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Abstract. Fibrillar collagen and elastic fibers are the main
components of the dermal extracellular matrix (ECM), which
confers mechanical strength and resilience to the skin. In
particular, type I collagen produced by fibroblasts is the
most abundant collagen that determines the general strength
of the ECM, thereby contributing to the prevesntion of the
skin-aging process. Although the natural anthraquinone deriv-
ative emodin (1,3,8-trihydroxy-6-methylanthraquinone) exerts
numerous beneficial effects, including antiviral, anticancer,
anti-inflammatory and wound-healing effects in diverse cells,
the effect of emodin on collagen expression or skin aging is
not fully understood. The present study demonstrated that
exposure to emodin increased type I collagen synthesis in a
concentration- and time-dependent manner in Hs27 human
dermal fibroblasts. Subsequent experiments showed that
emodin strongly increased collagen type I levels without
altering cell proliferation or cellular matrix metallopro-
teinase-1 (MMP-1) expression. Additionally, it was determined
that increased phosphorylation of 5' AMP-activated protein
kinase, following emodin treatment, was responsible for
increased type I collagen synthesis. These findings clearly
indicate that emodin plays an important role in collagen type I
synthesis in dermal fibroblasts, thereby making it a potential
drug candidate for treating skin aging and wrinkles.

Introduction

Dermal fibroblasts are major skin components that produce
extracellular matrix (ECM) for the modulation of cellular
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structure. ECM homeostasis is regulated by fatty acid oxida-
tion and glycolysis in dermal fibroblasts, thereby leading to
skin ECM accumulation and degradation (1). As a major
protein in the ECM, collagen is responsible for supporting
cellular structure and skin stability and elasticity (2,3). Type I
collagen is the most abundant class present in humans (4)
and promotes cell proliferation, as well as tissue connec-
tions and attachments through collagen-binding integrins
and discoidin domain receptor 2 (5). Collagen synthesis is
regulated by several cytokines at both the transcriptional and
posttranscriptional levels (6). For example, insulin-like growth
factor-1 (IGF-I) treatment increases procollagen synthesis,
whereas cycloheximide completely inhibits IGF-1-induced
collagen expression (7). Moreover, transforming growth
factor-p (TGF-f) signaling contributes to increased collagen
expression by suppressing microRNA-196a levels (8) or
by activating the extracellular signal-regulated kinase 1/2
(ERK1/2) pathway (9). Once procollagen is synthesized,
it is further modified by the addition of hydroxyl groups to
proline and lysine residues, followed by peptide cleavage by
collagen peptidase and fibril assembly by lysyl oxidase to
form a mature collagen fibril (10-12). Collagen is negatively
regulated by interferon-a (IFN-a), IFN-y and matrix metal-
loproteinase (MMP)-induced proteolysis (13,14). Additionally,
activator protein-1 (AP-1), a transcription factor in fibroblasts,
is activated by UV irradiation to decrease collagen produc-
tion and increase MMP gene transcription, thereby increasing
collagen degradation (15). Thus, skin aging is accompanied
by the accumulation of damaged ECM components, as well
as reduction of collagen in dermal cells, which consequently
decreases the fibroblast-ECM interaction and results in skin
shrinkage and undesirable wrinkle effects. By contrast, stimu-
lation of type I collagen expression significantly improves
tissue recovery and appearance (16). Interestingly, several
studies show that polyphenolic compounds, such as flavo-
noid glycosides, ginsenosides, or catechins, stimulate type I
collagen biosynthesis (17-19).

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is
a natural anthraquinone derivative belonging to the poly-
phenol family and found in various Chinese herbs, such as
Rheum palmatum, Polygonum cuspidatum and Polygonum
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multiflorum (20,21). Numerous studies report that emodin
exerts various biological effects, including antiviral,
anti-allergic, anticancer, immunosuppressive, anti-inflam-
matory and neuroprotective effects (22-26). Interestingly,
previous studies also suggest that natural anthraquinones, such
as emodin and parietin, are implicated in the wound-healing
process (27-29), which is strongly associated with collagen
metabolism (30). Although Lin ef al (31) have reported that
emodin improves wound healing by increasing the expression
of cytokines, such as monocyte chemoattractant protein-1,
interleukin (IL)-1p, and vascular endothelial growth factor, in
a burn-wound mouse model, the association between emodin
and type I collagen expression and the cellular mechanism
by which emodin exerts its effect in human dermal fibroblast
cells remain unclear. Therefore, the present study investigated
whether emodin induced increase in type I collagen synthesis
in Hs27 cells and further elucidated the intracellular signaling
pathway responsible for emodin-induced collagen expression.

Materials and methods

Cell culture and material treatment. Huoman dermal fibro-
blasts (Hs27) were obtained from the American Type Culture
Collection (cat. no. ATCC CRL-1634) and cultured in the
Dulbecco's modified essential medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum and maintained in an incubator with a 5% CO,
humidified atmosphere at 37°C. For all experiments, Hs27 cells
were used between passage numbers five and ten. For time- and
dose-dependent treatments, Hs27 cells were serum-starved
for 24 h before exposure to the YIGSR peptide and emodin
at specific doses and times. The synthetic YIGSR peptide
was purchased from Anygen. emodin (cat. no. E7881), TGF-
(cat. no. T7039), and the inhibitors U0126 (cat. no. 662009)
and compound c (cat. no. 171260) were purchased from
Sigma-Aldrich (Merck KGaA).

Reverse transcription-quantitative-PCR. Total RNA was
extracted using the TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), and cDNA was reverse transcribed from 1 ug
of total RNA using oligo (dT) primers and murine leukemia
virus reverse transcriptase. The temperature protocol for
reverse transcription was as follows: 25°C for 10 min and
37°C for 120 min, followed by heat inactivation at 85°C for
5 min. A total volume of 20 yl PCR amplification mixtures
were prepared by mixing 10 gl of 2X SYBR-Green I Premix
ExTaq (Takara Bio, Inc.), 2 ul primer mix (1 #M forward and
1 uM reverse primers), and 8 ul diluted cDNA templates.
Real-Time quantitative PCR was performed on the CFX96
real-time PCR system (Bio-Rad Laboratories, Inc.) using the
following conditions: 95°C for 1 min, followed by 40 ampli-
fication cycles comprising 95°C for 15 sec, 60°C for 15 sec
(annealing), and 72°C for 30 sec. After amplification, melting
curve analysis was performed according to manufacturer's
instructions (Bio-Rad Laboratories, Inc.). Primer sequences
for collagen were as follows: COLIAI forward, 5'-gaacgcgtgt-
catcccttgt-3"; COLIAI reverse, 5'-gaacgaggtagtctttcagcaaca-3';
COLIA?2 forward, 5'-cctggtgctaaaggagaaagagg-3'; COLIA2
reverse 5'-atcaccacgacttccagcagga-3'; COL2A1 forward, 5'-cct
ggcaaagatggtgagacag-3'; COL2A] reverse, 5'-cctggttttccacct

tcacctg-3'; COL3AI forward, 5'-tggtctgcaaggaatgectgga-3';
COL3A] reverse, 5'-tctttccctgggacaccatcag-3'; COL4A3
forward, 5'-ggacaaaggagaaccaggtctc-3'; COL4A3 reverse,
5'-agtgctgcccaaatetectetg-3'; COLSA T forward, 5'-cacaacttg
cctgatggaataaca-3', and COLS5SA]I reverse, 5'-gcagggtacagetge
ttggt-3'. Collagen expression was measured using the 2444
assay (32) and normalized against GAPDH.

MTT assay. For the MTT assay, Hs27 cells were seeded in
96-well culture plates (1x10* cells/well) and cultured for 24 h.
After serum starvation for 24 h, cells were exposed to emodin
with the given dose (0.05, 0.1, 0.5, 1, 3 and 5 xM) and time
conditions. After discarding the media, cells were treated with
0.5 mg/ml MTT (Sigma-Aldrich; Merck KGaA) dissolved
in serum-free media for 3 h in a 37°C CO, incubator. After
discarding the solution, 100 x1 DMSO was added to each well,
and the plate was vortexed for 10 min. The absorbance of the
MTT solution was measured at a wavelength of 540 nm.

Fluorescence-activated cell sorting (FACS) analysis. For
apoptosis analysis, Hs27 cells were seeded in 6-well culture
plates and exposed to a given dose of emodin (1 and 5 yM)
for 24 h. After trypsinization, the cells were detached and
harvested by centrifugation (400 x g for 5 min at4°C). Collected
cells were stained with FITC-Annexin V (cat. no. 556419; BD
Biosciences) and 7-ADD (cat. no. 559925; BD Biosciences) in
the dark for 20 min. Living and apoptotic populations were
detected using flow cytometry (FACS Aria; BD Biosciences).

Immunoblotting. The following antibodies were used for
immunoblotting: COLI1 (Rockland Immunochemicals;
cat. no. 600-401-103-0.5), phospho-5' AMP-activated
protein kinase (AMPK; Tyr'”?; Cell Signaling Technology,
Inc.; cat. no. 2535), phospho-Smad2 (Ser465/467; Cell
Signaling Technology, Inc.; cat. no. 3108), phospho-ERK
(Thr?*?/Tyr***; Abcam; cat. no. ab214362), MMP-1 (Cell
Signaling Technology, Inc.; cat. no. 54376) and f3-actin
(MP Biomedicals; cat. no. 08691331). Immunoblotting was
performed by harvesting the treated cells and by isolating
the total proteins. To prepare total cell lysates, the cells
were washed with cold phosphate-buffered saline and lysed
in cold lysis buffer [in mM: 40 HEPES (pH 7.5), 120 NaCl,
1 EDTA, 10 pyrophosphate, 10 glycerophosphate, 50 NaF,
1.5 Na,;VO,, 1 PMSF, 5 MgCl,, 0.5% Triton X-100 and
protease-inhibitor mixture). After determining protein
concentration using a Bradford assay, protein lysates were
subsequently denatured by boiling in Lammeli sample buffer
for 10 min at 95°C. A total of 15 pug protein was loaded and
separated by 8% SDS-PAGE gel, and transferred onto nitro-
cellulose membranes. The membranes were subsequently
blocked for 30 min at room temperature with 5% non-fat milk
in Tris-buffered saline containing 0.05% Tween-20 (TBS-T;
pH 7.6), followed by incubation with primary antibodies
(1:1,000). After washing the membranes three times with
TBS-T, blots were incubated with HRP-conjugated secondary
antibody (SeraCare KPL; goat anti-rabbit; cat. no. 5220-0336;
anti-mouse; cat. no. 5220-0342; each, 1:5,000) for 1 h at room
temperature, washed three times with TBS-T and detected by
enhanced chemiluminescence (ECL system; GE Healthcare
Bio-Sciences). Densitometric analysis was performed using
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Figure 1. Emodin induces collagen synthesis in Hs27 dermal fibroblasts. (A) Immunoblotting of collagen type I following treatment with the YIGSR peptide
and emodin. After 12-h treatment with 1 M of each compound, cell lysates were electrophoresed and blotted. (B) Collagen type I and MMP-1 levels after
dose-dependent emodin treatment for 12 h. (C) Transcript levels of various collagen types after emodin treatment. Normalization was performed using GAPDH.
Values are represented as mean = SEM. "P<0.05; “P<0.01; ““P<0.001. Ct values are shown in the graph. NT, non-treated; MMP, matrix metalloprotease.

the ImageJ software (v.1.51; http://rsbweb.nih.gov/ij/index.
html) and Multigauge software (Fujifilm). Data were obtained
from three independent experiments.

Statistical analysis. All data were evaluated using the
GraphPad software 5 (GraphPad Software, Inc.) and are
expressed as mean + SEM. The significant differences among
groups were determined by one-way ANOVA with Dunnett's
multiple comparison analysis. Comparison between two
groups was analyzed by unpaired 2-tailed Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Emodin induces collagen synthesis. To investigate the
effects of emodin on type I collagen expression in dermal
fibroblasts, Hs27 human dermal fibroblasts were initially
exposed to emodin for 12 h (Fig. 1A). Hs27 cells were also
treated with YIGSR, a peptide that induces collagen synthesis
in Hs27 cells (33). As shown in Fig. 1A, YIGSR and emodin
significantly increased protein levels of type I collagen, and
these levels positively associate with emodin concentration
(Fig. 1B). MMP-1 is a well-known protease that degrades
collagen proteins. To investigate whether emodin affected
MMP-1 expression, we analyzed MMP-1 levels following
dose-dependent emodin treatment. As shown in Fig. 1B, no
significant changes in MMP-1 levels were observed, indicating
that the increase in type I collagen by emodin treatment was

not caused by MMP-1 downregulation. Subsequently, the
effect of emodin on mRNA expression was determined by
gPCR analysis. Similar to protein levels, exposure to emodin
increased transcript levels of type I collagen without any
effects on types II, III and V collagen (Fig. 1C). Type IV
collagen genes were not detectable in Hs27 cells (data not
shown). This suggests that emodin specifically induces type I
collagen expression in vitro.

Emodin does not affect cell viability. To verify the effect of
emodin on cell viability an MTT assay was performed. In
particular, relatively high doses of emodin were used for the
viability assay to exclude potential cytotoxicity with increased
concentration. As a result, there was no significant changes in
cell viability at varying concentrations of emodin (Fig. 2A).
Light microscopy images further demonstrated that 24-h
emodin treatment did not induce any changes in fibroblast
cell morphology (Fig. 2B). Additionally, the number of apop-
totic cells following emodin treatment was evaluated by flow
cytometry, with Fig. 2C showing that the percentage of apop-
totic cells was similar between vehicle- and emodin-treated
groups. These results indicate that emodin increases type I
collagen without affecting cell viability.

Emodin activates the ERK and AMPK pathways in Hs27
fibroblasts. Several signaling pathways are involved in
collagen synthesis, including the focal adhesion kinase
(FAK), ERK, p38 mitogen-activated protein kinase and AKT
pathways (34-37). Moreover, 5' AMP-activated protein kinase
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Figure 2. Cell-survival rates are not affected by emodin treatment. (A) Survival of Hs27 cells after dose-dependent emodin treatment for 24 h. (B) Light
microscopy images obtained after 1 M emodin treatment for 12 h. Scale bar, 100 zm. (C) Following emodin treatment for 24 h, apoptosis was detected by FACS
analysis using Annexin V/7-ADD double staining. N.S., not significant; NT, non-treated.
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Figure 3. Activation of the ERK and AMPK pathways by emodin in Hs27 cells. (A) Lysates from cells incubated in the presence of emodin for the indicated
times were subjected to immunoblot assay using various antibodies (left). Quantification of phospho/total ERK and AMPK levels (right). Values are repre-
sented as mean + SEM. "P<0.05; “P<0.01. (B) Smad2 phosphorylation was analyzed following either TGF-f (2.5 ng/ml) or emodin (1 xM) treatment at the
indicated time. NT, non-treated; FAK, focal adhesion kinase; TGF, transforming growth factor; AMPK, 5' AMP-activated protein kinase.

(AMPK) also appears to affect collagen expression (38,39). emodin-induced type I collagen synthesis, the phosphoryla-
To investigate whether these pathways were responsible for  tion of each component was analyzed, and found that ERK and
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Figure 4. Inhibition of the AMPK pathway decreases type I collagen expression. Effects of ERK and AMPK inhibitors on emodin-induced type I collagen
synthesis. Cells were pre-incubated with 10 M MEK inhibitor U0126 (A) or the AMPK inhibitor compound ¢ (B) for 30 min and subsequently treated with
emodin for the indicated time. "P<0.05; “P<0.01. AMPK, 5' AMP-activated protein kinase.

AMPK phosphorylation was increased by ~2.5-fold at 3 h after
emodin treatment relative to untreated cells and without any
effect on total protein levels (Fig. 3A). Phosphorylated p38,
AKT and FAK were normalized with housekeeping protein,
actin. In contrast to AMPK and ERK, no significant differ-
ences were observed in the phosphorylation of these proteins
between control and emodin treatment at each time point.
Total protein levels of p38, AKT and FAK were not examined,
because there were no changes in the phosphorylation status.
Since TGF-f signaling is an important regulatory pathway of
collagen expression (40), the phosphorylation status of down-
stream molecules were also measured, which demonstrated
that Smad2 phosphorylation was also unaffected by emodin
treatment (Fig. 3B). Thus, the TGF-f pathway is not involved
in emodin-induced collagen synthesis.

Inhibition of the AMPK pathway prevents emodin-induced
type I collagen synthesis. To determine which of the two path-
ways (ERK and AMPK) affected emodin-induced collagen
expression, Hs27 cells were treated with the chemical inhibitor
U0126 to suppress the ERK pathway. Although U0126 suffi-
ciently decreased ERK phosphorylation, emodin-induced
type I collagen expression remained similar to that in the
vehicle-treated group (Fig. 4A). In marked contrast, collagen
levels were largely inhibited by the AMPK inhibitor,
compound c (Fig. 4B), suggesting AMPK as a crucial regula-
tory enzyme for emodin-induced type I collagen expression.

Discussion

The present study demonstrated that emodin increases type I
collagen transcripts and protein levels without affecting the
collagen-degradation pathway in Hs27 cells. Furthermore, the
varying concentrations of emodin used in the present study

induced type I collagen expression without any effect on
cellular viability. The present study clearly reveals a new func-
tion for emodin through its effect on collagen type I synthesis
in human dermal fibroblasts.

The results of the present study indicate that emodin
increases the phosphorylation of ERK1/2 and AMPK within
3 h. Although a previous study has reported that activation
of ERK induces the expression of type I collagen in human
fibroblasts (34), contrasting results have also been published,
showing that activation of ERK1/2 by IL-18 or ceramide
inhibits type I collagen expression (41,42). Additionally,
the AMPK pathway exerts inconsistent effects on collagen
synthesis. For example, 5-aminoimidazole-4-carbox-
amide-ribonucleoside (AICAR), an AMPK activator,
promotes collagen deposition and improves scar formation
by promoting myofibroblast maturation in the scar of aged
ischemic hearts (38). In rat kidney fibroblasts and human
embryonic kidney cells, activation of AMPKal induces
fibroblast activation and increases ECM deposition, including
fibronectin and type I collagen (43). However, other studies
report that collagen production and secretion are decreased
by AMPK phosphorylation in renal and kidney fibro-
blasts (44,45). These studies suggest that both the ERK1/2
and AMPK pathways have varying effects on collagen
metabolism depending on the cell type, culture conditions,
and presence of other cytokines. To elucidate the role of each
pathway and collagen expression in human dermal fibroblasts,
the conventional chemical inhibitors U0126 or compound ¢
were used. Pretreatment with compound c, a specific AMPK
pathway inhibitor, largely suppressed emodin-induced
collagen levels, thereby indicating that AMPK activation by
emodin was responsible for collagen synthesis. By contrast,
the ERK1/2 pathway inhibition by U0126 did not suppress
emodin-induced collagen expression.
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Wound healing is a complicated process controlled by
cell-ECM interactions and numerous growth factors. Among
these, collagen types I and III play a critical role during
wound repair by recruiting fibroblasts and increasing deposi-
tion of new collagen in skin, bone and blood vessels (46). A
previous report has shown that emodin inhibits fibronectin and
type III collagen synthesis by suppressing the p38 and ERK
pathways in the kidney (47). Additionally, Liu et al (48) have
shown that emodin inhibits collagen synthesis by inhibiting
the TGF-BI/ADAMTS-1 signaling pathway in pulmonary
fibroblasts. However, inhibition of these pathways were not
observed following emodin treatment. Although the reason for
this difference remains unknown, one possibility is that these
studies used long-term treatment with relatively high dose of
emodin >100 M, which can affect cell viability or MMP1
expression compared with the low-concentration condition.
Moreover, emodin increases or suppresses ERK phosphoryla-
tion according to the cell type (49-51). Thus, it is speculated
that emodin targets a different signaling pathway for collagen
synthesis between skin and other fibroblasts. Importantly,
the TGF-f signaling pathway regulates type I collagen
synthesis (40), and a previous study reported that emodin
treatment for 7 days significantly increased TGF-f1 expres-
sion and collagen levels in excisional wounds (28). Although
Wei et al (52) showed that emodin treatment decreased collagen
deposition during intestinal surgery-induced abdominal adhe-
sion, they suggested that emodin-mediated anti-inflammatory
effects might contribute to lower collagen levels in the adhe-
sion tissues, indicating the possibility of an indirect effect.
Interestingly, Xiao et al (53) showed that the AMPK pathway
inhibited inflammation or angiotensin-induced TGF-f3
signaling in cardiac fibroblasts, whereas another study reported
that AMPK activation increased rather than suppressed TGF-f3
responsiveness, by stimulating the non-canonical TGF-f3
pathway in myofibroblasts (38). In the present study, Smad2
phosphorylation remained similar between vehicle and emodin
treatments, indicating that emodin did not increase TGF-f3
signaling in dermal fibroblasts. Given these findings, further
studies are necessary to elucidate the detailed mechanisms
by which emodin mediates different responses to collagen
expression in each cell type.

In summary, the present study demonstrated that emodin
directly increases type I collagen levels in Hs27 cells, and
that AMPK activation is an important factor for collagen
expression. A limitation of the study is that newborn foreskin
fibroblasts (Hs27) were the only cells for confirming the overall
results. Previous studies report functional differences between
neonatal and adult dermal fibroblasts in terms of ECM compo-
nents and migration capacity (54,55); therefore, determining
whether emodin can increase type I collagen levels in adult
dermal fibroblasts is worthwhile. As collagen synthesis is
decreased in aged skin (56), and collagen-induction therapy
is considered a safe treatment strategy for wrinkles and scars,
emodin represents a potential therapeutic agent for alleviating
skin aging. Nevertheless, further in vivo investigations are
warranted to support these results.
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