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Abstract
Sunscreens have been on the market for many decades as a means of protection against ultraviolet-induced erythema. Over 
the years, evidence has also shown their efficacy in the prevention of photoaging, dyspigmentation, DNA damage, and 
photocarcinogenesis. In the USA, most broad-spectrum sunscreens provide protection against ultraviolet B (UVB) radia-
tion and short-wavelength ultraviolet A (UVA) radiation. Evidence suggests that visible light and infrared light may play a 
role in photoaging and should be considered when choosing a sunscreen. Currently, there is a paucity of US FDA-approved 
filters that provide protection against long UVA (> 370 nm) and none against visible light. Additionally, various sunscreen 
additives such as antioxidants and photolyases have also been reported to protect against and possibly reverse signs of pho-
toaging. This literature review evaluates the utility of sunscreen in protecting against photoaging and further explores the 
requirements for an ideal sunscreen.
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Key Points 

The perception of sunscreen use has shifted from purely 
protecting against ultraviolet (UV)-induced erythema to 
broad-spectrum protection against not only erythema but 
also photoaging, dyspigmentation, DNA damage, and 
photocarcinogenesis.

Evidence suggests that visible light and infrared light 
may play a role in photoaging and should be considered 
when choosing a sunscreen. A broad-spectrum tinted 
sunscreen with sun protection factor (SPF) ≥ 30 used 
daily will offer protection against UV radiation and vis-
ible light to reduce their effects on photoaging.

Sunscreen additives such as antioxidants, photolyases, 
and more have not only opened the door to improved 
photoprotection against skin aging but also the explora-
tion of newer theories in the reversal of skin aging, but 
larger-scale and replicable studies are needed before 
clinical guidelines can be issued.

1  Introduction

Chronic sun exposure has long been known to cause pho-
toaging, a process where the skin undergoes changes in 
epidermal thickness, increases in pigment heterogene-
ity and dermal elastosis, degradation of collagen in the 
dermis, development of ectatic vessels, and increases in 
mutagenesis of keratinocytes and melanocytes in the skin 
[1]. Clinically, this is characterized by an increase in rhyt-
ides, telangiectasias, dyspigmentation including lentigines 
and ephelides, volume loss, and cutaneous malignancies 
[1]. A recent observational study further characterized skin 
aging as hypertrophic and atrophic variants, with atrophic 
photoaging presenting with erythema and increased risk of 
skin cancers and hypertrophic photoaging with increased 
skin thickness and sallowness [2].

In today’s society, the value placed on a youthful 
appearance is reflected in the multibillion-dollar industry 
centered around anti-aging products [3, 4]. It has been 
reported that approximately 80% of skin aging on the face 
can be attributed to ultraviolet (UV) exposure [5]. There-
fore, despite the emphasis of the market on the reversal of 
skin aging, the best defense against cutaneous age-related 
changes is through prevention with rigorous photoprotec-
tion [4]. It should be noted that proper photoprotection 
consists of seeking shade when outdoors; wearing a wide-
brimmed hat, photoprotective clothing, and sunglasses; 
and applying sun protection factor (SPF) ≥ 30 broad-
spectrum tinted sunscreen on exposed sites.

http://crossmark.crossref.org/dialog/?doi=10.1007/s40257-021-00632-5&domain=pdf
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In the USA, most broad-spectrum sunscreens provide 
protection against UVB radiation and short wavelength 
UVA radiation. However, there is a paucity of US FDA-
approved filters that provide protection against long UVA 
(> 370 nm) and none against visible light (VL), making 
the ideal sunscreen a product that requires further inno-
vation and research. Notable exceptions are pigmentary 
grade zinc oxide and titanium dioxide, which reflect VL; 
however, the whitish discoloration they leave on the sur-
face of the skin makes them cosmetically unappealing to 
consumers. This review evaluates the utility of sunscreen 
in protecting against photoaging and further explores the 
requirements of an ideal sunscreen.

2 � Electromagnetic Radiation 
and Photoaging

Solar UV radiation (UVR) consists of UVA (320–400 nm), 
UVB (280–320 nm), and UVC (100–280 nm). UVA is 
further categorized as UVA1 (340–400 nm) and UVA2 
(320–340 nm). UVC is the shortest wavelength and con-
sidered the most damaging type of UVR. However, it is 
completely absorbed by the ozone and does not reach the 
earth’s surface [6].

UVB is the major portion of UVR that induces sunburns 
or UV-induced erythema. It is known to be significantly 
more erythemogenic than UVA [6]. For example, for skin 
phototype I, the minimal erythema dose for UVB is 20–40 
mJ/cm2, whereas that for UVA is 20–40 J/cm2. Although 
UVB accounts for approximately 6% of all UVR that reaches 
the earth’s surface, it is more cytotoxic than UVA, causing 
direct DNA damage through photon absorption in the form 
of cyclobutane pyrimidine dimers (CPDs) or 6,4-photoprod-
ucts that eventually induce mutagenesis and skin cancers [7, 
8]. UVB has been shown to be highly associated with the 
development of squamous cell carcinomas [9]. Addition-
ally, even suberythemal doses of UVB have been shown to 
induce CPD formation and therefore increased p53 expres-
sion as cells undergo apoptosis or repair [10]. UVB has also 
been shown to induce matrix metalloproteinases (MMPs), 
reactive oxygen species (ROS), and elastases involved in 
photoaging [11].

UVB is predominantly absorbed by the skin’s epider-
mis, whereas UVA has a longer wavelength and therefore 
deeper dermal penetration, making it the primary driver of 
photoaging [12]. Although UVA is lower in energy than 
UVB, it is approximately 20 times more abundant in the 
earth’s atmosphere and is not blocked by glass [13]. The 
ratio of UVB/UVA varies by season [14]. Studies of UVA 
on skin models demonstrated that UVA caused the induc-
tion of apoptosis in dermal fibroblasts and increased MMP 

levels, which are enzymes involved in collagen degradation 
[12, 15]. Additionally, repeat exposure to UVA on in vivo 
human skin induced elevated markers of photoaging, such 
as ferritin and lysozyme, which are involved in the oxidative 
stress response and elastin degradation, respectively [16]. In 
a study looking at asymmetric UVA exposure of the face, 
chronic exposure to UVA significantly affected the clinical 
level of wrinkling and roughness of the skin [17]. Further-
more, in a study of 22 participants exposed to multiple ses-
sions of low-dose UVA1, increasing levels of MMP-1 and 
MMP-3 were observed in a dose-dependent response in the 
dermis, further highlighting the role of UVA in collagen 
breakdown and photoaging [13]. In skin of color, UVA has 
been shown to induce irregular spotty pigmentation associ-
ated with photoaging [12].

However, the effects of UVA and UVB are not always 
distinct, as overlapping cutaneous biologic effects have been 
observed. UVA has been shown to induce CPDs through ROS 
generated by photo-activation of UVA-absorbing molecules 
(chromophores) in the skin such as riboflavin, porphyrins, and 
heme-containing proteins [18]. Similarly, UVB has also been 
shown to induce dermal fibroblast senescence [19].

There is increasing evidence that infrared light (IR; 700 
nm–1 mm) and VL (400–700 nm), predominantly in the 
blue light range (380–455 nm), play a role in photodam-
age and photoaging. Studies have demonstrated that VL can 
independently generate ROS, proinflammatory cytokines, 
and MMP-1 expression and potentiate the effects of UVR 
[20–23]. Effects of photoaging have also been observed 
with irradiation of skin within the UV/VL boundary region 
(385–405 nm), demonstrating differential expression of 
genes involved in inflammation, oxidative stress, and pho-
toaging when compared with nonirradiated skin [24]. Like-
wise, in vivo skin irradiated with IR and VL has shown 
significantly increased MMP-1 and MMP-9 expression and 
decreased type I procollagen expression, implicating IR and 
VL light in the degradation of dermal collagen [25]. More-
over, studies have demonstrated that there is a synergistic 
relationship between even small amounts of UVA1 and VL 
in the induction of increased and prolonged pigmentation 
[21, 26]. This suggests that VL and IR may play a significant 
but underreported role in photoaging and dyspigmentation.

Although the exact mechanisms are not yet fully under-
stood, increasing literature indicates a need for photoprotec-
tion against the broad spectrum of electromagnetic radiation 
(UV, VL, and IR) to prevent photoaging.

3 � Role of Sunscreens in Photoaging

The concept of a topical photoprotective product has been 
around since the times of the ancient Egyptians in 4000 BC, 
but the first commercial sunscreens were not available until 
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the 1920–1930s [27, 28]. At that time, understanding of UV 
radiation was limited and focused mainly on UVB protec-
tion. With the increasing popularity of sunscreen over the 
years, the concept of standardization of photoprotection 
against UVB was introduced [27]. SPF was recognized by 
the FDA in 1978 as the standard for measuring sun protec-
tion [27].

UV-induced erythema is mostly attributed to UVB, with 
a minor contribution by UVA2. The concept of SPF, an 
assessment using UV-induced erythema as an endpoint, as 
a sole measurement of sun protection persisted for many 
decades despite advances in the study of UVR suggesting 
that UVA may play a significant role in photoaging [27, 29, 
30]. In 1992, the UVA star rating system was created by The 
Boots Company in the UK but was not widely implemented 
[27]. Although other methods of evaluating the efficacy of 
UVA filters have been proposed, the FDA currently uses 
critical wavelength (CW) determination. With this method, 
sunscreen products whose 90% UV absorbance occurs at 
≥ 370 nm are allowed to be labeled as “broad spectrum” 
[31]. In Europe, the International Organization Standardiza-
tion 24443 guidelines use a minimum ratio of UVA protec-
tion factor to SPF of 1:3 for all marketed sunscreens [32]. In 
a study of 20 sunscreens tested against the FDA guidelines 
and the ISO 24443 guidelines, 19 of 20 sunscreens met the 
CW requirements set by the FDA, whereas only 11 of 20 
sunscreens met the ISO 24443 standard [31]. To address 
this disparity, the FDA proposed a new rule on sunscreens 
in 2019 that specifically highlighted a requirement for a 
UVA1 (340–400 nm) to UVA and UVB (290–400 nm) ratio 
of ≥ 0.7; however, the FDA has not yet made a final decision 
[33]. Clearly, there exists further need for global standardi-
zation to help protect and guide consumers.

In recent years, tinted sunscreens have become more 
prevalent as a means of protection against VL. Most FDA-
approved compounds for UV protection do not adequately 
protect against VL because compounds must be opaque to 
filter VL [34]. Zinc oxide and titanium dioxide can protect 
against VL but only when they are pigmentary grade and 
not micronized. Tinted sunscreens incorporate combinations 
of iron oxides and pigmentary titanium dioxide to offer VL 
protection and utilize the different colors of iron oxides and 
pigmentary titanium dioxide to improve color match on 
people of all Fitzpatrick skin types [34, 35]. It should be 
noted that iron oxides are not considered to be UV filters so 
are listed under “inactive ingredients” on sunscreen product 
packages, whereas pigmentary-grade titanium dioxide and 
zinc oxide are FDA-approved inorganic filters. However, the 
exact efficacy of specific tinted sunscreens for VL protection 
has been largely unregulated as no standards or guidelines 
for VL protection yet exist. A method for VL protection fac-
tor has been recently suggested using in vivo assessment in 
melano-competent subjects [22, 36].

There is good evidence that daily photoprotection and 
daily sunscreen use plays an important role in the preven-
tion of photoaging [37, 38]. In a study of 46 patients ran-
domly selected to use vehicle or sunscreens with UVA and 
UVB protection daily for 24 months, a significant histologi-
cal difference in solar elastosis was observed in the vehicle 
versus treatment group [38]. Furthermore, in a study of 12 
subjects in which each subject was exposed to one minimal 
erythemal dose of simulated solar radiation to three areas 
of buttock skin (unprotected skin, vehicle, and day cream 
with UVA and UVB protection) and control (no exposure), 
the unprotected skin demonstrated significant melanization, 
increased stratum corneum and stratum granulosum thick-
ness, elevated expression of tenascin, reduced type I procol-
lagen, and slightly increased lysozyme and alpha-1 antit-
rypsin, which were all mitigated by the day cream–sunscreen 
combination [39]. Not only have sunscreens been shown to 
prevent photoaging but evidence also suggests that they may 
play a role in the reversal of extrinsic aging. In a prospective 
study, 32 subjects were asked to apply daily broad-spectrum 
photostable sunscreen (SPF 30) for 52 weeks. At the end of 
the study, significant improvements in skin texture, clarity, 
and mottled and discrete pigmentation were observed, with 
100% of subjects showing improvement in skin clarity and 
texture [40]. However, further research into the molecular 
mechanism of sunscreen’s effects on the reversal of chrono-
logic aging must be performed.

4 � Challenges and Limitations of Current 
Sunscreens

Sunscreen technology has made great advancements in 
accessibility, consumer acceptability, and overall safety and 
efficacy over the years. However, the challenges and limita-
tions of current sunscreens leave room for further research 
and innovation. In the evaluation of sunscreens available for 
US consumers today, FDA regulations, safety in humans, 
and safety for the environment must be carefully considered.

In the 2019 proposed rule on sunscreens, the FDA 
proposed to categorize sunscreen filters as category 
I—“GRASE” (Generally Recognized as Safe and Effec-
tive), category II—non GRASE, or category III—requires 
further evaluation (Table 1) [41]. Currently, only two UV 
filters are category I: titanium dioxide and zinc oxide [42]. 
Both of these inorganic filters work by scattering, reflecting, 
and absorbing UV. The aggregation of these particles on the 
skin means they tend to leave a whitish hue on the skin that 
is unacceptable for many consumers, especially those with 
skin of color [43, 44].

In the 2019 FDA-proposed rule, two ingredients, para-
aminobenzoic acid (PABA) and trolamine salicylate, 
were classified as category II and banned from products 
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marketed in the USA given their safety concerns. PABA 
has been linked to cases of allergic and photoallergic der-
matitis and is a cross-sensitizer to sulfonamide antibiot-
ics, thiazide diuretics, local anesthetics, and dyes [42]. 
Trolamine salicylate is a salicylate class of UV filters and 
has been linked to systemic absorption and increased risk 
of bleeding and salicylate toxicity [42]. It should be noted 
that neither of these has been used in the US market for 
years, so this categorization does not affect the US market.

Organic UV filters, dioxybenzone, sulisobenzone, oxy-
benzone, avobenzone, cinoxate, octinoxate, octisalate, 
homosalate, padimate O, ensulizole, meradimate, and 
octocrylene have now been categorized as category III, 
which means that additional data to determine the general 
recognition of safety is needed [42]. Organic UV filters 

absorb the higher energy of UV rays and emit a lower 
thermal energy [41, 45]. It should be noted that the FDA 
is only requesting safety data for these 12 filters and did 
not question the efficacy of UV filters. None of the 12 cat-
egory III UV filters offer effective visible light protection, 
and only meradimate and avobenzone offer partial UVA1 
protection [41].

The organic UV filters can be categorized into cinna-
mates, benzophenones, salicylates, PABA derivatives, and 
others. Octinoxate, a cinnamate, is the most common sun-
screen ingredient in the USA. It is photolabile and is often 
combined with other UVB absorbers to increase both its 
final SPF and its photostability [46].

The benzophenones include dioxybenzone, sulisoben-
zone, oxybenzone, and avobenzone, with oxybenzone the 

Table 1   US FDA-approved ultraviolet filters

GRASE generally recognized as safe and effective, NA not applicable, PABA para-aminobenzoic acid, UV ultraviolet
a 2019 FDA Proposed Rule has suggested three categories: I—GRASE; II—non GRASE; III—insufficient safety data to make a positive GRASE 
determination
b Approved through new drug application process

Ultraviolet filters Categorya Maximum 
concentration 
(%)

Peak absorption (nm) Protection against

Inorganic filters
 Titanium dioxide GRASE (I) 25 Dependent on particle size UVB, UVA2, UVA1, visible light
 Zinc oxide GRASE (I) 25 Dependent on particle size UVB, UVA2, UVA1, visible light

Organic filters
 Benzophenones
  Dioxybenzone (benzophenone-8) Non GRASE (III) 3 352 UVB, UVA2
  Oxybenzone (benzophenone-3) Non GRASE (III) 6 288, 325 UVB, UVA2
  Sulisobenzone (benzophenone-4) Non GRASE (III) 10 366 UVB, UVA2

 Cinnamates
  Cinoxate Non GRASE (III) 3 289 UVB
  Octinoxate (octyl methoxycinnamate, 

Parsol MCX)
Non GRASE (III) 8 311 UVB, UVA2

 Others
  Butyl methoxydibenzoyl methane 

(avobenzone, Parsol 1789)
Non GRASE (III) 3 360 UVA1

  Ecamsule (terephthalylidene dicamphor 
sulfonic acid)

No GRASE ratingb 3 NA UVA1, UVA2

  Ensulizole (phenylbenzimidazole 
sulfonic acid)

Non GRASE (III) 4 310 UVB, UVA2

  Meradimate (menthyl anthranilate) Non GRASE (III) 5 340 UVA1, UVA2
  Octocrylene Non GRASE (III) 10 303 UVB, UVA2

 PABA derivatives
  Padimate O (octyl dimethyl PABA) Non GRASE (III) 8 311 UVB
  Para-aminobenzoic acid (PABA) Non GRASE (II) 15 283 UVB

 Salicylates
  Homosalate (homomethyl salicylate) Non GRASE (III) 15 306 UVB, UVA2
  Octisalate (octyl salicylate) Non GRASE (III) 5 307 UVB, UVA2
  Trolamine salicylate (TEA salicylate) Non GRASE (II) 12 260–355 UVB
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most commonly used agent in the group [46]. Although ben-
zophenones have been shown to be effective UVA filters, 
their lack of photostability requires them to be compounded 
with other filters such as octocrylene, salicylates, micronized 
zinc oxide, and titanium dioxide to improve their photosta-
bility [44, 46, 47]. Additionally, oxybenzone is the most 
common photoallergen of the UV filters.

The salicylates octisalate and homosalate are only weak 
UVB absorbers and are mainly used in sunscreens as pho-
tostabilizers in combination with other organic filters [46]. 
Padimate O is a PABA derivative; like its predecessor, it 
has potent UVB filtration but is rarely used [44, 46]. Ensu-
lizole is primarily a UVB filter with minimal UVA2 activity 
[48]. Meradimate is a weak UVA blocker and has no activity 
against UVB [41, 46]. Octocrylene is a photostable UVB 
and UVA2 filter primarily used as a photostabilizer in con-
junction with other filters [46]. Ecamsule (Mexoryl SX) is 
an effective UVA filter that has been shown to be effective 
against photoaging when combined with UVB filters [49]. 
It has been approved via the new drug application process, 
with its use as an active ingredient permitted only in certain 
products under specific concentrations [41, 43, 44].

Although other photostable and more effective broad-
spectrum UV filters, including bemotrizinol, bisoctrizole, 
and drometrizole trisiloxane, are available in other coun-
tries, these agents—along with many other UV filters avail-
able in other countries—are still pending FDA approval 
in the USA [27, 41]. In over a decade, no new UV filters 
have been approved by the FDA to be added to the 16 cur-
rently approved filters. In contrast, the European Commis-
sion currently has 27 approved UV filters [27]. However, 
with the Coronavirus Aid, Relief, and Economic Security 
(CARES) Act signed into law in March 2020, the FDA has 
been mandated to move from a laborious rulemaking process 
to an administrative order process, which means it should 
not take as long to implement a monograph. The FDA is to 
issue a new proposed administrative order by 27 September 
2021. Once the final administrative order has been enacted, 
industry has 12 months to comply. In addition, the CARES 
Act also incentivizes innovation by providing an 18-month 
exclusivity period to the requesting manufacturer of a new 
filter [50].

Controversy regarding organic sunscreen safety in 
humans has increasingly been a topic of discussion after 
studies showed systemic absorption of six commonly 
used sunscreen active ingredients [51, 52]. This 2020 
study of 48 randomized participants applying 2 mg/
cm2 of sunscreen product to 75% of body surface areas 
between one and four times per day for 4 days demon-
strated systemic absorption of avobenzone, oxybenzone, 
octocrylene, homosalate, octisalate, and octinoxate [51]. 
However, a systematic review of 29 studies looking at the 
effects of two of the most commonly studied sunscreen 

ingredients—oxybenzone and octinoxate—demon-
strated that oxybenzone had no adverse effects on male 
and female fertility, female reproductive hormone levels, 
adiposity, fetal growth, childhood neurodevelopment, or 
sexual maturation, and octinoxate had no effect on thy-
roid and reproductive hormone levels [53]. Although the 
review recommended further research into the effects of 
oxybenzone levels on thyroid hormone, testosterone level, 
kidney function, and pubertal timing, the evidence is not 
yet sufficient to support a causal relationship between 
the elevated systemic levels of oxybenzone or octinoxate 
and adverse health outcomes. Further longitudinal ran-
domized controlled studies should be performed before 
factoring the biological effects of systemically absorbed 
agents into clinical and practical guidelines [54, 55]. A 
recent report by Valisure LLC, an independent labora-
tory, also raised safety concerns regarding benzene in 
sunscreen products. After testing multiple batches of 69 
brands of sunscreen and after-sun skincare products, they 
found that 78 batches contained elevated levels of ben-
zene, a carcinogen known to cause leukemia and lym-
phoma [56]. It is important to note that both organic and 
inorganic sunscreens and some cosmetic products that 
did not contain any UV filters were among the contami-
nated products. In addition, many sunscreen products 
tested did not contain benzene. The report concluded 
that the contamination was due to supply chain issues 
in the manufacturing process rather than degradation of 
sunscreen filters. These findings led to an FDA citizen 
petition for the recall of identified batches of sunscreen 
with elevated levels of benzene and further investigation 
into these products and their manufacturing processes. 
A full report, including a list of products tested, can be 
found on the Valisure website [57].

Additionally, the National Oceanic and Atmospheric 
Administration identified ten sunscreen ingredients as 
being toxic to coral and marine life: oxybenzone, benzo-
phenone-1, benzophenone-8, PABA, 4-methylbenzylidene 
camphor, 3-benzylidene camphor, nano-titanium dioxide, 
nano-zinc oxide, octinoxate, and octocrylene [58]. Studies 
that demonstrated marine toxicity were performed in vitro 
with high concentrations of sunscreen ingredients [44, 55, 
59]. In a review looking at all 32 published studies until 
June 2020, 14 different organic UV filters in seawater near 
coral reefs were detected in the nanograms per liter range, 
in contrast to toxic levels in the micrograms per liter to 
milligrams per liter range reported in nine papers [60]. 
This puts the toxic levels of organic UV filters at 1000- 
to 1 million-fold higher concentrations than currently 
reported. Although 27 of the 32 reviewed studies showed 
no risk of UV filters to coral reefs, three studies of oxyben-
zone and octinoxate demonstrated a few data points where 
some risk was present [54]. This reflects the major data 
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gaps that immediately need to be addressed with high-
quality monitoring and toxicity studies applicable to the 
real world. To address this issue, on 9 February 2021, the 
National Academies formed a committee sponsored by the 
Environmental Protection Agency to study the environ-
mental and health impacts of sunscreens. Although data 
supporting that the coral reefs are adversely impacted by 
environmental exposure to UV filters are limited, the state 
of Hawaii banned sunscreens containing oxybenzone and 
octinoxate in 2018, and Key West, Florida, USA, did the 
same in 2019 [59].

Although FDA guidelines aim to protect US consumers 
from harm, it has also greatly diminished the variety of 
UV filters available to consumers. Newer and more effec-
tive broad-spectrum UV filters are available in other coun-
tries but are not currently FDA approved [41]. With the 
new proposed administrative order under the CARES Act 
and careful consideration of human safety, environmental 
safety, photostability, and consumer cosmesis, the devel-
opment and approval of new sunscreens that are effective 
against UVA, UVB, and VL must be considered for protec-
tion against photoaging.

5 � Additives in Sunscreens

With the rise of cosmeceuticals and additives in sun-
screens, it is important to evaluate the safety and efficacy 
of these substances. Although the exact mechanism of 
UVR- and VL-induced photoaging is still being explored, 
the downstream effects of increased ROS, MMPs, and 
DNA damage have been widely reported [8, 11]. To com-
bat the deleterious effects of sunlight on the skin, additives 
have been used or proposed in sunscreens to enhance pho-
toprotection and help prevent photoaging.

Antioxidants play an important role in preventing, ame-
liorating, and dampening free radicals and oxidative stress. 
Although our bodies produce natural antioxidants, UVR 
and other stressors can often overwhelm our endogenous 
supply [61]. Topical antioxidants have been formulated 
into sunscreens to replenish depleted antioxidant supplies 
and diminish oxidative stress on the skin. Yet the exact 
role and efficacy of antioxidants in sunscreens remains 
controversial. A 2011 ex vivo study by Wang et al. [62] 
evaluated the radical skin protection factor (RSF) and 
antioxidant power (AP) of 12 sunscreen products contain-
ing vitamin C, vitamin E, or other antioxidant substances 
against simulated UVA- and UVB-induced ROS. RSF was 
defined as the ratio of free radicals in unprotected skin to 
protected skin, and AP evaluates the capacity and reaction 
time of antioxidants by measuring free electron spin [62]. 
They demonstrated that the RSF correlated with the UVA 
RSF rather than any antioxidant ingredients [62]. However, 

the study was performed ex vivo and may not correlate to 
in vivo responses in humans. More recent reviews and 
studies have demonstrated positive effects of the addition 
of antioxidants into sunscreen formulations. For example, 
a study looking at skin irradiated with UVB found that 
sunscreens with SPF 25 and a mixture of caffeine, vita-
min E, vitamin C, Echinacea pallida extract, gorgonian 
extract, and chamomile essential oil demonstrated less 
MMP-1 expression than those with only SPF 25 [63]. The 
variability in the efficacy of antioxidants in sunscreens 
may depend on the formulation of the sunscreen. It has 
been proposed that, for antioxidants to be efficacious, they 
must have high antioxidative capacities, be present in high 
concentrations, be stable in the final formulation, and be 
able to penetrate the stratum corneum and still exist at high 
enough concentrations in the epidermis and dermis to be 
effective [61].

In terms of antioxidants that have been explored in topi-
cal formulations, vitamin C (l-ascorbic acid) is the pre-
dominant antioxidant in the skin and plays an important 
role in the skin’s aqueous compartments because of its 
water solubility [61]. It also helps replenish vitamin E, 
acts as a cofactor in collagen synthesis, and reduces elas-
tin accumulation [61]. It is not synthesized by the human 
body and must be replenished via oral intake [64]. Addi-
tionally, because of its ionic charge at physiologic pH, 
it cannot penetrate the stratum corneum without becom-
ing unstable. Fortunately, a stable formulation can be 
made by compounding it with other antioxidants: vitamin 
E (alpha-tocopherol) and ferulic acid [61, 64]. Murray 
et al. [65] demonstrated that skin irradiated with solar-
simulated UVR after application of a topical formulation 
of 15% l-ascorbic acid, 1% alpha-tocopherol, and 0.5% 
ferulic acid (CEFer) for 4 days significantly decreased UV-
induced erythema, sunburn cells, thymine dimers, and p53 
induction when compared with untreated skin. Further-
more, vitamin E has been shown to be effective in the 
reduction of lipid peroxidation, photoaging, immunosup-
pression, and photocarcinogenesis in multiple animal and 
human studies [61]. This suggests a role for topical CEFer 
in protecting against photoaging and skin cancers [64, 65].

Vitamin A and its derivatives, mainly retinoids and carot-
enoids, have been well studied in the realm of antiaging 
and have shown benefit in the prevention and reversal of 
photoaging [66]. They bind to cytoplasmic receptors such 
as cellular retinoic acid-binding protein types I and II and 
cellular retinol-binding protein as well as nuclear receptors 
such as nuclear retinoic acid receptors and retinoid X recep-
tors to inhibit activation of protein-1 and MMP-1 expression 
[61]. This leads to increased epidermal proliferation, lead-
ing to epidermal thickening, compaction of the stratum cor-
neum, synthesis and deposition of glycosaminoglycans, and 
increased collagen production [61, 67]. Furthermore, there 
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is evidence that topical retinoids may play a role in chemo-
prevention of nonmelanoma skin cancers through initiating 
growth arrest of tumor cells and normal cellular differentia-
tion [68]. However, given the relative instability of retinol 
and retinoids when exposed to UV and visible light, their use 
as a sunscreen additive is predominantly for their anti-aging 
effects and not for increased photoprotection. They are rarely 
found in recreational sunscreens, and their stability is highly 
dependent on their formulation and chemical structure. For 
example, when tretinoin is compounded in ethanol, it under-
goes isomerization within just a few seconds when irradiated 
with light of 300–800 nm [69]. The stability of tretinoin is 
improved when incorporated into liposomes [69]. Retinyl 
palmitate is an ester of retinol that is widely used in cos-
metic products because of their high thermal stability when 
compared with retinol [70]. A study of 11 healthy volun-
teers using two formulations of retinyl palmitate for 60 days 
reported significant improvements in skin smoothness, skin 
roughness, scaliness, and wrinkles with both formulations 
[71]. Retinyl palmitate can be compounded with photostabi-
lizers and UV filters and loaded onto nanotechnology-based 
drug-delivery systems to improve stability and drug penetra-
tion, but large-scale randomized controlled trials are needed 
to study the antiaging properties of these formulations [70, 
72]. Additionally, concerns have been raised regarding an 
increase in cutaneous malignancy with simultaneous use of 
topical retinyl palmitate and UVR exposure. A recent study 
looking at SKH-1 hairless mice treated with control cream or 
creams containing retinyl palmitate and subsequently irradi-
ated with simulated solar light demonstrated an increased 
risk of photo-co-carcinogenesis in the group using cream 
containing retinyl palmitate [73]. However, these claims 
have not been largely substantiated or reported in humans 
and need to be further studied.

Other antioxidants that have been reported in the litera-
ture include soy extracts, polyphenols, melatonin, algae 
extract, and Polypodium leucotomos extract [30]. A study 
of 68 participants observed that soy moisturizer containing 
soybean-derived serine protease inhibitors (soybean trypsin 
inhibitor and Bowman–Birk protease inhibitor) significantly 
improved mottled pigmentation, blotchiness, dullness, fine 
lines, overall texture, overall skin tone, and overall appear-
ance when compared with vehicle [74]. This positive clinical 
effect may be related to the role of soybean-derived ser-
ine protease inhibitors on the regulation of keratinocytes 
through keratinocyte protease-activated receptor 2, but 
additional studies must be performed to further elucidate 
its mechanism [74].

Polyphenols are found in many botanicals, includ-
ing tea leaves, grape seeds (Vitis vinifera), blueberries, 
almond seeds, and pomegranate extract [75]. In a study of 
five participants, sunscreen compounded with tea extracts 
containing polyphenols such as epigallocatechin-3-gallate 

better protected human skin against solar-simulated UVR 
over sunscreen alone in regards to decreasing MMP-1 [63]. 
Additionally, green tea extract compounded with resveratrol, 
another polyphenol, provided SPF protection independent of 
physical and chemical UV filters, but additional in vivo stud-
ies must be performed to fully assess its effectiveness [76].

Melatonin acts as an antioxidant in three different but 
complementary ways. It can act as a free radical scaven-
ger, decrease free radical generation, and upregulate anti-
oxidant enzymes [77]. It has shown promise against both 
UVB- and UVA-induced oxidative stress. In studies of 
human melanocytes and keratinocytes, cells pretreated 
with melatonin decreased p53 expression, improved DNA 
repair, and decreased CPD generation [78, 79]. An in vitro 
study of mouse fibroblast cells (NIH3T3) pretreated with 
melatonin and irradiated with UVA demonstrated increased 
heme-degrading enzymes and suppression of UVA-induced 
photodamage when compared with untreated irradiated cells 
[77]. Additionally, melatonin protected against UV-induced 
erythema and activated endogenous enzymes to act against 
oxidative stress [75]. This suggests a potential role of mela-
tonin as an additive to protect keratinocytes, melanocytes, 
and fibroblasts against UV-induced photoaging.

Many studies have shown that multicellular algae not 
only have UV-absorbing properties but also provide ben-
efits against oxidative stress [75]. Mycosporine-like amino 
acids (MAAs) produced by algae are potent UV filters 
with maximum absorption between 310 and 362 nm [80]. 
Shinorine is a commercialized MAA extracted from a type 
of red algae, Porphyra umbilicalis, and has already been 
used in sunscreens produced by two European compa-
nies [81]. Furthermore, the algae and algae products have 
also demonstrated protective properties against photoag-
ing. Alga Corallina pilulifera methanol extract reduced 
MMP-2 and MMP-9 in UV-irradiated human dermal fibro-
blasts [82]. Additionally, many species of brown algae are 
protective against photo-oxidative stress [75]. With con-
troversies around chemical sunscreens and their effects on 
marine life, algae-derived sunscreens may provide a future 
solution for eco-friendly photoprotection; however, most 
formulations of sunscreens with MAAs currently contain 
only a very small percentage of this active ingredient, and 
it functions as an adjuvant to UV filters and other sources 
of photoprotection [83].

Polypodium leucotomos extract (PLE) is derived from 
a tropical fern found in Central and South America and 
has antioxidative, chemoprotective, immunomodulatory, 
and anti-inflammatory effects [84, 85]. In a recent study 
of 22 individuals irradiated with UVB, UVA, and VL, oral 
PLE demonstrated suppressive effects on UVB-induced 
erythema within 2 h of administration [84]. Oral PLE 
demonstrated similar photoprotective effects against VL. 
In a cross-over study, subjects taking PLE 480 mg daily 
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demonstrated a significant decrease in persistent pigment 
darkening, delayed tanning, and cyclooxygenase-2 com-
pared with pre-PLE [86, 87]. Oral PLE should be taken 
daily to receive benefit and is meant to be an adjuvant to 
sunscreen, not a replacement. Topical formulations of PLE 
were also effective in reducing sunburn cells and reducing 
CPD in an in vitro reconstructed human epidermis model 
[87]. However, future in vivo studies must be performed to 
better assess the feasibility of topical PLE as a sunscreen 
additive.

In addition to antioxidants, photolyases are also ben-
eficial additives in sunscreens. Photolyases are enzymes 
with a unique ability to repair DNA damage, specifically 
CPDs. They are flavoproteins and require flavonoids as 
cofactors to absorb UV radiation. The absorbed energy 
from UV radiation is then transferred to damaged DNA 
to break CPD bonds in both in vivo and in vitro studies 
[30]. It also significantly reduced markers of photoaging 
when added to SPF 50 sunscreen and antioxidants com-
pared with sunscreen alone or sunscreen and antioxidants 
[88]. This suggests that photolyases may synergistically 
enhance the photoprotective effects of sunscreens and anti-
oxidants [30].

6 � Summary

The perception of sunscreen use has shifted from purely 
protecting against UV-induced erythema to broad-spectrum 
protection against not only erythema but also photoaging, 
dyspigmentation, DNA damage, and photocarcinogenesis. 
The impact of visible light and IR light in photoaging is 
still being explored, but better methods of protection against 
these wavelengths are needed. Sunscreens continue to be 
adapted to provide the broadest coverage while being cos-
metically appealing. However, with the increased scrutiny 
of UV filters in the 2019 FDA proposed rule, new UV filters 
that are safe for humans and the environment, photostable, 
and consumer friendly must be developed and approved to 
offer continued sun protection for US consumers. When 
choosing a sunscreen, a broad-spectrum tinted sunscreen 
with SPF ≥ 30 used daily will offer protection against UVR 
and VL to reduce their effects on photoaging. Additionally, 
sunscreen additives such as antioxidants, photolyases, and 
more have opened the door for not only improved photopro-
tection against but also the reversal of skin aging. However, 
larger-scale and replicable studies must be performed before 
clinical guidelines can be issued.
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