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Summary

Sunscreens are cosmetic products that help protect the skin against the sun
by scattering, absorbing or reflecting ultraviolet (UV) radiation. The
sunscreen effectiveness is given by the sun protection factor (SPF), which is
traditionally measured as the delay of reddening of the skin in vivo in
volunteers. In 2023, the Dutch Food and Consumer Product Safety Authority
(NVWA) used a new in vitro method to determine the SPF of a number of
sunscreen products, which yielded different results compared to the in vivo
method. The sunscreen products with the largest difference in outcome
contain zinc oxide as UV-filter. Therefore, the following research questions
were formulated: “Is the difference between the SPF measurements from the
in vitro and in vivo methods explained by the redness-suppressing effect of
zinc oxide?” and “If one of the significant mechanisms of action of zinc oxide
is indeed the suppression of redness, what is the impact of the use of a
sunscreen that contains zinc oxide on the overall risk of harmful effects of UV
radiation?”.

UV radiation can be subdivided into two groups, ultraviolet A (UVA) and
ultraviolet B (UVB). Exposure to UVB radiation induces redness and can lead
to direct DNA damage, while UVA radiation can lead to indirect DNA damage
via reactive oxygen species (ROS) formation. At a cellular level, zinc oxide
has an effect on inflammation, wound healing and the formation of ROS.
However, zinc oxide (micro- and nanoparticles) absorption through the intact
skin is limited by the stratum corneum. Therefore, anti-inflammatory
properties are unlikely to fully explain the different results between the in
vitro and in vivo SPF testing of sunscreen products containing zinc oxide.
Furthermore, it is unlikely that dermally applied zinc oxide reduces the
amount of indirect and direct DNA damage caused by UVA and UVB radiation.
Follow-up research is necessary to explain the differences between the in
vivo and in vitro determined SPFs. In addition, it is possible that besides zinc
oxide other ingredients in the studied suncreens also reduce redness of the
skin.
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Introduction

Sunscreens are cosmetic products under the definition of the Cosmetic Product
Regulation ((EC) No 1223/2009), often in the form of a cream or spray, that help protect
the skin by scattering, absorbing or reflecting ultraviolet (UV) radiation of the sun. An
important measure of sunscreen effectiveness is the SPF (Sun Protection Factor). SPF is
traditionally determined by measuring the time sunscreen prevents redness from
occurring compared to unprotected skin. In 2023, the Dutch Food and Consumer Product
Safety Authority (NVWA) inspected the claimed SPF of several sunscreens (NVWA 2023).
They used a new in vitro method, which yielded different results compared to the
traditional in vivo method performed by an independent laboratory. The reason for this
discrepancy is not yet known. Both tests were performed by accredited laboratories
according to standardized ISO protocols. If redness was the only health endpoint caused
by UV radiation, there would be no problem. However, UV-radiation also induces skin
cancer and the in vivo method does not measure whether sunscreen also protects
against this effect.

In the in vivo method, various small patches of comparable skin are exposed to
increasing doses of UV radiation with a standardized spectrum, similar to sunlight near
the equator at noon. This exposure process is conducted once on skin of skin phototype
I-III where sunscreen has been applied according to the protocol (2 mg/cm?), and once
on unprotected skin. The next day, a trained researcher determines the lowest dose at
which the skin turns red. The ratio between the minimum dose causing redness on the
protected area and that on the unprotected area gives the in vivo SPF of the product.

In the in vitro method, a robot applies a layer of sunscreen (1.3 mg/cm?) onto a rough
polymethylmethacrylate (PMMA) plate according to a protocol. This plate is then exposed
to a lamp with a spectrum of UV comparable/convertible to the sun. The amount of UV
radiation that passes through the plate with sunscreen is measured across the range of
wavelengths. The same measurement is conducted with a plate without sunscreen. The
measured UV intensities are then weighted for their relative contribution to redness
induction. The weighted sum of intensities for the plate with sunscreen is compared to
the weighted sum for the plate without sunscreen. This ratio provides the in vitro SPF.
The sum of weighted intensities is based on the standard skin type II. This is the most
common skin type in the Netherlands and relatively sensitive. The intensities are
expressed as Standard Erythemal Dose (SED), which is a redness-weighted irradiation.

For some products, the in vitro SPF as determined by the NVWA was lower than the
claimed SPF that was provided on the product label and lower than the in vivo SPF that
was estimated by an independent laboratory that was commissioned by the NVWA. The
following hypothesis has been proposed as an explanation:
e The in vitro method only accounts for the effectiveness of blocking UV radiation.
e The in vivo method measures protection against skin redness. This redness is
caused by the amount of UV radiation that passes through but is also influenced
by other processes in the skin, which may be affected by the ingredients in
sunscreen.

The sunscreen products with the largest differences in outcome contain zinc oxide. Zinc
oxide is an UV filter, but it is also an active ingredient in medications designed to reduce
skin redness, such as those used to treat diaper rash. Two types of zinc oxide can be
used in sunscreen. The first type consists of zinc oxide granules of a few micrometres
(microparticles). This gives the lotion or spay a dense white appearance and leaves a
white residue. The second type consists of zinc oxide nanoparticles. Nanoparticles of zinc
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oxide (<100 nm in size) are transparent when applied to the skin. The nanoparticles
block UV, though not as effective as microparticles (European Commission, 2012). In the
literature screening both articles with zinc oxide microparticles and nanoparticles were
included.

To find out whether zinc oxide is responsible for the large differences between the two
test methods, two research questions were formulated:

Research question 1: Is the difference between the SPF estimates from the in vitro and
in vivo methods explained by the redness-suppressing effect of zinc oxide?

Directly related to this is

Research question 2: If one of the significant mechanisms of action of zinc oxide is
indeed the suppression of redness, what is the impact of the use of a sunscreen that
contains zinc oxide on the overall risk of harmful effects of UV radiation?

To answer these research questions, the following sub-questions were formulated:
- How does UV radiation cause damage in the skin?
- Does zinc oxide reduce redness and what are the mechanisms by which zinc oxide
may reduce redness?
- What are the possible mechanisms by which zinc oxide in sunscreen may interact
with UV radiation induced damage?

A broad literature screening was performed to answer these questions. Please not that
this is not a comprehensive overview of all available literature on the subject.

Ultraviolet radiation damage

Ultraviolet (UV) radiation has a broad range of acute and chronic effects on the human
skin, resulting from both direct cellular damage and changes in immunologic function
(Narayanan et al., 2010). Acute UV radiation effects include photodamage, redness,
mutagenicity, and immunosuppression. Chronic UV radiation effects include photoaging
and photocarcinogenesis, which is considered to be induced by mutations and
immunosuppression (Brenner et al., 2008). UV radiation can lead to local and systemic
immunosuppressive properties. After UV radiation exposure, antigen-presenting
Langerhans cells undergo numerous functional and morphologic changes, resulting in
their depletion from the skin (Gilchrest et al., 1981). This UV-induced
immunosuppression may arise to prevent autoimmune responses to inflammatory
products resulting from UV-mediated damage (Brenner et al., 2008). In addition, UV
radiation can create mutations to p53 tumor suppressor genes, which are involved in
DNA repair or apoptosis for DNA damaged cells. Mutated p53 genes are unable to aid in
the DNA repair process, resulting in dysregulation of apoptosis, expansion of mutated
keratinocytes and possible the initiation of skin cancer (Narayanan et al., 2010).

UV radiation from the sun reaching the Earth’s surface can be subdivided into two
groups, ultraviolet A (UVA, 315-400 nm) and ultraviolet B (UVB, 280-315 nm).
Approximately 95% of the solar UV radiation that reaches the earth is UVA and 5% is
UVB (Narayanan et al., 2010; Brenner et al., 2008).

UVA

UVA radiation is able to go further into the skin than UVB radiation, resulting in deeper
skin damage (Gordon et al., 2013). UVA radiation is mainly responsible for indirect DNA
damage by the generation of reactive oxygen species (ROS) such as superoxide anion,
hydrogen peroxide and singlet oxygen, resulting in single strand breaks in DNA and in
DNA-protein crosslinks (Brenner et al., 2008).
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In this context, the process of initiating a chemical reaction in the skin through the use of
a substance capable of absorbing light and transferring the energy to the desired
reactants is called photosensitization. Photosensitization occurs as a consequence of
photon absorption by endogenous non-DNA chromophores. After the initial photon
absorption, the excited chromophore can return to the ground state by dissipating the
energy by mechanisms of heat generation or light emission. If the excited chromophore
cannot return to the electronic ground state by these mechanisms, then
photosensitization occurs in which the chromophore undergoes intersystem crossing with
the formation of highly reactive biradical triplet states (Bernerd et al., 2022; Baptista et
al., 2018). The mechanisms leading to ROS formation are depicted in figure 1. In in vitro
human skin fibroblasts, DNA base damage was caused by the activation of
photosensitizers generating singlet oxygen species (Kvam et al., 1997). The formation of
ROS in photooxidative stress in UV-irradiated skins seems to be dependent on non-DNA
chromophores, such as melanin or trans-urocanic acid, acting as endogenous
photosensitizers (Wondrak et al., 2006).

Figure 1. Simplified scheme of ROS formation after UVA exposure (Bernerd et al., 2022).
Endogenous chromophores (P) can absorb UVA photons, leading to the formation of chromophores
in photoexited states (P*) such as triplet state. In type I reaction (1), P* can react with an
electoron donor substrate (RH), leading to P-, which is able to react with oxygen, generating
superoxide radical anion O2- and a cascade of reactive reduction products. The spontaneous
dismutation of O2- leads to hydrogen peroxide formation H202; this reaction is accelerated by
superoxide dismutase (3). H202 can then lead to hydroxyl radical OH formation via Feton (4) and
Haber-Weiss (5) reactions, due to electron donors such as Fe2+ or O2-, respectively. In a type II
reaction (2), the photoexcited sensitizer can react with molecular oxygen, leading to the formation
of singlet oxygen (102*) capable of oxidizing a substrate.
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UVA irradiation of isolated DNA bases only results in very little direct damage, as the
absorption of UVA photons by DNA bases is minimal. Indirect oxidative modification of
DNA bases are a result from the photosensitized formation of ROS such as H202 with
subsequent hydroxyl radical generation and 'O capable to directly affect the base
(Wondrak et al., 2006). The basal epidermis of human skin is vulnerable to ROS-induced
formations, e.g. the basal layer contains proliferating keratinocytes and melanocytes
which have less efficient DNA lesion repair (Tewari et al., 2013). UVA irradiation can also
result in the oxidative DNA damage product 8-oxo-G (Wondrak et al., 2006; Jin et al.,
2022). Noonan et al (2012) found 2.2-fold higher levels of 8-0x0-G in melanocytes
compared to keratinocytes. If left unrepaired, DNA lesions can form UV-induced
mutatations in many genes, mutations that have also been detected in both melanoma
and non-melanoma skin cancers (Brash 2016; Hodis et al., 2012). In a cohort study the

Reference KN-2025-0029 Page 4 of 16



RIVM Knowledge brief: Literature screening of the effects of zinc oxide in sunscreen products

incidence of melanoma was statistically significant increased after UVA childhood
exposure after adjustment for UVB (Cahoon et al., 2024).

In vitro and in vivo studies have also shown that - due to ROS formation - expression of
genes relevant for photoageing were affected by UVA exposure (Fagot et al., 2004;
Marionett et al., 2011; Séite et al., 1998). One example is MMP-1, which is an interstitial
collagenese able to hydrolyze type I collagen. Type I collagen is a major component of
the dermis and plays a crucial role in the organization and generation of dermal
extracellular matrix. In an in vitro study MMP-1 was upregulated as a result of UVA
exposure in dermal fibroblasts (Marionett et al., 2011). Large scale deletions of
mitochondrial DNA such as the common deletion are also thought to play a central role in
aging of human tissues. Common deletion are believed to be almost exclusively present
in dermal cells. In an in vitro study common deletions were observed as a result of ROS
formation after chronic exposure of human skin fibroblasts to UVA (Berneburg et al.,
1999).

uvB

Unlike UVA, UVB is a strong (approximately 1000 times stronger than UVA) inducer of
redness (per photon). Redness appears in the form of visible redness of the skin that
results from an increase in the blood volume of the superficial and deep dermal vessels.
Redness occurs approximately 4 hours after exposure and persistent redness can last up
to seven days. Redness is associated with a wide variety of changes at the cellular and
molecular levels. Several angiogenic factors, such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor and interleukin-8 are upregulated after UVB
irradiation of the skin, whereas expression of interferon-b, a cytokine with anti-
angiogenic activity, was decreased (Yano et al., 2005).

Sunburns caused by UV radiation involves an increased level of histamine. Therefore, it
was suggested that histamine mediates the early phase of the human sunburn reaction
(Gilchrest et al., 1981). Indeed, histamine was shown to be involved in UVB-induced
pigmentation of the guinea pig skin (Yoshida et al., 2002). In mice, it was shown that
dermal mast cells play a crucial role in UVB-induced systemic immunosuppression, with
histamine acting as the primary mediator, largely via a prostanoid-dependent pathway
(Hart et al., 2001). UVB can also activate nuclear factor-kappa B (NF-kB) pathways in
human keratinocytes in vitro, although it is suggested that this is via a different
mechanism than NF-kB pathway activation by inflammatory mediators such as TNFa
(Lewis et al., 2007).

Unlike UVA, UVB radiation induces direct DNA damage, which causes inflammatory
response and tumorigenesis (Narayanan et al., 2007). Base photodimerization peaks at
300 nm, therefore UVB is implied as the primary mutagen (Wondrak et al., 2006). The
most common photolesions with mutagenic properties induced by UVB are cycobutane
pyrimidine dimers (CPD) and pyrimidine (6-4) pyrimidone photoproducts (64PP). In vivo
studies confirmed that CPD and 64PP play a role in photocarcinogenesis. Both lead to
highly specific mutations which are known as UV radiation fingerprint mutations (Brenner
et al., 2008; Wondrak et al., 2006). Squamous Cell Carcinoma (SCC) is thought to be
exclusively caused by CPDs and therefore an exclusive UVB-related phenomenon. CPD
formation in DNA is thought to be proceeded by pyrimidine photoexcitation to a singlet
state followed by intersystem crossing and subsequent reaction of the resulting triplet
base with a second molecule in the ground state (Wondrak et al., 2006).
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Dermal absorption of zinc oxide

Sunscreen which contains zinc oxide (micro- or nanoparticles) is applied topically. Zinc
oxide has to penetrate the skin to exert its potential redness-reducing effects. The
Australian Therapeutic Goods Administration has conducted extensive reviews on
nanoparticle-containing sunscreens. These reviews indicate that while zinc oxide
nanoparticles can catalyze the generation of free radicals when exposed to light, they
generally remain localized at or above the stratum corneum in healthy skin. This
containment minimizes its ability to penetrate into viable skin layers, thus mitigating
potential harmful effects (Abramovits et al., 2010). The authors do note however that the
studies concluding minimal penetration were conducted in the absence of a real-life
stressor such as flexion (Faunce et al., 2008). The Scientific Committee on Consumer
Safety of the EU (SCCS) also concludes that none of the reviewed in vitro and in vivo
studies showed that zinc oxide nanoparticles are able to cross the skin barrier in intact or
damaged skin (European Commission, 2012). For zinc oxide microparticles the SCCS
concludes that there is a lack of reliable data on percutaneous absorption (European
Commission, 2003). Since 2003, multiple studies have shown that zinc oxide
microparticles do not cross the skin barrier (Holmes et al., 2016; Mack et al., 2011).

Thus, zinc oxide (micro- and nanoparticles) absorption through the skin is largely limited
by the stratum corneum in healthy humans. In humans, the zinc oxide absorption
increases in the case of (large areas of) damaged skin, such as wounds or burns
(Lansdown et al., 2007). In addition, a recent study showed increased dermal absorption
in mice with UVB radiation induced skin damage that were treated with zinc oxide
nanoparticles, as observed by fluorescently labeled zinc oxide nanoparticles in the skin
(Wang et al. 2024). However, the murine and human skin differ significantly and these
findings may not be directly translatable to the human situation (Zomer et al. 2018).

Zinc oxide: Mechanisms for redness reduction

As mentioned before, zinc oxide is used in sunscreens as an UV filter, but is also thought
to stabilise cell membranes and to have anti-inflammatory properties, potentially
reducing the occurrence of redness of the skin (Lansdown et al., 2007). As in vivo SPF
tests are measuring the level of redness and these latter properties of zinc oxide may
reduce the manifestation of redness after UV exposure, in vivo measurements of the SPF
of sunscreens containing zinc oxide may be affected by other properties of zinc oxide
than optical protecting against exposure to UV radiation.

Zinc plays a crucial role in cellular processes, such as protein synthesis, oxygen
transport, cellular signalling, regulating adult hematopoietic stem cells and the
functioning of enzymes involved in skin repair and immune responses (Shwartz et al.,
2005). Zinc oxide, for example, has been effective in treating inflammatory skin
conditions like acne, dermatitis, and diaper rash (Schwartz et al., 2005) and in reducing
redness in skin disorders, such as acrodermatitis enteropathica (Ogawa et al., 2016). In
all these situations, the skin that was treated concerned affected skin.

Anti-inflammatory effect

Inflammation is a complex process resulting in redness, pain, heat, and oedema. It
involves immune system activation and the release of pro-inflammatory cytokines such
as interleukin (IL)-1, -2, -6, -12, -18, necrosis factor-a (TNF-a), and interferon-y (INFy)
(Mandal et al., 2022). Nuclear factor-kappa B (NF-kB) is an essential transcription factor
that controls the expression of humerous genes involved in inflammation. For instance,
NF-kB regulates genes responsible for producing pro-inflammatory molecules, including
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cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS), which lead to the
increased production of pro-inflammatory mediators like prostaglandin E2 (PGE2) and
nitric oxide (NO) (Mandal et al., 2022).

Zinc oxide nanoparticles act as anti-inflammatory agents by inhibiting the release of pro-
inflammatory cytokines, the NF-kB pathway, and mast cell degranulation (Mandal et al.,
2022). A comparative study between zinc oxide nanoparticles and standard zinc oxide
microparticles showed that zinc oxide in nhanoform was more effective in reducing
carrageenan-induced paw edema in rats, and that zinc oxide enhanced the anti-
inflammatory effects of the nonsteroidal anti-inflammatory drug ketoprofen when
administered intraperitoneally (Olbert et al., 2017).

Zinc oxide is thought to interfere with the inflammatory pathways, particularly through
its inhibitory effect on iNOS, which leads to a reduction in NO production (Schwartz et al.,
2005; Lansdown et al., 2007). Indeed, an in vitro study using mice keratinocytes showed
that zinc ions can suppress TNF-a and IFN-y-induced NO production and iNOS
expression, mitigating skin inflammation (Yamaoka et al., 2000). Other anti-
inflammatory mechanisms of zinc oxide may be a reduction in thymic stromal
lymphopoietin (TSLP) (an IL-like cytokine)-induced mast cell proliferation (Kim et al.,
2016) and inhibition of caspase-1 (Silva et al., 2016). Furthermore, zinc oxide may
reduce the secretion of histamine, an important substance involved in the inflammatory
response and a trigger for itching (Marone et al., 1986; Mousli et al. 1990). This could be
especially relevant, as sunburn caused by UV radiation involves an increased level of
histamine and it was suggested that histamine mediates the early phase of the human
sunburn reaction (Gilchrest et al., 1981).

In a study that used a murine model for contact hypersensitivity, it was shown that
although zinc oxide nanoparticles did not affect the sensitization stage, nanosized zinc
oxide was able to inhibit the pro-inflammatory pathways and proliferation of immune
cells, reducing redness associated with irritation (Wang et al., 2024a). Using RNA-
sequencing and pathway enrichment analysis, the study also indicated that the
immunosuppressive properties of nanosized zinc oxide in murine inflamed skin are
mediated by blocking IL-1R, CXCR2 (IL-8 receptor beta) and leukotriene B4 (LTB4)-
mediated pathways. However, there are also indications that zinc oxide nanoparticles can
increase inflammation by activating M1 macrophages (which produce proinflammatory
cytokines) in damaged skin (Wang et al., 2024b).

In addition to its effects on immune cells and their signaling molecules, zinc has other
properties that likely enhance its anti-inflammatory action. For example, zinc can lower
markers of keratinocyte activation (Schwartz et al., 2005). Specifically, zinc reduces the
expression of intercellular adhesion molecule 1 (ICAM-1) on human keratinocyte surfaces
and decreases the secretion of TNF-a from human keratinocytes in response to various
triggers (Gholizadeh et al., 2021; Gueniche et al., 1955).

Recently, it was suggested that the ribosome stress response is the main driver for the
inflammatory response upon UVB exposure (Vind et al., 2024). The possible protective
effects of zinc oxide on UVB radiation induced ribosomal damage have not yet been
explored.

However, the anti-inflammatory effect (measured as edema inhibition) of zinc oxide was
shown to be less compared to some other UV filters, such as titanium dioxide,
benzophenone-3, benzophenone-5, and diethylhexyl butamido triazone (Couteau et al.,
2012), indicating the anti-inflammatory effect may not be the sole reason for differences
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observed between in vitro and in vivo tests to determine the SPF of sunscreens
containing zinc oxide.

Wound healing

Numerous early studies from the 1950s and 1960s, which aimed to demonstrate the
essential role of zinc and the benefits of zinc supplementation in acute wound healing,
yielded inconclusive results, possibly due to the use of galvanized water bottles. More
recent studies showed that topically applied zinc oxide reduces wound debris and
advances epithelialization (Lansdown et al., 2007). For instance, Sandstead et al. (1970)
showed that a zinc deficiency results in delayed closure of surgically induced wounds and
thermal burns in rats, alleviated by zinc supplementation. However, zinc supplementation
of normal rats did not have an effect on wound healing in this study (Sanstead et al.,
1970).

Oral zinc supplementation is thought to accelerate various biochemical and molecular
processes in wound healing by up-regulating metallothioneins (MTs) and zinc-dependent
enzymes, as deficiencies in zinc-related transcription factors and growth factors are
linked to impaired healing (Landsdown et al., 2007). In wound models in rats, zinc levels
rise significantly (by 15-20%) during early inflammation (within 24 hours) and
granulation, peaking alongside high MT levels in cells like keratinocytes, macrophages,
and fibroblasts. Later, after 10-21 days, zinc declines as cell proliferation slows and scars
mature (Lansdown et al., 1999; Lansdown et al., 2007). Zinc MTs, such as alkaline
phosphatase, RNA and DNA polymerases, and matrix metalloproteinases (MMPs), further
underscore zinc's role in repair, with alkaline phosphatase indicating a role in
angiogenesis and DNA polymerases marking cell proliferation (Lansdown et al., 2007).
Zinc oxide nanostructures have indeed been shown to promote angiogenesis (Barui et
al., 2012).

Studies performed in humans by Agren et al. show that topical zinc oxide can promote
healing by 30% in both partial- and full-thickness wounds, significantly enhancing
epithelialisation. In contrast, zinc sulfate provided no wound healing benefits. Zinc oxide
and low concentrations of zinc sulfate had mild anti-inflammatory effects in these
studies. These findings suggest that zinc oxide may enhance wound healing similarly to
recombinant growth factors by stimulating the healing process (Agren et al, 2021). Zinc
oxide was thought to be more beneficial in these studies compared to easily water-
soluble zinc compounds, like zinc sulfate, because it offers a sustained release of
bioavailable zinc to the wound without reaching toxic levels.

In an experimental study, intraperitoneal zinc administered immediately after surgery
and daily for 4 days improved colon anastomosis healing in rabbits, increasing bursting
pressure by day 7 and promoting fibroblast infiltration and epithelialization (Timer et al.,
1999). However, similar benefits were not observed in a rat model. Additionally, zinc-
deficient rats experience slower gastric ulcer healing compared to normal rats (Watanabe
et al., 1995), while zinc compounds enhance mucosal regeneration in both zinc-sufficient
normal and diabetic rats (Navarro et al., 1990).

Positive effects of oral zinc oxide supplementation on wound healing have been observed
in several patient groups, such as diabetics. However, since low zinc levels and delayed
wound healing are common in these patients, these studies do not confirm the
effectiveness of zinc supplementation in individuals with adequate zinc stores (Lansdown
et al., 2007). In a double-blind, placebo-controlled trial, topical zinc oxide did not
significantly reduce the time needed for open pilonidal wounds to close (Agren et al.,

Reference KN-2025-0029 Page 8 of 16



RIVM Knowledge brief: Literature screening of the effects of zinc oxide in sunscreen products

2006). Overall, larger trials are needed to validate the potential of topical zinc oxide to
accelerate healing in acute human wounds (Lansdown et al., 2007).

Zinc oxide: Effects on DNA damage

As mentioned above, UVA and UVB radiation can lead to DNA damage. UVA radiation can
lead to the formation of ROS. The formed ROS can then lead to indirect oxidative
modification of DNA bases (Wondrak et al., 2006). This can be called indirect DNA
damage. UVB can directly affect the DNA bases by base photodimerization (Wondrak et
al., 2006). This can be called direct DNA damage. Multiple studies have shown that zinc
oxide possibly plays a role in reducing or increasing direct and/or indirect DNA damage.

Effects of zinc oxide on direct DNA damage

Multiple in vitro studies have studied the effects of zinc oxide nanoparticles after UVB
exposure. An increase in ROS production was observed after application of zinc oxide
nanoparticles in primary mouse keratinocytes after UVB exposure. This increased ROS
production lead to cell death in the keratinocytes (Pal et al., 2016). An increased ROS
production after UVB-irradiation was also reported by Tygai et al. (2016) and Chen at al.
(2022). Application of zinc oxide nanoparticles after UVB exposure caused a decrease of
activity for anti-oxidant enzymes superoxide dismutase, catalase and glutathione
peroxidase in HaCaT cells (a human keratinocyte line) (Tygai et al., 2016) or caused
pyroptotic cell death in HaCaT cells (Chen et al., 2022).

In an in vivo study, SKH-1 hairless mice were topically treated with zinc oxide
nanoparticles and after 30 min irradiated with UVB. Co-exposure of zinc oxide
nanoparticles and UVB caused increased oxidative DNA damage and cell death (Pal et al.,
2016). Similar results were also found by Chen et al. (2022). However, as mentioned
before, the murine and human skin differ significantly and these findings may not be
directly translatable to the human situation (Zomer et al. 2018).

While these studies show that application of zinc oxide nanoparticles after UVB exposure
could lead to an increased ROS production and skin damage, as previously discussed, it
is not likely that zinc oxide penetrates the stratum corneum. Therefore, the used
concentration is these studies are not expected to be found below the stratum corneum
and therefore, the effects will likely be minimal.

Effects of zinc oxide on indirect DNA damage

Additional ROS formation caused by UVA can lead to oxidative stress. Oxidative stress is
a phenomenon caused by an imbalance between production and accumulation of ROS in
cells and tissues and the ability of a biological system to detoxify these reactive products.
Zinc oxide helps in maintaining the redox balance in the skin by scavenging these free
radicals, which is critical in reducing oxidative stress (Agarwal et al., 2020). Zinc was
shown to enhance resistance of skin fibroblasts to oxidative stress (Richard et al., 1993).
They found that zinc oxide as antioxidant (observed in some in vitro or in vivo systems)
is likely related to the downregulation of antioxidant metalloenzymes activity by
fibroblasts.

It has been suggested that zinc may replace more harmful redox-active metal ions, like
iron and copper, at sites where they could otherwise lead to the formation of oxygen-
based free radicals. Iron and copper can transfer electrons, generating ROS like
hydrogen oxide (HO-). Zinc, however, has only one ionization state at physiological pH
and remains redox-stable. Zinc competes with iron and copper for ligand binding sites,
potentially reducing free radical production at these sites. When zinc displaces iron and
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copper, these metals are inactivated by binding to specific proteins; iron binds to ferritin
or transferrin, and copper binds to copper chaperone protein or ceruloplasmin (Rostan et
al., 2002; Bettger et al., 1993).

Various studies have highlighted the antioxidant potential of zinc oxide nanoparticles
(Mandal et al., 2022). In in vitro mammalian immune cells, zinc oxide nanoparticles
undergo endocytosis and dissolve into bioavailable zinc. This zinc can generate ROS
leading to oxidative stress and DNA damage which then causes cytotoxicity (Shen et al.,
2013). A similar mechanism may also be observed in cancerous cells. Zinc nanoparticles
were also shown to have a higher level of cytotoxicity in cancerous T-cells compared to
normal cells (Hanley et al., 2008). Although the mechanism for selectivity for cancerous
cells is unknown, this is thought to be mediated by enhanced permeability and retention
time in these cells (Mandal et al., 2022).

Discussion

To answer the research questions, the following sub-questions were formulated and
answered:

How does UV radiation cause damage in the skin?

UV radiation can lead to direct and indirect DNA damage in the skin. UVA radiation
generally leads to indirect DNA damage, while UVB radiation tends to lead to direct DNA
damage. The basal layer of the epidermis of human skin contains proliferating
keratinocytes and melanocytes which have less efficient DNA lesion repair and are
therefore more vulnerable to ROS-induced formations caused by UVA radiation (Tewari et
al., 2013). Base photodimerization peaks at 300 nm, therefore UVB radiation is implied
as the primary cause of DNA damage (Wondrak et al., 2006). This direct DNA damage
causes inflammatory responses and tumorigenesis (Narayanan et al., 2007).

Unlike UVA radiation, UVB radiation is a strong (approximately 1000 times stronger than
UVA) inducer of redness (per photon). Visible redness of the skin results from an
increase in the blood volume of the superficial and deep dermal vessels for around 4 to 6
hours after UV exposure. Several angiogenic factors, such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor and interleukin-8 have found to be
upregulated after UVB irradiation of the skin, whereas expression of interferon-b, a
cytokine with anti-angiogenic activity, was decreased (Yano et al., 2005).

Does zinc oxide reduce redness and what are the mechanisms by which zinc oxide may
reduce redness?

Topical administration of zinc oxide has been proven beneficial in managing inflammatory
skin conditions such as acne, dermatitis, and diaper rash (Schwartz et al., 2005), as well
as alleviating redness associated with skin disorders caused by zinc oxide deficiency like
acrodermatitis enteropathica (Ogawa et al., 2016). However, in all these conditions the
skin is not intact.

Several in vitro studies have shown that UVB is able to activate NFkB mediated
inflammatory pathways in human keratinocytes, whereas zinc oxide was shown to inhibit
the activation of these pathways. However, it was suggested that the activation of NFkB
by UVB is mediated by different mechanisms than other inflammatory mediators typically
used in zinc oxide research (Lewis et al., 2007). It is therefore unclear whether zinc
oxide can alleviate the UVB-induced NFkB pathway activation. Furthermore, one research
group (Chen et al., 2022; Wang et al., 2024) indicates that zinc oxide nanoparticles can
increase inflammation and exacerbate damage caused by UVB in damaged skin.
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Interestingly, this study observed increased dermal absorption of zinc oxide in mice
exposed to UVB radiation.

It has been suggested that histamine mediates the early phase of the human sunburn
reaction (Gilchrest et al., 1981). Furthermore, zinc has been shown to inhibit mast cell
degranulation and thereby the release of histamine (Marone et al., 1986; Mousli et al.
1990). However, it is unclear to what extent this mechanism of zinc oxide could alleviate
UVB-induced redness.

UVB irradiation can upregulate several angiogenetic factors in the skin, such as VEGF
(vascular endothelial growth factor) (Yano et al., 2005), thereby possibly increasing
redness. Zinc oxide is also thought to have a role in angiogenesis, as alkaline
phosphatase, important in angiogenesis, is a zinc dependent enzyme. Indeed, zinc oxide
nanostructures have been shown to promote angiogenesis (Barui et al., 2012; Lansdown
et al., 2007). However, as both UVB and zinc oxide nanoparticles have a promoting effect
on angiogenesis, it is unlikely that this mechanism plays a role in the reduction of UVB-
induced redness by zinc oxide.

What are the possible mechanisms by which zinc oxide in sunscreen may interact with UV
radiation induced damage?

Zinc oxide in sunscreen could potentially affect the amount of ROS produced. Multiple in
vitro studies show that zinc oxide affects the amount of ROS (in two directions) (Shen et
al., 2013, Rostan et al., 2002; Bettger et al., 1993). Application of zinc oxide
nanoparticles after UVB exposure lead to an increase in the amount of ROS (Pal et al.,
2016; Tygai et al., 2016; Chen at al., 2022). While it is expected that a decrease of ROS
production is observed after application of zinc oxide micro- and nanoparticles after UVA
exposure. Zinc oxide is able to displace redox active metals such as iron by zinc. Zinc
only has one ionization state at physiological pH and remains redox-stable (Rostan et al.,
2002). However it is unlikely that these mechanisms influence the UV radiation induced
damage as it is unlikely that zinc oxides particles penetrate the intact skin.

Conclusion

Research question 1: Is the difference between the SPF estimates from the in vitro and in
vivo methods explained by the redness-suppressing effect of zinc oxide?

The mechanisms by which zinc oxide may reduce (or increase) UVB-induced redness are
unclear. However, the Australian Therapeutic Goods Administration and the SCCS both
concluded after extensive reviews that zinc oxide nanoparticles are unlikely to penetrate
the skin and remain localized at or above the stratum corneum. Recent studies have also
shown that zinc oxide microparticles do not cross the skin barrier. In damaged or
sunburnt skin, penetration of zinc oxide nanoparticles is more probable, at least in mice.
If zinc oxide does migrate to deeper tissues, it may reduce inflammation and the
formation of ROS. However, the mechanisms by which zinc oxide may reduce (or
increase) UVB-induced redness are unclear. Therefore, it is not known whether the
differences between the in vivo and the in vitro determined SPFs for sunscreens
containing zinc oxide are due to this mechanism.

The anti-inflammatory effect of zinc oxide, assessed by its ability to inhibit edema, was
also found to be weaker compared to certain other UV filters, such as titanium dioxide,
benzophenone-3, and benzophenone-5 (Couteau et al., 2012). This further suggests that
zinc oxide's anti-inflammatory properties are unlikely to fully explain the differences
observed between in vitro and in vivo SPF testing for sunscreens containing this
ingredient, as the highest discrepancy was found for zinc oxide.
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Overall, it is not likely that zinc oxide penetrates the intact skin and suppresses UV-
induced redness. However, other substances commonly used in sunscreens, such as
tocopherol, could also affect UVB-induced redness.

Research question 2: If one of the significant mechanisms of action of zinc oxide is
indeed the suppression of redness, what is the impact of the use of a sunscreen that
contains zinc oxide on the overall risk of harmful effects of UV radiation?

As previously discussed, it is not likely that zinc oxide penetrates the intact skin barrier.
However, if zinc oxide would be able to enter the (damaged) skin, the SPF for sunscreens
containing zinc oxide measured in vivo would be higher due to the redness-supressing
properties of zinc oxide. In that case, the level of UV protection would be overestimated.
Lower protection from UVA and UVB radiation could then potentially result in more direct
and/or indirect DNA damage. Therefore, it is important to further investigate the cause of
the discrepancy in SPF measured by the in vitro and in vivo tests. There are some
indications from mice studies that zinc oxide can penetrate UVB damaged skin, although
species differences make these results difficult to translate to the human situation.
Furthermore, there could be other mechanisms by which zinc oxide may reduce redness.
Furthermore, other anti-inflammatory ingredients that may be commonly used together
with zinc oxide in sunscreens could be further investigated.

Outlook

Follow-up research is necessary to explain the differences between the in vivo and in
vitro determined SPFs for zinc oxide containing suncreens. For example, a ‘reverse in
vivo test’ could be performed, in which zinc oxide sunscreen is applied only after UV
exposure, to observe if the skin redness would decrease after application. If the redness
would be reduced, this could indicate that zinc oxide sunscreen does reduce the redness
by reducing inflammation instead of protecting the skin from UV radiation. If redness
would not be reduced, it is more likely that there is another reason for the difference in
outcome of the tests. Alternative options are to research the uptake of zinc oxide in UV
radiation exposed human skin in ex vivo experiments, or to measure the inflammation
state in the UV radiation exposed in vitro or ex vivo skin treated with zinc oxide. In
addition, the possibility that there is another ingredient besides zinc oxide used in the
sunscreens that reduces redness of the skin, for example the anti-oxidant tocopherol
(vitamin E), cannot be excluded.
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