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Heat shock increases skin temperature during sun exposure
and some evidence indicates that it may be involved in skin
aging. The antioxidant response mediated by the transcription
factor NF-E2-related factor 2 (Nrf2) is a critically important
cellular defense mechanism that serves to limit skin aging. We
investigated the effects of heat shock on collagenase ex-
pression when the antioxidant defense system was down-
regulated by knockdown of Nrf2. GSH and collagenases were
analyzed, and the expression of inducible Nrf2, HO-1, and
NQO1 was measured. HS68 cells were transfected with small
interfering RNA against Nrf2. Heat shock induced the down-
regulation of Nrf2 in both the cytosol and nucleus and re-
duced the expression of HO-1, GSH, and NQOI1. In addition,
heat-exposed Nrf2-knockdown cells showed significantly in-
creased levels of collagenase protein and decreased levels of
procollagen. Our data suggest that Nrf2 plays an important
role in protection against heat shock-induced collagen break-
down in skin. [BMB Reports 2015; 48(8): 467-472]

INTRODUCTION

The influence of the environment, especially sunlight, is of
considerable importance in skin aging (1, 2). Natural sunlight
includes ultraviolet (UV), visible light, and the infrared (IR)
spectrum (2). Of solar energy, 6.8% is in the UV range, 38.9%
in the visible range, and 54.3% in the IR spectral range (3).
Thus, skin is exposed to significant amounts of IR radiation. IR
typically induces molecular vibrations and rotations, which
cause an increase in temperature (4, 5). Thus, the biological ef-
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fects induced by IR are usually ascribed to the generation of
heat, and heat may also be involved in the developing skin
aging. In a previous study, it was shown that heat shock in-
duced the matrix metalloproteinase (MMP)-1 and MMP-3 lev-
els in skin fibroblasts through extracellular signal-regulated
kinases (ERK) and c-Jun N terminal kinases (JNK) upregulation
and the interleukin-6, in addition to increasing MMP-12 levels
in skin (5, 6). Additionally, heat-induced reactive oxygen spe-
cies (ROS) modulate the signal transduction signaling involved
in the upregulating MMP levels in skin keratinocytes (7).
Recently, chronic heat shock exposure can cause skin aging
including wrinkling in a hairless mouse model. Increased
MMP-13, decreased antioxidant levels, and oxidative stress
due to chronic heat shock may play important roles in the de-
velopment of skin aging (8).

“Nuclear factor erythroid-derived 2-related factor 2” (Nrf2)
was reported to play a key role in the regulating oxidative re-
sponse systems (9, 10). In an unstressed state, Nrf2 is anchored
in the cytoplasm by specific inhibitors, such as “kelch-like
ECH-associated protein 1”7 (Keap1) (10). In this presence of
stimulants, such as oxidants and UV irradiation, Keap1 dis-
sociates from Nrf2, allowing it to accumulate in the nucleus,
where it binds to antioxidant response elements (ARE) in the
enhancers of target genes (10). Nrf2 regulates many important
antioxidant, such as glutathione (GSH) and NADPH de-
hydrogenase 1 (NQOT1) (10). In a previous study, Nrf2 has
been shown to confer protection against apoptosis induced by
fas, death-inducing signaling complex, and mitochondrial tox-
ins (11). Furthermore, Nrf2 plays a role in the protecting skin
cells against UV-induced apoptosis (12). Moreover, we have
demonstrated that several Nrf2 regulators promote the survival
of keratinocytes and fibroblasts and inhibit oxidative stress-in-
duced mitochondrial-mediated apoptosis and skin aging (12-
16). Additionally, studies have indicated that UVB-irradiated
Nrf2” mice showed significantly increased coarse wrinkle for-
mation, loss of skin flexibility, and epidermal thickening (17).
As such, Nrf2 is a key regulator of the cellular stress response,
and pharmacological Nrf2 activation is a promising strategy for
skin protection and prevention. Thus, in this study, we exam-
ined Nrf2 as a putative major component of the protective ma-
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chinery involved in skin aging induced by heat-shock with However, heat shock at 46°C caused increased cytotoxicity
knockdown of Nrf2. (Supplementary Fig. 1). Additionally, mitogen-activated protein
kinase signaling and ROS generation were increased sig-
RESULTS nificantly by heat shock at 44°C (Supplementary Fig. 2 and 3).
Thus, all the experiments described below were performed at
Heat shock reduced the expression or translocation of Nrf2 a heat shock temperature of 44°C, similar to the procedures
proteins and expression of HO-1, NQO1, and GSH proteins used in previous studies (5). To evaluate whether heat shock
in HS68 cells impaired Nrf2 regulation in HS68 cells, we measured Nrf2
Cell viability of HS68 cells was not affected by treatment at protein levels. Exposure of HS68 cells to 44°C showed that ex-
temperatures of 37-44°C, according to a MTT assay 48 h later. pression and translocation of Nrf2 protein were increased sig-
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Fig. 1. Effects of heat shock on Nrf2 downregulation in HS68 cells. The levels of nuclear and cytosolic Nrf2 (A) were ”pweasured by
Western blotting. Additionally, representative photomicrographs are shown (B). **P < 0.01 and *** ## & @e@e ad Wp < 0,001;
one-way analysis of variance followed by Tukey’s post hoc test, performed using the GraphPad Prism software.
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nificantly after heat shock for 30 min (274.68 + 13.57% vs.
the 37°C value), and then declined at 24 h (46.67 + 8.20% vs.
the 37°C values) (Fig. 1). Next, to assess whether heat shock
impaired Nrf2 target proteins in HS68 cells, we measured
HO-1, NQOT1, and GSH expression levels. HS68 cells ex-
posed to a temperature of 44°C showed significantly reduced
GSH, HO-1, and NQOT1 levels at 24-48 h (71.86 + 15.17 to
66.86 + 6.51%, 55.66 + 3.38 to 43.66 + 5.23%, and 56.66
+ 6.17 t0 40.66 + 8.74% of the corresponding 37°C values,
respectively) (Fig. 2).

Nrf2 knockdown reduced expression of HO-1, NQO1, and
GSH and accelerated collagen breakdown induced by heat
shock in Nrf2-siRNA transfected HS68 cells

To demonstrate the importance of Nrf2 upregulation, we de-
veloped a Nrf2-knockdown model in HS68 cells using siRNA
transfection. HO-1, NQOT1, and GSH levels were decreased
significantly in Nrf2 siRNA-transfected cells by heat shock
(1443 + 2.17, 10.28 + 1.28, and 37.09 + 8.25%), versus
control siRNA-transfected cells (Fig. 3A, B, and C). Additionally,
MMP-1 levels were increased significantly in Nrf2 siRNA-trans-
fected cells by heat shock (135.23 + 8.96%), versus control
siRNA-transfected cells. Moreover, COL1A1 levels were de-
creased significantly in Nrf2 siRNA-transfected cells by heat
shock (254.30 + 16.84%), versus control siRNA-transfected
cells (Fig. 3D).

Effects of Nrf2 regulators on heat shock-induced expression of
GSH proteins and deceleration of MMP-1 in HS68 cells

To confirm that Nrf2 regulation protected cells from heat-
shock-induced antioxidative defense proteins and skin aging
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factor, the Nrf2 regulators CSE, NAC, and quercetin were used.
Heat shock exposure significant depleted GSH (by 27.60 +
8.88%) and elevated MMP-1 (by 231.71 + 21.72%), while
100 or 500 pg/ml CSE, 2 mM NAC, or 50 uM quercetin in-
creased levels of GSH (by 39.02 + 5.27 to 72.64 + 9.97%,
50.67 + 4.74%, or 58.54 + 2.98% of the corresponding 37°C
values, respectively) and decreased levels of MMP-1 (by
124.21 + 69.28 to 49.40 + 6.14%, 58.88 + 25.56%, or
35.30 + 11.57% of the corresponding 37°C values, re-
spectively) (Fig. 4 A and Q).

Effects of Nrf2 regulators on heat shock-induced expression of
HO-1, NQO1, and GSH proteins and deceleration of
collagen breakdown in Nrf2-siRNA transfected HS68 cells
To further confirm the involvement of Nrf2, the effects of Nrf2
regulators, CSE, NAC, and quercetin, on heat-shock-induced
GSH levels and MMP-1 levels were measured in Nrf2 knock-
down HS68 cells. GSH levels were decreased significantly in
Nrf2 siRNA-transfected cells by heat shock (36.05 + 6.84%),
versus control siRNA-transfected cells. In contrast, Nrf2 siRNA-
transfected cells treated with 500 pg/ml CSE, 2 mM NAC, or
50 uM quercetin before exposure to heat shock were protected,
in terms of GSH levels (267.87 + 26.43%, 241.41 + 14.08%,
and 290.64 + 19.10%, respectively), as compared to Nrf2
siRNA-transfected cells (Fig. 4B). Additionally, MMP-1 levels
were increased significantly in Nrf2 siRNA-transfected cells by
heat shock (200.34 + 14.54%), as compared to control
siRNA-transfected cells. In contrast, Nrf2 siRNA-transfected
cells treated with 500 ug/mL CSE, 2 mM NAC, or 50 uM quer-
cetin before exposure to heat shock showed decreased MMP-1
levels (57.06 + 6.38%, 45.51 + 12.21%, and 41.94 + 7.13%,
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respectively), compared with Nrf2 siRNA-transfected cells (Fig.
4D).

DISCUSSION

Nrf2 can function as a direct oxidative stress sensor, and phase
2 detoxifying enzymes are major executors of cellular defense
against oxidative stress. Many studies have shown that the
Nrf2 signals plays an important role in protection on UV-in-
duced aging by maintaining antioxidants levels (18). Further,
Nrf2/heat-related studies reported that Nrf2 activation is the
regulatory pathway of cytoprotective gene and proteins ex-
pression against heat shock in dental pulp and liver (19, 20). In
fact, Sahin et al. reported that Nrf2 activators such as curcu-
min, epigallocatechin-3-gallate, and resveratrol modulated the
Nrf2/HO-1 pathway in quail hepatocytes to counteract the
damage caused by heat shock (21). However, no reported
study has yet examined the effect of Nrf2 on skin aging in-
duced by heat shock. Therefore, we focused on Nrf2 as a puta-
tive major component of the protective involved in skin aging
induced by heat shock.

Oxidative stress, including UV, IR, and heat shock, causes
depletion of antioxidants such as GSH, NQO1, and HO-1 in
skin (22). Moreover, Nrf2 has been shown to be involved in
the inducting phase Il enzymes or antioxidants (22). In this
studies, heat shock induced a certain concentration of ROS
and it activates Nrf2 expression and translocation in initial
stage, but excessive ROS generation inactivated Nrf2 (Fig. 1).
Moreover, time dependently ROS generation and its down-
stream proteins of ERK, JNK, and P38 MAPKs signaling, dem-
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_ Fig. 4. Effects of Nrf2 regulators on
50 heat shock-induced upregulation of

GSH and downregulation of MMP-1
levels in HS68 cells. The levels of
GSH (A) and MMP-1 (C) were meas-
ured using commercial kits. Then, ef-
fects of Nrf2 regulators on heat-shock-
induced upregulation of GSH and de-
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Nrf2-siRNA  transfected HS68 cells.
The levels of GSH (B) and MMP-1
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onstrating that Nrf2 activation may be associated with the reg-
ulation of heat shock in initial stage (Supplementary Fig. 2 and
3). This result is consistent with the previous report, Shin MH
et al.; heat shock induces cellular levels of ROS generation
and its downstream proteins of MAPKs signaling in keratino-
cytes (5). Also, Nrf2 expression in nucleus were increased rap-
idly after H,O, for 30 min, and then declined at 24 h. In this
study, furthermore, Nrf2 siRNA-transfected cells showed a sig-
nificantly greater decrease in HO-1, NQO1, and GSH levels
than siRNA-control cells after heat shock (Fig. 3A, B, and C).
Additionally, to determine whether mechanisms of heat
shock in collagen breakdown were regulated by Nrf2, we
measured collagenase levels following Nrf2 knockdown. The
family of COL gene products is composed of various chain
types, such as collagens types I, 1I, Ill, IV, and V. Specially,
COL1A1 is important for the skin development and for main-
tain physiological functions (23-25). MMP-1, a fibroblast-type
or interstitial collagenase, is secreted by fibroblasts and macro-
phages (24). It degrades collagen and is thought to play a role
in skin aging (24). Sahin et al. reported that heat shock in-
duced increasing MMP-1 by production of ROS in skin cells
(Fig. 3D and supplementary Fig. 2) (5). Further, as mentioned
previously, Nrf2 is the sensory mediator for protection on ROS
by induction of antioxidants, even at low levels of oxidative
damage. Due to its central role in ROS detoxification, Nrf2 is
an attractive target for pharmacological protection of the skin
aging (26). However, no reported study has yet examined the
effect of Nrf2 on collagen-relationships induced by heat shock.
In our study, MMP-1 levels were significantly increased in
Nrf2 siRNA-transfected cells by heat shock, compared with
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siRNA-control cells (Fig. 3D). Also, COLTAT was decreased
significantly in Nrf2 siRNA-transfected cells by heat shock (Fig.
3D). No difference in MMP-1 and COL1A1 levels was ob-
served between Nrf2 siRNA-transfected cells and siRNA-con-
trol cells. As the constitutively lower Nrf2 levels dependent an-
tioxidant enzymes in Nrf2-knockdown cells were shown here
to accelerate skin aging, heat shock-induced Nrf2 inactivation
was not directly related to the results of the present study.

Furthermore, we measured the effects of Nrf2 regulators
against heat-shock-induced GSH and MMP-1 levels in normal
and Nrf2 knockdown HS68 cells. In our previous study, we
demonstrated that Nrf2 activators (coriander, walnut, and
green tea extract, sauchinone, and NAC) inhibited oxida-
tive-stress-induced apoptosis and skin aging (14-16). In the
present study, CSE, NAC, and quercetin significantly protected
skin cells against heat shock-induced damage without induc-
ing toxicity (data not shown). Additionally, heat shock caused
significant depletion of GSH and elevation of MMP-1, whereas
CSE, NAC, and quercetin induced GSH and reduced MMP-1
levels. Also, in Nrf2 siRNA-transfected cells treated with CSE,
NAC, or quercetin showed significantly increased GSH ex-
pression levels and decreased MMP-1 expression levels (Fig.
4). These results indicate that Nrf2 plays an important role in
preventing skin aging via upregulating antioxidants through
Nrf2 activators.

Our findings show that Nrf2 plays a crucial role in pro-
tection against heat shock-induced skin aging. Based on this
concept of thermal aging through the Nrf2 pathway, develop-
ment of Nrf2-activator may provide effective therapeutic strat-
egies for thermal skin aging.

MATERIALS AND METHODS

Cell culture and treatments

The cell culture system was established according to pre-
viously published methods (13). The HS68 cell line, human
skin fibroblast cell, was obtained from the American Type
Culture Collection (ATCC; Rockville, USA). Cells were main-
tained in DMEM supplemented with 10% heat inactivated
FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin in
condition of 95% air and 5% CO, at 37°C. Then, for heat
shock treatment, cells were cultured to 80% confluence and
then maintained in culture medium without FBS for 24 h; the
culture dishes were sealed with Parafilm (Pechiney Plastic;
USA) and immersed for 30 min in a circulating water bath
thermo-regulated at 37°C (control) or 44°C (heat shock treat-
ment). In addition, for Nrf2 regulator treatment, HS68 cells
were seeded on 12-well plates and pretreated with coriander
extract (CSE) at dose of 100 or 500 pg/ml, N-acetyl-cysteine
(NAC) at dose of 2 mM, and quercetin at dose of 50 uM for 1
h, and then stimulated with heat stress for an additional 23 h.

siRNA transfection
HS68 cells were used at a confluence of 80-85% in 100-mm
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dish or 12-well plates. Cells were transfected with Stealth
small interfering RNA (siRNA) using Lipofectamine 2000
(Invitrogen; CA). Lipofectamine 2000 (25 ul) was mixed with
50 uM siRNA solution (an equimolar mix of both Nrf2 siRNA
and scramble siRNA) and 2.5 ml of Opti-MEM medium (Gibco-
BRL; CA). After 30 min at room temperature, 300 ul of the mix
was added to 300 pl of serum-free DMEM in each dish and in-
cubated for 24 h (Supplementary Fig. 4).

Measuring Nrf2, HO-1, NQO1, and COL1AT1 levels by
Western blotting

Western blotting was performed according to previously pub-
lished methods (16). For the detection of Nrf2, HO-1, NQO1,
and COL1AT1 proteins, the cells were lysed. The lysates were
separated by 15% SDS-PAGE, and were then transferred to a
membrane. The membranes were incubated with 5% skim
milk in TBST for 1 h. Then they were incubated with primary
antibody (1:1,000 dilutions) overnight at 4°C, followed by in-
cubated with HRP-conjugated secondary antibody for 1 h.
Immunoreactive bands were detected using an ECL detection
kit and a LAS-4000 mini system (Fujifilm Corporation, Tokyo,
Japan) was used for visualization.

Measuring Nrf2, HO-1, and NQO1 levels by
immunofluorescence

Immunofluorescence was performed according to previously
published methods (16). Cells were fixed through incubation
with 4% PFA at room temperature for 30 min. Fixed cells were
rinsed in PBS and then incubated overnight at 4°C with pri-
mary antiantibody (dilution 1:500). They were then incubated
for 2 h with an Alexa Fluor conjugated secondary antibody
(dilution 1:250). Cells were finally washed in PBS and mount-
ed using Vectashield Mounting Medium containing DAPI.
Confocal immunofluorescent images were captured using an
LSM 700 confocal microscope (Carl Zeiss, Thornwood, USA)
and the fluorescence intensity was measured using Axio Vision
4.4 (Carl Zeiss, Oberkochen, Germany). Data are presented as
percentages of control values. For the assessment of intra-ex-
perimental variability, three independent experiments were
carried out in triplicate.

Measuring MMP-1 and GSH levels

MMP-1 and total GSH levels were measured using a Human
MMP-1 ELISA Kit (RayBiotech; USA) and Total Glutathione
Quantification Kit (Dojindo; Japan), respectively, according to
the instruction manuals.
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