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Abstract:  Sunlight is a known human carcinogen.  Many cosmetics contain retinoid-based compounds, such as 
retinyl palmitate (RP), either to protect the skin or to stimulate skin responses that will correct skin damaged by 
sunlight. However, little is known about the photodecomposition of some retinoids and the toxicity of these 
retinoids and their sunlight-induced photodecomposition products on skin.  Thus, studies are required to test 
whether topical application of retinoids enhances the phototoxicity and photocarcinogenicity of sunlight and UV 
light.  Mechanistic studies are needed to provide insight into the disposition of retinoids in vitro and on the skin, and 
to test thoroughly whether genotoxic damage by UV-induced radicals may participate in any toxicity of topically 
applied retinoids in the presence of UV light.  This paper reports the update information and our experimental 
results on photostability, photoreactions, and phototoxicity of the natural retinoids including retinol (ROH), retinal, 
retinoid acid (RA), retinyl acetate, and RP (Figure 1). 
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Figure 1: Names and numbering of retinoids. 
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Introduction 
 

Sunlight is a complete carcinogen and is responsible 
for the induction of squamous cell and basal cell 
carcinomas in humans (1).  Sunlight radiation is a 
continuum of wavelengths divided into five regions: (i) 
infrared (above 800 nm); (ii) visible (between 400 to 800 
nm); (iii) UVA (between 315 to 400 nm); (iv) UVB 

(between 280 to 315 nm); and (v) UVC (between 200 to 
280 nm).  Humans are not exposed to UVC light due to 
stratospheric absorption of UVC by ozone.   

Vitamin A (all-trans-retinol; retinol) (ROH) is an 
important regulator in epidermal cell growth, normal cell 
differentiation, and cell maintenance (2).  It also affects 
vision, reproduction, morphogenesis, and pattern 
formation.  Metabolism is required to convert retinol to 
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biologically active metabolites, e.g., all-trans-retinoic 
acid (RA, tretinoin) and its cis-isomers (3).  Retinyl 
palmitate (RP) is the principal storage form of retinol in 
humans and animals and can be enzymatically 
hydrolyzed back to retinol in vivo.  Both RA and its 9-cis 
isomer exhibit very high biological activities, including 
inducing epidermal growth and differentiation. 

Because the ester forms of retinol are thermally more 
stable than retinol, both PR and retinyl acetate have been 
commonly used in cosmetic products.  As such, the 
number of cosmetic products containing RP has increased 
rapidly in the last two decades.  Data available from 
FDA’s Voluntary Cosmetics Registration Program, 
compiled in accordance with Title 21 Section 720.4 of the 
Code of Federal Regulations (4), indicate that 102 
cosmetic formulations in 1981, 355 cosmetic 
formulations in 1992, and 667 formulations in 2000 
contained RP. Retail product categories containing RP 
include moisturizing preparations, skin care preparations, 
night skin care preparations, lipsticks, suntan gels and 
preparations, makeup preparations, and bath soaps and 
detergents (5).  

 
Thermal and Photo Stability 

      
Although RP is thermally more stable than retinol (6), 

both compounds are still thermally unstable.  As shown in 
Figure 2, the experimental results from our laboratories 
indicated that 2% RP in an oil-in-water emulsion (cream) 
decomposed gradually at 4°C, with about 38% 
decomposed on day 7.   Also, RP, as are retinoids in 
general, is chemically unstable and its chemical stability 
is highly dependent on environmental conditions such as 
solvent, temperature, and availability of oxygen (7).  RP 
is easily thermally-isomerized to the 13-cis isomer.  
Thermal isomerization is favored in lipophilic solvents 
and emulsions containing high compositions of oils (7).  
Anhydroretinol is one of the major decomposition 
products of RPP

 (8). 
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Figure 2:  Decomposition of 2% RP in oil-in-water cream 
at 4οC. 
 

It has been shown that RP is much less stable under 
photoirradiation conditions than is retinol (6).  The results 
shown in Figure 3 confirm that RP (1% in oil-in-water 
cream) photodecomposed faster than ROH under 
differing doses of UVA radiation.  Boehnlein et al. (9) 
reported that after RP was topically applied in acetone to 
human skin, about 18% of RP penetrated the skin in 30 
hrs.  In addition, approximately 44% of the absorbed RP 

was hydrolyzed to retinol by skin esterases.  As a result, 
this suggests that the RP and retinol present during a 
subsequent irradiation would be subject to 
photodecomposition. Indeed, we have demonstrated that 
photoirradiation of RP in ethanol under solar simulated 
light at an irradiance equivalent to terrestrial sunlight 
resulted in the formation of multiple photodecomposition 
products (Figure 4).  Furthermore, sunlight-induced 
photodegradation of retinyl esters proceeds much faster 
than that of retinol, and it has been suggested that cellular 
retinol binding protein (CRBP) protects retinol from 
photodegradation (9, 10).   
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Figure 3: Photodecomposition of RP and ROH. 
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Figure 4: HPLC profile of photodecomposition of RP 
under sun simulated light (10mJ.CIE/cm2). 

 
Photoreactions  

     
 Photochemical reactions of retinoids proceed through 

several different routes, including photoisomerization, 
photopolymerization, photooxidation, and photodegradation 
(11-13). The types of photodecomposition products that are 
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formed are highly dependent on experimental conditions 
including vehicle, retinoid concentration, dosage and 
wavelength of the light, photoirradiation time, and the 
presence of other agents or impurities that can interfere with 
the photochemical reactions.   

 
Isomerization 

 
Upon photoirradiation, retinoids including ROH, RA, 

RP, and retinyl acetate isomerize into a mixture of trans- 
and cis-isomers (14).  The solvent can affect both the 
extent of isomerization of the trans-retinoids and the 
relative amounts of the different cis-isomers formed (15).  
All-trans-RA and 13-cis-RA are known to undergo Z-E 
isomerization and oxidation when exposed to light and air 
(16). Photodegradation of RA by fluorescent lamps 
resulted in five isomerization products (17).   

During photoirradiation, the primary retinoid 
photodecomposition products can also isomerize to 
secondary products.  For example, as shown in Figure 4, 
anhydroretinol (AR) formed from photoirradiation of RP 
is initially in a trans-form. But during photoirradiation, it 
isomerizes into a mixture of all-trans-AR and three 
cis-ARs (Figure 5).  The ratio of these isomers is 
photoirradiation time dependent.   
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Figure 5: HPLC separation of cis- and trans-isomeric AR.  
HPLC analysis was conducted on a Vydac C18 column 
(4.6 x 250 mm) eluted isocratically with water in 
methanol (v/v; 14/86) at 1 mL/min. 

 
Reddy and Rao (18) studied the photoirradiation of 

retinyl acetate, and showed that isomerization of retinyl 
acetate and its photodecomposition product (AR) 
proceeded      through      an     ionic     photodissociation 
mechanism (Figure 6).  Upon photoirradiation, retinyl 
acetate absorbs light energy and results in charge 
redistribution and change in bond order. Transition into a 
highly polarized singlet excited state was followed by 
either isomerization to the cis-retinyl acetate isomers, or 
release of the acetate anion to form a carbocation.  

Isomerization of this carbocation resulted in the 
formation of the cis-AR isomers.   
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Figure 6: Ionic photodissociation mechanism of 
isomerization of retinyl acetate under UVA light 
irradiation to cis-retinyl acetate and a mixture of cis- and 
trans-AR. 

 
Photoreaction of Retinoids  

 
Photoreaction of retinoids produces oxidized products, 

such as ROH 5, 6-epoxide, 4-keto-ROH, and 
photodecomposition (or photodegradation) products.  
Photoirradiation of  retinol in ethanol by UVC light (254 nm) 
resulted in the formation of retinal, ROH 5,6-epoxide, 
5,8-epoxyretinol, and 13,14-epoxyretinol (19). The 
photooxidation of retinal formed 5,8-endoperoxide (19). 
Photooxidation of RA in 90% ethanol resulted in the 
formation of a number of oxidized products (16).  The 
exposure of RP in methanol to UVA yielded palmitic acid, 
AR, and 4,5-dihydro-5-methoxyanhydroretinol  (20,21).  RP 
irradiated by UVC light (254 nm) produced 

T

AR, palmitic 
acid, and 2-butenyl palmitate (19).  AR was also formed from 
photoirradiation of RP in ethanol under UVA light (22).  
Photooxidation of retinyl acetate in benzene with a trace of 
water produced the non-retinoids dihydroacetinidiolide, 
2-hydroxy-2,6,6-trimethylcyclohexanone, β-ionone, geronic 
acid and desoxyxanthoxin (23). 

It is known that UVA light can photoactivate 
endogenous and exogenous photosensitizers (19). As 
expected, photooxidation of retinol and RP in the 
presence or absence of a photosensitizer resulted in the 
formation of different products (19).  Since skin contains 
various endogenous photosensitizers and exogenous 
photosensitizers from topical application, photoreactions 
of retinoids in the skin are much more complicated than 
photoreactions performed in simple solutions.  
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Mechanisms of Photoreaction  
      
Besides the ionic photodissociation mechanism 

described above, photoirradiation of retinoids through 
free radical mechanism and generation of reactive oxygen 
species (ROS) has also been reported. In general, Type I 
photosensitization reactions occur when light is absorbed 
by a chromophore, and this molecule enters a 
photoexcited singlet state.  It may then undergo 
intersystem cross-over and form a transient excited triplet 
state that can interact with other molecules and produce 
radicals via hydrogen transfer.  In the presence of oxygen, 
superoxide anions may be formed, subsequently 
generating hydroperoxide radicals or hydrogen peroxide.  
In the absence of oxygen, radical anions may be formed 
or photoadditions can occur (13, 24, 25). Thus, irradiation 
(>300 nm) of retinal and retinol in methanol produces free 
radicals, as does irradiation of RP in dimethylformamide 
(13). Our study has confirmed that photoirradiation of 
retinol in 70% ethanol in water generated free radicals as 
detected by electron spin resonance (ESR) spectroscopy 
(Figure 7). 
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Figure 7:  ESR measurements of 0.35 mg/ml ROH in 
70% ethanol in water containing 200 mM spin trap 
α-(4-Pyridyl-1-oxide)-N-tert-butylnitrone (POBN) after 
being photoirradiated with UVA light at wavelength 320 
nm.  Conventional ESR spectra were obtained with a 
Varian E-109 X-band spectrometer. ESR signals were 
recorded with 15 mW incident microwave and 100 kHz 
field modulation of 1.25 G.  All measurements were 
performed at room temperature. 

 
In addition to radicals and ions, ROS are produced 

following irradiation of retinoids.  For example, single 
oxygen is generated when retinal is illuminated in the 
presence of oxygen (26, 27). ROS can initiate lipid 
peroxidation and produce lipid alkoxy radicals and 
several tumorigenic small aldehydes (28, 29).  

Phototoxicity 
 
Because they are exposed to the environment, the skin 

and eyes are more vulnerable to phototoxic damage than 
other organ systems.  Retinoids are naturally abundant in 
both of these tissues and participate in specific phototoxic 
mechanisms.  Photoirradiation of retinoids may generate 
acute and chronic toxicity through the formation of 
photoreaction products that are toxic, or photoexcitation 
of retinoids forming the excited retinoid species that exert 
toxicity directly or indirectly (Figure 8). Retinoids absorb 
light in the UVA range (315-400 nm) and thus would be 
photoexcited by light containing UVA.   For instance, RP 
has a maximum UV-visible absorption at 326 nm (3) and 
thus, may be able to absorb UVA light and act as a 
photosensitizer.  Thus, photoactivation of RP could 
generate short-lived ROS that have been shown to 
damage DNA and proteins and lead to tumors. 

 

 

Figure 8: Potential photoreaction pathways of retinoids 
leading to phototoxicity and tumor formation.   

 
The depth to which solar radiation penetrates tissues, 

and thereby induces adverse biological effects, depends 
strongly on its wavelength.  In addition, the spectral 
transmission/absorption characteristics of solar-exposed 
tissues (Figure 9) influence penetration of light.  These 
and other factors result in the generation of action spectra 
for photoinjuries to skin and eye components. The action 
spectra for each photohazard category (Figure 10) were 
applied to the most sensitive components of the eye or 
skin to arrive at threshold limit values (TLV) for ocular 
and cutaneous exposures to monochromatic and 
broadband light sources.  The TLV were established in 
1996 by the American Conference of Governmental 
Industrial Hygenists (ACGIH) (30).   

Negligible amounts of UVC are present in solar 
radiation at sea level and are generally incapable of 
penetrating the outer cornified layers of the epidermis or 
the cornea of the eye.  However, protective shielding is 
required to protect the eyes and skin of workers from 
intense sources of UVC in the workplace, such as electric 
arc welding.  Failure to prevent ocular UVB or UVC 
exposure leads to photokeratitis of the cornea (31), also 
known as “welder’s burn” and “snow blindness.” UVA 
and UVB penetrate the anterior chamber of the eye where 
absorption   by   the   lens   may induce cataract formation.  
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Figure 9: Penetration of skin and eye by solar radiation. (A) Diagram of skin. 
(B) Diagram of eye. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 10: Schematic action spectra for hazardous photoexposures (31). 
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The anterior layers of the eye are transparent to visible 
wavelengths but are absorbed by retina and the 
underlying choroid.  Ocular exposure to intense blue light 
is believed to play a role in age-related macular 
degeneration and, possibly, ocular melanoma.  Infrared 
radiation is strongly absorbed by the cornea and excessive 
exposure can cause corneal burns. Solar UVB penetrates 
the epidermis of nonpigmented skin to cause erythema 
and skin cancers.  The superficial capillary bed of the 
dermis can be reached by UVA, visible, and infrared 
radiation and may cause photodynamic effects via 
absorption by blood-borne chromophores.  Cutaneous 
exposure to visible or infrared wavelengths that penetrate 
the full depth of normal skin can produce thermal burns. 

Phototoxic autofluorescent lipofusin granules, 
comprised of complex indigestible lipid/protein 
aggregates, accumulate intracellularly as a consequence 
of aging.  The accumulation of lipofusin in retinal 
pigment epithelial (RPE) cells is associated with 
increased photooxidative damage and is believed to 
contribute to macular degeneration and blindness.  The 
major fluorophore detected in organic extracts of 
lipofuscin from RPE cells is an unusual pyridinium 
bisretinoid called A2E (Figure 11) generated as a 
byproduct from phosphatidylethanolamine and excess 
all-trans-retinal that evades recycling by RPE cells.  
Because it cannot be metabolized further, A2E 
accumulates in RPE lysosomes where it impairs clearance 
of phospholipids derived from phagocytosed rod outer 
segments and sensitizes RPE cells for apoptosis.  
Irradiation with blue light of the lipofuscin organic 
extracts of RPE cells generates ROS and produces lipid 
peroxidation.  Irradiation of A2E also releases ROS, but 
the quantum yield is insufficient to account for the 
amount of ROS produced by lipofuscin.  Ocular 
lipofuscin granules also contain all-trans-retinal which is 
73-fold more efficient than A2E at photochemically 
generating singlet oxygen and 3.2-fold more efficient at 
generating superoxide radicals. 

 

OH
N

+

A2E (all-trans)

N-retinylidene-N-retinylethanolamine
 

Figure 11: A2E, a fluorescent retinoid derivative isolated 
from retinal pigment epithelial cells 

Cytotoxicity and Genotoxicity 
 
 Photoirradiation of RP by UVA light generates ROS, 

induces lipid peroxidation and causes DNA single strand 
cleavage in supercoiled ΦΧ174 plasmid DNA (32, 33).  
The phototoxicity of RP in human skin Jurkat T-cells also 
leads to cytotoxicity and DNA damage (33). Irradiating 
A2E with 21.6 J/cm2 430 nm light in PBS generated 
several derivatives containing 1-7 epoxide groups per 
A2E molecule (34). Cultured human RPE cells treated 
with A2E epoxides exhibited DNA damage detected by 
using the single cell gel electrophoresis/COMET assay. 

 
Effect on Gene Expression 

   
Certain naturally occurring retinoids influence gene 

expression directly by acting as agonists (e.g., RA) or 
antagonists (e.g. AR) for retinoic acid or retinoid-x 
receptors that regulate the transcription of genes 
containing functional retinoic acid response elements 
(RAREs).  The expression of ROS-responsive genes may 
also be affected by retinoids acting either as antioxidants 
or as pro-oxidants via photochemical generation of ROS. 

UV radiation also influences gene expression by 
several mechanisms (see reference 35 for review).  The 
release of latent growth factors (EGF, TGF-β) or 
cytokines (TNF-α) by UV exposure can stimulate their 
cognate receptors in an autocrine or paracrine manner.  
UV exposure can also trigger the release of lipid signaling 
molecules such as prostaglandin E2, platelet activating 
factor, ceramide, and lysophosphatidylcholine.  
Ligand-independent stimulation of receptors (EGFR, 
KGFR, Fas, TNFR, and TGFβR) and activation of 
downstream signal transduction pathways (ras, PKC, 
PLCγ, Smad2/3) can be caused by UV radiation.  The 
classic cellular “UV response” involves transcriptional 
activation of immediate early genes c-fos and c-jun.and 
activation of the transcription factors NF-kB and AP-1.  
MAP kinase family members Mek-1/2, ERK-1/2, p38 
MAPK, and c-Jun N-terminal kinases (JNKs) are 
activated by UV radiation and transduce signals to 
activate various transcription factors including Ets-1. 
ATF-3, a member of the CREB/ATF family, is strongly 
induced in cultured fibroblasts by sublethal doses of UVA 
(36). UVB-induced DNA damage is detected by the 
ataxia-telangiectasia mutated (ATM) and 
ataxia-telangiectasia and RAD3-related (ATR) systems.  
DNA damage signals are transduced via the checkpoint 
kinases CHK-1 and CHK-2 to p53, activating its ability to 
regulate the promoters of genes relevant to cell cycle 
arrest and apoptosis.  

  The global effects of UV or retinoids on gene 
expression have been surveyed using DNA microarray 
technology (37-39).  Coexposure to retinoids and UV 
provides the potential for synergistic or antagonistic 
effects on gene expression.  In our laboratory, we 
compared the expression of the insulin-like growth 
factor-1 gene in the skin of Skh-1 hairless mice exposed 
to suberythemal doses of simulated solar light in the 
presence or absence of a topical cream containing 13% 
RP over 13 weeks (Figure 12).  Exposure to simulated 
solar light or topical RP induced IGF-1 expression, 
although the IGF-1 promoter lacks a canonical RARE.  
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The mechanisms by which RP and SSL influence IGF-1 
expression are under investigation.   
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Figure 12: Simulated solar light and retinyl palmitate 
increase mRNA levels for insulin-like growth factor-1. 
Groups of HR/Skh-1 hairless mice (n=13) were exposed to 
simulated solar light (SSL) and/or 13% retinyl palmitate 
(RP) three times per week for 13 weeks. Whole skin 
samples were collected in RNAlater (Ambion) 48 hours 
after the final treatments.  Total RNA was extracted using 
RNeasy Mini kits (Qiagen). IGF-1 and 18S rRNA levels 
were determined using qRT-PCR. The relative ratio of 
expression (RRE) for each group was calculated by the 
method of Pfaffl (40). Log transformation was used to 
normalize the data prior to Two Way ANOVA (p < 0.05). 
 
Tumorigenicity 

      
There have been no studies on the effect of topically 

applied retinol, retinal, RP, and retinyl acetate on the 
carcinogenicity of UV light.  However, retinyl acetate 
was reported as a co-carcinogen in carcinogenesis studies 
with butylated hydroxyanisole (BHA) using male F344 
rats (41). The effects of topically applied RA on 
photocarcinogenicity in mice have been investigated by 
several research groups (42-47).  The results are quite 
varied, with retinoid application increasing, decreasing, 
or having no effect on photocarcinogenesis.  The 
drastically different effects on tumor incidence can 
probably be ascribed to differences in study design, 
particularly the use of different light sources and doses of 
light radiation.  However, the current knowledge of the 
effects of RA on photocarcinogenesis does not allow a 
mechanistic explanation for the different outcomes. 

 
Perspective 

      
Regarding human toxicity, the long-term 

consequences of using cosmetics containing RP are 
currently unknown.  It has been demonstrated that 
photoirradiation of RP can result in forming toxic 
photodecomposition products, generate ROS, induce lipid 
peroxidation, and cause DNA damage. Also, topically 

applied RP produces many of the cutaneous changes 
associated with the use of drug products containing RA 
which in some instances can enhance 
photocarcinogenesis. Thus, a study of the 
photocarcinogenesis of RP, under conditions relevant to 
the use of RP in cosmetics, is timely and important.  As a 
consequence, RP has recently been nominated by the U.S. 
FDA and selected by the National Toxicology Program 
(NTP) as a high priority compound for phototoxicity and 
photocarcinogenicity studies. The goal of these studies is 
to provide relevant information necessary for risk 
assessment of RP in cosmetic creams.  
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