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Orally administered betaine reduces photodamage caused
by UVB irradiation through the regulation of matrix
metalloproteinase-9 activity in hairless mice
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Abstract. Betaine is widely distributed in plants, microorgan-
isms, in several types of food and in medical herbs, including
Lycium chinense. The administration of 100 mg betaine/kg
body weight/day is an effective strategy for preventing ultra-
violet irradiation-induced skin damage. The present study
aimed to determine the preventive effects of betaine on ultra-
violet B (UVB) irradiation-induced skin damage in hairless
mice. The mice were divided into three groups: Control (n=5),
UVB-treated vehicle (n=5) and UVB-treated betaine (n=5)
groups. The level of irradiation was progressively increased
between 60 mJ/cm? per exposure at week 1 (one minimal
erythematous dose = 60 mJ/cm?) and 90 mJ/cm? per exposure
at week 7. The formation of wrinkles significantly increased
following UVB exposure in the UVB-treated vehicle group.
However, treatment with betaine suppressed UVB-induced
wrinkle formation, as determined by the mean length, mean
depth, number, epidermal thickness and collagen damage.
Furthermore, oral administration of betaine also inhibited the
UVB-induced expression of mitogen-activated protein kinase
kinase (MEK), extracellular signal-regulated kinase (ERK),
and matrix metalloproteinase-9 (MMP-9). These findings
suggested that betaine inhibits UVB-induced skin damage
by suppressing increased expression of MMP-9 through the
inhibition of MEK and ERK.
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Introduction

Skin aging is a complex biological process, which is affected
by a combination of endogenous/intrinsic and extrinsic
factors. Intrinsic aging involves genetics, cellular metabolism,
hormones and metabolic processes, whereas extrinsic aging
is affected by chronic light exposure, pollution, ionizing
radiation, chemicals and toxins (1). Extrinsic skin aging is
characterized by elastosis in the upper dermis, destruction of
fibrillar structure, augmentation of intercellular substances
and moderate infiltration of inflammatory mediators (2).

Extrinsic aging is primarily associated with exposure to
environmental factors, including ultraviolet (UV) irradiation.
Chronic UV irradiation damages skin proteins and induces
wrinkle formation, dryness, roughness, shallowness and histo-
logical changes in humans and animals (3,4). Furthermore,
chronic UV irradiation can result in edema, erythema,
inflammation, hyperpigmentation, hyperplasia and photo-
aging (5). Certain age-associated skin lesions have also been
associated with UV irradiation, including actinic keratosis and
non-melanoma skin cancer, including basal cell carcinoma and
squamous cell carcinoma (2,6). These pathogenic changes may
be associated with UV irradiation-induced dermal alterations,
including the excessive secretion of matrix metalloproteinases
(MMPs), which degrade collagen and other extracellular
matrix proteins (7).

Collagen is an important extracellular component in the
skin and is comprised of a highly repetitive sequence of
glycines (8). Dermal collagen is a major component of the
skin dermis and is required to maintain skin structure; with
type I collagen being the most abundant subtype of collagen
found in the dermis (8). UV irradiation-induced abnormali-
ties in the metabolism of skin collagen are the predominant
causes of skin photoaging (9). The UV-induced reduction
of type I collagen in the dermis is widely considered the
primary cause of the wrinkled appearance observed in skin
photoaging (9).

MMP-9 is a 92-kDa gelatinase, which degrades collagen IV,
and is one of the primary components of the basement
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membrane (10). Mitogen-activated protein kinases (MAPKs),
including extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase and p38, are known to be involved in the
regulation of MMP-9 transcription (11). Increased expression
of MMP-9, resulting from the activation of specific transcrip-
tion factors, has been shown to degrade collagen and elastin
in the skin (11), potentially contributing to the effects of
UV-induced skin damage and photoaging.

Betaine is a naturally occurring compound, which is
widely distributed in plants, microorganisms, several types of
food and medicinal herbs, including Lycium chinense, which
has been demonstrated to have high levels of betaine (12).
Notably, betaine has been reported to be beneficial for a
number of conditions and diseases, including heart and liver
disease (13,14). In the course of screening photoprotective
agents based on antioxidant activity, our previous investigation
evaluated whether betaine, exhibiting antioxidant properties,
may be applied for photoprotection, regardless of known tradi-
tional medicines (15). However, whether betaine has protective
effects on UV-induced skin damage and photoaging remains
to be fully elucidated.

In the present study, male HR-1 hairless mice were used
to assess the therapeutic effects of betaine on photoaging
by evaluating various parameters of photoaging following
exposure to UVB irradiation. The aim of the investigation was
to determine whether betaine exhibits a protective effect on
UVB-induced skin damage.

Materials and methods

Materials. Betaine was purchased from Wako Pure Chemical
Industries, Ltd. (Tokyo, Japan). A total of 18 HR-1 hairless
male mice (6 weeks-old) were purchased from Japan SLC,
Inc. (Shizuoka, Japan). UVB irradiation was induced using
a UVM-225D Mineralight UV Display Lamp (UVP, LLC,
Phoenix, AZ, USA). Replicas of mouse dorsal skin were
obtained using a Repliflo Cartridge kit (CuDerm Corporation,
Dallas, TX, USA). Antibodies targeting MMP-9 (92 kDa),
phosphorylated (p)-MAPK kinase (p-MEK; 45 kDa), MEK
(45 kDa), pERK 1/2 (42,44 kDa), and ERK 1/2 (42, 44 kDa)
were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Secondary antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Experimental animals. HR-1 hairless male mice were allowed
to acclimate for one week prior to study. All experimental proto-
cols were approved by the Korea Institute of Oriental Medicine
Institutional Animal Care and Use Committee (11-061;
Daejeon, Korea). The animals were housed under constant
temperature (24°C) in an atmosphere containing 50% relative
humidity with a 12 h light/dark cycle, and were provided with
access to food and water ad libitum. The mice were divided
into the following three groups: Control (n=5), UVB-treated
vehicle (n=5) and UVB-treated betaine (n=5). The mice in the
UVB-treated vehicle and UVB-treated betaine groups were
exposed to UV irradiation, as described below, whereas the
control animals were not exposed to irradiation. The mice in
the UVB-treated betaine group were administered orally with
0.1 ml water containing 100 mg betaine/kg body weight/day.
As controls, the mice in the UVB-treated vehicle group were
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provided with drinking water only, whereas animals in the
control group received no administration

UVB irradiation. Mice were subjected to UVB irradiation
using a UVM-225D Mineralight UV Display Lamp, which
emitted radiation at a wavelength of 302 nm. The UV
strength was measured using an HD2102-2 UV meter (Delta
Ohm, Padova, Italy). For the in vivo experiments, UVB
radiation was applied to the backs of the mice three times
each week (Monday, Wednesday, Friday) for 12 weeks. The
level of irradiation was progressively increased between
60 mJ/cm?*/exposure at week 1 (one minimal erythematous
dose = 60 mJ/cm?) and 90 mJ/cm?/exposure at week 7.

Generation of skin replicas and image analysis. Replicas of
mouse dorsal skin were obtained using a Repliflo Cartridge kit.
Viscous spreadable fluid resin was applied to the skin surface.
After drying and hardening, a solid replica was obtained from
the skin. Wrinkle shadows from the impression replicas were
produced by illuminating the replica on a horizontal stand with a
light source angle of 35°, and images were recorded and analyzed
using Skin Visiometer VL 650 software (Courage + Khazaka
Electronic GmbH, Cologne, Germany). The parameters used
for the assessment of skin wrinkles included the average length,
depth and number of wrinkles.

Histological examination. Mice were anesthetized with
intraperitoneal administration of a diluted solution (1:4 in
phosphate-buffered saline) composed of a 2:1 mixture of
30 mg/kg Zoletil (Virbac, Carros, France) and 10 mg/kg
Rompun (Bayer, Leverkusen, Germany). Following anes-
thesia, the middle of the dorsal skin was fixed in 10% neutral
buffered formalin (Sigma-Aldrich, St. Louis, MO, USA),
embedded in paraffin (Leica, Vienna, Austria) and sectioned
at 5 ym thickness. The sections were stained with hema-
toxylin and eosin (H&E; YD Diagnostics Corp. Kyunggi-Do,
Korea), and Masson's trichrome staining (YD Diagnostics
Corp.) was used for collagen fiber analysis. The thickness of
the epidermis was measured under a light microscope using
an eyepiece micrometer (AX-70; Olympus Corporation,
Tokyo, Japan).

Western blot analysis. Proteins were extracted from the skin
tissue samples using a Precellys 24 homogenization system
(Bertin Technologies, Montigny-le-Bretonneux, France).
Total protein concentration was determined using a DC™
Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with 2 mg/ml bovine serum albumin standard ampules
(Thermo Fisher Scientific, Inc., Loughborough, UK). as a
standard. A total of 20 pg protein from each sample was
electrophoresed on 12% SDS-PAGE (Bio-Rad Laboratories,
Inc.). The proteins were then transferred to polyvinylidene
difluoride membranes (Bio-Rad Laboratories, Inc.), and the
membranes were blocked for 1 h at 25°C in 5% skimmed
milk. The blots were then incubated overnight at 4°C with
the appropriate monoclonal antibodies diluted to 1:1,000:
Anti-p-MEK 1/2 (polyclonal; cat. no. 9121), anti-MEK 1/2
(polyclonal; cat. no. 9122), anti-p-ERK 1/2 (polyclonal;
cat. no. 9101), anti-ERK 1/2 (polyclonal; cat. no. 9102),
anti-MMP-9 (polyclonal; cat. no. 3852) (all from Cell
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Figure 1. Betaine reduces UVB-induced wrinkle formation. Analysis of wrinkles using skin replicas obtained from the dorsal skin. The skin replicas of the control
group (n=5), the UVB-treated vehicle (n=5) and the UVB-treated betaine (n=5) group were generated at the end of the experiment. (A) Representative images
of the skin replicas. Analysis of the replica images was performed using a Skin-Visiometer and its software, which allowed the determination of the (B) mean
length, (C) depth and (D) number of wrinkles. Original magnification, x200. "P<0.05 and *"P<0.0001, vs. Con. *P<0.001 and "P<0.01 vs. UVB/vehicle UVB,

ultraviolet B; Con, control.

Signaling Technology, Inc.) and anti-f3-actin (polyclonal; cat.
no. sc1616; Santa Cruz Biotechnology, Inc.). The blots were
washed three times for 10 min each with Tris-buffered saline
containing 1% Tween-20 (Bio-Rad Laboratories, Inc.). The
membranes were then incubated for 2 h at room temperature
with anti-rabbit and anti-goat secondary antibodies (Santa
Cruz Biotechnology, Inc.). The proteins were detected

using enhanced chemiluminescence reagents (Bio-Rad
Laboratories, Inc.). Images were captured and analyzed using
ImageQuant LAS 4000 Multi Gauge software (Fuji Photo
Film Co., Ltd., Tokyo, Japan).

Statistical analysis. All data are expressed as the mean =+ stan-
dard error of the mean of at least three independent experiments.
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Figure 2. Betaine treatment decreases UVB-induced skin thickening in hairless mice. (A) Hematoxylin and eosin staining of UVB-irradiated hairless mice
skin. (B) Quantification of epidermal thickness of dorsal skin. Original magnification, x200. ““"P<0.0001, vs. Con. *#P<0.0001 vs. UVB/vehicle UVB,

ultraviolet B; Con, control.

Vehicle

Betaine

uvB

Figure 3. Betaine has a protective effect on collagen fibers. Histological observation of hairless mice dermal tissue samples following Masson's trichrome stain.
Collagen fibers were stained blue. Images were captured at magnification x200. UVB, ultraviolet B.

One-way analysis of variance and Turkey multiple comparisons
test were used to analyze the results using Prism 5.0 software
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant result.

Results

Betaine inhibits UVB-induced wrinkle formation. Wrinkle
formation was observed in the dorsal region of hairless mice.
UVB exposure induced skin wrinkles, however, treatment with
betaine inhibited wrinkle formation (Fig. 1A). To evaluate the
inhibitory activity of betaine on wrinkles, replicas of the dorsal
skin were analyzed using an image analysis system to quantify
the degree of wrinkle formation. The mean length and depth
of the wrinkles in the UVB-treated groups were significantly
increased, compared with those in the control group (Fig. 1B
and C). Treatment with betaine significantly reduced the mean
length and depth of skin wrinkles. In addition, the number

of wrinkles was also lower in the betaine-treated group,
compared with the vehicle-treated group (Fig. 1D).

Betaine decreases the thickness of the epidermis in
UVB-induced hairless mice. The effects of betaine on the
changes in epidermal thickness in UVB-irradiated hairless
mice were subsequently examined. Histological observation
revealed that the thickness of the epidermis was significantly
increased to 387.64 um following UVB irradiation, as shown
by H&E staining (Fig. 2A). Compared with the UVB-treated
vehicle group, betaine treatment significantly inhibited the
increase in epidermal thickness (176.94 um; Fig. 2B).

Betaine reduces collagen fiber damage in UVB-irradiated
hairless mice. To visualize changes in collagen fibers in the
dermal areas, histological sections of skin were subjected
to Masson's trichrome staining. The collagen fibers were
stained blue in the dermal areas (Fig. 3). Compared with the
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Figure 4. Betaine inhibits the expression of MMP- 9 and the phosophoryla-
tion of MEK and ERK. (A) Expression of MMP-9 and (B) phosphorylated (p)
MEK and pERK. Proteins were extracted from murine dermal tissue samples,
and expression levels were detected using western blot analysis. "P<0.05, and
“P<0.01 vs. Con. "P<0.01 and "*"P<0.0001 vs. UVB/vehicle MMP-9, matrix
metalloproteinase-9; MEK, mitogen-activated protein kinase kinase; ERK,
extracellular signal-regulated kinase; UVB, ultraviolet B; Con. control.
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control group, the UVB-irradiated vehicle group exhibited
a decrease in the abundance and density of collagen fibers.
However, the collagen fibers in the betaine-treated group
exhibited less collagen fiber damage, compared with those in
the UVB-irradiated vehicle-treated mice.

Betaine inhibits the expression of MMP-9 and the phosphory-
lation of MEK and ERK in UVB-irradiated hairless mice. The
effects of betaine on the expression and activity levels of several
important modulators of photoaging were also investigated
in the present study. UVB irradiation induced the expression
of MMP-9 (Fig. 4A). However, betaine protected against
UVB-induced photodamage by suppressing the expression
of MMP-9. In addition, betaine inhibited the UVB-induced
increase in the phosphorylation of MEK and ERK (Fig. 4B).
These data indicated that betaine inhibited UVB-induced MEK
and ERK activation.

Discussion

UV irradiation increases collagenase activity and reduces
the production of collagen, resulting in wrinkle formation
through the degradation of collagen in the dermal extracel-
lular matrix (16). Exposure to UV light produces free radicals,
releasing pro-inflammatory cytokines and growth factors,
which activate proteases that degrade collagen elastin (17).
The present study investigated the effects of betaine on UV
irradiation-induced skin aging, particularly on the develop-
ment of skin wrinkles, in a hairless mouse model.

Collagen and elastin protein fibers, the two main compo-
nents of the dermis, act as a structural support system and
provide the skin with strength and resilience (18). Following
exposure to UV irradiation, dermal damage is predominantly
manifested histologically as the disorganization of collagen
fibrils and the accumulation of abnormal elastin-containing
material (19). Exposure of the human skin to acute UV irradi-
ation induces the expression of several MMPs, which degrade
collagen fibrils and other components of the dermal extracel-
lular matrix (20,21). These pathological changes can lead to
the formation of skin wrinkles (22,23). In the mouse model
used in the present study, UVB-irradiated murine skin exhib-
ited increased wrinkle formation, and betaine inhibited this
effect, suggesting that betaine may prevent UVB-associated
collagen damage. Reduced damage to collagen fibers in the
betaine-treated mice was observed, supporting this hypoth-
esis.

MMP-9 is one of the primary enzymes associated with
the degradation of skin collagen and components of the
elastic fibers network. In addition, expression of MMP-9 in
the epidermis has been reported to cause apoptosis, photo-
aging and inflammation by stimulating the expression of
inflammatory cytokines, including as tumor necrosis factor-o
and interleukin-1p (24). In the present study, western blot
analysis demonstrated that betaine attenuated UVB-induced
expression of MMP-9 regulated by the MEK/ERK pathway.
MAPKSs encompass serine/threonine kinases, which are
involved in regulating several cellular processes, including
proliferation, differentiation, stress adaptation and apop-
tosis (24). In addition to these functions, MAPKSs are known
to regulate the expression of MMP-9 (24). In a previous study,
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mangiferin isolated from Anemarrhena asphodeloides was
shown to inhibit UVB-induced wrinkle formation and the
expression of MMP-9 (25). Similarly, in the present study,
betaine inhibited UVB-induced epidermal thickening and
the protein expression of MMP-9. Therefore, betaine may
exert its protective effects in a manner similar to that of
mangiferin, by inhibiting the MAPK pathway, inhibiting the
expression of MMP-9.

Epidermal thickness is used as a parameter to reflect
quantitative changes in skin photoaging, as epidermal
hypertrophy is considered to cause wrinkle formation (26).
Furthermore, an increase in epidermal thickness occurs
following UV exposure and assists in protecting the skin
from further UV damage (27). In the present study, the
epidermal thickness of the dorsal skin was increased by
UVB exposure, however, this effect was significantly inhib-
ited by betaine administration prior to UVB exposure. These
data further supported that betaine protected the skin against
UVB-induced damage.

In conclusion, the present study examined the anti-photo-
aging effects of betaine in a hairless mouse model of
UVB-induced skin damage. The oral administration of betaine
reduced the occurrence of characteristics associated with skin
aging. Furthermore, betaine inhibited UVB-induced increases
in skin thickness, wrinkle formation and collagen fiber loss in
the hairless mice. These data demonstrated that these effects
were mediated through a pathway involving MEK, ERK and
MMP-9. Our results provide a evidence of the photoprotective
effect of orally administered betaine, and suggest it may serve
as a photoprotector against UVB-induced skin damage.
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