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Tianma Modulates Blood Vessel Tonicity
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Abstract: Tianma is a traditional Chinese medicine (TCM) often used for the treatment of hypertension and heart dis-
eases. To elucidate the function of tianma at the molecular level, we investigated the effect of tianma on vascular func-
tions and aortic protein metabolism. We found that long-term treatment with tianma (~2.5g/kg/day for three months) in
one-year-old rats could enhance acetylcholine (ACh)-induced vasorelaxation in endothelium-intact thoracic aortic rings
against both KCl (80 mM)- and phenylephrine (PE)-induced contraction. By using the iTRAQ (isobaric tag for relative
and absolute quantification) technique, we confirmed from the functional data at the proteome level that tianma treatment
down-regulated the expressions of contractile proteins (e.g. Acta2) and other related structural proteins (e.g. desmin), and
up-regulated the expressions of extracellular matrix (ECM) glycoproteins (e.g. FblnS) and anti-thrombotic proteins (e.g.
Anxa2) in aortic tissue. By inductive reasoning, tianma could perform its vasodilatory effect not only by inhibiting vascu-
lar smooth muscle contraction, but also by enhancing blood vessel elasticity and stabilizing the arterial structure. Thus,
tianma might become a novel therapeutic herbal medicine for cardiovascular diseases by regulating the aortic proteome

metabolism.
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INTRODUCTION

The research, development and use of natural products as
therapeutic agents, especially those derived from higher
plants, have been increasing in recent years. Traditional Chi-
nese medicine (TCM) involves thousands of herbs for clini-
cal treatments [1-3]. However, the underlying molecular and
cellular mechanisms of most herbal medicines remain ob-
scure.

Tianma is the tuber of an orchid, Gastrodia elata Blume,
and has been used as an ancient Chinese herbal medicine for
treating various cardio- and cerebro-vascular and nervous
diseases, including convulsion, headache, epilepsy, hyper-
tension and coronary heart diseases [4-6]. Tianma contains
many bioactive components such as vanilline, gastrodin,
daucosterol, citric acid, succinct acid, parishin and minerals
[7-11]. Besides its well known neuroprotective effects [12],
tianma also plays a role in vascular circulation through con-
trolling the functions of vascular smooth muscle cells
(VSMCs) and inhibiting platelet aggregation [13]. Cardio-
vascular remodeling caused by VSMCs overgrowth in the
large and medium size vessels contributed to the pathogene-
sis of hypertension and restenosis after angioplasty [14, 15].
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Tianma was found to inhibit VSMCs proliferation through
decreasing the expressions of proliferating cell nuclear anti-
gen (PCNA) and c-myec, thus inhibiting cardiovascular re-
modeling [16]. Tianma could also elicit relaxant effects on
smooth muscles in the blood vessels, gastrointestinal tract
[17] and bladder [18] directly or through inhibiting neuro-
genic contraction.

In order to comprehensively understand the potential
mechanisms by which tianma regulates vascular functions,
we investigated the vasodilatory effects of tianma on vascu-
lar smooth muscles by measuring the KCl- and phen-
ylephrine (PE)-induced contractility of rat thoracic aorta ex
vivo using myography. We then quantitatively analyzed the
proteomic changes of arterial smooth muscle cells using
iTRAQ (two-dimensional (2D) liquid chromatography cou-
pled with tandem mass spectrometry (2D-LC-MS/MS)-based
multidimensional protein identification technology combined
with multiplex isobaric tag for relative and absolute quantifi-
cation [19]) after long-term tianma treatment of one-year-old
rats. The selective iTRAQ-detected changed proteins were
further confirmed at the protein level by using western blot
analyses (Fig. 1). Our experimental results showed for the
first time that tianma could dilate blood vessels through
regulating the cellular protein metabolism, including con-
tractile/structural proteins as well as extra-cellular matrix
glycoproteins and anti-thrombotic proteins.
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Fig. (1). Schematic representation of the experimental design and
the quantitative proteomics analyses showing biological and techni-
cal replicates. Following tianma treatment (batches B-I (5 rats) and
B-II (5 rats): +T; control = B-I (5 rats) and B-II (5 rats): -T) and
aortic tissue lysis, protein extracts were acetone precipitated and
quantified. These were then run in SDS-PAGE and subsequently
digested. The quantitative proteomics analyses of aortic tissue
lysates were performed by labeling with multi-plex isobaric tags
(114, 115, 116 and 117) for relative and absolute quantification
(iITRAQ) followed by Electrostatic Repulsion-Hydrophilic Interac-
tion Chromatography (ERLIC)-based fractionation, and liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS)-based multidimensional protein identification technology.
The obtained data was analyzed using ProteinPilot software and
validated by quantitative western blots. Finally, proteins were func-
tionally classified into various subgroups.

MATERIALS AND METHODS
Reagents

Unless indicated, all reagents used for biochemical meth-
ods were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Materials and reagents for SDS-PAGE (sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis) were from
Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA). The
iTRAQ reagent multi-plex kit, containing the iTRAQ rea-
gents, was bought commercially (Applied Biosystems, Fos-
ter City, CA, USA).

Animal Material

Experimental procedures, including the killing of ani-
mals, were in accordance with the International Guiding
Principles for Animal Research (WHO) and were approved
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by the local Institutional Animal Care & Use Committee
(NTU-IACUC). One-year-old male Wistar Kyoto rats (~250
g) were obtained from the laboratory animal centre (National
University of Singapore) and randomly assigned to control
and tianma-treated groups (10 each). According to previous
reports and our own recent pilot studies, the average daily
dose of tianma per rat was 2.5g/kg body weight [12, 18, 20-
22]. They were fed a normal chow (Funabashi SP, Japan)
and tap water was given freely. Room temperature (RT) was
kept at 21 + 2 °C, with 60 % humidity, and a 12 h light/dark
cycle. Tianma-feeding was done orally (intragastric admini-
stration) with a blunt needle syringe by dispensing the
tianma solution for the period of three months. Control rats
were treated with the same volume of the solvent only. Ani-
mals were sacrificed by CO, asphyxiation. All efforts were
made to minimize animal suffering and to reduce the number
of animals used.

Herb Preparation

The rhizome of Gastrodia elata (tianma), grown under
standardized conditions [23], was collected from Zhaotong
City, China and provided by Dr. Jun Zhou (Kunming Insti-
tute of Botany, Chinese Academy of Science, Yunnan, P.R.
China). The species was identified and chemically analyzed
as reported previously [12, 24]. A voucher specimen
(0249742) was deposited in the herbarium of the Kunming
Institute of Botany (Chinese Academy of Science, Yunnan,
P.R. China). In this study, tianma was prepared according to
previous reports [12, 16, 19, 20, 22, 25-27]. Whole dried
tubers of the tianma were hammered into smaller pieces and
subsequently ground to fine powder. 7.5 g of tianma powder
was mixed with 100 ml sterilized Milli-Q water and boiled
for 1 h at 100 °C. The solution was centrifuged at 5000xg for
10 min at RT. The supernatant was filtered with a Whatman
filter paper-1 (GE Healthcare, Chalfont St Giles, UK), yield-
ing approximately 85 ml. The tianma solution was concen-
trated at 60 °C under vacuum and the final volume was re-
duced to 10 ml for further applications.

Endothelium-Dependent Contractility/Relaxation Analy-
sis with Rat Aorta Rings using Myograph

Briefly, the thoracic aorta was excised from the rat gently
after dissection, immediately immersed into cold physiologic
saline solution (PSS, 119 mM NaCl, 25 mM NaHCO;, 4.7
mM KCl, 1.18 mM KH,PO,, 1.17 mM MgSO,, 2.5 mM
CaCly, 0.026 mM EDTA and 5.5 mM glucose; the solution
was gassed with 5 % CO; in O, to maintain pH at 7.4) and
kept on ice for further careful cleaning with scissors and for-
ceps under the microscope to remove fat and connective tis-
sues as well as blood clots. The aorta was then cut into eight
segments of 2 mm rings and kept in 4 °C-cold PSS. The in-
tegrity of the endothelium was tested by constricting with 10
UM PE and after steady contraction obtained, relaxed with
10 uM ACh [28, 29]. The myograph (Danish Myo Technol-
ogy, ADInstruments S.E.Asia, Subang Jaya, Selangor, Ma-
laysia) chambers were filled with ‘Krebs’ solution and the
aorta rings mounted onto the hooks inside the chambers for
isometric tension recording [30]. The tension was adjusted to
1 g as the baseline. The tissues were then washed twice with
124 mM K" PSS to ensure the viability. For experimental set
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I, the segments were initially loaded to an optimum stretch,
which was previously determined by using high-K" physio-
logical solution (80 mM) as the contracting agent after ap-
plying different passive tensions. The initial stretch and the
length of the segments (2 mm) were consistently maintained
across all arterial rings of either group. The aorta rings were
pre-contracted with 80 mM K" PSS until they reached a pla-
teau. Thereafter, an ACh-mediated relaxation was performed
as a concentration response curve (CRC) by adding increas-
ing concentrations of ACh in half-log concentration incre-
ments, i.e. 10° M, 3x10° M, 107 M, 3x107 M, 10° M, 3x10°
oM, 10° M, 3x10° M, and 10 M. After the ACh CRC, the
tissues were end-relaxed by applying 5x10° M sodium ni-
troprusside (SNP). For experimental set II, the aorta rings
were pre-contracted with 10® M PE and the ACh CRC ap-
plied. Upon reaching the PE plateau, the ACh CRC was per-
formed by half-log (10® M to 10™* M) applications of ACh.
Again, after the ACh CRC, the tissues were further relaxed
by applying 5x10° M SNP. For data analysis the weight of
the dried aorta rings were measured for appropriate normali-
zation. Contraction responses to PE were calculated as per-
cent of its maximal contraction. Relaxant responses to ACh
were calculated as percent inhibition of the K'-/PE-induced
contraction. Data analysis was done using GraphPad Prism
for Windows (Graph-Pad Software, San Diego, CA, USA).
Data from several (8) vascular rings of the same rat were
averaged and presented as the datum for 1 rat, with the n
value (= 5) representing the number of rats for each group
(control or tianma-treated). Differences were considered
statistically significant at P < 0.05.

Maximal Contractile Force Measurement of the Aortal
Ring in Response to PE

For this purpose, PE was initially added at a final concen-
tration of 107 M to the bath to contract the ring, and force
was allowed to stabilize for 5 min. ACh at a final concentra-
tion of 10° M was then added to the pre-contracted rings for
5 min to test for endothelial integrity and aortal ring viabil-
ity. If a ring failed to contract in response to PE or failed to
relax in response to ACh, it was replaced with another aortic
ring from the same rat. After the initial test for vessel viabil-
ity and endothelial integrity, the ring was washed 3 times
with PSS, allowed to equilibrate, and then re-washed with
fresh PSS at 10 min intervals until the measured active force
stabilized at 0 g. The maximum contraction achievable by
the ring was then determined by filling the bath with 80 mM
K" and adding increasing concentrations of PE up to a final
concentration of 10* M (a PE CRC with half-log concentra-
tions was performed (i.e. 10® M, 3x10®* M, 107 M, 3x107
M, 10° M, 3x10° M, 10° M, 3x10° M, and 10™* M)). Maxi-
mal contractile force generated in response to the combina-
tion of 80 mM K" and PE was normalized to the wet weight
of the aortic ring (determined at the end of the experiment).
After determining the maximum contraction of the aortic
rings, the vessels were allowed to stabilize and washed with
PSS every 10 min until the measured active force returned to

0g.
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Aorta-Tissue-Specific Protein Expression Analysis

For the aorta-tissue-specific proteome analyses, aorta
tissues were isolated from tianma-treated and control rats.
Briefly, the thoracic aorta was excised from the rats gently
after dissection, immediately immersed into liquid nitrogen,
and then powdered using a mortar and pestle. Upon the addi-
tion of lysis buffer (2 % SDS, 0.5 M Triethyl ammonium
bicarbonate buffer (TEAB), 1 Complete™ protease inhibitor
cocktail tablet (Roche, Mannheim, Germany) and 1 Phos-
STOP phosphatase inhibitor cocktail tablet (Roche)), the
samples were vortexed for 1 min and incubated on ice for an
additional 45 min prior to homogenisation (sonication pa-
rameters: amplitude, 23 %; pulse: 5 s/ 5 s for 5 min) using a
Vibra Cell high intensity ultrasonic processor (Jencon Scien-
tific Ltd, Leighton Buzzard, Bedfordshire, UK). After cen-
trifugation (20,000 x g /4 °C / 30 min), supernatant was col-
lected and stored at -80 °C until further use. The protein con-
centration was quantified by a ‘2-D Quant’ kit (Amersham,
Piscataway, NJ, USA) according to the manufacturer’s pro-
tocol.

ITRAQ Protocol

A detailed description of the 2D-LC-MS/MS-iTRAQ
procedures [19, 31-33], including post-proteomic data verifi-
cation by SDS-PAGE - western blot analysis [34-36], can be
found in the supplementary content document as described
previously.

Antibodies

Anti-Anxa2 (Annexin-A2, 1:4000, polyclonal; Abcam,
Cambridge, UK), anti-Des (Desmin, 1:1000, rabbit poly-
clonal; Cell Signaling Technology Inc., Danvers, MA, USA),
anti-Gapdh (1:1000, mouse monoclonal; Abcam), anti-
Gstm2 (Glutathione S-transferase mu 2, 1:1000, goat poly-
clonal; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), anti-Serpinhl (Serpin H1, 1:1000, rabbit polyclonal;
Abnova, Taipei, Taiwan), anti-Vcl (Vinculin, 1:4000, mono-
clonal; Abcam).

Statistical Evaluation

The mechanical responses of the vessels were measured
as force and expressed as active wall tension, which is the
increase in measured force divided by twice the segment
length [30]. By using a computer program (GraphPad, Insti-
tute for Scientific Information, San Diego, CA, USA), the
CRCs were fitted to the classical Hill equation, as described
earlier [29]. The results are expressed as mean + SD. Differ-
ences between means were analyzed using either one-way
analysis of variance (ANOVA) followed by a Bonferroni ¢-
test, Student’s ¢-test or paired #-test (SPSS (Statistical Prod-
ucts and Service Solutions) for Windows Version 19 was
used to perform ANOVA, optionally followed by Fisher’s
Protected Least Significant Difference (PLSD) post hoc
tests, when warranted). For the western blot analyses the
Student’s t-test was applied accordingly. For the iTRAQ
analysis ProteinPilot Software 3.0 was used as described
above. To be considered statistically significant, we required
a probability value to be at least < 0.05 (95 % confidence
limit, *P < 0.05).
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RESULTS

Tianma Enhanced ACh-Induced Vasorelaxation in En-
dothelium-Intact Thoracic Aortic Rings

In order to investigate the vasodilatory effects of tianma
on blood vessels, we used myography to perform contractil-
ity/relaxation reactivities by using isolated thoracic aortic
rings from rats treated with/without tianma (~2.5g/kg/day for
three months). As shown in Figs. (2 and 3), in the endothe
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Fig. (2). Tianma enhanced ACh-induced vasorelaxation in endothe-
lium-intact rat thoracic arterial rings (I). Analysis of ACh induced
relaxations in KCI (80 mM) pre-contracted isolated endothelium-
intact arterial rings from control and tianma-treated rats. One-year-
old rats were treated with or without tianma for three months at
~2.5g/kg/day and the thoracic aortas were isolated. The endothe-
lium-intact arterial rings were first pre-contracted by 80 mM of K.
Increasing concentrations of ACh were added and then the percent-
age of ACh-induced relaxation to K" contraction was measured as
described in the materials and methods. Data points represent
means + SD of measurements in 8 arterial rings from 5 rats of each
group (*P < 0.05 compared with the control group).
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Fig. (3). Tianma enhanced ACh-induced vasorelaxation in endothe-
lium-intact rat thoracic arterial rings (II). Analysis of ACh induced
relaxations in PE (10 M) pre-contracted isolated endothelium-
intact arterial rings from control and tianma-treated rats. One-year-
old rats were treated with or without tianma for three months at
~2.5g/kg/day and the thoracic aortas were isolated. The endothe-
lium-intact arterial rings were first pre-contracted by PE (10 M).
Increasing concentrations of ACh were added and then the percent-
age of ACh-induced relaxation to PE (10 M) contraction was
measured as described in the materials and methods. Data points
represent means = SD of measurements in 8 arterial rings from 5
rats of each group (*P < 0.05 compared with the control group).
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lium-intact thoracic aortic rings, ACh-induced smooth mus-
cle relaxation was obviously enhanced by tianma treatment
in both K" (80 mM)- (Fig. 2) and PE- (10°® M) (Fig. 3) in-
duced pre-contraction. It was noticed that in PE-induced pre-
contraction, tianma treatment enhanced ACh-induced endo-
thelium-dependent smooth muscle relaxation up to about 20
%, whereas in K'-induced pre-contraction, tianma treatment
only enhanced ACh-induced endothelium-dependent smooth
muscle relaxation to about 10 %. The different mechanisms
of K'- and PE-induced smooth muscle contraction could
account for the different enhancing relaxatory effects by
tlanma.

The Maximal Contractile Response to PE was Signifi-
cantly Enhanced in Aortic Rings after Tianma Treat-
ment

Tianma almost doubled the contractile forces of the tho-
racic aortic rings in response to PE and promoted the arrival
of the plateau (maximal contractile force) (Fig. 4). The con-
centration of PE required for reaching the plateau in the
tianma treated group is about 10°® M, which is about 10
times less than in the control group (10 M). Thus, the po-
tential vasodilatory effect of tianma on smooth muscles
could eventually enhance the maximal contractile response
to PE, which could be interpreted as an effect that may en-
hance blood vessel elasticity.

E6
§ — & - Tianma-treated * * ol * i
5|5 —@—Control * }--L_..L.._L_.-;
£ '
Rl 4 | ¢
0]
3
7| 3]
=)
El2]
2
811
Qo
g 0 .
[PE]: 1E-08 3E-08 1E-07 3E-07 1E-06 3E-06 1E-05 3E-05 1E-04

Fig. (4). Tianma increased the contractile force and elasticity of the
thoracic aortic rings. Comparison of maximum contractile force
developed in response to 80 mM K" and increasing concentrations
(CRCs) of PE in aortic rings from tianma-treated rats and controls.
The isolated endothelium-intact arterial rings were studied with the
endothelium left intact and data are presented as tension (g) per
milligram tissue wet weight (g/mg wet weight of aorta). Values
represent an average of 2x8 individual experiments. An asterisk
indicates a significant difference from the control value (*P < 0.05
compared to the control group).

Tianma-Induced Vasodilatory Proteome Profile Changes
in Aortic Tissue

iTRAQ analysis was performed on the purified protein
extracts from rat thoracic aortas with or without tianma
treatment to understand the mechanism of tianma-mediated
relaxation in vascular smooth muscle strips on the cellular
and molecular level. Four samples set into two batches (each
batch (B-I, B-1I) contained five tianma-treated samples and
five (untreated) control samples) were subjected to iTRAQ
analysis in order to ensure the results were statistically
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meaningful. Identified proteins were also visualized in a vir-
tual two-dimensional protein gel, JVirGel, and categorized
by their calculated isoelectric points and molecular weights
[37]. The protein spots were well separated without aggrega-
tion, indicating a well-qualified whole cell proteomic pattern
(Fig. 5).
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Fig. (5). Simulated 2D gel presentation of rat thoracic aorta-derived
quantified proteins. MW and pl values generated from JVirGel
(http://www jvirgel.de/). The proteins identified by LC-MS/MS
were uploaded onto JVirGel, online software used to create a 2D
gel image. This image confirmed that the tissue lysis performed was
adequate and the entire proteome within cells was extracted.

We identified a total of 1298 proteins through iTRAQ
analysis out of which 1166 proteins were quantified (with a
strict cutoff of unused ProtScore > 2 as the qualification cri-
teria, which corresponds to a peptide confidence level of 99
% and an applied FDR (false discovery rate) of 0.33%
(<1.0%)). Comparing the expression levels between tianma-
treated and untreated samples, 54 proteins showed an altered
expression level (30 proteins were down-regulated and 24
proteins were up-regulated, (Supplementary data: Table 1)).
We used Panther, UniProt, and NCBI online databases for
classifying the altered proteins based on their role and local-
ization. Approximately 33.30 % of the altered proteins were
cytoskeletal, 26 % were catalytic and 10 % were extracellu-
lar matrix (ECM) proteins (Fig. 6).
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We focused our interest on the structural protein sub-
group: In tianma treated aortic rings, actin (Acta2) decreased
to about half the level of the control (with p<0.02) while
other structural proteins, like desmin (Des), vinculin (Vcl),
PDZ and LIM domain protein 1 (Pdliml), tubulin beta 6
(Tubb6), alpha-parvin (Parva) and microtubule-associated
protein-4 (Map4) were also down-regulated by tianma treat-
ment upto 30 % - 60 %, whereas Myolc and lamin-Bl
(Lmnb1) were up-regulated. Most ECM/cell-surface proteins
were also up-regulated. Elastin (Eln) and proline arginine-
rich end leucine-rich repeat protein (Prelp) expressions were
increased to more than twice of the control while fibulin-5
(Fbln5), biglycan (Bgn) and fibromodulin (Fmod) expres-
sions were also increased to more than 1.3 times of the con-
trol. In contrast, fibronectin (Fnl) and periostin (Postn) were
down-regulated to about half of the control level (Fig. 7).
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Fig. (7). Effect of tianma on the expression levels of cytoskeletal
and ECM proteins. Protein expression levels were quantitatively
analyzed ex-vivo by using iTRAQ after tianma treatment for three
months as described in the experimental procedures. The Y-axis
shows the iTRAQ ratios of proteins between tianma-treated and
untreated controls. Values above 1.2 indicate up-regulation and
below 0.83 indicate down-regulation of the proteins. Proteins
shown (from left to right): black bars: down-regulated: Acta2, Actb,
Tubb6, Pdliml, Des, Vcl, Parva, Cryab, Map4, Corolc, Eml2, up-
regulated: Myolc, Pxn, Lmnbl, Flnc. White bars: up-regulated:
Eln, FbIn35, Prelp, Bgn, Fmod; down-regulated: Fnl, Postn.

Validation of Tianma-Modulated Proteins by Western
Blot

Following the database search and classification of pro-
teins, western blots were performed on randomly selected
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Fig. (6). Pie chart depicting the iTRAQ identified proteins characterized by the molecular function GO category. Proteins identified and
quantified by iTRAQ, were classified in terms of their role in biological processes (A) and molecular functions (B).
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proteins to further verify the iTRAQ results (Fig. 8). While
Gstm2, Des and Vcl were down-regulated by tianma treat-
ment, the smooth muscle cell-specific serine (or cysteine)
peptidase inhibitor Serpinhl (also known as 47 kDa heat
shock protein; beta enolase repressor factor 1; collagen bind-
ing protein 1) and Anxa2 were up-regulated. Notably, the
western blot images correlated very well and thus confirmed
the iTRAQ data obtained.
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Fig. (8). Western blot validation of iTRAQ results. Randomly se-
lected proteins significantly regulated in tianma-stimulated rat aor-
tas compared with controls. Rats were treated, proteins extracted
and western blot performed as described in materials and methods.
A: Serpinhl, Anxa2 and Gstm2 expressions were up-regulated,
while Vel and Des expressions were down-regulated. Gapdh, that
did not show any change in the iTRAQ data set, was used as refer-
ence protein. B: Quantitative analyses of the western blots shown in
A. Western blots were performed at least four times for statistical
quantification and analyses (n=4). Values (= relative protein ex-
pression) represent the ratio of densitometric scores for the respec-
tive western blot products and statistical error was indicated as
mean + SD (*P < 0.05, compared with controls) using the Gapdh
bands as reference. C: The histogram indicates a similar close rela-
tionship between iTRAQ and western blot expression ratios.
Tianma-stimulated and control aorta iTRAQ expression ratios from
selected proteins were consistent with the western blot results and
thus validated a strong agreement in the expression data.

STRING Protein—Protein
Tianma-Modulated Proteins

The STRING (Search Tool for the Retrieval of Interact-
ing Genes) analyses provided us an essential systems-level
understanding of cellular events, including both physical and
functional interactions, in a tianma-treated aorta [38]. Our
current study revealed the functional link among ECM and
cytoskeletal proteins such as Bgn, Fnl, Vcl, Acta2, Actb,
Tubb6, Des, Myolc or Pxn and their potential link to other
metabolically modulated proteins such as Suclgl, Sdha and
Slc25a4/5 (Fig. 9).

Interaction Analysis of
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Fig. (9). STRING-9.0 analysis (rattus norvegicus at http://string-
db.org/; default mode) of tianma-modulated proteins in rat aorta.
Different line colors represent the types of evidence for the associa-
tion. Network display: Nodes are either colored (if they are directly
linked to the input as in supplemental table 1) or white (nodes of a
higher iteration). Edges, i.e. predicted functional links, consist of
multiple lines: one color for each type of evidence.

IPA Signaling Pathway Analysis of Tianma-Activated
Proteins

Further bio-computational network analysis of the pro-
teins identified in tianma-stimulated aortic tissue using the
Ingenuity Pathways Analysis (IPA) offered us additional
valuable clues about the complex interactive link of various
identified proteins within their interactive protein networks
obtained from other cellular metabolic information (Fig. 10).

DISCUSSION

The blood vessel tonicity is principally controlled by the
contraction and relaxation of vascular smooth muscle cells.
Upon stimulation, smooth muscle cells develop a contractile
force by using the cross-bridge cycling between the contrac-
tile proteins actin and myosin initiated by the Ca’'-
calmodulin interaction and modulated by many other pro-
teins [39-44]. According to our results, long-term treatment
with small doses of tianma resulted in a significant decrease
of the expression levels of primary contractile protein actin
to about half the level of the controls, as well as other cyto-
plasmic structural/cytoskeletal proteins, like Des, Vcl,
Pdlim1 and Map4. Des is a muscle-specific structural protein
highly expressed in all three types of muscle cells [45]. Des-
filaments are largely distributed around the Z-disk of striated
muscles and the dense bodies of smooth muscle cells, and
connect the contractile apparatus to the subsarcolemmal cy-
toskeleton and other cellular organelles to maintain the me-
chanical integrity of the contractile apparatus in muscle cells
[43, 46-48]. Likewise, Vcl can be detected in actin-filament
attachment areas in the dense plaques of smooth muscle cells
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Fig. (10). IPA network analysis of proteins identified by iTRAQ in the aorta and their potential functional link to other proteins in human
cells (in various tissues, under various conditions). The six major IPA-provided networks were analyzed based on the data of proteins ex-
pressed in rat aorta. The network (i) considered 14 proteins (Actin, BCAR1, CANX, CASP3, CAV1, CRYAB, GAPDH, GLMC, GCLM,
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volved in cell morphology, cellular development, nervous system development and function. Network (iv) considered proteins (FABP4,
LIPE) in-volved genetic disorders and lipid metabolic diseases. Network (v) considered proteins (NRF1, SDHA) involved in lipid metabo-
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involved in organ morphology, cell-to-cell signaling and interaction and embryonic development. The solid lines show direct protein-
protein interaction, while dotted lines show indirect interactions between the proteins. Proteins identified by iTRAQ, as shown in Supple-
mental Table 1, are pre-sented in grey-color circles, while additional interaction proteins were added by the IPA network analysis in white
color.

and plays a role in linking actin bundles to cell membranes
[49, 50], Pdlim1 and Map4 are involved in restructuring the
cytoskeletal system [51, 52]. Thus, tianma could eventually
facilitate vasodilation and vascular remodeling by blocking
contractile and structural proteins [53].

The up-regulated ECM glycoproteins in blood vessels,
such as Eln, FbIn5 and Prelp, are essential to maintain arte-
rial morphogenesis and vessel elasticity. In addition, these
proteins can induce a quiescent contractile state in vascular
smooth muscle cells [54-57]. In contrast, the down-regulated
Postn is a heterofunctional secreted ECM protein that pro-
motes cellular adhesion and movement as well as collagen
fibrillogenesis [58]. As a secreted ECM protein that associ-
ates with areas of fibrosis, Postn can directly interact with
other ECM proteins such as fibronectin, tenascin-C, collagen

I, collagen V, and heparin. In the adult, Postn expression is
specifically induced in areas of tissue injury or areas with
ongoing cellular re-organization such as in the ventricles
following myocardial infarction, pressure overload stimula-
tion, or generalized cardiomyopathy [58]. Similarly, the
small heat-shock protein Cryab seems to be up-regulated
mainly upon injury events [59]. Thus, tianma could also
regulate blood vessel tonicity through affecting the expres-
sion of ECM proteins to increase the elastic property of aorta
and to stabilize the arterial structure as indicated by the en-
hanced thoracic aortic contractile force upon tianma treat-
ment.

Anxa2, a member of the annexin family, is a calcium-
regulated phospholipid binding protein expressed on a num-
ber of cell types including endothelial cells which line the
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blood vessel wall [60-63]. Decreased binding of Anxa2 to
endothelial cells contributes to atherothrombotic disease and
elevated Anxa2 expression by tianma treatment indicates that
it could improve blood circulation through increasing blood
flow and preventing thrombosis.

Furthermore, tianma inhibited the protein expression of
the fatty acid binding protein 4 (Fabp4) which belongs to the
family of lipid chaperones that control intracellular fluxes
and compartmentalization of their respective ligands (e.g.
fatty acids). Recently it has been demonstrated that reduced
levels of Fabp4, as shown in tianma-treated aortic tissue,
may protect against atherosclerosis and other cardiovascular
and metabolic diseases such as diabetes and obesity [64-68].

In addition, IPA analysis could demonstrate the involve-
ment of the iTRAQ-based analysis-identified proteins and
their metabolic interactive pathways within a cardiovascular
network associated with specific cardiovascular diseases,
eventually important for the proper functions of active blood
vessels in the circulation system during regenerative proc-
esses (Fig. 11).

In summary, our ex vivo study reveals a vasodilatory ef-
fect of tianma and the potential molecular mechanisms in-
volved in this process: (i) restriction of contractile activity in
smooth muscle cells through the inhibition of contractile and

The Open Biochemistry Journal,2012, Volume 6 63

structural proteins; and (ii) increasing the arterial elasticity
and stabilizing the arterial structure through modulating the
expression of ECM proteins. Since many cardio- and cere-
bro-vascular diseases, such as hypertension, atherosclerosis,
stroke and headache, are closely related to the abnormal con-
traction of vascular smooth muscles, decrease of arterial
elasticity and increase of blood coagulation [44, 69], the dis-
closure of all the bioactive ingredients would facilitate the
application of tianma as an efficient therapeutic herbal medi-
cine [6, 12, 24, 70-73].
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