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ARTICLE INFO ABSTRACT

Keywords: Protein tyrosine phosphatase 1B (PTP1B) is a negative regulator that plays an important role in many signaling
Salvia miltiorrhiza pathways, especially those associated with insulin resistance. In this study, we investigated the anti-diabetic
Lamiaceae potential of 12 natural tanshinones isolated from Salvia miltiorrhiza (S. miltiorrhiza) Bunge (Lamiaceae), deox-
Ta“_Shi'n‘me yneocryptotanshinone (1), grandifolia F (2), ferruginol (3), cryptotanshinone (4), tanshinone IIA (5), tanshinol B
l})\;;i(]i;abetes (6), tanshinone IIB (7), tanshinonal (8), methyl tanshinonate (9), 15,16-dihydrotanshinone I (10), tanshinone I

(11), and dehydrodanshenol A (12) and evaluated their inhibitory activity against PTP1B. Tanshinones 4, 6 and
12 exhibited potent PTP1B inhibitory activity with ICsy values of 5.5 * 0.9, 4.7 = 0.4 and 8.5 * 0.5 pM,
respectively. In addition, tanshinones 1-3, 5 and 7-11 showed promising dose-dependent inhibition of PTP1B
over ICs values ranging from 18.6 to 254.8 uM. Enzyme kinetic analysis of PTP1B inhibition revealed that 4 and
6 were mixed -noncompetitive type inhibitors, whereas 12 was a classical-noncompetitive type inhibitor.
Furthermore, 4, 6 and 12 were docked with the PTP1B enzyme using molecular docking simulations (AutoDock
4.2) and exhibited negative binding energy (—6.4 to —8.7 kcal/mol), indicating high binding affinity to PTP1B
active site residues. Structure-activity relationships (SAR) analysis revealed that structural modifications of ring
A and furan or dihydrofuran ring D on the basic structure of tanshinones influenced their activity. Overall,
results indicated that tanshinones from S. miltiorrhiza are potential anti-diabetic candidates that should be ex-
plored in the development of preventive and therapeutic modalities for the treatment of diabetes as well as
diabetes-associated complications.

Molecular docking

1. Introduction

Diabetes mellitus (DM) is a metabolic disease characterized by
chronic hyperglycemia and long-term disturbances in carbohydrate,
lipid, and protein metabolism inducing chronic progressive dysfunction
and failure of visual, nervous, renal, cardiac, and blood vascular sys-
tems; its incidence is increasing progressively in both developed and
developing countries [1]. As of 2014, an estimated 387 million in-
dividuals worldwide had been diagnosed with DM and the prevalence is
expected to rise to 592 million by 2035 [2]. In addition, the incidence
of obesity, atherosclerosis, coronary heart disease, hypertension, and

dyslipidemia is significantly higher in DM patients, with an earlier
onset and faster progression compared with non-DM patients [1]. DM-
induced vascular diseases including macrovascular and microvascular
complications contribute to diminished quality of life and even death.
Common risk factors for DM-related vascular disease include hy-
perglycemia, insulin resistance, dyslipidemia, inflammation, hy-
percoagulability, hypertension, and atherosclerosis. All these factors
contribute to endothelial dysfunction and related complications [3].
Type 2 DM (T2DM) is the most common form of diabetes char-
acterized by defects in insulin signaling [4]. Without proper treatment,
T2DM can cause severe secondary complications including
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atherosclerosis, renal dysfunction, cardiac abnormalities, and ocular
disorders [5]. Thus, prevention and treatment options for DM are ne-
cessary globally. Insulin resistance is the key pathological characteristic
of metabolic syndrome, and shows an unnatural insulin signaling
pathway, including the (-subunit of insulin receptor (IR)-f, insulin
receptor substrate (IRS) 1/2, and other downstream signal molecules
involved in the malfunction of reversible phosphorylation of protein
tyrosine and decreased insulin sensitivity of peripheral tissue [6].
Protein tyrosine phosphatase 1B (PTP1B) is a major negative regulator
of the insulin signaling containing IR and IRS by dephosphorylation of
tyrosine-phosphorylated proteins. Insulin resistance is caused by dis-
equilibrium in IR autophosphorylation and tyrosine kinase activity
leading to the overexpression of PTP1B. Thus, PTP1B is a strong po-
tential drug target for insulin sensitivity and insulin resistance.

The dried root of Salvia miltiorrhiza BUNGE (Labiatae), called
‘Danshen’ in China, is very popular traditional Chinese medicine. This
plant has been used for the treatment of various diseases such as
menstrual disorders, menorrhalgia, insomnia, blood circulation dis-
eases, angina pectoris, hyperlipidemia, and inflammation, and is par-
ticularly valuable in the treatment of coronary heart diseases [7]. The
major constituents of S. miltiorrhiza root are abietane-type diterpene
pigments (also called tanshinones), which have ortho- or para-naph-
thoquinone chromophores [8]. Tanshinones are unique components
found in the Salvia genus and many exhibit diverse biological activities
[9]. Tanshinones, the active components of S. miltiorrhiza, have been
isolated and used as parenteral solutions in China. Emerging experi-
mental studies and clinical trials have demonstrated that tanshinone ITA
prevents atherogenesis as well as cardiac injury and hypertrophy. In
atherosclerosis, tanshinone IIA acts by inhibiting LDL oxidation,
monocyte adhesion to the endothelium, smooth muscle cell migration
and proliferation, macrophage cholesterol accumulation, proin-
flammatory cytokine expression and platelet aggregation [10]. In vivo
experiments in rabbits showed that an aqueous extract of S. miltiorrhiza
induces vasodilation in the coronary, mesenteric, femoral, and renal
arteries [11]. A study evaluating the role of PTP1B in high-fat diet-
induced cardiac contractile anomalies revealed that PTP1B knockout
offers cardioprotection against fatty acid-induced cardiomyocyte con-
tractile anomalies [12]. Similarly, high-fat diet intake compromised
cardiomyocyte contractile function as evidenced by decreased peak
shortening, maximal velocity of shortening/relengthening, intracellular
Ca” release and prolonged duration of relengthening and intracellular
Ca® decay, the effects of which were alleviated by PTP1B knockout
[12]. Blood stasis, a significant pathological product of blood circula-
tion disorders, is often seen in patients with microvascular complica-
tions from a high glucose environment [13]. Diabetic microangiopathy,
a specific damage to vascular endothelial cells seems to be related to
their incapacity to down-regulate uptake of glucose in the case of ex-
tracellular hyperglycemia. Similarly, loss of insulin signaling in the
endothelium leads to vascular dysfunction and atherosclerosis. It is
clear that the link between insulin resistance/hyperinsulinemia and
cardiovascular disease is related to dysglycemia, dyslipidemia, hy-
pertension, endothelial dysfunctions and inflammation. Association of
diabetes with cardiovascular diseases has been demonstrated geneti-
cally [14], biochemically [15], and metabolically [16]. Furthermore,
high levels of insulin in the body due to early stages of T2DM compe-
titively inhibit the breakdown of Af, resulting in Alzheimer's disease
(AD) [17]. Hence, taking in account the biological activity of tan-
shinones in cardiovascular complications and the association among
diabetes, cardiovascular complications and AD, we herein characterized
the anti-diabetic potential of tanshinone derivatives.

Thus, in the present study, potential anti-diabetic compounds from
S. miltiorrhiza root were characterized through PTP1B inhibition, as a
promising route for the prevention and treatment of diabetes and its
complications.
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2. Materials and methods
2.1. Chemicals and reagents

p-Nitrophenyl phosphate (pNPP) and ethylenediaminetetraacetic
acid (EDTA) were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). PTP1B (human recombinant) was purchased from Biomols
International LP (Plymouth Meeting, PA, USA) and dithiothreitol (DTT)
was purchased from Bio-Rad Laboratories (Hercules, CA, USA). All
other chemicals and solvents were purchased from E. Merck, Fluka, and
Sigma-Aldrich, unless otherwise stated.

2.2. Isolation of compounds

The dried and sliced roots of S. miltiorrhiza (10.0 kg) were extracted
with 70% ethanol (EtOH, 15 L. X 3) at 60 °C under reflux conditions for
3 h. The extract was concentrated in vacuo to yield a residue (1.0 kg),
which was suspended in H,O and successively partitioned with
chloroform (CHCl3), ethyl acetate (EtOAc) and n-butanol (n-BuOH).
CHCl; extract (74.3 g) was subjected to silica gel vacuum liquid chro-
matography with a gradient mixture of hexane:methylene chloride
(MC) and MC:EtOAc of increasing polarity as eluents to obtain six
fractions (A-F). Fraction A (3.1 g) was subjected to silica gel column
chromatography (CC) and eluted with a gradient mixture of
hexane:EtOAc (1:0 to 0:1) to yield compound 3 (196.0 mg). Fraction B
(18.2 g) was subjected to silica gel CC and eluted with a stepwise
gradient of hexane:MC to yield eight subfractions (B.1-B.8). Fraction
B.3 (10.3 g) was further separated using silica gel CC with gradient
elution of hexane:acetone (1:0 to 0:1) and five subfractions
(B.3.1-B.3.5) were obtained. Fraction B.3.2 (746.1 mg) was subjected
again to silica gel CC with a gradient mixture of hexane:EtOAc (1:0 to
0:1) as eluent, followed by RP-HPLC with a gradient mobile phase of
acetonitrile:H,0 (50-90% for 60 min — 90-100% for 30 min, 6 mL/
min) to yield compound 1 (4.0 mg, tg = 68.0 min). Fraction B.3.4
(1.1 g) was separated using C18 CC, eluted with MeOH:H,0 (6:4 to 1:0)
and further purified using RP-HPLC with MeOH:H,0 (75-85%, 6 mL/
min for 60 min) to obtain compound 2 (22.5 mg, tg = 25.5 min).
Compound 5 (544.4 mg) was recrystallized from fraction B.3.5 (6.7 g);
the portion of B.3.5 remaining in solution was subjected to C18 CC with
gradient elution of MeOH:H,O (1:1 to 1:0) and then purified via RP-
HPLC with an isocratic mixture of MeOH:H,O (72%, 6 mL/min for
60 min) to obtain compound 12 (11.0 mg, tg = 42.0 min). Fraction B.4
(3.0 g) was chromatographed on silica gel CC with a hexane:acetone
gradient mixture (1:0 to 0:1) and recrystallized in MC:MeOH to yield
compound 11 (195.0 mg). Fraction B.6 (167.9 mg) was subjected to
C18 CC, eluted with MeOH:H,O (1:1 to 1:0) to yield compounds 8
(10.3 mg) and 9 (18.0 mg) as crystals. Fraction C (9.6 g) was subjected
to silica gel CC to collect compounds 4 (450.0 mg) and 10 (300.5 mg).
Fraction D (3.9 g) was subjected to silica gel CC with gradient elution of
hexane:EtOAc (1:0 to 0:1) and C18 CC with MeOH:H,0 (6:4 to 1:0) to
obtain compounds 6 (8.8 mg) and 7 (7.6 mg). Isolated compounds,
when compared with the published spectral data, were identified as
deoxyneocryptotanshinone (1) [18], grandifolia F (2) [19], ferruginol
(3), cryptotanshinone (4), tanshinone IIA (5), methyl tanshinonate (9),
15,16-dihydrotanshinone I (10), tanshinone I (11) [20], tanshinol B (6)
[8], tanshinone IIB (7) [21], tanshinonal (8) [22], and dehydrodan-
shenol A (12) [23]. The purity of these compounds was estimated to be
at least 98% based on NMR spectra. The structures of the isolated
compounds are shown in Fig. 1.

2.3. PTPIB inhibitory assay

The PTP1B (human recombinant) inhibitory activity of 70% etha-
nolic extract of S. miltiorrhiza root, solvent soluble fractions and their
constituents were evaluated using pNPP as the substrate [24]. In each
well in a 96-well plate (final volume 100 pL), PTP1B enzyme diluted
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