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Abstract: Inflammation of the adipose tissue contributes to the onset and progression of several
chronic obesity-related diseases. The two most important lipophilic diterpenoid compounds found in
the root of Salvia milthorrhiza Bunge (also called Danshen), tanshinone IIA (TIIA) and cryptotanshinone
(CRY), have many favorable pharmacological effects. However, their roles in obesity-associated
adipocyte inflammation and related sub-networks have not been fully elucidated. In the present
study, we investigated the gene, miRNAs and protein expression profile of prototypical obesity-
associated dysfunction markers in inflamed human adipocytes treated with TIIA and CRY. The results
showed that TIIA and CRY prevented tumor necrosis factor (TNF)-α induced inflammatory response
in adipocytes, by counter-regulating the pattern of secreted cytokines/chemokines associated with
adipocyte inflammation (CCL2/MCP-1, CXCL10/IP-10, CCL5/RANTES, CXCL1/GRO-α, IL-6, IL-8,
MIF and PAI-1/Serpin E1) via the modulation of gene expression (as demonstrated for CCL2/MCP-1,
CXCL10/IP-10, CCL5/RANTES, CXCL1/GRO-α, and IL-8), as well as related miRNA expression
(miR-126-3p, miR-223-3p, miR-124-3p, miR-155-5p, and miR-132-3p), and by attenuating monocyte
recruitment. This is the first demonstration of a beneficial effect by TIIA and CRY on adipocyte
dysfunction associated with obesity development and complications, offering a new outlook for the
prevention and/or treatment of metabolic diseases.

Keywords: adipocyte; chemokine; cryptotanshinone; cytokine; Danshen; gene expression; inflammation;
miRNA; obesity; Salvia milthorrhiza bunge; tanshinone-IIA

1. Introduction

Fat accumulation in the visceral adipose depot and consequent obesity are important
risk factors for type 2 diabetes, non-alcoholic fatty liver disease (NAFLD), dyslipidemia,
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hypertension, cardiovascular disease, and cancer [1–3]. Far from being simply the result
of an energy imbalance between calorie intake and expenditure, obesity involves a host
of metabolic alterations, including mitochondrial dysfunction, oxidative stress, immune
response, and chronic low-grade inflammation, which are significant correlates and possi-
ble determinants of the increased cardiometabolic risk associated with visceral obesity [1].
Under prolonged positive energy balance conditions, chronic fat accumulation in white
adipose tissue leads to hypertrophic expansion of adipocytes, cell stress, and eventually
death, along with impaired adipogenesis, altered tissue perfusion, and fibrosis [4]. As a
consequence, adipocytes become metabolically dysfunctional, acquiring a pro-lipolytic
and insulin-resistant phenotype, with consequent free fatty acid (FFA) spillover into the
circulation and ectopic lipid accumulation, such as in the liver, skeletal muscle, and heart,
which promotes local inflammation, insulin resistance, and organ damage [4]. Furthermore,
adipose tissue expansion is associated with a shift of the transcriptional program of hyper-
trophic adipocytes toward a pro-inflammatory, diabetogenic, and proatherogenic pattern
of adipokines, i.e., adipose tissue secretes bioactive factors [4–6]. In fact, the secretion of
anti-inflammatory and insulin-sensitizing adipokines, such as adiponectin, is downregu-
lated, while the secreted levels of pro-inflammatory mediators, such as interleukin (IL)-6,
IL-8, monocyte chemoattractant protein (MCP)-1, chemokine (C-C motif) ligand 5 (CCL-5)
and tumor necrosis factor (TNF)-α, increase [7]. In particular, chemokines production by
adipocytes promotes the recruitment and infiltration of immune cells, mostly macrophages
but also neutrophils, T cells, and B2 cells, in the adipose tissue [8]. Here, the dysmetabolic
microenvironment of obese adipose tissue leads to pro-inflammatory activation of recruited
immune cells; indeed, recruited adipose tissue macrophages in obesity differentiate into a
M1 proinflammatory state, thus causing an imbalance between M1 and anti-inflammatory
M2 macrophages [9,10]. Increased production of inflammatory chemokines and cytokines
from these cells amplifies the inflamed status of the adipose tissue in a vicious cycle and
inhibits the insulin signaling cascade [9,10]. Several studies have shown that decreased adi-
pose tissue macrophage recruitment is associated with reduced adipose tissue inflammation
and insulin resistance in obesity [11–13]. The altered pattern of adipose tissue-released cy-
tokines/adipokines, lipids, and microRNA (miRNA)-containing exosomal vesicles, which
travel through the circulation to influence distant organs, contributes to establishing a state
of systemic chronic low-grade inflammation that is a pathogenic link between obesity and
cardiometabolic complications [7].

Inflammation of adipocytes and immune cell activation/interactions in adipose tissue
offer an attractive therapeutic target for treating obesity-related metabolic and cardiovascu-
lar conditions [14]. Neutralizing antibodies against cytokines, including TNF-α and IL-1β,
have been shown to provide anti-diabetic effects in clinical studies [14]. Moreover, genetic
deletion [15,16] or pharmacological antagonism of inflammatory pathways, for example,
by using a high dose of salicylates [17] or chemokine antagonists [18], have been shown to
alleviate obesity-induced inflammation and insulin resistance.

Currently, there are several pharmacological strategies, surgical approaches, and
lifestyle regimens (e.g., diet and exercise) for the treatment of obesity, although they
provide only limited long-term success. Research on natural compounds in different plants
provides a growing arsenal of potential pharmaceutical agents using ethnopharmacological
information. Indeed, a large percentage of marketed therapeutics (about 40%) rely on non-
modified or semi-synthetic natural compounds with biological activity [19]. Consequently,
in the past few decades, researchers have paid much attention to the active compounds
present in medicinal and/or edible plants and their effects on human diseases, including
obesity management [20,21].

In this context, a novel potential natural compound-based approach could be found
in the root of Salvia milthorrhiza Bunge (also referred to as Danshen), a perennial herb
belonging to the Labiatae family [22]. The dry root and/or rhizome of Salvia milthorrhiza
Bunge is officially listed in the Chines Pharmacopoeia [23] and has been one of the main
commercial medicinal herbs in China for over a thousand years. The main uses are to
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treat inflammatory [24,25], cardiovascular [26,27], cerebrovascular [28,29] disorders and
other pathological conditions [30–32]. Moreover, extracts of S. milthorrhiza roots named
“Compound Danshen Dripping pill” are investigated in six different clinical trials in China
and the United States in conditions such as angina pectoris, coronary heart disease, diabetes
and diabetic retinopathy [33]. The favorable pharmacological effects are mainly attributed
to lipophilic diterpenoid compounds, such as tanshinone IIA (TIIA) and cryptotanshinone
(CRY) (Figure 1) [34].
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Figure 1. Chemical structure of (A) tanshinone IIA (TIIA) and (B) cryptotanshinone (CRY).

Indeed, TIIA has been shown to reduce inflammatory cytokine production induced
by TNF-α in rheumatoid arthritis fibroblast-like synoviocytes and to ameliorate arthritis
severity in adjuvant-induced arthritis mice models [35]. Moreover, TIIA inhibited key
inflammatory factors, such as IL-1β, in lipopolysaccharide (LPS)-stimulated RAW264.7
macrophages [36,37] and has been shown to have immune-regulating and anti-inflammatory
roles in murine models [38,39]. Similarly, CRY has been shown to suppress the production
of pro-inflammatory cytokines both in in vitro and in vivo models [40] and to inhibit the
nuclear factor-κB (NF-κB) pathway, a pro-inflammatory transcription factor, in immune
cells, including THP-1 monocytes and RAW264.7 macrophages [41,42].

Despite the potential TIIA and CRY as anti-inflammatory agents, no experimental
study has been conducted to determine their effects on human adipocyte models of in-
flammation and obesity. Against this background, we hypothesized that TIIA and CRY
might modulate the obesity-associated adipocyte inflammatory response. We, therefore,
evaluated the effects of TIIA and CRY on the expression of genes, proteins and miRNAs
involved in TNF-α-induced inflammatory phenotype of human adipocytes and explored
underlying molecular mechanisms.

We here demonstrate that TIIA and CRY can improve adipocyte dysfunction by bene-
ficially regulating the expression of mRNAs, proteins and miRNAs in inflamed adipocytes
and attenuating monocyte recruitment.

2. Materials and Methods
2.1. Materials

TIIA and CRY (≥98% purity) were obtained from Sigma Aldrich (now under Merck,
Darmstadt, Germany) and dissolved in dimethyl sulfoxide (DMSO). All other chemicals
were obtained from Sigma Aldrich, unless otherwise indicated. The proteome profiler
human cytokine array kit (Catalog #ARY005B) was purchased from R&D System (Milan,
Italy). Unless otherwise stated, all the other reagents were from BioCell (Milan, Italy).

2.2. Cell Cultures and Treatments

We used human Simpson–Golabi–Behmel syndrome (SGBS) preadipocytes, a physio-
logically relevant cell model system resembling human adipose tissue [43]. These were a
generous gift from our co-author, Prof. Martin Wabitsch (Division of Pediatric Endocrinol-
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ogy, Diabetes, and Obesity, Department of Pediatrics and Adolescent Medicine, University
of Ulm, Ulm, Germany), and were cultured and differentiated into mature adipocytes
as previously described [44]. On day 14 postdifferentiation, >90% of these cells undergo
complete differentiation into mature adipocytes, as assessed using Oil Red-O lipid staining
and the expression of adipocyte-specific mRNAs, such as lipoprotein lipase, adipocyte fatty
acid binding protein (FABP4), peroxisome proliferator-activated receptor (PPAR), and the
glucose transporter GLUT-4.

Adipose tissue inflammation was mimicked by exposing SGBS adipocytes to the pro-
inflammatory cytokine TNF-α at 10 ng/mL for 18 h. Though this concentration is higher
compared with those found in the circulation in obesity [45], potentially high concentrations
could be found in the interstitial fluid of adipose tissue in obese subjects [46–49], thus
making (patho)physiologically relevant the 10 ng/mL TNF-α concentration as used in
the present study as well as in other in vitro studies [50–53]. Unstimulated controls were
adipocytes incubated without TNF-α. For TIIA and CRY treatment, SGBS cells were
incubated with 10 µM TIIA or CRY for 1 h before stimulation with TNF-α.

Human monocytoid THP-1 cells were obtained from the American Tissue Culture
Collection (Rockville, MD, USA) and maintained in RPMI 1640 medium supplemented
with 2 mmol/L glutamine, 100 mg/mL streptomycin, 100 IU/mL penicillin, and 10% FBS
in a 5% CO2 humidified atmosphere at 37 ◦C.

2.3. Cell Viability

Cell viability was determined by the 3(4,5dimethylthiazol2yl) 2,5diphenyltetrazolium
bromide (MTT) assay, as previously described [44].

2.4. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. For real-time quantitative polymerase chain
reaction (qPCR), total RNA (2 µg) was converted into first-strand cDNA by using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Monza, Italy). The qPCR
was performed in a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories,
Milan, Italy) by using primer sequences (Table 1) for the indicated adipokines. All reactions
were performed in triplicate, and the amount of mRNA was calculated by the comparative
critical threshold (CT) method. To account for possible variations related to cDNA input
or the presence of PCR inhibitors, the endogenous reference gene ribosomal 18S was
simultaneously quantified for each sample, and the data were normalized accordingly.
Results are expressed as a fold increase relative to the unstimulated control (=1).

Table 1. Primer sequences used for qPCR analysis.

Gene Forward Primer Reverse Primer

CCL2/MCP-1 5′-CCCCAGTCACCTGCTGTTAT-3′ 5′-TCCTGAACCCACTTCTGCTT-3′

CXCL1/GRO-α 5′-CCCCAAGAACATCCAAAGTG-3′ 5′-TGGATTTGTCACTGTTCAGCA-3′

CXCL10/IP-10 5′-CAAGGATGGACCACACAGAG-3′ 5′-GCAGGGTCAGAACATCCACT-3′

CCL5/RANTES 5′-CGCTGTCATCCTCATTGCTA-3′ 5′-GAGCACTTGCCACTGGTGTA-3′

IL-8 5′-GTGCAGTTTTGCCAAGGAGT-3′ 5′-CTCTGCACCCAGTTTTCCTT-3′

18S 5′-AAACGGCTACCACATCCAAG-3′ 5′-CCTCCAATGGATCCTCGTTA-3′

MCP-1/CCL-2: monocyte chemoattractant protein-1/chemokine (C-C motif) ligand 2; CXCL-1/GRO- α;
chemokine (C-X-C motif) ligand 1/growth regulated protein α; CXCL-10/IP-10: chemokine (C-X-C motif) ligand
10/interferon γ-induced protein-10; CCL-5/RANTES: chemokine (C-C motif) ligand-5/regulated on activation,
normal T cell expressed and secreted; IL-8: interleukin-8.

2.5. Cytokines and Chemokines Protein Array

According to the manufacturer’s instructions, equal volumes (1.5 mL) of the pulled
cell supernatants from all experimental conditions were then incubated with the pre-coated
proteome profiler array membranes. Dot plots were detected using the enhanced chemilu-
minescence detection kit and Image Quant 400 GE Healthcare software (GE Healthcare,
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Italy) and successively quantified using GS 800 imaging densitometer software (Biorad,
Italy) [54,55].

2.6. Evaluation of miRNAs Expression in Adipocytes

Total microRNAs (miRNAs) were extracted and purified from frozen adipocytes
by using miRNeasy Mini Kit (Qiagen, Germany). Reverse transcription of the extracted
miRNAs was performed by the miScript Reverse Transcription Kit (Qiagen, Germany).
cDNA was diluted 1:3 in RNase-free water and then qPCRs were performed in triplicate
using the miScript SYBR-Green PCR kit (Qiagen, Germany) on the MiniOpticon CFX 48
real-time PCR Detection System (Bio-Rad, Hercules, CA, USA) [56,57]. MiScript Primer
Assays specific for hsa-miR-126-3p, hsa-miR-223-3p, hsa-miR-124-3p, hsa-miR-155-5p and
hsa-miR-132-3p and hsa-RNU6 were obtained from Qiagen, and the probe sequences are
proprietary. miRNAs expression was calculated using the Ct method and normalized to
the expression of housekeeping RNU6. Mature miRNA sequences and miRBase Accession
are reported in Table 2.

Table 2. Mature miRNAs sequences and miRBase Accession number.

miRNA Name Mature miRNA Sequences miRBase Accession

hsa-miR-126-3p 5′-UCGUACCGUGAGUAAUAAUGCG-3′ MIMAT0000445
hsa-miR-223-3p 5′-UGUCAGUUUGUCAAAUACCCCA-3′ MIMAT0000280
hsa-miR-124-3p 5′-UAAGGCACGCGGUGAAUGCC-3′ MIMAT0000422
hsa-miR-155-5p 5′-UUAAUGCUAAUCGUGAUAGGGGU-3′ MIMAT0000646
hsa-miR-132-3p 5′-UAACAGUCUACAGCCAUGGUCG-3 MIMAT0000426

2.7. miRNA Target Prediction and Pathway Analysis

The bioinformatic survey was carried out using the Ingenuity Pathway Analysis soft-
ware platform (IPA Winter Release–December 2022; QIAGEN, Hilden, Germany) [58] to
recognize meaningful biological processes, disease annotations, and molecular interac-
tions. Interaction networks were generated by selecting relations experimentally observed
(maximum confidence) and functional annotations based on the number of interactions
with the analyzed miRNA or mRNA targets (5) and their significance. P-value, which
was ascertained by right-tailed Fisher’s Exact Test following Benjamini and Hochberg
(B-H) correction, indicating the robustness of correlations. Moreover, the IPA algorithm
estimated the predicted activation or inhibition of a given connecting node or biological
function, simulating the directional consequences associated with the modulated miRNAs
or mRNAs.

2.8. Leukocyte-Adipocyte Adhesion Assay

SGBS cells were treated with TIIA or CRY at the indicated concentrations for 1 h and
then stimulated with 10 ng/mL TNF-α for an additional 18 h. THP-1 cells (106 cells/mL)
were fluorescently labeled by incubation with calcein-AM (5 ng/mL) for 30 min and then
washed twice in RPMI medium. Suspended THP-1 cells were then added to the SGBS
monolayers. Nonadherent cells were then removed, and monolayers were fixed with 1%
paraformaldehyde. Images of SGBS and adherent calcein-labeled THP-1 cells were visual-
ized and captured with a stereomicroscope (Nikon, Minato, Tokyo, Japan) equipped with
the Nikon NIS-Elements D at 40×magnification. Finally, adherent monocytes were counted
using the ImageJ program (http://imagej.nih.gov/ij/, accessed on 2 November 2022).

2.9. Statistical Analysis

Statistical analysis complies with international recommendations on experimental de-
sign and analysis in pharmacology [59–61]. All data are presented as means± SD, and were
analyzed using one/two-way ANOVA followed by Dunnett’s for multiple comparisons.
GraphPad Prism 8.0 software (San Diego, CA, USA) was used for analysis. Differences
among groups were considered significant when a value of p ≤ 0.05 was achieved.

http://imagej.nih.gov/ij/
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3. Results
3.1. Effect of TIIA and CRY on SGBS Adipocytes Viability

Preliminary experiments were conducted to test the effects of TIIA and CRY on cell
viability. Fully differentiated SGBS adipocytes were pre-treated with TIIA or CRY at the
concentration range of 0.1–50 µM (based on literature studies [40,62]) for 1 h, and then
stimulated with TNF-α 10 ng/mL for 18 h. After treatments, cell viability was determined
by the MTT assay. 1–h pretreatment time was chosen as the most effective treatment time
for both compounds in pilot time-course studies (6 h, 3 h, 1 h and 0 h pretreatment before
TNF-α) evaluating their anti-inflammatory action against MCP-1 gene expression.

As shown in Figure 2A, TIIA at concentrations tested in the absence or presence of
TNF-α did not significantly affect cell viability. Similar results were seen morphologically
or observed at the protein level. CRY reduced adipocyte viability at concentrations≥25 µM,
in the absence or presence of TNF-α (Figure 2B). Thus, we used 10 µM as the concentration
of TIIA and CRY for further experiments.
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TNF-α (black filled bars), or left untreated (open white bars) for 18 h. Cell viability was assessed
by the MTT assay, and expressed as a percent of unstimulated control (Ctrl). Data are means ± SD
(n = 3). # p < 0.05 versus Ctrl. * p < 0.05 versus TNF-α alone.

3.2. TIIA and CRY Decrease the Release of Cyto/Chemokines after TNF−α Stimulation

The effect of TIIA and CRY on TNF−α-induced secretion of a panel of pro-inflammatory
cyto/chemokine was evaluated (panel reported in Figure 3A). Among the anti-/pro-
inflammatory cyto/chemokines tested, cell supernatants obtained from TNF−α (10 ng/mL)
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group (Figure 3C) displayed a large increase of pro-inflammatory cyto/chemokines com-
pared to Ctrl (Figure 3B). Interestingly, when comparing cell supernatants from TIIA- and
CRY-treated groups (both at 10 µM) with TNF−α (alone), we observed a significant decrease
in several mediators (Figure 3D,E). Densitometric analysis, presented as a heatmap, re-
vealed a significant reduction of the following TNF−α-stimulated pro-inflammatory factors:
MCP-1/CCL2 (p ≤ 0.0001), CCL5/RANTES (p ≤ 0.0001), (CXCL1/GRO-α (p ≤ 0.0001),
CXCL10/IP-10 (p ≤ 0.0001), IL-6 (p ≤ 0.05), IL-8/CXCL8 (p ≤ 0.0001, only for CRY),
macrophage migration inhibitory factor (MIF) (p ≤ 0.001 and p ≤ 0.0001 for TIIA and
CRY, respectively) and plasminogen activator inhibitor 1 (PAI-1/Serpin E1) (p ≤ 0.0001)
(Figure 3F).
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Figure 3. Cell supernatants were assayed using a proteome profiler cytokine array (A) for Ctrl
(B), TNF−α (10 ng/mL) (C), TNF−α + TIIA 10 µM (D) and TNF−α + CRY 10 µM (E) groups.
Densitometric analysis is presented as a heatmap, expressed as INT(intensity)/mm2 (F). On the
right panel of the heatmap is reported a table list with ∆ values (∆ TNF−α−Ctrl; ∆ TIIA−TNF-α;
∆ CRY−TNF−α) of all pro-inflammatory cyto/chemokines. Data are presented as means ± SD of
positive spots of three separate independent experiments run each with n = 3 per group pooled (F).
ElisaSpot assay statistical analysis (reported in the text) was performed by using two-way ANOVA
followed by Dunnett’s for multiple comparisons.

3.3. TIIA and CRY Attenuate Monocyte Adhesion to Inflamed Adipocytes

As a functional counterpart of the modulation of adipocyte secretion profiles by TIIA
and CRY, we assessed the effect of both compounds on the adhesion of monocytes to
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inflamed adipocytes. As shown in Figure 4, TNF-α stimulated the adhesion of THP-
1 monocytes on adipocytes as a consequence of the induced secretion of cytokines and
chemokines. Contrarily, TIIA and CRY treatment reduced the adhesion of THP-1 monocytes
on TNF-α-stimulated adipocytes, in line with the regulation of adipokines by TIIA and
CRY toward an anti-inflammatory profile.
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Figure 4. Modulation by TIIA and CRY of THP−1 monocytes adhesion to inflamed adipocytes.
Fluorescently labeled THP−1 (106 cells/mL) were added to SGBS monolayers pretreated with 10 µM
TIIA or CRY before stimulation with 10 ng/mL TNF−α for 18 h. After 1 h, non-adhering cells were
removed and (A) images of SGBS and adherent calcein-labeled THP−1 cells were visualized and
captured with a phase contrast microscope (upper panels) and a fluorescent microscope (lower panels).
(B) The number of adherent THP−1 cells is expressed as a percent of TNF-α. Scale bar = 50 µm.
* p < 0.05 versus TNF-α alone.

3.4. TIIA and CRY attenuate TNF-α–Mediated Inflammatory Gene Expression in
Human Adipocytes

To evaluate the modulation of secretory proteins by TIIA and CRY at the transcriptional
level, mRNA expression levels of MCP-1, CXCL-10, CXCL-1, CCL-5, and IL-8 were deter-
mined by qPCR. As shown in Figure 5, both compounds were able to significantly downreg-
ulate the TNF-α-stimulated increase in the mRNA expression of the tested chemokines and
cytokines, with a more potent inhibitory effect of CRY compared with TIIA, in accordance
with the modulation of corresponding protein release.
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Figure 5. Modulation by TIIA and CRY of mRNA expression levels of genes associated with adipocyte
inflammation. SGBS adipocytes were pretreated with 10 µM TIIA or CRY (1 h) at the concentrations
indicated, and then treated with 10 ng/mL TNF-α for 18 h. Total RNA was extracted from cells, and
mRNA levels of the indicated genes were measured by qPCR using specific primers and probes and
normalized to 18S RNA. Data (means ± SD, n = 3) are expressed as fold induction over unstimulated
control (Ctrl). * p < 0.05 versus TNF-α alone. ** p < 0.01 versus TNF-α alone.

3.5. TIIA and CRY Modulate TNF-α-Induced Inflammation-Linked miRNAs Expression
in Adipocytes

To evaluate the modulatory effect of the tested diterpenoids on miRNAs expression
related to inflammation, SGBS adipocytes were pre-incubated with TIIA or CRY for 1 h
and then stimulated with TNF-α for 18 h. Levels of miRNAs extracted from adipocytes
were analyzed by qPCR. Under inflammatory conditions induced by TNF-α, we observed a
decrease of miRNA known as anti-inflammatory i.e., miR-126-3p, miR-223-3p, and miR-124-
3p (Figure 6A–C), and an increased expression of miRNAs known as pro-inflammatory such
as miR-155-5p and miR-132-3p, compared to levels found in untreated cells (Figure 6D,E).
Pre-treatment with TIIA or CRY significantly prevented the TNF-α-induced decreased
expression of miR-126-3p, miR-223-3p, and miR-124-3p (Figure 6A–C). In parallel, treatment
with TIIA or CRY significantly counteracted the higher expression of miR-132-3p and miR-
155-5p observed under TNF-α alone (Figure 6D,E).



Biomolecules 2023, 13, 1029 10 of 20Biomolecules 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 

Figure 6. Modulation by TIIA and CRY of miRNA expression levels associated with inflammation. 

SGBS adipocytes were pretreated with 10 µM TIIA or CRY (1 h) and then treated with 10 ng/mL 

TNF−α for 18 h. Total miRNAs were extracted from cells, and miRNA levels were measured by 

qPCR and normalized to RNU6. (A) miR−126−3p, (B) miR−223−p, (C) miR−124−3p, (D) miR−155−5p, 

(E) miR−132−3p. (F) Schematic representation of the miRNA-mRNA targeting, arrow: direct inhibi-

tion, dotted arrow: indirect inhibition. Data (means ± SD, n = 3) are expressed as fold change (2–

Ct) versus unstimulated control (Ctrl). * p < 0.05 versus TNF−α alone. ** p < 0.01 versus TNF-α 

alone. 

3.6. Biological Processes Associated to miRNAs Modulated by TIIA and CRY in Inflamed 

Adipocytes 

A bioinformatic analysis of upregulated miR-124-3p, miR-126-3p, miR-223-3p and 

downregulated miR-155-5p, miR-132-3p, and the mRNAs for CCL2, CCL5, CXCL1, 

CXCL8, and CXCL10 were conducted. The miRNA–mRNA network showed that they 

participated in the regulation of immune response and inflammation mediated by other 

cytokines that are at least double-connected and predicted to be activated or inhibited by 

the modulation of miRNA/mRNA targets (Figure 7A). This approach allowed us to iden-

tify a set of relevant pro-inflammatory cytokines acting in connection with our 

miRNA/mRNA. Besides representing potential future targets, cytokines such as IL-1, IFN-

, TNF-α, or IL-6 appear to be themselves influenced by TIIA and CRY treatment. 

Ingenuity knowledge base, a repository of biological interactions and functional an-

notations created from multiple individually modeled cellular relationships, was used to 

predict the possible functions significantly involved in the miRNA/mRNA modulation 

(Figure 7B). Downstream analysis, which scrutinized the main functions involving at least 

5 out of 10 nodes with a p value < 0.01, revealed the presence of five macro-categories of 

Figure 6. Modulation by TIIA and CRY of miRNA expression levels associated with inflammation.
SGBS adipocytes were pretreated with 10 µM TIIA or CRY (1 h) and then treated with 10 ng/mL
TNF−α for 18 h. Total miRNAs were extracted from cells, and miRNA levels were measured by qPCR
and normalized to RNU6. (A) miR−126−3p, (B) miR−223−p, (C) miR−124−3p, (D) miR−155−5p,
(E) miR−132−3p. (F) Schematic representation of the miRNA-mRNA targeting, arrow: direct
inhibition, dotted arrow: indirect inhibition. Data (means ± SD, n = 3) are expressed as fold change
(2–∆∆Ct) versus unstimulated control (Ctrl). * p < 0.05 versus TNF−α alone. ** p < 0.01 versus
TNF-α alone.

3.6. Biological Processes Associated to miRNAs Modulated by TIIA and CRY in
Inflamed Adipocytes

A bioinformatic analysis of upregulated miR-124-3p, miR-126-3p, miR-223-3p and
downregulated miR-155-5p, miR-132-3p, and the mRNAs for CCL2, CCL5, CXCL1, CXCL8,
and CXCL10 were conducted. The miRNA–mRNA network showed that they participated
in the regulation of immune response and inflammation mediated by other cytokines that
are at least double-connected and predicted to be activated or inhibited by the modulation
of miRNA/mRNA targets (Figure 7A). This approach allowed us to identify a set of
relevant pro-inflammatory cytokines acting in connection with our miRNA/mRNA. Besides
representing potential future targets, cytokines such as IL-1, IFN-γ, TNF-α, or IL-6 appear
to be themselves influenced by TIIA and CRY treatment.
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Figure 7. Bioinformatics survey of miRNA-mRNA modulated by TIIA and CRY. (A) Assessment of
miRNA and genes regulation by a prediction network encompassing pro-inflammatory cytokines
connected with at least two target miRNA/mRNA and bioinformatically predicted to be activated
or inhibited by their modulation. (B) Functional association network generated according to the
relationship of significant functions and the target miRNAs/genes. Significant molecular functions
with less than 5 connections were not included. (C) Hierarchical network predicting the effect of
miRNAs up/down-regulation on gene expression and the downstream effects on the top Disease and
Function annotations.

Ingenuity knowledge base, a repository of biological interactions and functional
annotations created from multiple individually modeled cellular relationships, was used to
predict the possible functions significantly involved in the miRNA/mRNA modulation
(Figure 7B). Downstream analysis, which scrutinized the main functions involving at least
5 out of 10 nodes with a p value < 0.01, revealed the presence of five macro-categories of
interest, including Metabolic disorders, Neurological diseases, Inflammatory disease and response,
Hematological system development and function and Cell signaling.

Furthermore, we hierarchically connected miRNA, genes and the main Disease and
Function with higher values of predicted activation/inhibition and lower p-value (Figure 7C).
Also, in this case, annotations related to metabolic disorders and inflammation appeared to
be the most involved in the modulation of our targets.

4. Discussion

In the present study, we investigated gene, miRNAs and protein expression profiles
of prototypical obesity-associated dysfunction markers in inflamed human adipocytes
treated with TIIA and CRY, the two most important lipophilic diterpenoid compounds
of Salvia milthorrhiza Bunge. The results showed that TIIA and CRY prevented TNF-
α-induced inflammatory response in adipocytes, by counter-regulating the pattern of
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secreted cytokines/chemokines associated with adipocyte inflammation (CCL2/MCP-1,
CXCL10/IP-10, CCL5/RANTES, CXCL1/GRO-α, IL-6, IL-8, MIF and PAI-1/Serpin E1) via
the modulation of gene expression (as demonstrated for CCL2/MCP-1, CXCL10/IP-10,
CCL5/RANTES, CXCL1/GRO-α, and IL-8), as well as related miRNA expression (miR-126-
3p, miR-223-3p, miR-124-3p, miR-155-5p, and miR-132-3p). This is the first demonstration
of a beneficial effect of TIIA and CRY on adipocyte dysfunction associated with obesity de-
velopment and complications, thus opening new perspectives in pharmacological research
for the prevention and/or treatment of metabolic diseases.

The altered pattern of adipokine production by hypertrophic adipocytes is a typical
marker and a pathophysiological feature of visceral obesity [63]. Adipokines may exert
both local and systemic roles: at the adipose tissue level, they regulate adipogenesis, in-
sulin sensitivity, adipocyte metabolism and function, and immune cell recruitment and
activation [63]. At the systemic level, they regulate appetite/satiety, energy metabolism,
body fat distribution, insulin secretion and action, blood pressure, vascular function, and
hemostasis, thus implying more widespread endocrine effects of adipose tissue inflam-
mation. Obesity is associated with the upregulation of the expression and secretion of
pro-inflammatory, diabetogenic and pro-atherogenic factors that therefore represent a
pathogenic link–and a targetable component–between obesity and related metabolic and
cardiovascular complications [63,64].

TNF-α is a prototypical pro-inflammatory adipocytokine whose expression, mostly
by adipocytes as well as adipose tissue macrophages, increases during the development
of obesity [46,49], and contributes to adipocyte dysfunction by inhibiting adipogenesis
and insulin signaling and inducing lipolysis and inflammation [65,66]. Accordingly, we
observed that adipocytes exposure to TNF-α led to increased levels of secreted adipokines
i.e., CCL2/MCP-1, CXCL10/IP-10, CCL5/RANTES, CXCL1/GRO-α, IL-6, IL-8, MIF and
PAI-1/Serpin E1, and corresponding mRNAs as surveyed for a subset of adipokines
i.e., CCL2/MCP-1, CXCL10/IP-10, CCL5/RANTES, CXCL1/GRO-α, and IL-8. This was
functionally accompanied, as occurs during obesity development, by the adhesion of THP-1
monocytes on inflamed adipocytes as a consequence of the induced adipocyte secretion of
cytokines and chemokines.

Chemokines (or chemoattractant cytokines) play a pivotal role in the recruitment
and inflammatory activation of immune cells at sites of chronic inflammation, including
the expanding adipose tissue in obesity [67]. The contributory role of the chemokine
CCL2/MCP-1 in macrophage recruitment in obesity in metabolic tissues and consequent
insulin resistance has been shown early in animal models [11,12,68,69].

However, the genetic deficiency or inactivation of CCL2/MCP-1 or its receptor (CCR2)
did not entirely restrain macrophage infiltration in obese adipose tissue, suggesting other
chemokines may be involved [12]. In support of this, CCL5/RANTES has also been found
to be overexpressed in obese adipose tissue [70,71], and implicated in macrophage accu-
mulation and survival, inflammation and insulin resistance in the visceral adipose tissue
during obesity [72,73]. Although CCL5 is thought to be mainly expressed by the stroma-
vascular fraction of adipose tissue in obesity [74] and its deficiency led to a compensatory
increase in T cell recruitment [75], adipocytes may also be an important source of CCL5 as
demonstrated in previous findings [70], as well as in the present study. CXCL10/IP-10 is
another potent chemotactic factor with higher expression in obese adipose tissue [70,76] and
circulating levels significantly associated with visceral adipose tissue expansion, insulin
resistance and metabolic syndrome [77]. Moreover, CXCL1/GRO-α and IL-8 also exhibited
higher expression in the adipose tissue of obese subjects [70] as well as in the circulation of
obese mice and humans in association with insulin resistance and type 2 diabetes [78,79].
Interestingly, several of these chemokines were shown to promote the recruitment of other
immune cells besides macrophages, such as neutrophils (as for CXCL1 and IL-8) [80] and
Th1 (pro-inflammatory) cells (as for CCL5 and CXCL-10/IP-10) [81], that also infiltrate
and derange adipose tissue in response to obesity [81,82]. MIF is a pleiotropic cytokine
exerting pro-inflammatory and dysmetabolic functions and exhibiting higher adipose tissue
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and plasma levels in obesity, insulin resistance, and type 2 diabetes [83,84]. PAI-1 is an
adipokine that is highly expressed in adipose tissue in obesity, insulin resistance, and type
2 diabetes, having pro-inflammatory and pro-thrombotic functions that may play a role
in impaired fibrinolysis associated with obesity [85,86]. IL-6 is another cytokine that can
be produced by adipocytes and is crucially implicated in the pathogenesis of obesity and
insulin resistance [87–89]. Circulating levels of IL-6 positively correlate with obesity in
humans [88] and predict the risk of insulin resistance and type 2 diabetes [87]. Notably,
IL-6 produced by visceral adipose depots is drained directly into the portal circulation and
contributes to obesity-associated production of C reactive protein (CRP), a clinical index of
cardiovascular risk [90].

We observed that TIIA and CRY were able to significantly downregulate the TNF-
α-induced production of these cytokines and chemokines in adipocytes, along with a
concordant inhibition of monocyte recruitment. Given the role of these adipokines in
obesity and its adverse sequelae, we can hypothesize that the observed inhibitory effects by
TIIA and CRY may attenuate the adipose tissue and systemic chronic inflammatory tone
associated with obesity and the metabolic and vascular consequences [91].

Previous findings support the multifaceted pharmacological properties of the diter-
penes TIIA and CRY. In preclinical studies, anti-cancer, cardioprotective, vasculoprotective,
anti-platelet, hepatoprotective, neuroprotective, and antidiabetic effects have been at-
tributed to both the active molecules of S. milthorrhiza [28,62,92,93]. Most of the benefits of
both compounds are thought to derive from the ability to blunt inflammation as shown
in several cell and animal models, for example by inhibiting: (1) the production of pro-
inflammatory molecules, including some of those here investigated, adhesion molecules,
pro-inflammatory or matrix remodeling enzymes; (2) the activation of signaling pathways
such as mitogen-activated protein kinase (MAPK) and NLRP3 inflammasome, and of
inflammatory transcription factors such as NF-κB and signal transducer and activator of
transcription (STAT); and (3) by decreasing the overproduction of reactive oxygen species
and/or inducing the cytoprotective antioxidant response via activation of Nrf2 [62,92,94].

Concerning metabolic diseases and especially adipocyte function, anti-obesity effects
have been documented for TIIA and CRY. In animal models of obesity and NAFLD, TIIA
attenuated weight gain, dyslipidemia, plasma levels of IL-6, TNF-α and IL-1β, and oxida-
tive stress markers by inhibiting toll-like receptor (TLR)4/NF-κB signaling pathway and
upregulating PPARγ [95]. Moreover, TIIA suppressed 3T3-L1 preadipocyte differentiation
through antagonism of PPARγ transcriptional activities and decreased adipose mass, body
weight, and improved glucose tolerance and blood lipid levels in high-fat diet-induced
obese mice [96]. CRY promoted mitochondrial biogenesis and brown differentiation in
mesenchymal stem cells [97]. This is in line with the in vivo [98] and in vitro [99] evidence
of anti-obesity effect by CRY [98,99]. Beyond anti-adipogenic effects, insulin-sensitizing
activity and anti-diabetic effects have been reported for TIIA [100–102], and CRY [103].
In accordance with these literature data, we here added novel evidence of potential anti-
obesity effects through the modulation of the inflammatory response in adipocytes which
is a pivotal process in the development of metabolic complications.

As a part of our investigation into the efficacy of TIIA and CRY on adipocyte inflamma-
tion, we evaluated their effects on epigenetic regulators of gene expression and specifically
on miRNA, a small non-coding RNA molecule that functions to regulate gene expression
by repressing translation or cleaving mRNAs [104,105]. There has been a growing interest
in these molecules as potential disease biomarkers and therapeutic targets because a single
miRNA can directly bind to several transcripts, affecting their expression and thereby
simultaneously controlling a wide range of biological processes, such as adipogenesis,
insulin signaling, adipokine expression, inflammation, and food intake [106–109].

The present study showed that TIIA and CRY can attenuate miRNA expression
changes in human adipocytes induced by TNF-α. Indeed, TNF-α upregulated miR-155-5p
and miR-132-3p and downregulated miR-126-3p, miR-223-3p and miR-124-3p. On the
contrary, part of the anti-inflammatory effects of TIIA and CRY are likely to be explained by
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their ability to restore miRNAs expression in inflamed adipocytes. In detail, TIIA and CRY
decreased the TNF-α-stimulated levels of CCL2/MCP-1 and CXCL-10/IP-10 mRNA and
protein expression and, correspondingly, increased the levels of their inhibitory miRNAs,
i.e., miR-126-3p [110], miR-223-3p [111] and miR-124-3p [112]. Furthermore, TIIA and
CRY significantly decreased TNF-α-induced expression of IL-8 and CXCL-1/GRO-α and
increased their experimentally validated inhibitory miR-124-3p [112]. TIIA and CRY also
inhibited TNF-α-stimulated expression of miR-132-3p, indirectly reducing the expression of
CCL2/MCP-1 and IL-8 [113]. Finally, both tested compounds attenuated TNF-α-stimulated
expression of miR-155-5p, which may indirectly decrease CCL-5/RANTES expression in
an NF-κB-dependent manner [114]. In line with our data, miR-155 is increased in obese
adipose tissue [115] and is upregulated by TNF-α in adipocytes via NF-κB activation [116].
Interestingly, miR-155-5p is considered a master regulator of inflammation [117] and is
involved in the pathogenesis of obesity and insulin resistance [118,119]. A similar modula-
tory effect by TIIA on miR-155-5p was observed in RAW264.7 macrophages incubated with
LPS [36,37]. miR-155 inhibition may translate into reduced pro-inflammatory activation
being miR-155 involved in pro-inflammatory M1 polarization of macrophages [120]. On
the other hand, miR-223, which was upregulated by TIIA and CRY, was shown to protect
against adipose tissue inflammation and systemic insulin resistance [121].

The regulation of miRNAs by the two diterpenes has been previously shown in
a few studies concerning different pathophysiological settings, such as cardiovascular
diseases [122–124] or cancer [125]. Our data, therefore, strengthen and expand evidence
on potential molecular mechanisms of the anti-inflammatory action of TIIA and CRY, and
indicate that TIIA and CRY exert their anti-inflammatory activity in adipocytes also by
controlling miRNAs expression towards an anti-inflammatory profile that may improve
adipocyte dysfunction. Notably, miRNAs can be packaged into exosomes that can regulate
gene expression in a paracrine fashion and distant organs [118,126]. miRNAs, besides
adipokines, may represent a significant and novel targetable way for the adipose tissue to
cross-talk with other cells/tissues and contribute to local and systemic chronic inflammation
in obesity.

Aiming at providing further functional insight into the effects of TIIA and CRY in
adipocytes, the integrative bioinformatic analysis of the mRNA-miRNA networks revealed
that other inflammation-related cytokines and chemokines were predicted to be affected
by the diterpenes, thus potentially expanding the influence of these compounds on the
networks of immune/inflammatory mediators. Moreover, several enriched functions, such
as immune cell chemoattraction, migration and activation, or dysmetabolism, relevant to
inflammatory and cardiometabolic diseases were identified among the most significantly
modulated by TIIA and CRY. This analysis may allow a better understanding of the
molecular mechanisms of action of TIIA and CRY [92] and provide avenues for identifying
potential target genes and pathways for future studies.

In vivo studies conducted in mice reported the anti-inflammatory and anti-oxidant
propriety of TIIA and CRY in a dosage range between 10–90 mg/kg [35,38–40,95,98,102].
Therefore, we estimated a human equivalent dose (HED) of 0.67–6.09 mg/kg and an
estimated human dose of 47.4–426.3 mg/die in an adult of 70 kg [127]. These speculations
could serve as the starting point for future studies aimed at supporting the clinical use of
TIIA and CRY.

5. Conclusions

Our study demonstrates that TIIA and CRY ameliorate adipocyte dysfunction associ-
ated with obesity via the modulation of miRNA, gene, and protein expression toward an
anti-inflammatory phenotype. Pending experimental studies to further extrapolate these ef-
fects in patients, these data recognize TIIA and CRY as natural compounds with attractive bi-
ological and pharmacological properties for the development of novel drugs/supplements
for clinical use.



Biomolecules 2023, 13, 1029 15 of 20

Author Contributions: Conceptualization, S.C., A.S., N.M. and E.S.; methodology, S.C., S.Q. and
E.S.; software, S.Q. and S.D.; formal analysis, S.Q., E.S., B.P., S.C. and M.M.; investigation, S.Q., S.C.
and E.S.; resources, M.W., M.M., M.A.C. and F.M.; data curation, E.S., S.Q., S.C., A.S. and N.M.;
writing—original draft preparation, E.S., S.C., F.M. and A.S.; writing—review and editing, S.Q., B.P.,
M.M., M.A.C., N.C., P.N., S.D., M.W., M.C., F.M.S. and F.M.; supervision, S.C., F.M. and E.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was in part funded by MIUR (PRIN 2017; 2017, A95NCJ/2017A95NCJ_002,
“Stolen molecules–Stealing natural products from the depot and reselling them as new drug candidates”).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: A.S. is supported by Dompé farmaceutici S.p.A fellowship for PhD program in
“Nutraceuticals, functional foods and human health” (University of Naples Federico II), whereas
N.M. is supported by ABC Farmaceutici S.p.A. Scholarship (FARMA/BR/02/2023).

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

References
1. Tchernof, A.; Després, J.-P. Pathophysiology of Human Visceral Obesity: An Update. Physiol. Rev. 2013, 93, 359–404. [CrossRef]
2. Berrington de Gonzalez, A.; Hartge, P.; Cerhan, J.R.; Flint, A.J.; Hannan, L.; MacInnis, R.J.; Moore, S.C.; Tobias, G.S.; Anton-Culver,

H.; Freeman, L.B.; et al. Body-Mass Index and Mortality among 1.46 Million White Adults. N. Engl. J. Med. 2010, 363, 2211–2219.
[CrossRef]

3. LeRoith, D.; Novosyadlyy, R.; Gallagher, E.; Lann, D.; Vijayakumar, A.; Yakar, S. Obesity and Type 2 Diabetes Are Associated with
an Increased Risk of Developing Cancer and a Worse Prognosis; Epidemiological and Mechanistic Evidence. Exp. Clin. Endocrinol.
Diabetes 2008, 116, S4–S6. [CrossRef] [PubMed]

4. Hammarstedt, A.; Gogg, S.; Hedjazifar, S.; Nerstedt, A.; Smith, U. Impaired Adipogenesis and Dysfunctional Adipose Tissue in
Human Hypertrophic Obesity. Physiol. Rev. 2018, 98, 1911–1941. [CrossRef] [PubMed]

5. Van Gaal, L.F.; Mertens, I.L.; De Block, C.E. Mechanisms Linking Obesity with Cardiovascular Disease. Nature 2006, 444, 875–880.
[CrossRef]

6. Scully, T.; Ettela, A.; LeRoith, D.; Gallagher, E.J. Obesity, Type 2 Diabetes, and Cancer Risk. Front. Oncol. 2021, 10, 615375.
[CrossRef] [PubMed]

7. Lee, Y.S.; Wollam, J.; Olefsky, J.M. An Integrated View of Immunometabolism. Cell 2018, 172, 22–40. [CrossRef]
8. Chatzigeorgiou, A.; Karalis, K.P.; Bornstein, S.R.; Chavakis, T. Lymphocytes in Obesity-Related Adipose Tissue Inflammation.

Diabetologia 2012, 55, 2583–2592. [CrossRef]
9. Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity Induces a Phenotypic Switch in Adipose Tissue Macrophage Polarization. J. Clin.

Investig. 2007, 117, 175–184. [CrossRef] [PubMed]
10. Xu, X.; Grijalva, A.; Skowronski, A.; van Eijk, M.; Serlie, M.J.; Ferrante, A.W. Obesity Activates a Program of Lysosomal-Dependent

Lipid Metabolism in Adipose Tissue Macrophages Independently of Classic Activation. Cell Metab. 2013, 18, 816–830. [CrossRef]
11. Kanda, H. MCP-1 Contributes to Macrophage Infiltration into Adipose Tissue, Insulin Resistance, and Hepatic Steatosis in Obesity.

J. Clin. Investig. 2006, 116, 1494–1505. [CrossRef] [PubMed]
12. Kamei, N.; Tobe, K.; Suzuki, R.; Ohsugi, M.; Watanabe, T.; Kubota, N.; Ohtsuka-Kowatari, N.; Kumagai, K.; Sakamoto, K.;

Kobayashi, M.; et al. Overexpression of Monocyte Chemoattractant Protein-1 in Adipose Tissues Causes Macrophage Recruitment
and Insulin Resistance. J. Biol. Chem. 2006, 281, 26602–26614. [CrossRef]

13. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity Is Associated with Macrophage
Accumulation in Adipose Tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef] [PubMed]

14. Lackey, D.E.; Olefsky, J.M. Regulation of Metabolism by the Innate Immune System. Nat. Rev. Endocrinol. 2016, 12, 15–28.
[CrossRef] [PubMed]

15. Han, M.S.; Jung, D.Y.; Morel, C.; Lakhani, S.A.; Kim, J.K.; Flavell, R.A.; Davis, R.J. JNK Expression by Macrophages Promotes
Obesity-Induced Insulin Resistance and Inflammation. Science 2013, 339, 218–222. [CrossRef] [PubMed]

16. Chiang, S.-H.; Bazuine, M.; Lumeng, C.N.; Geletka, L.M.; Mowers, J.; White, N.M.; Ma, J.-T.; Zhou, J.; Qi, N.; Westcott, D.; et al.
The Protein Kinase IKKERegulates Energy Balance in Obese Mice. Cell 2009, 138, 961–975. [CrossRef] [PubMed]

17. Goldfine, A.B.; Conlin, P.R.; Halperin, F.; Koska, J.; Permana, P.; Schwenke, D.; Shoelson, S.E.; Reaven, P.D. A Randomised Trial of
Salsalate for Insulin Resistance and Cardiovascular Risk Factors in Persons with Abnormal Glucose Tolerance. Diabetologia 2013,
56, 714–723. [CrossRef] [PubMed]

18. Di Prospero, N.A.; Artis, E.; Andrade-Gordon, P.; Johnson, D.L.; Vaccaro, N.; Xi, L.; Rothenberg, P. CCR2 Antagonism in Patients
with Type 2 Diabetes Mellitus: A Randomized, Placebo-Controlled Study. Diabetes Obes. Metab. 2014, 16, 1055–1064. [CrossRef]

https://doi.org/10.1152/physrev.00033.2011
https://doi.org/10.1056/NEJMoa1000367
https://doi.org/10.1055/s-2008-1081488
https://www.ncbi.nlm.nih.gov/pubmed/18777452
https://doi.org/10.1152/physrev.00034.2017
https://www.ncbi.nlm.nih.gov/pubmed/30067159
https://doi.org/10.1038/nature05487
https://doi.org/10.3389/fonc.2020.615375
https://www.ncbi.nlm.nih.gov/pubmed/33604295
https://doi.org/10.1016/j.cell.2017.12.025
https://doi.org/10.1007/s00125-012-2607-0
https://doi.org/10.1172/JCI29881
https://www.ncbi.nlm.nih.gov/pubmed/17200717
https://doi.org/10.1016/j.cmet.2013.11.001
https://doi.org/10.1172/JCI26498
https://www.ncbi.nlm.nih.gov/pubmed/16691291
https://doi.org/10.1074/jbc.M601284200
https://doi.org/10.1172/JCI200319246
https://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1038/nrendo.2015.189
https://www.ncbi.nlm.nih.gov/pubmed/26553134
https://doi.org/10.1126/science.1227568
https://www.ncbi.nlm.nih.gov/pubmed/23223452
https://doi.org/10.1016/j.cell.2009.06.046
https://www.ncbi.nlm.nih.gov/pubmed/19737522
https://doi.org/10.1007/s00125-012-2819-3
https://www.ncbi.nlm.nih.gov/pubmed/23370525
https://doi.org/10.1111/dom.12309


Biomolecules 2023, 13, 1029 16 of 20

19. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J.
Nat. Prod. 2020, 83, 770–803. [CrossRef]

20. Ohishi, T.; Fukutomi, R.; Shoji, Y.; Goto, S.; Isemura, M. The Beneficial Effects of Principal Polyphenols from Green Tea, Coffee,
Wine, and Curry on Obesity. Molecules 2021, 26, 453. [CrossRef]

21. Bhardwaj, M.; Yadav, P.; Vashishth, D.; Sharma, K.; Kumar, A.; Chahal, J.; Dalal, S.; Kataria, S.K. A Review on Obesity Management
through Natural Compounds and a Green Nanomedicine-Based Approach. Molecules 2021, 26, 3278. [CrossRef] [PubMed]

22. Li, X.W.; Ian, C.H. (Eds.) . Flora of China; Science Press China: Beijing, China, 1994; p. 213.
23. Pharmacopoeia Committee of the People’s Republic of China; Chemical Industry Press: Beijing, China, 2005.
24. Zhang, S.; Huang, G.; Yuan, K.; Zhu, Q.; Sheng, H.; Yu, R.; Luo, G.; Xu, A. Tanshinone IIA Ameliorates Chronic Arthritis in Mice

by Modulating Neutrophil Activities. Clin. Exp. Immunol. 2017, 190, 29–39. [CrossRef] [PubMed]
25. Feng, Z.; Zheng, W.; Li, X.; Lin, J.; Xie, C.; Li, H.; Cheng, L.; Wu, A.; Ni, W. Cryptotanshinone Protects against IL-1β-Induced

Inflammation in Human Osteoarthritis Chondrocytes and Ameliorates the Progression of Osteoarthritis in Mice. Int. Immunophar-
macol 2017, 50, 161–167. [CrossRef]

26. Bonito, M.C.; Cicala, C.; Marcotullio, M.C.; Maione, F.; Mascolo, N. Biological Activity of Bicyclic and Tricyclic Diterpenoids from
Salvia Species of Immediate Pharmacological and Pharmaceutical Interest. Nat. Prod. Commun. 2011, 6, 1205–1215. [CrossRef]

27. Maione, F.; De Feo, V.; Caiazzo, E.; De Martino, L.; Cicala, C.; Mascolo, N. Tanshinone IIA, a Major Component of Salvia Milthorriza
Bunge, Inhibits Platelet Activation via Erk-2 Signaling Pathway. J. Ethnopharmacol. 2014, 155, 1236–1242. [CrossRef] [PubMed]

28. Maione, F.; Piccolo, M.; de Vita, S.; Chini, M.G.; Cristiano, C.; de Caro, C.; Lippiello, P.; Miniaci, M.C.; Santamaria, R.; Irace, C.;
et al. Down Regulation of Pro-Inflammatory Pathways by Tanshinone IIA and Cryptotanshinone in a Non-Genetic Mouse Model
of Alzheimer’s Disease. Pharm. Res. 2018, 129, 482–490. [CrossRef]

29. Zhang, X.-Z.; Qian, S.-S.; Zhang, Y.-J.; Wang, R.-Q. Salvia Miltiorrhiza: A Source for Anti-Alzheimer’s Disease Drugs. Pharm. Biol.
2016, 54, 18–24. [CrossRef]

30. Chen, X.; Guo, J.; Bao, J.; Lu, J.; Wang, Y. The Anticancer Properties of Salvia Miltiorrhiza Bunge (Danshen): A Systematic Review.
Med. Res. Rev. 2014, 34, 768–794. [CrossRef]

31. Maione, F.; Mascolo, N. Danshen and the Cardiovascular System: New Advances for an Old Remedy. Semin. Thromb. Hemost.
2016, 42, 321–322. [CrossRef]

32. Maione, F.; Cantone, V.; Chini, M.G.; de Feo, V.; Mascolo, N.; Bifulco, G. Molecular Mechanism of Tanshinone IIA and Cryptotan-
shinone in Platelet Anti-Aggregating Effects: An Integrated Study of Pharmacology and Computational Analysis. Fitoterapia
2015, 100, 174–178. [CrossRef]

33. Available online: https://Clinicaltrials.Gov/Ct2/Results?Cond=&term=Danshen+Dripping+Pills&cntry=&state=&city=&dist=
(accessed on 11 May 2023).

34. Li, Z.; Xu, S.; Liu, P. Salvia MiltiorrhizaBurge (Danshen): A Golden Herbal Medicine in Cardiovascular Therapeutics. Acta Pharm.
Sin. 2018, 39, 802–824. [CrossRef] [PubMed]

35. Du, H.; Wang, Y.; Zeng, Y.; Huang, X.; Liu, D.; Ye, L.; Li, Y.; Chen, X.; Liu, T.; Li, H.; et al. Tanshinone IIA Suppresses Proliferation
and Inflammatory Cytokine Production of Synovial Fibroblasts from Rheumatoid Arthritis Patients Induced by TNF-α and
Attenuates the Inflammatory Response in AIA Mice. Front. Pharm. 2020, 11, 568. [CrossRef] [PubMed]

36. Gao, S.; Wang, Y.; Li, D.; Guo, Y.; Zhu, M.; Xu, S.; Mao, J.; Fan, G. TanshinoneIIA Alleviates Inflammatory Response and
Directs Macrophage Polarization in Lipopolysaccharide-Stimulated RAW264.7 Cells. Inflammation 2019, 42, 264–275. [CrossRef]
[PubMed]

37. Fan, G.; Jiang, X.; Wu, X.; Fordjour, P.A.; Miao, L.; Zhang, H.; Zhu, Y.; Gao, X. Anti-Inflammatory Activity of Tanshinone IIA in
LPS-Stimulated RAW264.7 Macrophages via MiRNAs and TLR4–NF-KB Pathway. Inflammation 2016, 39, 375–384. [CrossRef]

38. Chen, Z.; Gao, X.; Jiao, Y.; Qiu, Y.; Wang, A.; Yu, M.; Che, F.; Li, S.; Liu, J.; Li, J.; et al. Tanshinone IIA Exerts Anti-Inflammatory
and Immune-Regulating Effects on Vulnerable Atherosclerotic Plaque Partially via the TLR4/MyD88/NF-KB Signal Pathway.
Front. Pharm. 2019, 10, 850. [CrossRef] [PubMed]

39. Lu, T.-C.; Wu, Y.-H.; Chen, W.-Y.; Hung, Y.-C. Targeting Oxidative Stress and Endothelial Dysfunction Using Tanshinone IIA for
the Treatment of Tissue Inflammation and Fibrosis. Oxid. Med. Cell Longev. 2022, 2022, 2811789. [CrossRef]

40. Wu, Y.H.; Wu, Y.R.; Li, B.; Yan, Z.Y. Cryptotanshinone: A Review of Its Pharmacology Activities and Molecular Mechanisms.
Fitoterapia 2020, 145, 104633. [CrossRef]

41. Ma, S.; Zhang, D.; Lou, H.; Sun, L.; Ji, J. Evaluation of the Anti-Inflammatory Activities of Tanshinones Isolated from Salvia
Miltiorrhiza Var. Alba Roots in THP-1 Macrophages. J. Ethnopharmacol. 2016, 188, 193–199. [CrossRef]

42. Tang, S.; Shen, X.-Y.; Huang, H.-Q.; Xu, S.-W.; Yu, Y.; Zhou, C.-H.; Chen, S.-R.; Le, K.; Wang, Y.-H.; Liu, P.-Q. Cryptotanshinone
Suppressed Inflammatory Cytokines Secretion in RAW264.7 Macrophages through Inhibition of the NF-KB and MAPK Signaling
Pathways. Inflammation 2011, 34, 111–118. [CrossRef]

43. Wabitsch, M.; Brenner, R.; Melzner, I.; Braun, M.; Möller, P.; Heinze, E.; Debatin, K.-M.; Hauner, H. Characterization of a Human
Preadipocyte Cell Strain with High Capacity for Adipose Differentiation. Int. J. Obes. 2001, 25, 8–15. [CrossRef]

44. Scoditti, E.; Massaro, M.; Carluccio, M.A.; Pellegrino, M.; Wabitsch, M.; Calabriso, N.; Storelli, C.; De Caterina, R. Additive
Regulation of Adiponectin Expression by the Mediterranean Diet Olive Oil Components Oleic Acid and Hydroxytyrosol in
Human Adipocytes. PLoS ONE 2015, 10, e0128218. [CrossRef]

https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.3390/molecules26020453
https://doi.org/10.3390/molecules26113278
https://www.ncbi.nlm.nih.gov/pubmed/34071722
https://doi.org/10.1111/cei.12993
https://www.ncbi.nlm.nih.gov/pubmed/28542869
https://doi.org/10.1016/j.intimp.2017.06.017
https://doi.org/10.1177/1934578X1100600839
https://doi.org/10.1016/j.jep.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25038434
https://doi.org/10.1016/j.phrs.2017.11.018
https://doi.org/10.3109/13880209.2015.1027408
https://doi.org/10.1002/med.21304
https://doi.org/10.1055/s-0036-1580086
https://doi.org/10.1016/j.fitote.2014.11.024
https://Clinicaltrials.Gov/Ct2/Results?Cond=&term=Danshen+Dripping+Pills&cntry=&state=&city=&dist=
https://doi.org/10.1038/aps.2017.193
https://www.ncbi.nlm.nih.gov/pubmed/29698387
https://doi.org/10.3389/fphar.2020.00568
https://www.ncbi.nlm.nih.gov/pubmed/32499694
https://doi.org/10.1007/s10753-018-0891-7
https://www.ncbi.nlm.nih.gov/pubmed/30218320
https://doi.org/10.1007/s10753-015-0259-1
https://doi.org/10.3389/fphar.2019.00850
https://www.ncbi.nlm.nih.gov/pubmed/31402870
https://doi.org/10.1155/2022/2811789
https://doi.org/10.1016/j.fitote.2020.104633
https://doi.org/10.1016/j.jep.2016.05.018
https://doi.org/10.1007/s10753-010-9214-3
https://doi.org/10.1038/sj.ijo.0801520
https://doi.org/10.1371/journal.pone.0128218


Biomolecules 2023, 13, 1029 17 of 20

45. Quarta, S.; Massaro, M.; Carluccio, M.A.; Calabriso, N.; Bravo, L.; Sarria, B.; García-Conesa, M.-T. An Exploratory Critical Review
on TNF-α as a Potential Inflammatory Biomarker Responsive to Dietary Intervention with Bioactive Foods and Derived Products.
Foods 2022, 11, 2524. [CrossRef]

46. Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose Expression of Tumor Necrosis Factor-α: Direct Role in Obesity-Linked
Insulin Resistance. Science 1993, 259, 87–91. [CrossRef]

47. Kern, P.A.; Ranganathan, S.; Li, C.; Wood, L.; Ranganathan, G. Adipose Tissue Tumor Necrosis Factor and Interleukin-6 Expression
in Human Obesity and Insulin Resistance. Am. J. Physiol. Endocrinol. Metab. 2001, 280, E745–E751. [CrossRef] [PubMed]

48. Kern, P.A.; Saghizadeh, M.; Ong, J.M.; Bosch, R.J.; Deem, R.; Simsolo, R.B. The Expression of Tumor Necrosis Factor in Human
Adipose Tissue. Regulation by Obesity, Weight Loss, and Relationship to Lipoprotein Lipase. J. Clin. Investig. 1995, 95, 2111–2119.
[CrossRef] [PubMed]

49. Hotamisligil, G.S.; Arner, P.; Caro, J.F.; Atkinson, R.L.; Spiegelman, B.M. Increased Adipose Tissue Expression of Tumor Necrosis
Factor-Alpha in Human Obesity and Insulin Resistance. J. Clin. Investig. 1995, 95, 2409–2415. [CrossRef]

50. Souza, S.C.; Palmer, H.J.; Kang, Y.-H.; Yamamoto, M.T.; Muliro, K.V.; Eric Paulson, K.; Greenberg, A.S. TNF-? Induction of
Lipolysis Is Mediated through Activation of the Extracellular Signal Related Kinase Pathway in 3T3-L1 Adipocytes. J. Cell.
Biochem. 2003, 89, 1077–1086. [CrossRef]

51. Jack, B.U.; Mamushi, M.; Viraragavan, A.; Dias, S.; Pheiffer, C. Comparing the Effects of Tumor Necrosis Factor Alpha, Lipopolysac-
charide and Palmitic Acid on Lipid Metabolism and Inflammation in Murine 3T3-L1 Adipocytes. Life Sci. 2022, 297, 120422.
[CrossRef] [PubMed]

52. Hauner, H.; Petruschke, T.; Russ, M.; Röhrig, K.; Eckel, J. Effects of Tumour Necrosis Factor Alpha (TNFα) on Glucose Transport
and Lipid Metabolism of Newly-Differentiated Human Fat Cells in Cell Culture. Diabetologia 1995, 38, 764–771. [CrossRef]
[PubMed]

53. Zhang, H.H.; Halbleib, M.; Ahmad, F.; Manganiello, V.C.; Greenberg, A.S. Tumor Necrosis Factor-α Stimulates Lipolysis in
Differentiated Human Adipocytes Through Activation of Extracellular Signal-Related Kinase and Elevation of Intracellular
CAMP. Diabetes 2002, 51, 2929–2935. [CrossRef]

54. Caso, F.; Saviano, A.; Tasso, M.; Raucci, F.; Marigliano, N.; Passavanti, S.; Frallonardo, P.; Ramonda, R.; Brancaleone, V.; Bucci,
M.; et al. Analysis of Rheumatoid- vs Psoriatic Arthritis Synovial Fluid Reveals Differential Macrophage (CCR2) and T Helper
Subsets (STAT3/4 and FOXP3) Activation. Autoimmun. Rev. 2022, 21, 103207. [CrossRef]

55. Vellecco, V.; Saviano, A.; Raucci, F.; Casillo, G.M.; Mansour, A.A.; Panza, E.; Mitidieri, E.; Femminella, G.D.; Ferrara, N.; Cirino,
G.; et al. Interleukin-17 (IL-17) Triggers Systemic Inflammation, Peripheral Vascular Dysfunction, and Related Prothrombotic
State in a Mouse Model of Alzheimer’s Disease. Pharm. Res. 2023, 187, 106595. [CrossRef]

56. Carpi, S.; Polini, B.; Poli, G.; Alcantara Barata, G.; Fogli, S.; Romanini, A.; Tuccinardi, T.; Guella, G.; Frontini, F.; Nieri, P.; et al.
Anticancer Activity of Euplotin C, Isolated from the Marine Ciliate Euplotes Crassus, Against Human Melanoma Cells. Mar.
Drugs 2018, 16, 166. [CrossRef] [PubMed]

57. Carpi, S.; Polini, B.; Manera, C.; Digiacomo, M.; Salsano, J.E.; Macchia, M.; Scoditti, E.; Nieri, P. MiRNA Modulation and
Antitumor Activity by the Extra-Virgin Olive Oil Polyphenol Oleacein in Human Melanoma Cells. Front. Pharm. 2020, 11, 574317.
[CrossRef] [PubMed]

58. Krämer, A.; Green, J.; Pollard, J.; Tugendreich, S. Causal Analysis Approaches in Ingenuity Pathway Analysis. Bioinformatics 2014,
30, 523–530. [CrossRef] [PubMed]

59. Curtis, M.J.; Alexander, S.; Cirino, G.; Docherty, J.R.; George, C.H.; Giembycz, M.A.; Hoyer, D.; Insel, P.A.; Izzo, A.A.; Ji, Y.; et al.
Experimental Design and Analysis and Their Reporting II: Updated and Simplified Guidance for Authors and Peer Reviewers.
Br. J. Pharm. 2018, 175, 987–993. [CrossRef]

60. Alexander, S.P.H.; Roberts, R.E.; Broughton, B.R.S.; Sobey, C.G.; George, C.H.; Stanford, S.C.; Cirino, G.; Docherty, J.R.; Giembycz,
M.A.; Hoyer, D.; et al. Goals and Practicalities of Immunoblotting and Immunohistochemistry: A Guide for Submission to the
British Journal of Pharmacology. Br. J. Pharm. 2018, 175, 407–411. [CrossRef] [PubMed]

61. George, C.H.; Stanford, S.C.; Alexander, S.; Cirino, G.; Docherty, J.R.; Giembycz, M.A.; Hoyer, D.; Insel, P.A.; Izzo, A.A.; Ji, Y.; et al.
Updating the Guidelines for Data Transparency in the British Journal of Pharmacology—Data Sharing and the Use of Scatter
Plots Instead of Bar Charts. Br. J. Pharm. 2017, 174, 2801–2804. [CrossRef]

62. Ansari, M.A.; Khan, F.B.; Safdari, H.A.; Almatroudi, A.; Alzohairy, M.A.; Safdari, M.; Amirizadeh, M.; Rehman, S.; Equbal, M.J.;
Hoque, M. Prospective Therapeutic Potential of Tanshinone IIA: An Updated Overview. Pharm. Res. 2021, 164, 105364. [CrossRef]
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