
Anti-Wrinkle and Anti-Inflammatory Effects of Active
Garlic Components and the Inhibition of MMPs via NF-κB
Signaling
So Ra Kim1, Yu Ri Jung1, Hye Jin An1, Dae Hyun Kim1, Eun Ji Jang1, Yeon Ja Choi1, Kyoung Mi Moon1,
Min Hi Park1, Chan Hum Park1, Ki Wung Chung1, Ha Ram Bae1, Yung Whan Choi2, Nam Deuk Kim1, Hae
Young Chung1*

1 Molecular Inflammation Research Center for Aging Intervention (MRCA), College of Pharmacy, Pusan National University, Busan, Republic of Korea,
2 Department of Horticultural Bioscience, Pusan National University, Miryang, Republic of Korea

Abstract

Skin aging is a multisystem degenerative process caused by several factors, such as, UV irradiation, stress, and
smoke. Furthermore, wrinkle formation is a striking feature of photoaging and is associated with oxidative stress and
inflammatory response. In the present study, we investigated whether caffeic acid, S-allyl cysteine, and uracil, which
were isolated from garlic, modulate UVB-induced wrinkle formation and effect the expression of matrix-
metalloproteinase (MMP) and NF-κB signaling. The results obtained showed that all three compounds significantly
inhibited the degradation of type І procollagen and the expressions of MMPs in vivo and attenuated the histological
collagen fiber disorder and oxidative stress in vivo. Furthermore, caffeic acid and S-allyl cysteine were found to
decrease oxidative stress and inflammation by modulating the activities of NF-κB and AP-1, and uracil exhibited an
indirect anti-oxidant effect by suppressing cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS)
expressions levels and downregulating transcriptional factors. These results suggest that the anti-wrinkle effects of
caffeic acid, S-allyl cysteine, and uracil are due to anti-oxidant and/or anti-inflammatory effects. Summarizing, caffeic
acid, S-allyl cysteine, and uracil inhibited UVB-induced wrinkle formation by modulating MMP via NF-κB signaling.
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Introduction

Skin aging is a multisystem degenerative process that
involves the skin and the skin support system [1]. Skin aging
may be caused by several factors, such as, UV irradiation,
stress, or smoking. Acute exposure of human skin to UV
irradiation causes sunburn, inflammation, immune suppression,
and dermal connective tissue damage [2], and chronic
exposure to UV over many years disrupts the normal skin
architecture and ultimately causes photoaging and even skin
cancer [3]. Wrinkle formation is a striking feature of photoaged
skin and is caused by the degradation of collagen fibrils and
gelatin fibers.

The UV spectrum is classified by wavelength as UVA
(320-400 nm), UVB (280-320 nm), and UVC (200-280 nm).
UVA and UVB reach the earth’s surface but UVC is filtered out
by the ozone layer [4]. UVA and to a lesser extent UVB are

responsible for sunlight induced skin cancer [5]. UVA accounts
for 90-99% of the UV energy that reaches the earth’s surface
and UVB contributes the other 1-10% [6]. However, UVB has
been reported to be 1,000-10,000 times more carcinogenic
than UVA [7]. Furthermore, over several years, systematic
ozone depletion has been occurred due to human activities,
predominantly because of emissions of halogen-containing
compounds, and this has increased UVB levels on the surface
of the earth and consequently the amount of UVB absorbed by
skin.

UV increased release of pro-inflammatory mediators from a
variety of skin cells, resulting in MMP activation [8]. However,
inflammation activated various matrix-degrading MMP, which
leads to abnormal matrix degradation and accumulation of non-
functional matrix components [9]. Thus, MMP is used for major
marker of UVB-induced wrinkle as well as skin-inflammation. In
addition, reactions to UV-induced inflammation in skin were
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enhanced in aging skin, such as deep wrinkles and thickening
of the dermis and epidermis [10,11].

UV damages de novo type І collagen synthesis, and UV-
induced AP-1 downregulates type І collagen, the most
abundant protein in skin connective tissue, which also
upregulates the transcriptions of the COL1A1 and COL1A2
genes [8]. This process, called collagen degradation, results in
the expressions of MMPs, which are responsible for wrinkle
formation in photodamaged skin [12].

AP-1 tightly regulates the transcriptions of several MMPs
(matrix-metalloproteinase). In particular, MMP1 (interstitial
collagenase or collagenase 1), MMP9 (gelatinase B), and
MMP3 (stromelysin 1) are upregulated by AP-1. MMP1 initiates
the degradations of collagens type I and III, and MMP9 further
degrades collagen fragments generated by collagenases.
MMP3 not only degrades basement membrane type IV
collagen but also activates proMMP1. UV-induced damage to
skin connective tissue requires MMP induction, and
collectively, MMP1, MMP3, and MMP9 completely degrade
mature collagen in the skin. Accordingly, it is known that UV
irradiation causes extracellular matrix degradation via the
induction of transcription factor AP-1 and subsequent increases
in the productions of MMPs in human skin [13].

Garlic has several effects, that is, it acts as an antioxidant,
inhibits NF-κB activation, and protects against UV-induced
immunity suppression [14]. Caffeic acid (CA) is found in garlic,
fruits, and coffee contains both phenolic and acrylic functional
groups. CA is a well-known pharmacological antioxidant with
antimutagenic activities and anti-inflammatory and
immunomodulatory effects. Interestingly, some studies have
also shown that carcinogenesis is inhibited by CA. In this study,
CA is used for positive control because that is well-known for
possible anti-wrinkle agent. CA suppressed UVB-induced
photoaging by inhibiting MMPs and elevating type І procollagen
production through ROS scavenging and down-regulation of
MAP kinases pathway [15]. Thus, we investigated anti-wrinkle
effect of active garlic compounds comparing with CA in vivo.

Given that S-allyl cysteine (SAC) is the most abundant
compound in AGE (aged garlic extract), the present paper
draws attention to the physicochemical characteristics, toxicity,
pharmacokinetics, tissue distribution, and metabolism of this
compound and to the different antioxidant mechanisms
underlying its protective actions in different experimental
models of toxicity [16]. Uracil is also present in garlic, and has
a well-known anticancer effect and increases cell viability.
Despite its widely known biological activities, the molecular
mechanisms by which active garlic compounds, such as, CA,
SAC, and uracil (Figure 1), affect intracellular activities in skin
have not been explored.

The purpose of the present study was to investigate the
mechanisms responsible for the effect of the active
components of garlic on UVB-induced wrinkling. Accordingly,
we examined the inhibitory effects of active garlic compounds
on UVB-induced wrinkle formation, collagen fiber destruction,
and on the expressions of MMPs in vivo using a HR1 hairless
mouse model.

It is hoped that the evidence gathered during this study
provides significant new information on anti-wrinkle effects and

molecular insight of the activities of active garlic compounds
during UVB-induced photoaging.

Results

2.1: Histological changes in UVB-irradiated skin by
active garlic compounds

Histologic examinations of skin samples from control mice
right backs (Figure 2; x200) and skin samples from UV
irradiated right backs showed a thinning of the deep dermis. In
this study, CA is used as positive control because that is well-
known for possible anti-wrinkle agent. As shown in Figure 2,
dermis treated with CA, SAC, or uracil showed significant
wrinkle recovery as compared with dermis treated with UVB.

2.2: Histopathological changes of collagen by active
compounds from garlic in hairless mice skin tissue

The histological appearances of UVB-irradiated skins treated
with active garlic compounds were determined by Masson’s
trichrome staining. As shown in Figure 3, UVB-irradiation
caused collagen fiber destruction, but CA, SAC, and uracil
pretreatments ameliorated this effect (Figure 3B).

2.3: Upregulation of type І procollagen production by
active compounds from garlic

Type I collagen is the most abundant protein in skin
connective tissue. Newly synthesized type I procollagen is
secreted into the dermal extracellular space, and has an anti-
wrinkle effect in UVB-irradiated skin.

As shown in Figure 4A, levels of type I procollagen
suppressed by UVB (at 150 mJ/cm2) were restored by
pretreatment with CA, SAC, or uracil.

2.4: Modulation of UVB-induced MMPs by the active
compounds from garlic

MMP induction is, in part, responsible for UV-induced
damage to skin connective tissues. MMPs have the ability to
degrade mature fibrillar collagen completely. In addition to
impairing collagen synthesis, increased levels of several MMP
family members, including MMP13 (collagenase 3), MMP3
(stromelysin 1), MMP9 (gelatinase B), and MMP12
(macrophage elastase) occurs in chronologically aged skin
[17]. These observations are consistent with induction of
transcription factors NF-κB and AP-1 by UVB irradiation.

As shown in Figure 5A, levels of MMP3 and MMP9 protein
were elevated in UVB (150 mJ/cm2)-treated groups versus the
control group but pretreatment with CA, SAC, or uracil
suppressed these levels. MMP12 level reductions by UVB were
also prevented by pretreatment with uracil, and TIMP4, the
unfamiliar inhibitor of matrix metalloproteinase, level reductions
by 150 mJ/cm2 of UVB were prevented by pretreatment with
any of the three active compounds. These results suggest that
the three active compounds protect skin connective tissue from
UVB via the suppression of MMPs and TIMP4 degradation.

Anti-Wrinkle Effects of Active Garlic Compounds
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2.5: Effects of active compounds from garlic on MMPs-
related transcription factor during photoaging

To assess the changes in NF-κB and AP-1 transcription
factors by active compounds in UVB-treated mice skin,
Western blot analysis was performed. The protein levels of NF-
κB family, including p-p65, p65, and acetyl-p65, were increased
by UVB but decreased by the three garlic compounds.
Likewise, these compounds also significantly decreased cFOS
and p-cJun (components of AP-1) levels (Figure 6).

2.6: Active compounds from garlic inhibited the
expressions of NF-κB-dependant genes

To determine the effect of UVB on the expressions of NF-κB
dependent genes, we examined the expressions of COX-2 and
iNOS. These genes are known to be associated with
inflammation and to possess an NF-κB binding site in their
promoter regions. As shown in Figure 7, COX-2, and iNOS
protein levels were increased by UVB, but pretreatments with

CA, SAC, and uracil decreased these increases (Figure 6).
These results suggest that CA, SAC, and uracil modulate NF-
κB activation and the expressions of NF-κB-dependant genes.

2.7: Changes in NF-κB signaling pathway by active
compounds from garlic

As shown in Figure 8, Akt activation was significantly
increased by UVB, but pretreatment with CA, SAC, and uracil
reduced these activations. Levels of phospho-IKKαβ
(Ser176/180) and phospho-IKKαβ (Tyr23) were also
considerably decreased, and phospho-NIK, the upstream gene
of phospho-IKKαβ (Ser176/180) in hairless mice, was strongly
downregulated all three compounds (Figure 8A and 8B). In
addition, MAPK phosphorylation was detected using antibodies
for p-ERK1/2, p-JNK, and p-p38. The protein levels of all three
were increased by UVB skin, but CA, SAC, and uracil
pretreatments decreased these increases (Figure 8C).

Figure 1.  Structures of active the three garlic compounds.  (A) caffeic acid, (B) S-allyl cysteine, (C) uracil.
doi: 10.1371/journal.pone.0073877.g001

Anti-Wrinkle Effects of Active Garlic Compounds
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2.8: Inhibitory effects of the three compounds on UVB-
induced oxidative stress

Oxidative stress is a primary factor in the photoaging
process. UVB increases levels of hydrogen peroxides and
other reactive oxygen species in skin and decreases the levels
of anti-oxidant enzymes [18]. These features are also observed
in chronologically aged human skin. In both cases, increased
ROS production alters gene and protein structures and
functions and ultimately leads to skin damage. ROS are
necessary participants in multiple MAP kinase pathways, and
MAPK activation results in the inductions of NF-κB and/or
AP-1, which, in turn, upregulate the expressions of MMPs. This
cascade provides a mechanism for the increased collagen
degradation observed in photoaged skin.

To assess UVB-induced oxidative statuses, total ROS levels
were measured using a DCFDA probe in skin homogenates.

The increased levels of ROS post-UVB irradiation were found
to be suppressed by pretreatment with CA, SAC, or uracil in a
dose-dependent manner (Figure 9A). Furthermore, ONOO¯
levels were higher in UVB-irradiated group compared to
untreated group, showing that CA, SAC, and uracil
pretreatments inhibited ONOO¯ generation (Figure 9B).

Discussion

Photoaging is the result of the superposition of repetitive
ultraviolet (UV)-induced damage and intrinsic aging and
accounts for most age-associated changes in skin [2].
Photoaging is triggered by receptor-initiated signaling,
mitochondrial damage, protein oxidation, and telomere-based
DNA damage responses [19]. UV-irradiated skin displays
variable epidermal thickness, increased collagen

Figure 2.  Active compounds from garlic decreased wrinkle depth in hairless mice.  (A) Representative images of skin replicas
showing that the histological formation of wrinkles was reduced by the three garlic compounds as compared with UVB-treated
animals, (B) wrinkle area (%), (C) wrinkle length, and (D) wrinkle depth.
doi: 10.1371/journal.pone.0073877.g002

Anti-Wrinkle Effects of Active Garlic Compounds
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fragmentation, increased levels of matrix-degrading
metalloproteinases, dermal elastosis, inflammation, and vessel
ectasia [20]. In addition, wrinkle formation is a striking feature
of photoaged skin and is caused by the degradation of collagen
fibrils and gelatin fibers [21].

This study shows that UVB irradiation increases wrinkle
formation and collagen disorder. Although these data clearly
demonstrated the anti-wrinkle effect of active garlic compounds
in vivo.

UVB-induced skin damage has been extensively studied
from the perspective s of wrinkle formation and skin
inflammation. The most significant cause of photodamage is
oxidative stress, which is considered to play a central role in
initiating and driving the signaling events that lead to cellular
responses to UV exposure. Furthermore, UV irradiation of skin

has been reported to increase levels of hydrogen peroxide and
ther reactive oxygen species (ROS) [22], and to reduce levels
of anti-oxidant enzymes [18]. The anti-oxidant effects of CA
and SAC have been previously examined [22]. Furthermore,
CA and SAC have been reported to scavenge the superoxide
and peroxynitrite anions [23]. Accordingly, these studies and
the present study strongly indicate that CA and SAC inhibit
oxidative stress. In the present study, it was interesting to find
that uracil was able to lower ROS and peroxynitrite levels
significantly in UVB-irradiated hairless mice (Figure 9).

Major signaling pathways known to mediate UVB-induced
biological responses involve mitogen-activated protein kinases
(MAPKs) [24]. MAPKs mediate a wide range of intracellular
signaling molecules that are involved in processes, such as,
inflammation, cell proliferation, differentiation, and apoptosis.

Figure 3.  Histopathological analyses of collagen in hairless mouse skin tissues.  Skin samples were processed and stained
with Masson’s Trichrome as described in Materials and Methods. Collagen staining appears blue (original magnification × 200). (A)
control, (B) UVB 150 mJ/cm2, (C) pretreated with CA 5µM 2hr before UVB exposure, (D) pretreated with CA 20µM 2hr before UVB
exposure, (E) pretreated with SAC 5µM 2hr before UVB exposure, (F) pretreated with SAC 20µM 2hr before UVB exposure, (G)
pretreated with uracil 5µM 2hr before UVB exposure, (H) pretreated with uracil 20µM 2hr before UVB exposure; CA, caffeic acid;
SAC, S-allyl cysteine; UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g003

Anti-Wrinkle Effects of Active Garlic Compounds
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Three types of MAPKs have been characterized, that is, the
extracellular signal-regulated kinases (ERKs), the c-Jun N-
terminal kinases (JNKs), and p38. The phosphatidylinositol-3
kinase (PI-3K) pathway is another key activator of UVB-
induced cellular responses. PI-3K is a major kinase upstream
of Akt [25], and the PI-3K pathway regulates various cellular
processes, such as, apoptosis, proliferation, and growth, and
requires UVB-induced NF-κB activation via the phosphorylation
of IKKαβ (Thr23) [26]. However, the molecular mechanism
leading to MAPK activation by UV-induced ROS production has
not been elucidated. In previous studies, CA and FA were

found to protect HaCaT cells against UVA-induced MMP1
activation and ROS formation [27]. Likewise, in the present
study, CA decreased UVB-induced MMP expression and ROS
formation (Figure 5). Increased ROS levels act to amplify the
signal leading to the activations of MAPKs, Akt, and IKKαβ.
The findings of the present study are in-line with those of
recent present studies (Figure 8).

UVB-induced cellular damage at the DNA and molecular
levels initiates the activations of transcription factor pathways,
which in turn regulate the expressions of a number of genes,
such as, COX-2, MMPs, TNFα, and IL-1. Nuclear factor-κB

Figure 4.  Effects of the three garlic compounds on type І procollagen level by UVB in hairless mice.  (A) Western blotting
was performed to detect cytoplasmic extracts of UVB-irradiated hairless mouse skin. (B) Blots were quantified by densitometry as
percentages of control. One-factor ANOVA were used to determine significance: *p<0.05 vs. control. CA, caffeic acid; SAC, S-allyl
cysteine, UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g004

Anti-Wrinkle Effects of Active Garlic Compounds
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(NF-κB) and activator protein-1 (AP-1) are two representative
transcription factor families. NF-κB regulation can also be

influenced by signaling cascades that are involved in the
activation of AP-1 [28]. Thus, the activations of specific

Figure 5.  Modulation of MMP expression in mice by the three garlic compounds.  (A) Western blot analysis was performed to
detect MMP3, MMP9, MMP12, and TIMP4 protein levels in cytosolic extract of the skins of from hairless mice. (B) Blots were
quantified by densitometry as percentages of the control. One-factor ANOVA was used to determine significance: # p<0.05 vs.
control, *p<0.05 vs. the UVB-irradiated group; CA, caffeic acid; MMP, matrix metalloproteinase; SAC, S-allyl cysteine; TIMP4, tissue
inhibitor of metalloprotease4; UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g005

Figure 6.  Changes in the activities of nuclear NF-κB and AP-1 caused by three compounds in UVB-irradiated hairless
mice.  (A) Western blotting was performed to determine nuclear p50, p-p65, Ac-p65, p65, cFOS, and p-cJun protein levels in
nuclear extracts of the skins of UVB-irradiated hairless mice. The protein levels of NF-κB family members and of AP-1 component
increased after UVB irradiation, but these increases were reduced by all three compounds. (B) Blots were quantified by
densitometry as percentages of the control. One-factor ANOVA was used to determine significance: # # # p < 0.001 vs. control,
*p<0.05, **p < 0.01 and ***p < 0.001 vs. UVB-irradiated group respectively. AP-1, activator protein 1; UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g006

Anti-Wrinkle Effects of Active Garlic Compounds
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signaling pathways and their interactions with NF-κB and the
dual inhibition of AP-1 seem to offer promising strategies for
anti-inflammatory and anti-wrinkle treatments. Thus, we
investigated whether transcription factors, such as, NF-κB and
AP-1, are influenced by active garlic compounds (Figure 6).

In the present study, the level of nuclear p65 decreased in a
dose-dependent manner in vivo after treatment with CA, SAC,
or uracil. Furthermore, these compounds downregulated cFOS
levels, which were significantly increased by UVB (Figure 6). In
addition, the modulation of transcription factors seems to
regulate the ability of uracil to scavenge ROS in vivo.

The increased activities of AP-1 and NF-κB downregulate
type I procollagen and TIMP (tissue inhibitor of
metalloproteinases) and upregulates MMPs. TIMP4 is the
newest member of the mammalian TIMP family and has an
expression pattern that differs from those of the other 3 TIMPs.
The expressions of these genes are remarkably reduced by
UVB irradiation and aging, whereas UVB increases the
synthesis of matrix metalloproteinases (MMPs). Each MMP
member has a unique function in UVB-irradiated skin. MMP1 is
primarily responsible for degradation of ECM [29], and
increased expressions of MMP1 and MMP3 (a collagen
decomposition enzyme) are believed to cause collagen
degradation. In skin, MMP9 is thought to play an important role
in the final degradation of fibrillar collagens after initial cleavage
by collagenases, such as, MMP1, MMP8, and MMP13.
Furthermore, it has been reported that the gelatinase activity of
MMP9 cleaves collagens types I, II, and V in the N Terminal
NonHelical Telopeptide [30]. Therefore, it is possible that
MMP9 plays a much broader role in the remodeling of
collagenous ECM than has been previously thought. In
addition, MMP12 is the most active MMP against elastin [31].
Recently, the catalytic domain of MMP12 was reported to bind
and degrade collagens I and III [32]. In the present study,

levels of MMP3, MMP9, and MMP12 were increased by 150
mJ/cm2 of UVB and these increases were downregulated by
CA, SAC, or uracil pretreatment in vivo. In addition, decreases
in type I procollagen levels were prevented by pretreatment
with CA, SAC, or uracil (Figure 4), which suggests their
potential uses as wrinkle suppressants. Furthermore, it is
remarkable that uracil effectively inhibited the inductions of
MMP gene expressions by UVB and procollagen production,
which is reported here for the first time.

Summarizing, the three active garlic compounds effectively
inhibited wrinkle formation induced by UVB irradiation, and this
inhibition was attributed to increased type I procollagen
production via the downregulation of MMPs and upregulation of
TIMP4. Wrinkle formation was also reduced by the CA, SAC,
and uracil (Figure 1), which inhibited oxidative stress as
follows: 1) CA and SAC decreased oxidative stress by directly
affecting scavenging and modulating NF-κB or AP-1. 2) CA,
SAC, and uracil exhibited anti-inflammatory effects via the
suppressions of COX-2 and iNOS. The findings of this study
indicate that the active components in garlic have potential as
active ingredients for skin treatments against UVB-induced skin
damage. Furthermore, the identification of other active
compounds of garlic could lead to more effective treatments for
proinflammatory and photoaged conditions (Figure 10).

Materials and Methods

4.1: UVB light source
A Crosslinker 800 series (GEX-800, UVP, CA, USA) 6 lamp,

8 watt units was used throughout the study.

Figure 7.  Inhibition of the expressions of NF-κB-dependant genes by the three garlic compounds.  (A) To determine the
effect of UVB on the expressions of NF-κB dependent genes, we examined the expressions of COX-2 and iNOS in vivo. (B) Blots
were quantified by densitometry as percentages of the control. One-factor ANOVA was used to determine significance: # # # p <
0.001 vs. control, *p<0.05, **p < 0.01 and ***p < 0.001 vs. UVB-irradiated group.
doi: 10.1371/journal.pone.0073877.g007

Anti-Wrinkle Effects of Active Garlic Compounds
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4.2: Animal study in HR1 hairless mouse
Six-week-old, male, HR-1 hairless mice were obtained from

Hoshino Laboratory Animals (Yashino, Saitama, Japan) and
housed in a controlled room (23°C±1°C, 55±5% relative
humidity, 12 h light/dark cycle) with free access to water and an
ad libitum standard laboratory diet. After an acclimation periods
(2 weeks), mice were randomly divided into 8 groups of 5
animals. Active compounds from garlic were dissolved in a
propylene glycol/ethanol solution (3:7) to concentrations of 5 or
20 µM. These solutions were diluted to 200 µl and topically
applied to dorsal skin (3 cm × 3 cm) once daily; propylene
glycol/ethanol solution was used as a control. Animals were
exposed to UVB generated by a CROSSLINKER (BEX-800,
Ultra-Lum Inc., CA, USA).

The animal protocol used in this study was reviewed and
approved by the Pusan National University-Institutional Animal

Care and Use Committee (PNU-IACUC; Approval Number
PNU 2008-0543) with respect to ethical issues and scientific
care.

4.3: Reagents
CA, SAC, uracil, and all other chemical reagents were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Western
blotting detection reagents were obtained from Amersham
(Bucks, UK). Polyclonal antibodies to MMPs, TIMP4, Type 1
procollagen, p-p65 (Ser536), p65, p50, cFOS, p-cJun, cJun,
histone H1, p-IKKαβ (Thr23), pNIK, pERK, pJNK, p-p38, ERK,
JNK and p38 were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies to Ac-p65 (K310), pAkt,
Akt, and pIKKαβ (Ser176/180) were obtained from Cell
Signaling Technology (Cell Signaling, Hertfordshire, UK).
Polyvinylidenedifluoride (PVDF) membranes were obtained

Figure 8.  Modulation of the NF-κB signaling pathway the three compounds.  Western blotting was performed on cytoplasmic
extracts from UVB-irradiated hairless mice. (A) (B) Phosphorylations of NIK, Akt and IKK were quantified as p-NIK, p-Akt, and p-
IKKα/β, respectively, and MAPK phosphorylation was detected using antibodies for p-ERK, p-p38 and p-JNK. ERK (extracellular
regulated signal kinase) in UVB-irradiated hairless mouse skin, (C) Western blotting was performed to quantify p-ERK, p-p38, and
p-JNK protein levels in UVB-irradiated hairless mice skin; JNK, c-Jun N-terminal kinases; NF-κB, nuclear factor-kappa B; NIK, NF-
κB-inducing kinase; IKK, IκB kinase; COX-2, cyclooxygenase-2; UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g008

Anti-Wrinkle Effects of Active Garlic Compounds
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from Millipore Corporation (Bedford, MA, USA). Sterile plastic
ware for tissue culture was purchased from SPL Labware
(Seoul, Korea). All other materials used were of the highest
available commercial grade.

Uracil was separated from methanoic garlic and then purified
by Professor Yung Whan Choi of Pusan National University
(Korea).

4.4: Masson’s trichrome staining
Skins were fixed in 4% paraformaldehyde over-night at room

temperature and stained for melanin using a Fontana-Masson
staining kit (American Tech Scientific; Lodi, CA, USA). Briefly,
sliced skins were stained with ammoniacal silver solution for 60
min at 60°C, incubated in 0.1% gold chloride, and then in 5%
sodium thiosulfate.

4.5: Measurement of ROS level
A fluorometric assay was used to determine ROS levels.

Non-fluorescent DCFDA is oxidized to the highly fluorescent 2',
7'-dichlorofluorescin (DCF) in the presence of esterases and
ROS, including lipid peroxides [33]. For cell homogenates,
ROS generation was measured using a fluorescence probe, as
previously described [34]. Briefly, 50 µM DCFDA was added to
homogenates to a final volume of 250 µl. Changes in
fluorescence intensity were measured every 5 min for 30 min
using a fluorescence plate reader, GENios (Tecan Instruments,
Salzburg, Austria) at excitation and emission wavelengths of
485 and 530 nm, respectively.

4.6: Western blotting
Western blotting was carried out as described previously

[35]. Lysed samples were boiled for 5 min with gel-loading
buffer (0.125 M Tris-HCl, pH 6.8, 4% SDS, 10% 2-
mercaptoethanol and 0.2% bromophenol blue) at a volume
ratio of 1:1. Total protein-equivalents were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using 10% acrylamide gels, as described by
Laemmli [36], and transferred to PVDF membranes at 15 V for
1 h in a semi-dry transfer system. Membranes were
immediately placed in blocking buffer (5% non-fat milk) in 10
mM Tris (pH 7.5), 100 mM NaCl, and 0.1% Tween 20. Blots
was allowed to block at room temperature for 1 h. Membrane
were incubated with appropriate specific primary antibodies at
4°C overnight, and then treated with horse radish peroxidase-
conjugated anti-mouse antibody (Santa Cruz, 1:10,000), anti-
rabbit antibody (Santa Cruz, 1:10,000), or anti-goat antibody
(Santa Cruz, 1:10,000) at 25°C for 1 h. Antibody labeling was
detected by West-zol Plus and chemiluminescence Fluorchem
TMSP (Alpha Innotech Corporation, San Leandro, CA, USA).
Pre-stained protein markers were used for molecular weight
determinations.

4.7: Statistical analysis
For Western blotting, one blot representative of three

independent experiments is shown. For other assays, results
are expressed as means±SEs. One-factor analysis of variance
(ANOVA) followed by Fischer’s protected least significant
difference post hoc test were used to determine the

Figure 9.  Effects of the three compounds on intracellular ROS/ONOO¯ in UVB-irradiated hairless mice.  (A) (B) ROS and
ONOO¯ generations by UVB in hairless mouse skins were decreased concentration-dependently by pretreating animals with each
of the three compounds. Results are expressed as means±SEs of three determinations. Significance was determined using one-
factor ANOVA: # # # p < 0.001, # # p < 0.01 vs. control; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. UVB-irradiated group; CA, caffeic
acid; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; MMP1, matrix metalloproteinase1; MMP3,
metalloproteinase3; MMP9, metalloproteinase9; MMP13, matrix metalloproteinase13; ONOO¯, peroxynitrite; ROS, reactive oxygen
species ; UVB, ultraviolet B.
doi: 10.1371/journal.pone.0073877.g009
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significances of group differences. Statistical significance was
accepted for p values < 0.05.
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