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Adipose‑derived stem cells attenuate 
acne‑related inflammation via suppression 
of NLRP3 inflammasome
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Abstract 

Background:  Acne is a chronic facial disease caused by Propionibacterium acnes, which proliferates within sebum-
blocked skin follicles and increases inflammatory cytokine production. Several therapeutic drugs and products have 
been proposed to treat acne, yet no single treatment that ensures long-term treatment efficacy for all patients is avail-
able. Here, we explored the use of facial autologous fat transplant of adipose-derived stem cells (ADSCs) to dramati-
cally reduce acne lesions.

Methods:  THP-1 cells were treated with active P. acnes for 24 h at different multiplicities of infection, and alterations 
in inflammatory factors were detected. To study the effect of THP-1 on inflammasome-related proteins, we first co-
cultured ADSCs with THP-1 cells treated with P. acnes and evaluated the levels of these proteins in the supernatant. 
Further, an acne mouse model injected with ADSCs was used to assess inflammatory changes.

Results:  Propionibacterium acnes-mediated stimulation of THP-1 cells had a direct correlation with the expression of 
active caspase-1 and interleukin (IL)-1β in an infection-dependent manner. ADSCs significantly reduced the produc-
tion of IL-1β induced by P. acnes stimulation through the reactive oxygen species (ROS)/Nod-like receptor family 
pyrin domain-containing 3 (NLRP3)/caspase-1 pathway. The results showed that ADSCs inhibit the skin inflammation 
induced by P. acnes by blocking the NLRP3 inflammasome via reducing the secretion of IL-1β in vivo.

Conclusions:  Our findings suggest that ADSCs can alter IL-1β secretion by restricting the production of mitochon-
dria ROS, thereby inhibiting the NLRP3/caspase-1 pathway in P. acnes-induced inflammatory responses. This study 
indicates that anti‐acne therapy can potentially be developed by targeting the NLRP3 inflammasome.
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Background
Acne is a skin inflammatory disorder and its severity 
is related to sebum production. It can affect nearly all 
individuals at least once during their lifetime. Typi-
cally, the infection occurs in sebaceous glands and 
leads to inflammation in the face, neck, back, and 

shoulders. Moreover, infection occurs mainly in ado-
lescence because of hormone imbalance, bacterial 
infections, or psychological stress [1]. Several physi-
ological factors contribute to acne pathogenesis, 
including follicular hyperproliferation and enhanced 
sebum production, accompanied by follicle blockage 
and colonization by multiple microorganisms such as 
Propionibacterium acnes [2, 3].  The bacteria mainly 
reside in pilosebaceous follicles and play a crucial role 
in stimulating host inflammatory responses, which are 
essential for acne pathogenesis [4]. P. acnes induces 
inflammatory responses by influencing the secretion 
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of pro-inflammatory cytokines (e.g., tumor necrosis 
factor [TNF]-α, interleukin [IL]-6, IL-8, and IL-12) 
[5–7]. Cytokines, such as the IL-1 family, play a vital 
role in the pathogenesis of acne [8, 9]. P. acnes can 
activate caspase-1, part of the Nod-like receptor fam-
ily pyrin domain-containing 3 (NLRP3), which eventu-
ally causes the secretion of the inflammatory cytokine 
IL-1β and progression of inflammation in the body 
[10]. Moreover, caspase-1 can be triggered by NLRP3 
via monocytes, macrophages, and sebaceous cells. 
This form of activation is determined by protease and 
reactive oxygen species (ROS) [11].

Although various therapeutic drugs and products are 
available, formulations that ensure the long-term effi-
cacy of acne treatment for all patients do not exist. The 
current standard treatments have poor efficacy and 
side effects. Antibiotics are the most frequently used 
drugs for acne treatment, but they become less effec-
tive with long-term treatment and are associated with 
adverse events [12–17]. In one of our previous stud-
ies, our team accidentally discovered that the patient’s 
inflamed acne lesions were alleviated after a facial 
autologous fat transplant. Therefore, we speculated 
that this intriguing approach could be another method 
to treat acne. To investigate the specific effects of fat 
tissue, we treated acne patients using a mechanically 
processed stromal vascular fraction gel (SVF-gel) [18], 
an adipose tissue-derived product that mainly consists 
of adipose-derived stem cells (ADSCs). The results of 
our prospective investigation suggested that SVF-gel 
injections could lead to a dramatic decrease in inflam-
matory acne [19].

Accumulating evidence suggests that mesenchymal 
stem cell (MSC) therapy may offer benefits in anti-
inflammation response and tissue repair [20]. ADSCs 
are an ideal source of MSCs for clinical application. 
Therefore, the potential to obtain fatty tissue cells for 
skin regeneration is an attractive strategy for treat-
ing skin lesions [21]. ADSCs possess several unique 
characteristics (e.g., plasticity and unlimited prolif-
eration) [22], which make them helpful in managing 
many diseases, primarily degenerative conditions [23], 
including skin exposed to injury or disease. Functional 
ADSCs are present throughout all layers of the skin 
and help in skin regeneration via cellular signals [24]. 
Growth factors, cytokines, and molecules secreted by 
ADSCs are associated with anti-inflammatory path-
ways, especially the IL-1 family [25]. They can also 
play a role in antioxidant and antiapoptotic effects by 
secreting soluble factors [26–28].

This study explored the therapeutic application of 
ADSCs for treating facial acne diseases.

Methods
Cell culture
After obtaining informed consent, human adipose stem 
cells were isolated from human adipose tissue obtained 
from healthy donors (22–32  years old) by liposuction 
at the Orthopedics 1st Hospital of Harbin Medical 
University. In addition, mouse adipose stem cells were 
isolated from mouse groin adipose tissue. The fatty tis-
sue was thoroughly cleaned with phosphate-buffered 
saline (PBS) three times and sliced into small pieces. 
The tissue sections were digested by adding 1.5% type 
I collagenase (Sigma, USA) at 37 ℃ and shaking for an 
hour. The mixture was separated using gradient cen-
trifugation, the supernatant was pelleted, and the red 
blood cells were removed. Finally, the stem cell prepa-
ration was resuspended in complete minimum essential 
media (MEM, Gibco, CA, USA) containing 10% fetal 
bovine serum (FBS, Gibco, CA, USA). The medium was 
replaced every 3  days to remove non-adherent cells, 
while the remaining cells were continually cultured and 
passaged. When primary ADSCs reached 80% conflu-
ent, cells were digested using 0.25% Trypsin–EDTA 
(Gibco, CA, USA) for 5 min, collected by centrifugation 
and subcultured at a ratio of 1:3. Human and mouse 
adipose stem cells were CD44+, CD90+, CD73+, 
CD105+, CD34−, and CD45−. ADSCs were induced 
successfully and differentiated into adipogenic lineage 
and osteogenic lineage. The CCK8 assay evaluated the 
growth of ADSCs (Additional file 1: Fig. S1).

THP-1 cells were obtained from Procell Life Science 
and Technology Company (Wuhan, China). THP-1 cells 
were cultured in RPMI-1640 medium (Gibco, CA, USA) 
containing 10% FBS, 1% penicillin/streptomycin (Solar-
bio, Beijing, China), and 0.5  mM β-mercaptoethanol 
(Solarbio, Beijing, China).

The co-culture of ADSCs and THP-1 cells was per-
formed on a Transwell plate with filter inserts (pore 
size, 0.4  μm; Corning, Lowell, MA, USA). A total of 
1 × 105 THP-1 cells in RPMI-1640 were placed in the 
upper chamber, while 1 × 105 ADSCs were placed in the 
lower chamber.

Bacteria
P. acnes (ATCC6919) was purchased from the 
Guangdong Microbial Preservation Center (Guang-
zhou, China) and cultured in a reinforced clostrid-
ial medium (RCM) under anaerobic conditions at 
37 ℃. P. acnes pellets were collected by centrifugation 
(4500  rpm × 20  min) at 4  °C. A bacterial suspension 
with a multiplicity of infection (MOI) of 10–20 was 
used in the experiments.
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Real‑time reverse transcription polymerase chain reaction 
(qRT‑PCR)
Total RNA was isolated from the THP-1 cells (about 
1 × 106) with TRIzol and used to prepare cDNA using the 
Roche reverse transcription kit following the procedure 
described by the manufacturer. qPCR was performed 
using the SYBR Green Master Mix with the following 
specific primers: caspase-1 forward 5′-GGC​ATG​ACA​
ATG​CTG​CTA​CA-3′ and reverse 5′-TCT​GGG​ACT​TGC​
TCA​GAG​TG-3′; IL-1β forward 5′-AGC​TGA​GGA​AGA​
TGC​TGG​TT-3′ and reverse 5′-GTG​ATC​GTA​CAG​GTG​
CAT​CG-3’; NLRP3 forward 5′-AAG​GAA​GTG​GAC​TGC​
GAG​AA-3′ and reverse 5′-AAC​GTT​CGT​CCT​TCC​TTC​
CT-3′; and GADPH forward 5′-ACC​CAG​AAG​ACT​GTG​
GAT​GG-3′ and reverse 5′-TCA​GCT​CAG​GGA​TGA​CCT​
TG-3′. Samples were run in triplicate, and the mRNA 
expression was normalized to actin.

Western blot
Collected cells were lysed with radioimmunoprecipita-
tion assay buffer supplemented with phenylmethylsul-
fonyl fluoride. The resulting cell lysates were separated 
with SDS-PAGE and then transferred to nitrocellulose 
membranes. These membranes were first blocked with 
5% nonfat dried milk and then incubated overnight with 
the indicated primary antibodies. The primary antibod-
ies were purchased from Abcam. Pro-caspase-1 was used 
at a concentration of 1:500, pro-IL-1β was used at 1:500, 
and NLRP3 was used at 1:500. The supernatant was col-
lected after centrifuging the cells. The protein was con-
centrated in micro-steps using the Amicon Ultra from 
Millipore. The blots were next incubated with secondary 
antibodies conjugated to horseradish peroxidase. The 
blots were observed with an enhanced chemilumines-
cence method (ECL Kit, China), and images were quanti-
fied using ImageJ version 1.52 K (NIH, USA).

Enzyme‑linked immunosorbent assay (ELISA)
To detect secreted cytokines, the cell supernatant from 
mouse ear tissues or human cells were used to measure 
the level of cytokine using IL-1β ELISA kits (Jianglai 
Biology Company, Shanghai, China) accordingly follow-
ing the manufacturer’s instructions.

Immunofluorescence
After P. acnes stimulation and N-acetyl-cysteine (NAC) 
treatment, THP-1 cells grown in a petri dish were co-
cultured with ADSCs. The cells were first fixed with poly-
l-lysine overnight, and then with 4% paraformaldehyde 
for 15 min. Next, the cells were permeabilized with 0.2% 
Triton X-100 in Tris-buffered saline for 10 min at room 
temperature (RT). The cells were first blocked with 5% 

bovine serum albumin and then incubated with the cor-
responding primary antibody for ASC or target of meth-
ylation-induced silencing (TMS1; 1:200) at 4℃ overnight. 
Next, the cells were incubated with the secondary con-
jugated antibody, and the nuclei were stained with 4′,6‐
diamidino‐2‐phenylindole. Slides were scanned with an 
inverted fluorescence microscope (NIKON, Japan).

siRNA knockdown transfection
siRNAs (GenePharma, Shanghai, China) specific for 
NLRP3 and the caspase-1 target sequences were designed. 
NLRP3 siRNA 5′-GCU​GCU​GAA​AUG​GAU​UGA​ATT—
UUC​AAU​CCA​UUU​CAG​CAG​CTT-3′. Caspase-1 siRNA 
5′-GGU​AUU​CGG​GAA​GGC​AUU​UTT-AAA​UGC​CUU​
CCC​GAA​UAC​CTT-3′. Negative control sense 5′-UUC​
UCC​GAA​CGU​GUC​ACG​UTT-3′ antisense 5′-ACG​UGA​
CAC​GUU​CGG​AGA​ATT-3′. GP-transfect-Mate was 
purchased from GenePharma (GenePharma, Shanghai, 
China) for siRNA transfection.

Determination of mitochondrial ROS (mtROS) production
To study the inhibition of mtROS by ADSCs, intracellular 
ROS levels were determined using a ROS Assay Kit (Beyo-
time, Shanghai, China). THP-1 cells were treated with P. 
acnes for 24 h and then co-cultured with ADSCs for 24 and 
48 h. Afterward, the cells were incubated with the fluores-
cent probe 2′-7′dichlorofluorescin diacetate at 37  ℃ for 
20  min. An inverted fluorescent microscope was used for 
visualization (excitation at 488 nm; emission at 525 nm). The 
ROS inhibitor NAC was used as a negative control at a con-
centration of 5 nM dissolved in DMEM (Beyotime, Shang-
hai, China) and was added 1 h before exposure to P. acnes.

In vivo mouse model
Female C57/BL6 mice (3 to 6 weeks old) were purchased 
from the Experimental Animal Center of the First Affili-
ated Hospital of Harbin Medical University. The mice 
were allowed to adapt under specific pathogen-free con-
ditions for more than 1 week before the experiments. The 
protocol was approved by The Ethics Committee of First 
Affiliated Hospital of Harbin Medical University.

Mice were divided into four groups: PBS alone, P. acnes 
alone, P. acnes + PBS, P. acnes + ADSCs (n = 6 per group). 
P. acnes suspended in PBS (1 × 108 colony-forming units 
per 50 μL) was intradermally injected into the middle of 
the left and right ears of the mice. ADSCs (1 × 108/ml per 
50 μL in PBS) were injected into the middle of the ears 
24 h after P. acnes injection. For comparison, 50 μL PBS 
instead of ADSCs was injected. The thickness of each 
mouse’s ears was measured with a vernier caliper, and 
the degree of redness and swelling in the ears 24 h after 
injection was recorded. For histological observations, the 
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Fig. 1  P. acnes triggers IL-1β secretions in THP-1. Cells were treated with P. acnes at multiplicity of infection levels of 0, 10, and 20 for 24 h. A ELISA 
was used to determine the level of IL-1β secretion in cell supernatants after exposure to P. acnes at different multiplicities of infection. B RT-PCR 
analysis of IL-1β messenger RNA expression. C Protein level determined by western blot of NLRP3, pro-IL-1β, and pro-caspase-1 in cell extracts (CE) 
and IL-1β and caspase-1 (p10) in supernatants (SN). The control was THP-1 cultured in RPMI-1640 without FBS. n = 5; *p < 0.05; **p < 0.01; ***p < 0.001
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ear tissues were fixed with paraformaldehyde, transferred 
to wax blocks, and stained with hematoxylin and eosin.

Immunohistochemistry
Tissue blocks from the ears of the mice were used for 
immunohistochemistry with anti-caspase-1 (1:200) and 
anti-IL-1β (1:200). The sections were next incubated with 
secondary antibodies at RT for 30 min. Finally, they were 
incubated with diaminobenzidine solution to visualize at 
RT for 5 min. Afterward, immunostained and unstained 
cytoplasms in the subcutaneous tissue were counted 
under a light microscope (Leica Microsystems, Wetzlar, 
Germany).

Measurement of caspase‑1 activity
The ear tissue samples were prepared using a mortar 
and pestle, and the supernatant was collected for cas-
pase-1 activity analysis using a commercial kit (Beyotime, 
Shanghai, China). This kit uses caspase-1 to catalyze the 
substrate, producing yellow p-nitroaniline.

Statistical analysis
All statistical analyses were performed using the SAS 9.4 
international standard statistical programming software. 
The analysis method adopted was a one-way analysis of 
variance. After comparing the differences between differ-
ent groups with statistical significance, a special pairwise 
comparison LSD t test was performed. Values of p < 0.05 
were considered statistically significant.

Results
P. acnes triggers IL‑1β secretions in THP‑1
THP-1 cells were used to study the secretion of the 
inflammasome by inflammatory cells in acne lesions. 
Since it is well documented that cultured THP-1 has 
the molecular constitution required for inflammasome 
assembly [29], we sought to confirm whether P. acnes 
stimulates the secretion of IL-1β in  vitro. After cells 
were treated with active P. acnes, IL-1β expression in the 
cytoplasm was up-regulated at the transcription level 
(Fig.  1A). Further analysis of the secretion of pro-IL-1β 

showed that the level of IL-1β was positively associated 
with the level of infection (Fig.  1B). Furthermore, the 
synthesis of a large amount of pro-IL-1β precursor was 
detected in the cell lysates at the protein level, and IL-1β 
was increased in the supernatant of treated THP-1 cells 
(Fig. 1C).

P. acnes-dependent stimulation of cytokines is medi-
ated by caspase-1 and IL-1β secretion in vitro. Pro-cas-
pase-1 is primarily expressed as an inactive precursor, 
broken down to produce active p10 and p20 subunits [10, 
30] in THP-1 cells treated with P. acnes. Similarly, pro-
IL-1β can be activated by caspase-1 to form mature IL-1β 
with inflammatory activity (Fig. 1C).

Therefore, in summary, stimulation of THP-1 with P. 
acnes leads to the expression of active caspase-1(p10) and 
IL-1β in an infection-dependent manner.

ADSCs inhibit P. acnes‐induced activation of the NLRP3 
inflammasome in monocytes
To study the effect of ADSCs on P. acnes‐mediated stim-
ulation of the NLRP3 inflammasome in the monocytes, 
ADSCs were co-cultured with P. acnes‐treated THP-1 
cells. ADSCs suppressed the P. acnes-induced caspase-1 
activity. Similarly, there was a concomitant reduction in 
the amount of caspase-1 and IL-1β from the supernatant 
of the THP-1 cells (Fig.  2A). Additionally, ELISA data 
showed that ADSCs significantly reduced IL-1β produc-
tion after P. acnes stimulation (Fig. 2B). PCR data showed 
that ADSCs significantly reduced IL-1β mRNA expres-
sion after P. acnes stimulation (Fig. 2C).

To confirm whether the effect of ADSCs on the pro-
duction of IL-1β in P. acnes-treated THP-1 cells was 
caspase-1 mediated, caspase-1 siRNA was used to down-
regulate caspase-1 in THP-1 cells. The level of caspase-1 
was reduced at the transcription and translational levels, 
with a concomitant decrease in IL-1β activity (Fig.  2D). 
The activation of NLRP3 indicated there were pathologi-
cal changes related to acne in the THP-1 cells. To con-
firm ADSCs suppressed P. acnes‐mediated stimulation of 
the NLRP3 inflammasome, we transfected NLRP3 siRNA 
into THP-1 cells (Fig.  2D). NLRP3 siRNA significantly 
reduced the activation of caspase-1, thereby inhibiting 

(See figure on next page.)
Fig. 2  ADSCs inhibit P. acnes‐induced activation of the NLRP3 inflammasome in monocytes. Cells were pretreated with P. acnes at MOI = 10 for 
24 h and co-cultured with ADSCs for 24 or 48 h in a Transwell system. A, E NLRP3, pro-IL-1β, and pro-caspase-1 in cell extracts (CE) and IL-1β and 
caspase-1 (p10) in supernatants (SN) evaluated by western blot. B, F The secreted IL-1β level in the cell supernatants determined by ELISA (protein 
level). C RT-PCR for IL-1β (messenger RNA expression). D NLRP3 siRNA (siNLRP3) and caspase-1 siRNA (Sicasp-1) were transfected to knock down 
NLRP3 expression. Control1 was THP-1 cultured in RPMI-1640 without FBS. Control2 was THP-1 treated with P. acnes for 24 h. SiNC indicates the 
negative control. n = 5; *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 2  (See legend on previous page.)
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the production of IL-1β (Fig.  2E). The ELISA results 
also confirmed that NLRP3 siRNA significantly inhib-
ited the secretion of IL-1β induced by P. acnes (Fig. 2F). 
ADSCs inhibited NLRP3 inflammasome activation in P. 
acnes-treated THP-1 cells. Therefore, ADSCs inhibited P. 
acnes stimulated the production of caspase-1 and IL-1β 
(Fig. 2F).

The inhibition of mtROS production mediates 
the suppression of NLRP3 inflammasome via ADSCs
ADSCs may exert an inhibitory effect on the NLRP3 
inflammasome by inhibiting the production of mtROS. 
To study the inhibition of mtROS by ADSCs, we investi-
gated the activation of NLRP3 inflammasome in P. acnes-
stimulated THP-1 cells with and without ROS inhibition. 
The overall percentage of green fluorescence showed that 
the production of mtROS was significantly reduced, indi-
cating that ADSCs inhibited the production of mtROS in 
THP-1 cells stimulated by P. acnes (Fig. 3A).

A functional NLRP3 inflammasome usually consists of 
NLRP3, ASC, and pro-caspase-1 bound to inflammatory 
body sensor proteins [31]. The production of mtROS can 
establish a good cell signal, thereby stimulating the bind-
ing of NLRP3 and ASC [32]. The activation of NLRP3 
inflammasome induced by P. acnes is mtROS-depend-
ent [33]. We used confocal microscopy to visualize the 
expression of ASC in THP-1 cells. Co-culture of THP-1 
cells with ADSCs reduced the formation of ASC specks 
in P. acnes-treated THP-1 cells (Fig. 3B).

To further understand the mechanistic relationship 
between the inhibition of ADSCs and mtROS with simul-
taneous inhibition of NLRP3, we used the ROS inhibitor 
NAC to study the activation of NLRP3 inflammasome in 
THP-1 cells stimulated by P. acnes. After NAC treatment, 
pro-caspase-1, pro-IL-1β, caspase-1, and IL-1β exhibited 
different degrees of attenuation compared to the levels 
without NAC (Fig.  3C). ELISA measurement of IL-1β 
confirmed this observation (Fig. 3D). These findings indi-
cated that the inhibitory effect of ADSCs on the NLRP3 
inflammasome could be blocked by NAC, which reduces 
mtROS production in THP-1 cells.

ADSCs inhibit skin inflammation in mouse ears injected 
with P. acnes
To explore whether ADSCs can reduce the P. acnes-
induced skin inflammation in  vivo, we injected P. acnes 
into the ears of mice to induce acute ear edema and 
establish a mouse model of inflammatory acne (Fig. 4A). 
ADSCs were then injected into the mouse model. Com-
parison of the measurement results indicated that local 
injection of the ADSCs significantly reduced the swelling 
and thickness of the mouse ears (Fig. 4C). Furthermore, 
immunohistochemistry sections of the ADSCs-treated 
mouse ear tissue suggested that the injection of ADSCs 
significantly reduced the aggregation and infiltration of 
inflammatory cells (Fig.  4B). Therefore, the results indi-
cated that the presence of ASC could attenuate the P. 
acnes-induced inflammation as well as tissue swelling.

ADSCs inhibit the activation of NLRP3 inflammasome 
in mouse acne ear model
We explored the mechanism of ADSCs-mediated reduc-
tion in the P. acnes-induced inflammation in mice via the 
NLRP3 inflammasome. Immunohistochemistry results 
showed P. acnes significantly increased both the cas-
pase-1 and IL-1β levels in the ear tissues. Topical applica-
tion of ADSCs also inhibited the activation of caspase-1 
and IL-1β (Fig.  5A). We found that a topical applica-
tion of ADSCs could inhibit the activity of caspase-1 
induced by P. acnes (Fig.  5B). ELISA and western blot 
measurements suggested that caspase-1 and IL-1β were 
decreased in THP-1 cells treated with P. acnes (Fig. 5C, 
D) after ADSCs application compared to cells without 
ADSCs treatment. These results suggest that ADSCs 
inhibit the P. acnes-induced skin inflammation by block-
ing the NLRP3 inflammasome and reducing the IL-1β 
secretion.

Discussion
The pathogenesis of P. acnes-related chronic disease 
is a complex process. The development of therapeu-
tic agents for acne, on the other hand, presents fewer 
side effects, but high antimicrobial activity is necessary. 

Fig. 3  The inhibition of mtROS production mediates the suppression of NLRP3 inflammasome via ADSCs. Cells were pretreated with 
Propionibacterium acnes at MOI = 10 for 24 h and co-cultured with ADSCs in a Transwell system. The ROS inhibitor NAC (10 mM) was added 1 h 
before the addition of P. acnes. A Intracellular ROS stained in green fluorescent DCF was observed under a fluorescence microscope. B Fluorescence 
microscopy images of ASC (red). The nuclei were stained with DAPI (blue). The arrows indicate ASC specks. C NLRP3, pro-IL-1β, and pro-caspase-1 
in cell extracts (CE) and IL-1β and caspase-1 (p10) in supernatants (SN) were determined by western blot. (D) The amounts of secreted IL-1β in cell 
culture supernatants were determined by ELISA. Control1 was THP-1 cultured in RPMI-1640 without FBS. Control2 was THP-1 treated with P. acnes 
for 24 h. Control3 was THP-1 treated with NAC for 1 h after exposure to P. acnes for 24 h. n = 5; *p < 0.05; **p < 0.01; ***p < 0.001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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To date, the treatment of acne remains challenging. 
We conducted clinical research to discover particular 
effects following face autologous fat transplant surgery. 
Owing to the data that showed a relationship between 
ADSCs and acne symptom alleviation, we decided 
to delve further into the mechanism of ADSCs’ acne 
immunotherapy.

IL-1β is a potent pro-inflammatory cytokine inducer 
during the inflammation caused by P. acnes. Since P. 
acnes can induce the secretion of IL-1β, it may affect the 
ability of cells to fight infection and disease. According 
to some studies, P. acnes can stimulate inflammatory 
responses in monocytes by inducing IL-1β [34, 35]. Fur-
thermore, P. acnes can activate NLRP3 and cytokines in 
stimulated THP-1 cells (Fig. 1). Treatment with ADSCs 
can prevent NLRP3 activation and IL-1β secretion. Since 
silencing of caspase-1 in THP-1 cells abolishes the effect 
of ADSCs, our findings suggest that ADSCs do not affect 
the secretion of IL-1β, which indicates that ADSCs can 
inhibit inflammation by preventing caspase-1 activa-
tion. These results also demonstrated that the effects of 
NLRP3 siRNA transfection were similar to those of co-
culture with ADSCs. Our findings further revealed that 
ADSCs are remarkably resistant to P. acnes-induced 
inflammation due to ROS scavenging. Here, we showed 
that the injection of ADSCs could reduce the inflam-
matory response in mouse acne models. This NLRP3-
mediated inhibition of inflammasome in skin tissue can 
reduce swelling in  vivo. Figure  6 depicts a schematic 
representation of the putative therapeutic pathways for 
ADSCs.

Previous reports have suggested that sebocytes and 
monocytes are derived from IL-1 induced by P. acnes 
in acne vulgaris [33]. Monocytes play an important 
role in inducing numerous inflammatory responses 
[36]. THP-1 cells originate from a human monocytic 
leukemia cell line and are often used as an in  vitro 
model to study human inflammatory diseases [37, 38]. 
Since THP-1 cells contain all of the inflammasome 
elements, P. acnes may activate the release of IL-1β. 
This indicates that P. acnes can activate the immune 
system’s inherent defenses via the NLRP3 inflamma-
some. The generation of IL-1β consists of two steps: 

production of pro-IL-1β and secretion of the cleaved 
product IL-1β into the extracellular environment [39]. 
Caspase-1 cleaves the inactive pro-IL-1β to IL-1β to 
secrete. IL-1β, in turn, recruits more inflammatory 
cells and supports the development of inflamma-
tion. Pro-caspase-1 is inactive and needs to be broken 
down to caspase-1 by NLRP3 to function. Therefore, 
we explored whether ADSCs may reduce acne-related 
inflammation, thereby providing at least a partial 
therapeutic effect on acne. In addition to acne heal-
ing, ADSCs are also widely used to treat various dis-
eases such as rheumatoid arthritis [40], colitis [41], 
and other inflammatory diseases [42, 43] by regulating 
inflammatory responses and the process of articular 
cartilage degeneration. Related studies on these dis-
eases all suggested that the anti-inflammation effect of 
ADSCs occurs via the IL-1β pathway. Previous studies 
have shown that ADSCs affect the treatment of scars 
induced by P. acnes [44] and diabetic wound healing 
[45–47]. ADSCs have the advantage of being abun-
dant, easy to obtain, and usable without ethical con-
straints. Due to their immunocompatibility, they can 
be used safely in clinical environments. Fat grafting 
has become popular in clinical settings, especially for 
facial contour improvement to achieve rejuvenation 
[48–50]. Alternative treatment options including NAC 
and antibiotic treatments have many side effects such 
as skin dryness, erythema, irritation, peeling, tinnitus, 
dizziness, and pigmentation [51, 52].

The resting NLRP3 was predominantly localized in 
the endoplasmic and mitochondrion structures. Mito-
chondrial ROS can induce the activation of the NLRP3 
inflammasome [53]. We hypothesized that ADSCs 
could inhibit the activation of NLRP3 by suppressing 
mtROS, which also reduces the synthesis of IL-1β and 
eventually leads to the inhibition of inflammation. We 
observed that NAC abrogated the inhibitory effect in 
caspase-1 and IL-1β expression by ADSCs during the 
response to P. acnes. However, the detailed mecha-
nism for ADSC suppression of mtROS is still poorly 
understood. These results are consistent with previ-
ous studies showing that ROS can serve as a second-
ary messenger for several cellular processes, including 

(See figure on next page.)
Fig. 4  ADSCs inhibit skin inflammation in the mouse ear acne model. P. acnes (1 × 108 colony-forming units/ml), PBS, or ADSCs (1 × 108) were 
intradermally injected into the ears (50 ul in each ear) of C57BL/6 mice (6–8 weeks old). A P. acnes-induced redness evaluated 24 h after injection. 
B H&E staining of ear tissue sections (×40, ×100, and ×400). C Ear thickness measured with a vernier caliper at 24 h after injection. n = 6; *p < 0.05; 
**p < 0.01; ***p < 0.001
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cell cycle progression, apoptosis, senescence, and can-
cer [54, 55]. According to an increasing number of 
studies, ROS can serve as ASC stimulatory signaling 
molecules [56]. ASC is a pro-apoptotic protein with 
a PYD at the amino terminus and a caspase recruit-
ment domain at the carboxy terminus (CARD) [32]. 
In addition, other studies have shown that ROS gen-
eration can inhibit ASC and lead to cytokine secre-
tion through paracrine signaling [57, 58]. Even though 
research on the effects of ADSCs on ROS has not 
been conducted, some prior research suggested that 
MSCs alleviate ROS by HO-1. This essential rate-lim-
iting enzyme catalyzes the conversion of heme to car-
bon monoxide (CO), ferrous iron, and biliverdin [59]. 
However, other studies indicated that the influence of 
MSCs on inflammatory control and mtROS genera-
tion is mediated in part by NAPQ1 [60]. To the best 
of our knowledge, the antioxidant effect of ADSCs has 
yet to be determined. The resistance effect of ADSCs 
against ROS may be relevant to their mitophagy capa-
bility, which is the main pathway through which a 
healthy mitochondrion population is maintained [61]. 
This assumption might explain why ADSCs can regu-
late the oxidative microenvironment. The next step of 
our research will detect the specific mechanism for 
the ADSC inflammation response induced by P. acnes. 
We speculate that the mitophagy capability of ADSCs 
maybe is the reason for the inhibition of the NLRP3/
caspase-1/IL-1β pathway.

TNF-α released by monocytes is another major cause 
of P. acnes-related inflammation. Previous studies also 
suggested that ADSCs can affect TNF-α in other inflam-
mation disease models [40, 42]. The possibility that 
ADSCs have anti-inflammatory effects on TNF-α in P. 
acnes-related inflammation should not be excluded. The 
specifics of TNF-α and ADSC interactions, possibly via a 
yet unknown pathway, need to be investigated in greater 
depth. TNFR2 is one of the distinct transmembrane 
receptors that interact with TNF-α and has limited 
expression on MSCs [62]. Several studies have shown 
that TNF-α/TNFR2 influences the therapeutic efficacy 
of MSCs [63, 64]. Therefore, we wonder if there is a 

possibility that TNF-α/TNFR2 plays a role in ADSCs-
treated P. acnes-related inflammation.

It is essential to point out some of the caveats of our 
study. Firstly, our research primarily focused on the 
impact of ADSCs on inflammatory and related biologi-
cal pathways that may synergize their anti-inflammatory 
effects. These pathways may induce pro-IL-1β, leading to 
cell activation, usually via toll-like receptor 2 (TLR2) or 
another pro-inflammatory factor-like IL-1. We did not 
explore the relationship between ADSCs and the TLR2 
ligand [6]. Secondly, it is well understood that the secre-
tions from sebaceous glands mostly cause skin irritation. 
We have attempted to identify the interactions between 
ADSCs and THP-1 cells, but the anti-inflammation 
effects of ADSCs on sebocytes are still unclear. We have 
initiated further studies in our laboratory to uncover 
alternate mechanisms for regulating inflammatory 
responses independent of mtROS. Thirdly, the next step 
is to investigate whether THP-1 is shifted to M1 mac-
rophages differentiation and if this change impacts the 
regulatory T cells repertoire in P. acnes-related inflam-
mation when co-cultured with ADSCs. To understand 
the translational value of ADSCs in acne treatment and 
define their precise mechanism of action, it is important 
to conduct experiments with either CD14-positive cells 
or patient-derived cells. In addition, since IL-1β plays an 
essential role in various bacterial infections, we plan to 
study how ADSCs can be used in other diseases where 
inflammation plays a key role.

Conclusions
In summary, our findings demonstrated that ADSCs 
can alter IL-1β secretion via restricting the produc-
tion of mtROS, consequently leading to inhibition 
of the NLRP3/caspase-1 pathway associated with P. 
acnes-induced inflammatory responses. Furthermore, 
our findings provide a new clue for potential anti‐acne 
therapy that can work by modulating the activation of 
the NLRP3 inflammasome induced by P. acnes in the 
skin. Understanding these mechanisms may lead to new 
approaches in the overall prevention and treatment of 
acne.

Fig. 5  ADSCs inhibit the activation of NLRP3 inflammasome in mouse acne ear model. P. acnes (1 × 108 CFU/ml), PBS, or ADSCs (1 × 108) were 
intradermally injected into the ear skin (each ear 50 ul once) of C57BL/6 mice (6–8 weeks old). A Immunohistochemistry staining with antibodies 
against IL-1β or caspase-1 (×40 and ×200). Arrows indicate a high expression of caspase-1. B Protein levels of NLRP3, pro-IL-1β, pro-caspase-1, 
IL-1β, and caspase-1 (p10) in ear tissues were determined by western blot. C Level of caspase-1 and D IL-1β determined with ELISA. n = 6; *p < 0.05, 
**p < 0.01, ***p < 0.001

(See figure on next page.)
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Additional file 1: Figure 1. Characterization of ADSCs. (A) Isolation of 
ADSCs from human adipose tissue after 72 h. (B) Isolation of ADSCs from 
mouse adipose tissue after 72 h. (A, B) Observed using inverted micro-
scope (40×10) (C) Flow cytometry of ADSCs surface markers. Human-
ADSCs (h-ADSCs) CD90(+), CD44(+), CD73(+) and CD105(+), CD34(-) and 
CD45(-). (D) Mouse-ADSCs (m-ADSCs) CD90(+) and CD44(+), CD73(+) 
and CD105(+), CD34(-) and CD45(-).

Additional file 2: Figure 1. (E) Adipogenic differentiation: h-ADSCs and 
m-ADSCs were treated with adipogenic differentiation medium for 14 
days and determined using Oil Red O. (F) Osteogenic differentiation: 
h-ADSCs and m-ADSCs were treated with osteogenic differentiation 
medium for 21 days and determined using Alizarin Red. (E, F) Observed 

using inverted microscope (20×10). (G) Cellular viability: h-ADSCs and 
m-ADSCs were subjected to a CCK8 assay after 0-7 days of culture. Meth‑
ods and Materials: Flow cytometry analysis: The cells were stained 
with CD34-FITC, CD44-PE, CD45-PE, CD90-PE, CD73-PE, CD105- FITC 
(BD Pharmingen, San Diego, CA, USA) for ADSCs characterization then 
analyzed by flow cytometry. Multipotential differentiation: h-ADSCs 
and m-ADSCs were passaged to the fifth generation and plated separately 
in 6-well plates. To determine the capability of ADSCs for multipoten-
tial differentiation, we used adipogenic differentiation medium and 
osteogenic differentiation medium (Fuyuan biology, Shanghai, China) to 
treat ADSCs passaged to the fifth generation. The medium in each sample 
was changed every 3 days. After 14 or 21 days of culture, Oil Red O and 
Alizarin Red S were used to evaluate the ability of ADSCs to differentiate 
into adipocytes and osteocytes. CCK8 assay: h-ADSCs and m-ADSCs were 
passaged to the third generation and plated separately in 96-well plates at 
a density of 1000 cells/well. To determine cellular viability, a Cell Counting 
Kit-8 (Beyotime, Shanghai, China) was used after 24 h for 7 days according 
to the manufacturers’ instructions.
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