [12-14]. Subsequent studies in preclinical mammalian
animal models (rat) have reported indirect antioxidant properties of SOD-rich T. chuii, as
well as its anti-inflammatory and immunostimulatory effects [15,16]. However, whilst these
observations from preclinical studies were encouraging, clinical trials testing the bioactive
effects of T. chuii and/or SOD-rich T. chuii in humans were lacking as such products had
not yet been approved for human consumption.

Although T. chuii has been widely administered for fish, crustacean, and mollusk larvae
feeding in the aquaculture industry [17], its use for humans has been limited by regulatory
constraints. In 2014, T. chuii was authorized as a novel food for human consumption
in the European Union (EU) according to Regulation (EC) No 258/97. Subsequently, in
2017, freeze-dried T. chuii was authorized as a food supplement in the EU [18]. These
legislative changes opened new avenues for the application of SOD-rich T. chuii, including
the possibility of assessing for potential health benefits of ingesting SOD-rich T. chuii in
humans in vivo. This is important because, whilst SOD-rich T. chuii administration has
been reported to enhance various aspects of cellular health in in vitro settings [19], the
translation of such effects to humans could not be studied until recently and it is important
to verify or refute the potential efficacy of SOD-rich T. chuii to promote human health. In
this regard, clinical trials conducted in recent years have shown SOD-rich T. chuii to enhance
physical performance and endogenous antioxidant responses in human skeletal muscle
and to promote anti-inflammatory and immunostimulatory effects [16,20-24]. Importantly,
these recent studies have shed light on the candidate molecular mechanisms underlying
such physiological effects. Therefore, this narrative review aims to provide an overview of
studies assessing the potential of SOD-rich T. chuii as a promoter of cellular health.

Factors Contributing to Cellular Health

Cellular health broadly refers to the well-being and optimal functioning of individual
cells. As cells aggregate to form tissues, which in turn form organs, and then organ
systems that comprise the human body, good cellular health is crucial and foundational for
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overall health. Cellular health can be compromised by various endogenous and exogenous
stressors (e.g., pollution, radiation, smoke, and/or oxidative stress). A myriad of factors
influence cellular health, but this review will focus on redox balance, inflammation, immune
and mitochondprial function, and cell structural integrity and signaling, which have the
potential to be modulated by SOD-rich T. chuii supplementation.

Historically, redox state has been considered one of the most important factors affect-
ing cellular health [25]. This redox state is determined by the balance between oxidants,
such as reactive oxygen species (ROS) and antioxidants. Cells produce ROS as a conse-
quence of metabolic processes. Organelles such as peroxisomes and mitochondria generate
ROS as by-products, and different enzymes (xanthine oxidase, p450 cytochromes, and
NADPH oxidase family) are well known to contribute to ROS production. While ROS
have conventionally been considered cytotoxic derivatives of cellular metabolic processes,
more recent work indicates that ROS production within a ‘physiological” range is im-
portant for cellular redox signaling and health [26]. In healthy conditions, production
of ROS is balanced by an elaborate defense system that includes both enzymes such as
SOD, glutathione peroxidase (GPx), catalase (CAT), peroxiredoxins, and thioredoxins, and
also non-enzymatic antioxidant scavengers such as vitamins C and E, and glutathione.
However, when ROS production becomes excessive and ‘pathophysiological’, this can over-
whelm the antioxidant defense systems, leading to a condition of oxidative stress, which
reflects disruptive redox signaling and leads to the damaging of cellular constituents such
as proteins, lipids, and DNA [27,28]. As such, maintaining an appropriate balance between
ROS production and antioxidant response mechanisms is crucial to maintain cellular redox
balance and health, and to prevent ill health and disease morbidity [25,29,30].

Inflammation is another important factor affecting cellular health. It is a fundamental
part of immune function, being activated in response to microbial infections, tissue injury,
or toxic compounds that disrupt tissue homeostasis [31]. Inducers of inflammation can be
exogenous (pathogen-associated molecular patterns or virulence factors) or endogenous
(signals derived from cells, tissues, plasma or extracellular matrix). These inflammatory
responses are recognized by macrophages and mast cells, which initiate the production
of inflammatory mediators, like chemokines and cytokines, with interleukin-1( (IL-1f3),
interleukin-6 (IL-6), and tumor necrosis factor-« (TNF«) being among the most important
pro-inflammatory cytokines. Subsequent interaction of pro-inflammatory stimuli with their
specific receptors triggers signaling pathways such as the mitogen-activated protein kinases
(MAPK), and the nuclear factor kappa-B (NF-«B) pathway, which are known to play a key
role in the immune response, survival, and apoptosis [32]. Although the inflammatory
signaling cascade facilitates the elimination of the noxious stimuli and infection, it can also
be harmful and damage healthy cells and tissues when the process is dysregulated [33].
This happens, for instance, during the so-called low-grade chronic inflammation, which
has been associated with several age-related conditions, including the metabolic syndrome
and cardiovascular disease [34]. To control inflammation, some immune cells produce
anti-inflammatory cytokines such as interleukin-10 (IL-10), which inhibits the secretion of
pro-inflammatory cytokines and promotes tissue repair [31,32].

The immune system is also recognized as being integral to the maintenance of optimal
cellular health. In addition to providing defense against microorganisms, the immune
system promotes elimination of damaged or abnormal cells that might degenerate in
malignancies [35]. The effective execution of these functions is underpinned by an intricate
network comprising physical barriers, like the skin; protein systems, like the complement
and immunoglobulins; cellular elements, such as macrophages, lymphocytes, neutrophils,
basophils, or eosinophils; surface receptors, like T- and B-cell receptors; and recognition
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molecules, like major histocompatibility complex I and II. Collectively, these act in host
defense to restore tissue homeostasis and to protect and maintain health [36].

An additional factor contributing to cellular health is DNA integrity. Damage to
DNA, which can be caused by ROS or radiation, can lead to mutations and contribute to
premature aging and to several diseases, including cancer, if not properly repaired [25].
Moreover, it has been suggested that DNA mutations may alter transcriptional activity
and alternative splicing of genes, which in turn might alter cellular homeostasis due to
inadequate responses to endogenous or exogenous stressors [37,38].

Various aspects of mitochondrial function are key factors in determining cellular
health. Principally, mitochondrial respiration is the most recognized aspect of mitochon-
drial function, during which the chemical energy-carrying molecule, ATP, is resynthesized
via oxidative phosphorylation, and provides the necessary energy to fuel various essential
cellular processes to preserve health and function. However, it is now clear that mito-
chondria are key orchestrators in a variety of additional key cellular processes, such as
intracellular calcium signaling, proliferation, differentiation, and death or survival. More-
over, mitochondria contribute to the production of lipids, proteins, nucleic acids, and also
neurotransmitters and hormones, and have an important role in iron homeostasis and the
folate cycle [39,40]. This central role of mitochondrial function in cellular health is revealed
by the number of diseases either underpinned or accompanied by dysfunction in one or
more mitochondrial processes [41,42].

Two further factors with a significant effect on cellular health and are worthwhile men-
tioning within the context of the current review are cellular structural integrity and cell
signaling. Regarding the structural integrity of the cell, eukaryotic cells exhibit a plasma
membrane, acting as a barrier that separates the inside of the cell from the environment,
and well-defined membrane-bound intracellular compartments. The membrane-bound in-
tracellular compartments include a nucleus, endoplasmic reticulum, Golgi apparatus, and
mitochondria, and whilst each compartment can orchestrate discrete cellular functions, mech-
anisms for inter-compartment communication pathways are recognized. Moreover, the
dynamic structures belonging to the cytoskeleton (microtubules, actin filaments and inter-
mediate filaments) are necessary to maintain cellular shape and internal organization, and
are also important for supporting cellular processes such as cell division, cell movement,
gene expression, or signal transduction. Maintaining this overall organization is crucial for
cellular homeostasis and function [43—-45]. Cellular health is also influenced by cell signaling,
which allows cells to receive information from both the intracellular and extracellular stimuli
and to initiate various effectors in response to such stimuli to preserve cellular and tissue
homeostasis [46]. Amongst the effectors, intracellular signaling pathways that operate to
convert intracellular or extracellular stimuli into cellular responses, MAPK cascades are one of
the most conserved transduction pathways and play essential roles in key cellular processes
such as division, motility, metabolism, apoptosis, differentiation, and stress responses [47].

There has been great interest in the health benefits that may be conferred by nutritional
supplements with the potential to positively modulate cellular redox balance, inflammation,
immune, and mitochondrial function, and cell structural integrity and signaling responses.
The following sections will provide an overview of pre-clinical and clinical studies assessing
the effects of SOD-rich T. chuii on these aspects of cellular health followed by a discussion
of the results and a summary of the potential of SOD-rich T. chuii to improve cellular health.

2. Reported Studies Conducted with SOD-Rich T. chuii in
Preclinical Models

In human skeletal muscle myoblasts, SOD-rich T. chuii has been reported to increase ac-
tivity of the primary antioxidant enzymes (SOD, GPx, CAT) after 24 h of treatment, together
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with the transcriptional up-regulation of genes encoding such enzymes (SOD1, SOD2, GPxl1,
CAT) [19]. Moreover, this report was the first to demonstrate transcriptional activation of
nuclear factor erythroid 2-related factor 2 (NRF2), a key transcription factor considered as
the master regulator of the cellular antioxidant response, by SOD-rich T. chuii [48].

Results obtained in studies conducted with SOD-rich T. chuii using rodent models (rat)
are summarized in Table 1. These studies can also be split into two completely different
experimental designs. In three of these studies, animals consumed SOD-rich T. chuii (2.55
or 5.1 mg/Kg/day) for 6 weeks, and were subjected to a usual procedure for animal
exercise training, including an initial week of adaptation to a treadmill system for the
novel and stress impacts. Thereafter, animals ran on the treadmill five days per week
at 25 m/min, 45 min/day, a model known to allow physical remodeling of the heart to
increased oxygen consumption, and to improve contractile function and calcium handling
of cardiac muscle [49]. These experiments were conducted in parallel with human trials
(see Table 2), and were designed to serve as mechanistic models to investigate and help to
understand the effects of SOD-rich T. chuii in physical performance and recovery, muscle
strength and damage, and inflammatory and immunoregulatory responses [16,20,21].
Different markers were analyzed in rat muscle and serum samples, including antioxidant
and oxidative stress-related parameters, markers of muscle tissue damage, myogenic
factors, and pro-inflammatory cytokines.

Table 1. Published studies reporting the effects of SOD-rich T. chuii in rodent models.

Strain

Dose . .
N Age (mg/Kg/day) Duration Main Outcomes

Reference

1 SOD, GPx and CAT intramuscular activity

Wistar (male) 28 8 weeks old 255/5.1 6 weeks J Serum MDA and myoglobin

J Serum CK activity

[16]

T Muscle MyoD, NCAM

Wistar (male) 28 8 weeks old 2.55/5.1 6 weeks 1 Muscle myostatin, MAFbx, MuRF-1

J Serum CK activity

[20]

J} Muscle IL-1p and TNF«x

Wistar (male) 28 8 weeks old 2.55/5.1 6 weeks J Serum IL-1p3 and TNF«x

J Muscle MDA

[21]

Sprague-Dawley

(male)

J Serum oxLDL
1 Serum IL-10
T Liver GPx activity
1 Liver GSH content
Gene expression in liver: 1 GPx1, GSR,
GSH-S, SOD1, SOD2, GCLM
50 7 weeks old 0.17/1.7/17 8 weeks J TGF-f1, NF-«xB1
Gene expression in MWAT: 1 ACDC, IL-10
J IL-1B, TNFe, IFNy
Gene expression in thymus: 1 IL-10
J IL-1B3, TNFx, IENYy, NF-kB1
Gene expression in spleen: 1 IL-10
J IL-1B, IFNy, NF-kB1

[15]

ACDC: adiponectin; CAT: catalase; CK: creatine kinase; GCLM: glutamate-cysteine ligase modifier subunit;
GPx: glutathione peroxidase; GPx1: glutathione peroxidase 1; GR: glutathione-disulfide reductase; GSH: glutathione;
GSH-S: glutathione synthetase; IFNy: interferon y; IL-1f3: interleukin-1{3; IL-10: interleukin-10; MAFbx: muscle
atrophy F-box; MDA: malondialdehyde; MuRF-1: muscle RING-finger protein-1; MWAT: mesenteric white
adipose tissue; MyoD: myogenic differentiation factor; N: number of animals; NCAM: neural cell adhesion
molecules; NF-«B1: nuclear factor kappa B subunit 1; oxLDL: oxidized low-density lipoprotein; SOD: superox-
ide dismutase; SOD1: superoxide dismutase 1; SOD2: superoxide dismutase 2; TGF-31: transforming growth
factor-B31; TNFo: tumor necrosis factor-«; T. chuii: Tetraselmis chuii. T represents an increase in parameters or in
expression of target genes, whereas | represents a decrease in parameters or down-regulation of target genes.
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The last of the trials was conducted to study the potential therapeutic effect of SOD-
rich T. chuii in an animal model of metabolic syndrome, which is a cluster of metabolic
disturbances such as abdominal obesity, hypertension, and hyperglycemia, and is charac-
terized by low-grade chronic inflammation. Such dysregulations are known to represent
a serious risk for developing cardiovascular disease and type 2 diabetes [50]. Metabolic
syndrome was induced in animals by a diet rich in carbohydrates and fat, and low in fiber
(cafeteria diet). Three different doses of SOD-rich T. chuii were evaluated (0.17, 1.7, and
17 mg/Kg/day), and a range of antioxidant, anti-inflammatory, and immune-modulatory
markers were measured, including gene expression analysis in the liver, adipose tissue,
thymus, and spleen [15].

3. An Overview of the Clinical Trials Conducted with SOD-Rich T. chuii

A summary of the most relevant data from clinical trials conducted with SOD-rich
T. chuii in humans is presented in Table 2. In six of the reported studies, the effects of SOD-
rich T. chuii supplementation on physical performance and related physiological parameters
of healthy individuals were evaluated [16,20-23,51]. It is well known that the production
of ROS increases in an intensity- and duration-dependent manner during skeletal muscle
contractions, and although redox balance may be preserved by cellular antioxidant mecha-
nisms, continued high rates of ROS production during intense or prolonged exercise can
lead to exercise-induced oxidative stress [52]. Importantly, this exercise-induced oxidative
stress has been linked to impairments in muscle perfusion and contractility, culminating in
neuromuscular fatigue and impaired exercise performance [53]. In this scenario, it has been
reported that dietary supplementation with some antioxidants has the potential to mitigate
exercise-induced oxidative stress and to improve exercise performance, but such effects are
inconsistent and require further investigation [54]. Given the potential for SOD-rich T. chuii
supplementation to promote endogenous antioxidant enzyme responses, trials have been
conducted in healthy human participants to examine its effects on various physiological
and functional responses, as well as exercise performance and recovery [16,20-24]. In the
only trial conducted to date to assess the effects in human skeletal muscle tissue directly
via muscle biopsy sampling, gene expression changes in more than 100 key genes involved
in antioxidant and inflammatory response were assessed using OpenArray™ technology
(Thermo Fisher Scientific, Waltham, MA, USA). This work aimed to unravel some of the
molecular basis underlying the potential ergogenic effects of SOD-rich T. chuii [24].

In addition to effects on exercise performance and recovery, two clinical trials have
been conducted which investigated the effects of SOD-rich T. chuii supplementation in
seminal parameters of idiopathic infertile men [51,55]. In this regard, oxidative stress
is thought to be related to impairments in spermatogenesis, epididymal maturation, or
sperm capacitation [56], and it has been negatively correlated with sperm count, motility,
and morphology [57]. Whilst dietary consumption of antioxidants has been linked to
improvements in sperm quality, outcomes are variable and appear to be depending on the
ingredient investigated [58]. Thus, the potential effects of SOD-rich T. chuii as an indirect
antioxidant on sperm quality were assessed in idiopathic infertile men. Participants con-
sumed SOD-rich T. chuii for 90 days to cover a complete spermatogenesis cycle. Semen
samples were collected for the determination of semen volume, as well as concentration,
total number, progressive motility, and normal forms of sperm [51]. Subsequently, a second
clinical trial has been conducted to confirm the previous outcomes in which additional
relevant parameters related to sperm DNA integrity and seminal redox state have been
investigated, and preliminary results have been already reported [55].
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Table 2. Published studies reporting the effects of SOD-rich T. chuii in humans.

Trial Model N Dose (mg/day) Duration Main Outcomes

Reference

1 IMTP strength

R, DB, PC, PM 18 25 14 days 1 S] power

1 Serum CK activity

[16]

J Heart rate

R, DB, PC, PM 32 25 30 days 1 VOomax

T Hemoglobin and MCH

[22]

R, DB, PC, PM 22 25 6 weeks

1+ PRS
1 CMJ strength

[20]

R, DB, PC, PM 19 25 21 days

1 IMTP force
T slgA

[21]

T Muscle percentage

R, DB, PC, PM 46 25/200 60 days | Fat percentage

T Basophils, monocytes, lymphocytes

(23]

1 Semen volume
1 Sperm concentration
T Total sperm number
1 Sperm progressive motility

40 25/250 90 days

[51]

R, DB, PC, CO 13 25 14 days

1 VO, peak
Gene expression in muscle: T NRF2, SIRT1,
GPx7, PRDX6, PRDX3, c-JUN, MAPK14, GSR,
GCLM, GSTM3, SOD2, CAT, CAPN3, AIFM1,
CCL2, CASPS, IL-18, CUL3, BACH1
| MAPK7, JUND

[24]

T Total sperm number

R, DB, PC, PM 80 250 90 days J sORP

J DSBs

[55]

AIFMI: apoptosis inducing factor mitochondria associated 1; BACH1: BTB and CNC homology 1, basic leucine zip-
per transcription factor 1; BTBD1: BTB domain containing 1; CAPN3: calpain 3; CASP8: caspase-8; CAT: catalase;
CCL2: C-C motif chemokine ligand 2; CK: creatine kinase; CM]J: counter movement jump; CO: cross-over;
CULS3: cullin 3; DB: double blind; DSBs: double-strand DNA breaks; GCLM: glutamate-cysteine ligase modifier
subunit; GPx7: glutathione peroxidase 7; GSR: glutathione-disulfide reductase; GSTM3: glutathione S-transferase
mu 3; IMTP: isometric mid-thigh pull; IL-18: interleukin-18; MAPKP7: mitogen-activated protein kinase 7;
MAPKP14: mitogen-activated protein kinase 14; MCH: mean corpuscular hemoglobin; N: number of participants;
NRF2: nuclear factor erythroid 2-related factor 2; PC: placebo controlled; PM: parallel manner; PRDX3: peroxire-
doxin 3; PRDX6: peroxiredoxin 6; PRS: perceived recovery status; R: randomized; sIgA: salivary immunoglobulin
A; SIRT1: sirtuin 1; SJ: squat jump; SOD2: superoxide dismutase 2; sORP: static oxidation-reduction poten-
tial; T. chuii: Tetraselmis chuii. 1 represents an increase in parameters or in expression of target genes, whereas
| represents a decrease in parameters or down-regulation of target genes.

4. Data Supporting SOD-Rich T. chuii as a Promoter of Cellular Health

When interpreted together, the outcomes from both preclinical and clinical trials
previously shown collectively appear to support a role for SOD-rich T. chuii to positively
promote some aspects of cellular health (Figure 1). Each of these points is substantiated in
the sub-sections below.
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Figure 1. The effects of SOD-rich T. chuii on promoting cellular health.

4.1. SOD-Rich T. chuii Boosts the Cellular Antioxidant Systems

In a rodent model of metabolic syndrome, in which oxidative stress and low-grade
chronic inflammation were induced by diet [15], supplementation with SOD-rich T. chuii
reduced circulating levels of oxidized low-density lipoprotein (oxXLDL). Serum oxLDL is
derived from the reaction of LDL with peroxides or products generated from their degra-
dation [59], and is considered a representative parameter of oxidative stress. As such,
changes in plasma oxLDL in response to antioxidant-rich foods or dietary supplements
are used to interpret their efficacy in improving redox balance [60-62]. Malondialdehyde
(MDA) is another physiological parameter frequently measured as an indicator of oxidative
stress [63—-65]. MDA is probably the principal and most analyzed compound derived
from lipid peroxidation, particularly from PUFAs, as they contain multiple carbon—carbon
double bonds. In a physiological scenario of oxidative stress induced by physical exercise,
SOD-rich T. chuii has demonstrated reduced MDA concentration, not only in serum but also
in muscle tissue in rodent models, which supports the potential antioxidant effect afforded
by SOD-rich T. chuii supplementation [16,21]. Another potential oxidative stress-related
biomarker that has been reported to be attenuated after SOD-rich T. chuii consumption is
the static oxidation-reduction potential (SORP) in seminal samples of idiopathic infertile
men [55]. SORP is considered a direct measurement of oxidative stress or abnormal redox
state in biological samples [66]. Particularly in semen samples, sORP has been demon-
strated to provide very useful information about sperm function [67,68]. In aggregate, the
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improvement of these three oxidative stress parameters supports enhanced redox balance
in cells after SOD-rich T. chuii administration.

Activation of the primary antioxidant enzymes (SOD, GPx, CAT) in response to SOD-
rich T. chuii supports an improvement in the capacity of cells to restore and preserve
redox homeostasis when encountering pro-oxidative insults. This concomitant activation
of the three primary antioxidant enzymes has been observed in vitro in human skeletal
muscle cells [19] and rat skeletal muscle tissue [16]. Moreover, an increase in the hepatic
GPx activity after SOD-rich T. chuii consumption has been reported in a rodent model of
metabolic syndrome [15]. These enzymes represent the first line of antioxidant defenses in
the scavenging of free radicals in cells. SOD catalyzes the dismutation of superoxide radi-
cals generated by different enzymatic systems in cells to hydrogen peroxide. Subsequently,
GPx and CAT catalyze the reduction of hydrogen peroxide to oxygen and water, thereby
converting a potentially pernicious molecule into stable byproducts [69]. In this context,
activation of these primary antioxidant enzymes by dietary supplements with purported
antioxidant effects is considered a much more effective therapeutic or complementary
approach to combat cellular redox imbalance than supplementation with direct antioxi-
dants [70-72]. The increase in the activities of these enzymes following SOD-rich T. chuii
administration might be related to the transcriptional up-regulation of genes encoding such
enzymes. In this regard, SOD-rich T. chuii increased the expression of SOD1 (the cytosolic
Cu,Zn-SOD), SOD2 (the mitochondrial Mn-SOD), GPx1 (the most abundant selenoperoxi-
dase, being virtually present in all cells) and CAT (mainly located at peroxisomes) genes in
human muscle cells [19]. Similarly, an increase in transcripts of SOD1, SOD2, and GPx1 was
detected in the liver of obese rats after SOD-rich T. chuii supplementation [15]. In human
skeletal muscle, SOD2 and CAT genes were up-regulated by SOD-rich T. chuii, together
with GPx7 [24]. Of note, GPx7 is a particular GPx that cannot bind glutathione, and hence,
it has no capacity to participate in redox reactions directly. However, it is considered an
essential sensor for oxidative stress and endoplasmic reticulum stress as it promotes signal
transduction through interaction with additional factors [73].

SOD-rich T. chuii administration has been reported to increase the hepatic glutathione
levels in a rodent model of metabolic syndrome [15]. Glutathione is a tripeptide comprising
cysteine, glycine, and glutamic acid that can exist as a reduced form (GSH, or g-glutamyl-
cysteinyl-glycine), which contains a thiol group on the cysteine residue and an oxidized
form (GSSG), which corresponds to two glutathione molecules bound at the sulfur atoms
via a disulfide bridge. Glutathione plays a crucial role in cellular antioxidant protection
through direct chemical neutralization of free radicals (superoxide anion, hydroxyl radical,
or nitric oxide), but it is also involved in the regeneration of oxidized vitamins C and E,
and in the neutralization of reactive compounds such as peroxides or xenobiotics produced
by detoxification enzymes. Moreover, it facilitates the plasma membrane transport of
metabolites from toxins via formation of glutathione S-conjugates [74,75]. Glutathione
biosynthesis occurs in the cytosol via two steps, both of which require ATP hydrolysis. The
first one is the rate-limiting step and is catalyzed by the glutamate-cysteine ligase (GCL), in
which g-glutamylcysteine is formed. The GCL comprises two subunits, a heavy catalytic
subunit (GCLC), and a light regulatory or modifier subunit (GCLM) [76]. The second step
is catalyzed by the glutathione synthetase (GSH-S), which adds glycine to form the final
tripeptide. Another important enzyme is the glutathione-disulfide reductase (GSR), which
catalyzes the reduction of GSSG to GSH [74,75]. The increase in liver glutathione content
after SOD-rich T. chuii supplementation in obese rats might, therefore, be related to the
up-regulated gene expression of GCLM, GSH-S, and GSR [15]. Moreover, SOD-rich T. chuii
has been reported to increase the transcript levels of GCLM and GSR in human skeletal
muscle of healthy subjects [24]. Collectively, these data support a role for SOD-rich T. chuii
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in the activation of de novo synthesis and recycling of GSH. This represents a valuable
finding as dietary interventions that can directly stimulate GSH synthesis or prevent GSH
depletion are of therapeutic interest [75].

Additional genes with an antioxidant function that are up-regulated after SOD-rich T.
chuii supplementation in human skeletal muscle include peroxiredoxin 3 (PRDX3) and 6
(PRDX®6) [24]. Peroxiredoxins are small non-selenoperoxidases found in all organisms that
decompose hydrogen peroxide, lipid hydroperoxides, and peroxynitrite to form water and
alcohols, thus protecting against oxidative damage. PRDX3 is restricted to the mitochon-
dria, whereas PRDX6 is mainly located in the cytosol, and seems to play an important role
in repairing oxidized cell membranes [77]. In addition, up-regulation of the glutathione-
transferase mu 3 gene (GSTM3) in human skeletal muscle after SOD-rich T. chuii supple-
mentation also is of value as GSTM3 serves as a phase II detoxification enzyme involved in
maintaining redox homeostasis [78].

Regarding the underlying cell signaling that may contribute to the up-regulation of
the aforementioned transcriptionally activated antioxidant genes by SOD-rich T. chuii,
the Kelch-like ECH associated protein 1 (KEAP1)-NRF2-Antioxidant Response Element
(ARE) is likely a key candidate signaling cascade. Indeed, KEAP1 interacts with NRF2
and acts as a sensor of cellular stress. It functions as an adaptor for the ubiquitin ligase
complex, targeting NRF2 for ubiquitination and further degradation by the proteasome.
Under oxidative conditions, KEAP1 undergoes a conformational change, which renders
it unable to bind NRF2, and allows transport of NRF2 to the nucleus to activate tran-
scription of target genes [79]. NRF2 belongs to the family of cap ‘n’ collar basic region
leucine-zipper transcription factors, and binds to the AREs in the promoter region of target
genes through heterodimerization with small musculoaponeurotic fibrosarcoma (Maf)
proteins. Consequently, the NRF2 transcription factor is considered the master regulator
of the antioxidant response in cells, and also controls the adaptive response to various
environmental stressors. It is now recognized that NRF2 regulates the expression of more
than 200 genes, most of them with a cytoprotective role, including genes involved in drug
detoxification, lipid, and carbohydrate metabolism, as well as additional transcription
factors [79,80]. In particular, NRF2 controls the expression of a fundamental set of genes
involved in redox metabolism, like genes of the GSH-based system (e.g., GCLM, GCLC,
or GSR), thioredoxin-based system (such as PRDX6), and other antioxidant systems such
as SOD [79-83]. The pivotal role of NRF2 in cellular function is revealed by the complex
regulatory mechanisms controlling its activity not only at transcriptional level but also
at protein level, with polyubiquitination and further proteasomal degradation being one
of the most important mechanisms [84]. Up-regulation of NRF2 by SOD-rich T. chuii has
been demonstrated not only in vitro in human muscle cells [19], but, more importantly,
in vivo in human skeletal muscle after a two-week supplementation period [24]. This
represents a potential key finding in explaining the molecular mechanisms underlying the
widespread stimulation of different cellular antioxidant systems by SOD-rich T. chuii, as
outlined above, including up-regulation of both GCLM and GSR in rat liver and human
skeletal muscle [15,24], SOD2 in human muscle cells and human skeletal muscle [19,24],
or PRDX6 in human skeletal muscle [24]. Interestingly, another one of the known NRF2
target genes is GSTM3 [80], which is up-regulated by SOD-rich T. chuii in human skeletal
muscle [24]. It has been reported that GSTM3 can prevent NFR2 polyubiquitination and
further degradation by the proteasome, thus leading to activation and enhancement of
NRF2 function [78].

In addition to NRF2, transcriptional activation of sirtuin 1 (SIRT1) by SOD-rich T.
chuii in human skeletal muscle has also been observed. Sirtuins mediate the deacetylation
of both histones and non-histone proteins in an NAD*-dependent manner, comprising a
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total of seven members in mammals, referred to as SIRT1 to SIRT7. Among them, SIRT1
is well known for its role in multiple biological processes, including cellular senescence,
cell death, sugar and lipid metabolism, maintenance of genomic stability, inflammation,
and also oxidative stress responses [85]. In this sense, it has been reported that SIRT1
can deacetylate NRF2, and this modification has been related to an increase in stability,
nuclear localization, and transcriptional activity of NRF2 [86]. Thus, SIRT1 might improve
cell resistance to oxidative stress-induced damage by increasing the expression of NRF2
and the downstream genes it activates with ARE [86-88]. Moreover, a positive regulation
of SIRT1 by NRF2 at both protein expression and deacetylase activity has been reported,
representing a positive feedback pathway in the cellular antioxidative response mediated
by NRF2 [89]. As such, this interaction of SIRT1 with NRF2 could be considered as a
mechanism to enhance the key antioxidant function of NRF2 and SOD-rich T. chuii might
be mediating NRF2 signaling through SIRT1 up-regulation.

4.2. SOD-Rich T. chuii Promotes an Anti-Inflammatory State

Supplementation with SOD-rich T. chuii promoted an anti-inflammatory state in
a rodent model of metabolic syndrome [22]. Indeed, one of the key findings was the
transcriptional down-regulation of NF-kB1/p50 in the liver, thymus, and spleen of obesity-
induced animals, restoring the transcript amounts to levels similar to those found in healthy
animals. NF-kB1/p50 belongs to the family of inducible transcription factors involved in
the inflammatory response. This family comprises four additional members, all of them
being structurally related: NF-xB2/p52, RelA/p65, RelB, and c-Rel. All the members bind
to the promoter region of the target genes in the form of homo- or heterodimers [90]. In
normal conditions, family members are sequestered in the cytoplasm by inhibitory proteins
like the IkB family members, with IkBa considered most important. Under several stimuli,
a multi-subunit IkB kinase complex, or IKK, phosphorylates IkBa, triggering its degrada-
tion by the proteasome. This then allows the nuclear translocation of NF-kB members to the
nucleus to mediate the transcriptional induction of pro-inflammatory cytokines in innate
immune cells such as IL-1f3 or TNFo [91]. Thus, down-regulation of NF-«kB1 after dietary
supplementation with SOD-rich T. chuii might be related to the parallel reductions in IL-13
and TNF« transcripts in adipose tissue and thymus, or IL-1$ in spleen [15]. Interestingly,
SOD-rich T. chuii has also been demonstrated to reduce both serum and muscle levels of
IL-1p and TNF« in response to intense exercise in a murine model [21], which supports
more general anti-inflammatory protective properties of SOD-rich T. chuii.

Significant down-regulation of the interferon v (IFNy) gene in adipose tissue, thymus,
and spleen of dietary-induced obese animals has also been observed after supplemen-
tation with SOD-rich T. chuii [15]. IFNYy is the only characterized Type II interferon to
date, and it is considered one of the most important cytokines mediating systemic and
pathogenic inflammation in obesity [92,93]. In parallel to the IFNy gene, SOD-rich T. chuii
also elicited a significant down-regulation of the transforming growth factor-g1 (TGF-1)
gene in the liver. Significant and concomitant up-regulation of the IL-1f3, TNF«, IFNy, and
TGF-B1 gene has been observed in the liver of high-fat fed mice, which were linked to the
development of inflammation [94]. Additionally, transcriptional up-regulation of proin-
flammatory cytokines has been shown in primary human brain pericytes in response to
TGF-B1 treatment [95]. Thus, down-regulation of the IFNy and TGF-31 genes in response
to SOD-rich T. chuii might contribute to the anti-inflammatory effect of the ingredient.

Interestingly, dietary supplementation with SOD-rich T. chuii positively regulated the
pleiotropic anti-inflammatory cytokine IL-10 in a rodent model of metabolic syndrome [15].
In this regard, serum levels of IL-10 in supplemented animals were restored to simi-
lar values exhibited by healthy animals. In parallel, the IL-10 gene was up-regulated
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in adipose tissue, and to a higher degree in immune organs such as the thymus and
spleen. It has been shown that IL-10 inhibits, at the transcriptional level, the expression
of the pro-inflammatory cytokines IL-1f and TNF« via the blockade of NF-«B nuclear
localization [96,97], which agrees with the down-regulation of both cytokines induced by
SOD-rich T. chuii, as previously mentioned.

In adipose tissue of obese rats, SOD-rich T. chuii significantly increased adiponectin
(ACDC) transcripts [15]. ACDC is an adipokine with anti-diabetic, anti-atherogenic, and
anti-inflammatory effects, which is expressed mainly in adipose tissue but also in a variety
of different tissues like myocytes or epithelial cells [98]. In obese mice, ACDC has been
shown a negative effect on IFNy production by CD4+ T cells [99]. Moreover, it has been
reported that ACDC can induce the production of anti-inflammatory IL-10 in macrophages
and dendritic cells, while concomitantly suppressing the production of proinflammatory
TNFa and IFNY in stimulated macrophages [100]. Therefore, the existing data suggest
that SOD-rich T. chuii can modulate the complex and interconnected network of cytokines
and factors controlling the inflammatory response to promote anti-inflammatory effects in
a variety of tissues and organs.

The transcriptional activation of both NRF2 and SIRT1 observed in human skeletal
muscle following SOD-rich T. chuii supplementation might also play a key role in its
anti-inflammatory effects. In this regard, it has been shown that a fine-tuning regulatory
mechanism operates between NRF2 and NF-«kB, with NRF2 negatively regulating the
pro-inflammatory NF-«B signaling pathway via different pathways [101,102]. For instance,
as a consequence of NRF2 activation, cellular antioxidant defenses are increased, which
reduces ROS bioavailability and thus, activation of the IKK complex and further phos-
phorylation of IkBa, thereby inhibiting nuclear translocation of NF-«kB members to the
nucleus. In this way, transcriptional induction of pro-inflammatory cytokines is down-
regulated. Moreover, it has been shown that NRF2 activation can prevent transcriptional
up-regulation of pro-inflammatory cytokines, including IL-1(3 or IL-6, by directly binding
to the promoter region of these genes, thus inhibiting recruitment of RNA polymerase II
and transcription initiation [103]. Considering SIRT1 expression is increased following
SOD-rich T. chuii supplementation, alternative mechanisms might contribute to the anti-
inflammatory effects elicited by SOD-rich T. chuii [104]. For instance, SIRT1 is known to
directly deacetylate RelA /p65, one of the NF-kB subunits, thus inhibiting pro-inflammatory
cytokine expression mediated by NF-kB [105]. Moreover, this deacetylation has been re-
lated to an enhancement of RelA /p65 methylation, which leads to an increase in RelA/p65
ubiquitination and further degradation by the proteasome, and hence, inhibition of NF-kB
transcriptional activity [106]. SIRT1 can also negatively affect DNA binding of NF-«B
subunits through accumulation in the promoter region of pro-inflammatory cytokines [107].
Additionally, it has been reported that SIRT1 can inhibit IkB degradation, thus avoiding
nuclear accumulation of NF-kB components and down-regulating NF-«B function [108].

4.3. SOD-Rich T. chuii Protects DNA from Damage

In a clinical trial (Table 2), preliminary data analysis has demonstrated that SOD-rich
T. chuii lowered double-strand DNA breaks (DSBs) in the sperm of idiopathic infertile men
after 90 days of supplementation [55]. This may have important implications for sperm
quality as high levels of DSBs have been related to a diminished chance of conceiving
and to a higher incidence of miscarriage when fathering a pregnancy [109]. Although less
frequent than single-strand DNA breaks (SSBs), DSBs are considered particularly harmful
lesions as they provoke genome instability and chromosomal rearrangements. They can
originate because of under replicated DNA during cell division, and also by the action of
transposable elements or ionizing radiation. This ionizing radiation breaks water molecules
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to create hydroxyl free radicals, which can react with DNA to produce SSBs and these
SSBs can be spontaneously converted in DSBs directly [110]. Thus, and as previously
addressed, the induction of the cellular antioxidant mechanisms and the corresponding
increase in the scavenging capacity of free radicals mediated by SOD-rich T. chuii might be
related to the decrease in DSBs. Indeed, antioxidants have been demonstrated to protect
against DSBs [111-114].

Reduction of DSBs might also be related to an improvement in the activity of DNA
repair mechanisms. The two main methods involved in DSB repair are homologous
recombination (HR), in which sister chromatids serve as templates during the process of
repair, and nonhomologous end joining (NHE]). In both instances, a complex molecular
machinery involved first in the recognition of DSBs and then in DNA synthesis and repair
is known to operate [115]. In this scenario, up-regulation of SIRT1 mediated by SOD-rich
T. chuii might have a role in decreasing DSBs as SIRT1 activity has been strongly related to
repair of DSBs [116]. For instance, SIRT1 deacetylates the repair factor Ku70, enhancing
DNA repair capacity [117], and maintains the acetylation level of nibrin (NBS1), which is
a component of a conserved nuclease complex that acts as a critical sensor in regulating
cellular responses to DSBs for efficient DNA damage repair [118]. Moreover, SIRT1 is
also involved in the selection of the DSB repair pathway via deacetylation of the KRAB-
associated protein 1 (KAP1) to promote NHE], suppressing the HR repair pathway [119].

The potential contribution of NRF2 activation by SOD-rich T. chuii in the reduction of
DSBs may also be of value regarding DNA repair. In this sense, several DNA repair genes
involved in the HR pathway are likely to be regulated by NRF2 as they exhibit AREs in
their promoter regions [120]. Moreover, NRF2 can activate the ataxia telangiectasia mutated
(ATM), which is a master regulator of the DNA damage response, leading to G2 cell cycle
arrest and promoting the HR repair of DSBs to preserve genome stability [121]. In addition,
NRF2 seems to be also involved in NHE] [122].

4.4. SOD-Rich T. chuii Activates Immune Function

Supplementation with SOD-rich T. chuii for three weeks has been shown to sustain im-
mune function in individuals after an intensified resistance training protocol, as revealed by
better maintenance of salivary immunoglobulin A (sIgA), compared to a placebo group [21].
The sIgA molecule as a secretory IgA is formed by a dimeric IgA and a glycoprotein known
as the secretory component, stabilizing and protecting the molecule from degradation
by bacterial and digestive enzymes. It is known that sIgA can prevent bacterial colony
formation on mucosal surfaces, and can also neutralize toxins and enzymes produced
by bacteria, and also pathogenic viruses inhibiting penetration into epithelial cells [123].
Regarding athlete illness, sIgA has been used as a valuable biomarker to evaluate the risk
of developing respiratory tract infections [124]. Indeed, a decrease in sIgA levels after
a long duration and high-intensity exercise seems to be associated with increased upper
respiratory symptoms [124,125]. For instance, college football players exhibited a reduction
in sIgA concentration and an increase in the incidence of upper respiratory tract infections
over 12 months [126]. Conversely, a decrease in respiratory symptoms was observed in
individuals after 12 weeks of moderate exercise training, with a parallel increase in the
concentration of sIgA [127]. Thus, a possible contribution of SOD-rich T. chuii to improving
immune function is inferred from better sIgA during intensified exercise training.

An increase in counts of different white cells such as basophils, monocytes, and
particularly, lymphocytes, has also been observed after supplementation with SOD-rich
T. chuii [23]. Other dietary interventions have also been shown to increase lymphocyte
count. Indeed, an association between an increase in lymphocyte numbers and the im-
provement in the immune status of individuals has been reported after supplementation
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with different antioxidants, such as vitamins, b-carotene, and selenium [128-130], and also
with the microalgae Spirulina [131]. The presence of acidic and sulfated polysaccharides
in the cell wall of the microalgae Tetraselmis has been suggested as a potential inductor
of immune cell proliferation through the increase in cytokine and chemokine production
by macrophages [23].

Transcriptionally activated genes by SOD-rich T. chuii in human skeletal muscle are
known to play a role in immune function [24], specifically, the monocyte chemoattractant
protein-1 (MCP-1)/CC chemokine ligand-2 (CCL2). Chemokines are small (8-14 kDa)
signaling proteins d, which are secreted by different immune cells. Chemokines comprise
four families with two main subgroups (CXC and CC) and two small subgroups (CX3C and
C), with MCP-1/CCL2 belonging to the CC family. MCP-1/CCL2 protein is mainly pro-
duced by epithelial cells, endothelial cells, smooth muscle cells, monocytes/macrophages,
fibroblasts, astrocytes, and microglial cells, which are regulated by several other cytokines
and factors. Importantly, it is known that MCP-1/CCL2 can direct the migration and
infiltration of monocytes at the site of injury and infection, and are also involved in pro-
liferation of T cells, thus important to the immune response [132]. Interleukin-18 (IL-18)
is another of the genes up-regulated by SOD-rich T. chuii. It belongs to the IL-1 family
of cytokines, and is a potent pro-inflammatory cytokine involved in host defense against
infections through innate and acquired immune stimulation responses. IL-18 is produced
by hematopoietic cells (such as monocytes and macrophages) and non-hematopoietic cells
(for instance, keratinocytes and mesenchymal cells). Together with IL-12, IL-18 triggers the
innate immune system, stimulating NK cells to respond to cancer and infections, as well as
to activate macrophages. In the adaptive immune system, IL-18 promotes the activation
and differentiation of T cells and is essential for the development of natural killer (NK) cells,
and also up-regulates the cytotoxic activities of NK and CD8+ T cells [133]. Interestingly,
IL-18, as occurs with other interleukins of the same family, is synthesized in the cytoplasm
as an inactive precursor referred to as pro-IL-18. This precursor is further transformed into
the active IL-18 in multiprotein cytosolic complexes named inflammasomes in a caspase-1
(CASP1)-mediated process. However, an additional activated gene by SOD-rich T. chuii is
caspase-8 (CASPS), which has also been involved in the processing of inactive IL-18 into
the active form in a CASP1-independent process [134].

Transcriptional up-regulation of NRF2 by SOD-rich T. chuii [24] might also have
a direct influence in the regulation of immune function based on the known roles of this
transcription factor in immunity [79,135]. For instance, NRF2 is involved in bacterial clear-
ance via up-regulation of the macrophage receptor with collagenous structure (MARCO)
gene, which encodes a scavenger receptor necessary for bacterial phagocytosis [136].
An antitumor and antiviral role has also been observed for NRF2 via activation of the
cytokine IL-17D, which exhibits tumor rejection activity mediated by NK cells [137]. More-
over, a role of NRF2 in T-cell differentiation has been observed, favoring Th2 but decreasing
Th17 [138,139]. On the other hand, SIRT1 has also been implicated in the immune response,
and hence up-regulation of SIRT1 gene expression could contribute to improved immune
responses after SOD-rich T. chuii supplementation [24]. For instance, regarding innate
immunity, SIRT1 influences myeloid-derived suppressor cells (MDSCs) differentiation, and
regulates the generation of cytokines by dendritic cells, subsequently modulating their
function. In the adaptive immune response, SIRT1 can influence the differentiation of
inflammatory T cells, and plays an essential role in Th17 formation and in the activation of
B cells, facilitating immune function [140,141].
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4.5. SOD-Rich T. chuii Potentially Improves Mitochondrial Function

Although there is currently no direct experimental evidence of SOD-rich T. chuii
modifying key parameters of mitochondrial physiology, data from clinical trials suggest
a potential positive effect of SOD-rich T. chuii on aspects of mitochondrial function. Positive
regulation of SIRT1 by SOD-rich T. chuii [24] might be involved in increasing mitochondrial
content as SIRT1 is a well-known promoter of mitochondrial biogenesis through the activa-
tion, by deacetylation, of the peroxisome proliferator-activated receptor y-coactivator-1«
(PGC-1«). In turn, activated PGC-1« activates the mitochondrial transcription factor A
(TFAM) in the cytoplasm, eliciting the import of both SIRT1 and PGC-1« into the mitochon-
dria and the recruitment of TEAM to the D-loop region of mitochondrial DNA, where it
forms a multiprotein complex with SIRT1 and PGC-1«. Finally, this complex drives the
replication and transcription of mitochondrial DNA to improve mitochondrial biogene-
sis [142]. In addition, up-regulation of NRF2 induced by SOD-rich T. chuii [24] may also
have contributed to mitochondrial biogenesis. Indeed, NRF2 controls the expression of the
nuclear respiratory factor 1 (Nrf-1), which in turn activates TFAM, leading to mitochon-
drial DNA replication. NRF2 can also contribute to mitochondrial function through the
induction of mitophagy, a process in which damaged mitochondria are removed from the
cell, and for its key role in maintaining mitochondrial membrane potential, which increases
the efficiency of oxidative phosphorylation and ATP production [143,144]. Another gene
known to play a key homeostatic role in mitochondrial function is the apoptosis-inducing
factor mitochondria associated 1 (AIFM1), which was also found to be up-regulated by
SOD-rich T. chuii in skeletal muscle [24]. This gene encodes a mitochondrial oxidoreductase
that takes part in the electron chain assembly, and thus regulates oxidative phosphorylation
and ATP production [145].

Up-regulation of genes encoding the key mitochondrial antioxidant proteins SOD2 and
PRDX3 [24] by SOD-rich T. chuii might also contribute to improved mitochondrial function
as they act to protect the organelle from damage caused by ROS. In this sense, a role for
the NRF2 pathway in maintaining mitochondrial homeostasis through the activation of
antioxidant and quality control genes has been stated [146].

The MAPK signaling pathway has also been involved in mitochondrial physiol-
ogy. In this regard, activation of MAPK/p38 signaling has been shown to enhance
PGC-1« levels and activity, thus promoting mitochondrial biogenesis [147,148]. Indeed,
MAPK/p38 has been shown to phosphorylate PGC-1¢ in muscle cells directly, enhancing
its activity via the increase in protein stability and through the inhibition of the inter-
action with its co-repressor [149]. Moreover, MAPK/p38 signaling is currently known
to regulate the activity of key mitochondrial proteins involved in oxidative phosphory-
lation and iron homeostasis [150]. In this scenario, up-regulation of MAPK14/p38«x by
SOD-rich T. chuii might be an additional pathway contributing to the improvement of
mitochondrial function.

4.6. SOD-Rich T. chuii Strengthens Cell and Tissue Structure and Integrity

Supplementation with SOD-rich T. chuii has been related to a decrease in markers of
cellular and tissue damage, which suggests a strengthening effect on cellular structure. In
this regard, serum creatine kinase (CK) and myoglobin were significantly reduced after
a cross-training event in endurance-trained individuals and mechanistic rodent models
after SOD-rich T. chuii supplementation [16,20]. Serum content of skeletal muscle enzymes
(such as CK) and proteins (such as myoglobin) are markers of the functional status of
muscle tissue, and can vary widely depending on physiological conditions. An increase
in CK is considered an index of tissue damage following acute and chronic muscle in-
juries, as it is known that strenuous exercise, particularly incorporating eccentric con-
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tractions, can damage skeletal muscle cell structure, which increases CK efflux into the
systemic circulation [151,152]. Myoglobin, a monomer protein involved in oxygen stor-
age, is released to serum as a result of degradation of muscle cells following strenuous
exercise [151,153]. These results might be related, at least in part due to the indirect an-
tioxidant effects mediated by the ingredient helping to mitigate the harmful effects caused
by exercise-induced oxidative stress, thus reducing protein damage (e.g., carbonylation
and cross-linking) and further degradation by the proteasome, and also damage to cellular
membranes related to lipid peroxidation [154]. Moreover, in a mechanistic rodent model,
SOD-rich T. chuii has been shown to increase the muscle protein content of the muscle
atrophy F-box (MAFbx) and muscle RING-finger protein-1 (MuRF-1) [20], two ubiquitin
ligases involved in protein degradation by the proteasome [155], which might be related
to an increase in protein turnover to counteract protein breakdown linked to exercise and
oxidative stress [20].

Some well-known markers linked to tissue repair and regeneration have been shown
to be activated by SOD-rich T. chuii. Indeed, an increase in the muscle protein content of
the myogenic differentiation factor, MyoD, and neural cell adhesion molecule, NCAM,
was detected in response to SOD-rich T. chuii in a rodent model [20]. Both proteins are
key positive regulators of satellite cell progression [156,157], which are mononuclear dor-
mant cells that are activated to promote regeneration upon fiber damage. After muscle
injury, these satellite cells are activated and differentiate to myoblasts, which exit the cell
cycle and become myocytes after several rounds of proliferation. Ultimately, myocytes
undergo a fusion process to form multinucleated myotubes that eventually mature into
myofibers [158]. In contrast and in the same mechanistic model, SOD-rich T. chuii re-
duced levels of myostatin [20], a paracrine signaling molecule mainly secreted by skeletal
myocytes that behaves as a negative regulator of muscle growth and differentiation [159].

In human skeletal muscle, SOD-rich T. chuii transcriptionally activated different genes
with myogenic functions [24], thereby representing an additional support role for SOD-rich
T. chuii in the processes of repair and regeneration of tissues. For instance, BIBD1, a gene
that encodes a BTB (broad-complex, tramtrack, and bric-a-brac) domain and facilitates
interaction with other proteins lacking this domain, is known to interact with DNA topoiso-
merase [, and is expressed in many human tissues, with higher levels in heart and skeletal
muscle [160]. Interestingly, BTBD1 has been demonstrated to be essential for myogenic
differentiation [161]. In addition, calpain 3 (CAPN3) gene expression was also up-regulated
by SOD-rich T. chuii. Calpains are a family of Ca?*-dependent cysteine proteases that partic-
ipate in various cellular processes. In particular, CAPN3 is the only muscle-specific calpain,
and has important roles in the promotion of calcium release from skeletal muscle fibers, cal-
cium uptake of sarcoplasmic reticulum, and also in muscle formation and remodeling [162].
Therefore, as a potential contribution of CASP8 and/or caspase-10 (CASP10), both genes
also up-regulated in response to SOD-rich T. chuii treatment, and might also be considered
to aid tissue structure and integrity. Caspases are a family of cysteine-aspartate proteases
involved in cell death processes [163], but it is currently known that some of these proteins
like caspase-2 (CASP2) and caspase-3 (CASP3) can play a direct role in skeletal muscle
differentiation and myogenesis [164,165], allowing the muscle remodeling required for
differentiation but being inhibited before their activation can lead to cell death. Finally,
given the role of NRF2 in the stimulation of muscle repair, growth, and differentiation [166],
up-regulation of this key transcription factor by SOD-rich T. chuii might also contribute to
improved muscle regeneration and integrity.
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4.7. SOD-Rich T. chuii Modulates Cellular Signaling

A role for SOD-rich T. chuii in the modulation of cellular signaling is supported
by the modification, in human skeletal muscle tissue, of transcript amounts of up to
four different genes of the MAPK signaling pathway: MAPK1/ERK2, MAPK6/ERKS3,
MAPK?7/ERK5, and MAPK14/p38«x [24]. The three conventional MAPKs (MAPK1/ERK2,
MAPK?7/ERKS5, and MAP14/p38a) were up-regulated, and the atypical MAPK6/ERK3
was down-regulated by SOD-rich T. chuii. In eukaryotic cells, involvement of the MAPK
pathway in key physiological processes (mitosis, metabolism, motility, survival, apoptosis,
differentiation, and response to stress) is well established and works in four different
signaling cascades: the extracellular signal-regulated kinases 1/2 (ERK1/2), c-Jun amino
(N)-terminal kinases 1/2/3 (JNK1/2/3), p38 isoforms («, 3, v, and 9), and ERKS5 [167]. In
a general view, different studies suggest that the MAPK/ERK signaling pathway is closely
related to processes such as cellular proliferation and differentiation, whereas the JNK and
p38 pathways seem to be more related to response to stress and apoptosis [47].

At the cellular level, the actual physiological significance of the modified expression of
MAPK genes is currently unknown, but the cross-talk between MAPKSs and key factors and
metabolic processes are worthy of discussion. For instance, the MAPKSs signaling cascade
can be activated by ROS, which has been associated with NRF2 function [168]. In this
regard, it is known that MAPK1/ERK?2 can directly phosphorylate NRF2, which positively
regulates NRF2 activity. Moreover, it has been demonstrated that MAPK14/p38x can
phosphorylate NRF2, although both positive and negative regulation of NRF2 activity has
been reported. Irrespective, it seems that phosphorylation of NRF2 by MAPKSs only slightly
affects NRF2 transactivation and further expression of NRF2 target genes, suggesting that
MAPKSs might regulate NRF2 activity mainly in an indirect manner [169]. In this regard,
an additional point of relevance is the fact that phosphorylation and nuclear accumulation
of MAP14/p38a can be stimulated by SIRT1, which has been related to the promotion of
cell proliferation [170].

The activator protein-1 (AP-1) is also relevant regarding MAPK cross-talk. AP-1 is
a transcription factor that consists of different components, such as the Jun family (which
includes c-JUN and JUND), Fos family, Jun-dimerizing partners (JDP), musculoaponeurotic
fibrosarcomas (Maf) family, and activating transcription factor (ATF) family. Several stimuli,
including oxidative stress and intracellular MAPK signaling, can activate AP-1, mediat-
ing functions such as cell growth and differentiation [171]. In human skeletal muscle,
SOD-rich T. chuii has been shown to up-regulate both c-JUN and ATF1 and to down-
regulate JUND [24]. Understanding the physiological relevance of such modifications in
gene expression will require further research, but the existence of a complex fine-tuned
regulatory network modulated by SOD-rich T. chuii to maintain an adequate physiological
balance in the cell is suggested. Indeed, JUND can activate NRF2-induced transcription of
downstream genes, with MAPK signaling playing a central role in this process [172], with
¢-JUN, a known target of SIRT1, inhibiting AP-1 transcriptional activity [173]. It should
also be mentioned that AP-1 mediates the expression of inflammatory mediators, such as
cyclooxygenase 2 and prostaglandin E2 [141], and hence the inhibition of AP-1 signaling
by SIRT1 potentially represents an additional anti-inflammatory mechanism of SOD-rich
T. chuii which may be mediated through SIRT1 up-regulation.

4.8. SOD-Rich T. chuii Induces a Homeostatic Response

In human skeletal muscle, a deeper gene expression analysis revealed a potentially
interesting series of observations. In more than half of the genes analyzed using the
OpenArray™ technology, a negative correlation was found between the baseline gene
expression and the magnitude of increase in transcript amounts after supplementation
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with SOD-rich T. chuii for two weeks [24]. This suggests that individuals with the lowest
expression levels exhibited the highest responsiveness to SOD-rich T. chuii supplementation.
As such, SOD-rich T. chuii seems to act as a modulator of cellular responses that need
enhancement. This finding is of potential value as both direct and indirect antioxidant
supplements have been used to offset the potentially harmful effects of excess free radicals.
However, it has more recently been considered that physiological levels of such free radicals
control fundamental biological processes [174], and excess antioxidants could interfere with
beneficial redox-mediated cellular signaling [26]. Consistent with this interpretation, it has
been shown that over-stimulation of the NRF2/SIRT1 pathway, which regulates the activity
of the cellular antioxidant and anti-inflammatory mechanisms, can lead to deleterious
outcomes, even causing reductive stress and adverse health effects [175-177]. Instead, the
existing data suggest that SOD-rich T. chuii may behave as a transcriptional activator of
this pathway in a controlled manner, as supported by concomitant improvement in various
physiological responses, in both preclinical models and clinical trials.

As observed in human skeletal muscle, transcriptional activation of additional genes,
such as cullin 3 (CUL3) and BTB and CNC homology 1, basic leucine zipper transcription
factor 1 (BACH1) by SOD-rich T. chuii might somehow elicit a balanced and controlled
cellular response to stress mediated by the NRF2/SIRT1 pathway [24]. Indeed, CUL3 is
a protein known to behave as a negative regulator of NRF2 function through mediating
its ubiquitination and proteasomal degradation [84]. BACHLI is a transcription repressor
that is conserved and ubiquitously expressed in tissues. In the absence of cellular stress,
BACH]1 forms heterodimers in the nucleus with small Maf proteins that bind to the AREs
and repress defensive gene expression mediated by NRF2. Thus, BACH1 acts as a negative
regulator of NRF2 nuclear levels and function [178]. Therefore, increased CUL3 and BACH1
gene expression after SOD-rich T. chuii might modulate and fine-tune NRF2 expression and
its subsequent effects to promote a healthy adaptive response, as opposed to excessive and
maladaptive responses.

4.9. Summary of Data Supporting SOD-Rich T. chuii as a Promoter of Cellular Health

Considering the existing empirical data, SOD-rich T. chuii may be considered as
a potential cellular health promoter. This statement is based on the ability of SOD-rich
T. chuii to (i) boost the cellular antioxidant systems to help combat the harmful effects of ox-
idative stress; (ii) promote an anti-inflammatory state through activating anti-inflammatory
and down-regulating pro-inflammatory factors; (iii) protect DNA damage by reducing
double-strand DNA breaks and up-regulating key genes involved in maintaining genome
stability; (iv) improve immune function by up-regulating genes known to be involved in the
host defense against pathogens, increasing levels of immunoglobulins and counts of differ-
ent immune cells; (v) potentially improve mitochondrial function by up-regulating pivotal
genes involved in mitochondrial biogenesis and ATP production, as well as genes coding
for mitochondrial markers involved in the protection against free radicals; (vi) strengthen
cell and tissue structure and integrity through reducing markers of cellular and tissue
damage, and up-regulating genes involved in the protection and repair of membranes, and
promoting cellular differentiation and tissue regeneration; (vii) modulate cellular signaling
by enhancing the expression of key genes that participate in signaling pathways. Two key
factors transcriptionally up-regulated by SOD-rich T. chuii, NRF2 and SIRT1, appear as
central players that might mediate the cellular health effects of the ingredient as they are
themselves considered as promoters of cellular homeostasis and health [179,180].
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5. Prospects

Despite encouraging initial evidence to support improved cellular health and home-
ostasis after SOD-rich T. chuii supplementation, it is recognized that further research is
necessary to unravel the full molecular mechanisms and pathways that support the health
effects SOD-rich T. chuii. In this regard, some key mediators, like NRF2 and SIRT1, which
are well-known pivotal factors for cellular health and homeostasis, have been identified
and are worthy of further empirical investigation. Indeed, NRF2 and SIRT1 genes are
up-regulated after SOD-rich T. chuii supplementation [24]. However, transcriptional control
is not the only regulatory level of gene function acting on cells. Particularly for NRF2, its
activity is affected by post-translational modifications such as ubiquitination, sumoylation,
acetylation, or phosphorylation, which control protein degradation by the proteasome
and its nuclear accumulation and stability [84]. SIRT1 activity is also modulated by post-
translational modifications such as ubiquitination, sumoylation, phosphorylation, and
methylation, which regulate protein degradation, stability, and affinity toward its target
proteins [142]. Thus, future attempts to identify all the regulatory mechanisms modulated
by SOD-rich T. chuii, particularly concerning NRF2 and SIRT1, will undoubtedly help to
better understand the molecular bases of the physiological benefits it may confer.

As presented in this review, the clinical trials conducted to assess the potential bene-
ficial health effects of SOD-rich T. chuii have been performed in two particular and quite
different physiological scenarios, including sports nutrition and male infertility. By taking
into account the molecular mechanisms supporting SOD-rich T. chuii as a promoter of
cellular homeostasis and health, particularly with the transcriptional activation of NRF2
and SIRT1, additional health applications become of potential interest to explore with the
supplement. For example, a novel therapeutic use of SOD-rich T. chuii could be useful to
combat age-related health declines. Aging is characterized by a decline in various func-
tional responses owing to the accumulation of cellular damage. Several factors have been
identified as key contributors to the aging process, including, among others, genome insta-
bility, loss of proteostasis, mitochondrial dysfunction, and chronic inflammation [181,182].
It has been shown that NRF2 transcriptional activity decreases with age [183], and this
gradual reduction of NRF2 is considered to drive aging owing to increased oxidative stress,
which contributes to various hallmarks of aging [184]. In this scenario, the induction and
activation of the NRF2 pathway to maintain cellular antioxidant function and redox balance
has been suggested as a targeted therapeutic strategy to reduce cell and tissue damage,
which is known to occur in age-related ocular [185], joint [186], skin [187], kidney [188],
liver [189], cardiovascular [190], and neurodegenerative [191] disorders, and could, there-
fore, help ameliorate symptoms and offset disease morbidity and progression. In addition
to NRF2, it is known that SIRT1 exhibits an age-dependent decrease in expression both at
protein and transcription levels [192], such that activation of SIRT1 has also been proposed
as an effective means to improve age-related disorders [193-196]. Hence, in this scenario,
the potential contribution of SOD-rich T. chuii to the improvement of age-related disorders
and diseases through the activation of NRF2 and SIRT1 becomes of interest, although
specific clinical trials need to be conducted to evaluate its efficacy in this regard.

A potential therapeutic use of SOD-rich T. chuii for women’s health through the im-
provement of cellular function is also of potential interest. It is known that oxidative stress
and inflammation are important negative factors in several aspects of women'’s reproduc-
tive physiology, and hence, SOD-rich T. chuii might help to restore the redox balance and
to promote an anti-inflammatory state in target cells. For instance, it is known that ROS
negatively affect the maturation and development of the oocyte, implantation and luteoly-
sis, and hence, a favorable redox balance appears to be crucial for the oocyte maturation
and quality, and also for placentation, fetal growth, and organ development. Moreover,

167



Int. J. Mol. Sci. 2025, 26, 1693

oxidative stress and inflammation mediates the acceleration of pathology in the female
reproductive tract, including primary ovarian insufficiency, polycystic ovary syndrome,
endometriosis, endometrial hyperplasia, and preeclampsia [197]. In this scenario, interven-
tions to reduce the impact of ROS, and hence, the quality of embryos and implantation,
are considered an adequate strategy for a successful pregnancy. Thus, it has been stated
that the use of supplements to activate the NRF2/SIRT1 pathway and hence to improve
antioxidant and anti-inflammatory activities in female reproductive organs represents
a fruitful approach in treating female reproductive disorders [198-201]. In addition, it has
been reported that postmenopausal women are at a high risk for oxidative stress due to
a marked reduction in estrogen production. The increase in the serum concentration of
inflammatory cytokines, together with the increase in pro-oxidant biomarkers and the
decrease in antioxidant biomarkers are among the main features related to the menopausal
transition [202,203]. Thus, the elevation of cytokines and pro-oxidant markers suggests that
there is a high degree of oxidative stress in the postmenopausal state. All these features are
mainly due to estrogen deprivation, and hence, it might be linked with the development of
postmenopause-associated increased cardiovascular risk, bone density loss in osteoporosis,
hot flushes, oral dryness, loss of muscle mass and strength, atherosclerosis, weight gain,
or disorders such as depression and anxiety [204-208]. In this scenario, a large body of
evidence suggests that the NRF2/SIRT1 pathway is involved in protection against the
physiological impairments that develop observed in postmenopausal women. Indeed, it is
known that estrogens activate NRF2 and SIRT1, and the decrease in estrogen production
during menopause has been related to a range of pathologies related to oxidative stress
and inflammation including, among others, osteoporosis, cardiovascular diseases, dys-
lipidemia, changes in corporal composition, or immunological disorders [209,210]. Thus,
oxidative stress and inflammation observed during menopause and its stages might be
effectively modulated by dietary supplementation with SOD-rich T. chuii via activation of
the NRF2/SIRT1 pathway, which could promote health benefits through achieving a better
redox balance. However, further research and clinical trials are required to evaluate the
potential benefits of SOD-rich T. chuii for women’s health applications.

Although SOD-rich T. chuii supplementation may hold particular promise for indi-
viduals with a more pro-oxidative or pro-inflammatory state, potential benefits in already
healthy individuals wishing to use the ingredient as part of a healthy and active lifestyle
should not be discounted. Indeed, SOD-rich T. chuii has already been reported to elicit
beneficial effects in such individuals (Table 2). A compromised redox state, which can result
from poor lifestyle choices (e.g., smoking, imbalanced diet, and/or sedentary behavior) can
lead to cell damage as a consequence of oxidative stress and inflammation [211-213]. There-
fore, dietary interventions with SOD-rich T. chuii might help to prevent health challenges
in many individuals who do not meet physical activity and dietary intake guidelines.
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Abstract: Colon cancer is the second leading cause of cancer-related deaths in the world.
This is commonly observed among older adults, and the occurrence of colon cancer is
mainly influenced by unhealthy lifestyle factors. Edible medicinal mushrooms have been
demonstrated to have anti-colon cancer effects both individually and in combination with
conventional therapies, including synergistically enhancing the efficacy of chemotherapy
medications such as 5-fluorouracil in preclinical models. Medicinal mushrooms such as
Lentinus edodes, Phellinus linteus, Ganoderma lucidum, Inonotus obliquus, Pleurotus ostreatus,
Hericium erinaceus, Pleurotus eryngii, Gloeostereum incarnatum, and Termitomyces heimii are
emerging as promising candidates, not only because conventional treatments for colon
cancer face significant limitations, including side effects, psychological impacts on patients,
high cost, limited specificity toward cancer and healthy cells, and the development of
drug resistance, but also due to the diverse array of bioactive compounds present within
them. Therefore, there is a strong demand for innovative, affordable, and minimally
invasive treatments such as medicinal mushrooms. Their bioactive compounds, including
terpenoids, sterols, phenols, polysaccharides, acids, sesquiterpenes, alkaloids, lactones,
metal-chelating agents, nucleotide analogs, glycoproteins, 3-glucan, cerebrosides, steroids,
terpenes, quinolones, anthraquinones, benzoic acid derivatives, linoleic acid, ascorbic
acid, glycosides, organic acids, flavonoids, grifolin, tocopherols, proteins, indoles, lectin,
and laccases, exert anti-colon cancer activities through various mechanisms, including
anti-proliferative effects, cell cycle arrest, anti-inflammatory effects, antioxidant effects,
induction of apoptosis, cytotoxic effects, and antimigratory effects. Further research is
needed to elucidate the molecular mechanisms and confirm the safety and efficacy of
medicinal mushrooms as a holistic anti-colon cancer treatment.

Keywords: apoptosis; bioactive compounds; clinical study; edible mushrooms; medicinal
mushrooms

1. Introduction

Mushrooms are filamentous fungi with fruiting bodies. For a long time, they have been
an essential component in the human diet as well as in medicine and pharmacology [1].
The Chinese and Japanese have utilized mushrooms for medicinal purposes for thousands
of years. Nowadays, mushrooms are popular, valuable foods because they are low in
calories, carbohydrates, fat, and sodium and are cholesterol-free. Besides, mushrooms
provide important nutrients, including selenium, potassium, riboflavin, niacin, vitamin
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D, proteins, and fiber [2]. There are many health-promoting functionalities found in
mushrooms and it has been reported that more than 100 medicinal functions are produced
by mushrooms and fungi, which have antioxidant, anticancer, antidiabetic, antiallergic,
immunomodulating, cardiovascular protector, anticholesterolemic, antiviral, antibacterial,
antiparasitic, antifungal, detoxification, and hepatoprotective effects, and also protect
against tumor development and inflammatory processes [3-6]. Colorectal cancer is the third
most commonly diagnosed cancer and the fourth most common cause of cancer-related
mortality globally. The highest incidence and mortality rates are seen in high-income
countries due to unhealthy diets [7]. However, other factors such as a history of polyps
in the colon, age over 50 years, a personal history of inflammatory bowel disease, family
colon cancer history, obesity, low exercise, red meat consumption, smoking, and alcohol
consumption are driving factors for the growth of colon cancer. The incidence of colorectal
cancer is especially increased in developing countries. It has been reported that nearly
2 million new cases and about 1 million deaths are expected in 2018 [8], which demonstrates
that only 50% of colon cancer patients could survive. Treatments such as chemotherapy,
surgery, radiation therapy, targeted therapy, and immunotherapy may damage healthy
cells and tissues and cause side effects in the body. Therefore, researchers are exploring
natural alternative methods with minimum side effects. This review focuses on medicinal
mushrooms as an alternative and their different molecular mechanisms in lab, animal, and
human studies against colon cancer.

2. Edible and Medicinal Mushrooms with Anti-Colon Cancer Effects
2.1. Definition of Medicinal and Edible Mushrooms

In many in vivo, in vitro, and clinical studies, medicinal mushroom consumption
has shown an inverse correlation with gastrointestinal cancer occurrence [9]. According
to the Oxford Dictionary, the term ‘medicinal” means having healing, curative, or thera-
peutic attributes or used as a medicine or related to medicine. The term ‘edible’ means
fit to be eaten. Medicinal mushrooms are macroscopic fungi belonging to the phylum
Basidiomycota. These can be consumed as food items and used as extracts or powders
to treat diseases. Bioactive compounds present in medicinal mushrooms enhance their
medicinal and nutraceutical properties. Medicinal mushrooms are rich in a plethora of
biologically active secondary metabolites that possess beneficial health effects such as
anticancer, antimicrobial, antiviral, anti-inflammatory, antidiabetic, and antioxidant effects.
Even though there are 140,000 mushroom species available in nature, only 2000 species are
in edible form. Among the edible forms, only 25 species are commercially available [10,11].
There are around 2000 mushrooms that show medicinal properties, and over 600 have been
confirmed with official data [12]. Edible mushrooms show medicinal properties through
anticancer, antiviral, hepatoprotective, anti-cardiovascular disease, immunopotentive, an-
tioxidative, and hypocholesterolemic effects. Therefore, many research techniques are
involved in extracting the bioactive compounds present in edible mushrooms that show
medicinal properties [13]. Edible mushrooms are used to prepare drugs and nutraceuticals
that have antitumor, antioxidant, and antimicrobial effects. The low starch, low fat, and
high fiber contents of edible mushrooms make them ideal food items for both obese and
diabetic patients. Due to this, edible mushrooms are emerging as potent sources of pharma-
ceuticals [14]. Letinula edodes, Ganoderma Lucidum, Grifola frondosa, Trametes versicolor, and
Inonotus obliquus are popular edible medicinal fungi that have been used in both traditional
and modern medicine and research [12]. There are both edible medicinal mushroom species
and inedible medicinal mushroom species. Heterobasidion annosum and Trametes versicolor
are medicinal mushrooms that can be used as potential medicines for colorectal cancer
treatment, but they are not edible [15,16].
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2.2. Types of Edible and Medicinal Mushrooms with Anti-Colon Cancer Properties

Mushrooms are becoming more interesting due to their dual edible and medicinal
nature [17]. The bioactive compounds present in medicinal mushrooms demonstrate
anticancer activity through various mechanisms. This section classifies key edible and
medicinal mushrooms (MMs) according to their demonstrated anti-colon cancer effects and
usage. Figure 1 presents edible and medicinal mushrooms with anti-colon cancer effects.

Medicinal Mushrooms
Targeting Specific
Signaling Pathways

Cytotoxic
Medicinal
Mushrooms
Against Colon
Cancer

Medicinal Mushrooms with anti-
colon cancer effect

Medicinal Mushrooms with
Immunomeodulatory and
Adjuvant Therapy

Traditionally and
Clinically Relevant
Medicinal Mushrooms

Heru:'mm Gmwdc.mm
erumccn.r oo Im:ulum
edodes

Figure 1. Edible and medicinal mushrooms with anti-colon cancer effects.

2.2.1. Potent Cytotoxic Medicinal Mushrooms Against Colon Cancer

Meshima (Phellinus linteus (Berk. et Curt.) Teng), caterpillar fungus (Cordyceps sinensis
(Berk.) Sacc.), shiitake mushrooms (Lentinus edodes (Berk.) Pegler), shaggy ink cap (Coprinus
comatus (O.F. Miill.) Pers.), and lingzhi/reishi (Ganoderma lucidum (Curtis) P. Karst) are
some of the traditional and commercially available edible MMs with anti-colon cancer
properties. Methanolic extracts of Phellinus linteus dramatically decreased the cell viability
of human colorectal carcinoma cell line 116 (HCT-116) and surg pathol-derived colorectal
cancer cell line 480 (SW-480). Other mushroom varieties showed selective inhibition of
SW-480 cancer cell line viability. The MTT assay showed a broad spectrum of cytotoxic
effects induced by Phellinus linteus when compared to the other four varieties [18]. Research
conducted using a hot water extract of Inonotus obliqguus (IOWE) showed that it can inhibit
the growth of human colorectal adenocarcinoma cell line 29 (HT-29) in a dose-dependent
manner. The most effective IOWE concentration was 1.0 mg/mL for 48 h, with a maximum
inhibitory activity of 56% [6]. Termitomyces heimii showed an in vitro cytotoxic effect against
the HCT-116 colon cancer cell line [9]. Auricularia polytricha, Macrolepiota procera, and
Pleurotus ostreatus are edible and medicinal mushrooms with anti-colon cancer effects [19].
A study conducted on the anticancer properties of Pleurotus ostreatus grown in selenium
(Se) showed anti-colon cancer effects against a human colorectal adenocarcinoma cell line
(Caco-2) and normal human colon mucosal epithelial cancer cell line (NCM-460). These
findings provide insight into the anti-colon cancer effects of selenium-rich fruiting bodies
of edible medicinal mushrooms [20].
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2.2.2. Medicinal Mushrooms with Immunomodulatory Effects and Adjuvant Therapy

Lentinus edodes is one of the most popular edible mushrooms used as a food in Eastern
countries. The Lentinus edodes extract has shown its potential as a novel chemotherapeutic
adjuvant agent when combined with 5-fluorouracil [21]. f-Glucan from Lentinus edodes
showed promising results for colitis-associated colorectal cancer and the gut microbiota [22].
Ganoderma lucidum is another edible MM that has an inhibitory effect against colorectal
cancer. In vitro co-administration of a non-toxic concentration (0.3 mg/mL) of an extract of
a commercial product that contained spores and fruiting bodies (30:8 ratio) of Ganoderma
lucidum (GLSF) and paclitaxel, a chemotherapy medication (0.125 uM), showed significant
cancer cell growth inhibition and apoptosis in the CT26 murine colon carcinoma cell line
and HCT-15 human colon cancer cell line. In vivo studies showed that CT26 tumor cell
growth was suppressed when mice were orally administered a modified diet that contained
1.25% GLSF powder [23]. G. lucidum supplements are used by cancer patients to boost their
immune system. This mushroom’s fruiting bodies, mycelia, or spores contain anticancer
chemical compounds, particularly polysaccharides and triterpenes [24]. Since ancient
times in China, Hericium erinaceus, also known as lion’s mane, has been used to treat
digestive system disorder-related diseases. This medicinal mushroom studied worldwide
has anticancer effects against colon cancer cells [25].

2.2.3. Medicinal Mushrooms Targeting Specific Signaling Pathways

Gloeostereum incarnatum (GI) is an edible mushroom with anti-colon cancer activity. Its
water-soluble polysaccharide extract (GIPS) shows anti-colon cancer activity through the
Wnt signaling pathway [26]. Ganoderma neo-japonicum Imazeki was identified as a potential
natural anticancer agent against human colon cancer through cellular and computational
models [27]. Pleurotus eryngii, also known as king trumpet mushroom or French horn
mushroom, is an edible mushroom that showed inhibitory activity against the growth of
HCT-116 colon cancer cells and an anti-inflammatory function in the RAW264.7 macrophage
cell line [28].

2.2.4. Traditionally and Clinically Relevant Medicinal Mushrooms

Inonotus obliqguus (Chaga) is an edible medicinal mushroom with antioxidant, anti-
inflammatory, antitumor, immunomodulatory, and antimutagenic activities. The toxicity
associated with improper usage of Chaga is now addressed by toxicity assessments, risk
analyses, and guidelines for proper usage [29]. In vitro research conducted on n-hexane
extracts of Hericium erinaceus, Metacordyceps neogunnii, and Dictyophora indusiata showed
that these edible and medicinal mushrooms exerted anti-colon cancer effects against the
HCT-116 human colon cancer cell line [30]. The raw form of Ganoderma lucidum medicinal
mushroom is not edible, but powders, dietary supplements, and tea are commercially
available products of this mushroom. This species is renowned for its pharmaceutical
activities rather than its nutritional value. A water extract of sporoderm-broken spores
of Ganoderma lucidum showed an anticarcinogenic effect against colorectal cancer [31].
Lentinus edodes shows its anticancer activity by activating immune responses, prohibiting
colon cancer cell proliferation, suppressing tumor growth, and inducing cell apoptosis [32].
It also demonstrates antioxidant, antidiabetic, antihepatitic, hyperlipidemic, antifungal,
immunomodulatory, antibacterial, antiviral, and antitumor activities [33]. The water
extracts of the mycelium of Agaricus blazei (82.4%), Hericeum erinaceus (14.7%) and Grifola
frondosa (2.9%), collectively called Andosan™, a medicinal mushroom extract, showed
their potential as a natural preventive and therapeutic agent for colorectal cancer in an A/]
Min/+ mice model [34,35].
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2.3. Chemical Compositions of Mushrooms with Anti-Colon Cancer Properties

Edible and medicinal mushrooms are generally low in calories, lipids, and cholesterol
and have high contents of protein and essential vitamins. The fruiting bodies of edible
and medicinal mushrooms contain a variety of secondary [11,14]. Edible mushrooms are
usually low in fat and energy while high in protein. Generally, many edible mushrooms
that show medicinal properties are rich in minerals (iron, phosphorus) and vitamins
(riboflavin, thiamine, ergosterol, niacin, ascorbic acid). f-Glucans and glycoproteins are
the main polysaccharides present in edible and medicinal mushrooms. Terpenoids, acids,
alkaloids, sesquiterpenes, lactones, sterols, metal-chelating agents, vitamins, nucleotide
analogs, and polyphenolic compounds are the main secondary metabolites present in
these mushrooms [13]. Chitin and starch are the main carbohydrates present in edible and
medicinal mushrooms. Many medicinal mushrooms are good sources of crude fiber such
as chitin, mannan, and hemicellulose. The nutrient, enzyme, bioactive compound, vitamin,
and mineral contents vary with the type of edible medicinal mushroom [12]. Edible and
medicinal mushrooms are rich sources of selenium, potassium, riboflavin, niacin, vitamin
D, proteins, and fiber. Also, they are free from cholesterol and contain low calories and fat,
sodium, and carbohydrate contents. Therefore, these edible and medicinal mushrooms are
used to treat different diseases, including cancer, and to improve human health [2].

2.4. Bioactive Compounds in Edible and Medicinal Mushrooms with Anti-Colon Cancer Effects

Edible and medicinal mushrooms are good sources of biologically active compounds
such as terpenoids, sterols, phenols, and polysaccharides [2,12,28]. The bioactive molecules
can be categorized as high-molecular-weight compounds (polysaccharides and proteins)
and low-molecular-weight compounds (indoles, terpenoids, and phenols) [9]. There are
secondary metabolites, glycoproteins, and polysaccharides. The secondary metabolites include
acids, terpenoids, polyphenols, sesquiterpenes, alkaloids, lactones, sterols, metal-chelating
agents, nucleotide analogs, and vitamins. f-Glucan is the main polysaccharide present in
edible MMs [2]. Several bioactive polysaccharides and polysaccharide—protein complexes
also play significant roles in cancer treatment [36]. The bioactive compounds in Hericium
erinaceus, such as terpenoids, polyphenols, cerebrosides, and polysaccharides, have shown a
variety of potential therapeutic applications such as antioxidant, immune-modulatory, and
anticancer properties [25]. The secondary metabolites in medicinal mushrooms, such as
steroids, terpenes, quinolones, anthraquinones, and benzoic acid derivatives, have shown
anti-carcinogenesis effects. In addition, linoleic acid, ascorbic acid, polysaccharides, glycosides,
organic acids, flavonoids, phenols, grifolin, and tocopherols exert their metabolic activities
by actively scavenging nitrite radicals, hydroxyl radicals, and oxygen free radicals, which
aids in suppressing cancer cell proliferation. Bioactive compounds in medicinal mushrooms
demonstrate their anticancer activities through multiple mechanisms, including inhibition of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) activation, inhibition of
protein kinase B (Akt) processes, and inhibition of cyclooxygenase-2 (COX-2) expression [37].

2.4.1. Polysaccharides as Bioactive Compounds in Edible and Medicinal Mushrooms
Anti-Colon Cancer Mechanisms of Medicinal Mushroom Polysaccharides

Polysaccharides are increasingly being recognized as the main active and multifunc-
tional bioactive compounds in medicinal mushrooms. Medicinal mushroom-derived
polysaccharides are being recognized as potential anticancer agents mainly due to their
role in modulating the immune system [9,17,25]. In Chinese traditional medicine, Gano-
derma lucidum polysaccharides (GLPs) are used for cancer prevention. Sporoderm-broken
spores of G. lucidum water extract (BSGLWE) mainly contained GLPs [31]. A study con-
ducted on H. erinaceus fruiting bodies extracted and purified a novel polysaccharide called
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HEFP-2b. HEFP-2b showed anti-colon cancer properties in HCT-116 and DLD1 colorectal
adenocarcinoma cell line [25]. Lentinan extracted from Lentinus edodes is a clinically used
B-1, 3-glucan polysaccharide with immunomodulatory and antitumor effects. A water-
extracted polysaccharide from Lentinus edodes (SLNT) showed an anti-colon cancer effect
in athymic nude mice by inhibiting human colon cancer cell proliferation and suppress-
ing tumor growth [33]. Polysaccharides in Agaricus bisporus, Antrodia camphorate, Boletus
edulis, Cordyceps Sinensis, Flammulina velutipes, Lentinus edodes, Lignosus rhinoceros, Morchella
esculenta, and Pleurotus eryngii are active against colorectal carcinogenesis [37-39]. The
polysaccharides extracted from Agaricus bisporus were encapsulated within alginate-kappa
carrageenan microcapsules, and these microcapsules activated natural killer cells (NK cells),
acting as a potential treatment for colon cancer [40]. Agaricus blazei Murill polysaccharide
significantly enhanced the activity of CD8+ T cells, which aid in the killing of colorectal
cancer cells, and effectively inhibited intraperitoneal tumors in mice. Therefore, Agaricus
blazei Murill polysaccharide can be considered a promising therapeutic agent to treat colon
cancer, particularly involving intraperitoneal dissemination [41].

Structural Diversity and Bioactivity of Polysaccharides in Medicinal Mushrooms

A homogeneous neutral polysaccharide, WAAP-1 (molecular weight of 10.1 kDa),
extracted from Agaricus bisporus significantly inhibited HT-29 colon cancer cell proliferation.
The monosaccharides present in WAAP-1 are glucose, mannose, and galactose in a molar
ratio of 84.95:8.97:4.50, while the main chain is mainly composed of (1,4)-x-D-Glcp and (1,6)-
B-D-Manp [17]. Polysaccharides are emerging as potential components to prevent and treat
colorectal cancers. The very first research that found the Agaricus bisporus polysaccharide
WAAP-2, with a triple-helical structure, tangled chain conformation, and a molecular
weight of 121 kDa, demonstrated an anticancer colon effect against HT-29 cells. The
primary structure of WAAP-2 contains mannose, glucose, and galactose at a molar ratio of
8.81:81.80:6.89 [42]. Gloeostereum incarnatum polysaccharide extract has shown anti-colon
cancer effects in mice [43]. Anticancer research conducted using Lentinus edodes showed
that its B-glucan fraction (lentinan) reduced inflammation, inhibited colon cancer cell
proliferation, and induced colon cancer cell apoptosis. Among the three B-glucan fractions,
the fraction with the lowest molecular weight showed the most promising anti-colon cancer
activity by rebuilding the intestinal mucosal barrier [22].

a-Glucan, a low-molecular-weight carbohydrate, extracted from the hot water-soluble
fraction of Pleurotus ostreatus mushroom showed anti-proliferative and pro-apoptotic effects
against HT-29 colon cancer cells [44]. Boletus edulis, a medicinal mushroom having anti-colon
cancer properties, contains carbohydrates as its major component, constituting 58.1% of the
mushroom’s dry weight. The extract obtained using ohmic heating demonstrated a total sugar
concentration of 437.5 mg/g extract, trehalose 341 mg/g, and rhamnose, mannitol, glucose, and
fructose [45,46]. Lentinan, a polysaccharide with B-glucans, demonstrated immunomodulating
properties and antitumor activity against human colorectal cancer [37,47 48].

Polysaccharide-K, which is also known as Krestin or PSK, is usually found in Trametes
versicolor and shows anti-colon cancer properties. PSK is a complex molecule containing
polysaccharides and proteins. The polysaccharides primarily contain S-glucans. The
amino acid profile of PSK is rich in acidic amino acids, mainly glutamic and aspartic
acids [37,49-51]. Maitake D-fraction is a complex compound derived from the Maitake
mushroom (Grifola frondosa) that shows anti-colon cancer properties. This compound also
contains B-glucans as the primary polysaccharide and forms a proteoglycan complex
by binding proteins into the polysaccharide [37,52-55]. Schizophyllan, derived from
Schizophyllum commune, is another promising polysaccharide with a -glucan structure that
shows anti-colon cancer properties [37,56,57].
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Future Directions, Limitations, and Suggestions Concerning the Use of Polysaccharides in
Medicinal Mushrooms

The anti-colon cancer effects of polysaccharides are exerted through diverse mech-
anisms, demonstrating the wide potential of mushroom polysaccharides. The structural
diversity of polysaccharides allows them to act through multiple mechanisms rather than
relying on a single pathway. This aligns well with modern colon cancer treatment strategies,
as combination approaches improve therapeutic efficacy. Monosaccharide composition,
linkage type, and molecular weight influence the structure-function relationship in anti-
colon cancer activity. As a future direction, modifying polysaccharide branching patterns,
molecular weight, and glycosidic linkages could enhance bioavailability. Developing
nanoformulations may also improve oral bioavailability and tumor targeting. Despite
being multifunctional bioactive agents, polysaccharides face challenges such as structural
heterogeneity, poor bioavailability, and limited clinical research in humans. Additionally,
variations in extraction methods can lead to inconsistent polysaccharide compositions.

2.4.2. Proteins as Bioactive Compounds in Edible and Medicinal Mushrooms

A novel bioactive protein in Pleurotus eryngii, called ‘PEP’, exhibited anti-inflammatory
and anti-colon cancer effects [58,59]. Protein extracts from Calvatia lilacina, Pleurotus os-
treatus, and Volvariella volvacea showed anticancer effects against the SW480 and Tohoku
Hospital Pediatrics-1 human monocytic leukemia (THP-1) cell lines. Each protein extract
had a unique protein profile with a distinct molecular weight [60]. Low-carbohydrate
proteins and peptides derived from mushrooms exhibit anticancer properties through
unique mechanisms [61]. A protein fraction known as Cibacron blue affinity eluted protein
(CBAEP) was isolated from Termitomyces clypeatus, Pleurotus florida, Calocybe indica, Astraeus
hygrometricus, and Volvariella volvacea. CBAEP showed anti-proliferative activity in tumor
cells, enhanced natural killer cell activity, and stimulated the proliferation of immune cells,
particularly splenocytes, thymocytes, and bone marrow cells [62].

Lectin, a bioactive protein in Agaricus bisporus demonstrates anti-colon cancer activity
by inhibiting cancer cell growth and stimulating the immune system [63-66]. Lectins in
Agrocybe aegerita and Grifola frondose show anticancer activity by inducing apoptosis in
cancer cells and stimulating the immune system, respectively [67]. Musarin, a polysac-
charide peptide isolated from Trametes versicolor powder, downregulated the epidermal
growth factor receptor-ras signaling pathway (EGFR-Ras signaling pathway) in colorec-
tal cancer stem-like cells and inhibited the proliferation of CSC-like CD24+CD44+ HT29
cells [15,43]. Laccases are bioactive proteins that have shown promising anti-colon cancer
activity through anti-proliferative and cytotoxic effects [5,66,68-70].

2.4.3. Phenolic Compounds as Bioactive Compounds in Edible and Medicinal Mushrooms
Unique Attributes of Phenolic Compounds in Medicinal Mushrooms

Phenolic compounds present in certain mushroom species exhibit a wide range of bio-
logical activities. These findings have significant implications for the development of novel
and effective mushroom-based anticancer therapies. Phenolic compounds are abundant in
some mushrooms, which help exert diverse biological activities, including anti-colon cancer
effects, and have antimicrobial, antioxidant, and anti-inflammatory properties [28,71,72].
In point of fact, phenolic compounds are present in many plants as well as mushrooms.
Compared to plants, fungal phenolics are unique fungal-specific metabolites. Even though
fungi are underutilized compared to plants, they have superior antioxidant activity. Fungi
contain a diverse range of phenolic compounds that contribute to their antioxidant proper-
ties. Among species, the phenolic profile significantly varies, indicating species-specific
uniqueness in biochemical composition. In addition, many fungi exhibit comparative or
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may even exhibit superior antioxidant activity in free radical scavenging. The extraction
methods used to extract fungi influence the antioxidant activity of fungi. Therefore, fungi
could offer unique phenolics and potentially higher bioactivity [73].

Fungi do not rely specifically on shikimate and phenylpropanoid pathways for the
biosynthesis of phenolic compounds and they may have modified or alternative pathways.
Most importantly, fungi modify their phenolic compounds using extracellular enzymes,
which allow them to synthesize new hybrid molecules. Fungi molecules often demonstrate
higher bioavailability in human cells [74]. A combination of different mushroom extracts
exhibited superior cytotoxic effects against human colon cancer cell lines compared to
single-species extracts due to the synergistic effects of both polyphenols and polysaccha-
rides [75]. The study demonstrated the effectiveness of the combination of mushroom
extracts against colon cancer cells compared to single-species extracts. As discussed above,
fungi show species-specific uniqueness in biochemical composition, and interactions among
these compounds may enhance the anti-colon cancer activity.

Anti-Colon Cancer Potential of Medicinal Mushroom-Derived Phenolics

A study was conducted on the phenolic compound concentrations and antioxidant
activities of five edible and five medicinal mushrooms that are commonly cultivated in
Korea to determine the DPPH radical scavenging activities. Pleurotus eryngii showed 15%
activity when the reaction time was one minute and Agaricus bisporus showed 78% activity
when the reaction time was 30 min. There were 28 phenolic compounds present in these
10 mushroom species. The average total concentrations of phenolic compounds in edible
and medicinal mushrooms were 174 ng/g and 477 pg/g, respectively. The average total
concentrations of flavonoids in edible and medicinal mushrooms were 22 ug/g and 76
ug/g, respectively [71]. Another study conducted on determining the total phenolic and
flavonoid contents in Agaricus bisporus, Boletus edulis, Calocybe gambosa, Cantharellus cibarius,
Craterellus cornucopioides, Hygrophorus marzuolus, Lactarius deliciosus, and Pleurotus ostreatus
demonstrated that the total flavonoid concentrations and total phenolic concentrations
ranged between 0.9 and 3 mg per gram dry matter (DM) and 1 and 6 mg per gram (DM),
respectively. All 8 varieties of mushrooms contained homogentisic acid, free phenolic acid,
and flavonoids such as myricetin and catechin [76].

Termitomyces mushroom species contain gallic acid, chlorogenic acid, caffeic acid, el-
lagic acid, catechins, epicatechins, rutin, isoquercitrin, quercitrin, quercetin, and kaempferol
as phenolic compounds [72]. A polyphenol-rich extract was isolated from Pleurotus eryngii
to study the anti-colon cancer activity and anti-inflammatory activity. The polyphenol-
rich extract contained gallic acid monohydrate, 3-(3,4-dihydroxyphenyl)-propionic acid,
methyl gallate, syringic acid, ellagic acid, and catechin. The polyphenol-rich extract ex-
hibited both anti-inflammatory effects and inhibitory effects against human colon cancer
cells [28]. The butanol fraction of Ganoderma neo-japonicum Imazeki showed the highest
antioxidant activity against colonic carcinoma cells and the highest concentration of phe-
nolic compounds [27]. A study demonstrated that the ethyl acetate fraction of Pleurotus
tuber-regium mushroom sclerotium was rich in phenolic compounds, particularly chloro-
genic acid and syringic acid. The ethyl acetate fraction demonstrated strong antioxidant
activity by effectively scavenging free radicals in DPPH, ABTS, and hydrogen peroxide
assays. In addition, it showed both in vivo and in vitro anti-angiogenic effects, suggesting
a connection between the antioxidant properties and anti-angiogenic effects [77]. Boletus
edulis is a medicinal mushroom with anti-colon cancer properties and its extract contains
ellagic acid, rutin, and taxifolin at 532 ng/g, 465 pug/g, and 259 pg/g, respectively [46].
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In general, medicinal mushrooms are rich in species-specific phenolic compounds
and flavonoids that contribute to their anticancer activities. Medicinal mushrooms contain
higher concentrations of these compounds than other non-medicinal mushrooms.

2.4.4. Other Bioactive Compounds in Edible and Medicinal Mushrooms

Apart from major bioactive compounds, Termitomyces species have cerebrosides, er-
gostanes, fatty acid amides, serine, saponins, and proteases [72]. Both the hexane and
chloroform fractions of Ganoderma neo-japonicum showed anti-colon cancer effects. These
fractions were enriched with sterols and terpenoids, respectively. 1,25-Dihydroxyvitamin
D3 3-glycoside, an active metabolite of vitamin D3, and stellasterol demonstrated strong
binding affinities to B-cell lymphoma 2 (Bcl-2) anti-apoptotic protein and increased cell
death in cancer cells [27]. The main active compound of the hexane extract of Pleurotus
sajor-caju was the sterol ergosta-5,7,22-trien-33-ol. In silico docking confirmed the anti-
colon cancer effect by demonstrating the credible interaction between the active compound
and Bcl-2 protein, a key protein that prevents apoptosis [4]. 4-Acetyl-antroquinonol B
extracted from Antrodia camphorata inhibits colorectal cancer by suppressing tumorigenesis
and cancer stem-like phenotype [78]. 4-Acetyl-antroquinonol B in mushrooms enhances the
response of colorectal cancer cells to the drug cetuximab by inhibiting the KRAS signaling
pathway [79,80]. Alkaloids, folate, enzymes, ergosterol, organic acids, and selenium are
also bioactive compounds in mushrooms. Antroquinonol, polysaccharide, cordycepin,
hispolon, lectins, krestin, sulfated polysaccharides, lentinan, and Maitake D Fraction are
some of the anticancer components present in medicinal mushrooms [78,81].

3. Mechanisms of Action Against Colon Cancer

Edible and medicinal mushrooms may exert their anticancer effects through im-
munomodulation, antioxidation, and direct cytotoxicity in cancer cells [82]. Medicinal
mushrooms have been recognized as potential agents to fight against cancer. Bioactive
compounds in medicinal mushrooms interfere with the cellular pathways of cancer cells
and stimulate the immune system to fight against cancer cells [83,84]. Figure 2 illustrates
the mechanisms of action of edible mushrooms in colon cancer management.
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Figure 2. Anti-colon cancer mechanisms of edible and medicinal mushrooms. CBAEP—Cibacron
blue affinity eluted protein; PEP—A novel bioactive protein in Pleurotus eryngii.
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3.1. Anti-Colon Cancer Mechanism Through Anti-Proliferative Effects
3.1.1. Introduction to Anti-Proliferative Activity of Medicinal Mushrooms

Medicinal mushroom extracts and their bioactive compounds that exhibit anti-
proliferative effects are emerging as alternative and complementary therapeutic strategies
for treating colon cancer. Further research is required to optimize their bioactive component
bioavailability and explain their molecular mechanisms.

Figure 3 illustrates the anti-proliferative effects of edible medicinal mushrooms
against colon cancer. Several in vivo as well as in vitro studies further confirmed the
anti-proliferative effects of edible medicinal mushrooms.
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Figure 3. Anti-proliferative effects of edible and medicinal mushrooms against colon cancer.
ERK—EXxtracellular signal-regulated kinase; MEK—Mitogen-activated protein kinase; RAF-1—RAF
proto-oncogene serine/threonine-protein kinase.
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3.1.2. In Vitro and In Vivo Studies of the Anti-Proliferative Activity of
Medicinal Mushrooms

Aqueous extracts of Auricularia polytricha, Macrolepiota procera, and Pleurotus ostreatus
showed an irreversible anti-proliferative effect against human colorectal adenocarcinoma
cell line 205 (COLO-205) [19]. A study conducted on selenium-enriched Pleurotus ostreatus
edible MM extract (SME) downregulated the expression of Raf-1 [20]. Raf-1 is a crucial
protein kinase in the mitogen-activated protein kinase (MAPK) pathway that promotes
growth, differentiation, and survival of cells. Due to gene mutation or under a constitutively
active state of Raf-1, oncogenesis occurs, transforming normal cells into cancerous cells
and increasing cancer cell proliferation in the colon [85]. The inhibition of colon cancer
cell proliferation by Se-enriched mushrooms showed a dose-dependent nature. Purified
selenomethionine mainly targeted the blocking of the RAF-MEK-ERK signaling pathway,
which is involved in cell survival and proliferation [20]. Caproic acid, a medium-chain
fatty acid found in D. indusiata edible MM, shows anti-proliferative effects against human
colorectal [30]. Research conducted on the structural characterization and anti-colon cancer
activity of Agaricus bisporus used a sequential extraction method (room temperature water,
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hot water, high-pressure hot water, dilute alkaline solution, and concentrated alkaline
solution) to obtain five crude polysaccharides, and a homogeneous polysaccharide called
"WAAP-1" was purified from them using a DEAE Cellulose-52 column. WAAP-1 showed
promising anticancer properties by significantly inhibiting the proliferation of HT-29 colon
cancer cells [17].

A polyphenol-rich extract isolated from Pleurotus eryngii showed dose and time-
dependent suppression of HCT-116 cell proliferation. The extract showed no inhibitory
effect against normal human colonic myofibroblasts (CCD-18Co cells) [28]. PEP in Pleurotus
eryngii showed dose and time-dependent suppression of HCT-116 and MC38 murine colon
adenocarcinoma cell line [58]. The a-glucan fraction of Pleurotus ostreatus significantly
decreased the growth of HT-29 cells in a dose-dependent manner [44]. A significant
decrease in the number of precancerous lesions (aberrant crypt foci and microadenomas)
was observed in mice fed the polysaccharide extract of Pleurotus pulmonarius fruiting bodies
or mycelia. The reduction in precancerous lesions was due to decreased cell proliferation,
increased cell death, and reduced levels of the inflammatory cytokine, tumor necrosis
factor alpha (TNF-«) [86]. Aqueous extracts of Auricularia polytricha, Macrolepiota procera,
and Pleurotus ostreatus demonstrated significant inhibition of the growth and proliferation
of human colorectal adenocarcinoma cell line COLO-205 [19]. The methanolic extract of
Lignosus rhinocerotis (Tiger milk mushroom) demonstrated strong anti-proliferative activity
against HCT-116 cells, while the aqueous extract demonstrated weaker anti-proliferative
activity. The ICs values of the methanolic and aqueous extracts were 600 pg/mL and
1200 pg/mL, respectively [87]. Boletus edulis extracts showed dose-dependent and time-
dependent reduction of Caco-2 cell viability. The ICsy values of Caco-2 cells at 24 h, 48 h,
and 72 h incubation periods were >2000 pug/mL, 1880 & 18 ug/mL, and 1509 & 43 pg/mL,
respectively, which demonstrated a significant anti-proliferative effect against human colon
cancer cells [46].

3.1.3. Limitations and Future Directions of In Vitro and In Vivo Studies on the
Anti-Proliferative Activity of Medicinal Mushrooms

Many studies are limited to in vitro and animal studies and suggest that bioactive
compounds inhibit proliferation by targeting oncogenic pathways. They are not clinically
validated, which raises a critical issue about translatability to humans. Furthermore, the
bioavailability of these bioactive compounds remains a major hurdle. Many mushroom-
derived polysaccharides and proteins demonstrate poor absorption and raise concerns
related to high doses that may risk toxicity. The standardization of extraction methods is
another critical issue. Using different extracts raises concerns about varied concentrations
and the types of bioactive compounds extracted. Future research must prioritize human
trials to determine the anti-colon cancer mechanism through anti-proliferative effects. In
addition, optimizing delivery systems through nanoencapsulation and exploring synergis-
tic combinations with chemotherapy could improve the anti-proliferative effects against
colon cancer cells.

3.2. Anti-Colon Cancer Mechanism Through Cell Cycle Arrest
3.2.1. Introduction to Anti-Colon Cancer Mechanism Through Cell Cycle Arrest by
Medicinal Mushrooms

Medicinal mushrooms demonstrate an anti-colon cancer mechanism through cell cycle
arrest. The induction of cell cycle arrest in colon cancer cells is emerging as a promising
approach due to the inability to maintain cellular homeostasis in cancer cells. Through
various in vivo and in vitro studies, polysaccharides, polyphenols, proteins, and other
bioactive compounds have demonstrated selective targeting of cancer cells by arresting
their cell cycle progression.
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3.2.2. In Vitro and In Vivo Studies on Cell Cycle Arrest by Medicinal Mushrooms

Figure 4 illustrates the cell cycle arrest mechanism of edible medicinal mushrooms in
colon cancer. A polyphenol-rich extract isolated from edible Pleurotus eryngii induced cell
cycle arrest in HCT-116 cells. The expression of cyclin B and cyclin E, which are essential
proteins for cell cycle progression, was downregulated in the mitotic phase of the cancer cell
cycle [28]. PEP in Pleurotus eryngii downregulates cyclin B, cyclin E, and Cyclin-dependent
kinase (CDC-2) proteins and arrests the cell cycle, leading to apoptosis induction [58]. The
Lentinus edodes alcohol precipitate (LAP) obtained from L. edodes caused cell cycle arrest
at the G0/G1 phase and prevented COLO 205 xenografted cancer cell proliferation in
nude mice. Only 1 mg/mL of LAP was sufficient to arrest 61.3% of COLO 205 cancer
cells in the GO/G1 phase of the cell cycle [21]. BSGLWE significantly induced cell cycle
arrest at the G2/M phase in HCT-116 cells. The arrested cell percentages at 5 mg/mL
(23.7%) and 7.5 mg/mL (32.2%) were higher when compared with the control (12.0%).
After BSGLWE treatment, the proportion of HCT-116 cells in the G0/G1 phase slightly
decreased, and the proportion of cancer cells in the S phase was significantly decreased.
The G2/M checkpoint was confirmed by measuring cyclin B1 and cyclin A2. The mRNA
levels of cyclin B1 and cyclin A were significantly reduced while the mRNA level of cell
cycle arrest protein cyclin-dependent kinase inhibitor 1 (p21) was increased [31]. HEFP-2b
polysaccharide arrested the colon cancer cell cycle at its S phase and inhibited HCT-116
and DLD1 cell growth [25]. The anti-proliferative activity of SLNT against HT-29 cells
was concentration-dependent. SLNT at a 1600 pug/mL concentration demonstrated the
strongest activity against HT-29 cells and the cell viability was 35.5% [32]. The extract of
Pleurotus sajor-caju prevented further dividing and multiplying of cancer cells by inducing
cell cycle arrest in HCT-116 cells at the G2/M phase. In addition, the extract interfered with
the p21/ tumor protein p53 (p53) cell cycle regulation pathway [4]. The extract of Boletus
edulis interfered with the G0/G1 phase and reduced the proportion of cancer cells in the S
phase [46].
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Figure 4. Cell cycle arrest induced by edible and medicinal mushrooms in colon cancer. CCNB1—
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3.3. Anti-Colon Cancer Mechanism Through Anti-Inflammatory Effects

Chronic inflammation, including prolonged exposure to pro-inflammatory cytokines,
is a risk factor for colorectal cancer (CRC). Bioactive compounds in medicinal mush-
rooms suppress inflammation-related signaling pathways such as NF-«B, Wnt/ 3-catenin,
prostaglandin E2 (PGE2), and COX-2. Further clinical research is required to capture their
full potential in human oncology.

Figure 5 illustrates the anti-inflammatory effects of edible medicinal mushrooms
against colon cancer. Polysaccharides purified from Gloeostereum incarnatum (GIPS) (30
mg/kg) significantly changed 89 of these cytokines (over 1.5-fold change). These altered
cytokines were linked with inflammatory pathways, including the Wnt signaling pathway:.
Pro-inflammatory cytokines IL-18, IL-6, and TNF-« were downregulated while IL-15 and
IL-18 were promoted. GIPS suppressed matrix metallopeptidase-2 (MMP-2) enzyme [43,88].
The six families of interleukins (IL) (IL-1, -2, -6, -8, -10, -17) have their own ways of
being involved in oncogenic or antitumor functions in colorectal cancer [89]. For instance,
IL-18 promotes colon cancer cell proliferation and tumorigenesis and alters the tumor
microenvironment [89-91].
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Figure 5. Anti-inflammatory effects of edible and medicinal mushrooms against colon cancer. COX-
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erythroid 2; TNF-a—Tumor necrosis factor alpha.

IL-6 promotes mitosis, proliferation, metastasis, migration, and angiogenesis and
provides a microenvironment suitable for the metastasis of cancer cells [89]. TNF-« is
associated with CRC as it promotes tumor growth, invasion, and metastasis [92,93]. IL-15
inhibits cancer cell proliferation and angiogenesis and promotes apoptosis [89,94,95]. IL-18
improves intestinal barrier integrity and improves the immune system by acting on NK
cells [89,91,96]. A study investigated the anti-inflammatory effects of the extract of Agaricus
bisporus against Caco-2 cells. The Caco-2 cells were stimulated with LPS and TNF-o. The
extract decreased the cyclooxygenase-2 and prostaglandin F2« receptor levels in cells
associated with inflammation and increased the expression of nuclear factor (erythroid-
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derived 2)-like 2 associated with cellular protection. The anti-inflammatory activity was
further supported by reducing the production of IL-6 in Caco-2 cells [97].

3.4. Anti-Colon Cancer Mechanism Through Antioxidant Effects

During energy production in cells, free radicals (FR) and oxidants are formed, which
are either reactive oxygen species (ROS) or reactive nitrogen species (RNS). The excess
production of these FRs and oxidants could cause oxidative stress and an imbalance in
the antioxidant system. This causes detrimental effects, including colon cancer [30,98-100].
Some edible MM species are rich sources of antioxidants [19]. The methanolic extracts of
five different medicinal mushrooms (Phellinus linteus, Cordyceps sinensis, L. edodes, Coprinus
comatus, and G. lucidum) caused a prooxidant/antioxidant imbalance in colon cancer cell
lines, leading to oxidative stress. Phellinus linteus showed the highest phenolic content,
flavonoid content, and DPPH scavenging capacity. It was determined that anti-migratory
effects had a positive correlation with increased superoxide anion radical production
(O2°7) [18].

3.5. Anti-Colon Cancer Mechanism Through the NF-xB Signaling Pathway

NF-kB is a protein complex signaling pathway that may control the transcription
of DNA, cytokine production, cell survival, and, in particular, inflammatory responses,
cellular growth, and apoptosis, and it may be related to diseases such as cancer [101-103].
The activation of NF-kB in inflammatory bowel disease might induce cellular transfor-
mation, mediate cellular proliferation, and prevent the elimination of pre-neoplastic and
fully malignant cells by upregulating anti-apoptosis proteins, increasing the risk of col-
orectal cancer [104]. However, NF-kB also may make a remarkable contribution to colon
cancer progression through the regulation of the target genes that help in cell proliferation
(Cyclin D1), angiogenesis (vascular endothelial growth factor (VEGF), IL-8, COX2), and
metastasis (MMP9). It has been found that various edible and medicinal mushroom com-
pounds have anti-colon cancer activity, which may help in cell proliferation, angiogenesis,
and metastasis.

3.6. Anti-Colon Cancer Mechanism Through the Wnt/B-Catenin Signaling Pathway

The anti-colon cancer effects of GIPS were demonstrated in a mouse model (ApcMi“C/
Gpt mice), where the growth, size, and number of tumors were reduced after an 8-week ad-
ministration but body weight was not affected. GIPS (90 mg/kg) showed better results than
GIPS (30 mg/kg). GIPS regulated the Wnt/S-catenin signaling pathway, which promoted
cancer cell proliferation, and showed resistance to chemotherapy. GIPS downregulated the
expression of B-catenin, Frizzled-7, WNT1, LRP5/6, MMP-2, and MMP-9 and upregulated
the expression of DKK1 and Kremen-2. In addition, GIPS suppressed GSK-33 phospho-
rylation in colon cancer tissues [26]. Abnormal activation of the Wnt/ 3-catenin signaling
pathway is one of the main features in CRC. This occurs due to the mutation of either
the APC gene (Adenomatous Polyposis Coli) or the -catenin gene. The Wnt/ 3-catenin
signaling pathway has significant roles in maintaining stem cell homeostasis and intesti-
nal function in the human body. Mutations in APC or the (3-catenin gene promote the
accumulation of (3-catenin in the cell nucleus, which eventually promotes colon cancer cell
proliferation and tumorigenesis. Therefore, targeting this pathway to treat colon cancer
would be an effective strategy [105,106]. MMP-1 gene expression is also associated with
colon cancer cell invasion and migration [107,108].
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3.7. Anti-Colon Cancer Mechanism Through Apoptotic Effects
3.7.1. Initiation of Apoptotic Effects Through Intrinsic and Extrinsic Pathways

Table 1 illustrates the anti-colon cancer mechanism of edible medicinal mushrooms through

apoptotic effects. Apoptosis is a well-regulated process that programs the death of cells.

During colon cancer, the apoptotic pathway is dysregulated or inhibited through various

mechanisms by the overexpression of antiapoptotic proteins or underexpression of proapop-

totic proteins [109].The extrinsic pathway (death receptor-mediated) and intrinsic pathway

(mitochondria-dependent) are the two primary pathways involved in initiating apoptosis [110].

Table 1. Anti-colon cancer mechanism of edible and medicinal mushroom through apoptotic effects.

Active Compo-

Extraction

Experimental

Scientific Name Common Name nent/Fraction Method Model Mechanism References
Upregulation of
WAAP-1, Polysaccharide HT-29 human Casp ase-?a, BAX,
. E-cadherin; [17,42]
WAAP-2 extraction colon cancer cells .
downregulation of
hite b Bcl-2, Vimentin
: ; White button
Agaricus bisporus mushroom Downregulation of
. Bcl-2, TGF-$;
Microencapsulated . .
. Polysaccharide Caco-2 human upregulation of
polysaccharide . _ [40]
extract extraction colon cancer cells  TkappaB-«;
inhibits NF-kB
signaling pathway
Upregulation of p53,
p21/Cip1, p27/Kip1;
LAP Mycelium extract COLO 205 human downregulation of [21]
colon cancer cells .
cyclins B and D3;
induces apoptosis
Lentinus edodes Shiitake ivati
mushroom Activation of
mitochondrial apoptotic
SLNT Water extraction HT-29 human pathways, caspase-3 32]
colon cancer cells  and caspase-8
activation, cytochrome ¢
release, MMP loss
Upregulation of
. Polyphenol-rich caspase-3, caspase-8 p53,
Pleurotus eryngii King oyster extract, PEP Polyp henol HCT-116 human c-PARP; cleaves [28,58,59]
mushroom . extraction colon cancer cells .
(Protein) caspase-3; induces
cell death
Polysaccharide HT-29 human Upregulation c?f BAX,
«-Glucan . cytochrome c; induces [44]
extraction colon cancer cells .
apoptosis
Pleurotus ostreatus gisstk?rroom Increased ROIC’ N
production, glutathione
Protein extract Protein extraction SW480 human depletion, loss of [60]
colon cancer cells mitochondrial
membrane potential
. .. Regulation of Bcl-2,
Pleurotus‘ Indian oyster Polysaccharides Frultlr.lg body/ HT-29 human BAX, cytochrome C; [36]
pulmonarius mushroom mycelium extract  colon cancer cells )
Induces apoptosis
Increased SubG1 phase
Volvariella volvacea Straw mushroom  Protein extract Protein extraction SW480 human ce.lls, loss Of‘ [60]
colon cancer cells  mitochondrial
membrane potential
Agaricus blazei, Caco-2 human Induces early and
Hericeum erinaceus, - Andosan™ Water extraction 4 [35]
. colon cancer cells  late apoptosis
Grifola frondosa
Hexane and . .
Gunqdermy Reishi mushroom  chloroform Fractlop Colqmc Induction of apoptosis [27]
neo-japonicum fractions extraction carcinoma cells
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Table 1. Cont.

s o Active Compo- Extraction Experimental .

Scientific Name Common Name nent/Fraction Method Model Mechanism References
Upregulation of NAG-1;
downregulation of Bcl-2,

Ganoderma lucidum BSGLWE Water extraction HCT-116 human pro-caspase-3, [31]

colon cancer cells  pro-caspase-9;
cleaves PARP;
caspase-8 activation
ROS generation;
L ) g n-hexane ) p53, BAX, caspase-3

Pleurotus sajor-caju PSC-hex extraction upregulation; Bcl-2 [4]

downregulation

Abbreviations: Andosan™—Water extracts of the mycelia of Agaricus blazei (82.4%), Hericeum erinaceus
(14.7%), and Grifola frondosa (2.9%); BAX—Bcl-2-associated x, apoptosis regulator; Bcl-2—B-cell lymphoma
2; BSGLWE—Sporoderm-broken spores of G. lucidum water extract; Caco-2—Human colorectal adenocarci-
noma cell line; COLO-205—Human colorectal adenocarcinoma cell line 205; HCT-116—Human colorectal
carcinoma cell line 116; HT-29—Human colorectal adenocarcinoma cell line 29; IkappaB-&—NEF-kappa-B in-
hibitor alpha; LAP—Lentinus edodes alcohol precipitate; NAG-1—Nonsteroidal anti-inflammatory drug-activated
gene-1; NF-kB—Nuclear factor kappa-light-chain-enhancer of activated B cells; p21/Cip1 or CDKN1A—Cyclin-
dependent kinase inhibitor 1; p27/Kipl or CDKN1B—Cyclin-dependent kinase inhibitor 1B; p53—Tumor
protein p53; ROS—Reactive oxygen species; PARP—Poly (ADP-ribose) polymerase; PSC-hex—n-hexane frac-
tion of Pleurotus sajor-caju; SLNT—Water-extracted polysaccharide from Lentinus edodes; SW-480—Surg pathol-
derived colorectal cancer cell line 480; TGF-f—Transforming growth factor beta, WAAP—A homogeneous
neutral polysaccharide.

3.7.2. Apoptotic Effects of Inonotus obliqguus, Pleurotus ostreatus, and Agaricus bisporus

Edible medicinal mushrooms have shown promising results against CRC by activating
apoptotic pathways. IOWE inhibited the proliferation of HT-29 cells through apoptotic
effects. IOWE decreased the level of Bcl-2, an anti-apoptotic protein, and increased the levels
of Bcl-2-associated x (BAX), an apoptosis regulator, and caspase-3, triggering apoptosis [6].
Members of the Bcl-2 family of proteins are major contributors in CRC through colon cancer
cell initiation, progression, and resistance to cancer treatments [111].

SME enhances the regulation of p53 and caspase-3 [20]. p53 protein regulates apop-
tosis. Notably, 60% of CRC patients have a mutation in this gene and show resistance
to cancer treatments due to dysregulation of the apoptotic pathway [112]. Caspase-3 is
a key enzyme involved in apoptosis that causes the death of cancer cells and acts as a
tumor suppressor. However, recent studies have focused on the non-apoptotic function of
caspase-3, which could contribute to tumor progression in the colon [113]. The x-glucan
fraction of Pleurotus ostreatus induced apoptosis in HT-29 cells by increasing levels of BAX
and cytosolic cytochrome-c proteins [44].

WAAP-1 promoted apoptosis of colon cancer cell line HT-29 and inhibited the
epithelial-mesenchymal transition in HT-29 cells. The expression of caspase-3, BAX, and
E-cadherin proteins was upregulated while Bcl-2 and Vimentin protein expression was
downregulated [17]. WAAP-2 showed an apoptosis-inducing effect by arresting the HT-29
cell cycle at the S phase. Also, by upregulating caspase-3 and BAX protein expression
and downregulating Bcl-2 protein expression, WAAP-2 promoted apoptosis. WAAP-2
induced the expression of E-cadherin and inhibited Vimentin expression. By inducing
the expression of E-cadherin, the migration and invasion of colorectal cancer cells can be
inhibited. By inhibiting Vimentin expression, the epithelial-mesenchymal transition can
be affected, decreasing the invasive potential of CRC cells [42]. Natural killer cells treated
with microencapsulated polysaccharide extract from Agaricus bisporus induced apoptosis in
Caco-2 cells by downregulating the expression of genes that promote cell survival, such as
Bcl-2 and transforming growth factor beta (TGF-p), and upregulating NF-kappa-B inhibitor
alpha (IkappaB-«) gene expression, which inhibits the NF-«B signaling pathway [40].
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3.7.3. Apoptotic Effects of Pleurotus eryngii and Ganoderma lucidum

A polyphenol-rich extract of Pleurotus eryngii caused apoptosis induction in HCT-
116 cells. The molecular mechanisms involved downregulating cell cycle proteins and
upregulating apoptosis proteins. The polyphenol extract upregulated caspase-3 and cleaved
caspase-3 proteins, leading to cell death [28]. PEP upregulated apoptosis proteins such as
P53 and c-poly (adp-ribose) polymerase (PARP), initiating cell death. The in vivo study
conducted on PEP treatment of mice with transplanted colon cancer cells showed increasing
levels of p21, p53, caspase-3, and cleaved caspase-3 in tumor tissues and suppressed tumor
growth in mice. Increased cleavage of caspase-8 was observed, confirming the activation of
the extrinsic apoptotic pathway. The activated caspase-8 then cleaved caspase-3 and PARP,
ultimately leading to programmed cell death [58].

Apoptosis increased in colon cancer cells in a dose-dependent and time-dependent
manner after BSGLWE treatment. BSGLWE treatment induced nuclear fragmentation,
condensation, coagulation, and formation of apoptotic bodies in HCT-116 cells. BSGLWE
upregulated survivin expression while downregulating Bcl-2 expression. In addition, Bcl-2,
pro-caspase-3, pro-caspase-9, and cleaved PARP protein levels were altered. BSGLWE
also induced death receptor-mediated apoptosis in HT-29 and HCT-116 cells through
the activation and upregulation of caspase-8. Caspase-8 is a key initiator of the extrinsic
apoptosis pathway. Subsequently, the upregulation of caspase-8 resulted in the cleavage
and activation of caspase-3. This triggered programmed cell death in colon cancer cells.
The expression of nonsteroidal anti-inflammatory drug-activated gene-1 (NAG-1) at both
mRNA and protein levels was induced. Higher concentrations of BSGLWE (both 5 and
7.5 mg/mL) increased the secretion of NAG-1 into the cell culture medium [31]. NAG-1
induces various anticancer effects and its role in apoptosis is complex. NAG-1 acts as
a tumor suppressor that inhibits cancer cell growth and promotes apoptosis. NAG-1
combined with the downregulation of Bcl-2 or related anti-apoptotic proteins enhances the
apoptosis mechanism [114,115].

3.7.4. Apoptotic Effects of Lentinus edodes as a Promising Medicinal Mushroom

The combined therapeutic effect of Lentinus edodes mycelium extract (LEM) and 5-
fluorouracil against human colon cancer cells in xenografted nude mice showed promising
antitumor activity by inducing apoptosis. Many COLO 205 cancer cells underwent apopto-
sis when treated with concentrations greater than 15 mg/mL LAP for 15 h. At the same time
and concentration, COLO 205 cells showed morphological changes and internucleosomal
DNA degradation. Also, LAP enhanced the effectiveness of 5-fluorouracil. The synergistic
effect of LEM and 5-fluorouracil increased the expression of cell cycle inhibitor proteins
p53, p21/Cipl, and cyclin-dependent kinase inhibitor 1B (p27/Kip1) and decreased the
expression of cyclins B and D3 in tumor cells [21].

SLNT affects tumor growth and induces apoptosis in a dose-dependent manner. SLNT
at 1600 pg/mL resulted in 48.50% apoptotic cells, while the control group’s value was 7.31%.
AO/EB staining showed more apoptotic cells than normal cells. In DAPI staining, many
SLNT-treated cells showed condensed chromatin, confirming the presence of apoptotic
cells. SLNT treatment significantly reduced tumor size and weight. This mechanism was
dose-dependent (0.2, 1.0, and 5.0 mg/kg inhibition percentages were 17.88%, 48.87%, and
57.90%, respectively), but the rates were lower than the positive control drug 5-FU (67.23%
inhibition). SLNT activates mitochondrial apoptotic pathways, activates caspase-3, releases
cytochrome ¢, and causes loss of mitochondrial membrane potential.

SLNT significantly increased the levels of TNF-«, a pro-inflammatory cytokine, and
caspase-8 in HT-29 cells. TNF-« triggers apoptosis through an extrinsic pathway. Caspase-8
is one of the key components of the extrinsic pathway and acts as an initiator caspase.
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The SLNT-induced apoptosis was dependent on capase-8 activation to some extent. This
was further confirmed through using a caspase-8 inhibitor, which reduced the extent
of apoptosis induced by SLNT. This suggested that caspase-8 played a crucial role in
mediating the anti-colon cancer effects of the L. edodes polysaccharide [32].

3.7.5. Apoptotic Effects of Other Promising Medicinal Mushrooms in Anti-Colon
Cancer Therapy

The hexane and chloroform fractions of G. neo-japonicum exert their anti-colon cancer
activity against colonic carcinoma cells through the induction of apoptosis [27]. Polysaccha-
rides extracted from Pleurotus pulmonarius induced dose-dependent apoptosis in human
colon cancer cells. The extract regulated Bcl-2, BAX, and cytochrome C protein expres-
sion [86]. Andosan™ induced apoptosis in Caco-2 cells. Andosan™-treated groups showed
significant increases in the abundance of both early and late apoptotic cells compared
to untreated controls. The control group, 1.0% Andosan™, and 5.0% Andosan™ treated
groups, respectively, showed 5.7% =+ 1.5%, 15.3% =+ 2.1%, and 35.6% = 4.5% in early apop-
tosis, while late apoptosis showed 7.3% =+ 2.1%, 35.6% =+ 4.5%, and 39.7% =+ 7.6% [35].
Protein extracts of Calvatia lilacina, Pleurotus ostreatus, and Volvariella volvacea demonstrated
apoptosis induction in SW480 cells. Pleurotus ostreatus increased ROS production, depletion
of glutathione, and loss of mitochondrial membrane potential, while other extracts dra-
matically increased the proportion of SW480 cells in the sub-G1 phase. Volvariella volvacea
demonstrated a stronger apoptotic effect, increasing the proportion of SubGl1 cells from
1.9% to 97.8% [60]. The n-hexane fraction of Pleurotus sajor-caju (PSC-hex) induced cancer
cell apoptosis by breaking down the mitochondrial membrane potential in cancer cells, ROS
generation, increasing the expression of p53, BAX, and caspase-3 proteins, and decreasing
the expression of Bcl-2 [4].

3.8. Anti-Colon Cancer Mechanism Through Antimigratory Effects

Table 2 summarizes the anti-colon cancer mechanism through antimigratory effects.
The antimigratory effects of methanolic extracts of Phellinus linteus, Cordyceps sinensis, Lenti-
nus edodes, Coprinus comatus, and Ganoderma lucidum mushroom varieties were determined
using the Transwell assay and immunofluorescence staining of p-catenin. Phellinus linteus
showed significant antimigratory effects against both HCT-116 and SW-480 colon cancer cell
lines. At the same time, all of the other mushroom extracts had significant anti-migratory
effects against only the HCT-116 colon cancer cell line. The antimigratory effects had a
positive correlation with both increased superoxide anion radical production (O,°~) and
reduced expression of B-catenin protein [18].

Table 2. Table 2. Anti-colon cancer mechanism through antimigratory effects and cytotoxic effects.

Active Compound/

Scientific Name Common Name Fraction Experimental Model Mechanism of Action References
Significant antimigratory effects
. . against both cell lines; correlated
Phellinus linteus N/A Methanolic extract HCT-116 and SW- 4 80 with increased superoxide anion [18]
colon cancer cell lines . .
radical production and reduced
[3-catenin expression
Significant antimigratory effect;
Cordyceps sinensis N/A Methanolic extract HCT._116 colon cancer correlatgd Wlth mcre.ased . [18]
cell line superoxide anion radical production
and reduced (-catenin expression
Significant antimigratory effect;
Lentinus edodes Shiitake Methanolic extract HCT.-116 colon cancer correlatgd w1th mcregsed . [18]
mushroom cell line superoxide anion radical production

and reduced B-catenin expression
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Table 2. Cont.

Active Compound/

Scientific Name Common Name Fraction Experimental Model Mechanism of Action References
Significant antimigratory effect;
Coprinus comatus Shaggymane Methanolic extract HCT._116 colon cancer correlate.zd Wlt.h mcregsed . [18]
cell line superoxide anion radical production
and reduced -catenin expression
Significant antimigratory effect;
Canoderma lucidum Reishi Methanolic extract HCT.-116 colon cancer correlatgd w1th mcregsed _ [18]
mushroom cell line superoxide anion radical production
and reduced (-catenin expression
Macrolepiota procera Parasol Ethanolic extract COLO-205 humar} Significant cytotoxic effect [19]
mushroom colon cancer cell line
Pleurotus ostreatus Oyster Aqueous extract COLO-205 humar} Significant cytotoxic effect [19]
mushroom colon cancer cell line
Hericium erinaceus Lion’s mane n-hexane extract HCT_116 humar} colon Lower cytotoxicity level [30]
mushroom carcinoma cell line
Metacordyceps E HCT-116 human colon ~ Highest anti-colon cancer effect
neogunmnii N/A n-hexane extract carcinoma cell line (68.6 & 3.6% cytotoxicity) [30]
Dictyophora indusiata Bamboo n-hexane extract HCT-116 humar} colon Lower cytotoxicity level [30]
mushroom carcinoma cell line
Microcapsulated Increased CD16+CD56+ NK cell
Aoaricus bisporus Button ol sacc};lari de Caco-2 human colon population; 74.09% cytotoxic [40]
& P mushroom lertE]ac ‘ cancer cell line activity; GO/G1 phase cell
cycle arrest
Concentration-dependent
Calvatia lilacina N/A Protein extract SW480 and THP-1 cells  cytotoxicity; significant decreasein  [60]
cell viability at high concentrations
Ovster Concentration-dependent
Pleurotus ostreatus Y Protein extract SW480 cell line cytotoxicity; significant decrease in ~ [60]
mushroom o . .
cell viability at high concentrations
Straw Concentration-dependent
Volvariella volvacea Protein extract SW480 cell line cytotoxicity; significant decrease in [60]
mushroom s . .
cell viability at high concentrations
Gangderma N/A Hexane and . Colonic carcinoma cells ~ Cytotoxic effect [27]
neo-japonicum chloroform fractions
Lentinus edodes Shiitake Alcohol precipitate Colon epithelial cells Selective cytotoxicity in [21]
mushroom cancerous cells
Strong cytotoxicity
PSC-hex N/A Hexane extract Colorectal cancer cells (IC50 = 0.05 mg/mL) [4]
Agaricus blazei, Caco-2 human colon Concentration-dependent cytotoxic
Hericeum erinaceus, - Andosan™ effects; cell viability reduction [35]

Grifola frondosa

cancer cell line

correlated with concentration

Abbreviations: Andosan™—Water extracts of the mycelia of Agaricus blazei (82.4%), Hericeum erinaceus (14.7%)
and Grifola frondosa (2.9%); Caco-2—Human colorectal adenocarcinoma cell line; COLO-205—Human colorectal
adenocarcinoma cell line 205; HCT-116—Human colorectal carcinoma cell line 116; HT-29—human colorectal
adenocarcinoma cell line 29; NK cells—Natural killer cells; SW-480—Surg pathol-derived colorectal cancer cell
line 480; THP-1—Tohoku Hospital Pediatrics-1 human monocytic leukemia cell line.

3.9. Anti-Colon Cancer Mechanism Through Cytotoxic Effecst

Table 2 summarizes the anti-colon cancer mechanism through cytotoxic effects. The
ethanolic extract of Macrolepiota procera and aqueous extract of Pleurotus ostreatus showed
significant cytotoxic effects against the COLO-205 cell line [19]. The n-hexane extracts
of Hericium erinaceus, Metacordyceps neogunnii, and Dictyophora indusiata MMs showed
dose-dependent anticancer activity. M. neogunnii showed the highest cytotoxicity level
(68.6 + 3.6%) while H. erinaceus (18.3 + 1.7%) and D. indusiata (19.3 + 3.2%) demonstrated
lower cytotoxicity levels against HCT-116 cells at 100 pg/mL [30]. The microcapsulated
polysaccharide extract from A. bisporus significantly increased the CD16+CD56+ NK cell
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population, showing 74.09% cytotoxic activity against the Caco-2 cell line. Many treated
cancer cells were arrested at the GO/G1 phase [40].

The Andosan™ concentration showed a strong inverse correlation with Caco-2 cell
viability. Even the lowest concentration, 0.5%, showed a 14% reduction while the highest
concentration, 5%, showed 90% cell viability reduction [35]. Protein extracts of Calvatia
lilacina, Pleurotus ostreatus, and Volvariella volvacea demonstrated concentration-dependent
cytotoxicity against SW480 and THP-1 cells. After 24 h of treatment with 500 pg/mL,
all three protein extracts significantly decreased the cell viability of SW480 cells (8%, 2%,
and 7%, respectively). Pleurotus ostreatus showed concentration-dependent cell viability
reduction. The viability decreased to 39%, 10%, and 7% at 10 and 25 pg/mL, 50 ug/mL, and
100 ug/mL, respectively. Volvariella volvacea decreased cell viability by 20% at 10 pg/mL.
The results suggested that the type of extract and the concentration used influence the
degree of cytotoxicity [60]. PSC-hex demonstrated a strong cytotoxicity effect against
colorectal cancer cells, with an IC5j value of 0.05 mg/mL [4]. Regardless of the tumor
protein p53 status, the combined effect of LEM and 5-fluorouracil enhanced the cytotoxic
effect. LAP demonstrated selective cytotoxicity against colon epithelial cells and less
cytotoxicity against non-cancerous colon epithelial cells [21]. The hexane and chloroform
fractions of Ganoderma neo-japonicum exerted their anti-colon cancer activity against colonic
carcinoma cells through cytotoxic effects [27].

3.10. Anti-Colon Cancer Mechanism Through Gene Modulation

The bioactive compounds in medicinal mushrooms also exert their anti-colon cancer
effects through gene modulation. This mainly involves critical genes such as Baculovi-
ral IAP Repeat-Containing 5 (BIRC5), human telomerase reverse transcriptase (W\TERT),
hypoxia-inducible factor-1 alpha (HIF-1x or HIF1A), and Multidrug Resistance Protein
1 (MDR1). The following sections delve into the anti-colon cancer mechanism through
gene modulation.

3.10.1. Anti-Colon Cancer Mechanism Through BIRC5 (Survivin) Modulation

BIRC5, which is also known as survivin, plays a significant role as an inhibitor of the
apoptosis protein (IAP) family and as an immune-related gene. It functions as an inhibitor
of apoptosis (IAP) and regulates cell division by functioning as a chromosomal passenger
protein. Overexpression of BIRC5 may show relationships with various types of cancer,
particularly human colon cancer. BIRC5 interacts with other molecular pathways, such as
Wnt/ 3-catenin and p53, and supports tumor growth and evasion of cell death [116,117].

Polysaccharides found in medicinal mushrooms such as Ganoderma lucidum, Phellinus
linteus, and Lentinus edodes indirectly downregulate BIRC5 by inhibiting the NF-kB and
PIBK/AKT/mTOR pathways and direct suppression at transcriptional and translational
levels. Proteomic analyses conducted during research studies confirmed that mushroom
extracts reduced BIRCS levels in colon cancer cell lines. This was correlated with decreased
cell proliferation and increased apoptosis. Triterpenoids present in Ganoderma lucidum
suppressed BIRCS expression through blocking STAT3 signaling, a protein-mediated path-
way of gene expression that upregulates survivin expression. Due to this, the caspases
were activated, leading to apoptosis in colon cancer cells. Lectins and proteins present in
Ganoderma lucidum induced the p53-mediated suppression of BIRC5, promoting cancer cell
cycle arrest and programmed cell death. Overall, downregulation of BIRC5 inhibits the
colon cancer survival rate through inducing programmed cell death, restricting cancer cell
proliferation, and enhancing chemo sensitivity [118-120]. A study conducted on the bioac-
tive compounds present in a mixture of Trametes versicolor, Ganoderma lucidum, and Dioscorea
opposite extract interfered with BIRC5 through proteomic and metabolic reprogramming.
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The mechanism of interference with BIRC5 mainly included the downregulation of BIRC5
and indirect suppression of BIRC5 through metabolic and translational reprogramming.
Direct downregulation of BIRC5 was clearly demonstrated in the tandem mass tag (TMT)
proteomics analysis. BIRCS inhibition promotes apoptosis in cancer cells. BIRC5 production
was indirectly reduced through disrupting key translation-related protein synthesis such as
EIF4 family proteins. The mushroom extract also created an unfavorable environment for
cancer cells and suppressed the anti-apoptotic mechanism. These studies suggested that
the bioactive compounds in the mushroom extract downregulated BIRC5 and promoted
the apoptosis of cancer cells [121].

3.10.2. Anti-Colon Cancer Mechanism Through Telomerase Reverse
Transcriptase Modulation

hTERT is the catalytic subunit of telomerase, which is responsible for maintaining the
length of telomeres. This leads to shortening of telomeres during each cell division and
eventually leads to apoptosis. However, in colon cancer cells, hTERT reactivates and allows
proliferation. A study conducted on hTERT proteins in colorectal cancer investigated
the expression and tumorigenesis activity of hTERT, which is more frequent in colorectal
tumors. Certain clinicopathological features were also associated with hTERT expression.
Immunohistochemistry showed that increased levels of hTERT were associated with tumor
behavior in colon cancer [122,123]. A study conducted using the combined extract of both
G. lucidum spores and Sanghuangporus vaninii demonstrated that TERT mediated the Wnt
signaling pathway by downregulating hTERT [124]. A study conducted using Ganoderma
tsugae and its fungal immunomodulatory protein (FIP) inhibited the activity of hTERT.
Many studies have been conducted to investigate the effect of h\TERT in human lung carci-
noma cells rather than in human colon cancer cells. Therefore, more studies on colorectal
cancer and hTERT should be conducted to identify and understand the mechanisms and
specific bioactive compounds present in medicinal mushrooms. Fungal immunomodula-
tory proteins transcriptionally downregulated hTERT, leading to telomerase inhibition in
the A549 human lung adenocarcinoma cell line [125].

3.10.3. Anti-Colon Cancer Mechanism Through Hypoxia-Inducible Factor 1
Alpha Modulation

HIF-1a plays a significant role in the cellular response to low oxygen levels. It functions
as a key transcriptional regulator. HIF-1o« promotes angiogenesis, metabolic adaptation,
and cell survival, leading to colon cancer aggressiveness and tumor growth in the human
body through hypoxia-mediated pathways and under normoxic conditions. A study was
conducted to investigate HIF-1x-driven colon cancer proliferation, demonstrating that
overexpression of HIF-1x enhances tumor growth in colon cancer cells [126,127].

G. lucidum is a medicinal mushroom that has triterpenes and polysaccharides as bioac-
tive compounds. These compounds exhibit antitumor activity under hypoxic conditions
by inhibiting HIF-1o. Antrodia camphorata also suppresses HIF-1o expression and helps to
reduce tumor hypoxia adaptation. The bioactive compounds in these mushrooms had the
ability to interfere with tumor hypoxia signaling, which is a critical pathway in colon cancer
progression [128]. Ganoderma lucidum (Lingzhi or Reishi) aqueous mushroom extract (GLE)
plays a role on hypoxia-induced responses that include HIF-1o« modulation. The results
demonstrated that the extract dramatically reduced hypoxia-induced HIF-1« stabilization
in rat thymocytes. Generally, HIF-1« levels increase under hypoxic conditions. However,
GLE treatment suppressed this upregulation of HIF-1x and contributed to the restoration
of redox balance and reduction of inflammatory responses [129].
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3.10.4. Anti-Colon Cancer Mechanism Through Multidrug Resistance
Protein 1 Modulation

MDR1, also known as ABCB1 or P-glycoprotein, is an ATP-binding cassette (ABC)
transporter. MDR1 functions as an efflux pump that expels chemotherapeutic agents out
of cancer treated cells. MDR1 decreases intracellular drug accumulation and reduces the
effectiveness of cancer treatments. Increased expression of MDRI1 correlates with poor
prognosis, and reduced response to therapy has become a major issue in treatments [130].

Mushroom-derived bioactive compounds downregulate MDR1 expression by inhibit-
ing the NF-kB, AP-1, and PI3K/Akt pathways. These compounds can block MDR1 efflux
activity and enhance intracellular drug accumulation. G. [ucidum has triterpenoids such
as ganoderic acids, which inhibit NF-«B and MAPK signaling and suppress MDR1. T.
versicolor contains PSK and polysaccharide-peptide (PSP), which decrease MDR1-mediated
resistance by inhibiting PI3K/Akt and immunomodulation. Phellinus linteus contains his-
pidin and polysaccharides that downregulate MDR1 via ROS-mediated pathways [78]. A
study conducted on G. lucidum identified polysaccharides, triterpenes (ganoderic acids),
and other metabolites as major bioactive components in G. lucidum. The bioactive com-
pounds modulate the NF-kB and STAT3 signaling pathways. NF-«B is identified as a
transcriptional regulator of MDR1 and, by suppressing the activation of NF-«B, indirectly
downregulates the expression of MDR1, which may be very valuable for chemo treatments.
MDRI1 downregulation decreases the expression of pro-inflammatory cytokines because
chronic inflammation promotes MDR1 upregulation [23]. Ganoderic acid, a bioactive triter-
penoid derived from G. lucidum, regulated MDR1 expression in the surg pathol-derived
colorectal cancer cell line 620 (SW620/Ad300) cells. These compounds inhibit NF-xB
activation, which indirectly downregulates MDR1 expression [131].

4. Challenges and Limitations

Edible medicinal mushrooms in colon cancer therapy face several challenges and limi-
tations, particularly, limited clinical evidence, variability in the composition of mushroom
species, mushroom cultivation and preparation techniques, potential for drug interactions,
quality control and standardization, limited understanding of mechanisms, potential side
effects, and ethical considerations. While many edible medicinal mushrooms demonstrate
anti-colon cancer properties, the specific mechanisms are yet to be discovered. Establishing
consistent efficacy, quality, and safety is critical in mushroom-derived products. Well-
designed clinical trials are crucial before using medicinal mushrooms in clinical practice.
Mushroom-derived drug development and delivery systems require new modifications to
improve their pharmacokinetics and therapeutic efficacy. It is necessary to develop a clear
regulatory framework for both patients and healthcare providers and to address ethical
concerns [36,132-134].

5. Future Directions and Research Opportunities

Globally, colon cancer has become one of the most significant causes of mortality.
Conventional therapies for cancers have significant adverse impacts on patients and their
limitations encourage the exploration of alternative therapies. Edible MMs have gained
significant attention in recent years for their potent anticancer properties. Further research
should be focused on mechanistic, translational, and clinical studies to capture their full
potential to treat colon cancer. Research in this field should prioritize bioactive compound
isolation, identifying their mechanisms of action, developing synergistic therapeutic effects,
and standardizing delivery systems. MMs improve the quality of life of cancer patients by
preventing lymph node metastasis and decreasing the side effects of chemotherapy [82].
It is important to continue the identification and characterization of different anti-colon
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cancer compounds in mushroom species and understand their mechanisms of action. A
deeper understanding of how these bioactive compounds exert their effects is important
to developing effective and safer anti-colon cancer therapeutics. Novel drugs can be
formulated using these active compounds but they need to be confirmed through rigorous
human clinical trials. Combining mushroom-derived compounds with conventional cancer
treatments may offer a synergistic approach to fight against colon cancers [82,135,136].

As strong suggestions for future improvements in this field, Al-driven bioactive com-
pound discovery and analysis could be used to predict synergistic mushroom compound
combinations to treat colorectal cancer-specific pathways [137]. Engineered mushrooms
through clustered regularly interspaced short palindromic repeats (CRISPR) gene editing
technology can be used to develop mushroom species that can overexpress anti-CRC com-
pounds [138]. Oral mushroom spore-based vaccines could be introduced as a new concept
in vaccine development, where people with colorectal cancers could use spores to deliver
CRC-specific antigens to the gut. Eventually this will stimulate an immune response in the
gut to fight against colorectal cancer [139-141].

6. Conclusions

Colon cancer has become a major global health issue. The search for novel, affordable,
and effective treatments with minimum side effects is demanding. This review compre-
hensively explores the anti-colon cancer properties of edible medicinal fungi. It is evident
that bioactive compounds derived from medicinal mushroom species show significant
effects against colon cancer. These natural compounds exert their actions through various
mechanisms, demonstrating anti-proliferative, pro-apoptotic, and anti-metastatic effects
in preclinical models. Also, a synergistic effect can be gained by combining medicinal
mushrooms with standard chemotherapy or combining multiple mushroom species. While
current research is promising, well-designed human clinical trials are crucial to confirm
their effectiveness and safety. Improving extraction methods and formulations could
further enhance their therapeutic benefits.
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Abstract: Environmental exposure to a mixture of chemical xenobiotics acts as a double-edged
sword, promoting or suppressing tumorigenesis and the development of breast cancer (BC). Before
anything else, we are what we eat. In this review, we highlight both “the good” and “the bad”
sides of the daily human diet and dietary patterns that could influence BC risk (BCR) and incidence.
Thus, regularly eating new, diversified, colorful, clean, nutrient-rich, energy-boosting, and raw
food, increases apoptosis and autophagy, antioxidation, cell cycle arrest, anti-inflammation, and
the immune response against BC cells. Moreover, a healthy diet could lead to a reduction in or the
inhibition of genomic instability, BC cell stemness, growth, proliferation, invasion, migration, and
distant metastasis. We also emphasize that, in addition to beneficial compounds, our food is more
and more contaminated by chemicals with harmful effects, which interact with each other and with
endogenous proteins and lipids, resulting in synergistic or antagonistic effects. Thus, a healthy and
diverse diet, combined with appropriate nutritional behaviors, can exert anti-carcinogenic effects and
improve treatment efficacy, BC patient outcomes, and the overall quality of life of BC patients.

Keywords: breast cancer (BC); breast cancer risk (BCR); diet; nutrition; carcinogenic molecular
pathways; bioactive compounds; food contaminants

1. Introduction

BC is the most diagnosed cancer worldwide, with over 2.3 million new cases and
685,000 deaths in 2020; BC diagnosis is predicted to increase to over 3 million new cases
and one million deaths by 2040 [1]. Evidence suggests that environmental exposure to
certain chemicals and lifestyle account for 70% to 90% of the risk factors for chronic diseases,
whereas only 10% to 30% can be explained by a specific genomic landscape [2]. Both dietary
compounds and daily nutrition-related habits may play key roles in preventing diseases [3]
or, on the contrary, can exert carcinogenic effects, even at low levels of exposure [4]. The
expression a “double-edged sword” refers to something that has both good and bad con-
sequences. For example, food contaminants are usually chemical substances, as well as
microbial or physical compounds present in edibles, which may be harmful to human
health, with different levels of severity [5]. Moreover, food contaminants are generally
environmental pollutants, which are not present naturally in raw food, with contamination
occurring during the production, processing, distribution, storage, packaging, transporta-
tion, or preparation of food. On the contrary, a plethora of bioactive compounds are present
in “functional food”, dietary supplements, and plant or animal nutraceuticals, which are
known to exert beneficial effects on health [6].
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Phytochemistry, as well as various omics fields, such as nutrigenomics, nutripro-
teomics, metabolomics, interactomics, and exposomics [7], offer a wide range of opportu-
nities for the development of personalized diets for women at risk of developing BC [3].
It was shown that certain dietary compounds, mainly phytonutrients, can modulate gene
expression, acting on the main cancer hallmarks: cell growth and proliferation, genome
instability and mutagenesis, angiogenesis, metabolism reprogramming, anti-apoptosis,
tumor-promoting inflammation, therapy resistance, invasion, and metastasis [8]. Plant-
based diets may contribute to the inhibition of BC cell proliferation, differentiation, inva-
sion, metastasis, angiogenesis, and anti-apoptotic mechanisms, by targeting numerous
molecular pathways and promoting beneficial effects in terms of the prevention and
treatment of BC [9]. Moreover, plant-based dietary bioactive compounds can modulate
hormone-induced reactions, genetic and epigenetic regulation, and promote the activation
of oxidative stress (OS) and endoplasmic reticulum stress, triggering redox reactions, as
well as the aggressive behavior of tumor cells caused by the production of reactive oxygen
species (ROS) [10]. Many types of food rich in bioactive compounds, such as polyphe-
nolic compounds, carotenoids, terpenoids, and sulfur-containing compounds, have been
recommended as chemopreventive and chemotherapeutic agents, including asparagus,
broccoli, Brussels sprouts, kale, and other cruciferous vegetables, carrots, grapefruit, soy,
spinach, and tomatoes, mainly for ER-negative BC [11]. On the other hand, a plethora
of risk factors, such as alcohol consumption [12], added sugar in foods [13], and LDL
cholesterol [14], stimulate inflammation, BC cell proliferation, invasion, migration, and
metastasis. Moreover, nowadays, more than ever, more food is processed and contaminated
with man-made chemicals that act as endocrine disruptors, accumulate in high-fat tissues,
and stimulate BC initiation and progression.

There are dietary patterns, such as the typical Western diet (WD), characterized by
a high intake of pre-packaged foods, refined grains, red and processed /ultra-processed
meat, candy, cookies, high-sugar drinks, fried foods, high-saturated fat and high-fructose
products, dairy products, alcohol, salt, sugar, sweeteners, and other additives [15]. Thus,
the WD has been linked to the development of excess weight/obesity [16], the alteration
of human gastrointestinal microbiota [17,18], and carcinogenesis [19]. In postmenopausal
obese women, the risk of developing BC is increased [20], while gut microbiota dysbiosis
plays a role in the development of BC through estrogen-dependent pathways and microbial-
derived metabolites [21]. Conversely, the Mediterranean diet (MD) involves a plant-based
dietary pattern, based on a high intake of olive oil and plant-based foods, such as vegetables,
non-refined cereals, legumes, and nuts, and a moderate or low level of consumption of dairy
and meat-based products, alcohol, and sweets [22]. Consequently, the MD could reduce
BCR and enhance survival through its anti-inflammatory effects, antioxidant characteristics,
and hormone-receptor interactions [22]. Kalam et al. (2023) showed that diet and diet-
related behaviors can modulate carcinogenesis, cancer progression, treatment efficacy,
and recurrence [23]. Post-diagnosis plant-based diets can also benefit prognosis in cancer
patients [24], due to the bioactive compounds that occur in small quantities in foods and
that may have beneficial effects on health [25]. In this review, we highlight “the good”
and “the bad” sides of the daily human diet and dietary patterns that could influence BC
risk (BCR) and incidence. We conclude that a balanced and personalized dietary structure,
combined with appropriate nutritional behaviors, can improve treatment efficacy and BC
patient outcomes.

2. The Good

Circadian nutritional behaviors have been associated with BC [26] and, when dis-
rupted, become factors for BCR [27]. Moreover, eating more frequently, reducing evening
energy intake, and fasting for longer intervals, can downregulate the biomarkers of in-
flammation, as well as BCR [28]. Breakfast is the first meal of the day, often considered
to be “the most important meal of the day” [29]; evidence shows that a good quality
breakfast and breakfast-based nutrients are beneficial for human health, in association
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with a lower body mass index (BMI), a higher level of satisfaction in life, and a higher
intellectual performance [30-37]. However, Elahy et al. (2023) concluded that there are
no associations between the frequency of breakfast meals or after-dinner snack habits and
BCR in postmenopausal women [38]. It is known that cyclical fasting or fasting-mimicking
diets enhance antitumor chemotherapy effects in TNBC models [39], as well as the ac-
tivity of endocrine therapeutics in mouse models of hormone receptor-positive BC [40].
A systematic review conducted by Anemoulis et al. (2023) concluded that intermittent
fasting reduces chemotherapy-induced DNA damage in BC patients [41]. These nutritional
patterns combined with specific therapeutic drugs reduce circulating insulin growth factor
1 (IGF1), insulin and leptin, and inhibit AKT/mTOR signaling through the upregulation of
early growth response protein 1 (EGR1) and the phosphatase and tensin homolog deleted
on chromosome 10 (PTEN), thus promoting long-lasting tumor regression and reverting
the acquired resistance to chemotherapy [40]. Thus, intermittent fasting, based on different
patterns of time-restricted feeding behaviors, attenuates obesity-induced TNBC progres-
sion in cell and animal models, involving multiple pathways, such as those involved in
EMT reduction, cell cycle disruption, reductions in systemic glucose and cholesterol levels,
and the downregulation of inflammatory factors in the TME [42]. A multicase control
study in Spain showed that having breakfast at a later time of day was associated with a
non-significant increase in BCR [26].

Among the diverse dietary patterns, the Mediterranean diet, rich in antioxidants and
anti-inflammatory compounds; the plant-based dietary pattern, rich in fibers, phytochemi-
cals, lignans, carotenoids, vitamins C and E, folate, and phenolic acid; the prudent dietary
pattern, rich in spices, plant-based oils, low-fat dairy, and seafood; the healthy dietary
pattern, rich in fruits, vegetables, legumes, seeds, and nuts; the ketogenic dietary pattern,
known as a high-fat and low-carb diet; the paleolithic dietary pattern, rich in vegetables,
fruits, lean meats, fish, nuts, and seeds; and the dietary approaches used to stop hyper-
tension, were all correlated with a lower risk of developing BC [43]. Diverse breakfast
patterns have been geographically identified and are based on cereal or sweetened breads
and milk, eggs, sweetened beverages, sandwiches, and fruit consumption [30]. In Roma-
nia, traditional food products are much more popular than foods purchased from chain
stores [44], because local consumers are attracted by traditional and authentic gastron-
omy [45]. Moreover, the main basic food products consumed are meat and meat products
traditionally based on pork/chicken, such as pork crackling, pork fat, grilled pork neck,
pork loin, smoked pork knuckle, grilled meat rolls, cabbage rolls with ground pork and
rice, chicken liver, deep-fried chicken, pastrami, and sausages, milk and/or milk products
(sour cream, cheese), vegetables (fries, beans, mushrooms, smashed potatoes, cabbage,
pickles, garlic), and fruits, bread /bakery and pastry products (mamaliga/polenta, noodles,
ice cream, fried cheese doughnuts), and fish (mainly fried crap) or fish products [44]. Fast
food consumption is more popular among children and adolescents [44]. There are studies
that have suggested that certain foods are consumed in excess (products high saturated fat,
cholesterol, salt, sugar, refined grains, and alcohol), while there is a deficiency in regard
to the intake of nutritional factors (essential amino acids, polyunsaturated fatty acids,
vitamins C, A, B, D, folic acid, calcium, and iron) [46].

These meals contain complex mixtures of natural and added chemical compounds
that can exert double-edged sword effects on carcinogenic molecular pathways in breast
tissue. For example, milk is a complex biofluid, rich in primary nutrients and is considered
a complete and basic food that is consumed by billions of people worldwide [47]. Thus,
pure cow’s milk and its derivative dairy products, such as cream, butter, cheese, and
yogurt are a major sources of nutrition in the human diet [48]. Wajszczyk et al. (2021)
showed that individual dairy products have a statistically significant, but bi-directional
relationship with BCR, which was different for premenopausal and postmenopausal Polish
women [49]. A cohort study conducted by these authors concluded that an increase in
consumption of one serving of dairy products/week may significantly decrease the BCR,
by 2%, for premenopausal women only, while cottage cheese consumption significantly
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reduced the BCR by 20%, following an increase of one serving/week, for postmenopausal
women only [49]. A 5% decrease in BCR has been observed as a result of an increase in dairy
consumption of one glass of milk/week in both strata of women during the menopause [49].
Arafat et al. (2023), after performing a systematic literature review, also concluded that
dairy consumption was inversely associated with BCR, even when the effects of different
types of dairy products and the dose-response relationship on BCR remain unknown [50].
More recently, Riseberg et al. (2024) showed that the overall amount of dairy consumption
was not associated with BCR, but the results can vary according to the tumor subtype, and
heterogeneity was observed in terms of the type of dairy food and the patient’s period of
life [51]. Deschasaux-Tanguy et al. (2022) found no association between the consumption
of dairy products or dairy desserts high in sugar and BCR [52].

Almost 70% of the fat in milk is saturated, 25% is monounsaturated, and 2.3% is
polyunsaturated, with a variable omega-6/omega-3 ratio [53]. Moreover, o-linolenic acid
(ALA), an omega-3 fatty acid, induces apoptosis and inhibits invasion, metastasis and
angiogenesis, and arrests the cell cycle in human BC cells by inhibiting fatty acid syn-
thase (FASN), which is usually overexpressed in various cancers [54,55]. Conjugated
linoleic acid (CLA) is known as a group of isomers of linoleic acid (LA), of which cis-9
trans-11 (c9,t11-CLA) is the one that has the highest percentage, being produced through
biohydrogenation by lactic acid bacteria in the rumen or by endogenous synthesis in the
mammary gland [56]. Consequently, CLA is present in the milk, dairy, and meat prod-
ucts of ruminants, with dairy products being the principal source of CLA in the human
diet [57]. Moreover, 3 g/day of CLA is the recommended intake, with beneficial effects
on human health [58], in principal due to the antitumor effects of CLA [56]. Zeng et al.
(2019) demonstrated that dietary intake of ¢9,t11-CLA enriched from butter reduces BC
progression in vivo via the downregulation of the progesterone receptor (PR) and Ki-67
expression [57]. Milk proteins, which include 17-20% whey proteins (x-lactalbumin, (3-
lactoglobulin, glycoproteins, lactoferrin, immunoglobulins, peptide hormones, enzymes
like lactoperoxidase, and serum albumin) and 78-80% casein (xs-1, as-2, 3-, and k-casein),
as well as milk peptides, exert many biological proprieties, such as antibacterial, antivi-
ral, antifungal, and antioxidant activities [59]. Using cow’s milk bottom-up proteomics,
based on combinatorial SDS-PAGE profiling and trypsin digestion, followed by nanoHPLC-
electrospray ionization tandem mass spectrometry (nLC-ESI-MS/MS), Vincent et al. (2016)
identified 186 different major and minor proteins, including $2-microglobulin (32-M),
osteopontin (OPN), lipoprotein lipase (LPL), sulthydryl oxidase (SOX), xanthine dehy-
drogenase/oxidase (XOR), (3-1,4-galactosyltransferase 1 (Gal-T1), lactadherin/milk fat
globule-EGF factor 8 (MFG-ES8), lactotransferrin, mucins 1 and 15, x-1-acid glycoprotein,
a-1B-glycoprotein, x-2-HS-glycoprotein, pancreatic secretory granule membrane major gly-
coprotein GP2, platelet glycoprotein 4, Zn-x-2-glycoprotein, milk glycosylation-dependent
cell adhesion molecule 1/lactophorin (GlyCAM1), dystroglycan (DG), and peptidoglycan
recognition protein 1 [48]. Some reports suggest that OPN may exhibit antitumorigenic
characteristics in certain circumstances [60]. Orally administrated lactoferrin (LF), a natural
proapoptotic iron-binding multifunctional glycoprotein from bovine milk, belonging to the
transferrin family, can exert strong anticancer activities [61]. Pereira et al. (2016) showed
that bovine LF preferentially induces apoptosis in the highly metastatic BC cell lines, Hs
578T and MDA-MB-231, but not in the less metastatic T47D or in the non-tumorigenic
MCF10A cell lines [62]. The authors demonstrated that LF decreases the extracellular acidifi-
cation rate and causes intracellular acidification in metastatic BC cells through the inhibition
of plasmalemmal V-H"-ATPase, which transports protons across cellular membranes [62].

Milk is also an abundant source of extracellular vesicles (EVs); bovine milk-derived
extracellular vesicles (MEVs) are able to sensitize TNBC cells into doxorubicin by targeting
metabolism and STAT signaling pathways, thus reducing the abundance of many tumori-
genic proteins associated with a worse prognosis and low overall survival in TNBC [63].
Samuel et al. (2021) showed that orally administrated MEVs survive the degrading condi-
tions in the mouse gut and can be detected in various organs, while MEVs implanted in BC
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cells reduced the primary tumor burden, but accelerated metastasis in BC mouse models
through the induction of EMT, providing context-based and opposing roles of MEVs as
metastasis promoters and suppressors [64]. Ramezani et al. (2023) showed that bovine milk
lactoferrin-loaded exosomes induce selective toxicity against BC cells compared to normal
cells and that incorporating lactoferrin into exosomes could have an antitumorigenic role
through inducing the overexpression of the proapoptotic BH3 interacting domain death
agonist (BID) protein and diminishing the expression of the anti-apoptotic protein Bcl2 in
the human MDA-MB-231 BC cell line, following exoLF treatment [65]. Shariatikia et al.
(2017) showed that mare, donkey, cow, and camel milk, and their casein and whey proteins,
have potent cytotoxic effects against the MCF7 BC cell line in a dose-dependent manner,
while sheep and goat milk and their proteins did not exert any cytotoxic activity [59].

A comprehensive meta-analysis of prospective cohort studies concluded that fer-
mented milk-derived products, including yogurt and sour milk, were associated with
lower cancer mortalities [66]. However, another meta-analysis conducted by Chen et al.
(2019) concluded that low-fat/skimmed milk, whole milk, and yogurt intake had no effect
on BCR [67]. To sustain this idea, a pooled analysis of 21 cohort studies conducted by Wu
et al. (2021) showed that dietary calcium consumption was not clearly associated with BCR,
but higher yogurt and cottage/ricotta cheese intake were found to be inversely correlated
with the risk of ER-negative BC [68]. Cheese is one of the fermented dairy products rich in
proteins, minerals, organic acids, bioactive peptides, oligosaccharides, and vitamins, and
also contains diverse non-pathogenic microorganisms that act as probiotics [69]. Kamal
and Talib (2023) showed that a combination of the ketogenic diet, which is high in fat, low
in carbohydrates, and sufficient in terms of proteins, and probiotics inhibits BC in mice
through the downregulation of IGF-1 and immune system modulation [70]. Ryser et al.
(2022) showed that a gram-negative bacterium, Morganella morganii, isolated from the outer
layers of raclette-type cheese, influences the formation of biogenic amines in cheese, such
as cadaverine and putrescine, which is undesirable, since their consumption can cause
intoxication [71]. Interestingly, treatment of BC cell lines with cadaverine according to its
serum reference range reverted ETM, decreased cell motility and invasion, and inhibited
cell stemness by reducing mitochondrial oxidation [72]. Moreover, Ritota et al. (2022)
emphasized that bioactive compounds, such as picrocrocin/safranal and crocin, from cow
and ewe cheeses made with saffron, usually used to add a natural yellow to orange color
to cheeses, exert antiproliferative effects in regard to MDA-MB-231 BC cells [73].

Nondairy/plant-based substitutes for cow’s milk and its derivatives, manufactured
from soy, rice, coconut, and almonds, have gained in popularity in recent years, with
adoption of vegetarian and vegan diets [74]. In the USA, the proportion of individuals re-
porting that they consumed soy milk was 1.54% in 2017-2020 [75]. Moreover, non-Hispanic
Asian and Black ethnicities have significantly increased the consumption of soy milk [75].
Soy milk and its derivatives contain many natural isoflavones that are similar to estrogen
hormones, known as phytoestrogens [76], so the beneficial effects of soy food intake remain
controversial [77]. There is a hypothesis that suggests that soy isoflavones, genistein and
daidzein, may stimulate the proliferation of ER+ BC cells, even at low concentrations [77].
However, genistein, a natural isoflavonoid, is also considered to be a potent anti-BC agent,
usually present in high quantities in soybeans, inducing antiproliferative effects/arrest of
the cell cycle and apoptosis, and preventing tumor angiogenesis [78]. In different brands of
commercially available soy milk, the mean genistein content is 17.58 &+ 8.38 ug/mL [76]. At
high concentrations, genistein kills MCF7 BC cells [79] or delays TNBC tumor growth [80],
inhibiting proliferation/differentiation and inducing apoptosis [81,82]. Genistein also
inhibits angiogenesis [83], induces tamoxifen resistance and growth in ER+/HER2+ BC
cells, and inhibits the growth of ER-/HER2+ BC cells [84]. At the molecular level, genistein
suppresses the IGF-1R/p-AKT signalling pathway; decreases the Bcl-2/Bax ratio [81];
downregulates the NF-«B/Bcl-xL/TAp63 signaling pathway; induces the modification
of key epigenetic cancer-associated genes, their enzymatic activities, genomic DNA, and
histone methylation [80]; upregulates PI3K and MAPK signalling; and downregulates
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p27KilF’1 levels in ER+/HER2+ BC cells [84]. In addition, daidzein, an isoflavone from
fruits, nuts, soy beans, and soy-based products [85], inhibits BC cell proliferation, in-
duces apoptosis [85,86], and inhibits TNF-x-induced migration and invasion [87]. The
antineoplastic effects of daidzein are mediated by cell cycle arrest, the inhibition of cyclin
D and CDK2/4, and increases in p21¢P!, p57KiP2 expression, and caspase-9 activity [85].
Moreover, daidzein generates ROS, disrupts mitochondrial function, decreases cyclin-D
expression [86], inhibits TNF-«, suppresses Hedgehog/GLI1 signalling [87], upregulates
Bax, downregulates Bcl-2, induces apoptosis, lowers the ERo/ 3 ratio, and increases ROS
production [88].

Meat has been a part of the human diet since the early stages of our existence,
with archeological findings suggesting that food was cooked for the first time around
300,000-400,000 years ago (some 7000-14,000 generations ago) [89]. Even if meat consump-
tion is correlated with an increased BCR, Lo et al. (2019) showed that poultry consumption
may be associated with reduced risk, so substituting poultry for red meat could decrease
BCR [90].

Grains are one of the most important foods consumed worldwide that contain bioac-
tive compounds, mainly found in whole grain cereals, such as wheat, rye, oats, and
barley [91,92]. A meta-analysis conducted by Xiao et al. (2018) concluded that high intake
of whole grains might be inversely associated with BCR in case-control studies, but not
in cohort studies [91]. However, carbohydrate-based foods with high glycemic index may
influence BCR via the insulin growth factor axis [93]. The contamination of cereals and
cereals-based products with mycotoxins, such as aflatoxins, has been associated with muta-
genesis and carcinogenesis [94,95]. Aljazzar et al. (2022) showed that aflatoxin B1 (AFB1)
causes significant toxicity in regard to MCF7 BC cells through oxidative stress (OS), as
well as transcriptomic alterations in regard to drug-metabolizing enzymes, transporters,
and antioxidant enzymes as a result of in xenobiotics [95]. Moreover, AFB1 upregulates
pro-inflammatory markers, such as tumor necrosis factor alpha (TNF«), cytokine, and
cyclooxygenase-2, correlated with the reduction in the mRNA expression of immunity-
related genes, including interleukins 8 and 10 [95]. In BC, TNF« has a pro-tumorigenic
role and correlates with increased proliferation, a higher malignancy grade, metastasis,
and poor prognosis [96,97], due to the ability of TNF« to upregulate TAZ, a transcrip-
tional co-activator that promotes BCSC self-renewal in human BC cell lines [98]. Dietary
baker’s yeast, commonly used in baking bread and other bakery products, can enhance
the apoptotic ability of paclitaxel against the human MCF7 BC cell line and the metastatic
murine 4T1 cell line [99]. A systematic review conducted by Grudzinska et al. (2023)
emphasized that dietary sprouts may play a role in the chemoprevention of BC [100]. Thus,
germinated wheat flour reduces the growth of MCF7 and MDA-MB-231 human BC cell
lines, upregulating apoptosis [101].

Eggs are also frequently consumed worldwide as a nutrient-rich food, due to their
protein and peptide content [102]. Due to advancements in MS-based proteomics, 167 pro-
teins were identified in the egg white proteome, which varies based upon the storage of
the eggs at different temperatures over different time spans, early embryonic develop-
ment, egg varieties, and stress conditions [103]. Ovalbumin and ovotransferrin have been
detected as major egg proteins responsible for multiple bioactivities [103,104]. Thus, the
native ovotransferrin (OTRF/OTF)/conalbumin, an iron-binding glycoprotein from the
transferrin protein family, present both in avian plasma and egg white [105], is known to
have anticancer activities, with negative effects on the proliferation of MCF7 BC cells by
inducing apoptosis [104,106].

Nutritional supplements are also consumed at breakfast time [30]. For example, bee
pollen is an excellent dietary supplement in regard to human nutrition [107]. Pollen, also
known as bee bread (BB), contains various bioactive polyphenolic compounds, such as
isoflavonoids (genistein, daidzein, glycitein, biochanin A, formononetin, puerarin, coume-
strol, and equol) and flavonoids, like quercetin, kaempferol, apigenin, luteolin, myricetin,
hesperetin, rutin, naringenin, catechin, epicatechin, epigallocatechin, and proanthocyani-
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dins [108]. Genistein is the major isoflavone identified in bee pollen [109], interfering with
several biological processes, pathways, and genes/proteins, including PTEN, PI3K, PIP3,
AKT, mTOR, Bcl-2 Bax, caspase-3, cyclin B, VEGF, HIF1«, p21, and p16, EGFR/AKT/NF-
kB, DNA methylation, the ER pathway, and MMP genes [78]. At a concentration of 370 uM,
genistein revealed a cytotoxic effect on MCF7, T47D, and MDA-MB-231 BC cell lines, while
at a concentration of 0.37 uM, no significant effect on BC cell viability was observed [110].
Synergically, doxorubicin (DOX), cisplatin, and BB, blocked the migration of MDA-MB-
231 cells and suppressed the proapoptotic BID gene, overexpressing the anti-apoptotic
Bcl-2 gene, reducing the toxicity of chemotherapeutic drugs on this TNBC cell line [111].
Another study found that the synergistic effect of BB with DOX led to the suppression of
the proliferation of breast tumors in 4T1 tumor-bearing BALB/C mice and inhibited the
oxidative damage of DOX, increasing the expression of apoptotic genes and proteins, the
p53 level, as well as serum interferon-y (IFN-y), and reducing the estrogen level, Ki-67 and
Bcl-2 proliferation biomarkers, nitric oxide, and pro-inflammatory cytokines [108].

Leafy vegetables can be effective in terms of “green chemoprevention” and treating
BC [112]. Moreover, broccoli and broccoli sprouts contain many active biochemicals, such
as sulforaphane (SFN), a natural organosulfur compound known to counteract the tumori-
genic effects of chemical xenobiotics in food and the environment [112]. Kaboli et al. (2020)
concluded that SEN reduces NF-«kB activity, downregulates apoptosis inhibitors, decreases
the activity of histone deacetylases leading to cell cycle arrest, as well as increases the
sensitivity of BC cells to chemotherapy [113]. Moreover, SEN is involved in the modulation
of gene expression and nuclear factor-erythroid factor 2-related factor 2 (NRF2) antioxidant
signaling [113]. Wu et al. (2019) indicated that NRF2 signaling has a double-edged sword
effect in regard to cell survival, because the NRF2/KEAP1 pathway exerts anticancer ac-
tivities, but also activates pro-survival genes and promotes cancer cell proliferation [114].
Moreover, Surh (2021) emphasized that SEN blocks the T cell-mediated immune response
necessary for tumor immune surveillance [115]. Recently, Zhang et al. (2022) showed that
SFN derived from broccoli, kale, cabbage, cauliflower, garden cress, and mustard [112,113],
suppresses the metastasis of TNBC cells by targeting the RAF/MEK/ERK pathway to
inhibit the formation of actin stress fibers and TGE-f1-induced BC cell migration, invasion,
and metastasis [116].

Evidence suggests that consuming a high amount of onions (Allium cepa) and garlic
(Allium sativum) is protective against BC [117]. Allicin, the major active biocompound
present in freshly crushed garlic [118], is also a bioactive organo-sulfur compound [119],
able to induce cell cycle arrest and apoptosis in MCF7 and MDA-MB-231 BC cell lines
through tumor-suppressor p53 signaling pathway activation [120]. Moreover, Shi et al.
(2024) showed that a combinatorial treatment of allicin with doxorubicin (DOX) resulted in
better effects in regard to inhibiting proliferation and increasing the apoptosis of MCF7 and
MDA-MB-231 DOX-resistant BC cells, than the treatment with DOX or allicin alone [118].
Thus, allicin inactivates the NRF2/HO-1 signaling pathway and improves the DOX sensi-
tivity of BC cells [118]. Onion contains allicin, quercetin, fisetin, and other organo-sulfur
compounds, such as diallyl disulfide and diallyl trisulfide [121]. Onion, one of the most
popular vegetables in the world, is a major source of quercetin [122,123], a flavonoid abun-
dantly found in plants, vegetables, and fruits, mainly in cruciferous vegetables, grapes,
apples, tomatoes, and blueberries [124]. Quercetin inhibits the proliferation, migration,
and invasion of 4T1 BC cells, suppressing the IL-6/JAK2/STAT3 signaling pathway and
promoting the cytotoxicity of tumor immune cells in the TME [125]. Moreover, quercetin
induces apoptosis and suppresses cell proliferation in MCF7 and MDA-MB-231 BC cells,
changing endonuclease-G (Endo-G) and the expression of caspases 3/8/9 [124].

It was also shown that lycopene has anticancer activities and that it could be consid-
ered as a potentially effective compound in BC prevention and treatment [126,127]. The
regulation of oxidative and inflammatory processes, angiogenesis, the induction of apopto-
sis, the inhibition of cell proliferation and metastasis formation, as well as the modulation
of gap junctional intercellular communication, growth factors, and signal transduction
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pathways, have been the most cited mechanisms in terms of lycopene action [127,128].
Lycopene is a red-colored carotenoid pigment found in tomatoes and tomatoes-based
products, red fruits, red carrots, watermelons, red grapefruits, papayas, and apricots, which
is known to enhance protection against cancer [127]. Takeshima et al. (2014) showed
that lycopene induces ERK1/2 activation, cyclin D1 suppression, and p21 upregulation
in MCF7 (ER/PR positive), SK-BR-3 (HER2+), and MDA-MB-468 (TNBC) cell lines [129].
Lycopene inhibits AKT phosphorylation and mTOR in TNBC cells, leading to the upregula-
tion of proapoptotic Bax [129]. Unfortunately, chlorpyrifos (CPF) is an organophosphate
insecticide extensively used in the production of tomatoes [130]. Ventura et al. (2019)
demonstrated that the concentration of this xenobiotic in the environment alters mammary
histology and the hormonal balance in chronically exposed rats, acting as a BCR factor [131].
These authors emphasized that CPF alters HDAC1 mRNA expression, which promotes
mammary tumor development [131]. Moreover, CPF acts as an endocrine disruptor that
promotes migration, invasion, and the stemness phenotype in 3D cultures of MCF7 and
MDA-MB-231 BC cell lines and induces the activation of many BC-related pathways, such
as EMT [132].

Resveratrol is a natural dietary polyphenol that affects the expression of several
cytokines, caspases, MMPs, adhesion molecules, and growth factors. It modulates the
activity of several signalling pathways, such as PI3K/AKT, NF-kB, and Notch, which play
crucial roles in carcinogenesis [133,134]. Moreover, resveratrol induces Bax-dependent,
but p53-independent, apoptosis in MDA-MB-231 BC cells [135]. Resveratrol exists in
70 types of plants and can inhibit the migration and metastasis of MDA-MB-231 human
BC cells by reversing transforming growth factor (TGF)-p1-induced EMT [136]. In vitro,
resveratrol can decrease the expression levels of MMP2 and MMP?9, fibronectin, x-SMA,
P-PI3K, SMAD2, SMAD3, P-SMAD?2, P-SMAD3, vimentin, Snaill, and Slug, increasing the
expression levels of E-cadherin [136]. In vivo, resveratrol inhibits lung metastasis in mice
bearing MDA-MB-231 human BC xenografts [136].

Curcumin is a polyphenol derived from turmeric (Curcuma longa) that inhibits breast
cancer stem cell (BCSC) properties and cell proliferation and promotes apoptosis in the
MCE7 BC cell line [137,138]. This polyphenol inhibits the proliferation of BCSCs through
the modulation of several signaling pathways, such as NF-kB signaling, which is known as
an important curcumin-regulated pathway [139]. NF-kB signaling is involved in the main-
tenance of a variety of stem cells [140], including BCSCs, which overexpress components of
the NF-kB signaling pathway and have high NF-kB activity levels [141]. Moreover, sonic
hedgehog (Shh) and WNT/ 3-catenin signalling pathways are also crucial in maintaining
the stemness of BCSCs, with curcumin decreasing the activity of BCSCs by inhibiting tumor
sphere formation and decreasing BCSC biomarkers, such as CD44, ALDHA1, Nanog, OCT4,
and SOX2, thus downregulating both the Shh and WNT/ 3-catenin signalling pathway
activities, which results in BCSC inhibition [142]. In addition, nuclear factor erythroid
2-related factor 2 (NRF2) is known to regulate oxidative stress, being involved in the de-
velopment of cancer stem cells and metastasis [143]. Many authors have demonstrated
or reviewed how curcumin activates the NRF2 signaling pathway, inducing cellular pro-
tection against oxidative injury [144,145]. Moreover, curcumin has very little toxicity in
terms of normal stem cells, but has numerous cytotoxic effects on CSCs, due to the sup-
pression of IL-6, IL-8, and IL-1, which stimulate CSCs [146]. Overall, curcumin could
function as a cytotoxic and anti-metastasis agent for BC [142]. These chemopreventive,
anticancer, and cytotoxic proprieties are also modulated through the downregulation of
oncogenic RAF-1, the suppression of telomerase, and the upregulation of TNF-« and IL-8
genes [138]. In MDA-MB-231 and Hs578T TNBC cells, curcumin inhibits motility and
migration, downregulating the expression of the proteins involved in EMT, such as the
mTOR and PI3K/AKT signalling pathways [147]. Curcumin also downregulates the mRNA
expression of vimentin, fibronectin, and p-catenin, and upregulates E-cadherin mRNA
expression levels [148].
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Black and green tea can have chemopreventive effects on BC development, with some
authors suggesting that women with a family history of BC should drink about five cups
of tea per day in order to decrease the BCR [149]. Flavan-3-ols are a subclass of flavonoids,
consisting of polyphenolic phytochemicals found in a wide variety of food sources, espe-
cially in fruits and teas [150-153]. Catechins and theaflavins are both flavan-3-ols with
significant bioactive properties, including anticancer, anti-mutagenic, antioxidative, and
anti-inflammatory effects [154]. The beneficial effects, at the molecular level, of bioactive
compounds that exert anti-BC potential are listed in Figure 1 and Table 1.
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Figure 1. Biomarkers and biological pathways involved in breast cancer initiation and progression,

targeted by bioactive compounds present in a daily, diverse diet.

Table 1. Potential anticarcinogenic roles of phytochemicals in regard to breast cancer.

Bioactive In Vitro and In Effects on Molecular Effects on
Dietary Food Sources Vivo Models Biomarkers/ Biopathological Role in BC
Compounds Signaling Pathways Processes
Organo-sulfur Targets MAPK/ERK rOIiIfI; ?;Ec)ilgi?iguses
compound [116]; downregulates pa ontosis a;l d cell
obtained from NE-«B, AKT, and E clje arrest; has Chemoprotective
broccoli/broccoli MDA-MB-231 and KEAP1; affects histone anti}(,)xi dant ac/tivi ties [116] pu tative
Sulforaphane sprouts, kale, MDA-MB-157 deacetylases involved ) P
cabbage, [116] in chromatin [113]; suppresses potential for BC
cauliflower, garden remodeling, and NRF2 m{%ﬁ;ﬁ) lrilrilrilfl:sei((l)n treatment [113]
cress, mustard antioxidant signaling & ! . ’
[112,113] [113] and metastasis of
’ TNBC cells [116]
Downregulates Decreases BC cell
caspase 3/8/9 and proliferation and
Organo-sulfur MCF7 and HCC-70 viability and
compound from [155], MCF7 and Bel XL; upregulates increases apoptosis
Allicin garlic (Allium MDA-MB-231 N(Z);Ar’ezszi)’naﬁ(éSB]éK induces cell cycle Antitumor [155]
sativum) [119] [120] . op oV arrest [120,155],
induces p53 activation .
improves DOX

[120]

sensitivity [118]
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Dietary Food Sources Vi Biomarkers/ Biopathological Role in BC
ivo Models . .
Compounds Signaling Pathways Processes
Flavonoid from
fruits, vegetables
veg(ectgli)cll:se r;laspes 4T1 and xenograft Suppresses Su%igi:::sssgglac Potential anti-BC
’ ’ ) IL-6/JAK2/STAT3 ; . agent [124];
apples, tomatoes,  mouse model [125]; (proliferation, .
. ) pathway [125], L potential
Quercetin blueberries), and MCEF-7 and modulates the migration, and adiuvant for
herbal products MDA-MB-231 . invasion) [125], . )
(Hypericum [124] expre;s;ong Oi o4 induces apoptosis 1mmTL11\rI1§ éhil‘zalspy
perforatum, caspase-3/8/9 [124] [124] m [125]
Sambucus nigra)
[156]
Reverses EMT through
the suppression of
-catenin and VIM;
stimulates E-cadherin
and claudin;
downregulates
N-cadherin, Snail, and
Slug; reorganizes
Flavonoid from MDA-MB-231, F-actin [157]; Inhibits migration
carrots, broccoli, BT549, and mouse inactivates and invasion of Chemopreventive
celery, perilla mint model [157]; AKT/mTOR and TNBC cells [157], and potential
Luteolin/luteolol/ leaves and seeds, MDA-MB-231, downregulates MMP9  inhibits proliferation  therapeutic agent
digitoflavone apple skin, MDA-MB-486,4T1, through H3K27Acand and metastasis, and for TNBC [157],
cabbages, parsley, BT549 [158]; H3K56Ac [158]; promotes apoptosis including AR+
onion leaves, MDA-MB-453 and upregulates miR-203, of AR+ TNBC cells TNBC [158]
thyme [157-159] MCF7 [160] inhibits Ras/Raf/MEK/ [158]
ERK, downregulates
Bcl-2, upregulates Bax,
impedes
TGFp1-induced EMT,
decreases VIM, ZEB1,
and N-cadherin, and
increases E-cadherin
[160]
Inhibits the
Inhibits the migration and
Fyn/paxillin/RhoA invasion induced by
signalling pathway TGEF-p1 [161];
[161]; exerts cytotoxic and
activates the proapoptotic effects
ASK1/JNK pathway,  [162]; inhibits BCSCs,
Flavanone MDA-MB-231 initiat.es the exerts cytotoxicity
glycoside from [161]; MCEF7, aicgérr‘mlazo? of RE)S on ma.m}rlgkc)).spheres, Potential anti-BC
Hesperetin Citrus fruits including [162]; modu a;esSt3 ¢ 1t 1t}sl agent, especially
(oranges and mammospheres Piz))(A})I;eGSSlon of P22, mammosp er.es, for TNBC [161]
Jemons) [161] [162-164] , and Notchl colony flormghon
[163]; downregulates and migration,
CDK2/4 and cyclins, modulates cell cycle

and upregulates
p21CiP1 and p27Kip1,
stimulates the binding
of CDK4 to p21€iP?
[164]

and induces
apoptosis [163];
suppresses
proliferation and
stops the cell cycle in
G1 [164]
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Bioactive In Vitro and In Effects on Molecular Effects on
Dietary Food Sources Vivo Models Biomarkers/ Biopathological Role in BC
Compounds Signaling Pathways Processes
Suppresses cell
proliferation [165],
MCF7 cells [165], inhibits cell
MDA-MB-231 S‘ggfgffgﬁigﬁfgnd migration and Anti-BC activity
Flavanone from mamr[isg ],heres inhibits PD-L1 [166], g:EWt?e[slsiS]l [ﬁfe’(l:’?iz]é
Hesperidin . . P increases p53 [167], PP prote
citrus fruits [165] [167], binds to MCL-1 mammospheres and against
MDA-MB-231 receptor [168] colony formation, DMBA-induced
. [168], attenuates Ki67 [169] induces apoptosis BC [169]
Wistar rats [169] [167],
exerts cytotoxic
effects [168]
Inhibits cell
MDA-MB-231, Modulates proliferati‘on and cell
S im0 e
by DMBA [170] mediated pathway, g0 Lo T LR
C};7BL /6] mice, upregulates tumors [170] Antineoplastic
induced with BC caspase-3/7 [170], decreases celi agent [}170]
Flavanone through a increases AMPK, iability in vi ° tati ,
) & decreases cyclin D1 Viability in vivo, putative
glycoside from transplant of E0771 [17237 suppresses cell cycle therapeutic
Naringenin grapefruits, apples, cells [172], o progression [172], option for
onions, tea Balb/c mice inhibits PKC, inhibits lung TGF-p1
. . . inhibits secretion of . .
[170,171] induced with BC ) .. metastasis, modulation [173],
TGEF-B1, causing its . . S .
through a intracellular increasing the antiproliferative
transplant of accumulation survival rates of the agent [174]
transduced mice [172],
4T1-Luc2 cells [173], suppr[esse]s
[173] inhibits PI3K and roliferation
/ MAPK [174] _ proeration,
MCE-7 [174] impairs glucose
uptake [174]
Flavanone Increases p21
gl}lc()(;f:iiiom MDA-MB-231, decreases I?S;?;z;zlrll Potential
Naringin rapefruits ;m d MDA-MB-468, survivin/BIRC5, s timr;la tes apo t,osis treatment agent
ogtheli‘) Ci trus’fruits BT-549 [175] suppresses (3-catenin [17 6}) P for BC [176]
[175] pathway [176]
Depletes HER2 /neu
and disrupts
HER2/neu-GRP9%4
complex [177], Suppresses BC cell
MDA-MB-453 and m(_)dulates CDK1, growth, induces
Flavone from BT-474 [177], p21C1P1, and p53 [178], apoptosis [177],
parsley, onions, SK-BR-3 [177,178],  induces degradation of inhibits proliferation
chamonmile, MCF-7 [177,180], ERx and AIB1 [179], [180], ref. [177], Potential
Api . oranges, wheat HBL-100 [177], blocks PI3K/AKT activates .
pigenin anticancer

sprouts [177],
celery, green

peppers [178],
thyme [179]

MCF7-T, MCF7-F
[179],
MDA-MB-231,
Ab549, SK-Hepl,
nude mice [181]

pathway [177,181] and
{34 integrin function,
inhibits pAKT, inhibits
cell motility, migration,
and invasion [181],
inhibits AKT/FOXM
pathway, suppresses
FOXM1, and modulates
ER signalling [180]

p53-induced
apoptosis [177],
inhibits growth of
ERa+ BC cells [179],
inhibits metastasis
[181]

treatment [177]
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Dietary Food Sources . Biomarkers/ Biopathological Role in BC
Vivo Models . .
Compounds Signaling Pathways Processes
Inhibits STAT3 and
SOX2 pathways, o . .
Inhibits proliferation
decreases STAT3-DNA
MDX[-(I\:/}:};:%S binding, reduces nifazs_tiﬂ Fl%é]
! STAT3 in BCSCs [182], e !
MDA-MB-231, induces inhibits BCSC
Flavone from nude mice injected CYP1A1/CYP1B1 formation, induces
with MDA-MB-231 .. apoptosis, inhibits
Tangeretin lemons, oranges cells [182,184] activity [184], mammospheres and  Anti-BC effects
[182], other Citrus Sprague—D/awle,y decreases ROS and colony formation
fruits [183] rats induced with pfrsc_tlgiamrrg; tcc;zy [182], decreases
DMBA [185], oS/ b tumorigenicity and
Wistar rats induced agamit tL PO5[;?5]2’1 OS levels, boosts
with DMBA [183] upreguiates pos/p<l, antioxidant levels
suppresses MMP2/9 [185]
and VEGF, reduces
PCNA and COX2 [183]
Induces cell cycle
arrest, inhibits cyclin
D, CDKZ /4, increa_ses
p21€iPT and p57Kip2
expression, increases
caspase-9 activity [85];
Isoflavone from generates ROS, Inhibits cell
fruits. nuts, o MCE-7 [85,86,186], disrupts mitochondrial proliferation,

Daidzein bea,ms ar{ d y MDA-MB-453 [85], function [86]; inhibits induces apoptosis Anti-BC
sov-based T47D [186], TNF-« and suppresses [85,86]; inhibits potential [88]
rogl]ucts [85] MCF-10DCIS [87] hedgehog/Glil migration and

p signalling [87]; invasion [87]
upregulates Bax and
downregulates Bcl-2,
induces apoptosis and
lowers ER«/ 3 ratio
and ROS outbursts
[88]
Suppresses High concentrations
IGFAR /o-AKT and kil MCF7 BC cells
Phytoestrogenic p [79] or delay TNBC .
(Glycine decreases Bcl-2/Bax tumor growth [80]: Exhibits
;Zz)_ dezive d [81]; downregulates inhibi;gs roli fera-, anticancer effects
compound [81] MCF-7[79,81,82]; NF-«B/Bcl-xL/TAp63, tion/di ffeP; entiation on various
from SI; nuts. so MCF7 and influences key induces apoptosis ’ cancers [188];
ow deryso r;lilky MDA-MB-435 epigenetic associated 81,82]; ilflhpi)bits chemopreven-

Genistein pto fu m’iso yna ¢ to, transfected with genes, genomic DNA, an ilo e,n esis [83]; tion in terms

! i human HER?2 [84]; and histone Anglos ot of BC
[187], lupin, fava . induces tamoxifen . ..
beans. kudzu. and PDX mouse methylation [80]; resistance and carcinogenesis is

so,ralea [8,0]' models for TNBC upregulates PI3K and rowth in concentration-,
e}>)<er ts t rosinle [80] MAPK signalling, ER+g /HER2+ BC exposure time-,
. Y . downregulates p27 R and BC subtype-
klnase':—r'n'odulatmg Kipl Joyels in cells and inhibits dependent
activities [84] ER+/HER2+ BC cells . /ﬁg’g"zﬁ‘é’é ells
[84] [84]
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Dietary Food Sources Vivo Models Biomarkers/ Biopathological Role in BC
Compounds Signaling Pathways Processes
A hoid fom Docs o B, ERp Chemeprevntion
rea dil}gabsorbe,d in [1109v2)/]ers SA 15-3 levels Stimulatzs cell cycle terms o f%}IIG
. . ; induces negative  arrest and apoptosis, )
Genistin t}III‘eI lsr(l)tsk;(g:r}{sﬁ;lrllgd MDl\ﬁ-Cl\l/:n;-'Bl regulation of ERx reduces BC cell fl?)(rjspE)ltzi]t,i;szil\l/}r
soy-derived foods [189] signalling pathway, growth, drug discovery
some legumes, an d/ suppresses expression proliferation, and for BC
vege table; of oncogenic angiogenesis [189] management and
biomarkers [189]
[187,189] treatment [190]
Major carotenoid
found in tomatoes, _ Inhibits cell
red fruits, red MCE7, Inhibits PAKT a nd proliferation and cell .
Lvcopene carrots SK-BR-3, mTOR signalling cvele progression Chemopreventive
yeop ’ MDA-MB-468 pathways, upregulates . ye'e prog . for TNBC [129]
watermelons, [129] Bax [129] initiates apoptosis
grapefruits, [128]
papayas [127]
Hydroxybenzoic Inhibits survival of
acid in fruits, Suppresses acidity-adapted BC Promising
me;?cgiit;f) II)TZ;'lts PI3K/AKT/EGEFR, cellfnaer;:sizgsces therapeutic agent
such as grapes ’ MCEF7 [191], nuclear accumulation characteristics for metastatic BC
Gallic acid gallnuts, ' HCC1806 [195], of B—Cater.ﬁn [191,195], induced by acidity . [.191]’
pomegranates, MDA-MB-231 'actlvates’ [191], suppresses antioxidant [193],
hawthorn, tea [196] mltoc.hondrlal proliferation, SUppresses
1 ’ apoptosis pathways . TNBC
eaves, capers [195] promotes apopt051§ progression [195]
[191-193], honey [195] and ferroptosis
[194] [196]
Hydroxybenzoic
acid in medicinal
plants (e.g.,
e . Angellca sinensis), Affects ROS pathway Generates ROS’. Antiproliferative
Vanillic acid olives, cereals, MCF7 [198] promotes apoptosis
;i [198] effects [198]
whole grains, [198]
fruits, green tea,
juices, berries,
wines [197]
Hydroxybenzoic
acid in olives (Olea
europaea)/olive oil,
hibiscus, white
grape (Vitis
Protocatechuic vinifera) Wine [199], Reduces IL-6, IL-8, and Indu'ce§ apoptqsis Potent anticancer
ad Pl MCTIO SNy rilmisin e[

extract [200],
edible mushrooms
(Hydnum repandum)

[201], potatoes,
onions, wheat
[202]
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Dietary Food Sources Vivo Models Biomarkers/ Biopathological Role in BC
Compounds Signaling Pathways Processes
Hydroxybenzoic
acid from olive oil, Downregulates .
L dates, grapes [203], MCE?, GRP78/SERBP- Antiproliferative Anti-BC agent
Syringic acid O MDA-MB-231 . . . o [204],
foxtail millet bran [204] 1/SCD1 signalling axis activities [203,204] antioxidant [203]
(Setaria italica) [204]
[204]
Hydroxybenzoic Regulates
acid from fruits, TGF-/SMAD3 Suppresses BC cell
seeds, nuts, signalling axis, inhibits r§£th mieration
pomegranates, CDK, binds to irgwasionl m(:.gtastasi/s Anti-BC
Ellagic acid raspberries, MCF7 [205] ACTN4 and induces . ! o N
. . . . stimulates apoptosis, activities [205]
strawberries, black its degradation via inhibits aneiogenesis
raspberries, ubiquitin—proteasome [20g5] &
almonds, and pathway, reduces
walnuts [205] VEGFR-2 [205]
Hydroxycinnamic
acid from fruits, Induces apoptosis
green and roasted Stimulates p53 and p21 cvto toxicpe f};ec ts ! Putative
. . coffee, vegetables, genes, inhibits CDK2 y . .
Caffeic acid . . MCEF?7 [206] . morphological antitumor agent
tea, oils, spices [206], inhibits DNA chanees in BC cells [206]
[206,207], honey, methylation [208] & [206]
and propolis
extracts [194,208]
Hydroxycinnamic
acid from Increases Increases apoptosis
. . . MDA-MB-231, TNF-«-TNFR1 Anti-BC agent
Cinnamicacid  cinnamon, grapes, . and DNA damage
. HEK293 [209] apoptotic pathway [209]
tea, cocoa, spinach, and caspases 8,3 [209] [209]
celery [209] P
Reduces cell
viability / cytotoxic
Hydroxycinnamic q effects, reverts the
acid from whole MCEF7 [210], BT20, Inhl]ID]it_Sl}SN%i’F(_:o?X 2 epigenetic silencing Putative
p-Coumaric cereal grains, fruit, BT549, suppres’ses p1 K’B of the tumor antiprolifera-
acid vegetables, MDA-MB-231, ERK1/2, blocks N F—, kB SUPPIEssOr RASSFIA tive/anticancer
Brazilian green MDA-MB-436 and M A,PKs athwavs [208], supports agent [210,212]
propolis extracts TNBC [208] 21 1113 y anti-inflammatory & !
[210] and
immunomodulatory
mechanisms [211]
Hy.droxyannaml.c Decreases. Vlab}llty Antitumor agent
acid from plants: and proliferation, [215]
ferulic (Ferula increases apoptosis antioxi d’ant
Ferulic acid f qetzda), ange11§a, MDA-MB-231 Regulates EMT [215] via activation of agent that
jujube kernel, rice [215], MCF7 [216] caspase-8 and -9, rotects DNA
bran, wheat bran suppresses P from OS
[213], nuts, seeds migration and [214217]
[214] metastasis [215,216] §
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Compounds Signaling Pathways Processes
Hydroxycinnamic
acid from citrus
fruits (oranges,
grapefruits,
lemons), berries;
Eftjls):aigageoel;, MCE?, T47D, Downregulation of Induces apoptosis C}iI;O;s X;;gtsnt
Sinapic acid ' MDA-MB-468, ~ VKORCI and KIF18B pop o8
rapeseed); cereals, SK-BR-3 [219] [219] [219] luminal A BC
wheat, rice, spices, cell lines [219]
oil seeds,
vegetables, vinegar,
Salvia officinalis,
Muyristica fragrans
[218]
Upregulates TNF,
GADD45A, BNIP3,
HRK, TNFRSF25,
Hydroxycinnamic inhibits
Y - dyfmm BIRC5/survivin,
 medicinalplants, ~ MDA-MB-231,  MARK4 hedgehog - Antiproliferation .
Rosmarinic . pathway and hippo and migration/cell Anti-BC agent,
. herbs, spices MDA-MB-468 . . -
acid . signalling, decreases cycle arrest, antioxidant [220]
(Boraginaceae, TNBC [220] . . .
. . proliferation and apoptosis [220]
Lamiaceae, Labiatae) . . .
[220] migration via
Bcl-2/BAX signalling
pathway, inhibits
NF-«B signalling
[220,221]
Hydroxycinnamic
acid from fruits
(apples, plums), .
Induces apoptosis, .
. vegetables Subcutaneous -y ik NF-kB/EMT  inhibits pulmonary Potential
Chlorogenic (potatoes, tumor mouse . . . candidate for
. . signalling pathways metastasis, and
acid eggplants), olive model of 4T1 cells . . therapy of BC
; . . [222] improves anti-BC
oil, spices, wine, [222] . ) [222]
immunity [222]
coffee beans
[222-224], honey
[194]
Activates apoptosis
Phenolic alkaloids and senescence,
Avenanthramides  found in oats MDA-MB-231 Activates caspase 3/7 blocks cell Anticancer
(AVN-A, B, C) (Avena sativa, [226] [226] proliferation, inhibits effects [225]
Poaceae) [225] EMT and metastasis
[225]
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Compounds Signaling Pathways Processes
Water-soluble
anthocyanins
found in leaves,
etals, flowers, red Proapoptotic and
If)ruits, blackberries, Inc.reases the cytolsofic effects
cranberries, grapes expression of p53, Bax, [228], inhibits
Cyanidins/ herri & lp ! BT474, caspase 3, CYP1, CYP2, . . d Anticancer agent
cyanidin ¢ f;lesésggses’ MDA-MB-231, and decreases Bcl2? ml:t‘;:f;:;; ?;30] [228]
3-O-glucoside P ’ MCF7 [228,229] [228], blocks . .
peaches, plums, ERBB2/cSRC/FAK anti-mutagenic and
beans, red cabbage, athway [229] anticarcinogenic
red onions, purple P y effects [231]
sweet potatoes,
carrots, avocadoes,
olives [227,228]
Inhibits proliferation
Polyphenolic Induces protecfive [108], .
natural pigment autophagy via promotes apoptosis Anticancer
Delohinidi Lo MDA-MB-231, suppression of mTOR  and autophagy [233], fects [233]
¢iphimdin occurrng m BT474 [233] and activation of exerts etects !
berries, eggplant, AMPK pathway in anti-mutagenic and antioxidant [232]
wine [232] P y . 5 .
HER2+ BC cells [233] anticarcinogenic
effects [231]
Abundant
anthocyanin in red
wine, red grapes
(Vitis vinifera), the
skin of colored
fruits, blueberries
(Vaccinium
corymbosum), Increases p21. caspases Induces cell cycle
blackberries (Rubus 3/8/9 I:I)Sax, /Bcﬁ 5 arrest, antioxidation,
Malvidin/ sp-) bilberries inhibits NF-xB, pi3k, ~ anti-inflammation, . .
malvidin-3-O- (Vaccinium MCF7 TNF-o, STATS, autophagy, and — Anticarcinogenic
elucoside myrtillus), red MMP2/9, 1L-6, WNT apoptosis; inhibits potential [234]
raspberries (Rubus Notchl a;l de ’C lin Di proliferation,
idaeus), black ! [234] Yy metastasis/cell
raspberries (Rubus invasion [234]
occidentalis),
cranberries
(Vaccinium
macrocarpon),
strawberries
(Fragaria ananassa)
[234]
Anthocyanidin
found in purple .
sweet potatoes Inhibits the arﬁ?oigl(i)getr(:tli%e Anti-BC activit
Peonidin (Ipomoea batatas) In silico [235] overexpression of anti—rﬁetastasis roie [235] y
[235], pigmented HER2 protein [235] [230]
rice (red, black,
dark purple) [230]
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Non-flavonoid
polyphenol from
blueberries, grapes, Modulates PI3K/AKT, Induces Chemopreventive
Resveratrol red wine, MDA-MB-231 NF-kB, and Notch Bax-dependent, but and putative
raspberries, [135] signalling pathways p53-independent, therapeutic agent
mulberries, apples, [133,134] apoptosis [135] [236]
pomegranates, soy
beans, peanuts
Modulates NF-«B
[137]; dow.nregulates Inhibits cell stemness Chemopreventive
oncogenic RAF-1, [148], proliferation agent [137],
Polyphenol suppresses telomerase, 23 ’ anticancer and
. MCF7 [137,138], and promotes .
Curcumin derived from MDA-MB-231 and upregulates TNF-oc apoptosis [137]; cytotoxic
turmeric (Curcuma ! and IL-8 genes [138]; v roperties [138];
Hs 578T [147] 8 suppresses motility prop
longn) inhibits EMT through . potential
. and metastasis in .
downregulation of TNBC [147] therapeutic agent
mTOR and PI3K/AKT [147]
signaling [147]
Antiproliferative
agent, similar
Decreases cell effects to
AT1 [237] Increases Bax/Bcl-2 growth [150,238], doxorubicin in
[238] ! ratio, increases the inhibits metastasis- terms of tumor
Flavan-3-ol from TNBC mice model - expression of CDFI, j;;‘;gi?gn inhi%i?i‘?),:lhand
[150], MCF-7 [239]  MTSS1, PTEN, BMRS, P . ! .
Epicatechin green tea, cocoa, [240] FAT1. and SMAD4 reduces migration survival rates
P grapes, apricots, MD A_MB’_ 468 ! [237] [150], cytostatic [238], could be
green algae [237] [153] modulates th,e AMPK effects at lower used as an
MD A—MB,—231 and Akt/mTOR concentrations [239],  inhibitor for BC
[240] athways [238] inhibits proliferation progression
P y [238], proapoptotic (anti-metastatic,
[153,240] anti-migratory,
anti-invasion)
[150]
Flavan-3-ols found
in black srapes, Downregulates EGFR,
strawberries, cider, Suppresses
APP, Bcl-2, DNMT, . . . . .
Catechins red algae, green AT1 [241] HIFla. and PSMB5: proliferation, Antiproliferative
algae, red wines, Upre ulIa tes cas ase’3 stimulates apoptosis agent [241,242]
kiwis, green tea, preg P [241]
. and GADD45b [241]
gooseberries
[241,242]
Decreases cell
Flavan-3-ol from BT20, BT549, Downregulates mTOR, growth, increases
green and black MDA-MB-436, PI3K/AKT, p53/Bcl-2,  apoptosis, prevents  Antiproliferative
Epieallocatechin tea, apples, MDA-MB-231, EGFR, VEGEF, STATS3, DNA damage and and anti-invasion
P& allate cherries, red algae, MCF7, T47D, NF-«B, SCUBE2, proliferation, inhibits agent, hy-
& other fruits and Hs 578T, allograft TIMP3, DNMT, ER¢; invasion, reduces pomethylating
vegetables Balb/c model activates JNK, cell viability, has agent [208]
[151,208,242] [151,208] caspases 9/3 [151,208] cytotoxic effects
[208]
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Upregulates
Fas/caspase 8, Induces apoptosis
downregulates [244], probably in a
pAKT/pBAD pathway p-53-dependent
Antioxidant T47D, [244]; increases p53, manner [152],
olvphenol found MDA-MB-231 Bax, activates caspase  reduces cell viability, Proapontotic
Theaflavin p ypbl Kt [244], 6/7/9, increases ROS, inhibits cell pt PZ 44
m[l 5;(:2 43(]221 MCE-7, stimulates p53, migration, could agent [244]
’ ZR-75-1 [245] downregulates MMP2 induce p53
and MMP?9, inhibits phosphorylation of
the translocation of the Ser15 residue
NF-kB/p65 to the [245]
nucleus [245]
Inhibits cell
proliferation, no
cytotoxic effects on
non-malignant
breast cells
Theaflavin-3- Polyphenol from MCEF-7, MCF-10A Dl\c;[wl/\v/[rg; g\l;};g}; AHSP90’ (MCF—lOA),'induces Potentiate O.t her
llate fruits and veggies [246] ! ,and apoptosis by BC therapies
&4 886 SPP1 genes [246] stopping the cell [246]
cycle in the G2/M
phase, decreases
migration and
colony formation
[246]
Bioactive chalcone Stimulates apoptosis,
found in Asteraceae, induces cytotoxic-
Ericaceae, ity / genotoxicity
Saxifragaceae, Inhibits ER« signalling [248,249],
Phlorizin Proteaceae, Rosaceae, Ti\;[DD éfg]Bﬁéﬁy pathway, increases antioxidant, Anti-BC
Rutaceae, Fabaceae, 2 49j apoptotic caspase 3via  anti-inflammatory, potential [247]
Lamiaceae, P53 [249] affects the
Plantaginaceae, composition of gut
Pyrus communis microbiota and
[247] development [250]
Suppresses cyclin D1,
Flavonoid from p21, TWIST, and p38 Induces apoptosis Anticancer
plants, fruits MCF7 [252-254], MAPK [252], inhibits growth ! effects [124,252],
K ferol tabl 4 o MDA-MB-231, downregulates SNAI2, iorati d, potentiates
aempfero vegetables, onions, . migration, an s
apples. berries. tea xenograft models PLAU, CSF1, inhibits roliferation of BC sensitivity to
e ast] [124,255] IGF1/IGFIR- D 1124 950 256 chemotherapy
[124,251] mediated EMT cells [124.252,256] 4115 [253,254]
[255]
3. The Bad

The pro-inflammatory diet, based on a high intake of red, processed meat and alco-
hol [257], was associated with an increased BCR [258], while a long-term anti-inflammatory
diet can improve the survival of BC patients [259]. The Western dietary pattern, rich in
hydrogenated fat, soft drinks, animal fat, fast food, refined cereals, sweets, and processed
meat, and the unhealthy dietary pattern, rich in sugars, processed juices, soft drinks, potato
chips and mayonnaise, desserts, solid oils, red and processed meat, and high salt intake, are
also associated with increased BCR [43]. Eating breakfast at a later time was associated with
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increased BCR among premenopausal women [26] and skipping breakfast was associated
with an elevated risk in terms of all-cause and cancer-related mortality [260] and seems to
be a bad idea for patients with cancer [261]. Moreover, poor diets that include refined sugar,
saturated and trans fats, as well as a low level of natural antioxidants and fiber intake, were
linked to increased BCR through the modulation of inflammation-related pathways and
biomarkers [262] that play a key role in BC initiation and progression [263]. To exemplify
this, nuclear factor-kappa B (NF-kB) is a pro-inflammatory nuclear transcription factor and
the activation of the NF-kB signaling pathway is common in BC [264]. Alcohol exposure
activates the NF-kB pathway and enhances the transcription of NF-kB-targeted genes [12].
Moreover, Starek-Swiechowich et al. (2023) showed that alcohol, even at low concentrations,
as well as its major metabolite, acetaldehyde, causes TNBC cell proliferation, migration,
and invasion via the activation of p38 MAPK and JNK phosphorylation [12]. Kansestani
et al. (2019) showed that high glucose intake increased MCF7 BC cell proliferation, viability,
VEGEF secretion, and Bcl-2 expression, decreasing apoptosis, and stimulating angiogenesis,
due to the activation of the NF-kB pathway by increasing reactive oxygen species [265].

BC progression can be also affected by systemic nutrients [14]. For example, meat
consumption is annually rising at a global level, because meat is an important source of
animal-based proteins, with superior anabolic potential when compared with plant-derived
proteins [266], but it also enhances the risk of several types of cancer and other chronic
diseases [267]. Lo et al. (2019) emphasized that the increased consumption of red meat
was associated with invasive BC risk, which was also correlated with certain meat-cooking
practices [90]. Inoue-Choi et al. (2015) showed that a higher intake of processed meat was
associated with a 27% higher risk of localized postmenopausal BC and a 19% higher risk
of distant BC [268]. Moreover, higher nitrite intake from processed meat was positively
associated with localized cancer, whereas heme iron intake from red meat was positively
correlated with BCR overall and all cancer stages [268]. Kim and Shin (2021) showed
that processed meat consumption increases the risk of hypercholesterolemia, hypertriglyc-
eridemia, and dyslipidemia, whereas red meat consumption also increases the risk of
hypercholesterolemia, hyper-LDL cholesterolemia, and dyslipidemia [269], which have
been linked to BC incidence [270]. Brindisi et al. (2022) demonstrated that cholesterol acti-
vates the estrogen-related receptor alpha (ERR«x) pathway, promoting EMT in MCF7 and
MDA-MB-231 BC cells [271]. Moreover, these authors concluded that BC cells exposed to
high cholesterol levels promoted an increase in macrophage infiltration with the induction
of the M2 phenotype, known as the tumor growth promoter [272], angiogenesis, and the
induction of the cancer-associated fibroblast phenotype [271]. Recently, Magalhaes et al.
(2024) demonstrated that a high-cholesterol diet promotes phenotypic changes in BC cells
and their intravasation through the LDL-LDLR axis, contributing to BC progression and
metastasis in vitro and in various animal models [14]. Moreover, LDL also increases the
serine proteinase inhibitor, clade E member 2 (SERPINE2) expression, which is known
to be overexpressed in invasive ductal carcinoma of the breast [273]. Krawczynska et al.
(2024) showed that neutrophils exposed to a cholesterol metabolite become able to secrete
extracellular vesicles that promote EMT and stem cell characteristics in BC cells through
the activation of the WNT/ 3-catenin signaling pathway, influencing BC progression [274].
Additionally, the low HDL cholesterol level was related to an increased BCR [270]. How-
ever, a cohort study in Japanese women, conducted by Narii et al. (2023), showed that
triglycerides were not associated with BCR, while HDL cholesterol was inversely associated
with BCR only in women over 50 years old [275].

Several pieces of analyses suggest that a higher intake of fish can be associated with
higher incidence rates of ER+ BC [276], while oily fish intake has been found to be negatively
correlated with the incidence of total BC, mainly in the cases of ER- BC [277]. Other
authors have confirmed the protective effect of omega-3 fatty acids as a result of fish
consumption against BC in Asian patients [278]. However, there are serious risks involving
the consumption of fish contaminated with toxins, such as methylmercury, polychlorinated
biphenyls (PCBs), dioxins, pesticides, and plastic waste [279]. Thus, food of aquatic origin is
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an important source of human exposure to methylmercury [280] and a low level of exposure
to mercury can induce cancer cell proliferation by the estrogen receptor (ER), extracellular
signal-regulated kinases 1/2 (ERK1/2), c-JUN NH(2)-terminal kinase (JNK), NADPH-
oxidase, and nuclear factor erythroid 2-related factor 2 (NRF2) signaling, combined with
anti-apoptotic and pro-survival signaling, the accumulation of DNA modifications, and
the inhibition of DNA repair machinery [281]. Microplastics also accumulate in aquatic
organisms and trigger various endocrine and metabolic pathways [282]. A study performed
by Park et al. (2023) showed that polypropylene microplastics enhance metastasis-related
gene expression and cytokines in BC cells [283]. Fish absorb dioxins and PCBs from
their environment and these toxins enter the human body through food, including the
consumption of fatty fish [284]. Invasive BCR was positively associated with dioxin
exposure [285].

The various transformations involving processed meat can lead to the formation of
harmful and potentially carcinogenic compounds [286]. Thus, processed meat contains
polycyclic aromatic hydrocarbons (PAHs), heterocyclic aromatic amines (HAAs), residues,
such as nitrosamines, biogenic amines, and a wide variety of other contaminants, such
as antibiotics and other veterinary medicines and growth promoters [287-290]. Low-
dose PAH-enriched mixtures have been shown to upregulate aryl hydrocarbon receptor
(AhR) expression and cytochrome P450 (CYP) activity in ER+ BC cells, thus increasing cell
proliferation and stimulating the expression of anti-apoptotic proteins [291]. Furthermore,
a cohort study concluded that PAH exposure during pregnancy could interact with tobacco
smoke, thus impacting the breast tissue in mothers and daughters, potentially influencing
BCR across many generations [292]. HAAs are formed during high-temperature meat
cooking and are linked to BC initiation [293-295]. Moreover, aromatic amines are generally
highly lipophilic and can accumulate in the fatty tissue of breasts [296]. Nitrosamines are
potent carcinogens formed in processed meats, when nitrites and nitrates interact with
amines during food processing [297]. Studies have shown a positive association between
BC and the consumption of processed meats containing these carcinogens [298]. Research
indicates that consuming processed meat more than once a week is linked with a higher risk
of BC, especially in women who also consume alcohol [299-301]. Moreover, a meta-analysis
of prospective studies found that processed meat intake is associated with a 6% increase in
BC development [302], while another study revealed that the said consumption is linked to
a 9% higher BCR [303].

Nevertheless, milk consumption is more often associated with benefits than harm,
but milk intake can be associated with a higher risk of hormone-related cancers [304]. A
comprehensive meta-analysis of prospective cohort studies concluded that a high amount
of whole/high-fat milk consumption can be associated with higher cancer mortality [66].
The intake of milk and dairy products has been related to a higher risk of breast and
prostate cancers, due to the positive association with systemic levels of insulin-like growth
factor 1 (IGF-1), insulin and estrogen signaling [305,306], and the IGF signaling pathway,
implicated in the regulation of breast cancer stem cells (BCSCs), EMT, local migration and
invasion, angiogenesis, and chemotherapy resistance [307]. More than 400 fatty acids (FAs)
have been detected in milk; however, saturated fatty acids (SFAs) are present in a greater
concentration [308]. Recently, based on a systematic review and meta-analysis, Mei et al.
(2024) emphasized that high total SFA levels have been correlated with increased BCR [309].
Additionally, Jiang et al. (2024) also studied the association between dietary intake of
SFAs and BCR, emphasizing that this impact depends on the carbon chain lengths of SFAs,
attributable to the dietary sources and biological activities of such compounds [310].

An increased level of intake of omega-3 fatty acids associated with a decrease in omega-
6, resulting in a higher omega-3/omega-6 ratio, is inversely associated with BCR [311].
Linoleic acid (LA), an omega-6 acid, predominantly present in oil seeds (soy bean, sun-
flower, rapeseed, and cotton), as well as «-linolenic acid (ALA), an omega-3 fatty acid
found in flaxseed and fresh forage, are the FA precursors of conjugated linoleic acid (CLA)
synthesis [56]. Espinosa-Neira et al. (2011) previously demonstrated that LA, an essential
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and the major polyunsaturated fatty acid (PUFA) in most diets, induces an EMT-like process
in the mammary epithelial cells, MCF10A [312]. The authors showed that LA promotes a
decrease in E-cadherin expression, as well as in increase in Snaill, Snail2, Twist1, Twist2,
Sipl, vimentin, and N-cadherin expression [312]. Moreover, LA induces focal adhesion
kinase (FAK) and NF-«B activation, and promotes an increase in MMP2 and MMP9 se-
cretion, cell migration, and invasion in MCF10A cells [312]. Serna-Marquez et al. (2017)
demonstrated that LA induces AKT2 activation, invasion, increases NF-kB-DNA binding
activity, miR34a upregulation, and miR9 downregulation in the MDA-MB-231 BC cell
line [313].

Milk also contains a plethora of proteins that may develop malignant activities. Thus,
lactadherin/milk fat globule-EGR factor 8 (MFG-ES) is a glycoprotein associated with the
milk fat globule membrane that plays crucial roles in cell adhesion and the promotion of
angiogenesis, thus overexpressed lactadherin has been associated with poor prognosis
and low survival in BC and other types of malignancies [314]. MFG-E8 can be considered
as a potential biomarker and therapeutic target for breast carcinoma, emphasizing the
decreased expression in ER+ and HER2+ BCs, while highly expressed in TNBC cell lines
and patient sera [315]. Consequently, MFG-E8 downregulation was associated with cell
cycle arrest and cell apoptosis, also inhibiting the expression of MMPs and EMT-associated
proteins [315]. Osteopontin (OPN), a secreted multifunctional phosphorylated protein [60]
present in milk from cows, buffalos, sheep, goats, and yaks [316], has also been identified to
be highly expressed in the tumor tissue and plasma of BC patients, including TNBC tissues
and cells, in association with a poor clinical prognosis and reduced survival, while OPN
downregulation inhibits BC skeletal metastasis in vitro [317,318]. Recently, Guo et al. (2024)
showed that OPN promotes tumor growth and metastasis and GPX4-mediated anti-lipid
peroxidation in TNBC by activating the PI3K/Akt/mTOR pathway, elevating cell prolif-
eration, invasive and migratory abilities, tumor sphere formation and angiogenesis [318].
Jia et al. (2024) showed that cottage/ricotta cheese intake was causally associated with
luminal A-like BC, while the risk of ER-negative BC decreased [69]. Moreover, cow’s milk
is a rich source of growth factors, including transforming growth factor (TGF)-f3 [319], a
pluripotent cytokine with a key role in EMT, invasion, migration, and apoptosis, which
acts as a growth inhibitor in early BC and a growth promoter in advanced stages of the
disease [320].

Beyond all these negative effects, milk and milk-based products may contain pes-
ticides that act as endocrine disruptors, with carcinogenic potential [67]. For example,
atrazine, a herbicide that can bioaccumulate over time, was detected over the permissible
limit for human consumption in bovine milk samples obtained from dairy farms [321].
Atrazine promotes 4T1 TNBC cell proliferation and migration, suppresses local and sys-
temic immune function, and upregulates the expression of matrix metalloproteinase MMP2,
MMP7, and MMP9 [322]. Moreover, atrazine induced IL-4 overexpression, while IFN-y
and TNF-« were found to be decreased in TME and serum [322]. Dairy products, including
raw milk, ultra-high temperature milk, pasteurized milk, pasteurized and traditional butter,
and pasteurized and traditional cheese, may also contain cypermethrin, deltamethrin,
and hexachlorobenzene, over the maximum limit set by the EU [323]. Cypermethrin is a
synthetic pyrethroid frequently used in agriculture and households for insect control [324].
Flumethrin, another pyrethroid pesticide, induces genotoxicity in MCF7 BC cells, even
at low concentrations [325]. Hexachlorobenzene (HCB) is an organochlorine compound,
which is able to bioaccumulate in high-fat tissues, that binds to the aryl hydrocarbon
receptor, activating the membrane and nuclear pathways involved in BC development,
such as ER«x signaling, and insulin-like growth factor-1, epidermal growth factor, and
transforming growth factor beta 1 receptors [326]. Thus, HCB stimulates epithelial cell
proliferation, migration, invasion, and angiogenesis [326]. Unfortunately, even in the case
of vegan milk substitutes, such as soy milk and its derivatives, genetically modified (GM)
glyphosate-tolerant soy beans (GT), which dominate the soy bean market throughout the
world, introduce thousands of tons of herbicides into the food chain [327] and biocaccumu-
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late glyphosate (GLY), as well as its major degradation product aminomethylphosphonic
acid (AMPA), which may itself act as an endocrine disruptor, mimicking 17{3-estradiol
that promotes ER«x activity in BC cells [328]. The most common crops associated with the
use of GLY include soy bean (Glycine max), corn (Zea mays), canola (Brassica napus), sugar
beet (Beta vulgaris), and wheat (Triticum aestivum) [329]. Both GLY and AMPA have been
shown to act as potential endocrine disruptors, while also exhibiting cytotoxic effects on
BC cell lines. A study performed on MCF-7 and MDA-MB-468 cells highlighted the effects
of these compounds on well-known signaling pathways, concluding that GLY and AMPA
can dysregulate hedgehog, TGF-f3, NOTCH, JAK-STAT, WNT, RAS, MAPK, and PI3K-
AKT pathways, also affecting DNA repair processes, the cell cycle, and apoptosis [330], or
increasing BC cell proliferation rates [328].

A literature search conducted by Keum et al. (2015) concluded that consuming more
than five eggs/week was significantly associated with an increased BCR compared with no
egg consumption [102]. As well as dairy products, home-grown eggs could be exposed to
pesticides, such as hexachlorocyclohexane, aldrin, and malathion, more than commercial
eggs, due to the direct interactions between eggs and the polluted environment [331].
Hexachlorocyclohexane has been associated with an increased BCR [332].

Augustin et al. (2013) emphasized that BCR revealed strong positive associations
with bread and pasta consumption in women [93]. Pogurschi et al. (2021) analyzed the
presence of acrylamide, which forms in several heated products consumed almost daily,
such as coffee beverages, potato chips, pasta, pizza bases, cereal flakes and breakfast cereals,
pancakes, pretzels, bread and pastries [333,334]. A large cohort study suggested a positive
association between dietary acrylamide and BCR, mainly in premenopausal women, while
other authors showed that acrylamide consumption did not increase the BCR [335,336].
A hormonal mode of action for acrylamide has been hypothesized to decipher the tu-
morigenesis in mammary glands based on acrylamide-induced DNA adduction and its
mutagenesis-related potential [337].

Recently, a study performed by Lara-Castor et al. (2024) found that the intake of sugar-
sweetened beverages among children and adolescents in 185 countries increased by 23%
from 1990 to 2018 [338]. The consumption of sugar-sweetened beverages was associated
with a slightly higher BCR among lean women, but no significant increases in BCR were
reported overall, as well as for the consumption of artificially sweetened beverages [339].
However, there is evidence based on large-scale population-based studies that suggests
that there is a positive association between a higher intake of artificial sweeteners, such
as aspartame and acesulfame-K, and increased BCR [340]. Other findings, based on a
systematic review and meta-analysis, confirmed that there is no association between the
exposure to artificial sweeteners and the incidence of BC [341]. However, many studies
sustain a direct association between sugar-sweetened beverages and weight gain, being
overweight, and obesity in children and adolescents [342], whereas obesity can increase
the amount of circulating proinflammatory cytokines, promote tumor angiogenesis, and
stimulate cancer cell stemness, increasing BC growth, invasion, and metastasis [343]. The
harmful effects, at the molecular level, of dietary compounds that exert pro-tumorigenic
effects in BC are illustrated in Figure 2.
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Figure 2. Biomarkers and molecular pathways involved in BC development, targeted by harmful
compounds present in a daily diet.

4. Outlook

Evidence suggests that environmental exposure to chemicals and lifestyle account
for 70% to 90% of the risk factors for chronic diseases, whereas only 10% to 30% can be
explained by the specific genomic landscape [2]. In this review, we highlighted both “the
good” and “the bad” sides of the daily human diet or dietary patterns and behaviors that
influence BC risk (BCR) and incidence. Thus, pro-inflammatory diets, based on a high
intake of red, processed meat, and alcohol, have been associated with increased BCR, while
diets rich in antioxidants and anti-inflammatory compounds were all correlated with a
lower risk of developing BC.

Milk, meat, eggs, and bread, including their derivatives, are complex foods, rich in
nutrients, considered complete and basic ingredients in almost every meal and specific
dietary pattern worldwide. However, milk, bread, eggs, and meat bi-directionally impact
BCR. Moreover, milk contains proteins and lipids that can induce apoptosis and BC cell
cycle arrest, inhibiting invasion, metastasis, and tumor angiogenesis. However, several
milk proteins, such as osteopontin, may exhibit antitumorigenic characteristics, but only
in certain circumstances. In addition, osteopontin can also promote tumor growth and
metastasis in TNBC, by activating the PI3K/AKT/mTOR pathway, elevating BC cell
proliferation, invasion, and migratory abilities, tumor sphere formation, and angiogenesis.
Lactoferrin, a natural proapoptotic iron-binding multifunctional glycoprotein from bovine
milk, can exert strong anticancer activities, inducing apoptosis in highly metastatic BC cell
lines. Bovine milk-derived extracellular vesicles (EVs) are able to sensitize TNBC cells to
doxorubicin, but many proteins from EVs provide context-based and opposing roles, acting
both as BC metastasis promoters and suppressors. The intake of milk and dairy products
has been related to a higher risk of breast and prostate cancers, due to their positive
association with systemic levels of insulin-like growth factor 1 (IGF-1), insulin and estrogen
signaling, which are implicated in the regulation of breast cancer stem cells (BCSCs), EMT,
local migration and invasion, angiogenesis, and chemotherapy resistance. Linoleic acid
(LA), an essential and the major polyunsaturated fatty acid (PUFA) in most diets, induces an
EMT-like process in mammary epithelial cells. Lactadherin, a glycoprotein associated with
the milk fat globule membrane, plays crucial roles in cell adhesion and the promotion of
angiogenesis, so overexpressed lactadherin has been associated with a poor prognosis and
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a low survival rate in BC. Cottage/ricotta cheese intake is causally associated with luminal
A-like BC and its consumption decreases the risk of ER-negative BC, while several additives
derived for saffron and used to color cheese may exert antiproliferative effects on TNBC
cells. Atrazine, a herbicide that can bioaccumulate over time, detected over the permissible
limit for human consumption in bovine milk, promotes TNBC cells proliferation and
migration, suppresses local and systemic immune function, and upregulates the expression
of matrix metalloproteinases MMP2/7/9. Hexachlorobenzene (HCB), an organochlorine
compound, is able to bioaccumulate in high-fat tissues, impacting ERo signaling, insulin-
like growth factor-1, the epidermal growth factor, and transforming growth factor beta
1 receptors.

Meat consumption is annually rising at the global level, but red and processed meat
are associated with invasive BC risk, which is also correlated with certain meat-cooking
practices. High-cholesterol-based dietary patterns promote the intravasation of BC cells,
as well as the progression of BC, due to the activation of ER« signaling pathway and
the development an inflammatory TME. Food of aquatic origin is an important source of
human exposure to methylmercury and other endocrine disruptors and even a low level
of exposure can induce BC cell proliferation through the activation of ER, ERK1/2, JNK,
NADPH-oxidase, and NRF2 signaling, combined with anti-apoptotic and pro-survival
signaling, the accumulation of DNA modifications, and the inhibition of DNA repair
machinery. Microplastics accumulated in aquatic organisms also trigger various endocrine
and metabolic pathways. Low-dose polycyclic aromatic hydrocarbon (PAH)-enriched
mixtures have been shown to increase BC cell proliferation and stimulate the expression
of anti-apoptotic proteins. Moreover, PAH exposure during pregnancy impacts the breast
tissue in mothers and daughters, potentially influencing BCR across many generations.
Heterocyclic aromatic amines (HAAs) are formed during high-temperature meat cooking,
are generally highly lipophilic, accumulate in the fatty tissue of the breasts, and were linked
to BC initiation. Ethanol intake, alone or combined with red and processed meat, even
at low concentrations, as well as its major metabolite, acetaldehyde, causes TNBC cell
proliferation, migration and invasion, as well as high levels of glucose, which increases
BC cell proliferation and viability, while decreasing apoptosis and stimulating tumor
angiogenesis and ROS production.

Grains are one of the most important foods consumed worldwide, which contain
bioactive compounds, but the contamination of cereals and cereals-based products with
mycotoxins, such as aflatoxins, has been associated with mutagenesis and carcinogenesis.
Common crops are associated with the use of glyphosate (GLY) and its major degradation
product, aminomethylphosphonic acid (AMPA). Even in case of vegan milk or meat substi-
tutes, such as soy-based derivatives, genetically modified glyphosate-tolerant soy beans
(GT), which dominate the soy bean market throughout the world, introduce thousands of
tons of herbicides into the food chain. GLY and AMPA can dysregulate hedgehog, TGF-f3,
NOTCH, JAK-STAT, WNT, RAS, MAPK, and PI3K-AKT pathways, also affecting DNA
repair processes, the cell cycle, and apoptosis of BC cells. Acrylamide, which forms in
several heated products consumed almost daily, such as coffee beverages, potato chips,
pasta, pizza bases, cereal flakes and breakfast cereals, pancakes, pretzels, bread and pastries,
has a hormonal mode of action, enhancing tumorigenesis in mammary glands based on
acrylamide-induced DNA adduction and its mutagenesis-related potential. Ovotransferrin,
an iron-binding glycoprotein present in both avian plasma and egg white, has anticancer
activities, with negative effects on the proliferation of BC cells by inducing apoptosis. How-
ever, home-grown eggs could be exposed to pesticides, such as hexachlorocyclohexane,
aldrin, and malathion, more than commercial eggs, due to the direct interactions between
hens or eggs and the polluted environment. Many studies claim that there is a direct
association between sugar-sweetened beverages and weight gain, being overweight, and
obesity in children and adolescents, whereas obesity can increase the amount of circulat-
ing proinflammatory cytokines, promote tumor angiogenesis, and stimulate cancer cell
stemness, increasing BC growth, invasion, and metastasis.
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However, regularly eating new, diversified, colorful, clean, nutrient-rich, energy-
boosting, and raw food, enables increased apoptosis and autophagy, antioxidation, cell cycle
arrest, anti-inflammation, and immune response against BC cells, the reduction or inhibition
of genomic instability, BC cell stemness, growth, proliferation, invasion, migration, and
metastasis. Uncontrolled growth is a hallmark of cancer and is an important event during
BC development and progression. Dietary compounds can induce cell cycle arrest through
the upregulation of p21, and the downregulation of CDK2/4/6, survivin/BIRC5, PCNA,
cyclin D1, MARK4, and RASSF1A. For example, survivin, also known as the BIRC5 protein,
is overexpressed in TNBC [344], associated with a high proliferative capacity of tumor cells,
so targeting survivin/BIRC5 may be an option for patients with TNBC. A diet containing
tomatoes, Citrus fruits, medicinal plants, and spices, rich in naringin and Rosmarinic acid,
could help the induction of BC cell cycle arrest. The development of cyclin-dependent
kinase (CDK1/2/4/6) inhibitors with reduced toxicity is important for improving BC
patient survival outcomes. Thus, hesperetin, apigenin, daidzein, ellagic, and caffeic acids,
all present in herbal teas, Citrus fruits, nuts, berries, spices, vegetables, green and roasted
coffee, oils, honey, and propolis extracts, downregulate CDK 1/2/4/6 that, as well as
cyclins, play an important role in BC cell cycle progression [345]. The cyclin-dependent
kinase inhibitor 1A (p21/CIP1) also has an important role in the cell cycle by inhibiting
the activity of CDKs [346]. Allicin found in garlic, hesperidin from Citrus fruits, naringin,
apigenin, tangerine, daidzein, caffeic acid, malvidin, an abundant anthocyanin found in
red wine and colored fruits, such as all types of berries, and kaempferol, have the ability
to induce cell cycle arrest. Microtubule-affinity regulating kinase 4 (MARK4) controls
the early step in cell division and migration through the Hippo signaling pathway and
is considered to be a potential drug target. Rosmarinic acid shows a significant binding
affinity to MARK4, inhibiting its activity [347].

Inducing apoptosis is a key strategy to control excessive BC cell proliferation and
natural products possess this property, stimulating proapoptotic mechanisms, including
mitochondrial functions, PI3K/AKT, ROS, and MAPK-mediated pathways [348]. Thus,
bioactive compounds increase ROS, caspases 3/7/8/9, the Bax/Bcl-2 ratio, BAK, NOXA,
p53, and downregulate STAT3, pAKT, mTOR, JAK2, and survivin/BIRC5. Thus, all the
bioactive compounds listed in Table 1 are able to induce apoptosis. Consequently, a plant-
based diet and “eating the rainbow” is important for the induction of cellular death in BC.
As the hallmark of BC neoplastic behavior, metastasis is a multistep process that includes
cell migration and the colonization of distant niches into target organs. The epithelial-
mesenchymal transition (EMT) confers BC cells with enhanced stem cells, and invasive
and metastatic proprieties, so EMT blocking is crucial to avoid the spread of BC cells [349].
Thus, everyday plant-based meals contain the phytonutrients able to downregulate mes-
enchymal markers and EMT-associated pathways (3-catenin, vimentin, N-cadherin, MMP
2/9, PI3K/AKT, mTOR, ERK1/2, Snaill, Slug, ZEB1, overexpressing epithelial biomark-
ers, such as claudin, E-cadherin, and PTEN. Dietary compounds also target antioxidation
through activation of the NRF/KEAP1 signaling pathway with anti-BC effects, and anti-
inflammation, through the downregulation of pro-inflammatory interleukins 1/6/8, NF-kB,
TNF-a, COX2, and iNOS. Autophagy can be stimulated by the upregulation of p-AMPK
and the downregulation of mTOR.

Eating more frequently, reducing evening energy intake, consuming early breakfast
and dinner also reduce systemic inflammation and, consequently, BCR. It is important to
carry out complex studies to understand, mainly at the molecular level, the bioavailability,
absorption in the small intestine, distribution, metabolism, bioaccumulation, degradation,
interaction with colonic microflora, elimination, and toxicity of harmful, as well as beneficial
dietary compounds, on their own or in chemical mixtures, in order to translate the results
from experiments involving BC cell lines, systemic reviews, meta-analysis, and cohort
studies, into the most appropriate and personalized dietary patterns for each BC patient,
approaching the disease in a holistic manner. Thus, we suggest that a balanced dietary

232



Int. ]. Mol. Sci. 2024, 25, 11078

structure combined with personalized nutritional behaviors can really improve treatment
efficacy and BC patient outcomes.

5. Conclusions

Here, we highlighted both “the good” and “the bad” sides of daily human diet
or dietary patterns and behaviors that influence BC risk and incidence, and provided
an outlook on the major factors that can influence the onset and/or progression of BC.
Environmental exposure to chemicals and lifestyle account for 70% to 90% of the risk
factors for chronic diseases, whereas only 10% to 30% can be explained by the specific
genomic landscape. So, regularly eating new food allows for increased apoptosis and
autophagy, antioxidation, cell cycle arrest, anti-inflammation, and immune response against
BC cells, the reduction or inhibition of genomic instability, BC cell stemness, growth,
proliferation, invasion, migration, and metastasis. In addition, eating more frequently,
reducing evening energy intake, consuming early breakfast and dinner also reduce systemic
inflammation and, consequently, BC risk. Thus, a balanced and personalized dietary
structure combined with appropriate nutritional behaviors can improve treatment efficacy
and BC patient outcomes.
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Bcl-2 interacting protein 3; CDKs—cyclin-dependent kinases; COX2—cyclooxygenase 2; CSF1—
colony-stimulating factor 1, DNMT1—DNA (cytosine-5)-methyltransferase 1; EGF—epidermal
growth factor; EGFR—epidermal growth factor receptor; EMT—epithelial-mesenchymal transi-
tion; ERx—estrogen receptor alpha; ERK1/2—extracellular signal-regulated protein kinase 1/2;
GADD45b—growth arrest and DNA damage-inducible beta; GRP78—glucose regulated protein
78; HER2—epidermal growth factor receptor 2; HIF1—hypoxia-inducible factor 1, HRK—harakiri;
IGF1—insulin growth factor 1; IGF1IR—insulin-like growth factor-1 receptor; IkB—IkappaB kinase;
IL-6—interleukin 6; iNOS—inducible nitric oxide synthase; JAK2—Janus kinase 2; JNK—c-Jun N-
terminal kinase ; KIF18B—kinesin family member 18B; KEAP1—Kelch-like ECH-associated protein
1, MAPK—mitogen-activated protein kinase; MARK4—microtubule affinity-regulating kinase 4;
MCL1—myeloid cell leukemia 1; MMP-2—matrix metalloproteinase 2; MMP-9—matrix metallopro-
teinase 9; mMTOR—mammalian target of rapamycin; MTSS1—metastasis suppressor protein 1; NF-kB—
nuclear factor kappa light chain enhancer of activated B cells; NOTCH1—neutrogenic locus notch ho-
molog protein 1; NRF2—nuclear factor erythroid 2-related factor 2; PCNA—proliferating-cell nuclear
antigen; PD-L1—programmed death-ligand 1; pAKT—phosphorylated serine/threonine-specific pro-
tein kinase; pERK-phosphorylated-extracellular signal-regulated kinase; PI3K —-phosphatidylinositol-
4,5-bisphosphate 3-kinase; PPARG—peroxisome proliferator-activated receptor gamma; PSMB5—
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proteasome subunit beta type-5; p27/Kipl—cyclin-dependent kinase inhibitor 1B; PDX—patient-
derived xenograft; PLAU—plasminogen activator, urokinase; PTEN—phosphatase and TENsin
homolog deleted on chromosome 10; RASSF1A—Ras association domain family protein 1 iso-
form A; ROS—reactive oxygen species; SCD—stearoyl-CoA 9-desaturase; SCUBE2—signal peptide,
CUB domain and EGF-like domain containing 2; SERBP1—SERPINE1 mRNA-binding protein 1;
SLUG—zinc finger protein SNAI2; STAT3—signal transducer and activator of transcription; TGF-p1—
transforming growth factor beta 1; TIMP3—TIMP metallopeptidase inhibitor 3; TME—tumor microen-
vironment; TNBC—triple negative breast cancer; TNF—tumor necrosis factor; TNFRSF25—tumor
necrosis factor receptor superfamily 25; VEGF—vascular endothelial growth factor; VIM—vimentin;
VKORC1—vitamin K epoxide reductase complex subunit 1, WNT—wingless-related interaction site.
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