
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Philip Calder,
University of Southampton, United Kingdom

REVIEWED BY

Md Tajmul,
National Institute of Diabetes and Digestive
and Kidney Diseases (NIH), United States
Isaacson Bababode Adelani,
Johns Hopkins Medicine, United States

*CORRESPONDENCE

Sorin Marian Mârza
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Nutrition may affect animal health due to the strong link between them. Also,

diets improve the healing process in various disease states. Cancer is a disease,

where the harmful consequences of tumors severely impair the body. The

information regarding the evolution of this disease is extrapolated from human

to animal because there are few specific studies regarding nutritional needs in

animals with cancer. Thus, this paper aims to review the literature regarding the

immunomodulatory effects of vitamins in mammal cancer. An adequate

understanding of the metabolism and requirements of nutrients for mammals

is essential to ensuring their optimal growth, development, and health, regardless

of their food sources. According to these: 1) Some species are highly dependent

on vitamin D from food, so special attention must be paid to this aspect.

Calcitriol/VDR signaling can activate pro-apoptotic proteins and suppress anti-

apoptotic ones. 2) Nitric oxide (NO) production is modulated by vitamin E

through inhibiting transcription nuclear factor kappa B (NF-kB) activation. 3)

Thiamine supplementation could be responsible for the stimulation of tumor cell

proliferation, survival, and resistance to chemotherapy. 4) Also, it was found that

the treatment with NO-Cbl in dogs is a viable anti-cancer therapy that capitalizes

on the tumor-specific properties of the vitamin B12 receptor. Therefore, diets

should contain the appropriate class of compounds in adequate proportions.

Also, the limitations of this paper are that some vitamins are intensively studied

and at the same time regarding others, there is a lack of information, especially in

animals. Therefore, some subsections are longer and more heavily debated

than others.
KEYWORDS
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1 Introduction

Nutrition, dietary habits, and health are strongly correlated, therefore obtaining an

adequate amount of particular nutrients from diet is important. Although the type and

quantity of nutrients ingested are closely related to both immune system function and

metabolic state, improper nutrient consumption is causally associated with the
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development of the most important diseases (1). Diet can cause

disease in animals and humans, but it can also support the healing

process in various disease states.

A special case is cancer, in which the damaging effects of tumors

weaken the body. In cancer patients, malnutrition is a prevalent

issue that affects 20% to 80% of patients with this disease (2).

Unfortunately, malnutrition, including its most severe form,

cachexia, is a daily occurrence in hematology and oncology

problems. It is caused by the tumor’s effect on the host’s

metabolism and the use of increasingly potent cancer treatments.

The main impact is a higher probability of complications after long-

term radiation therapy, chemotherapy, and/or surgery.

Additionally, a serious decline in body status, a significant

alteration in the quality of life, and depression that accompanies

the patient are all associated with malnutrition (3). Anorexia, often

described in both humans as well as companion animals during

cancer therapy, is associated with low nutrient intake and can result

from either stress, severe pain, or problems in the gastrointestinal

(GI) tract (i.e. vomiting as an adverse effect of anti-cancer drugs in

dogs and cats). The central nervous system is primarily responsible

for modulating the balance of energy, and there is evidence from

both human and animal models that changes in this system have a

key role in cancer (4). In support of this theory, it was shown that

anorexic human cancer patients demonstrated different

hypothalamus activity from those without anorexia using

functional magnetic resonance imaging (5).
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Consequently, it is best to concentrate nutritional approaches to

treatment on recognizing the variables and symptoms related to

these solid malignancies (6). A decrease in dietary intake is one

factor contributing to malnutrition from cancer. Thus, anorexia is

linked to inadequate dietary intake and can exacerbate the side

effects of cancer treatments. It is commonly characterized by

changes in taste, loss of appetite, and feelings of depression. In

addition, Tumor necrosis factor- a (TNF a), interleukin (IL)-1, and

IL-6 are examples of inflammatory mediators that are released

during malnutrition associated with cancer and can control hunger

and the body’s absorption of nutrients. Management of this

syndrome may extend survival durations and enhance the quality

of life for patients diagnosed with related ailments if weight loss/

cachexia affects survival.

Regarding animals, inappetence is one of the primary clinical

indicators that most veterinary oncologists (98%) cite as being

important for classifying canine lymphoma patients as being in

substage b, which is linked to a worse clinical prognosis (the median

decrease in appetite required to classify the patient as substage b in

this survey was approximately 40%) (7). In the case of cats, anorexia

may appear within one to two days or may last for a long time. As

the frequency of hypoxic or anorexic episodes increase, the

concerns about the cat’s nutritional status are increased.

The hypothalamus is the main organ responsible for controlling

hunger for mammals (Figure 1). Two neuronal subpopulations

present modifications in activity due to signals from the periphery,
FIGURE 1

Signals from the peripheral, which includes the gastrointestinal system, adipose tissue, and the pancreas, cause differences in the activity of two
subpopulations of neurons. 1. Anorexigenic neurons in the ventromedial hypothalamus activate a satiety center; 2. Orexigenic neurons, found in the
lateral hypothalamus, promote appetite. Insulin from the pancreas, peptide tyrosine (PYY) from the small intestine, leptin from adipose tissue, and
ghrelin from the stomach bind to receptors on orexigenic and/or anorexigenic neurons in the nuclei of the hypothalamus. LH, the lateral
hypothalamus; PVN, the paraventricular hypothalamus; VMH, the ventromedial hypothalamus; ARC, the arcuate nucleus of the hypothalamus; (+),
stimulation (–), inhibition.
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which includes the pancreas, adipose tissue, and the gastrointestinal

tract (8).

One of these populations is represented by appetite-suppressing

neurons, which function in these ways: 1. Anorexigenic (appetite-

suppressing) neurons activate a satiety center in the ventromedial

hypothalamus; 2. Many neurons signal the consequences of eating

less and metabolizing more on muscle, adipose tissue, liver, and

other tissues; 3. Positive effects are attributed to circulating insulin

and leptin. 4. Anorexigenic and orexigenic neurons communicate

with each other.

The second population is represented by neurons that stimulate

appetite, orexigenic neurons: 1. Trigger the lateral hypothalamic

hunger center; 2. show the consequences of eating excess

simultaneously with a decrease of metabolization, on muscle,

adipose tissue, liver, and other tissues; 3. Favorably impacted by

ghrelin, which is mostly produced in the stomach fundus’s oxyntic

glands; 4. Insulin, leptin, and circulating peptide YY have a negative

effect; 5. Anorexigenic and orexigenic neurons communicate with

one another (9, 10) (Figure 1).

As previously mentioned, ghrelin is the only known mediator

that has a stimulatory effect on orexigenic neurons, whereas many

other peripheral signals negatively influence appetite. Ghrelin is

therefore thought to be the primary regulator of feeding behavior

start, hunger stimulation, and subsequent food intake (10). Growth

hormone-releasing peptide 6 (GHRP-6) was discovered to promote

the release of growth hormone (GH) from the pituitary gland

through a new receptor (GH secretagogue receptor 1a (GHS-

R1a), leading to the discovery of ghrelin receptor agonists (GRAs)

in the late 1980s. The hypothalamus, pituitary gland, bone, heart,

lung, liver, kidney, pancreas, and immune cells have all been shown

to express this receptor (9). These discoveries finally resulted in a

family of oral small compounds known as GH secretagogues (GHS)

or GRAs, which induced the pituitary gland to release growth

hormones. It was eventually shown that the natural ligand of

GHS-R1a is endogenous ghrelin. GRAs have been shown to have

several physiological effects, including stimulation of appetite, GH

release from the pituitary gland that leads to an increase in growth

factor 1 (IGF-1) via the liver, an increase in muscle mass,

stimulation of bone formation, improvement of gastrointestinal

motility, and anti-inflammatory properties.

The interest in using ghrelin to regulate appetite and the

substantial therapeutic problem that inappetence in dogs and cats

present made using GRAs for appetite stimulation a logical choice.

Important hypothalamic regions linked to feeding behavior, the

arcuate and ventromedial nuclei, are locations where GHS-R1a is

expressed in humans and other mammals (11). The function of

ghrelin in regulating preprandial appetite and the starting point of

meal intake has been clarified by studies conducted in various

mammals (12). Exogenous ghrelin treatment enhanced the daily

food intake of healthy beagle dogs. Research in dogs (13), and cats

(14) has demonstrated that ghrelin levels are elevated during fasting

and lowered with food consumption. The study of GRAs in cancer

anorexia-cachexia syndrome is interesting due to their propensity

to stimulate hunger, the increase in IGF-1 observed with GRAs, and

the role of IGF-1 in maintaining or hypertrophying muscle mass in

dogs (15). A GRA called anamorelin has been investigated for
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treating cancer-related cachexia in individuals with non-small cell

lung cancer (NSCLC) (16).

As mentioned before, nutrition is important in cancer, therefore

anticancer diets now include additional essential nutrients conform

to the studies on cancer in humans (17) and other mammals. These

are represented by vitamin D, certain amino acids and widely used

supplements like garlic and turmeric (18–20).

Strategies centered on nutrition for reducing the growth of

tumors remain uncertain, especially when it comes to carbs. It was

discovered more than 60 years ago that tumor cells had a unique

capacity to display reduced rates of respiration, which typically

cause the death of healthy cells, together with increased glycolysis

and pentose phosphate cycle activity (20). The free uptake of

glucose by cells, the reduction of cellular mitochondria, leading to

anaerobic metabolism for energy to generate lactate in place

of pyruvate, and the nutritional concerns for cachexic, frail,

sarcopenic pet detoxification of intracellular oxidants are

reported to contribute to these tumor cell survival mechanisms

(18). As a result of all these, diet guidelines for mammals

with cancer suggest limiting their consumption of digestible

carbohydrates (Figure 2).

Therefore, nutrients have an essential role in the defense function

of mammals. The most used nutritional strategy regardless of

whether the animals are omnivores or carnivores is the reduction

of carbohydrates. The hypothalamus controls all the mechanisms of

hunger and satiety in mammals, irrespective of whether they are

omnivores or carnivores. It is considered that there is a lack of

specialized literature regarding the nutritional requirements in

animals with cancer and that most of the information is

extrapolated from humans to animals. The absence of specialized

literature refers to the lack of biochemical and signaling knowledge

mechanisms regarding the immunomodulatory effects in mammals,

except for a few species used in laboratory studies. Thus, this paper

aims to review the literature regarding the immunomodulatory effects

of vitamins in mammal cancer (particularly humans and domestic

animals). The limitations of this paper are that some vitamins are

intensively studied and at the same time regarding others, there is a

lack of information, especially in animals. Therefore, some

subsections are longer and more heavily debated than others. Also,

we would like this review to build the foundations for a complex

guide regarding the diet for humans and animals with cancer.

However, in this case, it is necessary to first focus on the typical

nutritional requirements of the species. This means that the

information collected in the article below on the positive or

negative contribution of individual nutrients to anticancer therapy

in mammals should always be tailored to their species’ requirements.

With particular attention to the most common neoplasia, we

identified the key scientific words by analyzing several studies

published over the last two decades regarding the association

between diet and cancer incidence. We excluded studies that,

despite being methodologically sound, did not report significant

relationships. For each included study, we highlighted the main

benefits of the diet in terms of reducing cellular mutation and

slowing the progression and spread of the identified pathology. In

this framework, an extensive search of the literature was carried out

beginning with the scientific and governmental data platforms. The
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search included the following terms: animal cancer, clinical

nutrition, recommendations, survival, cachexia, sarcopenia,

malnutrition, and nutritional therapy. Selected sources included

English-language guidelines, clinical trials, and observational

studies. When applicable, this article included references to

seminal articles in the field, even if they were published after the

search period.
2 The absorption of fat-soluble
vitamins in cancer

The body uses vitamins for a wide range of purposes. It can

distinguish between two types of vitamins: fat-soluble and water-

soluble. In the body, fat-soluble vitamins are transported like lipids

and are crucial components of cell membranes. In contrast, water-

soluble vitamins are typically coenzymes in metabolic processes that

involve the transfer of chemical groups and electrons (21). Vitamins

A, D, E, and K are presented below.

Adequate dietary intake, bile acid secretion, micelle production,

and adequate duodenal pH in the presence of pancreatic lipase are

necessary for the absorption of dietary fat and fat-soluble vitamins

(22). The dietary fat-soluble vitamins A, D, E, and K are passively

diffused over the brush border after being solubilized in mixed

micelles. Vitamin deficiencies can also arise from fat malabsorption

due to insufficient bile salts (e.g., bile duct obstruction),

lymphangiectasia, or severe villus atrophy. Since vitamin K has

small body stores and can cause vitamin K-dependent coagulation
Frontiers in Immunology 04
factor deficits, especially in cats, this is most significant

therapeutically for this vitamin. Retinol, or vitamin A, is

consumed either as an ester that needs to be metabolized by

pancreatic esterases or as a dimer (beta-carotene) (23). Beta-

carotene is taken up immediately from micelles, whereas retinol is

insoluble and needs to be attached by a binding protein before

absorption. Mixed micelles are the source of vitamin D absorption.

It is crucial for maintaining calcium homeostasis, regulating the

intestinal absorption of calcium, and modulating renal excretion.

Passive diffusion is the method by which vitamin E (a-tocopherol)
permeates the lymphatic system frommixed micelles. The intestinal

flora synthesizes vitamin K2, while food sources produce vitamin

K1. The ileum and colon are likely locations where vitamin K2 is

absorbed. Prolonged use of antibiotics can cause a shortage in

vitamin K in addition to a bile salt deficit (23).
3 Immunomodulatory effects of fat-
soluble vitamins in cancer

3.1 Vitamin A

It is essential to understand that there are three different forms of

vitamin A: retinol, retinoic acid (RA), and retinal. Through the

function of nuclear retinoic acid receptors, all-trans retinoic acid, 9-

cis retinoic acid, or other metabolites, vitamin A plays an essential

role in controlling innate and cell-mediated immunity and antibody

response (24). Vitamin A has been found to promote Th1 and Th2
FIGURE 2

Signaling pathways associated with cancer cell metabolism. A subset of mRNAs considered to stimulate cell growth and proliferation are specifically
controlled from being translated by mTORC1, which also regulates the activity of the translational machinery. AAs, amino-acids; G6P, Glucose-6-
phosphate, 3-PG, 3-phosphoglycerate, ATP, adenosine 5´-triphosphate, MTORC1, mTOR complex, regulatory-associated protein of mTOR; a-KG,
a-ketoglutarate.
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cell growth and differentiation. Consequently, through the inhibition

of IL-12 and IFNg, which are produced by Th1 cells, vitamin A may

activate the Th2 anti-inflammatory response (25) (Table 1). Likewise,

there is data in specific studies that indicate vitamin A correlates

significantly with both mitogen-induced pro-inflammatory cytokine

(IFN-g) and anti-inflammatory cytokine (IL-10) (26).

Retinol-binding protein 4 (RBP4), vitamin A, and vitamin E are

the main subjects of modern obesity research. It has been suggested

that RBP4 is an adipokine that connects fat and cancer. Abdominal

fat, liver, tumor tissue, and plasma all showed elevated RBP4 levels.

Through its direct influence on cancer cells, increased endothelial

dysfunction, and impairment of blood arteries within the tumor,

RBP4 increases the metastatic potential of breast cancer tumors

(27). Few data observed how body weight (BW) growth affects fat-

soluble vitamins and related parameters in horses. For 20 months,

an excessive energy diet was fed to ten adult gelding Shetland ponies

and nine adult Warmblood horses, all of which were healthy and

non-obese. The goal was to increase BW. Without changing for

ponies and horses, the retinol/RBP4 ratio elevated with BW gain.

The increase in the retinol/RBP4 ratio was surprising and requires

more explanation when compared to human studies (28).

RBP4 can induce NF-kB, and TNF-a is known to enhance

invasion and metastasis by triggering NF-kB signaling, with its

expression being higher in 4T1 tumors than in 67NR tumors (29,

30) (Table 1). In addition, a study indicates that RBP4 and NF-kB
could function in tandem to enhance the tumor’s ability to

propagate and metastasize. The finding that NF-kB controls the

expression of vascular endothelial growth factor (VEGF) thus

contributing to tumor angiogenesis can give support to the

possible involvement of NF-kB signaling in the mechanism of the

effects of RBP4. Increased expression of RBP4 led to elevated levels

of VEGF in tumor tissue from 67NR/RBP4, but this effect was not

observed in the cell culture of these cells (31). In the following,

vitamin D will be presented.
3.2 Vitamin D

Once vitamin D connects to its receptors (VDR), a complex of

vitamin D-VDR is formed. This complex can help build a

heterodimer compound with the nuclear retinoid X receptor

(RXR) or a homodimer with another VDR. Furthermore, the

nuclear function can be observed once heterodimers with steroid

hormone receptors are formed (32). When vitamin D is attached to

VDR or RXR, it can pass through the nuclear membrane, attach to a

response element, and stimulate the production of its responsive

genes to start a particular gene regulation action (33). A significant

quantity of calcium and vitamin D are present in dairy products,

and laboratory data suggests that they could decrease the

development of breast cancer. On the other hand, conflicting

findings resulted from epidemiologic research on dairy products

and breast cancer. Nonetheless, both human and animal studies

have provided supporting evidence for this theory (34). Vitamin D

has been associated with preventing breast cancer in several animal

studies. According to research by Jacobson et al. (35), rats given

diets deficient in calcium and vitamin D suffered a significant rise in
Frontiers in Immunology 05
the occurrence of breast tumors following exposure to the

carcinogen 7,12-dimethylbenzanthracene (DMBA) compared to

rats provided diets with enough calcium and vitamin D (Table 1).

In chemical carcinogenesis models of breast cancer, it has also been

demonstrated that synthetic vitamin D analogs increase tumor

latency and decrease tumor incidence and recurrence (36).

Additionally, tamoxifen’s ability to stop mammary tumors was

significantly increased by the vitamin D analog 1,25-dihydroxy-

16-ene-23-yne-26,27-hexafluorochole-calciferol, demonstrating

that vitamin D and antiestrogenic compounds may protect

against breast cancer through different pathways (37).

Unlike humans, sheep, cattle, horses, pigs, rats, and other

mammals, dogs and cats cannot produce vitamin D in their skin

by sunlight (38). These species are very dependent on vitamin D

from food, so special attention must be paid to this aspect. Given

that dogs are carnivores and cats are strict carnivores, this can be

explained by the evolutionary adaption of these animals to consume

other creatures as prey. If the liver is regularly supplied with vitamin

D, these prey animals typically do not suffer from insufficiency

because the liver stores vitamin D. Therefore, dogs and cats can rely

on their vitamin D reserves if they do not consume prey for an

extended period. Since vitamin D is a fat-soluble vitamin, the body

can store it (39).

The body responds to calcitriol in a pleiotropic way via the VDR

receptor, a transcription factor that is a part of the nuclear hormone

receptor family. Compared to 25(OH)D, this metabolite can bind to

it far more readily (40). Since it was shown that VDR was expressed

by a variety of cell types from human and canine tissues, including

malignant cells, the non-skeletal roles of vitamin D have been

extensively investigated (41). It has been demonstrated that

calcitriol/VDR in cancer cells activates cyclin-dependent kinase

inhibitors, inhibits mitogenic growth factors (Epidermal growth

factor (EGF) EGF, Insulin-like growth factor I (IGF-1), and

increases transforming growth factor beta (TGF-b) activity, which
stops cell proliferation and the growth of cancer (Table 1). It is

expressed in the majority of cancerous tissues. Additionally, pro-

apoptotic proteins can be activated and anti-apoptotic proteins can

be suppressed by calcitriol/VDR signaling, which may also reduce

tumor-associated inflammation by suppressing the cyclooxygenase-

2, prostaglandin, and NF-kB pathways. Consequently, all previous

mechanisms cooperate to suppress the growth of tumors (42).
3.3 Vitamin E

Another fat-soluble vitamin with strong antioxidant and

antitumoral effects is vitamin E. Eight specific molecules, namely

a-, b-, g-, and d-tocopherols and their corresponding four

tocotrienols, are commonly referred to as vitamins E (43). The

most widely used and efficient form of these is a-tocopherol, which
is acknowledged as a significant antioxidant that destroys free

radicals and protects biological components from harmful

oxidative alterations and lipid peroxyl radicals (44). Vitamin E

inhibits the amplification of free radical reactions as an antioxidant

that breaks down chains (45). As an inhibitor of peroxyl radicals,

the vitamin particularly protects polyunsaturated fatty acids found
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in human plasma lipoproteins and membrane phospholipids (46).

Vitamin E levels in plasma influence tissues. Sebum contains a large

amount of vitamin E, which is constantly released into the skin’s

outer layers (47). Due to oxidative stress’s role in the development

of cancer, a-T’s ability to prevent cancer has been thoroughly

researched. A higher cancer risk has been associated with reduced

VE intake or nutritional status. Certain intervention studies have

shown that treating with a-T has a favorable effect on minimizing

cancer risk when VE deficiency is present. The focus of more recent

research has been on tocotrienols and tocopherols in their g- and d-
forms (T3). These variants have a significantly lower systemic

bioavailability than a-T, yet numerous studies using animal

models and cell lines have demonstrated better cancer-preventive

actions. In general, g-T3 and d-T3 showed greater activity than g-T
and d-T (48). By blocking the activation of transcription nuclear

factor kappa B (NF-kB), which is linked to the production of the

nitric oxide NO synthase gene, vitamin E influences the generation

of nitric oxide (NO) (49) (Table 1). Numerous studies have

demonstrated the anti-inflammatory properties of VE, which act

on severalenzymes connected to inflammatory reactions, including

protein phosphatase and protein kinase C.
Frontiers in Immunology 06
Furthermore, treatment with VE in dogs caused the reduction

of IL-1b, a cytokine that has the potential to cause atherosclerosis,

as well as a suppression of monocyte-endothelial cell adhesion, an

essential component of the atherogenic process (50). Low-density

lipoprotein oxidation is lowered and decreased coronary heart

disease risk has been linked to VE use (51, 52). A fat-soluble

vitamin known for its role in coagulation will be presented in the

next paragraph. This is vitamin K.
3.4 Vitamin K

Natural vitamin K exists in two forms: vitamin K1 and vitamin

K2. While vitamin K2 is used to activate numerous extra-hepatic

proteins that are more dependent on vitamin K2 than K1, the other

is more specific for hepatic activating blood clotting factors.

Vitamin K has been demonstrated to have positive effects on the

immune system in various diseases, particularly cancer and

inflammatory diseases (53). The anti-inflammatory effect of

vitamin K occurs by inhibiting the release of cytokines, such as

IL6, and the nuclear factor kappa B (NF-kB) activity (54) (Table 1).
TABLE 1 Fat-soluble vitamin immunomodulatory effects in animal cancer.

Nutrients/
category

Anti-inflammatory effects Pro-inflammatory effects Refrences

vitamin A

vitamin D

vitamin E

1. via the inhibition of IL-12 and IFNg, which are produced by Th1
cells, vitamin A may activate the Th2 anti-inflammatory response

1.Fed diets adequate in calcium and vitamin D, rats fed diets insufficient
in these nutrients saw a marked increase in the incidence of breast
cancers after being exposed to the carcinogen 7,12-
dimethylbenzanthracene (DMBA).

It has been shown that calcitriol/VDR in cancer cells enhances the
activity of Transforming Growth Factor beta (TGF-b), inhibits
mitogenic growth factors (EGF, IGF-1), and activates cyclin-dependent
kinase inhibitors, all of which prevent cancerous cells from proliferating.

1. a-tocopherol is the most often utilized and effective form of these,
and it is recognized as a powerful antioxidant that neutralizes free
radicals and shields biological components from oxidative damage and
lipid peroxyl radicals.

2. Vitamin E affects the formation of nitric oxide (NO) via inhibiting
transcription nuclear factor kappa B (NF-kB) activation, which is
connected to the nitric oxide synthase gene.

3. In dogs, VE resulted in the suppression of monocyte-endothelial cell
adhesion, a crucial step in the atherogenic process, and a decrease in IL-
1b, a cytokine that can lead to atherosclerosis.

1. RBP4 and NF-kB could function in tandem to enhance
the tumor's ability to propagate and metastasize.
2. In the tumor tissue of 67NR/RBP4, but not in the cell
culture of these cells, RBP4 overexpression resulted in an
increase in VEGF.

(22, 27)

(26, 27)

(32)

(39)

(41)

(46)

(47)

Vitamin K 1.By preventing the release of cytokines like IL6 and the activity of
nuclear factor kappa B (NF-kB), vitamin K has an anti-
inflammatory impact.

1. Based on genomic databases, vitamin K has been shown
to have oncogenic effects in breast and pancreatic cancer
by increasing the production of g-carboxylated proteins. In
this way the administration is contraindicated.

(51, 64)
VDR, Vitamin D Recptors; IL-12, Interleukin-1; Th1, T helper cells 1; Th2, T helper cells 2; TNF-kB, Tumor Necrosis Factor-kappa-Beta; NF-kB, Nuclear Factor-Kappa-Beta; ROS, Reactive
Oxygen Species; RBP4, Retinol-binding protein 4; VEGF, vascular endothelial growth factor; EGF, Epidermal growth factor, IGF-I, Insulin-like growth factor I; 67NR, nonmetastatic 67NR
mammary gland cancer; IL-1b, Interleukin-1 beta; IL-6, Interleukin-6.
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Most studies on vitamin K have used animals, especially

rodents, to investigate its physiology and pathology. Though

vitamin K plays the same role in animals as it does in humans,

there are some fields, like animal nutrition, where more knowledge

of what animals need generally and as they age, may be helpful in

their health and well-being (55). In addition to its well-known

physiological role, vitamin K has been shown in vitro experiments

to suppress the proliferation of multiple cancer cell lines (56). While

menadione (vitamin K3) is a created version of vitamin K,

phylloquinone (vitamin K1) and menaquinones (vitamin K2,

MK-n) are found naturally in food (57). Vitamin K has been

demonstrated to have anticarcinogenic effects in a number of cell

investigations (58–62) as well as a few in vivo studies (63, 64). K3,

which has potent growth inhibitory effects via oxidative stress in

many kinds of cancer cell lines, was used in the majority of these

experimental investigations (60, 65). Proto-oncogenes like c-myc or

c-fos, which promote cell cycle arrest and death, can induce

anticancer effects (63). It has been proven that K2 exhibits

anticarcinogenic properties in a variety of cancer cell lines, such

as those from the breast, colorectum, liver, and stomach (58, 66).

The findings revealed inverse relationships between the total

incidence and mortality of cancer and the dietary intake of

menaquinones. Genomic databases indicate that in certain types

of cancer (pancreatic and breast), vitamin K can exert oncogenic

actions via the increase of g-carboxylated protein synthesis (67)

(Table 1). Therefore, in these types of cancer vitamin K may be

contraindicated. Under stressful circumstances, the consumption of

dietary supplements containing vitamins E, C, and b-carotene may

help prevent imbalances by preventing the generation of free

radicals, which in effect increases the normal damage associated

with oxidative stress (68).

Vitamin K in the aberrant form known as PIVKA-II is elevated

in certain neoplastic illnesses and human coagulation dysfunctions.

PIVKA-II concentrations in plasma and tissues can be helpful in

veterinary medicine to identify patients with coagulative diseases,

but its potential as a marker for hepatocellular carcinoma has not

been studied. PIVKA-II acts as a retroactive test to evaluate vitamin

K levels (69). This feature has been extensively researched in human

medicine, leading to the discovery that elevated PIVKA-II serum

concentrations are suggestive of specific neoplastic illnesses,

including HCC, and coagulative pathologies (70). In contrast to

what has been seen in human HCC, some studies reveal the PIVKA-

II unhelpful as a diagnostic or prognostic marker in canine HCC,

according to the Maniscalco et al. (71), study, which is restricted to

the cohort of cases that were examined (Table 1).
4 The absorption of water-
soluble vitamins

In different species, water-soluble vitamins B and C are absorbed

through a combination of active and facilitated transport (e.g.,

thiamine [B1]), saturable facilitated transport (e.g., riboflavin [B2]),

and passive diffusion (e.g., pyridoxine [B6] and C). However, the

mechanisms in cats and dogs remain unknown. The more intricate
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and significant clinical mechanisms of folic acid and vitamin B12

absorption may aid in identifying the kind and location of intestinal

illness. Although most commercial foods include sufficient amounts

of folic acid, the intestinal flora also produces it. The absorption of

folate, also known as pteroyl mono glutamate, occurs through passive

diffusion at high amounts and through a carrier-mediated

mechanism at low luminal concentrations. The methylation of

folate in the cell produces methyl tetrahydrofolate after absorption.

In the ileum, vitamin B12, or cobalamin, is absorbed through

receptor-mediated endocytosis. However, this process is intricate to

separate potentially hazardous analogs from intact cobalamin. R

proteins (haptocorrins), nonspecific binding proteins of salivary

and gastric origin, attach cobalamin after it is released from food in

the stomach. Cobalamin has a strong affinity for R proteins at acidic

pH levels. In contrast R proteins bind cobalamin less avidly and

undergo proteolysis when they come into exposure to the more

alkaline environment of the small intestine (SI) (72). In the ileum,

cobalamin is thus transported to the intrinsic factor, another binding

protein, which facilitates cobalamin absorption. In dogs, the stomach

and pancreas, and in cats, only the pancreas, are the source of

intrinsic factor. After passing through the ileum, cobalamin

complexes associated with intrinsic factors attach to certain

receptors and are endocytosed. The protein transcobalamin 2 binds

to cobalamin, allowing it to enter tissues and be reexpelled in bile

once it has entered the portal circulation (73).
5 Immunomodulatory effects of
water-soluble vitamins in cancer

A class of chemical compounds known as water-soluble

vitamins are needed by bodies in low quantities to avoid health

problems. In recent years, researchers have gained significant

insights into the physiological, metabolic, and nutritional

functions of water-soluble vitamins. Inadequate effects on a health

state can be the result of specific vitamin deficiencies. In most cases,

they are usually caused by a poor diet (74).
5.1 Vitamin C

The first vitamin presented is C vitamin. Ascorbic acid, also

known as vitamin C, is an organic substance formed from glucose

molecules known as lactone, which is a gluonic acid. In the

bloodstream, it is the most prevalent water-soluble antioxidant.

Leukocytes, salivary glands, the pancreas, kidney, small intestine,

brain, lymph nodes, lungs, testicles, and spleen are just a few of the

tissues and organs that contain it (75). The two major biological forms

of vitamin C are its oxidized form (dehydroascorbic acid) and its

reduced form (ascorbic acid). Due to its general qualities or its function

as a pro-oxidant in high concentration, vitamin C has been connected

with the prevention, progression, and treatment of cancer (76).

Certain transporters, like sodium-dependent vitamin C

transporters, and glucose transporters are responsible for

transporting the reduced form into the cells. Glutathione oxidizes
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it to dehydroascorbic acid, which is then reduced back to ascorbic

acid. As an antioxidant, vitamin C combats free radicals and

contributes to the production of carnitine as well as type I and

type II collagen (77). The livers of the majority of mammals

naturally synthesize vitamin C from glucose and galactose. Acid

reduction is critical to the health of mitochondria, which require

antioxidant systems to neutralize oxidative phosphorylation, as

mitochondrial DNA is more susceptible to oxidative damage than

nucleus DNA. Under oxidative stress, vitamin C gives protection

(77) (Table 2).

In summary, research on the connection between vitamin C and

cancer is ongoing. Differences in results are due to a combination of

factors including ascorbic acid-related concerns (doses,

administration routes, plasmatic levels, metabolites recording, and
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source), cancer characteristics (specific mutations present, type and

grade of cancer, received conventional anti-cancer therapy), and

individual characteristics (diet, behaviors, genetics, transporters).

This connects the recording of doses to an active anti-cancer

mechanism and makes them effective (76).

Vitamin C improved older horses’ antibody response to

vaccinations, particularly in animals with Cushing’s syndrome or

pituitary dysfunction. Encourage recovery and eliminate blockages

in the airways. Vitamin C can counteract the consequences of long-

term alterations that can generate free radicals, even though these

effects have been shown to inhibit the production of antioxidant

defense, lower proteolytic activity, and encourage the buildup of

oxidized proteins (78, 79). The next paragraph underlines the

essential roles in the immunomodulation of B vitamins.
TABLE 2 Water-soluble vitamin immunomodulatory effects in animal cancer.

Nutrients/
category

Anti-inflammatory effects Pro-inflammatory effects Refrences

vitamin C

vitamin B1

vitamin B2

Vitamin B3

1. Vitamin C offers protection against oxidative stress.

2. Although these effects have been demonstrated to decrease the synthesis
of antioxidant defense, impair proteolytic activity, and stimulate the buildup
of oxidized proteins, vitamin C can offset the effects of long-term
modifications that can generate free radicals.

1. Cancer patients had 20% lower blood levels of thiamine and thiamine
diphosphate (TDP), 20% lower transketolase activity, and a 5-to 42% lower
TDP impact.

1.Riboflavin deficiency has been associated with inhibiting tumor growth in
both animal models and cell studies.

2. A few cohort studies and meta-analyses have linked total riboflavin intake
from meals and supplements to a lower risk of colon cancer.

1.There is a positive correlation between the mRNA levels of genes
associated to NAD+ production and the expression of genes influencing
muscle mitochondrial biogenesis, muscle mass growth, and muscle
regeneration in animals.

2. Niacin in dogs (100 mg/day) has the potential to reduce
hypertriglyceridemia by inhibiting the release of fatty acids from adipocytes
and the formation of VLDL.

1.Thiamine supplementation may be the reason of the
high rate of tumor cell proliferation, survival, and
resistance to chemotherapy.
2. Furthermore, thiamine has been connected to
cancer through its effects on reactive oxygen species,
cyclooxygenase-2, prostaglandins, matrix
metalloproteinases, and nitric oxide synthase.

1. High-dose of RF supplementation was important in
inducing cancer cells to proliferate, invade, and
migrate.

1. Erythema, pruritus, abnormal liver function test
results, vomiting, and diarrhea are potential niacin
side effects.

(71)

(80, 86)

(80)

(88, 90)

(91, 92)

(105, 109)

(107, 109)

Vitamin B5

Vitamin B6

Vitamin B7

Vitamin B9

Vitamin B10

1.Vitamin B5 and CoA promote the differentiation of CD8 + cytotoxic T
cells into Tc22 cells that generate interleukin-22 (IL-22).

1. The potential of vitamin B6 to prevent DNA damage may contribute to
its anticancer properties.

1.The absence of biotin affects the expression of transcription factors like
NF-kB and SP1/3, indicating that biotin regulates immunological
phenomena via mechanisms besides carboxylation and decarboxylation

1.In primary human lymphocytes, folate deprivation decreased cell
proliferation and increased apoptosis, cell cycle arrest, and DNA strand
damage.

1. PABA could be an agent that increases the anticancer activity of ionizing

1. To sustain one-carbon metabolism and the growth
of tumor cells, pancreatic ductal adenocarcinoma
(PDAC) cells actively consume VB6, depriving the
tumor microenvironment of VB6.

(110)

(124, 127)

(140)

(153)

(169)

(Continued)
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It has recently been demonstrated that a variety of B vitamins,

all of which are generated by the microbiota to some extent, are

essential for the immuno-regulatory activity of the gut microflora.

For instance, nicotinic acid, or vitamin B3, sometimes referred

to as niacin, is known to have anti-inflammatory properties that

help prevent colon cancer in rats (80). Clinical experiments using

nicotinamide (NAM), a derivative of vitamin B3, provided evidence

in favor of the hypothesis that vitamin B3 mediates efficient

chemoprevention against non-melanoma skin cancer (81). Recent

research analyzed the methods by which NAM may prevent the

development and start of luminal B breast cancer in mice,

demonstrating that NAM activates T and NK cells involved in

immuno-survei l lance (82) . Notably , gemcitabine and

anthracycline-based immunogenic chemotherapy are particularly

beneficial when used in conjunction with NAM in preclinical

models of pancreatic and breast carcinoma (83).
5.2 Vitamin B1

The first vitamin presented is Vitamin B1 (Thiamine). In

mammals, thiamine, often known as vitamin B1, is a water-

soluble vitamin that is crucial for a healthy diet. As a nutrient

that is frequently deficient in ruminants, thiamine has received a lot

of attention. This is mainly because the rumen bacteria inactivate

the vitamin, causing distinctive cerebrocortical necrosis and

neurologic symptoms (84). It plays a vital role as a cofactor in the

metabolism of carbohydrates, the synthesis of nucleotides and

nicotinamide adenine dinucleotide (NAD), and the nervous

system when it takes the form of thiamine diphosphate (TDP).

Thiamine is involved in a number of important biochemical

processes that occur in the body, including the pentose phosphate

pathway and the TCA cycle, which are processes involved in the
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metabolism of carbohydrates. Additional forms of thiamine contain

thiamine that has one or three phosphate groups (thiamine

monophosphate and triphosphate, respectively) and remains

unphosphorylated (free). Thiamine works as a co-enzyme for

complexes including enzymes essential for intracellular glucose

metabolism, such as transketolase, pyruvate dehydrogenase

(PDH), and a-ketoglutarate dehydrogenase. Moreover, thiamine

controls the expression of genes that produce the cofactor thiamine-

using enzymes. Transketolase, PDH, and mRNA levels are

decreased by thiamine deprivation (85). Thiamine and thiamine

diphosphate (TDP) concentrations are reduced by 20% in cancer

patients’ blood, transketolase activity is reduced by 20%, and the

TDP impact is reduced by 5–42% (86) (Table 2).

Since dogs and cats cannot synthesize thiamine, they must

consume thiamine through food. As per the dietary needs

established by the National Research Council (NRC), cats need

between two and four times the daily amount of thiamine compared

to dogs (27, 87).

There is debate regarding thiamine’s involvement in cancer. The

high rate of tumor cell survival, growth, and resistance to

chemotherapy may be caused by thiamine supplementation (88)

(Table 2). Additionally, thiamine’s effects on prostaglandins, reactive

oxygen species, cyclooxygenase-2, matrix metalloproteinases, and

nitric oxide synthase have been linked to cancer (89). Nevertheless,

some research has indicated that thiamine might have some

anticancer properties. In a case-control study, higher intakes of

vitamin C, beta-carotene, thiamine, and nicotinic acid were also

linked to a lower risk of stomach cancer (90). Moreover, leukocytes

and blood plasma from acute leukemia patients showed reduced

thiamine levels (91). Patients with breast and bronchial carcinomas

had significant levels of thiamine excretion in their urine and the

thiamine pyrophosphate (TPP) stimulating action, indicating a

possible thiamine deficit in these individuals (92).
TABLE 2 Continued

Nutrients/
category

Anti-inflammatory effects Pro-inflammatory effects Refrences

(PABA)

Vitamin B12

Vitamin B13
(Orotate)

Vitamin B17
(Amygdalin)

radiation through a process that involves changes in the expression of
proteins that control cell cycle arrest.

1. Deficiency in vitamin B12 leads to a higher rate of uracil
misincorporation, which impedes DNA synthesis and culminates in
genomic instability.

2. After receiving NO-Cbl treatment for ten weeks, the Giant Schnauzer's
tumor volume had decreased by 77%.

3. A promising anti-cancer treatment that capitalizes on the tumor-specific
properties of the vitamin B12 receptor is the use of NO-Cbl in dogs.

1. Magnesium orotate, a combination of magnesium and orotic acid, can be
used as an adjuvant treatment for type 2 diabetes, hypertension, congestive
heart failure, and post-operative cardiac condition.

1 Thus, amygdalin has been shown in vitro experiments to induce apoptosis
due to upregulated expression of caspase-3 and Bax protein and
downregulated expression of Bcl-2, an anti-apoptotic protein.

(181)

(182)

(182)

(185, 186)

(205)
TDP, thiamine diphosphate; NAD+, Nicotinamide adenine dinucleotide; VLDL, Very Low-Density Lipoprotein; NO-Cbl, nitrosylcobalamin.
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5.3 Vitamin B2

As expected in this paragraph Vitamin B2 is presented. Also,

known as riboflavin (RF), is an essential component of two primary

coenzymes: flavin mononucleotide (FMN) and flavin adenine

dinucleotide (FAD). These coenzymes are crucial components of

intracellular biochemistry and play key roles in energy production,

cellular function, development, and metabolism (93). Remarkably, in

both animal models and cell investigations, RF deprivation has been

linked to the prevention of tumor growth (94) (Table 2). Research

revealed that high-dose riboflavin supplementation was important in

inducing cancer cells to proliferate, invade, and migrate (95, 96).

There is insufficient data associating riboflavin with the prevention or

cancer treatment, and research results are ambiguous (95, 97). Also,

findings from observational studies on the relationship between

riboflavin consumption and the risk of CRC were contradictory.

Total riboflavin intake from foods and supplements has been

associated with a decreased risk of colorectal cancer, according to a

few cohort studies and meta-analyses (97, 98) (Table 2). Additionally,

there are inconclusive results from case-control studies (99–101), as

well as individual cohort studies (102, 103). Regarding CRC in

different patients, a directly proportional link between the serum

RF amount and the risk of malignancy was found. After controlling

for several variables, including sex, age, history of polyps, medical

conditions, medications, BMI, and another CRC-related nutritional

status, the association between riboflavin and CRC risk remained and

showed a dose-response link (104).

In a dose-dependent manner, vitamins B2, B6 (pyridoxine), and

B9 (folic acid) inhibit the proliferation and migration of U937 cells.

Only a smaller number of cells develop under standard culture

conditions when either vitamin B2, B6, or B9 is present. The cells

generated in these settings are healthy and alive. The synthesis of

energy, antioxidant defense, and homocysteine metabolism are all

correlated with vitamin B2. A lack of vitamin B2 is linked to anemia,

neurotoxicity, growth retardation, and potentially some types of

cancer (105). Indeed, it has recently been demonstrated that

riboflavin lack increases cell proliferation and decreases cell

viability in HepG2 cells (106).

In addition, during pregnancy and lactation, the mammary

gland substantially induces the multidrug transporter breast cancer

resistance protein (BCRP/ABCG2). It has been shown that

riboflavin, or vitamin B2, is pumped into milk by BCRP,

providing this vital ingredient to the development. Riboflavin was

secreted in milk at a rate that was >60 times lower in Bcrp1−/−mice

than in wild-type mice. Nonetheless, in experiments, Bcrp1−/−

pups did not exhibit riboflavin shortage because of concurrent milk

secretion of flavin adenine dinucleotide, which is its cofactor (107).

In animals, pigs with RF deficiencies have decreased growth

performance and less appetite. In extreme circumstances, it may

result in piglets’ mortality and cause the swine farm to suffer

significant financial consequences (108). Since most plant diets

are deficient in RF, piglets’ meals usually require to be

supplemented with RF (108).

Diet composition changes play an important part in the

maturation of gastrointestinal function during weaning.
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Currently, dietary modifications have been linked to both

qualitative and quantitative changes in the gastrointestinal system

in animal studies. When the riboflavin lack was corrected, some of

the early morphologic and cell motility alterations in the

gastrointestinal tract were observed in weanling rats given a

riboflavin-deficient diet until weaning was irreversible (109, 110).

As is expected, the next vitamin with an essential role in cancer

metabolism is Niacin.
5.4 Vitamin B3

Niacin, Vitamin B3, water-soluble and resistant to light and

oxidation, is a vitamin that may be found in both acidic and alkaline

environments. The precursor of nicotinamide adenine dinucleotide

phosphate (NADP) and nicotinamide adenine dinucleotide (NAD)

is niacin or vitamin B3. In addition to being essential for energy

metabolism, good digestion, and the preservation of a healthy

neurological system, niacin also supports good skin. Changes in

NAD+ activities can impact tissue function since it is a necessary

cofactor for several mitochondrial redox processes and can

therefore interfere with mitochondrial homeostasis. The

expression of genes controlling muscle mitochondrial biogenesis,

muscle mass growth, and muscle regeneration in mice is favorably

correlated with the mRNA levels of NAD+ biosynthesis-related

genes giving validity to this theory. Sarcopenia and mitochondrial

myopathy are two examples of muscle illnesses for which NAD+ has

been identified in recent animal and human research as a

pathological characteristic (111) (Table 2). Niacin and tryptophan

metabolism are closely associated. If dietary tryptophan is sufficient

and niacin levels are low, niacin can also be produced

from tryptophan.

Animals, particularly cats cannot convert the amino acid

tryptophan into niacin, whereas dogs can. For this reason, cats

need niacin in their diet more often than dogs do (112). Niacin (100

mg/day in dogs) may also lower hypertriglyceridemia by decreasing

the production of VLDL and the release of fatty acids from

adipocytes (113, 114) (Table 2). Erythema, pruritus, abnormal

liver function test results, vomiting, and diarrhea are potential

niacin side effects. The use of niacin in dogs and cats is limited

due to these side effects and the absence of strong evidence of

benefit. Horses fed a diet high in protein could require more niacin.

Via mitochondrial malfunction and ROS activation caused by

bifurcating metabolic pathways (reverse electron transport and

lipid metabolism), nicotinamide therapy promotes cancer cell

death in TNBC in humans and mice (115) (Table 2).
5.5 Vitamin B5

In this subsection it is discussed about the vitamin B5

(Pantothenic acid).The majority of foods include pantothenic

acid, or vitamin B5, which is created by the gut bacteria and is a

precursor to coenzyme A (CoA). According to a recent study in

mice, vitamin B5 and CoA promote the differentiation of CD8 +
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cytotoxic T cells into Tc22 cells that generate interleukin-22 (IL-22),

most likely by enhancing mitochondrial metabolism (116)

(Table 2). More frequently acyl-CoA derivatives, which act as

“activated” fatty acids to take part in intracellular fatty acid

transport and lipid biosynthesis, and CoA can be conjugated to

acetate to form acetyl-CoA thioester, which is crucial in the

connection of amino acid catabolism, glycolysis, and fatty acid

metabolism (117, 118). It has recently been demonstrated that a

variety of B vitamins, all of which are generated by the microbiota to

some extent, are essential for the immune-regulatory activity of the

gut microflora.

First of all, elevated amounts of vitamin B5 may simply be the

result of a balanced diet and microbiota, necessary for a general

state of health or “fitness” that encourages effective defenses against

infections or cancerous cells (119). Additionally, the dietary fiber

component inulin is effectively converted into vitamin B5 by the

fecal microbiota (120), and dietary fiber abundance improves the

response to immunotherapy in patients with melanoma (121).

A family of proteins expressed by vanin genes has provided

more information on the function of pantothenic acid. CoA

catabolism produces pantetheine, which vanins, also called

pantetheinases, work with to produce pantothenate and

cysteamine, the latter of which increases inflammation (122).

Mice without vanin-1 showed tolerance for apoptotic oxidative

tissue damage due to paraquot or g-irradiation (123). Additionally,

these mice diminished chemically generated inflammation in colitis

models (124). Vanin-1 activity is thought to counteract PPARg, as
evidenced by the anti-inflammatory phenotypes of vanin-1-

deficient mice that PPARg inhibitors inhibited (124).

In the context of cancer immunotherapy, a relative investigation

supported the notion of vitamin B5-mediated immunostimulatory

effects. The authors initially assessed the metabolic characteristics

pathways of different effector CD8+ T cell subpopulations, that can

be identified based on their cytokine profile. Thus, they can be Tc1

(producing interferon-g and interleukin [IL]-2), Tc17 (producing

IL-17), and Tc22 (producing IL-2 and IL-22), in order to

characterize the role of antitumor T cells in immunotherapy

(125). The development of Tc22 cells, which are highly effective

anticancer effects, requires a metabolic remodeling process toward

oxidative phosphorylation and, consequently, mitochondrial ATP

synthesis. Using mouse Tc1, Tc17, and Tc22 T cells that had

received in vitro differentiation, mass spectrometric metabolomic

investigations were conducted to identify the metabolic causes of

Tc22 polarization.

These investigations showed that Tc22 cells have high vitamin

B5 and CoA levels (125). Additionally, the in vitro differentiation of

Tc22 in the presence of exogenous CoA led to increased oxidative

phosphorylation, the production of reactive oxygen species (ROS)

by the mitochondria, higher levels of cellular ATP, and an increase

in the production of IL-2 and IL-22. This was achieved through the

incorporation of glucose-derived 13C into tricyclic acid cycle (TCA)

metabolites (126). The activation of two transcription factors, aryl

hydrocarbon receptor (AhR, which is sensitive to ROS) and

hypoxia-inducible factor (HIF)-1a, which is responsive to the

TCA metabolites succinate, were associated with an increase in

IL-22 production. Crucially, tumor antigen-specific T lymphocytes
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demonstrated improved tumor growth-reducing capacities when

stimulated in vitro with CoA and subsequently injected into

transgenic mice expressing this antigen in pancreatic islet

tumors (125).

Compared to a healthy control group, dogs with cancer

exhibited lower levels of biotin and 25-hydroxycholecalciferol, but

higher levels of retinyl palmitate, ascorbic acid, thiamine

pyrophosphate, and flavin mononucleotide. There was no

difference in the levels of retinol, retinyl stearate, alpha-

tocopherol, riboflavin, flavin, adenine dinucleotide, pyridoxal-5′-
phosphate, cobalamin, folate, and pantothenate between dogs in

good condition and those in sickness (127). The next subsection

presents the immunomodulatory effects of Pyridoxine.
5.6 Vitamin B6 (Pyridoxine)

Pyridoxine hydrochloride and pyridoxal-5-phosphate an

essen t i a l component s fo r hormones , pro t e in s , and

neurotransmitters—chemicals that transmit messages between

nerve cells. In the body’s cells, vitamin B6 functions as a

coenzyme in more pathways, including transamination, which is

the process of adding nitrogen to a fatty acid to generate an amino

acid, and decarboxylation, which is the reaction of removing a

carbon atom in to reduce an amino acid chain (128).

According to Komatsu et al. (129), vitamin B6 intake

significantly reduced the growth of colon cancer-causing

azoxymethane-induced cells in mice. To sustain one-carbon

metabolism and the growth of tumor cells, pancreatic ductal

adenocarcinoma (PDAC) cells actively consume VB6, depriving

the tumor microenvironment of VB6. On the other hand, VB6 is

necessary for the intracellular breakdown of glycogen, which is a

vital source of energy for the activation of natural killer (NK) cells.

When one-carbon metabolism is blocked along with VB6

supplementation, the tumor burden is significantly reduced in

vivo (130) (Table 2). The incidence of CRC was inversely

associated with vitamin B6 intake and blood PLP levels (131).

According to Ames and Wakimoto (132), PLP has been suggested

to impact carcinogenesis via a variety of mechanisms, including

those involving DNA metabolism. This suggests that vitamin VB6’s

anticancer characteristics may partly result from its ability to

prevent DNA damage. Moreover, diabetes and VB6 have been

related. Whether low PLP levels are a cause, a consequence, or both

of diabetes is unclear, though. According to some research, low PLP

levels may be a contributing factor in the development of diabetes,

whereas other studies demonstrate that diabetes lowers PLP levels.

There is growing information that individuals with diabetes are

more likely to develop several forms of cancer, and numerous

studies have correlated insufficient vitamin B6 intake to an

increased risk of cancer (133) (Table 2). Due to prevalent risks,

both cancer and diabetes are connected. A growing amount of

research indicates that individuals with diabetes mellitus are more

likely to develop cancer due to a variety of unclear causes, involving

impairment to their DNA (134, 135). Hyperglycemia is responsible

for cell proliferation and oxidative stress because too much glucose

via multiple paths stimulates the production of reactive oxygen
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species (ROS), which damages DNA and other cells (136).

Furthermore, decreased protection against antioxidants along

with insufficient repair of DNA in diabetes cells increases DNA

damage (137). Both type 1 and type 2 diabetes patients are

frequently observed to have DNA strand breaks and oxidative

damage (138, 139).

Despite the abundance of human studies in this area, very little

research exists on the B6 status of household animals, including

cats. Because of their high protein needs, cats have a higher

requirement for vitamin B6 (pyridoxine).Twelve studies (eight

original research publications) covering the period from 1959 to

1998 have examined cats’ vitamin B6 levels. In cats, vitamin B6

deficiency causes microcytic hypochromic anemia with high serum

iron, convulsions, kidney lesions, failure to grow, emaciation,

convulsions, anemia, oxalate nephrocalcinosis, ataxia, and, if left

on the diet, seizures, and death, according to the first three studies

conducted in the late 50s and early 60s (140). Five studies covering

the years 1989 to 1998 were published, separated by over 28 years. A

lack of vitamin B6 in growing kittens resulted in decreased food

intake, pyridoxal phosphate, pyridoxal, hemoglobin, and

hematocrit in plasma, along with higher levels of renal oxalate,

blood tyrosine, and blood cystathionine (141).

Additionally, aberrant histology, specifically active tubular

degeneration and oxalate deposition, was observed in growing

kittens that were deficient in vitamin B6 (142). Growing kittens’

dietary protein concentrations, like in people, mice, and chickens,

affected their B6 requirements. For example, kittens fed a 30%

casein diet needed 1-2 mg of pyridoxine/kg food, but those fed a

60% casein diet needed > 2 mg (143). The discovery that vitamin B6

deficiency in cats impacted brainstem auditory evoked potentials. It

connected extended inter-wave intervals to decreased axonal

conduction velocity due to faulty myelination offered a fresh

extension of previous observations (144).

In a study, 41 dogs with non-Hodgkin’s lymphoma were

randomly assigned to receive oral pyridoxine or a placebo

dailywhile receiving Doxil chemotherapy in a double-blind

method. Although pyridoxine did not erase palmar-plantar

erythrodysesthesia (PPES), it did so later and less drastically than

in dogs given a placebo. This led to fewer treatment delays or

changes, which allowed for a higher cumulative dosage of Doxil to

be administered. Dogs treated with pyridoxine obtained a median

cumulative dose of 4.7 mg/kg (mean, 4.1 mg/kg) compared to the

5.0 mg/kg cumulative goal dose, while dogs treated with placebo

received a median of 2.75 mg/kg (mean, 2.9 mg/kg; P). In this

canine model, it was found that pyridoxine is useful in postponing

the onset and severity of PPES (145).
5.7 Vitamin B7

In this subsection Vitamin B7 (Biotin) is presented.Although

biotin can be found in many foods that are included in a typical diet,

it usually appears in a form that is bonded to proteins and cannot be

readily utilized by cells. The pancreatic enzyme biotinidase releases

peptide- or lysine-bound (biotinyl-lysine) biotin, which is then

taken up by various transporters and absorbed into cells (146).
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Once within the cell, biotin becomes covalently attached to the

biotin carboxyl carrier protein (BCCP), which functions as a

prosthetic group for several carboxylases/decarboxylases that

control the production of fatty acids, gluconeogenesis, lipogenesis,

and the degradation of valine and isovalerate in addition to other

branched-chain amino acids. Since it has been shown that

deficiency affects the expression of different genes in the liver,

including NO-like actions that raise cGMP through elevated

guanylate cyclase, biotin exerts a secondary role in controlling

gene expression (147).

In the gut microbiome, bacteria produce biotin via two main

pathways. In the first, malonyl-acyl carrier protein (ACP) is

transformed to malonyl-ACP methyl ester, which is then further

converted to pimeloyl-ACP methyl ester. Pimeloyl-ACP methyl

ester can also be directly produced as a substrate. A third process

converts pimelate into pimeloyl-CoA by using it as a substrate.

Biotin is subsequently generated through the combination of these

pathways in a four-step process (148).

Increased inflammation is linked to a deficit in biotin (149).

Neurodegenerative illnesses are linked to oxidative stress, cell death,

and dysfunctional mitochondria. Biotin treatment reduced oxygen

free radicals and apoptosis while partially restoring mitochondrial

activity in myelin-producing oligodendrocytes (150). When

exposed to LPS, monocyte-derived DCs grown in a medium

lacking in biotin generated higher levels of inflammatory

cytokines (149). BMI was found to be negatively linked with

serum biotin levels, inflammation, and hypertriglyceridemia in a

study involving monozygotic twins who were discordant for BMI

(151). The absence of biotin affects the expression of transcription

factors like NF-kB and SP1/3, indicating that biotin regulates

immunological phenomena via mechanisms besides carboxylation

and decarboxylation (152) (Table 2). Even though biotin’s

molecular targets have been thoroughly investigated, little is now

known about how biotin functions in immune modulation and

cancer prevention.

Multiple studies demonstrate tumor cells that overexpress

biotin-selective transporters as potential beneficial absorbers of

biotin or biotin-conjugates. In these conditions, a biotin

component is likely an appropriate choice for target delivery,

biosensing, and live-cell imaging (153). Biotin has been used as a

conjugation for a variety of targeted imaging, sensing, and delivery

applications both in vitro and in vivo because of its strong affinity

for BRs. It has been shown that biotin’s affinity for BR is unaffected

by chemical changes made to its carboxylic acid group (154).

Since proliferating cancer cells have many receptors for biotin,

also known as vitamin B7, vitamin H, and coenzyme R, which are

critical for the uptake of vitamins, biotin has been connected to the

semi-synthetic analog docetaxel (DTX). It has recently been

demonstrated that in many cancer cell lines, including leukemia

(L1210FR), ovarian (Ov2008, ID8), colon (Colo-26), mastocytoma

(P815), lung (M109), renal (RENCA, RD0995), and breast (4T1, JC,

MMT06056) cancer cell lines, biotin receptors are overexpressed

more than folate and/or vitamin B-12 receptors (155, 156).

Among the taxanes used to treat various malignancies is DTX

(157). Furthermore, in order to achieve anticancer drug delivery,

well-established mesoporous silica nanoparticles (MSNs) have been
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selected as carriers of the named metallodrugs. To enable the

selective release of essential drugs inside tumors, chitosan (CTS)

coupled with biotin, a pH-sensitive additive, is attached to MSNs

(158). Also, biotin is involved in breast cancer therapy. The most

common treatment for breast cancer is radiotherapy (RT), yet due

to the minimal variation in how normal tissues and tumors react to

ionizing radiation, RT has severe adverse effects. In this way, an

UiO-66-NH2@AuNS core-shell nanoparticle was created. After

that, the solid gold shell was scratched into solid AuNS (HAuNS),

and to create HAuNS@PEG-bio, it was further altered using biotin-

PEG-SH (PEG-bio). The near-infrared II (NIR-II) area

photothermal therapy (PTT) performance of HAuNS@PEG-bio is

demonstrated to be effective, and the elevation of temperature at the

tumor site stimulates blood circulation to mitigate the hypoxia

within the tumor microenvironment (TME) (159).

Chemotherapy and extended antibiotic therapy were

administered to a female dog who had a sticker tumor and

recurrent cystitis. After a few months of treatment, lesions with

hyperkeratosis, skin thickness, bleeding fissures, and inflammation

occurred across the nasal area and palmar and plantar regions.

During the patient’s 60-day treatment, which included 15 mg of oral

biotin supplementation (1.4 mg kg-1 of body weight) once daily, the

patient’s skin lesions significantly improved. According to these

findings, intestinal biotin production may not be sufficient in some

conditions, especially those requiring extended antibiotic therapy,

necessitating oral supplementation (160). In the following

paragraph, vitamin B9 is presented.
5.8 Vitamin B9 (Folate)

Dark-green leafy vegetables and legumes are among the foods

that contain folate, an important water-soluble B vitamin. The

synthetic version of folic acid is found in fortified foods including

cereals and grains, as well as supplements. While folic acid is readily

accessible in its oxidized pteroylmonoglutamate form, dietary folate

is present in a reduced state with polyglutamate side chains that

require oxidation and hydrolysis for absorption (161).

Folate has been thoroughly investigated as a potential pathway

for the development of cancer because of its involvement in one-

carbon metabolism. In the methionine pathway, folate in the form

of 5-methyltetrahydrofolate (5-MTHF) and cobalamin are

necessary for the conversion of homocysteine to methionine. S-

adenosylmethionine (SAM) is produced from methionine (162).

SAM is a major methyl donor to numerous bodily processes, such as

the methylation of DNA and RNA (162). Reduced methylation of

CpG islands in DNA, which affects gene transcription and modifies

the expression of proto-oncogenes and tumor suppressor genes,

may result from insufficient SAM synthesis (163). Moreover, low

folate levels can hinder the conversion of dUMP (deoxyuridine

monophosphate) into dTMP (deoxythymidine monophosphate),

which is an essential nucleic acid for DNA synthesis and repair.

Mistaken uracil substitution for thymidine can eventually result in

strand breakage, unstable DNA, and defective DNA repair (163).

Certain immunological functions have been demonstrated to

suffer from folate deprivation. Cell proliferation is promoted when
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CD8+ T lymphocytes are treated with phytohaemagglutinin and IL-

2. However, stimulation was suppressed without folic acid. This

activity did not affect CD4+ T cells (164). In primary human

lymphocytes, folate deprivation decreased cell proliferation and

increased apoptosis, cell cycle arrest, and DNA strand damage

(165) (Table 2). Some research found that compared to aged

corresponding controls, newly diagnosed cancer patients had

mean levels of homocysteine significantly higher and vitamin B9

levels significantly lower. This suggests that low folate and high

homocysteine may be linked to lung cancer, although more research

is needed to confirm these findings (166). High levels of

homocysteine could have a consequence on the methylation of

specific genes that regulate the initiation and progression of breast

cancer, according to a different study on the disease. As a result of

increased homocysteine concentrations, the breast cancer cell lines

MCF-7 and MDA-MB-231 revealed epigenetic modulations of

BRACA1 and RASS-F1 (167). Although elevated levels of the

enzyme PDXK, which helps in the conversion of pyridoxine, the

precursor to vitamin B6, into pyridoxal-5′-phosphate, the bioactive
form of vitamin B6, have also been related to an increased risk of

colorectal cancer developed plasma homocysteine levels have been

linked as well with an increased risk of non-small cell lung

carcinoma (168, 169).

Deficits in B vitamins can raise homocysteine levels, which can

then cause DNA damage, oxidative stress, and a persistent

inflammatory state that can modify epigenetics and cause cancer

(170). Certain B vitamins, such as vitamin B6, have been shown to

function as antioxidant nutrients and, as such, to prevent

inflammation and the advancement of cancer (171). Circulating

blood cells called monocytes can develop into dendritic or

macrophage cells at specific tissue locations. Specialized antigen-

presenting cells, such as macrophages and dendritic cells, process,

present, and release cytokines to T cells (172). A kind of cancer

known as histiocytic lymphoma is an aggressive non-Hodgkin’s

lymphoma that develops from immune system cells, primarily from

monocyte pro-monocytic blast origin.

Divergent results from research on animals suggest that the

impact of folate on neoplasia varies depending on the animal and

tumor model, the kind, time, amount, and duration of the carcinogen

application, the stage of carcinogenesis, and the amount and type of

folate given. The relationship between folate and cancer of the cervix,

colorectum, lung, esophagus, and brain has been studied

epidemiologically. The results indicate that low folate concentration

may be a significant factor early in the neoplastic process. More

relevant is the possibility of suppressing precursor lesions in the

cervix and colorectum, specifically adenomatous polyps and cervical

intraepithelial neoplasia. Methotrexate suppresses the function of

folate by reducing the intracellular synthesis of tetrahydrofolates from

dihydrofolates. It is a chemotherapeutic drug used for the treatment

of acute lymphocytic leukemia and choriocarcinoma, among other

neoplasms. Shklar and coworkers (173) examined the effects of

methotrexate on hamster buccal pouch carcinomas generated by

9,10-dimethyl-l,2-benzanthracene and found that the methotrexate-

treated group reported tumors that were larger and more anaplastic

and that they progressed more quickly than the control group. In a

different study, the impact of methotrexate was evaluated in a Swiss
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mouse skin tumor model methylcholanthrene (MCA). The incidence

of papillomas was 74% in animals fed the control diet and 96% in

mice fed a diet supplemented with methotrexate six weeks before,

during, and after MCA treatment. Nevertheless, tumor development

was limited to 36% of mice that received methotrexate just one week

before, during, and following MCA treatment. Hence, methotrexate

may have an anticancer or cocarcinogenic impact, depending on

when and how long it is used (174).

However, experimental data indicates that a lack of folate could

have beneficial effects on cancer while taking folate supplements

could accelerate the development or growth of malignancies. For

instance, Baggott and colleagues (175) gave rats meals containing

varying amounts of folic acid (0, 2, or 40 mg/kg diet) or folinic acid

(20 mg/kg diet). Following the start of their diets, rats were

administered methylnitrosourea to cause breast cancer and

followed by full diets with 2 mg/kg of folic acid immediately. The

frequency of tumors did not change substantially among the groups.

Nevertheless, the folate-supplemented groups had a greater rate of

mammary malignancies per tumor-bearing animal, and these

cancers manifested earlier (175). In the next paragraph it will

present vitamin B10.
5.9 Vitamin B10

The chemical molecule para-aminobenzoic acid (PABA) is also

referred to the name vitamin B10 (or vitamin Bx). The nutrient

PABA is necessary for many mammal diseases but unnecessary for

the human body, and its derivatives have demonstrated various

biological actions. The chemical PABA is non-toxic and readily

absorbed in the intestine, and its derivatives exhibit a wide range of

biological activity (176). It’s thought that PABA scaffold-containing

medications are well tolerated (177). PABA is an essential and

unique vitamin belonging to group B that is required to synthesize

folic acid (178).

According to Maki and Takeda (179), bacteria, yeast, and plants

all produce this vitamin. PABA is necessary for the production of

folic acid. PABA is well-known for its function in triggering the

production of interferon, which has an antiviral impact, in humans

(180). While radiation did not affect melanocytes, PABA increased

(by 50%) the growth-inhibitory effects of radiation on B16F10 cells.

While applied to B16F10 and 4T1 tumors in vivo, PABA increased

(by 50–80%) the anticancer effect of radiation. PABA and radiation

treatment together accelerated the death of tumor cells. After PABA

was added to tumor cells, CDC25A expression increased while

p21CIP1 levels fell. PABA could be an agent that increases the

anticancer activity of ionizing radiation through a process that

involves changes in the expression of proteins that control cell cycle

arrest (181) (Table 2). PABA and its derivatives have been used as

an anti-reactive oxygen species as active ingredients in sunscreens

to provide UVB protection (182). Additionally, PABA showed

strong anticoagulant and beneficial agent effects (180, 183).

Diagnostic tests for gastrointestinal tract conditions based on

PABA (para-aminobenzoic acid) are now available (184). Skin

conditions such as scleroderma, dermatomyositis, and Peyronie’s
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disease are the primary conditions treated with potassium 4-

aminobenzoate (185).

Cancer is analyzed as being the second most prevalent reason

for death, behind cardiovascular diseases (186). Because they have

fewer side effects and are more selective for malignant cells, targeted

chemotherapeutical drugs are preferable to standard ones (187).

Conventional anti-folates such as aminopterin, pralatrexate,

methotrexate (MTX), and pemetrexed (PMX) are the most

prevalent types of DHFR inhibitors. The three major components

that make up the chemical structure of the MTX model are the p-

amino benzoic acid, glutamic acid, and pteridine nucleus (188). As

anti-inflammatory, anti-diabetic, antibacterial, and antioxidant

chemicals, certain 1,2,4-triazoloquinazolines have been reported

to be beneficial (189).

A particular substrate for pancreatic chymotrypsin, the

synthetic peptide N-benzoyl-L-tyrosyl-p-aminobenzoic acid (BT-

PABA), has been used to measure exocrine pancreatic insufficiency

in dogs through oral administration. The next step was testing for

PABA in the plasma or urine, which could distinguish between

control animals and those suffering from exocrine pancreatic

insufficiency (EPI) without affecting the outcome when the xylose

absorption test was combined with pancreatic function. Possible

interference with the peptide test’s specificity for diagnosing EPI

was investigated in six small intestinal disease-afflicted dogs. These

results indicate that modest intestinal anomalies do not significantly

impact PABA absorption to compromise the peptide test’s

specificity in identifying severe EPI in dogs. On rare occasions,

small intestinal illness may be the secondary cause of this deficiency

(190). In the next subsection is presented vitamin B12.
5.10 Vitamin B12

The vitamin B complex also includes vitamin B12. This group of

eight vitamins helps with everything from maintaining maximum

cognitive performance to converting the carbs consumption into

the energy that may utilized (191). Vitamin B12, commonly

referred to as cobalamin, supports several vital cellular functions.

These consist of the synthesis of DNA; the production of healthy

red blood cells (192); the growth and functioning of the central

nervous system; and the activity of enzymes (193) (Table 2). It has

been shown that a B12 absence increases the misincorporation of

uracil, which restricts DNA synthesis and causes genomic

instability. The hypomethylation of DNA, a marker of early

carcinogenesis, is another effect of the B12 lack.

In light of the restricted treatment options for canine tumors,

companion animal testing for new drugs could lead to the discovery

of more effective treatments for oncology in both veterinary and

human medicine. Four dogs with spontaneous cancer were used to

test the anti-tumor effects of nitrosylcobalamin (NO-Cbl), a vitamin

B12-based carrier of nitric oxide (NO) that induces apoptosis. (a) A

13-year-old female sterilized Giant Schnauzer suffering from

hypercalcemia and incurable thyroid cancer. (b) A male Golden

Retriever, 6 years old, has been sterilized and had a malignant

peripheral nerve sheath tumor (MPNST). (c) Anal sac
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adenocarcinoma (AGACA) in a ten-year-old male Bichon Frise that

has been sterilized. (d) A seven-year-old female Labrador endured

partial surgical resection for spinal meningioma. The results were:

a) After receiving daily NO-Cbl treatment for 10 weeks, the tumor

volume in the Giant Schnauzer showed a 77% reduction. (b) After

receiving daily NO-Cbl therapy for 15 months, the tumor volume in

the Golden Retriever showed a 53% reduction. (c) After 15 months

of treatment, the Bichon Frise showed a 43% shrinkage of the main

tumor and a 90% regression of an iliac lymph node. The dog’s

condition is now stable after 61 months, with normal liver enzymes,

a CBC investigation, and no signs of poisoning. (d) After receiving

treatment for six months, the Labrador showed a total reduction of

the remaining tumor. According to the scientists’ conclusion, using

NO-Cbl is a promising anti-cancer therapy that takes advantage of

the vitamin B12 receptor’s tumor-specific characteristics (194)

(Table 2). In what follows, vitamin B13 will be presented.
5.11 Vitamin B13

In mammals, orotate (OA) or vitamin B13 is released from the

mitochondrial dihydroorotate dehydrogenase (DHODH) and

converted to UMP by the cytoplasmic UMP synthase enzyme.

OA is well-known as a precursor in the production of

pyrimidines. OA is also a common dietary component and can be

found in dairy products and milk. It is mostly used by the liver,

kidney, and erythrocytes in the pyrimidine salvage pathway when it

is converted to uridine. Nutritional studies designated orotate as

“vitamin B13” and its application in body-building and metabolic

syndrome support has been promoted by its combination with

metal ions or organic cations (195). Orotic acid (OA) is an

insignificant component of diets and is an intermediate molecule

of pyrimidine nucleotide production. Urinary orotic acid testing

helps verify the diagnosis of genetic metabolic disorders.

Furthermore, understanding how this metabolite’s physiology

level changes in connection to other aspects of clinical normalcy

may be interesting (196).

According to recent research, magnesium orotate, a

combination of magnesium and orotic acid, can be used as an

adjuvant treatment for type 2 diabetes, hypertension, congestive

heart failure, and post-operative cardiac conditions. Magnesium

orotate is superior because it is more easily absorbed, accumulates

intracellularly, increases muscle endurance, and even has some

antioxidative and antitumor protective properties (197, 198)

(Table 2). Magnesium orotate has also improved the regeneration

of neural tissue shape and reduced nerve cell damage (198, 199).

Consequently, the scientific community has begun to formulate

theories regarding the use of magnes ium orotate in

neuropsychiatric diseases. Therefore, more research should be

done on any potential links between magnesium orotate, the gut

microbiota, and the biochemical equilibrium of the brain.

It is appropriate for studying the various aspects of the small

molecule orotic acid (OA), which is widely recognized as a crucial

step in the de novo synthesis of pyrimidines. Furthermore,

erythrocytes and hepatocytes can absorb it and utilize it in the

pyrimidine recycling way and for uridine synthesis.
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It has been demonstrated that orotate derivatives can be used as

anti-pyrimidine medications and in complexes with metal ions and

organic cations to support metabolic syndrome treatments. Present

genetic research appears to connect reduced orotate production to

abnormalities in the dihydroorotate dehydrogenase (DHODH)

gene, which causes human Miller syndrome. Different symptoms

are associated with orotic aciduria, a disorder of pyrimidine

biosynthesis that take place in cattle, and people deficient in UMP

synthase (UMPS). Researchers conclude from more results that OA

might be involved in controlling gene transcription (200). In the

next subsection, the immunomodulatory effects of vitamin B15 will

be mentioned.
5.12 Vitamin B15-pangamic acid

Since its discovery in 1938, pangamic acid (6-O-

(dimethylaminoacetyl)-D-gluconic acid) has been identified as a

naturally occurring, widely distributed chemical having a variety of

biological and therapeutic uses. In this regard, pangamic acid has been

a medication that stimulates cellular respiration for decades on the

market throughout the world. Apart from pangamic acid that occurs

naturally, di-isopropyl-ammonium dichloroacetate (DIPA), a synthetic

product that does not exist in biological material, is available on the

market with claims to have comparable biological properties (201). The

evolution of dichloroacetate (DCA) as a pharmaceutical agent has a

more convoluted history (202). The methylated variants of pangamic

acid, also known as d glucono dimethylamino acetate, a supposedly

naturally occurring B vitamin, were synthesized in the 1950s using the

chemical diisopropylammonium dichloroacetate (DIPA). Pangamate

has “the property of eliminating toxic products formed in the human

system” and is “a solution for the immunization of toxic products

present in the human or animal system,” according to the B15 patent

(203). The rate-limiting enzyme of cholesterogenesis, HMG-CoA-

reductase, is inhibited noncompetitively by DCA. Additionally, DCA

prevents the production of hepatic triglycerides by an unidentified

mechanism (204). According to Stacpoole et al. (205) and Moore et al.

(206), these mechanisms are responsible for the lipid and lipoprotein-

lowering impact of DCA in individuals with diabetes mellitus and the

uncommon condition homozygous familial hypercholesterolemia.

In response to elevated serum levels of high-density lipoproteins

(HDLP), calcium pangamate (CP) in patients with cerebrasthenic

syndrome of atherosclerotic genesis allows a decrease in the

cholesterol index of atherogenicity. The activation of phospholipid

incorporation into HDLP is one explanation that leads to an increase

in HDLP levels in the blood serum of patients under the influence of CP

(207). In one trial, 95 patients received fierce treatment (isoniazid,

rifampicin, streptomycin, pyrazinamide or ethambutol, vitamins for the

first two to three months) out of the 155 patients with damaging

pulmonary tuberculosis included in the trial. In addition to one of the

antihypoxants (piracetam, calcii pangamas, piriditol), 69 patients

representing the other group got adjuvant antioxidants (galascorbin

or tocopherol acetate). Intense chemotherapy contributed to bacterial

discharge dimension reduction, annihilation discontinuation, cavernous

reconstruction, and decreased side effect incidence rates enhanced

metabolic processes indicating redox and lipid peroxidation (208).
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Ei the r d ime thyg lyc ine hydroch lo r ide (DMG) or

diisopropylamine dichloroacetate (DIPA-DCA) are present in a

large number of compounds marketed as B15 (203). The Ames

Salmonella mammalian microsome mutagenicity test (209) was

used in recent research to determine the mutagenicity of

dimethylglycine incubated with nitrites under conditions that

resembled long-term human ingestion (210). As part of

diisopropylamine dichloroacetate, dichloroacetate has also been

shown to be directly harmful to humans and animals (211), as

well as mutagenic in the Ames mutagenicity test (212).

There is also discussion of the numerous myths and poor

recommendations around vitamins and health, including “fake”

vitamins like pangamic acid (“vitamin B15”) and laetrile (“vitamin

B17”). Based on the available data, it would not be appropriate to

recommend high-dose vitamin intake or substantial changes to

typical vitamin intake levels from a balanced diet as a means to

reduce cancer risk in the general population. Nonetheless, a

cautious approach to nutrition and eating habits is suggested to

improve the health effects associated with our complex

lifestyle (213).

In animals, vitamin B15 has specific pharmacological

characteristics. These include the generation of hypotension in

dogs under anesthesia and neuromuscular blocking action in

rabbits and chickens. Neostigmine methylsulfate is an effective

antagonist of the neuromuscular blockade produced in the rabbit.

These results seem qualitatively comparable to thiamine

hydrochloride reports (214). In the next paragraph it will

presented vitamin B17.
5.13 Vitamin B17

Amygdalin is a cyanogenic glycoside chemical that is mostly

found in fruit pulp and kernels. It is sometimes referred to as

vitamin B17 and is also a synthetic compound called laetrile. For a

long time, this substance has been recommended as a possibly

useful naturally generated chemical with anticancer properties.

The use of amygdalin, an artificial substance commonly referred

to as vitamin B17 or laetrile, in the prevention and/or co-treatment

of cancer is a topic of study. Numerous investigations have

exhibited a broad spectrum of biological characteristics for

amygdalin, indicating that it could potentially have a preventive

or even co-treatment effect on cancers of the bladder, prostate, lung,

and cervical regions. This effect could primarily be attributed to the

inhibition of cancer cell proliferation (215). The biological activities

of amygdalin extracts from three cultivars of cassava (Manihot

esculenta) cultivated in Benin were assessed both in vitro and in vivo

(216). The results showed that this naturally occurring molecule

may function effectively in co-treatment and cancer prevention by

inhibiting the growth of cancer cells.

Thus, amygdalin has been shown in vitro experiments to induce

apoptosis due to upregulated expression of caspase-3 and Bax

protein and downregulated expression of Bcl-2, an anti-apoptotic

protein (217) (Table 2). Erikel et al. (218) observed that amygdalin

may have a modulatory influence on chemotherapeutic drugs that

appear to cause genomic damage in human cells, which is relevant
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to the chemopreventive potential of amygdalin (218). The primary

molecular mechanisms of amygdalin’s basic anticancer effects have

been attributed to immune function regulation, cytotoxic effect

stimulation, apoptosis induction, and cell cycle inhibition in

humans (219). More specifically, cellular replication of the

cytochrome C Bax protein triggers the activation of the caspase-3

protease, which is the primary molecular mechanism of apoptosis

(220). Apoptosis and the ensuing growth of cells have been linked to

high expression of the pro-apoptotic protein Bax (221).

As a result, it was postulated that amygdalin causes apoptosis in

HeLa cells by elevating caspase-3 and suppressing Bcl-2. At the

same time, HeLa cells treated with amygdalin seem to have an

elevated Bax level, showing the possibility of an endogenous route

facilitating apoptosis (222). Amygdalin has been demonstrated to

induce apoptosis and cell cycle arrest in several cell lines from

humans, including those from cancer cells of the lung, breast, colon,

testes, prostate, rectum, and bladder (219, 223–226). Vitamin B17

was also found to decrease the migration of MDA-MB-231 cells

more than MCF-7 cells (227). Furthermore, the inhibition of

proteolytic enzymes was suggested to promote the activation of

apoptotic events in MCF-7 breast cancer cells (228). In addition,

amygdalin was shown to increase Bax and decrease Bcl-2 expression

in SK-BR-3 and MCF-7 breast cancer cells. However, compared

with the amygdalin–ZHER2 affibody conjugate, the effect on Bax

and Bcl-2 expression in SK-BR-3 cells was stronger than that in

MCF-7 cells (229).

Amygdalin is frequently utilized for the treatment and

prevention of colorectal tumor malignancies in both conventional

and alternative medicine (230). It has been observed that vitamin

B17 promotes the anticancer impact of the drug by downregulating

the expression of genes associated with the cell cycle in colorectal

cancer cells, such as human SNU-C4 colorectal cancer cells (231).

Due to their higher concentration of b-glucosidase and lower levels

of the liver enzyme rhodanese, which can convert cyanide to the

comparatively innocuous chemical thiocyanate, colon cancer cells

have been reported to be more vulnerable to the impact of

amygdalin compared to normal cells (232). Through increasing

caspase-3 expression and decreasing Bcl-2 expression, as well as by

reducing the proliferation of HepG2 and EAC hepatocellular

carcinoma cells and upregulating Beclin-1 expression, amygdalin

has been shown to induce the apoptotic process (233). It’s

noteworthy to note that the combination of amygdalin and

metformin showed promise in terms of cytotoxicity and ability to

induce apoptosis and stop the cell cycle in hepatocellular carcinoma

cells when compared to amygdalin alone (234). Apart from this

mixture, it has also been demonstrated that the action of amygdalin

with zinc has a greater apoptotic impact in the therapy of HepG2

than does amygdalin alone (235).

In animals, the maximum dosage of amygdalin that, when

administered intramuscularly and intravenously to mice, rabbits,

and dogs, did not result in any intolerable side effects was 3 g/kg;

orally, the dose was 0.075 g/kg. Additionally, the maximum

tolerated dose of amygdalin administered intravenously to

humans was around 0.07 g/kg. According to several studies,

amygdalin can selectively target cancer cells while sparing healthy

cells, lower telomerase activity, and stop the proliferation of bladder
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cancer cells. However, cyanide compounds produced during

amygdalin decomposition caused important side effects when

amygdalin was utilized (236) (Table 2).

As mentioned, a strong association exists between cancer cells

and reactive oxygen species. Reactive oxygen species grow as a result

of cancer cell proliferation, which may damage macromolecules and

ultimately cause cell death. To maintain redox balance, cancer cells

must synthesize glutathione from glutamate, glycine, and cysteine

(237). Although the pentose phosphate pathway and glycolysis are

well recognized as the primary sources of NADPH that contribute

to redox balance, the folate cycle (Figure 3)—which is mostly

sustained by serine-derived one-carbon units—also generates a

significant amount of NADPH (238). Along with their direct

involvement in metabolic reprogramming processes, amino acids,

and their derivatives play a crucial role in mediating epigenetic

regulation and posttranscriptional modification.

In particular, normal metabolite levels in the methionine cycle,

which are affected by methionine, serine, and glycine modulate

DNA and histone methylation (239). Similarly, acetyl-CoA, which

results from different metabolic pathways, is needed for histone

acetylation, processes that promote gene expression and the

advancement of cancer. Acetyl-CoA produced from amino acids

is also important for acetylating proteins, which may contribute to

the formation of tumors (240) (Figure 3).

By producing glutathione, amino acids can control redox balance

and evade the consequences of oxidative stress. Tricarboxylic acid

cycle (TCA); Alpha-ketoglutaric acid (a-KG); pyrroline-5-

carboxylate (P5C) glutathione (GSH); acetyl-coenzyme A (Acetyl-

coA); Aspartate transaminase (ASP); Methylenetetrahydrofolate
Frontiers in Immunology 17
reductase (MTHFR); Serine hydroxymethyltransferase 1 (SHMT1);

methionine adenosyltransferase II alpha (MAT2A); Tetrahydrofolate

(THF); Asparagine (ASN), Arginine (ARG).
6 Conclusions and future perspective

As mentioned, there is a close connection between the nutrients

in the diet and the immune system. In humans, this connection is

intensively studied, which does not happen in the case of animals.

Most studies regarding nutritional requirements are extrapolated

from humans to animals. This is sad, considering the particularity

of the processes of digestion and absorption that ultimately make a

difference between the effects caused to humans and those of

animals. It was shown that different micronutrients fat-soluble

and water-soluble vitamins affect immunity through biochemical,

genetic, and signaling pathways. Additionally, the novelty and

complexity of this review consist in the fact that it treats all

vitamins and everything known about their immunological effects

in both humans and animals.

Furthermore, this paper offers findings indicating the potential

role of several micronutrients, in the prevention and treatment of

immune-related disorders. Because of this, eating free-fat (light)

foods essentially deprives mammals of fat-soluble vitamins and

some precursors for active compounds, which impact immune

system function. Therefore, diets should include the right class of

compounds in the right amounts. Otherwise, the foods that are

consumed would be depleted in nutrients. Furthermore, some

nutrients such as fat-soluble vitamins improve the flavor and
FIGURE 3

The involvement of B vitamins in different cancer cell metabolism. Through the citric acid cycle, amino acids generate metabolic intermediates like
acetyl-CoA that support energy generation. Additionally, amino acids supply the building blocks for lipogenesis and nucleotide synthesis, two
processes essential to a cell's capacity for growth and development.
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satiety of food significantly. Also, it emphasized interspecies

differences and the fact that the response in pathophysiologic

stages is significantly different from normal physiologic stages.

The immunological response is hence unique and unpredictable

(88, 241). In addition, the possible roles that specific vitamins may

play in cancer, given their functions as cofactors in processes related

to energy and proliferation that ultimately result in the growth of

tumor cells were presented.
Fron
1. Therefore, pro-apoptotic proteins can be activated and

anti-apoptotic proteins can be suppressed by calcitriol/

VDR signaling, which may also reduce tumor-associated

inflammation by suppressing the cyclooxygenase-2,

prostaglandin, and NF-kB pathways. Consequently, all

previous mechanisms cooperate to suppress the growth

of tumors (42).

2. Due to oxidative stress’s role in the development of cancer,

a-T’s ability to prevent cancer has been thoroughly

researched. A higher cancer risk has been associated

with reduced VE intake or nutritional status. Certain

intervention studies have shown that treating with a-T
has a favorable effect on minimizing cancer risk when VE

deficiency is present.

3. Vitamin K in the aberrant form known as PIVKA-II is

elevated in certain neoplastic illnesses and human

coagulation dysfunctions.

4. Vitamin C has been connected with the prevention,

progression, and treatment of cancer (76).

5. Research on the connection between vitamin C and cancer

is ongoing. Differences in results are due to a combination

of factors including ascorbic acid-related concerns (doses,

administration routes, plasmatic levels, metabolites

recording, and source), cancer characteristics (specific

mutations present, type and grade of cancer, received

conventional anti-cancer therapy), and individual

characteristics (diet, behaviors, genetics, transporters).

This connects the recording of doses to an active anti-

cancer mechanism and makes them effective (76).

6. A lack of vitamin B2 is linked to anemia, neurotoxicity,

growth retardation, and potentially some types of cancer

(105). Indeed, it has recently been demonstrated that

riboflavin lack increases cell proliferation and decreases

cell viability in HepG2 cells (106).

7. The incidence of CRC was inversely associated with

vitamin B6 intake and blood PLP levels (131). According

to Ames and Wakimoto (132), PLP has been suggested to

impact carcinogenesis via a variety of mechanisms,

including those involving DNA metabolism.

8. In primary human lymphocytes, folate deprivation

decreased cell proliferation and increased apoptosis, cell

cycle arrest, and DNA strand damage (165). Some

research found that compared to aged corresponding

controls, newly diagnosed cancer patients had mean

levels of homocysteine significantly higher and vitamin

B9 levels significantly lower. This suggests that low folate
tiers in Immunology 18
and high homocysteine may be linked to lung

cancer (166).

9. PABA/B10 and radiation treatment together accelerated

the death of tumor cells.

10. Vitamin B17 was also found to decrease the migration of

MDA-MB-231 cells more than MCF-7 cells (227). In

addition, amygdalin was shown to increase Bax and

decrease Bcl-2 expression in SK-BR-3 and MCF-7 breast

cancer cells.
Regarding the immunomodulatory effects of all nutrients, it is

good to take into account the recommended daily dose. As can be

seen, the values outside the Gauss curve are not beneficial for the

mammalian body. Of course, this is valid after the recommended

daily dose is established, here it is referring to animals. Moreover, we

hope that through the information we have provided, guidelines and

strategies can be built to prevent and improve the lives of four-legged

cancer patients. This article shows that there is a need to carry out

new studies on the particularities of digestion and their influence on

neoplasias, showing the difference between animals and humans.
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Magnesium orotate and the microbiome-gut-brain axis modulation: new approaches in
psychological comorbidities of gastrointestinal functional disorders. Nutrients. (2022)
14:1567. doi: 10.3390/nu14081567

200. Löffler M, Carrey EA, Zameitat E. Orotic acid, more than just an intermediate
of pyrimidine de novo synthesis. J Genet Genomics. (2015) 42:207–19. doi: 10.1016/
j.jgg.2015.04.001

201. Dagmar S, Veronika H, Katrin S, Hans N, Erich EF. Studies on the chemical
identity and biological functions of pangamic acid. Arzneimittelforschung. (1999)
49:335–43. doi: 10.1055/s-0031-1300424

202. Stacpoole PW. The pharmacology of dichloroacetate. Metabolism. (1989)
38:1124–44. doi: 10.1016/0026-0495(89)90051-6

203. Herbert V. Pangamic acid (“vitamin B15”). Am J Clin Nutr. (1979) 32:1534–40.
doi: 10.1093/ajcn/32.7.1534
frontiersin.org

https://doi.org/10.1080/14756366.2023.2276663
https://doi.org/10.1016/j.jinorgbio.2004.07.009
https://doi.org/10.3390/molecules27030961
https://doi.org/10.1021/acsabm.1c01041
https://doi.org/10.1039/D3TB01736B
https://doi.org/10.1590/S0103-84782010000300032
https://doi.org/10.1590/S0103-84782010000300032
https://doi.org/10.1007/s13668-018-0237-y
https://doi.org/10.1590/1806-9282.62.01.90
https://doi.org/10.7314/APJCP.2014.15.21.9259
https://doi.org/10.4049/jimmunol.173.5.3186
https://doi.org/10.1096/fj.03-0382fje
https://doi.org/10.31768/2312-8852.2015.37(3):218-222
https://doi.org/10.3390/ijms20153763
https://doi.org/10.3945/ajcn.112.049932
https://doi.org/10.3945/ajcn.112.049932
https://doi.org/10.1038/onc.2012.623
https://doi.org/10.18632/oncotarget.17922
https://doi.org/10.18632/oncotarget.v8i30
https://doi.org/10.1038/jid.1962.160
https://doi.org/10.1093/jnci/84.22.1740
https://doi.org/10.1088/1742-6596/2063/1/012003
https://doi.org/10.1016/j.jms.2016.10.020
https://doi.org/10.1002/adtp.201800066
https://doi.org/10.1023/A:1016871219882
https://doi.org/10.1016/j.ijrobp.2006.01.010
https://doi.org/10.1016/j.molstruc.2019.02.074
https://doi.org/10.1016/j.molstruc.2019.02.074
https://doi.org/10.1134/S1062359018020061
https://doi.org/10.1134/S1062359018020061
https://doi.org/10.1371/journal.pone.0101892
https://doi.org/10.1016/j.ejps.2016.04.003
https://doi.org/10.1002/cncr.32648
https://doi.org/10.1016/j.bioorg.2018.07.006
https://doi.org/10.1016/j.bioorg.2018.07.006
https://doi.org/10.1080/14756366.2022.2142786
https://doi.org/10.1016/j.bioorg.2020.104098
https://doi.org/10.1016/j.bioorg.2020.104098
https://doi.org/10.1136/vr.108.14.303
https://doi.org/10.1001/archfami.9.3.258
https://doi.org/10.1001/archfami.9.3.258
https://doi.org/10.1007/s10637-009-9282-0
https://doi.org/10.1080/15257770.2016.1147580
https://doi.org/10.1080/15257770.2016.1147580
https://doi.org/10.3390/jpm13101443
https://doi.org/10.21856/j-PEP.2020.1.03
https://doi.org/10.3390/nu14081567
https://doi.org/10.1016/j.jgg.2015.04.001
https://doi.org/10.1016/j.jgg.2015.04.001
https://doi.org/10.1055/s-0031-1300424
https://doi.org/10.1016/0026-0495(89)90051-6
https://doi.org/10.1093/ajcn/32.7.1534
https://doi.org/10.3389/fimmu.2024.1464329
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Munteanu et al. 10.3389/fimmu.2024.1464329
204. Stacpoole P, Harwood H, Varnado C. Regulation of rat l iver
hydroxymethylglutaryl coenzyme A reductase by a new class of noncompetitive
inhibitors. Effects of dichloroacetate and related carboxylic acids on enzyme activity.
J Clin Invest. (1983) 72:1575–85. doi: 10.1172/JCI111116

205. Stacpoole PW, Moore GW, Kornhauser DM. Metabolic effects of
dichloroacetate in patients with diabetes mellitus and hyperlipoproteinemia. New
Engl J Med. (1978) 298:526–30. doi: 10.1056/NEJM197803092981002

206. MooreGW,SwiftLL,RabinowitzD,CroffordOB,Oates JA, StacpoolePW.Reduction
of serum cholesterol in two patients with homozygous familial hypercholesterolemia by
dichloroacetate. Atherosclerosis. (1979) 33:285–93. doi: 10.1016/0021-9150(79)90180-1

207. Rastopchin I. Effect of calcium pangamate on the cholesterol index of
atherogenicity in cerebral arteriosclerosis patients. Zhurnal Nevropatol i Psikhiatrii
Imeni SS Korsakova (Moscow Russia: 1952). (1984) 84:1020–3.

208. Savula M, Kravchenko N, Poznanskii ̧ A. Chemotherapy of destructive
pulmonary tuberculosis with antioxidants and antihypoxic agents. Problemy
Tuberkuleza. (1993) 5):18–20.

209. Ames BN, McCann J, Yamasaki E. Methods for detecting carcinogens and
mutagens with the Salmonella/mammalian-microsome mutagenicity test. Mutat Res;
(Netherlands). (1975) 31:347–64. doi: 10.1016/0165-1161(75)90046-1

210. Colman N, Herbert V, Gardner A, Gelernt M. Mutagenicity of dimethylglycine
when mixed with nitrite: possible significance in human use of pangamates. Proc Soc
Exp Biol Med. (1980) 164:9–12. doi: 10.3181/00379727-164-40815

211. Stacpoole PW. Toxicity of chronic dichloroacetate. N Engl J Med. (1979)
300:372. doi: 10.1056/NEJM197902153000726

212. Herbert V, Gardner A, Colman N. Mutagenicity of dichloroacetate, an
ingredient of some formulations of pangamic acid (trade-named “vitamin B15”). Am
J Clin Nutr. (1980) 33:1179–82. doi: 10.1093/ajcn/33.6.1179

213. Young VR, Newberne PM. Vitamins and cancer prevention: issues and
dilemmas. Cancer. (1981) 47:1226–40. doi: 10.1002/(ISSN)1097-0142

214. Marshall F, Adamson R, Long J. Some pharmacologic properties of pangamic acid
(vitamin B-15). Proc Soc Exp Biol Med. (1961) 107:420–2. doi: 10.3181/00379727-107-26644

215. Askar MA, El-Sayyad GS, Guida MS, Khalifa E, Shabana ES, Abdelrahman IY.
Amygdalin-folic acid-nanoparticles inhibit the proliferation of breast cancer and
enhance the effect of radiotherapy through the modulation of tumor-promoting
factors/immunosuppressive modulators in vitro. BMC Complement Med Therapies.
(2023) 23:162. doi: 10.1186/s12906-023-03986-x

216. Lehmane H, Kohonou AN, Tchogou AP, Ba R, Dah-Nouvlessounon D,
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