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Abstract
Background: Since antiquity, honey has been recognised for its healing and antibacterial
properties. Recently, Manuka honey (MH) has been identified as possessing antioxidant, anti-

inflammatory, antimutagenic, and anticarcinogenic effects.

Objective: This review examines the potential benefits of manuka honey, its bioactive

components, and their effects on cancerogenesis, cancer growth, and development.

Methods: The PubMed and Google Scholar databases were searched, and 46 studies were

identified as most relevant to the research objective.

Results: The accompanying papers posit that MH may impede carcinogenesis by regulating
various molecular pathways and cancer cell progression. A substantial body of scientific
evidence indicates that a range of honey types, including MH, can facilitate the release of
reactive oxygen species and cytokines (predominantly IL-1p, IL-6, and TNF-a) by innate
immune system cells. Furthermore, studies have demonstrated that honey can stimulate T
lymphocytes and macrophages' proliferation and functions while also inducing apoptosis and
cell cycle arrest in cancer cells.

Conclusion: The body of evidence attesting to the anticarcinogenic properties of MH continues
to grow. Several studies have demonstrated the significant role of manuka honey and its
properties in promoting innate and adaptive immunity, which is essential for eliminating cancer
cells. Nevertheless, further research is required to provide comprehensive data regarding the

active constituents of Manuka honey and their potential efficacy in cancer therapy.

Keywords: Manuka honey, Leptospermum scoparium, anticarcinogenic, cancer

Introduction

The distinctive antimicrobial and anti-inflammatory characteristics of honey have long
been recognised, even among ancient civilisations such as those of the ancient Greeks and
Egyptians. (McLoone et al., 2016) Honey research aims to identify the bioactive components
and distinctive properties underpinning its medicinal applications. In recent years, research has
also been conducted into honey's immunoregulatory, antioxidant, anti-inflammatory,
antimutagenic and anticarcinogenic effects, in addition to its established high nutritional value

and antimicrobial activity. The principal compounds accountable for the antioxidant activity of



honey are flavonoids, phenolic acids, ascorbic acid, catalase, peroxidase, carotenoids and
maillards. (Niaz et al., 2017; Margaoan et al., 2021) The composition of these components
differs between kinds of honey, depending on the floral origin, geographical location and
physiology of the honeybee. (Kavanagh et al., 2019)

MH is produced from the nectar of the Leptospermum scoparium tree, which is
indigenous to New Zealand and south-eastern Australia. It is primarily harvested in New
Zealand. (Kazmierczak-Baranska and Karwowski, 2024) Many studies have demonstrated that
MH can inhibit the process of carcinogenesis by regulating various molecular processes and the
progression of cancer cells. Furthermore, MH can potentially be employed in treating infections
caused by multidrug-resistant organisms, which represents a significant advancement in the
fight against antimicrobial resistance, given the growing prevalence of multidrug-resistant

(MDR) bacteria and their associated public health concerns. (Nolan et al., 2020)

Search methods employed

This study aims to examine the possible effects of MH on cancer and its potential
efficacy in treating cancer-related conditions. A comprehensive literature search was conducted
using the PubMed and Google Scholar databases, identifying 46 of the most relevant studies to
the research objective.

Honey composition

Honey's beneficial properties are influenced by its chemical composition, which varies
depending on the type of honey, its floral origin, and the geographical location of the hive
(Kavanag, 2018).

Honey contains over 200 macro- and microcomponents, including carbohydrates, water,
aromatic compounds, phenolic acids, flavonoids, organic acids, amino acids, proteins, sterols,
vitamins, enzymes, essential oils, and pollen particles (Margaoan, 2021). Among the primary
carbohydrates present in honey are monosaccharides such as fructose and glucose,
disaccharides including sucrose and maltose, and oligosaccharides such as erlose, pentose,
maltotriose, nigerose, kojibiose, 3-deoxyglucosulose (3-DG), and methylglyoxal (MGO). The
moisture content of honey typically ranges between 10% and 20% of its total weight.
Additionally, honey contains various minerals, including aluminium, boron, barium, calcium,
chromium, cobalt, copper, iron, potassium, magnesium, manganese, sodium, nickel,
phosphorus, sulfur, vanadium, and zinc. Vitamins found in honey include thiamine (B1),
riboflavin (B2), ascorbic acid (vitamin C), pantothenic acid, and pyridoxine. Honey is also a
source of bioactive compounds such as phenolic acids (e.g., gallic acid, caffeic acid,



chlorogenic acid, benzoic acid, p-hydroxybenzoic acid, 4-hydroxybenzoic acid, 2,3,4-
trihydroxybenzoic acid, trans-cinnamic acid, p-coumaric acid, syringic acid, trans-ferulic acid,
protocatechualdehyde, protocatechuic acid, and gentisic acid) and flavonoids (e.g., quercetin,
luteolin, kaempferol, galangin, isorhamnetin, apigenin, and chrysin). The most frequently
identified polyphenolic compounds in honey include gallic acid, syringic acid, quercetin, and
luteolin. However, honey may also be subject to contamination by chemical substances,
including heavy metals (e.g., arsenic, cadmium, and lead), pesticides, and
hydroxymethylfurfural (HMF) (Wang, 2024).

Bioactive properties of honey compounds

The bioactive properties of honey encompass antimicrobial (antibacterial and
antifungal), antidiabetic, anti-inflammatory, antioxidant, radical-scavenging, and wound-
healing effects (Kavanagh, 2018).

The antioxidant activity of honey arises from its content of flavonoids and phenolic
acids, which is supported by ascorbic acid, catalase, peroxidase, carotenoids, and Maillard
reaction products.

Manuka honey (MH) is characterised by high concentrations of methylglyoxal (MGO),
its primary antibacterial agent. MGO can inactivate bacterial proteins, including those in certain
antibiotic-resistant bacteria (e.g., antibiotic-resistant Helicobacter pylori). MGO is a signalling
molecule in plant cell cultures that stimulates plant growth. However, elevated intracellular
concentrations of MGO can be toxic, leading to protein dysfunction and errors in cellular
replication and apoptosis. MGO is also physiologically produced in human cells as a byproduct
of anaerobic glycolysis (Wang, 2024; Kazmierczak, 2024).

MH's relatively low pH (approximately 3.5-4.5) further supports microbial growth
inhibition. This low pH also contributes to MH's wound-healing properties by reducing protease
activity and enhancing fibroblast activity (Margaoan, 2021).

An in vivo study conducted by Kazmierczak and Karwowski (2024) demonstrated MH's
radioprotective properties. Fibroblasts treated with MH maintained higher metabolic activity
after irradiation than untreated cells (Kazmierczak et al., 2024).

Reports also highlight honey's potential role in regulating blood glucose levels.
However, due to its high sugar content, the use of MH for managing diabetes remains
controversial (Margaoan, 2021).

In vivo studies of various monofloral honey types have shown that intravenous
administration of MH increased the levels of caspase-3 and improved the survival rates of male
mice aged 8-12 weeks (Margaoan, 2021).



Cancer Immunology and Manuka Honey Potential Mechanisms of Action

Cancer is defined as a genetic disease induced by multiple mutations affecting genes

that regulate the growth and differentiation of cells. (Chan-Zapata and Segura-Campos, 2021)

It is currently a widespread condition, representing a leading cause of death in more

economically developed countries.

The immune system plays a pivotal role in cancer's pathogenesis, as it can eradicate

emerging transformed cells once they arise. This concept is known as ‘cancer

immunosurveillance'. (Masad et al., 2024) Both innate and adaptive immune system cells

recognise tumours and regulate cancer development.

Type of cells

Mechanism of action

Innate immune response

Macrophages

participation in Thl pro-inflammatory response
reactive oxygen (ROS) and nitrogen species (RNS) production
pro-inflammatory cytokines such as IL-1p, IL-6 and TNF-a release

Dendritic cells

phagocytosis of tumour cells

presentation of processed antigens to naive T lymphocytes via the major
histocompatibility complex (MHC)

triggering of the immune response of CD8+ or CD4+ T lymphocytes

Neutrophils disruption of the plasma membrane of tumor cells opsonized with
antibodies
antibody-dependent trogocytosis

NK cells cytolytic activity triggered by the loss of MHC class | molecules on tumour

cells
antibody-dependent cell-mediated cytotoxicity (ADCC)

Adaptive immune response

Thl CD4+

IFN-y production

upregulate the mechanisms of antigen processing

recognition of tumour-associated antigens by CD8+ and CD4+ T cells
upregulation

IL-2 secretion, which mediates the survival, proliferation, and cytotoxic
activity of CD8+ T cells

Th2 CD4+

IL-4, IL-5, IL-10 secretion that allows tumors to evade immune
surveillance

Activated CD8+

detection of tumor-associated antigenic peptides presented by MHC |
secretion of cytolytic granules (perforins and granzymes)
IFN-y and TNF-a secretion

B lymphocytes

antibodies secretion (initiation of ADCC)
IFN-y production

Table 1. Cell types of the innate and adaptive immune system involved in the process of cancer

immunosurveillance, based on Chan-Zapata and Segura-Campos, 2021.




Tumour cells are capable of evading the immune system through a number of different
mechanisms. These mechanisms encompass defects in MHC class | molecules affecting antigen
presentation, reduced cell death signals through altered apoptosis regulation, and
immunosuppressive conditions in the tumour environment. The secretion of factors such as IL-
10 and TGF-p by regulatory T cells and tumour-associated macrophages can suppress immune
responses. Furthermore, tumour-associated macrophages can secrete factors like 1L-6 and IL-
8, which promote tumour angiogenesis. (Chan-Zapata and Segura-Campos, 2021)

The evidence is mounting to suggest that different types of honey may possess
anticancer properties. Some studies have indicated that MH may possess anti-inflammatory
properties and modulate anti-tumour immune responses by altering the expression of various
cytokines and chemokines. These involve intracellular communication and many physiological
and pathological processes, including mediating inflammatory responses. (Navaei-Alipour et
al., 2021)

In their study, Aryappalli et al. (2017) identify IL-6R as a direct target of MH, thereby
underscoring the potential of IL-6R blockade as a mechanism for the anti-tumour activity of
MH and as a viable therapeutic target in IL-6-dependent cancers. Furthermore, the activation
of caspases 3/7, 6, 8, and 9 was observed to induce apoptosis in the tumour cells. In vivo studies
have also indicated the potential for inhibiting IL-6 production (Keenan et al., 2012; Almasaudi
et al., 2016; Almasaudi et al., 2017).

In contrast, several in vitro studies have demonstrated that MH possesses the capacity
to stimulate the immune system, resulting in an increase in the production of proinflammatory
cytokines by human monocytes, including TNF-o (Tonks et al., 2001), IL-1p and IL-6 (Tonks
et al., 2003; Afrin et al., 2018; Gasparrini et al., 2018). The authors posit that these findings
indicate that the impact of honey on wound healing may be partially attributable to the
stimulation of inflammatory cytokines from monocytic cells. However, they highlight that the
mechanisms through which honey influences the release of anti-inflammatory agents and
growth factors from monocytic cells remain uncertain, representing a potential avenue for
further investigation.

In addition to the impact of MH on cytokine levels, a range of alternative strategies for
combating tumour cells were explored. Afrin et al. (2018) described a protective effect on
macrophages, whereby the viability of these cells was enhanced, proliferation was promoted,
and apoptosis was reduced, with caspase three expression also being decreased. Additionally,
Timm et al. (2008) reported the role of facilitating ROS production by monocytes due to the



presence of lipopolysaccharide (LPS), commonly known as endotoxin. Furthermore, MH has
been demonstrated to induce the recruitment of neutrophils and the activation of macrophages
by inducing the expression of not only proinflammatory cytokines, such as TNF-o and I1L-13
but also the chemokines CXCL2 and CCL2, which are potent chemoattractants of myeloid cells
(Masad et al., 2022). In their study, Martinetti et al. (2020) demonstrated that MH can influence
reactive oxygen species (ROS) and increase intracellular calcium levels, ultimately resulting in
cellular death. The mechanism is enhanced by manuka honey's capacity to maintain a high
permeability for hydrogen peroxide via the aquaporin 3 (AQP3) channel.

MH was observed to inhibit the proliferation of HCT-116 (human colon
adenocarcinoma) cells and their capacity for colony formation accompanied by an induction of
ROS production in these cells, as well as apoptosis and cell cycle arrest. (Cianciosi et al., 2020)
Moreover, the ability to induce cytotoxicity by inhibiting cell proliferation and viability was
observed in two cancer cell lines: human hepatocarcinoma (HepG2) and breast cancer (MCF-
7). (Halawani, 2021)

Masad et al. (2024) demonstrated that the administration of MH, whether as a preventive
or therapeutic measure, resulted in the enhancement of anti-tumour responses, leading to the
suppression or retardation of tumour growth respectively. The enhanced tumour
immunogenicity was evidenced by the upregulation of MHC class-11 on intratumoral
macrophages, the enhanced expression of MHC class-1 on tumour cells and the increased
infiltration of effector T cells into the tumour microenvironment. Furthermore, there was an
observable increase in CXCL10 expression (a chemokine that recruits inflammatory T
lymphocytes), a corresponding decrease in CXCL2 expression (which attracts leukocytes) and
an elevation of the levels of IFN-y and granzyme B, both of which are capable of inducing
tumour cell apoptosis. Furthermore, the oral administration of MH increased microbiota
richness, accompanied by a shift towards more homogeneous and consistent microbiota
profiles. Notably, the MH treatment resulted in an enrichment of bacteria with anticancer
potential and a reduction in the levels of harmful bacteria, including Staphylococcus and
Enterococcus. (Masad et al., 2024)
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Figure 1. Manuka Honey’s mechanisms of action.

Impact of Manuka Honey on Breast Cancer and Lung Cancer

Impact of Manuka Honey on Breast Cancer and Lung Cancer

Ahmed et al. (2017) investigated the effects of two types of honey - Malaysian Tualang
honey (TH) and Australian/New Zealand MH - on breast cancer progression in a Sprague-
Dawley rat model.

The researchers administered TH and MH to rats that were induced with breast cancer
via the carcinogen 1-methyl-1-nitrosourea (MNU). Treatment commenced once the first
palpable tumour reached 10-12 mm, and the rats were monitored for 120 days. The study found
that both TH and MH significantly inhibited tumour growth. Rats treated with them had smaller
tumour sizes, lower weights, and fewer tumours than the untreated positive control group



(Ahmed et al., 2017). Notably, the growth rate of tumours in the honey-treated groups was
reduced by up to 70.82%, indicating a substantial antitumor effect.

The study also explored the mechanism behind the antitumor activity of TH and MH,
revealing that both kinds of honey modulated tumour growth and apoptosis-related signalling
pathways. Administration of TH and MH increased the expression of pro-apoptotic proteins
such as Apaf-1, Caspase-9, IFN-y, IFNGR1 and p53 while decreasing the expression of anti-
apoptotic proteins such as TNF-a, COX-2 and Bcl-xL1. This modulation suggests that the anti-
tumour effects of TH and MH are mediated through the promotion of cancer cell apoptosis and
the inhibition of pathways that typically support tumour survival.

In conclusion, the study by Ahmed et al. (2017) provides compelling evidence that
Tualang and MH have potential therapeutic effects against breast cancer, offering a novel,
natural adjunct to traditional cancer therapies.

Aryappalli et al. (2017) investigated the anticancer effects of MH on human breast
cancer cells (MDA-MB-231 and MCF-7). The study found that MH inhibited the proliferation
of these cancer cells in a dose-dependent manner without affecting the non-cancerous MCF-
10A cells—MH-induced apoptosis through the activation of caspases and changes in
mitochondrial proteins, such as Bax and Bcl-2. A key finding was that MH reduced the
phosphorylation of STAT3 (p-STAT3), a crucial oncogenic transcription factor, by inhibiting
IL-6 production, which suggests that the IL-6/STAT3 signalling pathway is an early and
important target of MH's antitumor effects, positioning it as a potential therapeutic option for
breast cancer.

Aryappalli et al. (2019) further explored the mechanism by which MH inhibits p-STAT3
in human breast (MDA-MB-231) and lung (A549) cancer cells. They found that MH selectively
binds to the IL-6 receptor (IL-6R) and blocks its interaction with the IL-6 ligand, thereby
inhibiting the downstream activation of STAT3. This inhibition was accompanied by a
reduction in key signalling components, such as gp130 and phosphorylated JAK2. MH did not
affect other cytokine receptors, indicating a specific antagonistic effect on the IL-6R. The study
also identified several flavonoids in MH (luteolin, quercetin, galangin, and others) that could
bind to IL-6R and block IL-6 binding, further confirming the role of the IL-6/STAT3 pathway
in MH's anti-cancerogenic properties of MH.

These findings support the potential of MH as a natural therapeutic agent, particularly

for cancers dependent on IL-6/STATS3 signaling, such as breast and lung cancers.
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Figure 2. Mechanism of IL-6/STAT3 pathway inhibition by Manuka honey: Manuka honey
binds to the IL-6 receptor, blocking the interaction between IL-6 and its receptor, leading to the
inhibition of STAT3 activation. This reduces the activation of the signalling pathway associated

with cancer cell proliferation and survival—schema based on Aryappalli et al. (2019).

Marquez-Garban et al. (2020) investigated the antitumor effects of MH in breast cancer
models. In vitro, MH inhibited the proliferation of estrogen receptor-positive MCF-7 breast
cancer cells in a dose-dependent manner, with minimal effects on non-cancerous mammary
epithelial cells. MH induced apoptosis in MCF-7 cells, activating PARP and activating AMPK
while inhibiting the AKT/mTOR pathway. Furthermore, the diminished levels of
phosphorylated STAT3 were identified following prior research. (Aryappalli et al., 2017, 2019)
emphasised the importance of the IL-6/STAT3 pathway in MH's anticancer effects. In vivo,
MH significantly reduced MCF-7 tumour growth in nude mice by 84%, supporting its potential

as a therapeutic agent in breast cancer.
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Impact of Manuka Honey on Prostate Cancer

Abel et al. (2018) made a novel discovery regarding the sugar components of three kinds
of honey: New Zealand thyme, manuka, and honeydew. In addition to the phenolics, they have
been demonstrated to play a role in the in vitro inhibition of prostate cancer metastatic activity.

The researchers placed PC3 prostate cancer cells in Boyden chambers. They treated
them with thyme, manuka, honeydew, or a sugar-only mixture for 48 hours to assess migration
and 72 hours to assess invasion. Additionally, the cells were treated with the phenolics
quercetin, gallic acid, kaempferol, chrysin, or caffeic acid for the same periods. While the
impact of honey on migration was inconclusive, their influence on invasion was markedly
evident. This indicates that honey can impede invasion to a greater extent than migration,
suggesting that a primary point of inhibition may be more crucial for invasion than migration.

Furthermore, an investigation of PC3 and DU145 prostate cancer cell lines and the three
aforementioned honeys in vitro demonstrated a concentration-dependent reduction in cell
adhesion to collagen | by 90% (p < 0.05), which indicates that honey, in conjunction with the
inherent sugars and phenolic components, can impede the metastatic properties of cancer cells.

The effect is achieved by hindering the adequate adhesion of cells to the extracellular matrix.

Impact of MH on Colorectal Cancer

Afrinetal. (2017) study showed that MH can induce cell death and increase intracellular
reactive oxygen species generation in colon cancer cells. Moreover, it also demonstrated that
honey's bioactive compounds depend on its floral sources, geographical origins, and seasonal
and environmental factors, significantly impacting its antiproliferative and antioxidant
potential.

The Afrin et al. (2018) study investigated the effects of MH on the cytotoxicity and
reactive oxygen species (ROS) production induced by 5-fluorouracil (5-FU) in human colon
cancer cell lines HCT-116 and LoVo. Combined treatment with 5-FU and MH significantly
reduced the 1C50 (half maximal inhibitory concentration) values of 5-FU. In HCT-116 cells,
the 1C50 dropped to 10.43 uM in the presence of 10.5 mg/mL MH. Similarly, in LoVo cells,
the 1C50 decreased to 20.11 uM with 20.34 mg/mL MH. These findings suggest that MH
enhances the cytotoxic efficacy of 5-FU, enabling lower drug concentrations to achieve
comparable effects.

When it comes to ROS production, combined treatment with 5-FU and MH further
augmented ROS production, increasing levels by 28% in HCT-116 cells and 40% in LoVo cells.
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The results indicate that MH synergises with 5-FU to amplify oxidative stress in cancer cells,
with greater efficacy observed in LoVo cells.

In conclusion, the data demonstrate that MH markedly enhances the cytotoxic and pro-
oxidative effects of 5-FU in colon cancer cells, suggesting its potential as an adjuvant therapy

to improve chemotherapeutic outcomes.

Impact of MH on Hepatocellular Carcinoma

A study by Al Refaey et al. (2021) investigated the molecular mechanism and
synergistic effect of the anticancer properties of MH on Doxorubicin (DOX)-mediated
apoptotic cell death using two different p53 statuses (HepG2 and Hep3B) and a non-
tumorigenic immortalised liver cell line. MH treatment exhibited a dose-dependent
antiproliferative effect on the cells tested with IC50 concentration of (6.92 + 0.005%) for
HepG2 cells and (18.62 + 0.07%) for Hep3B cells. It induced radical morphological changes in
HepG2 cells characteristic of apoptosis induction after 48 hours of treatment. The results
showed that MH or combined treatment were more cytotoxic to p53-wild type, HepG2, cells
than to p53-null, Hep3B, cells. Combined treatment of MH and DOX demonstrated a more
potent therapeutic effect than the individual treatments, as evidenced by the inhibition of
various oncogenic signal transduction proteins, including p-catenin, pERK1/2, mTOR, S6K,
and cyclin D1. In normal liver cells, no cytotoxicity was observed.

Impact of MH on Melanoma

In 2013, Fernandez-Cabezudo et al. investigated the impact of MH on the proliferation
of cancer cells using murine melanoma (B16.F1), colon carcinoma (CT26), and human breast
cancer (MCF-7) cell lines. The viability of B16.F1 melanoma cells was significantly reduced
by concentrations of MH ranging from 0.3% to 2.5% in a dose- and time-dependent manner.
Following a 24-hour incubation period, the viability of B16.F1 cells decreased to 85%, 75%,
60%, and 43% at MH concentrations of 0.3%, 0.6%, 1.25%, and 2.5%, respectively. The effect
was more pronounced following extended incubation periods (48 and 72 hours), with viability
reduced to 17% at 2.5% MH after 72 hours. It is noteworthy that the effect of MH was
comparable to or exceeded that of taxol, a chemotherapeutic agent, at concentrations of 10
ng/mL and 50 ng/mL.

A dose- and time-dependent increase in apoptotic cells was observed. For instance, at
24 hours, 0.3% MH resulted in 1.5% apoptotic cells compared to 22.3% at 5%. By 72 hours,

13



apoptosis rates increased significantly, with 35.8% of cells undergoing apoptosis at a 1.25%
MH concentration.

These findings confirmed the pronounced inhibitory impact of MH on melanoma cell
proliferation, thereby underscoring its potential as a natural antineoplastic agent. MH
demonstrates significant anti-melanoma properties through its ability to inhibit proliferation
and induce apoptosis in cancer cells. While it shows comparable efficacy to taxol in some
contexts, further research is needed to explore its full therapeutic potential and possible

synergistic effects with existing chemotherapeutics.

Impact of MH on Squamous Cell Carcinoma

In 2015, Drain and Fleming published a case study in which they described the use of
MH by a female patient with advanced oral cavity squamous cell carcinoma.

The patient presented with an inflamed, painful, open wound to the lower face with a
protruding bone fragment and purulent drainage measuring 2 cm x 2 cm. Additionally, multiple
tumours had ulcerations inside the mouth along the mandible. She experienced difficulties
managing the wound and the malodor that originated in the oral cavity. In order to alleviate the
symptoms, two forms of MH were employed. Calcium alginate with MH was applied to the
external wound, while MH paste was used on the oral wounds. Following one week, the wound
had improved, with reduced inflammation, decreased drainage, and no malodor. After three
months, the external wound had decreased in size to 1 cm x 1 cm, with no signs of inflammation
and no odour. A low volume of serosanguineous drainage was observed. The patient reported
the wound to remain tender and painful to the touch but that the discomfort was less severe than

it was prior to undergoing treatment.

Effects of Manuka Honey in conjunction with anticancer therapy

e Oral care for radiation-induced oral mucositis
Regrettably, the beneficial effects of MH in reducing the severity of radiation-induced
mucositis in head and neck cancer patients have not been substantiated. In a double-blind,
randomised, placebo-controlled trial conducted by Hawley et al. (2014) involving 106 patients
from the Vancouver and Sudbury Cancer Centres in Canada, no statistically significant
difference was observed between the honey and placebo groups despite the administration of
5ml of MH daily during radiation and for 7 days post-radiation. Notwithstanding the

aforementioned result, a high drop-out rate was observed. Approximately 57% of the honey
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and 52% of the placebo groups did not complete this study, which can be attributed primarily
to the nausea induced by the side effects of therapy, both chemotherapy and radiation,
administered simultaneously. Furthermore, the taste and smell of the MH exacerbated the
nausea. (Hawley et al., 2014)

A further double-blind, placebo-controlled, randomised trial conducted by Bardy et al.
(2012) reported no significant improvement in oral mucositis outcomes. Additionally, the study
examined the impact of MH on the oral microbiome. In the trial, 67 participants were allocated
to the MH group, while 64 participants in the control group received golden syrup. The findings
indicated no statistically significant differences in oral pathological colonisation between the
two groups. Moreover, MH did not demonstrate any discernible benefits in reducing tube
feeding dependency or preventing weight loss throughout the study. (Bardy et al., 2012)

In their systematic review, "Natural Agents in the Management of Oral Mucositis
Caused by Radiation of Head and Neck Cancer", Nagi et al. identified comparable outcomes
regarding the use of MH. They concluded that the benefits of MH are questionable due to its
poor patient tolerance. Many individuals experienced nausea and vomiting, which limited its
practical use. These adverse effects significantly impacted patient compliance, reducing the
treatment’s potential effectiveness in clinical settings. (Nagi et al., 2018)

In contrast, four other trials conducted by Motallebnejad et al. (2008), Khanal et al.
(2010), and Bardy et al. (2012) examined the use of alternative types of honey rather than MH.
The aforementioned studies have indicated a notable reduction in ulceration and lesions
associated with oral mucositis, suggesting that alternative honey varieties may offer enhanced
benefits with fewer tolerability issues. These findings highlight the necessity for further
research to identify the most efficacious and patient-friendly natural agents for managing oral

mucositis.

e Chemoradiation Therapy-Induced Esophagitis

In 2016, Fogh et al. conducted a study to evaluate the efficacy of MH in reducing or
delaying pain associated with oesophagitis during chemoradiation treatment in lung cancer
patients. Prior to the trial, patients were stratified according to the oesophagus receiving 60 Gy
(V60Gy oesophagus < or > 30%) and then randomised to receive either daily standard
supportive care, 40 ml of liquid MH or 8 MH lozenges during chemoradiation treatment (Fogh
et at., 2016). Patients were required to report the pain associated with oesophagitis using the
Numerical Rating Pain Scale (NRPS) and to track the severity of dysphagia throughout their

treatment. Furthermore, data about patients' weight, nutritional status and opioid use were also
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collected. The data were collected at the baseline and 4 and 12 weeks. At four weeks, no
significant difference was observed between the groups: supportive care vs. liquid honey (p =
0.92) or supportive care vs. lozenge honey (p = 0.93). At the 12-week mark, there was a notable
improvement in the NRPS between the supportive care and lozenge MH groups (p=0.02), with
the lozenge arm showing a more favourable outcome. The only other statistically significant
difference was observed in the opioid use at the 4-week interval (p=0.03), with more patients
in the supportive care group requiring their use. (Fogh et al., 2016)

e Disorders of the Skin
In vitro studies, including those by Kronda et al. (2013), demonstrate that honey
varieties such as Manuka and Medihoney can effectively combat wound pathogens like MRSA
and Pseudomonas aeruginosa, disrupt biofilms, and reduce microbial virulence. Notably, as
highlighted in McLoone et al.'s systematic review (2016), MH can reverse antimicrobial
resistance by synergising with oxacillin to inhibit MRSA and restore its antibiotic susceptibility.
Honey also shows efficacy against microbes linked to skin conditions like S. aureus, Candida
albicans, dermatophytes, and Propionibacterium acnes, associated with impetigo, acne, and
tinea infections (Kronda et al., 2013; McLoone et al., 2016). Honey's immune-modulating
properties and potential to promote re-epithelialisation, angiogenesis, and cell proliferation by
enhancing cell adhesion and migration have also been observed, essential for early healing and
aiding chronic wound repair.
Specific other findings include:
e Rosacea: Kanuka honey showed promising results in the study by Braithwaite et al.
(2015), outperforming control creams in reducing severity.
e Acne: According to Semprini et al. (2016), honey combined with antibacterial soap
provided no additional benefits compared to soap alone.
e Eczema and Psoriasis: Medical-grade Kanuka honey was as effective as standard
creams but less effective than corticosteroids (Fingleton et al., 2014).
e Cold Sores:Honey achieved healing times comparable to Acyclovir but with limited
sample sizes (Fingleton et al., 2014).
While in vivo evidence supports honey's wound-healing properties, as noted in the
Cochrane review by Jull et al. (2015), inconsistencies in study quality emphasise the need for

more extensive, well-designed clinical trials.
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Discussion

Cancer is a genetic disease that represents an increasing global public health concern.
Dietary therapy's potential in preventing and treating this condition represents a promising
avenue for its management. Manuka honey, renowned for its unique antibacterial qualities, has
attracted considerable attention in recent years concerning its potential anticarcinogenic
properties. Derived from the nectar of the Leptospermum scoparium plant in New Zealand, this
honey variety contains distinctive bioactive compounds that may contribute to the prevention
and treatment of cancer.

A literature review reveals that MH's distinctive chemical composition, including
methylglyoxal (MGO), flavonoids, and phenolic acids, is associated with its potential
anticancer effects. These compounds act in concert to disrupt cancer cell metabolism, enhance
immune response, and protect normal cells from oxidative stress. Furthermore, the distinctive
peroxide activity in manuka honey may intensify the damage caused to cancer cells when
combined with its exceptional capacity to keep AQP-3 channels open, thereby increasing
oxygenic stress in these cells. All of these mechanisms make honey an encouraging natural
agent for use in cancer therapy. (Martinetti et al., 2020)

MH has been shown to inhibit the proliferation of various cancer cell lines, including
breast, colon, and prostate cancers. By interfering with DNA synthesis and inducing cell cycle
arrest, manuka honey effectively slows down or halts the multiplication of cancer cells.
Furthermore, MH has been demonstrated to enhance apoptosis, or programmed cell death,
which represents a natural mechanism the body employs to eliminate damaged or unwanted
cells. This process has been observed in cancer cells, where MH has been shown to upregulate
pro-apoptotic genes and downregulate anti-apoptotic genes.

MH exerts a multifaceted influence on the immune system. As chronic inflammation is
an established risk factor for cancer development and progression, the anti-inflammatory
properties of Manuka honey assist in mitigating this risk by reducing inflammatory cytokines
and modulating immune responses. This prevents the initial stages of carcinogenesis and
facilitates the management of tumour growth and metastasis.

The antioxidant activity of manuka honey is vital in protecting cells from oxidative
damage caused by free radicals. By neutralising these harmful molecules, manuka honey plays
a role in maintaining genomic stability and preventing mutations that can lead to cancer.
Furthermore, antioxidants bolster the body's intrinsic defensive capabilities, thus enhancing

overall health and resilience against the development of cancerous cells.
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The anticarcinogenic properties of manuka honey are the subject of ongoing clinical
trials and laboratory studies. Ongoing research is focused on identifying and optimising the
specific compounds responsible for these effects, which could lead to the development of novel
therapeutic applications. Additionally, the research compares the in vivo and in vitro activity
of MH, examines the differences between various administration methods, and investigates the
impact of varying doses of MH on biological processes. Such studies will likely identify a
method of utilising MH's distinctive anticarcinogenic characteristics in the practical treatment
of neoplasms. For example, Idriss et al. (2024) conducted a comparative analysis of the
constituents and antiproliferative effects of raw and powdered MH (pMH) on human and
murine cancer cell lines. The human cell lines included MDA-MB-231 breast cancer cells and
A549 lung cancer cells, while the murine cell lines were B16.F10 melanoma, CT26, and MC38
colorectal adenocarcinoma cells. Notable discrepancies were observed in the bioactive
constituents present in the raw and pMH samples, including flavonoids, phenols, terpenoids,
carbohydrates, and organic acids.

Furthermore, several altered metabolic pathways were identified in pMH compared to
raw MH, encompassing energy metabolism, amino acid metabolism, Xxenobiotic
biodegradation, and a range of other regulatory pathways. Nevertheless, the raw and powdered
MH samples exhibited a dose-dependent inhibitory effect on tumour cell growth. The authors
posit that the observed pathway alterations may influence cancer cell behaviour, underscoring
their role in regulating cancer growth.

Moreover, a comparative analysis was conducted by Cianciosi et al. (2020) to assess the
inhibitory effects of MH and DMH (digested MH) on the proliferation of HCT-116 (human
colon adenocarcinoma) cells, the induction of ROS production in these cells, the induction of
apoptosis, cell cycle arrest, and colony formation ability. Despite a change in the content of
phenolic compounds, the antioxidant capacity decreased to a much lesser extent due to the
presence of other bioactive compounds. The study demonstrated that MH and DMH exhibited
similar effects in the induction of intracellular ROS production and the inhibition of colony
formation in HCT-116 cell lines. It was also observed that there was a notable difference in the
timing of the cell cycle arrest between MH and DMH, with progression halted in the S phase
by MH and in the Sub-G1 phase by DMH.

Prior research has indicated that manuka honey exhibits immunostimulatory properties
influencing both the innate and adaptive systems, particularly macrophages and the production
of cytokines such as IL-1p, IL-6, and TNF-a, as well as ROS. These properties play a pivotal
role in the immunological processes that facilitate the elimination of cancer cells. Furthermore,
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MH's ability to inhibit cell proliferation, induce apoptosis, reduce inflammation, and protect
against oxidative stress underscores its potential as a valuable natural adjunct in oncological
therapies. Nevertheless, further research is necessary before honey and its constituents can be
considered a potential therapeutic agent. Manuka honey may become integral to comprehensive

cancer care strategies as research progresses.

Authors’ contributions statement

Conceptualization: [AM] [MM] [AQ] [KS] [LO] [AMA][JM][NN]

Data Curation: [AM] [MM] [AQ] [KS] [LO] [AMA][JM][NN]

Formal Analysis: [AM] [MM] [AO] [KS] [LO] [AMA][JM][NN]

Funding Acquisition: Investigation: [AM] [MM] [AO] [KS] [LO] [AMA][JM][NN]
Methodology: [AM] [MM] [AO] [KS] [LO] [AMA][JM][NN]

Project Administration: [AM] [MM] [AQ] [KS] [LO] [AMA][JM][NN]

Resources: [AM] [MM] [AQ] [KS] [LO] [AMA][IJM][NN]

Software: [AM] [MM] [AQ] [KS] [LO] [AMA][JM][NN]

Supervision: [AM] [MM] [AQ] [KS] [LO] [AMA][NN]

Validation: [AM] [MM] [AQ] [KS] [LO] [AMA][NN]

Visualization: [AM] [MM] [AQ] [KS] [LO] [AMA][NN]

Writing- original Draft: [AM] [MM] [AQ] [KS] [LO] [AMA][NN]

Writing- Review and Editing: [AM] [MM] [AQ] [KS] [LO] [AMA][NN]

All authors have reviewed and agreed to the publication of the final version of the manuscript.
Conflict of Interest Statement: No conflicts of interest.

Funding Statement: The study did not receive any specific funding.

Informed Consent Statement: Not applicable.

Ethics Committee Statement: Not applicable.

References
1. Abel SDA, Dadhwal S, Gamble AB, Baird SK. Honey reduces the metastatic

characteristics of prostate cancer cell lines by promoting a loss of adhesion. PeerJ.
2018;6:€5115. Published 2018 Jul 3. doi:10.7717/peerj.5115

2. Ahmed S, Sulaiman SA, Othman NH. Oral Administration of Tualang and Manuka
Honeys Modulates Breast Cancer Progression in Sprague-Dawley Rats Model. Evid
Based Complement Alternat Med. 2017;2017:5904361. doi:10.1155/2017/5904361

3. Almasaudi SB, Abbas AT, Al-Hindi RR, et al. Manuka Honey Exerts Antioxidant and
Anti-Inflammatory Activities That Promote Healing of Acetic Acid-Induced Gastric
Ulcer in Rats. Evid Based Complement Alternat Med. 2017;2017:5413917.
doi:10.1155/2017/5413917

4. Almasaudi SB, EI-Shitany NA, Abbas AT, et al. Antioxidant, Anti-inflammatory, and
Antiulcer Potential of Manuka Honey against Gastric Ulcer in Rats. Oxid Med Cell
Longev. 2016;2016:3643824. doi:10.1155/2016/3643824

5. Al Refaey HR, Newairy AA, Wahby MM, et al. Manuka honey enhanced sensitivity of
HepG2, hepatocellular carcinoma cells, for Doxorubicin and induced apoptosis through

19



10.

11.

12.

13.

14.

15.

16.

inhibition of Wnt/B-catenin and ERK1/2. Biol Res. 2021;54(1):16. Published 2021 May
28. d0i:10.1186/s40659-021-00339-1

Afrin S, Forbes-Hernandez TY, Gasparrini M, et al. Strawberry-Tree Honey Induces
Growth Inhibition of Human Colon Cancer Cells and Increases ROS Generation: A
Comparison with Manuka Honey. Int J Mol Sci. 2017;18(3):613. Published 2017 Mar
11. d0i:10.3390/ijms18030613

Afrin, S., Gasparrini, M., Forbes-Hernandez, T. Y., Cianciosi, D., Reboredo-Rodriguez,
P., Manna, P. P., Battino, M., & Giampieri, F. (2018). Protective effects of Manuka
honey on LPS-treated RAW 264.7 macrophages. Part 1: Enhancement of cellular
viability, regulation of cellular apoptosis and improvement of mitochondrial
functionality. Food and Chemical Toxicology, 121, 203-213.
https://doi.org/10.1016/j.fct.2018.09.001

Afrin S, Giampieri F, Forbes-Hernandez TY, et al. Manuka honey synergistically
enhances the chemopreventive effect of 5-fluorouracil on human colon cancer cells by
inducing oxidative stress and apoptosis, altering metabolic phenotypes and suppressing
metastasis ability. Free Radic Biol Med. 2018;126:41-54.
doi:10.1016/j.freeradbiomed.2018.07.014

Aryappalli P, Al-Qubaisi SS, Attoub S, et al. The IL-6/STAT3 Signaling Pathway Is an
Early Target of Manuka Honey-Induced Suppression of Human Breast Cancer Cells.
Front Oncol. 2017;7:167. Published 2017 Aug 14. doi:10.3389/fonc.2017.00167
Aryappalli P, Shabbiri K, Masad RJ, et al. Inhibition of Tyrosine-Phosphorylated
STAT3 in Human Breast and Lung Cancer Cells by Manuka Honey is Mediated by
Selective Antagonism of the IL-6 Receptor. Int J Mol Sci. 2019;20(18):4340. Published
2019 Sep 5. doi:10.3390/ijms20184340

Bardy J, Molassiotis A, Ryder WD, et al. A double-blind, placebo-controlled,
randomised trial of active manuka honey and standard oral care for radiation-induced
oral  mucositis. Br J Oral Maxillofac Surg. 2012;50(3):221-226.
d0i:10.1016/j.bjoms.2011.03.005

Braithwaite I, Hunt A, Riley J, et al. Randomised controlled trial of topical kanuka
honey for the treatment of rosacea. BMJ Open. 2015;5(6):e007651. Published 2015 Jun
24. doi:10.1136/bmjopen-2015-007651

Chan-Zapata I, Segura-Campos MR. Honey and its protein components: Effects in the
cancer immunology. J Food Biochem. 2021;45(5):e13613. doi:10.1111/jfbc.13613
Cianciosi D, Forbes-Hernandez TY, Afrin S, et al. The Influence of In Vitro
Gastrointestinal Digestion on the Anticancer Activity of Manuka Honey. Antioxidants
(Basel). 2020;9(1):64. Published 2020 Jan 10. doi:10.3390/antiox9010064

Drain J, Fleming MO. Palliative management of malodorous squamous cell carcinoma
of the oral cavity with Manuka honey. J Wound Ostomy Continence Nurs.
2015;42(2):190-192. d0i:10.1097/WON.0000000000000114

Fernandez-Cabezudo MJ, El-Kharrag R, Torab F, et al. Intravenous administration of
manuka honey inhibits tumor growth and improves host survival when used in
combination with chemotherapy in a melanoma mouse model. PLoS One.
2013;8(2):e55993. doi:10.1371/journal.pone.0055993

20



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Fingleton, J., Corin, A., Sheahan, D., Cave, N., Braithwaite, 1., Weatherall, M., &
Beasley, R. (2014). Randomised controlled trial of topical kanuka honey for the
treatment of cold sores. Advances in Integrative Medicine, 1(3), 119-123.
https://doi.org/10.1016/j.aimed.2014.09.001

Fingleton J, Helm C, Tofield C, Weatherall M, Beasley R. A randomised controlled trial
of topical Kanuka honey for the treatment of eczema. JRSM Open.
2014;5(1):2042533313509263. Published 2014 Jan 7. doi:10.1177/2042533313509263
Fingleton J, Sheahan D, Corin A, Weatherall M, Beasley R. A randomised controlled
trial of topical Kanuka honey for the treatment of psoriasis. JRSM Open.
2014;5(3):2042533313518913. Published 2014 Feb 26.
d0i:10.1177/2042533313518913

Fogh SE, Deshmukh S, Berk LB, et al. A Randomized Phase 2 Trial of Prophylactic
Manuka Honey for the Reduction of Chemoradiation Therapy-Induced Esophagitis
During the Treatment of Lung Cancer: Results of NRG Oncology RTOG 1012. Int J
Radiat Oncol Biol Phys. 2017;97(4):786-796. doi:10.1016/j.ijrobp.2016.11.022
Gasparrini, M., Afrin, S., Forbes-Hernandez, T. Y., Cianciosi, D., Reboredo-Rodriguez,
P., Amici, A., Battino, M., & Giampieri, F. (2018). Protective effects of Manuka honey
on LPS-treated RAW 264.7 macrophages. Part 2: Control of oxidative stress induced
damage, increase of antioxidant enzyme activities and attenuation of inflammation.
Food and Chemical Toxicology, 120, 578-587.
https://doi.org/10.1016/j.fct.2018.08.001

Halawani EM. Potential effects of Saudi Shaoka (Fagonia bruguieri) honey against
multi-drug-resistant bacteria and cancer cells in comparison to Manuka honey. Saudi J
Biol Sci. 2021;28(12):7379-7389. doi:10.1016/j.5jbs.2021.08.055

Hawley P, Hovan A, McGahan CE, Saunders D. A randomized placebo-controlled trial
of manuka honey for radiation-induced oral mucositis. Support Care Cancer.
2014;22(3):751-761. d0i:10.1007/s00520-013-2031-0

Idriss I, Ali AH, Alam A, Fernandez-Cabezudo M, Ayyash M, Al-Ramadi BK.
Differential in vitro cytotoxic effects and metabolomic insights into raw and powdered
Manuka honey through UPLC-Q-TOF-MS. Sci Rep. 2024;14(1):17551. Published 2024
Jul 30. doi:10.1038/s41598-024-68387-7

Jull AB, Cullum N, Dumville JC, Westby MJ, Deshpande S, Walker N. Honey as a
topical treatment for wounds. Cochrane Database Syst Rev. 2015;2015(3):CD005083.
Published 2015 Mar 6. doi:10.1002/14651858.CD005083.pub4
Kazmierczak-Baranska J, Karwowski BT. The Antioxidant Potential of Commercial
Manuka Honey from New Zealand-Biochemical and Cellular Studies. Curr Issues Mol
Biol. 2024;46(7):6366-6376. Published 2024 Jun 25. doi:10.3390/cimb46070380
Kavanagh S, Gunnoo J, Marques Passos T, Stout JC, White B. Physicochemical
properties and phenolic content of honey from different floral origins and from rural
Versus urban landscapes. Food Chem. 2019;272:66-75.
doi:10.1016/j.foodchem.2018.08.035

Keenan JI, Salm N, Wallace AJ, Hampton MB. Using food to reduce H. pylori-
associated inflammation. Phytother Res. 2012;26(11):1620-1625. doi:10.1002/ptr.4618

21


https://doi.org/10.1016/j.aimed.2014.09.001
https://doi.org/10.1016/j.fct.2018.08.001

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Khanal B, Baliga M, Uppal N. Effect of topical honey on limitation of radiation-induced
oral mucositis: an intervention study. Int J Oral Maxillofac Surg. 2010;39(12):1181-
1185. doi:10.1016/j.ijom.2010.05.014

Kronda JM, Cooper RA, Maddocks SE. Manuka honey inhibits siderophore production
in  Pseudomonas  aeruginosa. J  Appl  Microbiol.  2013;115(1):86-90.
doi:10.1111/jam.12222

Martinotti S, Pellavio G, Patrone M, Laforenza U, Ranzato E. Manuka Honey Induces
Apoptosis of Epithelial Cancer Cells through Aquaporin-3 and Calcium Signaling. Life
(Basel). 2020;10(11):256. Published 2020 Oct 27. doi:10.3390/1ife10110256

Masad RJ, Nasser RA, Bashir G, et al. Characterization of immunomodulatory
responses induced by manuka honey. Front Immunol. 2022;13:1020574. Published
2022 Nov 2. doi:10.3389/fimmu.2022.1020574

Masad RJ, Idriss I, Mohamed YA, et al. Oral administration of Manuka honey induces
IFNy-dependent resistance to tumor growth that correlates with beneficial modulation
of gut microbiota composition. Front Immunol. 2024;15:1354297. Published 2024 Feb
20. d0i:10.3389/fimmu.2024.1354297

Margdoan R, Topal E, Balkanska R, et al. Monofloral Honeys as a Potential Source of
Natural Antioxidants, Minerals and Medicine. Antioxidants (Basel). 2021;10(7):1023.
Published 2021 Jun 25. doi:10.3390/antiox10071023

Marquez-Garban DC, Yanes CD, Llarena G, et al. Manuka Honey Inhibits Human
Breast Cancer Progression in Preclinical Models. Nutrients. 2024;16(14):2369.
Published 2024 Jul 22. doi:10.3390/nu16142369

McLoone P, Oluwadun A, Warnock M, Fyfe L. Honey: A Therapeutic Agent for
Disorders of the Skin. Cent Asian J Glob Health. 2016;5(1):241. Published 2016 Aug
4. doi:10.5195/cajgh.2016.241

Motallebnejad M, Akram S, Moghadamnia A, Moulana Z, Omidi S. The effect of
topical application of pure honey on radiation-induced mucositis: a randomized clinical
trial. J Contemp Dent Pract. 2008;9(3):40-47. Published 2008 Mar 1.

Nagi R, Patil DJ, Rakesh N, Jain S, Sahu S. Natural agents in the management of oral
mucositis in cancer patients-systematic review. J Oral Biol Craniofac Res.
2018;8(3):245-254. doi:10.1016/j.jobcr.2017.12.003

Navaei-Alipour N, Mastali M, Ferns GA, Saberi-Karimian M, Ghayour-Mobarhan M.
The effects of honey on pro- and anti-inflammatory cytokines: A narrative review.
Phytother Res. 2021;35(7):3690-3701. doi:10.1002/ptr.7066

Niaz K, Magbool F, Bahadar H, Abdollahi M. Health Benefits of Manuka Honey as an
Essential Constituent for Tissue Regeneration. Curr Drug Metab. 2017;18(10):881-892.
d0i:10.2174/1389200218666170911152240

Nolan VC, Harrison J, Wright JEE, Cox JAG. Clinical Significance of Manuka and
Medical-Grade Honey for Antibiotic-Resistant Infections: A Systematic Review.
Antibiotics (Basel). 2020;9(11):766. Published 2020 Oct 31.
doi:10.3390/antibiotics9110766

Semprini A, Braithwaite I, Corin A, et al. Randomised controlled trial of topical kanuka
honey for the treatment of acne. BMJ Open. 2016;6(2):e009448. Published 2016 Feb 1.
doi:10.1136/bmjopen-2015-009448

22



43.

44,

45.

46.

Timm, M., Bartelt, S., & Hansen, E. W. (2008). Immunomodulatory effects of honey
cannot be distinguished from endotoxin. Cytokine, 42(1), 113-120.
https://doi.org/10.1016/j.cyt0.2008.01.005

Tonks, A. J., Cooper, R. A., Jones, K. P., Blair, S., Parton, J., & Tonks, A. (2003).
Honey stimulates inflammatory cytokine production from monocytes. Cytokine, 21(5),
242-247. https://doi.org/10.1016/S1043-4666(03)00092 -9

Tonks A, Cooper RA, Price AJ, Molan PC, Jones KP. Stimulation of TNF-alpha release
in monocytes by honey. Cytokine. 2001;14(4):240-242. doi:10.1006/cyt0.2001.0868
Wang S, Qiu Y, Zhu F. An updated review of functional ingredients of Manuka honey
and  their  value-added innovations. Food Chem.  2024;440:138060.
doi:10.1016/j.foodchem.2023.138060

23


https://doi.org/10.1016/j.cyto.2008.01.005

