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Abstract: Cutibacterium acnes (formerly Propionibacterium acnes) is one of the major bacterial species
responsible for acne vulgaris. Numerous bioactive compounds from Momordica charantia Linn. var.
abbreviata Ser. have been isolated and examined for many years. In this study, we evaluated the
suppressive effect of two cucurbitane-type triterpenoids, 5β,19-epoxycucurbita-6,23-dien-3β,19,25-
triol (Kuguacin R; KR) and 3β,7β,25-trihydroxycucurbita-5,23-dien-19-al (TCD) on live C. acnes-
stimulated in vitro and in vivo inflammatory responses. Using human THP-1 monocytes, KR or TCD
suppressed C. acnes-induced production of interleukin (IL)-1β, IL-6 and IL-8 at least above 56% or
45%, as well as gene expression of these three pro-inflammatory cytokines. However, a significantly
strong inhibitory effect on production and expression of tumor necrosis factor (TNF)-α was not
observed. Both cucurbitanes inhibited C. acnes-induced activation of the myeloid differentiation
primary response 88 (MyD88) (up to 62%) and mitogen-activated protein kinases (MAPK) (at least
36%). Furthermore, TCD suppressed the expression of pro-caspase-1 and cleaved caspase-1 (p10). In
a separate study, KR or TCD decreased C. acnes-stimulated mouse ear edema by ear thickness (20% or
14%), and reduced IL-1β-expressing leukocytes and neutrophils in mouse ears. We demonstrated that
KR and TCD are potential anti-inflammatory agents for modulating C. acnes-induced inflammation
in vitro and in vivo.

Keywords: acne; Cutibacterium acnes; Momordica charantia; anti-inflammation; kuguacin R; 3β,7β,25-
trihydroxycucurbita-5,23-dien-19-al (TCD)

1. Introduction

Acne vulgaris (acne) is a chronic inflammatory skin disease strongly associated with
excessive sebum production, abnormal keratinization, and inflammatory responses to
bacterial colonization [1]. It is well-accepted that residential bacteria of skin sebaceous
glands, such as Gram-positive anaerobic Cutibacterium acnes (formerly Propionibacterium
acnes) play the critical role in the development of acne [2]. C. acnes secretes hydrolytic
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enzymes such as proteases, lipases, and hyaluronidases to irritate and damage skin tissues,
leading to cutaneous inflammation, infection, and immune responses. Recent studies
indicated that pro-inflammatory cytokines secreted from keratinocytes, sebocytes, and
monocytes, in response to C. acnes stimulation [3], attract immune cells to the infected
pilosebaceous unit, and cause chronic inflammation [2,4]. Since excessive secretion of
pro-inflammatory mediators has been highly related to acne pathogenesis, developing a
strategy-based approach to suppress C. acnes-induced inflammatory responses might be
applicable to alleviate this chronic inflammatory skin disease.

Momordica charantia (bitter melon or bitter gourd) is a nutrient-rich vegetable culti-
vated in tropical and subtropical regions of the world. Cucurbitane triterpenoids, a group
of unique tetracyclic triterpenoids characterized by a 19-(10→ 9β)-abeo-10α-lanost-5-ene
ring skeleton, were originally obtained from the Momordica species [5]. Previously, 5β,19-
epoxycucurbita-6,23-dien-3β,19,25-triol (Kuguacin R; KR) and 3β,7β,25-trihydroxycucurbita-
5,23-dien-19-al (TCD) were isolated and collected from leaves of M. charantia L. var. abbrevi-
ate Ser. (wild bitter melon; WBM), a variety of bitter melon (Figure 1) [6].
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Figure 1. Chemical structures of 5β,19-epoxycucurbita-6,23-dien-3β,19,25-triol (Kuguacin R; KR) and 3β,7β,25-trihy-
droxycucurbita-5,23-dien-19-al (TCD). 

These two cucurbitanes have been shown to suppress Porphyromonas gingivalis-in-
duced inflammatory responses in the human THP-1 monocytic cell model, and could pre-
vent periodontal disease progression in a mouse model of experimental periodontitis [6]. 
Furthermore, Bai and colleagues [7] reported that TCD significantly suppressed human 
MCF-7 breast cancer cell proliferation and induced cell apoptosis through the modulation 
of cell signaling cascades, such as protein kinase B (PKB or Akt)/nuclear factor-kappa B 
(NF-κB), p38 mitogen-activated protein kinases (MAPK), and p53 phosphorylation. How-
ever, due to the lack of commercially inexpensive availability of pure KR or TCD, limited 
studies have been conducted to reveal the mechanisms involved for the beneficial appli-
cations of these two triterpenoids. 

To this end, we first evaluated the possible suppressive effect of KR and TCD on C. 
acnes-induced production and gene expression of pro-inflammatory mediators in human 
THP-1 monocytes. In addition, inflammatory signaling cascades were analyzed to deter-
mine the mechanisms for the action of both cucurbitane triterpenoids, including activation 
of myeloid differentiation primary response 88 (MyD88), MAPK, and caspase-1. Moreo-
ver, by using the C. acnes-inoculated mouse ear model, we examined the suppression ef-
fect of KR and TCD on C. acnes-induced inflammatory responses. The results of this study 
provided new aspects regarding in vitro and in vivo anti-inflammatory properties of KR 
and TCD. 

Figure 1. Chemical structures of 5β,19-epoxycucurbita-6,23-dien-3β,19,25-triol (Kuguacin R; KR) and 3β,7β,25-
trihydroxycucurbita-5,23-dien-19-al (TCD).

These two cucurbitanes have been shown to suppress Porphyromonas gingivalis-induced
inflammatory responses in the human THP-1 monocytic cell model, and could prevent
periodontal disease progression in a mouse model of experimental periodontitis [6]. Fur-
thermore, Bai and colleagues [7] reported that TCD significantly suppressed human MCF-7
breast cancer cell proliferation and induced cell apoptosis through the modulation of cell
signaling cascades, such as protein kinase B (PKB or Akt)/nuclear factor-kappa B (NF-κB),
p38 mitogen-activated protein kinases (MAPK), and p53 phosphorylation. However, due
to the lack of commercially inexpensive availability of pure KR or TCD, limited studies
have been conducted to reveal the mechanisms involved for the beneficial applications of
these two triterpenoids.

To this end, we first evaluated the possible suppressive effect of KR and TCD on C.
acnes-induced production and gene expression of pro-inflammatory mediators in human
THP-1 monocytes. In addition, inflammatory signaling cascades were analyzed to deter-
mine the mechanisms for the action of both cucurbitane triterpenoids, including activation
of myeloid differentiation primary response 88 (MyD88), MAPK, and caspase-1. Moreover,
by using the C. acnes-inoculated mouse ear model, we examined the suppression effect
of KR and TCD on C. acnes-induced inflammatory responses. The results of this study
provided new aspects regarding in vitro and in vivo anti-inflammatory properties of KR
and TCD.
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2. Results and Discussion
2.1. Effects of KR and TCD on C. acnes-Induced Cellular Cytokine Production and mRNA Expression

To examine whether KR or TCD affected cell viability, THP-1 cells were incubated
in culture medium supplemented with various concentrations (up to 40 µM) of tested
samples. No adverse effect on cell proliferation was observed whenever the concentration
of KR or TCD was below 20 µM (Figure 2a). To determine whether both cucurbitanes could
suppress C. acnes-induced inflammatory responses, THP-1 monocytes were co-cultured
with live C. acnes and in three levels (1, 2.5 or 5 µM) of KR or TCD. Figure 2b shows
that the production of pro-inflammatory mediators (IL-8, IL-1β, IL-6 and TNF-α) was
significantly elevated in response to C. acnes simulation. However, supplementation of
the culture medium with different levels of KR significantly reduced respective cytokine
production by as much as 56% (IL-1β), 71% (IL-6), 65% (IL-8), and 24% (TNF-α). Similarly,
TCD significantly suppressed C. acnes-induced production of IL-1β (up to 60%), IL-6 (up
to 45%), and IL-8 (up to 62%) (Figure 2b). In contrast, the production of TNF-α was not
affected by TCD. Furthermore, we found that anti-inflammatory agent luteolin significantly
inhibited C. acnes-stimulated induction of four cytokines in THP-1 cells. Luteolin, a flavone
originally from numerous plants, has been determined to exert potent anti-oxidant and anti-
inflammatory activities. For example, luteolin decreases adverse photobiological damages
in the skin by acting as the first line of defense. Luteolin also exerts an anti-inflammatory
effect on keratinocytes, fibroblasts, and immune cells by suppressing proinflammatory
mediators and regulating signaling pathways. Recent evidence has demonstrated that
luteolin could be applied with respect to inflammatory skin diseases, skin aging and skin
cancer, wound healing, etc. [8,9]. Thus, luteolin was used as a positive control in this study.

We also determined that KR or TCD affected the expression of these same cytokines at
the transcriptional level. Figure 2c shows that the expressions of pro-inflammatory IL-1β,
IL-6 and IL-8 were significantly downregulated by KR and TCD. Only C. acnes-simulated
mRNA levels of TNF-α were not reduced significantly by either cucurbitanes.

In this study, although we have reported that KR and TCD exert their anti-inflammatory
properties by suppressing immune responses, we speculated that the decrease in pro-
inflammatory cytokine production was also due to the anti-bacterial effect of both cu-
curbitanes. Based on results of the broth microdilution assay, the minimal inhibitory
concentrations (MIC) of both cucurbitanes were greater than 100 µM; thus, the MIC was
at least 20-fold higher than the highest concentration (5 µM) of both cucurbitanes, which
we added into the THP-1 cell culture. Therefore, we confirmed that the anti-microbial
potential of both cucurbitanes did not contribute to the decrease in C. acnes-induced pro-
inflammatory mediator production. We previously demonstrated that KR and TCD inhibit
heat-killed P. gingivalis-stimulated cytokine production by THP-1 cells [6]. In the present
study, using the co-culture model of live C. acnes and THP-1 monocytes, we observed
that both cucurbitanes suppress gene expression and production of pro-inflammatory
mediators. These findings indicated that exposure of monocytes to live C. acnes or heat-
inactivated P. gingivalis stimulated cellular inflammatory responses, and also that KR and
TCD strongly suppressed bacteria-induced inflammation. In addition, since KR and TCD
inhibited inflammatory responses triggered by Gram positive (C. acnes) and Gram negative
(P. gingivalis) bacteria. We believe that these two cucurbitanes are potential candidates for
developing novel therapeutic agents against bacteria-stimulated inflammation.
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(c) of pro-inflammatory cytokine in human monocytic THP-1 cells. THP-1 cells were incubated with DMSO as the negative
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2.2. Effects of KR and TCD on Activation of MyD88, MAPK, and Caspase-1

C. acnes had been reported to stimulate production and gene expression of pro-
inflammatory mediators by activating toll-like receptor-2 (TLR2)/MyD88-mediated MAPK
signaling [10,11]. We therefore investigated whether KR or TCD might inhibit cytokine
synthesis in monocytes by means of suppressing signal transduction cascades. Figure
3a shows the time-course of MyD88 activation in THP-1 cells in response to exposure
to live culture of C. acnes for different stimulation times (0, 10, 20, 30, 60, and 120 min).
Based on the optimal results, 20-min incubation was determined to stimulate cells for
MyD88 determination. The results in Figure 3b show that the C. acnes-induced stimulation
significantly raised the level of MyD88 (1.78-fold). However, activation of MyD88 in C.
acnes-stimulated monocytes co-incubated with KR or TCD was significantly reduced to
75% or 62%. Luteolin suppressed the level of MyD88 activation by 33%. As for MAPK,
the levels of phosphorylated p38-, ERK-, and JNK-MAPK in THP-1 cells were increased in
response to stimulation of C. acnes (Figure 3c). KR or TCD suppressed the expression of all
three phosphorylated MAPK proteins by 36–39% (p38), 55–58% (ERK), and 37–40% (JNK).
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Figure 3. Effect of stimulation periods of C. acnes on activation of myeloid differentiation primary
response 88 (MyD88) (a), and the effects of KR or TCD on MyD88 (b), mitogen-activated protein
kinases (MAPK) (c), and on caspase-1 (d) expression. THP-1 cells were cultured with DMSO and
co-incubated with C. acnes (M.O.I. = 75) for various periods of time (0, 10, 20, 30, 60, and 120 min)
(a). To determine activation of MyD88, MAPK, and caspase-1, cells were cultured with DMSO as the
negative control, or co-incubated with C. acnes (M.O.I. = 75) and different concentrations (1, 2.5 or
5 µM) of KR or TCD for 20 min (for MyD88) (b), 2 h (for MAPK) (c), or 16 h (for caspase-1 expression
activation) (d). Each value shows that the mean ± SD. Values with different symbols are significantly
different from the C. acnes control (C. acnes alone) at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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The possible role for IL-1β in the suppressive effect of both cucurbitanes on C. acnes-
induced cytokine expression was then investigated. Caspase-1, a specific cytosolic protease
also known as interleukin-1β converting enzyme (ICE), is the rate-limiting enzyme in the
production of IL-1β from its precursor, pro-IL-1β, by means of the proteolytic cleavage
of a 14-kDa peptide [12]. Figure 3d shows that pro-caspase-1 (inactive zymogen form)
and the caspase-1 p10 subunit (active form) were over-expressed in response to C. acnes
stimulation. TCD significantly suppressed expression of pro-caspase-1 and cleaved caspase-
1 (p10) by 41% and 32%, respectively, as compared to the C. acnes-treated control, whereas,
KR lowered it only slightly at a concentration of 5 µM; however, these effects were not
statistically significant. The discrepant effect on caspase-1 expression by both cucurbitanes
could be due to their chemical structures. Comparing their structures, KR with a 5β,19-
epoxy moiety in the skeleton, the three-dimensional structure of KR can form a steric
bridge. In addition, the inhibitory activity of TCD with a carbonyl group at C-19 was
stronger than that of KR with a hemiactal group at C-19. The carbonyl group at C-19 might
play an important role in the modulatory effect on caspase-1 expression. However, further
investigation is required to explore the relationship between their chemical structure and
anti-inflammatory properties.

To date, the precise pathological process underlying C. acnes-mediated skin inflamma-
tion remains unclear. A series of bacterial and biochemical stimuli initiates a complex inter-
action between immune microenvironments and abnormal skin cell proliferation/function.
For example, C. acnes produces numerous enzymes and cytotoxic chemicals that stimulate
the innate immune responses through cellular pattern recognition receptors, such as toll-
like receptors and nucleotide oligomerization domain (NOD)-like receptors to trigger the
MyD88-mediated MAPK/NF-κB signaling cascades [11,13]. MyD88, an adaptor protein
for IL-1 receptor (IL-1R)/TLR signaling, is widely recognized as the key component of
many inflammatory pathways [14]. After membrane-bound receptors bind to their specific
ligands, MyD88 spontaneously activates downstream MAPK and NF-κB cellular signal-
ing, which is responsible for the over-expression and production of many inflammatory
mediators, subsequently leading to an inappropriate and persistent immune activation
and inflammatory responses [14]. In this study, we confirmed that both cucurbitanes
significantly suppressed activation of both MyD88 and MAPK (Figure 3a–c), as well as
the gene expression and production of four cytokines (Figure 2). These findings are in
accordance with results of our previous reports that KR and TCD suppressed expression of
phosphorylated MAPK in P. gingivalis-stimulated THP-1 cells [6]. These results also lead us
to speculate that the potent anti-inflammatory properties of KR and TCD might be strongly
associated with the molecular mechanisms underlying suppressive effects of the crude
extracts or total phenolic extract (TPE) of WBM leaf on C. acnes-induced inflammatory
responses [15,16].

2.3. Effects of KR and TCD on C. acnes-Stimulated Mouse Ear Edema

Our previous studies showed that injection of live C. acnes (6 × 107 CFU/site) into
mouse ears caused epidermal microabscesses and swelling as compared to the untreated
group [16,17]. In this study, we inquired if KR and TCD affected inflammatory responses in
the C. acnes-stimulated mouse ear edema model. In this study, we inquired if KR and TCD
affected inflammatory responses in the C. acnes-stimulated mouse ear edema model. C.
acnes-induced ear edema was attenuated by respective treatment of KR (20%), TCD (14%),
or luteolin (17%) (Figure 4a). The results of flow cytometric analysis demonstrated that the
proportion of leukocytes (CD45+) infiltrating into mouse ear tissue was significantly raised
from 12% to 47% after 12-h of C. acnes inoculation (Figure 4b,c). Similarly, the proportion
of neutrophils (CD45+Ly6G+), accounting for 96% of total inflammatory leukocytes, was
markedly increased from 4% to 45%. Our observation is in accordance with the fact that
neutrophils are the first and major subpopulation of leukocytes to respond at the site
of injection in the early stage of inflammation [18]. Most macrophages derived from
monocytes are attracted into traumatized tissue at a later stage of inflammation (the period
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of 24 to 72 h). Thus, only a small proportion of the infiltrating macrophages (CD45+F4/80+)
in response to 12 h-stimulation was observed (Figure 4b,c). Co-injection of KR, TCD, or
luteolin along with C. acnes stimulation reduced the proportions of infiltrated immune
cells from 47% to 41% (leukocytes) or 45% to 37% (neutrophils), respectively. Furthermore,
levels of both IL-1β-expressing leukocytes and neutrophils were also lowered from 33%
down to 25–29%. Treatments of KR, TCD, or luteolin had no effect on the macrophage
population, which could be explained by low infiltration of macrophages at 12-h of C.
acnes inoculation.

Molecules 2021, 26, x FOR PEER REVIEW 8 of 13 
 

 

derived from monocytes are attracted into traumatized tissue at a later stage of inflamma-
tion (the period of 24 to 72 h). Thus, only a small proportion of the infiltrating macro-
phages (CD45+F4/80+) in response to 12 h-stimulation was observed (Figure 4b,c). Co-in-
jection of KR, TCD, or luteolin along with C. acnes stimulation reduced the proportions of 
infiltrated immune cells from 47% to 41% (leukocytes) or 45% to 37% (neutrophils), re-
spectively. Furthermore, levels of both IL-1β-expressing leukocytes and neutrophils were 
also lowered from 33% down to 25–29%. Treatments of KR, TCD, or luteolin had no effect 
on the macrophage population, which could be explained by low infiltration of macro-
phages at 12-h of C. acnes inoculation. 

 
(a) 

 
(b) 

Figure 4. Cont.



Molecules 2021, 26, 579 9 of 13Molecules 2021, 26, x FOR PEER REVIEW 9 of 13 
 

 

 
(c) 

Figure 4. Effects of KR or TCD on C. acnes-induced mouse ear edema. PBS, KR (2.5 μg/site), TCD (2.5 μg/site), or luteolin 
(50 μg/site) were intradermally injected, followed by immediate injection of C. acnes. Twelve hours after the injection, the 
inhibitory effects of KR or TCD on C. acnes-induced ear swelling were assessed by measuring the ear thickness (a), and C. 
acnes-induced inflammatory cells in mouse ear was performed by flow cytometry analysis (b,c). Each value represents the 
mean ± SD. Values with different symbols are considered to be significantly different from the C. acnes control (C. acnes 
alone) at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). 

Live C. acnes bacteria enhanced IL-1β production in human THP-1 cells through the 
activation of caspase-1 (Figure 3d). Our results reinforce previous findings showing that 
the upregulation of caspase-1 by C. acnes triggers the cleavage of pro-IL-1β, resulting in 
production and secretion of mature IL-1β from the cells [19,20]. In the investigation of 
mechanisms underlying inflammatory responses elicited by C. acnes, Qin and colleagues 
[21] found that C. acnes stimulates IL-1β production through the activation of NOD-like 
receptor protein 3 (NLRP3)-inflammasome and caspase-1 in human monocytes. They also 
detected increased amounts of caspase-1 and NLRP-3 in the dermis around pilosebaceous 
follicles in acne lesions. Rodriguez and colleagues [22] demonstrated that production of 
IL-1β is also well regulated by a TLR2-MyD88-NLRP3 signaling pathway in pathogen-
infected murine bone marrow-derived macrophage and mouse models. In the present 
study, we documented that both cucurbitanes, KR and TCD, suppressed activation of 
MyD88 and expression of caspase-1 and IL-1β. In addition to inactivation of MAPK sig-
naling, we speculate that KR and TCD might downregulate TLR2-mediated MyD88 sig-
naling and NLRP3 inflammasome activation, leading to the inhibition of active caspase-1, 
subsequently to the reduction of IL-1β expression and production. 

In this study, we have demonstrated that KR and TCD are as effective as anti-inflam-
matory luteolin in suppressing C. acnes-induced inflammatory responses. The molecular 
mechanisms underlying the suppression of C. acnes-induced inflammatory responses 
could be through the inhibition of TLR2-MyD88-mediated MAPK and NLRP3 inflam-
masome activation. Therefore, our findings raise the prospect that both KR and TCD have 
therapeutic potential as anti-inflammatory agents to alleviate or relieve inflammatory skin 
diseases. However, limited literature of the potentially beneficial applications of both un-
usual triterpenoids is published due to the shortage of inexpensive, pure KR and TCD 
compounds. After our methods for isolating and purifying both of these cucurbitanes [6] 
are available, future investigations on the toxicological and pharmaceutical evaluation of 
KR or TCD can be expected. 

In conclusion, we have demonstrated that two cucurbitanes, KR and TCD suppress 
C. acnes-stimulated MyD88-mediated MAPK activation, thereby reducing the levels of 

Figure 4. Effects of KR or TCD on C. acnes-induced mouse ear edema. PBS, KR (2.5 µg/site), TCD
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acnes alone) at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

Live C. acnes bacteria enhanced IL-1β production in human THP-1 cells through the
activation of caspase-1 (Figure 3d). Our results reinforce previous findings showing that the
upregulation of caspase-1 by C. acnes triggers the cleavage of pro-IL-1β, resulting in produc-
tion and secretion of mature IL-1β from the cells [19,20]. In the investigation of mechanisms
underlying inflammatory responses elicited by C. acnes, Qin and colleagues [21] found that
C. acnes stimulates IL-1β production through the activation of NOD-like receptor protein 3
(NLRP3)-inflammasome and caspase-1 in human monocytes. They also detected increased
amounts of caspase-1 and NLRP-3 in the dermis around pilosebaceous follicles in acne
lesions. Rodriguez and colleagues [22] demonstrated that production of IL-1β is also well
regulated by a TLR2-MyD88-NLRP3 signaling pathway in pathogen-infected murine bone
marrow-derived macrophage and mouse models. In the present study, we documented
that both cucurbitanes, KR and TCD, suppressed activation of MyD88 and expression of
caspase-1 and IL-1β. In addition to inactivation of MAPK signaling, we speculate that KR
and TCD might downregulate TLR2-mediated MyD88 signaling and NLRP3 inflamma-
some activation, leading to the inhibition of active caspase-1, subsequently to the reduction
of IL-1β expression and production.

In this study, we have demonstrated that KR and TCD are as effective as anti-
inflammatory luteolin in suppressing C. acnes-induced inflammatory responses. The
molecular mechanisms underlying the suppression of C. acnes-induced inflammatory re-
sponses could be through the inhibition of TLR2-MyD88-mediated MAPK and NLRP3
inflammasome activation. Therefore, our findings raise the prospect that both KR and TCD
have therapeutic potential as anti-inflammatory agents to alleviate or relieve inflammatory
skin diseases. However, limited literature of the potentially beneficial applications of both
unusual triterpenoids is published due to the shortage of inexpensive, pure KR and TCD
compounds. After our methods for isolating and purifying both of these cucurbitanes [6]
are available, future investigations on the toxicological and pharmaceutical evaluation of
KR or TCD can be expected.
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In conclusion, we have demonstrated that two cucurbitanes, KR and TCD suppress
C. acnes-stimulated MyD88-mediated MAPK activation, thereby reducing the levels of
pro-inflammatory mediators in THP-1 cells. Furthermore, two cucurbitanes relieved
epidermal edema, immune cell infiltration, and IL-1β-expressing neutrophils in the mouse
ear. Collectively, our findings indicated that KR and TCD exerted distinct anti-inflammatory
effects, and that these two cucurbitanes can be considered as anti-inflammatory therapeutic
candidates for moderating in vitro and in vivo inflammatory responses.

3. Materials and Methods
3.1. Materials

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethylsul-
foxide (DMSO), luteolin, and sodium dodecyl sulfate (SDS) were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Fetal bovine serum (FBS), phosphate-buffered saline
(PBS), RPMI 1640 medium, penicillin, and streptomycin were from Gibco (Carlsbad, CA,
USA). Brain heart infusion (BHI) broth was purchased from Difco (Detroit, MI, USA).
ELISA kits for detecting human interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor-α
(TNF-α) were supplied from Invitrogen (Carlsbad, CA, USA). All reagent-grade organic
solvents were purchased from Burdick and Jackson (Muskegon, MI, USA). The antibodies
used for Western blotting assay and flow cytometry were listed as Table 1.

Table 1. Antibodies used for Western blotting (WB) and flow cytometry (Flow).

Protein Clone Source/Company
(Catalog Number) Assay

MyD88 D80F5 Cell Signaling Technology (4283) WB
p38 Polyclonal Cell Signaling Technology (9212) WB
ERK 137F5 Cell Signaling Technology (4695) WB
JNK 56G8 Cell Signaling Technology (9258) WB

p-p38 D3F9 Cell Signaling Technology (4511) WB
p-ERK 20G11 Cell Signaling Technology (4376) WB
p-JNK 81E11 Cell Signaling Technology (4668) WB

pro-caspase-1 EPR4321 GeneTex (GTX62815) WB
cleaved caspase-1 Polyclonal GeneTex (GTX134551) WB

β-actin AC-74 Sigma (A5316) WB
PerCP-anti-mouse CD45 1 30-F11 BioLegend (103129) Flow
FITC-anti-mouse Ly6G 2 1A8 BioLegend (127605) Flow
PE-anti-mouse F4/80 3 30-F11 BioLegend (127605) Flow

APC-anti-mouse-IL-1β 4 NJTEN3 BioLegend (127605) Flow
1 Peridinin chlorophyll protein (PerCP)-conjugated anti-mouse CD45. 2 Fluorescein isothiocyanate (FITC)-
conjugated anti-mouse Ly6G. 3 Phycoerythrin (PE)-conjugated anti-mouse F4/80. 4 Allophycocyanin (APC)-
conjugated anti-IL-1β.

3.2. Preparation of KR and TCD

Fresh WBM leaves (Hualien No.1) were obtained from the Hualien District Agricul-
tural Research and Extension Station (Hualien, Taiwan). The leaves were washed, air-dried,
and then ground to a fine powder. Using a series of extraction and partition techniques
described elsewhere, KR and TCD were isolated, collected, and identified from WBM leaf
extracts [6].

3.3. Bacterial and Cell Cultures

C. acnes strain BCRC10723 was obtained from the Bioresource Collection and Research
Center (Hsinchu, Taiwan). C. acnes was cultured in BHI broth with 1% (w/v) glucose
under anaerobic conditions in the BBL GasPak system (Becton Dickinson, Cockeysville,
MD, USA). A human monocytic (THP-1) cell line BCRC60430 was also obtained from
the Bioresource Collection and Research Center. Cells were maintained in RPMI1640
medium supplemented with 10% (v/v) heat-inactivated FBS, penicillin (100 U/mL), and
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streptomycin (100 µg/mL) at 37 ◦C in a humidified atmosphere with 5% CO2. To monitor
cell viability of all treatments, the MTT method was applied.

3.4. Measurement of Cytokine Production in THP-1 Cells

A well-established co-culture model of C. acnes and THP-1 cells was used to investigate
the anti-inflammatory properties of various herbal extracts on C. acnes-stimulated cytokine
production [15,23]. The culture of C. acnes under log-phase was centrifuged (10,000× g;
5 min) and the cells were collected, washed thrice with PBS, and re-suspended in RPMI
medium. THP-1 cells (1 × 106 cells/mL per well) were seeded into 24-well plates with
serum-free RPMI medium, and then co-cultured with live C. acnes (multiplicity of infection
(M.O.I.) = 75) alone or in combination with KR, TCD or luteolin at 37 ◦C in a 5% CO2
humidified atmosphere. After incubation for 24 h, the cell-free supernatants were collected,
and the levels of cytokines (IL-1β, IL-6, IL-8, and TNF-α) were determined using the
corresponding enzyme immunoassay kits.

3.5. Analysis of mRNA Levels by Quantitative Real-Time Reverse Transcription Polymerase Chain
Reaction (PCR)

Total RNA of human THP-1 cell samples was extracted and isolated using TRIzol
reagent (Invitrogen; Carlsbad, CA, USA). The cDNA was then synthesized from the RNA
with a reaction mixture of oligo (dT) primers and reverse transcriptase (Promega, Madison,
WI, USA), following the manufacturer’s instructions. Real-time PCR analysis was con-
ducted using an iCycler iQ Real-Time detection system (Bio-Rad, Hercules, CA, USA). To
amplify cDNA, primer sets for IL-1β (forward primer, 5′-AAGCTGAGGAAGATGCTG-3′;
reverse primer, 5′-ATCTACACTCTCCAGCTG-3), IL-6 (forward primer, 5′-GGAGACTTG-
CCTGGTGAAA-3′; reverse primer, 5′-CTGGCTTGTTCCTCACTACTC-3′), IL-8 (forward
primer, 5′-TGCCAAGGAGTGCTAAAG-3′; reverse primer, 5′-CTCCACAACCCTCTGCAC-
3′), TNF-α (forward primer, 5′-TCTTCTGCCTGCACTTTGG-3′; reverse primer, 5′-ATCTCT-
CAGCTCCACGCCATTG-3′) and glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
(forward primer, 5′-GTGAAGGTCGGAGTCAACG-3′; reverse primer, 5′-TGAGGTCAATG-
AAGGGGTC-3′) were used for PCR. To amplify respective cDNA, primer sets for target
genes (IL-1β, IL-6, IL-8, TNF-α and glyceraldehyde-3-phosphate dehydrogenase (GAPDH))
and thermal cycling conditions applied for all PCR assays as described elsewhere [15]. The
relative amounts of the PCR products were analyzed using iQ™5 optical system software
(ver. 2.1; Bio-Rad). The mRNA contents of all targeted genes from all tested samples that
were measured and analyzed after being normalized to those mRNA levels of GAPDH.

3.6. Western Blot Analysis

Human THP-1 cells were harvested, and total cellular protein was extracted from each
sample, separated by 10% (w/v) sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred onto a polyvinylidene difluoride (PVDF) (Millipore,
MA, USA). Blots were processed using a primary antibody (1:1000 dilution of anti-human
MyD88, MAPK, phospho-MAPK, pro-caspase-1 or cleaved caspase-1 or β-actin, followed
by reaction with a secondary antibody (1:5000 dilution of immunoglobulin conjugated with
horseradish peroxidase (Sigma). The immuno-reactive proteins of interest were analyzed
using the enhanced ECL chemiluminescence Western blotting detection system (Chemi-
Doc XRS, Bio-Rad). Signal strengths were measured and quantified using densitometric
program (Image Lab, Bio-Rad).

3.7. C. acnes-Induced Inflammation in Mouse Ears

We evaluated the protective effects of KR and TCD on C. acnes-stimulated inflam-
mation in mouse ear edema model by using the method described elsewhere [13]. Male
ICR mice (8 weeks old) were obtained from the Animal Center of the College of Medicine,
National Taiwan University (Taipei, Taiwan). Mice were housed in a controlled environ-
ment and provided with a commercial chow diet (LabDiet, 5001, Purina, St Louis, MO,
USA) and water ad libitum throughout the experiment. All procedures were performed
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in accordance with the Guide for the Care and Use of Laboratory Animals. The protocol
was approved by the Institutional Animal Care and Use Committee (IACUC) of National
Taiwan Normal University (IACUC Permit No. 104024). Mice were randomly divided
into five groups (n = 5 per group): the normal control (control), inoculation of C. acnes (C.
acnes-alone), inoculation of C. acnes/co-injection of TCD (C. acnes + TCD), inoculation of C.
acnes/co-injection of KR (C. acnes + KR), and inoculation of C. acnes/co-injection of luteolin
(C. acnes + luteolin). Live C. acnes (6 × 107 CFU/10 µL in PBS) was intradermally injected
into the right ear, while the left ears received an equal volume of PBS. Ten microliters of KR,
TCD, or luteolin in PBS with 5% DMSO were injected into the identical site of both mouse
ears immediately after C. acnes or PBS injection. Luteolin served as the control. Preliminary
studies demonstrated that the dose of KR (2.5 µg/10 µL/site), TCD (2.5 µg/10 µL/site),
or luteolin (50 µg/10 µL/site) was optimal for topical administration without causing
obvious skin irritation (data not shown). As seen in the left ears of mice, which received
TCD (2.5 µg/site), KR (2.5 µg/site) or luteolin (50 µg/site) in the absence of C. acnes, did
not exhibit any apparent skin irritation after these treatments (Figure 4a).

Twelve hours after the injection, ear thickness was measured and recorded using a
micro-caliper (Mitutoyo, Kanagawa, Japan). The extent of edema was evaluated based
on the difference in thickness between both ears. The increase in ear thickness of the C.
acnes-stimulated ear was expressed as a percentage of the PBS control. Mice were then
sacrificed by carbon dioxide asphyxiation. Single-cell suspensions from C. acnes-induced
skin lesions in mouse ears were prepared by a method described elsewhere [13]. Briefly,
the ears were excised, divided into dorsal and ventral halves, and then dispersed into the
RPMI medium. Single-cell suspensions were stained for 30 min with three fluorescently-
conjugated antibodies, including PerCP-conjugated anti-mouse CD45 (a leukocyte marker),
FITC-conjugated anti-mouse Ly6G (a neutrophil marker), and PE-conjugated anti-mouse
F4/80 (a macrophage marker). For analysis of intracellular IL-1β, cells were first stained
with PerCP-conjugated anti-mouse CD45 and FITC-conjugated anti-mouse Ly6G antibodies.
Stained cells were then fixed, permeated with permeabilization buffer (eBioscience, San
Diego, CA, USA), and incubated with an APC-conjugated anti-IL-1β monoclonal antibody,
according to the manufacturer’s instructions. After incubation with probes, cells were
suspended in staining buffer (PBS with 0.5% bovine serum albumin) and analyzed with a
FACS Canto II flow cytometer (BD Biosciences, San Jose, CA, USA).

3.8. Statistical Analysis

Statistical data analyses were performed using the SPSS Statistics for Windows, version
19.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was assessed using one-way
ANOVA followed by LSD multiple range test. All data are collected and presented as
means ± SD. Mean differences among groups were considered as statistically significant at
the p ≤ 0.05 levels.

Author Contributions: Conceptualization: T.-H.T. and P.-J.T. Methodology: Y.-C.H. and T.-H.T.
Formal analysis, W.-C.H. Investigation, W.-C.H. and J.-H.C. Data curation, W.-C.H. Writing—original
draft preparation: L.-T.C., Writing—Review and editing: H.C., C.-I.C., L.-T.C., T.-H.T., and P.-J.T.
Supervision, P.-J.T. Project administration, T.-H.T. and P.-J.T. Funding acquisition, T.-H.T. and P.-J.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taipei, Executive
Yuan, Taiwan under Grant No. MOST 105–2320-B-003–002 and MOST 108–2320-B-003–003-MY3 (to
P.-J.T.) and MOST-108–2320-B-264–001 MY-2 (to L.-T.C.). The APC was funded by the Ministry of
Science and Technology, Taipei, Taiwan.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not available.

Acknowledgments: The authors are grateful to Robert H. Glew for editing our manuscript.



Molecules 2021, 26, 579 13 of 13

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are unavailable from the authors.

References
1. Tanghetti, E.A. The role of inflammation in the pathology of acne. J. Clin. Aesthet. Dermatol. 2013, 6, 27–35.
2. Knor, T. The pathogenesis of acne. Acta Dermatovenerol. Croat. 2005, 13, 44–49.
3. Kumar, B.; Pathak, R.; Mary, P.B.; Jha, D.; Sardana, K.; Gautam, H.K. New insights into acne pathogenesis: Exploring the role of

acne-associated microbial populations. Dermatol. Sin. 2016, 34, 67–73.
4. Vowels, B.R.; Yang, S.; Leyden, J.J. Induction of proinflammatory cytokines by a soluble factor of Propionibacterium acnes:

Implications for chronic inflammatory acne. Infect. Immun. 1995, 63, 3158–3165.
5. Nagarani, G.; Abirami, A.; Siddhuraju, P. Food prospects and nutraceutical attributes of Momordica species: A potential tropical

bioresources—A review. Food Sci. Hum. Well. 2014, 3, 117–126.
6. Tsai, T.H.; Huang, W.C.; Ying, H.T.; Kuo, Y.H.; Shen, C.C.; Lin, Y.K.; Tsai, P.J. Wild bitter melon leaf extract inhibits Porphyromonas

gingivalis-induced inflammation: Identification of active compounds through bioassay-guided isolation. Molecules 2016, 21, 454.
[PubMed]

7. Bai, L.Y.; Chiu, C.F.; Chu, P.C.; Lin, W.Y.; Chiu, S.J.; Weng, J.R. A triterpenoid from wild bitter gourd inhibits breast cancer cells.
Sci. Rep. 2016, 6, 22419. [PubMed]

8. Seelinger, G.; Merfort, I.; Schempp, C.M. Anti-oxidant, anti-inflammatory and anti-allergic activities of luteolin. Planta Med. 2008,
74, 1667–1677.

9. Gendrisch, F.; Esser, P.R.; Schempp, C.M.; Wölfle, U. Luteolin as a modulator of skin aging and inflammation. BioFactors 2021.
[CrossRef]

10. Lee, W.R.; Kim, K.H.; An, H.J.; Kim, J.Y.; Chang, Y.C.; Chung, H.; Park, Y.Y.; Lee, M.L.; Park, K.K. The protective effects of melittin
on Propionibacterium acnes-induced inflammatory responses in vitro and in vivo. J. Investig. Dermatol. 2014, 134, 1922–1930.

11. Zhang, B.; Choi, Y.M.; Lee, J.; An, I.L.; He, C.; Dong, Y.; Bae, S.; Meng, H. Toll-like receptor 2 plays a critical role in pathogenesis
of acne vulgaris. Biomed. Dermatol. 2019, 3, 4.

12. Krumm, B.; Xiang, Y.; Deng, J. Structural biology of the IL-1 superfamily: Key cytokines in the regulation of immune and
inflammatory responses. Protein Sci. 2014, 23, 526–538. [PubMed]

13. McLaughlin, J.; Watterson, S.; Layton, A.M.; Bjourson, A.J.; Barnard, E.; McDowell, A. Propionibacterium acnes and acne vulgaris:
New insights from the integration of population genetic, multi-omic, biochemical and host-microbe studies. Microorganisms 2019,
7, 128.

14. Deguine, J.; Barton, G.M. MyD88: A central player in innate immune signaling. F1000prime Rep. 2014, 6, 97.
15. Huang, W.C.; Tsai, T.H.; Huang, C.J.; Li, Y.Y.; Chyuan, J.H.; Chuang, L.T.; Tsai, P.J. Inhibitory effects of wild bitter melon leaf

extract on Propionibacterium acnes-induced skin inflammation in mice and cytokine production in vitro. Food Funct. 2015, 6,
2550–2560.

16. Chuang, L.T.; Shih, Y.H.; Huang, W.C.; Lin, L.C.; Hsu, C.; Chyuan, J.H.; Tsai, T.H.; Tsai, P.J. In vitro and in vivo screening of wild
bitter melon leaf for anti-inflammatory activity against Cutibacterium acnes. Molecules 2020, 25, 4277.

17. Tsai, T.H.; Huang, W.C.; Lien, T.J.; Huang, Y.H.; Chang, H.; Yu, C.H.; Tsai, P.J. Clove extract and eugenol suppress inflammatory
responses elicited by Propionibacterium acnes in vitro and in vivo. Food Agric. Immunol. 2017, 28, 916–931. [CrossRef]

18. Rosales, C. Neutrophil: A cell with many roles in inflammation or several cell types? Front. Physiol. 2018, 9, 113.
19. Sahdo, B.; Särndahl, E.; Elgh, F.; Söderquist, B. Propionibacterium acnes activates caspase-1 in human neutrophils. APMIS 2013, 121,

652–663.
20. Li, Z.J.; Choi, D.K.; Sohn, K.C.; Seo, M.S.; Lee, H.E.; Lee, Y.; Seo, Y.J.; Lee, Y.H.; Shi, G.; Zouboulis, C.C.; et al. Propionibacterium

acnes activates the NLRP3 inflammasome in human sebocytes. J. Investig. Dermatol. 2014, 134, 2747–2756.
21. Qin, M.; Pirouz, A.; Kim, M.H.; Krutzik, S.R.; Garbán, H.J.; Kim, J. Propionibacterium acnes induces IL-1β secretion via the NLRP3

inflammasome in human monocytes. J. Investig. Dermatol. 2014, 134, 381–388. [CrossRef] [PubMed]
22. Rodriguez, A.E.; Bogart, C.; Gilbert, C.M.; McCullers, J.A.; Smith, A.M.; Kanneganti, T.D.; Lupfer, C.R. Enhanced IL-1β production

is mediated by a TLR2-MYD88-NLRP3 signaling axis during coinfection with influenza A virus and Streptococcus pneumoniae.
PLoS ONE 2019, 14, e0212236. [CrossRef] [PubMed]

23. Chuang, L.T.; Tsai, T.H.; Lien, T.J.; Huang, W.C.; Liu, J.J.; Chang, H.; Chang, M.L.; Tsai, P.J. Ethanolic extract of Origanum vulgare
suppresses Propionibacterium acnes-induced inflammatory responses in human monocyte and mouse ear edema models. Molecules
2018, 23, 1987. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/27058519
http://www.ncbi.nlm.nih.gov/pubmed/26926586
http://doi.org/10.1002/biof.1699
http://www.ncbi.nlm.nih.gov/pubmed/24677376
http://doi.org/10.1080/09540105.2017.1320357
http://doi.org/10.1038/jid.2013.309
http://www.ncbi.nlm.nih.gov/pubmed/23884315
http://doi.org/10.1371/journal.pone.0212236
http://www.ncbi.nlm.nih.gov/pubmed/30794604
http://doi.org/10.3390/molecules23081987
http://www.ncbi.nlm.nih.gov/pubmed/30096960

	Introduction 
	Results and Discussion 
	Effects of KR and TCD on C. acnes-Induced Cellular Cytokine Production and mRNA Expression 
	Effects of KR and TCD on Activation of MyD88, MAPK, and Caspase-1 
	Effects of KR and TCD on C. acnes-Stimulated Mouse Ear Edema 

	Materials and Methods 
	Materials 
	Preparation of KR and TCD 
	Bacterial and Cell Cultures 
	Measurement of Cytokine Production in THP-1 Cells 
	Analysis of mRNA Levels by Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (PCR) 
	Western Blot Analysis 
	C. acnes-Induced Inflammation in Mouse Ears 
	Statistical Analysis 

	References

