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The label-freemethods of proteomic combinedwithmetabolomics were applied to explore
the mechanisms of Cryptotanshinone (CPT) intervention in rats with acne. The model
group consisted of rats given oleic acid (MC), then treated with CPT, while control groups
did not receive treatment. The skin samples were significantly different between control,
model and CPT-treated groups in hierarchical clustering dendrogram. Obvious
separations of the skin metabolic profiles from the three groups were found through
PCA scoring. In total, 231 and 189 differentially expressed proteins (DEPs) were identified
in MC and CPT groups, respectively. By the KEGG analysis, five protein and metabolite
pathways were found to be significantly altered. These played important roles in response
to oleic acid-induced acne and drug treatment. CPT could negatively regulate glycolysis/
gluconeogenesis and histidine metabolisms to decrease keratinocyte differentiation and
improve excessive keratinization and cellular barrier function. CPT could down-regulate the
IL-17 signaling pathway and regulate the acne-driven immune response of sebum cells.
The biosynthesis of unsaturated fatty acids metabolism, glycerophospholipid metabolism
and linoleic acid pathways could significantly alter sebum production and control
sebaceous gland secretion after CPT treatment. The gap junction was up-regulated
after CPT treatment and the skin barrier turned back to normal. Krt 14, Krt 16 and Krt 17
were significantly down-regulated, decreasing keratinization, while inflammatory cell
infiltration was improved by down-regulation of Msn, up-regulation of linoleic acid and
estrogen pathways after CPT treatment. These results propose action mechanisms for the
use of CPT in acne, as a safe and potential new drug.
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INTRODUCTION

Acne vulgaris has become one of the most common skin diseases (Oules et al., 2020) since more than
85% of teenagers and young adults have been affected worldwide (Kang et al., 2015). Acne vulgaris is
considered a chronic skin inflammation caused by pilosebaceous (Saurat, 2015), and sebaceous
glands (SG) abnormally increased in the hair follicles (HF) (Li Z. et al., 2021). Although the
pathogenesis of acne remains unclear, four major factors are involved, namely: excessive sebum
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growth, excessive hair follicle keratinization, skin bacteria
colonization and skin inflammation (O’Neill and Gallo, 2018;
Harper, 2020).

Although oral isotretinoin is an effective therapy, its use is
limited by adverse effects (Markovics et al., 2019). Thus, more
research is needed to find new, safe and effective therapeutic
drugs with few side effects (Williams et al., 2012).
Cryptotanshinone (CPT), a major lipophilic compound
extracted from Salvia miltiorrhiza demonstrated various
pharmacological effects, including anti-tumor (Li H. et al.,
2021), anti-inflammatory (Tang et al., 2018), anti-bacterial,
anti-proliferation (Ashrafizadeh et al., 2021), anti-androgen
(Xu et al., 2012), pulmonary fibrosis protection, cardio
protection, anti-metabolic disorders, anti-angiogenic (Maione
et al., 2018) and liver protection (Nagappan et al., 2020). In
addition, it is often used to treat multiple chronic diseases,
including angiocardiopathy, hyperlipidemia, acne vulgaris and
chronic renal failure, with few side effects (Rahman et al., 2016;
Zhang et al., 2019). Previous research has improved CPT dosage
forms to strengthen its anti-acne activity (Yu et al., 2016; Zuo
et al., 2016;Wang et al., 2020), leading to the development of CPT
cerasomes, CPT ethosomes and 3D-Printed CPT niosomal
hydrogel. Our group has made contributions to these studies
(Ruan et al., 2020). However, the underlying mechanisms of the
anti-acne effects of CPT have not been studied yet.

As a high-throughput technology, omics technique has been
widely used in drug discovery (Tricarico et al., 2019; Worheide
et al., 2021). Indeed, high-throughput omics techniques are being
used to screen and identify specificmolecular biomarkers for CPT
in acne. Proteomics can discover biomarkers to illuminate the
underlying mechanisms and reveal novel diagnostic and
therapeutic targets by investigating the profile of protein
alterations (Nesvizhskii, 2014). We have previously used
proteomics to elucidated the potential mechanisms of Licorice
flavonoid in acne (Ruan et al., 2020). Quanico J et al. have studied
the response pathways and pathophysiological differences for
microcysts and papule lesions of acne using proteomic and
transcriptomic techniques (Quanico et al., 2017). These results
have contributed to identifying targeted therapy for acne vulgaris.
However, the pathogenesis of acne is very complex and, in
addition to inflammation, there should be other mechanisms
such as bacteria, sebum and androgens. Nevertheless these issues
have not been elucidated yet, while the development of anti-acne
drugs based on proteomics is still a rare practice.

Our study was designed to find underlying molecular
mechanisms of CPT treatment in a rat acne model through
the use of label-free quantitative proteomics and
metabolomics. Indeed, metabolomic can complement the
proteomic analysis and represent disease phenotype (Gertsman
and Barshop, 2018). Metabolomics can therefore be used
effectively in diagnosing and identifying therapeutic targets of
diseases and investigating the mechanisms of biological processes
(Patti et al., 2012). Metabolites can be regulated by proteins,
while, protein expression may also be influenced by metabolites
(Ma et al., 2020). The functional interpretation of proteomics by
metabolomics facilitates the comprehension of the investigated
biological phenomenon (Gui et al., 2018). Proteomics mainly

determines biological functions and regulatory mechanisms,
while metabolites are the main source of substances and the
basis of phenotypes. Proteomics studies can only explain the
function and mechanism, but lack a direct description of
phenotype (Monti et al., 2019). In this study, we compared the
differential protein expression between rats with acne and rats
with acne treated with CPT, and used the KEGG pathway
enrichment analysis to assess the differential metabolic
pathways between the two groups. Finally, we tried to explain
the differential pathways with metabolomics analysis to illustrate
the mechanism for CPT intervention in acne.

MATERIALS AND METHODS

Materials
Cryptotanshinone (Lot number 17071601, purity ≥98%, high-
performance liquid chromatography; HPLC; Baoji Herbest Bio-
Tech Co., Ltd., Baoji, China), carbomer 940 (Macklin
Biochemical Co., Ltd., Shanghai, China), glycerin (Aladdin
Chemical Reagent Co., Ltd., Shanghai, China), pentobarbital
(Sigma, United States), oleic acid (Macklin Biochemical Co.,
Ltd., Shanghai, China), other chemical substances were
analytically pure (AR).

Preparation of CPT Gel
The CPT was dissolved with anhydrous ethanol (sonication for
1 min) and was filtered with 0.22 μm filters. Then, we took 3 g of
carbomer 940, dissolved in 100 ml pure water for 24 h. Next, 3 g
glycerol and CPT were dissolved in ethanol. Followed by addition
of triethanolamine. The CPT gel was an orange transparent semi-
solid preparation with a final CPT concentration of 2.2 mg/g.

Acne Model and CPT Treatment
Adult male SD (Sprague-Dawley) rats (weight: 200 ± 20 g) were
acquired from the Experimental Animal Center of the Southern
Medical University (SMU). After a 1-week adaptation, rats were
randomly separated into three groups: Blank control group (BC),
Model group (MC) and CPT treatment group (CPT) with eight
rats per group. Three percent sodium pentobarbital was used to
anesthetize the rats. The back hair of the rats was removed for
further study. Then, 0.5 ml of 80% oleic acid was evenly smeared
on the back skin of each rat, for 14 days once per day, except for
the BC group (Zuo et al., 2016). CPT gels were then applied to the
back skin of CPT rats once per day for 1 week. The procedures of
this research were in accordance to the Guide for the Care and
Use of Laboratory Animals (Worlein et al., 2011) (eighth
versions, revised in 2011), which was approved by the
Laboratory Animal Ethics Committee of SMU.

Histopathological Examination
Rat dorsal skin tissues were fixed and stored in a 10%
formaldehyde solution. Then the skin tissues were dehydrated
in a gradient of 80–100% alcohol. Then the tissues were
embedded with paraffin. The paraffin blocks were cut into
3–5 μm thickness sections. Next Hematoxylin-eosin (HE,
Sigma) was used for the section dyeing. Histopathological
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sectionswere analyzed by an opticalmicroscope (magnifications×200
and ×100: type BX53, Olympus; magnifications ×40: type Eclipse
E100, Nikon). The pathophysiology of acne was judged based on a
previous reference (Gollnick and Dreno, 2015).

Lesions Analysis
The stratum corneum (SC) thickness and the long diameter and
short diameter of sebaceous glands (SG) of the rat skin were
measured with Olympus cellSens software in histopathological
sections magnified 200 times. (Li et al., 2018).

Cytokine Levels
The serum samples from rats were tested by the ELISA kits of rat
of IL-6, IL-8, TNF-α and IL-1β. According to the instructions of
these kits, the OD values of IL-6, IL-8, TNF-α and IL-1β were
detected at specific wavelengths, and their contents were
calculated by graphpad 8.02 software (Han et al., 2018).

Proteomics Analysis
Protein Extraction
The skin tissues were lysed and proteins were extracted with SDT
buffer (4% SDS, 1 mM DTT, 100 mM Tris-HCl, pH � 7.6). The
protein content was quantitatively analyzed by a protein-
detection kit (Bio-Rad, United States). Protein digestion with
trypsin was performed through the filter-aided sample
preparation (FASP) procedure from Matthias Mann
(Wisniewski et al., 2009). The digested peptides of every skin
were desalination processing with a C18 solid phase extraction
column (Empore™ SPE, 7 mm × 3 ml, Sigma). Then, the
concentration under vacuum centrifugation and reconstitution
was performed with 40 µL of 0.1% formic acid.

FASP Digestion Procedure of Skin Tissues
A total of 200 μg of proteins for each skin tissue were mixed with
30 μL of 4% SDS, 100 mMDTT, 150 mMTris-HCl, pH � 8.0. The
eluent was removed. Next, DTT and small molecule components
were filtered out with a UA of 8 M Urea in 150 mM Tris-HCl, pH
8.0. Then, 100 μL of iodoacetamide in UA with 100 mM IAA was
added, and the skin tissues were incubated in the dark for 30 min.
Filters were washed three times with 100 μL of UA, and 100 μL of
25 mM NH4HCO3. The buffer was used to digest 4 μg of trypsin
in 40 μL of 25 mM NH4HCO3 for 18 h, at 37°C, then the
dissolved peptides were collected. The digested peptides were
subjected to desalination processing with a C18 solid phase
extraction column (Empore™ SPE, 7 mm × 3 ml, Sigma).
Then, the concentration under vacuum centrifugation and
reconstitution was performed with 40 µL of 0.1% formic acid.
The peptides were detected with a UV light spectral (280 nm).

Quantitative Proteomic Analysis
Skin samples were analyzed by LC-MS/MS on a Q Exactive mass
spectrometer (Thermo Scientific). The peptides were loaded onto
a nano Viper C18-reversed phase trap column (Thermo Scientific
Acclaim PepMap100, 100 μm × 2 cm), then they were connected
to a C18-reversed phase analytical column (Thermo Scientific
Easy Column, 75 μm × 10 cm, 3 μm resin). Next, 0.1%-Formic
acid (A phase) and B phase (84%-acetonitrile: 0.1%-Formic acid)

were used for gradient elution. The flow rate was set at 300 nL/
min. Samples were analyzed with the positive ion mode. MS data
were acquired from the 300 m/z to 1800 m/z dynamic survey scan
mode to choose the most abundant precursor ions for higher
energy collisional dissociation fragmentation. Automatic gain
control target was set to 3×106, and maximum injection time
was 10 ms. Dynamic exclusion duration was 40.0 s. Survey scans
were acquired at a resolution of 70,000 atm/z 200. The resolution
for higher energy collisional spectra was set to 17,500 atm/z 200.
The isolation width was set at 2 m/z. Normalized collision energy
was 30 eV. The under fill ratio was 0.1%. The samples were
analyzed in peptide recognition mode.

Identification and Quantitation of Proteins
The raw data for each sample were combined and searched using
the Max Quant 1.5.3.17 software. The parameters were set as
follows: enzyme choosing trypsin; max missed cleavages setting
two; fixed and variable modifications respectively being
carbamidomethyl (C) and oxidation (M); main and first search
respectively being 6 and 20 ppm; MS/MS Tolerance: 20 ppm;
database pattern: Reverse; Include contaminants: True; protein
and peptide FDR both being ≤0.01; peptides used for protein
quantification using a razor and unique peptides; time window
being set at 2 min; minimum ratio count of 1. The p-value was
obtained with the t-test. Proteins were significantly changed if
fold changes >2.0, or <0.5, and p < 0 0.05, which were considered
as DEPs. In the same way, the SDEPs were set as fold changes
>2.0, or <0.5, and p < 0.01 (O’Connell et al., 2018). The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository with
the dataset identifier: PXD027219.

Proteomic Bioinformatics Analysis
Cluster analysis of phosphorylated peptides was performed by
Cluster 3.0 and Java Treeview softwares. Z-score (label-free or
metabolism) mode was set as the standard method. The
distance type was set as euclidean, and the clustering
algorithm was set as average. Then, GO annotation of the
differentially expressed proteins (DEPs) was performed with
the software program Blast 2 GO, and the top 20 terms of GO
enrichment results were drawn in a bar graph. The top 20
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment pathway (p-value < 0.05) terms were searched
in the KEGG database. Parameters were set as follows: graphic
style: bar graph; data type: proteome; screening data:
standardized processing; p-value/FDR: p; p-value threshold:
0.05; legend style: standardized processing. Proteins that met
the fold change (FC) > 2.0, or FC < 0.5, and p < 0.05 were
considered DEPs. Both FC > 2.0 and p < 0.01 values were
considered to be SDEPs (Chen et al., 2020).

Metabolomics Analysis
Chemicals
Ammonium acetate (NHAC), ammonium hydroxide (NH4OH),
ammonium fluoride (NHaF), and formic acid (FA) were obtained
from Sigma Aldrich. Acetonitrile was obtained from Merck.
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Skin Samples Preparation for Metabolomic
The skin tissues were immediately frozen in liquid nitrogen. Then
the samples were cut on 80 mg of dry ice into a 2 ml tube. The
skin tissues with five ceramic beads were homogenized. 1 ml
methanol-acetonitrile aqueous solution (2:2:1, V/V) was added to
the homogenized solution for metabolite extraction. This mixture
was centrifuged for 30 min (14,000 × g, 4°C), twice, and placed at
−20°C for 1 h to precipitate the proteins. The samples were
filtered with a filter tube and centrifuged at 4°C for 20 min,
the supernatant was freeze-dried and kept at −80°C. The
prepared samples were dissolved in 100 uL acetonitrile/water
(1:1,v/v) solvent and analyzed by LC-MS(Gao et al., 2021).

Metabolomic Analysis
Metabolomic analysis was performed by a UHPLC (1290 Infinity
LC, Agilent Technologies) coupled to a quadrupole time-of-flight
(AB Sciex Triple TOF 6600) in HILIC separation. The samples
were analyzed with a water column of Ireland (ACOUIY UPLC
BEH, 2.1 mm × 100 mm, 1.7 um). The positive and negative
modes were set. The mobile phase A was 25 mM ammonium
acetate and hydroxide (1:1,v/v) in water, and the mobile phase B
was acetonitrile. The elution gradient was set as follows:
0–0.5 min: 95% B; 0.5–7 min: 95% B- 65% B; 7–7.1 min: from
65% B to 40% B; 7.1–8.1 min: 40% B; 8.1–8.2 min: 40% B-95% B;
8.2–12.2 min: 95% B re-balanced time for employing.

An Ireland water column was used (ACQUIY UPLC HSS T3,
2.1 mm × 100mm, 1.8 um) for sample RPLC separation. In the
positive ion mode, mobile phase A was 0.1%-formic acid aqueous
solution, and phase B was acetonitrile: 0.1% formic acid. In the
negative ionmode,mobile phaseAwas 0.5 mMammonium fluoride
aqueous solution, and phase B was acetonitrile. The elution gradient
was set as follows: 0–1.5 min: 1% B; 1.5–11.5 min: 1% B-99% B;
11.5–15min: 99% B; 15–15.1 min: 1% B; 15.1–18.5 min: 1% B re-
balanced time for employing. The flow rate was set at 0.3 ml/min,
then the temperature of the column was set at 25°C. The injection
volume of every sample was 2 μL. The sample was placed at a 4°C
automatic sampler throughout the analysis process (Yi et al., 2019;
Wang et al., 2021).

A series of parameters were set as follows: Gas1: 60, Gas2: 60,
CUR: 30, source temperature: 600°C, ISVF: ±5500 V (positive and
negative). For single MS acquisition, the m/z range of the
instrument was set as 60–1000 Da, and the scanning
cumulative time of TOF MS was set as 0.20 s/spectra. For
automatic MS/MS acquisition, the m/z range of the
instrument was set as 25–1000 Da, and the scanning
cumulative time of the product ions was set as 0.05 s/spectra.
The information-dependent acquisition tech was applied in the
product ion scan, and the mode was set as high sensitivity. The
parameters were set as follows: collision energy: 35 V with
±15 eV; declustering potential: ± 60 V; exclude isotopes:
≤ 4 Da, and the candidate ion to be monitored for each period
was set to 6.

Data Processing
The raw MS data were converted to MzXML files with Proteo
Wizard MS Convert before importing into freely available
XCMS software. Compound identification of metabolites was

performed by comparing the accuracy m/z value (<10 ppm),
and MS/MS spectra with an in-house database established with
available authentic standards. Principle component analysis
(PCA) was performed with SIMCA (Version 14.1) using
quantitative data.

KEGG Pathway Analysis
The DEMs were searched and the KEGG enrichment pathways
were obtained with the online KEGG database (http://
geneontology.org/). The annotation and enrichment results of
KEGG were used in R 3.5.1 version. Next, the Venn diagram and
bar plot were drawn.

Statistical Analysis
The p-values of proteins and metabolites were obtained with the
t-test. Significantly changed proteins (fold changes >2.0, or <0.5,
and p < 0 0.05) were considered DEPs. In the same way, SDEPs
had fold changes >2.0, or <0.5, and p < 0.01 (O’Connell et al.,
2018). Significantly altered metabolites (VIP value >1.0, and
p < 0.05) were considered DEMs. In the same way, SDEMs
had VIP value >1.0, and p < 0.01 (O’Connell et al., 2018). All data
are presented as mean ± SD. One-way analysis of variance
(ANOVA) was used to analyze the data between BC, MC and
CPT groups. GraphPad Prism software (version 8.02) was used to
perform this statistical analysis. Differences were considered to be
statistically significant when p < 0.05.

RESULTS

Histopathological Examination
Histopathological examination of the skin tissues is shown in
Figure 1. The epidermal squamous epithelium layer was
significantly thickened, and the epithelial cells in the funnel-
shaped part of the hair follicle were increased. Follicle pores were
blocked due to excessive keratinization of the hair follicle and we
observed dermis hyperemia, neutrophilic cell infiltration, and
enlarged sebaceous glands in the model control (MC) group
(Figure 1 MC) compared with the blank control (BC) group
(Figure1 BC). MC rats were treated with CPT (Figure1CPT) and
showed skin tissue similar to the BC group (Figure1 BC) with
reduced keratinization. The inflammatory cells were decreased,
and the sebaceous glands were normal (Figure1 CPT).

CPT Improved Acne
Compared with the BC group, in the model group, the SC
thickness of rat skin was significantly increased. Compared
with the MC group, after CPT treatment, the SC thickness of
rat skin was significantly reduced. The diameter of SG in the
model group was significantly increased, while that in the CPT
group was significantly decreased (Figure 2A).

The serum contents of IL-6, IL-8, TNF-α and IL-1β were
significantly higher in the MC group (p < 0.05), whereas the
contents were significantly lower in the CPT group (p < 0.05). The
results showed that the highly expressed cytokine levels in model
group rats could be reduced by CPT, thus inhibiting the
inflammation of the acne rats (Figure 2B).
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Analysis of Differentially Expressed
Proteins (DEPs) and Significantly
Differential Proteins (SDEPs)
Altogether, 3,127 proteins and 25,216 peptides were identified,
and 2,869 proteins were quantitatively analyzed (Supplementary
Tables 1,2). A total of 231 DEPs (fold change >2, or <0.5, and
p < 0.05) and 89 SDEPs (fold change >2, or <0.5, and p < 0.01)
(Yan et al., 2020), were identified of which 214 DEPs (82 SDEPs)
in MC were up-regulated and 17 DEPs (7 SDEPs) were down-
regulated compared to BC (Supplementary Table 3). A total of
189 DEPs and 103 SDEPs were changed in MC and CPT groups,
respectively. A total of 189 DEPs, 72 DEPs (36 SDEPs) were up-
regulated and 117 DEPs (67 SDEPs) were down-regulated in MC
and CPT group, respectively (Supplementary Table 4). The
DEPs were presented by a cluster heat map. Interestingly, the
hierarchical clustering figure showed that the skin proteins in the

MC group were significantly separated from those in the BC
group and the CPT treatment group, and that the CPT group was
significantly closer to the BC group (Figure 3).

GO Enrichment Analysis
The top 20 of GO enrichment analysis are shown in Figure 4. The
result showed that DEPs were significantly enriched in several
biological processes, molecular functions and cellular component
categories (p < 0.05) in CPT compared to those of the MC group.
DEPs from CPT participated in the biological processes of
peptide biosynthesis and metabolic process regulation,
translation regulation, amide biosynthesis process, cellular
amide metabolic process regulation, cytoplasmic translation,
organonitrogen compound biosynthetic process and rRNA
processing (Figure 4). These DEPs were related to the
regulation of molecular functions, such as structural

FIGURE 1 | The skin tissues of CPT treatment in acne (HE, magnification ×200, ×100 and ×40) (A), (B) and (C): magnification ×200 (100 μm) (D) (E) and (F):
magnification ×100 (200 μm) (G), (H) and (I): magnification ×40 (500 μm) (A), (D) and (G): BC (blank control) group; (B), (E) and (H): MC (model) group; (C), (F) and (I):
CPT (treatment) group; the triangles in MC group represent neutrophilic inflammatory cell infiltration.
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constituent of ribosome, structural molecule activity, rRNA and
RNA binding, heterocyclic compound binding and organic cyclic
compound binding. The main enriched cellular components in
CPT versus model group were the cytosol, cytosolic ribosome,
ribosomal subunit, ribosome, cytosolic small and large ribosomal
subunit. There was a significant difference in GO enrichment
between MC and CPT groups, which was related to acne.

KEGG Pathway Enrichment Analysis
A total of 271 protein pathways were enriched through the KEGG
analysis, of which 28 pathways were changed (p < 0.05) in theMC
and CPT treatment groups (Supplementary Table 5). As shown
in Figure 5, the most enriched pathways in CPT versusMC group
were glycolysis/gluconeogenesis, spinocerebellar ataxia, galactose
metabolism, histidine metabolism, IL-17 signaling pathway,
protein digestion and absorption, estrogen signaling pathway,
thyroid hormone signaling pathway, thyroid hormone synthesis,
arginine and proline metabolism (consisting of 13, 14, 7, 5, 8, 9,
16, 9, 8 and 8 proteins, respectively). Interestingly, the IL-17
signaling pathway, which is closely related to the pathogenesis of
acne (Bernardini et al., 2020), included seven DEPs enriched in
CPT versus the MC group.

Metabolomics Analysis
Principle Component Analysis (PCA) Score of Skin
Samples
The PCA score plots were plotted and the results (Figure 6A and
Figure 6D) showed that the BC, MC and CPT groups were

significantly separated in the positive and negative modes. The
skin samples of each group were closely clustered in the PCA
score plots. The MC group was significantly separated from both
the BC and the CPT groups, and the skin samples in the BC group
were closer to the CPT group. According to the OPLS-DA score
plots in Figure 6B and Figure 6E, the skin metabolic profiles in
the MC and CPT groups were significantly separated. Also, the
PLS-DA plots illustrated clear differentiation in metabolomics
profiles between the MC and CPT groups as showed in Figure 6C
and Figure 6F.

Analysis of Differentially Expressed Metabolites
(DEMs)
The MS/MS total ion chromatography (TIC) and mass
spectrometry (MS/MS) of the metabolites were in the
Supplementary Materials 2, 3. Altogether, 484 metabolites
were identified (Supplementary Table 6). A total of 77
significantly changed metabolites (VIP >1, and p < 0.05,
DEMs) were identified. A total of 55 DEMs were up-regulated
(fold change >0.67) and 22 DEMs were down-regulated (fold
change <0.67) in MC compared to BC (Supplementary Table 7).
A total of 76 DEMs were identified for MC and CPT. Among
these DEMs, 43 metabolites in the CPT group were up-regulated,
whereas 33 metabolites were down-regulated versus the MC
group (Supplementary Table 8).

A total of 58 SDEMs (VIP >1, and p < 0.01) were identified in
MC and CPT groups. Thirty-three metabolites were significantly
increased, while 25 were significantly decreased in the MC and

FIGURE 2 | (A) Bar graph of stratum corneum (SC) thickness and half of long diameter and short diameter of sebaceous glands (SG); original
magnification, ×200 (B) Cytokine levels in serum of IL-6, IL-8, TNF-α and IL-1β in the BC, MC and CPT groups. **, p < 0.01, compared with the BC group; ##,
p < 0.01, compared with the CPT group.
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CPT groups (Supplementary Table 8). The hierarchical
clustering dendrogram indicated that the skin metabolites of
the MC group were significantly separated from both the BC
and CPT groups, whereas the skin metabolites of BC and CPT
groups were clustered together (Figure 7A). Metabolites with
similar abundance were clustered together, representing the
degree of metabolic proximities and the inner relation among
the DEMs (Figure 7B). Besides, a multiple comparisons analysis
was conducted in the three groups. These results indicated that,
compared to the MC group, metabolites of the CPT group were
similar to those of the BC group.

Metabolic Pathway (KEGG) Enrichment
A total of 179 metabolic pathways were enriched by the KEGG
analysis, and 51 of these pathways were significantly changed (p <
0.05) in MC and CPT groups (Supplementary Table 9). The
major metabolites participated in protein digestion and
absorption, biosynthesis of unsaturated fatty acids metabolism,
arginine biosynthesis, glycerophospholipid metabolism, galactose
metabolism, glycine, serine and threonine metabolism, linoleic
acid metabolism, glycolysis/gluconeogenesis, histidine
metabolism and spinocerebellar ataxia. The metabolic

pathways in CPT and MC group were closely related to the
pathogenesis of acne (Figure 8).

Combination of Proteomics and
Metabolomics
Through the KEGG database, a total of 156 shared pathways of
proteins and metabolites are shown in a Venn plot (Figure 9 and
SupplementaryTable 10). Altogether five pathwayswere significantly
altered in both their proteins and metabolites contents and played
important roles in acne rats and CPT-treated rats (Figure 10). These
pathways included galactose metabolism, histidine metabolism,
glycolysis/gluconeogenesis, spinocerebellar ataxia and protein
digestion and absorption. There are regulatory relationships
between these DEPs and DEMs. The regulation networks of
significantly altered metabolic pathways in response to CPT
treatment were assessed (Figure 11). As shown for the glycolysis/
gluconeogenesis pathway and galactose metabolism, CPT regulated
DEPs such as hexokinase 2(Hk2), enolase 1 (Eno1), dihydrolipoamide
dehydrogenase (Dld), phosphofructokinase, platelet (Pfkp),
phosphoglycerate mutase 1 (Pgam1), aldehyde dehydrogenase 3
family, member A2 (Aldh3a2) and aldo-keto reductase family 1,

FIGURE 3 | Hierarchical clustering heat map of DEPs of the skin. Changed proteins (right side) and the samples in different groups (bottom). The color from red to
blue shows the relative intensity of the DEPs.
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member B8 (Akr1b8), and DEMs such as Phosphoenolpyruvate
(PEP), Dihydroxyacetone phosphate, DL-lactate, α-D-Glucose,
Glycerate-2P, sucrose, Myo-Inositol, D-Mannose, α-D-Galactose1-
phosphate, Galactinol and Stachyose. CPT also regulated DEPs
relevant for histidine metabolism such as histidine ammonia lyase
(Hal), carnosine dipeptidase 2 (Cndp2) and Aldh3a2, and regulated
DEMs such as L-Glutamate, L-Aspartate, L-Histidine, Histamine and
Urocanic acid.

DISCUSSION

In the present study, through the integration of proteomics and
metabolomics, the mechanisms of CPT treatment in a rat acne
model induced by oleic acid were examined. Differentially
expressed proteins and metabolites were identified, and the
mechanisms of CPT treatment in acne were illuminated. The

hierarchical clustering figure showed that the skin proteins and
metabolites in the MC group were significantly separated from
those in the BC and CPT treatment groups, and that the CPT
group was significantly closer to the BC group. The skin samples
of each group were closely clustered in the PCA score plots. The MC
group was significantly separated from both the BC and the CPT
groups, and the skin samples in the BC group were closer to the CPT
group. This indicated that the skin metabolic profiles were
significantly changed in acne rats and that treatment with CPT led
to a metabolic profile similar to that of BC rats. By the KEGG
enrichment analysis, CPT rats had five pathways that played an
important role in acne and were significantly altered for both their
protein and metabolite contents. These pathways included galactose
metabolism, glycolysis/gluconeogenesis, histidine metabolism,
spinocerebellar ataxia and protein digestion and absorption. CPT
regulated differential proteins (DEPs) such as Hk2, Eno1, Dld, Pfkp,
Pgam1, Aldh3a2, Akr1b8, Hal and Cndp2, and the DEPs regulated

FIGURE 4 |GO enrichment of DEPs in CPT andMC. The x-axis represents the Biological Process (BP), Cellular Component (CC), andMolecular Function (MF). The
y-axis represents gene number, the numbers represent the enrichment factor of DEPs ratio.
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differentially expressed metabolites (DEMs) such as
Phosphoenolpyruvate, DL-lactate, Dihydroxyacetone phosphate, DL-
2-Phosphoglycerate, sucrose, α-D-Glucose, Myo-Inositol, D-Mannose,
Galactinol, Stachyose, α-D-Galactose1-phosphate, L-Glutamate,
L-Aspartate, L-Histidine, Histamine and Urocanic acid. In this
study, changes in upstream proteins could lead to changes in
downstream metabolites, such as Eno1 regulating PEP, Pgam1
regulating DL-2-Phosphoglycerate (Glycerate-2P), Glycerate-2P
regulating Eno1, Hal regulating Urocanic acid and Cndp2
regulating L-Histidine. In parallel, changes in upstream metabolites
might lead to changes in downstream proteins, such as α-D-Glucose
regulating Hk2 and L-Histidine regulating Hal. These proteins were
significantly up-regulated in acne rat induced by oleic acid, however
they were down-regulated after CPT treatment. Our data suggested
that CPT could inhibit the disordered metabolism of acne rats,
especially within the glycolysis/gluconeogenesis, galactose and
histidine metabolisms, restoring these pathways back to normal.

A previous study reported that regulation of glycolysis might
control keratinocyte differentiation by lowering the expression of
Eno1. Indeed, Eno1 has a high expression in keratinocytes with
accelerated dysfunction of tight junction, which reduces the
integrity of the cellular barrier (Tohgasaki et al., 2018; Sutter et al.,
2019). Glycolysis is a key metabolic pathway that provides energy for
cellular activities and consumes equivalents to sustain cell division and
cell proliferation (Sutter et al., 2019). Decreased glycolysis is related to
cell differentiation, particularly in keratinocytes (Li et al., 2020). This is
in agreement with our finding that the DEPs of glycolysis including
Eno1, Hk2, Dld, Pfkp, Pgam1 and Aldh3a2 were significantly

increased in MC rats, while these were significantly decreased after
CPT treatment. Indeed, CPT rats had a negatively regulated glycolysis/
gluconeogenesis pathway, decreased keratinocyte differentiation and
improved keratinization and cellular barrier function (Figure 1,
Figure 2A and Figure 11).

Through transcriptomics, Eckhart, et al. showed that Hal was
significantly up-regulated during keratinocyte differentiation (Eckhart
et al., 2008). This is consistent with our study that Hal was up-
regulated in MC rats, leading to excessive keratinocyte differentiation.
This phenomenon was improved after CPT treatment. Aldehydal
dehydrogenase is produced by Aldh3a2, which improves fatty
decomposition. A previous study reported that if the function of
Aldh3a2 is disrupted, it may cause excessive accumulation of
intracellular fat. This process affects both the physiological function
of the cell protective membrane and the nutrients necessary to
maintain the physiological function of the body (Kumar et al.,
2020). The DEPs of histidine metabolism such as Hal, Aldh3a2
and Cndp2 were over-expressed in the MC group, while they were
reduced in the CPT group. In our study, histidine metabolism was
negative regulated by CPT in acne rats.

Rats with acne induced by oleic acid had significantly up-regulated
pathways, such as IL-17 signaling pathway, glycolysis/
gluconeogenesis, galactose metabolism, gap junction, histidine
metabolism, spinocerebellar ataxia, protein digestion and
absorption, estrogen signaling pathway, biosynthesis of unsaturated
fatty acids metabolism, glycerophospholipid metabolism and linoleic
acid metabolism. The results of the KEGG enrichment showed that
DEMs were mainly related to glycolysis metabolism, histidine

FIGURE 5 | KEGG pathway enrichment of DEPs in CPT and MC groups. The x-axis represents the amount of DEPs, the y-axis represents the pathway and the
numbers represent the enrichment factor ratio of DEPs.
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FIGURE 6 | The multivariate analysis of skin metabolites in positive (ESI+) and negative (ESI−) modes (n � 8); 1-XP (the BC group), 2-XP (the MC group), 4-XP (the
CPT group) (A) PCA score plots in positive modes of the BC, MC and CPT groups. Samples in BC and CPT groups were separated from the MC group; ESI+:
R2X � 0.548 (B) OPLS-DA score plots in positive modes of the MC and CPT groups; ESI+: R2X � 0.559, R2Y � 0.989, Q2 � 0.944 (C) PLS-DA score plots in positive
modes of theMC and CPT groups; ESI+: R2X � 0.559, R2Y � 0.989, Q2 � 0.962 (D)PCA score plots in negative modes of the BC,MC and CPT groups; ESI−: R2X �
0.638 (E)OPLS-DA score plots in negative modes of the MC and CPT groups; ESI−: R2X � 0.689, R2Y � 0.986, Q2 � 0.970 (F) PLS-DA score plots in negative modes of
the MC and CPT groups; ESI−: R2X � 0.729, R2Y � 0.997, Q2 � 0.980.

FIGURE 7 | (A) Hierarchical clustering heat map of skin DEMs. Cluster of the DEMs (right side) and the samples of each group (bottom) are shown. The color from
red to blue showed the relative intensity of the DEMs (B) Pearson’s correlation of DEMs in CPT and MC groups. Red and blue represent the positive and negative
correlation of DEMs, respectively.
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metabolism, biosynthesis of unsaturated fatty acids, linoleic acid
metabolism and glycerophospholipid metabolism (Figure 5 and
Figure 8). The metabolites S100 calcium binding protein A8
(S100a8), S100 calcium binding protein A9 (S100a9), heat shock
protein 90 alpha family class B member 1 (Hsp90ab1), heat shock
protein 90 beta family member 1 (Hsp90b1) and serine and arginine
rich splicing factor 1(Srsf1) of the IL-17 signaling pathway were
significantly up-regulated in the MC group, while these were
significantly down-regulated after CPT treatment (Figure 3). CPT
was shown to down-regulate IL-17 signaling pathway and down-
regulate acne-driven immune activation of sebum cells (Oules et al.,
2020). The metabolite Gpd1 of the glycerophospholipid metabolism
was significantly decreased in the model group, and significantly
increased after CPT treatment (Figure 3). Gpd1 regulatedDEMs such
as glycerol 3-phosphate and dihydroxyacetone phosphate
(Figure 7A), which were significantly down-regulated in the MC
group and up-regulated in the CPT group. The glycerophospholipid
metabolism pathway was affected by CPT treatment. The DEPs
hydroxysteroid (17-beta) dehydrogenase 12 (Hsd17b12), sterol
carrier protein 2 (Scp2) and hydroxysteroid (17-beta)
dehydrogenase 4(Hsd17b4) of the biosynthesis of unsaturated fatty
acids metabolism pathway were significantly up-regulated by oleic
acid; however these were down-regulated by CPT treatment. The
DEMs arachidonic acid (AA), oleic acid, stearic acid, all cis-(6,9,12)-
linolenic acid, alpha-linolenic acid (ALA), eicosapentaenoic acid
(EPA), erucic acid and nervonic acid were part of the unsaturated
fatty acidsmetabolism pathway and were significantly up-regulated in
theMC group. CPT treatment down-regulated these metabolites. The
DEMs of the unsaturated fatty acids metabolism, namely palmitic
acid, linoleic acid (LA), docosahexaenoic acid (DHA) and
tetracosanoic acid were significantly down-regulated in the MC
group, whereas they were significantly up-regulated after CPT
treatment. Hsd17b12 was regulated by the DEMs ALA, EPA, all
cis-(6,9,12)-Linolenic acid, LA, AA, palmitic acid, stearic acid,

tetracosanoic acid, oleic acid, erucic acid and nervonic acid.
In parallel, DHA was regulated by Scp2 and Hsd17b4. The
DEMs of the linoleic acid metabolism pathway, namely AA, 1-
Stearoyl-2-oleoyl-sn-glycerol 3-phosphocholine (SOPC) and all
cis-(6,9,12)-Linolenic acid were significantly up-regulated in the
MC group, whereas CPT treatment led to a down-regulation of
these metabolites.

Linoleic acid (LA) is an essential unsaturated fatty acid that plays
a crucial role in inflammation (Burns et al., 2018). Research has
shown that down-regulation of LA led to disordered LAmetabolism
on inflammatory rats (Liu et al., 2020). Indeed, LA was down-

FIGURE 8 | KEGG pathways of the DEMs. (A): BC and MC groups, (B): MC and CPT groups. The x-axis represents protein number, the y-axis represents the
KEGG pathway and the numbers represent the enrichment factor ratio of DEMs.

FIGURE 9 | The Venn plot of common pathways of DEPs and DEMs in
MC and CPT groups. The blue and yellow circles represent proteomics and
metabolomics, respectively. The overlap was the number of pathways shared
by the two omics analyzes. The sum of all numbers in the circle
represents the sum of the number of pathways involved in DEPs and DEMs.
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regulated in acne rats, suggesting oleic acid might disrupt LA
metabolism, causing inflammation. LA was up-regulated in the
CPT treatment group. This is in accord with our
histopathological analysis showing that acne rats turned to back
normal after CPT treatment. The biosynthesis of unsaturated fatty
acids metabolism, glycerophospholipid metabolism and linoleic acid
metabolism pathway could significantly alter sebum production and
control sebaceous gland secretion after CPT treatment (Clayton
et al., 2019). The effective epidermal physical barrier primarily in the
stratum corneum (SC) requires a structural and functional
combination of adherent junctions, tight junctions, gap junctions
(GJ) and desmosomes (Cohen-Barak et al., 2020). The gap junction
network of the epidermis contributes to keeping the integrity and

homeostasis of this layer (Martin et al., 2014). In this study, the gap
junctions were disturbed in the MC group, while CPT treatment
turned the skin barrier back to normal.

Ces1d (Carboxylesterase 1D) is a glycoprotein involved in lipid
metabolism and catalyzes the hydrolysis of triglycerides and
monoglycerides (Zheng et al., 2020). cytochrome c oxidase
subunit 5B(Cox5b) affects mitochondrial activity and also is
involved in lipid synthesis (Soro-Arnaiz et al., 2016). Compared to
the BC group, Ces1d in the MC group was significantly down-
regulated, while Cox5b was up-regulated. After CPT treatment,
Ces1d significantly increased, while Cox5b significantly decreased,
when compared to the MC group. Our analysis suggested that CPT
could improve the metabolism and biosynthesis of lipids, and

FIGURE 10 |Histogram of common KEGG pathways of the DEPs and DEMs through multiple comparisons of MC and CPT groups. The blue and orange columns
represent proteomics and metabolomics, respectively. The y-axis represents the pathway, and the x-axis represents the p-value.

FIGURE 11 | Network for a mechanistic explanation of the proteomics and metabolomics analyzes. versus the MC group, the purple and blue represent up-
regulation and down-regulation, respectively. The yellow color represents the metabolism pathway. The DEPs and DEMs are represented by rectangles and circles,
respectively.
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mitochondrial function in acne rats. These results are in agreement
with our team’s previous study (Ruan et al., 2020).

Keratin 16 (Krt16) and Keratin 17 (Krt17) are the type I
intermediate filament proteins, which are primarily presented in
the base cells of hair follicles and sebaceous glands of the
epithelium. Krt17 can regulate various biological processes of skin
cells, such as cell growth, cell proliferation, inflammation and hair
follicle circulation, as well as immune responses (Jin andWang, 2014;
Yang et al., 2019). Krt16 has a close relationship with genes that
participate in the maintenance of the skin barrier and natural
immunity (Lessard et al., 2013). Keratin 14 (Krt14) is a major
structural component of keratinocytes in the epidermal base,
affecting biological processes such as cell mechanics, cell
homeostasis, and epidermal barrier function (Guo et al., 2020). Krt
14, Krt 16 andKrt 17 were significantly up-regulated in theMC group
and down-regulated after CPT treatment (Figure 3). These results and
the histopathological and lesions analysis agree with previous research
that reported that the expression of Krt 14, Krt 16 andKrt 17were up-
regulated in acne rats and could promote keratinocyte proliferation
leading to excessive keratinization (Yang et al., 2017).

Tubulin alpha-4A chain (Tuba4a) and Moesin (Msn) were found
to beDEPs inMCandCPT groups.Msn is regulated by tight junction
assembly in the tight junction barrier, while Tuba4a was found to be
significantly up-regulated in acne rat. CPT treatment decreased
Tuba4a levels, indicating that the tight junction barrier was
restored after CPT treatment. Previous studies have shown that Msn
can become activated and induce the infiltration of inflammatory cells
in tissues (Liu et al., 2015).We found thatMsn in ourmodel groupwas
notably up-regulated. After CPT treatment, Msn was decreased when
compared to the levels found for the MC group. The results of the
histopathological analysis showed that there was inflammatory cell
infiltration in the skin tissue of acne rats, however this phenomenonwas
improved after treatment with CPT. These results are consistent with a
previous study of our group (Ruan et al., 2020).

The biological process of leukocyte transendothelial migration is
related to the estrogen signaling pathway. Studies have shown that
estrogen treatment could attenuate leukocyte infiltration in rat
(Schneider et al., 2012). Krt 14, Krt 16, Krt 17, Hsp90b1 and
Hsp90ab1 are proteins of the estrogen signaling pathway that were
significantly up-regulated in the MC group and decreased in the CPT
group (Figure 5). As shown in the cytokine levels in serum of IL-6, IL-
8, TNF-α and IL-1β, the CPT could inhibit the release of these
cytokines, thus improving inflammation in acne rats (Figure 2B). This
indicated that the skin inflammation was controlled after CPT
treatment. Further exploration is needed in the future.

CONCLUSION

Through proteomics and metabolomics studies, we showed that
CPT may regulate multiple biological processes to improve acne

in rats. CPT could inhibit the disordered metabolism of several
pathways in rats with acne, especially glycolysis/
gluconeogenesis, galactose metabolism and histidine
metabolism, which play an important role in acne
development. These results can aid to explain the mechanism
of action of CPT to treat acne. In conclusion, CPT might be a
safe and potential drug to treat acne.
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