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Highlights


UVA irradiation causes immediate increases in cytosolic and mitochondrial Fe(II) in human dermal
fibroblasts and endothelial cells, as monitored by Fe(II) reporters FeRhonox1 and MitoFerroGreen.



UVA irradiation increases dermal endothelial H2O2, monitored using the adenovirus vector HyperDAAO-NES.



UVA-dependent increases in Fe(II) and H2O2 are inhibited by ZnCl2 (10 µM) via ferritin’s 3-fold iron
conducting channels.



Quercetin reduces UVA dependent Fe(II) signals and H2O2 production.



Inhibition of superoxide dismutase and catalase by tetrathiomolybdate and 3-amino-1, 2, 4-triazole
increases and prolongs the cytosolic Fe(II) signal after UVA irradiation.



UVA-dependent ferritin iron release is the most proximal cause of UV-dependent dermal
inflammation.

2

Abstract
UVA irradiation of human dermal fibroblasts and endothelial cells induces an immediate transient increase in
cytosolic Fe(II), as monitored by the fluorescence Fe(II) reporters, FeRhonox1 in cytosol and MitoFerroGreen
in mitochondria. Both superoxide dismutase (SOD) inhibition by tetrathiomolybdate (ATM) and catalase
inhibition by 3-amino-1, 2, 4-triazole (ATZ) increase and prolong the cytosolic Fe(II) signal after UVA
irradiation. SOD inhibition with ATM also increases mitochondrial Fe(II). Thus, mitochondria do not source
the UV-dependent increase in cytosolic Fe(II), but instead reflect and amplify raised cytosolic labile Fe(II)
concentration.

Hence control of cytosolic ferritin iron release is key to preventing UVA-induced

inflammation. UVA irradiation also increases dermal endothelial cell H2O2, as monitored by the adenovirus
vector Hyper-DAAO-NES(HyPer). These UVA-dependent changes in intracellular Fe(II) and H2O2 are mirrored
by increases in cell superoxide, monitored with the luminescence probe L-012. UV-dependent increases in
cytosolic Fe(II), H2O2 and L-012 chemiluminescence are prevented by ZnCl2 (10 µM), an effective inhibitor of
Fe(II) transport via ferritin’s 3-fold channels. Quercetin (10 µM), a potent membrane permeable Fe(II)
chelator, abolishes the cytosolic UVA-dependent FeRhonox1, Fe(II) and HyPer, H2O2 and increase in
MitoFerroGreen Fe(II) signals. The time course of the quercetin-dependent decrease in endothelial H2O2
correlates with the decrease in FeRhox1 signal and both signals are fully suppressed by preloading cells with
ZnCl2. These results confirm that antioxidant enzyme activity is the key factor in controlling intracellular iron
levels, and hence maintenance of cell antioxidant capacity is vitally important in prevention of inflammation
initiated by labile iron and UVA.
List of abbreviations: 3-amino-1, 2, 4-triazole (ATZ); dihydroriboflavin 5’-phosphate (FMNH2); Labile iron
pool, (LIP); riboflavin nucleotide, FMN; degrees of freedom, d.f.; Desferrioxamine, DFO; Polyethylene
glycolated superoxide dismutase, PEG-SOD; photon, hν; normal human dermal fibroblasts, NHDF; superoxide
dismutase (SOD); tetrathiomolybdate (ATM) ; HBSS, Hank’s buffered saline solution
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Introduction
To date the individual roles of subcellular components to cytosolic UVA-dependent iron increase have been
difficult to resolve, as temporal and spatial resolutions of iron reporters following changes in labile iron pool
have been insufficient [1,2]; e.g. radioactive 59Fe label distribution [3] and turn-off reporters of cytosolic iron
such as calcein [4] or PhenGreen-SK [5]. The newly available cytosolic ferrous iron sensitive turn-on
fluorescent probes (FeRhonox1) [6] and mitochondrial Fe(II) (MitoFerroGreen) [7] potentially improve both
the time resolution and reliability of observed changes in cytosolic and mitochondrial labile iron pool (LIP)
following UVA irradiation. Use of these probes allows rapid monitoring of the effects of UVA irradiation on
intracellular iron mobilization. This can be readily sourced to ferritin, as iron diffusion through ferritin’s shell
hydrophilic 3-fold pores is specifically inhibited by Zn(II), which binds with high affinity to sites within the
pore [8–11].
The availability of specific mitochondrial Fe(II) reporters [12–16] has shown that labile Fe(II) exists within the
mitochondrial space at higher concentrations, around 5-7 μM, than in the cytosol with much higher
concentrations reported in Friedrich’s ataxia ≈ 15μM) [13]. This high concentration of labile iron results
mainly from the large negative mitochondrial membrane potential ≈-250 mV [17]. Thus, mitochondria in
Friedrich’s ataxia or iron overload are particularly vulnerable to UVA irradiation-induced damage, as
corroborated by the observation that mitochondrial iron chelators reduce UV-induced apoptosis [12,13,18].
Although iron is present is substantial amounts in mitochondria, it is unlikely to be present in dermal
mitochondrial ferritin [19] unlike its presence in brain, testis [19] and heart [20]. Instead, it is likely to be
present in dermal mitochondria and iron-sulphur clusters which are essential components both in heme
synthesis and regulation of aconitase [21].
Nevertheless, given the mitochondrial high iron concentration and the large numbers of mitochondria [16],
amounting to 20-25% of cell iron [22], it seems likely that they are a source of the increase in cytosolic Fe(II)
following UVA-irradiation. Whether mitochondria are a major source of raised dermal cytosolic labile Fe(II)
following UVA irradiation remains an unanswered question. Thus, examination of the effect of UVA on the
subsequent intramitochondrial Fe(II) generated signal with the MitoFeGreen Fe(II) probe is of considerable
interest [7].
Another favoured hypothesis for the source of raised intracellular labile iron following UVA irradiation is
that ferritin iron is recycled following lysosomal damage due to excess H2O2 and UVA irradiation, [23,24].
These challenges produce similar lytic effects on lysosomes to those from superoxide and hydroxyl radicals
generated by cytosolic Fenton reactions and redox cycling [4,25]. Furthermore, release of lysosomal
contents leads to mitochondrial damage [26] and can be prevented by the iron chelator desferrioxamine
(DFO) [1].
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In vitro, H2O2 inhibits iron release from ferritin [9,27], because it changes ferritin iron from the reduced
ferrous Fe(II) to the oxidized ferric Fe(III) state [8]. However, exogenously sourced H2O2 has variable effects
on cytosolic labile iron, e.g. in J16 Jurkat cells cytosolic iron is increased but unaffected in HJ16 cells [4].
Increased calcein-chelatable iron and lysosomal destabilization by exogenous H2O2 was prevented by DFO
[4]. The ratio of extracellular to intracellular H2O2 is estimated to be approximately 100:1 [28]. Thus,
apparently iron facilitates superoxide and other radical product formation from H2O2, e.g. ascorbate free
radical and FMN-, as a result of antioxidant enzyme activity and redox cycling reactions [29–31].
Singlet oxygen, 1O2 formed during exposure of dermal photosensitizers to UVA, may be another source of
radical formation [32–35]. Similar difficulties have arisen in characterizing the role of H2O2 in photochemical
activation of oxidative damage to membrane lipids and DNA, since UVA activation is known to result in iron
release and subsequent oxidation of membrane lipids [29,36–40].
To elucidate the roles of iron and individual reactive oxygen species in inflammatory processes initiated by
UVA irradiation or exogenous H2O2, we examined time-dependent changes in intracellular labile iron Fe(II),
H2O2 and superoxide before and after varying UVA irradiation doses in human dermal fibroblasts and
endothelial cells. Additionally, we investigated the effects antioxidant enzymes superoxide dismutase and
catalase on UVA-dependent iron mobilization by monitoring the effects of the superoxide dismutase
inhibitor, tetrathiomolybdate (ATM)[9,41] and catalase inhibitor aminotriazole (ATZ) [42].
To confirm the role of ferritin in UVA-dependent Fe(II) release, we examined whether Zn (II) blocked the
UVA-dependent release of iron into the cytosol and its effects on intracellular H2O2 and mitochondrial Fe(II)
using the new fluorescence probe FeRhonox1 [6]. Additionally, exogenous H2O2 was added to cells to
determine its direct effect on intracellular iron and H2O2 using reporters of both intracellular Fe(II) and H2O2
(see Methods). As quercetin has both high membrane permeability and high affinity for Fe(II) [43], both Zn
(10 μM) and quercetin (10 µM) were used to reverse the UVA-dependent increase in FeRhonox1, and
thereby confirm the efficacy of the switch-on Fe(II) reporters and prevention of Fe(II)-dependent increase in
H2O2 and superoxide formation.

Methods
Cell culture. Normal human dermal fibroblasts (NHDFs) were cultured in phenol red-free Dulbecco’s
modified Eagles Medium (DMEM) (Sigma), supplemented with 10% foetal bovine serum (FBS), 4mM Lglutamine (Sigma) and 1% penicillin/streptomycin (Sigma) under standard conditions (37℃, 5% CO2). Human
dermal blood endothelial cells (HDBECs) (PromoCell, Germany) were grown in MV2 basal growth media
(PromoCell, Germany) supplemented with 5% FBS, endothelial cell supplement kit (PromoCell, Germany) and
1% penicillin/streptomycin under standard conditions (37℃, 5% CO2). Cells were cultured in black 96-well
5

plates for fluorescent plate-reader assays and white 96-well plates (Greiner Bio-One, Austria) for
luminescence experiments. Treatments consisted of 4-10 μM ZnCl2, 500U/ml superoxide dismutasepolyethylene glycol (pSOD), catalase-polyethylene glycol (pCAT), 4μM ammonium tetrathiomolybdate
(ATM/SODinh) and 2mM 3-amino-1 2 4-triazole (3-ATZ/CATinh) added 30 min prior to experiments.
UVA treatment. Cells were exposed to UVA (365nm) for 1-10 min (approx. 0.8-8 kJ/m2) using a UVL-56 lamp
(UVP) in an incubator under standard conditions (37 ℃, 5% CO2).
Monitoring cytoplasmic labile iron with a selective Fe(II) probe FeRhoNox1. Measurement of intracellular
UV-induced iron release was monitored using FeRhoNox-1, an intracellular fluorescent probe specific for the
detection of labile iron Fe(II) [6]. Normal human dermal fibroblasts (NDHFs) were grown to confluence in 96
well plates in DMEM and, when stated, supplemented with 0, 10 or 40M of zinc (ZnCl2). Cells were
incubated with 5μM FeRhoNox1 (Goryo Chemical, Japan) for 1 h prior to assays, before washing twice with
PBS followed by addition of Hank's Balanced Saline Solution (HBSS) (Gibco) containing stated treatments and
incubated for 20 min before an assay.
Cell in microtiter plates were placed in a CLARIOstar plate-reader (BMG LabTech) which maintains a defined
atmosphere (5% CO2, 37C). Fluorescent readings (Ex.535nm/Em.569nm) were obtained at 1 min intervals. A
baseline reading was established for 20 min before the plate was removed to an incubator of the same
atmospheric conditions, and the wells exposed to UVA light (360nm, 0.8-8 kJ/m2) for 1, 5 or 10 min. The
plate was then returned to the plate-reader for further readings.
Monitoring mitochondrial labile iron with a selective mitochondrial Fe(II) probe MitoFerroGreen.
MitoFerroGreen is a fluorescent probe specific for the detection of Fe (II) in the mitochondria [7]. Cells were
incubated with 5μM MitoFerroGreen (Dojindo, Japan) for 1 h prior to assays, before being washed twice and
the addition of HBSS. (Gibco). Where stated, treatments were added to HBSS and cells incubated for 20 min
prior to assay. Fluorescent readings (Ex/Em 505/535nm) were taken at 1 min intervals using the CLARIOstar
plate reader (BMG Labtech). For UVA treatment, the plate was removed to an incubator of the same
atmospheric conditions and the wells exposed to UVA light (360nm) for 1, 5 or 10 min (0.8-8 kJ/m2). The
plate was then returned to the plate-reader for further readings.
Reactive oxygen species generation. Cells were incubated with the chemiluminescent probe L012 (10μM) in
HBSS. Chemiluminescence was measured in a CLARIOstar plate reader at 1 min intervals according to
methods reported previously [44].
Monitoring intracellular hydrogen peroxide with the molecular probe HyPer using a multiwell plate reader.
Cells were transfected with HyPer-DAAO-NES (HyPer) adenovirus vector (D-amino acid oxidase-nuclear
export signal) (kindly provided by Professor Thomas Michel, Harvard University) at a multiplicity of infection
(MOI) of 300. After 24 h of incubation, cells were washed three times with PBS and grown for a further 48 h
before experimentation. Fluorescent readings were taken in HBSS and where stated, treatments were added
6

to cells then incubated for 20 min prior to assay. HyPer ratiometric fluorescent signals were acquired using
the CLARIOstar plate reader (BMG LabTech) at 1 min intervals. These fluorescent signals are reported as a
ratio of Ex 490/420 Em 520nm. The advantage of HyPer is that it is a dynamic reversible probe for
intracellular H2O2 and has many advantages over other fluorescent probes that are generally irreversible and
hence unsuited to monitoring dynamic changes in H2O2[45,46] .

Results
UVA irradiation increases skin fibroblast cytosolic chelatable iron
Once FeRhonox1 was loaded and the fluorescence output equilibrated, as judged by the output from the
Clariostar plate reader, the plate was exposed to UVA for varying times outside the platereader and then
replaced immediately. The break in the output reading is shown in Figure 1A, which shows a typical readout
of FeRhonox1 signals in normal human dermal fibroblasts (NDHF) exposed for 5 min to UVA irradiation (4
kJ/m2). Immediately after UVA irradiation, there is a sharp increase in the FeRhonox1 fluorescence (P <
0.001), that is increased by longer irradiation (not shown). The increase in FeRhonox1 signal is enhanced
when the SOD inhibitor ATM is present. Application of ZnCl2 (10 µM) prior to UVA irradiation prevents the
UVA-dependent increase in FeRhonox1 signal (P < 0.001) (Figures 1A, 1B). Zn is effective in inhibiting iron
mobilization over a range of UVA irradiation form 1-10 min (0.8-8 kJ/m2). These findings provide useful
confirmation that the most likely source of iron for the UV-dependent increase in cytosolic iron is likely to be
cytosolic ferritin. Low concentrations of Zn have been shown to block ascorbate and iron-dependent ferritin
iron mobilization in ferritin solutions, [9].
Figure 2A show a typical averaged readout of FeRhonox1 signals plotted as a histogram in fibroblast control
cells (prior to UVA irradiation) and after 1 and 5 min UVA irradiation (0.8 and 4 kJ/m2). The increment in
FeRhonox1 signal is enhanced by longer irradiation times. In unirradiated cells, the superoxide dismutase
inhibitor, ammonium tetrathiomolybdate (4 M ATM)[47], decreased the steady state FeRhonox1 signal, as
did the catalase inhibitor 3-amino-1, 2, 4-triazole (3-ATZ/CATinh). However, following UVA irradiation, both
ATM (Figure 2B ) and ATZ increased the cellular FeRhonox1 response to UVA irradiation.
The raised increase in FeRhonox1 signal after UVA irradiation, which is mainly dependent upon cell
superoxide dismutate inhibition, supports the view that superoxide induces iron mobilization [27,48] and
hence increases the labile iron pool. These results indicate that UVA irradiated control skin fibroblasts are
normally protected from excessive increases in cytosolic Fe(II) from UVA mobilized iron by the action of
antioxidant enzymes superoxide dismutase and catalase, and probably also glutathione peroxidase [49],
which separately and together prevent superoxide formation and hence retard superoxide-dependent iron
mobilization from ferritin.
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The effect of a catalase inhibitor ATZ on the UVA-dependent increment in FeRhonox1 (Figure 2B) suggests
that UVA-dependent increases in intracellular H2O2 also cause an increase in the labile iron pool. This is likely
to be due to H2O2 formation as a result of superoxide dismutase activity. As already demonstrated in Figures
1A and 1B, exposure to low concentrations of ZnCl2 prevents UV-dependent iron release in dermal
fibroblasts and endothelial cells, suggesting that the bulk of the increase in cytosolic Fe(II) following UVA
irradiation stems from ferritin iron mobilisation.
Effect of UVA irradiation on intracellular H2O2 in dermal endothelial cells monitored by HyPer fluorescence
As stated in the Methods, intracellular H2O2 was monitored with the aid of adenovirus vector Hyper-DAAONES transfection into dermal endothelial cells. Although fibroblasts show a small HyPer response, the signal
to noise ratio in these cells is too large to give reliably significant results. As HyPer transfected dermal
endothelial cells show significant responses to UVA and exogenous H2O2, all subsequent experiments using
HyPer were conducted with dermal endothelial cells. Notably, dermal endothelial cells take up more
FeRhonox1 than fibroblasts and therefore exhibit a larger response to UVA.
Effect of exogenous H2O2 on intracellular FeRhonox1 signal in dermal endothelial cells and fibroblasts.
An increased HyPer H2O2 signal following addition of exogenous H2O2 (100 μM) confirms that the HyPer
probe acts as an effective probe for intracellular H2O2. However, the effect is relatively short-lived (4-10
min) (Figure 3A).

The duration of the H2O2 transient is prolonged with exposure to higher H2O2

concentrations and by inhibition of SOD. Addition of exogenous H2O2 (100 μM) to dermal endothelial cells
results in a transient increase in FeRhonox1 signal (Figure 3B). These findings support the view that the copresence of superoxide and H2O2 amplify ferritin iron mobilization (not shown in this Figure).
The time course of the decrease from the peak signal closely matches the decrease from peak signal
obtained with H2O2 in endothelial cells transfected with HyPer (Figure 3A). This finding corroborates a recent
report [4], showing an increase in labile iron pool following Jurkat cell exposure to varying concentrations of
exogenous H2O2.
Effects of UVA exposure on cytosolic H2O2 in dermal endothelial cells
HyPer responses were monitored in endothelial cells in the absence prior to or after UVA exposure.
Averaged signals are shown in Figure 4A and after 5 min UVA irradiation the intracellular HyPer signal
increases by 2-fold (P < 0.01) and in the presence of a SOD inhibitor (20 μM ATM) by > 3-fold (P < 0.001).
This can be compared with the response to exogenous H2O2 (100 μM) which increases the HyPer response
2.5-fold (P< 0.001). The likely source of this extra superoxide particularly with Fe(II) enriched cytosol is from
iron catalysed Fenton reaction [50].
In dermal endothelial cells, as in fibroblasts, similar qualitative effects of the SOD inhibitor ATM are observed
for iron release. Thus, it is evident that intrinsic antioxidant SOD activity normally prevents significant net
8

iron mobilization from ferritin. This finding implies that a major cause of UVA-dependent iron release to the
cytosol results from superoxide anion formation, a known source of electrons which reduces ferritin core
Fe(III) to soluble, mobile and chelatable Fe(II), [48,51]. In addition to raising dermal endothelial H2O2, SOD
inhibition by ATM (4 μM) increases the FeRhonox1 signal after 5 min UVA irradiation (P < 0.001) (Figure 3).
Effect of quercetin on FeRhonox1 signals and intracellular HyPer in dermal endothelial cells
Quercetin (10 μM) was added to the dermal endothelial bathing solution 100 min after UVA exposure, to
determine the reversibility of the FeRhonox1 response to raised intracellular Fe(II) and of HyPer to raised
H2O2. Quercetin at concentrations in excess of labile iron, acts as a very high affinity Fe(II) chelator
[43,52,53]. Quercetin reduces both dermal fibroblast and endothelial cell FeRhonox1 signals (t1/2 ≈ 7 min)
(Figure 4B and S1). The quercetin-dependent decrease in FeRhonox1 signal is significantly larger after
exposing the cells to inhibitors of catalase and superoxide dismutase (Supplemental Figures S1B and S1C).
This larger decrement in intracellular Fe(II) after quercetin chelation is consistent with the raised intracellular
iron concentration, as has already been shown following exposure to antioxidant enzyme inhibitors (Figures
2B and 4B).
Quercetin also rapidly reduces the intracellular HyPer signal observed after UV irradiation of dermal
endothelial cells (Figure 4C). This finding signifies that iron chelation reduces reactive oxygen species
production, and hence the redox cycling of these products with consequent reduction in intracellular H2O2
concentration. These latter results all point to a positive correlation between intracellular H2O2 and labile
iron pool levels and corroborate the findings of Qenaei et al [4]. However, our results with cultured dermal
endothelial cells are dissimilar to the observed effects of H2O2 on ferritin in solution [9,27]. Addition of H2O2
to ferritin solutions strongly inhibits ascorbate-dependent iron mobilization. It is likely that the net effect of
either addition of exogenous H2O2 or direct generation of intracellular H2O2 with raised labile iron, is to
catalyse electrons production of electrons that reduce Fe(III) and thereby further increase labile cytosolic
Fe(II) by redox cycling of iron and superoxide, H2O2 and hydroxyl radicals[54].
Evidence of increased reactive oxygen luminescence following UVA irradiation in dermal fibroblasts
Use of luminescence reporters, such as L-012, provide useful corroboration that UVA enhances intracellular
free radical production involving oxygen species (Supplemental Figure S2). It is evident that UVA enhances
luminescence, although longer irradiation times reduced the signal.

It is also apparent, from the

luminescence enhancement observed with PEG-catalase and PEG-SOD, that L012 is responding primarily to
cytosolic superoxide signals. The significant reduction in luminence with quercetin corroborates previous
findings showing that quercetin is an effective quencher of free radicals and Fe(II) chelator [52,55,56].
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Effect of UVA irradiation on mitochondrial labile iron in dermal endothelial cells
As already mentioned, mitochondria have a very high iron concentration, amounting to approximately 2025% of total cell iron [22,57,58]. Thus, mitochondria are a plausible source of the increase in cytosolic Fe(II)
following UVA-irradiation. To ascertain whether this is the case, we examined the effects of UVA on
mitochondrial Fe(II) using the mitochondrial Fe(II) reporter MitoFerroGreen (see Methods). Following UVA
irradiation of dermal endothelial cells, an increase mitochondrial iron is observed. Additionally, intramitochondrial labile iron signal is further increased in cells treated with SOD inhibitor ATM (4 μM) (Figure 5).
SOD inhibition increases UVA-dependent mitochondrial labile iron increase in dermal fibroblasts
Although both dermal fibroblasts and endothelial cells respond in similar ways to UV with respect to ferritin
dependent iron release, we further compared the effects of UVA on mitochondrial labile iron signals in
dermal fibroblasts loaded either with FeRhonox1 or MitoFerroGreen to compare UV induced changes in
cytosolic and mitochondrial iron in the same cell preparation at the same time.
Normal dermal fibroblasts were treated with PEG-SOD (500U/ml) and SOD inhibitor ATM (4µM), before
exposure to UVA for 1, 5 and 10 min (0.8-8 kJ/m2). Labile iron in the mitochondria was measured using the
MitoFerroGreen fluorescent probe. As with UVA effects on cytosolic Fe(II) reported by FeRhonox1, when
ZnCl2 is applied prior to UVA it prevents the increase in mitochondrial Fe(II) (Figure 5A). Moreover, following
addition of quercetin(10 µM), there is a rapid decline in mitochondrial Fe(II), suggesting that mitochondrial
iron levels change in parallel with cytosolic iron (Figure 5B).
Zinc reduces the basal level of mitochondrial iron
As shown in Figures 5B and Supplemental Figure S3, treatment of dermal fibroblasts with the SOD inhibitor
ATM (4µM) and zinc chloride (40M) lead to increases in labile iron in the mitochondria. Since there is no
evidence of any immediate UVA dependent decrease in mitochondrial Fe(II) signal, evidently the rise is
cytosolic Fe(II) following UVA irradiation cannot be sourced from mitochondria.

Discussion
The novel findings in this study are that UVA irradiation of dermal fibroblasts and endothelial cells leads to
mobilization of ferritin iron and a subsequent rise in cytosolic Fe(II) and H2O2 and mitochondrial Fe(II). These
increases are normally masked by intracellular antioxidant enzyme activities, namely superoxide dismutase
and catalase, which when inhibited lead to enhanced and prolonged rises in cytosolic and mitochondrial
Fe(II) and H2O2 and superoxide activities. Much of the variability reported previously in cellular responses to
UVA may now be assigned to variable amounts of ferritin iron and variable activities of antioxidant enzymes
[4]. Previous work has shown that exposure of dermal fibroblasts to UVA (0-12 J/cm2) [59,60] results in
partial

inactivation of antioxidant enzymes catalase and superoxide dismutase, although glutathione
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peroxidase and glutathione reductase activities were unaffected. Thus much of the increased sensitivity of
aging skin to UV may also be ascribed to variability in these factors [61,62].
The underlying processes of photolytic and ligand induced iron release from ferritin [63,64] are very similar
to those well described in other ferrihydrites, such as goethite and magnetite [65–69]. In brief,
photoactivation of the surface iron-hydroxo complexes with siderophoric ligands, such as citric or ascorbic
acid, leads to charge transfer to the mineral surface Fe (III) to produce Fe (II) and subsequent release of
soluble ferrous ion and production of hydroxyl, and superoxide free radicals in a series of cyclic reactions
(see Eq 1-3 and Graphical Abstract).

∙

Eq 1

[Fe(III)(OH)2+]+ hϑ →Fe(II)+ HO

Eq 2

[Fe(III)(citrate)]+ hϑ →Fe(II) +citrate2∙-

Eq 3

citrate2∙- +O2 → oxidation products + CO2 + O2∙-

Thus in oxygenated ferrihydrite solutions, UVA irradiation leads to both hydroxyl and superoxide radical
production and in the presence of ascorbate [70] and or citrate [71,72] either long lived ascorbate or
shorter-lived citrate radicals. These can transfer electrons to Fe(III) with release of soluble Fe(II) from the
metal oxide surface. This applies both to geological ferrihydrites and to the biological ferritin ferrihydrite
core.
Fe(III) dissolution is stimulated by an Fe(II) chelator which reduces the local Fe(II) activity and thereby
prevents or retards Fe(II) reoxidation at the ferroxidase site and hence greatly accelerates net Fe(II) release
to the aqueous environment [73]. It is evident from this model that intracellular photolytic reactions depend
largely on the availability of Fe(III) sites at the exposed aqueous interface. Both ferritin and hemosiderin are
considered to be the major cytosolic targets, although recent Mossbauer spectroscopy studies suggest that
much hemosiderin may be produced as a post-mortem artefact [74,75].
Mitochondria are another possible photolytic target, as they contain relatively high concentrations of labile
Fe (II) (15 μM) [13,76,77]. Whether this high concentration of labile iron exists within mitochondria in vivo
remains a debated question. It seems likely that the Fe(III)/Fe(II) ratio is altered by Fe(II) chelators.
Mossbauer spectroscopic studies, which do not depend on chelators to report iron concentrations, suggest
that much of the mitochondrial iron exists as low mass Fe(III) complexes that are precursors for Fe/S cluster
formation [74,75,78,79]. Thus, UV irradiation could lead to an acute increase in mitochondrial Fe(II) as a
result of reduction of Fe(III)/S clusters to Fe(II) and consequent electron leakage from mitochondrial complex
II [80]. The finding that Zn exposure prior to UV irradiation reduces mitochondrial Fe(II) (Figure 5A) appears
to confound this hypothesis. However, there is a small UVA-dependent increase in mitochondrial Fe(II) in
zinc treated- dermal endothelial cells which is further enhanced in the presence of the SOD inhibitor ATM
11

(Figure 5A). These latter findings suggest that stored mitochondrial Fe(III) is converted to Fe(II) by raised
intramitochondrial superoxide following UV irradiation.
Increased intracellular iron raises the intracellular rates of H2O2 production (Figure S1A), and conversely
reducing cytosolic chelatable iron with quercetin reduces levels of cytosolic H2O2. The observed correlations
between intracellular H2O2, superoxide and Fe(II) (Figure S1A) in the same endothelial cell preparation, and
between quercetin-dependent changes in FeRhonox1 signal and quercetin-dependent decreases in Hyper,
FeRhonox1 and L-012 signals, indicate that there is a positive feedback between production of superoxide
and hydroxyl radicals and iron release. The results in Figure 5 indicate that cytosolic iron rapidly equilibrates
between the cytosol and mitochondrial spaces since Zn, which inhibits Fe(II) efflux from ferritin, reduces
both cytosolic and mitochondrial Fe(II). Moreover, quercetin, which also rapidly reduces cytosolic Fe(II)
activity, also reduces mitochondrial Fe(II).
There are several possible routes of mitochondrial iron uptake; DMT1, a di-metal ion proton cotransporter,
present in the outer mitochondrial membrane [81,82] and mitoferrins 1 and 2 present in the inner
membrane [15,83]. Additionally, the mitochondrial calcium uniporter (MCU)[84] mediates rapid iron uptake
and, most likely, the rapid Fe(II) exit we have observed after exposure of dermal endothelial cell to
quercetin (Figure 5).
Mitochondria may also accumulate iron as a result of defective iron export. The ABCB7/8 transporters are
known to be mitochondrial Fe(II) exporters. Overexpression of ABCB8 transporter protects against
ferroptosis [85,86] and impairs cardiomyocyte damage caused by the chemotherapeutic drug doxorubicin a
known inhibitor of ABCB8 activity [87–89]. Although, currently whether any dermal cell mitochondrial ABCB
type transporters are altered during the aging process it is unknown; nevertheless, it is known that aging in
dermal cells results in low level of inflammation [90]. Since dermal inflammation leads to increased hepcidin
secretion, which suppresses the iron export transporter ferroportin [91], this could be an explanation for cell
iron accumulation in senescent skin.
Senescent skin cells, may be particularly susceptible to photolytic damage, as they accumulate large
amounts of ferritin iron, possibly resulting from glutathione depletion, leading to impaired ferroptosis [92–
94]. Thus, curtailing excessive iron uptake, with topical applications of quercetin [95] or catechins, which
have similarly high iron binding affinity [43] together with zinc salts [61] as illustrated in this study, may
help to ameliorate some of the senolytic dermal degeneration. Topical application of polyphenols has
frequently been recommended as antiaging in cosmetic preparations and apparently polyphenols seem to
have some ameliorative actions in vivo [96]. The current study would suggest that much of the UVA
dependent skin pathology can be ameliorated by prevention or reduction in exposure to a raised dermal
labile iron pool.

12

Conclusions and clinical perspectives
Identification of ferritin as the key intracellular source of the UVA-dependent iron release is important, as it
can be blocked by Zn(II) and reduced by the chelating effects of membrane permeable flavanols, such as
quercetin or catechins present in green tea [25,53] and thereby attenuate labile iron accumulation.
Additionally, more traditional anti-inflammatory drugs such as dexamethasone, which upregulate neutrophil
gelatinase associated lipocalin NGAL and protect against oxidative stress by sequestering siderophores[97],
may add to the efficacy of these anti-ageing therapies.
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Figures and Figure Legends:

Figure 1. Zinc protects against UVA-induced intracellular iron release in human dermal fibroblasts. (A)
Normal human dermal fibroblasts (NHDF) were pre-treated with the SOD inhibitor ATM (4µM) with/without
zinc (40µM) and then exposed to UVA irradiation (8 kJ/m2) for 5 min at the indicated time point. Increases
in labile iron were measured using the FeRhoNox fluorescent probe. (B) Relative FeRhoNox-1 fluorescent
intensity in NHDF after UVA exposure (0.8-8 kJ/m2) for 1-10 min following pre-incubation with 0, 10 or
40M zinc. Fluorescence was measured in a CLARIOStar plate reader. Data denote mean  SEM, n=3
independent cell cultures, *P < 0.001 vs control.
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Figure 2. SOD and catalase inhibition increases UVA-dependent labile iron increase in dermal fibroblasts.
(A) NHDFs were pre-treated with SOD inhibitor ATM (4µM), exposed to UVA for 1 and 5 min (0.8 and 4
kJ/m2) and labile iron measured using the FeRhoNox1 fluorescent probe (after UV versus before UVA: *
P<0.05, **P<0.01, ***P<0.001), (after UVA versus before UVA with SOD inhibitor ++ P < 0.01 and ++
P<0.001).
(B) NHDFs were irradiated for 5 min with UVA (4 kJ/m2) and the mean difference in FeRhoNox1 signal
measured. Pre UVA (grey bar) difference between signal at (20 min - 40 min) and black bar difference
between after 5 min UVA irradiation (60 min - 80 min) (see time course in Figure 1A) treated with 2mM
Catalase inhibitor 3-ATZ (CATinh) or SOD inhibitor ATM (4µM). Data denote means ± S.E.D n=3 independent
wells,Difference between inhibited enzyme condition and control before UV (grey bars)

**P<0.01 and

differences between enzyme inhibitions after UVA irradiation anc control after UVA irradiation (black
columns(++P < 0.01 and +++ P<0.001).

Thus both catalase and SOD inhibition significantly increase the

FeRohnox1 signals before UVA irradiation and after UVA irradiation.
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Figure 3. Treatment with exogenous hydrogen peroxide increases labile iron in dermal endothelial cells.
(A) Dermal endothelial cells (HDBECs), transfected with the HyPer hydrogen peroxide ratiometric fluorescent
probe, show an increase in fluorescent signal upon treatment with 100 µM exogenous H2O2, regardless of
previous UVA irradiation. (B) Concurrent increase in labile iron, measured using FeRhoNox fluorescent
probe, following exogenous H2O2 treatment. Data denote mean  S.E.M., n=3 replicates.
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Figure 4. Quercetin inhibits intracellular free iron and hydrogen peroxide in dermal endothelial cells.
(A) HDBECs transfected with HyPer that were pre-treated with SOD inhibitor ATM (4µM)(grey bars) and
exposed to UVA for 5 min (4 kJ/m2) show an increase in HyPer signal above control after UVA.
Control after UV versus before UVA **P<0.01; SOD inhibitor after UV versus SOD inhibitor, before
UVA ( +++ P<0.001) Black bars show the effects of exposure of the cell cultures to H2O2 (50 μM) on
the Hyper signal after versus before H2O2 °°° P<0.001.
(B) Change in FeRhoNox signal in HDBECs treated with vehicle (controlor SOD inhibitor ATM (4µM) +
2mM Catalase inhibitor (CATinh) (3-ATZ) after UVA irradiation (***P<0.001). After addition of
quercetin (10µM) (+++ P<0.001). Thus, quercetin has a significantly greater effect on cells treated
with both SOD and catalase inhibitors than controls indicating a higher level of labile Fe(II) prior to
quercetin treatment in cells treated with antioxidant inhibitors.
(C) Change in HyPer signal in HDBECs treated with quercetin (10µM) and irradiated with UVA for 5 min
(4 kJ/m2). Data denote mean ± S.E.M., n=3 independent cultures, + P < 0.05 difference between
before and after UVA (control); **P<0.01, difference between before and after UVA (quercetin ) ;
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Figure 5. Mitochondrial iron levels change in parallel to cytosolic iron levels in dermal fibroblasts.
(A) NHDFs were treated with SOD inhibitor ATM (4μM) or pegSOD (500U/ml), exposed to UVA for 1 -10 min
(0.8-8 kJ/m2) and labile iron in the mitochondria measured using MitoFerroGreen fluorescent probe and
expressed as relative fluorescence (arbitrary units) ** P < 0.01 column condition versus control ( no UVA
column 1). ++ P < 0.01, column condition versus SOD inhibition, (no UVA, column 2).
(B) NHDFs were treated with SOD inhibitor ATM (4μM) and ZnCl2 (10μM) before being exposed to UVA (4
kJ/m2) and labile iron in the mitochondria measured using MitoFerroGreen fluorescent probe. Condition
versus control no UV (column 1) *P<0.05.
(C) Change in MitoFerroGreen signal in HDBECs pre-treated with pegSOD (500U/ml) before treatment ±
quercetin (10µM) and irradiated with UVA for 5 min (4 kJ/m2)., *P<0.05, Condition relative to control no
UVA column 1 ***P<0.001 Condition with quercetin and UVA relative to beforeUVA irradiation. .Data
denote mean ± S.E.M., n=3 independent cultures .
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Supplementary Figure S1A. Correlation between the changes in intracellular Fe(II) reported by FeRhonox1
(x axis) and H2O2 reported by HyPer signals (y axis) following addition of quercetin (10 𝛍M) to dermal
endothelial cells incubated with the SOD inhibitor ATM (4 𝛍M). Data denote means ± S.E.M of Hyper
signals, Pearson’s correlation coefficient of the best fit linear correlation fit is=0.64 (d.f. 28, p < 0.001).
Supplementary Figure S1B

Supplementary Figure S1C

Supplementary Figures S1B and S1C. Output signals showing the time courses of effects of quercetin (10
𝛍M) addition to cell cultures post UVA exposure on FeRhonox1 and MitoFeGreen fluorescence. Figure S1B
shows a more gradual and smaller percentage decrease in cytosolic Fe(II) than observed with mitochondrial
Fe(II) as reported by MitoFeGreen in Figure S1C.

S1B Quercetin reduces cell FeRhonox1 signal after UVA 10 min by 40%
t1/2 ≈ 7 min. Quercetin reduces MitoFeGreen signal after UVA 10 min by 29
65% t1/2 ≈ 3 min. No effect of UVA without UVA.

Supplementary Figure S2. Reactive oxygen species detected by L012 are induced by UVA, increased by
catalase and reduced by iron chelation with quercetin. NHDFs were treated with pegSOD (500U/ml), SOD
inhibitor ATM (4µM), catalase inhibitor 3-AT (2mM) and Quercetin (10µM) with UVA irradiation of 1-10 min
(0.8-8 kJ/m2). Mean luminescence signal of intracellular reactive oxygen species was measured using the
chemiluminescent probe L012. Catalase increases this signal, (P <0.01), whilst quercetin reduces the signal.
Data denote mean  S.E.M. (P <0.001), n=3-5 replicates.
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Supplementary Figure S3. Zinc inhibits changes in mitochondrial iron levels following UVA irradiation of
dermal fibroblasts. NHDFs were treated with vehicle (DMSO) (Control) or SOD inhibitor ATM (4uM), with or
without Zinc (10µM) and exposed to UVA for 10 min (8 kJ/m2) and labile iron in the mitochondria measured
using MitoFerroGreen fluorescent probe. Data denote mean ± S.E.M., n=3 independent cultures, P<0.05.
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