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Purpose: The hyperproliferation of C. acnes has long been regarded as a primary etiological factor in the development of acne 
vulgaris (AV). Antibiotics targeting C. acnes have been the mainstay in AV treatment. Meanwhile, C. acnes has developed resistance 
to numerous antibiotics. IDDS, as traditional Chinese medicine, exhibits potent antibacterial activity against C. acnes. However, the 
mechanism of IDDS against C. acnes remains unclear.
Methods: In this study, we conducted a systematic investigation in vitro to determine the minimal bactericidal concentration (MBC) 
and time-kill curves. The MBC and time-kill curves were assessed by quantifying Colony Forming Units countsIn order to establish an 
in vivo rat ear model of acne, a single intradermal injection of 100μL C. acnes suspension was administered, and oleic acid was 
applied to the right ear pinna for a duration of 14 days. The intervention involved the utilization of IDDS medications. Additionally, 
the levels of inflammatory mediators tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-10 (IL-10) were assessed 
using respective ELISA kits, while Hematoxylin and eosin (HE) staining was employed to visualize the rat ear model. The 
antimicrobial mechanism was investigated through the analysis of mRNA levels using real-time, quantitative PCR. ELISA analysis 
was performed according to the protocols outlined for energy metabolism and antioxidant system.
Results: Our research has demonstrated that IDDS possesses antibacterial activity against C. acnes both in vitro and in vivo. The 
mechanisms underlying these effects involve energy metabolism and antioxidant systems.
Conclusion: The data has provided further insights into the mechanism of IDDS against C. acnes, which establishes a robust 
foundation for the clinical application of IDDS.
Keywords: acne vulgaris, cutibacterium acnes, IDDS, antibacterial mechanisms

Introduction
Acne vulgaris (AV) is an extraordinarily worldwide chronic inflammatory disease with a predictive risk factors.1 It not 
only seriously damages the appearance of patients, but also continues to affect their physical, mental health and social 
life.2 AV impacts more than 85% of adolescents.3 More importantly, it has became one of the eight largest epidemic in 
the world. The pathogenesis of AV involves a multitude of factors, including inflammation, androgens, microorganisms, 
environmental influences, psychological stressors and other contributing elements.4 Among these, AV caused by 
microorganisms has attracted adequate interest in recent years.5 The human skin microbiome host a wide variety of 
microorganisms, including bacteria, viruses, and fungi.6 C. acnes accounts for approximately 90% of the human skin 
microbiome of healthy adults. Among these, the hyperproliferation of C. acnes has long been considered as one of the 
primary etiological factor of AV.7
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There are various of topical measures available for treating AV including antibiotics, antiandrogens, isotretinoin, glucocorti-
coids and so on.8–10 Currently, antimicrobial drugs are the primary treatment for AV caused by microorganism.11 However, 
prolonged use of antibiotics exerts selective pressure and contributes to the development of antibiotic-resistant strains. The 
literature indicates that the consumption of antibiotics is linked to an increase in bacterial resistance.12 In a decade, the prevalence 
of multi-resistant C. acnes rose from 34.5% to 93.6%.13 The emergence of multi-resistant C. acnes has presented a significant 
challenge, necessitate ongoing research for the development of more effective and safe therapeutic agents. Many studies have 
demonstrated that traditional Chinese medicine (TCM) contains a diverse range of active components including antibacterial 
activity with the advantage of low drug resistance.14,15 Our previous study proved that Patrinia scabiosaefolia possessed strong 
antibacterial against methicillin resistant Staphylococcus epidermidis.16 Similarly, Houttuynia cordata showed good antibacterial 
activity to Staphylococcus aureus.14 Dian Dao San (DDS) is a classic formula to treatment AV in traditional Chinese medicine 
(TCM), which consists of rhubarb and sulfur, as recorded in Wu Qian’s The Golden Mirror of Medicine during the Qing Dynasty. 
The therapeutic effect is remarkable; however, it is accompanied by significant adverse reactions. Thus the clinical application has 
been greatly limited. So, many scholars have studied and improved this method to decrease its adverse reactions. Simultaneously, 
based on clinical application, this research group discovered that by adjusting the ratio of rhubarb to sulfur to 2:1 and employing 
the reverse formula (rhubarb:sulfur:1:1), adverse reactions were decrease and without compromising clinical effectiveness.

In our previous research, IDDS exhibited superior antibacterial effect against C. acnes.17 However, the antibacterial 
activity of IDDS and its potential mechanisms have yet to be thoroughly investigated.

Antibacterial of TCM occur mainly through inhibiting of biofilm formation, efflux pump system, enzyme activity, and 
destroying bacterial cell membranes, walls and so on.14 In recent years, the antibacterial mechanisms of the Oxidative 
stress and energy metabolism have gained widespread attention. Oxidative stress is a result of imbalance between the 
generation of reactive oxygen species (ROS) and the antioxidant defense systems, leading to cellular damage.18 The 
organism possesses a sophisticated network of antioxidant defense mechanisms that function to mitigate oxidative stress- 
induced damage. Most living organisms possess enzymatic defenses such as superoxide dismutase (SOD), glutathione 
peroxidase (GPx), and glutathione reductase (GR), as well as non-enzymatic antioxidant defenses including glutathione, 
thioredoxin, Vitamin C, and Vitamin E. Additionally, they have repair systems in place to protect against oxidative stress. 
Antioxidant stress is a critical factor in the growth of bacteria.19

In addition, energy metabolism refers to the biochemical processes through which living organisms convert nutrients into 
usable energy for cellular activities.20 The tricarboxylic acid (TCA) cycle serves as the primary source of cellular energy and 
participates in numerous metabolic pathways within cells.21 Succinate Dehydrogenase (SDH) and NADP-Malate Dehydrogenase 
(NAD-MDH) are pivotal enzymes in the TCA cycle. Many studies have shown that microorganisms have been obtained energy 
from SDH and NAD-MDH.22 Bacterial growth is dependent on the energy metabolism it generates.20

In this study, we conducted a systematic investigation of the in vitro and in vivo antibacterial activity of IDDS against 
C. acnes, building upon previous research findings. Furthermore, the antibacterial mechanisms were explored.

In short, our aim is to establish a comprehensive theoretical framework that can support the practical implementation 
of IDDS in clinical settings.

Materials and Methods
Materials
The IDDS prescription (rhubarb and sulfur and Fusidic Acid Cream were obtained from the First Affiliated Hospital of Guizhou 
University of Traditional Chinese Medicine) (rhubarb:20210910, sulfur:20211009, Fusidic Acid Cream:C59765).

The activity detection kit (SOD, CAT, SDH and NADP-MDH) were purchased from Beijing Solarbio Science & 
Technology Co., Ltd. and Elisa-kit (IL-6, IL-10 and TNF-α) were purchased from Shanghai Enzyme-linked 
Biotechnology Co., Ltd.

C. acnes (ATCC11827) samples were purchased from Shanghai Zhichenhui Biotechnology Company Limited 
(Shanghai, China).

The study utilized Wistar rats, weighing between 180 and 200 g, procured from SPF (Beijing) Biotechnology Co., Ltd 
in Beijing, China.
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Culture Conditions
Brain heart infusion (BHI) broth (Difco, Hangzhou, China) was incubated under anaerobic conditions at 37°C for 48 hours. The 
culture concentration of the bacterial suspension was adjusted to approximately 1 × 106 colony-forming units CFU/mL.

Preparation of Extracts
Initially, a mixture was prepared by dissolving 30g of sulfur powder in 30g of glycerin, with the intention of creating an 
IDDS (rhubarb:sulfur=2:1). To this mixture, 60g of rhubarb powder were added and soaked in a paper. A total of 360 mL 
of purified water was then added to the mixture. The solution was soaked for 30 minutes, followed by a 30-minute 
decoction and subsequent filtration. The filtrate was collected, while the residue was boiled with an appropriate amount 
of water (approximately 180 mL). The resulting solution was simmered over low heat for 15 minutes, and the resulting 
filtrate was collected. Finally, the process was concluded.

Determination of Minimal Bactericidal Concentration of C. acnes with IDDS
MIC and MBC tests were performed following the Clinical and Laboratory Standards Institute 2017 (CLSI 2017) guidelines using 
the broth microdilution method. The MIC of IDDS against C. acnes was 62.5mg/mL in our previous study. Minimal bactericidal 
concentration (MBC) was evaluated as reported previously. Briefly, the MIC of IDDS was determined. MBC refers to the 
minimum concentration at which no visible bacterial growth is observed after incubating 100 µL subcultures from each well on 
BHI agar plates at 37°C for 48 h. The assay was performed in triplicate.

Determination of the Time-Kill Curves of C. acnes with IDDS
The time-kill curves test was performed based on the method provided by Qu,23 with minor modifications. Briefly, C. acnes was 
grown to 1×106CFU/mL in BHI. Add the IDDS to bacterial cultures to achieve final concentrations of 1/4 MIC, 1/2 MIC, MIC, 2 
MIC. Control bacterial were cultivated without the additions of IDDS. The tubes containing different drug concentration were 
subsequently incubated in an anaerobic jar at 37°C for cultivation. Samples were collected at 0, 8, 16, 24, 32, 40, 48 hours and 
suitably diluted. Subsequently, a uniform application of the bacterial solution (20μL) was made onto BHI Agar medium followed 
by incubation at a temperature of 37°C for a duration of up to 48 hours. The assay was performed in triplicate.

Antibacterial Activity in vivo
Construction of Rat Ear Acne Model and Evaluation of IDDS Efficacy in Acne Models
The rats were allocated into experimental groups through a randomized block design. All experimental procedures and 
data analyses were conducted in a blinded fashion. After one week of acclimatization, the rats were randomly selected as 
control group (C, n = 8) or model group. The rat ear acne model was established by undergoing a single intradermal 
injection of 100μL C. acnes suspension and applying oleic acid in the right ear pinna for 14 days. Once rat ear acne 
model was established, the acne rats were divided into the acne model group (M, n = 8) and the IDDS treatment group (I, 
n = 8) and positive drug controlled group (P, n = 8) according to a random number control table.

Subsequently corresponding treatment for 7 days. The rats in the IDDS group received a dose of 1.0 g d−1 for 7 days. 
The rats in the Positive drug controlled group received Fusidic Acid Cream treatment. The model group and control 
group received normal saline treatment. Briefly, rats were anesthetized using intraperitoneal injections of 3% sodiumpen 
to barbital (SigmaAldrich, United States).

Tissue Bacterial Counts
During the construction of the rat ear acne model and the evaluation of IDDS efficacy, the quantification of viable bacteria in the 
rat ear acne model was conducted. Rat ears were excised and homogenized in 2mL of nutrient broth using a tissue homogenizer. 
Bacterial enumeration was carried out by plating 0.25 mL of tissue homogenate (prepared as 1:10 and 1:100 serial dilutions in 
BHI) onto nutrient agar plates in duplicate, followed by incubation for 48 hours at 37°C under anaerobic conditions. The bacterial 
counts were expressed as colony-forming units per gram (cfu/g). Each sample was analyzed in triplicate.
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Elisa
The investigation involved the examination of cytokines, including TNF-α, IL-6, and IL-10, in treated serum samples 
from four distinct groups. The samples were subjected to Elisa analysis in triplicate.

Pathological Investigations
Additionally, pathological investigations were conducted on skin tissue sections obtained from rats. These sections were 
fixed in a 4% formalin solution, embedded in paraffin, and sliced into 3–5μm thick sections. Hematoxylin-eosin staining 
was performed to facilitate histopathological analysis, and the samples were observed under a light microscope (BX53; 
Olympus). Samples were assayed in triplicate.

All procedures were conducted in accordance with Animal Experimental Ethical Inspection of Guizhou University of 
Traditional Chinese Medicine and had been approved by Animal Experimental Ethical Inspection of Guizhou University 
of Traditional Chinese Medicine.

Antibacterial Mechanisms of C. acnes with IDDS
Bioinformatics Analysis
In our previous study we conducted proteomic analysis of IDDS on C. acnes and subsequently performed additional data 
analysis in this research. Proteins demonstrating up-regulation or down-regulation were identified using a cutoff value of 
A or ≤1/1.2-fold, with a statistical significance of p < 0.05. To analyze the sequence data of differentially expressed 
proteins, gene ontology (GO) was employed for analysis. The most significantly enriched cellular components, molecular 
functions, and biological processes were selected for analysis. Based on these findings, further investigations were 
conducted utilizing qPCR technology.

The Quantitative RT-PCR (QPCR)
In order to validate the hypothesis mentioned above, the differential proteins that were identified underwent qPCR analysis 
for mRNA validation. The bacteria were treated with varying concentrations of medication (1/2 MIC, MIC, 2MIC), along 
with a control group that did not receive any medication. The selection of modified proteins was narrowed down to seven 
specific proteins. Additionally, 16srRNA was used as an internal reference, and the primers used for the target genes are listed 
in Table 1. Total RNA was extracted using the Total RNA extraction kit (Omega, Beijing, China), and cDNA synthesis of 

Table 1 Primers for RT-PCR

Gene Primer Sequence (5′-3′) PCR Products

16s rRNA Forward GATGGACTCGCGGCTTATCA 302 bp

Reverse CTCGCACCCTACGTATCACC
clpB Forward TGCGTATTACTGACGGAGCC 341 bp

Reverse CTTGAGCTCACCGACCTTGT

trxB Forward CACCGACGGAAACACCTACA 143 bp
Reverse CGGTGAAGAAGAACCCGTCA

gaP Forward TTCTCCGGTGAGGTCAGCTA 308 bp
Reverse CAGTTGGTGGTGCAAGAAGC

ahpF Forward CGACGTACTACTACGCACCC 377 bp

Reverse TTTGACGGATGAGGTGGTCG
sodA Forward GCTGTTTACACCCTTCCCGA 103 bp

Reverse AGGTGTTGTGGTGCTTGTCA

clpP Forward CGCCCAGATGTTGCTACTCA 205 bp
Reverse GTACCTCTTACCGGGTGTGC

grpE Forward ACGTCTTTGACCCGAACCTC 224 bp

Reverse CGTCTCGTCATCCTCGTCAG
ahpC Forward GATCCTTCCGTTCAAGGCCA 277 bp

Reverse GTCGCCGATCATCGTGTAGT
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C. acnes with and without IDDS was conducted following the manufacturer’s instructions (Takara, Dalian, China). qPCR 
was performed using SYBR Premix Ex Taq on the StepOne Real-Time PCR System, which is known for its high precision 
and accuracy. The reaction conditions included an initial incubation at 50°C for 15 minutes, followed by 40 cycles of 
amplification at 85°C for 5 seconds, and a cooling step at 4°C for 10 mins. The assays were repeated three times.

Three replicates were performed on all genes, and the relative fold changes were determined using the 2-ΔΔCt method as 
previously outlined. The statistical significance of differences between mean values was assessed using Student’s t-test.

The Detection of Enzyme Activity Related to Antioxidant System
The C. acnes were cultured in Brain Heart Infusion (BHI) medium until the cell density reached 1 × 106 colony-forming 
units per milliliter (CFU/mL). Subsequently, the bacterial cultures were subjected to treatment with an Intra-Dermal Drug 
Delivery System (IDDS), resulting in final viscosities equivalent to half of the minimum inhibitory concentration (1/ 
2MIC), the MIC, and twice the MIC (2MIC). Additionally, a bacterial fluid control group was included. All groups were 
incubated at a temperature of 37°C for a duration of 48 hours. The cells were harvested by centrifugation at a speed of 
8000 revolutions per minute (rpm) for 5 minutes at a temperature of 4°C. Sonication of the bacteria was performed using 
a power of 200 W, in the presence of a superoxide dismutase (SOD) and catalase (CAT) enzyme extraction solution. The 
sonication cycle consisted of 3 seconds of sonication followed by 10 seconds of rest, repeated for a total of 30 cycles. 
After sonication, the bacteria were subjected to centrifugation at a speed of 3000 rpm for a duration of 10 minutes at 
a temperature of 4°C. The resultant supernatant was then collected. The activity detection kit was employed to measure 
the levels of SOD and CAT, while considering the antioxidant system of the bacteria. Samples were assayed in triplicate.

The Detection of Enzyme Activity Related to Energy Metabolism
A culture of C. acnes was established at a concentration of 1×106CFU/mL in BHI medium. Subsequently, C. acnes was 
cultured at concentrations of 0MIC,1/2MIC, MIC, and 2MIC, followed by incubation for 48 hours at 37°C in an 
anaerobic chamber. The Cells were collected by centrifugation at 8000 rpm for 5 minutes at 4°C. Sonication was 
performed on the bacteria in the presence of SDH enzyme extraction solution (using a power of 200W, with 3 seconds of 
sonication followed by 10 seconds of rest, repeated for 5 minutes). The resulting mixture was then subjected to 
centrifugation at 11,000 rpm for 10 minutes at 4°C, and the resulting supernatant was collected. The bacteria underwent 
sonication in the presence of an extraction solution containing NADP-MDH enzyme. The sonication process consisted of 
a cycle of 3 seconds followed by 7 seconds of rest, repeated for a total of 30 cycles at a power level of 20%. 
Subsequently, the mixture was centrifuged at 8000 rpm for 10 minutes at a temperature of 4°C, resulting in the collection 
of the supernatant. The levels of SDH and NADP-MDH were measured using an activity detection kit, which relied on 
the assessment of bacterial energy metabolism. The samples were analyzed in triplicate.

Statistical Analysis
The means ± SDs were used to present the data. Normality of all data was assessed using the Kolmogorov–Smirnov test, 
and subsequently, the statistical differences among groups were examined through one-way ANOVA. Significance was 
determined if p < 0.05, and further confirmed by employing Turkey’s Honest Significant Difference test.

Results
Minimal Bactericidal Concentration and the Time-Kill Curves of IDDS
According to the Clinical and Laboratory Standards Institute (CLSI), the minimum bactericidal concentration (MBC) of 
IDDS against C. acnes was determined to be 125mg/mL. The efficacy of IDDS against C. acnes was assessed using the 
time-kill curves method, as depicted in Figure 1. In comparison to the control group, the 1/2 MIC group did not exhibit 
any interference with the growth of C. acnes. However, after 32 hours of IDDS treatment at the MIC level, a notable 
reduction in the number of viable cells was observed. Concurrently, the complete eradication of C. acnes was observed at 
a concentration of 2 times the minimum inhibitory concentration (MIC) of the investigational drug delivery system 
(IDDS). Additionally, the growth of bacterial colonies and the concentration of IDDS exhibited a direct correlation with 
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both dosage and duration of exposure. The antibacterial properties of IDDS were evident at a concentration of 62.5 mg/ 
mL, while bactericidal effects were observed at a concentration of 125 mg/mL, aligning with prior research findings.

Evaluate the Acne Model
Firstly, we designed to make the rat ear acne model. The color of the auricle epidermis in the normal group was normal 
and the capillaries were obviously visible and soft. The auricle epidermis of model group rats was rough and dry within 
the skin. The skin was red and swollen and the tactile sensation of capillaries became hard and thick. And the histological 
results are presented in Figure 2A and B. Histological analysis of the molding area skin revealed hyperplasia of (Dermal 
collagen fiber degeneration and necrosis, inflammatory cell infiltration, fibrous hyperplasia). These also showed that the 
rat acne model was constructed successfully.

Figure 1 Time-kill curves of IDDS against C. acnes.

Figure 2 Skin histopathology among the these groups (hematoxylin-eosin, 400 × magnification). (A) control group; (B) acne model group, Collagen fibrodegenerative 
necrosis (↑) Neutrophils (↑) Lymphocytes (↑) Fibroblasts (↑); (C)IDDS treatment group, Collagen fibrodegenerative necrosis (↑) Neutrophils (↑) Lymphocytes (↑) Fibroblasts 
(↑); (D)positive drug controlled group, Collagen fibroblast degeneration (↑) Lymphocyte (↑) Fibroblast (↑).
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Effect of IDDS on the Acne Model
In the blank group, the auricle epidermis of the rats exhibited a normal coloration, with clearly visible and soft 
capillaries. Conversely, the rats in the model group displayed rough and dry auricle epidermis, accompanied by redness, 
swelling, and a hardened and thickened tactile sensation of the capillaries. The histological findings are depicted in 
Figure 2. Notably, in the I and P groups, the skin redness and swelling gradually subsided, while the capillaries regained 
their normal tactile characteristics. The colony count is depicted in Figure 3. Rats from the M group demonstrated 
significantly heightened expression of IL-10, IL-6, and TNF-α, as illustrated in Figure 4. Pathological sections are 
presented in Figure 2C and D. In the M group, there was a notable increase in dermal collagen fiber degeneration and 
necrosis, inflammatory cell infiltration, and fibrous hyperplasia. Conversely, the I group exhibited skin tissue resembling 
that of blank and P group rats, with reduced inflammatory cell infiltration and a decrease in the extent of dermal collagen 
fiber degeneration and necrosis. The blank group did not exhibit any pathological findings.

Results Obtained from Bioinformatics Analysis
Ultimately, a total of 71 proteins were identified as differently expressed proteins (DEPs), out of which 64 were observed 
to be up-regulated, while 7 were found to be down-regulated. The down-regulated proteins identified, namely trxB, ahpC, 
ahpF, sodA, clpp, clpB, and grpE, have all been reported in numerous studies to be involved in antioxidative stress 
response (as shown in Figure 5A).

Figure 3 Bacterial counts with in rat ear; Drug therapy for acne treatment model. (*p < 0.05 Blank group vs Model group; (#p < 0.05 M vs IDDS group.)).

Figure 4 Expression levels of the serum inflammatory factors interleukin (IL)-6, IL-10, and tumor necrosis factor alpha (TNF-α) (*p < 0.05 M vs B rats; #p < 0.05 vs IDDS vs 
M rats).
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The qPCR Results
After subjecting C. acnes to different concentrations of IDDS, RNA was extracted to perform reverse transcription and 
qPCR amplification. The results demonstrated a significant inhibition of gene expression in C. acnes, specifically for 
trxB, ahpC, ahpF, sodA, clpp, clpB, and grpE and gap (P < 0.05), as illustrated in Figures 5B and C and 6.

In Antioxidant System and Energy Metabolism in C. acnes Revealed Novel 
Anti-Bacteria Mechanisms
After administering different concentrations of IDDS to C. acnes, it was observed that the group treated with the drug 
displayed a statistically significant reduction in the activity of SOD and CAT, SDH, and NADP-MDH compared to the 
control group (P < 0.05). This outcome is visually represented in Figure 7.

Figure 5 String network of DEPs of C. acnes in IDDS stress. Colored lines between the proteins indicate the various types of interaction evidence. Structure which is drawn 
in the protein nodes indicated the availability of 3D protein structure information. *Indicated a significant difference (p ≤0.01). (A) String network of down-regulated 
proteins. (B and C) The mRNA levels of seven genes were respectively analyzed by qPCR method in C. acnes with and without IDDS.

Figure 6 String network of DEPs of C. acnes in IDDS stress. Colored lines between the proteins indicate the various types of interaction evidence. Structure which is drawn 
in the protein nodes indicated the availability of 3D protein structure information. *Indicated a significant difference (p ≤0.01) (A) Energy Metabolism-related proteins. (B) 
The mRNA levels of seven genes were respectively analyzed by qPCR method in C. acnes with and without IDDS.
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Discussions
C. acnes has long been recognized as one of the main pathogens causing AV,7 and the emergence of multi-drug resistant 
strains poses a significant challenge.24 Our preliminary investigation revealed that the MIC of IDDS against C. acnes was 
62.5mg/mL.17 However, its potential antibacterial effect against C. acnes remains uncertain. So MBC and time-kill 
curves were explored. The finding indicated that IDDS exhibited antibacterial activity at a concentration of 62.5mg/mL 
and bactericidal effect at 125mg/mL. which demonstrated that IDDS was bactericide. Similar result has been demon-
strated in Liu.16,25 The results demonstrate that IDDS exhibits superior in vitro antibacterial activity. Rat ear acne model 
was established to explore antibacterial effect in vivo. The results indicated a significant reduction in the number of 
clones from the IDDS group after treatment, as compared to the model group. To further investigate the relationship 
between AV and immune regulation, this study examines the impact of serum levels of IL-6, IL-10, and TNF-α on a rat 
ear acne model treated with IDDS. Serum IL-6, IL-10 and TNF-α are primarily produced by macrophages and serve as 
natural immune mediators. There were reports of some significance of inflammatory cytokines in the pathogenesis of 
AV.26 The results of IL-6, IL-10 and TNF-α indicate a significant difference between the IDDS group and the blank 
group, demonstrating that IDDS exerts anti-inflammatory effects. Meanwhile, histopathological examination revealed 
multiple inflammatory cell infiltration and fibrous tissue proliferation. Chen’s research demonstrated that tanshinones 
exhibited superior efficacy in a rat model of acne.27 Therefore, the above studies have demonstrated that IDDS exhibits 
superior antibacterial and anti-inflammatory effects. Furthermore, we conducted proteomic analysis of IDDS against 
C. acnes and subsequently investigated the altered proteins. The results indicated that the down-regulated proteins were 
associated with anti-oxidative stress and energy metabolism. Oxidative stress is defined as the imbalance between the 
production of reactive oxygen species (ROS) and the endogenous antioxidant defence system.18 However, virtually all of 
these microorganisms suffer poor growth, even death when they are exposed to oxygen levels that exceed those of their 
native habitats.28 Defense mechanisms have the ability to counteract the killing effect of ROS.

Figure 7 The activity of CAT, SOD, NAD-MDH and SDH of C. acnes with and without 1/2MIC, MIC, 2MIC IDDS, X axis indicated C. acnes treated with or without IDDS. 
Difference analysis between C. acnes with different drugs concentrations and C. acnes. *Indicated a significant difference (p ≤0.01). a*Indicated a significant difference 1/2MIC 
vs MIC (p ≤0.01). b*Indicated a significant difference 1/2MIC vs 2MIC. (p ≤0.01), c*Indicated a significant difference MIC vs 2MIC (p ≤0.01). Data were expressed as mean 
±standard deviation (n=3). (A) The activity of CAT of C. acnes with and without IDDS. (B) The activity of SOD of C. acnes with and without IDDS. (C) The activity of NAD- 
MDH of C. acnes with and without IDDS. (D) The activity of SDH of C. acnes with and without IDDS.
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Antioxidant enzymes CAT and SOD are considered to be the efficient defense barriers to protect organisms from 
negative impacts of toxicants.29 So the activity of CAT and SOD in antioxidant stress system were investigated. The 
results displayed (Figure 7) that CAT and SOD treated with IDDS significantly reduced (p < 0.05) when compared with 
control group. The present study analyzed bacterial CAT and SOD levels to examine the effect of IDDS exercise on 
oxidant-antioxidant status. Thence, we believed that the IDDS had stronger effect on the two key enzymes in antioxidant 
enzyme system,30 indicating that IDDS can enhance oxidative stress.

Based on comparative proteomics, the antibacterial mechanism was closely related to energy metabolism. The tricarbox-
ylicacid (TCA) cycle is the main source of cellular energy and participates in many metabolic pathways.21,27 In TCA cycle, MDH 
participates in the oxidation of malate to oxaloacetate, which is essential for cell growth. Furthermore, in the TCA cycle, SDH 
catalyzes the oxidation of succinic acid to fumaric acid and transfers electrons from succinic acid to ubiquinol, playing an 
important role in the energy metabolism of bacteria.22 To further illustrate the impact of the IDDS on C. acnes’ energy metabolism, 
we assessed the activities of MDH and SDH, which are crucial enzymes associated with the TCA cycle. As illustrated in Figure 7, 
the findings indicate a reduction in SDH and NADP-MDH activity under IDDS. The above results were consisted with previous 
research reported by Li et al, that the SDH and NADP-MDH enzyme activity of Botrytis cinerea was significantly suppressed 
under tea tree oil.30 Chen showed that essential oil treated with methicillin-resistant Staphylococcus aureus suffered a decrease in 
the activities of TCA-related enzymes and disrupted the TCA pathway.31 Our findings demonstrate that the IDDS exerts an 
inhibitory effect on the TCA cycle through modulation of key enzyme activities. Despite our study’s strengths and novelty, we 
acknowledge its limitations. Despite our efforts to clarify the antibacterial mechanism related to anti-oxidative stress and energy 
metabolism, the precise molecular mechanism remains elusive. Future studies must be conducted to clarify the mechanism.

Conclusion
In summary, our studies demonstrated that IDDS exhibits antibacterial activity against C. acnes both in vitro and in vivo. The 
IDDS has the potential to attenuate the activities of antioxidant and TCA-related enzymes. Our data has provided further insight 
into the mechanism of IDDS against C. acnes, which offers a solid foundation for the clinical application of IDDS.
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