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Propionibacterium acnes (P. acnes) is a major pathogen of acne vulgaris. 0e traditional Chinese medicine (TCM) compound
prescription, Dian Dao San (DDS), is effective for treating P. acnes. Previous clinical work by our team demonstrated that
improved Dian Dao San (IDDS) has better antibacterial effects. However, the mechanism of IDDS inhibition of P. acnes is still
unknown. Hence, the isobaric tags for relative and absolute quantitation (iTRAQ) technology was applied to explore the an-
tibacterial mechanism of IDDS against P. acnes.Our results suggested that the antibacterial mechanism of IDDS was related to the
glycolytic pathway. gap, pgk, and tpiA enzymes were found to be potential target proteins in the bacterial glycolytic pathway as an
antibacterial mechanism of inhibition. In addition, SEM and TEM analyses revealed that IDDS may destruct bacterial plasma
membrane and cell wall. 0e results provide a reliable, direct, and scientific theoretical basis for wide application of IDDS.

1. Introduction

Acne vulgaris, caused by proliferation of Gram-positive and
anaerobic Propionibacterium acnes (P. acnes), is a pilose-
baceous inflammatory skin disease affecting 90% of teen-
agers globally and persisting or recurring in adulthood [1, 2].
In recent years, the prevalence of P. acnes-derived acne
vulgaris has increased, with dire implications on patients’
cosmetic features [3, 4]. 0erefore, necessary measures are
needed to control the increasing incidence of P. acnes-de-
rived acne vulgaris.

Clinically, acne vulgaris caused by P. acne is usually
treated with antibiotics, retinoic acid, and hormonal drugs
[5]. 0ese drugs have varying degrees of side effects, ranging
from skin irritation to teratogenicity [6]. Moreover, P. acnes
exhibits multidrug resistance due to antibiotic overuse or
abuse [7]. 0erefore, seeking safer and more effective
treatment options is necessary.

Medicines used in traditional Chinese medicine (TCM)
have broad-spectrum antibacterial activities and their an-
tibacterial mechanisms exhibit multitarget effects [8]. Ad-
ditionally, some TCM compounds and monomer
prescriptions were shown to inhibit the growth of bacteria,
virulence factor activity, and related gene expression [9].

Dian Dao San (DDS), a prescription of topical powder
fromWuQian’s0e Golden Mirror of Medicine in the Qing
Dynasty, is composed of rhubarb and sulfur. It has been used
clinically to treat acne vulgaris [10]. 0is prescription with
definite curative effect was recommended as an external
medicine in the guidelines for diagnosis and treatment of
acne vulgaris in 2019 in China [1]. According to previous
studies, DDS exerts its function by attenuating inflammatory
responses and reducing hyperkeratosis. In those studies, we
found that higher proportions of DDS formulas (the ratio of
rhubarb and sulfur from 1 :1 to 2 :1) have better anti-
P. acnes-derived acne vulgaris effects. However, the
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mechanisms underlying improved DDS (IDDS)’s effect on
P. acnes are poorly understood.

Due to its good reproducibility, accuracy, and high-
throughput characteristics, proteomics is one of the methods
applied in the study of TCM compound prescriptions
[11, 12]. It is highly compatible with the multitarget and
multipathway regulatory features of TCM [13]. Studying
TCM prescriptions using proteomics can help reveal the
whole proteomic changes involved in multiple channels and
targets after the action of TCM prescriptions. 0is approach
will provide a more comprehensive understanding of their
mechanisms of action at the molecular level [14].

In this study, the isobaric tags for relative and absolute
quantitation (iTRAQ) technology was used to demonstrate
the antibacterial mechanism of IDDS against P. acnes. 0e
results showed that the antibacterial mechanism of IDDS
was related to the glycolytic pathway, plasma membrane,
and cell wall. To verify the accuracy of our findings, glyc-
eraldehyde-3-phosphate dehydrogenase (gap), phospho-
glycerate kinase (pgk), glucokinase, and triosephosphate
isomerase (tpiA), which are proteins in the glycolytic
pathway, were selected for evaluation at the mRNA level.
Furthermore, scanning electron microscope (SEM) and
transmission electron microscope (TEM) analyses con-
firmed the correlation between the antibacterial mechanism
of IDDS and the plasma membrane and cell wall. 0is study
provided relevant theoretical and experimental bases for the
clinical application of IDDS.

2. Materials and Methods

2.1. Medicinal Materials and Strains. 0e TCM medicinal
prescription (rhubarb and sulfur were obtained from 0e
First Affiliated Hospital of Guizhou University of Traditional
Chinese Medicine) used in the experiment was an ingredient
from 0e Golden Mirror of Medicine. P. acnes
(ATCC11827) samples were purchased from Shanghai
Zhichenhui Biotechnology Company Limited (Shanghai,
China).

2.2. IDDS Preparation. First, 30 g of glycerin, as a solvent,
was mixed with 30 g of sulfur powder. Afterwards, 60 g of
rhubarb powder was added to a soaking-paper to make
IDDS (rhubarb : sulfur� 2 :1). A volume of 360mL of pu-
rified water was added to the resulting mixture. 0e solution
was soaked for 30min, decocted for 30min, and filtered.
After filtration, the filtrate was collected. An appropriate
amount of water (about 180mL) was added to the residue
and boiled. 0e solution was left to boil at a low fire for
15min. After boiling, the resulting filtrate was collected.
Finally, the two filtrates were diluted to a volume of 90mL to
obtain a medicinal solution of 1 g/mL concentration.

2.3. Culture Preparation of Strain and Determination of the
Minimal Inhibitory Concentration (MIC) of IDDS. 0e MIC
of IDDS against P. acnes (ATCC11827) was determined by
serial dilution. Briefly, P. acnes was cultured in brain heart
infusion (BHI) broth (Difco, Hangzhou, China) under

anaerobic conditions, created using an anaerobic bag at 37°C
for 48 h.0e bacterial suspension was adjusted with a culture
concentration of approximately 1× 106 colony-forming
units (CFU)/mL [15]. Finally, 100mL of IDDS was added to
the 96-well plates to dilute the bacterial suspension serially.
Concurrently, the cultures were grouped into the pre-
scription color control group, bacterial culture control
group, and medium group. 0e MIC was defined as the
lowest concentration of P. acnes that visually inhibited
growth, with triplicates in each experiment [16].

2.4. iTRAQ and Bioinformatics Analysis. Proteins were
extracted from the treated (using IDDS) and untreated
cultures of P. acne with 1/2 MIC (31.25mg/mL). iTRAQ
analysis was performed at Hangzhou Lianchuan Biotech-
nology Co., Ltd. (Hangzhou, China). Using quantitative
proteomics analysis, the effect of 1/2 MIC IDDS (31.25mg/
mL) on P. acnes was studied. Isobaric reagents were used in
the analysis of bacterial cultures treated with or without
IDDS. After the samples were combined, SCX chromatog-
raphy was used to separate the mixture for liquid chro-
matography (LC) and mass spectrometry/mass
spectrometry (MS/MS) analyses. Bioinformatics analysis
(Blast2Go), as mentioned before, was used to annotate the
identified proteins according to their biological functions.
0ey were further classified as altered proteins using the
KEGG pathway. Finally, STRING, used for mapping the
protein interaction network, was used to significantly ana-
lyze differently expressed proteins.

2.5. qPCR Analysis. Total RNA from bacterial samples
(three biological replicas per sample) were isolated using
Trizol reagent (Ambion Inc., Texas, America), and cDNA
was reverse-transcribed from each RNA using the reverse
transcription kit (Vazyme Biotech Co., Ltd., Nanjing,
China). With the 16S RNA expression level serving as an
internal reference, qPCR was used to validate RNA ex-
pression of gap, pgk, tpiA, and glucokinase. 0e primers
were synthesized by Wuhan Biofavor Biotech Service Co.,
Ltd. (Wuhan, China) and are listed in Table 1. 0e PCR was
performed with the following reagents: 4 µl of cDNA, 10 µl
of SYBR Green Master Mix (Vazyme Biotech Co., Ltd.,
Nanjing, China), 0.4 µl of 50 ×ROX Reference Dye 2, 0.4 µl
of each primer (10 μM), and 4.8 µl of H2O. 0e PCR
proceeded under the following conditions: 95°C pre-
denaturation for 10min, followed by 40 cycles at 95°C
denaturation for 15 s, and annealing and extension at 60°C
for 60 s. A melt curve was plotted for 95°C at 15 s, 60°C at
60 s, and 95°C at 15 s. 0e experiments were performed in
triplicate.

2.6. SEM and TEM Analyses. 0e bacterial culture and
treatment methods were performed, as described above. 0e
bacterial suspension was collected after 3 h and centrifuged;
the supernatant was discarded. 0ereafter, the precipitate
was collected after it was gently washed thrice with PBS.
SEM samples were prepared by dehydration with gradient
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alcohol, lyophilization, and gold spraying, before they were
sealed into slides. 0e TEM samples were obtained by fol-
lowing the negative staining procedure. 0e samples were
scanned by Chengdu Lilai Biotechnology Co., Ltd.
(Chengdu, China).

3. Results and Discussion

3.1. Proteomics Analysis of the Differential Expression after
Treatment with IDDS. A total of 1,610 proteins were
identified; 497 proteins showed significant differences in
expression between the treated (using IDDS) and untreated
P. acnes cultures, based on a fold change (>1.2 or P< 0.05).
0e comparison between the groups revealed that, compared
with proteins in the untreated group, 364 proteins in the
treated group were upregulated and 133 proteins were
downregulated (Figure 1(a)). 0e differentially expressed
proteins are illustrated in the heat map (Figure 1(b)).

3.2. Analysis of Altered Proteins after IDDS Treatment Using
the GO Annotation and KEGG Pathway. Bioinformatics
analyses of the differential proteins were performed to
observe the enrichment characteristics of their overall
functions. First, GO ontology is a comprehensive cross-
species database, mainly divided into biological process,
molecular function, and cellular component. Each protein
had a specific term for its description [17]. By GO annotation
(Figure 2(a)), most proteins were mainly enriched in growth,
plasma membrane, cytosol, cell wall, and structural con-
stituents of ribosome. 0is suggests that the antibacterial
mechanism of IDDS may be related to growth and possibly
acts by destroying the plasma membrane and cell wall and
interfering with the structural constituents of ribosomes.
Moreover, the exercise of biological functions requires the
coordination of proteins, and pathway analysis could help in
comprehensive and systematic understanding of antibac-
terial mechanisms of IDDS [18]. 0erefore, according to
KEGG pathway analysis, among these enriched proteins,
proteins for carbohydrate metabolism had the highest
number, suggesting that this pathway was significantly af-
fected.0is finding suggests that IDDSmaymainly affect the
carbohydrate metabolism pathway to exert its antibacterial
mechanism (Figure 2(b)).

3.3. Differential Protein-Protein Interaction (PPI) Network
Analysis. To explore which proteins were more relevant to
the antibacterial mechanism of IDDS, PPI was used to
analyze the differential proteins. Among 497 proteins, 198
proteins were displayed in the PPI network. As shown in
Figure 3, two protein clusters were formed, but further
analysis of the data is needed to find key proteins. In
screening the proteins, the number of lines between proteins
are counted. A high number of lines indicates a close in-
teractive relationship, which was screened as possible key
proteins [19]. According to this method, 21 latent target
proteins were selected from these two located in Figures 3(a)
and 3(b). 0ereafter, these proteins were separately mapped
using STRING.

In Figure 3(a), infA and infC were translation initiation
factor proteins, which play an essential role in regulating
initial protein synthesis [20]. Translation initiation factor
proteins promote the combination of 50 S ribosomal units
with 30 S ribosomes into the 30 S initiation complex to
initiate the DNA synthesis [21]. In addition to KEGG
pathway analysis, this cluster included mainly translation-
related 50 S ribosomal and 30 S ribosomal proteins. Ribo-
somes are the sites for protein synthesis, and translation
plays a highly coordinated role in the complex biosynthesis
of proteins [22]. 0erefore, we infer that the protein syn-
thesis pathway was affected. From the analysis, we found that
relevant protein biosynthesis-related ribosomal proteins
showed upregulated expression. Protein synthesis is an
important step in stress response [23]. We surmise that
P. acne had a stress response at sub-MIC. 0is response was
usually a self-defense mechanism, which allowed the bac-
teria to overcome changes in the surrounding environment,
contributing to bacterial survival [24]. 0erefore, the anti-
bacterial mechanism of IDDS can be concluded to be in-
dependent of the protein synthesis pathway.

According to the bioinformatics analysis, another cluster
relevant to carbohydrate metabolism was also significantly
altered (Figure 3(b)). gap, pgk, and tpiA participate in
carbohydrate metabolism through glycolysis [25]. tpiA is
responsible for efficient energy production, catalyzing re-
versible interconversion glyceraldehyde-3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP) [26, 27]. Central
to the glycolytic pathway, gap catalyzes G3P into 1,3-
bisphosphoglycerate (1,3 BPG), a high-energy compound
[28, 29]. 0ereafter, the product is catalyzed by pgk to
produce glycerate 3-phosphate (3-PG) and ATP [30]. pgk is
the first regulator of ATP production and plays an important
role in energy production [31]. Based on this pathway,
proteins were highly distributed in the glycolytic pathway,
which affected energy production. 0is finding implies that
the glycolytic pathway may be responsible for the antibac-
terial mechanism of IDDS. In addition, inferring from the
analysis results, the antibacterial mechanism of IDDS may
also affect the plasma membrane and cell wall.

3.4. Inhibition of the Glycolytic Pathway. In this study, we
further analyzed important proteins that play a role in the
glycolytic pathway, and found that the expression of gap,

Table 1: Primer sequence.

Gene Primer Sequence (5′–3′)

16S RNA Forward GGACGAGTTATCCTGGCG
Reverse GCAGACTCGTTGCCTTCA

gap Forward GCTTGCTGGCGACGAG
Reverse GAAGGCTGCCGAGGGT

pgk Forward TCGGTGACTCCCTACTTGA
Reverse TCGGAAGGAATCTCGTCAG

tpiA Forward CACAACGAGTCCGACGAAC
Reverse CACAGCAGATGATTGGGGT

Glucokinase Forward GCACTCGTTATCAATGGGCG
Reverse ATGAGGTTATCGGGATTGCG

Evidence-Based Complementary and Alternative Medicine 3
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Figure 2: GO annotations and KEGG pathways: (a) cellular component, biological process, and molecular function; (b) main KEGG
pathway.
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Figure 1: Differential expression of proteins in P. acnes under 31.25mg/ml by iTRAQ. (a) 0e number of altered proteins. (b) 497
differentially expressed proteins are illustrated with a heat map.
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pgk, and tpiA was downregulated, whereas glucokinase was
upregulated. Glucokinase catalyzes an irreversible reaction
of glucose to glucose-6-phosphate (glucose-6P), which
controls the key step for glycolysis [32, 33]. 0erefore,
upregulation of the glucokinase protein may initiate gly-
colysis and catalyze the production of glucose-6P. At this
stage, glucose-6P lies at the beginning of two primary
metabolic pathways: one branch of glycolysis towards the
pentose phosphate pathway (PPP) by 6-phosphoglucono-
lactonase (zwf ) catalysis; the other branch continues
through the glycolytic pathway [34, 35]. 0e upregulation
of zwf expression means a shift of glucose-6P towards PPP,
whereas less glucose-6P enters the glycolytic pathway,
leading to the downregulated expression of pgk, gap, and
tpiA [36]. 0e insufficient catalysis of glucokinase causes
the glucose transporter to reduce glucose entry, thereby
interfering with the catalysis of key enzymes [37]. Fur-
thermore, D-lactate dehydrogenase level was elevated after
multiple steps, which easily causes the accumulation of
lactic acid, further inhibiting bacterial growth and pro-
ducing toxic effects [38]. In summary, reduced energy
supply leads to energy deficiency and growth inhibition in
bacteria [39]. IDDS exerts its antibacterial mechanism by
inhibiting the glycolytic pathway and targeting gap, pgk,
and tpiA enzymes as potential target proteins, as shown in
Figure 4(a).

To verify this conclusion, quantitative qPCR was used to
evaluate the mRNA levels of these proteins. 0e gene ex-
pression levels of gap, pgk, and tpiA were consistent with
their protein expression, whereas mRNA levels for ex-
pression of glucokinase had reduced, as expected

(Figure 4(b)). 0ese findings provide protein targets for
subsequent development of new antibacterial drugs.

3.5. Effect on the Plasma Membrane and Cell Wall. 0e GO
annotation revealed that IDDS likely affects the plasma
membrane and cell wall.0erefore, SEM analysis was used to
assess the changes in morphology of P. acne after treatment.
0e results are shown in Figure 5.

In the untreated P. acne group, the bacteria were
arranged neatly and orderly. 0e cells were compact with
intact plasma membranes and smooth cell walls
(Figures 5(a)-5(b)). After treatment with IDDS (MIC,
62.5mg/mL), some changes in bacterial surface morphology
were observed. 0e cells appeared slightly shrunk and dis-
orderly arranged. Moreover, cellular contents had leaked
and dissolved the cells into clumps (Figures 5(c)-5(d)).
Higher drug concentrations (125mg/mL of IDDS) caused an
increase in the number of crumpled cells and a more
proportional appearance of fusion and adhesion
(Figures 5(e)-5(f)). Upon further increase in drug concen-
tration (250mg/mL of IDDS), the following changes were
observed: ambiguity of boundaries between cells, formation
of granular features and vesicles on bacterial surface, con-
siderable reduction in bacterial size, and formation of pores
(Figures 5(g)-5(h)).

To further understand the internal ultrastructural al-
terations, TEM scanning was used to obtain high-magni-
fication images of the cell wall and plasma membrane
(Figure 6). We observed, as shown in Figures 6(a)-6(b), that
the untreated P. acne group had intact plasma membranes,

(a)

(b)

Figure 3: STRING network of significantly differential proteins of P. acne under the action of 31.25mg/mL IDDS.0e interactions between
different types of proteins are represented by lines. (a) Protein biosynthesis-related proteins. (b) Carbohydrate metabolism-related proteins.
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regular and smooth cell wall surface, homogeneous contents
in cytoplasm, and abundant ribosomes. 0e treated P. acne
group, however, exhibited several deformations. Under the
action of IDDS at MIC (62.5mg/mL), some parts of the
plasma membrane and cell wall were absent, and the cy-
toplasm appeared nonuniform (Figure 6(b)). At medium
drug concentrations (125mg/mL), the plasma membrane
and cell wall were further deformed with leakage of cyto-
plasmic contents, containing cytoplasmic vacuoles
(Figure 6(c)). Finally, the overall morphology of P. acne in
the IDDS 4x MIC (250mg/mL) treatment group appeared
blurred with an incomplete structure. 0e cell wall and

ruptured plasma membrane were completely lost with
extravasated cytoplasmic contents (Figure 6(d)).

Sulfur has been known to be injurious to bacteria since
the first half of the last century. 0e details of changes in
morphology and membrane integrity were only recently
uncovered [40]. 0erefore, an experiment was conducted to
assess the effect of rhubarb only on plasma membrane and
cell wall. Figures 5(i)-5(j) show that rhubarb has a de-
structive effect on the structure of P. acnes, leading to
shrinkage and content leakage. 0erefore, the additive effect
from the combination of rhubarb and sulfur may destroy the
cell wall and cell membrane of P. acnes.

(i) (j)

Figure 5: Observation of the inhibitory effect of IDDS on P. acnes for 3 h by SEM. (a) Untreated P. acnes group (20000x); (b) Untreated
P. acnes group (40000x); (c) 62.5mg/mL IDDS treatment group (20000x); (d) 62.5mg/mL IDDS treatment group (40000x); (e) 125mg/mL
IDDS treatment group (20000x); (f ) 125mg/mL IDDS treatment group (40000x); (g) 250mg/mL IDDS treatment group (20000x);
(h) 250mg/mL IDDS treatment group (40000x); (i) Rhubarb treatment group (20000x); (j) Rhubarb treatment group (40000x).

(a) (b)

(c) (d)

Figure 6: Observation of the inhibitory effect of IDDS on P. acnes for 3 h by TEM. (a) Untreated P. acnes group; (b) 62.5mg/mL IDDS
treatment group; (c) 125mg/mL IDDS treatment group; (d) 250mg/mL IDDS treatment group.
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0erefore, SEM and TEM analyses confirmed the
plasma membrane and cell wall as targets of the drug’s
action on P. acne. Our experimental results are consistent
with findings in the literature, which report that TCM
prescriptions affect the plasma membrane of P. acne by
changing plasma membrane permeability, causing bac-
terial rupture and cytoplasmic spillage. Eventually, these
effects lead to direct destruction of the cell structure and
cell death [41].

4. Conclusions

IDDS is a Chinese herbal compound used to treat acne.
P. acnes is the main pathogen of acne vulgaris. Our research
explored the antibacterial mechanism of IDDS against
P. acnes. iTRAQ and experimental verification proved that
the glycolytic pathway was the primary antibacterial
mechanism. Our findings indicated that gap, pgk, and tpiA
may be potential drug antibacterial targets. In addition, the
cell membrane and cell wall were involved in the antibac-
terial mechanism underlying IDDS action against P. acnes.
0ese experimental results provide a basis for the clinical
application of IDDS.
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