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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive disease with limited treatment
success and strong resistance to therapy. Natural killer (NK) cells are important immune cells that
can destroy cancer cells, and their function can be improved through certain micronutrients and
dietary supplements. This review explores a “triple NK cell boost” strategy —enhancing NK cell
frequency, cancer-killing ability, and ability to reach tumors—using antioxidants and food-derived
supplements. These compounds may help reduce the harmful effects of reactive species which can
weaken the immune system and support cancer growth. Additionally, we examine the emerging role
of nutrient stress and metabolic sensing pathways in shaping NK cell suppression in PDAC. By
modulating both redox and nutrient stress responses mechanisms, supplement therapy may help
overcome immune evasion and drug resistance in PDAC, offering a promising direction for better
prevention and treatment.

Keywords: pancreatic cancer; NK cell; reactive species stress; nutrient sensing; antioxidant;
micronutrient; Triple NK cell approach; treatment resistance

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies, largely
due to its aggressive nature, high risk of distant metastasis, and resistance to current therapies [1].
Even after surgical resection, most patients experience disease progression [2]. Chemotherapy is
currently the most appropriate treatment option for metastatic PDAC, but its effectiveness is limited,
and nearly all patients experience treatment failure during or shortly after [3].

The etiology of treatment resistance in PDAC is multifactorial, involving tumor environment
(both the tumor microenvironment (TME) and macroenvironment) [4]. Therefore, overcoming
resistance requires a multifaceted strategy that targets both these domains.

One major cause of therapy resistance is reactive species stress, which happens when the balance
of harmful molecules—like reactive oxygen (ROS), nitrogen (RNS), and sulfur species (RSS)—is
disrupted [5]. These reactive species are highly bioactive molecules. Despite their differences,
oxidative, nitrosative, and sulfur-based stresses all lead to disruptions in redox homeostasis,
impacting key cellular functions. They regulate redox signaling and can also induce oxidative stress
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by damaging DNA, proteins, and lipids. [6-8]. ROS contribute directly to oxidative stress and have
been implicated in promoting tumor progression, immune suppression, and chemoresistance in
PDAC [6]. RNS, such as nitric oxide (NO), can interfere with cellular signaling pathways and can lead
to both direct nitrative damage—such as protein and DNA nitration—and indirectly contribute to
oxidative damage by interacting with reactive oxygen species [7]. Meanwhile, RSS, including
hydrogen sulfide (H2S), play complex roles in redox regulation and have gained attention as
emerging therapeutic targets due to their involvement in maintaining cellular redox balance [8].
Recent research suggests that restoring redox balance through antioxidants and specific dietary
supplements may help counteract the effects of ROS, RNS, and RSS [9]. Interestingly, this redox
modulation may restore NK cell function, enhance their cancer-killing ability, and improve treatment
outcomes [10].

Another important factor of treatment resistance is nutrient stress, where key pathways like
mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) become
unbalanced, helping cancer cells survive and avoid the immune system. The mTOR pathway as a
nutrient sensor is a critical regulator of cell growth, metabolism, and survival, playing a key role in
the development and progression of solid tumors, including PDAC [11]. Despite its significance,
mTOR inhibition as a monotherapy has shown limited success in clinical trials for PDAC due to the
tumor’s ability to adapt and develop resistance mechanisms [12]. However, emerging preclinical data
suggest that combining mTOR inhibitors with micronutrients could offer a promising therapeutic
strategy [13]. We hypothesized that this combination approach may enhance immune responses and
improve the effectiveness of mTOR-targeted therapies, potentially overcoming the limitations of
monotherapy in PDAC treatment.

These findings support the development of a “triple NK boost” strategy [14] —enhancing NK
cell proliferation, cytotoxicity, and tumor infiltration —by targeting nutrient and redox stress through
supplement therapy. This approach offers a novel adjunct to help overcome immune suppression
and therapy resistance in PDAC.

2. Reactive Species Stress and PDAC

In PDAC, ROS, RNS, and RSS contribute to cancer cell survival, metastasis, immune evasion,
and therapy resistance [6-9]. ROS promotes tumor progression by activating oncogenic signaling
pathways, while RNS, particularly nitric oxide, influence angiogenesis and immune modulation [6,7].
RSS, such as hydrogen sulfide, are involved in regulating the immunity of TME and can have both
pro-tumor and anti-tumor effects depending on their levels [10]. Understanding how these reactive
species interact in the context of PDAC may lead to novel therapeutic strategies aimed at restoring
redox balance and improving treatment efficacy.

2.1. ROS are produced as by-products of cellular metabolism, particularly in cancer cells
where oxidative stress is elevated [5]. In PDAC, ROS contribute to the activation of signaling
pathways that promote tumor cell survival, proliferation, and metastasis. Elevated ROS levels can
activate pathways like NF-kB and HIF-1a, which are involved in cancer cell growth, angiogenesis,
and resistance to cell death (apoptosis)[6].

While ROS can promote immune activation under normal conditions, excessive ROS in the
PDAC TME can suppress immune responses [6]. PDAC is very hard to treat with chemotherapy or
radiation, and ROS may play an important role in this resistance. Chemotherapeutic agents can
increase ROS production, but tumor cells often adapt by upregulating antioxidant defenses, allowing
them to survive and continue proliferating despite the oxidative damage caused by treatment [6].

2.2.  RNS, especially NO, can influence PDAC progression by modifying proteins, lipids, and
DNA, leading to nitrosative stress. Nitrosative stress can alter the function of tumor suppressors and
activate oncogenic pathways. NO has been shown to promote angiogenesis (formation of new blood
vessels) and metastasis in PDAC by activating endothelial NO synthase in tumor-associated
vasculature [7]. NO produced by immune cells or tumor cells in the TME can have dual effects on the
immune system [9].
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Additionally, RNS can contribute to chemotherapy resistance in PDAC by inducing changes in
the TME that promote survival signals and enhance resistance to apoptosis. NO can reduce the
sensitivity of PDAC cells to treatments like gemcitabine [15].

2.3. RSS, such as H2S, are emerging as important players in the redox balance of cancer cells
[10]. In PDAC, H2S is produced by enzymes such as cystathionine vy-lyase and cystathionine (-
synthase [8]. These species influence cell proliferation, survival, and migration, and can also affect
cancer cell metabolism. At low concentrations, H2S can promote cancer cell growth, but at higher
concentrations, it can lead to cell death, indicating a dose-dependent effect [16].

RSS also regulates the TME by modulating inflammatory pathways. In PDAC, H2S can alter the
immune response by promoting tumor-associated macrophages that support tumor growth and
suppress immune activity [8]. Furthermore, RSS can interact with ROS and RNS to form a complex
redox network, influencing the overall oxidative state of the tumor and impacting treatment
responses [17].

3. Nutrient Sensing and PDAC

Nutrient sensing is how cells “sense” the levels of important nutrients like glucose, amino acids,
fatty acids, and vitamins. Based on what they detect, cells adjust how they grow, use energy, or
respond to stress. It helps them stay balanced and healthy, especially when conditions change [18].
Cancer cells in the tumor environment struggle to survive due to lack of nutrients and increased
stress. To survive, they use adaptive mechanisms that take over normal nutrient sensing pathways.
In PDAC, the enzyme wild-type IDH1 (wtIDH1) helps cells survive by supporting energy production
and protecting against damage. A preclinical study shows that drugs made to block mutant IDH1
(like FDA-approved agent ivosidenib) can also block wtIDH1 when magnesium is low, a condition
found in tumors. Blocking wtIDH1 under these conditions kills cancer cells and reduces tumor
growth, offering a new potential treatment for cancers with wtIDH [19].

While enzymes like wtIDH1 support survival under nutrient stress by producing energy and
protecting against damage, the core regulators of nutrient sensing in PDAC are mTOR and AMPK,
which will be discussed below as critical targets for metabolic intervention.

3.1. mTOR in PDAC

mTOR is a crucial nutrient sensor that regulates many cellular processes, including metabolism,
immune responses, survival, and growth. It functions through two complexes, mTORC1 and
mTORC2, controlling processes like protein synthesis, lipid and nucleotide production, and
autophagy. When mTOR becomes overactive due to mutations or alterations in its complexes, it can
contribute to aging, neurological diseases, and cancer. Studies show that mTOR’s role in metabolism
and immune regulation is influenced by long noncoding RNAs (IncRNAs). Targeting mTOR could
potentially improve cancer treatment outcomes [20]. It is closely linked to insulin and IGF-1 signaling.
Metformin can inhibit this pathway by lowering cellular energy levels, which activates AMPK and
other mechanisms, leading to reduced cell growth and potentially promote cancer cell death [11].

Interestingly, the PI3K/AKT pathway, which activates mTOR, is often overactive in PDAC due
to loss of PTEN, a natural blocker of this pathway [21].

Drugs like rapamycin and its versions (temsirolimus, everolimus, ridaforolimus) target
mTORC1 but not mTORC2 directly. However, blocking only mTORC1 may cause feedback that
reactivates cancer growth. New drugs that block both mTORC1 and mTORC?2 are more effective in
lab studies and have shown promise in clinical trials for other cancers [22].

3.2. AMPK in PDAC

AMPK is a key regulator of metabolism, activated when ATP levels drop. It helps cells balance
energy use by promoting processes that generate ATP and inhibiting those that consume it. AMPK
is found in many organisms, from plants to animals, and plays a critical role in growth, and
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autophagy as well. In mammals, it coordinates energy use in tissues such as the liver, muscle, and
fat. Recent research has uncovered new ways AMPK influences cellular functions. Due to its
beneficial effects in conditions like cancer, there is growing interest in developing AMPK activators
for therapeutic use [23].

AMPK is activated by changes in energy levels and stress signals, and while it was initially
thought to be a tumor suppressor, it's now known that cancer cells use AMPK to adapt to stress.
AMPK inhibitors are being explored as potential cancer therapies, with some experimental inhibitors
showing promise in preclinical studies. A preclinical study from 2024 focuses on repurposing the
PAK4 inhibitor PF-3758309 as an AMPK inhibitor for treating PDAC, showing effectiveness in early
models and offering a potential new approach for this aggressive cancer [24].

4. NK Cells and PDAC

NK cells are effector innate lymphoid cells originating from progenitor cells in the bone marrow.
In humans, NK cells constitute approximately 1% of all immune cells, 2% of the total lymphocyte
population and 10% of the total number of peripheral lymphocytes [25].

NK cells are important for controlling tumor growth in PDAC, but their ability to fight the cancer
is weakened by the TME. In PDAC, NK cells have reduced ability to kill cancer cells, which is linked
to disease progression. The TME releases factors like TGF- and IL-10 that suppress NK cell activity
and prevent them from recognizing and attacking cancer cells. NK cells also struggle to move to the
tumor site. However, studies show that NK cell function can be restored through treatments like ex
vivo activation. While NK cells are crucial in the fight against PDAC, more research is needed to
understand how they interact with the TME and improve treatments [26].

NK cells can detect stressed cells without needing antigen- specific priming or MHC-I
expression, enabling them to target a wide range of tumor cells [27]. Their activity is not dependent
on specific tumor antigens, making them effective against various cancers, including those with low
mutation loads [28]. NK cells can destroy cancer cells directly or enhance T cell responses through
cytokine and chemokine production [29].

Numerous studies have highlighted the role of NK cells in preventing the initiation, progression
of cancers [30] and treatment resistance [31]. Simultaneously, other research has emphasized the role
of supplement therapy in augmenting NK cell activity [32] and cancer management [33]. Therefore,
we hypothesized that some supplements could affect PDAC by influencing NK cell function.
Although NK cell infusions are generally safe and do not cause significant graft-versus-host disease
[34], the use of supplements to enhance NK cell function appears to be even safer.

While numerous preclinical and clinical studies have demonstrated that antioxidant vitamins
and minerals, whether used alone or in combination, can enhance the growth-inhibitory effects of X-
irradiation and chemotherapy on tumor [35,36] some physicians worry about potential interference
with the efficacy of cancer treatments [37]. Clinical trials have yet to validate or invalidate this
hypothesis.

This review aims to explore the current understanding of how various vitamins and minerals
impact NK cell activity focusing on mechanistic insight, especially their effect on targeting oxidative
stress and nutrient sensing. We will explore three key mechanisms through which the imbalance of
these nutrients affects NK cells: 1. reduced NK cell cytotoxicity, 2. decreased NK cell frequency, and
3. diminished NK cell tumor-TME infiltration. Additionally, we will discuss the potential role of
micronutrients in preventing cancer and overcoming treatment resistance.

5. NK Cell and Oxidative Stress

ROS, RNS, and RSS can all impact the function of NK cells in different ways. While moderate
levels of ROS, RNS, and RSS can help activate NK cells to fight cancer, high levels of these species
cause oxidative, nitrosative, and sulfur-related stress, which can damage the NK cells and reduce
their ability to perform essential tasks like recognizing and killing tumor cells. ROS can impair NK
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cell activation and cytotoxicity by damaging cell structures, RNS can alter NK cell receptors and
weaken their response to tumors, and RSS can disrupt the redox balance and cellular signaling
needed for NK cell function. In excess, these reactive species can lead to immune dysfunction and
contribute to cancer progression by reducing the effectiveness of NK cells. Yamasaki et al. discusses
the roles of ROS, RNS, and RSS in cellular signaling and their impact on immune responses, including
those mediated by NK cells [6,9,10,38].

5.1. NK Cell and ROS

ROS can damage immune cells, including NK cells, and inhibit their ability to recognize and kill
tumor cells. This contributes to immune evasion and tumor progression. Studies highlight the critical
role of redox-regulating mechanisms in facilitating effective NK cell infiltration and persistence
within solid tumors. The ability of NK cells to withstand oxidative stress, particularly through
mTOR-dependent thioredoxin activation, underscores the importance of antioxidant capacity in
enhancing their antitumor function. This redox resilience appears essential not only for NK cell
survival but also for supporting the broader immune landscape within the TME. Therefore, boosting
antioxidant systems in NK cells represents a promising strategy to improve tumor infiltration and
optimize the clinical efficacy of adoptive NK cell therapies [13,39].

In NK cells, excessive ROS can impair their ability to proliferate, secrete cytokines, and perform
cytotoxic functions like killing cancer cells. While moderate ROS levels can activate NK cells and help
them respond to infections or tumors, chronic oxidative stress can lead to NK cell dysfunction,
reducing their ability to recognize and eliminate cancer cells. High ROS levels can reduce the ability
of NK cells to produce cytotoxic molecules (e.g., perforin and granzyme B) that are essential for killing
target cells. This limits their effectiveness in eliminating tumor cells. Chia et al. explores the dual roles
of ROS in redox signaling and their overproduction leading to cellular damage, which can affect
immune cells like NK cells [40].

5.2. NK Cell and NO

Dual immune system affection of NO has been discussed. On one hand, NO can suppress the
function of NK cells, macrophages, and other immune cells, weakening the anti-tumor immune
response. On the other hand, NO can also activate immune responses in some contexts, making its
role complex and context-dependent [9].

High levels of RNS can interfere with NK cell activity. RNS can alter the function of key enzymes
involved in NK cell activation and cytotoxicity. RNS can modify the receptors on NK cells (such as
the NKG2D receptor), potentially making NK cells less responsive to tumor cells or other pathogens.
RNS can promote immune evasion by modifying the TME or directly impacting the signaling
pathways that control NK cell function. This may reduce NK cell-mediated tumor surveillance [41].
Andreas et al. also examine how RNS such as NO, influence NK cell function [42].

5.3. NK Cell and RSS

At low to moderate concentrations, RSS may support NK cell activity by acting as signaling
molecules that help activate NK cells and regulate immune responses. However, high levels of RSS
can lead to toxicity and oxidative damage, which may impair NK cell function, reduce their ability to
proliferate, and hinder their ability to fight cancer. RSS can interfere with cellular signaling by
modifying sulfur-containing molecules like proteins, altering their activity, and potentially impairing
NK cell activation and response. Yang et al. discuss the dual role of hydrogen sulfide as both a
signaling molecule that can enhance NK cell function at low levels and its potential toxic effects at
high concentrations [43].
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6. NK Cell and Nutrient Sensing

NK cells in the TME are influenced by nutrient sensing and metabolism, which are shaped by
the availability of nutrients and the cancer cells’” metabolism. Cancer cells’ high rates of glycolysis
and lipid metabolism lead to the buildup of harmful byproducts and increased metabolites in the
environment. This alters NK cell energy use and disrupts their function. However, the metabolic
processes that affect NK cell responses are still not well understood [44]. Here, we focus on the roles
of mTOR and AMPK pathways in regulating NK cell metabolism and response.

6.1. NK Cell and mTOR

NK cells are vital for both innate and adaptive immunity, and mTOR plays a crucial role in their
development. A preclinical study examines how mTORC1 and mTORC2 affect NK cell development.
Deleting Rptor (mTORC1) or Rictor (mTORC2) in mice results in distinct NK cell phenotype defects
at different stages. In Rptor-deficient mice, the transition from CD27+CD11b- to CD27+CD11b+ NK
cells are impaired, while in Rictor-deficient mice, the final maturation from CD27+CD11b+ to
CD27-CD11b+ NK cells is disrupted. The reduced expression of T-bet in Rictor-deficient mice is
linked to maturation defects due to impaired mTORC2-Akt5473-FoxO1 signaling. This highlights the
distinct roles of mTORC1 and mTORC?2 in regulating NK cell development and phenotype [45].

The PI3BK/AKT/mTOR pathway plays a major role in PDAC progression, and targeted therapies
are promising. Many studies showed that in PDAC, NK cell activity is reduced, and inhibiting PI3K
in NK cells weakens their ability to fight tumors [46].

6.2. NK cell and AMPK

AMPK is an enzyme that helps regulate the cell’s energy balance. It gets activated when energy
levels are low, and it helps the cell conserve energy by promoting energy-producing processes and
slowing down energy-consuming ones. AMPK is important for controlling metabolism, growth, and
responding to stress [23,24].

Energy metabolism also plays a key role in shaping the TME. AMPK helps boost the anti-tumor
function of NK cells, which are key immune cells that attack cancer. In the tumor environment, NK
cells often lose their ability to kill tumors due to metabolic changes, like a lack of nutrients and
buildup of harmful byproducts such as lactate. One major issue is the loss of a membrane component
called sphingomyelin (SM), caused by disrupted serine metabolism, which prevents NK cells from
recognizing tumor cells. AMPK can fix this by regulating serine metabolism and blocking SM loss. It
also supports NK cell survival, movement into tumor tissues, and their ability to destroy cancer cells.
By restoring NK cell function, AMPK may help stop tumors from escaping the immune system and
improve the success of immunotherapy [20,23,24].

7. Micronutrient-NK Cell Interaction

Micronutrients, including vitamins and minerals, are essential in small amounts for maintaining
proper bodily function. In this section, we explore how micronutrients interact with redox stress and
nutrient sensing, and how they influence tumor progression and resistance —specifically through the
triple suppression of NK cell functions: proliferation, cytotoxicity, and tumor infiltration [14]. This
discussion also underscores the significant potential for future mechanistic studies to further
elucidate these relationships.

7.1. Vitamins

Vitamins are essential micronutrients that the human body cannot synthesize in adequate
quantities and therefore must be obtained through the diet. The fat-soluble vitamins (A, D, E, K) are
crucial for many different processes including immunity. All other vitamins are water-soluble [47,48].
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7.1.1. A Vitamin

The term vitamin A encompasses various groups of fat-soluble compounds, such as retinol,
retinal, retinoic acid (RA), and carotenoids, which act as precursors to vitamin A [47]. Vitamin A,
found in foods like liver, fish oils, and dairy products, is important for cell growth and differentiation.
Its active form, RA, regulates processes like development and cell death [48].

Numerous studies suggest a correlation between vitamin A and cancer prevention [49].
Retinoids are being studied for their potential to prevent cancer by inhibiting tumor growth and
promoting cell differentiation [48]. All-trans-retinoic acid (ATRA) is a vitamin A derivative used to
regulate cell growth and differentiation. It is notably effective in treating acute promyelocytic
leukemia and is being studied for its potential in other cancers [50], especially solid tumors in
preclinical and clinical settings [51]. However, some studies indicate that high-dose beta-carotene
supplements may be associated with an increased risk of lung cancer, especially in smokers [52].
Therefore, it is important to avoid excessive vitamin A intake and ensure that only a balanced amount
of vitamin A is recommended. Notably, large randomized controlled trials such as the Alpha-
Tocopherol Beta-Carotene (ATBC) Cancer Prevention Study and the Beta-Carotene and Retinol
Efficacy Trial (CARET) have shown that high-dose supplementation of beta-carotene and retinyl
palmitate increased the incidence of lung cancer and overall mortality among smokers and asbestos-
exposed individuals [52 ab]. These findings highlight the need for clinical caution when
recommending vitamin A or its derivatives, particularly in high-risk populations. Supplementation
beyond recommended dietary levels should be avoided unless clinically indicated and closely
monitored.

In a mouse model of breast cancer, researchers utilized a combination of cryo-thermal therapy
and ATRA to target myeloid-derived suppressor cells. This combination significantly improved long-
term survival rates in mice through various mechanisms, including the enhancement of NK cells [53].
Many studies have demonstrated that saffron and natural carotenoids possess anti- tumor effects [54].
Oral beta-carotene, a plant-derived inactive form of vitamin A, has been shown to enhance NK cell
cytotoxicity in human subjects [55]. According to two studies, the frequency of lymphoid cells with
surface markers for NK cells was higher in peripheral blood mononuclear cells from individuals who
received beta-carotene supplementation [56,57].

Vitamin A boosts NK cell cytotoxicity and IFN-y production, while its deficiency lowers them.
RA, the active form of vitamin A, enhances NK cell function by increasing RAE-1 expression. In
cancer therapy, 13cRA raises lymphocyte and NK cell counts. Retinoic acid also plays a dual role in
regulating NK cells in inflammatory diseases, showing promise for treatment [58].

Vitamin A also regulates ROS production in immune cells, including NK cells. By modulating
the redox environment, vitamin A helps maintain NK cell function, supporting their ability to fight
cancer and infections [59].

Vitamin A, through its effects on immune cells, can also help prevent nitrative stress by
regulating NOS expression and activity, which controls the levels of RNS in tissues. Retinoic acid has
been shown to enhance the production of NO in certain immune cells like macrophages, which can
boost the cytotoxic activity of NK cells against tumors. However, excessive NO can lead to nitrosative
stress, so vitamin A’s role in balancing NO production is crucial for maintaining immune cell function
without inducing damage [60]. RA has been shown to modulate redox signaling pathways, which
can influence the production of reactive sulfur species like H2S. RA may influence enzymes like
cystathionine y-lyase, which are involved in H2S production, thus affecting the overall sulfur-related
redox balance in immune cells [61]. Vitamin A’s antioxidant properties may also help mitigate the
potential toxicity of elevated levels of RSS in cells, preventing damage to immune cells, including NK
cells [17,61].

In addition to redox stress, nutrient sensing pathways like mTOR can affect tumor progression
including the function of cancer stem cells (CSCs). A preclinical study tested ATRA to force CSCs to
become less harmful, especially when combined with mTOR inhibitors. ATRA reduced CSC traits
effects like growth, and movement, that were stronger with mTOR blockers. ATRA worked through
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the ERK1/2 pathway, not mTOR. These findings suggest combining ATRA with mTOR inhibitors
may improve cancer treatment [13].

Vitamin A is specifically studied in PDAC and a meta-analysis of 11 studies (2,705 cases) found
that higher dietary vitamin A intake may reduce PDAC risk (RR = 0.839, 95% CI: 0.712-0.988) with
low heterogeneity and no publication bias. The association was stronger in case-control studies and
European populations [62].

RA plays a significant role in regulating PDAC progression [48]. RA impacts cancer cell growth
and differentiation by interacting with retinoic acid receptors (RARs) and retinoid X receptors (RXRs).
RAR-B is crucial for maintaining a non-malignant phenotype, and its loss is linked to tumor
progression. RA also influences intracellular signaling pathways, such as protein kinase C, and
reduces PDAC cell adhesion to the basement membrane, limiting metastasis. Additionally, RA affects
cancer-associated fibroblasts (CAFs), inhibiting their activity and migration, further reducing tumor
spread. Preclinical studies support the potential of RA in preventing recurrence and metastasis in
PDAC [63]. Clinical trials have shown some promise, such as a phase I study with RA and HDAC
inhibitors resulting in prolonged stable disease [64]. However, other studies have not shown
significant improvements in response rates, and more research is needed to better understand the
therapeutic potential of vitamin A in PDAC [65]. ATRA has also been repurposed in combination
with gemcitabine-nab-paclitaxel chemotherapy in the treatment of patients with PDAC [66].

Vitamin A and its active derivatives, particularly retinoic acid, play a multifaceted role in cancer
prevention and therapy by regulating cell differentiation, redox balance, and immune function.
Evidence supports its potential to enhance natural killer cell activity and modulate TME, contributing
to improved therapeutic outcomes. However, maintaining an optimal balance is essential, as
excessive intake or inappropriate supplementation may pose health risks and counteract its benefits.

7.1.2. D Vitamin

Vitamin D is a fat-soluble micronutrient that includes ergocalciferol (D2) and cholecalciferol
(D3), essential for bone health and calcium balance [67]. It is made in the skin through sunlight and
found in foods like fish, egg yolks, and fortified dairy. Its active form, calcitriol, helps regulate calcium
and phosphate levels, keeping bones strong and supporting cell functions. Research suggests that
getting enough vitamin D may lower the risk of osteoporosis and some cancers by boosting immunity
and controlling cell growth [68].

In a secondary analysis of a randomized trial involving 25,871 patients, vitamin D3
supplementation was found to effectively reduce the risk of advanced cancer in adults without a
baseline cancer diagnosis, with the greatest benefit for those with a normal body mass index [69].
Meta-analyses reveal that while observational studies link low vitamin D levels to an increased risk
of cancer, randomized trials indicate that vitamin D supplementation lowers overall cancer mortality
without affecting cancer incidence [70]. This may suggest that vitamin D might help reduce resistance
to cancer treatments or slow disease progression.

Vitamin D, particularly its active form 1,25-dihydroxyvitamin D (1,25D), helps regulate the
immune system and may influence NK cell activity. However, its effects are controversial. Some
studies show that 1,25D boosts NK cell cytotoxicity, increases certain receptors like NKp30, NKp44,
NKG2D, and raises levels of markers involved in killing target cells. Other studies report the
opposite—reduced NK cell activity, lower stimulatory receptor levels (like CD69), and decreased
immune signals (like IFN-y and TNFa). More research is needed to clarify these conflicting results
[67,71]. A preclinical study confirmed that dietary vitamin D supplementation can enhance innate
immunity by boosting NK cell cytotoxicity in normal-weight mice. The study attributed this effect to
changes in the splenic NK cell population [72]. Another study demonstrated that vitamin D enhances
the antibody-dependent cytotoxicity (ADCC) of NK cells [67]. And finally, Yu et al. highlighted the
significance of balanced vitamin D for the proper function of NK cells [73].

1,25 D also plays a key role in reducing intracellular oxidative stress. It acts as a potent
antioxidant, supporting mitochondrial function and protecting against oxidative damage. Adequate
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vitamin D levels help lower systemic inflammation and prevent DNA, protein, and lipid oxidation
[74]. Ravid et al. showed that calcitriol, another active form of vitamin D, boosts the cancer-fighting
effects of immune signals and certain drugs by increasing oxidative stress in tumor cells. This effect
depends on ROS and may also help NK cells work more effectively against cancer [75]. In overactive
or inflammatory conditions, too much IFN-y and oxidative stress can damage NK cells and tissues.
Vitamin D improves redox balance by reducing oxidative stress-related pathways like TLRs and IFN-
v signaling. This lowers ROS production, protecting NK cells from dysfunction. A healthier redox
state enhances NK cell efficiency and cytotoxicity. Overall, vitamin D supports precise, less
inflammatory immune responses [71,76].

In addition to its role in managing oxidative stress, 1,25 D has been shown to influence key
cellular pathways involved in nutrient sensing and growth regulation. Interestingly, one 2021 study
shows that 1,25 D affects the mTOR pathway in osteosarcoma cells by regulating DNA Damage-
Inducible Transcript 4 (DDIT4/REDD1), an mTORC1 inhibitor. After treatment, DDIT4/REDD moves
to the cytoplasm, which suggests 1,25 D helps control mTORC1 activity, influencing cell growth and
metabolism. This highlights the potential of 1,25 D in regulating cancer growth through mTOR [77].

Another study suggests that vitamin D3 may promote autophagy and apoptosis in gastric cancer
cells by activating the p53/AMPK/mTOR pathway, which helps inhibit cancer cell growth. These
findings reveal that the interaction between mTOR and p53 may enhance tumor suppression,
potentially by also activating NK cells, which play a key role in immune surveillance and targeting
cancer cells for destruction [78].

Building on these findings, both preclinical and clinical studies have explored how vitamin D
might help PDAC patients. Vitamin D and its analogues, like MART-10 and 1-a,25(OH)2D3, show
potential by regulating key cellular processes such as the cell cycle, energy metabolism, and tumor
progression [79]. Vitamin D activates the vitamin D receptor, leading to antiproliferation, promoting
differentiation, and encouraging apoptosis. It induces cell cycle arrest through upregulation of cyclin-
dependent kinase inhibitors (p21 and p27) and downregulation of cyclins, while also promoting
AMPK activation, which further inhibits cancer cell growth [80]. Vitamin D also blocks the PI3K/Akt
pathway, reducing cell migration and invasion, particularly by suppressing epithelial-to-
mesenchymal transition (EMT) [78]. Preclinical studies have shown that vitamin D analogues
effectively inhibit PDAC cell growth and metastasis, especially when combined with AMPK
activation [80]. However, clinical trials have had mixed results, with some showing slight
improvement in progression-free survival but no objective responses [81]. Epidemiological studies
suggest that low vitamin D levels may be linked to a higher risk of PDAC, though the results are
inconsistent. Genetic variants in vitamin D-related genes may also influence cancer risk, highlighting
the need for more research. Despite encouraging preclinical findings, the clinical efficacy of vitamin
D analogues in PDAC treatment remains unclear and require further studies before they can be
widely used [58,79-81].

Vitamin D plays a vital role in maintaining immune balance, redox homeostasis, and cell growth
regulation, contributing to both cancer prevention and therapy. Its ability to modulate NK cell
activity, oxidative stress, and key pathways such as mTOR and PI3K/Akt underscores its therapeutic
potential, particularly in pancreatic and other solid tumors. However, inconsistent clinical outcomes
highlight the need for further research to clarify optimal dosing, mechanisms of action, and its true
efficacy in cancer treatment.

7.1.3. E Vitamin

Vitamin E is another fat-soluble vitamin that comprises eight natural forms, including «, B, 6,
and y isoforms of both tocopherols and tocotrienols [82]. Alfa- Tocopherol has long been regarded as
the primary form of Vitamin E in dietary supplements due to its higher presence in tissues and greater
efficacy compared to other forms of Vitamin E. However, y-Tocopherol has demonstrated a notable
ability to neutralize reactive nitrogen species and inhibit cyclooxygenase, which results in a more
potent anti-inflammatory and anti-cancer effect than a-Tocopherol [83].
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In 1982, alpha-tocopheryl succinate (alpha-TS) was identified as the most effective vitamin E
form for inducing cancer cell differentiation, inhibiting proliferation, and promoting apoptosis.
Studies over the past two decades confirm its efficacy in cancer cells while sparing normal cells [84].
Based on existing literature, vitamin E—when consumed through a diet or supplements rich in y-
and 6-tocopherols—may have cancer-preventive properties. However, high-dose supplementation
with a-tocopherol does not appear to offer the same benefits, though it does not diminish the
effectiveness of cancer treatments [85].

Interestingly research involving mice and in vitro human NK cell systems has demonstrated that
vitamin E can boost NK cell activity [86].

In mice, a daily dose of 100 mg of a-tocopherol greatly boosted NK cell activity. In lab studies,
a-tocopherol increased NK cell tumor-fighting power at concentrations of 0.5, 1.0, and 2.0 mg/ml,
while tocotrienol achieved similar results at ten times lower doses. The palmvitee blend, palm-oil-
vitamin E concentrate, was most effective with 12 ug of a- tocopherol and 24 ug of tocotrienol [87]. A
pilot study from 2007 indicated that vitamin E can enhance NK cell function in patients with
colorectal cancer and suggested its potential as an adjuvant in cancer immunotherapy [88].

Vitamin E, comprising tocopherols and tocotrienols, acts as an antioxidant and supports
anticancer responses by reducing ROS. Studies consistently show that vitamin E, particularly a-
tocopherol, enhances NK cell activity. In aging mice, a-tocopherol restored NK cell cytotoxicity, and
similar effects were observed in colorectal cancer patients, cattle, and AIDS-infected mice, where NK
cell activity and IFN-y levels improved. Despite these findings, the molecular mechanisms behind
vitamin E’s impact on NK cells remain unclear, warranting further research to explore its role in
cancer treatment and prevention [58].

Vitamin E is a powerful antioxidant that easily enters cells, neutralizing harmful molecules and
may play a role in managing cancer progression [89]. Sandhu et al. showed that dietary vitamin E
reduces mutation frequency in tumor cells, suggesting it helps protect against genetic damage.
Vitamin E may work by acting as an antioxidant and controlling neutrophil infiltration. These results
support vitamin E’s potential to reduce mutations caused by both spontaneous and NO-induced
factors. More research is needed to understand its role in cancer prevention [90]. While excessive
oxidative stress can lead to DNA damage and cancer development, many clinical randomized
controlled studies have shown that high vitamin E can be harmful, even increasing all-cause mortality
in some cases [91].

Notably, large randomized controlled trials such as the Selenium and Vitamin E Cancer
Prevention Trial (SELECT) demonstrated that high-dose a-tocopherol supplementation (400 IU/day)
increased the risk of prostate cancer in healthy men, without providing overall cancer-preventive
benefits [92a]. These findings emphasize the need for clinical caution when recommending vitamin
E supplementation. High-dose or long-term supplementation should be avoided unless clearly
indicated, as it may increase mortality and specific cancer risks. Dietary intake through natural food
sources remains the preferred and safest means of maintaining adequate vitamin E levels.

Vitamin E succinate (VES) activates autophagy in gastric cancer cells by inhibiting the mTOR
pathway. It does this by activating AMPK, which reduces mTOR activity and its targets, P70S6K and
4EBP-1. This inhibition of mTOR is key to VES-induced autophagy, with AMPK playing an important
role in regulating this process [92].

Vitamin E, particularly its tocotrienol isoforms, demonstrates promising antitumor effects in
PDAC through several mechanisms, including inhibition of NF-kB activity, regulation of the cell
cycle, apoptosis induction, and modulation of the Ras-Raf-MEK-ERK signaling pathway [93].
Among the tocotrienols, d- and y-tocotrienol show the most consistent inhibition of PDAC cell
growth and survival in vitro and in vivo, with d-tocotrienol being the most potent. Furthermore, it
sensitizes the PDAC cell to gemcitabine [94]. These tocotrienols suppress NF-kB activity, induce cell
cycle arrest by increasing the tumor suppressor protein p27Kipl, and promote apoptosis through
mitochondrial signaling and caspase activation. Additionally, d-tocotrienol has shown potential in
enhancing the effects of gemcitabine, a chemotherapy drug. However, the effects of vitamin E
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succinate (VES) are less clear, with some studies indicating minimal impact on cell growth inhibition.
Clinical trials are still in the early stages, with a phase I trial on d-tocotrienol showing no significant
toxicity at high doses. Despite promising preclinical findings, further clinical studies are necessary to
establish the efficacy of vitamin E, particularly tocotrienols, as a viable adjunctive treatment for PDAC
[48].

Vitamin E exhibits strong antioxidant, anti-inflammatory, and anticancer properties, primarily
through its tocopherol and tocotrienol isoforms. Evidence suggests that it enhances NK cell
cytotoxicity, reduces oxidative damage, and modulates key signaling pathways such as mTOR and
NF-«B, contributing to tumor suppression and improved immune function. While tocotrienols,
especially the o and y forms, show promising results in pancreatic and other cancers, inconsistencies
in clinical outcomes and risks linked to high-dose supplementation highlight the need for further
investigation.

7.1.4. Vitamin K (VK)

VK is the last fat-soluble vitamin in this review and is essential for blood clotting, bone health,
and heart function. Blackberries, blueberries, green fruits like kiwi, leafy greens and cereal grains are
rich in VK. It exists mainly as VK-1 (from leafy greens) and VK-2 (from animal products and
fermented foods). VK-1 supports clotting, while VK-2 helps with calcium regulation in bones and
arteries. VK-2 (especially its specific subtype MK-7) stays longer in the body and may be more
effective for bone and cardiovascular health. Both forms are better absorbed with dietary fat [95].

Emerging research also suggests that VK, particularly VK-2, may have potential anti-cancer
effects by influencing cell growth and apoptosis. VK exhibits potential anticancer effects in various
cancers, including PDAC and prostate cancers, by leveraging its anti-inflammatory and antioxidant
properties to prevent cellular senescence and inhibit metastasis, thus improving cancer prognosis
[96]. It also suppresses cancer cell proliferation, growth, and differentiation through mechanisms
involving c-myc and c-fos gene induction, regulation of Bcl-2 and p21 genes, and angiogenesis
inhibition. This highlights VK’s potential as an adjuvant therapy, either alone or in combination with
traditional chemotherapy or other vitamins, for enhanced cancer treatment outcomes [95,96].

Cellular senescence protects against cancer in younger people but can help tumors grow in older
individuals through the senescence-associated secretory phenotype (SASP). NK cells help remove
cancerous and senescent cells, but their function declines with age. Vitamin K might help maintain
NK cell activity and improve immune function. By supporting NK cells, vitamin K could reduce the
effects of cellular senescence on cancer growth. This could help strengthen the immune system in
older people, potentially lowering cancer risk [97]. Textor et al. showed that reducing c-Myc or N-
Myc lowers B7-H6 levels on tumor cells like melanoma, PDAC, and neuroblastoma. This weakens
NKp30, an important receptor that activates NK cells. VK deficiency can also reduce Myc levels,
leading to weaker NK cell responses. So, VK may help support NK cell activity by keeping Myc and
B7-H6 levels up [98].

Additionally, NK cell activity depends on genes like Bcl-2, c-fos, and p21. Bcl-2 keeps NK cells
alive, c-fos helps activate immune responses, and p21 controls their growth. VK can boost the
expression of these genes by supporting key signaling pathways. So, enough VK may help NK cells
stay active, survive longer, and function better [99-101].

One study found that VK-2 triggers apoptosis in bladder cancer cells by affecting the
mitochondria and activating certain pathways (JNK and p38 MAPK). Inhibiting these pathways
stopped the cell death process. Furthermore, ROS played a role in this process, and blocking ROS
with an antioxidant, prevented the apoptosis [102-103].

VK-2 triggers autophagic cell death [99-101in bladder cancer cells through AMPK activation
during metabolic stress [104].

VK has shown potential as an adjunctive agent in PDAC treatment through mechanisms
primarily involving apoptosis, Ras—Raf-MEK-ERK, and JNK MAPK signaling pathways which all
affect NK cell activities. VK-1, VK-2, and VK-3 induce apoptosis in PDAC cells via caspase-dependent
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pathways, involving caspase-3 activation, and through interactions with wild-type p53, ROS, and
intracellular calcium. VK also influences the MEK-ERK pathway, where high concentrations of VK-1
and sorafenib lead to apoptosis via inhibition of phospho-MEK and phospho-ERK, while low
concentrations induce apoptosis through the extrinsic pathway [105,106]. Additionally, VK-1 and
sorafenib together activate the JNK/c-Jun pathway, upregulating FasL-mediated apoptosis
(combining VK-1 with sorafenib in PANC-1, PL-5, and MIA PaCa-2 cells enhanced apoptosis by
inhibiting phospho-MEK/ERK and activating the JNK/c-Jun-FasL extrinsic death pathway).
Menadione (VK-3) quickly turns on caspase-3, cuts PARP, and activates ERK and JNK in PDAC and
acinar cells; adding L-cysteine blocks ERK but not JNK, showing that ROS drive the ERK response.
This matters for NK cells because they also use ROS-dependent ERK activation to release their killing
granules. VK-3 can help weaken cancer cells and make them easier for NK cells to kill.

But too much ROS could also suppress NK cells directly —more research is needed to understand
that balance. VK-3 is synthetic and generates ROS, but it can be toxic to the liver and is not approved
for human use in most countries [106-108].

Although preclinical studies support these findings, there are no clinical trials evaluating VK’s
role in PDAC, and further studies are needed before VK can be recommended for clinical use in
treatment [48,106,107].

Vitamin K, particularly VK-2, demonstrates promising anticancer properties through its ability
to regulate apoptosis, oxidative stress, and key signaling pathways such as Ras—-Raf-MEK-ERK and
JNK MAPK. It may enhance NK cell survival and cytotoxic function by modulating genes like Bcl-2,
c-fos, and p21, as well as maintaining Myc-dependent activation signals. While preclinical studies
suggest potential benefits for cancer prevention and PDAC therapy, clinical validation is still lacking,
underscoring the need for further investigation into its safety, mechanisms, and therapeutic
applications.

7.1.5. B Vitamin

B vitamins, a group of eight water-soluble vitamins, are essential for all living cells, from bacteria
to humans. They play crucial roles in energy production, DNA synthesis, brain function, and
maintaining healthy skin and blood cells. Other B vitamins include B1 (thiamin), which helps convert
carbohydrates into energy and is found in whole grains, pork, and legumes; B2 (riboflavin),
important for energy metabolism and antioxidant function, found in dairy products, eggs, and leafy
greens; B3 (niacin), involved in DNA repair and metabolism, found in meat, poultry, fish, and
peanuts; B5 (pantothenic acid), which supports hormone and neurotransmitter production, found in
avocados, mushrooms, and whole grains; and B7 (biotin), essential for fat and carbohydrate
metabolism, commonly found in eggs, nuts, and seeds [108,109].

Recent evidence highlights the role of B vitamins in regulating immune cells, which may explain
the inconsistent findings of studies investigating the link between B vitamins and cancer
development [110,111]. A meta-analysis study found that low intake of folate, the natural form of
vitamin B9 (folic acid or folate), combined with methylenetetrahydrofolate reductase (MTHFR
C677T) polymorphisms, is linked to a higher risk of breast cancer [112].

Sawaengsri et al. demonstrated that high folic acid intake reduces NK cell cytotoxicity in aged
mice [113]. A clinical study suggested vitamin B12 (cobalamin) as an immunomodulator for cellular
immunity and confirmed its crucial role for NK cell cytotoxicity [114]. In aged rats, B12 deficiency led
to reduced NK cells activity and a decrease in certain B lymphocyte subsets. However,
supplementing with B12 can encourage NK cell expansion, but excessive unmetabolized folic acid
might impair NK cell activity [109,111,115]. Therefore, it's important to emphasize that only a
balanced intake of B vitamins is both safe and beneficial for preventing cancer progression and
treatment resistance [116]. B3 increases CD62L expression, aiding NK cell recruitment, while B6
deficiency does not affect NK cell activity despite reducing T cell cytotoxicity. B7 deficiency lowers
NK cell cytotoxicity in Crohn’s disease patients, and B9 deficiency correlates with reduced NK cell
toxicity, though high doses of folic acid show no direct effect. Vitamin B12 improves NK cell activity
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in anemia patients and prevents NK cell decline in aged rats. Despite these findings, the mechanisms
behind these interactions remain unclear and need further research [58].

B vitamins can influence cancer by helping protect DNA and reducing harmful oxidative stress.
Folate and B12 supplements have been shown to lower ROS levels and prevent DNA damage in
animal cancer models, whereas low folate can let ROS accumulate and promote tumor growth. Bl
and its more bioavailable form, benfotiamine, reduce oxidative stress and NF-kB-driven
inflammation, slowing down tumor progression in preclinical studies. Clinically, higher blood B1
levels have been linked to an increased risk of breast cancer, while higher B3 levels are associated
with a lower risk [115-117].

Ayuk and Abrahamse (2019) explored how mTOR signaling affects cancer and the use of
photodynamic therapy (PDT) in treatment. PDT uses a photosensitizer activated by light to produce
ROS that kill cancer cells. Its effectiveness depends on factors like oxygen, light, and the type of
photosensitizer, such as vitamin B12. PDT can block the mTOR pathway and combining it with
mTOR inhibitors can improve cancer treatment. B vitamins like B12 may also help enhance PDT by
influencing the mTOR pathway [118].

Nutrient competition in the TME affects tumor growth and immune response. High vitamin B6
(pyridoxine) demand by PDAC cells impairs NK cell function. Supplementing vitamin B6 while
inhibiting its metabolism boosts NK cell activity and reduces tumor growth in PDAC models. Two
clinical trials have directly tested the addition of a B-vitamin derivative —folinic acid (leucovorin)—
to chemotherapy in PDAC. In gemcitabine-refractory advanced PDAC (JapicCTI-111554), adding
oral leucovorin (25 mg twice daily) to S-1 significantly prolonged median PFS (3.9 vs. 2.8 months)
and increased the disease control rate compared with S-1 alone. In a multicenter Phase II trial of
FOLFIRINOX (5-FU, leucovorin, irinotecan, oxaliplatin) involving 46 patients with advanced disease,
the regimen achieved a 31% objective response rate, median PFS of 6.4 months, and median OS of
11.1 months, albeit with higher grade 3—4 neutropenia [119-121].

B vitamins play vital roles in energy metabolism, DNA repair, and immune regulation, with
growing evidence linking their balance to cancer prevention and treatment outcomes. They influence
NK cell activity, redox balance, and pathways like mTOR, highlighting their potential in enhancing
immune responses and improving therapeutic efficacy. However, both deficiencies and excessive
intake can disrupt immune function or promote tumor growth, emphasizing the importance of
maintaining optimal B vitamin levels for effective cancer management.

7.1.6. C vitamin

Vitamin C (ascorbic acid), another member of the water-soluble vitamin group, plays a vital role
in collagen synthesis, immune function, iron absorption, and antioxidant protection against free
radicals. Unlike most animals, humans cannot produce Vitamin C endogenously, making dietary
intake essential. It is abundant in fresh fruits and vegetables, particularly citrus fruits like oranges,
lemons, and grapefruits, as well as kiwi, strawberries, bell peppers, broccoli, Brussels sprouts, and
tomatoes. Regular intake of Vitamin C is important to support tissue repair, wound healing, and
overall cellular health [122].

Vitamin C plays a significant role in cancer prevention, progression, and treatment, both for its
general health benefits and its ability to act as a pro-oxidant at high doses [123]. Additionally,
ascorbate has been reported to act as an adjuvant, enhancing the anti-tumor effects of cancer
treatments like radiotherapy, radio-chemotherapy, chemotherapy, immunotherapy, or even
monotherapy. It promotes tumor cell death by generating ROS and inducing ferroptosis [122-124].

Vitamin C enhances NK cell activity and supports immune function. Ascorbic acid stimulates
the growth of NK cell populations (proliferation) in cultures, making it beneficial for NK cell therapy
[125-127].

A preclinical study demonstrated that low-dose Vitamin C promotes demethyla- tion of the
Killer Immunoglobulin-like Receptor (KIR) promoter and enhances KIR expression, indicative of NK
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cell maturation [128]. High doses of Vitamin C have been shown to increase the secretion of perforin
and granzyme B by activated NK cells in a mouse model [127].

Vitamin C enhances cytokine expression by promoting the activity of Ten-Eleven Translocation
(TET) enzymes, which modify DNA methylation and impact gene expression related to immune
responses, including modulating NK cell function. This leads to the activation of the IFN-
y/JAK2/STAT1 signaling pathway, which increases tumor-infiltrating lymphocytes (TILs) and
improves the efficacy of immuno-checkpoint therapy [125]. Since 1980, the influence of vitamin C on
NK cell activity has been investigated [128]. Although the results are controversial, it can be
concluded that normalizing vitamin C levels favors NK cell activity, while high doses can decrease
this effect [32].Early studies showed that AA (ascorbic acid) inhibited NK cell activity in a dose- and
time-dependent way but did not affect activation by IFN-vy, IL-2, or effector-target binding. Later
research found that oral AA increased NK cell activity, likely through protein kinase C (PKC)
activation. Recent studies confirmed AA’s role in boosting NK cell cytotoxicity, aiding NK cell
maturation, and enhancing activity during HIN1 infection with red ginseng. Further research is
needed to fully understand its potential [58].

Vitamin C, particularly in high intravenous doses, has been explored in treating PDAC. At
pharmacologic concentrations, it creates ROS that selectively target and kill cancer cells while sparing
normal tissue. This effect is due to the formation of hydrogen peroxide, which damages tumor cells.
Additionally, vitamin C depletes ATP levels in cancer cells by interfering with DNA repair and
glycolysis, leading to cell death. Vitamin C also induces autophagy, a process that contributes to
tumor cell destruction. At high doses, like in IV treatments, it can create hydrogen peroxide that kills
cancer cells without harming normal ones. This makes vitamin C a promising option in cancer
therapy that targets oxidative stress. [48,124,129-131].

A large retrospective cohort study in the U.S. found that individuals without a history of vitamin
C prescriptions had a higher incidence of PDAC across all age groups and regions. Specifically, the
incidence was 0.88% in those without vitamin C prescriptions compared to 0.48% in those with such
prescriptions, indicating a statistically significant difference [132].

Another study shows that pharmacological vitamin C (VC) blocks the mTOR pathway by
increasing ROS, leading to the degradation of Rictor through FBXW7. HMOX1 is crucial for this
process. Removing FBXW?7 or HMOX1 stops VC from affecting mTOR, cell growth, and autophagy.
In vivo, VC reduces tumor growth by inhibiting mTOR, but HMOX1 deficiency can reverse this effect.
These results suggest that vitamin C could be a potential cancer treatment by targeting the mTOR
pathway [130].

Preclinical studies have demonstrated that intravenous vitamin C decreases PDAC cell survival,
inhibits tumor growth, and enhances the efficacy of chemotherapy. Clinical trials have shown
promising results when vitamin C is combined with chemotherapy drugs like gemcitabine, with
some patients showing tumor size reduction and improved performance status. A meta-analysis of
17 studies with 4,827 PDAC cases found that higher vitamin C intake was linked to a lower risk of
developing PDAC, with a relative risk of 0.705, indicating a protective effect [48,129,131-133].A
review looking at 23 clinical trials examined the use of high-dose intravenous vitamin C (IVC 215 g)
in cancer treatment. It found that IVC, when combined with chemotherapy or radiotherapy, offered
the greatest improvements in quality of life and added anti-tumor effects, compared to using it alone.
Promising results were seen in patients with advanced PDAC, breast, and ovarian cancers. While
IVC is not curative, it may enhance supportive care, and further studies are needed to assess its
impact on survival [134]. Several active clinical trials are ongoing to further explore the role of vitamin
C as an adjunctive treatment for PDAC, particularly in combination with chemotherapy and
radiation. Although current results are promising, larger trials are needed to fully confirm the
effectiveness of vitamin C in this context. A randomized trial hypothesized that adding high-dose
intravenous vitamin C to gemcitabine and nab-paclitaxel would increase survival in patients with
metastatic PDAC [135]. A phase I/Ila study tested high-dose IVC combined with gemcitabine for
PDAC. IVC kills cancer cells by depleting energy and affecting cell movement and metastasis. It also
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helped reduce cancer spread and was safe for patients. IVC did not interfere with gemcitabine,
showing potential to extend survival with low toxicity, suggesting it could be a helpful treatment for
advanced PDAC [136].

Vitamin C serves as a potent antioxidant and immunomodulator, supporting NK cell
proliferation, cytotoxicity, and cytokine production while influencing key signaling pathways such
as IFN-y/JAK2/STAT1 and mTOR. At pharmacological doses, it acts as a selective pro-oxidant,
generating ROS that promote cancer cell death and enhance the efficacy of chemotherapy and
immunotherapy. Although clinical and preclinical findings show promising outcomes — particularly
in pancreatic cancer —further large-scale studies are needed to establish optimal dosing, safety, and
long-term therapeutic benefits.

7.2. Minerals

Minerals are inorganic elements required by the body in small amounts to perform a wide range
of physiological functions, including enzyme activity, bone health, nerve signaling, and immune
support [137]. Mineral therapy, which involves the use of essential minerals, has shown potential as
an adjuvant in cancer therapy due to its effects on immune function, including the activity of NK cells
[138].

7.2.1. Calcium

Calcium is an essential mineral, with 99% stored in bones and teeth, and the remaining 1%
circulating in the blood as calcium ions (Ca?). These ions are crucial for muscle function, nerve
signaling, and blood clotting. Proper calcium regulation is key for overall health [139].

Emerging research suggests that calcium, particularly its ion form, may play a role in cancer
prevention by influencing cellular signaling, apoptosis (programmed cell death), and tumor growth
regulation. Intracellular Ca?* levels affect both cancer cell growth and death. Researchers developed
pH-sensitive sodium hyaluronate-modified calcium peroxide nanoparticles (SH-CaO2 NPs) that
induce calcium overload specifically in tumors, effectively killing cancer cells while sparing normal
cells and aiding in tumor imaging and control [140]. Thus, calcium overload in this method does not
interfere with cancer treatment.

High Ca? is also essential for NK cells to effectively target and kill cancer cells [141]. NK cells
deficient in STIM1/ORAI1 activity show severely impaired calcium entry and are unable to kill target
cells, highlighting the importance of this complex for NK cell function [142]. Calcium overload can
damage and kill cells.

Calcium signaling intersects with ROS in cancer, forming a complex network that influences
tumor progression and survival. Intracellular Ca> fluxes regulate oxidative metabolism and ROS
production, while oxidative stress can alter calcium homeostasis, leading to tumor-promoting or
tumor-suppressive outcomes depending on the cellular context. This bidirectional interplay is crucial
in various cellular processes, including apoptosis and proliferation. [143-145].

Changes in calcium levels in ovarian cancer cells are linked to the mTORC1 signaling pathway
and fatty acid production. TRPV4 regulates this process through the calcium-mTOR/SREBP1
pathway, which helps promote ovarian cancer progression [146].

Ca? play a key role in the growth and spread of PDAC by affecting cell signaling. Problems with
calcium signaling are linked to tumor growth and resistance to treatment in PDAC. Research shows
that targeting calcium pathways, like using calcium channel blockers, might make treatments like
gemcitabine more effective. This suggests calcium could be a useful target for improving cancer
treatment [147-149]. A meta-analysis of observational studies examined the association between
calcium intake and PDAC risk. The analysis included eight studies and found an inverse association
between total calcium intake (dietary and supplement) and PDAC risk (relative risk = 0.83, 95% CI:
0.72-0.97), suggesting that higher calcium intake may reduce the risk of developing PDAC [150].
Additionally, a Phase II randomized study investigated the combination of BAX2398 with 5-
fluorouracil and calcium levofolinate in Japanese patients with metastatic PDAC that had progressed
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after prior gemcitabine-based therapy. This trial aimed to assess the efficacy of incorporating calcium
levofolinate into the treatment regimen to enhance therapeutic outcomes (NCT02697058).

Calcium plays a multifaceted role in both cellular homeostasis and cancer regulation, influencing
signaling pathways, apoptosis, and tumor progression. It is essential for NK cell cytotoxicity and
interacts closely with ROS and mTOR signaling, affecting both cancer cell survival and immune
responses. Evidence from preclinical and clinical studies suggests that maintaining adequate calcium
levels may lower pancreatic cancer risk and improve treatment efficacy, though further research is
needed to refine its therapeutic applications and clarify its complex mechanisms

7.2.2. Iron

Iron is another critical element for the body that helps carry oxygen in the blood and supports
energy production, immune function, and overall health. It is a key part of hemoglobin, which
transports oxygen to the body’s tissues. Iron is found in foods like red meat, poultry, beans, spinach,
and fortified cereals. The body stores it in the liver and spleen. Having the right amount of iron is
important, as too little can cause anemia, while too much can harm organs [151].

Its imbalances affect tumor development and treatment. Recent research highlights iron
metabolism disorders in tumors, its role in ferroptosis and ferritinophagy, and new iron-based cancer
therapies [152].

Additionally, iron can affect the proliferation and activity of immune cells. In a preclinical study,
ferumoxytol, an iron replacement product, was combined with NK cells, inducing ferroptosis in
cancer cells and enhancing NK cell cytotoxicity [152]. Both iron deficiency and overload can
negatively impact NK cell function and overall immune response [153].

Several studies explore the dual role of iron and ROS in cancer cells. While they are essential for
cellular functions, their imbalance can contribute to carcinogenesis. The therapeutic strategies
targeting iron metabolism and redox regulation in cancer treatment are also discussed in many
papers. Furthermore, the mechanisms of iron homeostasis and its regulation of ROS in tumors are
explored significantly. The controversial roles of excess iron and iron deficiency in tumor progression
and options for iron-related treatments are mentioned [154,155].

Iron chelators inhibit mTORCI signaling by activating the AMPK pathway and partially
involving HIF-1/REDD1 and Bnip3 pathways. This effect is not related to ROS, copper chelation, or
PP2A activation. Iron is necessary for mTORCI activation, and its chelation disrupts this process
through multiple mechanisms [156].

Interestingly, iron plays an important role in PDAC, affecting both the development of the
disease and patient health. Some studies suggest higher iron levels may increase the risk of
developing PDAC, although results are mixed. Patients with PDAC often experience anemia and iron
deficiency, which can make treatment more difficult. Cancer cells also need more iron to grow, so
regulating iron levels could be a potential treatment strategy. Excess iron has been linked to increased
cancer cell spread and resistance to treatment. An article discusses how ferritinophagy, a process that
releases iron from ferritin, supports PDA C cell survival and resistance to therapy. Another study
suggests that iron chelation could reduce metastasis by inhibiting epithelial-mesenchymal transition
(EMT) and regulating NDRG1. EMT plays a key role in cancer cell migration and treatment
resistance, allowing cells to evade therapies. By managing iron levels and influencing EMT, iron
chelation may decrease cancer spread and improve treatment effectiveness, offering a potential
strategy for overcoming resistance in cancers like PDAC. These findings highlight the complex role
of iron in PDAC and the importance of managing iron levels in patients [157-160].

Iron is essential for oxygen transport, energy metabolism, and immune function, but its
imbalance can strongly influence cancer development and progression. It regulates key processes
such as ferroptosis, ROS production, and mTOR signaling, affecting both tumor growth and NK cell
cytotoxicity. While iron overload can promote metastasis and treatment resistance, controlled
modulation of iron—through chelation or metabolic targeting—shows promise in reducing
pancreatic cancer progression and improving therapeutic outcomes.

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


https://doi.org/10.20944/preprints202510.1042.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2025 d0i:10.20944/preprints202510.1042.v1

17 of 40

7.2.3. Magnesium

Magnesium is an important mineral that helps with energy production, muscle function, and
nerve signaling. It also supports healthy bones, blood sugar levels, and a normal heart rthythm.
Magnesium can be found in foods like leafy greens, nuts, seeds, whole grains, and legumes. Many
people don’t get enough magnesium, which can lead to problems like muscle cramps and fatigue.
Keeping magnesium levels balanced is important for good health [161].

Magnesium deficiency is linked to a higher risk of certain cancer. A case-control study indicated
that higher magnesium consumption was linked to a reduced risk of breast cancer [162] but
understanding its role in cancer development is difficult due to factors like genotype, nutrient
interactions, and inflammation [161]. Hypomagnesemia must be addressed in cancer management.
However, managing hypermagnesemia is also crucial for patients at high risk. Therefore, monitoring
magnesium levels during supplement therapy is essential to avoid adverse effects on cancer
treatment.

Magnesium, involved in various biochemical reactions in the body, is also important for
maintaining immune system balance. A deficiency in magnesium may reduce NK cell effectiveness
[161].

Research shows that low magnesium levels can reduce the activity of NK cells, which are
responsible for attacking infected or cancerous cells. Specifically, a lack of magnesium can affect the
NKG2D receptor on NK cells, which is crucial for their activation. Studies have shown that
supplementing magnesium can restore NK cell activity and improve immune responses. This
highlights the importance of keeping magnesium levels balanced for proper immune function [163].

A study found that higher levels of magnesium inside cells help protect mitochondria from
damage caused by ROS, like hydrogen peroxide. This shows that magnesium can help reduce
oxidative stress. Research on biodegradable magnesium materials showed they can reduce harmful
levels of ROS and RNS in immune cells. This suggests magnesium may help control inflammation
and protect cells [164,165].

Mg2+ promotes tumor cell death by activating the AKT/mTOR and Bax signaling pathways.
These pathways contribute to apoptosis, helping to control tumor growth [166].

A preclinical study found that a magnesium transporter protein called SLC41A1 was lower in
PDAC tissues and cells. When researchers increased this protein in cancer cells and tested them in
mice, the tumors grew much smaller. This suggests that magnesium transport may help slow down
PDAC growth and could be a useful target for future treatments [166]. Additionally, research has
shown that magnesium intake may be linked to a lower risk of PDAC. In a study of more than 66,000
men and women aged 50 to 76, it was found that for every 100-milligram decrease in daily
magnesium consumption, the risk of developing PDAC increased by 24%. Furthermore, those whose
magnesium intake was less than 75% of the recommended daily allowance (RDA) had a 76% higher
risk compared to individuals meeting the RDA. These results suggest that maintaining adequate
magnesium levels might help in preventing PDAC. However, it's important to note that more
research is needed to fully understand the connection between magnesium and PDAC risk [167]. A
large prospective study examined dietary intake of calcium, magnesium, and phosphorus among
participants. Findings indicated that higher total magnesium intake was associated with a reduced
risk of PDAC. Specifically, participants in the highest quartile of magnesium intake had a hazard
ratio (HR) of 0.61 (95% confidence interval [CI]: 0.37-1.00) compared to those in the lowest quartile,
with a significant trend observed (p-trend = 0.023). These results suggest that increased magnesium
consumption may be linked to a lower risk of developing PDAC [167]. Currently, there are no
completed clinical trials specifically evaluating magnesium supplementation as a treatment for
PDAC. However, a Phase 3 clinical trial (NCT01362582) investigated the effects of magnesium sulfate
in patients with PDAC. This trial was terminated and did not yield conclusive results. In a prospective
cohort study involving U.S. male health professionals, researchers investigated the relationship
between magnesium intake and PDAC risk over 20 years. While no overall association was found
between magnesium intake and PDAC risk, a significant inverse relationship was observed among

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


https://doi.org/10.20944/preprints202510.1042.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2025 d0i:10.20944/preprints202510.1042.v1

18 of 40

overweight individuals (body mass index 225 kg/m?). In this subgroup, higher magnesium intake
was associated with a reduced risk of PDAC (relative risk [RR] = 0.67; 95% CI: 0.46-0.99; p-trend =
0.04). This finding suggests that magnesium may play a protective role against PDAC in overweight
populations [168].

Magnesium plays a vital role in maintaining cellular energy balance, immune regulation, and
oxidative stress control. Adequate magnesium levels support NK cell activation through NKG2D
receptor function and help protect mitochondria from ROS-induced damage, contributing to both
immune efficiency and cancer prevention. Evidence suggests that sufficient magnesium intake may
reduce the risk of pancreatic cancer and inhibit tumor growth through mTOR and apoptotic
pathways, though more clinical research is needed to confirm its therapeutic potential and define
optimal supplementation strategies.

7.2.4. Zinc, Copper, and Cadmium

Zinc, copper, and cadmium are three essential metals that play crucial roles in various biological
processes. However, their concentrations must be tightly regulated to prevent toxicity.
Metallothioneins (MTs) are small, cysteine-rich proteins that bind to these metals, aiding in their
transport, storage, and detoxification. Zinc is vital for enzyme function, immune system regulation,
and DNA synthesis. Copper is essential for electron transport, iron metabolism, and antioxidant
defense. While cadmium is toxic in excess, MTs can isolate it, mitigating its harmful effects. By
binding to these metals, MTs ensure their safe management within the body, maintaining a balance
that is critical for health. Foods that are rich in zinc include meat, shellfish, legumes, and seeds, while
copper can be found in foods like shellfish, nuts, seeds, and organ meats. Cadmium, although toxic,
is found in small amounts in foods such as shellfish, liver, and certain cereals [169,170].

Elevated MT levels have been found in various cancers, suggesting they play a role in tumor
growth. MTs help protect cancer cells by managing zinc and copper levels, reducing oxidative stress,
and potentially contributing to drug resistance. However, while MTs can reduce the harmful effects
of cadmium, long-term exposure to cadmium has been linked to an increased cancer risk. This
highlights the complex relationship between these metals, MTs, and cancer development. It is now
clear that the reactivity and coordination dynamics of MTs with Zn? and Cu* align with the biological
needs for regulating the binding and delivery of these metal ions within cells. A comprehensive
review of expression of MT isoforms in various types of cancers highlights the application of MTs in
cancer management [171-174].

Zinc is essential for the development and function of immune cells, including NK cells. Zinc
deficiency can impair NKA and increase susceptibility to infections and cancer. Many preclinical
studies have concluded that zinc deficiency leads to decreased NKA in rats [175-178]. Elevated MT
expression has been linked to enhanced NK cell activity, indicating a role in cancer immune defense.
However, some compounds that increase MT levels in NK cells can reduce zinc levels inside the cells,
weakening their anti-tumor function. Additionally, MT overexpression in tumor cells is associated
with stronger anti-cancer immune responses, including increased NK cell activity. These findings
highlight the complex relationship between MTs and NK cells, suggesting that adjusting MT
expression could influence NK cell activity in cancer therapy [179,180].

Zinc helps important antioxidant enzymes, like superoxide dismutase (SOD), that protect the
body by neutralizing harmful molecules called ROS. When zinc is low, the body’s defenses weaken,
leading to more oxidative stress, which can damage DNA and lead to cancer. Zinc also affects the
levels of other reactive molecules like RNS and RSS, which are involved in inflammation and cell
signaling processes that often go wrong in cancer. Cancer cells often have abnormal zinc levels, which
can help them grow and resist treatment. Keeping zinc levels balanced may help protect against
cancer and improve treatment results [181,182].

ZIP7 is a protein that controls zinc release from inside cells. This release activates key signaling
pathways like MAPK, mTOR, and PI3K-AKT, which help cells survive and grow. These pathways
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are often overactive in cancer. Phosphorylation of specific sites on ZIP7 is essential for its activation,
which was confirmed through mutagenesis studies [183].

Copper helps PDAC grow by activating the mTOR signaling pathway. A protein called CTR1,
which brings copper into cells, is found at high levels in PDAC. When copper is reduced —either by
blocking CTR1 or using a copper-removing drug—it slows down the mTOR pathway, which controls
cancer cell growth and blood vessel formation. This makes the cancer grow more slowly. Combining
copper reduction with an mTOR-blocking drug like rapamycin works even better, suggesting that
targeting copper could help improve cancer treatment [184].

Another study shows that even low levels of cadmium can harm liver cells by causing fat
buildup, scarring, and faster cancer cell growth. It does this by increasing inflammation and
activating the Notch and AKT/mTOR pathways linked to liver disease and cancer [185].

Researchers found that levels of a specific MT isoform (MT1G) were lower in PDAC cells that
resisted gemcitabine. When they increased MTI1G, the cancer cells became less stem-like and
responded better to treatment. MT1G worked by blocking a pathway (NF-kB/activin A) linked to
cancer growth and drug resistance. This suggests MT1G may help slow cancer and make treatments
more effective [186]. Another study looked at MT levels in 75 PDAC samples. Conversely, it found
that tumors with high MT were more aggressive, had worse cell structure, and were more likely to
spread. This means high MT expression in PDAC is linked to higher tumor grade and poor prognosis,
indicating a more aggressive cancer. Additionally, MT expression is associated with metastasis and
poorer histological grading in PDAC [180].

A study from 2022 looked at zinc levels in PDAC patients after surgery
(pancreaticoduodenectomy). It found that 17.8% of patients had zinc deficiency even though they
were given 50 mg of zinc daily. Patients with lower zinc levels after surgery had worse outcomes,
suggesting that the usual zinc dose might not be enough and higher amounts could be needed during
treatment [187]. Another study looked at how chemotherapy before surgery affects zinc levels in
PDAC patients. It found that treatments, including gemcitabine, significantly lowered zinc levels.
This suggests that checking and possibly supplementing zinc may be important during
chemotherapy [188].

Interestingly taste changes (dysgeusia) can be linked to oxidative stress, particularly in cancer
patients undergoing treatments like chemotherapy or radiotherapy. A 2024 clinical trial investigated
zinc supplementation in patients with unresectable PDAC experiencing taste disorders (dysgeusia)
during chemotherapy. The study found that administering zinc acetate hydrate significantly
increased serum zinc levels and improved taste perception over a 12-week period. This suggests that
zinc supplementation may help maintain nutritional status and quality of life in PDAC patients
undergoing treatment [189].

Zinc, copper, and cadmium are essential metals regulated by metallothioneins (MTs), which
control their storage, detoxification, and cellular effects. Zinc supports NK cell function, antioxidant
defenses, and DNA protection, while copper can promote tumor growth via mTOR signaling, and
cadmium is toxic even at low levels. Altered MT expression and metal imbalances influence cancer
progression, treatment response, and patient outcomes, highlighting the importance of monitoring
and managing these metals in cancer care.

7.2.5. Iodine

Iodine is another trace mineral needed for thyroid hormone production, which helps regulate
metabolism and growth. The main sources of iodine are iodized salt, seafood (fish, shrimp, seaweed),
dairy products, and some plant foods grown in iodine-rich soil. In areas with iodine deficiency,
adding iodine to salt has been a successful way to prevent related health problems. Getting enough
iodine is important for good thyroid function and overall health [190].

Iodine acts as an antioxidant and can prevent cancer, but excess intake may increase the risk of
papillary thyroid cancer. Managing iodine deficiency is crucial for reducing cancer risk. Using
alternative sources besides iodized salt and regularly monitoring urine iodine levels are
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recommended [191]. It is important to highlight that iodine toxicity can cause gastrointestinal and
cognitive issues and may lead to thyroid papillary cancer. Therefore, regular monitoring of iodine
levels is essential to avoid toxicity in cancer patients [192].

Iodine also boosts the innate immune system’s ability to combat both bacterial and viral
infections [193]. Some studies suggest that high iodine levels can alter NK cell function, while other
research shows that radioiodine therapy can boost NK cell activity against tumor cells, offering
potential cancer treatment benefits. These findings highlight the complex relationship between iodine
and NK cells, with implications for both immune health and cancer therapy [194-196].

Iodine helps protect the body from damage by harmful molecules like ROS, acting as an
antioxidant. But in some conditions, it can also help create reactive iodine species, which fight germs
but may also affect the body’s redox balance. So, iodine can both protect cells and play a role in
creating reactive molecules, depending on the situation [197,198].

Too much iodine may contribute to papillary thyroid cancer (PTC) by activating the AKT/mTOR
cell growth pathway. Moderate iodine levels increased PTC cell growth, while high levels slowed it
down. Blocking this pathway reduced cell growth and movement, suggesting iodine plays a role in
thyroid cancer development [199].

Iodine deficiency (ID) activates thyroid blood flow and VEGF expression through the mTOR
pathway, with AMPK acting to limit this effect. In mice, rapamycin blocked ID effects, while
metformin (which activates AMPK) reduced them. In mice lacking AMPK, ID effects lasted longer.
mTOR is needed for early ID-induced changes, while AMPK helps control them [200].

Iodine is also being explored in PDAC diagnosis and treatment. Research shows that iodine
uptake in PDAC can be measured using CT imaging, helping to understand tumor characteristics
and treatment responses. Additionally, iodine-125 (*125]) seeds are being used in some treatments
for PDAC, where they are implanted into the tumor to deliver targeted radiation, potentially
reducing pain and slowing tumor growth. Some experimental treatments also use iodine-131 (*131I)
combined with biogels to focus radiation directly on the tumor while protecting healthy tissue. These
studies suggest that iodine could play an important role in both diagnosing and treating PDAC [201-
203].

Iodine is essential for thyroid hormone production, metabolism, and growth, with sources
including iodized salt, seafood, and dairy. It acts as an antioxidant, supports NK cell function, and
may influence cancer risk, though excess iodine can contribute to papillary thyroid cancer via the
AKT/mTOR pathway. Iodine is also being explored in PDAC for imaging and targeted radiotherapy
using 1251 or 1311, highlighting its potential in diagnosis and treatment.

7.2.6. Selenium

Selenium is an essential trace element important for human health due to its role in antioxidant
defense, immune function, and thyroid hormone metabolism. It is found in a variety of foods such as
Brazil nuts, seafood, meat, poultry, eggs, grains, and dairy, although the selenium content in plant-
based foods depends on soil levels. Maintaining an adequate selenium status is important, as both
deficiency and excess can lead to health issues. A recent review highlights that proper selenium
intake is linked to reduced risk of chronic diseases and improved overall health outcomes [204].

Selenium is an essential micronutrient associated with cancer prevention, primarily due to its
role in selenoproteins that protect against oxidative damage and DNA injury. Nonetheless, oxidative
stress can both support and inhibit tumor growth. Selenoproteins also play roles in both tumor
promotion and suppression [205]. Lobb et al. investigated how methylseleninic acid (MSA) impacts
chemotherapy and radiation therapy on both cancerous and normal human blood cells. At high
doses, MSA harmed normal cells and increased radiation damage, while boosting the effectiveness
of cancer treatments on malignant cells [206].

Research shows that selenium supplements can boost NK cell function and help them kill cancer
cells more effectively. Some forms of selenium, like selenium nanoparticles, have been shown to
improve the immune system’s ability to attack tumors. However, both too little and too much
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selenium can reduce NK cell function, so it’s important to keep selenium levels balanced for the best
immune support [207,208].

Selenium supplementation in mice significantly boosted IL-2 and IFN-y production,
underscoring the importance of adequate selenium intake for maintaining balanced immune
responses and NKA [209,210].

Selenium helps protect cells by being part of enzymes that reduce harmful molecules like ROS
and RNS. While it supports immune function and prevents damage at normal levels, too much
selenium can produce ROS and harm cancer cells. Selenium nanoparticles are being researched for
their potential to treat cancer [211,212].

Selenium helps reduce cancer risk by activating AMPK, which lowers COX-2 levels and stops
cell growth. ROS triggers AMPK activation, making AMPK an important target for cancer prevention
[213].

Selenium-rich foods and selenium nanoparticles both effectively inhibit the PI3K/AKT/mTOR
signaling pathway in cancers. This action is mainly mediated by selenium-containing proteins [214].

Selenium may play a helpful role in fighting PDAC. Some studies have found that certain
selenium compounds, like dibenzyl diselenide (DBDS), can trigger a special type of cancer cell death
called ferroptosis, helping slow tumor growth. Other research suggests that combining selenium with
chemotherapy drugs like gemcitabine can make the treatment more effective. Interestingly, many
people with PDAC have low selenium levels—up to 90% in some studies—showing how important
this nutrient might be. These findings suggest selenium could support PDAC treatment, though more
research is still needed. A 2023 study found that selenium nanoparticles made with Prunella vulgaris
helped fight PDAC, showing promise for selenium-based treatments. Another study showed that
selenium can boost the cancer-fighting effects of juglone, suggesting they may work well together
[215-218].

Selenium is a vital trace element important for antioxidant defense, immune function, and
thyroid metabolism, found in foods like Brazil nuts, seafood, meat, and grains. It supports NK cell
activity and may reduce cancer risk through selenoproteins that protect against oxidative damage
and regulate pathways like PI3K/AKT/mTOR. Selenium compounds and nanoparticles show
promise in enhancing chemotherapy efficacy and inducing cancer cell death, including in PDAC,
highlighting its potential as an adjunctive cancer therapy.

7.2.7. Phosphorus

Phosphorus is an essential mineral that supports many important functions in the body. It helps
form bones and teeth, plays a key role in energy production, and is part of DNA and RNA.
Phosphorus is found in foods like meat, dairy, fish, nuts, seeds, and whole grains. Having the right
amount of phosphorus is important for good health, as both too little and too much can cause
problems [219].

Hypophosphatemia (serum phosphorus <2.5 mg/dL), frequently seen in cancer patients,
particularly those with advanced stages. It can lead to severe complications and impact their
prognosis. This condition can drastically impair tissue oxygenation and disrupt immune function
[220]. Conversely high phosphorus levels reduce vitamin D to lower phosphate absorption and lead
to tumor initiation [221]. Therefore, maintaining a balanced intake of phosphorus while avoiding
both deficiency and toxicity is crucial for optimal cancer management.

Phosphorus is important for the proper functioning of NK cells. It helps regulate NK cell
development, activation, and movement through signaling pathways that involve phosphorus-
containing molecules. Studies show that phosphorus-based compounds can boost NK cell activity,
enhancing the immune response against cancer and infections. Additionally, phosphorus affects the
movement of NK cells to areas of the body where they are needed, such as infection sites or tumors.
This shows how phosphorus supports NK cell functions and overall immune health [222-226].

The 2017 study by Sies highlights how cancer cells adapt to oxidative stress by increasing
NADPH levels through pathways like AMPK activation and the pentose phosphate pathway (PPP),
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helping maintain redox balance and support rapid cell growth. While phosphorus is crucial for
cellular functions, its role in modulating ROS, RNS, and RSS in cancer needs further exploration to
understand its full impact on tumor biology and treatment. A 2021 study shows that elevated
phosphate levels can increase mitochondrial potential and ROS production, contributing to oxidative
stress and vascular issues. These studies emphasize the complex relationship between phosphorus
levels and oxidative stress in cancer, indicating that both low and high phosphorus levels affect health
outcomes [227,228].

Hypophosphatemia is common in cancer patients treated with mTOR inhibitors. The incidence
of levels <2 mg/dL was 13% with temsirolimus, 4% with everolimus, and 21.7% with ridaforolimus
[229].

A 2022 study demonstrated that mice fed a low-phosphate diet followed by ethanol ingestion
exhibited increased susceptibility to alcohol-induced pancreatitis. This was attributed to decreased
mitochondrial function and cellular ATP levels in pancreatic acinar cells, suggesting that low
phosphate levels can exacerbate pancreatic inflammation [230]

Research has shown that patients undergoing liver and pancreas resections often experience
postoperative hypophosphatemia. This condition is associated with increased serum levels of
nicotinamide phosphoribosyltransferase (NAMPT), a phosphaturic factor that downregulates
phosphate transporters in the kidneys, leading to phosphate wasting [231] Low phosphorus levels
may weaken NK cell function, possibly allowing pancreatic cancer cells to escape immune detection.
More research is needed to understand how phosphorus affects PDAC and if it can help improve
treatment by boosting NK cell activity [226].

Phosphorus, specifically phosphorus-32 (*32P), has been studied as a potential treatment for
PDAC. In one approach, *32P microparticles are injected directly into the tumor, and when combined
with chemotherapy, they may help slow tumor growth. A device called OncoSil™ delivers *32P
directly to pancreatic tumors, offering targeted treatment. While these treatments show promise,
more research is needed to fully assess their effectiveness and safety in treating PDAC [232].

Further studies are needed to clarify any potential connections between phosphorus, NK cells,
and PDAC.

Phosphorus is an essential mineral involved in bone formation, energy production, and nucleic
acid synthesis, found in foods like meat, dairy, and whole grains. It supports NK cell development,
activation, and migration, enhancing immune responses against cancer. Both low and high
phosphorus levels can disrupt redox balance and cellular function, impacting cancer progression.
Experimental therapies using phosphorus-32 ("32P) show potential in PDAC treatment, though
further research is needed.
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Figure 1. Integrated Profiling of NK Cells, Redox Status, and Micronutrients in Blood and Tumor Tissue.
Overview of a combined testing approach using blood samples and tumor biopsies to study cancer patients. NK
Cell Profiling: Measures the number and activity of natural killer (NK) cells in the blood and inside the tumor.
Redox Marker Testing: Checks for signs of oxidative stress using markers like malondialdehyde (MDA), 8-
hydroxy-2'-deoxyguanosine(8-OHdG), and advanced glycation end products (AGEs). Nutrient Testing:
Measures levels of important micronutrients like zinc, copper, and selenium that support immune and
antioxidant function. This triple profiling helps build a more complete picture of a patient’s immune health,

stress response, and nutritional status to guide treatment decisions.

Figure 2. Interaction Between Reactive Species Stress, Nutrient Stress, PDAC Metabolism, and NK Cell Activity.
This figure illustrates the interconnected landscape of pancreatic ductal adenocarcinoma (PDAC) metabolism,
nutrient/redox stress, and immune regulation by NK cells. PDAC Cell Metabolism (Nutrient-Deprived
Conditions): Tumor cells in PDAC often exist in a nutrient-poor microenvironment, leading to metabolic
adaptations that suppress mTOR (mechanistic target of rapamycin) signaling and activate AMPK (AMP-
activated protein kinase). This shift promotes autophagy, survival, and stress resistance in PDAC cells. Reactive
Species Stress (Oxidative Stress): Due to high metabolic demand and limited antioxidant defenses, PDAC cells
produce excessive reactive oxygen and nitrogen species (ROS/RNS). Markers like MDA, 8-OHdG, and AGEs
indicate elevated oxidative stress, which may further influence mTOR/AMPK signaling and immune evasion
mechanisms. Nutrient Stress and Immune Crosstalk: Limited availability of key micronutrients (e.g., zinc,
selenium) impairs both cancer cell metabolism and NK cell function. PDAC-induced nutrient depletion and
oxidative stress can downregulate NK cell cytotoxicity by impairing receptor expression, granule release, and
mitochondrial integrity. NK Cell Response: Despite the hostile microenvironment, NK cells attempt to target

PDAC cells. However, persistent nutrient and oxidative stress in the tumor niche can dampen NK cell
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metabolism, reduce mTOR activation, and induce NK cell exhaustion or dysfunction. Overall, the figure

highlights a vicious cycle in which PDAC-induced metabolic stress not only supports tumor survival via

mTOR/AMPK modulation but also creates an immunosuppressive environment that weakens NK cell-

mediated anti-tumor responses.

Table 1. Supplement therapy in Cancer Managemcnet.

Cancer

Year, Reference Cases Type Vitamin, Dosis Mechanism Conclusion
Increasing the
. g NK cell levels in
cytotoxicity .
Breast measurements immunocompetent
1986, [Fraker LD] Athymic mice Retinol . ... ice are increased
Cancer using a specific

significantly after

cytotoxicity retinol treatment
assay
Increased NK
1989[prabhala] In vitro (human Canthaxanthin cell acfivatli\l)n
PMBC) (vitamin A)
marker
1991[Prabhala]  Clinical Betacaroten  Increased NK
(Vitamin A) cell cytotoxicity
.. Betacaroten Increased NK
1991[Watson] Clinical (Vitamin A) cell number
. Betacaroten Increased NK
1992[Garewal] Clinical (Vitamin A) cell number
1994[Ozturk] Preclinical Zine Increased NK
cell cytotoxicity
1996[Santos] Clinical Betacaroten Increased NKA
Clinical (a 16-
months boy
1997[Adachi] with Vit E Increased NKA
Shwachman-
Diamons
syndrome)
Low Zinc
1998[Xu] Preclinical Zinc resulted in
decreased NKA
Folate supplement in
women with low
2006[Troen] Clinical Folic Acid folate diet, increased
NKA, while in folate
rich diet decrease the
NKA
Clinical Intercellular Decreased level of
2007[Giacconi] (atherosclerotic Magnesium Mg, zinc leading to
patients) (Mg) and zinc decreased NKA
A slight but
CRC, Vitamin E, 750 consistent Vitamin E can be an

2007, [Hanson MG]

13 Cancer
patients

Duke C mg/day, for 2
and D weeks

increase in
NKG2D

expression in all

CRC patients

adjuvant in cancer
immunotherapy

2022, [Lou Y]

Cell line

Breast ATRA, 200
Cancer mcg/day from

Vitamin A can
enhance NK cell
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day before to 3 cytotoxicity and
day after cryo- improve survival
thermal therapy
Ferumoxytol
enhance NK cell

Prostate Ferumoxytol  Increase IFNG

2022, [Kim KS] Cell line cytotoxicity and

Cancer (iron) and NKG2D S
significant tumor
volume regression
Increased the
2023[christofyllakis]Clinical Vitamin D expression of over
120 NKA genes
Intracellular
glycogen Increase NK cell
2024, [He C] Cell line PDAC B6 supplement breakdown and cytotoxicity and
energy inhibit tumor growth
production

Decreased level of
B12 B12, leading to
decreased NKA

ATRA: All ; CRC: Colorectal Cancer; IFNG: ; NKG2D: ; PDAC: Pancreatic Ductal Adenocarcinoma;.

Preclinical (aged

2024, [Partearroyo] rats)

This table provides an overview of studies investigating the use of vitamin and nutrient
supplements as supportive therapies in cancer treatment. It includes information on cancer types,
specific supplements and dosages used, proposed mechanisms of action—such as enhancing immune
responses or modulating oxidative stress—and summarized conclusions from each study. A
particular focus is placed on the role of supplements in influencing natural killer (NK) cell activity,
redox balance, and overall immune modulation in various cancer contexts.

4. Discussion and Conclusions

Recent studies have highlighted the complex role of micronutrients in cancer treatment,
particularly in their effect on oxidative stress and NK cell function. NK cells are vital in the body’s
defense against cancer, helping to target and eliminate tumor cells. Our previous study shows that
NK cell phenotype, including triple NK cell suppression mechanisms, plays an important role in the
immune response within the PDAC TME [11].

The use of antioxidants in cancer therapy remains controversial due to their dual role in affecting
redox stress and NK cell function. Antioxidants neutralize harmful reactive species like ROS, RNS,
and RSS which can cause cell damage and contribute to cancer progression. However, excessive
antioxidant supplementation may produce more reactive species, suppress NK cell activity, and
promote tumor growth, especially in advanced stages [38—42]. Therefore, careful consideration of
antioxidant intake, micronutrient types and their specific isoforms is necessary for an effective cancer
treatment.

We propose that measuring both micronutrient levels, redox and nutrient stress markers could
provide a clearer understanding of their effects on NK cells. Although directly measuring oxidative
species in patients is challenging, relying on indirect markers, such as malondialdehyde (MDA), 8-
hydroxy-2’-deoxyguanosine (8-OHdG), and advanced glycation end-products (AGEs), along with
verifying circulating NK cell signatures, could help monitor NK cell status and guide treatment
responses. This approach offers a non-invasive way to track immune function and optimize cancer
treatment strategies.

Furthermore, clinical trials on micronutrients and cancer treatment need to be precise and
consider the stage of cancer. For example, interventions in early-stage cancers may differ from those
in advanced-stage cancers. It's also important to consider different micronutrient isoforms, as they
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may have varied effects on NK cell function. Without this attention to detail, results could be
misleading.

Looking ahead, more well-designed studies are needed to investigate how micronutrients can
improve NK cell function and cancer treatment outcomes. Research should also explore different
micronutrient forms to understand how they influence the immune system and tumor progression.

The interaction between micronutrients and mTOR signaling, as it relates to NK cells, is another
important aspect that needs more focus. This is particularly relevant because the effects of
micronutrients can be context dependent. For example, when a micronutrient works as an mTORC1
inhibitor in cancer cells, it has a cancer-preventive effect by limiting cell proliferation and survival.
However, when the same micronutrient inhibits mTORC1 in NK cells, it can lead to NK cell
suppression, which could reduce the immune system’s ability to detect and destroy cancer cells,
potentially leading to carcinogenic effects. Therefore, understanding these nuanced interactions is
crucial for optimizing cancer therapy strategies that involve micronutrient supplementation.

In conclusion, combining measuring micronutrient and stress markers with NK cell
phenotyping could offer a promising approach to enhance cancer therapy. By adjusting treatment
based on oxidative stress, micronutrient levels, and NK cell activity, we can improve responses to
treatment and help combat cancer resistance. Our findings emphasize the importance of balanced
antioxidant use, especially in advanced cancer stages. While antioxidants can support NK cell activity
and counter treatment resistance, too much supplementation may have the opposite effect. This
highlights the need for targeted, monitored, and personalized cancer therapies with proper
micronutrient dosing.

A balanced intake of vitamins and minerals appears to be optimal for supporting NK cell
function, maintaining redox homeostasis, and enhancing cancer treatment outcomes. This balance
can be achieved through individualized diet plans tailored to each patient’s nutritional needs,
ensuring sufficient micronutrient intake while avoiding excess that could impair immune function.
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Abbreviations

The following abbreviations are used in this manuscript:

alpha-TS  alpha-TS alpha-tocopheryl succinate

ATRA All-trans-retinoic acid

Ca. Calcium

CRC Colorectal Cancer

CU Copper

IENG Interferon Gamma

KIR Killer Immunoglobulin-like Receptor
MDSCs Myeloid-derived suppressor cells
Mg Magnesium

MSA Methylseleninic acid

MTHFR Methylenetetrahydrofolate reductase
MTs Metallothioneins

NKA Natural Killer cell Activity

NKG2D Natural killer group 2, member D
NO Nitric Oxide

PBMC Peripheral blood mononuclear cell
PDAC Pancreatic ductal adenocarcinoma
ROS. Reactive Oxygen
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TEPA Tetraethylenepentamine Pentahydrochloride
TET Ten-Eleven Translocation

TME Tumor microenvironment

Zn. Zinc
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