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Piceatannol Inhibits P. acnes–Induced Keratinocyte
Proliferation and Migration by Downregulating
Oxidative Stress and the Inflammatory Response

Tingting Zhu,1 Fumin Fang,1 Dongjie Sun,2 Shuyun Yang,3 Xiaoping Zhang,1 Xiuqin Yu,1,5 and
Li Yang 4,5

Abstract— The Cutibacterium acnes (also called Propionibacterium acnes, P. acnes)-induced
proliferation and migration of keratinocytes contribute to acne vulgaris (AV), which is a
common inflammatory skin disease that causes physical and psychological impairments.
Piceatannol (3, 5, 3′, 4′-tetrahydroxy-trans-stilbene, PCT) is naturally present in many human
diets and plays antioxidant and anti-inflammatory roles that inhibit cell proliferation and
migration.We aimed to analyse the functions and underlyingmechanisms of PCT inP. acnes-
stimulated keratinocytes. First, PCT showed no toxicity against the normal human
keratinocyte cell line HaCaT but inhibited P. acnes-induced HaCaT cell proliferation. Next,
PCT promoted the nuclear translocation and target gene transcription of the antioxidant
transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), thereafter decreasing
intracellular reactive oxygen species (ROS) levels. In addition, PCT inhibited the nuclear
translocation of p65 [a subunit of nuclear factor kappa B (NF-κB)] and the secretion of pro-
inflammatory cytokines, including interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α)
and interleukin-8 (IL-8). Finally, a transfection assay showed that PCT inhibited P. acnes-
induced HaCaT cell proliferation and migration by activating the antioxidant Nrf2 pathway
and inhibiting the inflammatory NF-κB pathway. Our data suggested that PCT alleviated
P. acnes-induced HaCaT cell proliferation and migration through its antioxidant and anti-
inflammatory roles, suggesting the potential of PCT to treat AV.
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INTRODUCTION

Acne vulgaris (AV) is a common inflammatory skin
disease, impacting approximately 10% of the total popula-
tion worldwide [28]. AVundoubtedly decreases the quality
of life of patients because AV not only affects appearance
but also causes psychological problems, such as depres-
sion, anxiety and self-abasement [42]. The pathogenesis of
AV is extremely complex and undefined, mainly compris-
ing the following four aspects: hkeratinization of the pilo-
sebaceous duct, Cutibacterium acnes (also named
Propionibacterium acnes, P. acnes) and inflammation
[10, 24].

The human skin, the largest organ of the body, con-
tains numerous vital microbial genera related to skin
health, including Staphylococcus, Propionibacterium,
Streptococcus, Corynebacterium and Malassezia [28]. In
particular, the gram-positive anaerobic bacterium P. acnes
is an important component of the normal human skin
microbiota and controls pilosebaceous units. However,
P. acnes is not always beneficial to the human body. Of
the cutaneous propionibacteria, P. acnes appears to be the
most frequent cause of opportunistic infection and is linked
to AV. Higher antibody titres to AVare observed in patients
with severe forms of acne than in healthy individuals [32].
Moreover, highly complex P. acnes macrocolonies or
biofilms appear to be a more common phenomenon in
AV than in normal skin samples; thus, we speculate that
these structures could impede sebum flow [19]. In vitro,
P. acnes induces oxidative stress [15] and the inflammatory
response [22] in keratinocytes, consequently promoting
cell proliferation and migration [20], which facilitate the
progression of AV [12].

Piceatannol (3, 5, 3′, 4′-tetrahydroxy-trans-stilbene;
PCT) is a natural stilbene derived from plant seeds [27].
PCT acts as an antioxidant agent by activating the Kelch-
like ECH-associated protein 1 (Keap1)/nuclear factor ery-
throid 2-related factor 2 (Nrf2)/antioxidant response ele-
ment (ARE) pathway. Nrf2 is a kind of transcription factor
that regulates many ARE-containing genes involved in the
antioxidant response, thus protecting cells against reactive
oxygen species (ROS)/reactive nitrogen species (RNS) to
maintain cellular redox homeostasis [25]. KEAP1 consti-
tutively binds and suppresses Nrf2 activity under normal
conditions, while oxidants block the KEAP1-mediated
proteasomal degradation of Nrf2, which leads to increased
nuclear translocation and, in turn, the transcriptional induc-
tion of target genes that ensure cell survival [8]. PCT also
plays an anti-inflammatory role by inhibiting the nuclear
factor kappa B (NF-κB) pathway [26]. In mammals, NF-

κB is composed of homo- and heterodimers of five mem-
bers of the Rel family, namely, NF-κB1 (p105/p50), NF-
κB2 (p100/p52), RelA (p65), RelB and c-Rel. P. acnes
activates NF-κB and promotes the nuclear translocation
of NF-κB. Subsequently, NF-κB upregulates the transcrip-
tion of a range of pro-inflammatory cytokines, such as
interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α)
and interleukin-8 (IL-8), enhancing the inflammatory re-
sponse [39]. Additionally, PCT inhibits the proliferation
and migration of multiple normal and cancer cells, includ-
ing human aortic smooth muscle cells [9], mouse mamma-
ry cancer [34] and rat hepatocyte carcinoma [23]. Howev-
er, the functions and mechanisms of PCT in the prolifera-
tion and migration of keratinocytes are unclear.

In this study, we aimed to analyse the functions and
underlying mechanisms of PCT in P. acnes-stimulated
keratinocytes. Our data suggested that PCT alleviated
P. acnes-induced HaCaT cell proliferation and migration
via its antioxidant and anti-inflammatory roles, suggesting
the potential of PCT to treat AV.

MATERIALS AND METHODS

HaCaT Cell Culture and Treatment

Human keratinocyte cells (HaCaT cell line) were
purchased from the American Type Culture Collection
(#CRL-1624; ATCC, Rockville, MD, USA). HaCaT
cells were cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco, Life Technolo-
gies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/ml), streptomy-
cin (100 mg/ml) and glutamine (2 mM) (all from Gibco)
and maintained in a humidified atmosphere at 37 °C
with 5% CO2. The cells were sub-cultured every 4–6
days or when they reached 80–90% confluency. For the
treatment, 2.0 × 104–1.2 × 105 HaCaT cells/ml seeded
on 96- and 6-well microplates depending on the assay
and cultured for 24 h before treatment. HaCaT cells
were pre-exposed to 105, 106, 107 or 108 CFU/ml of
heat-killed P. acnes for 24 h. PCT (#P0453; purity >
95%; Sigma Aldrich, St. Louis, MO, USA) was dis-
solved in dimethyl sulfoxide (DMSO) before use, and
its chemical structure is shown in Fig. 1a. HaCaT cells
were treated with PCT at concentrations of 0, 5, 10, 15
or 20 μM for 24 h (Fig. 1b). In the other experiments,
HaCaT cells were treated with PCT at a concentration of
15 μM for 24 h. For the study of nuclear factor kappa B
(NF-κB) pathway, the NF-κB inhibitor JSH-23 (J4455,
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Merck, USA) was used to treat HaCaT cells at the
concentration of 10 μM for 24 h.

Cell Viability Assay

Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Japan) was applied to quantify cell viability. HaCaT cells
were seeded in 96-well plates with 100 μl of medium at a
density of 2 × 104 cells/well. After incubation of cells with
intended reagents, 10μl of CCK8 solutionwas added to each
well and incubated for 1 h at 37 °C. Finally, the absorbance
values at 450 nm were determined by a microplate reader
(ELX800, BioTek Instruments, Winooski, VT, USA) [41].

Cell Apoptosis Assay Using Annexin-V/PI Staining and
Flow Cytometry

Apoptosis was quantified using the fluorescein iso-
thiocyanate (FITC) -Annexin V Apoptosis Detection Kit
(556547, BD Biosciences Pharmingen, USA). After treat-
ment without or with 107 CFU/ml PA, or 15 μM PCT for
24 h, HaCaT cells were harvested and suspended in
Annexin binding buffer (2 × 106 cells/200 ml).

Subsequently, HaCaT cells were incubated with Annexin
V-FITC and propidium iodide (PI) for 15 min at room
temperature in the dark and immediately analysed by the
Gallios flow cytometer with Kaluza software (Beckman
Coulter Inc. USA). Annexin V negative/PI positive cells
were assumed to be necrotic (right lower quadrant),
Annexin V positive/PI positive cells were considered as
late apoptotic (right upper quadrant) and Annexin V
positive/PI negative cells were assumed to be early apo-
ptotic cells (left upper quadrant).

Western Blot Analysis

After treatment, HaCaT cells were washed three times
with cold phosphate-buffered saline (PBS). Then, the cells
were lysed in radio-immunoprecipitation assay (RIPA) lysis
buffer supplemented with phosphatase inhibitor and prote-
ase inhibitor cocktails (Sigma-Aldrich) for 30 min on ice.
After centrifugation at 12,000×g for 20 min at 4 °C, the
supernatant was obtained as the total protein extract. A
nuclear and cytoplasmic protein extraction kit (Beyotime,
Shanghai, China) was used to isolate the nuclear protein

Fig. 1. PCT shows no toxicity against normal HaCaT cells and inhibits P. acnes-induced cell proliferation. a The molecular structure of PCT is shown. b
HaCaTcells were treated with PCT at the concentration of 0 (normal group), 5, 10, 15 or 20 μM for 24 h. Then, a CCK-8 assay was performed to detect cell
viability. c HaCaTcells were treated with P. acnes at the concentration of 0 (normal group), 105, 106, 107 or 108 CFU/ml for 24 h. Then, a CCK-8 assay was
performed to detect cell viability. *P < 0.05 vs. the normal group. d HaCaT cells were randomly divided into the following six groups and treated without or
with P. acnes at a concentration of 107 CFU/ml: no P. acnes + no PCT (normal group), P. acnes, P. acnes + 5 μM PCT, P. acnes + 10 μM PCT, P. acnes +
15μMPCTandP. acnes+ 20μMPCT. Then, a CCK-8 assaywas performed to detect cell viability. *P < 0.05 vs. the normal group; #P < 0.05 vs. the P. acnes
group. The cell viability in the normal group was considered to be 100%, and the cell viability in other groups was calculated as the average ratio relative to
the normal group. e Cell apoptosis was measured after treating cells for 24 h with 107 CFU/ml P. acnes or 15 μMPCT treatment. The flow cytometry profile
represents Annexin V-FITC staining on the X-axis and PI on the Y-axis. Numbers represent the percentage of cells in each quadrant. f The statistical analysis
of cell apoptosis ratio in normal, P. acnes and PCT groups.
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from HaCaT cells according to the manufacturer’s instruc-
tions. Protein concentrations were determined by a BCA
protein assay kit (Thermo Fisher, Madison, WI, USA).
Protein samples were fractionated with 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad Laboratories, Hercules, USA). After
blocking with 5% (weight/volume;w/v) nonfat milk in Tris-
buffered saline containing 0.1% Tween-20 (0.1% TBST) for
2 h at room temperature, the membrane was incubated with
primary antibodies overnight at 4 °C and horseradish per-
oxidase (HRP)-conjugated secondary antibodies for 2 h at
room temperature. The primary antibodies used in the study,
including anti-Nrf2 (#ab137550), anti-KEAP1
(#ab119403), anti-haem oxygenase 1 (HO-1) (#ab13243),
anti-quinone oxidoreductase 1 (NQO1) (#ab34173), anti-
p65 (#ab16502), anti-histone 3 (H3) (#ab18521) and anti-
β-actin (#ab8227), were from Abcam (Cambridge, MA,
USA). Protein bands were visualized by using a chemilu-
minescence reagent and analysed with a Bio-Rad imaging
system (Bio-Rad Laboratories, Hercules, CA, USA).

Immunofluorescent Staining of HaCaT Cells

HaCaT cells were fixed with a 4% paraformaldehyde
(PFA)-PBS solution for 24 h, washedwith PBS and perme-
abilized with 0.5% Triton-X100. Cells were immuno-
stained with anti-Nrf2 (Abcam). Alexa Fluor 488 anti-
rabbit IgG (#A27034; Thermo Fisher Scientific, Waltham,
MA, USA) was used as a secondary antibody. Cell nuclei
were visualized with 4′, 6-diamidino-2-phenylindole
dihydrochloride (DAPI; #D1306; Thermo Fisher Scientif-
ic) staining. The fluorescent staining was visualized with a
laser scanning confocal microscope (Olympus, Tokyo, Ja-
pan) at 40× magnification.

HaCaT Cell Transfection

Nrf2 siRNAs (Nrf2 siRNA1-3), pEGFP-N1-p65 and
scrambled siRNA were purchased from Genema (Shang-
hai, China). HaCaT cells were transfected with 100 nM
Nrf2 siRNAs and scrambled siRNA using Hiperfect trans-
fection reagent (QIAGEN, GmbH, Hilden, Germany) fol-
lowing the manufacturer’s instructions and transfected
with 50 nM pEGFP-N1-p65 using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA).

Intracellular ROS Detection Assay

Intracellular ROS was quantified by 2′, 7′-dichloro-
dihydoro-fluorescein diacetate (DCFH-DA) (#D6883;

Sigma Aldrich). DCFH-DA is a cell permeable lipophilic
compound that can be deacetylated in the presence of
cellular esterases, and the resulting 2′, 7′-dichloro-
dihydoro-fluorescein (DCFH) is oxidized to fluorescent
2′, 7′-dichlorofluorescein (DCF) in the cytoplasm [2].
HaCaT cells were seeded in a 6-well plate at a density of
1 × 105. Cells were incubated with or without HDC and
GDH-HDC for 24 h and then washed with phenol
Dulbecco’s phosphate-buffered saline (DPBS). DCFH-
DA at 5 μM was added to each well and further incubated
at 37 °C for 0.5 h. The cells were observed under a laser
scanning confocal microscope (Olympus).

Enzyme-Linked Immunosorbent Assay (ELISA)

Human IL-6 (#D6050), TNF-α (#DTA00D) and IL-8
(#D8000C) Quantikine ELISA kits were purchased from
R&D (Nivelles, Belgium). The HaCaT cell culture super-
natant was added to a microtitre plate coated with mono-
clonal antibody (Quantikine) directed against the specific
cytokines and incubated at room temperature for 2 h with
continuous shaking. After washing the unbound protein,
polyclonal (Quantikine) antibodies directed against the
respective cytokines was added for 1-h incubation period.
After several washes, a substrate solution composed of
hydrogen peroxide and chromogen was added to the wells.
The reaction was stopped by the addition of a stop solution
(H2SO4). Colour intensity was measured by the absorbance
at 450 nm. According to the manufacturer, the minimum
detectable concentrations were 0.7 pg/ml for IL-6, 5.5 pg/
ml for TNF-α and 7.5 pg/ml for IL-8. The intra-assay
coefficients of variation for the cell culture supernatant
assay were 0.7–3.1% for IL-6, 4.4–5.3% for TNF-α and
4.4–4.7% for IL-8. The inter-assay coefficients of variation
for the cell culture supernatant assay were 2–3.7% for IL-6,
6.8–8.7% for TNF-α and 5.2–8.8% for IL-8.

Ethynyl Deoxyuridine (EdU) Assay

HaCaT cell proliferation was measured using EdU
kits (RiboBio, Guangzhou, China) according to the manu-
facturer’s instructions to analyse the incorporation of EdU
during DNA synthesis. The average ratio of EdU-positive
cells to DAPI-positive cells was calculated.

Scratch Wound Healing Assay

HaCaT cells (70–80% confluence, cultured for 24 h)
were seeded on a 24-well tissue culture plate and randomly
divided into the following eight groups: normal, P. acnes,
P. acnes + Nrf2 siRNA3, P. acnes + JSH-23 (5 μM, 30min
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prior to imaging; #S7351; Selleck Chemicals, Houston,
TX, USA), P. acnes + PCT, P. acnes + Nrf2 siRNA3 +
PCT, P. acnes + pEGFP-N1-p65 + PCT and P. acnes +
Nrf2 siRNA3 + pEGFP-N1-p65 + PCT. Next, cell culture
monolayers were scratched with a sterile 200-μl pipette tip
across the centre of the well. After scratching, the wells
were gently washed twice with PBS to remove the de-
tached cells. Three hundred microlitres of DMEM was
added to each well and photographed using a camera
attached to inverted microscope to obtain the same field
during the image acquisition; markings were created to use
as reference points close to the scratch. The wound gap was
imaged at the 24 h time point to check the wound width of
different treatments. Scratch wound closure was viewed
using an inverted microscope, and images were captured
with a digital camera (Nikon Coolpix 4500; Nikon, Tokyo,
Japan). Images were analysed by Carl Zeiss Microscopy
GmbH software by monitoring the width of the scratch
area at the 24 h time point.

Statistical Analysis

All data are displayed as the mean ± SD based on at
least three replicates. The differences between groups were

analysed by a Student’s t test, with P < 0.05 considered
statistically significant.

RESULTS

PCT Shows No Toxicity Against Normal HaCaT Cells
and Inhibits P. Acnes-Induced Cell Proliferation

First, we wondered whether PCT had certain side
effects and showed that PCT had no effect on normal
HaCaT cell proliferation (Fig. 1b). Following stimula-
tion with P. acnes, HaCaT cell proliferation increased
in a concentration-dependent manner, peaking at the
concentration of 107 CFU/ml, which was chosen for
subsequent experiments (Fig. 1c). Additionally, PCT
inhibited P. acnes-induced HaCaT cell proliferation in
a concentration-dependent manner (Fig. 1d). HaCaT
cell apoptosis was not up-regulated by PCT, indicating
the absence of cellular toxicity for PCT (Fig. 1e, f).
The data suggested that PCT alleviated P. acnes-in-
duced HaCaT cell proliferation.

Fig. 2. -0.2pt?>PCT promotes Nrf2 expression and nuclear translocation. HaCaT cells were randomly assigned to one of six groups: normal, DMSO, PCT
(15 μM), P. acnes (107 CFU/ml), P. acnes + DMSO and P. acnes + PCT. aWestern blot analysis was performed to detect Nrf2 and KEAP1 protein levels.β-
actin was used as the loading control. b Statistical analysis of the relative protein levels of Nrf2 and KEAP1. #P < 0.05 vs. relative protein level of KEAP1 in
the normal group. *P < 0.05 vs. relative protein level of Nrf2 in the normal group. ***P < 0.005 vs. relative protein level of Nrf2 in the P. acnes group. ##P <
0.01 vs. relative protein level of KEAP1 in the P. acnes group. cNuclear and cytoplasmic separation andWestern blot analysis were performed to detect Nrf2
subcellular location. H3 and β-actin were used as the nuclear and cytoplasmic loading controls, respectively. d Statistical analysis of Nrf2 relative protein
levels. *P < 0.05, **P < 0.01 vs. relative protein level of Nrf2 in the normal group. ##P < 0.01, ###P < 0.005 vs. relative protein level of KEAP1 in the normal
group. e HaCaT cells were randomly divided into three groups, normal, P. acnes and P. acnes + PCT, and then, the cells were stained with DAPI (blue) and
anti-Nrf2 antibody (green).

351Piceatannol Inhibits P. acnes–Induced Keratinocyte Proliferation



PCT Promotes Nrf2 Expression and Nuclear
Translocation

Previous studies have revealed that PCT exerts an anti-
oxidant effect by activating the Nrf2 pathway [33, 37]. We
also found that PCT increased Nrf2 expression and decreased
KEAP1 expression under P. acnes stimulation, without any
changes under normal conditions (Fig. 2a, b). Additionally,
PCT increased the nuclear translocation of Nrf2 under
P. acnes stimulation (Fig. 2c–e) but did not affect the nuclear
translocation of Nrf2 under normal conditions (Fig. 2c, d).
The data suggested that PCT promoted Nrf2 expression and
nuclear translocation after P. acnes stimulation.

PCTPlays an Anti-oxidative Role via the Nrf2 Pathway

We further investigated whether the anti-oxidative role
of PCT was dependent on the Nrf pathway. Nrf2 siRNA3
showed the best knockdown efficiency; thus, it was applied in

the subsequent experiments (Fig. 3a, b). The antioxidant
molecules HO-1 [4] and NAD (P) H:NQO1 [18] are two
target genes of Nrf2. Following P. acnes stimulation, HO-1
and NQO1 expressions were increased, while PCT further
upregulated HO-1 and NQO1 expression. Interestingly, Nrf2
knockdown alleviated the PCT-induced upregulation ofHO-1
and NQO1 expression (Fig. 3c, d). P. acnes induced ROS
production in HaCaT cells, while PCT relieved oxidative
stress, which was reversed by Nrf2 knockdown (Fig. 3e).
The data suggested that PCT alleviated P. acnes-induced
oxidative stress via Nrf2 and its target genes.

PCT Plays an Anti-inflammatory Role in P. Acnes-
Challenged HaCaT Cells

PCT shows anti-inflammatory functions in multiple
cells and diseases, such as mast cell-mediated allergic
inflammation [24]. Furthermore, PCT inhibits tumour

Fig. 3. PCT plays an anti-oxidative role via the Nrf2 pathway. a HaCaTcells were randomly assigned to one of the following five groups: normal, P. acnes,
P. acnes + Nrf2 siRNA1, P. acnes + Nrf2 siRNA2 and P. acnes + Nrf2 siRNA3. Western blotting was performed to detect the Nrf2 protein level. β-actin was
used as the loading control. b Statistical analysis of Nrf2 relative protein levels. *P < 0.05 vs. the normal group. ##P < 0.01, ###P < 0.005 vs. theP. acnes group.
HaCaT cells were randomly divided into the following six groups: normal, P. acnes, P. acnes + scrambled siRNA, P. acnes + Nrf2 siRNA3, P. acnes + PCT
and P. acnes + PCT +Nrf2 siRNA3. cWestern blot analysis was performed to detect HO-1 andNQO1 protein levels. Tubulinwas used as the loading control.
d Statistical analysis of the relative protein levels of HO-1 and NQO1. *P < 0.05 vs. the normal group. #P < 0.05, ##P < 0.01 vs. the P. acnes group. e ROS
levels were measured with a DCFH-DA fluorescent probe and analysed by a ZOE fluorescent cell imager. The scale bar represents 100 μm.
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necrosis factor (TNF)-induced NF-κB activation by down-
regulating NF-κB inhibitor alpha (IκBα) phosphorylation,
p65 (a subunit of NF-κB) phosphorylation, p65 nuclear
translocation and IκBα activation [5]. P. acnes upregulated
p65 nuclear translocation, while PCT and JSH-23
displayed the opposite effect (Fig. 4a, b). Similarly, PCT
and JSH-23 inhibited the P. acnes-induced secretion of
TNF-α, IL-6 and IL-8 from HaCaT cells (Fig. 4c–e). The
data suggested that PCT inhibited the P. acnes-induced
inflammatory response by downregulating p65 nuclear
translocation.

PCT Inhibits P. Acnes-Induced HaCaT Cell
Proliferation and Migration by Upregulating Nrf2 and
Downregulating p65

Finally, P. acnes induced HaCaT cell proliferation
and migration, while PCT reversed these effects; more-
over, the effect of PCT was downregulated by Nrf2
knockdown and p65 overexpression (Fig. 5a–d). The

data suggested that PCT inhibited P. acnes-induced
HaCaT cell proliferation and migration by upregulating
Nrf2 and downregulating p65.

DISCUSSION

Currently, multiple therapeutic strategies for AV are
available. However, each therapy has specific side effects.
For example, retinoid therapy is complicated by some side
effects, especially mucocutaneous toxicity [31], isotretinoin
shows teratogenic effects [29]. In our study, PCT showed no
toxicity against normal HaCaT cells (Fig. 1b). PCT is a
naturally occurring hydroxylated analogue of resveratrol,
displaying a wide spectrum of antioxidant, anti-
inflammatory, anti-tumour and anti-angiogenic biological ac-
tivities [3]. PCT has been found at low concentrations in
various plants, including grapes, passion fruit, white tea,
sugarcane and Japanese knotweed. Therefore, researchers

Fig. 4. PCT plays an anti-inflammatory role in P. acnes-challenged HaCaT cells. HaCaT cells were randomly divided into five groups: normal, P. acnes,
P. acnes + DMSO, P. acnes + PCT and P. acnes + JSH-23. a Nuclear and cytoplasmic separation and Western blot analysis were performed to detect p65
subcellular location. H3 and β-actin were used as the nuclear and cytoplasmic loading controls, respectively. b Statistical analysis of the p65 relative protein
level. *P < 0.05 vs. the normal group; #P < 0.05 vs. theP. acnes group. TNF-α (c), IL-6 (d) and IL-8 (e) protein levels were measured by ELISA. *P < 0.05 vs.
the normal group. #P < 0.05 vs. the P. acnes group.
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have attempted to biosynthesize PCT from engineered micro-
bial strains and have made marked progress [36]. Each gene
involved in the biosynthetic pathways is well described;
however, PCT production remains less than a few grams
per litre. The reasons might be attributed to the optimization
of each step in the biosynthetic pathway; for example, every
metabolite, as well as each precursor, influences the ultimate
product, PCT. In the future, PCT biosynthesis will be im-
proved to meet the increasing need for PCT in basic and
clinical applications.

PCT is an analogue of resveratrol, and sometimes
the effect of PCT is stronger than that of resveratrol.
Dimethylarginine dimethylaminohydrolase (DDAH)
and arginase are regulators of endothelial NO synthase

(eNOS). PCT acted similarly to resveratrol on the
DDAH pathway but at 10-fold lower concentrations,
indicating that PCT is more effective than resveratrol
in restoring the DDAH expression and activity of en-
dothelial cells under high-glucose oxidative stress [13].
Furthermore, PCT is a better peroxyl radical scavenger
than is resveratrol [11]. Additionally, PCT and resver-
atrol can exert synergistic effects, strengthening their
beneficial biological activities. For example, PCT and
resveratrol inhibit inducible nitric oxide synthase
(iNOS) expression and NF-κB activation in a mouse
dextran sulfate sodium (DSS)-induced colitis model
[40]. Thus, resveratrol-PCT hybrids have been
biosynthesized to enhance their profitable effects [38].

Fig. 5. PCT inhibits P. acnes-induced HaCaT cell proliferation and migration by upregulating Nrf2 and downregulating p65. HaCaT cells were randomly
divided into the following eight groups: normal, P. acnes, P. acnes + Nrf2 siRNA3, P. acnes + JSH-23, P. acnes + PCT, P. acnes + Nrf2 siRNA3 + PCT,
P. acnes + pEGFP-N1-p65 + PCT and P. acnes + Nrf2 siRNA3 + pEGFP-N1-p65 + PCT. a An EdU assay was performed to detect cell proliferation. b A
scratch wound healing assay was performed to detect cell migration. c The average ratio of EdU-positive cells compared to DAPI-positive cells was
calculated. d The wound width was calculated. *P < 0.05 vs. the normal group; #P < 0.05, ##P < 0.05 vs. the P. acnes group; $P < 0.05 vs. the P. acnes + PCT
group in c and d. Scale bar = 100 μm in a and b.
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Whether a resveratrol-PCT hybrid can alleviate HaCaT
cell proliferation and migration requires further
investigation.

The activation of the phosphoinositide-3-kinase
(PI3K)/protein kinase B (AKT)/mechanistic target of
rapamycin kinase (mTOR) pathway contributes to the
proliferation of keratinocytes, as the inhibition of
mTOR suppresses UVB-induced keratinocyte (HaCaT
cell) proliferation and survival [7]. Additionally,
apigenin inhibits UVB-induced mTOR signalling
through the activation of AMP-activated protein kinase
(AMPK). mTOR inhibition by apigenin enhances au-
tophagy, further reducing the proliferation of
keratinocytes (mouse 308 keratinocyte cell line) [6].
In the progression of acne, mTOR also plays vital
positive roles. The nuclear expression of mTOR is
obviously more intense in acne patients than in control
subjects [1]. Moreover, mTOR increases Western diet
(WD)-induced acne [30]. PCT inhibits the proliferation
of prostate cancer cells by attenuating PI3K signalling
and the phosphorylation of mTOR and AKT [17].
Therefore, we speculate that PCT inhibits the prolifer-
at ion of HaCaT cel ls by downregulat ing the
PI3K/AKT/mTOR pathway.

P. acnes activates the NLRP3 inflammasome in
keratinocytes to produce pro-inflammatory cytokines
such as interleukin-1β (IL-1β) and interleukin-18
(IL-18) [35]. Resveratrol plays an anti-inflammatory
role by inhibiting the activation of the NLRP3
inflammasome under different pathological circum-
stances, including lipopolysaccharide (LPS)-induced
acute lung injury [21], ionizing irradiation-induced
inflammation in mesenchymal stem cells (MSCs)
[14], and cerebral ischaemia/reperfusion injury in rats
[16]. In our study, PCT played an anti-inflammatory
role by inhibiting the activation of NF-κB and the
secretion of pro-inflammatory cytokines. As an ana-
logue of resveratrol, PCT might inhibit the P. acnes-
induced activation of the NLRP3 inflammasome in
keratinocytes.

In summary, PCT alleviates P. acnes-induced
HaCaT cell proliferation and migration by inhibiting
oxidative stress and the inflammatory response. No-
tably, there are some limitations to our study, such as
the lack of the combined use of PCT and resveratrol
and the absence of other mechanisms of the anti-
inflammatory role of PCT, which requires further
research. Our study reveals the functions of PCT in
P. acnes-challenged HaCaT cells, supplying a novel
therapeutic strategy for AV patients.
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