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Abstract 

Background: Androgenetic alopecia (AGA) is a genetic disorder caused by dihydrotestosterone (DHT), accompanied 
by the senescence of androgen-sensitive dermal papilla cells (DPCs) located in the base of hair follicles. DHT causes 
DPC senescence in AGA through mitochondrial dysfunction. However, the mechanism of this pathogenesis remains 
unknown. In this study, we investigated the protective role of cyanidins on DHT-induced mitochondrial dysfunction 
and DPC senescence and the regulatory mechanism involved.

Methods: DPCs were used to investigate the effect of DHT on mitochondrial dysfunction with MitoSOX and Rhod-2 
staining. Senescence-associated β-galactosidase activity assay was performed to examine the involvement of mem-
brane AR-mediated signaling in DHT-induced DPC senescence. AGA mice model was used to study the cyanidins on 
DHT-induced hair growth deceleration.

Results: Cyanidin 3-O-arabinoside (C3A) effectively decreased DHT-induced mtROS accumulation in DPCs, and C3A 
reversed the DHT-induced DPC senescence. Excessive mitochondrial calcium accumulation was blocked by C3A. C3A 
inhibited p38-mediated voltage-dependent anion channel 1 (VDAC1) expression that contributes to mitochondria-
associated ER membrane (MAM) formation and transfer of calcium via VDAC1–IP3R1 interactions. DHT-induced MAM 
formation resulted in increase of DPC senescence. In AGA mice models, C3A restored DHT-induced hair growth decel-
eration, which activated hair follicle stem cell proliferation.

Conclusions: C3A is a promising natural compound for AGA treatments against DHT-induced DPC senescence 
through reduction of MAM formation and mitochondrial dysfunction.
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Background
Androgenetic alopecia (AGA) is the most common type 
of hair loss caused by irregular hair growth cycles. The 
overactivity of dihydrotestosterone (DHT) produced 
by 5-α-reductase in human hair dermal papilla cells 
(DPCs) has been implicated as the main cause of AGA 
[1]. DHT has the highest affinity for androgen receptor 
(AR), which is approximately 5 to 10 times greater than 
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that of testosterone. Then, AR bound DHT upregulates 
the expression of hair growth inhibiting factors such as 
dikkopf-related protein 1 (DKK-1), interleukin-6 (IL-6), 
and transforming growth factor β (TGF-β), thereby pro-
moting regression of hair follicles [2, 3]. These secretory 
factors from senescent DPCs induce hair loss by block-
ing the transition from telogen (resting phase) to anagen 
(growth phase) through inhibition of follicle neogenesis, 
differentiation, and growth of hair follicle stem cells [4]. 
Reducing DHT-induced DPC senescence is important 
for AGA prevention and previous researchers strongly 
agree that mitochondrial dysfunction is a crucial fac-
tor in inducing senescence in cells exposed to high DHT 
concentrations [5–7]. Since therapeutics regulating DHT 
production by 5-α-reductase inhibition does not have 
effect on reducing mitochondrial dysfunction and long-
term usage of such treatments often brings side effects 
such as sexual dysfunction or trichosis, it is worthwhile 
to develop a new therapeutic strategy with reduced side 
effects while also maintaining the physiological func-
tion of mitochondria in DPCs [8–10]. Therefore, under-
standing the mechanism of DHT-induced mitochondrial 
dysfunction provides a promising strategy for new AGA 
treatments that minimize senescence of DPCs exposed to 
elevated DHT levels.

Mitochondrial dysfunction occurs when formation of 
mitochondria-associated endoplasmic reticulum (ER) 
membrane (MAM) increases. This junction impacts 
cellular metabolism through the regulation of calcium 
transport between the two structures [11, 12]. Previ-
ous research has shown that mitochondrial calcium 
overload due to increased interaction between inositol 
1,4,5-triphosphate receptor (IP3R) and voltage-depend-
ent anion-selective channel protein (VDAC) reduces 
mitochondrial membrane potential. This, in turn, pro-
motes excessive mitochondrial ROS (mtROS) produc-
tion leading to mitochondrial dysfunction [13]. Although 
premature senescence of DPC is tightly associated with 
excessive mtROS accumulation beyond its physiologi-
cal antioxidative capacities, the involvement of MAM 
formation in the process of DPC senescence is unclear. 
Previous studies, including our own, have shown that 
dysregulation of MAM formation leads to cellular func-
tion changes in calcium homeostasis, ROS production, 
autophagy, and lipid metabolism [14]. Influx of calcium 
to the mitochondrial matrix through IP3R–VDAC1 
coupling affects mitochondrial membrane potential, 
mitochondrial respiration, and mitochondrial per-
meability transition pore (mPTP) formation, all lead-
ing to mitochondrial dysfunction [13, 15]. Moreover, 
MAM-dependent mitochondrial calcium accumulation 
mediated by IP3R–VDAC1 is a critical factor in cellu-
lar senescence and aging [12, 16]. Taken together, this 

illustrates the need to investigate the mechanism induc-
ing MAM-dependent mitochondrial calcium accumula-
tion in response to DHT-mediated signal transductions 
for reducing DPC senescence.

Cyanidins are a major flavonoid anthocyanin. They 
are the main pigments in various fruits, flowers, and 
leaves. They are powerful antioxidants having therapeutic 
potential in anti-aging, anti-cancer, anti-inflammation, 
neuroprotection, and cardioprotection [17, 18]. Owing to 
their oxygen radical scavenging capacity, many research-
ers investigate the effects of cyanidins on preventing the 
aging process. Furthermore, due to low side effects and 
toxicities of cyanidins, derivative effects of scavenging 
ROS by modulating signal transduction pathways have 
gained interests of researchers [19, 20]. The bioactive 
properties of cyanidins are associated with the regulation 
of mitochondrial functions [21]. In addition, cyanidins 
have protective effects on various diseases by regula-
tion of mitochondrial copy number, mitochondrial res-
piratory chain, mitochondrial membrane potential, and 
mitophagy [22–25]. However, the effects of cyanidins 
on mitochondrial functions can vary depending on the 
attached sugar residues. Although the protective effects 
of cyanidins on mitochondrial dysfunction have been 
studied, the method in which cyanidins modulate DHT-
mediated mitochondrial dysfunction and DPC senes-
cence has not. Therefore, finding promising candidates 
for using cyanidins to prevent DPC senescence will be 
helpful for AGA treatment. In this study, we investigated 
the effect of cyanidins on DHT-mediated DPC senes-
cence and the detailed mechanisms related to regulation 
of mitochondrial calcium homeostasis. We also aimed to 
identify the protective effect of cyanidins on DPC senes-
cence-mediated hair loss in an AGA mice model.

Methods
Materials
Cyanidin 3-O-arabinoside (C3A, #26183) and cyani-
din 3-O-glucoside (C3-glu, #16406) were obtained from 
Cayman (Ann Arbor, MI, USA). Cyanidin 3-O-galacto-
side was purchased from PhytoLab (Vestenbergsgreuth, 
Germany, #PHL89463-10MG). 5α-Dihydrotestosterone 
(DHT) solution (Cerilliant, Round Rock, TX, USA, 
#D-073) and 5α-ANDROSTAN-17β-OL-3-ONE 
3-O-CARBOXYMETHYLOXIME: BSA (Steraloids, Wil-
ton, NH, USA, #A2574-050) were acquired. MitoTEMPO 
(#ALX-430-150-M005) was purchased from Enzo life 
science (Farmingdale, NY, USA). H2DCFDA (#D399), 
MitoSOX (#M36008), DAPI (#D1306), Bovine serum 
albumin (BSA, #15561020), ER-Tracker Red (#E34250), 
Mito-Tracker Green FM (#M7514), and Rhod-2 AM 
(#R1244) were obtained from Invitrogen (Carlsbad, 
CA, USA). Apocynin (#178385), SB203580 (#S8307), 
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Bicalutamide (#PHR1678) and Castor oil (#259853) were 
acquired from Sigma-Aldrich (Sternheim, Germany). 
TurboFect (#R0532) was purchased from Themo Sci-
entific (Waltham, MA, USA). Ki67 (#ab16667), IP3R1 
(#ab5804), and p16INK4a (#ab108349) antibodies were 
acquired from Abcam (Cambridge, UK). AR (#51135), 
p38 (#9212S), phospho-HSP27 (#2401L), and MCU 
(#14997S) antibodies were purchased from Cell signal-
ing (Danvers, MA, USA). HSP27 (#MA3-015) and p21 
(#MA5-14949) antibodies were obtained from Invitro-
gen. Phospho-p38 (#SC-166182), phospho-ERK (#SC-
7383), phospho-JNK (#SC-6254), ERK-1 (#SC-94), JNK 
(#SC-7354), Lamin A/C (#SC-20681), VDAC1 (#SC-
390996), and β-actin (#SC-47778) antibodies were 
bought from Santa Cruz (Dallas, TX, USA). α-tubulin 
(#T6074) antibody was obtained from (Sigma-Aldrich). 
To avoid the oxidation of chemicals, all materials were 
prepared fresh at the moment of use. All reagents were of 
the highest purity available.

Cell culture
DPCs were cultured in hair follicle dermal papilla cell 
growth medium (containing supplement) provided by 
Promocell, which was supplemented with a 1% penicil-
lin–streptomycin solution (Gibco, Grand Island, NY, 
USA). We used DPCs both expressing AR and respond-
ing to DHT. Cells were grown in 60 mm dishes, 100 mm 
culture dishes, or a 96-well plate (Corning, NY, USA) in 
an incubator (37  °C,  CO2 5%, and air 95%). When the 
cells reached 80% confluency, the culture medium was 
replaced with supplement-free medium for 24  h for 
starvation. After 24  h, the cells were incubated in sup-
plement-free medium with the indicated agents for the 
designated treatment time. Human hair follicle stem cells 
(HFSCs) (Celprogen, Torrance, CA, USA) were acquired 
and used in this study. HFSCs were cultured with human 
hair follicle maintenance medium (HFSC media, Celpro-
gen) provided with supplement. HFSCs were cultured in 
human hair follicle expansion extracellular matrix coated 
flasks (Celprogen). When HFSCs reached 80% conflu-
ency, the media was replaced with a mixture of DPC-
conditioned media and HFSC media in a ratio of 1:1 and 
cultured for 48 h. Viable cells were counted with trypan 
blue exclusion test.

Measurement of intracellular ROS, mtROS 
and mitochondrial calcium
The level of mitochondrial superoxide and calcium was 
measured by Cytoflex (Beckman Coulter, FL, USA), as 
follows. Trypsinized DPCs were incubated with Mito-
SOX (5 μM) or Rhod-2 (2 μM) for 20 min at 37 °C while 
protected from light. Cells were washed once with phos-
phate-buffered saline (PBS), resuspended in PBS, and 

analyzed by flow cytometry. The results were obtained by 
comparing the percentage of cells with high fluorescence 
intensity. The intracellular level of ROS was measured 
with H2DCFDA staining. Cells were washed with PBS 
and incubated in 1  μM of H2DCFDA in culture media 
at 37  °C for 30  min. Trypsinized cells were analyzed by 
Cytoflex.

Senescence‑associated β‑galactosidase activity assay
DPCs were treated following the experimental design 
and washed twice with PBS. Cells were fixed with 4% 
paraformaldehyde (PFA, Lugen Sci, Bucheon, Korea) 
for 10  min at room temperature and then incubated 
with senescence-associated β-galactosidase (SA-β-gal) 
(Sigma-Aldrich, #CS0030) staining solution for 12  h at 
37  °C without  CO2. The SA-β-gal-positive cells were 
observed in blue color by using an inverted micro-
scope (Nikon Eclipse TS100; Nikon, Tokyo, Japan) and 
the mean percentages of SA-β-gal-positive cells were 
calculated.

Growth factor antibody array
Culture conditioned media were analyzed for content 
of growth factors by incubation with membranes of the 
RayBiotech C-Series Human Growth Factor Antibody 
Array C1 kit, AAH-GF-1 (RayBiotech, Norcross, GA, 
USA). The membranes were incubated in blocking buffer 
for 30 min, followed by overnight incubation at 4 °C with 
conditioned media. The membranes were then washed 
five times with wash buffer and incubated for 2  h with 
biotin-conjugated antibodies at room temperature. Then, 
the membranes were washed five times with wash buffer 
and incubated for 2 h with horseradish peroxidase-con-
jugated streptavidin. After the washing process, human 
growth factors were detected by enhanced chemilumi-
nescence reagents using a chemiluminescence imaging 
system. Analysis was done with relative optical density 
of the spots and normalized with positive controls. The 
antibodies used for growth factor antibody array is listed 
in Additional file 1: Table S1.

Western blot and subcellular fractionation
Cells were lysed to RIPA buffer with a protease inhibi-
tor cocktail and incubated for 30 min on ice. Cell lysates 
were downed by centrifugation at 12,000 rpm for 20 min 
at 4  °C. After spin down, the protein concentration was 
determined using Pierce BCA Protein Assay Kit (Thermo 
scientific, Waltham, MA, USA) at 562  nm, and equal 
amounts of protein (10  μg) were separated by SDS-
PAGE (8–12% polyacrylamide). The protein was trans-
ferred to polyvinylidene difluoride (PVDF) membranes 
by semi-dry transfer cells (Bio-Rad, Hercules, CA, USA) 
at 22  V for 1  h. The membranes were blocked with 5% 
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non-fat skim milk (Blocking-Grade Blocker; Bio-Rad) 
in 1× TBST (10  mM Tris–HCl, 150  mM NaCl, 0.05% 
Tween-20) at room temperature for 30  min and incu-
bated with primary antibodies at 4  °C overnight. The 
membranes were incubated with horseradish peroxidase 
(HRP) conjugated with anti-IgG secondary antibodies for 
2  h and visualized by an ECL Detection Kit (Bio-Rad). 
The specific bands were visualized using the Chemi-
Doc™ XRS + System (Bio-Rad). Subcellular fractionation 
was conducted to isolate cytosolic and nuclear proteins. 
Cells were cultured in 100  mm dishes and treated with 
the indicated reagents. For the preparation of cytosolic- 
and nuclear-fractionated samples, the EzSubcell subcel-
lular fractionation/extraction kit (Atto, Tokyo, Japan, 
#WSE-7421) was used. Cytosolic and nuclear samples 
for western blot analysis were prepared according to 
the manufacturer’s instructions. α-tubulin and Lamin 
A/C were used as cytosolic and nuclear protein markers, 
respectively.

AR transcriptional activity assay
DPCs were grown in 96 well black plate and transfected 
with Cignal Androgen Receptor Reporter (200  ng) 
with TurboFect transfection reagent (Thermo scien-
tific, #R0532) according to the manufacturer’s instruc-
tions (Qiagen, Venlo, Netherlands, #CCS-1019L). Cells 
were grown to 80% confluency and pretreated with C3A 
(1  μM) prior to exposure to DHT (100  nM). They were 
analyzed for Firefly/Renilla luciferase activities in Vic-
tor 3 multilabel plate reader (PerkinElmer, Boston, MA, 
USA) using luciferase reporter assay system (Promega, 
Madison, WI, USA, #E1910) following the manufactur-
er’s guideline.

Real‑time quantitative PCR
Cells were treated with DHT or a vehicle for 24 h. Cells 
were then washed with PBS twice and lysed with buffer 
RL containing a 50× Dithiothreitol (DTT) solution. 
Total RNA was extracted using an RNA Extraction kit 
(Takara, Japan, #9767) according to the manufacturer’s 
instructions. Reverse-transcription PCR (RT-PCR) was 
conducted with 0.5  μg of total RNA using a Maxime 
RT premix kit (iNtRON, Sungnam, Korea). The relative 
mRNA expression level of the target gene was analyzed 
using a Rotor-Gene Q device (Corbett Research, Cam-
bridge, UK) with the TB Green Premix Ex Taq (TaKaRa, 
#RR420A). The specificity, efficiency, and fidelity of PCR 
primers for real-time quantitative PCR were validated 
by checking PCR products and analyzing the melting 
curves. Primer sequences are listed in Additional file  1: 
Table S2.

Immunocytochemistry
Cells were cultured in confocal dishes with diameters of 
35 mm (SPL, Seoul, Korea) and fixed with 4% PFA in PBS, 
permeabilized for 5 min with 0.1% (v/v) of Triton X-100, 
and washed at each step three times with PBS for 5 min. 
The cells were blocked with 5% normal goat serum (NGS, 
Vector Lab, Burlingame, CA, USA) in PBS for 30  min. 
Anti-AR antibody was diluted in 5% (v/v) NGS in PBS for 
4 h at RT. After washing with PBS three times for 5 min, 
the cells were incubated with Alexa Fluor 555 second-
ary antibodies (Invitrogen) for 1 h at room temperature 
and counterstained with DAPI (Invitrogen). Cells were 
visualized with a Andor SRRF system (Oxford instru-
ments, Abingdon, UK). For analyzing ER-mitochondrial 
contacts, cells were treated with C3A and DHT for 24 h. 
After washing the cells with PBS three times, cells were 
incubated with Mito-Tracker green (200  nM) and ER-
Tracker (200 nM) in supplement-free medium for 20 min 
at 37 °C, and nuclei were stained with DAPI.

Small interfering RNA (siRNA) transfection
DPCs were grown to 80% confluency and the cells were 
transfected for 24  h with the pre-designed siRNAs for 
targeting AR or VDAC1 acquired from BIONEER (Dae-
jeon, Korea) or a non-targeting (NT) siRNA as a nega-
tive control (25 nM) with the TurboFect reagent (Thermo 
Scientific), according to the manufacturer’s protocol. The 
sequences of siRNA used in this study are listed in Addi-
tional file 1: Table S2.

Enzyme‑linked immunosorbent assay (ELISA)
For the quantification of DKK-1 in DPC-conditioned 
medium, the Human DKK-1 Quantikine ELISA Kit 
(R&D systems, Minneapolis, MN, USA, #DKK100B) 
was used, according to the supplier’s protocol. DPCs 
were cultured to 80% confluency and then treated with 
DHT. Conditioned media was acquired and preserved in 
− 80 °C. After centrifugation at 3000 g for 5 min, super-
natants were used for the ELISA assay. IL-6 and TGF-
β1 concentrations in DPC-conditioned medium were 
measured with human IL-6 (LabisKOMA, Seoul, Korea, 
#K0331194) and TGF-β1 (LabisKOMA, Seoul, Korea, 
#K0332110) ELISA kits.

In situ proximity ligation assay
VDAC1/IP3R1 interactions were detected in  situ using 
 Duolink® In Situ Red Starter Kit Mouse/Rabbit (Sigma-
Aldrich, # DUO92101) according to the supplier’s proto-
cols. Cells were fixed and proximal ligation assay (PLA) 
probe, anti-VDAC1 and anti-IP3R1 antibodies were 
applied. Then, secondary antibodies were added. If the 
antibodies were in close proximity (< 40 nm), they ligated 
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together. Polymerization and amplification solutions 
were supplemented to amplify the signal (red) of the 
closed circle and were visualized by SRRF microscopy. 
DAPI was used to counterstain the nuclei.

Experimental design of the animal study
All animal experiments were conducted in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and permitted by the 
Institutional Animal Care and Use Committee of Seoul 
National University (SNU-200916-6-1). Seven-week-
old male C57BL/6 mice (ORIENT, Seongnam, Korea) 
adapted for 1 week were administered DHT (1 mg/day) 
dissolved with corn oil, days -1, 5, and 13, intraperito-
neally. At the day after first DHT injection, all mice were 
anesthetized by intraperitoneal injection of alfaxalone 
(40  mg/kg) with xylazine (10  mg/kg). The mice were 
shaved with clippers and depilated with hair removal 
cream. The anagen phase was induced in the dorsal skin 
of the mice. The mice were divided into five groups. C3A 
(500  μM), Apocynin (100  mM), and SB203580 (1  mM) 
were prepared and dissolved in a mixture of castrol oil 
(Sigma-Aldrich, #259853) and ethanol in a 7:3 ratio. They 
were treated topically on the depilated skin once every 
2  days. Mice of dorsal skin and hair growth states were 
captured with a digital camera at the distance of 20 cm at 
days 7, 11, 15 and 19. At day 21, all mice were sacrificed 
for acquiring skin tissue samples.

Hematoxylin and eosin (HE) staining 
and immunohistochemistry
To evaluate skin thickness and hair regrowth, skin sam-
ples were collected 21  days after depilation. Samples 
were fixed in 4% PFA for 24  h and then dehydrated in 
30% sucrose dissolved in PBS for 1  day. Longitudinal 
30-μm-thick sections were obtained using a cryostat 
(Leica Biosystems, Nussloch, Germany) and then stained 
with HE. The tissues were incubated with 4% PFA for 
5  min and washed with running tap water for 5  min. 
The tissues were stained with hematoxylin for 3 min and 
were rinsed with running tap water for 5 min. Next, the 
tissues were incubated with 70% alcohol containing 1% 
HCl for 5  s and incubated with eosin solution for 30  s. 
The slides were placed in 95%, 100% ethanol, and xylene 
three times, each for 3 s. The tissues were covered with 
a thin coverslip (Paul Marienfeld GmbH & Co. KG, 
Lauda-Konigshofen, Germany). Skin thickness and diam-
eter of dermal papilla were measured using Slideviewer 
software (3DHISTECH, Budapest, Hungary). The der-
mal ratio was measured using the ratio of the thickness 
between the epidermis and the dermis to the entire skin 
thickness. Immunohistochemistry was conducted with 
anti-Ki67 antibody. The nuclei were stained with DAPI. 

Immunofluorescence image was captured by confocal 
microscopy (Carl Zeiss, Oberkochen, Germany, #LSM 
800). Histological evaluations were performed in a blind 
fashion.

Statistical analysis
All quantitative data are presented as the mean ± stand-
ard error of the mean (SEM). Data were analyzed using 
SigmaPlot 12 software. The sample sizes for animal stud-
ies were determined by SigmaPlot 12 software. Compari-
sons between two experimental groups were performed 
using a two-tailed Student’s t-test. The means of multi-
ple experimental groups were compared using a one-way 
ANOVA, followed by the Student–Newman–Keuls test 
for multiple comparisons. A p-value of < 0.05 was consid-
ered statistically significant.

Results
Effect of C3A on DHT‑induced DPC senescence
DHT is widely known to induce DPC senescence. We 
performed a SA-β-gal activity assay, which reflects the 
state of aging, to investigate the effect of DHT on DPC 
senescence. We confirmed that the ratio of SA-β-gal-
positive DPCs was increased by DHT in a concentra-
tion-dependent manner (Fig.  1A). A senescent cell is 
characterized by increased mtROS levels, so we exam-
ined the mtROS levels in DHT-treated DPCs. We found 
that DHT-induced mtROS accumulation was reduced 
by MitoTEMPO, mitochondria-targeted antioxidant, 
which was evaluated by MitoSOX staining. MitoTEMPO 
recovered DHT-induced DPC senescence (Fig.  1B, C). 
We hypothesized that cyanidins could influence mtROS 
levels in DHT-induced DPC senescence. Among cyanidin 
candidates, the mtROS reducing effect of C3A was higher 
than C3-glucoside (C3-Glu) or C3-galactoside (C3-Gal) 
(Fig.  1D). Indeed, we observed that C3A pretreatment 
reduced the ratio of SA-β-gal-positive DPCs that had 
increased with DHT treatment (Fig.  1E). Consistently, 
C3A pretreatment inhibited the expression of senescence 
markers p21 and p16 that increased with DHT in DPCs 
(Fig. 1F). Given that DPC senescence modifies secretion 
of various growth factors that support HFSCs prolif-
eration, we determined the levels of growth factors after 
treating with DHT. In antibody arrays detecting growth 
factors, decreased FGF6 and FGF4 were observed in 
DHT-conditioned media (Fig.  1G). To confirm whether 
C3A-treated DPC-conditioned media suppresses the del-
eterious effect of DHT-treated DPC-conditioned media 
on HFSC proliferation, HFSCs were cultured with DPC-
conditioned media treated with DHT or C3A. We found 
that DPC-conditioned media treated with DHT reduced 
proliferation of HFSCs but C3A pretreatment reduced 
the deleterious effect of DHT (Fig.  1H). The secreted 
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factors from senescent DPCs inhibits HFSC proliferation. 
However, C3A recovered the HFSC proliferation when 
exposed to DHT-treated conditioned media. We found 
that HFSCs exposed with C3A-pretreated DPC-condi-
tioned media have shown decreased levels of senescence 
marker expression compared to those of HFSCs exposed 
to DHT-treated DPC-conditioned media (Fig.  1I). Fur-
thermore, we detected the mRNA levels of DKK1, 
TGFB1, and IL6, which are known to promote hair fol-
licle regression. As expected, increased DKK1, TGFB1, 
and IL6 mRNA levels were reversed by C3A pretreat-
ment (Fig.  1J). Consistent with these results, increased 
DKK1 concentrations in DHT-treated conditioned media 
were reduced to control levels with C3A (Fig.  1K). In 
addition, increased IL-6 and TGF-β1 concentrations in 
DHT-treated conditioned media were also recovered to 
control levels with C3A (Additional file 1: Fig. S1). Col-
lectively, we found that C3A effectively reduced DHT-
induced DPC senescence and the associated secretory 
factors. Also, C3A pretreatment rescued the proliferation 
of HFSCs exposed with DHT-treated conditioned media, 
which maintains hair follicle regeneration ability.

Effect of C3A on DHT‑induced nuclear translocation of AR
Binding of androgens to the AR induces nuclear trans-
location of AR, which then induces AR expression and 
acts as a transcription factor for androgen-responsive 
genes [26, 27]. Thus, we measured AR mRNA expres-
sion and AR protein expression in DPCs to determine 
whether C3A affects DHT-induced AR expression. DHT 
increased AR mRNA and AR protein expression, but 
their expressions were reduced to control levels with 
C3A treatment (Fig. 2A and B). Next, we investigated the 
effect of C3A on the nuclear translocation of AR. DHT-
induced AR nuclear translocation and C3A pretreatment 

suppressed the translocation of AR into the nucleus 
(Fig. 2C). Similarly, we observed that increased AR fluo-
rescence intensity by DHT treatment in the nucleus was 
reversed by C3A (Fig. 2D). Furthermore, we investigated 
AR transcription activity through luciferase reporter 
assay in DPCs. AR transcription activity was increased by 
about 250% with DHT, but significantly decreased to con-
trol levels with C3A pretreatment (Fig. 2E). DHT-bound 
AR interacts with heat shock protein 27 (HSP27). When 
phosphorylated HSP27 is bound with AR, it translocates 
into the nucleus [28, 29]. Therefore, we assumed that C3A 
would inhibit AR nuclear translocation by affecting the 
interaction between AR and HSP27. We found that DHT 
increased the phosphorylation of HSP27, which was 
decreased with C3A pretreatment (Fig.  2F). Since cyto-
plasmic AR is completely different from the membrane 
ARs in terms of gene locus and molecular structure, we 
then used AR siRNAs specific for cytoplasmic AR but 
not mAR to investigate whether the nuclear transloca-
tion of AR is involved in DPC senescence. Interestingly, 
silencing AR expression did not suppress DHT-induced 
expression of p16 and p21 (Fig.  2G). Collectively, C3A 
plays a key role in inhibiting DHT-induced AR nuclear 
translocation through the regulation of HSP27 phospho-
rylation, but nuclear translocation of AR is not involved 
in DHT-induced DPC senescence.

Effect of C3A on DHT‑induced p38 phosphorylation
Then, we investigated whether DHT triggers DPC senes-
cence by activating membrane AR (mAR). The mAR 
is widely known to activate NADPH oxidase (NOX) to 
produce ROS, which then activates mitogen-activated 
protein kinase (MAPK) [30]. Therefore, we detected 
intracellular ROS by H2DCFDA staining. DHT treat-
ment increased ROS, which was reversed by C3A 

(See figure on next page.)
Fig. 1 Effect of C3A on DHT-induced DPC senescence. A Dermal papilla cells (DPC) were treated with dihydrotestosterone (DHT) (0 to 100 nM) for 
72 h. Senescent cells were determined by senescence associated β-galactosidase activity (SA-β-gal) assay. The positive cells (blue) were counted 
in five random fields manually. Proportional number of positive cells was presented by the percentage of cells of each treat group. N = 5. B Cells 
were pretreated with MitoTEMPO (1 μM) for 30 min and treated with DHT (100 nM) for 48 h. Cells were stained with MitoSOX and analyzed by 
flow cytometer. N = 4. C Cells were pretreated with MitoTEMPO (1 μM) for 30 min and treated with DHT (100 nM) for 72 h. Senescent cells were 
detected with SA-β-gal assay. N = 5. D Cells were pretreated with cyanidin 3-O-arabinoside (C3A) (1 μM), cyanidin-3-O-glucoside (C3-glu, 1 μM), and 
cyanidin-3-O-galactoside (C3-gal, 1 μM) for 30 min and treated with DHT for 48 h. Cells were stained with MitoSOX and analyzed by flow cytometer. 
N = 4. E Cells were pretreated with C3A for 30 min and exposed to DHT for 72 h. SA-β-gal assay was performed. N = 5. F Cells were pretreated with 
C3A for 30 min and treated DHT for 72 h. The protein expression levels of p16 and p21 were analyzed by western blot analysis. β-actin was used 
as a loading control. N = 4. G DPCs were treated with vehicle or DHT for 72 h. DPC conditioned media was used for growth factor antibody array. 
The results were captured by chemiluminescence imaging system and quantified by relative optical densities of spots. FGF-6, FGF-4, and FGF-7 
expression levels were compared with control. N = 3. H, I DPC conditioned media were obtained from the culture media of DPCs pretreated with 
C3A and treated with DHT for 72 h. Human hair follicle stem cells (HFSCs) were treated with DPC conditioned media for 48 h. H Viable cells were 
counted with trypan blue exclusion assay. N = 6. Data are shown by cell numbers in 1 ml. I Protein expression levels of p16 and p21 were evaluated 
by western blot analysis. N = 4. J DPCs were treated with C3A for 30 min prior to DHT exposure for 24 h. The mRNA expression levels of DKK1, TGFB1, 
and IL6 analyzed by using qPCR. N = 5. K DKK-1 concentration in the DPC conditioned media by using DKK-1 ELISA kit. DPC conditioned media was 
taken from the culture media of DPCs pretreated with C3A and treated with DHT for 72 h. N = 5. Data are mean ± SEM. *p < 0.05 versus Control. 
#p < 0.05 versus DHT
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(Fig.  3A). We then investigated which MAPK activity 
was affected by DHT and C3A. We found that C3A pre-
treatment reduced the DHT-induced phosphorylation of 
p38, whereas it did not significantly affect phosphoryla-
tion of ERK or JNK (Fig.  3B). Pretreatment with Apoc-
ynin, a NOX complex inhibitor, reduced DHT-induced 
ROS production, demonstrating that DHT increases 
ROS formation through activating the NOX complex 
(Fig.  3C). DHT-induced p38 phosphorylation and DPC 
senescence were inhibited by Apocynin pretreatment 

(Fig. 3D and E). We then investigated whether the HSP27 
phosphorylation by DHT was induced by p38-mediated 
signaling. Treatment with the p38 inhibitor, SB203580, 
reduced DHT-induced HSP27 phosphorylation (Fig. 3F), 
indicating that senescence inhibition by C3A was medi-
ated by decreasing ROS-mediated p38 activity. Further-
more, pretreatment with SB203580 effectively prevented 
DHT-induced senescence in DPCs, as demonstrated by 
reduced SA-β-gal activity and the expression of p16 and 
p21 (Fig. 3G and H). When we performed an experiment 

Fig. 1 (See legend on previous page.)
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Fig. 2 Effect of C3A on DHT-induced nuclear translocation of AR. A–F DPCs were treated with C3A for 30 min prior to DHT for 24 h. A The relative 
mRNA expression level of AR was analyzed by real time PCR. Normalization was achieved by ACTB mRNA expression level (B) AR protein expression 
level was detected by western blot analysis. N = 3. C Nuclear and cytosolic proteins were separated by intracellular fractionation. Protein expression 
level of AR was detected. Lamin A/C was used as a nuclear marker, and α-tubulin was used as a cytosol marker. N = 3. D Cells were immunostained 
with anti-AR antibody (red). Nucleus is counterstained with DAPI (blue). N = 3. Magnification ×1000. Scale bars are 8 μm. E AR transcriptional 
activity was analyzed by Cignal reporter assay. N = 5. F Phosphorylated HSP27 and HSP27 protein expression levels were analyzed by western 
blotting. N = 3. G Cells were transfected with non-targeting (NT) siRNA (25 nM) and AR siRNA (25 nM) and treated with DHT for 72 h. Western 
blotting analysis was performed for p16 and p21 proteins. β-actin was used as a loading control. N = 3. Data are mean ± SEM. *p < 0.05 versus 
Control. #p < 0.05 versus DHT

(See figure on next page.)
Fig. 3 Effect of C3A on DHT-induced p38 phosphorylation. A, B DPCs were treated with C3A for 30 min and treated with DHT for 2 h. A Cells were 
stained with H2DCFDA (1 μM) and analyzed with flow cytometer. N = 3. B The levels of p-p38, p-ERK, and p-JNK were determined by western blot 
analysis. Data are normalized by each anti-p38, -ERK and -JNK antibodies. N = 3. C, D Cells were treated with Apocynin (100 μM) for 30 min and 
exposed to DHT for 2 h. C Cells were stained with H2DCFDA and analyzed by flow cytometer. N = 3. D Phosphorylated p38 expression level was 
analyzed by western blot analysis. N = 4. E Cells were treated with Apocynin for 30 min and exposed to DHT for 72 h. SA-β-gal activity assay was 
performed, and blue stained cells of total cells were counted. N = 5. F Cells were treated with SB203580 (1 μM) for 30 min and exposed to DHT 
for 24 h. Phosphorylated p38 and HSP27 expression levels were analyzed by western blot analysis. N = 3. G, H Cells were treated with SB203580 
(1 μM) for 30 min and exposed to DHT for 72 h. G SA-β-gal activity assay was performed, and blue stained cells of total cells were counted. N = 5. 
H Western blotting was achieved for analyzing p16 and p21 protein expression levels. N = 3. I Cells were treated with C3A for 30 min and exposed 
to BSA conjugated DHT for 2 h. Cells were stained with H2DCFDA (1 μM) and H2DCFDA-positive cells were analyzed by flow cytometer. N = 6. J 
Cells were treated with Apocynin for 30 min and exposed to BSA conjugated DHT for 2 h and stained with H2DCFDA (1 μM). H2DCFDA-positive 
cells were analyzed by flow cytometer. N = 3. K Phosphorylated p38 expression level was analyzed by western blot. N = 4. Data are mean ± SEM. 
*p < 0.05 versus Control. #p < 0.05 versus DHT or BSA-DHT
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Fig. 3 (See legend on previous page.)
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by treatment of C3A and SB203580 simultaneously, 
DHT-induced senescence marker expressions of p16 and 
p21 was reduced similar to that of C3A treatment group 
(Additional file  1: Fig. S2). These results suggest that 
C3A-inhibited DPC senescence is mediated by the sup-
pression of p38 activity induced by DHT. Furthermore, 
to confirm the involvement of mAR-mediated signaling, 
we treated membrane impermeable DHT. The mARs are 
predicted to have transmembrane domains and localized 
to plasma membrane, and DHT initiates rapid signaling 
activating mARs. Our results showed that expressions 
of OXER1 and SLC39A were confirmed but GPRC6A 
and TRPM8 were not in DPCs (Additional file  1: Fig. 
S3A). Indeed, AR silencing did not reduce both OXER1 
and SLC39A mRNA expression levels (Additional file  1: 
Fig. S3B). Since BSA-conjugated DHT (BSA-DHT) acti-
vates mAR rather than intracellular AR, we examined the 

effects of BSA-DHT on NOX-dependent ROS formation 
and p38 phosphorylation. BSA-DHT increased ROS lev-
els, which were inhibited by Apocynin and C3A pretreat-
ments (Fig.  3I and J). Subsequently, DHT-BSA-induced 
p38 phosphorylation was reversed by C3A pretreatment 
(Fig.  3K). Therefore, our results indicate that DHT-
activated mAR induces DPC senescence. In addition, 
p38-mediated HSP27 phosphorylation is inhibited by 
C3A via regulation of NOX-dependent ROS formation.

Effect of C3A on DHT‑induced ER‑mitochondria contacts
MAM enhances communication between the mitochon-
dria and ER, and it plays a role in transfer of calcium into 
mitochondria and the aging process. Here, we investi-
gated the effect of C3A on DHT-induced MAM forma-
tion. DHT increased the colocalization of the ER-Tracker 
and Mito-Tracker in DPCs, which was inhibited by C3A 

Fig. 4 Effect of C3A on DHT-induced ER-mitochondria contacts. A DPCs were treated with C3A and exposed to DHT for 24 h. Cells were visualized 
by staining with ER-Tracker (200 nM) and Mito-Tracker (200 nM). Colocalization of ER-Tracker and Mito-Tracker was analyzed by Image J software. 
N = 5. Magnification ×1000. Scale bars are 8 μm. B Cells were treated with DHT for 24 h. The mRNA expression levels of VDAC1, MCU1, MICU1, 
MCUR1, and MCUB were quantified by qPCR analysis. N = 5. C Cells were treated with C3A for 30 min and exposed to DHT for 24 h. Protein 
expression levels of MCU1 and VDAC1 were analyzed by western blotting. N = 4. D Interaction between VDAC1 and IP3R1 (VDAC1–IP3R1, red) in 
DPC cells was assessed by PLA assay. N = 4. Magnification ×1000. Scale bars are 8 μm. E, F Cells were pretreated with RU360 (1 μM) for 30 min and 
exposed to DHT for 72 h. E SA-β-gal activity assay was performed, and blue stained cells of total cells were counted. N = 5. F Protein expression 
levels of p16 and p21 were quantified by western blot analysis. N = 4. *p < 0.05 versus Control. #p < 0.05 versus DHT
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pretreatment (Fig.  4A). Then, we investigated the effect 
of DHT on mRNA expression of mitochondrial calcium 
influx regulatory proteins such as VDAC1, mitochon-
drial calcium uniporter (MCU), mitochondrial calcium 
uptake 1 (MICU1), MCU regulator 1 (MCUR1), and 
MCU-dominant negative beta subunit (MCUB). We 
found that mRNA expression level of VDAC1 was upreg-
ulated, whereas no significant change was detected in the 
mRNA levels of MCU, MICU1, MCUR1, or MCUB under 
DHT treatment in DPCs (Fig. 4B). In contrast, C3A pre-
treatment reduced the DHT-induced VDAC1 expres-
sion (Fig.  4C). To confirm whether MAM formation is 
increased due to VDAC1 upregulation by DHT, we per-
formed PLA to detect the connection between IP3R1 and 
VDAC1. We found that increased interaction between 
VDAC1 and IR3R1 was promoted by DHT treatment, 
and it was reduced with C3A pretreatment (Fig.  4D). 
Inhibition of DHT-induced mitochondrial calcium accu-
mulation by MCU inhibitor, RU360, decreased the SA-β-
gal-positive cell population and senescence marker p16 
and p21 protein expression (Fig.  4E and F). Based on 
these results, our data suggests that DPC senescence is 
reduced by downregulation of VDAC1 and C3A reduces 
ER-mitochondria contact by inhibition of VDAC1–IP3R1 
interaction.

Effects of C3A on DHT‑induced mitochondrial calcium 
accumulation
Mitochondrial calcium accumulation leads to mitochon-
drial dysfunction, which induces cellular senescence [31]. 
Thus, we measured mitochondrial calcium influx by 
staining Rhod-2. The results from detecting Rhod-2 fluo-
rescence by flow cytometry showed that C3A pretreat-
ment inhibited DHT-stimulated mitochondrial calcium 
influx in DPC (Fig. 5A). We further confirmed that inhi-
bition of p38 reversed DHT-induced VDAC1 expression 
and mitochondrial calcium accumulation (Fig.  5B and 
C). Silencing of AR did not suppress the DHT-induced 
VDAC1 expression (Additional file  1: Fig. S4). We then 
investigated whether the inhibition of mitochondrial cal-
cium accumulation induces anti-aging effects through 
suppression of VDAC1 expression in DPCs. Silencing 
VDAC1 reduced the DHT-stimulated Rhod-2-positive 
cell population (Fig. 5D). Transfection of VDAC1 siRNA 
decreased the SA-β-gal-positive cell population and 
expression of p21 and p16 under DHT treatment (Fig. 5E 
and F). These findings indicate that C3A suppresses 
DHT-induced mitochondrial calcium accumulation via 
regulation of p38-mediated VDAC1 expression, and 
excessive mitochondrial calcium is involved in inducing 
DPC senescence.

Effect of C3A on hair growth cycles in an AGA mice model
DHT-induced DPC senescence is associated with hair 
growth deceleration and changes in HFSCs, which are 
inhibited by C3A-induced p38 phosphorylation and 
MAM formation. We investigated the effects of C3A 
on hair regrowth induction in a DHT-induced alopecia 
mice model. To examine the effect of C3A-mediated p38 
phosphorylation via NOX dependent ROS formation 
on DHT-induced hair regrowth reduction, mice were 
treated with DHT via intraperitoneal injection. C3A, 
SB203580 and Apocynin were topically administered on 
the hairless skin as shown in Fig. 6A. In gross examina-
tion results from pictures taken at days 7, 11, 15, and 19 
after hair depilation, C3A rescued the DHT-induced hair 
growth deceleration (Fig. 6B). In addition, SB203580 and 
Apocynin results showed that hair growth rate was accel-
erated compared to the vehicle-administered mice group. 
At day 21 after treatment, skin tissue samples were 
acquired, and tissue slides were stained with HE (Fig. 6C). 
DPCs are located in the hair bulb of HFs and are associ-
ated with the progress of hair growth and the cycles of 
HFs. Since hair follicle numbers and hair bulb size could 
be modulated by AGA pathogenesis, we observed the 
effect of DHT on them. The number of hair follicles is not 
decreased in mice treated with DHT, but hair bulb size 
was significantly reduced by DHT and C3A, SB203580, 
and Apocynin could reverse the effect of DHT (Fig.  6D 
and E). This suggests that C3A and C3A-mediated inhi-
bition of p38 phosphorylation is involved in maintaining 
the DPC proliferation and function despite the exposure 
to DHT. DHT also alters the thickness of the skin layer. 
We examined the skin thickness and dermis to epider-
mis ratio. The skin thickness was also reduced in DHT-
injected mice, but C3A could reverse this thinning of 
the skin (Fig. 6F and G). Mouse skin tissue sections were 
stained with an anti-Ki67 antibody, and immunofluo-
rescent signals in hair follicle regions were evaluated at 
day 21. The number of Ki67-positive cells was decreased 
in the tissue section acquired from DHT-induced mice, 
but C3A treatment increased the number of Ki67-posi-
tive signals. This indicates that C3A could induce ana-
gen phase from telogen phase (Fig. 6H). Taken together, 
DHT-induced hair follicle cycle delay and hair growth 
deceleration were regulated by C3A and p38- and NOX-
mediated signaling. Also, the recovery of hair growth rate 
by C3A is associated with inhibition of DPC senescence.

Discussion
In this study, we show the effect of C3A on p38-medi-
ated MAM formation and mitochondrial calcium influx, 
which alleviates DHT-induced DPC senescence. Senes-
cent cells are viable, but non-proliferative cells that are 
damaged from disruption of the genome and proteome 
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integrity mostly attributed to mitochondrial dysfunction 
associated with mtROS accumulation [32]. They exhibit 
changes of DNA integrity, redox signaling, senescence 
associated with secretory phenotypes, and metabolic 
profiles [33]. In a chemical analysis of Aronia melano-
carpa extracts, C3A showed higher radical scavenging 
activity against oxidative stress than other forms of cya-
nidins. This suggests that the scavenging capability of 
cyanidins is determined by the residue of linked sugar 
units in alleviating oxidative stress [34]. Based on previ-
ous results, including ours, C3A, a cyanidin conjugated 
with an arabinoside sugar in carbon 3 position, has a 
higher antioxidative efficiency than other cyanidins [35]. 
The protective effects of other cyanidins against oxida-
tive stress-induced senescence through maintenance 

of mitochondrial membrane potential and mitochon-
drial functions have been previously reported [23, 24, 
36]. But, our results revealed that C3A reversed DHT-
induced mtROS levels and senescence marker expression 
in DPCs. Therefore, we found that C3A plays a role in 
reducing DHT-induced DPC senescence and regulating 
mitochondrial functions.

Our study shows that inhibition of AR nuclear trans-
location is not sufficient for suppressing DHT-induced 
DPC senescence. Although DHT stimulates the secre-
tion of inhibitory factors, such as DKK-1, TGF-β, and 
IL-6, it is not involved in the process of DPC senescence. 
A previous report shows that DHT induces signal trans-
duction stimulating DPC senescence, which is regulated 
regardless of nuclear translocation of AR [37]. Therefore, 

Fig. 5 Effect of C3A on DHT-induced mitochondrial calcium accumulation. A DPCs were treated with C3A for 30 min and exposed to DHT for 
48 h. Cells were stained with Rhod-2 (2 μM) and positive cells were analyzed with flow cytometer. N = 6. B Cells were pretreated with SB203580 
(1 μM) for 30 min and exposed to DHT for 24 h. VDAC1 expression level was analyzed by western blotting. C Cells were pretreated with SB203580 
for 30 min and exposed to DHT for 48 h. Flow cytometric analysis was performed with Rhod-2 (2 μM) staining and phycoerythrin (PE)-positive cells 
were quantified. D Cells were transfected with NT siRNA (25 nM) and VDAC1 siRNA (25 nM) and exposed to DHT for 48 h. Flow cytometric analysis 
was achieved with Rhod-2 staining and PE-positive cells were quantified. N = 4. E, F Silencing with VDAC1 siRNA (25 nM) or NT siRNA (25 nM) was 
done and the cells were exposed to DHT for 72 h. E SA-β-gal activity assay was performed, and blue stained cells of total cells were counted. N = 5. 
F Protein expression levels of p16, p21 and VDAC1 were quantified by western blot analysis. N = 4. *p < 0.05 versus Control. #p < 0.05 versus DHT or 
NT siRNA + DHT
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mAR signaling-mediated DPC senescence can be a tar-
get for AGA pathogenesis. In our study, we identified a 
strong anthocyanin compound, C3A, that has effects 
on both intracellular and mAR signaling in the process 
of DPC senescence. A previous report has shown that 
androgens induce oxidative stress via activation of mAR 
lacking its regulatory N-terminal domain variant, which 
induces NOX-dependent ROS generation [30]. Also, 

DHT facilitates signal transduction via activation of 
putative mARs such as SLC39A, GPRC6A, and transient 
receptor potential melastatin 8 (TRPM8) [38]. Consist-
ent with our results, other researchers have shown that 
androgens have distinctive effects dependent on oxida-
tive stress levels, but AR inhibition by antagonists could 
not rescue the oxidative stress-induced neuronal cell 
viability [30]. Conversely, nuclear translocation of AR 

Fig. 6 Effect of C3A on hair growth cycles in an AGA mice model. A Animal experimental schedule for inducing androgenetic alopecia mice model. 
DHT (1 mg/100 μl) was intraperitoneally injected and C3A (500 μM), SB203580 (1 mM), and Apocynin (100 mM) was topically administered once 
every 2 days. B Photographs were taken on days 7, 11, 15 and 19 after depilation. C Depilated mice skin tissue was frozen sectioned and histologic 
examination was performed by HE staining. Images were captured by digital slide scanner. N = 6. Scale bars are 400 μm. D Hair follicle number 
was counted in the same random area (1  mm2). E Hair bulb diameter was measured. F Skin thickness was assessed. G Dermal ratio was rated by 
measuring epidermis and dermis length of skin tissue section. H Immunofluorescence staining of Ki67 in the dorsal skin was performed with 
anti-Ki67 antibody and DAPI for nuclei staining. Magnification × 200. Scale bars are 40 μm. *p < 0.05 versus Control. #p < 0.05 versus DHT + Vehicle
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induces an adaptation mechanism and androgen dep-
rivation provokes oxidative damage with an increase of 
NOXs (NOX1,  gp91phoz, and NOX4) and a decrease of 
ROS reducing enzymes. This suggests that nuclear trans-
location of AR regulates ROS balance against oxidative 
stress [39–41]. Therefore, DHT-induced senescence is 
not dependent on nuclear translocation of AR. But, it 
suggests that the antioxidative effects of C3A are crucial 
for recovering DPC senescence by scavenging ROS pro-
duced by mAR-mediated signaling.

Our study initially demonstrated the DHT-induced 
DPC senescence is facilitated by p38 phosphorylation 
and C3A inhibits mAR signaling-mediated p38 phos-
phorylation. In our results, DPC senescence is induced 
by p38-mediated mitochondrial dysfunction and VDAC1 
expression is increased by DHT. Consistent with our 
results, in silico analysis suggested that the VDAC1 pro-
moter sequence is predicted to bind with the CREB, 
SP1, and ETSF [42]. These transcription factors are 
regulated by p38 kinase activation [43]. It is supposed 
that VDAC1 expression is regulated by p38-mediated 
causative transcription factors binding with the VDAC1 
promoter sequence. Although the VDAC1 expression 
regulatory mechanism remains unknown, these find-
ings suggest the possibility that VDAC1 plays a crucial 
role in ER-mitochondria contacts by assembling the 
VDAC1–IP3R1 complex. Mitochondrial calcium uptake 
is known to be accelerated by MAM formation, transfer-
ring calcium from ER to mitochondria by IP3R1–VDAC1 
coupling. Excessive calcium influx consequently overac-
tivates citrate cycle enzymes and ATP synthase, leading 
to mtROS accumulation and cellular senescence [15]. 
Previous reports show that intracellular calcium levels 
are increased in the process of HFSC differentiation by 
mitochondrial ATP synthase activation and keratino-
cyte differentiation is regulated by cytosolic calcium level 
[44, 45]. To the best of our knowledge, there has been no 
study on the effect of MAM formation and mitochondrial 
calcium accumulation on DPC senescence. Significantly, 
mAR-mediated signaling induces DPC senescence with 
mitochondrial calcium accumulation. Furthermore, this 
study is the first to report that C3A acts as a regulator of 
the VDAC1–IP3R1 complex via p38-mediated VDAC1 
expression. Our results also show that MCU expres-
sion is not altered by DHT but MCU inhibition reverses 
DHT-induced DPC senescence. These results imply that 
MCU expression does not determine mitochondrial cal-
cium entry level but acts as a passive transporter of cal-
cium into the mitochondrial matrix. Previous studies 
support these results that MCU-mediated mitochondrial 
calcium overload is involved in aging-related epigenetic 

modification and MCU inhibition suppressed high glu-
cose-induced mitochondrial dysfunction and neuronal 
cell aging [13, 46–48]. Since C3A inhibits DHT-induced 
ER-mitochondria contacts in a p38-dependent manner, 
it can be a promising candidate for AGA drugs regulat-
ing the influx of mitochondrial calcium to reduce DPC 
senescence.

Since DPC senescence is a hallmark of AGA with secre-
tion of hair follicle inhibitory factors, we utilized the 
DHT-induced AGA mice model to examine whether 
C3A can recover DHT-induced hair cycle retention. 
DHT injected into the body does not directly affect HFSC 
proliferation, but DHT-induced senescence of DPCs in 
dermal papilla leads to suppression of hair follicle regen-
eration [49]. Miniaturization of hair follicles is engaged in 
the AGA process by the increased ratio of DHT to testos-
terone. In histological examination, our results show that 
DHT-treated mice with vehicle treatment have shrunken 
bulb sizes, but DHT-treated mice with C3A treatment 
show similar bulb size to control mice not treated with 
DHT. DHT-induced hair growth cycle deceleration was 
also restored by inhibition of NOX- and p38-mediated 
signaling by treatment of Apocynin or SB203580. These 
results show that C3A-mediated effects of antioxidants 
and p38 signaling inhibition are involved in slowing AGA 
pathogenesis. A previous report demonstrates that hair 
follicle cycle regulation is associated with mitochondrial 
dysfunction in mtDNA-depleter mice models with altera-
tion of senescence-associated gene expressions [49]. In 
addition, our results show that C3A reduced inhibitory 
factors such as DKK-1, TGF-β1, and IL-6 produced by 
senescent DPCs. These inhibitory factors hindered the 
transition of telogen to anagen, which consequently con-
tribute to hair follicle cycle deceleration [50]. There have 
been many trials for developing drugs for AGA with fewer 
side effects such as prostaglandins and their antagonists, 
Wnt signaling activators, and stem cell therapy [51]. How-
ever, our study solidifies the involvement of mitochondrial 
calcium in DHT-induced DPC senescence and the mAR-
mediated signaling, which will be a target for novel drug 
development in AGA prevention. Therefore, C3A-medi-
ated anti-senescent effects will improve the DHT-induced 
hair follicle cycle delay caused by mitochondrial dysfunc-
tion of DPCs and increased expression of senescence-
associated hair follicle cycle inhibitory factors.

Conclusions
The scavenge effect of C3A prevents ROS signaling 
caused by the NOX complex, and p38-mediated signaling 
is a crucial promoter of DHT-induced DPC senescence 
through MAM formation and mitochondrial dysfunc-
tion (Fig.  7). Therefore, our study suggests that C3A is 
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a promising natural organic compound with incredible 
potential for AGA treatment or supportive medication 
against DHT-induced DPC senescence.

Abbreviations
AGA : Androgenetic alopecia; DHT: Dihydrotestosterone; DPCs: Dermal papilla 
cells; C3A: Cyanidin 3-O-arabinoside; AR: Androgen receptor; VDAC1: Voltage-
dependent anion channel 1; MAM: Mitochondria-associated ER membrane; 
mtROS: Mitochondrial ROS; HSP27: Heat shock protein 27; NOX: NADPH 
oxidase; MAPK: Mitogen-activated protein kinase; MCU: Mitochondrial calcium 
uniporter; MICU1: Mitochondrial calcium uptake 1; MCUR1: MCU regulator 1; 
MCUB: MCU-dominant negative beta subunit; RT-PCR: Reverse-transcription 
PCR.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12929- 022- 00800-7.

Additional file 1: Figure S1. Effect of C3A in DHT-induced IL-6 and TGF-
β1 release. Figure S2. Effect of C3A on p38-mediated signaling pathway 
to reverse DPC senescence. Figure S3. Expression of membrane ARs and 
the effect of AR siRNA on membrane AR expressions in DPCs. Figure S4. 
Effect of silencing AR in VDAC1 expression. Table S1. Array map of human 
growth factor antibody array C1. Table S2. Sequences of primers used for 
real-time PCR and siRNA.

Acknowledgements
The authors would like to thank Enago (www. enago. co. kr) for their English 
language reviews.

Fig. 7 Schematic model of effect of C3A on DHT-induced mitochondrial calcium influx and DPC senescence. C3A effectively decreased 
DHT-induced mtROS accumulation and DPC senescence. HSP27 phosphorylation was modulated by p38-mediated signaling and it was involved 
in AR nuclear translocation. In turn, HSP27 phosphorylation is modulated by membrane AR-mediated signaling, which was inhibited by C3A. 
Remarkably, C3A inhibited p38-mediated VDAC1 expression that contributes to MAM formation and transfer of calcium via VDAC1–IP3R1 
interactions. Finally, excessive mitochondrial calcium entry through MAM formation resulted in increase of DPC senescence, but C3A reduced the 
mitochondrial calcium influx under DHT exposure conditions

https://doi.org/10.1186/s12929-022-00800-7
https://doi.org/10.1186/s12929-022-00800-7
http://www.enago.co.kr


Page 16 of 17Jung et al. Journal of Biomedical Science           (2022) 29:17 

Authors’ contributions
YHJ, CWC, GEC: Conception and design, collection and assembly of data, data 
analysis and interpretation, manuscript writing. HCS: Analyzing immunoblot-
ting results, manuscript writing. JRL: Analyzing immunocytochemistry results. 
HSC: Analyzing immunohistochemistry results. JMP: Analyzing flow cytometry 
results. JHC, MRP: Performing and analyzing animal experiments. HJL: Data 
analysis and interpretation, Manuscript writing. HJH: Conception and design, 
Data analysis and interpretation, Manuscript writing. All authors understood 
the data and provided important contribution to the manuscript. All authors 
read and approved the final manuscript.

Funding
This research was supported by National R&D Program through the National 
Research Foundation of Korea (NRF) funded by the Ministry of Science and 
ICT (NRF-2020R1A2B5B02002442 and NRF-2017M3A9F3046543) and BK21 
Four Future Program for Creative Veterinary Science Research and Industry-
Academic Cooperation Program through SNU R&D Foundation funded by 
Stempoint Co., Ltd. (SNU-550-20190102).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All animal experiments were conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals and per-
mitted by the Institutional Animal Care and Use Committee of Seoul National 
University (SNU-200916-6-1).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Veterinary Physiology, College of Veterinary Medicine, 
Research Institute for Veterinary Science, and BK21 Four Future Veterinary 
Medicine Leading Education & Research Center, Seoul National University, 
Seoul 08826, South Korea. 2 Laboratory of Veterinary Physiology, College 
of Veterinary Medicine, Chungbuk National University, Cheongju, Chungbuk 
28644, South Korea. 3 Institute for Stem Cell & Regenerative Medicine (ISCRM), 
Chungbuk National University, Cheongju, Chungbuk 28644, South Korea. 
4 Biomedical Research Institute, Stempoint Co., Ltd., Seoul 08501, South Korea. 

Received: 9 November 2021   Accepted: 23 February 2022

References
 1. Kaufman KD. Androgens and alopecia. Mol Cell Endocrinol. 

2002;198(1–2):89–95.
 2. Premanand A, Reena RB. Androgen modulation of Wnt/β-catenin sign-

aling in androgenetic alopecia. Arch Dermatol Res. 2018;310(5):391–9.
 3. Kwack MH, Sung YK, Chung EJ, Im SU, Ahn JS, Kim MK, et al. Dihy-

drotestosterone-inducible dickkopf 1 from balding dermal papilla 
cells causes apoptosis in follicular keratinocytes. J Invest Dermatol. 
2008;128(2):262–9.

 4. Huang WY, Huang YC, Huang KS, Chan CC, Chiu HY, Tsai RY, et al. 
Stress-induced premature senescence of dermal papilla cells compro-
mises hair follicle epithelial-mesenchymal interaction. J Dermatol Sci. 
2017;86(2):114–22.

 5. Bahta AW, Farjo N, Farjo B, Philpott MP. Premature senescence of balding 
dermal papilla cells in vitro is associated with p16(INK4a) expression. J 
Invest Dermatol. 2008;128(5):1088–94.

 6. Upton JH, Hannen RF, Bahta AW, Farjo N, Farjo B, Philpott MP. Oxidative 
stress-associated senescence in dermal papilla cells of men with andro-
genetic alopecia. J Invest Dermatol. 2015;135(5):1244–52.

 7. Yang YC, Fu HC, Wu CY, Wei KT, Huang KE, Kang HY. Androgen recep-
tor accelerates premature senescence of human dermal papilla cells in 
association with DNA damage. PLoS ONE. 2013;8(11):e79434.

 8. Rossi A, Cantisani C, Melis L, Iorio A, Scali E, Calvieri S. Minoxidil use in 
dermatology, side effects and recent patents. Recent Pat Inflamm Allergy 
Drug Discov. 2012;6(2):130–6.

 9. Ryu HK, Kim KM, Yoo EA, Sim WY, Chung BC. Evaluation of androgens in 
the scalp hair and plasma of patients with male-pattern baldness before 
and after finasteride administration. Br J Dermatol. 2006;154(4):730–4.

 10. Fertig RM, Gamret AC, Darwin E, Gaudi S. Sexual side effects of 
5-α-reductase inhibitors finasteride and dutasteride: a comprehensive 
review. Dermatol Online J. 2017;23(11):3.

 11. van Vliet AR, Agostinis P. Mitochondria-associated membranes and ER 
stress. Curr Top Microbiol Immunol. 2018;414:73–102.

 12. Wiel C, Lallet-Daher H, Gitenay D, Gras B, Le Calvé B, Augert A, et al. 
Endoplasmic reticulum calcium release through ITPR2 channels leads 
to mitochondrial calcium accumulation and senescence. Nat Commun. 
2014;5:3792.

 13. Lee HJ, Jung YH, Choi GE, Kim JS, Chae CW, Lim JR, et al. Urolithin A sup-
presses high glucose-induced neuronal amyloidogenesis by modulating 
TGM2-dependent ER-mitochondria contacts and calcium homeostasis. 
Cell Death Differ. 2021;28(1):184–202.

 14. Missiroli S, Patergnani S, Caroccia N, Pedriali G, Perrone M, Previati M, et al. 
Mitochondria-associated membranes (MAMs) and inflammation. Cell 
Death Dis. 2018;9(3):329.

 15. Janikiewicz J, Szymański J, Malinska D, Patalas-Krawczyk P, Michalska 
B, Duszyński J, et al. Mitochondria-associated membranes in aging 
and senescence: structure, function, and dynamics. Cell Death Dis. 
2018;9(3):332.

 16. Ziegler DV, Vindrieux D, Goehrig D, Jaber S, Collin G, Griveau A, et al. 
Calcium channel ITPR2 and mitochondria-ER contacts promote cellular 
senescence and aging. Nat Commun. 2021;12(1):720.

 17. Putta S, Yarla NS, Kumar KE, Lakkappa DB, Kamal MA, Scotti L, et al. 
Preventive and therapeutic potentials of anthocyanins in diabetes and 
associated complications. Curr Med Chem. 2018;25(39):5347–71.

 18. Zafra-Stone S, Yasmin T, Bagchi M, Chatterjee A, Vinson JA, Bagchi D. Berry 
anthocyanins as novel antioxidants in human health and disease preven-
tion. Mol Nutr Food Res. 2007;51(6):675–83.

 19. Tena N, Martín J, Asuero AG. State of the art of anthocyanins: antioxidant 
activity, sources, bioavailability, and therapeutic effect in human health. 
Antioxidants (Basel). 2020;9(5):451.

 20. Salehi B, Sharifi-Rad J, Cappellini F, Reiner Ž, Zorzan D, Imran M, et al. The 
therapeutic potential of anthocyanins: current approaches based on their 
molecular mechanism of action. Front Pharmacol. 2020;11:1300.

 21. Mogalli R, Matsukawa T, Shimomura O, Isoda H, Ohkohchi N. Cyanidin-
3-glucoside enhances mitochondrial function and biogenesis in a human 
hepatocyte cell line. Cytotechnology. 2018;70(6):1519–28.

 22. Li F, Lang F, Wang Y, Zhai C, Zhang C, Zhang L, et al. Cyanidin ameliorates 
endotoxin-induced myocardial toxicity by modulating inflammation and 
oxidative stress through mitochondria and other factors. Food Chem 
Toxicol. 2018;120:104–11.

 23. Bhuiyan MI, Kim HB, Kim SY, Cho KO. The neuroprotective potential of 
cyanidin-3-glucoside fraction extracted from mulberry following oxygen-
glucose deprivation. Korean J Physiol Pharmacol. 2011;15(6):353–61.

 24. Wang Y, Fu XT, Li DW, Wang K, Wang XZ, Li Y, et al. Cyanidin suppresses 
amyloid β-induced neurotoxicity by inhibiting reactive oxygen species-
mediated DNA damage and apoptosis in PC12 cells. Neural Regen Res. 
2016;11(5):795–800.

 25. You Y, Liang C, Han X, Guo J, Ren C, Liu G, et al. Mulberry anthocya-
nins, cyanidin 3-glucoside and cyanidin 3-rutinoside, increase the 
quantity of mitochondria during brown adipogenesis. J Funct Foods. 
2017;36:348–56.

 26. Kuo YY, Huo C, Lin CY, Lin HP, Liu JS, Wang WC, et al. Caffeic acid phene-
thyl ester suppresses androgen receptor signaling and stability via 
inhibition of phosphorylation on Ser81 and Ser213. Cell Commun Signal. 
2019;17(1):100.

 27. Shao R, Ljungström K, Weijdegård B, Egecioglu E, Fernandez-Rodriguez 
J, Zhang FP, et al. Estrogen-induced upregulation of AR expression and 
enhancement of AR nuclear translocation in mouse fallopian tubes 
in vivo. Am J Physiol Endocrinol Metab. 2007;292(2):E604–14.



Page 17 of 17Jung et al. Journal of Biomedical Science           (2022) 29:17  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 28. Chiu CL, Patsch K, Cutrale F, Soundararajan A, Agus DB, Fraser SE, et al. 
Intracellular kinetics of the androgen receptor shown by multimodal 
Image Correlation Spectroscopy (mICS). Sci Rep. 2016;6:22435.

 29. Liu X, Feng C, Liu J, Cao L, Xiang G, Liu F, et al. Androgen receptor and 
heat shock protein 27 co-regulate the malignant potential of molecular 
apocrine breast cancer. J Exp Clin Cancer Res. 2018;37(1):90.

 30. Tenkorang MAA, Duong P, Cunningham RL. NADPH oxidase mediates 
membrane androgen receptor-induced neurodegeneration. Endocrinol-
ogy. 2019;160(4):947–63.

 31. Adam-Vizi V, Starkov AA. Calcium and mitochondrial reactive oxygen spe-
cies generation: how to read the facts. J Alzheimers Dis. 2010;20(Suppl 
2):S413–26.

 32. Vasileiou PVS, Evangelou K, Vlasis K, Fildisis G, Panayiotidis MI, Chronop-
oulos E, et al. Mitochondrial homeostasis and cellular senescence. Cells. 
2019;8(7):686.

 33. Rottenberg H, Hoek JB. The path from mitochondrial ROS to aging runs 
through the mitochondrial permeability transition pore. Aging Cell. 
2017;16(5):943–55.

 34. Bräunlich M, Slimestad R, Wangensteen H, Brede C, Malterud KE, Barsett 
H. Extracts, anthocyanins and procyanidins from Aronia melanocarpa as 
radical scavengers and enzyme inhibitors. Nutrients. 2013;5(3):663–78.

 35. Tian JL, Liao XJ, Wang YH, Si X, Shu C, Gong ES, et al. Identification of cya-
nidin-3-arabinoside extracted from blueberry as a selective protein tyros-
ine phosphatase 1B inhibitor. J Agric Food Chem. 2019;67(49):13624–34.

 36. Choi MJ, Kim BK, Park KY, Yokozawa T, Song YO, Cho EJ. Anti-aging effects 
of cyanidin under a stress-induced premature senescence cellular sys-
tem. Biol Pharm Bull. 2010;33(3):421–6.

 37. Dhurat R, Sharma A, Rudnicka L, Kroumpouzos G, Kassir M, Galadari H, 
et al. 5-α reductase inhibitors in androgenetic alopecia: shifting para-
digms, current concepts, comparative efficacy, and safety. Dermatol Ther. 
2020;33(3):e13379.

 38. Chen J, Chou F, Yeh S, Ou Z, Shyr C, Huang C, et al. Androgen dihydrotes-
tosterone (DHT) promotes the bladder cancer nuclear AR-negative cell 
invasion via a newly identified membrane androgen receptor (mAR-
SLC39A9)-mediated Gαi protein/MAPK/MMP9 intracellular signaling. 
Oncogene. 2020;39(3):574–86.

 39. Shiota M, Song Y, Takeuchi A, Yokomizo A, Kashiwagi E, Kuroiwa K, et al. 
Antioxidant therapy alleviates oxidative stress by androgen deprivation 
and prevents conversion from androgen dependent to castration resist-
ant prostate cancer. J Urol. 2012;187(2):707–14.

 40. Tam NN, Gao Y, Leung YK, Ho SM. Androgenic regulation of oxidative 
stress in the rat prostate: involvement of NAD(P)H oxidases and antioxi-
dant defense machinery during prostatic involution and regrowth. Am J 
Pathol. 2003;163(6):2513–22.

 41. Pinthus JH, Bryskin I, Trachtenberg J, Lu JP, Singh G, Fridman E, et al. 
Androgen induces adaptation to oxidative stress in prostate can-
cer: implications for treatment with radiation therapy. Neoplasia. 
2007;9(1):68–80.

 42. Guarino F, Zinghirino F, Mela L, Pappalardo XG, Ichas F, De Pinto V, et al. 
NRF-1 and HIF-1α contribute to modulation of human VDAC1 gene 
promoter during starvation and hypoxia in HeLa cells. Biochim Biophys 
Acta Bioenerg. 2020;1861(12):148289.

 43. Schwertz H, Carter JM, Abdudureheman M, Russ M, Buerke U, Schlitt A, 
et al. Myocardial ischemia/reperfusion causes VDAC phosphorylation 
which is reduced by cardioprotection with a p38 MAP kinase inhibitor. 
Proteomics. 2007;7(24):4579–88.

 44. Goren A, Naccarato T, Situm M, Kovacevic M, Lotti T, McCoy J. Mecha-
nism of action of minoxidil in the treatment of androgenetic alopecia 
is likely mediated by mitochondrial adenosine triphosphate synthase-
induced stem cell differentiation. J Biol Regul Homeost Agents. 
2017;31(4):1049–53.

 45. Pillai S, Bikle DD, Mancianti ML, Cline P, Hincenbergs M. Calcium regula-
tion of growth and differentiation of normal human keratinocytes: 
modulation of differentiation competence by stages of growth and 
extracellular calcium. J Cell Physiol. 1990;143(2):294–302.

 46. Gao P, Jiang Y, Wu H, Sun F, Li Y, He H, et al. Inhibition of mitochondrial 
calcium overload by SIRT3 prevents obesity- or age-related whitening of 
brown adipose tissue. Diabetes. 2020;69(2):165–80.

 47. D’Eletto M, Rossin F, Occhigrossi L, Farrace MG, Faccenda D, Desai R, et al. 
Transglutaminase type 2 regulates ER-mitochondria contact sites by 
interacting with GRP75. Cell Rep. 2018;25(13):3573-81.e4.

 48. Marchi S, Bittremieux M, Missiroli S, Morganti C, Patergnani S, Sbano L, 
et al. Endoplasmic reticulum-mitochondria communication through 
 Ca2+ signaling: the importance of mitochondria-associated membranes 
(MAMs). Adv Exp Med Biol. 2017;997:49–67.

 49. Singh B, Schoeb TR, Bajpai P, Slominski A, Singh KK. Reversing wrinkled 
skin and hair loss in mice by restoring mitochondrial function. Cell Death 
Dis. 2018;9(7):735.

 50. Mahmoud EA, Elgarhy LH, Hasby EA, Mohammad L. Dickkopf-1 expres-
sion in androgenetic alopecia and alopecia areata in male patients. Am J 
Dermatopathol. 2019;41(2):122–7.

 51. Valente Duarte de Sousa IC, Tosti A. New investigational drugs for andro-
genetic alopecia. Expert Opin Investig Drugs. 2013;22(5):573–89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Cyanidin 3-O-arabinoside suppresses DHT-induced dermal papilla cell senescence by modulating p38-dependent ER-mitochondria contacts
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Materials
	Cell culture
	Measurement of intracellular ROS, mtROS and mitochondrial calcium
	Senescence-associated β-galactosidase activity assay
	Growth factor antibody array
	Western blot and subcellular fractionation
	AR transcriptional activity assay
	Real-time quantitative PCR
	Immunocytochemistry
	Small interfering RNA (siRNA) transfection
	Enzyme-linked immunosorbent assay (ELISA)
	In situ proximity ligation assay
	Experimental design of the animal study
	Hematoxylin and eosin (HE) staining and immunohistochemistry
	Statistical analysis

	Results
	Effect of C3A on DHT-induced DPC senescence
	Effect of C3A on DHT-induced nuclear translocation of AR
	Effect of C3A on DHT-induced p38 phosphorylation
	Effect of C3A on DHT-induced ER-mitochondria contacts
	Effects of C3A on DHT-induced mitochondrial calcium accumulation
	Effect of C3A on hair growth cycles in an AGA mice model

	Discussion
	Conclusions
	Acknowledgements
	References


