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Traditional Chinese medicine (TCM) is a rich resource of anticancer drugs. Increasing bioactive natural compounds extracted
from TCMs are known to exert significant antitumor effects, but the action mechanisms of TCMs are far from clear. Proteomics,
a powerful platform to comprehensively profile drug-regulated proteins, has been widely applied to the mechanistic investigation
of TCMs and the identification of drug targets. In this paper, we discuss several bioactive TCM products including terpenoids,
flavonoids, and glycosides that were extensively investigated by proteomics to illustrate their antitumor mechanisms in various
cancers. Interestingly, many of these natural compounds isolated from TCMs mostly exert their tumor-suppressing functions
by specifically targeting mitochondria in cancer cells. These TCM components induce the loss of mitochondrial membrane
potential, the release of cytochrome c, and the accumulation of ROS, initiating apoptosis cascade signaling. Proteomics provides
systematic views that help to understand the molecular mechanisms of the TCM in tumor cells; it bears the inherent limitations
in uncovering the drug-protein interactions, however. Subcellular fractionation may be coupled with proteomics to capture and
identify target proteins in mitochondria-enriched lysates. Furthermore, translating mRNA analysis, a new technology profiling the
drug-regulated genes in translatome level, may be integrated into the systematic investigation, revealing global information valuable
for understanding the action mechanism of TCMs.

1. Introduction

Traditional Chinesemedicine (TCM) has been used for thou-
sand years in China. There is a well-established theoretical
approach in TCM treatment based on Chinese philosophy.
According to Chinese medicine, diseases resulted from a
disturbance of the balance that maintains health (yin-yang
balance). Physicians adopt different combinational formu-
las of TCM to regulate the harmony of the body-mind-
environment network of patients according to the syndromes,
age, gender, and physique [1], and therefore patients in
different backgrounds receive specific treatments, equivalent
to modern medical conception-personalized therapy.

However, for a long time TCM had been treated with
skepticism in academicmedicine because of the lack of herbal
standardization and quality control [2] and the ambiguity of
functional molecules and their action mechanisms. Begin-
ning from past decades, increasing studies with modern

chemical, biochemical, and molecular biological methods
showed that TCMs are rich with various functional com-
pounds active in cancer therapy [3–6]. There is a revival
of interest in TCMs and many scientists turn to explore
the action mechanisms of the bioactive natural products in
cellular and molecular levels.

The mainstream strategy to study TCMs is to isolate
and purify bioactive components from herbs or animals,
observe their biological and medical effects in cellular and
animal models, and then investigate the signaling pathways
involved by the compounds in molecular level [7]. Up to
now, thousands of active components have been isolated
from TCMs and their potentials for the treatment of cancer,
cardiovascular disease, and diabetes have been explored.
However, the technologies for holistically investigating and
understanding themechanisms of TCMs are limited. Systems
biology is regarded as the possible method that can bring
breakthroughs in the study of TCM [8], because its advantage
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is in accord with the holistic philosophy of Chinesemedicine.
Based on the systems theory, multiomics strategies [9] and
multiple-target approaches must be the good choices for
molecular screening, providing global views for elucidating
the essence andmolecular basis of TCMs.Meeting the urgent
need for the high-throughput technologies, proteomics, as
a powerful tool of systems biology, can be used to profile
the differential expression of proteins in response to the
biological action by TCM compounds, summarizing the top
molecular pathways induced by the compounds and then the
complex mechanisms can be further investigated in detail
[10].

2. TCMs Induce Cancer Cell Death in
Mitochondrial-Dependent Pathway

Mitochondrion is the key regulator in cellular energy home-
ostasis and plays a central role in determining cell apoptotic
process [11, 12]; it is therefore regarded as a vital target for
cancer chemotherapy [13]. Many investigations revealed that
bioactive compounds can act on mitochondria to trigger
the permeabilization of the mitochondrial outer membrane
and lead to the impairment of the mitochondria, including
the alteration of electron transport, the loss of mitochon-
drial transmembrane potential, and the cytosolic release of
apoptotic proteins such as cytochrome c (Figure 1). Our
previous studies based on proteomics also demonstrated that
many natural active molecules, including isodeoxyelephan-
topin [14], andrographolide analogue [15, 16], tubeimoside-1
[17], and dioscin [18] extracted from TCMs, induce cancer
cell apoptosis mainly in mitochondria-dependent pathway.
Mitochondria are likely the primary and common targets
for TCM compounds as suggested by proteomic profiling,
showing the substantial TCM-induced alterations of mito-
chondrial proteins among others. In this paper, we attempt to
discuss the functional roles of several TCM compounds with
anticancer properties, with special emphasis on the involved
molecular mechanism via mitochondria as cellular targets
using proteomics as a primary screening technology.

2.1. Terpenoids. Terpenoids are the largest and diverse class
of natural products, which can be found in all classes of living
things. These compounds feature five-carbon isoprene units
assembled and modified in thousands of ways. Figures 2(a)
and 2(b) display several structures of terpenoids extracted
from TCM herbs. Accumulating reports demonstrated that
many terpenoids exhibit strong effects on preventing carci-
nomas, as shown in Table 1.

2.1.1. Effects of Sesquiterpene on Mitochondria. Elemene is
a sesquiterpene extracted from the TCM herb Curcuma
wenyujin and Curcuma zedoaria Roscoe [19], including 𝛽-
elemene, 𝛾-elemene, and 𝛿-elemene (Figure 2(a)). Among
them, 𝛽-elemene has been widely used to inhibit cancer.
A study demonstrated that 𝛽-elemene is able to reverse
the drug resistance of A549 cells by decreasing the mito-
chondrial membrane potential, in which the membrane
damage initiates apoptosis process via cytochrome c release,
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Figure 1: Modulation of mitochondrial-dependent apoptosis path-
ways by natural compounds. Mitochondrial transmembrane poten-
tial (Δ𝜓

𝑚
) is maintained by permeability transition pore complex

(PTPC). PTPC interacts with Bcl-2, contributing to the exchange
of small metabolites between the cytosol and the mitochondrial
matrix. When the cell suffers stimuli from natural compounds, the
accumulation of reactive oxygen species (ROS) and Ca2+ activates
the PTPC, favored by its interaction with Bax, allowing small solutes
to get into the mitochondrial matrix, resulting in decreased Δ𝜓

𝑚
.

This eventually leads to mitochondrial outer membrane perme-
abilization, where many cytotoxic proteins such as cytochrome c,
diablo, and endonuclease G are released to cytoplasm, initiating
apoptotic signaling.

caspase activation, and the modulation of the expression
of Bcl-2 family proteins [20]. Moreover, 𝛽-elemene can
augment the cisplatin activity and carry out a synergis-
tic effect on disrupting the mitochondrial transmembrane
potential, inducing apoptosis in ovarian carcinoma cells
[21]. Through targeting mitochondria, the antitumor effect
of 𝛽-elemene was also observed in prostate, brain, breast,
cervical, and colon cancers [22]. Research with iTRAQ-
based proteomics revealed that several pathways in gastric
cancer (SGC7901) may be involved by 𝛽-elemene, includ-
ing ribosome signaling, peroxisome proliferator-activated
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Figure 2: Chemical structures of compounds isolated from TCMs.
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receptors (PPARs) signaling, regulation of actin cytoskeleton,
phagosome, biosynthesis, and metabolism of amino acids
[23]. In particular, as observed by the proteomic study,
the expression of p21-activated protein kinase-interacting
protein 1 (PAK1IP1) and Bcl-2-associated transcription factor
1 (BTF) is significantly regulated by 𝛽-elemene, indicating the
antitumor effect probably by targeting mitochondria, though
the binding proteins remain to be explored.

Deoxyelephantopin (ESD) and isodeoxyelephantopin
(ESI) are two germacranolide sesquiterpene lactones (Fig-
ure 2(a)) isolated from TCM herb Elephantopus scaber [24–
26]. This herb is a folk medicine usually used for preventing
and treating respiratory diseases in China. However, accu-
mulating evidences demonstrated that both ESD and ESI
are able to induce cell apoptosis in TS/A cells (lung cancer)
and CNE1 (nasopharyngeal carcinoma). Their underlying
molecular mechanisms were further characterized with the
advanced proteomic technologies. Lee et al. used 2DE DIGE
and LC-ESI-MS/MS to profile proteins that are significantly
regulated by ESD treatment in TS/A cells [27]. As revealed
in this experiment, protein alternations regulated by ESD are
involved in proteolysis and calcium ion transport, indicating
that ESD may target proteasome and endoplasmic reticulum
in TS/A cells. At the same time, Su and colleagues found
that ESD is able to inhibit the cell proliferation, induce cell
cycle arrest, and trigger apoptosis in CNE cells by decreasing
the mitochondrial membrane potential (Δ𝜓

𝑚
) [25]. SILAC

(stable isotope labeling with amino acids in cell culture)
quantitative proteomics coupledwith bioinformatics was also
made full use of to characterize the molecular mechanism
of ESI in nasopharyngeal carcinoma [14]. ESI was found
to provoke G2/M arrest and apoptosis by inducing ROS
generation, in which the accumulated ROS promote DNA
breakage and mitochondrial-mediated apoptosis. Obviously,
mitochondria are likely a key target, among others, for
sesquiterpene.

2.1.2. Effects of Diterpene on Mitochondria. Paclitaxel (taxol),
a famous diterpene plant product extracted from the Taxus
brevifolia in 1971, has been currently employed as an antim-
itotic agent in chemotherapy for the treatment of various
human cancers. The structure is showed in Figure 2(b). It is
well known that taxol can induce cell apoptosis by preventing
tubulin depolymerization during mitosis [28, 29], particu-
larly in lung cancer and ovarian cancer [30, 31]. Mounting
clinical evidences proved thatmany cancers acquire paclitaxel
resistance during chemotherapy because of heterogeneity.
Thereby growing researches, based on proteomics, aimed
to reveal the complex molecular mechanisms of paclitaxel
resistance in cancers [31–35]. Table 3 lists several paclitaxel
resistance studies determined by proteomics in different
cancers.

In lung cancer, a prevalent research strategy is to establish
paclitaxel-resistant tumor subline and parental-sensitive cell
line via stepwise selection by paclitaxel and then compare
the differentially expressed proteins in two cell lines by
proteomics. With such a method, Sun’s group used 2DE
DIGE to identify 30 altered proteins, which mainly belong
to signal transduction, cytoskeleton, redox reaction, energy,

and metabolism [35]. Another proteomic study found that
the treatment of paclitaxel combined with MEK inhibitor
significantly alters the level of RS/DJ-1 (RNA-binding reg-
ulatory subunit/DJ-1 PARK7) and RhoGDI𝛼 (Rho GDP-
dissociation inhibitor 𝛼) in NSCLC H157 cell line, suggesting
an important role that RS/DJ-1 and RhoGDI𝛼 are involved
in drug resistance [30]. Furthermore, Tian and his colleagues
employed multiple quantitative proteomic methods (iTRAQ
labeling and label-free) to analyze paclitaxel resistance asso-
ciated proteins in ovarian serous carcinoma cell line (SKOV-
3) [31]. This in-depth proteomic screening identified 1371
differential proteins, including mitochondrial trifunctional
enzyme, mitochondrial ATP synthase, complement compo-
nent 1 Q subcomponent binding protein, cytochrome c, GrpE
protein homolog 1, mitochondrial inner membrane protein,
and mitochondrial malate dehydrogenase, suggesting that
mitochondria play a core role in responding to paclitaxel
treatment. These observations indicate that advanced pro-
teomic techniques should be applied to obtain comprehensive
views on protein alterations, in which mitochondria associ-
ated pathways can be fairly evaluated.

Triptolide, also called Tripterygium wilfordii lactone alco-
hol, is an oxygenated diterpene isolated from the Chinese
herb Tripterygium wilfordii HOOK F, which contains three
epoxy groups of diterpene lactone compounds (Figure 2(b)).
Present studies showed that triptolide possesses high toxicity
and thus can exert proapoptotic and antiproliferative effects
on multiple tumor cell lines in vitro [36–38]. Comprehen-
sive proteomics was employed to determine the triptolide-
regulated proteins, which are related to oxidative stress, mito-
chondria, and signal transduction, confirming that triptolide
inhibits the activation of JNK and p38 by decreasing ROS
level [39].The toxic effect of triptolide in normal liver cell (L-
O2) was also investigated; the observed loss of mitochondrial
membrane potential and cytochrome c releasing suggests that
triptolide can also work on the mitochondria in normal cells
to induce apoptosis [40].

2.2. Flavonoids. Flavonoids are kinds of natural products
with abundant contents in TCM herbs, fruits, and vegetables.
They are a group of polyphenolic compounds containing
more than 6000 flavonoids, which are divided into 6 sub-
classes, including flavonols, flavanols, isoflavones, antho-
cyanidins, flavanones, and flavones [41]. Some epidemiolog-
ical studies reported that intake of flavonoids may be uncer-
tain or even harmful to cancer therapy [42, 43]; nevertheless,
the majority of evidences supported their potential cancer
protective properties [44–46]. Regarding this controversial
role of flavonoids in cancer, proteomics may provide a global
picture with comprehensive information for assessment. As
shown inTable 2, the actionmechanisms of somewell-known
flavonoids have been characterized by proteomics.

Quercetin (3,3,4,5,7-pentahydroxyflavone) is a major
flavonoid compound in fruits, which possesses a wide range
of biological activities, including antioxidant [47], antitu-
mor [48], and metabolic regulation [49] (Figure 2(c)). A
proteomic study using SILAC method found that quercetin
inhibits HepG2 proliferation and migration by regulating
IQGAP1 and 𝛽-tubulin expression [50]. Experimental results
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showed that quercetin-regulated proteins are involved in
multipathways, including antioxidation-relating pathway and
mitochondria-dependent apoptosis pathway. To understand
the relationship between high fruit intake and the risk of
colon cancer, Mouat et al. used 2DE-based proteomics to
determine the influence of quercetin on human colon adeno-
carcinoma cell line (SW480), revealing that type II cytoskele-
tal 8 keratin and NADH dehydrogenase (ubiquinone) Fe-S
protein 3 are downregulated, while the annexin family related
that proteins are upregulated [51]. These data suggest that
quercetin may decrease tumorigenicity through impairing
the transfer of electrons from NADH to ubiquinone in the
respiratory chain; that is, mitochondria may be the potential
target of quercetin. With regard to metabolic regulation, a
study applied transcriptome and proteome profiling to inves-
tigate the effect of quercetin on colon mucosa in rats model,
indicating that mitogen-activated protein kinase (MAPK)
pathway is downregulated while phases I and II metabolism
pathway, PPAR𝛼, and mitochondrial fatty acid degradation
pathway are enhanced [52]. This observation implicates that
quercetin may induce a shift in energy production pathways
from decreased cytoplasmic glycolysis to increased mito-
chondrial fatty acid degradation during cancer development.

Baicalein, the main active component isolated from
Scutellaria baicalensis, is a flavonoid that shows cytotoxic
effect on various human cancer cell lines [53, 54] and also
plays a vital role in protecting cell against surrounding
stress [55] (Figure 2(c)). To better illustrate the antitu-
mor effect of baicalein on colorectal cancer, Huang et al.
used 2DE-proteomic approach to identify 11 differentially
expressed proteins as the potential targets of baicalein
[56]. Peroxiredoxin-6 (PRDX6), an upregulated protein after
baicalein treatment, was found to decrease the generation of
ROS and inhibit the growth of colorectal cancer cells. Sim-
ilarly, antiproliferation effect of baicalein was also reported
in bladder cancer T24 cells, showing that baicalein inhibits
Akt signaling and downregulates Bcl-2 expression [57]. At
the same time, loss ofmitochondrialmembrane potential and
activation of caspase-9 and caspase-3 were observed, impli-
cating that baicalein induces apoptosis via mitochondrial-
dependent caspase activation pathway. Nevertheless, an
opposing observation was also reported: a baicalein isolated
from Scutellaria baicalensis extract (SbE) increases colorectal
cancer cell growth, whereas SbE without baicalein signifi-
cantly induces mitochondrial apoptotic pathway [58]. This
discrepancy remains to be reassessed by using advanced
systems biological technologies including proteomics.

2.3. Glycosides. Glycosides are another class of natural prod-
ucts widely stored in living organisms. They can transform
into active status through enzyme hydrolysis with their sugar
groups broken off. These sugar groups of glycosides usually
and susceptibly interact with toxic compounds from sur-
roundings and are easily eliminated from the body. Recently,
with the application of proteomics, increasing studies focused
on the anticancer effects of glycosides. Here are some exam-
ples as shown in Table 2.

Dioscin (Figure 2(d)), a typical glucoside saponin derived
from TCMplants Polygonatum zanlanscianense pamp, shows

multiple pharmacological activities such as apoptosis induc-
tion in various carcinoma cell lines [59, 60] and liver injury
protection [61]. Regarding the target of dioscin, accumu-
lating evidences pointed to mitochondria. Earlier work in
our laboratory used 2DE-based proteomics to profile the
proteomic changes in response to dioscin treatment in human
myeloblast leukemiaHL-60 cells, revealing that dioscin exerts
cytotoxicity via mitochondrial apoptotic pathway [18]. Our
further investigation demonstrated that dioscin is capable
of inducing mitochondria dysfunction and reactive oxygen
species (ROS) generation with decreased Δ𝜓

𝑚
, leading to the

initiation of the death receptor signaling pathway.
In parallel, ROS generation was observed as well in

human colon cancer cells (HCT-116) after dioscin stimula-
tion. Peng’s laboratory employed iTRAQ-based proteomics
to analyze the cytotoxic mechanism of dioscin in HCT-
116 cells and identified 288 differentially expressed proteins,
which are involved in oxidative phosphorylation, Wnt, p53,
and calcium signaling pathways [62]. By regulating mito-
chondria, dioscin exerts not only proapoptotic effect but
also hepatoprotective function in acetaminophen-induced
liver injury [61]. As screened by 2DE-proteomics, 15 dioscin-
regulated proteins probably associated with hepatoprotection
are identified, including Suox, Krt18, Rgn, Prdx1, MDH, and
PNP. In addition, dioscin is able to mediate Ca2+ balance via
regulatingRgn andupregulatingKtr18 in cells that suffer from
acetaminophen-induced mitochondrial damage.

Ginseng (Panax ginseng Meyer) is a medicinal herb of
the family Araliaceae; its root has been commonly used
for keeping healthy in China over 2000 years [63]. Gin-
senosides, the major active compounds of ginseng, were
reported to possess anticancer [64, 65], antimutagenic, anti-
inflammatory, antidiabetes, and neurovascular effects [66].
Ginsenoside Rg1 is one of the ginsenosides that belong
to triterpene glycosides (Figure 2(d)). It was reported to
reverse TNF-𝛼-attenuated nitric oxide production in human
umbilical vein endothelial cells by a proteomic-based study
[67]. TNF-𝛼 stimulation increases the expression ofMEKK-3,
reticulocalbin, phosphoglycerate, zinc finger protein, NSAP1
protein, and 6-phosphogluconolactonase, with reduced nitric
oxide synthase. However, all these alterations can be restored
by ginsenoside Rg1 pretreatment, suggesting a protective role
of ginsenoside Rg1 in alleviating the injury of inflammatory
factor on vascular disease.

The protective effect of ginsenoside Rg1 can be observed
as well in cardiomyocytes [68]. Hypoxia condition induces
neonatal rat cardiomyocytes death in mitochondrial apop-
totic pathway, including ROS accumulation, loss of mito-
chondrial membrane potential, and cytochrome c release;
nevertheless, ginsenoside Rb1 can markedly inhibit this
process. Mitochondria are the arbiter in cardiomyocytes
injuries by releasing apoptogenic proteins into the cytosol
[69]; however, the exact targets of ginsenoside Rb1, probably
associated with mitochondria, remained to be investigated.

2.4. Others. Honokiol (HNK) is a neolignan isolated from
TCM herb Magnolia officinalis (also named Houpu in
Chinese), exhibiting various pharmacological effects in
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Table 3: Summary of proteomics-based studies of paclitaxel resistance in various cancers.

Treatments Proteomics methods Cancer types Cellular models References
Paclitaxel-sensitive A549 versus
paclitaxel-resistant A549 2-DE DIGE Non-small-cell lung carcinoma A549 [35]

Untreated versus paclitaxel
versus MEK inhibitor versus
paclitaxel + MEK inhibitor

2-DE Non-small-cell lung carcinoma H157 [30]

Untreated versus paclitaxel
treated 2-DE DIGE Breast cancer MDA-MB-435S [106]

Untreated versus paclitaxel
treated 2-DE Cervical cancer Hela [107]

Untreated versus paclitaxel
treated 2-DE DIGE Promyeloid leukaemia HL-60 [108]

Untreated versus paclitaxel
treated 2-DE Dermal papilla Dermal papilla [109]

Paclitaxel-sensitive CaOV3
versus paclitaxel-resistant variant
CaOV3

N/A Ovarian cancer CaOV3 and OV90 [32]

SK-BR-3 versus
paclitaxel-resistant SK-BR-3 2-DE Breast cancer SK-BR-3 [34]

N/A: not applicable.

preclinical experimental models [70]. A large volume of
evidences demonstrated that HNK is able to induce apop-
tosis and antiproliferation in several cancers [71] and thus
is regarded as a promising chemotherapy candidate in
cancer therapy. In acute myeloid leukemia, HNK shows
antileukemia effect by inhibiting enzyme activity of histone
deacetylases, followed by the upregulation of p21/waf1 and
Bax, leading to apoptosis [72]. HNK was also reported to
promote cytoprotective autophagy mediated by ROS signal-
ing in prostate cancer cells [73]. Using quantitative proteomic
method (SILAC), Liang and colleagues found that HNK
treatment in HepG2 is able to modulate cell migration by
the downregulation of Ras GTPase-activating-like protein
(IQGAP1), which interacts with Cdc42/Rac1 [74]. The inter-
action links toVEGFR-2/3 pathway to reduce cancermetasta-
sis and proliferation. Another proteomic-based study profiled
HNK-regulated proteins in Hela cells, showing 8 proteins
with upregulation and 77 proteins with downregulation [75].
GO analysis revealed that 10% of these proteins are located
in mitochondria, melanosome, and lysosome and over 17%
are associatedwithmetabolism, suggesting thatHNK induces
cell apoptosis via mitochondria signaling pathway, further
confirming the previous result from Yang’s group [76].

3. The Role of TCM-Regulated Proteins in
Cancer Therapy

With the progresses in TCM investigation by proteomics
approach, increasing TCM-regulated proteins were deter-
mined. Many TCMs were observed to suppress tumor devel-
opment by regulating oncogenes. Can these TCM-regulated
proteins serve as biomarkers to monitor cancer progression
and measure treatment effectiveness?

Heat shock proteins (HSPs) are stress-inducible proteins
includingHSP100, HSP90, HSP70, HSP60, HSP40, and small

HSPs; they act as molecular chaperones to regulate protein
folding and transport, allowing cells to survive in lethal envi-
ronments. In cancer, cells with higher metabolic requirement
need more chaperones to maintain survival; these proteins
are strong antiapoptotic proteins [77] and thus are regarded
as antitumor targets in cancer therapy. Increasing reports
revealed that many TCMs induce cancer cells apoptosis
by decreasing HSPs [78–80]. Tanshinone IIA, an active
component extracted from the roots of Salvia miltiorrhiza
Bunge, was shown to inhibit HSP27 and promote apoptosis
in cervical cancer [79]. Bufalin, a primary active ingredient
of TCM Chan-Su, has the capacity of downregulating p-
AKT and HSP27 and activating procaspase-3, procaspase-
9, finally leading to cell apoptosis in pancreatic cancer [78].
HSPs, especially HSP90, are now confirmed to be essential
for malignant transformation and progression [81]. In clinic,
HSPs inhibition by TCMs might make the cancer cells more
sensitive to chemotherapy.

NF-𝜅B signaling is the well-known pathway thatmediates
immune and inflammatory responses in cells. The fam-
ily includes p65 (RelA), NF-𝜅B1 (p105/p50), and NF-𝜅B2
(p100/p52), able to dimerize in numerous combinations and
determine the fate of cells. NF-𝜅B is constitutively activated
and correlated with increasing grades in many tumors; it
is thus received as the essential target for cancer therapy.
To our knowledge, a great number of TCMs are able to
suppress NF-𝜅B and induce apoptosis. Isodeoxyelephantopin
isolated from E. scaber [82], ginsenosides isolated from
ginseng [64, 65], and isorhamnetin isolated from pollen
Typha angustifolia or Hippophae rhamnoides L. [83] have the
capacity of inhibiting NF-𝜅B and exerting anti-inflammatory
effect in cancers. In clinic, the subcellular localization of NF-
𝜅Bs determined by immunohistochemistry is the convictive
biomarker for monitoring cancer progression.
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Figure 3: Schemeof approaches for the application of proteomics in themechanistic study of TCMs. (a)Overviewof conventional quantitative
proteomics on TCMs including SILAC, label-free, and iTRAQ. Among them, SILAC is suitable for cell models, while label-free and iTRAQ
can be applied to samples from various sources. Samples can be analyzed by MS after trypsin digestion. After comparison, the differently
expressed proteins are sorted out by bioinformatics and selected for furthermechanism studies. (b)The procedure ofmodification proteomics
on TCMs investigation, with phosphoproteomics as a widely used approach. Samples are digested into peptides, followed by enrichment and
MS analysis. (c) Abridged general view of target fishing. Beads linked with certain components of TCMs are used to capture “preys” in whole
cell lysates; the target proteins can then be identified by mass spectrometry.

Drug resistance is emerging as a big challenge in cancer
therapy andmitochondria play a vital role in this progression.
Bcl-2 family is a group ofmitochondrial proteins that regulate
a diverse range of death signals. Among them, Bcl-2 is a
strong antiapoptotic protein; its overexpression results in
a more aggressive and treatment resistant phenotype [84].
A meta-analysis showed that Bcl-2 expression is a poor
prognostic marker in lung cancer [85] and can be used
as drug resistant marker as well. Some natural products,
𝛽-elemene extracted from TCM herb Curcuma wenyujin
and triptolide isolated from Tripterygium wilfordii HOOK
F, are able to inhibit Bcl-2 expression and thus sensitize
cancer cells to chemotherapy [20, 86]. Besides, mitochon-
drial malate dehydrogenase also plays an essential role in
docetaxel resistance in clinic [31, 87]; knockdown of malate
dehydrogenase 2 (MDH2) increases docetaxel sensitivity by
inducing metabolic inefficiency. Taken together, mitochon-
drial proteins are the arbitrator on drug resistance; therefore,
the combination of mitochondrial protein inhibitors with
chemotherapeutics may be the efficient method in cancer
therapy.

4. The Application of Proteomics in
TCMs in Cancer

Proteomics is a multifunctional tool in investigating the
mechanisms of TCMs, not only providing global views of
molecular alterations induced by TCMs but also identifying
protein-drug interactions. Quantitative proteomics such as
SILAC and iTRAQ provides conventional ways to study the

mechanism of TCMs. As shown in Figure 3(a), samples
including cell lines or tissues with and without TCM treat-
ments are labeled with various tags; the cell lysates are then
digested by trypsin, followed by MS analysis. The proteins
with expression alterations can be further analyzed by bioin-
formatics to uncover the signaling pathways regulated by
TCMs.

In addition, posttranslational modifications are the most
common phenomenon in eukaryotic cells; many proteins are
activated or inactivated after posttranslational modifications
including phosphorylation, ubiquitination, and glycosyla-
tion. The rising modification proteomics provides efficient
methods to investigate the action of TCMs. Figure 3(b) shows
the whole procedure of phosphoproteomics: proteins from
different TCM treatments are digested by trypsin, and the
phosphopeptides are enriched by TiO

2
and then analyzed by

LC/MS. The global identification of modification sites offers
us new insights into the action mechanism of TCMs.

For the target identification, magnetic “Fishing” assay
[88] coupled with proteomics is an effective approach to
screen protein-drug interactions, as shown in Figure 3(c).
Single agents of TCMs are linked to magnetic beads, with
affinity-based isolation; the target proteins that interact with
the agents of interest can be identified by mass spectrometry;
bioinformatics analysis such as molecular docking can fur-
ther calculate the binding sites of TCMs.

Itmust be noted that althoughTCMs are purified as single
agents, they may have more than one or multiple targets
in tumor cells and their actions may be involved in more
than one or several pathways. Proteomics coupledwith bioin-
formatics is able to identify and integrate various signaling
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pathways of each agent thus figuring out which component
is toxic to human body. Removing the useless components
and optimizing the prescription of TCMs by proteomics can
provide directive effects for developing therapeutic regimens.

5. The Development of Proteomics in
Studying TCMs

With the rapid development of technology, proteomics pro-
gresses from the early stage of 2DE, label-free, to SILAC and
iTRAQ, which highly promotes our investigation on TCMs.
Back to 1975, 2DE was first used to separate proteins [89]
and it was generally applied in TCM research until 2004 [90].
As can be seen from Tables 1–3, the majority of proteomic
approach for TCM studies is 2DE, which can only detect and
quantify over 1000 proteins by comparing a couple of paired
gels at one time [91]. For the inherited limitation of 2DE in
protein separation [92], 2DE is gradually replaced by SILAC
and iTRAQ, which can identify approximately 5000–8000
proteins in one experiment. In SILAC, an in vivo labeling
approach that feeds cells with isotopically labeled “light”
or “heavy” nutrients for different treatments, the altered
proteins can be sensitively identified by MS/MS [90]. As an
in vitro labeling method, iTRAQ can analyze up to eight
different samples and thus is widely used in profiling animal
tissues. According to PubMed as of April 2015, a total of
186 papers including 34 reviews related to the application of
proteomics on TCMs are published. Among them, 17 recent
reports involvedTCMs characterizationwith advanced quan-
titative proteomics, revealing many more identifications of
altered proteins for further mechanistic investigation. Obvi-
ously, advancements in systematic screening technology are
required for profiling TCMs-induced protein alterations in
depth, so that follow-up specific mechanistic researches
become possible.

6. A New Dawn in TCM Investigation

As the rapid development in mass spectrometry, sophistic
proteomics now has a capacity to identify over 10000 proteins
at one time [93]. However, there still exist many limitations
of mass spectrometry in protein identification, such as low
identification rates for low-abundance proteins and poor-
soluble proteins [94]. To deal with this problem, we recently
introduced a new systematic profiling technique, translat-
ing mRNA analysis, or translatomic sequencing [95]. This
method isolates ribosome-nascent chain-mRNA complex
(RNC-mRNA) from cells/tissues and sequences the mRNAs
released from the complex, and then the proteins correspond-
ing to the translating mRNAs can be identified.

Under a steady state, the abundance of translating
mRNAs corresponds to protein expressions [95], and thus
phenotype-related protein alterations can be derived by com-
paring the RNC-mRNAs from two cellular conditions. For
its independence from physical and chemical properties of
proteins, translatomic sequencing has its inherent advantage
in detecting translating mRNAs corresponding to the low-
abundance and low-solubility proteins, thus offsetting the

shortcoming of mass spectrometry. Translatomic sequenc-
ing has been successfully applied to identify “missing pro-
teins” in Chromosome-Centric Human Proteome Project
(C-HPP) [96]. We believe that, by integrating translatome
sequencing with proteomics, systematic screening will bring
TCM research to a new stage, where more comprehensive
views about the TCM-induced biological alterations can
be obtained and thus global investigations on the action
mechanism of TCMs can be proceeded.

In view of the fact that mitochondria are the common
target for most TCM compounds, a feasible strategy is
to isolate mitochondria from the cells with and without
treatments by TCMs, and then translatomics coupled with
proteomics can be carried out to differentiate the mito-
chondrial mRNAs and proteins. This combination using
both subcellular enrichment and in-depth transomics must
provide comprehensive information for the identification of
specific targets of TCMs in mitochondria. Similar ways can
be applied to other subcellular fractionations; all together,
the molecular mechanism of bioactive TCM components in
cancer can be uncovered in a holistic view.

Conflict of Interests

The authors declare that there is no conflict of interests.

Acknowledgments

This work was supported by the National Basic Research Pro-
gram “973” of China (2011CB910700), the National Natural
Science Foundation of China (21271086), and Guangdong
Natural Science Research Grant (32213027/32215077).

References

[1] C.-Y. Pu, V. M. Lan, C.-F. Lan, and H.-C. Lang, “The deter-
minants of traditional Chinese medicine and acupuncture
utilization for cancer patients with simultaneous conventional
treatment,” European Journal of Cancer Care, vol. 17, no. 4, pp.
340–349, 2008.

[2] D. R. Buchanan, J. D. White, A. M. O’Mara, J. W. Kelaghan,
W. B. Smith, and L. M. Minasian, “Research-design issues in
cancer-symptom-management trials using complementary and
alternativemedicine: lessons from theNational Cancer Institute
Community Clinical Oncology Program experience,” Journal of
Clinical Oncology, vol. 23, no. 27, pp. 6682–6689, 2005.

[3] T.-C. Hsieh and J. M. Wu, “Differential control of growth,
cell cycle progression, and gene expression in human estrogen
receptor positive MCF-7 breast cancer cells by extracts derived
from polysaccharopeptide I’m-Yunity and Danshen and their
combination,” International Journal of Oncology, vol. 29, no. 5,
pp. 1215–1222, 2006.

[4] Y.-W. Lee, T.-L. Chen, Y.-R. V. Shih et al., “Adjunctive traditional
Chinese medicine therapy improves survival in patients with
advanced breast cancer: a population-based study,” Cancer, vol.
120, no. 9, pp. 1338–1344, 2014.

[5] W. Tan, J. Lu, M. Huang et al., “Anti-cancer natural products
isolated from Chinese medicinal herbs,” Chinese Medicine, vol.
6, article 27, 2011.



Evidence-Based Complementary and Alternative Medicine 11

[6] M. Youns, J. D. Hoheisel, and T. Efferth, “Traditional Chi-
nese Medicines (TCMs) for molecular targeted therapies of
tumours,” Current Drug Discovery Technologies, vol. 7, no. 1, pp.
37–45, 2010.

[7] K. F. Chak, C. Y. Hsiao, and T. Y. Chen, “A Study of the Effect of
Shiunko, a traditional chinese herbal medicine, on fibroblasts
and its implication on wound healing processes,” Advances in
Wound Care, vol. 2, no. 8, pp. 448–455, 2013.

[8] J. Qiu, “Traditional medicine: a culture in the balance,” Nature,
vol. 448, no. 7150, pp. 126–128, 2007.

[9] B. Doble, A. Harris, D.M.Thomas, S. Fox, and P. Lorgelly, “Mul-
tiomics medicine in oncology: assessing effectiveness, cost-
effectiveness and future research priorities for the molecularly
unique individual,” Pharmacogenomics, vol. 14, no. 12, pp. 1405–
1417, 2013.

[10] R. Plomin and L. C. Schalkwyk, “Microarrays,” Developmental
Science, vol. 10, no. 1, pp. 19–23, 2007.

[11] D. R. Green and J. C. Reed, “Mitochondria and apoptosis,”
Science, vol. 281, no. 5381, pp. 1309–1312, 1998.

[12] J. R. Peinado, A. Diaz-Ruiz, G. Frühbeck, and M. M. Malagon,
“Mitochondria in metabolic disease: getting clues from pro-
teomic studies,” Proteomics, vol. 14, no. 4-5, pp. 452–466, 2014.

[13] L. Galluzzi, N. Larochette, N. Zamzami, and G. Kroemer,
“Mitochondria as therapeutic targets for cancer chemotherapy,”
Oncogene, vol. 25, no. 34, pp. 4812–4830, 2006.

[14] G.-R. Yan, Z. Tan, Y.Wang et al., “Quantitative proteomics char-
acterization on the antitumor effects of isodeoxyelephantopin
against nasopharyngeal carcinoma,” Proteomics, vol. 13, no. 21,
pp. 3222–3232, 2013.

[15] G.-R. Yan, H.-H. Zhou, Y. Wang et al., “Protective effects of
andrographolide analogue AL-1 on ROS-induced RIN-m𝛽 cell
death by inducing ROS generation,” PLoS ONE, vol. 8, no. 6,
Article ID e63656, 2013.

[16] Y.-Y. Zhu, G. Yu, Y. Zhang et al., “A novel andrographolide
derivative AL-1 exerts its cytotoxicity on K562 cells through a
ROS-dependent mechanism,” Proteomics, vol. 13, no. 1, pp. 169–
178, 2013.

[17] Y. Xu, J.-F. Chiu, Q.-Y. He, and F. Chen, “Tubeimoside-1 exerts
cytotoxicity in HeLa cells Through mitochondrial dysfunction
and endoplasmic reticulum stress pathways,” Journal of Pro-
teome Research, vol. 8, no. 3, pp. 1585–1593, 2009.

[18] Y. Wang, C.-M. Che, J.-F. Chiu, and Q.-Y. He, “Dioscin (sapo-
nin)-induced generation of reactive oxygen species through
mitochondria dysfunction: a proteomic-based study,” Journal of
Proteome Research, vol. 6, no. 12, pp. 4703–4710, 2007.

[19] J. Zhao, Q. Q. Li, B. Zou et al., “In vitro combination charac-
terization of the new anticancer plant drug beta-elemene with
taxanes against human lung carcinoma,” International Journal
of Oncology, vol. 31, no. 2, pp. 241–252, 2007.

[20] C.-C. Yao, Y.-R. Tu, J. Jiang, S.-F. Ye, H.-X. Du, and Y.
Zhang, “𝛽-elemene reverses the drug resistance of lung cancer
A549/DDP cells via the mitochondrial apoptosis pathway,”
Oncology Reports, vol. 31, no. 5, pp. 2131–2138, 2014.

[21] Q. Q. Li, R. X. Lee, H. Liang, Y. Zhong, and E. Reed, “Enhance-
ment of cisplatin-induced apoptosis by 𝛽-elemene in resistant
human ovarian cancer cells,” Medical Oncology, vol. 30, article
424, 2013.

[22] Q. Q. Li, G. Wang, F. Huang, M. Banda, and E. Reed, “Anti-
neoplastic effect of beta-elemene on prostate cancer cells and
other types of solid tumour cells,” Journal of Pharmacy and
Pharmacology, vol. 62, no. 8, pp. 1018–1027, 2010.

[23] J.-S. Liu, S.-C. He, Z.-L. Zhang et al., “Anticancer effects of
𝛽-elemene in gastric cancer cells and its potential underlying
proteins: a proteomic study,” Oncology Reports, vol. 32, no. 6,
pp. 2635–2647, 2014.

[24] B. S. Geetha, M. S. Nair, P. G. Latha, and P. Remani, “Sesquiter-
pene lactones isolated from Elephantopus scaber L. Inhibits
human lymphocyte proliferation and the growth of tumour cell
lines and induces apoptosis in vitro,” Journal of Biomedicine and
Biotechnology, vol. 2012, Article ID 721285, 8 pages, 2012.

[25] M. Su, H. Y. Chung, and Y. Li, “Deoxyelephantopin from Ele-
phantopus scaber L. induces cell-cycle arrest and apoptosis in
the human nasopharyngeal cancer CNE cells,” Biochemical and
Biophysical Research Communications, vol. 411, no. 2, pp. 342–
347, 2011.

[26] G. Xu, Q. Liang, Z. Gong, W. Yu, S. He, and L. Xi, “Antitumor
activities of the four sesquiterpene lactones from Elephantopus
scaber L.,” Experimental Oncology, vol. 28, no. 2, pp. 106–109,
2006.

[27] W.-L. Lee, T.-N. Wen, J.-Y. Shiau, and L.-F. Shyur, “Differential
proteomic profiling identifies novel molecular targets of pacli-
taxel and phytoagent deoxyelephantopin against mammary
adenocarcinoma cells,” Journal of Proteome Research, vol. 9, no.
1, pp. 237–253, 2010.
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Viñas, “Accumulation of the compatible solutes, glycine-betaine
and ectoine, in osmotic stress adaptation and heat shock cross-
protection in the biocontrol agent Pantoea agglomeransCPA-2,”
Letters in AppliedMicrobiology, vol. 41, no. 3, pp. 248–252, 2005.

[56] W.-S. Huang, Y.-H. Kuo, C.-C. Chin et al., “Proteomic analysis
of the effects of baicalein on colorectal cancer cells,” Proteomics,
vol. 12, no. 6, pp. 810–819, 2012.

[57] H.-L. Li, S. Zhang, Y. Wang et al., “Baicalein induces apoptosis
via a mitochondrial-dependent caspase activation pathway in
T24 bladder cancer cells,”MolecularMedicine Reports, vol. 7, no.
1, pp. 266–270, 2013.

[58] C.-Z. Wang, T. D. Calway, X.-D. Wen et al., “Hydrophobic
flavonoids from Scutellaria baicalensis induce colorectal cancer
cell apoptosis through a mitochondrial-mediated pathway,”
International Journal of Oncology, vol. 42, no. 3, pp. 1018–1026,
2013.

[59] J. Cai, M. Liu, Z.Wang, and Y. Ju, “Apoptosis induced by dioscin
in Hela cells,” Biological & Pharmaceutical Bulletin, vol. 25, no.
2, pp. 193–196, 2002.

[60] M.-J. Liu, Z. Wang, Y. Ju, J.-B. Zhou, Y. Wang, and R. N.-S.
Wong, “Themitotic-arresting and apoptosis-inducing effects of
diosgenyl saponins on human leukemia cell lines,” Biological &
Pharmaceutical Bulletin, vol. 27, no. 7, pp. 1059–1065, 2004.

[61] X. Zhao, X. Cong, L. Zheng, L. Xu, L. Yin, and J. Peng, “Dioscin,
a natural steroid saponin, shows remarkable protective effect
against acetaminophen-induced liver damage in vitro and in
vivo,” Toxicology Letters, vol. 214, no. 1, pp. 69–80, 2012.

[62] H. Chen, L. Xu, L. Yin et al., “iTRAQ-based proteomic analysis
of dioscin on human HCT-116 colon cancer cells,” Proteomics,
vol. 14, no. 1, pp. 51–73, 2014.

[63] M. L. Xu, H. J. Kim, Y. R. Choi, andH.-J. Kim, “Intake of Korean
red ginseng extract and saponin enhances the protection
conferred by vaccination with inactivated influenza A virus,”
Journal of Ginseng Research, vol. 36, no. 4, pp. 396–402, 2012.

[64] H. R. Shin, J. Y. Kim, T. K. Yun, G. Morgan, and H. Vainio,
“The cancer-preventive potential of Panax ginseng: a review of
human and experimental evidence,” Cancer Causes & Control,
vol. 11, no. 6, pp. 565–576, 2000.

[65] D. Kiefer and T. Pantuso, “Panax ginseng,” American Family
Physician, vol. 68, no. 8, pp. 1539–1542, 2003.

[66] Y. C. Ong and E. L. Yong, “Panax (ginseng)—Panacea or
placebo? Molecular and cellular basis of its pharmacological
activity,” Annals of the Academy of Medicine Singapore, vol. 29,
no. 1, pp. 42–46, 2000.

[67] Z.-C. Ma, Y. Gao, J. Wang, X.-M. Zhang, and S.-Q. Wang,
“Proteomic analysis effects of ginsenoside Rg1 on human
umbilical vein endothelial cells stimulated by tumor necrosis
factor-𝛼,” Life Sciences, vol. 79, no. 2, pp. 175–181, 2006.

[68] X. Yan, J. Tian, H.Wu et al., “Ginsenoside Rb1 protects neonatal
rat cardiomyocytes from hypoxia/ischemia induced apoptosis



Evidence-Based Complementary and Alternative Medicine 13

and inhibits activation of themitochondrial apoptotic pathway,”
Evidence-Based Complementary and Alternative Medicine, vol.
2014, Article ID 149195, 10 pages, 2014.

[69] H. M. Honda and P. Ping, “Mitochondrial permeability transi-
tion in cardiac cell injury and death,” Cardiovascular Drugs and
Therapy, vol. 20, no. 6, pp. 425–432, 2006.

[70] S. Arora, S. Singh, G. A. Piazza, C. M. Contreras, J. Panyam,
and A. P. Singh, “Honokiol: a novel natural agent for cancer
prevention and therapy,” Current Molecular Medicine, vol. 12,
no. 10, pp. 1244–1252, 2012.

[71] F. Chen, T. Wang, Y.-F. Wu et al., “Honokiol: a potent chemo-
therapy candidate for human colorectal carcinoma,” World
Journal of Gastroenterology, vol. 10, no. 23, pp. 3459–3463, 2004.

[72] H.-Y. Li, H.-G. Ye, C.-Q. Chen et al., “Honokiol induces
cell cycle arrest and apoptosis via inhibiting class I histone
deacetylases in acute myeloid leukemia,” Journal of Cellular
Biochemistry, vol. 116, no. 2, pp. 287–298, 2015.

[73] E.-R. Hahm, K. Sakao, and S. V. Singh, “Honokiol activates
reactive oxygen species-mediated cytoprotective autophagy in
human prostate cancer cells,” The Prostate, vol. 74, no. 12, pp.
1209–1221, 2014.

[74] S. Liang, A. Fu, Q. Zhang et al., “Honokiol inhibits HepG2
migration via down-regulation of IQGAP1 expression dis-
covered by a quantitative pharmaceutical proteomic analysis,”
Proteomics, vol. 10, no. 7, pp. 1474–1483, 2010.

[75] B. Ling, S.-F. Liang, Y.-H. Xu et al., “Differential proteomic
analysis ofHeLa cells treatedwithHonokiol using a quantitative
proteomic strategy,” Amino Acids, vol. 35, no. 1, pp. 115–122,
2008.

[76] S.-E. Yang, M.-T. Hsieh, T.-H. Tsai, and S.-L. Hsu, “Down-
modulation of Bcl-XL, release of cytochrome c and sequential
activation of caspases during honokiol-induced apoptosis in
human squamous lung cancer CH27 cells,” Biochemical Phar-
macology, vol. 63, no. 9, pp. 1641–1651, 2002.

[77] X. Wang, M. Chen, J. Zhou, and X. Zhang, “HSP27, 70 and
90, anti-apoptotic proteins, in clinical cancer therapy (Review),”
International Journal of Oncology, vol. 45, no. 1, pp. 18–30, 2014.

[78] M. Li, X. Yu, H. Guo et al., “Bufalin exerts antitumor effects by
inducing cell cycle arrest and triggering apoptosis in pancreatic
cancer cells,” Tumor Biology, vol. 35, no. 3, pp. 2461–2471, 2014.

[79] T.-L. Pan, Y.-C. Hung, P.-W.Wang et al., “Functional proteomic
and structural insights into molecular targets related to the
growth inhibitory effect of tanshinone IIA on HeLa cells,”
Proteomics, vol. 10, no. 5, pp. 914–929, 2010.

[80] L. Zheng, W. Zhang, M. Jiang et al., “Expression profiling
and proteomic analysis of JIN Chinese herbal formula in lung
carcinoma H460 xenografts,” Evidence-Based Complementary
and Alternative Medicine, vol. 2013, Article ID 160168, 10 pages,
2013.

[81] A. Laszlo, D.Thotala, andD. E.Hallahan, “Membrane phospho-
lipids, EML4-ALK, and Hsp90 as novel targets in lung cancer
treatment,” Cancer Journal, vol. 19, no. 3, pp. 238–246, 2013.

[82] H. Ichikawa,M. S. Nair, Y. Takada et al., “Isodeoxyelephantopin,
a novel sesquiterpene lactone, potentiates apoptosis, inhibits
invasion, and abolishes osteoclastogenesis through suppression
of nuclear factor-kappaB (NF-kappaB) activation and NF-
kappaB-regulated gene expression,” Clinical Cancer Research,
vol. 12, no. 19, pp. 5910–5918, 2006.

[83] T. L. Chen, G. L. Zhu, J. A. Wang et al., “Protective effects of
isorhamnetin on apoptosis and inflammation in TNF-alpha-
induced HUVECs injury,” International Journal of Clinical and
Experimental Pathology, vol. 8, pp. 2311–2320, 2015.

[84] I. Paul and J. M. Jones, “Apoptosis block as a barrier to effective
therapy in non small cell lung cancer,”World Journal of Clinical
Oncology, vol. 5, no. 4, pp. 588–594, 2014.

[85] B. Martin, M. Paesmans, T. Berghmans et al., “Role of Bcl-2 as a
prognostic factor for survival in lung cancer: a systematic review
of the literature with meta-analysis,” British Journal of Cancer,
vol. 89, no. 1, pp. 55–64, 2003.

[86] Y. Li and S. Hu, “Triptolide sensitizes liver cancer cell lines to
chemotherapy in vitro and in vivo,” PanminervaMedica, vol. 56,
pp. 211–220, 2014.

[87] Q. Liu, C. T. Harvey, H. Geng et al., “Malate dehydrogenase 2
confers docetaxel resistance via regulations of JNK signaling
and oxidative metabolism,” The Prostate, vol. 73, no. 10, pp.
1028–1037, 2013.

[88] M. J. McFadden, M. S. Junop, and J. D. Brennan, “Magnetic
‘fishing’ assay to screen small-molecule mixtures for modula-
tors of protein-protein interactions,” Analytical Chemistry, vol.
82, no. 23, pp. 9850–9857, 2010.

[89] P. H. O’Farrell, “High resolution two dimensional electrophore-
sis of proteins,”The Journal of Biological Chemistry, vol. 250, no.
10, pp. 4007–4021, 1975.

[90] X. Liu and D.-A. Guo, “Application of proteomics in the mech-
anistic study of traditional Chinese medicine,” Biochemical
Society Transactions, vol. 39, no. 5, pp. 1348–1352, 2011.
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