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Abstract

Natural bioactive compounds play an increasingly important role in modern cosmetic
formulations, particularly in the context of efficacy, safety, and regulatory compliance.
Among them, vitamin A-related compounds have attracted significant attention due to their
well-documented effects on skin renewal, collagen synthesis, and photoaging prevention.
This review provides a comprehensive overview of natural vitamin A derivatives and
structurally related carotenoids used in cosmetic applications, including retinol, retinal,
retinyl esters, 3-carotene, lycopene, zeaxanthin, astaxanthin, lutein, and fucoxanthin. The
article critically examines their intracellular mechanisms of action, distinguishing between
canonical retinoid signaling pathways mediated by nuclear receptors (RAR/RXR) and the
predominantly antioxidant activities of carotenoids. Particular attention is given to the
metabolic conversion of provitamin A compounds and their relevance to biological activity
in the skin. Furthermore, recent regulatory restrictions on the use of retinol and retinyl
esters, especially within the European Union, are discussed in the context of formulation
challenges and the growing interest in naturally derived alternatives. By integrating
mechanistic insights with regulatory and application-oriented perspectives, this review
highlights the potential and limitations of natural vitamin A-related compounds and
outlines future directions for their use in safe and effective cosmetic products.

Keywords: vitamin A; retinoids; carotenoids; cosmetic products; natural bioactives;
cosmetics safety

1. Introduction

Vitamin A constitutes a fat -oluble group of compounds essential for the functioning
of the human organism. It is required for the control of stem cell functions, as well as cell
differentiation and metabolism. It takes place in the development of the human embryo,
tissues and organs, including the nervous system. In mature organisms, it supports
overall functioning by maintaining central nervous system homeostasis, vision, immunity,
hemopoiesis, bone metabolism, and skin condition [1,2]. Some classifications reserve
the term vitamin A solely for all-trans-retinol. However, other natural derivatives, such
as retinyl esters of animal origin, are metabolized in the human organism into retinol.
Similarly, some carotenoids are converted into retinol and are called provitamin A. The
main biologically active molecules derived from retinol during oxidation are 11-cis-retinal
and all-trans-retinoic acid (ATRA, tretinoin). 11-Cis-retinal is involved in visual function.
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All-trans-retinoic acid is a transcription factor; it is a ligand in the RAR/RXR nuclear
receptor. As soon as it binds to this receptor complex, the cascade of intranuclear reactions
causing transcription of designated genes begins [1,3,4].

From the chemical point of view, vitamin A forms are characterized by an unsaturated
isoprenoid chain structure. In addition to chemical structure, a classification of a certain
compound as a “vitamin A form” is also based on biological function in an organism. As
a result, the term retinoids was established to cover the group of compounds which do
not necessarily share the isoprenoid pattern in their structure but exert their molecular
activity via retinoid nuclear receptors. They could also be classified as vitamin A-related
compounds [4].

Taking into consideration the biological functions in the skin, retinoids gain attention in
several dermatological conditions, including therapy of acne vulgaris, psoriasis, photoaged
skin, hyperpigmentation, and keratosis pilaris. Especially, all-trans-retinoic acid is classified
as a “gold standard” in anti-aging regimens. Straight from dermatology, its usage shifted to
cosmetology, although some retinoids such as tretinoin, isotretinoin, and adapalene remain
prescription-only medicines [5-7]. Other retinoids, including retinol, retinal, and retinyl
esters, are allowed to be used in cosmetic products. They became extremely popular in
beauty routines due to their biological efficacy. Retinol has been shown in many clinical
evaluations to improve fine lines and wrinkles, hyperpigmentation, skin roughness, and the
appearance of photoaged skin. While the efficacy of retinoids is well established, attention
should be drawn to the adverse effects that may accompany their topical application.
Notably, a significant proportion of patients experience troublesome side effects following
the use of prescription retinoids. For this reason, cosmetic-grade concentrations are often
considered more appropriate, and consequently, cosmetic products containing permitted
retinoid compounds have gained widespread use [8,9].

Carotenoids may serve as provitamin A, though not all are efficiently converted into
retinol in the human body. As natural pigments, they absorb light within a specific spectral
range, typically with an absorption maximum around 450 nm; however, their UV protection
properties remain a subject of debate. They are used in cosmetic products primarily for
their antioxidant properties [10-12].

The aim of this review is to critically assess the role of natural vitamin A-related
compounds encompassing both retinoids and carotenoids, in cosmetic applications, with
particular emphasis on their distinct and overlapping mechanisms of action at the molecular
and cellular level. By systematically comparing efficacy, stability, and bioavailability
of these structurally related compound groups, this review seeks to identify existing
limitations in current formulation strategies, highlight inconsistencies and methodological
shortcomings in the available evidence, and delineate unresolved knowledge gaps that
impede the translation of mechanistic insights into evidence-based cosmetic practice.

2. Materials and Methods

The literature search was conducted using electronic databases including PubMed,
Scopus, Web of Science, and Google Scholar. The search was performed between April and
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May 2026. The following search terms were applied: “retinoid cosmetics”, “retinoid skin”,
“retinol cosmetics”, “retinoid adverse effects”, “carotenoid cosmetics”, and “carotenoid
skin”. A complementary search was performed to identify literature on specific cosmetic
ingredients, including retinal, retinyl esters, 3-carotene, astaxanthin, zeaxanthin, fucox-
anthin, lutein, and lycopene, combined with the terms “skin”, “cosmetics”, or “topical
application”. No restriction on publication year was applied to capture both foundational
and recent studies in the field. Publications were included if they were written in English

and addressed cosmetic, dermatological, or mechanistic aspects of retinoids or carotenoids
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relevant to skin, encompassing original research articles, clinical studies, and peer-reviewed
reviews. Publications were excluded if they focused exclusively on systemic or pharmaco-
logical applications with no relevance to cosmetic use. The usage of compounds in cosmetic
products was confirmed via the CosIlng database, and regulatory restrictions were verified
against applicable cosmetic regulations. ChatGPT v5.5 was used to assist in preparing
Figures 4 and 6, which were subsequently reviewed and revised by the authors.

3. Classification of Natural Vitamin A-Related Compounds
3.1. Retinoids

Retinoids are natural or synthetic compounds related to vitamin A. The family includes
retinol, retinal, retinoic acid, and retinyl esters as the main functional forms [13]. Naturally
occurring retinoids include all-trans retinoic acid, retinol, retinaldehyde (retinal), 9-cis-
retinoic acid, 13-cis-retinoic acid, and retinyl esters [14]. Retinoids are classified into four
generations according to molecular structure and receptor selectivity. For first-generation
representatives, retinoid activity increases in the following order: retinyl esters, retinol,
retinaldehyde, retinoic acid, while tolerance shows the reverse order [15]. Figure 1 presents
chemical structures of first-generation natural retinoids.
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N "o o
CH;  retinol CHs  retinal
HiCy CHs CHs o CHs Q HiCy CHs CHs - CHs j\
X N-"0H X N-"N07 CH,
CHs  retinoic acid CH, retinyl acetate
LT & & jj)\/\/\/\/\/\/\/\
NG SN o CHs
CHs retinyl palmitate

Figure 1. Chemical structures of selected first-generation retinoids in all-trans isomeric form.

First-generation natural retinoids are characterized by a 3-ionone ring and a polyene
side chain. Retinol is an alcohol, retinal—aldehyde, and retinoic acid, which possesses a
carboxylic group, while retinyl acetate and palmitate are organic esters. These compounds
contain multiple unsaturated double bonds in their structures, which determine the possible
absorption of certain wavelengths of light but also cause instability. Analysis of their
chemical structures also clearly indicates their lipophilic character.

3.1.1. Retinol

Retinol is the alcohol form of vitamin A. It contains a hydroxyl group, which distin-
guishes it chemically from retinal and retinoic acid [16]. In enterocytes and target tissues,
retinol binds cellular retinol-binding protein, and in the blood, it is transported mainly
with retinol-binding protein, often together with transthyretin [4]. Retinol is converted to
retinaldehyde, which is then oxidized to retinoic acid in a two-step reaction [13]. When
applied topically, retinol must be converted to retinoic acid via retinaldehyde to exert its
biological activity [15]. Retinol is also described as an important regulator of epidermal cell
growth, normal cell differentiation, and cell maintenance [17]. In blood and tissues, retinol
and its esters together account for more than 99% of all retinoids present in the skin [18].
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3.1.2. Retinal

Retinal is the aldehyde form of vitamin A. It contains an aldehyde group, distinguish-
ing it chemically from retinol and retinoic acid. Retinol can be oxidized to retinal by retinol
dehydrogenases, and retinal can then be further oxidized to retinoic acid by retinaldehyde
dehydrogenases, including RALDH1 and RALDHS3 [19]. Retinal is especially important
for vision [16]. The most important retinal species in the eye is 11-cis-retinal, because it
forms the chromophore of rhodopsin when bound to opsin [20]. When light hits rhodopsin,
11-cis-retinal isomerizes to all-trans-retinal, and that change triggers opsin activation, which
is the molecular start of visual signaling [21]. All-trans-retinal is then reduced back to
all-trans-retinol in photoreceptors and carried to the retinal pigment epithelium, where it is
re-esterified by LRAT, helping maintain the visual cycle [20]. Outside the eye, retinalde-
hyde can inhibit 9-cis retinoic acid-driven RXR/PPARy signaling in adipose tissue, which
suppresses adipogenesis and lipid accumulation, and can also promote thermogenesis
and the browning of white fat by activating RAR-related pathways. Raising retinaldehyde
levels by blocking RALDH1 protects mice from diet-induced obesity and diabetes [19].
Retinoids, including retinal, can also isomerize into mixtures of trans- and cis-isomers under
photoirradiation [17].

3.1.3. Retinyl Esters

Retinyl esters are chemically stable, hydrophobic, and largely inert compounds [20].
Retinyl palmitate is described as the principal storage form of retinol in humans and ani-
mals. Animal-derived foods such as liver, milk, and butter contain retinyl esters directly.
Vitamin A from animal sources is mainly acquired as retinyl esters such as palmitate, propi-
onate, and acetate [17,18,21]. In the intestine, dietary retinyl esters must first be hydrolyzed
to retinol before absorption, driven mainly by pancreatic triglyceride lipase, lipase-related
protein 2, and intestinal phospholipase B. Once inside the enterocyte, retinol binds CRBP2
and is transported to the endoplasmic reticulum, where LRAT re-esterifies it into retinyl
esters, with LRAT accounting for approximately 90% of retinyl ester formation in entero-
cytes. These retinyl esters are then packaged into chylomicrons and transported through
the lymph and blood to the liver. The liver is the major retinoid reservoir, accounting for
around 70% of chylomicron uptake [20,21]. Under adequate dietary conditions, the liver
holds more than 95% of its neutral retinoid pool as retinyl esters, mainly retinyl palmitate
and retinyl stearate, stored in lipid droplets inside hepatocytes and stellate cells [22]. Hep-
atic stellate cells hold about 90% to 95% of hepatic retinoids in lipid droplets, with LRAT
being solely responsible for retinyl ester synthesis in these cells. This reserve can maintain
physiological levels of vitamin A for months during periods of low intake [4]. When
the body needs vitamin A, stored retinyl esters are hydrolyzed back to retinol, which is
exported bound to retinol-binding protein and circulates with transthyretin to reduce renal
loss [20]. Retinyl palmitate can be enzymatically hydrolyzed back to retinol in vivo [17].
When applied topically, retinyl esters are hydrolyzed to retinol, which is then converted
to biologically active retinoic acid via retinaldehyde [15]. Retinyl esters, including retinyl
acetate and retinyl palmitate, can also isomerize into mixtures of trans- and cis-isomers
under photoirradiation [17].

3.2. Carotenoids

Carotenoids are lipophilic pigments found in plants, animals, and microorganisms
that must be obtained through diet because the human body does not produce them. Some
carotenoids, such as [3-carotene, can be converted to vitamin A in the human body and
are therefore called provitamin A carotenoids. Their conjugated double-bond system is
responsible for photoprotective effects, including absorption of light, quenching of singlet
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oxygen, and scavenging of free radicals [22]. Carotenoids are also described as tetraterpenes
responsible for red, yellow, and orange coloration in fruits, vegetables, roots, flowers, fish,
invertebrates, and birds, and as compounds with antioxidant activity that can prevent
free radicals from attacking skin tissue [23]. Carotenoids are divided into two groups:
carotenes, which consist exclusively of carbon and hydrogen atoms, and xanthophylls,
which additionally contain oxygen atoms [23].

3.2.1. Provitamin A Carotenoids

-carotene (Figure 2) is described as the most widely distributed carotenoid in foods,
found mainly in yellow-orange and dark green fruits and vegetables, specifically in carrots,
palm oil, mango, sweet potato, and apricot [24,25]. Metabolically, 3-carotene is converted
to all-trans-retinal, then to all-trans-retinol and all-trans-retinoic acid [18]. Provitamin A
carotenoids are important in the fight against vitamin A deficiency and are beneficial for the
skin through the production of retinoic acid, which plays important roles in keratinocyte
proliferation, epidermal differentiation, keratinization, reduction of inflammation and
oxidation, and enhancement of penetration of topical agents. Dietary [3-carotene can
protect against UV-induced erythema, with daily doses of approximately 10 mg for about
10 weeks demonstrating this benefit. A 3 -carotene-rich algal powder has also been shown
to reduce the severity of mild chronic plaque-type psoriasis in adults [24]. Other provitamin
A carotenoids are x-carotene and (3-cryptoxanthin; they also possess antioxidant activity,
however, their usage in cosmetic products is less pronounced.

Figure 2. Chemical structure of 3-carotene.

3.2.2. Non-Provitamin A Carotenoids

The chemical structures of selected non-provitamin A carotenoids are presented in
Figure 3. Although these compounds are structurally related to 3-carotene, subtle structural
modifications prevent their conversion into the biologically active form of vitamin A. Their
biological activity is primarily attributed to the presence of conjugated unsaturated bonds
within their molecular structure. Particular attention should also be given to the hydroxyl
and keto functional groups present in lutein, zeaxanthin, and astaxanthin, which further

enhance their antioxidant properties.

CHg HsC CHs

o) 3 astaxanthin

Figure 3. Chemical structures of selected non-provitamin A carotenoids: lycopene, lutein, zeaxanthin,
and astaxanthin.
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Lycopene

Lycopene constitutes the most common carotenoid found in tomatoes, both fresh and
pomace [26]. It possesses strong antioxidant activity, and for many years, it was considered
a strong photoprotectant. Animal as well as human studies confirmed that dietary lycopene
is able to change the color of the skin, lowering the UV-dose causing erythema. It was also
shown to effectively affect transcription of genes related to inflammation (IL-6, TNF-«),
oxidative stress, photodermatoses, and photoaging [27]. Dietary supplementation with
lycopene was shown to improve parameters of skin structure in in vivo human studies [28].
Moreover, cutaneous concentration of lycopene was shown to significantly correlate with
lower levels of skin roughness in healthy volunteers [29]. Beneficial results of topically
applied lycopene were also observed, especially in terms of the prevention of cutaneous
damage caused by free radicals [30]. Many studies proved that this molecule is an effective
antioxidant, which is its main beneficial effect on human organisms.

Zeaxanthin

Zeaxanthin belongs to the xanthophylls, which are the oxygenated derivatives of
carotenoids [25]. Zeaxanthin is found in foods such as corn, egg yolk, leafy greens, and
fortified foods [31]. It is found in the epidermis, dermis, and subcutaneous fat, and in
human skin, 3-carotene and lycopene are present in greater amounts than zeaxanthin and
lutein [25].

Zeaxanthin is one of the main carotenoids concentrated in the human retina and
macula, and together with lutein, it accumulates selectively in the macula lutea [24,31].
Zeaxanthin is also described as one of the predominant carotenoids in the macular pigment
of the human retina, and lower retinal levels are associated with age-related macular de-
generation, cataracts, and other ophthalmologic diseases [32]. Lutein and zeaxanthin help
protect the macula from blue light damage, improve visual acuity, and act as antioxidants
that scavenge reactive oxygen species. Higher intake of lutein and zeaxanthin is also associ-
ated with lower risk of age-related macular degeneration and cataracts [31]. Zeaxanthin,
together with lutein and astaxanthin, has also been shown to protect DNA in neuroblas-
toma cells exposed to reactive nitrogen species [32]. For skin health, a zeaxanthin-based
dietary supplement and topical serum have been shown to improve hydration and reduce
wrinkle count in female subjects. Supplementation with lutein and zeaxanthin isomers has
been reported to improve skin tone [25].

Astaxanthin

Astaxanthin is classified as a xanthophyll carotenoid [31]. It possesses hydroxyl and
keto groups at both ends of its conjugated polyene chain, and this structure is central to
its ability to quench singlet oxygen, scavenge free radicals, and chelate metal ions [33].
Astaxanthin is synthesized from 3-carotene by the sequential action of a hydroxylase and
a ketolase, and it is described as a xanthophyll of great interest in animal nutrition and
human health [34]. It occurs naturally in microalgae, yeast, salmon, shrimp, lobster, and
crustacean by-products [32]. It is also abundant in green algae and in fish that feed on al-
gae [31]. Astaxanthin can neutralize reactive oxygen species approximately ten times more
effectively than zeaxanthin, lutein, tunaxanthin, canthaxanthin, and (3-carotene. Because of
its stronger antioxidant profile, astaxanthin is considered a promising dietary supplement
with potential therapeutic uses in inflammation-related, cardiovascular, neurodegenerative,
and aging-related conditions [33]. Its antioxidant activity is also linked to potential benefits
in conditions associated with oxidative stress, such as cardiovascular disease, macular
degeneration, cancer, obesity, and hypertension [32]. Astaxanthin combined with collagen
hydrolysate improves facial elasticity and decreases matrix metalloproteinase-1 and -12
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expression [25]. It may also protect against erythema and reduce wrinkling [24]. Combined
use of oral and topical astaxanthin has been shown to improve skin wrinkles, age spot
size, skin texture, moisture content, and corneocyte condition, as demonstrated in in vivo
human clinical studies [35].

Lutein

Lutein belongs to the xanthophylls; it is found in green vegetables, fruits, eggs, and
marigold flower petals. It is also a primary metabolite in microalgae, in which it takes
part in light harvesting and photosynthesis as well as acts as a protectant against photo-
oxidative damage [36]. In humans, it is primarily used in ophthalmology as it has been
shown to significantly lower the incidence of age-related macular degeneration. Its utiliza-
tion in cosmetology is related to antioxidant activity as well as the potential to filter out
blue light from the visible light spectrum. Lutein also showed other beneficial skin-related
properties, such as reduced UV-B-induced immunosuppression, inflammation, and skin
thickening, and the development of apoptotic cells in the skin, as tested in nude mice.
Additionally, lutein was shown to improve skin hydration, lipid content, and flexibility,
and reduce lipid peroxidation. Cosmetic products containing lutein could be recom-
mended as anti-photoaging formulations to prevent damage caused by radiation, as well
as skin lightening and whitening products [37]. In vitro studies in human keratinocytes
showed that lutein upregulates HAS3 gene expression, causing increased hyaluronan syn-
thesis. Moreover, it significantly increased retinoic acid-responsive element-dependent
transcript activity [38]. The anti-inflammatory effect of lutein was proven in human ker-
atinocytes and macrophages. The molecule increased the expression of interleukin-6,
affected cyclooxygenase-2, and enhanced the matrix-metallopeptidase-9 level. It was
also shown to inhibit the activation of redox-sensitive AP-1 pathway by suppressing the
activation of p38 and c-Jun-N-terminal [39].

Fucoxanthin

The main natural source of fucoxanthin is marine microalgae. Similar to other xan-
thophylls, it possesses strong antioxidant and anti-inflammatory properties as well as the
ability to absorb UV-light [40-42]. In vitro tests showed its ability to enhance procollagen
synthesis, inhibit matrix metalloproteinases, and suppress melanin synthesis, indicating its
great potential in cosmetic applications, which was subsequently proved in vivo human
studies, which showed anti-wrinkle activity of fucoxanthin concentrate derived from Phaco-
dactylum tricornutum [43,44]. Studies on its molecular mechanism of action showed that the
molecule inhibits pro-inflammatory cytokines such as IL-1f3, IL-6, and TNF-« by regulating
both NF-kB and NLRP3 inflammasome activation [45].

4. Intracellular Mechanisms of Action

4.1. Retinoid Signaling Pathways
4.1.1. Conversion: Retinol—Retinal—Retinoic Acid

The synthesis of retinoic acid (RA) from vitamin A proceeds through two main oxida-
tive steps. In the first step, retinol is taken up from the bloodstream, where it is transported
bound to RBP4, and enters the cell via the membrane receptor STRA6. Retinol is then
converted to retinaldehyde by two classes of enzymes: cytoplasmic alcohol dehydrogenases
(ADH1, ADH?) and microsomal retinol dehydrogenases, particularly RDH10. To prevent
excess RA production, retinaldehyde can be converted back to retinol by DHRS3, which
physically interacts with RDH10 to form a complex regulating the rate of RA synthesis.
In the second, irreversible step, retinaldehyde is oxidized to RA by three retinaldehyde
dehydrogenases, ALDH1A1 and ALDH1A2, each with distinct patterns of tissue and
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temporal expression. ALDH1A2 is responsible for nearly all RA production during early
mouse embryogenesis. RA is subsequently degraded by three enzymes of the CYP26
family (CYP26A1, CYP26B1, CYP26C1), ensuring a short half-life of approximately 1 h and
restricting its activity to specific tissues [46,47].

4.1.2. Receptors: RAR/RXR

Retinoic acid acts as a ligand for nuclear retinoic acid receptors, RAR and retinoid X
receptors, RXR. RAR is activated primarily by all-frans-retinoic acid, while RXR is activated
by 9-cis-retinoic acid [48]. Each RAR requires heterodimerization with an RXR to bind
DNA and regulate target genes. RXR additionally serves as a universal heterodimerization
partner for many other nuclear receptors, including PPAR, LXR, FXR and Nurrl. All
three RAR isoforms have been studied in heterodimers with RXRx, and RARA, RXRA,
and RXRB are broadly expressed across tissues, suggesting that most tissues are potential
targets of RA signaling. Each receptor shares a common architecture: an N-terminal
A/B segment, a DNA-binding domain (DBD) with two o-helices and eight conserved
zinc-coordinating cysteines, and a C-terminal ligand-binding domain (LBD) composed of
12 o-helices arranged in a three-layer sandwich [46,48-50].

4.1.3. Influence on Gene Expression

The RAR-RXR heterodimer functions as a ligand-dependent transcription factor. In
the absence of a ligand, the AF-2 domain of RXR promotes interaction with a co-repressor
complex, which blocks transcription of the target gene. Upon ligand binding, a conforma-
tional change in the LBD promotes recruitment of a co-activator complex containing histone
acetyltransferases and p160/SRC proteins, leading to chromatin opening and transcrip-
tional activation. Gene specificity arises from recognition of direct repeat (DR) response
elements with varying spacings (DR0-DR5). RAR-RXR preferentially binds DR5 and DR2
elements [50]. Binding at DR5 leads to transcriptional activation, while binding at DR1
results in repression; all-trans RA enhances both responses. Examples of genes regulated
through this pathway include Hoxal, Hoxb1, Hoxb4, Hoxd4, Rarb, Cyp26al, Pitx2, and
Fgt8 [1,47-50].

4.1.4. Influence on Keratinocytes

Retinoids are potent regulators of keratinocyte proliferation and differentiation, with
their effects mediated through binding to nuclear RAR and RXR receptors. By regulating
epidermal cellular division and differentiation, they exert numerous major effects on the
formation of the layered epidermal structure. In normal human skin, RAR-y and RXR-o
represent the majority of cutaneous retinoid receptors [51]. Retinoids promote keratiniza-
tion in keratinocytes of photodamaged skin, and retinoic acid also stimulates keratinocyte
proliferation [52]. ATRA regulates skin cell proliferation and differentiation, and in mouse
models, ATRA treatment led to parakeratosis and abnormal keratinocyte differentiation,
with the number of epidermal cell layers increasing from approximately 3 to 8 and epider-
mal thickness rising 2.5-fold [53]. Retinoids also selectively and dramatically upregulate the
mRNA expression of P2Y2 receptors in normal human epidermal keratinocytes, facilitating
ATP/P2Y2 autocrine signaling that drives basal keratinocyte proliferation [54]. RORo4, the
predominant isoform of the retinoid-related orphan receptor RORo in human keratinocytes,
positively regulates both early differentiation markers (keratin 1/10, involucrin) and late
differentiation markers (loricrin, filaggrin). Silencing ROR« significantly reduces expres-
sion of these differentiation markers without affecting basal layer markers [55]. ATRA
causes the dysregulation of numerous keratins and keratin-associated proteins, indicating
abnormal terminal differentiation. It also reduces Claudin-1 expression while upregulating
Claudin-4, suggesting a dual effect on epidermal barrier function [53]. In studies using the
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HaCaT human keratinocyte cell line, trifarotene, a selective RARy agonist and functional
analogue of retinoic acid, significantly reduced the expression of phosphorylated JNK and
phosphorylated c-Jun [52].

4.1.5. Influence on Collagen and MMPs

UV irradiation damages skin connective tissue through two simultaneous mechanisms:
inhibiting procollagen synthesis and stimulating collagen breakdown via MMPs. A single
UV exposure reduces type I and type I procollagen mRNA by approximately 40% and
type III procollagen mRNA by approximately 60% within 24 h [56]. At the same time, UV
irradiation significantly upregulates MMP-3 and MMP-13 protein expression [53] as well
as collagenases MMP-1, MMP-8, and MMP-13 [56]. Via the inhibition of the JNK/c-Jun
pathway, retinoic acid blocks activation of the transcription factor AP-1, which regulates
the expression of matrix metalloproteinases MMP1, MMP3, and MMP9. Phosphorylation
of JNK leads to activation of c-Jun, which, together with c-Fos, forms AP-1, which, in
turn, upregulates MMP expression at both the gene and protein level; retinoids interrupt
this cascade by inhibiting JNK [52]. This mechanism is further supported by evidence
that ATRA and RAR agonists significantly suppress c-Jun protein levels, and that this
suppression is reversed by RAR antagonist co-treatment, confirming the RAR-mediated
nature of the pathway.

Retinoids also directly suppress specific MMPs. ATRA significantly reduced MMP-3
and MMP-13 levels in photoaged mouse skin, and this effect was reproduced by a selective
RAR agonist but not by an RXR agonist, confirming RAR dependence [53]. Similarly, in
HaCaT keratinocytes, acitretin reduced MMP13 at both the mRNA and protein levels, and
in a psoriasis mouse model, tazarotene decreased MMP13 expression in skin lesions. The
combination of retinoids with NB-UVB irradiation produced synergistic inhibitory effects
on MMP13 expression [57]. As a consequence, retinoic acid and its derivatives reduce MMP
secretion, limit collagen degradation, and increase total collagen content in the skin [52].
ATRA increased collagen content by 29.83% and a selective RAR agonist by 25.00% relative
to the UV control group, with these effects blocked by an RAR antagonist but unaffected by
an RXR antagonist [53]. Furthermore, pretreatment of human skin with all-trans retinoic
acid (0.1%) for 24 h before UV irradiation substantially protects against UV-induced loss of
both type I and type III procollagen mRNA and protein, and in chronically photodamaged
skin, treatment with all-trans retinoic acid increases type I procollagen expression [56].

4.2. Carotenoids: Antioxidant and Photoprotective Mechanisms
4.2.1. Scavenging ROS

Carotenoids are among the most effective physical and chemical quenchers of ROS [58].
Their antioxidant properties stem from conjugated C=C double bonds: the greater their
number, the higher the antioxidant efficacy [59]. Three main mechanisms are described:
physical quenching of singlet oxygen with a rate constant near the diffusion-controlled
limit, chemical quenching leading to irreversible molecular modifications, and free radical
scavenging via electron transfer, radical addition, or hydrogen atom transfer [58,60].

Among carotenoids, lycopene shows the highest antioxidant efficiency, followed by
a-carotene, 3-cryptoxanthin, 3-carotene, zeaxanthin, and lutein [59]. In vitro studies on
human skin fibroblasts confirmed that lycopene required only 0.05 nmol/mg protein for
UVB photoprotection, compared to 0.40 and 0.30 nmol/mg for (3-carotene and lutein,
respectively [27]. The antioxidant potential of astaxanthin exceeds vitamin E (100x),
vitamin C (6000x), and f3-carotene (5x) in lipid peroxidation assays. Additionally it
activates the Nrf2/HO-1 pathway, upregulating SOD2, catalase, and GPX1 [27,61].

https:/ /doi.org/10.3390/app16136789


https://doi.org/10.3390/app16136789

Appl. Sci. 2026, 16, 6789

10 of 28

4.2.2. Protection Against UV Radiation

UV radiation generates approximately 50% of the free radicals found in skin.
Carotenoids accumulate in the epidermis and dermis, acting as natural filters for blue
light and near-UV. Following UV irradiation, carotenoid levels in the stratum corneum
drop significantly. Lycopene decreases immediately, while 3-carotene remains stable for
30 to 60 min before declining sharply. Recovery to baseline takes up to three days [27,62].

Clinical evidence confirms photoprotective effects, though only after a minimum of
10 weeks of supplementation at doses above 12 mg/day [63]. Consumption of tomato paste
(40 g/day, 16 mg lycopene) for 10 weeks reduced UV-induced erythema by 40% compared
to controls [27]. In a randomized, double-blind, placebo-controlled trial, oral supplementa-
tion with a tomato nutrient complex and lutein suppressed UV-induced upregulation of
HO-1, ICAM-1, and MMP-1. Notably, a mixture of tomato carotenoids provided greater
photoprotection than lycopene alone, suggesting synergistic interactions [64].

4.2.3. Effect on Oxidative Stress

UV radiation is considered the primary source of oxidative stress in human skin [63].
Carotenoid concentration in the stratum corneum reflects overall antioxidant status—the
higher the concentration, the faster the neutralization of free radicals. High carotenoid
levels correlate with low stress and a carotenoid-rich diet, whereas low levels are associated
with smoking and disease [59,62].

Carotenoids reduce oxidative stress markers, including ICAM-1, HO-1, MMP, malon-
dialdehyde (MDA), and 4-hydroxyalkenals. In a clinical trial, 4 mg/day of ASX for 4 weeks
reduced MDA levels by 11.2% after 15 days and 21.7% after 29 days. Carotenoids act
through both direct (energy transfer) and indirect pathways, the latter involving transcrip-
tion factors Nrf2 and NF-«B. It should be noted that, since carotenoids are not synthesized
by the human body, their accumulation in the skin depends entirely on diet [27,59,61].

4.2.4. Effect on Inflammation

Chronic oxidative stress drives persistent inflammation underlying most skin damage.
Carotenoids suppress inflammatory responses by modulating NF-«xB/MAPK signaling,
thereby inhibiting pro-inflammatory gene expression. ASX blocks nuclear translocation
of NF-«B p65 subunit, inhibits IKK kinase, suppresses IL-1f3, IL-6, and TNF-o expression,
and reduces COX-2, iNOS, and prostaglandin E2 release in UV-irradiated keratinocytes.
Oral B-carotene supplementation reduced pro-inflammatory cytokines (IL-13, IL-6, IL-4,
TNEF-a) and MMP activity in a mouse model. Lutein and zeaxanthin decreased UV-induced
skin inflammation, apoptotic cell count, and mast cell infiltration in hairless mice, while
also increasing tumor-free survival in a photocarcinogenesis model. Topical application of
creams containing 0.2% carotenoids showed efficacy against pruritus and inflammation in
atopic dermatitis patients [27,59,61,63].

4.3. Comparative Mechanistic Insights

While both retinoids and carotenoids play important roles in skin biology, they operate
through fundamentally distinct mechanisms [1,65]. Retinoids exert their effects primarily
through receptor-mediated genomic signaling, binding to nuclear retinoic acid receptors
(RARs) and retinoid X receptors (RXRs) to regulate gene expression involved in cell differ-
entiation, proliferation, and extracellular matrix synthesis [1,9]. This direct mode of action
accounts for their well-established potency in enhancing skin texture, diminishing fine lines,
and augmenting epidermal and dermal thickness. However, the same receptor-mediated
potency underlies their characteristic side effects, including irritation, dryness, peeling, and
photosensitivity, which necessitate gradual introduction into skincare routines [9,66].
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In contrast, carotenoids act predominantly through indirect, redox-based mechanisms,
scavenging reactive oxygen species and modulating signaling pathways such as NF-kB,
AP-1, and Nrf2/ARE in keratinocytes and fibroblasts [63,65]. Although this mechanism
generally results in a slower, more gradual onset of cosmetic benefits, it offers a markedly
improved safety profile with minimal irritation potential, even with prolonged topical
use [59,63]. Notably, astaxanthin demonstrates exceptional antioxidant capacity, reported
to be a greater antioxidant agent than vitamin C, vitamin E, and beta-carotene [67,68], while
clinical trials have confirmed its protective role against UV-induced skin deterioration [69].

Critically, these two compound classes are not mutually exclusive: rather, their comple-
mentary mechanisms suggest strong synergy when combined, with antioxidants potentially
buffering the oxidative burden and irritation associated with retinoid regimens [24,66,70].
Table 1 provides a side-by-side comparison of these classes across mechanistic, efficacy,
safety, and formulation dimensions to contextualize the discussion of natural bioactives
that follows. Additionally, Figure 4 illustrates simplified comparison of biological effects of

retinoids and carotenoids in cosmetic applications.

Table 1. Comparison of retinoids and carotenoids in cosmetic applications.

Retinoids

Carotenoids

Mode of action

Direct

Indirect

Retinol — retinal —
retinoic acid

[-carotene — retinal —
retinoic acid (limited
in skin)

Conversion steps (3 steps) non-provitamin A
retinol — retinoic acid carotenoids—no
(2 steps) conversion, act directly as
antioxidants
Primary mechanism Receptor-mediated Redox

Secondary mechanism

Non-genomic: kinase
binding (Raf, PKC),
phosphorylation regulation

NF-kB, AP-1, Nrf2/ARE
pathway modulation in
keratinocytes and
fibroblasts

Speed of effect Fast Slower and cumulative
Astaxanthin: antioxidant
Tretinoin 20X more potent  potential 100X vitamin E,
Potency than retinol in topical 6000x vitamin C, 5x

formulations [3-carotene in lipid
peroxidation assays
. . SLNSs, liposomes Nanocrystals
Formulation strategies » 1POS ! rysta’s,
nanoparticles nanoemulsions, niosomes

Local safety

Skin irritation, dryness,
peeling, redness

Only rare irritation
potential in topical use

Potential limitations

Adverse effects
Photosensivity
Require gradual
introduction
Regulatory restrictions

Lower potency in
regulating gene expression
Lower skin penetration
Stability dependent on
formulation and light
exposure
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Figure 4. Comparison of biological effects of retinoids and carotenoids in cosmetic applications
(RDH—Retinol Dehydrogenase, RALDH—Retinaldehyde Dehydrogenase, RAR—Retinoic Acid
Receptor, RXR—Retinoid X Receptor, RARE—Retinoic Acid Response Element, ROS—Reactive
Oxygen Species, PPAR—Peroxisome Proliferator-Activated Receptor, RORx—Retinoic Acid Receptor-
Related Orphan Receptor Alpha, COL1A1/COL3A1—Collagen Type I/IIl Alpha Chain Genes,
TIMP—Tissue Inhibitor of Metalloproteinases, MMP—Matrix Metalloproteinase, AP-1—Activator
Protein 1, HAT—Hydrogen Atom Transfer, HO-1—Heme Oxygenase 1, SOD—Superoxide Dismutase,
GPX—Glutathione Peroxidase, ICAM-1—Intercellular Adhesion Molecule 1, NF-kB—Nuclear Factor
Kappa B, Nrf2—Nuclear Factor Erythroid 2-Related Factor 2, TNF-a—Tumor Necrosis Factor Alpha,
IL-1B3—Interleukin 1 Beta, and 'O,—Singlet Oxygen).

4.3.1. Direct vs. Indirect Action

In the context of topical application, retinoids act directly, as active forms such as
all-trans-retinoic acid bind to nuclear receptors (RAR, RXR, PPAR, and ROR) in skin cells
without requiring metabolic activation. Topically applied retinol undergoes a two-step
oxidation to retinoic acid within target cells, the biologically active ligand. Retinyl esters re-
quire three conversion steps and show reduced anti-wrinkle efficacy in topical formulations
compared to tretinoin [4,71].

Carotenoids applied topically operate primarily through redox-based mechanisms,
neutralizing free radicals and reducing oxidative stress in skin cells without directly binding
nuclear receptors [72]. Lutein in nanocrystal formulations demonstrates improved skin
penetration compared to conventional forms, enhancing local antioxidant delivery [73].
Any receptor-mediated activity of provitamin A carotenoids remains indirect and requires
enzymatic conversion, which is limited in skin tissue [74].
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4.3.2. Receptor-Mediated vs. Redox Mechanisms

Topically applied retinoids act through a well-defined genomic pathway in skin
cells: binding to RAR/RXR heterodimers leads to formation of the RARE complex and
subsequent modulation of genes regulating keratinocyte proliferation, collagen synthesis,
and MMP inhibition [72,75]. Nanoparticle formulations, such as solid lipid nanoparticles
(SLNs) and liposomes, are used to improve skin penetration and reduce local irritation while
maintaining receptor-mediated efficacy [73]. Their redox activity in topical use is marginal
and considered secondary [4]. Topically applied carotenoids act primarily through redox
mechanisms in the epidermis and dermis, quenching singlet oxygen and scavenging free
radicals via electron transfer, hydrogen abstraction, and radical addition [76]. Astaxanthin
additionally activates the N1f2/ ARE pathway in skin cells, upregulating GPX1, catalase,
HO-1, and SOD2 [75]. Carotenoids also modulate NF-kB and AP-1 signaling pathways in
keratinocytes and fibroblasts, but this remains secondary to their antioxidant activity [74].

5. Cosmetic Applications and Efficacy
5.1. Cutaneous Bioavailability of Retinoids and Carotenoids

The bioavailability of retinoids and carotenoids following topical application remains
a significant challenge. Since cosmetic products are primarily intended for external use, this
aspect is of particular importance in cosmetology. The limited ability of these compounds to
penetrate the epidermal barrier is largely determined by their physicochemical properties,
particularly their lipophilic nature (high logP values) and relatively high molecular weights.

The delivery of retinoids represents a considerable challenge because, on the one hand,
these compounds should exhibit efficient skin penetration due to their affinity for the lipid-
rich stratum corneum, while on the other hand, they are chemically unstable and susceptible
to degradation by external environmental factors. Retinol, retinal, and retinoic acid are
lipophilic molecules but also contain hydrophilic structural elements, which provide a
more balanced penetration profile. In contrast, retinyl esters, particularly retinyl palmitate,
possess substantially higher lipophilicity.

Recent studies evaluating transcutaneous permeation of retinol from semisolid cos-
metic preparations showed that after topical administration the molecule was mainly
concentrated in the stratum corneum and did not enter the blood in in vivo tests in mice
and rats. Similar results were obtained in vitro; retinol was not able to cross the skin barrier
after a 24 h test in Franz diffusion cells involving pig, mouse, and rat skin [77]. These
results suggest that the efficacy of retinoids may be limited due to poor bioavailability.

Retinyl palmitate is more chemically stable than other first-generation retinoids, and it
also exhibits a tendency to accumulate within the stratum corneum. However, permeation
studies involving retinyl palmitate have demonstrated its ability to reach the dermis. More-
over, its penetration efficiency was significantly enhanced through the use of appropriately
designed delivery systems [78].

Topically applied carotenoids are characterized by a limited ability to penetrate into
the viable layers of the epidermis and the dermis. Instead, they tend to accumulate
predominantly within the outer layers of the epidermis, thereby contributing to the skin’s
antioxidant reservoir [62,79]. For example, in in vivo human studies, 3-carotene was shown
to be retained primarily within the outermost layers of the stratum corneum [80,81].

Several strategies were implemented to enhance epidermis penetration of retinoids
and carotenoids, most of which include various carrier systems such as nanostructured
lipid carriers, solid lipid nanoparticles, nanoemulsion [79,80,82,83], nanocrystals [84], self-
nano-emulsifying drug delivery systems [85], 3-cyclodextrin, microspheres, liposomes,
niosomes [78,86], and nanocapsules [81]. In most cases, those carriers improved permeation
and were likely to enhance biological activity. They also protected the vulnerable structures
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of carotenoids against external factors and enhanced their stability. In the case of retinoids,
the utilization of carriers may also prevent the occurrence of adverse effects [86].

5.2. Anti-Aging and Skin Renewal
5.2.1. Retinoids

In cosmetic formulations, ATRA is replaced by its precursors, retinol (ROH), retinalde-
hyde, and retinyl esters, which show comparable efficacy with a better tolerability profile.
Once applied to the skin, these compounds are converted to retinoic acid, which regulates
the expression of genes responsible for barrier function, anti-inflammatory activity, and ex-
tracellular matrix remodeling [14]. At the tissue level, topically applied retinoids stimulate
fibroblasts to produce type I collagen, fibronectin, and elastin via the TGF-f3 /CTGF path-
way, while protecting collagen from degradation by matrix metalloproteinases (MMPs) and
upregulating their tissue inhibitors (TIMPs) [18]. Topical 0.3% ROH increases epidermal
thickness from approximately 45 pm to 95 um, whereas 1% ROH elevates it to 120 um, with
the lower concentration achieving this at a reduced risk of irritation. Both concentrations
significantly increase fibrillin-rich microfibril (FRM) deposition in the dermis, and ROH
may support collagen deposition even more effectively than ATRA [14]. Retinoids also in-
hibit tyrosinase activity and melanosome transfer to keratinocytes, reducing melanogenesis
and hyperpigmentation [87]. A noteworthy cosmeceutical innovation is the RTF complex,
a topical formulation combining low-dose retinol, HPR (a synthetic retinoid ester), pea
peptide, and an antioxidant blend. In a clinical study, RTF increased skin hydration by 20%
above baseline and elasticity by 64% after 8 weeks of topical application, while reducing
transepidermal water loss (TEWL) by 38%, with no participants reporting irritation [14,88].

5.2.2. Topical Carotenoids

Topically applied carotenoids exert anti-aging effects mainly through antioxidant
mechanisms. Higher carotenoid concentrations in the stratum corneum slow the degrada-
tion of type I collagen and may encourage its new synthesis by fibroblasts, by reducing the
oxidative burden on both fibroblasts and the extracellular matrix [59]. Among carotenoids
with documented topical applications, lycopene-based nanoemulsions stand out: a na-
noemulsion containing 35% lycopene and 35% propolis inhibited collagenase activity by up
to 37%, offering direct protection of dermal collagen [89]. A kale extract rich in carotenoids
applied topically prevented type I collagen degradation in the dermis and improved the
extracellular matrix in proportion to the duration of application. Topical application of
lutein and zeaxanthin improves skin hydration, elasticity, and surface lipid levels [63].

5.2.3. Mechanistic Comparison

Both ingredient classes influence collagen turnover and MMP activity, but through
different pathways. Retinoids act via nuclear receptor activation (RAR/RXR) and direct
gene regulation, producing a fast and potent tissue response. Carotenoids act indirectly by
reducing the oxidative burden on fibroblasts and the extracellular matrix, thereby limiting
MMP activity [18,59]. One relevant safety difference is the pro-oxidant risk associated with
retinol; it can undergo oxidation to toxic products, which is why vitamin E is often included
as a protective co-factor in retinol formulations. Carotenoids at cosmetic concentrations
do not carry this risk. It is also worth noting that «, 3 and y carotene are provitamin
A-active, meaning their oxidation within the skin yields retinol, with one molecule of
[3-carotene capable of generating two molecules of retinol [59,62]. This biochemical link
makes topically applied carotenoids indirect contributors to the retinoid activity pool in
the skin.
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5.3. Photoprotection
5.3.1. Mechanism of Action

The photoprotective activity of topically applied carotenoids comes mainly from their
antioxidant properties, specifically the quenching of singlet oxygen (10,) and scavenging of
ROS generated by radiation, rather than from direct UV absorption [58,63]. An important
point often overlooked in formulation design is that UV radiation generates only around
50% of the free radicals found in the skin; the remaining 50% come from visible light
and infrared radiation. This makes carotenoid-based antioxidants relevant not just for
UV protection but across the full spectrum of solar radiation. Upon UV exposure, skin
carotenoids are rapidly consumed, lycopene drops immediately, while 3-carotene declines
within 30 to 60 min, and recovery to baseline takes 2 to 4 days [62]. This highlights the
importance of maintaining adequate carotenoid levels in formulations applied before
sun exposure.

5.3.2. Topical Formulations

The protective capacity of carotenoid-based topical formulations is well illustrated by
lycopene nanoemulsions. In vitro testing showed that a nanoemulsion with 35% lycopene
and 35% propolis achieved an SPF of 10.9 and the highest UVA parameter values among
all tested formulations. The combination of lycopene with propolis also modulates UVA-
induced oxidative stress by dampening pro-oxidant processes and reinforcing antioxidant
defenses in the skin [89].

5.3.3. Full-Spectrum Protection and Formulation Strategies

A finding with direct practical relevance is that standard UV filters do not protect
against the full solar spectrum. An SPF 50 sunscreen without antioxidants offers no protec-
tion against violet-blue visible light, and shielding the skin from IR-A and IR-B requires the
inclusion of topical antioxidants, since conventional absorbers and reflectors are largely
ineffective in this range. Sunscreens formulated with antioxidants, including carotenoids,
have shown the ability to protect across the UV-B to IR-B range: in a study using an SPF
30 sunscreen with antioxidants, no significant decline in either carotenoid levels or type I
collagen was observed after sun exposure, whereas unprotected skin showed a ~14% drop
in carotenoids and ~18% in collagen [59]. Among individual carotenoids, topical lutein
reduces UVA /UVB-induced gene expression and reduces MMP-1, HO-1, and ICAM-1 as
markers of oxidative stress and photoaging. Topical astaxanthin shows stronger photo-
protective activity than (-carotene in skin fibroblasts, achieves higher cellular uptake, and
inhibits UVA-induced MMP-1 and fibroblast elastase [63]. Phytoene and phytofluene, col-
orless carotenoid precursors that absorb UV-B and UV-A, are gaining interest in sunscreen
formulation for their complementary photoprotective contribution [58].

5.4. Acne and Skin Barrier Function
5.4.1. Retinoids in Acne Dermocosmetics

Topically applied retinoids address acne through several mechanisms at once. Their
main comedolytic effect comes from normalizing keratinocyte desquamation by reducing
proliferation and promoting differentiation, which prevents and resolves microcomedones,
the starting point of all acne lesion types [87,90]. This results in the unblocking of follicular
ostia from accumulated sebum. Their anti-inflammatory action works through inhibition of
Toll-like receptor (TLR) signaling, leukocyte migration, and the AP-1 pathway, all of which
suppress cytokine release. Topical retinoids reduce both non-inflammatory lesions, such
as comedones, and inflammatory ones, such as papules and pustules, with comparable
efficacy across both types. They also inhibit melanosome transfer to keratinocytes, limiting
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post-inflammatory hyperpigmentation (PIH), a common cosmetic concern after acne [87,90].
In dermocosmetology, retinoid derivatives such as hydroxypinacolone retinoate combined
with retinol in glycospheres are found in over-the-counter formulations designed to target
several acne mechanisms at the same time [91].

5.4.2. Retinoids and the Skin Barrier

Topically applied retinoids strengthen the skin barrier and protect it against environ-
mental stressors [87]. The RTF complex confirmed this with a 38% reduction in TEWL
after 8 weeks of use [14,88]. However, in the first weeks of application, a transient barrier
disruption often occurs: corneocyte organization becomes disturbed, cohesion is lost, and
signs of retinoid dermatitis such as scaling, dryness, and irritation appear. This usually
resolves within 2 to 4 weeks as the corneocyte arrangement normalizes. The severity of
this reaction is more closely tied to individual skin sensitivity than to the specific retinoid
used, its concentration, or the formulation vehicle [90].

5.4.3. Barrier Support and Formulation Strategies

Several practical approaches help manage retinoid-induced barrier disruption. Using
gentle, lipid-free cleansers or syndet bars avoids further compromising the barrier during
retinoid use. Moisturization may actually have a greater impact on retinoid tolerability than
intrinsic formulation factors, by conditioning the SC, reducing irritation, improving hydra-
tion, and keeping skin pH at an appropriate level [90]. Dermocosmetology formulations
for acne-prone skin typically include barrier-supporting ingredients such as ceramides,
glycerin, panthenol, niacinamide, thermal water, and mannose, which strengthen the epi-
dermal barrier and reduce the side effects of retinoid use [87,91]. The recommended pH for
acne skin care formulations falls between 4.7 and 5.75 [91].

5.4.4. Role of Topical Carotenoids in Barrier Function

Although carotenoids are not a core ingredient in acne dermcosmetics, some of them
offer complementary benefits worth noting. Topically applied fucoxanthin restores filaggrin
levels and supports skin barrier formation, making it a candidate for formulations targeting
barrier dysfunction in inflammatory skin conditions. More broadly, carotenoids have anti-
inflammatory effects through inhibition of iNOS, COX-2, NF-«kB, TNF-¢, IL-1§3, and IL-6,
which can support the anti-inflammatory goals of acne cosmetic routines [63].

6. Safety and Regulatory Aspects
6.1. Chemical Instability and Adverse Effects of Vitamin A-Related Compounds

The chemical structures of natural retinoids are characterized by the presence of
multiple conjugated double bonds, which, on the one hand, contribute to their biological
activity, including antioxidant properties and the promotion of differentiation of keratinized
epithelial cells. On the other hand, these structural features also render retinoids highly
susceptible to photodegradation and may increase the risk of adverse effects. Of particular
concern is the potential misinterpretation of retinoids as agents that protect against UV-
induced skin damage, leading to their inappropriate use during sun exposure or tanning.
Such misuse may result in intensified adverse reactions.

Phototoxic and photocarcinogenic effects have been demonstrated for several retinoids,
including retinol, retinoic acid, retinyl acetate, and retinyl palmitate. These effects are
largely associated with the formation of numerous photoproducts generated through
chemical transformations induced by solar radiation, particularly ultraviolet (UV) expo-
sure [92]. In particular, photochemical reactions of retinoids include photoisomerization,
photopolymerization, photooxidation, and photodegradation. Excited retinoid species
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formed after photoirradiation exert toxicity to skin tissues both directly, by toxic photo-
products and indirectly, by production of ROS, which further induce lipid peroxidation
and cause DNA damage [17]. Moreover, it has been demonstrated that UV radiation may
alter retinoid-induced gene expression, among others, through modifications in retinoid
metabolic pathways and changes in their ability to interact with specific nuclear recep-
tors [17,92].

Topical retinoid therapy can lead to local skin irritation, including dryness, peeling,
erythema and pruritus. Many patients report a decreased tolerance to sunlight exposure
while on therapy. Furthermore, ultraviolet light decreases the expression of retinoid
receptors in the skin, thereby decreasing their effectiveness [93]. Recently published
analysis of available openFDA cosmetovigilance data revealed that retinoid anti-aging
products showed strong swelling signals in susceptible individuals [94]. However, some
reports on cosmetic formulations containing selected retinoids such as retinal and double-
conjugated retinoid did not demonstrate skin irritation, which may support the findings
that this adverse effect appears only in susceptible individuals [95,96].

Carotenoids, due to the presence of multiple conjugated double bonds, are also chemi-
cally unstable; they can be easily oxidized in the presence of light, heat, oxygen, acids, and
metal ions. Many studies have proved that structural changes of carotenoids, including
cyclization, migration of double bonds, and the addition of oxygen molecules, result in
the formation of epoxy-carotenoids and apocarotenoids, which are deprived of beneficial
biological activity [97,98]. Apocarotenoids, such as short-chain carbonyl compounds, are
supposed to possess pro-oxidative properties, which may be harmful to organisms. How-
ever, these are multifactorial processes which need to be further clarified [98]. Carotenoids
are considered safe and non-irritating cosmetic raw materials. No specific adverse reactions
were classified after their external application.

6.2. Regulatory Restrictions

The application of cosmetic raw materials is subject to strict regulation by relevant
authorities, including the Scientific Committee on Consumer Safety (SCCS). In its recent
assessment, the Committee affirmed the safety of vitamin A for cosmetic use while acknowl-
edging that cumulative population exposure to this compound may exceed established
safe intake thresholds. In view of this position, cosmetic products containing vitamin A at
elevated concentrations pose a potential risk to public health. Consequently, the permit-
ted levels of retinol, retinyl acetate, and retinyl palmitate were capped at 0.05% in body
lotions and 0.3% in other leave-on and rinse-off formulations. Furthermore, appropriate
warning labeling is required to alert consumers who may already be obtaining vitamin A
through dietary sources or supplements, thereby reducing the risk of inadvertent overexpo-
sure [99]. The entry number 376 in Annex III for European Commission Regulation (EC) No
1223/2009 on cosmetic products contains the above-mentioned restrictions of these certain
retinoids [100]. However, such restrictions were not introduced outside the European
Union. It is also worth mentioning that retinal was not a subject of the restrictions, which
can lead to its increased use in cosmetic products. Moreover, there is growing interest in
plant-based alternatives like bakuchiol and some diterpens, which mimic the molecular
mechanism of action of retinoids, may offer similar anti-aging benefits, and are sometimes
called “plant-derived retinol”.

Carotenoids, including (-carotene, zeaxanthin, astaxanthin, fucoxanthin, and ly-
copene, are indexed in Cosmetic Ingredients Database (CosIng [101]) as skin conditioning
and/or antioxidant raw materials. 3-carotene and lycopene are also indexed in Annex IV
for European Commission Regulation (EC) No 1223 /2009 on cosmetic products as colorants
with CI 40800 and CI 75125, respectively [100]. A collective entry “carotenoids” indicates
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them as “a group of related compounds including alpha, beta and gamma carotene and
lycopene” with antioxidant, skin-protecting, and UV-absorbing functions in cosmetic prod-
ucts. Additional entry “xanthophylls” refers to “a class of oxygen-containing carotenoids
found throughout nature, particularly in plant leaves, egg yolks, nettles, algae and the petals
of yellow flowers” with skin conditioning function in cosmetic products. No restrictions on
concentration or usage are provided for any indexed carotens and xanthophylls [101].

6.3. Impact on Formulation Strategies

Studies conducted for cosmetic products containing retinoids such as retinol and
retinyl palmitate, and also (3-carotene, showed instability of these active compounds
reaching 80% degradation of the initial content after 6 months at 25 °C. Moreover, light
degradation was shown to be more pronounced than temperature-induced degradation.
Additionally, in some cases, analysis of the cosmetic products showed that the detected
amount of retinoid was significantly lower than declared [102]. To overcome these problems,
several encapsulation strategies are used, including microencapsulation, nanoencapsulation
and supercritical encapsulation [97,98]. Lipid-based carriers seem well-suited for cosmetics
applications due to enhanced solubility of lipophilic compounds like retinoids and advan-
tages in terms of biocompatibility. They include liposomes, penetration-enhancer vesicles,
ethosomes, niosomes, nanoemulsions, solid lipid nanoparticles, and nanostructured lipid
carriers [13].

Considering the chemical structure and physicochemical properties of retinoids, their
activity while incorporated into cosmetic products depends not only on the formulation
itself but also on the practices adopted by manufacturers. The multifaceted nature of this
issue should therefore be taken into account, encompassing the well-established biological
properties of retinoids, which have been confirmed in numerous studies, as well as safety
considerations and, ultimately, the role and responsibilities of cosmetic manufacturers.

7. Alternatives and Future Perspectives

As mentioned above, retinol may cause adverse effects and is not well tolerated by
all consumers. Furthermore, the European Union has recently imposed restrictions on its
maximum permitted concentration in cosmetic formulations. For these reasons, there is a
growing interest in alternative approaches involving innovative active ingredients capable
of delivering comparable benefits upon application, most notably anti-aging and anti-
wrinkle effects, while simultaneously offering a more favorable safety profile. One such
ingredient is bakuchiol, whose chemical structure is shown in Figure 5.

CH,
HyC,
HaCy,

HO

Figure 5. Chemical structure of bakuchiol.

Bakuchiol is often referred to as a “plant-based retinol”, although it cannot by any
means be classified as a retinoid. It constitutes a phenol derivative and possesses no
conjugated double bonds. However, the versatile and well-documented beneficial effects
of this molecule on the skin are difficult to overlook. Its activity was proven in several pre-
clinical as well as clinical studies. It showed positive effects, comparable to those achieved
by topical retinoids, in photoaging, acne, and post-inflammatory hyperpigmentation. Some
studies have also shown a beneficial effect in psoriasis by normalizing keratinocyte activity.
Molecular mechanism studies suggested that bakuchiol can exhibit retinol-like activity in
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regulating gene expression [103-105]. Furthermore, in vitro studies have also demonstrated
the ability of pimaradienoic, pimaric and abietic acids, naturally occurring diterpenes, to
bind to retinoic acid receptors [106]. Other plant-derived compounds were also tested in
this regard, mostly derivatives that affect extracellular matrix formation and keratinocyte
proliferation [107].

Another promising strategy to optimize efficacy and safety of retinoids is an approach
in which retinoid molecules are coupled with other active compounds, forming so-called
double-conjugated retinoid. There were reported double-conjugated retinoid /alpha hy-
droxy acid compounds (e.g., retinol with glycolic or lactic acid), which proved beneficial
effects in photodamaged skin in in vivo human studies [108,109]. This approach leads
to both minimizing irritation and optimizing delivery, because the two active molecules
are gradually released in the hydrolysis process of ester bonds, taking part in the skin.
Double-conjugated retinoid/alpha hydroxy acid compounds were also compared with
retinol and tretinoin. Topical formulations containing these three actives were tested in
subjects with mild to severe photoaging. Double-conjugated retinoid /alpha hydroxy acid
product not only significantly improved photodamage and skin hydration but also caused
less erythema and was more tolerable [110].

Carotenoids are valuable active ingredients of cosmetics due to their antioxidant
activity, yet novel sources of naturally-derived compounds from those groups are still in-
vestigated as an alternative to chemical synthesis. Several carotenoids, such as (3-carotene,
astaxanthin, canthaxanthin, lutein, echinenone, violaxanthin, and fucoxanthin, were iden-
tified in various microalgae. Especially fucoxanthin and lutein were found in numerous
microalgae species [11,111,112]. Future perspectives are mostly related to novel advanced
effective extraction methods such as microwave-assisted extraction, ultrasound-assisted
extraction, supercritical CO, extraction, supercritical fluid extraction, freeze and thaw
extraction, and deep eutectic solvent [113,114]. Additionally, future perspectives include
searching for novel organisms that could be used as natural sources of carotenoids. Mi-
croalgae are extensively investigated as green fabrics able to synthesize many bioactive
metabolites, including carotenoids. Many attempts were made to enable industrial-scale
synthesis, which still faces challenges such as high costs related to upstream and down-
stream processes. Reported studies showed the potential of microalgae for effective biosyn-
thesis of, among others, lutein, astaxanthin, and (3-carotene [36,115]. Some microorganisms,
such as Saccharomyces cerevisiae, Escherichia coli, and Yarrowia lipolytica, also proved effective
in the synthesis of carotenoids [116-118].

Despite the well-established role of retinoids and carotenoids as bioactive compounds
in cosmetic formulations, their future development remains strongly dependent on over-
coming several formulation, mechanistic, and regulatory challenges. Both groups of
compounds exhibit significant physicochemical limitations, including susceptibility to
oxidation and photodegradation, as well as limited stability in conventional formulations,
which directly affect their efficacy and shelf-life. In the case of retinoids, irritation potential
and dose-dependent toxicity remain major concerns, whereas carotenoids are additionally
limited by their pronounced lipophilicity and poor aqueous solubility, complicating their
incorporation into cosmetically elegant and stable formulations.

One of the most promising future directions involves the development of advanced
delivery systems designed to improve stability, control release kinetics, and optimize skin
deposition. However, one of the major unresolved scientific challenges concerns the actual
bioavailability and skin penetration behavior of these compounds. Current literature re-
mains inconsistent, especially regarding their ability to effectively penetrate the stratum
corneum and reach viable epidermal layers in concentrations sufficient to exert biologi-
cal activity. While some studies suggest that topical retinoids readily penetrate through
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transepidermal and follicular pathways and achieve therapeutically relevant cutaneous
concentrations, other reports indicate limited penetration of certain retinoid derivatives
commonly used in cosmetic products. Similar discrepancies exist for carotenoids, where
some evidence supports their accumulation within skin lipids and protective deposition in
superficial epidermal layers, whereas other studies question whether topical delivery alone
can achieve meaningful bioavailability comparable to systemic administration. These con-
tradictory findings highlight the urgent need for standardized methodologies for evaluating
skin penetration, biodistribution, and local pharmacokinetics in cosmetic research.

Although the well-established market position of retinoids and carotenoids appears to
be secure, future research could focus not only on formulation optimization but also on
establishing robust in vivo efficacy models, long-term comparative clinical studies, and
validated biomarkers capable of objectively assessing biological activity in the skin. Person-
alized dermocosmetics may also represent an emerging direction, where formulation design
considers individual variability in skin type, barrier integrity, age, and oxidative status.

In Figure 6, a schematic representation of translational challenges and development
considerations in cosmetic formulations with retinoid and carotenoids.
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Figure 6. Translational challenges and future development considerations for cosmetic formulations
containing retinoids and carotenoids.
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8. Conclusions

Natural vitamin A-related compounds represent an important group of cosmetic active
ingredients with well-documented effects on skin physiology, photoaging prevention, and
maintenance of skin homeostasis. Although retinoids and carotenoids share certain struc-
tural similarities and, in selected cases, metabolic relationships, they differ substantially in
their mechanisms of action, potency, safety profile, and regulatory status.

Retinoids remain among the most effective cosmetic ingredients for stimulation of
epidermal renewal, regulation of keratinocyte differentiation, enhancement of collagen
synthesis, and inhibition of matrix metalloproteinases. Their activity is primarily receptor-
mediated and depends on retinoic acid signaling through RAR/RXR nuclear receptors. In
contrast, carotenoids act mainly through indirect antioxidant and photoprotective mecha-
nisms involving scavenging of reactive oxygen species and modulation of oxidative stress
and inflammatory pathways. Provitamin A carotenoids, particularly -carotene, form a
mechanistic link between these two groups, although their conversion to retinoic acid in
skin tissue appears limited.

Despite their high efficacy, retinoids are associated with formulation and safety chal-
lenges, including poor bioavailability, photoinstability, irritation potential, barrier disrup-
tion, and photosensitivity. Recent European Union regulations limiting the concentration
of retinol, retinyl acetate, and retinyl palmitate to 0.05% in body lotions and 0.3% in other
cosmetic formulations are expected to significantly influence future formulation strategies
and increase interest in alternative compounds. In contrast, carotenoids currently remain
unrestricted in cosmetic regulations and demonstrate a more favorable tolerability profile,
although their biological activity is generally less potent compared to retinoids. Moreover,
there are characterized challenges regarding their (photo)stability, as well as differences
between dietary and topical effects.

Future perspectives are associated with the development of advanced delivery systems
improving stability, skin penetration, and bioavailability of vitamin A-related compounds,
as well as with the growing interest in safer retinoid alternatives such as bakuchiol and
naturally occurring diterpenes. Additionally, increasing attention is being paid to sustain-
able and naturally derived sources of carotenoids, particularly microalgae and microbial
biosynthesis, supported by modern extraction and biotechnological approaches.

Overall, natural vitamin A-related compounds continue to play a major role in mod-
ern cosmetic science, and further progress in formulation technology, safety optimization,
and sustainable sourcing will likely determine their future applications in dermocos-
metic products.
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