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Hypertension induces vascular hypertrophy, which changes blood vessels structurally and functionally, leading to reduced tissue
perfusion and further hypertension. It is also associated with dysregulated levels of the circulating adipokines leptin and
adiponectin (APN). Leptin is an obesity-associated hormone that promotes vascular smooth muscle cell (VSMC) hypertrophy.
APN is a cardioprotective hormone that has been shown to attenuate hypertrophic cardiomyopathy. In this study, we
investigated the molecular mechanisms of hypertension-induced VSMC remodeling and the involvement of leptin and APN in
this process. To mimic hypertension, the rat portal vein (RPV) was mechanically stretched, and the protective effects of APN on
mechanical stretch-induced vascular remodeling and the molecular mechanisms involved were examined by using 10 pg/ml
APN. Mechanically stretching the RPV significantly decreased APN protein expression after 24 hours and APN mRNA
expression in a time-dependent manner in VSMCs. The mRNA expression of the APN receptors AdipoR1, AdipoR2, and T-
cadherin significantly increased after 15 hours of stretch. The ratio of APN/leptin expression in VSMCs significantly decreased
after 24 hours of mechanical stretch. Stretching the RPV for 3 days increased the weight and [*H]-leucine incorporation
significantly, whereas APN significantly reduced hypertrophy in mechanically stretched vessels. Stretching the RPV for 10
minutes significantly decreased phosphorylation of LKB1, AMPK, and eNOS, while APN significantly increased p-LKBI, p-
AMPK, and p-eNOS in stretched vessels. Mechanical stretch significantly increased p-ERK1/2 after 10 minutes, whereas APN
significantly reduced stretch-induced ERK1/2 phosphorylation. Stretching the RPV also significantly increased ROS generation
after 1 hour, whereas APN significantly decreased mechanical stretch-induced ROS production. Exogenous leptin (3.1 nM)
markedly increased GATA-4 nuclear translocation in VSMCs, whereas APN significantly attenuated leptin-induced GATA-4
nuclear translocation. Our results decipher molecular mechanisms of APN-induced attenuation of mechanical stretch-mediated
vascular hypertrophy, with the promising potential of ultimately translating this protective hormone into the clinic.

1. Introduction

Being a disease itself, hypertension is also a major risk factor
for the development of other cardiovascular diseases, such as
stroke, renal disease, and heart failure [1, 2]. In response to
hypertension, small resistance vessels undergo vascular
hypertrophy and remodeling [3]; their walls become thicker,

stiffer, and less elastic, increasing the risk of vascular blockage
and rupture, and potentially leading to organ damage and
failure [4, 5]. Hypertension is not only associated with car-
diovascular abnormalities in structure and function but also
with dysregulated circulating levels of two important adipo-
kines: leptin and adiponectin (APN). Plasma leptin levels
are increased while APN levels are decreased in hypertensive
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patients [6-8]. After their discovery and for a while, these
adipokines were believed to be almost exclusively produced
by adipocytes [9-15], but studies later showed that they are
also produced by other kinds of cells, including cardiomyo-
cytes [16-18]. However, little research has been done on
whether leptin and APN are also produced by VSMCs and
whether their expression is affected by hypertension.

Leptin is a hormone whose levels are directly associated
with obesity [19], myocardial infarction [20], and hyperten-
sion [7, 21]. Studies have also shown a direct involvement
of leptin in promoting hypertension-induced vascular hyper-
trophy [22, 23]. Leptin is synthesized by VSMCs in response
to forces that mimic hypertension and, in turn, induces
VSMC hypertrophy [22-24]. This hormone exerts a prohy-
pertrophic effect on VSMCs by activating several signaling
pathways and transducers, including the MAPK ERK1/2
[23], the RhoA/ROCK pathway [22, 25], and the prohyper-
trophic transcriptional factors serum response factor (SRF)
and GATA-4 [22, 25, 26]. In addition, leptin-induced vascu-
lar remodeling has been associated with increased reactive
oxygen species (ROS) production in the vascular wall [22].
Hypertension increases ROS production in VSMCs [27,
28], and this is partly mediated by leptin [22]. In turn, ROS
induce hypertrophy of VSMCs [29, 30].

As opposed to leptin, APN levels are inversely associated
with obesity [31-33], myocardial infarction [34, 35], and
hypertension [8, 36]. Moreover, APN supplementation has
been shown to be cardioprotective; for instance, APN admin-
istration protects against myocardial injury after ischemia-
reperfusion and inhibits pressure overload-induced cardiac
hypertrophy [37, 38]. To elicit its intracellular effects, APN
can bind to three receptors: APN receptor 1 (AdipoR1),
APN receptor 2 (AdipoR2), and T-cadherin [39-41]. Knock-
out mice lacking AdipoR1 and R2 have increased oxidative
stress, inflammation, triglyceride content, glucose intoler-
ance, and insulin resistance, indicating the predominant role
of these receptors in mediating the metabolic effects of APN
[42]. T-cadherin-null mice have exaggerated cardiac hyper-
trophy in response to pressure overload [43] and impaired
revascularization in response to ischemia [44].

Binding of APN to its receptors activates 5'-AMP-acti-
vated protein kinase (AMPK) signaling, which plays a role
in glucose utilization, insulin sensitivity, and fatty-acid oxi-
dation [45]. AMPK is mainly activated by its upstream
enzyme liver kinase B1 (LKB1), which is first activated by
getting phosphorylated at its Ser428 residue [46, 47]. In turn,
LKB1 activates AMPK by phosphorylating it at the Thr172
residue in the activation loop of the « subunit [46, 48, 49].
AMPK activation has been shown to exert protective actions,
such as attenuating VSMC hypertrophy [50], improving
endothelial function [51], and reducing agonist-induced
blood pressure [52]. APN also stimulates the production of
nitric oxide (NO) in endothelial cells by activating endothe-
lial nitric oxide synthase (eNOS) [53, 54], a process that is
mediated by AMPK activation [53]. As a result, more NO
is produced to induce VSMC relaxation.

The goal of this research was to investigate the molecular
mechanisms of hypertension-induced VSMC remodeling
and the involvement of leptin and APN in this process. More-
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over, APN’s potential protective effect against hypertension-
induced vascular remodeling and the mechanisms involved
were examined. In order to achieve these aims, the rat
portal vein (RPV) was mechanically stretched in a well-
characterized organ culture model to mimic hypertension
[23, 25, 55-57]. The RPV has distinct musculature; its
tunica media is composed of an outer, thick layer of lon-
gitudinally oriented VSMCs, whereas its inner, thin layer
has circularly oriented VSMCs [58, 59]. In order to mimic
hypertension, the RPV was stretched with weights that lead
to 10-15% stretch, which has been calculated using the
force-length relationship [57, 58, 60]. Moreover, the RPV
exhibits spontaneous myogenic tone and contractile activity
[57, 58], and accordingly, this vessel has been used as an ana-
logue for small precapillary resistance blood vessels [61].
Since physiological concentrations of APN range between
5 and 25 pug/ml [62], 10 ug/ml of exogenous APN was used
to examine the potential protective effect of APN on mechan-
ical stretch-induced VSMC hypertrophy and the molecular
mechanisms involved, including LKB1-AMPK signaling,
ERK1/2 activation, ROS production, and GATA-4 nuclear
translocation.

2. Materials and Methods

2.1. Rat Portal Vein Organ Culture. Male Sprague-Dawley
rats (200-250 gr) were euthanized using CO,, as approved
by The Animal Care Program and the Institutional Animal
Care and Use Committee at the Faculty of Medicine, Amer-
ican University of Beirut. The RPV was dissected out in a
sterile environment, placed in an ice-cold N-Hepes buffer
solution (400mM NaCl, 200mM KCI, 100mM MgCl,,
100 mM Hepes, 11.5 mM Glucose, and 5% penicillin-strepto-
mycin), stripped of its surrounding adipose and connective
tissue, and denuded using forceps. It was then cut longitu-
dinally into two halves. To mechanically stretch the RPV,
silver weights of 0.6 grams (stretch the RPV slightly above
optimal length) were tied to the end of one RPV strip,
while the other was left unstretched and used as a negative
control. The RPVs were then transferred to culture media
of Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12
HAM with 5% penicillin-streptomycin and incubated at
37°C, 5% CO, in air.

Since physiological concentrations of APN range between
5 and 25 pug/ml [62], 10 ug/ml of exogenous APN (Santa Cruz
Biotechnology, California, USA) was used. APN was added
to the culture media 1 hour before mechanical stretch was
applied or agonists were added. Following incubation, the
RPVs were taken out of the incubator and immediately either
snap-frozen in liquid nitrogen for protein analysis, weighed,
or embedded in frozen blocks and cut cross-sectionally for
histological examination.

To measure changes in wet weight, RPVs were weighed
before organ culture. They were then blotted gently using a
filter paper and weighed after culture, as previously described
[57]. To confirm that the changes in weight were due to
actual hypertrophy and not just osmosis, dry weight/wet
weight ratios were calculated. Dry weight was determined
after placing the cultured RPVs at 100°C for 24 hours and
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then weighing immediately. The dry weight/wet weight ratio
was calculated by the ratio of the dry weight value to the wet
weight after culture.

2.2. Immunoblotting. Protein extraction, sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
and Western blotting were done as previously described
[22, 63]. Primary antibodies for APN (sc-26497), leptin (sc-
842), p-LKBI (cell-3482), p-AMPK (cell-2535), p-ERK1/2
(sc-81492), T-ERK1/2 (sc-292838), p-eNOS (sc-12972), actin
(sc-1616), and GAPDH (sc-32233) were supplied by Santa
Cruz Biotechnology (California, USA) or Cell Signaling
Technology (Massachusetts, USA) and were added at 1:500
or 1:1000 ratio in 5% BSA for 1 hour.

2.3. Immunohistochemistry for APN Expression. To visualize
the expression of APN, 5um thick cryosections were fixed
using freshly prepared 4% paraformaldehyde for 15 minutes,
rinsed twice with PBS, and permeabilized using 0.2% Triton
X-100 in PBS for 20 minutes. The blocking solution (1%
BSA, 0.1% Triton X-100 in PBS) was added for 1 hour to
block nonspecific binding. Anti-APN (sc-26497, Santa Cruz
Biotechnology, California, USA) primary antibody was then
added at 1:100 ratio in 1% BSA, 0.05% Tween-20, in PBS
and placed overnight at 4°C. The sections were then washed
5 times for 10 minutes each using 0.1% Tween-20 in PBS
and then probed for 1 hour in the dark with donkey anti-
goat secondary antibody conjugated to CruzFluor 594 (sc-
362275, 1:250 ratio in 1% BSA, 0.05% Tween-20 in PBS,
Santa Cruz Biotechnology, California, USA). Sections were
then rinsed 5 times for 10 minutes each with 0.1% Tween-
20 in PBS. The mounting media containing the nuclear coun-
terstain 4',6-diamidino-2-phenylindole (DAPI) (UltraCruz
Hard-set Mounting Medium, sc-359850, Santa Cruz Biotech-
nology, Texas, USA) was then added for 20 minutes in the
dark, and images were acquired with a laser scanning confo-
cal microscope (LSM710, Carl Zeiss, Germany). APN posi-
tive intensity was quantified using ZEN software (Carl
Zeiss, 2012).

2.4. RNA Extraction and Real-Time PCR. RNA extraction
and real-time PCR analysis were performed as previously
described [23]. The used primers were as follows: APN

forward 5'-TCCCTCCACCCAAGGAAACT-3' and APN
reverse 5 -TTGCCAGTGCTGCCGTGATA-3', AdipoR1
forward 5'-GCTGGCCTTTATGCTGCTCG-3' and Adi-
poR1 reverse 5'-TCTAGGCCGTAACGGAATTC-3', Adi-
poR2 forward 5'-CCACAACCTTGCTTCATCTA-3" and
AdipoR2 reverse 5'-GATACTGAGGGGTGGCAAAC-3',
T-cadherin forward 5'-TCGGGTCTGTCACTATCAAC-3'
and T-cadherin reverse 5'-TGAGGTCTCAAGCCCATA
C-3', and the housekeeping gene 185 rRNA forward 5'-
GTAACCCGTTGAACCCCATT-3’ and 18S rRNA reverse
5'-CCATCCAATCGGTAGTAGCG-3'.

2.5. Protein Synthesis Measurement. Protein synthesis was
measured by assessing [*H]-leucine incorporation. RPVs
were cultured for 2 days, followed by adding radioactively

labelled [*H]-leucine (Activity: 1 uCi/ml; Amersham, Illinois,
USA) in the media for an additional day. [’H]-leucine incor-
poration was measured by liquid scintillation counting, as
described previously [57].

2.6. ROS Analysis. RPV sections (5um thickness) were
stained with dihydroethidium (DHE) (Invitrogen, Oregon,
USA) at a concentration of 10 yuM in N-Hepes buffer and
incubated at 37°C, 5% CO,, for 30 minutes protected from
light. The mounting media containing DAPI (UltraCruz
Hard-set Mounting Medium, sc-359850, Santa Cruz Biotech-
nology, Texas, USA) was then added for 20 minutes in the
dark. Images were acquired and DHE fluorescence intensity
was quantified using a laser scanning confocal microscope
(LSM710, Carl Zeiss, Germany) and ZEN software (Carl
Zeiss, 2012).

2.7. Determination of GATA-4 Nuclear Translocation by
Immunofluorescence. Rat aortic smooth muscle cells
(RASMCs) were cultured (50 x 10° — 100 x 10> cells/ml) in
complete media (DMEM (1g/1 glucose), 10% fetal bovine
serum, 1% penicillin-streptomycin, 2mM Glutamine,
20mM Hepes) and incubated at 37°C, 5% CO,, for 3 days,
followed by serum-starvation. The next day, the RASMCs
were treated with exogenous APN (10 ug/ml) and leptin
(3.1 nM; equivalent to approximately 50 ng/ml). When the
treatment was over, the media was aspirated and the cells
were fixed with freshly prepared 4% paraformaldehyde for
15 minutes. Permeabilization was performed using 0.2% Tri-
ton X-100 for 30 minutes and blocking was done using 1%
BSA, 0.1% Triton X-100, in PBS for 1 hour. The primary
antibody for GATA-4 (sc-25310, Santa Cruz Biotechnology,
California, USA) was added at 1:100 ratio in 1% BSA,
0.05% Tween-20, in PBS overnight at 4°C. Washing then
followed, where 0.1% Tween-20 in PBS was added 5 times
for 10 minutes each. The secondary antibody was CruzFluor
488-conjugated goat anti-mouse antibody (sc-362257, Santa
Cruz Biotechnology, California, USA) used at 1:250 ratio
in 1% BSA, 0.05% Tween-20, in PBS, which was added for
1 hour in the dark. The cells were rinsed again 5 times for
10 minutes each using 0.1% Tween-20 in PBS. To stain actin,
phalloidin (100 nM; Acti-stain 555 phalloidin, Cytoskeleton,
Colorado, USA) was added for 20 minutes followed by rins-
ing twice with 0.1% Tween-20 in PBS. Finally, the mounting
media containing DAPI (UltraCruz Hard-set Mounting
Medium, sc-359850, Santa Cruz Biotechnology, Texas,
USA) was added for 20 minutes in the dark. Images were
acquired using the Zeiss Axio Observer Z1 microscope (Carl
Zeiss, Germany), and data were analyzed using ZEN software
(Carl Zeiss, 2012). The purity of the cells as RASMCs was
confirmed by immunostaining for alpha-smooth muscle
actin (a-SMA).

2.8. Statistical Analysis. The results are presented as fold
change with respect to the negative control, which was
unstretched or untreated. The statistical analysis software
SigmaStat (Systat Software, California, USA) was used to
compute the mean and standard error of the mean (SEM)
for each group. To compare 2 groups, ¢-test was used, while
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FIGURE 1: Mechanical stretch-induced downregulation of APN protein and mRNA expression in VSMCs. RPVs were stretched (St) for 24
hours or left unstretched (Uns). (a) APN protein expression was evaluated by Western blot and normalized to the unstretched RPVs. (b)
Cryosections of the RPV wall were probed with primary anti-APN antibody and secondary antibody to mark APN (red). DAPI was used
to stain the nuclei blue (40x). (c) APN fluorescence intensity was measured using ZEN software and normalized to the unstretched RPVs.
*p < 0.05 versus unstretched. (d) Real-time PCR analysis was performed to examine APN mRNA expression in stretched RPVs for 6, 15,
or 24 hours as well as unstretched and fresh RPVs. Data were normalized to the fresh RPVs. Results are represented as mean + SEM.

n=4-8. *p<0.05 versus fresh. #p < 0.05 versus unstretched.

one-way analysis of variance (ANOVA) was used to compare
3 or more groups. The data are presented as mean + SEM for
each group in graphs using the graphing software SigmaPlot
(Systat Software, California, USA). The difference between
groups was considered to be statistically significant if p values
were less than 0.05 (statistical significance: p < 0.05).

3. Results

3.1. Mechanical Stretch Reduces APN Expression in VSMCs.
Hypertension is associated with reduced circulating levels
of APN [8], which is mainly known to be produced by adi-

pocytes [11, 15, 64]. To our knowledge, whether VSMCs
produce APN and whether hypertension dysregulates its
potential production in VSMCs have not been fully eluci-
dated yet. To investigate this, RPVs were either mechanically
stretched or left unstretched for 24 hours, followed by West-
ern blot analysis. As shown in Figure 1(a), mechanically
stretching the RPV for 24 hours significantly decreased
APN expression compared to the control.

The ability of VSMCs to produce APN and the effect
of mechanical stretch on APN expression in VSMCs were
further examined by immunofluorescence. RPVs were
stretched for 24 hours or left unstretched, cut into 5 ym thick
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FIGURE 2: Mechanical stretch-induced increase in the mRNA expression of the APN receptors in VSMCs. RPVs were mechanically stretched
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versus unstretched.

cryosections, and probed with anti-APN antibody to mark
APN. DAPI was used to stain the nuclei. APN positive inten-
sity was measured using ZEN software (Carl Zeiss, 2012). In
agreement with the Western blot findings, APN expression
in the mechanically stretched RPV's was significantly reduced
compared to the unstretched RPV's (Figures 1(b) and 1(c)).
To examine whether the decrease in intracellular APN
levels in response to mechanical stretch occurred at the tran-
scriptional level, real-time PCR analysis was done to examine
the effect of stretch on APN mRNA expression in VSMCs.
RPVs were mechanically stretched for 6, 15, or 24 hours,
and their APN mRNA expression levels were compared to
those of unstretched RPVs for 6, 15, or 24 hours and fresh
RPVs. As shown in Figure 1(d), mechanical stretch for 6
hours caused a significant decrease in APN mRNA expres-
sion compared to fresh RPVs. Stretch for 15 hours caused a

more pronounced and significant decrease in APN mRNA
expression, while mechanically stretching the RPV for 24
hours led to an even more pronounced reduction in APN
mRNA expression compared to fresh and unstretched RPV's
for 24 hours (Figure 1(d)).

3.2. Mechanical Stretch Increases the APN Receptors’ mRNA
Expression in VSMCs. Mechanical stretch downregulates
the expression of APN in VSMCs (Figure 1), but whether it
affects the expression of its receptors remains unclear. To
elicit its intracellular effects, APN binds to its receptors Adi-
poR1, AdipoR2, and T-cadherin [39-41]. To investigate
whether mechanical stretch affects the expression of these
receptors, real-time PCR analysis was performed to study
their mRNA expression levels in RPVs stretched for 6, 15,
or 24 hours. As shown in Figure 2(a), AdipoR1 mRNA



expression was not affected by mechanical stretch for 6
hours. Stretching the RPV for 15 hours, however, induced a
significant increase in AdipoR1 mRNA expression as com-
pared to fresh RPVs and unstretched RPVs for 15 hours
(Figure 2(a)). Stretching the vessels for 24 hours also induced
a significant upregulation in AdipoR1 mRNA expression
compared to fresh RPVs (Figure 2(a)). These data indicate
that mechanical stretch upregulates AdipoR1 gene transcrip-
tion with a peak at 15 hours of stretch.

Stretching the RPVss for either 15 hours or 24 hours sig-
nificantly upregulated AdipoR2 mRNA expression compared
to fresh RPVs (Figure 2(b)), indicating that mechanical
stretch also promotes an increase in AdipoR2 gene transcrip-
tion. Figure 2(c) shows that mechanically stretching the RPV
for 6 hours slightly increased T-cadherin mRNA expression
as compared to fresh and unstretched RPVs for 6 hours. In
response to 15 hours of stretch, T-cadherin mRNA expres-
sion level increased significantly compared to fresh RPVs,
while mechanical stretch for 24 hours did not significantly
affect T-cadherin mRNA expression (Figure 2(c)). Thus,
mechanical stretch upregulates T-cadherin gene expression
after 15 hours in VSMCs. Collectively, these data indicate
that mechanical stretch, which downregulates the expression
of APN, induces an upregulation in the expression of the
APN receptors, perhaps in an attempt to compensate for
the reduced APN levels.

3.3. Mechanical Stretch Reduces the APN/Leptin Ratio in
VSM(Cs. The plasma leptin/APN ratio is emerging as a marker
for metabolic syndrome and insulin resistance [65, 66]. To
study the effect of mechanical stretch on the ratio of APN/-
leptin expression in VSMCs, RPVs were stretched for 24
hours followed by Western blot analysis to detect and mea-
sure endogenous APN and leptin levels. Figure 3 reveals that
the ratio of APN/leptin was significantly decreased by
mechanical stretch for 24 hours, indicating that the hyper-
tensive state is characterized by a low APN/leptin ratio not
only in the plasma but also within VSMCs.

3.4. APN Attenuates Mechanical Stretch-Induced VSMC
Hypertrophy. We have previously shown that both mechan-
ical stretch and leptin increase VSMC hypertrophy [22, 23,
57]. On the other hand, APN has been reported as a cardio-
protective protein that attenuates pressure overload-induced
cardiac hypertrophy and protects against myocardial injury
after ischemia-reperfusion [37, 38]. However, it is unclear
whether APN exerts a vascular protective effect against
hypertension-induced vascular hypertrophy. In order to
examine this, RPVs were cultured mechanically stretched for
3 days or left unstretched with or without APN (10 pg/ml),
and changes in wet weight and protein synthesis (using
[*H]-leucine incorporation) were measured [57]. 10 pg/ml
of APN was used because this concentration belongs to the
physiological range of APN, which is 5 to 25 yg/ml [62].

As shown in Figures 4(a) and 4(b), mechanically stretch-
ing RPVs for 3 days significantly increased their wet weight
and protein synthesis compared to unstretched RPVs. Treat-
ing unstretched RPVs with exogenous APN (10 yg/ml) had
no effect on wet weight change (Figure 4(a)) or protein syn-
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FIGURE 3: Mechanical stretch-induced reduction in the APN/leptin
ratio in VSMCs. RPV's were mechanically stretched (St) for 24 hours
or left unstretched (Uns), followed by Western blot analysis to
study endogenous protein expression of APN and leptin in
VSMCs. Results are represented as mean + SEM. n=4. *p <0.05
versus unstretched.

thesis (Figure 4(b)), whereas treating mechanically stretched
RPVs with APN significantly attenuated the stretch-induced
increase in wet weight (Figure 4(a)) and protein synthesis
(Figure 4(b)). These results indicate that APN exerts a pro-
tective effect on the vasculature under mechanical stretch by
inducing an antihypertrophic effect on VSMCs. The ratio of
dry weight to wet weight was also assessed in order to
examine the possibility of water retention or osmosis as a
reason for hypertrophy. The different groups did not have
significant changes in dry weight/wet weight ratios, indicat-
ing that hypertrophy is not due to osmosis, but rather to
protein synthesis.

3.5. APN Increases LKB1 and AMPK Phosphorylation in
Mechanically Stretched RPVs. AMPK and its upstream kinase
LKB1 exert protective cellular effects in diabetes and are acti-
vated by diabetic treatments like metformin [47, 51]. More-
over, AMPK activation has been shown to attenuate VSMC
contractility, reduce blood pressure, and decrease VSMC
hypertrophy [50, 52]. To study the effect of mechanical
stretch on AMPK and LKBI activation in VSMCs, RPVs
were stretched for 10 minutes followed by Western blot anal-
ysis. As shown in Figures 5(a) and 5(b), mechanical stretch
significantly reduced both LKB1 and AMPK phosphoryla-
tion after 10 minutes, indicating that the detrimental effects
of stretch on the vasculature are likely to be mediated by
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reduced activation of LKB1 and AMPK and thus an attenua-
tion of their protective effects.

To examine whether APN’s observed antihypertrophic
effect on VSMCs in response to mechanical stretch is medi-
ated by LKB1-AMPK signaling, RPV's were treated with APN
(10 pg/ml) and stretched for 10 minutes. Western blot analy-
sis was then performed to assess LKB1 and AMPK phosphor-
ylation. Exogenous APN significantly increased LKB1 and
AMPK phosphorylation in mechanically stretched RPVs
compared to the untreated, stretched RPVs (Figures 5(a)
and 5(b)). Thus, APN exerts a protective effect on VSMCs
by activating LKB1-AMPK signaling under mechanical
stretch. It is important to note that AMPK phosphorylation,
although significantly increased by APN in stretched RPVs,
remained significantly lower than unstretched RPVs, indicat-
ing that perhaps other signaling pathways activated by
mechanical stretch are causing AMPK dephosphorylation.

3.6. APN Increases eNOS Activation in Mechanically
Stretched RPVs. When activated by phosphorylation at the
Ser1177 residue, eNOS exerts a protective role on the vascu-
lature by producing NO, which promotes vasorelaxation and
exerts antihypertrophic effects on VSMCs [67, 68]. However,
hypertension is associated with both hypertrophy and an
impaired vasorelaxation response [23, 69, 70]. To examine
the effect of mechanical stretch on eNOS phosphorylation
at Ser1177 (which marks its activation), RPV's were stretched
for 10 minutes followed by Western blot using a specific anti-
body that recognizes the phosphate group at Serll77.
Mechanically stretching the RPVs for 10 minutes significantly
decreased eNOS phosphorylation compared to unstretched

RPVs (Figure 6(a)), suggesting that the harmful effects of
stretch are mediated by reduced eNOS activation.

To examine whether eNOS is involved in APN’s
observed antihypertrophic effect on mechanical stretch-
induced VSMC hypertrophy, RPVs were treated with exog-
enous APN (10 ug/ml) and either stretched for 10 minutes
or left unstretched. As shown in Figure 6(a), APN increased
eNOS activation in mechanically stretched vessels compared
to untreated stretched RPVs. APN treatment on unstretched
RPVs also significantly increased eNOS phosphorylation
compared to stretched RPVs. These findings suggest that
APN’s protective effect against stretch-induced VSMC
remodeling is mediated by activating eNOS.

3.7. APN Inhibits Mechanical Stretch-Induced ERKI1/2
Phosphorylation in VSMCs. One of the mechanisms by which
mechanical stretch leads to VSMC hypertrophy is by induc-
ing ERK1/2 phosphorylation and subsequent activation [23,
56, 57, 60]. To investigate whether APN induces its antihy-
pertrophic effect on mechanically stretched RPVs by affect-
ing ERK1/2 signaling, RPVs were treated with exogenous
APN (10 ug/ml) and stretched for 10 minutes, followed by
Western blot analysis to examine ERK1/2 phosphorylation.
Mechanically stretching the RPVs for 10 minutes signifi-
cantly increased ERK1/2 phosphorylation compared to
unstretched RPVs (Figure 6(b)). Treating unstretched
RPVs with exogenous APN (10 ug/ml) had no effect on
ERK1/2 activation (Figure 6(b)). Treating stretched RPVs
with 10ug/ml of APN significantly reduced mechanical
stretch-induced ERK1/2 phosphorylation (Figure 6(b)).
Therefore, one of the mechanisms by which APN exerts its
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#p < 0.05 versus stretched.

antihypertrophic effect on mechanical stretch-induced
VSMC hypertrophy is by inhibiting ERK1/2.

3.8. APN Attenuates Mechanical Stretch-Induced ROS
Formation in VSMCs. We have previously studied the effect
of mechanical stretch, mimicking hypertension, on ROS
production in VSMCs [22]. Mechanical stretch increases
ROS, which in turn promote vascular remodeling and induce
hypertrophy [29, 30]. To investigate the effect of APN on
stretch-induced ROS production in VSMCs, RPVs were
stretched for 1 hour and treated with APN (10 ug/ml), and
DHE was used to detect ROS. As shown in Figure 7,
unstretched RPVs that were treated with APN (10 ug/ml)
did not exhibit any marked changes in ROS production.
Mechanical stretch significantly increased ROS production
after 1 hour, while treating stretched RPVs with 10 ug/ml of
APN significantly decreased ROS generation (Figures 7(a)
and 7(b)), indicating that APN’s antihypertrophic effect on
VSMCs during mechanical stretch is likely mediated by a
reduction in ROS production.

3.9. APN Attenuates Leptin-Induced GATA-4 Nuclear
Translocation in VSMCs. Exogenous leptin activates translo-
cation of the prohypertrophic transcription factor GATA-4
from the cytoplasm to the nucleus in RASMCs [22], indicat-
ing that leptin-induced GATA-4 nuclear translocation is
likely a prominent mechanism by which leptin induces

VSMC hypertrophy. To study whether GATA-4 is involved
in the pathway of APN-induced attenuation of VSMC hyper-
trophy, RASMCs were pretreated with APN (10 pug/ml),
followed by leptin (3.1 nM) addition for 1 hour. Immunoflu-
orescence was then performed to detect GATA-4 by using
anti-GATA-4 antibody and secondary antibody conjugated
to CruzFluor 488. As shown in Figure 8, exogenous leptin
for 1 hour markedly increased GATA-4 nuclear transloca-
tion, whereas APN significantly attenuated leptin-induced
GATA-4 nuclear translocation. These findings indicate that
APN most likely inhibits VSMC hypertrophy by attenuating
GATA-4 activation.

4. Discussion

The major findings in this study are as follows: (1)
VSMCs synthesize APN and express its receptors. (2)
Mechanical stretch, which mimics hypertension, decreases
APN expression and increases leptin synthesis in VSMCs,
thereby decreasing the APN/leptin ratio in VSMCs. (3) APN
exerts an antihypertrophic effect on mechanical stretch-
induced VSMC hypertrophy. (4) APN attenuates mechanical
stretch-induced vascular remodeling by inhibiting ERK1/2
phosphorylation and ROS production and by increasing
LKB1, AMPK, and eNOS phosphorylation. (5) APN attenu-
ates leptin-induced GATA-4 nuclear translocation in VSMCs.
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The force exerted by blood pressure on the vascular wall
continuously exposes it to mechanical stretch. The higher the
blood pressure, the higher the force of stretch, leading to vas-
cular remodeling and hypertrophy [23, 70, 71]. Although it is
a compensatory mechanism to hypertension, vascular hyper-
trophy is detrimental because it structurally and functionally
changes the blood vessels, leading to reduced tissue perfusion
and further inducing hypertension [72]. In order to study
mechanical stretch-induced vascular hypertrophy, RPV
organ culture was used as a well-established model to mimic
hypertension [23, 25, 56, 57]. Being the bulk of the RPV wall,
the pronounced longitudinal muscular coat makes it an ideal
vessel to stretch by weight loading at a force that leads to 10-
15% stretch, which has been calculated using the force-length
relationship [57, 58, 60]. Mechanical stretch preserves the
differentiated, contractile phenotype of the VSMCs in this
ex vivo model of organ culture, as evidenced by the increased
force of contraction and preservation of SM22 expression, a
differentiation marker of VSMCs [56, 57, 73]. Moreover, this
pre- and postcapillary blood vessel has spontaneous myo-
genic activity and has been used as an analogue for small pre-
capillary resistance blood vessels [57, 58, 61].

Upon their discovery and for some time, leptin and APN
were believed to be almost exclusively produced by adipo-
cytes [9-15, 74]. We have shown that VSMCs produce the
leptin protein and that its production is significantly upregu-
lated by mimicking hypertension [22]. However, little is

known about whether VSMCs synthesize APN and whether
hypertension affects its production at the site of VSMCs.
We began our research by investigating these two questions
and found that APN is indeed produced by VSMCs and
that the VSMC synthesis of APN is decreased by mimicking
hypertension (Figure 1). When RPV's were stretched for 24
hours, APN expression in the VSMCs was significantly
downregulated (Figure 1). Real-time PCR analysis was also
performed to examine the effect of 6, 15, and 24 hours of
mechanical stretch on APN mRNA expression and showed
that mechanical stretch decreased APN mRNA expression
in a time-dependent manner (Figure 1(d)). Thus, APN is
indeed expressed in VSMCs, not only in adipocytes, and
mechanical stretch downregulates its expression at both the
gene and protein expression levels. Using real-time PCR
analysis, we also examined the mRNA expression of the
APN receptors AdipoR1, AdipoR2, and T-cadherin and
found that they are all expressed in VSMCs. Mechanical
stretch increased the mRNA expression of these receptors,
perhaps as a feedback mechanism to compensate for the
reduced levels of APN in the VSMCs as well as in the circu-
lation during hypertension (Figure 2).

Although our findings are consistent with the prior
knowledge that circulating plasma APN levels are decreased
[6, 8] and leptin levels are increased [7] in hypertensive
patients, their dysregulated synthesis and expression by
VSMCs in hypertension proposes a new mechanism and
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possible explanation for this process, as opposed to just their
production by adipocytes. The APN/leptin ratio in VSMCs
was drastically reduced by mechanical stretch compared to
unstretched vessels (Figure 3). The ratio of circulating APN/-
leptin is emerging as a marker for metabolic syndrome [65,
66], which includes hypertension, and our results indicate
that VSMCs can now be viewed as contributors to this
change in ratio.

Adiponectin supplementation has been shown to inhibit
pressure overload-induced cardiac hypertrophy and protect
against myocardial injury after ischemia-reperfusion [37, 38].
Zeidan et al. have previously shown that mechanical stretch
and leptin, individually and together, significantly induce
VSMC hypertrophy [23]. However, whether APN exerts a vas-
cular protective or harmful effect on hypertension-induced
VSMC hypertrophy has not been fully elucidated yet. In order
to examine this, we treated RPV's with 10 pg/ml of APN, which
belongs to its normal physiological range [62].

The adiponectin used in our experiments is the purified
recombinant murine globular domain of adiponectin. Being
the larger portion of full-length adiponectin, this globular
domain has been shown to exhibit greater potency than
full-length adiponectin [75-79], which is why we decided to

conduct our study using this form. However, the next step
of our experimental investigation will focus on using the met-
abolically active high molecular weight oligomer and com-
pare its effect with the low molecular weight trimer and the
medium molecular weight hexamer in order to decipher
which form of adiponectin is most potent in attenuating
hypertension-induced vascular remodeling.

Hypertrophy was evaluated by the hypertrophic markers
wet weight change and [*H]-leucine incorporation. APN
significantly attenuated mechanical stretch-induced RPV
hypertrophy by decreasing both weight change and protein
synthesis in stretched vessels (Figure 4). Thus, APN exerts
a protective, antihypertrophic effect against mechanical
stretch-induced VSMC hypertrophy.

APN activates AMPK in several cell types, including ECs,
VSMCs, and skeletal muscle cells [80, 81]. AMPK has been
shown to exert several protective effects, such as attenuating
VSMC hypertrophy [50], reducing blood pressure [52], and
improving endothelial function [51]. We were interested in
studying whether AMPK and its upstream kinase LKB1 were
involved in the mechanotransduction of mechanical stretch-
induced vascular remodeling. RPVs were stretched for 10
minutes, which corresponds to a time-point of significant
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LKB1 and AMPK phosphorylation in VSMCs [50]. To detect
activation of LKB1 and AMPK, specific antibodies were used
that mark their activating phosphorylation sites at Ser428
and Thrl72, respectively. Mechanically stretching the RPV
significantly reduced LKB1 and AMPK phosphorylation
(Figure 5), adding LKB1-AMPK signaling to the pathways
involved in stretch-induced VSMC remodeling.

When RPVs were treated with APN (10 ug/ml) and
mechanically stretched, LKB1 and AMPK phosphorylation
was rescued (Figure 5), pointing towards a potential mecha-
nism by which this protective hormone attenuates mechani-
cal stretch-induced VSMC hypertrophy. In the APN-treated
stretched vessels, LKB1 phosphorylation increased back to
control (untreated and unstretched) levels, but AMPK phos-
phorylation, although significantly higher than that in
untreated stretched RPVs, remained significantly lower than
control levels (Figure 5). This may be due to other signaling
pathways that are activated by mechanical stretch that APN
does not attenuate. Future studies will investigate this notion.
Moreover, it is particularly interesting to see that APN
increased LKB1 activation in VSMCs, because, to our knowl-
edge, the effect of APN on LKBI1 activation has not been
studied in VSMCs.

Downstream to AMPK activation is the phosphorylation
and subsequent activation of the enzyme eNOS in ECs and
cardiomyocytes [82-84]. When eNOS is activated by phos-
phorylation at its Ser1177 residue [85, 86], it produces NO
which exerts protective actions on the vasculature that
include antihypertrophic effects in VSMCs [63, 67, 68].
Moreover, APN has been shown to attenuate angiotensin

[I-induced contractility in a NO-dependent manner [63].
Although it was thought that VSMCs lack eNOS, studies
have shown that eNOS is also expressed in VSMCs [87, 88],
and our data has shown that mechanical stretch reduces
eNOS phosphorylation at Ser1177 (Figure 6(a)). This is con-
sistent with the knowledge that hypertension is associated
with an impaired vasorelaxation response [69]. Moreover,
when RPVs were treated with APN (10 ug/ml), eNOS phos-
phorylation increased in both unstretched and stretched
RPVs (Figure 6(a)), indicating that APN’s protective antihy-
pertrophic effect most likely occurs via the LKB1-AMPK-
eNOS signaling axis in VSMCs.

NO has been shown to exert protective effects against vas-
cular hypertrophy by inhibiting ERK1/2 activation in VSMCs
[68], and research has shown that activated ERK1/2 itself
mediates mechanical stretch-induced VSMC hypertrophy
[23, 56, 57, 60]. In our study, mechanical stretch for 10
minutes (a time point of significant ERK1/2 phosphorylation
[23, 29]) significantly increased ERK1/2 phosphorylation
(Figure 6(b)), indicating a mechanism by which mechanical
stretch induces VSMC hypertrophy. When stretched RPV's
were treated with 5 ug/ml of APN, ERK1/2 phosphorylation
decreased, but this was not statistically significant (data not
shown). When the concentration of APN was increased to
10 pg/ml, which still belongs to the lower range of normal
physiological APN concentration, ERK1/2 phosphorylation
was significantly reduced in mechanically stretched RPVs
compared to untreated stretched RPVs (Figure 6(b)). Thus,
APN exerts its antihypertrophic effects on VSMCs by reduc-
ing ERK1/2 activation.
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Mechanical stretch-induced vascular remodeling has
been associated with increased ROS production in the vascu-
lar wall [22]. Vessels exposed to hypertension produce exces-
sive levels of ROS [28], which in turn promote vascular
hypertrophy [29, 30]. To investigate whether ROS produc-
tion belongs to the mechanism of APN-induced attenuation
of VSMC remodeling, RPVs were treated with APN and
mechanically stretched for 1 hour, a time-point of significant
ROS production in response to stretch [22]. Treatment with
5ug/ml of APN significantly reduced mechanical stretch-
induced ROS formation (data not shown), while 10 pug/ml
of APN even further reduced ROS generation (Figure 7). Thus,
APN exerts a protective effect on VSMC remodeling via
reduction of mechanical stretch-induced ROS production,
indicating the potential for APN as an anti-oxidant in the vas-
culature during hypertension. Interestingly, mechanical
stretch increases the expression of leptin protein, which has
a pro-oxidative effect [22] but decreases that of APN, which
has an anti-oxidative effect. Whether the observed increase
in ROS production in the RPV was directly induced by the
upregulation of leptin and downregulation of APN has not
been elucidated yet. Future studies will aim at examining this.

GATA-4 is a transcription factor that promotes cardiac
hypertrophy by translocating to the nucleus and activating
hypertrophic gene expression [26, 89, 90]. Research by Zeidan
et al. has shown that exogenous leptin (3.1nM) activates
GATA-4 in cardiomyocytes [91], a mechanism by which lep-
tin induces cardiomyocyte hypertrophy. In VSMCs, exoge-
nous leptin (3.1 nM), which also induces VSMC hypertrophy
[22, 23], activates GATA-4 nuclear translocation in a time-
dependent manner and markedly after 1 hour [22]. In this
study, we investigated whether GATA-4 is involved in the
molecular mechanisms of APN-induced attenuation of VSMC
hypertrophy and found that exogenous APN (10 ug/ml)
significantly reduced leptin-induced GATA-4 nuclear trans-
location in RASMCs (Figure 8). Thus, the mechanism of
leptin-induced vascular hypertrophy via GATA-4 nuclear
translocation is inhibited by APN in VSMCs.

5. Conclusion

Our study identifies molecular mechanisms involved in
mechanical stretch-induced vascular remodeling and the role
of APN and leptin in this process. It also provides evidence of
APN’s important protective effect against VSMC remodeling
during hypertension. APN attenuates hypertrophy, ERK1/2
phosphorylation, ROS production, and GATA-4 nuclear
translocation in VSMCs. It also increases the activation of
the protective enzymes LKB1, AMPK, and eNOS in mechan-
ically stretched RPVs. Hence, APN supplementation, upreg-
ulating its endogenous production, or using an agonist that
mimics its effects provide a promising potential therapeutic
strategy in attenuating the detrimental vascular effects of
hypertension.
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Apatinib, a new-generation oral tyrosine kinase inhibitor targeting the vascular endothelial growth factor receptor 2 (VEGFR2)
signaling pathway, shows favorable therapeutic effects in various malignant tumors. However, its effect on ovarian cancer has
not yet been characterized. Here, we demonstrated that apatinib inhibited ovarian cancer cell growth and migration in a
concentration-dependent manner. Further, we found that apatinib could directly act on tumor cells and promote ROS-
dependent apoptosis and autophagy. Mechanistically, we showed that apatinib suppressed glutathione to generate ROS via the
downregulation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway and maintained an
antitumor effect at a low level of VEGFR?2 in ovarian cancer, suggesting that combination of apatinib with Nrf2 inhibitor may be
a promising therapy strategy for patients with ovarian cancer.

1. Introduction

Ovarian cancer (OC) ranked eighth in incidence and seventh
in mortality rates globally among all cancers in women in
2018 (WHO, http://gco.iarc.fr/today/home); it has become
the leading malignancy in gynecological cancers in China,
with an estimated 52,100 new cases and 22,500 deaths in
2015 [1]. The standard regimen for advanced OC is
platinum-based chemotherapy following debulking surgery.
However, approximately 75% of patients with advanced
stages will eventually experience recurrence [2], and almost
all patients with recurrent disease ultimately develop plati-
num resistance, resulting in poor prognosis with only 40%
of patients surviving for 5 years [3]. As such, improved treat-
ment options for OC are urgently needed.

Angiogenesis is universally considered a cancer hallmark
and is responsible for tumor proliferation, progression, and
metastasis [4], making its interruption an attractive thera-
peutic strategy for OC. The vascular endothelial growth fac-

tor (VEGF)/VEGEF-receptor (VEGFR) signaling pathway is
a key regulator of angiogenesis; emerging studies have dem-
onstrated the potent eflicacy of anti-VEGF antibodies and
VEGEFR inhibitors in the treatment of OC [5]. Bevacizumab,
a monoclonal antibody against VEGF, is one of the most
studied angiogenesis inhibitors; it is approved for the first-
and second-line treatments of advanced epithelial OC
according to the National Comprehensive Cancer Network
Guidelines [6]. Unfortunately, this is an inconvenient and
costly treatment that is not attainable for all patients with
OC in China.

Apatinib, also known as YN968D1, is a novel oral small-
molecule tyrosine kinase inhibitor developed in China. It can
block the migration and proliferation of VEGFR-induced
endothelial cells and reduce tumor microvascular density
via highly selective targeting of VEGFR-2 [7]; it was approved
by the Chinese Food and Drug Administration in 2014 as a
third-line treatment for patients with advanced gastric or gas-
troesophageal adenocarcinoma. Increasing evidence indicates
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that apatinib exerts favorable antitumor effects with tolerable
toxicities in other human cancers, including breast cancer
[8], non-small-cell lung cancer (NSCLC) [9], colon cancer
[10], hepatocellular carcinoma [11], pancreatic cancer [12],
anaplastic thyroid cancer [13, 14], and osteosarcoma [15].

To date, there have been limited studies on the therapeu-
tic efficacy of apatinib in patients with OC, and its molecular
mechanism in this application has not been characterized.
In the present study, we investigated the effect of apatinib in
OC and observed that a novel regulatory mechanism could
underlie its antitumor effect.

2. Materials and Methods

2.1. Antibodies and Reagents. The following primary antibod-
ies were purchased from Cell Signaling Technology (Danvers,
MA, USA): GAPDH, histone H3, 3-actin, E-cadherin, N-cad-
herin, vimentin, matrix metalloproteinase 9 (MMP9), PARP,
Bax, Bcl2, P62, light chain 3B (LC3B), VEGFR2, nuclear factor
erythroid 2-related factor 2 (Nrf2), heme oxygenase 1 (HO-1),
and SOD2. The following secondary antibodies were provided
by Proteintech (Wuhan, China): goat anti-rabbit IgG, goat
anti-mouse IgG, and FITC-conjugated secondary antibody.
Apatinib and TBHQ (an Nrf2-specific activator) were pur-
chased from MCE, China. N-acetyl-L-cysteine (NAC), a
reactive oxygen species (ROS) scavenger, was purchased
from Selleck, China.

2.2. Cell Culture and Treatments. A2780, SKOV-3, and
CAOV-3 human OC cell lines were purchased from the
China Center for Type Culture Collection (Wuhan, China).
A2780 and CAQOV-3 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS). SKOV-3 cells
were cultured in RPMI-1640 medium supplemented with
10% FBS. The cells were grown at 37°C in a humidified atmo-
sphere with 5% CO,.

Transient transfection was carried out using Lipofecta-
mine 3000 reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. A VEGFR2 expression plas-
mid and the corresponding empty plasmid (OriGene, Rock-
ville, MD, USA) were used for VEGFR2 overexpression and
as a negative control, respectively. Cells were transfected with
VEGFR2-siRNA and negative control siRNA (GenePharma,
Shanghai, China) for VEGFR2 knockdown experiments.

2.3. Cell Proliferation and Colony Formation Assays. To eval-
uate cell proliferation, Cell Counting Kit-8 (CCK-8, Beyo-
time, Shanghai, China) assay was performed. After seeding
in 96-well plates at a density of 5000 cells/well with 100 ul
culture medium, the cells were treated with different concen-
trations of apatinib (0, 1, 5, 10, 20, and 40 uM) for an indi-
cated time (24, 48, 72, and 96h), changing the apatinib-
containing medium every 48h. At the end of the experi-
ments, 10ul of CCK-8 reagent was mixed into each well,
and the cells were incubated at 37°C for 2 h. The absorbance
(OD) of each well was measured at 450 nm using a micro-
plate reader. The percentage of cell viability was calculated
as (experimental group OD — blank well OD)/(control group
OD - blank well OD) x 100%. GraphPad Prism 7.0 software
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was used to calculate values indicating 50% inhibition of sur-
viving fraction (IC50).

For the colony formation assays, 500 cells per well were
plated in 6-well plates. After coincubation with 0, 1, 5, and
10 uM apatinib for 14 days, the cells were washed three times
with PBS, fixed with 4% paraformaldehyde, and stained with
Giemsa solution. The number of colonies containing more
than 50 cells was counted by using a microscope. Colony for-
mation efficiency was calculated as (colony numbers/500) x
100%.

2.4. Transwell and Wound Healing Assay. Twenty-four-well
transwell chambers (8 ym pore size, 6.5 mm diameter; Milli-
pore, USA) coated with Matrigel (BD Biosciences, San Jose,
CA, USA) were used to perform a cell migration assay. First,
500 ul of medium containing 10% FBS was added to the bot-
tom of the chamber. Next, 100 ul of the OC cell suspensions
at a density of 10 x 10* cells/ml in a serum-free medium,
treated with different concentrations of apatinib (0, 10, and
20 uM), was seeded into the upper chambers. After 24h,
the cells that adhered to the upper surfaces of the transwell
membranes were removed using cotton swabs, and those
on the lower surfaces were fixed with 4% paraformaldehyde
and stained with a 0.1% crystal violet dye. The migrated cells
were photographed and counted in five random fields using
an inverted microscope.

To assess wound healing, cells were plated in six-well
plates and the confluent monolayer cell plate was wounded
using the tip of a 250 yl pipette. PBS was used to remove
floating cells, and the cells were cultured in a serum-free
medium in the presence or absence of apatinib for 24h.
Images of the same position of the wounded monolayer were
obtained by using a microscope. Image] software was used to
quantitatively measure wound distance.

2.5. Analysis of Apoptosis. Annexin V-FITC/PI Apoptosis
Detection Kit (BD, Biosciences, China) was used to detect
apoptosis. After treatment with the indicated concentrations
of apatinib (0, 10, and 20 uM), the harvested cells were resus-
pended in Annexin V-binding buffer, then stained with
FITC-conjugated Annexin V and PI according to the manu-
facturer’s protocol. The degree of apoptosis was analyzed
using a flow cytometer (LSRFortessa, BD Biosciences).

2.6. ROS Detection and Measurement of Intracellular
Glutathione (GSH). ROS induced by apatinib was deter-
mined using a ROS Assay Kit (Beyotime, Shanghai, China)
according to the manufacturer’s protocol as previously
described [16]. Briefly, after exposure to apatinib (0, 10, and
20 uM) for 24h, the cells were incubated with 10 uM 2'-7'
dichlorofluorescin diacetate (DCFH-DA) in the dark for
20 min at 37°C in a humidified atmosphere at 5% CO,. Next,
the cells were washed three times with cold PBS to remove
excess fluorescent probe. The cells were then observed using
a fluorescence microscope or resuspended in 300 ul of PBS
and assessed for fluorescence intensity using a flow cytometer
(LSRFortessa). The data were analyzed using Flow]Jo X 10.0.7
Software.
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A Total Glutathione Assay Kit (Beyotime) was used to
measure intracellular GSH levels according to the manufac-
turer’s instructions as previously described [16]. Briefly, after
being cocultured with or without apatinib for 24h and/or
pretreated with 200 uM TBHQ for 4h to activate the Nrf2
pathway, cells were harvested and lysed in the protein
removal solution S provided in the kit. After incubation for
5min at 4°C, the samples were centrifuged at 12,000 rpm
for 10min at 4°C. The supernatant was treated with assay
solution for 25min at 25°C, and the absorbance at 412 nm
was measured using a microplate reader (SpectraMax i3x,
Molecular Devices, Sunnyvale, CA). Relative intracellular
GSH levels were calculated by normalization to the values
of the control group.

2.7. Immunofluorescence Staining. Cells were seeded in
20mm culture plates and cocultured with 20 uM apatinib
for 24h or pretreated with 5mM NAC for 2h to inhibit
ROS generation, then washed with PBS, fixed with 4% para-
formaldehyde for 15 min, and permeabilized in 0.1% Triton
X-100 for 5min. After blocking with 5% bovine serum albu-
min for 1h at room temperature, the cells were incubated
with primary antibody against LC3B (dilution 1:100) over-
night at 4°C. Then, FITC-conjugated secondary antibody
(dilution 1:200) was incubated with the cells for 1h in the
dark at room temperature, and the cells were stained with
4',6-diamidino-2-phenylindole (DAPI) for 5min to visual-
ize the nuclei. Images were captured using a fluorescence
microscope.

2.8. Transmission Electron Microscopy (TEM). After 24 h apa-
tinib treatment (20 uM) or 2h NAC pretreatment (5mM),
the cells were washed lightly with PBS, digested with 0.25%
trypsin, and centrifuged at 3000 rpm for 10 min at 4°C. The
samples were fixed in 3% glutaraldehyde overnight at 4°C
for fixation. Then, ultrathin sections (100 nm) were stained
with 5% uranyl acetate and Reynold’s lead citrate and
detected using a TEM (H-7650, Hitachi, Tokyo, Japan).

2.9. Western Blotting and Nuclear and Cytoplasm Isolation.
Total proteins were isolated from OC cells with or without
apatinib treatment. After washing with ice-cold PBS three
times, cells were lysed in a lysis buffer supplemented with a
cocktail of proteinase inhibitors. Equal amounts of protein
(40 pug) from cell extracts were separated using 10% SDS-
PAGE and transferred onto 0.45 um polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA) as pre-
viously described [16]. Image] software was used to evaluate
the gray value of each band.

A Nuclear and Cytoplasmic Protein Extraction kit
(Beyotime) was used to isolate the cytosolic and nuclear cell
fractions, following the manufacturer’s instructions as previ-
ously described [16]. Briefly, the collected cells were sus-
pended in ice-cold hypotonic buffer and incubated on ice
for 20 min. The extracts were then centrifuged at 12,000 x g
for 5min, and the supernatants were collected as cytosolic
fractions. The pellets were washed with ice-cold PBS and
resuspended in the lysis buffer, followed by vortexing at the
highest speed. These extracts were centrifuged at 12,000 x g

for 10 min, and the supernatants were collected as the nuclear
fractions.

2.10. Quantitative Real-Time PCR Analysis (qRT-PCR). TRI-
zol (Invitrogen) was used to extract total RNA from ovarian
cancer cells. Reverse transcription was performed as pre-
ciously described [17] using PrimeScript RT Master Mix
(Takara, Otsu, Japan). gqRT-PCR was performed as pre-
ciously described using Applied Biosystems Power SYBR
Green on a qTOWER2.0 [17], briefly, 10 seconds at 95°C,
then 40 cycles at 95°C for 5 seconds and 65°C for 34 seconds.
The mRNA ratio of the target genes to GAPDH was calcu-
lated using the 27*““" formula. The specific primer sequences
are performed as follows:

GAPDH, Forward 5'-CCACCCATGGCAAATTCC-3,
Reverse 5'-GATGGGATTTCCATTGATGACA-3'; VEGFR2,
Forward-5' GGACTCTCTCTGCCTACCTCAC-3', Reverse
5'-GGCTCTTTCGCTTACTGTTCTG-3'; Nrf2, Forward
5'-TCATGATGGACTTGGAGCTG-3', Reverse 5'-CATA
CTCTTTCCGTCGCTGA-3'; HO-1, Forward 5'-CCAGGC
AGAGAATGCTGAGT-3', Reverse 5'-GGCGAAGACTG
GGCTCTC-3'; GCLC, Forward 5 -ACATCTACCACGCC
GTCAAG-3', Reverse 5'-ACAGGACCAACCGGACTTTT-
3'; and GCLM, Forward 5'-GGGGAACCTGCTGAACTG-
3/, Reverse 5'-TCTGGGTTGATTTGGGAACT-3'.

2.11. Online Database. A series of online databases were
implemented as previously described [17]. Briefly, the
GEPIA database (http://gepia.cancer-pku.cn/), the Onco-
mine database (http://www.oncomine.org/), and the Human
Protein Atlas database (https://www.proteinatlas.org/) were
used to analyze mRNA or protein expression of VEGFR?2 in
OC and normal tissues, respectively.

2.12. Statistical Analysis. All experiments were repeated at
least three times, and all results are presented as the means +
standard deviations. Statistical analysis was performed using
GraphPad Prism 7.0 software. Statistical significance was
determined based on Student’s t-test or one-way ANOVA;
P values < 0.05 were considered statistically significant.

3. Results

3.1. Apatinib Suppressed the Growth of OC Cells. First, the
cell viability of the A2780, SKOV-3, and CAOV-3 cell lines
decreased as the drug concentration increased (Figure 1(a)),
with IC50 values of 18.89 +5.6, 25.61 +2.1, and 20.46 +
0.5 uM, respectively (Figure 1(b)). These results suggested
that apatinib reduced OC cell growth in a concentration-
dependent manner. Following this, 50% of the IC50 dose
and the IC50 dose, ie., approximately 10 uM and 20 uM
doses of apatinib, were used for the subsequent experiments.
Next, we found that the growth of OC cells was suppressed by
apatinib in a time-dependent manner as well (Figure 1(c)). In
addition, we observed cell morphology changes induced by
apatinib. In the control group, A2780 was round, SKOV-3
was epithelial-like, and CAOV-3 was spindle-shaped, in line
with previous descriptions of these three OC cell lines [18].
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FIGURE 1: Apatinib suppressed growth of OC cells. (a) Cell viability assays of A2780, SKOV-3, and CAOV-3 cells treated with low-to-high
concentrations of apatinib for 48 h. (b) The IC50 values of apatinib for 48 h in three OC cells. (c) The OC cells were treated with 20 yM
apatinib for different time intervals (24, 48, 72, and 96h). The cell viability was detected by CCK-8 and expressed as absorbance value
(OD). (d) The effects of 20 uM apatinib on the morphology of OC cells were observed using light microscope (20x). Scale bar = 50 ym.
(e, f) Colony formation assay of three OC cells. Colony numbers were counted using the microscope, and the colony formation
efficiency was calculated. Data are presented as the mean + SD of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001,

compared with the control groups.

After treatment with apatinib, the number of cells was
reduced, and the cells were observed to be smaller and irreg-
ular in shape; moreover, they took on indistinct margins,
with looser intercellular connections, compared to the cells
in the control group (Figure 1(d)). The apatinib-treated cells
had a lower colony formation ability than the cells in the con-
trol group, especially when 10uM apatinib was applied
(P < 0.05; Figures 1(e) and 1(f)). Collectively, these results
suggest that apatinib suppressed the proliferation of OC cells
in both a concentration- and time-dependent manner.

3.2. Apatinib Inhibited OC Cell Migration. Apatinib is known
to specifically inhibit VEGFR?2 to suppress tumor angiogene-
sis, which plays an important role in tumor metastasis.
Therefore, we explored the role of apatinib in OC migration
using the transwell assay. Cell migration was significantly
delayed under apatinib treatment in a concentration-
dependent manner, especially at 20 uM (Figures 2(a) and
2(b)). Consistently, the wound healing abilities of OC cells
were also significantly decreased in a concentration-
dependent manner (Figures 2(c) and 2(d)). Furthermore,
we performed western blotting to explore whether apatinib
suppresses the levels of epithelial-mesenchymal transition-
(EMT-) associated markers in OC cells since EMT is closely
related to tumor metastasis. Under apatinib treatment, the
level of the epithelial marker E-cadherin increased, whereas
the levels of the mesenchymal markers vimentin and N-

cadherin decreased. The level of another metastasis-
associated protein, MMPY, also decreased under apatinib
treatment (Figures 2(e) and 2(f)). Thus, apatinib inhibited
OC cell migration mainly via suppressing EMT.

3.3. Apatinib Induced Apoptosis and Autophagy in OC Cells.
We attempted to identify the potential mechanism underly-
ing the antitumor effect of apatinib. In addition to inhibiting
VEGFR?2 signal transduction, many studies have shown that
apatinib can directly act on tumor cells [10, 12, 14, 15, 19].
Accordingly, we evaluated whether apatinib could induce
apoptosis in OC cells. After treatment with 10 and 20 yuM
of apatinib for 24 h, the percentage of apoptotic cells was sig-
nificantly higher than that in the control group (P < 0.05);
this effect was observed to be concentration dependent
(Figures 3(a) and 3(b)). In addition to apoptosis, we also
tested whether apatinib caused autophagy. After exposure
to 20 uM apatinib for 24h, more autophagosomes with a
double membrane containing damaged proteins and organ-
elles and more autolysosomes with a single membrane and
degraded contents were observed in the treated group than
in the control group using TEM (Figure 3(c)). Next, we eval-
uated the level of LC3-II, a key marker in the initial stages of
autophagy, in OC cells by immunofluorescence. Apatinib-
treated cells presented a dot pattern of LC3-II fluorescence,
indicating a higher number of autophagosomes than in the
control group (Figure 3(d)). In addition, we explored changes
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FIGURE 2: Apatinib inhibited OC cell migration. (a, b) The migration of A2780, SKOV-3, and CAOV-3 cells after treatment with apatinib (0,
10, and 20 #M) for 24 h was assessed using the transwell assay. The invaded cells on the bottom surface of the filters were stained, and the cell
numbers were counted by Image] software. (¢, d) The movement ability of three OC cells after treatment with apatinib (0, 10, and 20 uM) for
24 h was detected using wound healing assays. The gap distance that was calculated by Image] software was used to measure the movement
ability. (e) After treatment with 20 yM apatinib for 24 h, protein levels of the EMT markers E-cadherin, N-cadherin, vimentin, and metastasis-
associated protein, MMPY, in three OC cells were determined by western blotting. (f) The relative western blot gray values are shown in the
histogram. Data are presented as the mean + SD of three independent experiments. APA: apatinib.” P < 0.05, **P < 0.01, compared with the

control groups.

in the key indicators of apoptosis and autophagy by western
blotting. The levels of cleaved PARP and Bax increased after
treatment with 20 uM apatinib, whereas the expression of
Bcl-2 decreased. An increase in the conversion of LC3-I to
LC3-1I, a specific process of autophagy, and a decrease in
p62, which is degraded during autophagy, were also
detected in apatinib-treated OC cells (Figures 3(e) and 3(f)).
These findings suggest that apatinib promoted apoptosis
and autophagy in OC cells.

3.4. The Generation of ROS Is Crucial for Apatinib-Induced
Apoptosis and Autophagy. We further investigated the mech-
anism by which apatinib promoted apoptosis and autophagy.
Since apatinib has been reported to induce ROS in pancreatic
cancer and cervical cancer [12, 19] and excessive intracellular
levels of ROS may lead to mitochondrial dysfunction to pro-
mote apoptosis and autophagy [20, 21], we hypothesized that
apatinib induced apoptosis and autophagy by promoting
ROS generation. A concentration-dependent increase in
the fluorescence intensity of DCFH-DA was observed
using a fluorescence microscope in apatinib-treated OC

cells compared with the controls (Figure 4(a)); the results
were validated by measuring the ROS level using a flow
cytometer (Figures 4(b) and 4(c)). As expected, the pro-
motion of apoptosis and autophagy by apatinib was
reversed by the administration of NAC (5mM), a ROS
scavenger (Figures 4(d)-4(g)). Collectively, these results
indicate that apatinib induced apoptosis and autophagy
in a ROS-dependent manner in OC cells.

3.5. Apatinib Suppressed GSH to Generate ROS via the
Downregulation of Nrf2/HO-1. We subsequently identified
the potential molecular mechanisms involved in the genera-
tion of ROS by apatinib. First, we measured the levels of
GSH, a well-known ROS scavenger [22, 23], in OC cells
treated with or without apatinib. As expected, apatinib treat-
ment decreased the level of GSH (Figure 5(a)). Next, we
investigated whether apatinib regulates the Nrf2/HO-1 path-
way, which is also known to eliminate ROS [24] and is
reported to be involved in the regulation of GSH abundance
[22]. We found that apatinib decreased the level of Nrf2 and
HO-1, whereas SOD2 expression was not significantly
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FIGURE 3: Apatinib induced apoptosis and autophagy in OC cells.

(a) After treatment of A2780, SKOV-3, and CAOV-3 cells with

apatinib (0, 10, and 20 yuM) for 24h, these cells were stained with Annexin V-FITC/PI and analyzed by a flow cytometer. (b) The

quantitative analysis of the apoptotic cell percentages is shown. (c)

The representative images of TEM: more autophagic vacuoles (red

arrows) are shown in the three apatinib-treated (20 uM) OC cell lines for 24 h compared with the DMSO-treated control groups. Scale bar =
1 um (the middle panel)/500 nm (the left and right panels). (d) The representative images of immunofluorescence: a dot pattern of LC3-II
fluorescence is presented in the apatinib-treated (20 uM) OC cells (40x). Scale bar = 20 ym. (e) After treatment with 20 uM apatinib for 24 h,
the protein levels of cleaved PARP, Bcl-2, Bax, p62, and LC3B (LC3 II/LC3 I) were determined by western blotting. (f) The relative western
blot gray values are shown in the histogram. Data are presented as the mean+SD of three independent experiments. APA:

apatinib.* P < 0.05, **P < 0.01, compared with the control groups.

changed in apatinib-treated cells as observed by western blot-
ting (Figure 5(b)). These results suggest that apatinib could
inhibit the levels of GSH, Nrf2, and HO-1 in OC cells.

To provide further supporting evidence, TBHQ, a spe-
cific activator of Nrf2, was utilized. The levels of nuclear
and total Nrf2 and HO-1 were significantly upregulated
upon the administration of TBHQ, which confirmed the
activating effect of TBHQ on Nrf2. (Figures 5(c) and 5(d)).
GSH levels were then measured after treating the cells in
the absence or presence of TBHQ and apatinib. The results
confirmed that the activation of the Nrf2 pathway could
upregulate the GSH levels in the cells without apatinib treat-
ment and that the inhibition of GSH by apatinib was
reversed by TBHQ treatment (Figure 5(e)). Thus, apatinib
could suppress GSH to generate ROS by negatively regulat-
ing the Nrf2/HO-1 pathway.

3.6. VEGFR2 Regulates Nrf2 Pathway and Apatinib Remains
Effective at Low Level of VEGFR2 in OC. As apatinib is a spe-

cific VEGFR?2 inhibitor, we wondered about the relationship
between VEGFR2 and the Nrf2 pathway. Firstly, we found
that there was a significant positive correlation between the
Nrf2 and VEGFR2 mRNA levels based on the GEPIA data-
base (R=0.2, P=4.1e - 05; Figure 6(a)). Then, the protein
and mRNA levels of VEGFR2 were examined in three ovar-
ian cancer cell lines. A2780 cell line showed the lowest level
among these cell lines while SKOV-3 showed the highest
level (Figures 6(b) and 6(c)). These two cell lines were used
for further experiments. Overexpression of VEGFR2 in the
A2780 cell line resulted in upregulated both mRNA and pro-
tein levels of Nrf2, indicating that VEGFR2 regulated Nrf2 at
the transcription level. In addition, we found that upregu-
lated VEGFR2 could significantly increase the levels of Nrf2
downstream antioxidant genes HO-1, heavy and light sub-
units of y-glutamyl cysteine synthetase (GCLC and GCLM,
which are important rate-limiting enzymes for GSH synthe-
sis) (Figures 6(d) and 6(e)). The opposite results were
observed in the SKOV-3 cell line upon downregulation of
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FIGURE 4: The generation of ROS is crucial for apatinib-induced apoptosis and autophagy. (a) The representative images of fluorescence
intensity of DCFH-DA in apatinib-treated (0, 10, and 20 uM) A2780, SKOV-3, and CAOV-3 cells observed by a fluorescence microscope
(20x). Scalebar =50 ym. (b, c) The fluorescence intensity of DCFH-DA was detected by a flow cytometer, and the results were analyzed
by FlowJo software. (d, e) The representative images of TEM and fluorescence microscopy after apatinib incubation (20 uM) without or
with NAC (5mM). Scalebar =20 ym (fluorescence images)/500 nm (TEM images). (f) The expression of apoptosis- and autophagy-
related proteins was tested by western blotting after apatinib incubation without or with NAC (5 mM). (g) The relative western blot gray
values are shown in the histogram. Data are presented as the mean + SD of three independent experiments. APA: apatinib.”P < 0.05,

**P <0.01, compared with the control groups. #P<0.05 *P<0.01.

VEGFR2 by siRNA (Figures 6(f) and 6(g)). These results sug-
gest that VEGFR2 was a positive regulator of Nrf2 pathway.

Next, we investigated VEGFR2 expression in OC tissues
based on a series of online databases since bioinformatics
analysis has become a hot research focus. The data from
the Oncomine database indicated that VEGFR2 mRNA
expression was lower in OC than in normal tissue. In
comparison with 10 samples of normal ovarian surface epi-
thelium, the mRNA levels of VEGFR2 were significantly
lower in 185 cases of ovarian carcinoma (P =1.8¢-08;
Figure 6(h)), and VEGFR2 was significantly downregulated
in different pathological subtypes of OC (serous, mucinous,
endometrioid, and clear cell), especially in the serous type
(Table 1). The GEPIA database validated the aforementioned
results (Figure 6(i)). In addition, the representative immuno-
chemistry images from the HPA database showed that no
significantly positive VEGFR2 staining could be detected in
any pathological subtype of OC compared with normal tis-

sues (Figure 6(j)). These findings attracted our interest that
whether apatinib could function through a low level of
VEGFR2 in OC. We confirmed that apatinib could still
reduce the level of VEGFR2 in the SKOV-3 cell line when
VEGFR2 was downregulated by siRNA (Figure 6(k)). In
addition, compared to the control groups, apatinib still
exerted inhibitory effect on cell viability and migration
although VEGFR2 level was reduced in OC cells
(Figures 6(1) and 6(m)). Besides, we previously observed the
antitumor effect of apatinib on the A2780 cell line, which
expressed a relative low level of VEGFR2 originally. These
findings indicate that apatinib remained effective at low level
of VEGFR2 in OC.

4. Discussion

Apatinib, a small-molecule selective tyrosine kinase inhib-
itor of VEGFR-2, is considered a new-generation oral
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FIGURE 5: Apatinib suppressed GSH to generate ROS via the downregulation of Nrf2/HO-1. (a) The relative GSH levels in A2780, SKOV-3,
and CAOV-3 cells after apatinib treatment (20 uM). (b) The protein expression of Nrf2, HO-1, and SOD2 was tested by western blotting after
incubation with apatinib. The relative western blot gray values are shown in the histogram. (¢, d) The upregulated protein expression of total
Nrf2, nuclear Nrf2, and HO-1 was determined by western blotting and nuclear and cytoplasm isolation after the application of TBHQ
(200 uM). The relative western blot gray values are shown in the histogram. (e) The relative GSH levels were detected in the three OC cell
lines after incubation in the absence or presence of TBHQ and apatinib. Data are presented as the mean + SD of three independent
experiments. APA: apatinib; ns: not significant. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with the control groups.

antiangiogenesis drug in China; it has been reported to be
effective in various solid tumors. In line with previous case
reports that apatinib has potential antitumor activity in
patients with OC [25-30], we found it to be effective against
OC cell proliferation in both a time- and concentration-
dependent manner in vitro. Similarly, apatinib has been
found to inhibit cell growth in breast cancer [8], NSCLC
[9], colon cancer [10], hepatocellular carcinoma [11], pan-
creatic cancer [12], anaplastic thyroid cancer [13, 14], osteo-
sarcoma [15], and OC [31]. Interestingly, apatinib shows
contrasting effects on OC cell proliferation, with no cytotoxic
effects on OC cells and no alteration of the cell cycle or apo-
ptosis in vitro. However, it inhibits EMT in OC cells by inhi-
biting the JAK/STAT3 and PI3K/Akt signaling pathways,
resulting in the suppression of tumor volume in vivo by inhi-
biting tumor angiogenesis [32]. Consistently, we found that
apatinib substantially inhibited the migration of OC cells in
a concentration-dependent manner by the negative regula-
tion of EMT. This antimetastatic effect of apatinib has also
been observed in other cancers, such as breast cancer, colon
cancer, pancreatic cancer, and anaplastic thyroid cancer [8,
10, 12, 14]. Thus, apatinib exerts favorable antitumor efficacy
and could be a promising therapeutic strategy for patients
with OC.

With regard to the antitumor mechanism of apatinib,
recent studies have shown that apatinib could act directly
on tumor cells by inducing apoptosis and cell cycle arrest
[10, 12, 14, 15, 19]. Our results showed that it induced apo-
ptosis in OC cells in a concentration-dependent manner.
Likewise, autophagy appears to be involved as more autopha-
gosomes and autolysosomes were present in the treated
groups than in the controls. The dot pattern of LC3-II fluo-
rescence, the increased LC3-1I/LC-I expression ratio, and a
decrease in p62 levels were observed in apatinib-treated OC
cells indicating that apatinib can induce autophagy. Interest-
ingly, the contrary roles of apatinib-induced autophagy have
been reported. In colon cancer and pancreatic cancer, apati-

nib promotes tumor cell death and suppresses tumor growth
by inducing autophagy [10, 12]. Conversely, apatinib pro-
motes protective autophagy in anaplastic thyroid cancer
and osteosarcoma. Moreover, the inhibition of autophagy
sensitizes these tumor cells to apatinib-induced apoptosis
in vitro and enhances the effect of apatinib-induced growth
inhibition in anaplastic thyroid cancer cells in vivo [13, 15].
Therefore, the role of apatinib-induced autophagy may be
context specific and should be further explored in OC.

Increasing evidence has shown that ROS plays an impor-
tant role in tumors [33]; the interplay between ROS, apopto-
sis, and autophagy has attracted research attention [20, 21,
34, 35]. Treatment with apatinib may increase ROS in
pancreatic cancer and cervical cancer [12, 19]. We likewise
observed that apatinib promoted ROS generation in a
concentration-dependent manner. In addition, apatinib-
induced apoptosis and autophagy were ROS-dependent in
OC cells, since treatment with a ROS scavenger reversed
the promotion effect. Therefore, the promotion of ROS may
be the novel cytotoxic effect of apatinib.

Among ROS regulators, GSH is remarkable as it is a ROS
scavenger and is involved in multiple processes during tumor
development, including cellular proliferation and the devel-
opment of chemotherapy resistance [22, 23]. The Nrf2/HO-
1 pathway, which is well known to eliminate ROS [24], is
reported to be involved in the regulation of GSH abundance
[22, 36]; moreover, upregulated protein levels of Nrf2 and
HO-1 have been found in many tumors, including OC [37,
38]. In our study, the levels of GSH, Nrf2, and HO-1 were sig-
nificantly inhibited by apatinib and the activation of the Nrf2
pathway upregulated the levels of GSH. The reversal of the
apatinib-mediated GSH inhibition by TBHQ indicated that
apatinib suppressed GSH to generate ROS by negatively reg-
ulating the Nrf2/HO-1 pathway.

In addition, a significant positive correlation was indi-
cated between Nrf2 and VEGFR2 in OC based on the GEPIA
database. We confirmed that the levels of Nrf2 and its



Oxidative Medicine and Cellular Longevity

SKOV-3 CAOV-3

A2780
P-value = 4.1e-05

VEGFR2 | *'
+ R=02 "

- | GAPPH o — —

sk
1.0 = £
4 B
5 05
L 0.0

log, (NRF2 TPM)

Relative VEGFR2
protein expression

Relative mRNA expression

SKOV-3 CAOV-3
log, (VEGER2 TPM) A2780
(a) (b)
5
o
S
é; 4 = A2780
S Empty VEGFR2 o 15
ok
% 3 Hkk vector  plasmid %
E 3 T
) VEGFR2 s wm = | %
&2+ 1= -|_
|} g
2 g
2
2] N - = 05
g = B g
K =
o~ 3}
0 GAPDH s Wi =
A2780 SKOV-3CAOV-3 Empty VEGFR2  Empty VEGFR2
vector plasmid  vector plasmid
Hl VEGFR2
Nrf2
(0) (d)
67 wx SKOV-3
| o 207
siCtrl ~ siVEGFR2 -2
2
3
i=}
*T* * * Nrf2 % 7 - f]f
*
24 * a
I ! - 2
£ 057
o)
] I I ' GAPDH - - ~
0- L 0.0-
VEGFRZ Nrf2 H(),l GLLL GCLM siCtrl siVEGFR2 siCtrl  siVEGFR2
Il Empty vector Il VEGFR2
VEGER2 plasmid Nrf2
(e) ()
35 VEGFR2 expression in dataset of oncomine
_
3.0 P value: 1.80E-8
15 2 254 t-test: ~16.511
S 204 Fold change: -8.997
g E
'z = 1.54
£ 104 ) g 1.0+ :
= ES =]
g S 054 .
= >:< T ?
Z b g 00
Z sk 3
v 0.5+ T g -05+4
3 S
~ -1.5 R
0.0~ T -2.0
VEGFR2 Nrf2 HO—l GCLC GCLM Ovarian surface epithelium Ovarian carcinoma
(n=10) (n=185)
Il siCuil
siVEGFR2
(8 (h)

Ficure 6: Continued.



Oxidative Medicine and Cellular Longevity 15

SKOV-3
siCtrl siVEGFR2

APA (uM) 0 20 0 20

VEGER e s e

. : Normal %
3 _l: ¥ % 15
; ) 2
i =
2 i ) gL o T o
T - & T
14 —4 =~ Lo £ s
) e gt 5805
: £
0 —_ 0pm - 0N i ‘¢540£m =
T . o 0.0
n(T) =426;n (N) = 88 Mucinous Endometroid APA (M) 0 20 0 20
B Tumor
== Normal W siCtrl
siVEGFR2
@ 0) ()
1.5 4
E
= 1.0+
2
I
Py
= *
=
= - *
A 0.5 | *
Q
0.0 T T T T
24 48 72 96
Time (hours)

-o— siCtrl 0 uM —&— siVEGFR2 0 uM
- siCtrl20uM  —— siVEGFR2 20 uM

M

FIGURE 6: VEGFR2 regulates the Nrf2 pathway, and apatinib remains effective at a low level of VEGFR2 in OC. (a) Nrf2 had a significant
positive relationship with VEGFR2 based on the GEPIA database. (b, ¢) The protein and mRNA levels of VEGFR2 were examined in three
ovarian cancer cell lines by western blotting and qRT-PCR, respectively. A2780 cells were transfected with VEGFR2 or empty plasmid. (d)
The protein levels of VEGFR2 and Nrf2 were tested by western blotting and (e) the increased mRNA levels of VEGFR2, Nrf2, HO-1,
GCLC, and GCLM were determined by qRT-PCR. SKOV-3 cells were transfected with VEGFR2 or control siRNA. (f) The protein levels
of VEGFR2 and Nrf2 were tested by western blotting and (g) the decreased mRNA levels of VEGFR2, Nrf2, HO-1, GCLC, and GCLM
were tested by qRT-PCR. (h) The mRNA levels of VEGFR2 significantly decreased in OC compared with normal ovarian surface
epithelium based on the dataset of Oncomine. (i) VEGFR2 mRNA expression was decreased in OC compared with normal tissues based on
GEPIA database. (j) Representative immunohistochemical staining images of VEGFR? in different pathological subtypes of OC and normal
tissues based on the HPA database. Scalebar =50 ym. SKOV-3 cells were transfected with VEGFR2 or control siRNA. (k) The protein
levels of VEGFR2 were reduced after incubation with 20 M apatinib. (I) The cell viability and (m) the migration of transfected SKOV-3
cells were suppressed by apatinib. Scale bar = 100 ym. The relative western blot gray values are shown in the histogram. Data are presented
as the mean + SD of three independent experiments. APA: apatinib; TPM: transcripts per million.". *P < 0.05, **P < 0.01, and ***P < 0.001,
compared with the control groups.

that VEGFR2 expression is upregulated in the vasculature
of some tumors compared to the normal vascular system

downstream genes could be significantly regulated by
VEGFR2. Among these downstream genes, GCLC and

GCLM are two catalytic subunits of glutamate cysteine ligase
(GCL), whose level and enzymatic activity constitute rate-
limiting steps for GSH synthesis and can also be controlled
by Nrf2 [39]. Considering the fact that high GCLC or GCLM
levels are found in patients with various cancers [40, 41] and
that the reduction of GSH production by the irreversible
GCL inhibitor promotes apoptosis and attenuates cell growth
in cancer cells [42], we speculate that apatinib may also func-
tion as a ROS inducer by suppressing the VEGFR2-Nrf2
path, leading to decreased GCLC and GCLM levels, resulting
in the reduction of GSH.

Recent studies have mostly focused on apatinib inhibiting
VEGFR2 and its downstream pathway as antiangiogenesis
and antitumorigenesis targets [14, 43, 44] owing to the fact

[45-47]. For instance, VEGFR2 expression is elevated in
osteosarcoma and cervical cancer tissues [15, 19]. Apatinib
can inhibit tumor cell growth by blocking the VEGFR2/-
STAT3/Bcl-2 or Akt/GSK3f/angiogenin signaling pathways,
suppressing tumor angiogenesis in osteosarcoma and ana-
plastic thyroid cancer, respectively [14, 15]. Interestingly, in
our study, we found that both the mRNA and protein levels
of VEGFR2 were lower in OC than in normal tissue based
on a series of online databases. Similarly, VEGFR2 was
reported to be negatively expressed in breast cancer [48].
However, even though we downregulated the level of
VEGEFR2 in the SKOV-3 cell line, which showed a relatively
high level of VEGFR?2, apatinib still exerted effective inhibition
on VEGFR2 and antitumor effect on OC cells. Besides,
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TaBLE 1: VEGFR2 expression (cancer vs. normal) in other datasets of Oncomine.

Datasets Subtype P value t-test Fold change N
Serous 0.007 -3.921 -1.622 20
. Mucinous 0.007 -3.453 -1.592 9
Lu ovarian .
Endometrioid 0.009 -3.514 -1.562
Clear cell 0.013 -2.902 -1.480
TCGA ovarian Serous 0.002 -3.997 -1.708 586
Yoshihara ovarian Serous 8.33E4 -3.460 -2.572 22
Adib ovarian Serous 0.015 -3.044 -1.406 6
Serous 0.033 -2.580 -1.137 41
. . Mucinous 0.118 -1.313 -1.078 13
Hendrix ovarian o
Endometrioid 0.058 -2.075 -1.107 37
Clear cell 0.157 -1.095 -1.065 8

Notes: the bold font indicates the difference was significant statistically. The negative value of fold change represents that VEGFR2 expression was
downregulated. N: number of patients.
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FIGURE 7: Schematic representation of the antitumor effect of apatinib in cancer cells. (a) After entering the tumor cell, apatinib competes with
adenosine triphosphate (ATP) for binding to the ATP site of VEGFR2, inhibiting angiogenesis by blocking downstream signal transduction,
resulting in tumor cell death. (b) Apatinib inhibits OC cell migration by suppressing EMT and promotes ROS-dependent apoptosis and
autophagy through negatively regulating the VEGFR2/Nrf2/HO-1-GSH pathway in OC cells. PKC: protein kinase C.
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apatinib showed favorable antitumor efficacy on the A2780
cell line, which expressed a relatively low level of VEGFR2
originally. Taken these findings together, we concluded
that apatinib could function through a low level of VEGFR2
in OC.

Preclinical research has suggested that apatinib may
reverse multidrug resistance by inhibiting some proteins
associated with its development [49-51]. In two recent phase
2 clinical trials, patients with platinum-resistant and
platinum-refractory OC benefited from treatment with apati-
nib alone or in combination with oral etoposide [52, 53]. Our
previous study indicated that GSH, Nrf2, and HO-1 were
upregulated in cisplatin-resistant OC cell lines [16]. There-
fore, we speculate that apatinib may increase the sensitivity
of OC cells to cisplatin by inhibiting the Nrf2 pathway as
well. However, this hypothesis needs to be tested further.

Unfortunately, there is a lack of clarity on the precise
mechanism of the relationship between Nrf2 and VEGFR2,
although the GEPIA database indicated a significant positive
correlation between them. In addition to the direct suppres-
sion of Nrf2 as discussed above, another possibility is that
Nrf2 could be regulated by apatinib via downstream signal-
ing of VEGFR2, such as Akt [54], Erk, p38, and protein
kinase C [55]. However, this hypothesis will also need to be
investigated in future experiments.

5. Conclusions

In conclusion, we found that apatinib inhibited the prolifer-
ation and metastasis of OC cells. Notably, apatinib promoted
ROS-dependent apoptosis and autophagy mainly via the
inhibition of the Nrf2/HO-1-GSH signaling pathway
(Figure 7). This novel regulatory mechanism provides a
new perspective for the antitumor effect of apatinib in OC
treatment; moreover, the combination of this drug with an
Nrf2 inhibitor may be a promising treatment strategy for
patients with OC. However, further animal studies or clinical
trials need to be performed to confirm this.
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Humans in modern industrial and postindustrial societies face sustained challenges from environmental pollutants, which can
trigger tissue damage from xenotoxic stress through different mechanisms. Thus, the identification and characterization of
compounds capable of conferring antioxidant effects and protection against these xenotoxins are warranted. Here, we report
that the natural extract of Polypodium leucotomos named Fernblock®, known to reduce aging and oxidative stress induced by
solar radiations, upregulates the NRF2 transcription factor and its downstream antioxidant targets, and this correlates with its
ability to reduce inflammation, melanogenesis, and general cell damage in cultured keratinocytes upon exposure to an
experimental model of fine pollutant particles (PM, ). Our results provide evidence for a specific molecular mechanism
underpinning the protective activity of Fernblock® against environmental pollutants and potentially other sources of oxidative
stress and damage-induced aging.

1. Introduction

Air pollution is a growing challenge to public health world-
wide and constitutes an emerging focus of research and sur-
veillance for the World Health Organization [1]. Because of
the role of the skin as a primary barrier against external
sources of tissue damage, continuous exposure to these pol-
lutants has a substantial negative impact on this organ and
is precursory of premature skin aging, pigmentation, acne
disorders, and psoriasis exacerbation, among others [2]. Spe-

cifically, PM, ; provokes increased ROS and loss of organelle
homeostasis in keratinocytes [3], has been associated with
aggravated allergic dermatitis and eczema in children [4],
and is precursory to inflammation, aging, androgenic alope-
cia, and skin cancer [5]. Thus, air pollution, solar radiation,
and tobacco smoke constitute extrinsic skin-aging factors,
leading to ROS production and the subsequent activation of
oxidative stress responses. Skin antioxidant defense
responses are effective against these exogenous sources of
damage; however, chronic exposure, aging, or several
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concomitant pathologies can lead to decreased activation and
increased oxidative damage, accelerating skin aging and skin
cancer [6]. Prevention strategies including sun protection,
skin barrier improvement, aryl hydrocarbon receptor (AhR)
modulation [7], and increased skin tissue resistance through
potentiation of natural detoxification pathways are target
opportunities for skin protection [8]. Fully understanding
mechanisms by which tissues confront these sources of xeno-
toxic stress and potential pharmacological opportunities to
leverage on them are warranted.

Nuclear factor erythroid 2-related factor 2 (NRF2; also
known as nuclear factor erythroid-derived 2-like 2, NFE2L2)
is a basic leucine zipper transcription factor highly conserved
in metazoans [9]. In nonstressed cells, the NRF2 protein is
bound in the cytoplasm, ubiquitinated and rapidly degraded
to low levels by the Kelch-like ECH-associated protein 1-
(KEAP1-) Cullin 3 ubiquitin ligase complex. Generic insults
provoking oxidative or electrophilic stress in cells inactivate
the KEAP1/CUL3 complex, promoting nuclear translocation
of accumulating NRF2, which in turn orchestrates the expres-
sion of different antioxidant enzymes (including most compo-
nents of the glutathione de novo synthesis pathway and
glutathione transferases and peroxidases) and detoxifying
effectors (NAD(P)H Quinone Dehydrogenase 1 (NQOI),
heme oxygenase 1 (HO-1), or Multidrug Resistant Proteins
(MRPs)) in most cell types [10]. NRF2 constitutes an emerg-
ing, appealing target for therapeutic modulation in multiple
pathologies [11]. Of note, NRF2 activity has been specifically
associated with response to various environmental pollutants
that potentially act as xenotoxins, including air PM, 5 [12, 13].

Fernblock® is a natural standardized aqueous extract
from the leaves of Polypodium leucotomos [14]. The use of
decoctions of this fern was widespread in traditional medi-
cine amongst local indigenous populations in Central Amer-
ica against numerous ailments, and modern medicine has
confirmed its notable potential as an active conferring skin-
specific antioxidant activity and protection against sun radi-
ation damage (including aging, hyperpigmentation, and
DNA damage) [15]. However, while evidence supporting a
boosting of endogenous antioxidant and xenobiotic stress
systems in cells is highly relevant for the therapeutic potential
of Fernblock® [16-18], our understanding of the molecular
mechanisms by which this occurs is limited.

Here, we contribute evidence suggesting that Fernblock®
is capable of upregulating the NRF2 pathway as assessed by
different direct and indirect readouts in cultured human cells
and that this dose-dependent activation correlates with its
protective effect not only against UVB radiation but also
against exposure to PM, .. These observations suggest a
potential for Fernblock® not only as a natural activity against
the detrimental effects of a broad range of environmental
sources of xenobiotic stress and aging but also as a potential
tool for activating the NRF2 pathway.

2. Materials and Methods

2.1. Cell Culture and Treatments. The nontumorigenic
human keratinocyte cell line HaCaT was used for in vitro
studies (Cell Line Service, Eppelheim, Germany). Cells were
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subcultured in different plate formats according to assay
(see below), in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 50 units/ml penicillin, and 50 pg/ml streptomycin, in
an incubator at 5% CO,, 37°C, and 95% humidity. Rat adre-
nal pheochromocytoma PC12 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with
5% fetal calf serum and 10% horse serum. All cell culture
reagents were purchased from Gibco Inc. (Paisley, UK).
Human Epidermal Keratinocytes (NHEK; KURABO Co.,
Japan; Cat. No. KM4109, Lot No. 04644) were grown in
HuMedia KG2 (KURABO Cat. No. KK-2150S) and assayed
in HuMedia KB2 (KURABO Cat. No. KK-2350S). Human
vaginal malignant melanoma cells (HMVII; European Col-
lection of Authenticated Cell Cultures (ECACC), UK; Cat.
No. 92042701, Lot No. 14B033) were grown and assayed in
RPMI1640, supplemented with 10% FBS and penicillin-
streptomycin. All cell culture reagents were purchased from
Gibco Inc. (Paisley, UK).

Treatments as described in different experiments were
applied on cultures at 50-60% confluence from 10mg/ml
stocks in all cases, and FBS supplementation was reduced to
1%. Fernblock® was provided by Cantabria Labs (Spain). A
Standard Reference Material (SRM) for experimental model-
ling of air pollutants at PM, . was purchased from Sigma-
Aldrich (UK; Diesel Particulate Matter 1650b) and was rou-
tinely sonicated to avoid aggregation for 30 min’ for immedi-
ate use during the next hour. Sulforaphane was purchased
from Sigma-Aldrich (Japan; Sulforaphane S4441-5MG).

2.2. Reagents and Antibodies. Cell viability was measured
using an assay based on MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, St Louis,
USA). The following primary antibodies were used in the per-
formed immunofluorescence and western blot assays: mouse
anti a-tubulin (Sigma-Aldrich, St Louis, USA), anti-beclinl
(Cell Signaling, #3738), anti-HO-1 (Cell Signaling, #70081),
anti-LC3 (Abcam, Ab58610), anti-NQO1 (Cell Signaling,
#3187), and anti-NRF2 (Abcam, ab89443), The secondary
antibodies employed were mouse IgG-Alexa 488 and rabbit
IgG-Alexa 546 (Invitrogen, Oregon, USA) and mouse IgG
peroxidase and rabbit IgG peroxidase (Thermo Scientific,
Rockford, USA). The markers used for the in vivo staining
were monodansylcadaverine (MDC) for phagolysosomes
and LysoTracker Green (LTG) for lysosomes. Hoechst 33258
(Sigma-Aldrich) was used for cellular staining.

2.3. Luciferase Assays for NRF2 Activity in PC12 Cells. Com-
plementary oligonucleotides spanning a functional antioxi-
dant response element (ARE) from the human NQO1 gene
reference promoter sequence (-473 to -440) were annealed
and ligated into the pGL4.27 vector (Promega, Madison,
WI, USA). The resulting reporter vector was stably trans-
fected onto PC12 using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Firefly activity in cell lysates from each assayed condi-
tion was measured in a luminometer using a Picagene LT2.0
Luminescence Reagent (Toyo Ink, Tokyo, Japan) according
to the manufacturer’s instructions. Results shown are derived
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as mean values and standard deviations from three indepen-
dent experiments.

2.4. Assays for Studying UVB-Induced Damage in Human
Keratinocytes. NHEKs were seeded onto 6-well culture plates
at 300,000 cells/well. After 24 h spreading, cells were switched
to KB2 medium supplemented with either vehicle (DMSO)
or 31.3 ug/ml Fernblock® for 24 additional hours. Cultures
were then rinsed in PBS, irradiated with UVB (90 mJ/cm?)
using a F1215 unit (Muranaka Medical Instruments Co.
Ltd., Japan), and further cultured in KB2 for 6h (cytokine
expression assays), 24h (cell counting and NRF2 activity
assays), or 72h (melanization assays).

Cell counting was automated from Hoechst 33342-
stained samples using the ImageXpress Micro platform
(Molecular Devices LLC, San José, CA, USA). For gene
expression assays, total cell RNA was isolated using the
RNeasy mini kits (QTAGEN) and reverse-transcribed using
ReverTra Ace technology (Toyobo Co., Osaka, Japan).
cDNAs were then quantitated by real-time PCR ©44¢
method) using the ABI TagMan™ Fast Advanced Master
Mix (Thermo Scientific, USA) and the following ABI Taq-
Man™ probes for human sequences: catalase (CAT)
(Hs00156308_m1), glutathione peroxidase (GPX) (ABI Taq-
Man Probe: Hs00829989_gH), GPX 4 (ABI TagMan Probe:
Hs00157812_m1), HO-1 (ABI TagMan Probe: Hs00157
965_m1), NQO1 (ABI TagMan Probe: Hs00168547_m1),
interleukin (IL)6 (ABI TagMan Probe: Hs00174131_ml),
and IL8 (ABI TagMan Probe: Hs00174103_m1).

Melanin production was assayed as follows: KB2 72 h-
conditioned medium from NHEKSs supplemented and irradi-
ated as indicated (see above) was diluted 1:1 with HMVII
medium and added to a monolayer of HMVII cells 24 h post-
seeding. After 48 h culture for uptake, HMVII cells were tryp-
sinized, pelleted, and treated with 2N NaOH for 40 min at
80°C. Melanin content was measured by absorbance within
a 405nm-620nm range using a plate spectrophotometer,
corrected for cell viability (as assessed by trypan blue exclu-
sion staining), and normalized to values observed in cells
exposed to supernatants from nonirradiated cells (“control”).

2.5. Cellular Toxicity in PM,, ;-Exposed HaCaT Keratinocytes.
Toxicity of different concentrations of Fernblock® and
PM, ;was inferred by the MTT colorimetric assay in HaCaT
cells 24 and 48 h posttreatment. Briefly, cells were exposed after
indicated treatment times to 50 yg/ml MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 37°C for 3
hours in the dark. Precipitated formazan was solubilized in
DMSO (PanReac, Barcelona, Spain), and absorption was mea-
sured at 542 nm in a spectrophotometer (Spectra Fluor, Tecan).
Cellular toxicity was expressed as the percentage of formazan
absorption from the different treatment conditions compared
to nontreated cells. Results shown are derived as mean values
and standard deviations from three independent experiments.

2.6. Immunofluorescence Microscopy and Image Analysis.
Active formation of phagolysosomal vacuoles was monitored
by incubation of cells grown on coverslips with MDC for
10 min. Lysosomal compartment was decorated with Lyso-

Tracker Green™ (Molecular Probes), following the manufac-
turer’s instructions. After briefly washing cells with PBS,
slides were immediately mounted for image acquisition
under UV or green excitation light.

For immunostaining, cells grown on the coverslips were
fixed in a 3.7% formaldehyde solution in PBS for 10 min,
washed with PBS 1X three times, and permeabilized with Tri-
ton X-100 0.1% in PBS during 30 min in agitation. Samples
were incubated with primary antibodies for 1h at 37°C,
inside a humid chamber. After washing with PBS, cells were
incubated with secondary antibodies for 45min at 37°C.
Nuclei were counterstained with Hoechst 33258. Coverslips
were then washed with PBS and mounted with ProLong®
antifade mounting medium (Molecular Probes). Images were
acquired on an Olympus BX61 epifluorescence microscope
equipped with filter sets for fluorescence microscopy: ultravi-
olet (exciting filter BP360-390), blue (exciting filter BP460-
490), and green (exciting filter BP510-550), coupled to an
Olympus CCD DP70 digital camera. LC3 immunofluores-
cence was quantified using Image] from at least fifty cells
from each condition. NRF2 activation was assessed by sepa-
rately computing nuclear and cytoplasmic intensities, from
fifty cells from each condition. Figures were prepared using
the Adobe Photoshop CS5 extended version 12.0 software
(Adobe Systems Inc., USA).

2.7. Western Blotting. Cells were lysed in RIPA buffer
(150mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1%
SDS, 10mM Tris-HCl pH7.2, and 5mM EDTA), supple-
mented with phosphatase inhibitors and protease inhibitor
cocktail tablets (Sigma-Aldrich, St. Louis, MO). Protein con-
centration was measured by BCA assay (Thermo Scientific-
Pierce, Rockford, USA). Protein samples were subjected to
SDS-PAGE and blotted to Immobilon-P PVDF membranes
(Millipore Co., Massachusetts, USA). Membranes were
blocked in PBS-tween 0.1% with 5% nonfat dried milk for
1 h at 25°C and then incubated with primary antibodies over-
night at 4°C. After extensive washing with PBS-tween 0.1%,
membranes were incubated with peroxidase-conjugated sec-
ondary antibodies. Signal was developed by chemilumines-
cence (ECL, Amersham Pharmacia Biotech, Little Chalfont,
UK) and acquired on a ChemiDocTR XRS+ high definition
system (Bio-Rad). Bands corresponding to the different pro-
teins were digitalized employing the Image Lab version 3.0.1
(Bio-Rad Laboratories). This assay was performed at least
three times for each target.

2.8. Statistical Analysis. Data are expressed as the mean value
of at least three experiments + standard deviations (SD). The
statistical analysis was made using the statistical package of
the program GraphPad Prism 6. Statistical significance was
determined using a ¢-test and analysis of variance (ANOVA),
and p < 0.05 was considered statistically significant.

3. Results

3.1. Fernblock® Induces a NRF2-Dependent Transcriptional
Pathway which Correlates with Its Protection against UVB
Radiation. Previous studies demonstrated that Fernblock®



is capable of exerting a protective effect on cells against UVB
irradiation [15-19]. Thus, we first corroborated that Fern-
block® treatment had no toxic effect against cell viability
(Figure 1(a)), as well as its protective effect attenuating
UVB-induced decrease in cell proliferation/viability, as
assessed by normalized cell count (Figure 1(b)). However,
the molecular mechanisms by which this occurs are not
completely characterized. We decided to test the ability of
Fernblock® to induce a major endogenous pathway deployed
by cells to counteract oxidative and electrophilic stress: the
NREF2 pathway.

First, we employed an established cell line of ectodermal
lineage (PC12 pheochromocytoma cell line, widely used as
a model for studying NRF2 activity [20]), stably expressing
a luciferase reporter under the control of a promoter frag-
ment derived from the canonical NRF2 target NAD(P)H
Quinone Dehydrogenase 1 (NQO1). Several studies report
that the exposure to the organosulfur compound sulforaph-
ane leads to increased transcription of nuclear NRF2 and
downstream cytoprotective genes [20-22]. Of note, Fern-
block® induced the reporter in a concentration-dependent
manner, suggesting that it is capable of upregulating this pro-
tective pathway in cells (Figure 1(c)).

We then investigated whether this effect also occurs in
keratinocytes and whether it is associated with specific pro-
tection from exposure to UVB radiation. qRT-PCR assess-
ment of mRNA levels for several bona fide targets of NRF2
(CAT, GPX 1 and 4, HO-1, and NQO1) revealed that Fern-
block® induces the transcription of all these genes in human
keratinocytes in a concentration-dependent manner
(Figures 1(d)-1(h)). Similar antioxidant effects have been
previously observed in a different in vitro model with a sulfo-
raphane combination.

Importantly, in line with previous results, these treat-
ment routines with Fernblock® protected keratinocytes
from UVB radiation, decreased UVB-dependent induction
of inflammatory cytokines IL6 and IL8 (Figure 1(i)), and
significantly reduced the induction of melanin production
(Figure 1(j)). Because NRF2 is a well-established prosurvi-
val and anti-inflammatory pathway [10, 11], we consider
the association of NRF2 induction with protection from
UVB-induced damage in cells exposed to Fernblock® to
be functionally relevant.

3.2. Fernblock® Protects Human Keratinocytes from Damage
Induced by Fine Particle Pollutants (PM, ) in an In Vitro
Model. The protective effect of Fernblock® against a broad
spectrum of solar radiation is well established [16-18]. We
considered whether this protective mechanism might also
operate in a different condition leading to severe cell stress:
high exposure to fine particle pollutants (PM, <). Exposure
of keratinocytes to a SRM of PM, ; decreased cell viability
in a concentration-dependent manner (Figure 2). On the
other hand, simultaneous addition of Fernblock® in concen-
trations previously shown to induce NRF2 and protect from
UVB-induced cell damage partially reverted toxicity associ-
ated with low to moderate concentrations of PM, . (25-
50 pug/ml; Figure 2), although higher PM, . doses were not
counteracted in this in vitro model (Figure 2). The selected
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PM, ; dose was 50 ug/ml for all experiments. Fernblock®
doses did not have any intrinsic effect on cell viability in
the absence of PM, . (Figures 1(a) and 2).

3.3. Fernblock® Increases Basal and PM, -Induced
Autophagy in Keratinocytes. We assessed the formation of
autophagolysosomal vacuoles to infer canonical autophagy
activation, indicative of cell adaption to generic stress. We
first visualised the formation of autophagolysosomal vacu-
oles by MDC staining, as well as expansion of the lysosomal
compartment as decorated by LysoTracker Green™. Consis-
tent with a robust induction of xenotoxic stress, visual
inspection revealed that exposure to PM, . increased the for-
mation of autophagolysosomes (MDC+-positive mask) and
was associated with an enlargement of the lysosomal com-
partment (LysoTracker Green+ mask) (Figure 3(a) second
column of panels from left), both established features of pro-
survival cell adaptive responses. Addition of Fernblock® fur-
ther enhanced this expansion of the phagolysosomal
compartment, and Fernblock® addition alone was also asso-
ciated with a mild increase in the MDC/LysoTracker+ area
(Figure 3(a), right panel columns). These observations are
in agreement with experiments assessing relative density of
LC3 puncta (indicative of de novo phagosome formation
and maturation and activation of autophagy flux): Fern-
block® increases basal autophagy flux in healthy cells and
turther enhances the activation provoked by PM, . exposure,
consistent with its protective effect (Figures 3(b) and 3(c)).

These observations suggest that Fernblock® promotes the
activation of survival pathways naturally employed by cells in
the face of homeostasis challenges, and this induction corre-
lates with its prosurvival and protective effects.

3.4. Fernblock® Upregulates NRF2 Basal Activity and
Increases NRF2 Induction upon Exposure to PM, .. Because
NRF2 activity is reported to be sensitive to xenotoxic stress
from air pollutants [12, 13, 23], and our preliminary data
demonstrated that the NRF2-dependent transcriptional
pathway is triggered by treatment with Fernblock®
(Figure 1), we moved to determine the relationship between
Fernblock®-induced protection against PM, . toxicity and
NRF2 regulation. Immunostaining revealed that unchal-
lenged HaCaT keratinocytes in culture have low total and
nuclear levels of NRF2 protein (Figures 4(a) and 4(b)). In
accordance with the activation of an adaptive cytoprotective
response, PM, - exposure alone leads to a robust increase in
total NRF2 levels. Of note, Fernblock® exposure led per se
to a mild increase specifically of NRF2 nuclear pools and fur-
ther boosted NRF2 levels in cells exposed to PM, .
(Figures 4(a) and 4(b)). Of note, Fernblock® did not entail
the acute increase in cytoplasmic pools of NRF2 observed
in cells exposed to PM, ; (fig. S1, see Figure 4(a)).

We further assessed activation of the pathway down-
stream NRF2 by assessing the levels of two bona fide tran-
scriptional targets of NRF2: NQO1 and HO-1. In line with
our previous observations for NRF2 protein levels, PM, -
exposure markedly upregulated NQO1 protein levels as
assessed by immunofluorescent staining and western blot in
HaCaT cells (Figures 4(c) and 4(d)). Fernblock® promoted
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F1GURE 1: Fernblock® (FB) induces NRF2-dependent transcription activity and attenuates UVB-induced inflammation and melanization. (a)
Fernblock® supplementation does not have a significant impact on cell viability as assessed by MTT assay. Data derived from 3 independent
replicates and normalized to vehicle-treated samples (black bar, value: 1). (b) Fernblock® supplementation reverts the decrease in viability
associated with UVB exposure in keratinocytes, as assessed by cell counts. The effect of UVB exposure (grey bars) is normalized to the
corresponding nonirradiated samples (black bars, expressed as 100% viability) for each Fernblock® treatment group. Data are derived
from 3 independent biological replicates. n.s.: nonstatistically significant; * and *p < 0.05. (c) Fernblock® induces the activity of a synthetic
NRF2-dependent luciferase minigene reporter. Stable PCI12 cells bearing a NQO1-driven minimal promoter were treated as indicated
(vehicle: DMSO; time: 24 h). Data are normalized to control, which is expressed as 100% signal. n=3. (d-h) mRNA expression levels
(*4°" quantitation method) for indicated genes in human keratinocytes across indicated treatments were assessed by qRT-PCR using
TagMan technology. Data are normalized to the control (vehicle). n=3. (i) mRNA expression levels for either IL6 (black bars) or IL8
(grey bars) across indicated treatment conditions in keratinocytes were assessed by qRT-PCR using TaqMan technology. n=3. (j)
Induction of keratinocyte melanization by the indicated treatments was assessed as detailed in Materials and Methods. Data are derived
from absorbance across the visible spectrum and normalized to values from control samples. n = 3. *p <0.05, **p < 0.01, ***p <0.005, and
#**%p <0.0001.

a moderate increase in NQOI levels in the absence of PM, . infections, and cancer. Thus, identifying compounds with

and significantly boosted their upregulation associated with
PM, . exposure, in accordance with the measurements
recorded for NRF2 protein (Figures 4(c) and 4(d)). HO-1
protein levels exhibited an analogous response and Fern-
block® significantly enhanced the upregulation associated
with PM,, . exposure, as compared to the protective response
observed in cells exposed to this particle pollution alone
(Figures 5(a) and 5(b)).

4. Discussion

Air pollution is a major challenge to public health and well-
being in modern societies, negatively impacting conditions
such as cardiovascular disease, respiratory ailments and

protective properties against tissue damage due to this envi-
ronmental source of xenotoxins is a priority for public health.
An organ particularly exposed to damage from pollutants
is the skin, and several cutaneous disorders are signifi-
cantly influenced by environmental xenotoxins. Cellular
mechanisms contrasting environmental pollutants include
the AhR pathway, which positively regulates cyp450 detox-
ification systems and artemin [24]; the metal regulatory
transcription factor-1 (MTF-1), which promotes the
expression of antioxidant genes and metallothioneins in
response to accumulation of heavy metals such as silver,
cadmium, copper, or zinc [25]; and the conserved NRF2
pathway, which determines broad antioxidant and detoxi-
fying transcriptional processes in response to different
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forms of stress leading to accumulation of ROS and
electrophilic stress [9-13]. As such, NRF2 activity has
emerged as a particularly attractive target for therapeutic
and antiaging skin treatment [11, 26].

Natural compounds able to modulate these protective
endogenous pathways are a promising option to reduce the
impact of environmental pollution on skin. Several such
compounds have in fact been identified which promote the
NFR2 cytoprotective activities, including sulforaphane (from
cruciferous vegetables) [21], curcumin (from Curcuma
longa) [27], cinnamaldehyde (from cinnamon) [28], or tan-
shinones (from Salvia miltiorrhiza) [29]. Here, we provide
evidence that Fernblock®, a standardized aqueous extract
from Polypodium leucotomos leaves with proven photopro-
tective properties in vivo and in vitro against radiation dam-
age in skin [16-19, 30], also induces protective mechanisms
in an experimental model of fine particle PM, ; air pollutants.
Moreover, our studies provide novel evidence that the NRF2
transcriptional network is a relevant target upregulated by
treatment with Fernblock® and demonstrate a close correla-
tion between the upregulation of these antioxidant signalling
pathways and the protective effect against damage from both
UVB irradiation and fine particle pollutants. Due to their
xenotoxic effect, PM, . exposure markedly increased total
NRF2 protein levels as a defense mechanism, suggesting
acute robust activation to counteract oxidative damage
(Figures 4(a) and 4(b)). Fernblock® supplementation prefer-
entially increased nuclear pools of NRF2. These observations
support a hypothesis whereby Fernblock® is able to increase
basal NRF2 activity levels in the absence of xenotoxic agent
and further enhance its activation induced against PM, -
induced oxidative stress, thus boosting the cell protection
from damage. Several canonical routes downstream NRF2
(including autophagy and the direct NRF2 targets HO-1

and NQO1 which were demonstrated to be significantly
impacted by Fernblock®) might play a role in the observed
protection against PM, . damage. Of note, our observations
of net protein level upregulation across conditions for the
NRF2 targets HO-1 and NQOI1 (Figures 4 and 5), together
with our data showing a lack of impact on cell prolifera-
tion/viability (Figure 1), support a scenario whereby Fern-
block® does not provoke cell toxicity and potentially
positively regulates NRF2 through other mechanisms (see
below). The crosstalk between NRF2 with other pathways
such as AhR or NF-xB-dependent inflammation networks
involved in skin cell adaption to xenotoxins should also be
taken into consideration [31, 32]. In addition to the cytopro-
tective routes driven by NRF2 in most cell types, an impor-
tant factor to consider is the substantial impact NRF2 has
on keratinocyte homeostasis through direct transcriptional
control of different specialized structures, such as late corni-
fied envelope 1 (LCE1) family members, keratins, and des-
mosomal components [33, 34].

Priming of autophagy, an important prosurvival and
repairing mechanism [35], has also been demonstrated to
be induced by treatment with Fernblock®. These studies thus
also raise the important question as to how Fernblock® spe-
cifically interacts with cell metabolism, particularly interest-
ing for its systemic (nutraceutical) applications. Modulation
of key nodes of energy metabolism regulatory networks that
also intersect with autophagy and ROS management, such
as AMPK, is amenable though the use of well-established
compounds such as metformin [36].

An important consideration that arises from these obser-
vations is the potential these mechanisms may have to slow
skin aging. Loss of proteostasis and dysregulation of ROS
levels and inflammation, decreased autophagy flux, and
reduced NRF2 activity are all hallmarks of aging [37]. As
stated above, NRF2 has also emerged as a relevant direct
transcriptional regulator ensuring the expression of special-
ized keratinocyte components that decline with age, such as
desmosomal proteins. Treatment with Fernblock® is effective
for reducing radiation-induced cell senescence and age-
associated damage in keratinocytes [17]. The present body
of work further highlights the value of Fernblock® as an
antiaging agent, whose beneficial effect might be the result
of improved NRF2 signalling and autophagy. The potential
of these mechanisms to attenuate accumulated oxidative
stress and tissue damage is further exemplified by the reduc-
tion of UVB-induced melanogenesis, which is closely related
to inflammation and oxidative stress in an evolutionarily
conserved manner [38]. Adaptive pathways downstream
NRF2, including Pi3/Akt signalling [39], autophagy itself
[40, 41], and antioxidant effectors (potentially even by inhi-
biting the oxidative process of melanin biogenesis [42]),
have been shown to contrast melanogenesis. Our observa-
tions support a model whereby Fernblock® reduces melano-
genesis at least in part through upregulation of NRF2-
dependent responses.

How does Fernblock® stimulate these prosurvival path-
ways? While other compounds currently being explored as
“boosters” of NRF2 signalling, such as sulforaphane, exert
their positive regulation of cytoprotection through canonical
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mechanisms [22], exact information regarding the molecular
mechanisms by which Fernblock® modulates NRF2 and
autophagy is lacking. A possible candidate mechanism could
be the upregulation of sestrin family proteins, which have
recently emerged as pivotal regulators upstream autophagy
and ROS management in the cell [43]. A nonexclusive mech-
anism might be the modulation of cell metabolism and ROS
production itself, currently not completely characterized for
Fernblock®. It should be noted that autophagy is a relevant
target of NRF2 itself: NRF2 drives the expression of essential
autophagy regulators such as p62 and LAMP2A, and NRF2
deficiency reduces autophagy flux and favours the accumula-
tion of proteotoxicity precursors [44, 45]. Our observations
would agree with a speculative model whereby Fernblock®
increases basal autophagy downstream enhanced NRF2
activity. Conversely, autophagy might also contribute to
NREF2 activation through KEAPI turnover, a mechanism
likely underpinning the control of ROS through autophagy
[46]. An intriguing additional potential mechanism both
for Fernblock® antixenotoxic protection in general and for

NRF2 regulation in particular may be embodied by the pro-
teostatic network of the Heat Shock Protein response, which
suppresses NF-«B activity [47]. Because the identification of
tools for promoting exogenous intervention of NRF2 signal-
ling is an important objective across a broad range of fields in
biomedicine, our findings highlight a potential use for Fern-
block® as a natural compound able to upregulate this path-
way, deserving of future research.

While the exact molecular mechanisms responsible for
the loss of cell homeostasis upon exposure to PM, ., and their
modulation upon treatment with Fernblock®, remain to be
tully characterized, our observations support a general model
whereby Fernblock® reduces xenotoxicity by priming pro-
survival antistress pathways, such as the NRF2 pathway and
autophagy, thus reducing the oxidative stress and cell dam-
age provoked by harmful agents such as PM, .. Full charac-
terization of the mechanisms modulated by Fernblock®
may provide a framework for establishing personalized inter-
vention and synergistic combinations that simultaneously
boost these mechanisms as required.



Oxidative Medicine and Cellular Longevity

Control

NRF2

PM, . 50 ug/ml

PM, . 50 ug/ml

FB 31.3 ug/ml

NREF2

()

Control

NQO1

+FB 31.3 ug/ml

PM, ; 50 ug/ml

PM, ; 50 ug/ml

FB 31.3 ug/ml

()

+FB 31.3 ug/ml

Mean fluorescence

60000

40000

intemsity

20000

PM2.5
FB

NREF2 nuclear fluorescence

T

PM, ; 50 pug/ml
FB 31.3 pg/ml

NQO1 b

«Tub P>

NQOL1 relative expression (A.U.)

EEES

PM, ; 50 pg/ml

H
+  FB31.3 ug/ml

F1GURE 4: Fernblock® (FB) induces NRF2 activation and downstream transcription in keratinocytes. (a, b) NRF2 induction and activation was
monitored in HaCaT cells by immunofluorescence microscopy across indicated treatment conditions. Scale bar (20 microns) is indicated.
Exemplary cells with increased NRF2 staining specifically at the nuclear compartment are highlighted with asterisks in panel (a). Data
plotted in (b) was derived from 50 cells from 3 independent biological replicates across conditions and expressed as normalized to
untreated cells. (¢, d) NQOI induction downstream NRF2 was assessed in HaCaT cells by immunofluorescence microscopy (c) and
immunoblotting (d, upper panel) across indicated conditions. (d, lower panel) Densitometric analysis of western blot data from 3
independent biological replicates is plotted as normalized to the signal observed in untreated cells. ***p <0.005.

PM,, - + - +

FB - - + +
HO—lb — e =29 kDa
oTub [ b WA S T =50 kDa

(@)

HO-1 relative expression (A.U.)

—
w
1

—
(=}
1

PM,, 50 pug/ml
FB 31.3 ug/ml

4

(®)

FIGURrk 5: Fernblock® (FB) induces NRF2 activation and downstream transcription in keratinocytes. (a, b) HO-1 induction downstream
NRF2 was assessed in HaCaT cells by immunoblotting (a, upper panel) across indicated conditions. (b) Densitometric analysis of western
blot data from 3 independent biological replicates is plotted as normalized to the signal observed in untreated cells. **p <0.01.



10

b4
v v
PN
<

Oxidative Medicine and Cellular Longevity

= A

Stress sources

Hyperpigmentation

Melanin
synthesis

Effect on melanogenesis

-

Detoxification pathway

# 2
. s S
\ NQO1

ARE GPX
/
/
/
/
/
’ /
s N
. X
N
Oxidative stress and Inflammatory
damage to DNA response

FIGURE 6: Scheme summarizing mechanisms identified in this study as potential sources of protection induced by Fernblock® against

environmental damage of the skin.

5. Conclusions

Our results support NRF2 activation as a potential part of
Fernblock®’s protective activity. Moreover, these studies have
provided novel evidence that this protective activity is effec-
tive against not only oxidative stress derived from UVB radi-
ation but also xenotoxic stress associated with exposure to
fine particulate pollutants. Our observations strengthen the
notion that Fernblock® can represent a functionally relevant
and versatile compound effective against a wide range of
environmental sources of tissue damage and aging and sup-
port its potential as a valuable tool (fully approved for human
use) to elicit NRF2-dependent antistress responses across a
wide range of conditions (graphical abstract, Figure 6).
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Almost all human diseases are strongly associated with inflammation, and a deep understanding of the exact mechanism is helpful
for treatment. The NLRP3 inflammasome composed of the NLRP3 protein, procaspase-1, and ASC plays a vital role in regulating
inflammation. In this review, NLRP3 regulation and activation, its proinflammatory role in inflammatory diseases, interactions

with autophagy, and targeted therapeutic approaches in inflammatory diseases will be summarized.

1. Introduction

Inflammasomes, first identified by Martinon and coworkers
in 2002 [1-3], are a class of cytosolic complexes of proteins
that mediate the activation of potent inflammatory media-
tors. They are integral parts of the innate immune response
against invading pathogens and are activated upon cellular
infections or stressors that promote the expression, matura-
tion, and release of a multitude of proinflammatory cyto-
kines, triggering a cascade of inflammatory responses [4, 5].
The nucleotide-binding oligomerization- (NOD-) like recep-
tors (NLRs), a newly identified type of pattern recognition
receptors (PRRs), which include Toll-like receptors (TLRs),
C-type lectins (CTLs), and galectins, mediate the innate
immune response to detect pathogenic microbes and other
endogenous or exogenous pathogens [6, 7] and are important
components of inflammasomes; they are located within
the cytoplasm and recognize pathogen/damage-associated
molecular patterns (PAMPs/DAMPs) [8-10]. The NLRs
comprise 22 human genes and more mouse genes, and their
family members are characterized by the presence of a tripar-
tite structure: a central NOD, which is commonly flanked
by C-terminal leucine-rich repeats (LRRs) and a N-terminal
caspase recruitment domain (CARD) or pyrin domains
(PYDs) [4, 11].

There are 4 known inflammasomes (NLRP1, NLRP3,
NLRP4, and Aim?2 inflammasomes), and they all contain a

PRR that belongs to the NLR family [12, 13]. Among these
inflammasomes, the NLRP3 inflammasome plays a pivotal
role both in shaping immune responses and regulating the
integrity of intestinal homeostasis in many common inflam-
matory diseases [14, 15]. NLRP3, a multiprotein complex
consisting of an NLRP3 scaffold, an adaptor apoptosis
speck-like protein (ASC) and the effector procaspase-1, initi-
ates the formation of the inflammasome by interacting with
ASC, which recruits and activates procaspase-1 to generate
active caspase-1 and then converts the cytokine precursors
pro-IL-18 and pro-IL-18 into mature and biologically active
IL-18 and IL-18, respectively. Once activated, the active
IL-18 and IL-18 will trigger a series of inflammatory
responses and pyroptotic cell death [10, 16-18].

The NLRP3 inflammasome is produced by bone
marrow-derived macrophages (after stimulation by micro-
bial and nonmicrobial factors such as bacterial toxins, partic-
ulate matter, and lipopolysaccharide (LPS)) [8, 19]. The
mechanism of NLRP3 activation remains elusive. Several
molecular and cellular events have been proposed to describe
to be involved in inflammasome activation, including K*
efflux, Ca®* signaling, mitochondrial dysfunction, and reac-
tive oxygen species (ROS) production [9]. For example,
particulate matter activates the NLRP3 inflammasome by
inducing endocytosis and damage to the lysosome mem-
brane, resulting in the release of cathepsin B into the cytosol
[20]. Interestingly, the role of ROS and mitochondrial
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perturbation in NLRP3 inflammasome activation remains
controversial and requires further investigation [21-24].

NLRP3 has also been implicated in the pathogenesis of a
number of complex diseases, notably including metabolic
disorders such as type 2 diabetes [25], atherosclerosis
[11, 26-29], obesity, and gout [30]. A role for NLRP3 in
diseases of the central nervous system is emerging, including
Alzheimer’s disease and Parkinson’s disease [31, 32]. Abnor-
mal activation of the NLRP3 inflammasome might contribute
to intestinal cancer, inflammatory diseases, and autoinflam-
matory diseases such as keratitis/conjunctivitis [16, 33-36].
In this review, NLRP3 regulation and activation, its proin-
flammatory role in inflammatory diseases, interactions with
autophagy, and targeted therapeutic approaches in inflamma-
tory diseases will be summarized.

2. The Role of NLRP3 in Inflammation

Inflammasomes are multiprotein complexes located in mac-
rophages, dendritic cells, and some other immune cells and
control the activation of the proteolytic enzyme caspase-1.
Caspase-1 then regulates the maturation of IL-1/3 and IL-18
and the subsequent pyroptosis [37]. The NLRP3 inflamma-
some is composed of the NLRP3 protein, procaspase-1, and
ASC [38]. Procaspase-1 is the effector in the NLRP3 inflam-
masome with a CARD domain. ASC is a bipartite complex
containing a PYD and a CARD, which makes it a bridge con-
necting the sensor NLRP3 and the effector procaspase-1.
NLRP3 inflammasome activation is a self-defending mecha-
nism against invading factors and stress. Upon infection
and/or injury, inflammasome components assemble and oli-
gomerize, leading to the autocleavage of procaspase-1 to its
active form. Activated caspase-1 transforms proinflamma-
tory cytokines into their mature forms, which then partici-
pate in the following inflammatory response [39].

The NLRP3 response to stimuli occurs in the trans-Golgi
network [40]. The activation of NLRP3 begins with the rec-
ognition of the danger or stressor by the sensor PRRs [41].
PAMPs (including microbial nucleic acids, bacterial secre-
tion systems, and components of microbial cell walls) can
be sensed by PPRs [42]. In addition, DAMPs (such as ATP
and uric acid crystals) can also trigger PPRs [43]. The activa-
tion of the NLRP3 inflammasome is a two-stage process. The
first stage is the sensing and producing stage, which begins
with the recognition of PAMPs and DAMPs by TLRs. In
this stage, TLRs recognize various stress factors and activate
NF-«B signaling, resulting in elevated production of precur-
sor proteins, including the NLRP3 protein, pro-IL-13, and
pro-IL-18 [44]. The second stage is the assembly and effector
stage, which begins with the assembly of the NLRP3 inflam-
masome. The NLRP3 protein, ASC, and procaspase-1
assemble into the mature complex, which then transforms
the immature forms of IL-1f and IL-18 into their mature
forms [45]. IL-1f3 and IL-18 participate in the subsequent
inflammatory effect.

NLRP3 is commonly involved in the immune response to
bacteria, viruses, fungi, and parasites [42]. In most cases, the
recognition of pathogens in the immune response is indirect.
TLRs recognize the particular components of the invader and
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then induce the NLRP3 inflammasome components to be
transcribed and assembled. Microbial stimuli, including
Bacterial Muramyl Dipeptide (MDP) [46], bacterial RNA
[47], and LPS [47], can activate the NLRP3 inflammasome
in a TLR-dependent manner, while living microbes, rather
than dead microbes, can induce a particular immune
response via the Toll/interleukin-1 receptor domain-
containing adaptor-inducing interferon-S- (TRIF-) depen-
dent recognition by the NLRP3 inflammasome [48].

In addition, various danger signals unrelated to infec-
tion can trigger the NLRP3 inflammasome, including
ROS, Ca*, nitric oxide (NO), and mitochondrial dysfunc-
tion (MtD). The production of ROS in cell has two origins:
mitochondria-derived ROS (mtROS) and the cytosolic
ROS. The mtROS can act as the second messenger to trigger
the activation of inflammasomes after the recognition of
PAMPs from microbes or DAMPs [49]. In a research about
the muscle wasting, the researchers found that angiotensin
II can promote the mtROS production as well as MtD, which
further activated NLRP3 inflammasome [50].

The proper function of mitochondria is also crucial for
NLRP3 inflammasome activation. Several factors including
NO [51] and Ca®** [52] can lead to MtD, which may also
trigger the NLRP3 inflammasome activation via the release
of oxidized mitochondrial DNA (mtDNA) following the
engagement of TLRs [21]. MtD induced by the NLRP3 sec-
ondary signal activators can lead to the release of oxidized
mtDNA into the cytosol, and then NLRP3 inflammasome is
activated by the bondage of mtDNA [53]. Mitophagy, a cru-
cial procedure involved in mitochondrial dynamics, has been
reported to has an influence on excessive inflammasome
activation. Mitophagy clears damaged mitochondria through
a variety of mechanisms, including the activation of the
PINK/PARKIN pathway [54], p62 aggregation [55], and
SESN?2 activation [56].

The endocytosis of silica and asbestos by pulmonary
macrophages may activate the NLRP3 inflammasome and
ROS signaling, which further leads to silicosis and asbestosis
[20]. Similarly, the accumulation of monosodium urate dur-
ing gout can activate the NLRP3 inflammasome in macro-
phages [46]. In osteoarthritis, hydroxyapatite crystals are
able to activate IL-1f and elevate its production through
the NLRP3 inflammasome, thus mediating inflammation
and joint diseases [57]. In atherosclerosis, the NLRP3 inflam-
masome drives IL-1f release, thus contributing to the pro-
gression of atherosclerosis [58]. Similarly, the inhibition of
caspase-1 and IL-1f activation induced by bone marrow-
derived mesenchymal stem cells can suppress the generation
of mitochondrial ROS and then inhibit the NLRP3 inflam-
masome activation [59]. Systemic inflammation has been
reported to be related to an overproduction of IL-1f and
IL-18 [60]. In a mouse model focusing on systemic inflam-
matory response syndrome, the researchers found that
NLRP3 activates the adaptive immune response in mice dur-
ing acute pancreatitis. This response depends on IL-1f and
IL-18, but not IL-12 [60]. Similar results have also been
observed to support the NLRP3 active effect of IL-18 in
an engineered mouse model [61]. However, the exact
mechanism by which NLRP3 recognizes DAMPs remains
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unclear. Studies have reported that K* efflux and Ca" sig-
naling participate in the activation of the NLRP3 inflamma-
some [62-66]. Among the reported upstream mechanisms
involved in the NLRP3 inflammasome, the generation of
mitochondrial ROS is an important one [67]. During
ischemia and reperfusion, ethanol, obesity (saturated fatty
acids), and ROS can induce NLRP3 inflammasome activa-
tion [68-70].

In a research about the HBV infection, researchers found
that HBeAg could inhibit the NF-xB pathway and ROS pro-
duction. This effect prevents LPS from inducing NLRP3
inflammasome activation, without interrupting the intracel-
lular calcium concentration and lysosomal rupture [71]. In
addition, in a study of RNA viruses, the production of ROS
induced by the RIP1-RIP3 complex activated the NLRP3
inflammasome [72]. NADPH oxidase can produce cytosolic
ROS, which is responsible for the activation of the NLRP3
inflammasome [73]; nevertheless, proof to the contrary
showed that macrophages lacking NADPH oxidase can
exhibit normal activation of the NLRP3 inflammasome
[74]. Hence, the importance of ROS in NLRP3 inflamma-
some function has been widely acknowledged, but the exact
mechanism remains to be explored.

3. The Crosstalk between NLRP3
and Autophagy

Autophagy is a physiological process that maintains the nor-
mal metabolic function and survival of cells. The formation
of autophagosome is a feature of autophagy. The first step
in autophagosome formation is initiation. The ULKI-
Atgl3-FIP200 complex is activated and localizes in the
endoplasmic reticulum and some other areas. This is
followed by a nucleation step driven by class III phosphoi-
nositide 3-kinase complex (consisting of VPS34, VPS15,
Beclin 1, ATG14L, and NRBEF2) which is activated by
ULK1. After the phagophore has almost wrapped the ship-
ment to be degraded, the phagophore stretch and seal the
shipment. The elongation step was performed with an Atg5-
Atg 12-Atgl6L and LC3II-PE conjugate. Then, autophago-
some fuses to lysosomes to form autophagolysosomes [75].

Autophagy recycles cellular proteins and damaged
organelles to obtain metabolic energy during starvation or
stress to modulate cell survival in many diseases. In nor-
moxia, autophagy is essential for maintaining corneal epithe-
lium physiology and cell survival [76]. Additionally,
autophagy serves as an essential process in resisting infection
by degrading pathogens. In keratitis, the innate immune
response, including autophagy, is activated when pathogens
adhere to the ocular surface [77]. Interestingly, some viruses
(such as HSV1) inhibit autophagy (by binding of the virus
protein ICP34.5 to the host protein Beclin 113) and reduce
damage [78]. In addition, excessive or abnormal autophagy
can lead to cell death. The autophagy of dendritic cells
enhanced the activation of CD*" T cells and pathological ker-
atitis, which significantly promoted the occurrence of herpes
simplex keratitis [79]. Interfering with autophagy may be
able to intervene in this incurable infectious blindness.

Normally, activation of the inflammasome, including
NLRP3, triggers an antiviral inflammatory response that
clears the virus and cures the inflamed tissue. NLRP3-
knockout mice with keratitis induced by HSV1 developed
more severe disease than infected wild-type animals, with
stromal keratitis lesions occurring earlier and having more
angiogenesis; this result may be related to the nuclear
translocation of the NLRP3-IRF4 complex in Th2 cells,
which promotes the expression of the IL-4, IL-5, and IL-13
genes to fight the HSV1 infection [80, 81]. In addition, the
NLRP3/caspase-1/IL-13 pathway plays an important role
in leukocyte aggregation and fighting infection during
Aspergillus fumigatus infection [36]. However, the abnor-
mal activation of the inflammasome will lead to harmful
overwhelming inflammation, which may damage the
infected tissue. Persistent and abnormal NLRP3 signaling
is the basis of many chronic and degenerative diseases,
including Stargardt disease type 1 [82], Alzheimer’s disease
[83], atherosclerosis [84], atrial fibrillation [85], osteoar-
thritis [86], and cancer [87] (Table 1).

The relationship between autophagy and NLRP3 is com-
plex. Some studies have shown that autophagy could inhibit
priming and assembly stages of the NLRP3 inflammasome
[88]. In autophagy-deficient cells, including autophagic pro-
tein depletion [89], activation of the inflammatory NLRP3
complex is enhanced due to mitochondrial dysfunction such
as excessive mitochondrial ROS production and changes in
mitochondrial membrane permeability [90], contributed to
IL-1f and IL-18 secretion. Loss of autophagy/mitophagy
can lead to a buildup of cytosolic reactive oxygen species
and mitochondrial DNA, which can, in turn, activate
immune signaling pathways that ultimately lead to the
releases of inflammatory cytokines, including IL-1«, IL-1,
and IL-18 [91]. In addition, mitophagy can clear damage
mitochondria through a variety of mechanisms, including
activation of the PINK/PARKIN pathway [91], p62 aggrega-
tion [92], and SESN2 activation [91], thereby preventing
excessive inflammation activation. Research has shown that
resveratrol inhibits NLRP3 activation in macrophages by
inhibiting mitochondrial damage and enhancing autophagy
[93]. Studies have also shown that autophagosomes can
directly encapsulate and degrade inflammasome compo-
nents, including the linker molecules ASC, NLRP3, and
pro-IL-1f [94]. However, some studies have also shown
that autophagy promotes NLRP3 activation. Zearalenone
increases autophagy and triggers NLRP3 resonance activa-
tion by promoting NF-xB activation and nuclear transloca-
tion, ultimately resulting in cell pyroptosis [95]. In turn,
NLRP3 has an effect on autophagy activation. The induction
of NLRP3 inflammasomes in macrophages triggers the acti-
vation of the G-protein RalB and then the activation of
autophagy, which tempers inflammation by eliminating
active inflammasomes to prevent a cascade of amplified
inflammatory responses [93]. Nevertheless, the inflammation
induced by the NLRP3 inflammasome can also inhibit
autophagy. In neuritis, the neuroinflammation promoted by
NLRP3 inflammatory complexes may be amplified and regu-
lated by a glia maturation factor, thus inhibiting the clearance
of the protein aggregates that formed as a result of the
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TaBLE 1: Role of NLRP3 inflammasome in disease.

Disease Responsible factor

Effect Ref

Aspergillus fumigatus keratitis NLRP3, caspase-1, and IL-1p3

Stargardt disease type 1 NLRP3, ROS, IL-1f, and IL-18

Alzheimer’s disease NLRP3, caspase-1, and IL-1/3

Atherosclerosis NLRP3

Atrial fibrillation NLRP3
Osteoarthritis NLRP3, caspase-1, and IL-1p3
Cancer NLRP3, caspase-1, IL-1, and IL-18

Pannexin 1 channels play important roles in the
regulation of progression and leucocyte aggregation

during corneal A. fumigatus infection via the [36]
NLRP3/caspase-1/IL-1f3 pathway.
Aberrant buildup of atRAL promotes the death of RPE [82]

cells via NLRP3 inflammasome activation.

Strongly enhanced the active NLRP3/caspase-1 axis in
human mild cognitive impairment and brains with [83]
Alzheimer’s disease.
NLRP3 was overexpressed in aorta of patients with
coronary atherosclerosis.
The inhibition of NLRP3 as a potential novel AF therapy
approach.
Inhibition to the release of inflammasome NLRP3 exerts
protection on osteoarthritis leading to the [85]
downregulation of inflammatory cytokines.
Dysregulation of NLRP3 inflammasome activation is
involved in tumor pathogenesis.

autophagic pathway [96]. In nonalcoholic steatohepatitis,
NLRP3 and caspase-1 can inhibit autophagy by regulating
the PINK/PARKIN pathway [91]. Additionally, the NLRP3
inflammasome inhibitor MCC950 can activate autophagy
and PPAR« through mTOR inhibition [97]. In conclusion,
the complex relationship between NLRP3 and autophagy
needs more research to provide new ideas for clinical
treatment.

4. The Therapeutic Prospect of NLRP3 on
Related Diseases

In clinical settings, the NLRP3 inflammasome is upregulated
in myocardial fibroblasts mainly during acute myocardial
infarction (AMI) [98]. van Hout et al. [99] also proved that
the inflammasome can be inhibited by MCC950 in large ani-
mal AMI models. In addition, the immune complexes in sys-
temic lupus erythematosus (SLE) patients can trigger the
NLRP3 inflammasome, activate macrophages, and cause cell
and tissue damage [100]. A recent study [101] has shown that
citral can inhibit the expression of pro-IL-13 mediated by
endotoxin and the activation of the NLRP3 inflammasome
mediated by ATP, which is intriguing for the treatment of
SLE. Moreover, activation of the NLRP3 inflammasome also
plays an important role in the nonspecific inflammation of
inflammatory bowel disease (IBD). It is noteworthy that
Villani et al. [102] found that the SNP rs10733113 in the
NLRP3 gene region is a Crohn’s disease susceptibility gene.
Subsequently, Lewis et al. [103] also reported that men carry-
ing the c10x motif in card8, Q705k in NLRP3, and wild-type
NOD2 showed susceptibility to Crohn’s disease. In addition,
a recent study [104] has shown that dysfunctional CARDS8
mutations can also activate the NLRP3 inflammasome and
contribute to the occurrence of Crohn’s disease. Clarification
of the exact physiological mechanism of the NLRP3 inflam-

masome will undoubtedly guide the development of effective
treatments for IBD in the future.

NLRP3 inflammasomes are of great importance to thera-
pies targeting inflammation due to their critical role in regu-
lating inflammation. In many bacterial infections, pathogens
activate NLRP3-based inflammation through the secretion of
pore-forming toxins by Staphylococcus aureus [105]. Vibrio
cholerae secretes toxins to activate NLRP3 similar to Staphy-
lococcus aureus. In vivo, mice lacking inflammatory compo-
nents showed that caspase-1 and ASC had protective effects
against Vibrio cholerae infection [106]. NLRP3 was benefi-
cial for mice during pneumonia caused by Streptococcus
pneumoniae, and NLRP3™'~ mice had higher bacterial load
and higher mortality than wild-type mice [107]. The NLRP3
inflammasome can also be activated by viruses, such as influ-
enza A, through the recognition of viral RNA [108]. Recent
studies [109, 110] have shown that the NLRP3 inflamma-
some can be activated by superficial fungi such as T. schoen-
leinii and M. canis or their components through direct or
indirect pathways to produce active inflammatory factors,
which play an important role in host immunity. Currently,
it has been found that the mechanisms against infection of
nonsuperficial fungi may be related to the NLRP3 inflamma-
some [111-113]. NLRP3 can recognize Candida albicans,
activate the NLRP3 inflammation complex, and induce pro-
IL-1p processing, maturation, and secretion [114, 115]. The
mortality rate of NLRP3 or ASC gene-deficient mice after
infection with Cryptococcus neoformans was higher than
that of wild-type mice, and the bacterial load in the lung tis-
sues of NLRP3-deficient mice was significantly higher than
that of wild-type mice [116]. These results showed that the
NLRP3 inflammasome plays an important role in the host
response to cryptococcal infection.

In eye diseases, the NLRP3 inflammasome has been
shown to contribute to diabetic retinopathy [117], acute
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TaBLE 2: Inhibitors of NLRP3 pathways as well as their effects in cell cultures, animal models, or patients of inflammatory diseases.
Inhibitors Molecular mechanism Cell/animal model/patients Ref
Block the ATPase domain of NLRP3 and inhibit Autoimmune encephalomyelitis
MCC950 the activation of typical and atypical NLRP3 Cryopyrin-associated periodic syndrome [124]

inflammasome Muckle-Wells syndrome
Bind to the LRR and NACHT domains and .
MNS suppress ATPase activity of NLRP3 Bone marrow-derived macrophages [91]
Cryopyrin-associated autoinflammatory
: o . syndrome
CY-09 Inhibit NLRP3 ATPase activity Type 2 diabetes [137]
Synovial fluid cells from gout patients
Human blood-derived macrophages
Inhibit NLRP3 ATPase activity and block Human blood neutrophils
OLT1177 canonical and noncanonical activation of NLRP3 Monocytes isolated from patients with cryopyrin- [128]
inflammasome associated periodic syndrome
Spleen cells from mice
Inhibit ATP-sensitive K* channels, act as Bone marrow-derived macrophages
Glyburide downstream of the P2X7 receptor, and inhibit ASC Familial cold-associated autoinflammatory [129]
aggregation syndrome patients
Interfere the downstream of NLRP3 o .
16673-34-0 conformational changes and bind to ASC Acute myocardial infarction [138]
JC124 Block ASC aggregation, caspase-1 activation, and Acute myocardial infarction [139]
IL-1p secretion Alzheimer’s disease [140]
Muckle-Wells syndrome
BHB Inhibit K" efflux and block ASC aggregation Familial cold autoinflammatory syndrome [70]
Urate crystal-induced peritonitis
. Inhibit caspase-1 activation and NLRP3 ATPase Bone marrow-derived macrophages [131]
Parthenolide o . .
activity Cystic fibrosis [141]
Bav 11-7082 Alkylation of cysteine residues of the NLRP3 Psoriasis-like dermatitis [142]
Y ATPase region Diabetic nephropathy [143]

glaucoma [118], age-related macular degeneration [119],
Behcet’s syndrome, and dry eye disease [120]. In addition, in
a mouse model of Pseudomonas aeruginosa keratitis, the inhi-
bition of caspase-1 and the killing of bacteria by ciprofloxacin
reduced the severity of corneal inflammation [121]. Another
study showed that in a mouse model of keratitis, the level of
IL-1 increased starting at 4 h after infection [122]. Treatment
with the IL-1 receptor antagonist anakinra has also proven
successful in the treatment of scleritis and episcleritis in the
context of different rheumatic conditions [123].

To treat NLRP3-related diseases, researchers have found
several inhibitors of NLRP3 or IL-1, including direct inhib-
itors of NLRP3 proteins such as MCC950 [124, 125], 3,4-
methylenedioxy- S-nitrostyrene (MNS) [126], CY-09 [127],
and OLT1177 [128], indirect inhibitors such as glyburide
[129], 16673-34-0, and JC124 [130], and inhibitors of com-
ponents of the complex such as -hydroxybutyrate (BHB)
[70], parthenolide, and bay 11-7082 [131] (Table 2). The
NLRP3 inflammasome can also produce IL-18, which leads
to physical disorders [132]. Compared to blocking IL-1p,
specific targeting with NLRP3 inhibitors may be a good
choice for related diseases [133]. However, the Food and
Drug Administration (FDA) does not currently approve

these drugs. Future research should focus on the develop-
ment of structure-oriented direct inhibitors to improve the
specificity and effectiveness.

5. Discussion

NLRP3 plays a vital role in various inflammatory diseases by
altering immune responses or regulating the integrity of
intestinal homeostasis. ROS, K" efflux, and Ca®" signaling
have been suggested to activate NLRP3 [9], but the specific
mechanism remains unclear. Particularly, the role of ROS
in NLRP3 inflammasome activation remains controversial,
and it has been revealed that the cytosolic ROS induced by
NADPH is responsible for the activation of the NLRP3
inflammasome [73]. However, other studies have shown that
macrophages lacking NADPH oxidase exhibit normal activa-
tion of the NLRP3 inflammasome [74]. Therefore, we can
conclude that the function of ROS is undetermined in the
NLRP3 inflammasome, and more precise research about
the mechanism is necessary.

The NLRP3 inflammasome is composed of the NLRP3
protein, procaspase-1, and ASC [134] and can generate
active caspase-1 and then convert the cytokine precursors



0 = g
1) 0~0 é =loo
060 % SE /
%o a5
K+
ROS Autophagy

NF—KB/

Oxidative Medicine and Cellular Longevity

Procaspase-1

000

Caspase-1 8

o
.
%)

4| ®

ProlL-1p

IL-18 0

R

Ficure 1: NLRP3 inflammasome-mediated inflammation and autophagy have complex and bidirectional regulatory effects. After being
stimulated by Ca>", K*, or ROS, the NLRP3 inflammasome is activated and recruits and activates procaspase-1 to generate active caspase-1,
which then converts the cytokine precursor pro-IL-1f3 or other proinflammatory cytokines into mature and biologically active forms and
triggers a series of inflammatory responses and pyroptotic cell death. However, this process can be regulated and interrupted by autophagy
via damage of NLRP3 inflammasome; however, NLRP3 can promote cell autophagy via activation of the G-protein RalB. Interestingly, the
relationship between NLRP3 and autophagy is not definitively understood, and there have also been reports that contradict the above
statement such as NF-«B activation can modulate the NLRP3 and autophagy in same direction.

pro-IL-18 and pro-IL-18 into mature and biologically
active IL-1f and IL-18, respectively. Ultimately, active IL-13
and IL-18 trigger a series of inflammatory responses and pyr-
optotic cell death [17, 18, 135]. As an important physiological
process, autophagy is also strongly associated with the NLRP3
inflammasome. Many studies have shown that autophago-
somes can directly encapsulate and degrade inflammasome
components, including the linker molecules ASC, NLRP3,
and pro-IL-1p [90, 93, 94]. Nevertheless, other researchers
have demonstrated that autophagy can promote the
activation of the NLRP3 inflammasome and that NLRP3 also
triggers autophagy by activating the G-protein RalB in turn
[95-97]. NLRP3 and autophagy have a complex relationship,
and an exploration of this relationship will be helpful for
understanding the mechanism of inflammation (Figure 1).

The NLRP3 inflammasome is considered a promising
target for the treatment of many diseases associated with
inflammation. In AMI, SLE, IBD, Crohn’s disease, bacterial
infections, eye diseases, etc., the NLRP3 inflammasome
plays a critical role in regulating pathological processes
[98, 100, 102-105, 119, 136]. Although several inhibitors of
the NLRP3 inflammasome have been developed, they have
not been approved by the FDA and more basic and clinical
research to confirm the curative effects is necessary. With
in-depth research on the mechanism of the NLRP3 inflam-
masome, we believe that a more exact mechanism of the
NLRP3 inflammasome itself and its relationship with
autophagy will be uncovered and that more specific and
effective inhibitors will be exploited.
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Autophagy is an essential cellular process that maintains balanced cell life. Restriction in autophagy may induce degenerative
changes in humans. Natural or pathological aging of susceptible tissues has been linked with reduced autophagic activity. Skin
photoaging is an example of such pathological condition caused by ambient solar UV radiation exposure. The UV-induced
production of reaction oxygen species (ROS) has been linked to the promotion and progression of the photoaging process in
exposed tissues. Accordingly, it has been suggested that autophagy is capable of delaying the skin photoaging process caused by
solar ultraviolet (UV), although the underlying mechanism is still under debate. This review highlights several plausible
mechanisms by which UV-induced ROS activates the cellular signaling pathways and modulates the autophagy. More
specifically, the UV-mediated regulation of autophagy and age-related transcription factors is discussed to pinpoint the
contribution of autophagy to antiphotoaging effects in the skin. The outcome of this review will provide insights into design
intervention strategies for delaying the phenomenon of sunlight-induced photodamage, photoaging, and other aging-related

chronic diseases based on factors that activate the autophagy process in the skin.

1. Introduction

Autophagy is a vital homeostatic cellular process of either
clearing surplus or damaged cell components notably lipids
and proteins or recycling the content of the cells’ cytoplasm
to promote cell survival and adaptive responses during star-
vation and other oxidative and/or genotoxic stress condi-
tions. Autophagy may also become a means of supplying
nutrients to maintain a high cellular proliferation rate when
needed [1]. Genotoxic stress usually occurs by a series of
environmental and pharmacological agents, notably by solar
ultraviolet (UV) radiation. It has been suggested that the
induction of autophagy under these conditions is to try to
alleviate the effects of oxidative DNA damage [2]. All UV
components of sunlight, ie, UVA (320-400nm), UVB
(280-320 nm), and UVC (100-280 nm), are capable of both
causing DNA damage and inducing autophagy. Moreover,

UV radiation of sunlight is capable of regulating a number
of autophagy-linked genes [3-6]. Nevertheless, the mecha-
nisms underlying these processes have not yet been fully
elucidated. It is known that loss of autophagy leads to both
photodamage and the initiation of photoaging in UV-
exposed skin. Autophagy restriction may also induce sev-
eral skin-related chronic disorders as well as skin cancer.
This review will focus on critically appraising the cellular
mechanisms suggested for the antiphotoaging action of
the autophagy machinery in the skin cells induced by solar
UV radiation.

1.1. Photoaging Mediated by UV Radiation. Skin aging is a
highly complex and coordinated biological event compris-
ing natural aging and solar radiation-mediated photoaging.
The former process occurs naturally and results from slow
tissue degeneration [7], while the latter occurs due to the
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accumulation of unavoidable chronic sun exposures in daily
life. Once photoaging is initiated, collagen fibers are degraded,
the skin becomes subsequently loose with wrinkles, and the
pigmentation occurs on the skin due to abnormal prolifera-
tion of melanocytes. In addition, increasing matrix metallo-
proteinase (MMP) content leads to intracellular matrix
degradation, inflammatory infiltrates, and vessel ectasia [8].
Prolonged UV exposure is considered to be a major cause
of photoaging, leading to the abovementioned phenomena
in the skin [9, 10].

The solar UV radiation that reaches the surface of the
earth is composed of the longer UVA (320-400 nm) and the
shorter UVB (280-320nm) wavebands, respectively. Both
radiations penetrate through the thick ozone layer and reach
the biosphere. Long-wave UVA that comprises about 95% of
solar terrestrial UV penetrates deeply into the dermal layer
and even reaches the subcutaneous layer of the skin. Because
of its oxidative nature, UVA is capable of damaging DNA
and other biomolecules by ROS generation [11]. UVA-
induced ROS formation has been implicated in the oxidation
of DNA bases leading to signature DNA lesions such as 8-
oxo-deoxyguanine (8-oxodG) which is a known potent
mutagenic lesion [12]. The UVA component of sunlight
has been considered the main cause of prominent changes
in the dermal extracellular matrix (ECM) of the photoaged
skin. UVB, which represents about 5% of terrestrial UV,
can reach at least the epidermis as well as the upper dermis
and can induce dermal changes through epidermis-to-
dermis signaling [13]. The different biological effects of
UVA and UVB are related to the type of biomolecules that
they interact with.

UVB radiation is primarily a DNA-damaging agent
because it is directly absorbed by DNA and is known to cause
cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine
pyrimidone dimers (6-4PP) [14]. The unrepaired DNA
lesions cause DNA mutation during cell division which
may lead to the initiation of carcinogenesis [15]. Both nonen-
zymatic (i.e., glutathione and ascorbic acid) and enzymatic
antioxidants such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), glutathione reductase,
and thioredoxin reductase (TRX) are essential components
of the skin defense against ROS-mediated damage. Neverthe-
less, the excess ROS production by UV radiation can over-
whelm the endogenous antioxidant capacity of the skin.
The latter justifies the use of exogenous antioxidants as
photoprotectants to neutralize UV-mediated ROS produc-
tion [16]. It has been suggested that both UVA and UVB ini-
tiate photoaging [17] by producing reactive oxygen species
(ROS) that destroy cellular macromolecules such as proteins,
lipids, and, more importantly, the genomic DNA [18]. UVA
is known to be the oxidizing component of sunlight, and its
damaging effect on biomolecules occurs indirectly, via the
generation of ROS through its interaction with a variety of
chromophores (e.g., porphyrins, bilirubin, and melanin)
[19, 20]. Although ROS production by UVA can lead to
DNA damage (Figure 1) [21], it has been recently shown that
the proteome is one of the major targets of damage by UVA-
induced ROS [22]. UVB, while it does have an oxidative com-
ponent, induces specific lesions into DNA and damages pro-
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FiGure 1: Ultraviolet (UV) as a component of the electromagnetic
spectrum.

teins mostly by direct absorption [23]. UVC can cause
damage to human health but is absorbed by the stratospheric
ozone layer. It is a strong DNA-damaging agent, and this
property has been exploited in building artificial UVC (207-
222nm) lamps that assess potent antimicrobial properties,
and unlike the germicidal 254nm UVC source, it is not
harmful to the human skin due to its limited penetration dis-
tance of 207 nm light in biological samples (e.g., stratum cor-
neum) compared with that of 254 nm light. This lamp source
is an important agent against drug-resistant bacteria and air-
borne aerosolized viruses. Nevertheless, very low level of
UVC can inactivate more than 95% of aerosolized HIN1
influenza virus [24, 25].

UVA and UVB have different effects on skin aging. Con-
tinuous UVB exposure can induce keratinocytes to produce
more interleukin la (IL-l&), which initiates granulocyte-
macrophage colony stimulatory factor (GM-CSF) secretion
in an autocrine manner. Both IL-1« and GM-CSF molecules
enter dermal tissues and activate fibroblasts to produce
neprilysin. Neprilysin cleaves and disrupts the elastic fibrous
network that wraps the fibroblasts. The combination of elas-
tic and collagen fiber deficiency reduces skin elasticity, hence
assisting in the formation of skin wrinkles. However, contin-
uous exposure to UVA radiation leads the keratinocytes to
produce GM-CSF in lower amounts than UVB exposure
but activates dermal fibroblasts to the same extent as UVB
radiation. Furthermore, UVA penetrates the dermal layers
of the skin and immediately stimulates the expression of
MMP-1 and secretion of IL-6, which mainly lead to sagging
of the skin [26].

UV exposure is a major factor that induces photoaging.
In particular, UVA irradiation induces ROS and subse-
quently promotes the oxidation of membrane lipids to form
oxidized phospholipid-protein adducts. These oxidized
adducts are cleared and degraded by autophagy to prevent
cellular damage. Autophagy caused by environmental insults
including UV radiation and the consequent generation of
ROS appears necessary for survival and cell function as well
as homeostasis and immune tolerance [27]. In keratinocytes,
the basal level of autophagy augments considerably upon
solar UV exposure, leading to epidermal thickening (hyper-
keratosis) and then epidermal hyperplasia which acts as a
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protection against the penetration of UV rays to the skin
[28]. The skin pigmentation has also been linked to autoph-
agy, as it depends on the melanin from phagocytosed mela-
nocytes engulfed by the keratinocytes [29]. Additionally,
the promotion of lysosomal-dependent decomposition and
reutilization of cytoplasmic inclusions in autophagy has
recently been linked with aging [30, 31]. It has also been
shown that decreased autophagy is linked with increased
aging, while stimulating autophagy enhances antiaging
effects [32-34]. Defects in autophagy have also been shown
to cause severe inflammatory reaction in the skin, because
of the activation of inflammasome activation, as well as the
induction of ROS production by UVR and aberrant libera-
tion of proinflammatory cytokine release [35]. In an attempt
to gain an insight into these phenomena, it is necessary to
review the recent findings in the mechanism underlying the
autophagy process and machinery.

Within the electromagnetic spectrum, UV wavelengths
are in the range of 100-400 nm. The UV components are fur-
ther divided into several wavebands notably UVC, UVB, and
UVA. UVC is absorbed by the stratospheric ozone layer, so
only UVA and UVB can reach the surface of the Earth. With
waveband increasing, tissue transmission is increased, while
the energy is decreased. Thus, UVA can penetrate much dee-
per into the skin than UVB.

2. Autophagy Machinery

Autophagy is an essential, evolutionarily conserved lysosomal
degradation pathway that eliminates protein aggregates and
damaged organelles to control the quality of the cytoplasm

[36]. It concludes in macroautophagy, chaperone-mediated
autophagy, and microautophagy [36, 37].

Macroautophagy which is the main emphasis of the cur-
rent review is a phenomenon that is predominantly involved
in the degradation and clearance of nonliving proteins as well
as the degradation of various subcellular organelles. It is
highly conserved from unicellular organisms to human [38].

While autophagy in mammalian cells naturally occurs
under normal circumstances, it can also be initiated under
stress conditions. These include conditions such as starva-
tion, infection by multiple types of pathogens, or exposure
to pharmacological mediators, especially rapamycin. More-
over, despite its major role in restoring cellular homeostasis
via the release of macromolecular nutrients, autophagy can
promote the clearing of misfolded proteins as well as broken
cellular inclusions and organelles (Figure 2). In macroauto-
phagy, a double-membrane structure which is called the iso-
lation membrane (or the phagophore) outgrows from the
endoplasmic membrane (ER). It has been shown that the
Golgi, the plasma membrane, and mitochondria also contrib-
ute to the growth of the budding autophagosome [39].
Macroautophagy occurs in three phases. These include the
initiation of phagophores, then elongation phase, and the
final degradation phase.

2.1. Initiation of Autophagy. Normally, the formation of
autophagosomes initiates at the assembly points on phago-
phore assembly sites. Phagophore formation mainly
demands the class III phosphoinositide 3-kinase (PI3K)
Vps34, which functions in macromolecular complexes con-
taining autophagy-linked proteins Atg6 (Beclin-1) and



Atgl4 as well as the Vpsl15 (p150) protein. Numerous pro-
teins are involved in the early phases of autophagy notably
autophagy-linked proteins Atg5, Atgl2, and Atglé as well
as the focal adhesion kinase enzyme (FAK) and the
200kDa family-interacting protein (FIP200), which consti-
tutes the mammalian ortholog after conjugation with
autophagy-linked proteins Atgl (or ULK1) and Atgl3 [40].

2.2. Elongation. Two ubiquitination-like reactions are associ-
ated with the elongation of phagophore membranes. Initially,
ubiquitin-like Atgl2 forms a complex with Atg5 by enzy-
matic conjugation to Atg7 (i.e., an El ubiquitin-activating-
like enzyme) and AtglO (i.e, an E2 ubiquitin-complexing
mimicking enzyme). The autophagy-linked Atg5-Atgl2 pro-
tein complex formation with Atgl6L1 occurs through nonco-
valent binding. The complex then attaches to phagophores
[41] and detaches from mature autophagosomes. During the
second system of autophagosome formation, LC3 (MAP-
LC3/Atg8/LC3) links to lipid phosphatidylethanolamine
(PE) and gets stimulated by Atg7 (E1-like) and Atg3 (E2-like)
to produce LC3-II [40]. Numerous LC3-positive autophago-
somes that are randomly formed within the cytoplasm trans-
locate along with the microtubules towards lysosomes in a
dynein-dependent way and accumulate in the vicinity of
the microtubule-organizing center (MTOC) adjacent to the
nuclear membrane. Both lysosomes and autophagosomes
are fused together by the action of two SNARE proteins,
viz., VtilB and VAMP8 [42].

2.3. Degradation of Autophagosomes. LC3-1I promotes tar-
geted degradation of long-lived and extensively utilized pro-
teins, their aggregates, and injured or dead cellular organelles
by interacting with adaptor proteins. P62 as a selective adap-
tor attaches to cargo proteins for the final degradation. In
addition, p62 attachment may also occur through the LC3-
interacting region (LIR) to link with LC3-II located on the
outer side of the autophagosome membrane [43]. In addition,
p62 is a target of specific substrates to the autophagosome
and LC3-II and is used as a measure of autophagic flux [43].
The adaptor and cargo are degraded upon autophagosome-
lysosome fusion. Autophagy products are recycled within
the cytosol and help to restore important cellular processes
following exposure to stressors and starvation.

3. Autophagy- and UV-Mediated Photoaging

The skin faces environmental UV exposure insult that causes
oxidative damage to macromolecules [44]. Nuclear factor
erythroid-derived 2-like 2 (Nrf2) activation/response is a
centerpiece in resistance to oxidative stress, by upregulating
antioxidant molecules and detoxifying enzymes to remove
the ROS-mediated oxidative damage of cellular inclusions
[3]. Autophagy is defined as an intracellular degradation phe-
nomenon that is initiated to degrade oxidized lipids and met-
abolic wastes following UV exposure. It is therefore thought
to decrease the progression of photoaging [45, 46].

In response to UVA irradiation or oxidized lipids, the
Nrf2-driven antioxidant response activates the expression
of cellular antioxidants and detoxifying enzymes such as
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heme oxygenase 1 (HO-1) [47-49]. In parallel to this pro-
cess, proteins that were modified by ROS are cleared via
proteasomal, autophagosomal, and lysosomal pathways in
the cells [50]. Moreover, autophagosome LC3-II is formed
through Atg7-dependent conjugation to a link between a
PE (phosphatidylethanolamine) anchor and LC3 (the
microtubule-linked protein 1 light chain 3). Cargo targeted
for degradation is appropriated and destined for LC3-II
via certain adaptor proteins, especially p62 (adaptor pro-
tein sequestosome 1 or SQSTM1). The complete structure
is a spherical autophagosome with lysosomes that decom-
pose various cargo proteins [51]. The involvement of both
UVA- and UVA-oxidized PAPC- (1-palmitoyl-2-arachido-
noyl-sn-glycero-3-phosphocholine-) mediated autophagy in
epidermis-residing keratinocytes was reported. Various
ROS induce rapid growth of high molecular weight protein
masses comprising many different autophagy-related adap-
tor proteins, notably p62 (SQSTM1) in autophagy-deficient
(Atg7-negative) keratinocytes [3]. Furthermore, autophagy is
important in degrading proteins and modifying lipids follow-
ing various environmental stresses, including UV exposure.

UVA-mediated ROS production mainly oxidizes phos-
pholipids, which later forms oxidized phospholipid-protein
adducts [3]. Autophagy then promotes the degradation of
these metabolic adducts following UVA irradiation. Aging
and aging-related diseases can be ravaged by minimizing
these protein-based adducts and aggregates, crosslinking,
and finally removing potentially toxic protein fragments
from the cells. However, autophagy-mediated clearance of
such waste declines over time [52], leading to an increase in
oxidized phospholipid-protein adducts [53] and oxidized
combination groups [54], which together accumulate and
contribute to skin photoaging.

The mechanism of UV-induced autophagy still needs to
be revealed because UV A irradiation induces autophagy that
is impaired by treatment with the singlet oxygen quencher
NaN3 [3, 55]. Similarly, UVB-induced autophagy is blocked
by various antioxidants [56]. UV exposure promotes the for-
mation of oxidized phospholipids, oxysterols, and cholesterol
in keratinocytes [3, 57]. Moreover, 25-hydroxycholesterol
(25-OH) is one of the oxidized lipids formed by UV exposure
that is sufficient to activate autophagy in the skin keratino-
cytes and to perform a crucial function in inducing morpho-
logical changes and differentiation [57].

The inactivation of the essential autophagy-related genes
significantly decreases the functions of sweat glands in aging
mice [34]. It is suggested that ROS are critical cellular signal
transducers and that solar UV light potentially generates
ROS in the human skin [58]. Solar UV radiation modulates
the activity of some autophagy/aging-linked genes [6]. It is
imperative to highlight the types of stress regulation and
the mechanism for both UVA and UVB irradiation. These
factors are shown to regulate aging and autophagy as well
as the relationship between aging and autophagy. In addi-
tion, UV radiation functions as the major environmental
risk factor which causes skin cancer as about 50% of skin
cancers are related to UV exposure [59]. In skin cancer,
autophagy can be either oncogenic or tumor-suppressive,
which mainly depends on the tumor cell type, stage of
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progression, carcinogenic context, etc. Autophagy acts as a
tumor-suppressive mechanism by promoting ROS clearance,
DNA repair, and oncogenic protein substrates [60, 61]. Alter-
natively, autophagy also facilitates tumor development by
autophagy-mediated intracellular recycling that provides
macromolecules with sustained cell proliferation. Addition-
ally, autophagy has also been shown to be associated with
UV-induced skin diseases, such as hyperpigmentation [62].

4. UV Radiation-Mediated Cell
Signaling Pathway

Solar UV exposure is a crucial part of environmental stress
that affects skin tissue damage. Exposure to solar UV radia-
tion induces ROS to activate some cell surface receptors,
e.g., epidermal growth factor receptor (EGFR) and tumor
necrosis factor receptor (TNFR), and to initiate cell survival
or apoptosis-associated signaling cascades [63, 64]. Solar
UV radiation activates one of the serine/threonine protein
kinase family proteins and is associated with cellular sig-
naling, ie., the mitogen-activated protein kinase (MAPK)
pathway. In general, the MAPK pathways comprise three
diverse pathways, viz., c-Jun NH2-terminal kinase (JNK),
p38 MAPK (p38 kinase), and extracellular signal-regulated
kinase (ERK) pathways [65]. The ERK cascade induces cell
proliferation and promotes cell survival, while the other
two pathways (JNK and p38 kinase) provide protection and
proapoptotic effects, respectively [66, 67]. Each of the serine/-
threonine protein kinase family activates a different stimulus
or cellular stress by targeting specific intracellular proteins.
Normally, ERK activation is induced by UVA-mediated
ROS, but JNK is mainly activated by UVC, while p38 kinases
could be activated by all UV wavelengths (including UVA,
UVB, and UVC) to modify DNA damage response [68, 69].
In addition, solar UV radiation can trigger the p53 path-
way activity via induction of p53 upregulated modulator of
apoptosis (PUMA) and phorbol-12-myristate-13-acetate-
induced protein 1 (PMAIP1 or NOXA), resulting in Bcl-2
inhibition and thereby suppressing apoptosis progression
[63, 70]. Thus, solar UV as an oxidative agent modulates sig-
nal transduction pathways in the cellular response (Figure 3).

5. UV-Induced Signaling Pathways and
Modulation of Autophagy

Diverse signaling networks are involved in regulating autoph-
agy, and two major kinases mTOR (mechanistic target of
rapamycin) and AMPK (AMP-activated protein kinase) are
linked to aging and lifespan regulation (Figure 3). mTOR,
as a negative regulator of autophagy, integrates signals from
nutrients and stress to control cellular growth and metabo-
lism. When stimulated by environmental stress, such as solar
UV, mTOR phosphorylates the unc-51-like autophagy-
inhibiting kinase (ULK) 1 and activates it to form a complex
with Atgl3 and FIP200, thereby inhibiting autophagy.
Inversely, inhibition of mTOR promotes autophagy [71].
In contrast to mTOR, AMPK activation induces the autoph-
agy process and AMPK itself is activated by energy stress,
which is sensed through an increase in the AMP/ATP ratio.

Upon activation, AMPK stimulates autophagy through mul-
tiple mechanisms. First, it phosphorylates and activates
ULKI1 and Beclin-1-VPS34 to promote the early steps of
autophagosome induction. Second, AMPK inhibits mTOR
by phosphorylating and inhibiting RAPTOR (regulatory-asso-
ciated protein of mTOR), an important adaptor for mTOR
kinase activity. Finally, AMPK stimulates tuberous sclerosis
complex (TSC) 1-TSC2 complex activity, which inhibits
mTOR. Oxidative stress, such as UV exposure, notably
UVB-induced the phosphorylation of AMPK and increased
levels of the AMPK downstream target genes acetyl-CoA-
carboxylase (ACC) and ULK1 in wild-type MEF cells. AMPK
activation by UVB increases LC3-II levels and autophagic flux,
whereas an AMPK knockdown significantly reduces LC3-II
levels [5]. Serine/threonine-specific protein kinase B (PKB or
Akt) inhibits autophagy through mTOR activation, and
PI3K/Akt activation is induced by UVB radiation [72, 73].
The UV resistance-associated gene (UVRAG) generally acts
as an autophagy promoter, and inhibition of UVRAG levels
causes autophagy to activate suppression [74]. Upon stabiliza-
tion by UVB, autophagy initiation activates the transcription
of AMPK, Sesn2, TSC2, and UVRAG [6]. In addition, p53
accumulation is increased in mammalian cells following UV
radiation [75]. UV-mediated signaling pathways involved in
autophagy are depicted in (Figure 3). Together, autophagy
was modulated by various UV-mediated signaling pathways.

6. UV Directs the Regulation of Autophagy and
Aging-Related Transcriptional Factors

6.1. Mammalian Target of Rapamycin (mTOR). The mTOR
exists in two different enzymatic isoforms, i.e., mTORCI1
and mTORC2. They are primary negative regulators of
autophagy in almost all eukaryotic organisms. These enzy-
matic isoforms regulate various types of substrates, such as
the Akt/mTOR pathway, which is an important mediator of
natural aging [76]. Young et al. and Young and Narita iden-
tified that mTORCI activity is suppressed in Ras senescence
following the mitotic phase and that its inactivation coincides
with the initiation of autophagy during the transition phase
[77, 78]. Recently, it was reported that solar UV exposure,
mainly in the 290-320nm region (UVB), activates the
mTORC2/Akt/IKKa signaling cascade in human HaCaT
keratinocytes, while suppression of mTORC2 inhibits UVB-
mediated activation of NF-xB via downregulation of
Akt/IKK signaling. In addition, the UV-mediated induction
of mTORC?2 signaling in skin aging is directly linked to stim-
ulation of NF-«B [79]. Various stressors, particularly starva-
tion, inhibit the activation of mTOR while promoting the
expression of ULK1, ULK2, and Atgl3 leads to starvation-
mediated initiation of autophagy (Table 1) [40].

6.2. Silent Mating Type Information Regulation 2 Homologs
(Sirtuins or SIRTs). The NAD(+)-dependent sirtuin enzymes
are well-known modulators of aging, enhancing the lifespan
of organisms [80] due to their extensive biological roles in
metabolic control, cell death and survival, gene repression,
repair of damaged DNA, morphogenesis, natural aging, and
inflammation [81]. During cellular senescence, the expression
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p53-UVRAG-Beclin-1/Vps34 complex, which are involved in the formation of nascent phagosomes. The deacetylase sirtuin-1, a
posttranscriptionally acetylating core autophagy protein, is modulated by UV to regulate LC3-I to conjugate LC3 to activate autophagy,
and Atgs are involved in the conjugation machinery. LC3-PE conjugation targets LC3 to autophagosomal membranes where it is required
for membrane expansion and cargo sequestration. Finally, the autophagosome is sealed and the sequestered cargo is delivered to the
lysosome through autophagosome-lysosome fusion. PI3K/Akt: phosphatidylinositol 3-kinase/protein kinase B; MAPK: mitogen-activated
protein kinase; mTOR: mammalian target of rapamycin; p53: tumor protein p53: sirtuin-1: silent mating type information regulation
2 homolog; PE: phosphatidylethanolamine; ULK: Unc-51-like autophagy-inhibiting kinase; UVRAG: UV resistance-associated gene; TSC:
tuberous sclerosis complex; LC3: microtubule-associated protein 1A/1B light chain 3; FIP200: 200 kDa family-interacting protein.

of SIRT-1 decreases, while transgenic overexpression of SIRT-
1 induces cell proliferation to inhibit senescence [37, 82].
Recently, seven different sirtuins (i.e., SIRT-1 to SIRT-7) have
been reported in humans, and the levels of their expressions
have also been well documented in human epidermal and
dermal cells [83]. SIRT-1 expression has been reported to
decline following UV exposure in skin keratinocytes [84]. It
is specifically localized in the cell nucleus and sometimes in
the cytoplasm. It has been reported that SIRT-1’s cytoplasmic
location is highly effective as the initiator of autophagy. Res-
veratrol mediates autophagy in enucleated cells through
SIRT-1, suggesting that SIRT-1 initiates autophagy via a non-
nuclear process [85]. Accordingly, SIRT-1 deacetylates the
autophagy-related genes Atg5, Atg7, and Atg8/LC3 and the
transcription factor forkhead box 3, which stimulates the
expression of proautophagic genes [86]. Consequently, SIRT's
induce cellular senescence in keratinocytes and particularly
SIRT-1, which deacetylates autophagy-linked genes (Table 1).

6.3. Forkhead Box Class O (FoxOs). In mammals, four differ-
ent FoxO proteins have been isolated, viz., FoxO1 (FoxOla),
FoxO3 (FoxO3a), FoxO4, and FoxO6 [87]. FoxOs are
involved in counteracting oxidative stress and cell fate
regarding cell apoptosis or senescence. FoxOs are situated
downstream of insulin and insulin-like growth factor-1
(IGF-1), which accelerates aging by suppressing FoxOs
[88]. Some studies reported that both UVA and UVB irradi-
ation significantly decrease the expression of FoxOla and
type I collagen (COL1A) mRNA in fibroblasts, while MMP-
1 and MMP-2 expression levels are increased [89]. FoxO is
homologous to the Caenorhabditis elegans (C. elegans) tran-
scription factor abnormal dauer formation-16 (DAF-16),
which is a downstream gene of the insulin receptor DAF-2
and is actively involved in the regulation of organism lifespan
[90]. In various other nematodes, DAF-2 mutants (DAF-2
encodes a hormone receptor similar to the insulin and IGF-
1 receptor) have been inactivated by either DAF-16 or
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autophagy inhibition using genetic or molecular approaches.
However, genetic modifications for overexpressing DAF-
16/FoxO proteins might enhance autophagy in C. elegans.
The latter provides evidence for the important role of FoxOs
in autophagy. Furthermore, FoxO3 can enhance autophagy
via regulating the glutamine metabolism. The targeting or
selective activation of FoxOs (FoxO3, FoxO4) leads to an
increase in glutamine production. The activation of FoxOs
possibly directs mTOR inhibition by inhibiting translocation
of FoxOs into the lysosomal membranes in a glutamine
synthetase-dependent manner, which consequently enhances
autophagy progression [91]. In neonatal rat cardiac myocytes,
upregulation of either SIRT-1 or FoxOl is sufficient for
autophagic flux induction, whereas both are required for glu-
cose deprivation-induced autophagy (Table 1) [92]. Taken
together, autophagy-related factors appear to be involved in
UV-mediated photoaging.

7. UV Modulated Oxidative Stress-
Related Factors

7.1. Peroxisome Proliferation-Activated Receptor & (PPARS).
The ligand-inducible transcription factor PPARS has been
reported to regulate diverse biological phenomena to main-
tain homeostasis within skin tissues. PPARS and its specific
ligand, GW501516, are activated in human dermal fibroblasts
(HDFs) that markedly decrease UVB-induced expression of
MMP-1 and ROS generation. PPARS-driven inhibition of
MMP-1 expression is linked with the recovery of original
COL-I and COL-III levels, which is mainly due to the preven-
tion of photoaging and restoration of skin integrity [93].
GW501516 treatment also upregulates two well-known
autophagy-related markers (Beclin-1 and LC3-II), and
PPARJ/5-knockout mice show a sharp drop in autophagic
marker levels (Table 1) [94].

7.2. Heat Shock Protein 70 (HSP70). HSP70 is a well-known
heat shock protein and is normally expressed under certain
stresses, such as heat stressors or exposure to heavy metals.
HSPs play a crucial role in controlling 3-dimensional protein
folding and removing damaged proteins and cellular inclu-
sions [95]. HSP70 plays a critical role in numerous neuro-
degenerative diseases that are often linked to aging, and
treatment with exogenous recombinant human Hsp70
(eHsp70) extends the lifespan of aged mice [96]. During
continuous but intermittent UVB exposure, HSP70 trans-
genic animal models show a slight drop in skin elasticity
and epidermal hyperplasia, which is thought to be due to
low doses of UVB and the related low production of ROS.
This leads to induction of apoptosis in fibroblasts while
reducing the infiltration of neutrophils and macrophages
within the skin tissue [97]. In chaperone-induced autophagy,
cytoplasmic proteins with a clearly exposed pentapeptide
motif (KFERQ) are the main targets of HSPA8/HSC70 (heat
shock 70 kDa protein 8). Following recognition of their exact
motif by HSPA8 and subsequent binding with lysosomal-
linked membrane protein 2A (LAMP2A), target proteins
undergo unfolding and finally translocate within the lyso-
somal lumen for their final degradation [98]. It is suggested
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that the proteasome shuttle factor UBQLN2 identifies
client-bound Hsp70 and links it to the proteasome for degra-
dation of accumulated and misfolded proteins in the mouse
brain [99] (Table 1).

7.3. NF-E2-Related Factor 2 (Nrf2). Nrf2 is a member of the
NF-E2 family of basic leucine zipper transcription factors,
and its cytoplasmic inhibitor Kelch-like ECH-associated pro-
tein 1 (Keapl) is a major protein that coordinates at the tran-
scriptional level to induce or regulate the expression of
different antioxidant enzymes. Under homoeostatic condi-
tions, Keapl usually keeps Nrf2 tightly bound within the
cytoplasm. Upon stimulation (UV or H,0,), mainly via
potent ROS, the Nrf2-Keapl protein complex is disrupted,
and Nrf2 rapidly translocates into the nucleus to target spe-
cific genes via heterodimeric combinations with a small
Maf protein [100]. UVA irradiation is mainly involved in
Nrf2 nuclear translocation and accumulation; hence, it can
modulate the downstream effectors [49]. Our previous stud-
ies have also suggested that UVA irradiation increases the
expression of Nrf2 and its target gene product, HO-1, in
human skin fibroblasts [101]. It was reported that UVB
irradiation of Nrf2”" mice accelerates skin photoaging
[102]. Furthermore, Kubben and colleagues revealed that
repression of the Nrf2-mediated antioxidant response is a
critical contributor to premature aging [103]. An Nrf2
knockout in embryonic fibroblasts exhibits reduced expres-
sion of autophagic genes, which were rescued by an Nrf2-
expressing lentivirus and impaired autophagy flux following
exposure to H,O,. On the other hand, Nrf2 regulates
autophagy-associated gene (p62, ULK1, and Atg5) expres-
sion in a mouse model of Alzheimer’s disease [104]. Mean-
while, p62 interacts with Keapl at the Nrf2-binding site,
and any overexpression or deficiency of p62 in autophagy
competes with the interaction between Nrf2 and Keapl,
resulting in stabilization of Nrf2 and activation of its down-
stream targets. This finding indicates that various patholog-
ical conditions are linked with excessive accumulation of
p62, which potentiates Nrf2 and delineates unexpected
functions of selective autophagy by regulating the expres-
sion of cellular defense enzymes at the transcriptional level
(Table 1) [105]. Taken together, Nrf2 activation by UV
appears to be associated with autophagy.

7.4. Heme Oxygenase (HO) System. HO-1 is one of the main
stress response proteins induced following UVA radiation.
To date, two isoforms of the HO system, HO-1 and HO-2,
have been defined. The HO system is reported to degrade
heme molecules into carbon monoxide (CO), free cellular
ferrous iron (Fe), and biliverdin [106]. Both of these HO iso-
forms share approximately 45% amino acid sequence simi-
larity, with HO-2 mainly present in a constitutive form
and HO-1 present in inducible forms within the skin cell
[107]. HO is evolutionarily conserved in the human genome,
and HO-1 (approximately 32kDa) and HO-2 (approxi-
mately 36 kDa) are encoded by the HMOX1 and HMOX2
genes, respectively. It was found that HO-1 has high anti-
inflammatory and antiapoptotic properties that are vital in
preventing inflammation-related cell signaling [108]. On
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the other hand, disturbances in the HO-1 level are associated
with some age-dependent disorder pathogenesis, including
neurodegeneration, macular degeneration, and cancer [109].
The expression of HO-1 varies according to tissue type. The
highest expression in fibroblasts occurs following exposure
to ROS-mediated oxidative stress, while epidermal keratino-
cytes have low levels of HO-1. In contrast, their constitutive
expression of HO-2 is high [110] in keratinocytes. The
increased expression of HO under oxidative stress conditions
is likely to relate to its cytoprotective role [111, 112]. Addi-
tionally, UVB effects on skin are well documented, and
UVB barely induces HO-1, possibly due to its low production
of ROS [113]. It was also found that lipopolysaccharide (LPS)
mediates autophagy signals in macrophages via Toll-like
receptor 4 (TLR4). This process is dependent on the HO-1
signaling pathway in macrophages [114]. A large amount of
data reveals that HO-1 and autophagy are both upregulated
in liver cells after cervical ligation and puncture in C57BL/6
mice or in primary mouse hepatocytes upon exposure to
LPS. The pharmacological prevention of HO-1 expression
through either tin protoporphyrin or knockdown procedures
also reduces the production of autophagic signaling in such
models and causes additional hepatocellular injury and apo-
ptotic death (Table 1) [115].

7.5. Nuclear Factor-Kappa B (NF-«xB). NF-«B is a well-known
transcription factor activated by UV light exposure [116].
It is an acute inducer that produces cell responses to
inflammation-producing cytokines, signal creation, various
types of pathogens, and cell stresses. In resting cells, NF-xB
remains silent in the cytoplasm through stoichiometric link-
age with its inhibitory proteins, i.e., IxBs. The NF-xB path-
way is involved in accelerating the progression of aging
[117], and NF-«B attenuates oxidative stress and DNA dam-
age and delays cellular senescence [118]. A low dose of UVB
irradiation activates AP-1 and NF-«B, resulting in elevated
MMP expression that degrades collagen and elastin and thus
disrupts the integrity of skin tissue, leading to solar scars that
accumulate over a lifetime due to repeated and continuous
low doses of solar light exposure in photoaging [119]. This
dormant NF-xB pool is activated by certain inflammatory
triggers that activate the IxB kinase (IKK) complexes and
allow targeted phosphorylation of the canonical IxB proteins
(IxBa, IxB-f, and IxB-¢), targeting them for ubiquitination
and proteasomal degradation. As a result, NF-«B sequentially
gathers within the nucleus and activates associated genes
[120]. UV radiation activates NF-xB primarily in two seg-
ments, ie, a DNA damage-independent stage [116, 121]
and a DNA damage-dependent stage (>24 hours) [122].
The late stage of NF-«xB activation has been well studied
and involves activating IKK by linking with the DNA
double-stranded break-activated kinase ataxia telangiectasia
mutated (ATM) [123]. Furthermore, a combination of a
low concentration (0.2-1 ug/ml) of curcumin and UVA irra-
diation might induce apoptosis in human skin keratinocytes
through enhanced fragmentation of the nucleus, discharge of
cytochrome ¢ from mitochondria, initiation of the caspase
cascade (Casp-8 and Casp-9), and disruption of NF-xB cas-
cades [124]. Previously, Reelfs and coworkers reported that

UVA irradiation-activated proinflammatory NF-«B factors
are iron-dependent in human skin fibroblasts [125]. More-
over, after exposure to UVA radiation, NF-«B is activated
following degradation of its regulatory inhibitory protein
(IxBa) and via its extended iron-dependent, IxBa-indepen-
dent activation [126]. In various studies, NF-kB has been
reported to exert an anti-inflammatory effect by delaying
accumulation of the autophagy receptor p62/SQSTM1 and
the “NF-xB-p62 mitophagy” pathway is a macrophage-
intrinsic regulatory loop that restrains specific proinflamma-
tory processes and arranges a self-limiting host reaction to
help restore homeostasis and ultimately repair tissues [127].
In addition, NF-«B RELA cytosolic ubiquitination is stim-
ulated by TLR2 signaling and leads to its degradation
through SQSTM1/p62-mediated autophagy, while inhibition
of autophagy rescues NF-xB activity and shapes hepatoma-
polarized M2 macrophages [128]. Furthermore, inhibition
of NF-«B leads to cells becoming sensitive to perturba-
tions in mitochondrial metabolism and autophagy in B
cell lymphoma [129] (Table 1). NF-«B therefore modulates
photodamage and photoaging mediated by UV and is also
involved in mitophagy and macrophagy.

8. Conclusion

UV exposure is a major factor that induces photoaging by
elevating the level of oxidized lipid and metabolite aggre-
gate levels. Loss of autophagy leads to diverse cellular dys-
functions that exacerbate the aging process, while elevated
autophagy generally promotes cellular homeostasis, pro-
longs lifespan, and improves health life quality. Autophagy
induction increases metabolite adduct degradation by UV
irradiation-induced ROS which in turn lead to inhibition of
photoaging. In contrast, a decrease in autophagy is likely to
promote skin photoaging and the promotion of UV-
induced damage. The current approach to prevent photoag-
ing mainly relies on the avoidance of sunlight exposure to
the skin. Antioxidants and DNA repair-related enzymes
can be added as ingredients to sunscreens to enhance their
photoprotective potential against sunlight exposure to the
skin. While much progress has been made in combatting
photoaging triggered by UV, the role of autophagy in resist-
ing photoaging yet remains to be elucidated. Autophagy
plays a critical role in UV-induced apoptosis, DNA damage
repair, oxidized lipid removal, and so on. Autophagy may
therefore be considered a new pathway to prevent photoag-
ing and skin cancer. The understanding of the mechanisms
underlying the switch between autophagy and photoaging
provides valuable insights into UV-associated diseases and
therapeutic methods. This in turn should offer a molecular
platform for autophagy-targeted treatment to slow down
aging-related chronic diseases including photoaging and
other UV-induced oxidative disorders such as skin cancer.

Abbreviations

ACC: Acetyl-CoA carboxylase
Atg7: Ubiquitin-E1-like enzyme
COL1A: Type I collagen
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ECM: Extracellular matrix
ERK: Extracellular signal-regulated kinase

ER: Endoplasmic membrane

FAK: Focal adhesion kinase

FIP200:  Family-interacting protein of 200 kDa

FoxO: Forkhead box class O

GM-CSF: Granulocyte-macrophage colony stimulatory
factor

HDFs: Human dermal fibroblasts

HO: Heme oxygenase

HSP70:  Heat shock protein 70

IGF-1: Insulin-like growth factor-1

IL: Interleukin

JNK: c-Jun NH2-terminal kinase

Keapl: Kelch-like ECH-associated protein 1
LAMP2A: Lysosomal-linked membrane protein 2A

LC3: Microtubule-associated protein 1A/1B light
chain 3

MAPK:  Mitogen-activated protein kinase

MMPs:  Matrix metalloproteinases

mTOR:  Mammalian target of rapamycin

NF-«B:  Nuclear factor-kappa B

Nrf2: Nuclear factor erythroid-derived 2-like 2

PMAIP1: Phorbol-12-myristate-13-acetate-induced pro-
tein 1

PPARS:  Peroxisome proliferation-activated receptor §

PUMA:  p53 upregulated modulator of apoptosis

ROS: Reactive oxygen species

Sirtuin:  Silent mating type information regulation 2
homolog

TLR4: Toll-like receptor 4

UV: Ultraviolet.

Additional Points

Highlights. (1) UV-mediated ROS generation promotes the
progression of the photoaging process. (2) Increased autoph-
agy delays the UV-mediated photoaging, and the inhibition
of autophagy enhances the UV-mediated photoaging pro-
cess. (3) UV-mediated ROS generation activates the signaling
pathways responsible for the modulation of the autophagy
process. (4) UV directs the regulation of autophagy and
aging-related transcriptional factors.
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