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Abstract

Isorhamnetin (3-methylquercetin) is a flavonoid derived from the fruits of certain medicinal plants. This study investigated the pho-
toprotective properties of isorhamnetin against cell damage and apoptosis resulting from excessive ultraviolet (UV) B exposure in
human HaCaT keratinocytes. Isorhamnetin eliminated UVB-induced intracellular reactive oxygen species (ROS) and attenuated
the oxidative modification of DNA, lipids, and proteins in response to UVB radiation. Moreover, isorhamnetin repressed UVB-facil-
itated programmed cell death in the keratinocytes, as evidenced by a reduction in apoptotic body formation, and nuclear fragmen-
tation. Additionally, isorhamnetin suppressed the ability of UVB light to trigger mitochondrial dysfunction. Taken together, these
results indicate that isorhamnetin has the potential to protect human keratinocytes against UVB-induced cell damage and death.
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INTRODUCTION

Excessive or chronic ultraviolet (UV) radiation induces many
types of skin damage, including sunburn, photoaging, corneal
injury, and inflammation; extreme UV exposure can even com-
promise the immune system (Matsumura and Ananthaswamy,
2004; Liu et al., 2012). UV radiation consists of three kinds of
energy: UVA (~320-540 nm), UVB (~280-320 nm), and UVC
(~100-320 nm) light. While UVA and UVB light both provoke
skin damage, the latter is stronger than the former and accord-
ingly, is associated with graver biological insults.

UVB radiation is mostly absorbed in the epidermis, where it
mainly affects epidermal cells, especially keratinocytes (Zeng
et al., 2014). However, ~10-30% of UVB energy can reach
the upper dermis, and hence, UVB light is also hazardous to
fibroblasts and the extracellular matrix (Everett et al., 1966;
Rosette and Karin, 1996). Additionally, UVB light interacts with
intracellular chromophores and photosensitizers to engender
severe oxidative stress in skin cells, together with transient
as well as permanent genetic damage. At a more fundamen-
tal level, these oxidative reactions activate cytoplasmic signal

transduction pathways associated with cell growth, differentia-
tion, and senescence, and ultimately, connective tissue degra-
dation (Helenius et al., 1999).

UVB radiation triggers two predominant types of cytotoxic
damage to the skin that interfere with normal cellular func-
tions, and finally culminate in photodamage, photoaging, and
photocarcinogenesis (Sander et al., 2004). First, UVB light di-
rectly damages DNA via the formation of thymine-thymine cy-
clobutane dimers (Budden and Bowden, 2013). Second, UVB
light indirectly damages DNA, lipids and proteins via genera-
tion of unwarranted levels of reactive oxygen species (ROS)
(Waster and Ollinger, 2009; Lee et al., 2013). Although the
skin has efficient antioxidant defense mechanisms against a
variety of endogenous and exogenous insults (Lyu and Park,
2012), an overabundance of UVB-induced ROS disrupts this
defensive capacity and precipitates irrevocable oxidative in-
jury (Scandalios, 2002).

Natural antioxidants have received ample attention as pro-
spective preventative or curative agents against skin disease
and damage caused by long-term or extreme exposure to
UVB (Afaq, 2011; Yin et al., 2013). For example, isorhamnetin
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is an antioxidant flavonoid derived from the fruits of certain
medicinal plants, including Hippophae rhamnoides L. (Li et al.,
2014; Yang et al., 2014). Nevertheless, the photoprotective
role of isorhamnetin against UVB-provoked skin damage re-
mains unknown. Accordingly, this study examined the ability of
isorhamnetin to safeguard cultured human keratinocytes from
injury resulting from UVB exposure.

MATERIALS AND METHODS

Reagents

Isorhamnetin (3,5,7-trihydroxy-2-(4-hydroxy-3-methoxyphenyl)-
4-benzopyrone, purity: 298%) was purchased from Santa
Cruz Biotechnology Co. (Santa Cruz, CA, USA) and dissolved
in dimethylsulfoxide (DMSO). The ultimate density of DMSO did
not exceed 0.02% in any of the experiments. N-acetyl cys-
teine (NAC), [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium] bromide (MTT), 2',7"-dichlorodihydrofluorescein diacetate
(DCF-DA), Hoechst 33342 dye, and 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), while 5,5',6,6'-tetrachloro-1,1",3,3'-te-
traethyl-benzimidazolylcarbocyanine iodide (JC-1) was purcha-
sed from Invitrogen (Carlsbad, CA, USA). Diphenyl-1-pyre-
nylphosphine (DPPP) was purchased from Molecular Probes
(Eugene, OR, USA). All other chemicals and reagents were of
analytical grade.

Cell culture

The human keratinocyte HaCaT cell line was supplied by
Amore Pacific Co. (Yongin, Republic of Korea). Cells were in-
cubated in a 5% CO,/95% atmosphere at 37°C in RPMI 1640
medium (Invitrogen) containing 10% heat-inactivated fetal calf
serum, streptomycin (100 pg/ml), and penicillin (100 units/ml).

Cell viability assay

The potential cytotoxicity of isorhamnetin against HaCaT
keratinocytes was investigated by using the colorimetric MTT
assay, which is based on the reduction of a tetrazolium salt
by mitochondrial dehydrogenases in viable cells. Cells were
seeded into 24-well plates at a density of 1.0x10° cells/well.
Sixteen hours later, they were pretreated with isorhamnetin at
concentrations of 0, 2.5, 5, 10, and 20 uM.

The photoprotective actions of isorhamnetin against UVB
radiation were next assessed in HaCaT keratinocytes. Cells
were pretreated with isorhamnetin (5 uM) for 1 h, exposed
to UVB light at a dose of 30 mJ/cm?, and then incubated at
37°C for additional 24 h. MTT stock solution (50 pl; 2 mg/ml)
was added to each well to yield a total reaction volume of 200
ul. After incubation for 4 h, the medium was aspirated. The
formazan crystals in each well were dissolved in DMSO (150
ul), and the absorbance at 540 nm was read on a scanning
multi-well spectrophotometer (Carmichael et al., 1987).

Detection of intracellular ROS

To measure intracellular ROS content in UVB-irradiated
HaCaT keratinocytes, cells were seeded into 24-well plates
at a density of 1.0x10° cells/well. Sixteen hours later, the cells
were pretreated for 1 h at 37°C with 1 mM NAC, a powerful
antioxidant used as the positive control, or with 5 uM isorh-
amnetin. Next, the cells were exposed to UVB radiation (30
md/cm?). Two hours later, the cells were loaded with DCF-DA
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solution (50 uM) and incubated for 30 min at 37°C. The fluo-
rescence of the 2',7'-dichlorofluorescein (DCF) product was
detected and quantitated by using a LS-5B spectrofluorometer
(PerkinElmer, Waltham, MA, USA).

Additionally, the ROS scavenging potential of isorhamnetin
was evaluated in UVB-irradiated cells via flow cytometry. Cells
were seeded at a density of 1.0x10° cells/well. Sixteen hours
after plating, they were pretreated with 5 uM isorhamnetin for
1 h, exposed to UVB light, and incubated for an additional 9
h at 37°C. Cells were then loaded with DCF-DA (40 uM) and
incubated for 30 min at 37°C. The fluorescence of the DCF
product was detected via flow cytometry by using a FACSCali-
bur instrument (Becton Dickinson, Mountain View, CA, USA)
(Rosenkranz et al., 1992).

Lastly, image analysis of intracellular ROS was conducted
by seeding the keratinocytes onto four-well chamber slides
at a density of 1.0x10° cells/ml. Sixteen hours after plating,
the cells were pretreated with 5 uM isorhamnetin for 1 h, and
then irradiated with UVB light. After an additional 24 h, 40 uM
DCF-DA was added to each well, and the samples were in-
cubated for another 30 min at 37°C. The stained cells were
then washed with PBS and mounted onto a chamber slide in
mounting medium (Dako, Carpentaria, CA, USA). Images of
the cultures were captured by using an LSM 5 PASCAL laser
scanning confocal microscope and the accompanying LSM 5
PASCAL software (Carl Zeiss, Jena, Germany).

Superoxide anion and hydroxyl radical detection by
electron spin resonance (ESR) spectrometry

The xanthine/xanthine oxidase system was employed to
generate the superoxide anion, and the generated super-
oxide anion was reacted with the nitrone spin trap, DMPO.
The resultant DMPO/OOH adducts were detected by using
a JES-FA ESR spectrometer (JEOL, Ltd., Tokyo, Japan), as
previously described (Ueno et al., 1984; Kohno et al., 1994).
Briefly, isorhamnetin (20 pl; 5 uM) was mixed with xanthine ox-
idase (0.25 U), xanthine (10 mM), and DMPO (3 M), and ESR
signaling was recorded at 2.5 min after reaction occurrence.
The ESR spectrometry parameters were set as follows: cen-
ter field=336 mT, power=1.00 mW, modulation width=0.2 mT,
sweep time=30 sec, sweep width=10 mT, time constant=0.03
sec, and temperature=25°C.

Next, the Fenton reaction (H,0,+FeSO,) was employed
to generate the hydroxyl radical, and the generated hydroxyl
radical was reacted with DMPO. The resultant DMPO/-OH ad-
ducts were detected by using an ESR spectrometer, as previ-
ously described (Li et al., 2004). The ESR spectrum was re-
corded at 2.5 min after isorhamnetin (20 pl; 5 uM) was mixed
with FeSO, (10 mM), H,0, (10 mM), and DMPO (0.3 M). The
ESR spectrometry parameters were set as indicated above for
superoxide anion detection.

Nuclear staining with Hoechst 33342 dye

HaCaT keratinocytes were pretreated with 5 uM isorham-
netin or 1 mM NAC for 1 h, followed by exposure to UVB light.
After an additional incubation for 24 h at 37°C, the DNA-spe-
cific fluorescent dye, Hoechst 33342 (20 uM), was added to
each well, and the keratinocytes were incubated for another
10 min at 37°C. The stained cells were visualized by using
a fluorescence microscope equipped with a CoolSNAP-Pro
color digital camera. The degree of nuclear condensation was
evaluated, and apoptotic cells were counted.
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Fig. 1. Isorhamnetin scavenges ROS. (A) HaCaT keratinocytes were pretreated with isorhamnetin at various concentrations. After incuba-
tion for 24 h, cell viability was assessed by using the MTT assay. Cell viability is expressed in each case as a percentage of the untreated
control (100%). (B-D) Cells were treated with 5 uM isorhamnetin for 1 h or (B) 1 mM NAC for 1 h, and then exposed to UVB light. After
incubation for 30 min, intracellular ROS levels were detected by using (B) fluorescence spectrofluorometry, (C) flow cytometry, and (D)
confocal microscopy after DCF-DA staining. *Significantly different from control (p<0.05); *significantly different from UVB-irradiated cells
(p<0.05). FI, fluorescence intensity. Combination, isorhamnetin+UVB light. (E) The superoxide anion generated by the xanthine/xanthine
oxidase (XO) system was reacted with, and the resulting *OOH adducts were detected by ESR spectrometry. The results are expressed as
representative peak data and histograms. Control: PBS; isorhamnetin: isorhamnetin+PBS; superoxide anion: PBS+xanthine+xanthine oxi-
dase; isorhamnetin+superoxide anion: isorhamnetin+xanthine+xanthine oxidase. (F) The hydroxyl radical generated by the Fenton reaction
(H,O,+FeS0,) was reacted with and the resulting *OH adducts were detected by ESR spectrometry. Results are expressed as representa-
tive peak data and histograms. Control: PBS; isorhamnetin: isorhamnetin+PBS; hydroxyl radical: PBS+FeSO,+H,0,; isorhamnetin+hydroxyl
radical: isorhamnetin+FeSO,+H,0,.

Detection of sub G, hypodiploid cells minal end of nucleic acids. Briefly, HaCaT keratinocytes were

Propidium iodide staining-based flow cytometry was per- seeded onto chamber slides at a density of 1.0x10° cells/well.
formed to evaluate the fraction of apoptotic sub G, cells with Twenty hours later, the cells were pretreated with isorhamne-
hypodiploid DNA content. Cells were pretreated with 5 uM isor- tin (5 uM) for 1 h, exposed to UVB radiation, and incubated
hamnetin for 1 h, exposed to UVB radiation, and harvested 24 for an additional 24 h. Cells were then fixed with 4% para-
h later. The isorhamnetin-pretreated, irradiated cells were fixed formaldehyde for 30 min at room temperature, permeabilized

with 70% ethanol (1 ml) for 30 min at 4°C, washed twice with with 0.2% Triton X-100 for 2 min, washed with PBS, and incu-
PBS, and incubated in the dark for 30 min at 37°C in PBS con- bated with the TUNEL reaction mixture for 1 h at 37°C. After

taining Pl and RNase A. Flow-cytometric analysis was performed washing again with PBS, the stained cells were mounted onto
by using a FACSCalibur instrument. The percentage of sub G, a microscope slide in mounting medium. Images of the cells
hypodiploid cells was assessed based on histograms generated were captured and quantified by using an Olympus IX 70 fluo-
by CellQuest and ModFit Software (Becton Dickinson). rescence microscope (Olympus Optical Co., Tokyo, Japan).
Terminal deoxynucleotidyl transferase-mediated Detection of mitochondrial membrane potential (Ay, )
digoxigenin-dUTP nick end labeling (TUNEL) assay HaCaT keratinocytes were seeded into 24-well plates at a
The TUNEL assay was performed by using an in situ cell density of 1.0x10° cells/well. Sixteen hours after plating, the
death detection kit (Roche Diagnostics, Mannheim, Germany) cells were pretreated with 5 uM isorhamnetin for 1 h, exposed
according to the manufacturer’s instructions. This assay al- to UVB radiation, and then incubated for an additional 24 h at

lows the detection of DNA fragmentation by labeling the ter- 37°C. The Ay, was analyzed by using MitoPT™ JC-1 reagent,
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Fig. 1. Continued.

a lipophilic cationic fluorescent dye that easily penetrates cell
and mitochondrial lipid bilayer membrane barriers. Once in-
side a healthy polarized mitochondrion, JC-1 redistributes it-
self within the organelle until a saturation level is reached, at
which time J-aggregate formation occurs. This precipitated or
aggregated form of JC-1 emits orange-red fluorescence upon
excitation with blue light (488 nm). However, when the mito-
chondrial membrane potential collapses in apoptotic or meta-
bolically stressed cells, JC-1 disperses throughout the cell in
monomeric form. In the monomeric form, JC-1 emits green
fluorescence upon excitation at 488 nm. After addition of 5
uM JC-1 and incubation for 30 min at 37°C (Cossarizza et al.,
1993), the Ay, was analyzed in HaCaT keratinocytes via flow
cytometry by using a FACSCalibur instrument.

Single-cell gel electrophoresis (comet assay)

Oxidative DNA strand breakage was detected via the comet
assay, also known as single-cell gel electrophoresis (Singh,
2000; Rajagopalan et al., 2003). Twelve hours after isorham-
netin pretreatment and UVB radiation, a suspension of HaCaT
keratinocytes was mixed with 75 pl of 0.5% low melting tem-
perature agarose at 39°C, and the mixture was spread on a
fully frosted microscopic slide pre-coated with 200 ul of 1%
normal melting temperature agarose. The agarose was al-
lowed to solidify, and the slide was covered with another 75 pl
of 0.5% low melting temperature agarose, and then immersed
in a lysis solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris,
1% Trion X-100, and 10% DMSO, pH 10) at 4°C for 90 min.
Next, the slides were placed in a gel electrophoresis appara-
tus containing 300 mM NaOH and 10 mM Na-EDTA, pH 13 for
40 min to allow for DNA unwinding and the expression of alka-
li-labile damage. An electrical field was then applied (300 mA,
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25 V) for 20 min at room temperature to draw the negatively
charged DNA towards the anode. After washing with a neu-
tralizing buffer (0.4 M Tris, pH 7.5) for 5 min at 4°C, the slides
were incubated with 40 pl of ethidium bromide and observed
under a fluorescence microscope equipped with a Komet 5.5
image analyzing system (Kinetic Imaging, Ltd., Nottingham,
UK). Percentages of total cellular fluorescence in the comet
tails and the tail lengths were recorded from 50 cells per slide.

Lipid peroxidation assay

Oxidation damage to lipids was assessed by measuring
levels of 8-isoprostane, an indicator of lipid peroxidation, se-
creted into the conditioned medium of irradiated HaCaT ke-
ratinocytes via colorimetric determination (Beauchamp et al.,
2002). A commercial enzyme-linked immunosorbent assay kit
(Cayman Chemical, Ann Arbor, MI, USA) was used to detect
8-isoprostane. Lipid peroxidation was also detected by using
DPPP as a probe (Okimoto et al., 2000). DPPP is oxidized
by lipid hydroperoxides to yield a fluorescent product, DPPP
oxide, thereby providing an indication of oxidative membrane
damage. HaCaT keratinocytes were pretreated with 5 pM isor-
hamnetin for 1 h, followed by exposure to UVB radiation. Six
hours later, the cells were incubated with 20 uM DPPP for
30 min in the dark. Images of DPPP oxide fluorescence were
captured by using a Zeiss Axiovert 200 inverted microscope
at an excitation wavelength of 351 nm and an emission wave-
length of 380 nm, and the intensity of the fluorescence was
quantitated.

Protein carbonyl formation
Cells were pretreated with 5 uM isorhamnetin for 1 h, ex-
posed to UVB radiation, and incubated for another 24 h. The



A
120
< 90 #
= *
E 60
>
8 30
O_
& oé‘\\(\ OAQ) 0\\6‘
00 ’b& @0
& &
o O
B
Control Isorhamnetin

Hanetal. Cytoprotective Effect of Isorhamnetin against UVB

NAC

N
1

Apoptotic index

0_
Isorhamnetin -+ - -+ -
NAC - - + -
uwB - - - + + 4

|
+

Fig. 2. Isorhamnetin ameliorates UVB-induced apoptosis. (A) HaCaT keratinocytes were pretreated with 5 uM isorhamnetin, exposed to
UVB light 1 h later, and incubated for another 24 h. Cell viability was then determined by using the MTT assay. Cell viability is expressed
in each case as a percentage of the untreated control (100%). (B) Cells were stained with Hoechst 33342 dye, and apoptotic bodies (ar-
rows) were observed by fluorescence microscopy and quantitated. (C) Cells with apoptotic sub G1 DNA content were detected by flow
cytometry after propidium iodide staining. (D) Apoptotic cells were detected by the TUNEL assay and quantitated. The arrows indicate
TUNEL-positive cells. *Significantly different from control (p<0.05); *significantly different from UVB-irradiated cells (p<0.05). Combination,

isorhamnetin+UVB light.

extent of protein carbonyl formation was determined by using
an Oxiselect™ protein carbonyl enzyme-linked immunosor-
bent assay kit (Cell Biolabs, San Diego, CA, USA).

Statistical analysis

All measurements were performed in triplicate, and all val-
ues are expressed as the means + the standard error of the
mean. The results were subjected to an analysis of variance
(ANOVA) and Tukey’s post-hoc test to analyze differences be-
tween means. In each case, a p-value of < 0.05 was consid-
ered statistically significant.

RESULTS

Isorhamnetin attenuates UVB-induced ROS in HaCaT kera-
tinocytes and scavenges free radicals in cell-free systems
We first performed a MTT assay to determine whether
isorhamnetin by itself impacts the viability of HaCaT keratino-
cytes. Isorhamnetin alone exerted no cytotoxic actions against

the keratinocytes at concentrations up to 5 uM, although the
agent did show strong cytotoxicity at 10 and 20 uM (Fig. 1A).
Therefore, 5 uM isorhamnetin was chosen as the optimal con-
centration for further experimentation.

We next measured intracellular ROS levels in HaCaT kera-
tinocytes under various experimental conditions by using the
oxidation-sensitive fluorescent dye, DCF-DA. UVB-irradiated
cells showed significantly higher ROS content relative to un-
treated control cells. However, isorhamnetin pretreatment (5
uM) significantly decreased ROS levels in UVB-irradiated
cells and was as efficacious as NAC, a well-known ROS scav-
enger used as the positive control (Fig. 1B). Intracellular ROS
levels were also detected via flow cytometry after DCF-DA
staining to assess the ROS scavenging capacity of isorham-
netin in UVB-irradiated cells. The fluorescence intensity levels
in untreated control and isorhamnetin-pretreated cells were
106 and 101 arbitrary units, respectively, signifying that isor-
hamnetin by itself does not generate intracellular ROS. How-
ever, the compound substantially inhibited ROS accumulation
in UVB-exposed cells (fluorescence intensity=144 and 119 for
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Fig. 2. Continued.

UVB-irradiated vs. UVB-/ isorhamnetin-treated cells, respec-
tively; Fig. 1C). Moreover, confocal microscopy confirmed the
flow cytometry findings, showing elevated ROS fluorescence
in UVB-irradiated vs. UVB-irradiated/isorhamnetin-pretreated
cells (Fig. 1D). Altogether, the results of Figure 1B-D indicate
that isorhamnetin scavenges intracellular ROS induced by
UVB exposure.

The scavenging effects of isorhamnetin against the super-
oxide anion and the hydroxyl radical were also explored in
cell-free systems by ESR spectrometry. The superoxide anion
signal in the xanthine/xanthine oxidase system increased from
162 in the control sample and 136 in the isorhamnetin-alone
sample to 2198 in the xanthine/xanthine oxidase sample;
however, the addition of isorhamnetin to the xanthine/xan-
thine oxidase sample significantly decreased the superoxide
anion signal to 1123 (Fig. 1E). Similar results were found in
the Fenton reaction system, where the hydroxyl radical signal
increased from 38 in the control sample and 34 in the isorh-
amnetin-alone sample to 2170 in the Fenton reaction sample,
but the addition of isorhamnetin to the Fenton reaction sample
significantly decreased the hydroxyl radical signal to 1724
(Fig. 1F).

Isorhamnetin protects HaCaT keratinocytes against
UVB-induced apoptosis

UVB radiation is well-known for its capacity to aggravate
apoptosis in human keratinocytes (Schwarz et al., 1995).
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Therefore, the ability of isorhamnetin to improve cell survival
in UVB-irradiated HaCaT keratinocytes was next investigated.
Cell viability was significantly reduced in UVB-exposed vs. un-
treated control cells. Nevertheless, isorhamnetin pretreatment
significantly overturned the effects of UVB light, with 81% vs.
69% cell viability observed in UVB-irradiated/isorhamnetin-
pretreated vs. UVB-irradiated cultures (Fig. 2A).

Dynamic changes in nuclear chromatin compaction are
characteristic of apoptotic execution (Wyllie et al., 1984).
Therefore, HaCaT keratinocyte nuclei were stained with Ho-
echst 33342 dye to visualize nuclear fragmentation via fluores-
cence microscopy. Obvious nuclear fragmentation occurred
in UVB-irradiated cells (apoptotic index=6.7), but the nuclear
fragmentation rate was dramatically reduced by pretreatment
with isorhamnetin (apoptotic index=3.0; compare with 2.7 for
the positive control, NAC) (Fig. 2B).

The cytoprotective effects of isorhamnetin pretreatment
against UVB-induced apoptosis were additionally confirmed by
determination of the fraction of the cell population with apoptot-
ic sub G, DNA content. The percentage of cells with apoptotic
sub G, DNA content increased from 3% and 2% in untreated
control and isorhamnetin-pretreated cells, respectively, to 25%
in UVB-irradiated cells. Nonetheless, pretreatment with isor-
hamnetin significantly decreased this value to 12% (Fig. 2C).
Moreover, the high level of DNA fragmentation in UVB-irradiat-
ed cells was significantly overturned by isorhamnetin pretreat-
ment, as assessed by the TUNEL assay (Fig. 2D).
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brane potential in HaCaT keratinocytes after UVB exposure, as determined by (A) confocal microscopy and (B) flow cytometry of JC-1-

stained cells. Fl, fluorescence intensity.

Isorhamnetin inhibits UVB-induced mitochondrial
dysfunction

Apoptosis is mediated via mitochondrial membrane perme-
abilization/depolarization events (Landes and Martinou, 2011).
Ample evidence demonstrates that UVB irradiation leads to a
loss of mitochondrial membrane potential (Ay, ) (Kim et al.,
2014; Mencucci et al., 2014). To investigate whether isorh-
amnetin can inhibit UVB-induced apoptosis stemming from
mitochondrial dysfunction, we employed confocal microscopy
and flow cytometry to measure the fluorescence intensity of
JC-1 dye in HaCaT keratinocytes under various experimen-
tal conditoins. Confocal microscopy analysis showed that
the mitochondria of UVB-irradiated cells strongly fluoresced
green, indicative of Ay, depolarization. However, the increase
in green fluorescence intensity was almost completely pre-
vented by isorhamnetin pretreatment (Fig. 3A). These findings
were confirmed by flow cytometry data (Fig. 3B), suggesting
that isorhamnetin attenuates UVB-induced disruption of Ay
in HaCaT keratinocytes.

Isorhamnetin protects HaCaT keratinocytes against
UVB-facilitated macromolecular damage

Excessive exposure to UVB light substantially increases
DNA strand breakage in keratinocytes (de Gruijl et al., 2001).
DNA strands breakage can be visualized and assessed by the
comet assay, where DNA tail length represents the degree of
DNA lesion. Both comet tail length and the percentage of total
cellular fluorescence in the comet tails were clearly increased
in UVB-irradiated vs. untreated control keratinocytes, whereas
isorhamnetin pretreatment of UVB-exposed cells significantly
decreased these values (Fig. 4A).

UVB light also causes oxidative damage to cellular lipids.
Lipid peroxidation was evaluated by measurement of 8-isopros-
tane levels secreted into the conditioned medium of HaCaT
keratinocytes. UVB-exposed cells secreted more 8-isopros-

tane relative to unexposed control cells, while isorhamnetin
pretreatment significantly decreased 8-isoprostane content in
the medium of irradiated cells, without having any effect of its
own (Fig. 4B). The capability of isorhamnetin to circumvent
oxidative lipid injury was confirmed by confocal microcopy of
DPP oxide fluorescence in DPPP-stained cells (Fig. 4C).
Finally, protein carbonylation is an indication of oxidative
stress-induced damage to macromolecular proteins (Dalle-
Donne et al., 2003). UVB exposure significantly up-regulated
protein carbonyl content in HaCaT keratinocytes, but this ac-
tion was prevented by isorhamnetin pretreatment (Fig. 4D).

DISCUSSION

Isorhamnetin is a naturally occurring, methylated flavonoid.
The biological activities of isorhamnetin are reportedly greater
than those of its unmethylated parent compound, which might
due to the increased absorption and metabolic stability of
methylated flavonoids (Wen and Walle, 2006). In the current
study, we investigated the antioxidant and cytoprotective ef-
fects of isorhamnetin against UVB-induced damage in kerati-
nocytes, the predominant cell type found in the human epider-
mis. Our findings indicate that isorhamnetin is not cytotoxic at
concentrations of <5 uM to keratinocytes (Fig. 1A), and may
therefore find utility as part of a therapeutic arsenal against
UVB-provoked skin damage.

Because of its special chemical structure features, the hy-
droxyl group is an indispensable functional group of many nat-
ural antioxidants, including isorhamnetin and other polyphe-
nols (Sim et al., 2007). In general, the phenolic hydroxyl group
donation of a hydrogen atom acts to effectively quench ROS
(Choi et al., 2002; Heim et al., 2002; Valentao et al., 2003).
Consistent with these reports, the present results revealed
that isorhamnetin efficiently scavenged intracellular ROS in
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Fig. 4. Isorhamnetin protects HaCaT keratinocytes against UVB-induced oxidative macromolecular damage. (A) DNA damage was detect-
ed by the comet assay. (B and C) Lipid peroxidation was detected by (B) measurement of 8-isoprostane levels in the conditioned media and
(C) detection of lipid hydroperoxides in DPPP-stained cells by fluorescence microscopy. (D) Protein oxidation was assayed by measurement

of protein carbonyl levels. *Significantly different from control (p<0.05);

tion, isorhamnetin+UVB light.

HaCaT keratinocytes (Fig. 1B-D), and also directly quenched
the superoxide anion and the hydroxyl radical in cell-free sys-
tems (Fig. 1E, F). Therefore, the ROS scavenging ability of
isorhamnetin may be due to the phenolic hydroxyl groups in
its structure.

UVB-induced apoptosis is mediated by a number of mo-
lecular processes, which target the mitochondria and acti-
vate the mitochondria-initiated cell death pathway (Ji et al.,
2015). These processes include changes in the Ay, opening
of the mitochondrial permeability transition pore, and release
of cytochrome c from the mitochondrion into the cytoplasm.
Consequently, mitochondria rapidly lose their transmembrane
potential during apoptosis, generating excessive amounts of
intracellular ROS (Ricci et al., 2003) and attenuating cell vi-
ability. In addition to substantially protecting human keratino-
cytes from UVB-provoked programmed cell death and mito-
chondrial dysfunction (Fig. 2, 3), isorhamnetin also rescued
cell viability in UVB-exposed HaCaT keratinocytes (Fig. 2).

Abnormal production of ROS leads to oxidative damage
to macromolecules, including DNA, lipids, and proteins (Pa-
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*significantly different from UVB-irradiated cells (p<0.05). Combina-

shikanti et al., 2011; Ray et al., 2012). Like apoptosis and
mitochondrial dysfunction, macromolecular injury contributes
to considerable disruption of normal cellular functions. Nota-
bly, the present study showed that isorhamnetin pretreatment
also prevented DNA strand breakage, lipid peroxidation, and
protein carbonyl formation in HaCaT keratinocytes following
exposure to UVB light (Fig. 4).

In conclusion, the results of this study demonstrate that
isorhamnetin suppresses the deleterious effects of UVB irradi-
ation in human keratinocytes, including excessive intracellular
ROS generation, oxidative damage to DNA, lipids, and pro-
teins, and mitochondrial dysfunction. Moreover, isorhamnetin
improves cell viability and inhibits apoptosis in UVB-exposed
human keratinocytes. These data support the hypothesis that
isorhamnetin might be utilized as a novel antioxidant agent
to treat ROS-related skin disorders. Nevertheless, the biologi-
cal efficacy of isorhamnetin in vivo and the underlying mecha-
nisms of isorhamnetin action require further exploration.
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