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Purpose: Resveratrol (Res) is a natural polyphenolic compound found in several plants and 
reported as a promising biological molecule with effective anti-fibrosis and anti- 
inflammatory activities. However, the underlying mechanism of Res on systemic sclerosis 
(SSc) remains unclear. In the study, we identified the key cellular signaling pathways 
involved in the Res regulatory process on SSc.
Methods: Res-targeted genes interaction network was constructed using the STITCH database, 
and the shared Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in both 
SSc and Res-targeted genes were then identified. The top five enriched KEGG pathways were 
visualized by GOplot. KEGG pathways associated with Res-targeted genes were established by 
Pathway Builder Tool 2.0. Quantitative real-time PCR (qRT-PCR) was used to assess the 
expression of sirtuin 1 (SIRT1), mammalian targeted of rapamycin (mTOR), and cytokines.
Results: Enrichment analysis of Res-targeted genes showed 79 associated pathways, 27 of 
which were also involved in SSc. Particularly, SIRT1/mTOR signaling was found as one of 
the crucial regulatory pathways. In vitro results suggested that SIRT1-mediated mTOR 
degradation ameliorated bleomycin (BLM)-induced fibrosis and inflammation. Res was 
capable of elevating the SIRT1 level in fibroblasts and partially reversing mTOR- 
dependent induction of fibrosis and inflammation.
Conclusion: These results indicated that Res is a feasible and effective choice for SSc and 
therapeutic target of mTOR could be a potential alternative for treatment of SSc.
Keywords: resveratrol, systemic sclerosis, SIRT1, mTOR, signaling

Introduction
Systemic sclerosis (SSc) is an autoimmune disease characterized by microvascular 
damage, innate and adaptive immune dysfunction, and multiple organ fibrosis, 
seriously affecting the quality of a patient’s life and placing a heavy burden on 
society.1 A previous study reported that the quality of a patient’s life was signifi-
cantly lower than the control group using a SF-36 health questionnaire.2 The 
functional damage of patients is gradually aggravated over the prolongation of 
time.3 However, the specific pathological mechanism of SSc and its etiological 
factors remain unclear. Thus, it is an urgent time to investigate the underlying 
mechanism of SSc and explore a feasible and effective drug to ameliorate the 
pathological progress of fibrosis and inflammation in SSc patients.

Resveratrol (Res, 3–4ʹ-5-trihydroxystilbene), a non-flavonoid polyphenolic com-
pound, is an antitoxin produced when plants are stimulated. It can be synthesized in 
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grape leaves and is a bioactive ingredient in grape wine and 
grape juice.4 Previous in vitro and in vivo experiments sug-
gested that Res has antioxidant, anti-inflammatory, anti-cancer 
and cardiovascular protective effects.5 Currently, accumula-
tive attention has been attracted to the therapeutic effect of Res 
on SSc due to its anti-fibrotic and anti-inflammatory 
activities.6 For example, it was recently reported that Res 
could alleviate SSc-related pulmonary fibrosis through sup-
pression of pro-inflammatory and pro-fibrotic processes.7 

Recent research also indicated that Res-induced SIRT1 inhi-
bits transforming growth factor-β (TGF-β) induced cell pro-
liferation and fibroblast differentiation.8 mTOR is a serine/ 
threonine protein kinase which has been shown to be involved 
in the initiation of inflammatory cascades and fibroblast 
activation.9

Microarrays, a lab technique to detect thousands of 
gene expressions, have been widely applied to the inves-
tigation of the pathogenic processes governing the devel-
opment of a variety of diseases. Integrating microarray and 
bioinformatic tools makes it an invaluable method for 
functional genomic studies.10 In the present study, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
related to both Res-targeted genes and SSc development 
were analyzed. The mammalian target of rapamycin 
(mTOR) signaling was identified as a crucial KEGG path-
way related to Res-targeted genes. Therefore, we investi-
gated the effects of Res on SSc while focusing on the 
mTOR signaling in the present study.

Materials and Methods
Reagent
Res was purchased from Sigma-Aldrich Co. (St Louis, MO, 
USA). Bleomycin (BLM) was obtained from Enzo Life 
Sciences, Inc. (Farmingdale, NY, USA). qRT-PCR kit was 
purchased from Thermo Fisher Scientific Co. (Waltham, 
MA, USA). Small interfering RNA (siRNA) mTOR and the 
siRNA control were designed by Applied Biological 
Materials Inc. (Richmond, BC, Canada). Plasmid SIRT1 was 
purchased from the Public Protein/Plasmid Library (PPL, 
#BC012499). High-glucose Dulbecco’s modified eagle med-
ium was purchased from Gibco BRL (Thermo Fisher).

Ethical Statement
Protocols of the present study were approved by the Ethics 
Committee of The Second Affiliated Hospital of Hainan 
Medical University (Haikou, China; 2019-019-23), and 
informed written consent was achieved from all participants. 

All experiments involved with human samples were con-
ducted in compliance with the Declaration of Helsinki.

Skin Sample Collection
From August 2018 to May 2020, skin biopsy specimens of 
the affected skin were collected both from SSc patients, and 
the specimens fulfilled the American College of 
Rheumatology criteria for SSc. At the same time, skin 
biopsy specimens were obtained from normal controls who 
had no history of autoimmune and other dermal diseases.

Culture of Human Skin Fibroblasts (HSFs)
High-glucose Dulbecco’s modified eagle medium was used 
to culture HSFs (FuHeng Biology, Shanghai, China). HSFs 
were cultured at 37°C with 5% CO2 and 95% humidity. 
HSFs treated with BLM (100 mmol/mL) for 24 hours were 
selected for further research. To knockdown endogenous 
mTOR, siRNA mTOR transfection was performed by 
Lipofectamine RNAiMAX (Life Technologies) according 
to the manufacturer’s protocol. qRT-PCR and ELISA ana-
lyses were performed 24 hours post-lipofection. The plasmid 
SIRT1 was purchased from the Public Protein/Plasmid 
Library (PPL, #BC012499). qRT-PCR and ELISA analyses 
were performed 24 hours after plasmid transfection.

qRT-PCR Analysis
The total RNA was isolated from cells and skin samples using 
TRIzol® reagent (Thermo Fisher Scientific). The reverse- 
transcription process was performed using ReverTra Ace® 

qPCR RT Master Mix (Toyobo Life Science, Osaka, Japan) 
to synthesize cDNA according to the manufacturer’s protocol. 
The relative mRNA levels were normalized to GAPDH levels 
(the internal control) and were calculated according to the 
2−ΔΔCt approach. All experiments were conducted in triplicate, 
and the primer sequences of mRNAs are shown in Table 1.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The concentrations of IL-1β and IL-6 in cell supernatants 
were measured with specific ELISA kits (Shanghai 
Biotechnology, Shanghai, China) in accordance with the 
manufacturer’s instructions.

Res-Targeted Genes Interaction Network 
Construction
Search Tool for Interacting Chemicals (STITCH) is 
a database that integrates over 430,000 chemicals into 
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a single resource. Res-targeted genes were obtained in 
STITCH based on the following settings: first shell: 0 
and up to 10; second shell: 0 and up to 10; third shell: 0 
and up to 10. The first shell is directly associated with 
resveratrol. The second shell is secondarily associated 
with resveratrol through the first shell. The interaction 
network of Res and its targeted genes were constructed 
in STITCH online tool. To obtain the degree, between-
ness, closeness of each gene in the network and better 
display the three layers of genes, the Res-targeted gene 
symbols were imported into Cytoscape 3.7.2 and calcu-
lated. Degree represented the degree of association of one 
node with all other nodes in the network. Closeness 
represented the closeness between a node and other 
nodes in the network. Betweenness was the number of 
times a node acted as the shortest bridge between two 
other nodes.

Shared KEGG Pathways Involved Both in 
SSc and Res-Targeted Genes
miRWalk2.0 is a comprehensive archive, supplying the lar-
gest available collection of predicted and experimentally 
verified genes and related information. miRWalk2.0 was 
used to retrieve human SSc KEGG pathways. Some func-
tional associations such as gene class, protein class, KEGG, 
and WIKI pathways can be obtained from the database. The 
KEGG pathways information was downloaded. Database for 
Annotation, Visualization, and Integrated Discovery 

(DAVID) bioinformatics resources consists of an integrated 
biological knowledgebase and analytic tools aimed at sys-
tematically extracting biological meaning from large gene/ 
protein lists. DAVID was used to generate the Res-targeted 
genes enriched KEGG pathways. Shared KEGG pathways 
of SSc and Res-targeted genes were identified using Venn 
Diagram (http://www.ehbio.com/ImageGP/index.php/ 
Home/Index/VennDiagram.html).

Identification of the Hub Genes
The enrichment information of the top KEGG pathways 
with p<0.01 was presented with GOplot, an R package for 
visually combining expression data with functional analy-
sis. Genes involved in all the top three shared KEGG 
pathways were considered as hub genes.

Retrieval of the KEGG Pathways Related 
to Res-Targeted Genes
The top 3 shared KEGG pathways with smallest p values 
were selected. The KEGG pathways related to the Res- 
targeted genes were established with the ScienceSlides. 
Hub genes and their action mechanisms were shown in 
the schematic diagrams.

Statistical Analysis
GraphPad Prism 8.0 was used to perform the statistical 
analyses. Results were shown as the mean ± SD. Student’s 
t-test was applied to compare two groups, and one-way 

Table 1 microRNAs and mRNA Primer Sequences

microRNA or Gene 
Names

Primer Sequence (5ʹ to 3ʹ)

hsa-mTOR-Forward TCCAGGGCTTCTTCCGTT

hsa-mTOR-Reverse GGGCTGTCGTGGTAGACTTAG

hsa-SIRT1-Forward CGGAAACAATACCTCCACCTGA
hsa-SIRT1-Reverse GAAGTCTACAGCAAGGCGAGCA

hsa-α-SMA-Forward TGTATGTGGCTATCCAGGCG

hsa-α-SMA-Reverse AGAGTCCAGCACGATGCCAG
hsa-Col-1a1-Forward CCTCCAGGGCTCCAACGAG

hsa-Col-1a1-Reverse TCTATCACTGTCTTGCCCCA
hsa-Col-1a2-Forward GATGTTGAACTTGTTGCTGAGC

hsa-Col-1a2-Reverse TCTTTCCCCATTCATTTGTCTT

hsa-IL-1β-Forward AGCTACGAATCTCCGACCAC
hsaIL-1β-Reverse CGTTATCCCATGTGTCGAAGAA

hsa-IL-6-Forward ATGAACTCCTTCTCCACAAGC

hsa-IL-6-Reverse AGGCGGTGCTTGTTCCTCA
hsa-GAPDH-Forward ACCCACTCCTCCACCTTTGA

hsa-GAPDH-Reverse CTGTTGCTGTAGCCAAATTCGT

Figure 1 The interaction network of the resveratrol-targeted genes. Red is first 
shell. Yellow is second shell. Green is third shell.
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analysis of variance with Tukey’s post hoc test was used to 
compare three or more groups. P < 0.05 was considered as 
statistically significant.

Results
Res-Targeted Genes and the Interaction 
Network
In total, 30 Res-targeted genes were obtained in STITCH with 
the limitation of three shells. Then the interaction of Res- 
targeted genes was reconstructed in Cytoscape (Figure 1). 
TP53, SIRT1, PTGS1, SIRT3, ESR1, PPARG, NOS3, AKT1, 
SIRT5, PTGS2 were involved in the first shell. They were 
directly associated with resveratrol. ATM, BRCA1, FOXO1, 
MTOR, EP300, RICTOR, FOXO3, CDKN1A, KAT2B, MDM2 
were involved in the second shell. HSP90AA1, HIPK2, 

NCOA3, CDKN2A, MAPK8, SRC, USP7, RCHY1, CREBBP, 
SP1 were involved in the third shell.

Identification of the Shared KEGG 
Pathways of SSc and Res-Targeted Genes
After the enrichment analysis of the Res-targeted genes in 
DAVID, 57 KEGG pathways were identified. 79 KEGG 
pathways involved in human SSc were retrieved using 
miRWalk2.0. 27 shared KEGG pathways of SSc and Res- 
targeted genes were identified (Figure 2 and Table S1). The 
top nine KEGG pathways with p <0.01 were Prostate cancer 
pathway, Pathway in cancer, Glioma pathway, p53 signal-
ing pathway, Cell cycle pathway, Bladder cancer pathway, 
Melanoma pathway, Chronic myeloid leukemia pathway, 
and ErbB signaling pathway. The rich factor, -log(p), and 

Figure 2 Commen KEGG pathways of resveratrol-target genes and CCs. There are 57 resveratrol-target genes related KEGG pathways and 79 SSc related KEGG pathways. 
27 shared KEGG pathways were obtained.
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gene number of the nine pathways are demonstrated in 
Figure 3. The detailed information of the top 3 KEGG 
pathways are shown in Table 2.

Identification of the Hub Genes
Among the 30 Res-targeted genes, AKT1, CDKN1A, TP53, 
MDM2, MTOR, HSP90AA1, EP300, CREBBP, FOXO1, 
PTGS2, PPARG, CDKN2A, MAPK8, RCHY1, and ATM 
were involved in the top three shared KEGG pathways. 
Degree, betweenness, and closeness information of all 30 
Res-targeted genes are shown in Figure 4. The enrichment 
information of the top 9 KEGG pathways is shown in 

Figure 5. AKT1, CDKN1A, TP53, MDM2, MTOR are 
involved in all of the top three KEGG pathways and 
were identified as hub genes.

Retrieval of the KEGG Pathways Related 
to Res-Targeted Genes
The Res-targeted genes related parts of the top three 
shared KEGG pathways are shown in Figure 6. They are 
associated with the cell proliferation, survival, tumor 
growth, impaired G1 and G2 arrest, reduced apoptosis, 
genomic instability, cell cycle progression, apoptosis inhi-
bition, evading apoptosis, G1/S progression, uncontrolled 

Figure 3 Enrichment information of KEGG pathways with p<0.01. hsa05220: Chronic myeloid leukemia pathway, hsa05219: Bladder cancer pathway, hsa05218: Melanoma 
pathway, hsa05215: Prostate cancer pathway, hsa05214: Glioma pathway, hsa05200: Pathways in cancer, hsa04115: p53 signaling pathway, hsa04110: Cell cycle signaling 
pathway, hsa04012: ErbB signaling pathway.

Table 2 The Information of Top 3 KEGG Pathways

KEGG Pathway Count FDR Genes

hsa05215: Prostate 

cancer

9 2.1E-8 CDKN1A, HSP90AA1, CREBBP, MDM2, EP300, AKT1, TP53, FOXO1, MTOR

hsa05200: Pathways in 

cancer

13 1.4E-7 CDKN1A, CREBBP, HSP90AA1, CDKN2A, PTGS2, FOXO1, MTOR, MAPK8, MDM2, AKT1, EP300, 
PPARG, TP53

hsa05214: Glioma 6 4.2E-5 CDKN1A, CDKN2A, MDM2, AKT1, TP53, MTOR
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proliferation. It can be found they may have biological 
action through PI3K-Akt signaling pathway, p53 signaling 
pathway, and mTOR signaling pathway.

Res Inhibits Fibrosis and Inflammation 
Through Reduction of the Expression of 
mTOR
As seen in Figure 6, mTOR signaling was identified as 
a critical KEGG pathway related to Res-targeted genes. 

Thus, we next examined the association of Res and mTOR 
and their regulatory roles in fibrosis and inflammation. First, 
the gene expression of mTOR in skin tissues from both SSc 
patients and the healthy controls was measured by qRT-PCR. 
The result showed that mTOR level in the skin sample of SSc 
patients was significantly higher than the normal controls 
(Figure 7A). In vitro, BLM was used to treat HSFs to create 
a cellular model of fibroblast activation. The in vitro results 
indicated that Res was able to markedly reverse the high level 
of mTOR induced by BLM. 10 μM was shown as the 

Figure 4 Degree, betweenness, closeness of resveratrol-targeted genes.
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optimum concentration of Res to exert its effective regulation 
(Figure 7B). Furthermore, the effect of Res on fibrosis was 
investigated in vitro and the results suggested that Res could 
significantly reverse the BLM-induced high expression of 

fibrotic genes, including α-SMA, Col 1a1, and Col 1a2 
(Figure 7C–E). Similarly, the qRT-PCR results also indicated 
that Res could significantly reverse the BLM-induced 
expression of inflammatory cytokines including IL-1β and 

Figure 5 The resveratrol-targeted genes enrichment analysis information.
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IL-6 (Figure 7F–G). Moreover, siRNA mTOR was used to 
knock down the expression of mTOR in HSFs (Figure 7H), 
and the results suggested that the high level of fibrotic and 
inflammatory markers in HSFs induced by BLM was sig-
nificantly suppressed after the usage of siRNA of mTOR 
(Figure 7I–M).

Res Ameliorates SSc via Regulation of 
SIRT1/mTOR Signaling
The previous studies demonstrated that SIRT1 is markedly 
elevated with the treatment of Res,11,12 and SIRT1 was 
identified as a key gene in the first shell of the Res-targeted 
genes. Thus, we then explored the relation between SIRT1 
and mTOR and their regulatory effects on fibrosis and 
inflammation in vitro. As seen in Figure 8A, the qRT-PCR 
analysis indicated that the level of SIRT1 was significantly 
elevated with treatment of Res. 10 μM was the optimum 
concentration of Res to exert its effective regulation. Then, 
the SIRT1 plasmid was used to elevate the SIRT1 expression 
in HSFs (Figure 8B), and showed that the level of mTOR was 
significantly decreased after the SIRT1 plasmid interference 
(Figure 8C). Furthermore, the effect of SIRT1 on fibrosis was 
investigated in vitro. The results suggested that the BLM- 
induced high expression of fibrotic markers including α- 
SMA, Col 1a1, and Col 1a2, was significantly reversed 
after the interference of plasmid SIRT1 (Figure 8D–F). 
Similarly, the qRT-PCR results indicated that the BLM- 
induced expression of inflammatory markers including IL- 
1β and IL-6 was significantly reversed after the interference 
of plasmid SIRT1 (Figures 8G–H and S1).

Discussion
Currently, Res was widely demonstrated to play a significant 
role in the inhibition of development of SSc.13,14 However, 

little is known regarding the specific mechanism of its anti- 
fibrotic and anti-inflammation effect on SSc. In the present 
study, we identified mTOR signaling as a crucial KEGG 
pathway related to Res-targeted genes, and SIRT1 was 
found to be a key gene in the first shell of the Res-targeted 
genes. Furthermore, the elevated level of mTOR in the skin of 
SSc patients was validated via qRT-PCR measurement and 
its regulatory role in fibrosis and inflammation was demon-
strated in vitro. In addition, the Res-dependent overexpres-
sion of SIRT1 was then verified to inhibit the expression of 
mTOR and ameliorate fibrosis and inflammation in vitro. 
Thus, our study indicates that Res may ameliorate SSc 
through activation of SIRT1 which reverses the enhancement 
of mTOR expression.

It is well known that mTOR is a crucial component of 
intracellular communication for many physiological and 
pathological processes.15 It was recently reported that 
mTOR phosphorylation was enhanced by the NF-κB acti-
vation while the mTOR inhibition suppressed NF-κB acti-
vation, which suggests a positive feedback loop of mTOR 
and NF-κB during inflammation.16 Consistent with this 
finding, we found a higher level of mTOR in the skin 
biopsies of SSc patients compared with the normal control. 
When treated with Res, the BLM-treated fibroblasts exhib-
ited significantly decreased trend of the fibrotic and 
inflammatory cytokines. These findings suggested that 
mTOR activation is associated with the pathogenesis of 
SSc. Res may represent a potential therapeutic compound 
to prevent progressive fibrosis and inflammation in SSc 
patients.

Res is a non-flavonoid polyphenolic compound, which 
is widely demonstrated to have antioxidant, anti- 
inflammatory, anti-cancer and cardiovascular protection 
effects.17,18 Multiple signaling pathways are responsible 

Figure 6 The resveratrol-targeted genes related part of the top three KEGG pathways. (A) Prostate cancer pathway: (1) PI3K-Akt signaling pathway and (2) p53 signaling 
pathway are involved in the process, resulting in impaired G1/G2 arrest, reduced apoptosis, genomic instability, cell proliferation, survival, tumor growth, cell cycle 
progression, apoptosis inhibitions. (B) Pathways in cancer: (1) PI3K-Akt signaling pathway and (3) mTOR signaling pathway are involved in the process, resulting in evading 
apoptosis and proliferation. (C) Glioma pathway: (2) p53 signaling pathway and (3) mTOR pathway are involved in the process, resulting in cell survival, G1/S progression, 
uncontrolled proliferation, increased survival, and genomic instability.
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for the generation and secretion of fibrotic and inflamma-
tory cytokines, and play crucial roles in the pathogenesis 
of SSc.19,20 In the present study, we identified mTOR 
signaling as an important KEGG pathway regarding the 

Res-targeted genes, and many prior studies have demon-
strated that mTOR is an important factor in SSc.21,22 

Previous literature have also shown the mTOR signaling 
which may be regulated by the SIRT1 expression.23 For 

Figure 7 Res inhibits fibrosis and inflammation through reduction of the expression of mTOR. (A) The expression of mTOR in the skin samples from SSc patients and the 
normal controls was measured by qRT-PCR analysis, n = 10, per group; (B) The expression of mTOR in HSFs with different treatments was measured by qRT-PCR analysis; 
(C–E) The expression of fibrotic genes in the different groups was measured by qRT-PCR analysis; (F, G) The expression of inflammatory cytokines IL-1β and IL-6 in the 
different groups was measured by qRT-PCR analysis; (H) The expression of mTOR in HSFs with different treatments was measured by qRT-PCR analysis; (I–K) The 
expression of fibrotic genes in the different groups was measured by qRT-PCR analysis; (L, M) The expression of inflammatory cytokines IL-1β and IL-6 in the different 
groups was measured by qRT-PCR analysis. Data are the means ± SDs of three independent experiments.
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example, a recent study pointed out that SIRT1/mTOR 
signaling was the potential mechanism of the lycopene’s 
effect on the improved pain experience in the dorsal horn 
of burn injury rats.24 Our present study indicated that the 
Res-dependent overexpression of SIRT1 could markedly 
suppress the mTOR expression and exert a strong anti- 
fibrosis and anti-inflammation in vitro. Thus, we speculate 
that SIRT1/mTOR axis be the underlying mechanism of 
Res on SSc.

In this study, not only SIRT1 but also SIRT3 and 
SIRT5 were found directly targeted by Res. SIRT1 is 
localized to both the nucleus and cytoplasm, deacetylat-
ing intracellular signaling proteins, including histones, 
and regulate gene expression.25–27 SIRT3 and SIRT5 are 
exclusively localized to the mitochondria and regulate 
energy metabolism in response to mitochondrial 
stress.27–30 Whether SIRT3 and SIRT5 play a role in 

promoting SSc by Res needs to be investigated in future 
studies.

Conclusion
Our study determined that Res exhibited protective effects on 
SSc, as evidenced by suppressing the increase in fibrotic and 
inflammatory cytokines observed in vitro. The mainly 
involved mechanism was the anti-fibrosis and anti- 
inflammatory role of Res through SIRT1/mTOR axis. This 
study provided a potential candidate natural compound for 
the treatment of SSc.
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