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Abstract

Fat-soluble vitamins, such as vitamin A (VitA) and carotenoids, are crucial micronutrients with strong antioxidant and anti-inflammatory
properties that mitigate oxidative stress and inhibit cancer progression. Breast cancer (BC) is the most prevalent cancer among women,
and the anti-tumor properties of VitA and carotenoids are gaining increasing attention, particularly because BC risk is strongly influenced
by lifestyle factors, including unhealthy dietary habits. Although VitA and carotenoids may exert preventive effects on BC development
and progression, there is limited evidence supporting the practical application of these micronutrients in the detection and prevention
of BC. Mechanistically, high doses of carotenoids reduce reactive oxygen species (ROS) directly or indirectly through the modulation
of transcription factors such as NF-kB and Nrf2—, and through activation of nuclear hormone receptor pathways, including like retinoic
acid receptors (RAR), retinoid X receptors (RXR), and peroxisome proliferator-activated receptors (PPARs). These pathways modulate
retinoic acid receptor signaling and inhibit oncogenic pathways including PI3K/Akt/mTOR, thereby enhancing apoptosis and suppressing
proliferation in BC cells. This review examines the roles of VitA and carotenoids in BC, as well as methods for assessing VitA status.
Additionally, this review highlights how genetic variation in the metabolism of VitAand carotenoids is associated with cancer and other
pathological conditions. We also discuss how VitA and carotenoids are linked to BC development, how these micronutrients influence
cancer-related mechanisms, and how recent advances in clinical research have made VitA and carotenoids promising candidates for BC
treatment. This review also underscores the preventive and therapeutic potential of VitA and carotenoids in the initiation and progression
of BC.

Keywords: breast cancer; nuclear receptors; multidrug resistance; vitamin A; carotenoids; retinol binding protein; reactive oxygen
species

1. Introduction resemble the natural isoprenoids, but their chemical struc-
tures conceal the fundamental VitA backbone, and their in-
teractions with retinoid receptors are comparable to those
of other retinoids [1]. In contrast to water-soluble vitamins,
all of these substances are lipid-soluble and readily accumu-
late in the body, particularly in hepatocytes and fatty tissue.
One benefit of this is that there are no clinical symptoms
linked to temporary restriction of VitA intake; nonetheless,
buildup and subsequent toxicity may occur [1].

The fat-soluble vitamin A (VitA) is found in both plant
and animal sources and is distinguished by its unsaturated
isoprenoid ring structure. All forms of VitA share a com-
mon framework and perform similar physiological roles
in living organisms. These substances are also classified
as retinoids, comprising both synthetic and natural com-
pounds that share a four-isoprenoid unit arrangement. At
first glance, several synthetic derivatives of VitA do not
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Fig. 1. Structures of retinol, retinal, retinoic acid, all-trans retinoic acid, and 9-cis retinoic acid [2].

VitA occurs in vegetables and fruits as provitamin A,
namely carotenoids, and in animal sources as retinol. Al-
though retinol is the most common retinoid and is com-
monly referred to as VitA, its oxidized derivatives, 11-cis-
retinal and all-trans-retinoic acid (ATRA), are the primary
biologically active molecules. Various forms of VitA (Fig.
1, Ref. [2]) and carotenoids (Fig. 2, Ref. [2]) are illustrated
[2].

Many fruits and vegetables contain carotenoids, or-
ganic pigments that range in colour from yellow to or-
ange. In addition to their association with VitA, these
compounds are renowned for their antioxidant properties.
The most widely recognized carotenoids include lutein, ly-
copene, cryptoxanthin, B-carotene, and a-carotene. Un-
like diterpenoid retinoids of animal origin, carotenoids are
tetraterpenoids, though they may ultimately be converted to
retinol. However, not all carotenoids can be converted by
the body into VitA. Provitamin A is found only in molecules
that include at least one unsubstituted B-ionone chain [3].

It is widely acknowledged that VitA is linked to sev-
eral advantageous biological functions, including oxidative
stress regulation, immune system enhancement, and pro-
tection against photoenergy [4]. Additionally, carotenoids

and VitA control the development, differentiation, and pro-
liferation of malignant cells [5]. VitA and carotenoids have
been shown to have protective benefits against a variety of
chronic conditions and carcinogenesis through a variety of
epidemiological examinations [6].

According to the World Health Organization (WHO),
cancer is the second leading cause of death globally. In
2020, 2.26 million new cases of breast cancer (BC) were
identified worldwide, making it the most common type of
malignant tumour among women [7]. BC development
and recurrence are characterized by genetic mutations and
molecular complexity including impairment of key signal-
ing pathways that involve mitogen-activated protein kinase
(MAPK) signaling system and the PI3K/AKT signaling
pathway which control cell growth, apoptosis and survival
rate [8]. In addition, the growing data shows that the role
of oxidative stress and reactive oxygen species (ROS) play
an important role in tumor formation and progression by
causing genomic abnormalities and DNA destruction [9].

External variables such as nutrient intake and dietary
habits have become increasingly important as overall BC
mortality rates have risen. Vitamins are vital micronutri-
ents that function as antioxidants and participate in a vari-
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Fig. 2. Structures of B-carotene, a-carotene, and p-cryptoxanthin [2].

ety of physiological processes. VitA and carotenoids have
recently gained attention as anti-cancer agents that can pre-
vent a variety of tumours. Low dietary and serum con-
centrations of carotenoids and VitA have been proposed as
warning signs for BC in a number of epidemiological in-
vestigations [10]. However, due to conflicting findings in
the pertinent literature, the precise physiological functions
and processes of VitA and carotenoids in the progression of
BC remain unclear. VitA status can be readily affected by
bioavailability, metabolism, and absorption. The inconsis-
tent results may have been due to a combination of biologi-
cal variability and the various tests used in VitA evaluation
[11]. This article presents epidemiological data supporting
the association of VitA and carotenoids to BC risk, their ef-
fects on cancer mechanisms, and new developments in clin-
ical practice of VitA or carotenoids as a possible treatment
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against BC. This study also explores the preventative and
therapeutic functions of VitA and carotenoids in BC growth
and development.

2. VitA and Carotenoids: Composition,
Origins, Absorption, and Bioavailability

The 20-carbon molecule referred to as VitA, or
retinoids, consists of a conjugated polyene sequence (—
C=C-) and an isoprenoid side chain, with a distinct func-
tional group at C15 and a methyl-substituted cyclohexenyl
ring (B-ionone ring). When two 20-carbon molecules with
B-ionone rings and a polyisoprenoid linkage are joined tail-
to-tail, they form carotenoids, known as tetraterpenoids.
The chemical structure of carotenoids allows them to be
separated into two groups: xanthophylls (like zeaxanthin
and lutein), which include oxygen in the form of hy-
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droxyl groups, and carotenes (like lycopene, B-carotene,
B-cryptoxanthin, and a-carotene), which are hydrocarbons.
The intestinal metabolism of dietary B-carotene produces
retinal, a natural precursor of retinoids. Retinal is also
produced from other retinoids, including retinyl ester and
retinol, which are normally derived from the diet. Although
retinoid absorption potencies and form-to-form conversions
vary, these compounds share comparable molecular struc-
tures and activities. These isomers are recognized as tran-
scriptionally functional and include all-trans-retinoic acid
(ATRA), 9-cis-retinoic acid, and 13-cis-retinoic acid [12].

VitA must be obtained through diet, either as provita-
min A carotenoids or preformed VitA, because the human
body cannot synthesize it. The human body absorbs provi-
tamin A carotenoids at a rate of 3% or less, in contrast to
the 70-90% absorption of preformed dietary VitA. Addi-
tionally, these compounds must undergo multiple steps in
human intestinal cells to be converted into a form of VitA
[13]. Provitamin A carotenoids are a more volatile and
less dependable source of VitA than preformed VitA from
animal sources because the transformation of carotenoids
into VitA is influenced by a number of circumstances. The
nutritional grid, food preparation techniques, and the type
and amount of fat in meals all affect the conversion rate.
Carotenoids are more bioavailable from foods with a sim-
pler matrix, such as red palm oil and fruits. It has been doc-
umented that thermal processing enhances -carotene’s up-
take and bioavailability. As a result, cooked vegetables are
more bioavailable than raw ones. Furthermore, dietary fats,
such as olive oil, facilitate the incorporation of carotenoids
into micelles and are necessary for their intestinal absorp-
tion. However, dietary fibre or deficiencies in certain mi-
cronutrients, such as iron and zinc, limit the conversion of
carotenoids to VitA [14]. Only about 40 carotenoids have
been identified in plant foods, and about 20 carotenoids
have been detected in human blood and tissues, despite
the existence of another 600 natural structural variants of
carotenoids. [-carotene has the maximum provitamin A
action among the six carotenoids that comprise over 95%
of the total carotenoids in blood: lutein, B-carotene, B-
cryptoxanthin, a-carotene, lycopene and zeaxanthin. Other
carotenoids have approximately half the VitA activity of 3-
carotene. The limited bioavailability of carotenoids in hu-
mans is evidenced by the predicted 7-65% absorption of
B-carotene from most plant-based foods [15].

There are strict limits on the quantities of carotenoids
in food, on their absorption, on their origins, and on the
enzymes that convert them to VitA. The carotenoid con-
tent of fruits and vegetables is often strongly influenced
by ripeness, cultivation practices, location, and the drying
process prior to preservation. The scavenger receptor Bl
(SRB1) or the cluster of differentiation 36 (CD36) trans-
porter passively diffuses carotenoids into the enterocyte.
Through a sequence of processes, carotenoids are converted
into retinyl esters or B-carotene, which are then released into
the bloodstream in micelle form. These updates by Carazo

et al. [1] provide a detailed description of the intestinal ab-
sorption and metabolic processes of VitA and carotenoids,
as well as the functions of the proteins involved.

3. Role of Oxidative Stress in Producing
ROS, and Involvement of ROS in Breast
Cancer

In order precisely regulate its concentration, oxygen
is a crucial component of all biological processes. ROS, a
broad class of oxygen-derived tiny molecules that comprise
radicals and nonradical species, are created when a variety
of endogenous and foreign chemicals undergo enzymatic
and nonenzymatic processes. However, certain amounts of
the oxygen are partially reduced to ROS [16]. Oxidative
stress is the term for the imbalance between free radicals
and the antioxidant response caused by the large number
of ROS produced under extreme stress circumstances [17].
Excessive levels of oxidative stress may lead to cell death
by activating proapoptotic pathways, autophagy, necrosis,
and pro-angiogenic events, all of which are thought to be
important factors in the progression of a variety of disor-
ders, that include malignancies, cardiovascular, and neuro-
logical disorders [17].

Higher ROS concentrations are typically observed in
tumour cells, which further exacerbate a malignant phe-
notype by promoting angiogenesis, metastasis, inflamma-
tion, and prolonged cell proliferation. As a result, it is
regarded as a known cause of cancer [18]. ROS and ox-
idative stress contribute to DNA destruction in BC, which
can trigger or prevent oncogene activation, transcription,
signalling pathways, replication mistakes, and genomic in-
stability. The progression of BC is supported by multi-
ple risk factors linked to ROS induction, including aging,
hormonal changes, genetic makeup, and estrogens. These
factors cause chromosomal abnormalities and DNA dam-
age [19]. A promising approach to treating BC is to fo-
cus on Reduction-Oxidation (REDOX) regulation, given
that controlling oxidative stress and maintaining REDOX
homeostasis are crucial totumour growth and the response
to anticancer treatments [20]. The proper REDOX balance,
which shields tumour cells from stress and guarantees their
survival in solid tumours, depends on glutathione (GSH)
metabolism. Consequently, GSH inhibitors and anticancer
treatments may synergize to eradicate cancer cells [21]. Be-
cause ROS production is a consequence of mitochondrial
dysfunction, changes in mitochondrial biology also play
a significant role in cellular metabolism and homeostasis
and are associated with the progression of BC [22]. Ac-
cordingly, differential ROS generation and reliance by tu-
mour cells are driven by variations in mitochondrial activ-
ity among BC subtypes. For example, triple-negative breast
cancer (TNBC) has been shown to have elevated ROS lev-
els due to mitochondria; hence, targeting ROS and/or mito-
chondria may be a plausible treatment option in this subtype
of BC [23].
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Functions of vitamin A

Fig. 3. Diagrammatic representation of the various physiological functions of VitA.

4. Physiological Functions of VitA

The body uses VitA in various biologically active
forms, which confer pleiotropic properties. ATRA is the
main active form of VitA, even though retinol, which is also
responsible for various functions, is the most prevalent form
in the body. Certain metabolites of this vitamin, such as 13-
cis-retinol and 9-cis-retinoic acid, are also physiologically
active, albeit to a lesser degree. Each vitamin form exhibits
specificity for the various tissues and pathways in which it
functions. Nonetheless, they share comparable character-
istics. ATRA performs many tasks by binding to nuclear
receptors and thereby regulating gene expression, whereas
retinal serves as a cofactor in numerous enzymatic activi-
ties, and 11-cis-retinal plays a role in vision [1]. Fig. 3 pro-
vides an overview of the numerous physiological processes
in which retinoids are involved. These include corneal and
conjunctival development; cell proliferation and division;
bone and fetal development; immune system activity; cen-
tral nervous system (CNS) development; and processes un-
derlying vision in darkness.

Retinoids have been implicated in a number of patho-
logical conditions, including obesity, cancer, osteoporosis,
cardiovascular diseases, diabetes mellitus, and skin condi-
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tions. Carotenoids also function as antioxidants and anti-
inflammatory agents [1].

5. Analysis of VitA Status

Stored VitA gets released into the bloodstream as
retinol according to the body’s requirement. Transthyretin
(TTR) and retinol binding protein (RBP) form a compound
with retinol that circulates in the plasma. As a result, the pa-
tient’s physiological condition may impact VitA status and
the protein level, for example, due to protein deficiency,
hepatic disease, acute infection or inflammatory disorder,
and abnormal C-reactive protein levels [24]. VitA absorp-
tion or metabolism may be affected by gastrointestinal con-
ditions such as celiac disease, Crohn’s disease, pancreatic
abnormalities, or specific nutrient deficiencies, such asz-
inc and iron. VitA status is frequently assessed by mea-
suring plasma or serum concentrations of carotenoids or
retinols after fasting. However, until the liver VitA level
decreases markedly or exceeds it, the blood level remains
within homeostatic limits, and these levels do not accurately
reflect the actual VitA status [25].

Mounting evidence suggests that circulatory
carotenoid or retinol levels may be a more promising
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indicator of antioxidant activity than dietary amounts.
Assessing dietary intake using food frequency surveys
has several drawbacks, including inaccurate recall of past
diets, individual differences in nutrient absorption, and
difficulty accurately reflecting the carotenoid content of
foods modified by storage and cooking methods. Because
of these limitations, blood levels of carotenoids and retinol
have been reported to show a weak to moderate relation-
ship with fruit and vegetable consumption (r = 0.2-0.7 for
carotenoids and r = 0.04—0.06 for retinol) [26].

Deficient or hazardous amounts of VitA have been
linked to a number of disorders; it is essential to accurately
measure the VitA content in the blood. A blue pigment cre-
ated when VitA combines with trifluoroacetic acid (Neeld—
Pearson reaction) or antimony trichloride (Carr—Price re-
action) was formerly directly measured to determine the
VitA content [26]. These techniques were laborious, dif-
ficult to automate, and susceptible to outside influences.
Since then, the primary analytical technique has been high-
performance liquid chromatography (HPLC) with either
spectrophotometric or fluorometric detection. Photometric
detection of VitA or carotenoids is based on absorbance at
wavelengths of 325 to 450 nm, and peak-height ratios ad-
justed with internal standards are used for quantification. It
has been demonstrated that HPLC techniques outperform
earlier photometric techniques in terms of both specificity
and sensitivity [27]. However, there are a number of chal-
lenges when using HPLC methods to measure fat-soluble
VitA and carotenoids; used to identify fat-soluble vitamins,
HPLC techniques need concentration and extraction steps
to eliminate the oiled material and enhance the desired sam-
ple [28]. Sample pretreatment has generally relied exten-
sively on liquid-liquid extraction, solid-phase extraction,
and supported-liquid extraction. Because each analyte ion-
izes in a wide range of ways, it is also challenging to analyze
VitA and carotenoids using HPLC. Additionally, because
the target analyte’s concentration is so low, measuring it
requires a significant amount of sample and a punctual run-
time [29,30].

A relatively new technique called liquid chromatog-
raphy combined with tandem mass spectrometry (LC-
MS/MS) has become a very selective analytical approach
after outperforming other popular techniques. Numerous
fat-soluble vitamins can be rapidly and simultaneously an-
alyzed from a small sample using LC-MS/MS technology
[31].

Additionally, this technique can analyze multiple
components and chemicals in samples and separate and
quantify vitamin isomers or epimers. The VitA study can be
expanded by examining a variety of specimens with compli-
cated matrix materials. The sophisticated LC-MS/MS tech-
nology has made it possible to evaluate VitA status more ac-
curately by streamlining the extraction process, decreasing
sample volume, and speeding up testing [32,33].

6. Genetic Mutations in Genes Associated
With the Metabolism of VitA and
Carotenoids

Age and sex affect the amount of VitA required by the
body. The Food and Drug Administration (FDA) has sug-
gested that adults should consume 900 pg of Retinol Ac-
tivity Equivalents (RAE) per day, whereas females should
consume 700 pg, pregnant women should consume 770
pg, nursing mothers should consume 1300 pg, and chil-
dren aged 6 months or less should have 400 pg [34]. The
mean intake of a regular diet required to provide adequate
nutrition for almost all (97-98%) healthy individuals in a
group is known as the Recommended Dietary Allowance
(RDA). One pg RAE for each VitA type can be converted to
one pg retinol, two pg supplemental B-carotene, twelve pg
B-carotene from food, twenty-four pg a-carotene from di-
etary products, or twenty-four pug B-cryptoxanthin from nu-
tritional sources [34,35]. Numerous proteins interact with
VitA during metabolism, transport, and biological activ-
ity. Therefore, modifications in genes related to vitamin
metabolism may impact the concentration of VitA and hu-
man health [36].

Serum retinol levels were associated with rs1667255
in TTR and rs10882272 in Retinol-Binding Protein 4
(RBP4) in a genome-wide association study (GWAS) of
5006 Caucasian individuals. A replication analysis con-
firmed that the final SNP was highly significant [37].
The RBP-bound form, which binds to TTR and stabi-
lizes the complex, accounts for approximately 95% of
retinol in blood. In the coding region of B-carotene 15,15'-
monooxygenase (BCO1), R267S (rs12934922), A379V
(rs7501331), and two single-nucleotide polymorphisms
(SNPs) are recognized to be linked with elevated fasting
B-carotene levels and decreased BCOI1 activity, which cat-
alyzes p-carotene into two molecules of retinal [38]. GWAS
and candidate gene studies have shown that rs6564851, an-
other SNP in the BCO1 promoter region, is associated with
fasting B-carotene levels. It has been demonstrated that
the SNP influences the binding of intestinal-specific home-
obox (ISX), which suppresses -carotene absorption and its
conversion to retinal. Although such SNPs may be associ-
ated with B-carotene absorption, they are a crucial concern
for vegetarians whose primary source of VitA is B-carotene
[39].

The retinol-binding protein 3 (RBP3) gene on chro-
mosome 10ql11.22 encodes the 136-kDa lipoglycopro-
tein known as Interphotoreceptor Retinoid-Binding Pro-
tein (IRBP). It accumulates in the interphotoreceptor ma-
trix after being released by photoreceptors. It serves as
a retinoid transporter between Miiller cells and photore-
ceptors, and between photoreceptors and the Retinal Pig-
ment Epithelium (RPE). Autosomal recessive Retinitis Pig-
mentosa (RP) is considered uncommon and is caused by a
pathogenic variant in the RBP3 gene. Additionally, such
variants may result in atypical retinal dystrophy, character-
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ized by childhood-onset high myopia, widespread rod and
cone failure, and a negligible fundus appearance [40].

VitA is largely stored in the liver by hepatic stel-
late cells. An estimated 70% of VitA in the bodies of
healthy, well-fed people is thought to be stored in the liver,
more precisely in a tiny fraction of cells called hepatic
stellate cells [41]. VitA status regulates hepatic Lecithin:
Retinol Acyltransferase (LRAT) expression; when retinoic
acid levels are high, a positive feedback loop amplifies
retinyl ester formation. Patatin-like phospholipase domain-
containing 2 (PNPLA2)/PNPLA3 and adipose triglyceride
lipase (ATGL) are two lipases that primarily mobilize
retinyl ester storage [42]. There are now 11 genetic poly-
morphisms in ATGL/PNPLA?2 that have been linked to my-
opathy and neutral lipid storage disorder; however, there
has been no correlation found between these genetic vari-
ations and retinyl ester mobilization [43,44]. A promi-
nent inherited marker of non-alcoholic fatty liver disease
(NAFLD) is a missense mutation in the PNPLA3 gene
(I148M, rs738409), which increases hepatic retinyl ester
levels while reducing blood retinol levels. The only harm-
ful genomic mutation of the PNPLA3 gene is rs738409, de-
spite the fact that 32 missense mutations have been found
in the gene [45].

7. Epidemiological Studies Showing
Relationships Between Carotenoids, VitA
and Breast Cancer Risk

It has been reported that the protective benefits of
carotenoids against BC risk might vary with oxidative
stress-related lifestyle factors such as alcohol consump-
tion or smoking status. Mignone et al. [46] conducted
a large-scale case-control study of women living in Wis-
consin, New Hampshire, and Massachusetts to investi-
gate the relationship between tumour risk and specific
fruits, vegetables, carotenoids, and VA. Five years be-
fore the reference date, women were interviewed about
their consumption of carotenoid-rich fruits and vegetables
[46]. Among premenopausal women, elevated levels of
a-carotene (p for trend = 0.07, 95% CI: 0.68-0.98, OR:
0.82), lutein/zeaxanthin (p for trend = 0.02, 95% CI: 0.68—
0.99, OR: 0.83), VA (p for trend = 0.01, 95% CI: 0.68-
0.98, OR: 0.82), and B-carotene (p for trend = 0.009, 95%
CI: 0.68-0.98, OR: 0.81) were negatively correlated. Post-
menopausal women did not show an inverse association.
However, the analyses of association were not statisti-
cally significant; these outcomes were higher among pre-
menopausal women who admitted to smoking than among
those who never smoked. The study’s findings, consistent
with those of other prospective studies, indicate that exces-
sive carotenoid consumption may reduce the incidence of
BC before menopause but not after, especially in smokers
[46].

Peng et al. [47] found 48—-110 metabolites linked
to plasma concentrations of estimated-VA-potential, zeax-
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anthin/lutein, a-carotene, lycopene, B-carotene, and [-
cryptoxanthin. These contained metabolites that were pri-
marily positively correlated and connected with in redox
status (glutamine, plasmalogens), immune function (tryp-
tophan), epigenetic mechanisms (methylated/ acetylated
metabolites), and metabolites that were largely inversely
correlated and implicated in B-oxidation (carnitines) (false
discovery rate (FDR) <0.05) [47,48]. Measuring >10 years
prior to diagnosis, the B-carotene metabolomic sigatures (p-
trend = 0.02, Q4 vs. Q1 relative risk (RR) = 0.74) and pre-
dicted VA potential (p-trend = 0.02, Q4 vs. Q1 RR =0.74)
were linked to a decreased risk of BC [47].

Prognostic prediction for BC now relies heavily on
stratification by human epidermal growth factor receptor 2
(HER2) status, estrogen receptor (ER), and progesterone re-
ceptor (PR) [49]. In contrast to ER-negative BC (p-trend
= 0.051, 95% CI = 0.37-1.97, OR = 0.86), Wang et al.
[50] showed an opposite relationship between a-carotene
and ER-positive BC (p-trend = 0.054, 95% CI = 0.43-0.93,
OR =0.63) [26]. According to Bakker et al. [51], the like-
lihood of having ER-negative tumors was 39-59% lower
for those with the largest percentile of a-carotene and B-
carotene concentrations (a-carotene, p-trend = 0.02, 95%
CI = 0.39-0.98, OR = 0.61; B-carotene, p-trend = 0.002,
95% CI = 0.26-0.65, OR = 0.41 ), but there was no dis-
cernible correlation for ER-positive tumors (a-carotene, p-
trend = 0.28, 95% CI = 0.49-1.19, OR = 0.77; B-carotene,
p-trend =0.91, 95% CI = 0.66-1.57, OR = 1.02) [26]. The
highest plasma carotenoid percentile was associated with a
30-40% reduction in the risk of ER-positive BC, but only
a clinically significant reduction in the risk of ER-negative
BC, according to another investigation [52]. Regardless of
hormone receptor type, Sanlier et al. [53] found that serum
levels of lutein/zeaxanthin were negatively associated with
various cancers and other diseases including BC risk. Cer-
tain carotenoids suppressed the proliferation of both ER-
positive and ER-negative cells, as reported by Prakash et
al. [54]. Nevertheless, some studies indicated that ER sta-
tus has little bearing on the risk of BC [26].

Higher levels of both a-carotene and -carotene were
shown to be substantially linked to a greater than 50% lower
risk of BC with nodal metastases (a-carotene, p-trend =
0.002, 95% CI=0.22-0.71, OR = 0.39; B-carotene, 95% CI
=0.24-0.82, OR = 0.45), according to Tamimi et al. [55].
But Eliassen et al. [52] showed that carotenoids and BC
risk were unrelated to tumour size and/or nodal involvement
[52]. There are many human studies which showed the as-
sociation of various carotenoids and BC shown in Table 1
(Ref. [56,57,58,59,601]).

8. Potential Role of Vitamin A and
Carotenoids as Biomarkers in Breast Cancer

VitA and carotenoids are found as potential biomark-
ers because they play a very crucial role in oxidative stress
management, retinoid signaling pathways, and cancer biol-
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Table 1. Summary of human studies on the relationship between carotenoids and breast cancer.

Author

Year

Study type

Population

Biomarkers

Key findings

Dorjgochoo et al. [56]

Eliassen et al. [57]

Peng et al. [58]

2009

2015

2021

Nested case-control

365 breast cancer

study (Shanghai cases and 726
Women’s Health controls
Study)

nested case-control
study (Nurses’
Health Study)

Nested case—control
study (Nurses’
Health Study I & II)

32,826 women gave
blood samples; 2188
instances of breast
cancer were found
during the 20-year
follow-up.
1919 breast cancer
cases and 1695

controls

Yan et al. [59] 2016 Hospital-based 521 breast cancer
case—control study cases and 521
control (women
aged 25-70 years)
Darouei et al. [60] 2025  population-based 600 breast cancer

case-control study

and 600 healthy
controls (women

aged 18-75 years)

Plasma carotenoids,

tocopherols, retinol

Plasma carotenoids
(a-carotene,
B-carotene, lycopene,
lutein/zeaxanthin, total

carotenoids)

Circulating carotenoids

Serum carotenoids
(a-carotene,
B-carotene,
lutein/zeaxanthin,
lycopene and
B-cryptoxanthin)

Dietary carotenoids

(a-carotene,
fB-carotene,

lutein/zeaxanthin,

lycopene,
B-cryptoxanthin,
phytofluene, phytoene,
total carotenoids)

Overall no associated is found with
the risk of breast cancer but some
carotenoids subtypes like lycopene

isomers and a-cryptoxanthin
shows, an adverse association
Higher levels of a-carotene,
B-carotene, lycopene, and total
carotenoids were linked to an
18-28% reduction in breast cancer

incidence and recurrence

Elevated level of carotenoids has
been linked with low risk of breast
cancer, particularly in women with

high hereditary risk and
mammography density
Higher level of a-carotene (OR
0.44), B-carotene (OR 0.27),
lutein/zeaxanthin (OR 0.26), and
lycopene (OR 0.41) had a stronger
inverse relationship with breast
cancer, but B-cryptoxanthin has no
effect

An increased dietary consumption
of overall and specific carotenoids,
especially lycopene, phytofluene
lutein/zeaxanthin, phytoene, and
total non-provitamin A
carotenoids, is strongly related
with a lower risk of BC

BC, Breast cancer; CI, confidence interval; OR, odds ratio.

ogy. The circulating carotenoid levels are associated with
BC risk according to various epidemiological studies [26].
Dehnavi et al. in 2024 [61] found a negative correlation
between circulating total carotenoids, like a-carotene, -
carotene, lutein, lycopene, and B-cryptoxanthin, and the
risk of BC. Each 10 pg/dL of total carotenoids (a-carotene,
B-carotene, and B-cryptoxanthin) was linked to a 2%, 22%,
4%, and 10% decreased risk of BC, respectively [61]. These
compounds serve as predictive and prognostic biomark-
ers because high levels of circulating carotenoids improve
the antioxidant status and reduce the BC risk. Further-
more, carotenoids may also act as a response-monitoring
biomarker, as alterations in their circulating levels may in-
dicate variations in oxidative stress and treatment outcome
during therapy [61].

The circulating biomarkers include plasma or serum
carotenoids as well as retinol and tissue-based biomark-
ers, like retinoic acid receptors (RAR/RXR) expression and
carotenoid-mediated signaling pathways in breast tumor

cells; both of which may be included in biomarker analy-
sis. These biomarker categories emphasize the role of VitA
and carotenoids in BC risk prediction, cancer assessment,
and customized therapy methods [62].

9. Regulatory Role of VitA and Carotenoids
in Cell Signalling and Nuclear Receptor
Activity in Breast Cancer

Retinoids bind to the nuclear receptors for steroid hor-
mones, known as receptors (RARs) and retinoid X receptors
(RXRs), mediating the many actions of VitA. These acti-
vated receptors modulate the expression of genes encod-
ing structural proteins, enzymes, and binding substances.
Retinoid-mediated carcinogenesis is believed to be linked
to alterations in RAR and RXR expression levels [63]. All
three RAR and RXR isotypes (a, B, and y) were inactivated
in premalignant and malignant tissues, and the retinoid con-
tent of these cancer cells was lower than that of normal
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cells. RARP2 mRNA levels were lower in several solid
cancers, especially BC. In fact, patients with BC had higher
methylation levels at the RARB2 gene promoter. RARB2
gene expression can cause growth inhibition and apoptosis
through both retinoid-dependent and -independent mecha-
nisms. Retinoids inhibit BC proliferation in vivo by bind-
ing to RARa and activating RARP, which in turn promotes
genes involved in cell division and apoptosis (Fig. 4, Ref.
[26]). The research found that three weeks of all-trans-
retinoic acid treatment initially increased RARP in 33% of
BC patients. RARB2 may have tumour-suppressive effects,
as evidenced by observations that 9-cis- and 13-cis-retinoic
acid therapy activated RARP2 and that elevated RARPB2
concentrations were associated with therapeutic response.
The growth-inhibitory action of retinoids can be overcome
by BC cell lines that do not express RARPB2 [26].

It has been found that ER-positive BC has higher
RARa« levels and is sensitive to retinoids, whereas ER-
negative BC has lower RARa levels and is resistant to
retinoids, depending on the cancer cells” hormone receptor
status. Through its interaction with ERa, unliganded RARa
paradoxically promotes estrogen-dependent cell prolifer-
ation in ER-positive malignancies. On the other hand,
retinoid-bound RARa exhibits anti-estrogenic activity be-
cause it is unable to interact with Era. Recent research in-
dicates that ER-negative cancers have considerably higher
RARPB mRNA expression than ER-positive tumours, de-
spite having little to no RARa [26]. ATRA-dependent
growth inhibition may result from acquired ATRA sen-
sitivity brought on by high RARp expression. Accord-
ing to one in vitro study, retinoids may limit tumour cell
growth in both ER-positive and ER-negative BC, but in
distinct ways. Retinoids induce senescence and cell cy-
cle arrest in ER-positive malignancies by inhibiting cy-
clin D and telomerase. Retinoids cause growth inhibition
in ER-negative tumours by increasing the expression of
p53, p21, and retinoblastoma protein. Nevertheless, a clin-
ical study involving individuals suffering from hormone-
responsive metastatic BC (level 1 proof) revealed no pos-
itive outcomes when retinoids and hormonal therapy were
combined. ATRA with paclitaxel used to treat individuals
with metastatic BC demonstrated 76.4% beneficial effects
in another clinical trial (level 2 proof) [26].

When cellular signalling pathways are dysregulated,
BC cells can have the capacity to multiply, infiltrate,
and survive (Fig. 5) [26]. The protein kinase B (PKB
or Akt), mammalian target of rapamycin (mTOR), and
phosphoinositide 3-kinase (PI3K) pathways are among the
cancer signalling pathways that stimulate cell prolifera-
tion and contribute to tumour development and progres-
sion. PI3K/Akt/mTOR signalling stimulation promotes
cell movement and starts the BC cells’ metastatic pheno-
type [64]. The serine/threonine kinase extracellular signal-
regulated kinase 1/2 (ERK1/2) promotes tumour invasion.
A pro-inflammatory transcription molecule, nuclear factor-
kB (NF-kB) can be activated by phosphorylating ERK1/2
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[65,66]. This promotes the production of anti-apoptotic
genes in the nucleus, such as B-cell lymphoma-extra-large
(Bcl-xL) and Bcl-2, which prevent cell death and increase
survival. Circulating tumour cells in metastatic BC exhibit
markedly reduced apoptotic pathway activation [67].

Through the regulation of these signalling path-
ways, carotenoids cause BC cells to undergo apopto-
sis. Carotenoids suppress RAS/RAF/MEK/ERK1/2 sig-
nalling and downregulate the PI3K/Akt/mTOR pathway,
which inhibits cell motility and growth [68]. Additionally,
carotenoids inhibit IKK phosphorylation, thereby prevent-
ing IxB from degrading. Pro-inflammatory mediators are
prevented from being transcribed by blocking NF-«B acti-
vation and storing reactive oxygen species [69]. Addition-
ally, pro-death proteins (Bax, Bak, and p53) are stimulated
by carotenoids, whereas pro-survival proteins (Bcl-xL and
Bcl-2) are inhibited. Activation of pro-death proteins stim-
ulates caspase activity, thereby inducing apoptosis in can-
cer cells [70,71]. The process underlying the preventive ef-
fects of carotenoids on the carcinogenesis of BC has been
the subject of numerous studies. By reducing inflamma-
tion, carotenoids can lessen the transformation of cells into
cancer [72]. Through the inhibition of the PI3K/Akt/mTOR
pathway and consequent blockage of the translation of the
MYC protein, which is crucial for oncogenesis, astaxanthin
inhibits the proliferation of BC cells [73]. Furthermore, ly-
copene increased the production of proteins associated with
apoptosis and arrested cell cycle progression. In human BC
cell lines, lycopene reduced Akt and mTOR phosphoryla-
tion, which increased the production of p53 mRNA and pro-
apoptotic Bcl-2-associated X protein (Bax) [74].

In addition to lycopene, B-carotene promotes apopto-
sis and inhibits cell cycle progression. According to an in
vitro investigation, B-carotene inhibits Akt and ERK1/2 sig-
nalling, thereby regulating the expression of genes suscep-
tible to oxidative stress. By activating the caspase-3 fam-
ily of cysteine-aspartic proteases and suppressing Bcl-2 and
NF-xB expression, 3-carotene induces apoptosis in BC cells
[75]. Furthermore, pharmacological administration of fu-
coxanthin, a xanthophyll found in brown seaweeds, to a BC
cell line resulted in concentration-dependent suppression of
PI3K/Aktsignalling and NF-kB activity, thereby inhibiting
the malignant phenotype [76]. By reducing Bcl-2 activ-
ity and increasing Bax and caspase activity, ATRA and its
derivatives have been shown in multiple studies to induce
BC cell death. Carotenoids and anticancer agents, includ-
ing doxorubicin, synergize to promote apoptosis in BC cells
but not in healthy cells [77].

10. VitA and Carotenoids Offer Promising
Therapeutic Possibilities for Breast Cancer
Management

Antioxidants such as VitA and carotenoids have been
used in the management of BC because they help miti-
gate the adverse effects of chemotherapeutic agents by se-
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Fig. 4. The genetic regulation of retinol in the nucleus and its cellular absorption by targeted cells (BC cells). Retinol is transported
through the bloodstream by binding to RBP. It enters the target cell’s cytoplasm via the RBP receptor (RBPR). Intracellular retinol is
enzymatically converted into active forms upon binding to cellular RBPs (CRBPs). Retinol dehydrogenase (RDH) converts retinol to
retinal, and retinal dehydrogenase (RALDH) then converts it to retinoic acid (RA), which exists as three isomers: all-trans-, 9-cis-, and
13-cis-retinoic acid. RA is transported into the nucleus by cellular retinoic acid-binding protein-2 (CRABP2) when bound to RARa.
Retinoic acid response elements (RAREs) in gene promoters are sites where RXRs and RARa dimers bind RA. This complex inhibits
growth and induces cell differentiation by promoting the expression of downstream target genes, including RARP. Cell-cycle arrest
and senescence in ER-positive malignancies are driven by suppression of cyclin D and telomerase-related processes. In ER-negative
malignancies, senescence and cell death are mediated by activation of the retinoblastoma protein (pRB), p53, and p21 [26].

lectively targeting cancer cells while sparing healthy cells
[78]. As naturally occurring antioxidants, carotenoids exert
a variety of direct antitumoral effects on tumour cells (Fig.
6). Carotenoids can enhance gap junctional interactions,
induce apoptosis, autophagy, or necroptosis, promote cell
differentiation, and exhibit antiangiogenic, antimetastatic,
multidrug-resistant, and antiproliferative properties. Sev-
eral studies have shown that VitA and carotenoids work in
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concert with anticancer medications to maximize apoptosis
and inhibit cell growth in BC.

According to a study by Eid et al. [79], fucoxanthin
may synergize with chemotherapeutic agents to overcome
multidrug resistance in BC cells. Combining carotenoids
with anticancer medications increased p53 and caspase ac-
tivity while decreasing metabolic enzyme activity. By re-
ducing the doxorubicin dose, this approach increased its cy-
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Fig. 5. Several signalling mechanisms mediate breast oncogenesis. Growth factors activate the PI3K/Akt/mTOR pathway by binding

to receptor tyrosine kinases (RTKs) such as HER2, FGFR, EGFR, and IGFR, thereby increasing cell motility and driving cell proliferation.

Akt promotes cell survival by blocking apoptosis, activating anti-apoptotic proteins such as Bcl-2, Bcl-xL, and Bad, and suppressing pro-

apoptotic proteins such as Bax and p53. The RAS/RAF/MEK/ERK1/2 pathway is another signalling route that stimulates the expression

of transcription factors such as c-Myec, c-Jun, c-Fos, and ELK-1, which are critical for both cell survival and carcinogenesis. ERK1/2

triggers the activation of Ik-B kinase (IKK), which leads to the proteasomal degradation of Ik-B, an inhibitory protein bound to NF-«B.

Upon activation, NF-«xB translocates to the nucleus and induces transcription of IL-6, IL-8, iNOS, and COX-2, thereby triggering an

inflammatory response [26].

totoxicity against cancer cells and helped them overcome
multidrug resistance [79].

Over the past ten years, numerous initiatives have
sought to increase [P-carotene bioavailability through
nanoformulation techniques. Conventional nanoparticle-
based solutions, however, have several disadvantages, in-
cluding limited entrapment efficiency, short shelf life, and
poor bioavailability [80]. Soukoulis and Bohn [81] inves-
tigated how the chemical stability and bioavailability of
carotenoids could be enhanced by assembling them into
a nanoemulsion. Although nanoemulsions present cer-
tain challenges, they may increase the bioavailability of B-
carotene. For instance, they can be highly detrimental to
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living organisms, require substantial surfactant and cosur-
factant, have a short lifespan, and are unable to dissolve
substances with higher melting points [81]. According to
research by Dos Santos et al. [82], polymeric nanoparticles
are an affordable nanodrug-delivery method for encapsu-
lating carotenoids. Some polymeric nanocarriers composed
of biodegradable polymers may exhibit side effects, such as
discomfort after subcutaneous, intravenous (IV), and intra-
muscular administration, as well as a very short shelf life.
They may also induce uncontrollable drug release and leak-
age [82]. According to the research conducted by Rehman
et al. [83], carotenoid-based nanoliposomes exhibited re-
duced size and a lower polydispersity index; however, they
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Fig. 6. Diagrammatic representation of the anticancer actions of carotenoids in tumour cells.

have significant disadvantages, including low entrapment
capacity, limited susceptibility to gastrointestinal enzymes,
insufficient solubility, poor consistency, difficulties in reg-
ulating liposomal size, and a short half-life.

Although clinical and preclinical studies have demon-
strated the protective effects of VitA and carotenoids
against the progression of BC, their use in clinical practice
remains limited because lipophilic VitA and carotenoids are
poorly soluble and have low bioavailability. To improve
drug delivery to cancer sites, novel methods for encapsu-
lating carotenoids in various nanocarriers have emerged.
BC cells have been shown to be significantly affected by
carotenoid-loaded nanotechnologies. When combined with
artificial gold nanoparticles (AuNPs), crocin, a naturally
occurring carotenoid that gives saffron its colour, dramat-
ically reduced cancer cell growth. Compared with crocin
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itself, the nanosized liposomal form of crocin exhibits a
stronger antitumour effect on BC cells. Nanoparticles
can enter cancer cells via leaky tumour microvasculature.
In contrast, intact vasculature in other tissues maintains
nanoparticles in the circulation [84]. Huang et al. [85] con-
ducted another investigation that showed that, compared
with single nanoparticle-loaded medicines, co-delivery of
paclitaxel and ATRA using human serum albumin-based
nanocarriers significantly reduced the metastatic character-
istics of BC cells both in vivo and in vitro. Retinoids and
carotenoids conjugated with nanotechnology not only in-
crease their bioaccessibility to target cells but also slow can-
cer spread and metastasis, suggesting that this is an innova-
tive approach to cancer treatment [85].
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11. Conclusions and Future Perspectives

Several epidemiologic studies suggest that increased
consumption of fruits and vegetables may reduce the risk
of developing breast cancer. Carotenoids and retinol are
lipophilic antioxidants and anti-inflammatory agents found
in fruits and vegetables, and they have attracted consider-
able interest in breast cancer prevention.

ROS can be effectively quenched by VitA and
carotenoids, which also protect against photooxidative
damage. Over the past 20 years, significant efforts have fo-
cused on lowering the risk of breast cancer through lifestyle
changes. Because studies have reported varying findings on
the precise effects of VitA and carotenoids in breast cancer,
their therapeutic use in the management of breast cancer re-
mains limited. This review provides a current, comprehen-
sive analysis of the roles and assessment techniques of VitA
and carotenoids, as well as the genetic variants associated
with cancer and other diseases. Epidemiological evidence
supports the beneficial effects of VitA and carotenoids on
breast cancer progression, showing reduced risk through in-
hibition of cell growth, survival, and invasion mediated by
retinol and/or carotenoids. Recent research has highlighted
the potential of VitA and carotenoids as novel medici-
nal agents, leveraging their anticancer and antimetastatic
properties without adverse effects through various delivery
methods. These results indicate an optimistic future for the
clinical use of carotenoids and VitA in both the treatment
and management of breast cancer. However, further well-
designed, randomized, placebo-controlled clinical studies
are needed to evaluate the efficacy, safety, and optimal dos-
ing of VitA and carotenoids.

Novel omics technologies are constantly evolving as
a result of biotechnological developments, allowing re-
searchers to study data from a variety of sources, includ-
ing the genome, transcriptome, epigenome, proteome, and
metabolome, to mention a few. Precision nutrition is a po-
tential strategy to personalizing dietary plans for breast can-
cer patients and survivors based on their genetic, metabolic,
and microbiome data, as well as tumor and therapy fea-
tures. Individual dietary responses vary significantly, high-
lighting the importance of precision nutrition solutions over
a one-size-fits-all approach. To fully integrate personal-
ized nutrition into breast cancer care, future research should
include huge-scale clinical studies and multi-omics tech-
niques to improve dietary guidelines and assess long-term
effects on cancer growth, treatment outcome, recurrence,
and survival rates.

12. Limitations

This review gives a thorough summary of VitA and
carotenoids in BC, but there are some important limita-
tions. Most of the conclusions rely on observational stud-
ies and preclinical data, which makes it hard to draw firm
conclusions or apply the findings in clinical settings. The
review notes that results differ between studies on BC sub-
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types and patient groups, but it does not look closely at
why these differences exist. Also, the manuscript does
not describe a systematic approach to searching the liter-
ature, discusses VitA toxicity and safety only briefly, and
presents the benefits of carotenoids more strongly than the
current evidence from randomized clinical trials supports.
In addition, issues like how biomarkers are measured, how
well these compounds are absorbed, genetic differences,
and whether nanotechnology-based delivery systems can
be used in practice need more careful discussion. Over-
all, more solid clinical evidence is needed before VitA and
carotenoids can be recommended for regular use in BC pre-
vention or treatment.
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