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ABSTRACT - Purpose: Exposure of skin to ultraviolet light has been shown to have a number of deleterious 
effects including photoaging, photoimmunosuppression and photoinduced DNA damage which can lead to the 
development of skin cancer.  In this paper we present a study on the ability of three flavonols to protect 
EpiDerm™, an artificial skin mimic, against UV-induced damage. Methods: EpiDerm™ samples were treated 
with flavonol in acetone and exposed to UVA (100 kJ/m2 at 365 nm) and UVB (9000 J/m2 at 310 nm) radiation.  
Secretion of matrix metalloproteinase-1 (MMP-1) and tumor necrosis factor-α (TNF-) were determined by 
ELISA, cyclobutane pyrimidine dimers were quantified using LC-APCI-MS. Results: EpiDerm ™ treated 
topically with quercetin significantly decreased MMP-1 secretion induced by UVA (100 µM) or UVB (200 µM) 
and TNF- secretion was significantly reduced at 100 µM quercetin for both UVA and UVB radiation.  In 
addition, topically applied quercetin was found to be photostable over the duration of the experiment.  
EpiDerm™ samples were treated topically with quercetin, kaempferol or galangin (52 µM) immediately prior to 
UVA or UVB exposure, and the cyclobutane thymine dimers (T-T (CPD)) were quantified using an HPLC-
APCI MS/MS method.  All three flavonols significantly decreased T-T (CPD) formation in UVB irradiated 
EpiDerm™, however no effect could be observed for the UVA irradiation experiments as thymine dimer 
formation was below the limit of quantitation.  Conclusions: Our results suggest that flavonols can provide 
protection against UV radiation-induced skin damage through both antioxidant activity and direct photo-
absorption. 

 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
__________________________________________________________________________________________ 
 
INTRODUCTION 
 
Ultraviolet radiation (UVR), defined as 
electromagnetic radiation in the range of 100 nm to 
400 nm, accounts for 10% of the solar radiation that 
reaches the earth (1). Of this radiation, the 
ultraviolet C (UVC) portion (<280 nm) and 90-99% 
of the ultraviolet B (UVB) (280 nm-315 nm) is 
filtered by atmospheric ozone, leaving ultraviolet A 
(UVA) (315 nm-400 nm) as the major component 
of ultraviolet radiation to reach the earth's surface 
(1). 

The UVR that reaches the earth's surface has a 
number of effects on mammalian systems.  
Ultraviolet radiation is responsible for regulation of 
circadian rhythms and for the conversion of 7-
dehydrocholesterol to pre-vitamin D3, a precursor 
of vitamin D, which has a wide range of beneficial 
effects as reviewed by Goltzman (2) and Dixon et. 
al. (3). Exposure to UVR is also associated with an 

increase in lipid peroxidation leading to cell 
dysfunction or necrosis (4;5) destruction of skin 
collagen leading to photoaging (6), 
immunosuppression (7), and DNA damage leading 
to skin cancer, through either oxidative (8) or direct 
photochemical processes (9;10).   

DNA has been shown to be an initial skin 
chromophore, with UVR absorption by DNA 
resulting in the formation of thymine dimers which 
is also the initiating step in photocarcinogenesis 
(9;11). UVB radiation is directly absorbed by 
pyrimidines, especially thymine, resulting in the 
formation of pyrimidine dimers in vitro (12;13). 
These dimers can be formed between two adjacent 
thymines (T-T), two adjacent cytosines (C-C) or 
between adjacent thymine-cytosine pairs (T-C). 
_________________________________________ 
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The pyrimidine dimers can take a number of forms 
but are most commonly found as cyclobutane 
pyrimidine dimers (CPD) which are formed by 
[2+2] cycloaddition between the C5-C6 double 
bonds of adjacent pyrimidines (12;14). Other 
dimers observed include 6-4 dimers (6-4) and their 
Dewar isomers. The relative frequency of 
occurrence of these dimers exposed to UV in vitro 
is: T-T(CPD) > T-C(6-4) > T-C(CPD) > T-T(6-4) 
(12). 

If photoinduced dimers are not repaired prior to 
replication, they can result in C to T and CC to TT 
transversions. If these mutations occur in a protein 
coding region, particularly in the coding region for 
a regulatory protein such as p53, they can lead to 
the formation of carcinomas (6;15). Yarosh, et. al. 
(16) demonstrated that in HaCaT cells UVB 
radiation induces the immunosuppressive cytokine 
TNF-α, and that this same cytokine was induced 
when DNA was damaged using HindIII. The same 
group also showed that increased repair of CPDs by 
addition of T4 endonuclease V, which is specific 
for UVR-induced DNA damage, resulted in a 
decrease in immunosuppression (17). Similar 
results have shown that in in vivo human 
experiments, T4 endonuclease V given after solar 
simulated radiation exposure prevented 
immunosuppression (18). 

Exposure to UVR, particularly UVB, has also 
been associated with immunosuppression, both 
local and systemic (6;7). This immunosuppression 
is believed to reduce the risk of harmful, excessive 
inflammation in the skin following UVR exposure 
(6) and has been found to result from both acute (7) 
and chronic (19) exposure to UVR. UVB radiation-
induced immunosuppression occurs via down 
regulation of T-cell mediated immunity through the 
induction of immunomodulating cytokines (6;20). 
UVB radiation has been shown to induce IL-10 
(21;22), IL-4(22), IL-6 (23) and TNF-α (22).  

UVR-induced photoaging is primarily 
associated with radiation in the UVA range and is 
characterized by increased wrinkle formation 
relative to unexposed skin, a loss of skin recoil 
capacity and an increase in skin fragility (24-26). 
Histologically, the most prominent feature of 
photoaged skin is solar elastosis, characterized by 
degradation of collagen and accumulation of 
abnormal elastin (26;27). UVA, and to a lesser 
extent UVB radiation, causes photoaging through 

induction of matrix metalloproteinase-1 (MMP-1) 
which is responsible for the breakdown of collagen 
(24;28-32). Both UVA and UVB radiation can 
induce the formation of reactive oxygen species 
(ROS) in the skin (4;33) and there is good evidence 
that it is these ROS that initiate the photoaging 
process. 

Due to the negative effects associated with 
overexposure to solar UVR, a large number of 
topically applied sunscreens are available on the 
market and the development of new sunscreens is 
an active area of research. One of the approaches 
being used in the development of new sunscreen 
products is the incorporation of natural products 
produced by plants for the purpose of UVR 
protection (34-36). One family of natural products 
which is believed to have photoprotective properties 
in plants are the flavonols such as quercetin (3, 3', 
4', 5, 7-pentahydroxyflavone Figure 1). Quercetin 
has absorption bands in the UV range (256, 365 
nm) (37) and both the aglycone as well as various 
quercetin glycosides are upregulated in response to 
UVR exposure in various plant species including 
Brassica napus (38), Petunia axillaris (39) and 
Malus domestica (40). Dietary  intake of quercetin 
by mice has been shown to decrease UVR-induced 
immunosuppression (41;42) and a topical quercetin 
emulsion has been shown to protect against UVB-
induced skin damage in a hairless mouse model 
(43). Quercetin can also decrease photoinduced 
MMP-1 production in human fibroblasts (44) and 
UVR-induced inflammatory cytokine production 
through the NfB pathway in primary human 
keratinocytes (45). Quercetin can also protect 
against UVR-induced decomposition of the 
sunscreen octyl methoxycinnamate (46) and the 
anti-inflammatory drug ketoprofen (47) in vitro. 
However, a study demonstrating quercetin 
induction of apoptosis in UVB treated HaCaT cells 
reported that quercetin was unstable in Dulbecco’s 
Modified Eagle Medium (DMEM) and decomposed 
to unknown products, although the extent of uptake 
of intact quercetin or decomposition products into 
the HaCaT cells was not known (48). When 
quercetin was stabilized with ascorbic acid the 
apoptotic effect was reduced, suggesting that the 
apoptotic effect may result from the decomposition 
products and ROS generated from redox cycling of 
the parent compound.  
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Figure 1. Structure of flavonols used in this study. 
 

 
Studies on the UVR protective properties of 

other flavonols such as kaempferol and myricetin 
have also been carried out. Kaempferol has 
demonstrated inhibition of UVB-induced COX-2 
expression through suppression of Src kinase 
activity in JB6 P+ cells (49). Myricetin can 
suppress Fyn kinase activity in JB6 P+ cells and 
mouse skin (50) and inhibit Akt-mediated survival 
signalling in UVB-exposed HaCaT cells (51). 
Myricetin was also found to decrease UVB-induced 
MMP-9 expression in mouse skin through the 
suppression of Raf (52) and PI3 kinase activity 
(53).  

We have previously reported on the favorable 
antioxidant properties of quercetin in UVR-induced 
liposomes(54). Since quercetin displays absorbance 
maxima at 256 and 365 nm, this led us to speculate 
that quercetin may also provide protection from 
UVR-induced DNA damage as a result of direct UV 
absorbance. We hypothesize that quercetin can 
protect against UVR-induced direct DNA damage 
in skin in vitro. To study this hypothesis we 
determined the ability of quercetin to prevent UVR-
induced T-T (CPD) formation in the artificial skin 
mimic EpiDerm™ using a high performance liquid 
chromatography atmospheric pressure chemical 
ionization tandem mass spectrometric (HPLC-
APCI-MS/MS) method. We have also previously 
reported that flavonol stability to UVA radiation is 
dependent on B-ring substitution, with myricetin 
and quercetin being the least stable and kaempferol 
and galangin being the most stable (55). As a result 
of the instability of quercetin, we also investigated 
the ability of kaempferol and galangin to inhibit T-
T (CPD) formation in EpiDerm™. All of the 
flavonols tested were able to inhibit the formation 
of UVB radiation induced T-T (CPD) formation 
and suggests that kaempferol and galangin may 

prove to be effective components of a topically 
applied sunscreen.  
 
METHODS AND MATERIALS 
 
Chemicals 
Quercetin dihydrate (C15H10O7.2H2O, MW= 338.26), 
kaempferol (C15H10O6, MW= 286.23), galangin 
(C15H10O5, MW= 270.24), thymine (C5H6N2O2, 
minimum 99%), 5-fluorouracil (C4H3FN2O2, ≥99%) 
and formic acid were purchased from Sigma-
Aldrich Canada Ltd (Oakville, ON).  LC/MS grade 
water and methanol were purchased from Fisher 
Scientific Canada (Ottawa, ON).  

2 FS20T12/UVB lamps (National Biological 
Corp., Beachwood, OH) filtered to remove UVC 
(cellulose acetate) with an intensity of 1.3 mW•cm-2 
at 310 nm as measured with a UVP UVX-31 sensor 
or 2 F20T12/BL/HO UVA lamps (National 
Biological Corp., Beachwood, OH) filtered to 
remove UVC with an intensity of 0.74 mW•cm-2 at 
365 nm as measured with a UVP UVX-36 sensor 
were used for irradiation. 

EpiDerm™ skin mimics and media were 
purchased from MatTek Corporation, (Ashland, 
MA).  Quantikine® Human pro-MMP-1 ELISA kits 
and Quantikine® Human TNF-α/TNFSF1A ELISA 
kits were purchased from Cedarlane Laboratories 
Ltd., (Burlington, ON) and read using a Synergy™ 
HT Multi-Detection Microplate Reader (BioTek 
Instruments Inc., Winooski, VT).  DNeasy Blood & 
Tissue Kits were purchased from Qiagen (Toronto, 
ON). 
 
Cyclobutane thymine photodimer analysis 
Preparation of Cyclobutane thymine photodimer 
standard 
Cyclobutane thymine photodimer (T-T (CPD)) was 
prepared in water using the method of Ramsey and 
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Ho (56). An aqueous solution of thymine at a 
concentration of 2 mM was frozen and then 
exposed to UVC light in a reactor for 30 min. 
Following the irradiation, the frozen sample was 
thawed in water bath at 40 ⁰C. The ‘freeze-
irradiation-thaw’ process was repeated five times 
daily for 10 days to prepare the standard.   

Isolation of the T-T (CPD) was carried out 
using reversed-phase HPLC on a Waters Alliance 
system (Waters Corp., Milford, MA) which 
consisted of a pump, autosampler, and photodiode 
array detector (Waters 2996). Elution of T-T (CPD) 
was carried out on an Allsphere ODS-2, 3µ column 
(2.1 mm × 150 mm) with isocratic flow of 99% 
water/ 1% methanol with 0.1% formic acid at a 
flow rate of 200 µL/min. Data was processed using 
Waters Empower software.  

The separation and isolation of cyclobutane 
thymine dimer was performed using semi-
preparative reversed-phase HPLC using the same 
Waters system as above with an Allsphere ODS-2 
5µ column (10 mm × 300 mm). A gradient elution 
was carried out consisting of water and methanol 
with 0.1% formic acid at a flow rate of 3 ml/min. 
The gradient for T-T (CPD) collection was as 
follows: 0 to 15 min, linear gradient from 100% A 
to 90% A; 15 to 18 min, isocratic 90% A; 18 to 19 
min, linear gradient from 90% A to 100% A; 19 to 
20 min, isocratic 100% A. Aliquots of 100 μL were 
injected onto the column and T-T (CPD) (Rt = 14.4 
min) was collected using a fraction collector. The 
column was maintained at room temperature (22ºC) 
and washed with (50:50) water: methanol after 
every use. Collected fractions were combined and 
the solvent removed via freeze drying (Labconco 
Freezone 6 Plus, Labconco Corp., Kansas City, 
MO). Stock solutions (100 µM) were prepared by 
dissolving known amounts of T-T (CPD) in 100% 
water. The cyclobutane dimer is reported to be the 
major photoproduct isolated (~85-90%) under these 
conditions (56), consistent with our results, and 
APCI-MS/MS results (m/z 253 → 210 and m/z 253 
→ 139) were consistent with CPD formation. 
 
HPLC-APCI-MS/MS analysis 
HPLC-MS/MS analysis was carried out at room 
temperature on an Agilent 1100 system coupled to 
an AB SCIEX 4000 QTRAP (AB SCIEX, Vaughn, 
ON) quadrupole linear ion trap mass spectrometer. 
The HPLC system consisted of a pump (Agilent 
1100 G1311A) and an autosampler (Agilent 1100 
G1329A) (Agilent Technologies, Mississauga, ON). 

HPLC flow was diverted to waste for the first 2 
minutes of each run through an electronic vaco 
valve, and then from 13 to 20 min when no data 
acquisition was taking place. Aliquots of 10 µL of 
processed samples were injected onto an ODS-2 3µ 
column (2.1 mm × 100 mm). The column and 
autosampler were maintained at room temperature. 
The analytes were eluted under isocratic flow of 
99% water/ 1% methanol with 0.1% formic acid at 
a flow rate of 200µL/min with a run time of 20 min.  

The mass spectrometer was used in multiple 
reaction monitoring (MRM) mode, equipped with a 
heated nebulizer (Atmospheric pressure chemical 
ionization (APCI)) interface used in positive mode. 
The precursor and product ion spectra was 
determined by direct infusion of standard and 
internal standard into the ion source with a syringe 
pump. Quantitative analysis of the processed 
samples was performed using sum of two MRM 
transitions for the standard (T-T (CPD)) from m/z 
253 → 210 and m/z 253 → 139. For the internal 
standard (5-fluorouracil) the Q1/Q3 transition was 
monitored from m/z 131 → 114.  

All of the mass spectrometry conditions for 
ionization of the standard and internal standard 
were optimized by direct infusion using a syringe 
pump at a flow rate of 10 μL/min. Nitrogen was 
used as the nebulizer, collision and curtain gas. The 
optimized mass spectrometer parameters were as 
follows: curtain gas 45psi, collision-activated 
dissociation (CAD) 5psi, nebulizer gas (GS1) 40psi, 
entrance potential (EP) 10eV and temperature 
450ºC. The optimized APCI-MS/MS parameters are 
given in table 1. Analyst 1.5.1 software from AB 
SCIEX was used for controlling the equipment and 
acquiring and processing of data. 
 
Preparation of stock and working standard 
solutions of T-T (CPD) 
All of the primary and working stock solutions of 
standard T-T (CPD) and that of internal standard (5-
fluorouracil) were prepared in LC-MS grade water. 
100 µM primary stock solutions of standard and 
internal standard were prepared in water and stored 
at −20ºC. The 10 times concentrated working stock 
solutions of standard and quality control samples 
were made by serial dilution of primary stock 
solution in water. Our QC samples including low 
quality control (LQC), middle quality control 
(MQC) and high quality control (HQC) were 
prepared as per United States Food and Drug 
Administration (USFDA) guidelines with 
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concentrations of 0.05 µM, 0.25 µM, and 0.5 µM 
respectively. The LQC is 3-times the lower limit of 
quantitation (LLOQ) and HQC is 80% of the upper 
limit of quantitation. The stocks stored at −20ºC 
were used to prepare fresh standard curve and 
quality control samples on each day of analysis. 
 
Ultraviolet Radiation Exposure   
We carried out a pilot study in cultured 
keratinocytes (HaCaT cells) to determine an 
appropriate concentration range for quercetin in our 
EpiDerm™ studies. The ability of quercetin to 
prevent UVA and UVB induced production and/or 
release of MMP-1 and TNF-α from HaCaT cells 
was assessed. HaCaT cells were pre-treated with, 
50 µM, 100 µM and 200 µM quercetin in media 24 
h prior to either UVA or UVB exposure.  
 
EpiDerm™ Skin Mimics 
EpiDerm™ artificial skin mimics (EPI-200 and 
EPI-606) were used as per the supplier’s 
instructions. EPI-200 and EPI-606 tissues differ in 
their surface area, EPI-200 tissues have a diameter 
of 9 mm and EPI-606 tissues have a diameter of 22 
mm. Upon receipt of an EpiDerm™ shipment, the 
tissues were handled as per the protocol provided. 
Briefly, individual tissues from EPI-200 were 
placed in each well of a 6-well culture plate along 
with 1mL of maintenance media. Similarly, EPI-
606 tissues on the day of shipment were placed in 
100 mm petri dishes containing 6.3 ml of 
maintenance media. The tissues were incubated at 
37°C with 5% CO2 overnight to recover from the 
stress of the shipment. Following incubation, the 
maintenance media was replaced with assay media 
for UVR exposure. 
 
Pilot Study. UV irradiation of EpiDerm™ EPI-
200: MMP-1, TNF-α analysis 
EpiDerm™ EPI-200 samples were treated topically 
with 50 µL and 100 µL of 26 µM quercetin (1 
nmol, 2 nmol respectively) in acetone immediately 
prior to UVR exposure. The amount of quercetin 
used was calculated to be the same mass of 
quercetin delivered on to the skin per cm2 as was 
delivered to HaCaT cells of concentrations of 100 
µM and 200 µM (unpublished data). Following 
application, samples were left for 10 min to allow 
the acetone to evaporate, leaving a thin layer of 
quercetin on the skin sample prior to UVR 
exposure. For UVB exposure samples were then 
placed under 2 FS20T12/UVB lamps (National 

Biological Corp., Beachwood, OH) and irradiated 
for 30 min for a total dose of 9000 J/m2 at 310 nm. 
For UVA exposure, cells were placed under 2 
F20T12/BL/HO UVA lamps (National Biological 
Corp., Beachwood, OH) and irradiated for 240 min 
for a total dose of 100 kJ/m2 at 365 nm. Following 
exposure, samples were returned to the incubator at 
37°C with 5% CO2. Cell cultures were removed 
from the incubator 24 hours after exposure and 
media collected and placed in a -80°C freezer for 
later analysis. Experiments were performed in 
duplicate on three separate occasions. 
 
pro-MMP-1 Analysis 
Extracellular pro-MMP-1 produced in response to 
UVR in the presence or absence of quercetin was 
measured using a Quantikine® Human pro-MMP-1 
ELISA kit (R&D Systems, Minneapolis, MN) 
following the manufacturer's directions. Briefly, 
100 µL of culture media and 100 µL of diluent 
solution were added to each well of a 96-well plate 
and shaken at room temperature for 2 hours. The 
samples were aspirated, the plate was washed four 
times and 200 µL of conjugate was added to each 
well and the plate shaken at room temperature for 2 
hrs. Conjugate solution was aspirated, the plate was 
washed four times and 200 µL of substrate solution 
was added to each well followed by a 20 min 
incubation protected from light. 50 µL of stop 
solution was then added to each well and the 
absorbance at 450 nm and 570 nm was recorded 
using a BioTek Instruments (Winooski, VT) plate 
reader. An eight point calibration curve was 
prepared using standards provided by the supplier 
and the pro-MMP-1 concentration of each well was 
determined by interpolation. Results are reported as 
mean ± standard deviation. 
 
TNF-α Analysis 
Extracellular TNF-α  produced in response to UVR 
in the presence or absence of quercetin was 
measured using a Quantikine® Human TNF-
α/TNFSF1A ELISA kit (R&D Systems, 
Minneapolis, MN) following the manufacturer's 
directions. Briefly, 50 µL of culture media and 200 
µL of diluent solution were added to each well of a 
96-well plate and incubated at room temperature for 
2 hours. The samples were aspirated, the plate was 
washed four times and 200 µL of conjugate was 
added to each well and the plate incubated at room 
temperature for 1 hour. Conjugate solution was 
aspirated, the plate was washed four times and 200 
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µL of substrate solution was added to each well 
followed by a 20 min incubation protected from 
light. 50 µL of stop solution was then added to each 
well and the absorbance at 450 nm and 570 nm was 
recorded using a BioTek Instruments (Winooski, 
VT) plate reader. An eight point calibration curve 
was prepared using standard provided by the 
supplier and the TNF-α concentration of each well 
was determined by interpolation. Results are 
reported as mean ± standard deviation. 
 
EpiDerm™ EPI-606: T-T (CPD) Analysis 
EpiDerm™ EPI-606 samples were treated topically 
with 300 μL of 52 μM (15 nmol) flavonol 
(quercetin, kaempferol, galangin) in acetone for a 
final concentration of 4 nmol/cm2 immediately prior 
to UVR exposure. Following application of the 
flavonol in acetone, samples were left for 10 min to 
allow acetone to evaporate leaving a thin layer of 
flavonol on the skin prior to UVR exposure. For 
UVB exposure, samples were placed under 2 
FS20T12/UVB lamps (National Biological Corp., 
Beachwood, OH) and irradiated at 310 nm for a 
dose of 0.05 J/cm2.  For UVA exposure, cells were 
placed under 2 F20T12/BL/HO UVA lamps 
(National Biological Corp., Beachwood, OH) and 
irradiated at 365 nm for a dose of 8.5 J/cm2. For 
both UVA and UVB irradiations, the output of the 
lamps was filtered to remove UVC radiation. 
Positive controls consisted of vehicle without 
flavonol. For the dark controls, plates were wrapped 
in aluminum foil and placed under the lamps for 
similar exposure times to account for heating 
effects. Following irradiation, the tissues were 
washed with PBS, and were carefully removed from 
the tissue culture inserts and placed in a -80°C 
freezer for later analysis. All doses were performed 
in duplicate for three different days. 
 
Preparation of samples for T-T (CPD) analysis 
DNA was extracted from each of the treated, 
control, and dark tissue samples by using a DNeasy 
kit. The tissues were incubated at 56C in the 
presence of ATL buffer and proteinase K for 4 
hours for tissue lysis. After lysis the remaining 
steps were performed as per the protocol of the 
DNeasy kit, except that in the final step DNA was 
eluted from the spin columns by twice washing with 
200 µl of water. For each tissue sample, three 
extraction columns were used.  

After isolation of DNA, the combined eluant 
from three columns was spiked with 20 µL of 

working stock solution including internal standard. 
Each sample was subjected to hydrolysis in 2.4 ml 
of 88% formic acid at 125ºC for 20 min. The 
hydrolysate of all the treated, control and dark 
samples was evaporated and resuspended in 100 µL 
of water. The samples were vortex-mixed for 30 sec 
and injected into the HPLC-MS/MS system with an 
injection volume of 80 μL. 
 
Preparation of T-T (CPD) calibration curves 
The standard curve (n = 2) and three quality control 
(n = 2) samples were prepared fresh on the day of 
analysis. Similarly, DNA was extracted from blank 
unexposed EpiDerm™ using the DNeasy kit as 
described above. After DNA isolation, the 
combined eluants from three columns were spiked 
with 20 µL of working stock solution of 
standard/quality control and internal standard. Each 
sample was subjected to hydrolysis in 200 µL of 
88% formic acid at 125ºC for 20 min(57). The 
hydrolysate of all the standard, quality control and 
blank samples were evaporated and re-suspended in 
100 µL of water. The samples were vortex-mixed 
for 30 sec and injected into the HPLC-MS/MS 
system using an injection volume of 80 μL.  
 
Quercetin Stability 
The stability of quercetin which was topically 
applied to the EpiDerm™ tissues was also assessed. 
Following UVA or UVB exposure 100 µL of 
acetone was placed on the EpiDerm™ samples and 
allowed to re-dissolve the UVR exposed quercetin 
and photoproducts. The acetone was then collected 
and analyzed by HPLC-PDA as described 
previously (58).   
 
STATISTICAL METHODS 
 
Statistical analyses were performed using GraphPad 
Prism 5.0 (GrpahPad Software Inc., La Jolla, CA). 
Data was analyzed by one-way ANOVA with a 
Bonferroni's Multiple Comparison Test.  The level 
of significance was set at P<0.05. 
 
RESULTS  
 
Effect of Quercetin on MMP-1 and TNF-α 
production in UVR treated EpiDermTM-200. 
We used HaCaT cells in a pilot study to confirm 
that we were using sufficiently high UV doses to 
cause both MMP-1 release and TNF-α production, 
and concentrations of quercetin that could have an 
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effect on either MMP-1 or TNF- levels for 
subsequent EpiDerm™ studies. We observed that 
9000 J/m2 (UVB) or 100 kJ/m2 (UVA) was 
sufficient to cause increased MMP-1 and TNF- 
levels vs dark control. When we treated the HaCaT 
cells with 100 µM and 200 µM quercetin, we 
observed a significant decrease in the amount of 
MMP-1 released relative to both vehicle control 
(DMSO) and untreated cells (See Supplementary 
material). Pre-treatment of HaCaT cells with 
quercetin at any of the concentrations used did not 
result in a significant decrease in TNF-α 
production. 

The effectiveness of flavonols as 
photoprotectants was assessed by treating the 
artificial skin mimic EpiDermTM EPI-200 with 
quercetin. We applied quercetin topically to the 
stratum corneum of EpiDerm™ EPI-200 
immediately prior to UVR exposure. The effect of 
topical quercetin treatment of EpiDermTM EPI-200 
on MMP-1 excretion is presented in Figure 2. Both 

UVA and UVB exposed samples treated with the 
equivalent of either 1 nmol (100 µM) or 2 nmol 
(200 µM) quercetin resulted in a significant 
decrease in MMP-1 production compared to 
control. Notably, for both UVA and UVB exposed 
EpiDermTM EPI-200 treated with 2 nmol quercetin, 
extracellular production of MMP-1 decreased to the 
level seen in non-UVR exposed skin mimics (dark 
control). 

Figure 3 shows the effects of topical quercetin 
treatment of EpiDermTM EPI-200 on the production 
of TNF-α. For both UVA and UVB treated 
EpiDermTM we observed significant decreases in 
TNF-α production at 1 nmol, and a further 
reduction of TNF-α production to dark control 
levels in those skin mimics treated with 2 nmol 
quercetin. For the UVA exposed samples, we 
observed a reduction to dark control levels of TNF-
α with both the 1 nmol and 2 nmol quercetin 
treatments.   

 

 
 
Figure 2. Quercetin prevention of MMP-1 production by EpiDermTM EPI-200 skin mimics exposed to either 10 J/cm2 
UVA, 0.9 J/cm2 UVB (in open culture dishes, UVC removed by filtration) or no UVR (dark) by ELISA.  The EPI-200 cells 
were treated with quercetin in acetone, which was allowed to evaporate, immediately prior to UVR exposure leaving a thin 
film of quercetin.  Following treatment skin mimics were returned to the incubator.  Media was collected for MMP-1 
analysis 24 hours later and stored at -80ºC until analysis. * = significantly different from dark control (p<0.05), # = 
significantly different from control (p<0.05). 
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Effect of Flavonols on Cyclobutane Thymine 
dimer formation in UVR treated EpiDermTM 
EPI-606. 
LC-MS/MS analysis 
We initially tested two ionization sources, ESI and 
APCI, and determined that APCI was a superior 
ionization method to ESI as the sensitivity of APCI 
for T-T (CPD) was an order of magnitude greater 
(data not shown).  The detection and quantitation of 
T-T (CPD) was achieved by optimizing mass 
spectrometric conditions operated in positive mode. 
T-T (CPD) was monitored for two fragment ions 
with m/z 253→210 and m/z 253→139 (Figure 4), 

which are specific for the cyclobutane thymine 
dimer. 

We used an internal standard in our 
experiments to account for the undesired effects of 
sample preparation, matrix effects and instrument 
error.  Isotopically labeled internal standards would 
be a superior option; however, these are not 
commercially available for thymine dimer. 5-FU 
was selected as an internal standard because of its 
structural similarity with thymine, its elution within 
the same chromatographic time frame, and most 
importantly, 5-FU does not occur naturally.  5-FU 
was monitored with Q1/ Q3 transition of m/z 
131→114.  

 
Figure 3. Quercetin prevention of TNF-α production by EpiDermTM EPI-200 skin mimics exposed to either 10 J/cm2 UVA, 
0.9 J/cm2 UVB (in open culture dishes, UVC removed by filtration) or no UVR (dark) by ELISA.  The EPI-200 cells were 
treated with quercetin in acetone, which was allowed to evaporate, immediately prior to UVR exposure leaving a thin film 
of quercetin.  Following treatment skin mimics were returned to the incubator.  Media was collected for TNF-α analysis 24 
hours later and stored at -80ºC until analysis. * = significantly different from dark control (p<0.05), # = significantly 
different from control (p<0.05). 
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Figure 4. Structural representation of product ions of cyclobutane thymine dimer with m/z transition (a) 253→210   (b) 
253→139 
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Retention times 
The standard (T-T (CPD)) and internal standard (5-FU) were efficiently separated from thymine using reversed 
phase HPLC. Under our chromatographic conditions, T-T (CPD) and 5-FU eluted at retention times of 6.83 min 
and 4.07 min respectively. The extracted ion chromatogram of spiked samples corresponding to internal 
standard (m/z 131→114) and standard (m/z 253→210 and m/z 253→139) are shown in Figure 5. 

 
Figure 5. Extracted total ion chromatograms for spiked sample corresponding to (A) internal standard (5-FU) with m/z 
131→114 and (B) standard (T-T (CPD)) with m/z 253→210 and 253→139. 
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The effect of topical application of a range of 
flavonols on T-T (CPD) formation in reconstructed 
human skin models is presented in Figure 6. We 
treated EpiDermTM EPI-606 topically with the 
flavonols quercetin, kaempferol and galangin in 
acetone in the same manner as for the EpiDermTM 
EPI-200 experiments. It was necessary for us to 
utilize the larger EPI-606 skin mimics as we 
determined from preliminary UVA/B control 
irradiations of EpiDermTM EPI-200, that T-T (CPD) 
levels were below the lower limit of quantitation for 
our LC-APCI-MS/MS method. The larger total area 
of the EPI-606 skin mimics allows for a greater 
number of T-T (CPD) to be formed. UVB exposed 
samples treated with 4 nmol/cm2 of flavonol 
resulted in a significant decrease in T-T (CPD) 
formation compared to UVB exposed control. The 
levels of T-T (CPD) formation in UVB exposed 
control and flavonol treated skin samples was 
significantly different from non-UVR exposed skin 
mimics (dark control). The levels of T-T (CPD) 
formation however in galangin, kaempferol and 
quercetin treated samples are not significantly 

different from each other. The same study was also 
performed for UVA exposed EpiDermTM EPI-606, 
however the levels of T-T (CPD) formation in both 
control and flavonol treated samples were again 
below our lower limit of quantitation (data not 
shown).  
 
DISCUSSION  
A number of studies have suggested that flavonols 
such as quercetin may be effective photoprotective 
agents. We investigated the topical photoprotective 
ability of three flavonols to inhibit UV radiation-
induced damage to the artificial skin mimic 
EpiDerm™. To accomplish this goal we employed 
several biomarkers of UVR induced damage: 
MMP-1 secretion as a marker of ROS mediated 
damage and photoaging effects, cyclobutane 
thymine dimer (T-T (CPD)) formation as a marker 
of direct UV damage to DNA, and TNF-α as a 
marker of photo-immunosuppression and 
photodamage to DNA.  

 
 

 
Figure 6. The graph represents the mean levels of relative content (%) of cyclobutane thymine dimer (±SD) in EpiDermTM 
EPI-606 skin mimics exposed to 0.05 J/cm2 UVB. The results indicate a decrease in relative content of cyclobutane 
thymine dimer in flavonol treated human skin models compared to control. The statistically significant differences (p<0.05) 
between groups are indicated by labels containing different symbols. The results containing labels with the same symbols 
are not significantly different.  
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Topical application relies primarily on 
photoabsorptive processes and intercellular and 
cellular membrane antioxidant activity to provide 
photoprotection. This is in contrast to other studies 
in the literature where cell culture systems were 
used in which quercetin or other flavonols were 
able to fully incorporate into the cell allowing for 
possible effects on cell signalling and intracellular 
antioxidant activity (59-61). 

Vicentini (62) demonstrated that quercetin (66 
µM) suppressed the UVR-induced NFB pathway 
in primary human keratinocytes, including TNF-α 
mRNA expression, but did not reduce MMP-1 
mRNA levels. Their study differed from ours in two 
ways: mRNA expression of MMP-1 and TNF-α 
was examined at various time-points up to 24 hr, 
whereas our studies examined MMP-1 and TNF-α 
protein levels at a single time point (24 hr post 
exposure); second, we determined that 50 µM 
quercetin was insufficient to reach a significant 
decrease in MMP-1 activity, although we observed 
a trend towards decreased MMP-1. Inspection of 
the data in Vicentini’s study at 66 µM quercetin 
(62) suggests a similar trend in the 24 hr data for 
the MMP-1 mRNA and no significant difference in 
TNF-α mRNA at 24 hr post exposure. 
Unfortunately, the stability of quercetin in their cell 
culture system is unknown. Decomposition of 
quercetin could conceivably influence their results. 
Quercetin would have only undergone minimal 
absorption by our artificial skin system and without 
a prolonged exposure to media would be expected 
to undergo minimal decomposition. Our assessment 
of the photodegradation of quercetin applied 
topically to EpiDerm™ EPI-200 shows that 
quercetin is the major component recovered, with 
only trace amounts of the decomposition product 
quercetin depside (58) present (data not shown). 
Thus, the instability of quercetin reported in other 
cell culture systems was not observed by us in the 
EpiDerm™ EPI-200 system.   

The quercetin-mediated concentration-
dependent decrease in MMP-1 and TNF-α secretion 
seen in our EpiDermTM EPI-200 study could result 
from either antioxidant activity or direct photo-
absorption. We note that these results should be 
viewed with caution as EPI-200 is composed of 
keratinocytes and UV-induced MMP-1 formation is 
largely mediated through fibroblasts, although 
MMP-1 can be derived from UV exposed 
keratinocytes through an indirect pathway (63). 
MMP-1 induction by UVA and UVB radiation has 

been shown to be caused by the formation of ROS 
at the cell surface (4;33;64;65). As a result, both 
the absorbed and surface quercetin would be able to 
prevent initiation of MMP-1 secretion by 
preventing the formation of ROS at the surface of 
the cell, as was seen in this study. Our previous 
studies on UVR-induced decomposition of 
quercetin (58) as well as other oxidation studies 
(66) suggest that 1O2 may interact with quercetin 
and this scavenging of 1O2 may contribute to the 
quercetin-mediated reduction in MMP-1 production 
(67).  

Quercetin may also act as a direct UVR screen, 
absorbing UVR and dissipating energy before ROS 
can be generated (note: quercetin was used at 
concentrations below those known to generate ROS 
in the presence of UVR). We anticipate that under 
our conditions this absorptive effect would be 
localized to the surface of the skin in the 
EpiDermTM EPI-200 samples.  The photoprotective 
effect we observed appears comparable against both 
UVB and UVA radiation. This is despite the 
observation that the absorbance spectrum of 
quercetin has a λmax in the UVA region (365 nm, ε = 
28,400 M-1cm-1) and a low extinction coefficient in 
the UVB region. This suggests to us the ability of 
quercetin to prevent MMP-1 secretion appears be 
an antioxidant effect, although this would be 
expected to be limited due to minimal uptake by 
EPI-200. 

Minimal flavonol absorption by EPI-200 
suggests to us that it is unlikely quercetin interferes 
with the signalling pathways activated following 
UVR exposure (22) leading to TNF-α secretion. 
TNF-α is known to be formed as a result of the 
formation of thymine dimers by a UVR-induced 
photo-reaction (17;18). This is a direct photo-
reaction caused by absorption of light by DNA, 
primarily thymine (λmax = 264 nm), and does not go 
through a ROS intermediate. DNA damage caused 
by reaction with ROS results in the formation of 
DNA lesions distinct from thymine dimers which 
have not been shown to result in TNF-α production. 
It is tempting for us to propose that the major 
protective mechanism for prevention of TNF- 
secretion in EpiDermTM EPI-200 is direct UVR 
absorption by quercetin. However, we observed a 
large reduction in TNF- α production from UVA 
radiation, which produces fewer T-T (CPD) than 
UVB, suggesting that additional pathways 
contribute to TNF- α production.  
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In our previous study, we established that the 
general pattern of flavonol photostability follows 
the trend galangin > kaempferol > quercetin which 
demonstrated that the number of B-ring hydroxyl 
groups is inversely related to flavonol stability in 
UVA radiation (55). We hypothesised that the 
ability of flavonols to protect against UVR induced 
damage would be inversely proportional to 
hydroxyl group substitution on the B-ring. A 
HPLC-APCI-MS/MS analytical method was 
developed to measure the decrease in T-T (CPD) 
formation in a UV irradiated reconstructed human 
skin model, allowing us to determine the relative 
sunscreening abilities of these flavonols. 

Our results showed that quercetin, kaempferol 
and galangin applied topically to EpiDermTM EPI-
606 are effective in preventing the production of T-
T (CPD). The decrease in T-T (CPD) formation 
indicates that quercetin, kaempferol and galangin 
reduce direct DNA damage caused by UVB 
radiation and suggest that the flavonols can act as 
sunscreen agents by direct absorption of UV-
radiation. An obvious limitation with this method is 
the sensitivity as we were unable to measure UVA 
radiation induced damage in EpiDerm™ samples 
and UVB radiation induced damage only for the 
larger EPI-606. We plan to investigate other 
methods for T-T (CPD) measurement to improve 
our analytical sensitivity. We also note that we did 
not normalize to total DNA extracted in our studies; 
for both EPI-200 and EPI-606 we report T-T (CPD) 
per well. We recognize this limitation, however we 
are confident in our results due to the consistency of 
our replicate experiments. 

We used the artificial skin mimic EpiDerm™ as 
a model system to investigate flavonols as topical 
skin photoprotectants, in an effort to avoid 
problems of flavonol instability in cell media 
(48;55). Using this reconstructed human skin 
model, we have demonstrated that topically applied 
quercetin decreases three markers (MMP-1, TNF-α 
and T-T (CPD)) of UVR-induced skin damage in a 
concentration-dependent manner. We also 
investigated the ability of other flavonols to protect 
skin against T-T (CPD) formation. We previously 
established that the general pattern of flavonol 
photostability follows the trend galangin > 
kaempferol > quercetin >> myricetin (54), as a 
result myricetin was not used in our EpiDerm™ 
studies. While we observed different markers of 
biological damage than previously reported, our 
results agree with studies on topical quercetin 

formulations which suggest the importance of 
quercetin stability in the prevention of UVR-
induced skin damage (67;55). Our results suggest 
that flavonols may protect skin from UVR-induced 
damage, and that the more stable flavonols 
kaempferol and galangin may be the most 
promising topical skin photoprotectants.  
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SUPPLEMENTARY MATERIAL 

 
Flavonols Protect Against UV Radiation-Induced Thymine Dimer Formation in an Artificial Skin Mimic. 
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Figure 1S. Quercetin prevention of MMP-1 production by HaCaT cell cultures exposed to either 100kJ/m2 UVA, 900J/m2 
UVB (in open culture dishes, UVC removed by filtration) or no UVR (dark) by ELISA.  Cell cultures were treated with 
quercetin in DMSO (<2% by volume) added to media 24 hours prior to exposure.  For UVR exposure, media was replaced 
with phosphate buffered saline and then following treatment saline was replaced with DMEM and cells were returned to the 
incubator.  Media was collected for pro-MMP-1 analysis 24 hours later and stored at -80ºC until analysis. = UVA, 

= UVB Treatment, = Dark Control.  * = significantly different from dark control (P<0.05), # = significantly 
different from control (P<0.05), @ = significant different from 0 µM (vehicle control) (P<0.05). 
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Figure 2S. Quercetin prevention of TNF-α production by HaCaT cell cultures exposed to either 100kJ/m2 UVA, 900J/m2 
UVB (in open culture dishes, UVC removed by filtration) or no UVR (dark) by ELISA.  Cell cultures were treated with 
quercetin in DMSO (<2% by volume) added to media 24 hours prior to exposure.  For UVR exposure, media was replaced 
with phosphate buffered saline and then following treatment saline was replaced with DMEM and cells were returned to the 
incubator.  Media was collected for TNF-α analysis 24 hours later and stored at -80ºC until analysis. = UVA, = 
UVB Treatment, = Dark Control.  * = significantly different from dark control (P<0.05). 


