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The role of nerve growth factor and its receptors in tumorigenesis
and cancer pain
Wenfang Wang, Jinhua Chen, Xiuli Guo*
Department of Pharmacology, School of Pharmaceutical Sciences, Shandong University, Ji'nan, Shandong, China.

Summary

The nerve growth factor (NGF) is a growth factor that belongs to the neurotrophin family.
NGF has two structurally different receptors, the p75 neurotrophin receptor (p75NTR) and
the tropomyosin-related kinase A (TrkA). Interaction of NGF with its receptors regulates a
variety of physiological processes of neuronal system. Recent studies have shown that NGF
and its receptors were involved in the regulation of tumourigenesis by either supporting
or suppressing tumor growth depending on the tumor types. This review summarizes the
current views of NGF and its receptors in tumorigenesis and cancer pain.
Keywords: Nerve growth factor, tumorigenesis, cancer pain, p75NTR receptor, TrkA receptor

1. Introduction
Nerve growth factor (NGF) is a growth factor
that belongs to the nerve growth factor family of
neurotrophin. NGF, like the other neurotrophin family
members such as brain derived neurotrophic factor
(BDNF), neurotrophins-3 (NT-3), neurotrophins-4/5
(NT-4/5), and neurotrophins-6 (NT-6), binds to two
structurally different types of receptors: the p75
neurotrophin receptor (p75NTR) and tropomyosinrelated kinase A (TrkA) (Figure 1) (1-3) and regulates
neuronal survival, differentiation and growth. Currently,
NGF, released from the nerve fibers, has been found
to be involved in the tumor progression, leading to
generate a positive microenvironment for cancer cell
survival and proliferation (4-6).
2. The molecular structure and physiological function
of NGF and its receptors
2.1. NGF
NGF was first discovered by Rita Levi-Montalcini in
the early 1950's for its effects on the neuronal survival,
proliferation, and differentiation (7-9). NGF is not only

*Address correspondence to:
Dr. Xiuli Guo, Department of Pharmacology, School of
Pharmaceutical Sciences, Shandong University, Ji’nan,
Shandong, China.
E-mail: guoxl@sdu.edu.cn

discovered in nervous system, but also detected and
quantified in a variety of normal and neoplastic human
tissues (10,11).
NGF was first isolated from the mouse submaxillary
gland with the molecular weight of approximately 140
KD, which is highly homologous to human NGF (12).
Each NGF is composed of 2 α subunits, 1 β subunit, 2 γ
subunits (α2βγ2) and also one or two zinc ions (13,14).
The β subunit of NGF is a biologically active region
and a non-covalently bound homodimer that can be
separated into 2 identical chains of 118 amino acids.
The 2 γ subunits of NGF have proteolytic activity and
are members of the kallikrein family of trypsin-like
proteases. The 2 α subunits are highly homologous to
the γ subunit but without any enzymatic activity (15,16).
Under physiological condition, NGF regulates
neuronal survival, proliferation, and differentiation
in the peripheral and central nervous systems by
binding to its receptors: TrkA and p75NTR. Binding
to p75NTR, NGF initiates recruitment of various
adaptors, which activate c-Jun N-terminal kinase (JNK)
signaling pathways to promote apoptosis, and activate
NF-κB pathways to promote cell survival. By binding
to TrkA, NGF initiates pro-survival PI3K/AKT and
Ras/Raf signaling pathways, via Ras/MAPK pathway
to promote cell proliferation and metastasis (Figure 2)
(6,17-20).
The intracellular activation of NGF receptor binding
in figure 2 occurs only as receptor homodimers.
Researchers have also suggested the existence of
p75NTR and TrkA complexes which has been presented
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from both cross-linking and immunoprecipitation
(21). Previous research has shown that p75NTR
and TrkA interact directly in surface membranes or
their extracellular (EC) domains (22), but the latest
research shows that TrkA and p75NTR associate
physically through their intracellular (IC) domains
(23). Regardless of how p75NTR and TrkA receptors
associate, the coexpression of p75NTR and TrkA
receptors results in the formation of high-affinity NGF
binding sites. The reason is associated with p75NTR,
which can contribute to increase the binding rate of
NGF with TrkA and enhance TrkA activation and the
number of high affinity binding sites (24). A recent
report demonstrated that an endogenous intracellular
domain fragment of p75NTR containing these 29
amino acids was capable of interacting with TrkA
resulting in the formation of high-affinity binding sites
for NGF (25). The formation of high-affinity binding
sites, resulting in enhanced NGF responsiveness, is also
necessary for complete outgrowth and for long-term

survival (26,27).
For a long time, NGF is always considered to be
the main form for its biological activity in regulating
neuronal survival, proliferation, and differentiation.
However, recent studies showed that proNGF, the
precursor form of NGF, is really largely exist in central
nervous system tissues, and has biological functions
exceeding its role as a precursor (17,28,29). ProNGF
could induce cell death by binding to p75NTR with
high affinity (30-32). But it shows low affinity to TrkA,
another receptor of NGF (33). Moreover, proNGF could
induce apoptosis by binding to p75NTR and sortilin, a
specific receptor of proNGF. Sortilin is a member of the
mammalian type-I transmembrane receptors containing
a Vps10p domain, which palys an essential role in
proNGF-induced cell death and apoptosis (34,35).
Blocking sortilin can prevent induction of apoptosis
by proNGF (36). Further studies showed that sortilin
acted as an assistant receptor and molecular switch
for p75NTR-mediated apoptosis induced by proNGF
(37). This indicated that proNGF induced apoptosis
by forming a stable ternary proNGF/sortilin/p75NTR
complex instead of proNGF/p75NTR complex (34,38).
2.2. NGF receptors

Figure 1. Neurotrophins and their preferred receptors.
Neurotrophins all bind to p75NTR. TrkA is the preferred
receptor for NGF. The interaction of NT-3 with TrkA requires
high concentrations of the neurotrophin.

p75NTR is a low affinity NGF receptor and also a
member of the tumor necrosis factor (TNF) receptor
superfamily. It has no tyrosine kinase activity, nor is it
linked to a G-protein-coupled pathway (39). p75NTR
consists of an extracellular region, which contains four
cysteine-rich domains, a single transmembrane domain
and an intracellular death domain. Its intracellular

Figure 2. NGF signalling pathways. p75NTR and TrkA signalling pathways. "→" represents stimulatory modification.
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domain can be phosphorylated and bind to a number of
death-signalling proteins (40,41).
TrkA is a high affinity NGF receptor with tyrosine
kinase activity. Unlike p75NTR which can be activated
by all neurotrophin family members, TrkA is activated
only by particular neurotrophins (Figure 1) (40,42-44).
Like most receptor tyrosine kinases, TrkA is activated
by ligand-induced formation of non-covalently
associated receptor dimers (43). TrkA primarily
regulates growth and differentiation of neurons in both
peripheral and central nervous systems. NGF/TrkA
signaling pathway supports survival and differentiation
of sympathetic as well as sensory neurons responsive to
temperature and pain (45).
3. Involvement of NGF and its receptors in cancer
3.1. The possible role in tumorigenesis
3.1.1. NGF prevents tumor growth through regulating
innervations of perivascular nerve
Tumors require sustenance in the form of nutrients
and oxygen and as well as an ability to evacuate
metabolic wastes and carbon dioxide. The tumorassociated neovasculature, generated by the process of
angiogenesis, addresses these needs (46). Growth of
solid tumors is also dependent on their blood supply
which is derived from two sources: blood vessels
recruited from the pre-existing host vascular network
and those resulting from the angiogenic response to
cancer cells (47).
NGF facilitates innervations of perivascular nerve
to regulate the blood flow in tumor neovessels and
suppress tumor growth. Goda et al. demonstrated
that NGF administration subcutaneously suppressed
the growth of DU145 prostate tumors in nude mice
by accelerating the maturation of neovasculatures in
tumor tissues (48). Another recent study reported NGF
treatment of mice implanted with DU145 prostate
carcinoma cells induced innervation of perivascular
nerves around tumor neovessels (49). NGF has also
been shown to promote the development of new blood
vessels (angiogenesis) through a direct interaction with
α9β1 integrin (50). The mechanism involved in NGF
effects on tumor growth needs further investigation.
3.1.2. Involvement of NGF and p75NTR in apoptosis
p75NTR expressed in cancer cells may act as a tumor
suppressor when binding to NGF and negatively
regulate cell growth and proliferation (51). Dimaras
and Gallie have demonstrated that p75NTR suppressed
t h e p r o g r e s s i o n o f b o t h h u m a n a n d TA g - R B
murine retinoblastoma (52). Medulloblastoma cells
overexpressing p75NTR displayed a significant increase
in apoptosis (53). Non-steroidal anti-inflammatory
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drugs which can induce p75NTR expression were also
observed to induce apoptosis in prostate cancer cells
(54,55).
Enforced p75NTR expression has been shown to
inhibit gastric cancer growth in vitro and in vivo (37)
by slowing cell cycle progression that results in cell
accumulation of G0/G1 in prostate tumor cells (56,57)
and bladder tumor cells (58). Moreover, p75NTR overexpression has been reported to induce mitochondriamediated apoptosis through activation of a caspase-9/-7
cascade in human bladder tumor cells (59).
However, activation of the p75NTR by ligation with
NGF leads to opposing effects in breast cancer. Binding
of p75NTR with NGF has been shown to stimulate
breast cancer cells survival signaling. The mechanism
of this action is largely unknown but has been suggested
to be mediated by activation of NF-κB signaling
involving BEX2. Activation of the p75NTR receptor by
NGF leads to diverse and sometimes opposing effects,
in particular because of intracellular adaptor molecules
and expression of co-receptors (60,61).
A study by Zhao et al. had shown that the gene
silencing technique by siRNA targeting p75NTR was
capable of inducing cancer cell apoptosis (62).
3.1.3. Involvement of NGF and its receptors in metastasis
Metastasis, the spread of cancer cells from the primary
neoplasm to distant organs, is the most fearsome aspect
of cancer (63). p75NTR has been shown to be a tumor
suppressor of NGF-stimulated migration of human
prostate tumor cells (64). Jin et al. showed that p75NTR
expression inhibited the abilities of cell invasion and
metastasis of gastric cancer cells via inhibiting the NFκB signaling transduction (65). Overexpression of NGF
has been shown to alter the blood vessel structure,
leading to a reduction in vascular permeability and
retention of cancer cells in the vasculature in lung
carcinoma cells (66).
However, NGF has also been reported to promote
prostate cancer cell metastasis, while intravenous
gammaglobulin (IVIg), containing natural antibodies
against NGF, is able to inhibit the migration of
prostate cancer cell lines (67). On the other hand, TrkA
overexpression promotes migration and invasion in
vitro and enhances metastasis of xenografted breast
cancer cells in immunodeficient mice (68). Further
investigations are needed to elucidate the underlying
mechanisms of these actions.
3.1.4. Involvement of NGF and TrKA in cancer growth
NGF/TrKA is involved in the regulating cell survival,
differentiation, and proliferation, both in neuronal and
non-neuronal cells (69). Recent studies demonstrated that
TrkA expression was increased during the progression
of medullary thyroid carcinoma and neuroblastoma (70).
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Moreover, cancer cellular growth showed an association
with NGF/TrkA in neuroblastomas and pancreatic cancer
(71,72) and blocking the NGF/TrkA signal pathway
can inhibit obviously tumor growth in prostate cancer
(73). Besides, both in vitro and in vivo studies showed
that TrkA stimulation can result in cellular growth in
the breast cancer (45,74). TrkA appearing anti-apoptotic
activities has a direct relationship with the presence of
Ku70, which is the DNA repair protein and reported for
its role in cell survival and carcinogenesis (69).
3.2. Involvement of NGF and TrkA in cancer pain
Pain is one of the most feared and burdensome
symptoms in cancer patients and most individuals
experience moderate to severe pain (75-77). Bone
cancer pain is a high-risk of malignancies in patients
with breast, prostate and lung cancer as these tumors
have a remarkable ability to metastasize to bone (78).
NGF and its cognate TrkA receptor are believed
to be a major mediator of chronic pain (79). NGF has
been shown to be involved in perineural invasion (PNI),
a process where cancer cells invade the surrounding
nerves in pain generation in several malignancies,
including breast, prostate and pancreatic cancers (80).
Inhibiting the action of NGF/TrkA has been proposed
to be a possible therapeutic approach to reduce PNI and
block bone cancer pain (81).
NGF can promote the pathological reorganization
of nearby TrkA sensory nerve fibers. The therapies of
preventing this reorganization of sensory nerve fibers
may provide insight into the mechanisms driving
cancer pain (82,83). In a mouse model of prostate
cancer-induced bone pain, both preemptive and late
administration of monoclonal antibodies against
NGF significantly reduced nociceptive behaviors,
sensory and sympathetic nerve sprouting, and neuroma
formation (84). Other studies showed that early/
sustained, but not late/acute administration of a TrkA
inhibitor ARRY-470 to mice markedly attenuated
bone cancer pain and significantly blocked the ectopic
sprouting of sensory nerve fibers and the formation of
neuroma-like structures in the tumor bearing bone (85).
Both of these strategies carry its strength as well as
limitations. For example, administration of monoclonal
antibodies (anti-NGF or anti-TrkA) are generally
selective than small inhibitors but carrying the risk of
immune reactions. While small molecule inhibitors
of TrkA, which are generally less expensive than
monoclonal antibodies, allowing greater flexibility in
dosing but generally less selective (85).
4. Discussion
NGF and its receptors are involved, directly or
indirectly, in the pathogenesis of cancer and the
manifesto of cancer pain through several mechanisms

Figure 3. Effects of NGF and its receptors on tumorigenesis
and cancer pain. "→" represents stimulatory modification;
" " represents inhibitory modification.
┴
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(Figure 3) such as inhibiting tumor growth, increasing
apoptosis and promoting neuronal regulation of tumor
blood flow. Future investigations will be provided for
further insight into the actions of NGF and its receptors
in cancer development and metastasis. Targeting the
actions of NGF and its receptors may represent a
potential direction for the treatment of tumorigenesis
and cancer pain in future.
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Summary

Human enterovirus 71 (EV71) is the major etiological agent of hand, foot and mouth disease
(HFMD), which is a common infectious disease in young children. Studies in the past have
shown that reversed transcription loop-mediated isothermal amplification (RT-LAMP)
was a rapid approach for the detection of EV71 in HFMD. This meta-analysis study is to
evaluate the diagnostic role of RT-LAMP in detecting EV71 infection. A comprehensive
literature research of PubMed, Embase, Wan Fang Data, and Chinese National Knowledge
Infrastructure databases was conducted on articles aiming at the diagnostic performance of
RT-LAMP in EV71 detection published before February 10, 2014. Data from selected studies
were pooled to yield the summary sensitivity, specificity, positive and negative likelihood ratio
(PLR, NLR), diagnostic odds ratio (DOR), and receiver operating characteristic (SROC)
curve by using STATA VERSION 12.0 software. Ten studies including a total of 907 clinical
samples were of high quality in this meta-analysis. Overall, the pooled sensitivity, specificity,
PLR, NLR, DOR, and the area under the SROC curve was 0.99 (0.97, 1.00), 0.97 (0.94, 1.00),
5.90 (95% CI: 3.90-8.94), 0.20 (95% CI: 0.14-0.29), and 1.00 (95% CI: 0.99-1.00), respectively.
The univariate analysis of potential variables showed some changes in the diagnostic
performance, but none of the differences reached statistical significance. Despite inter-study
variability, the test performance of RT-LAMP was consistent with real-time RT-PCR in
detecting EV71. This meta-analysis suggests that RT-LAMP is a useful diagnostic tool with
high sensitivity and specificity for detecting EV71.
Keywords: Human enterovirus 71 (EV71), reversed transcription loop-mediated isothermal
amplification (RT-LAMP), detection, meta-analysis

1. Introduction
Human enterovirus 71 (EV71) is the major etiological
agent of hand, foot, and mouth disease (HFMD), which
is a febrile exanthematous disease mostly prevalent
in children younger than ten years old (1,2). In recent
years, EV71 associated outbreaks have been reported
worldwide and its infection has become serious threat
to the health of infants and young children (3-7). EV71
infection can cause various clinical manifestations
*Address correspondence to:
Dr. Xuejie Yu, Department of Hygiene Detection, School of
Public Health, Shandong University, No. 44, Wenhua Xilu
Road, Ji'nan, Shandong, 250012, China.
E-mail: yuxuejie@sdu.edu.cn

and has been associated with severe neurological
and cardiopulmonary complications, such as aseptic
meningitis, encephalitis, and poliomyelitis-like
paralysis, resulting in higher mortality rates (8-11).
Traditional methods for EV71 detection primarily
depend on virus culture and identification, and
serodiagnosis, which are either time-consuming or
have a high false positive rate. Recently, reverse
transcription-PCR (RT-PCR) and real-time quantitative
RT-PCR (qRT-PCR) assays have been developed to
detect EV71 with high specificities and sensitivities
(12-14). However, these methods require sophisticated
instrumentations and expensive reagents, which lead
a result that the methods are difficult to be applied in
developing countries or in field situations (15-17).
Therefore, a rapid, reliable, and cost-effective molecular
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test should be developed to be content with the growing
demand.
Loop-mediated isothermal amplification (LAMP),
a nucleic acid amplification method, was first
established in 2000, which has been considered as a
powerful nucleic acids amplification tool because of
its simplicity, speed, specificity, and cost-effectiveness
(18). Since then, this method has been used widely in
rapid detection for viruses, such as dengue virus, West
Nile virus, Japanese encephalitis virus, Ebola virus,
H1N1 influenza virus, and so on (19-23). The detection
of EV71 by RT-LAMP with RNA extraction was
developed recently (15-17, 24-30), however, results
from a single study did not have sufficient power to
demonstrate the role of RT-LAMP in the detection of
EV71 infection. Therefore, we performed systematical
meta-analysis to provide a more comprehensive and
reliable analysis of the diagnostic accuracy of RTLAMP for the diagnosis of EV71 infection.
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case reports, editorials or reviews; (4) duplicated
publications.
2.4. Data extraction and quality assessment

2. Materials and Methods

All selected manuscripts were reviewed by two authors
(L.Z and HL.W), independently. Any disagreement
was resolved by a third person (XJ.Y). The following
information was extracted from every eligible work:
the first author, year of publication, country, control
method, number of patients, detection limit, the number
of true positive (TP), false positive (FP), false negative
(FN), and true negative (TN). The qualities of all the
manuscripts were assessed according to the Quality
Assessment of Diagnostic Accuracy Studies (QUADAS)
(Table S2, http://www.biosciencetrends.com/docindex.
php?year=2014&kanno=2) (33). Fourteen items related
to quality appraisal were used in this meta-analysis. Each
of these items was scored "yes" (1 score), "no" (0 score)
or "unclear" (-1 score). Disagreements were resolved by
discussions and consensus.

2.1. Study protocol

2.5. Statistical analysis

This analysis was conducted with a predetermined
protocol following the recommendations of Deeks et
al. (31). Data was collected and reported according
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses: The PRISMA Statement (Table
S1, http://www.biosciencetrends.com/docindex.
php?year=2014&kanno=2) (32).

For each selected publication, the pooled sensitivity,
pooled specificity, positive likelihood ratio (PLR),
negative likelihood ratio (NLR), and diagnostic odds
ratio (DOR), and their 95% confidence intervals (CI)
were calculated. A bivariate mixed model was adjusted
to obtain a summary receiver operating characteristic
(SROC) curve by summarizing the joint distribution
of sensitivity and specificity with Moses linear model
and the corresponding area under the curve (AUC) was
calculated as a global measurement of test performance
(34,35). The closer the AUC was to 1, the better the test
performance. Publication bias was assessed visually
using a funnel plot and tested with Egger's tests with
p < 0.10 being considered statistically significant
(36). Empty cells were handled using a 0.5 continuity
correction. Meta-regression was analyzed to identify
possible sources of heterogeneity. Values of p < 0.05 and
I2 > 50% were considered to be statistically significant.
Subgroup analyses and sensitivity analysis were also
performed where required. All analyses were performed
with STATA 12.0 (Stata Corp LP, College Station, Texas,
United States).

2.2. Search strategy
Relevant studies published before February 10, 2014
were identified from searching PubMed, Embase,
Wan Fang Data, and Chinese National Knowledge
Infrastructure databases using the following terms:
("enterovirus 71" OR "EV71" AND ("detection" OR
("Reverse transcription loop-mediated isothermal
amplification method" OR "RT-LAMP" OR "LAMP" ).
Languages were not restricted.
2.3. Inclusion and exclusion criteria
Studies included in this meta-analysis had to meet
the following criteria: (1) Studies detecting the
nasopharyngeal swab, stool, throat swabs, and rectal
swabs specimens were included; (2) Patient samples
were detected using qRT-PCR method, RT-PCR or
virus isolation; (3) The literature data should contain
sensitivity and specificity and detection limit; (4) For
the studies using the same or overlapping data by the
same authors, the most recent or largest population
were selected. Exclusion criteria: (1) unqualified data;
(2) small scale studies with fewer than 30 patients;
(3) works designated as conference abstract, letters,

3. Results
3.1. Literature search
A total of 219 potential relevant manuscripts were
retrieved after the primary search of the electronic
databases for published work on the subject. One
hundred and ninety five of these manuscripts were
excluded after further review of the title and abstract
for irrelevant topics, and an additional 10 manuscripts

www.biosciencetrends.com

77

BioScience Trends. 2014; 8(2):75-83.
test revealed no significant publication bias among the
included reports (p = 0.067).

were excluded for duplication of the reports. Then the
remaining 14 manuscripts were undergoing full text
review. Finally, 10 studies were included for further
meta-analysis. The detailed process of this literature
search is shown in Figure 1.

3.3. Overall diagnostic performance of RT-LAMP
As a result, 10 eligible studies with a total of 907
samples were included in this meta-analysis, which
were published from 2011 to 2012. All the samples
were also detected by qRT-PCR or RT-PCR, or even
virus isolation for conformation, however, the units
of the detection limit of RT-LAMP varied in different
studies (Table 1). The basic characteristics (TP, FP, TN,
and FN) were also listed in the table.
The forest plot of sensitivity, specificity, PLR, and
NLR for RT-LAMP method in the detection of EV71
infection was shown in Figures 2 and 3. The pooled
sensitivity and specificity were 0.99 (95% CI: 0.971.00) and 0.97 (95% CI: 0.94-1.00), respectively
(Figures 2 and 3). By heterogeneity analysis, I2 of
sensitivity, specificity, PLR, and NLR was 0.0% (p =
0.739), 47.5% (p = 0.047), 0.0% (p = 0.994), and 0.0%
(p = 0.998), respectively, implicating that there was
no significant heterogeneity among the samples. The
pooled PLR was 5.90 (95% CI: 3.90-8.49); the pooled
NLR was 0.20 (95% CI: 0.14-0.29).
The pooled DOR and the SROC curves based on
summary sensitivity and specificity across all data
sets were shown in Figure 4. The pooled DOR was
843.27 (95% CI: 294.19-2417.15), with individual
DORs ranging from 312.00 to 41600. The results of
DOR showed consistency across the included studies,
without noticeable heterogeneity (p = 0.602, I 2 =
0.0%). The point size in the SROC curve represented
the proportional study weight. All the data gathered
near the top left corner where both the sensitivity and
specificity were the highest. The area under the curve
(AUC) was 1.00 (95% CI: 0.99-1.00) indicating a high
diagnostic accuracy.
In addition, we systematically removed one data set
at a time, and recalculated the DOR and AUC values for
the remaining studies. The changes of pooled DOR and

3.2. Study quality assessment
QUADAS list of questions were used to review the
test quality of the included studies. Most of the studies
satisfied a majority of the items on the list, and reports
of intermediate results and withdraw cases were the
most common missing items in the studies in this
analysis (Table S2, http://www.biosciencetrends.com/
docindex.php?year=2014&kanno=2). The Egger's

Figure 1. Flow chart describing the literature search
conducted for this meta-analysis.

Table 1. Summary of the studies included in the meta-analysis
Reference
number
15
16
17
24
25
26
27
28
29
30

Author
Shi et al.
Nie et al.
Nie et al.
Geng et al.
He et al.
Jiang et al.
Li et al.
Wang et al.
Xia et al.
Zhao et al.

Publication
year

Country

Conformation
method

Samples

2011
2011
2012
2011
2012
2011
2012
2012
2011
2011

China
China
China
China
China
China
China
China
China
China

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
RT-PCR
qRT-PCR
RT-PCR

123
47
145
58
33
40
41
252
108
60

Detection
limit

TP

1PFU
0.33TCID50
1.6 TCID50
10-5 dilution
160 copies
0.01 PFU
100 copies
10 copies
5 copies
10 copies

56
25
124
25
24
26
27
52
101
31

Test results
FP
FN
2
0
0
8
0
0
0
0
0
4

0
0
5
0
0
2
0
0
3
0

TN

QUADAS

65
22
16
25
9
12
14
200
4
26

Abbreviations: qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; RT-PCR, reverse transcription polymerase chain
reaction; PFU, plaque forming unit; TCID50,50% tissue culture infective dose; TP, true positive; FP, false positive; FN, false negative; TN, true
negative.
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Figure 2. Forest plots of sensitivity and specificity of RT-LAMP for the detection of EV71 infection. (A) Pooled sensitivity.
(B) Pooled specificity. Effect sizes were pooled by fixed-effect models. The point estimates from each study were shown as solid
squares. The pooled estimates were shown as an empty diamond. Error bars represented 95%CIs.

the corresponding changes in AUC values did not show
significant difference (data not shown). These results
suggested that no single data set carry enough weight
to significantly influence the pooled test performance
reported for the ability of RT-LAMP in detection of
EV71 infection.
3.4. Univariate analysis
For exploring the potential variables that may have

influenced the results, the following variables were
chosen for subgroup analysis: publication year,
sample size and confirmation method. In the subgroup
analysis of publication year, the specificity was 0.96
for 2011, and 1.0 for 2012, thus, there was significant
heterogeneity of specificity between studies published
in 2011 and that published in 2012 (p = 0.027).
Differences in the sensitivity, the PLR and NLR in this
subgroup and differences in other subgroups were not
statistically significant (Table 2).
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Figure 3. Forest plots of positive and negative likelihood ratios of RT-LAMP for the detection of EV71 infection. (A)
Pooled positive likelihood ratio. (B) Pooled negative likelihood ratio. Effect sizes were pooled by fixed-effect models. The point
estimates from each study were shown as solid squares. Error bars represented 95% CIs.

4. Discussion
A rapid expansion of HFMD has occurred in many
provinces in China since 2008, especially in spring
and summer every year. Although most of the HFMD
cases without sever complications are mild and do not
need much medical attention, cases infected by EV71
often lead to serious complications, or even death (3739). Children around 3 years old are infected the most

commonly and the cases infected by EV71 may cause
severe neurological disease within 2-5 days, which led
to an international demand for a rapid, simple, sensitive
and accurate molecular method for the diagnosis of
EV71 infection. qRT-PCR and RT-PCR have been
proved to be reliable nucleic acid-based methods for
the detection of EV71 in laboratories, however, both
methods require specialized equipment and are not cost
effective. RT-LAMP is a useful molecular technique for
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Figure 4. Overall DOR and SROC curve for all data sets describing the diagnostic performance of RT-LAMP in detecting
EV71 infection. (A) Overall diamond. (B) The SROC curves for all data sets. Effect sizes were pooled by fixed-effect models.
The pooled DOR is shown as an empty diamond. Each square in the SROC cure represents one study. Sample size was indicated
by the size of the square.

nucleic acid research (18). To our knowledge, this is
the first pooled estimation of the RT-LAMP method in
detecting EV71 infection.
In this meta-analysis, 10 relevant studies with a
total of 907 samples were included. Although results
were not consistent across different studies, the overall

diagnostic performance of detecting EV71 RNA with
RT-LAMP showed pooled sensitivity and specificity
of 0.99 (95% CI: 0.97, 1.00) and 0.97 (95% CI: 0.94,
1.00), respectively. The pooled DOR and AUC of the
SROC curves for all data sets were 843.27 and 1.00,
respectively. The results were consistent with previous
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Table 2. Subgroup analysis of potential variables inﬂuencing the test performance of RT-LAMP
Variables

Subgroup

Number
of studies

Sensitivity
(95%CI)

Ph1

Specificity
(95% CI)

Ph2

PLR(95%CI)

Ph3

NLR(95%CI)

Ph4

Publication year
2011
2012

7
3

0.99 (0.97, 1.00) 0.692 0.96 (0.93, 0.99) 0.027 4.54 (2.04, 7.03)
0.749 0.03 (-0.004, 0.06) 0.803
0.98 (0.96, 1.00)
1.00 (0.99, 1.00)
30.87 (-130.11, 191.86)
0.03 (-0.001, 0.07)

< 100
≥ 100

6
4

1.00 (0.97, 1.00) 0.513 0.96 (0.91, 1.00) 0.076 4.48 (1.98, 7.00)
0.98 (0.97, 1.00)
1.00 (0.99, 1.00)
21.11 (-20.88, 63.10)

0.438 0.03 (-0.03, 0.10)
0.03 (0.01, 0.05)

0.912

RT-PCR
qRT-PCR

2
8

1.00 (0.97, 1.00) 0.325 1.00 (0.99, 1.00) 0.14
0.99 (0.97, 1.00)
0.97 (0.94, 1.00)

0.434 0.01 (-0.06, 0.08)
0.03 (0.01, 0.06)

0.582

Sample size

PCR techniques
7.50 (-0.33, 15.33)
4.21 (1.57, 6.84)

Abbreviations: CI, conﬁdence interval; Ph1, P value for heterogeneity between subgroups in sensitivity; Ph2, P value for heterogeneity between
subgroups in speciﬁcity; PLR, positive likelihood ratio; Ph3, P value for heterogeneity between subgroups in PLR; NLR, negative likelihood ratio;
Ph4, P value for heterogeneity between subgroups in NLR.

studies, representing that RT-LAMP method was highly
efficient in EV71 detection, regardless of the sample
origin variation. In addition, the virus strains of EV71
and the sequences of EV71 were not uniform, which
could be potential source of variation that may have
influenced the test performance.
Infections caused by EV71 and Human
coxsackievirus A16 (CVA16) shared similar clinical
symptoms, and indeed, the protein sequences of the two
viruses were in high similarity, therefore, frequent misdiagnosis of EV71 and CVA16 infections happened
because of the difficulty in distinguishing the two
viruses (40). Exact nucleotide sequences of RT-LAMP
products can be derived from target DNA and primers,
and restriction enzymes recognition sites were often
introduced, thus, it is possible to predict the specific
digestion outcomes of the samples (15). Therefore,
RT-LAMP assay can provide high specificity for the
detection of EV71 infection.
Heterogeneity between studies, which exists
widely and could not be considered to be attributed to
variances, is a potential problem in results interpretation
for meta-analysis. As a result, pooled sensitivity is
usually applied to assess whether the meta-analysis
is influenced by any individual study. When the
selected studies were removed one by one and the
heterogeneity did not show significant change, the
results of the analysis did not depend on one particular
study absolutely. According the provided information,
the univariate analysis was also carried out. Three
subgroups were categorized and subgroup analysis
of potential variables influencing the performance of
RT-LAMP was performed. As most of the results did
not show significant difference, it suggested that the
conclusions are reliable.
There are several limitations in this meta-analysis.
First, only 10 manuscripts met the inclusion criteria
in this analysis. The sample size was so small that it
limited the generalization of the results. Also, qualities
of the selected manuscripts were not uniform. For
example, the essential demographical data like age and

gender distributions were not presented in most studies.
These factors might be potential heterogeneity sources
in the analysis. In addition, the detection limits were
not uniformed in the same unit in primary study. As
the experiments were done by different manipulators,
and the EV71 virus strain used in the studies were
also different from each other, the results were not
comparable with each other.
In conclusion, RT-LAMP is a simple, rapid, cheap,
specific and sensitive nucleic acid detecting method and
has great value in diagnosis of EV71 infection for onsite application in early stage, which could contribute to
control of EV71 infection.
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Summary

Streptococcus suis is a pathogen of zoonotic diseases. Moreover, the emergence of fluoroquinolones (FQs) resistance in this pathogen has severe consequences for pigs and human
health. In this study, the molecular mechanism of FQs resistance in S. suis type 2 (SS2)
sensitive strains isolated from pigs was assessed after in vitro induction of resistance against
the most frequently used FQs: ciprofloxacin, norfloxacin, and enrofloxacin. Proteome analysis,
sequencing and real-time RT-PCR results strongly established an overexpression of an ABC
transporter protein (other than SatAB) and topoisomerase mutations in GyrA (Ser81Arg),
GyrB (Glu354Lys), and ParC (Ser79Phe) in contributing to high level ciprofloxacin resistance
in SS2. Due to the overexpression of the ABC transporter, intracellular ciprofloxacin
concentrations were significantly lower in the resistant strains than those of sensitive
strains after 20, 35, and 60 min exposures to ciprofloxacin (p < 0.05). It was concluded that
improper use of FQs is one of the main causes of the emergence of this zoonotic pathogen as
a multiresistant organism against commonly used antibiotics. The existence of an efflux-like
protein is an incentive to find new drug targets to avoid the spread of FQs-resistant S. suis
isolates in pigs and the human population.
Keywords: S. suis, fluoroquinolones, proteome, ABC transporter, mutations

1. Introduction
Streptococcus suis is a pathogen of zoonotic diseases.
People are at great risk of infection by contact with
diseased pigs or its by-products (1-6). Two outbreaks of
S. suis have occurred in China, particularly the major
epidemic that took place in 2005 in Sichuan province,
which affected 204 people and caused 38 fatalities (3,6).
Nevertheless, cases of S. suis meningitis have also been
reported in patients with no history of contact with
animals or their products (7).
Chemotherapy is still the most important strategy
for prevention and treatment of S. suis infections in
China and all over the world due to the lack of an
effective vaccine. Fluoroquinolones (FQs) are preferred
*Address correspondence to:
Dr. Liping Wang, College of Veterinary Medicine, Nanjing
Agricultural University, No. 1 Weigang, Nanjing 210095,
China.
E-mail: wlp71@163.com

antibacterial agents for treatment of streptococcal
infections (8,9). Enrofloxacin in pigs and ciprofloxacin
in humans, have remained the most preferred FQ agents
for the treatment of S. suis infections (10). However,
treatment failure in streptococcal infections is reported
worldwide due to the emergence of strains resistant to
FQs and other antibiotics in recent years. Such multidrug
resistant streptococcal strains have become a universal
problem and have severe consequences for pigs and for
human health (11-15).
Resistance mechanisms to fluoroquinolones in S.
suis are seldom studied. Only two studies have reported
resistant mechanisms. One is point mutations in quinolone
resistance-determining regions (QRDRs) of the gyrA
subunit of the DNA gyrase and parC subunit of DNA
topoisomerase IV, and another reason of developing
resistance to fluoroquinolones is decreased accumulation
of these FQ agents in bacterial cells mediated by SatAB
(13,15).
However, in our previous studies (not published),
eight FQ-susceptible strains were induced resistant
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to FQs by ciprofloxacin with a step-wise method. We
found five of the resistant strains have mutations of
gyrA and parC as previously reported as well as higher
expression levels of satAB. However, the other three
FQ-resistant strains selected in vitro have mutations
in DNA gyrase and DNA topoisomerase IV, but the
expression levels of satAB were not changed compared
with their parental sensitive strains. Interestingly, the
efflux pump inhibitor reserpine could decrease the
MICs of ciprofloxacin and norfloxacin in these three
mutants. Therefore, we considered the possibility that
another efflux-mediated resistance is responsible for
at least part of the resistance in S. suis strains and the
aim of this study was to further explore the underlying
molecular mechanisms involved in FQ resistance in
these three lab-derived resistant strains.
2. Materials and Methods
2.1. Strains
Three strains ZY05721E, JR05730E, and JDZ058021E of Streptococcus suis type 2 (SS2) recovered from
diseased swine in 2009 were used in this study. The
three strains which were sensitive to enrofloxacin,
ciproﬂoxacin, and norﬂoxacin were cultured in Todd–
Hewitt broth (THB) with 3% calf serum at 37°C.
2.2. Antibiotics and efflux pump inhibitor
Antibiotics were obtained from different companies as
follows: erythromycin and tetracycline were obtained
from Amresco (Solon, OH, USA); sulfamonomethoxine,
penicillin, enrofloxacin, norfloxacin, and ciprofloxacin
were obtained from Sigma (St Louis, MO, USA); and
efflux pump inhibitor reserpine was obtained from Fluka
(USA).
2.3. Selection of ciprofloxacin-resistant mutants in vitro
and susceptibility determination
The gradient plate method, as previously described (16)
with minor modiﬁcations, was used to induce ZY05721E,
JR05730E, and JDZ05802-1E to be FQ-resistant strains
(named ZY05721EC, JR05730EC, and JDZ05802-

1EC) with subinhibitory concentrations of ciprofloxacin.
Antimicrobial susceptibilities, either in the presence or
absence of 50 μg/mL of reserpine, were done using the agar
dilution method according to the recommendations of the
Clinical and Laboratory Standards Institute (CLSI), and the
results were determined by CLSI standards (17). Resistant
mutants were subcultured in antibiotic-free medium for 10
serial passages and stored at -80°C prior to use.
2.4. Detection of FQ-resistant genes and mRNA expression
of related efflux pumps
The artiﬁcially induced ciproﬂoxacin-resistant isolates
were analyzed for mutations in quinolone resistancedetermining regions (QRDRs) in gyrA, gyrB, parC, and
parE by PCR and sequencing. The mRNA expression
of the related efflux genes satAB and smrA as well
as the identified ABC transporter gene selected by
the proteome, were detected by real-time RT-PCR,
as previously described (18). 16S rRNA was used as
a housekeeping gene to standardize the levels of the
transcripts. The genes of satAB and smrA were also
sequenced and compared with their parental strains.
The primers used in this study were designed by using
software Primer premier 5 (Table 1).
2.5. Preparation of proteins and 2-D gel electrophoresis
The S. suis resistant and sensitive strains were grown
to late log phase (reaching an OD 600 of 0.8) and
Triton X-114 phase-separation was used to isolate
lipophilic membrane proteins, using the previously
described method (19). Membrane-associated proteins
were desalted by using the 2-D Clean-up Kit (GE,
Healthcare), and their concentrations were determined
by using the 2-D Quant Kit (GE Healthcare).
2-D gel electrophoresis was performed as previously
described (20). Gel assessment and data analysis were
done using the Image master 2D 5.0 program (GE
Healthcare). Quantitative comparison of average gels
among different strains was used to designate the
significantly different expressed spots; those showing
at least a 2-fold change in three pairs of sensitive and
resistant strains with three replicates were considered for
subsequent analysis.

Table 1. Primers used for PCR ampliﬁcation and qRT-PCR in this study
Name
Amplification and sequencing
gyrA
gyrB
parC
parE
qRT-PCR
SS2069
satAB
16S rRNA

Sequence (5′–3′)

References

CGCCGTATTTTGTATGGGATG / GTTCCGTTAACCAGAAGGTT
GAAGGAGTGTCCGAATATGG / CTGGTGAAGATGTGCGTGAA
AAGGACGGCAACACTTTTGAC / AGTGGGTTCTTTTTCCGTATC
TGTGGTGGACGGCATTGTG / CCTCTACTAGCGGTCGCATAT

This study
This study
This study
This study

GTATTTTGCCTTACGCTCATCTGT/ CCTATGCTCCTTACTCTTACCACGA
AATCCAGAACCTTGTCAT / AATAATCATCCACCAGAGT
GTGAAGAAGGTTTTCGGATCGT / GTAGTTAGCCGTCCCTTTCTGGT

This study
Escudero et al., 2007
This study
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2.6. Mass spectrometry analysis for protein spot
analysis
Tryptic in-gel digestion was performed as described
(21). The resulting peptides were air dried and analyzed
with a 4800 MALDI-TOF/TOF proteomics Analyzer
(Applied Biosystems, USA). The UV laser was
operated at 200 Hz at a wavelength of 355 nm, and
the accelerated voltage was operated at 20 kV. Protein
digested by trypsin was used to standardize the mass
instrument as an internal standardized mode. Data from
MALDI-TOF-MS were used in a combined search next
to the NCBInr protein database using MASCOT (Matrix
Science). Originally, the MASCOT server was used
instead of the NCBInr for peptide mass ﬁngerprinting
(PMF). The criteria used for protein identiﬁcation were
based on PMF data, including the extent of sequence
coverage, number of peptides matched, and score of
probability. Protein detection was assigned when the
sequence coverage was greater than 15% (22,23). The
identification of protein spots with a Mascot Score
required a result greater than 83.
2.7. Detection of ciprofloxacin concentration in S. suis
strains by HPLC
Accumulation of ciprofloxacin in the sensitive strain
JR05730E and mutants JDZ05802-1EC, ZY05721EC,
and JR05730EC was measured by HPLC. The strains
were cultured in THB to an OD 660 of 0.6 and then
incubated with ciprofloxacin (10 mg/L) at 37°C in
a total volume of 10 mL. One milliliter suspensions
during incubation were taken out at 0, 1, 2, 5, 10, 20, 35,
and 60 min, respectively. Cells were centrifuged (8,000
g for 1 min), washed three times with 2 mL phosphate
buffered solution (pH 7.0), adjusted the wet weight of
bacteria to 40 mg , lysed by repeated freezing-thawing
cycles, and the obtained suspensions were centrifuged
at 12,000 g for 10 min. Proteins were precipitated
from 400 μL clear supernatants using methyl cyanides.
Samples were mixed, centrifuged (12,000 g for 10 min
at 4°C), and supernatants were evaporated to dryness in
a water bath (40°C) under a gentle stream of nitrogen
gas. Residues were reconstituted in the mobile phase
(0.5 mL), mixed by vortex, and an aliquot (20 μL) was
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injected onto an HPLC column. The concentration
of ciprofloxacin was determined by HPLC under the
following conditions: a Kromasil C18 column (150 mm
× 4.6 mm, 5 μm), a ﬂow rate of 1.0 mL/min, and UV
detection at a wave length of 277 nm. All accumulation
experiments were performed on at least three separate
occasions.
2.8. Statistical analysis
All data are presented as mean ± SD and comparisons
of satA, satB, smrA, and SS2069 expression as well
as comparisons of the ciprofloxacin concentrations
between sensitive and resistant strains was statistically
analyzed using Student′s t test. A value p < 0.05 was
regarded as statistically signiﬁcant.
3. Results
3.1. Selection of ciprofloxacin-resistant mutants in vitro
Minimum inhibitory concentration (MIC) of
ciprofloxacin, norfloxacin, and enrofloxacin was
determined in S. suis strains ZY05721E, JR05730E,
and JDZ05802-1E. The MICs revealed that the
three strains were all susceptible to enrofloxacin,
ciprofloxacin, norfloxacin, and penicillin but resistant
to tetracycline and sulfamonomethoxine. Subsequently,
spontaneous resistant clones were obtained from
these three parental sensitive isolates after stepwise
induction by subinhibitory concentrations of the FQs.
The ﬁnal selected clones were found highly resistant to
ciprofloxacin, enrofloxacin, norfloxacin, tetracycline,
and sulfamonomethoxine (Table 2). The ciprofloxacin
MICs of the three strains increased up to more than 128
mg/L, suggesting that the appropriate combination of
stepwise induction and selection cycles are an efﬁcient
way to induce resistant mutants in vitro.
3.2. Mutations in the QRDRs of topoisomerase and
detection of SatAB overexpression in resistant strains
In the three selected FQ-resistant strains, mutations showed
in Table 3 were found in the QRDRs of GyrA (Ser81Arg)
and ParC (Ser79Phe), together with GyrB (Asp315Asn)

Table 2. The MICs of seven antibiotics used against S. suis parent and induced mutants (mg•L-1)
Strain
ZY05721E
JR05730E
JDZ05802-1E
ZY05721EC
JR05730EC
JDZ05802-1EC

ERY

ENRO

NOR

CIP

PEN

TET

SUL

0.0018
0.0018
0.0018
64
128
64

0.5
1
0.5
128
64
128

0.25
0.25
1
≥128
≥128
≥128

0.25
0.5
0.0625
≥128
≥128
≥128

< 0.0625
< 0.0625
< 0.0625
< 0.0625
< 0.0625
< 0.0625

16
128
64
16
128
64

≥ 512
512
≥ 512
≥ 512
512
≥ 512

ZY05721EC, JR05730EC, JDZ05802-1EC were the selected resistant strains to ciproﬂoxacin, norﬂoxacin and enroﬂoxacin. ERY: erythromycin;
ENRO: enroﬂoxacin; NOR: norﬂoxacin; CIP: ciproﬂoxacin; PEN: penicillin; TET: tetracycline; SUL: sulfamonomethoxine.
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in two mutants ZY05721EC and JR05730EC. However,
only mutation in GyrB (Glu354Lys) was observed in the
JDZ05802-1EC strain and mutation in parE (pro278ser)
was found only in the ZY05721EC strain). The mRNA
expression level of the efflux gene satAB was detected
with and without ciproﬂoxacin by real-time RT-PCR, but
a signiﬁcant difference was not found among the parental
and mutant strains (showed in Figure 2A). Furthermore, no
acquired point mutations of satAB as well as its promoter
region were found by sequencing in the wild type and
mutant derivatives. Interestingly, the efﬂux pump inhibitor
reserpine could decrease the MICs of ciprofloxacin and
norfloxacin in the mutants, but it could not change the
MIC of enrofloxacin (Table 4). These results indicated
that other efﬂux pumps may be involved in ciproﬂoxacin
and norfloxacin resistance. Therefore, the proteome
method was used to investigate the new efﬂux mechanism
associated with FQ resistance.
3.3. Proteome changes related to ciprofloxacin resistance
in S. suis
Proteome analysis showed a consistent pattern of
membrane protein expression levels on the gels under
optimal 2-DE running conditions. Image analysis
revealed that there were 311 ± 53 and 237 ± 53 highly
reproducible protein spots observed consistently in
sensitive strains and resistant mutants during the
exponential growth phase, respectively. Nine numbered
protein spots were common in three resistant strains
with a more than 1.3-fold difference in expression level
Table 3. The mutations of QRDRs in lab-derived mutants
Isolates No.

GyrA

Ser81Arg
ZY05721EC
Ser81Arg
JR05730EC
JDZ05802-1EC −

GyrB

ParC

ParE

Asp315Asn
Asp315Asn
Glu354Lys

Ser79Phe
Ser79Phe
−

Pro278Ser
−
−

compared with their parental strains (Figure 1). The
nine spots were then characterized by MALDI-TOFMS, and the results were compared with available data
in the NCBI sequence database.
The successfully identified nine spots corresponded
to nine individual proteins, and their detailed information
is shown in Table 5. Eight proteins (spots 1–5 and 7–9)
were upregulated in resistant strains compared with
their parental sensitive strain and one protein (spot 6)
was only found in two resistant strains ZY05721EC and
JDZ05802-1EC. The upregulated spots mainly included
six metabolic enzymes (spots 1, 2, 3, 7, 8 and 9), one
putative chaperonin GroEL (spot 4), one regulatory
factor (spot 6) and one ABC transporter periplasmic
protein (spot 5). Among these proteins, ABC transporter
periplasmic protein (spot 5), which belongs to the ATPbinding cassette transporter family, was upregulated
by 50-, 22-, and 30-fold in ZY05721EC, JR05730EC,
and JDZ05802-1EC, respectively. The change in the
other proteins was not more than 3-fold when compared
between sensitive and resistant strains.
3.4. An ABC transporter is overexpressed in the ciprofloxacinresistant mutants
Proteome analysis of the sensitive and resistant strains
revealed that the ABC transporter periplasmic protein
(spot 5) may be associated with fluoroquinolone
resistance in S. suis on the basis of its upregulation
by more than 22-fold in resistant strains. The results
suggested that the ABC transporter might have worked
as an efﬂux, which helped S. suis to become resistant to
ciprofloxacin and norfloxacin but not to enrofloxacin.
Furthermore, BLAST search results (http://www.ncbi.
nlm.nih.gov/BLAST/) also showed 100% identity with
the amino acid sequence of an ABC transporter in the S.
suis strain 05ZYH33. Therefore, we next analyzed the
mRNA expression of this ABC transporter periplasmic

Table 4. Initial and ﬁnal MICs of ciproﬂoxacin (CIP) and other antibiotics measured in the presence and absence of reserpine
Initial

After selection with ciprofloxacin

Antibiotics

CIP
NOR
ENRO
ERY
PEN
TET
SUL

Res –
Res +
Res –
Res +
Res –
Res +
Res –
Res +
Res –
Res +
Res –
Res +
Res –
Res +

ZY05721E

JR05730E

JDZ05802-1E

ZY05721E

JR05730E

JDZ05802-1E

0.25
0.25
0.25
0.25
0.5
0.5
0.0018
0.0018
< 0.0625
< 0.0625
16
16
≥ 512
≥ 512

0.5
0.5
0.25
0.25
1
1
0.0018
0.0018
< 0.0625
< 0.0625
128
128
512
512

0.0625
0.0625
1
1
0.5
0.5
0.0018
0.0018
< 0.0625
< 0.0625
64
64
≥ 512
≥ 512

0.25
0.25
0.25
0.25
0.5
0.5
0.0018
0.0018
< 0.0625
< 0.0625
16
16
≥ 512
≥ 512

0.5
0.5
0.25
0.25
1
1
0.0018
0.0018
< 0.0625
< 0.0625
128
128
512
512

0.0625
0.0625
1
1
0.5
0.5
0.0018
0.0018
< 0.0625
< 0.0625
64
64
≥ 512
≥ 512

Bold text indicates conditions in which MIC is reduced by addition of reserpine.
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Figure 1. Coomassie Brilliant Blue G-250 stained 2-DE gel representative map of membrane proteins extracted from S.
suis sensitive and resistant strains during the exponential growth phase. (A: JR05730; B: JR05730-EC; C: ZY05721; D:
ZY05721 EC). Proteins were separated by isoelectric focusing in the pI range of 4–7 in the ﬁrst dimension and 12% SDS-PAGE
in the second dimension. Squares with numbers indicate the common upregulated proteins in three induced resistant strains
compared with each parental sensitive strain. The map of the proteins came from three triplicate experiments.

Table 5. Differentially expressed proteins in Streptococcus suis resistant strains during exponential growth phase
Spot No.a Annotation/Species

NCBI Protein
Accession No.

Experimental
Mw/pI

Theoretic
Mw/pI

Sequence
Coverage

Mascot
score

1

gi|223933260

38965/5.37

38932.40/5.37

60%

251

gi|146318730

35400/5.05

35422.07/5.05

57%

231

gi|146320177

31250/4.90

31155.37/4.90

48%

121

gi|253751059

57037/4.70

57072.24/4.70

47%

291

gi|146319723

28609/4.42

28626.92/4.42

80%

182

gi|146320956

25097/4.96

25055.67/4.96

56%

151

gi|146321359

47066/4.66

47094.98/4.66

48%

222

gi|146318730

35400/5.05

35422.07/5.05

48%

173

gi|146318854

63045/4.60

63084.91/4.60

44%

228

2
3
4
5
6
7
8
9

dTDP-glucose 4,6-dehydratase/
Streptococcus suis 89/1591
L-lactate dehydrogenase/
Streptococcus suis 05ZYH33
Fructose-bisphosphate aldolase/
Streptococcus suis 98HAH33
Putative chaperonin GroEL /
Streptococcus suis 98HAH33
Amino acid ABC transporter periplasmic protein/
Streptococcus suis 05ZYH33
Phosphate uptake regulator/
Streptococcus suis 98HAH33
Phosphopyruvate hydratase/
Streptococcus suis 98HAH33
L-lactate dehydrogenase/
Streptococcus suis 05ZYH33
Phosphoenolpyruvate-protein kinase/
Streptococcus suis 05ZYH33

Proteins were identiﬁed by MALDI-TOF. Proteins with a minimum of three matching peptides were considered positive. a Refers to proteins
labelled in Figure 1.
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Figure 3. Intracellular accumulation of ciprofloxacin in
sensitive and resistant strains of S. suis. At 1, 2, 5, 10, 20,
35, and 60 min after ciproﬂoxacin (10 μg/mL) addition, onemilliliter samples were collected, and the concentration of
ciproﬂoxacin extracted from cells was determined by HPLC.
Each value represents the mean ± SD from three triplicate
experiments.

Figure 2. Expression levels of satA, satB and smrA (A) as well
as SS2069 gene encoding an amino acid ABC transporter(B)
in sensitive and resistant strains determined by real-time
RT-PCR. Pump expression was normalized against 16S
RNA expression levels. Values are means ± SD of three RNA
preparations with one RT-PCR for each RNA preparation.
Statistical analysis was done using the two-tailed Student′s
t-test to compare the expression levels of sensitive and resistant
strains selected by antibiotics. Bars with * are significantly
different from sensitive strains (p < 0.05).

protein corresponding gene SS2069 (named in the S.
suis 05ZYH33 strain) in the sensitive strain (JR05730)
and resistant strains (ZY05721EC, JDZ05802-1EC,
and JR05730EC) by real-time RT-PCR. The mRNA
expression levels of the SS2069 gene significantly
increased by 3.7-, 6.3-, and 8.0-fold in the resistant
strains ZY05721EC, JR05730EC, and JDZ05802-1EC,
respectively, when compared with the sensitive strain
JR05730 (Figure 2).
3.5. The accumulation of ciprofloxacin in resistant and
sensitive strains
Because the overexpression of an ABC transporter was
observed, the intracellular accumulation of ciproﬂoxacin
was measured in the sensitive and resistant strains. At
1, 2, 5, 10, 20, 35, and 60 minutes after ciproﬂoxacin
(10 μg/mL) addition to the sensitive strain (JR05730)
and resistant strains (ZY05721EC, JDZ05802-1EC, and
JR05730EC), one milliliter samples were collected, and
the concentration of ciprofloxacin extracted from the
cells was determined by HPLC.
Intracellular ciproﬂoxacin concentrations reached a
peak after 10 min in the three resistant strains (Figure
3). And intracellular ciproﬂoxacin concentrations were
significantly lower in the resistant strains than in the

sensitive strain after 20, 35, and 60 min exposures to
ciproﬂoxacin (p < 0.05) (Figure 3).
4. Discussion
Fluorquinolone resistance in S. suis occurs by two
mechanisms including mutations in the QRDRs of the
gyrA and parC genes and the mediation of FQ efﬂux by
the SatAB pump (13,15). Based on existing knowledge
of FQ resistance and the related literature, the main
purpose of our study was to explore the underlying
molecular mechanism of FQ resistance after in vitro
induction of ﬂuoroquinolones in S. suis, due to the highly
pathogenic nature and zoonotic importance. In this study,
two novel findings for FQ resistance were discovered,
and to the best of our knowledge they are being reported
for the first time in S. suis: (1) A new alteration in
GyrB was identiﬁed and (2) An efﬂux pump, other than
SatAB, was identified that can pump out ciprofloxacin
and norfloxacin, but not enrofloxacin, thus, conferring
ciproﬂoxacin/norﬂoxacin resistance in S. suis.
The predicted amino acid sequences of GyrA,
GyrB, ParC, and ParE exposed in all three parental
susceptible isolates, showed no single amino-acid
differences in their QRDRs, suggesting a high degree
of protection of this region. Amino acid substitutions in
the quinolone resistance-determining regions (QRDR)
of GyrA, GyrB, ParC, and ParE were identified in
selected resistant strains. Only one strain had a single
mutation in GyrB without mutations in GyrA, ParC,
or ParE. The resistance mutations in GyrA and ParC in
our strains occurred at the expected hot spots (GyrAS81Y; ParC-S79Y), which are generally similar to
those reported by Escudero et al. (13) and those in
other Gram-positive bacteria, such as S. aureus, S.
pneumoniae, S. pyogenes, and E. faecium (18,24-27). It
has already been demonstrated that QRDR alterations
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in GyrB and ParE are associated with ﬂuoroquinolone
resistance in Gram-positive bacteria such as S. aureus, S.
pneumoniae, and E. faecium (25,27,28), but this has not
been reported in S. suis. The strains ZY05721EC and
JR05730EC had an additional mutation Asp315Asn,
and the strain JDZ05802-1EC had another amino acid
substitution Glu354Lys in GyrB. Previous studies on
ﬂuoroquinolone-resistance mechanisms have identiﬁed
a Ser-463 to Lys substitution in GyrB in Salmonella
(29), and a Glu-474 to Lys substitution in GyrB in S.
pneumoniae (30), which differ from the mutations
identified in our strains. In the strain JDZ05802-1EC,
only the mutation Glu354Lys in GyrB was found,
strongly suggesting that this substitution is involved in
FQ resistance; whether Pro278Ser is associated with
FQ resistance needs to be confirmed. However, the
Asp315Asn mutation has not been reported previously.
Only one strain ZY05721EC had the Pro278Ser
mutation in ParE. It has been reported that twentyeight single or combination mutations were found in
levofloxacin-resistant S. pneumoniae strains, which
included the equivalent Pro454Ser mutation in ParE
(31). However, they have not been able to assign any
significance to the ParE mutation. In our study, the
ZY05721EC strain also had mutations in GyrA, GyrB,
and ParC, therefore, whether Pro278Ser in ParE is
related to FQ resistance also needs to be conﬁrmed.
The ciprofloxacin and norfloxacin-resistance
phenotype can be partially reduced by the efﬂux pump
inhibitor reserpine, indicating that a combination of
ATP-binding efflux expression and target mutations
may be involved in ciproﬂoxacin-resistance in S. suis.
However, the enroﬂoxacin resistance phenotype might
not be inﬂuenced by reserpine. As an ABC transporter,
SatAB is the main efflux pump described in S. suis
(15). In this study the expression level of SatAB was
detected first by real-time RT-PCR; however, there
was no change between parental sensitive strains and
induced resistant strains. It is clear that the molecular
mechanisms contributing to ciprofloxacin and
norfloxacin resistance in S. suis comprise a complex
system. Therefore, to obtain an overall view of the
proteins associated with ciprofloxacin resistance in S.
suis, comparative proteomic mapping of sensitive and
resistant strains was carried out. This analysis revealed
significant changes in nine differential protein spots
of which most are involved in metabolism, stress
and virulence. These proteins were predictable due
to their common nonspecific response by bacteria
when stimulated by different shock conditions,
including exposure to antibiotics, toxic agents like
heavy metals, oxidants, acids and bile salts (32,33).
However in particular, we found a good correction
between the ciprofloxacin resistance phenotype and
an increased expression level of an ABC transporter
periplasmic protein. To prove the existence of efflux
pump overexpression, the reaction of the parental
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(JR05730) and mutant (ZY05721EC, JR05730EC,
and JDZ05802-1EC) strains was examined after
challenging with ciprofloxacin. The mutant strains
pumped out ciprofloxacin more efficiently than the
parent strains. Our results provide strong evidence
that efflux pump overexpression and the change of
obtaining target mutations contribute to the high
number of ciprofloxacin/norfloxacin mutants selected
under in vitro pressure on the plates (Figure 3). For an
enrofloxacin resistance mechanism, target mutations
were the most important and the ABC transporter was
not involved in the enroﬂoxacin resistance mechanism
in these three mutants. The characteristics of the
ABC transporter identified in our study are similar
to those of SatAB, recently reported by Escudero et
al. (15). They are mainly involved in ciprofloxacin
resistance development, due to an increased thickness
of a methylated substituent in position C7 that blocks
enrofloxacin from crossing the channels of the efflux
pump; this supports the results of Takenouchi et al.
(34). A small number of studies using different bacterial
species establish that ciprofloxacin is better pumped
than levofloxacin in S. aureus (35), probably because
of its hydrophilicity (while this was demonstrated
with norA, this pump is in the same major facilitator
superfamily as pmrA and is the homologue of pmrA
in Staphylococci and smrA in S. suis). Additional
investigations on ciproﬂoxacin-resistance mechanisms
in S. suis are necessary in order to protect pig
production and reduce risk to human health. ABC
transporters should also be given consideration as one
of the factors involved in developing resistance in SS2
pathogens. Further experiments to determine the role
of this possible transporter by knockout techniques are
currently under way on these three resistant strains in
our laboratory.
In conclusion, our study identiﬁes the overexpression
of an ABC transporter jointly with topoisomerase
modification in the GyrA, GyrB, and ParC proteins,
which played a significant role in ciprofloxacin/
norfloxacin resistance in S. suis that has never been
reported before. These results are useful in ﬁnding new
drug targets against antibiotic resistant strains of S. suis.
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Summary

Tropomyosin-related kinase B (TrkB) is a functional signal molecule that correlates with
cell survival and epithelial-mesenchymal transition (EMT), which is essential for the
invasiveness of malignant cancer cells. While a truncated isoform of TrkB has a dominant
negative effect, full-length TrkB with its tyrosine kinase domain is predicted to play a role
in cancer progression. Because ovarian clear cell adenocarcinoma (CCA) shows worse
prognosis compared to other cancer types, we investigated the correlation between TrkB
isoforms and the progression of CCA. Ovarian adenocarcinoma and benign tumor samples
were obtained from Tokai University Hospital and Juntendo University Hospital. These
samples were examined for the TrkB expression of isotype-specific proteins and mRNAs
by immunohistochemistry and domain-specific semi-quantitative reverse transcription
polymerase chain reaction. While TrkB mRNA expression was detected in all of the ovarian
tissues and TrkB protein expression was predominant in ovarian cancer tissues, the number of
tissues expressing the tyrosine kinase-truncated isoforms (T-Shc or T1) decreased according
to the clinical stage of CCA. Irregular isoforms were also observed in some CCA samples. The
decrease in T-Shc and T1 were less obvious in mucinous adenocarcinoma and not observed
in serous or endometrioid adenocarcinoma. Decreased expression of the truncated isoforms
(T-Shc and T1) was associated with CCA progression. These results demonstrate that
irregular expression of TrkB isoforms is a characteristic of CCA tissues. The unique TrkB
expression profile may be useful for the diagnosis of CCA subtypes.
Keywords: Tropomyosin-related kinase B, brain-derived neurotrophin factor, ovarian cancer,
clear cell adenocarcinoma, isoform

1. Introduction
Brain-derived neurotrophin factor (BDNF) and its
receptor tropomyosin-related kinase B (TrkB) belong
to the nerve growth factor family and the Trk family,

*Address correspondence to:
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of Basic Medical Science and Molecular Medicine, Tokai
University School of Medicine, 143 Shimokasuya, Isehara,
Kanagawa 259-1193, Japan.
E-mail: y-kametn@is.icc.u-tokai.ac.jp

respectively (1,2). TrkB was first reported to be a BDNF
receptor and to support the growth and maintenance of
the nervous system. Thereafter, TrkB and BDNF were
found to be expressed in gynecological tissues including
the ovary, particularly in oocytes (3,4). In the normal
ovary, BDNF/TrkB signaling plays a supportive role in
the growth of follicles (3) and fertilized eggs (4) through
BDNF secreted from granulosa cells and cumulus cells,
as it stimulates TrkB receptors expressed on oocytes.
TrkB signaling reportedly promotes cell survival and
epithelial-mesenchymal transition (EMT) (5,6) in head
and neck squamous cell carcinoma. These features of
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TrkB activity and its primary role as a growth factor
receptor are presumably related to carcinogenesis (7,8).
In fact, overexpression of TrkB has been observed in
various malignant tumors, including neuroblastoma,
prostate cancer, pancreatic cancers, multiple myeloma
and pulmonary carcinoid tumors.
The TrkB gene (Figure 1) is relatively large,
spanning more than 350 kbp and containing 24 exons
(9). Full-length TrkB has an intracellular tyrosine
kinase (TK) domain. In human neural tissue, two
C-terminal truncated TrkB receptors, TrkB-T-Shc
and TrkB-T1, are also expressed (10,11), and both
act as dominant-negative inhibitors of the full-length
receptor (12). These truncated isoforms, TrkB-T-Shc
and TrkB-T1, may function in normal neuronal tissues
to modulate the TrkB signal. Moreover, TrkB isoforms
lacking several exons at the N-terminus have recently
been predicted by in silico analysis (13).
Ovarian carcinoma is usually classified into
four histopathological types: serous, endometrioid,
mucinous, and clear cell adenocarcinoma (CCA). There
have been many reports comparing the features of these
cancer types (14). Among these ovarian cancer types,
CCA accounts for more than 20% of ovarian carcinomas
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in Japan, where its frequency is higher compared to
western countries (15). CCA has a worse prognosis
compared to other types of ovarian carcinoma, as CCA
is resistant to various anti-cancer treatments, although
its growth is slow. These characteristics are similar to
those of cancer stem cells, which might be induced
by the process of EMT (16). However, the molecular
mechanisms of the worse biological behavior of CCA
have not been fully clarified.
Large molecules with multiple functional domains
such as TrkB can have several variants as a result of
splicing or mutation of the DNA caused by oncogenesis.
To date, the over-expression of TrkB protein in
cancers has been evaluated by immunohistochemical
analysis (17). However, any major abnormalities of the
molecular structure of TrkB have not been reported in
cancer tissues.
In the present study, ovarian cancer tissues were
first examined for structural abnormalities in TrkB
mRNA to determine whether a decrease in dominantnegative isoforms occurs with CCA progression. The
results indicate that the expression of irregular TrkB
variants could be a potential marker of CCA diagnosis
and a target of CCA treatment.

Figure 1. Predicted TrkB protein isoforms with primers and antibodies used for analysis. (A) Domains of full-length TrkB
protein. c, cysteine-rich region; Leu rich, leucine-rich region; IG like, immunoglobulin-like domain. (B) Major splice variants
of TrkB. TrkB: full-length TrkB; TrkB-T-Shc: TrkB with the Shc binding domain but without the kinase and PLC-γ domains;
TrkB-T1: TrkB without functional intracellular domains. The 5' and 3' untranslated region domains are shown as empty boxes.
The coding region is shown as boxes that are colored differently for each domain. (C) The locations of the primers for RT-PCR
are shown by arrows, and the numbers indicate the amplified fragments. Thus, each primer is labeled with the exon number, and
the forward (F) or reverse (R) direction is also indicated by the direction of the arrow. (D) Epitopes of the antibodies (sc8316 and
sc12) used for immunohistochemical analysis are indicated by double-headed arrows.
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after which RNA was extracted to use as a positive
control for RT-PCR.

2. Materials and Methods
2.1. Clinical samples

2.3. Immunohistochemistry
Immunohistochemical specimens of ovarian cancer
(n = 105), endometriosis (n = 17), benign ovarian
tumors (n = 9) and normal endometrium (n = 28) were
obtained from patients who underwent surgery at Tokai
University Hospital (Kanagawa, Japan) from 1994 to
2010 (Table 1A). RNA was extracted from fresh-frozen
specimens of ovarian cancer tissue following reverse
transcription polymerase chain reaction (RT-PCR) (n =
47) (Table 1B). All specimens contained at least 70%
tumor tissue. Tumors were harvested peri-operatively
from 2007 to 2011 at Tokai University Hospital and
Juntendo University Hospital (Tokyo, Japan) and
immediately frozen at -80°C. All tissues were obtained
with the informed consent of the patients, and this study
was approved by the Institutional Review Boards of
Tokai University and Juntendo University.
2.2. Cell culture
Ovarian cancer cell lines and a neuroblastoma cell line
(TGW) were purchased from American Type Culture
Collection (Manassas, VA, USA). TGW was cultured at
37°C under 5% CO2 in Glutamax with 10% fetal bovine
serum (Equitech-Bio, Inc., Kerrville, TX, USA), and 10
mM all trans retinoic acid (Sigma-Aldrich, St. Louis,
MO, USA) was added to induce TrkB expression. Cells
were grown in 10 mm dishes (Asahi Glass Co., Ltd.,
Tokyo, Japan) coated with type I collagen for 6 days,

Sections of formalin-fixed, paraffin-embedded tissues
were stained using 2 polyclonal antibodies for TrkB
(Figure 1): anti-TrkB antibody sc8316, which targets
the extracellular domain near the BDNF-binding site
(N: 160-340, Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), and anti-TrkB antibody sc12, which
targets the TK domain (Santa Cruz). One monoclonal
antibody was used to stain for BDNF (anti-BDNF
mouse antibody, clone #35928.11; Merck, Darmstadt,
Germany). Biotinylated anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) (1:300) was used as the secondary antibody for
sc8316, and biotinylated anti-mouse IgG (Fitzgerald,
Acton, MA, USA) (1:200) was used for BDNF. Sections
were stained by the ABC method (Vector Laboratories
Inc., Burlingame, CA, USA) for the sc8316 and antiBDNF antibodies and by the EnVision method (Dako,
Glostrup, Denmark) for the sc12 antibody. EnVisionTM+
Rabbit/HRP (Dako) was used for 1 hour for sc12.
Sections of ovarian CCA specimens with strong
staining for sc8316 and sc12 and sections of cerebellar
tissue specimens that strongly stained for BDNF were
used as positive controls. For the negative control,
we used rabbit IgG (sc8316 and sc12) or mouse IgG
(BDNF) in place of the primary antibodies. If more
than 10% of the tumor cells were positive for TrkB or
BDNF, the tumor was classified as positive.

Table 1. Clinical characteristics of the patients
A. Clinical characteristics of the patients. IHC analysis
Items
Ovarian cancer
Mucinous
Serous
Endometrioid
Clear cell
Benign tissue
Endometriosis
Benign ovarian tumors
Endometrium

Number

Age (mean ± S.D.)

105
11
19
25
50
51
17
9
28

54.6 ± 10.0
53.7 ± 16.4
58.7 ± 8.7
53.1 ± 11.3
54.0 ± 7.7
46.4 ± 8.6
43.8 ± 7.0
54.8 ± 13.8
45.2 ± 5.6

Stage
I

II

III

IV/rec

55
7
5
13
30

10
2
0
3
5

32
2
11
6
13

8
0
3
3
2

I

II

III

IV/rec

22
7
1
2
12

6
1
0
3
2

16
0
7
5
4

4
0
0
1
3

(OA: n = 105, EM: n = 17, BOT: n = 9, NE: n = 28)

B. Clinical characteristics of the patients. RT-PCR analysis
Items
Ovarian cancer
Mucinous
Serous
Endometrioid
Clear cell

Number

Age (mean ± S.D.)

47
8
8
10
21

53.6 ± 11.8
50.8 ± 18.5
62.0 ± 12.4
54.5 ± 9.0
51.1 ± 8.6

Stage

(OA: n = 47,)
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2.4. RT-PCR and DNA sequence analysis
Total RNA was extracted using TRIzol LS reagent
(Invitrogen, San Diego, CA, USA) or a Qiagen extraction
kit (Qiagen, Valencia, CA, USA) from fresh-frozen
tissues or cultured cells according to the manufacturer's
instructions. Then, the optical density of the extracts
was measured, and the concentration to use for RTPCR was selected. The primers for TrkB (Figure 1),
BDNF, and β-actin are as indicated in the Supplemental
data (http://www.biosciencetrends.com/docindex.
php?year=2014&kanno=2). Amplification involved
initial reverse transcription at 50°C for 30 min and 95°C
for 15 min, followed by 33 cycles of denaturation for 1
min at 94°C, annealing for 1 min at 60°C, and extension
for 1 min at 72°C. Final extension was then carried
out for 5 min at 72°C, after which PCR products were
separated by electrophoresis on a 1% agarose gel in 1 ×
Tris-Borate-EDTA (TBE) and stained with 0.5 μg/mL
ethidium bromide.
Direct DNA sequencing of the PCR products was
performed using the primers above and an Applied
Biosystems 3500XL sequencer (Applied Biosystems,
Carlsbad, CA, USA). Each sequence was compared with
those registered in the National Center for Biotechnology
Information (NCBI) database, and A Plasmid Editor
(ApE) software was used for this analysis.
2.5. Statistical analysis
Statistical analyses were conducted using Microsoft
Office Excel 2007 (Microsoft, Redmond, WA, USA).
Differences were evaluated by the chi-square test for
comparison among tumor subtypes or stages. The
results were considered to be significant if the p-value
was < 0.05.
3. Results
We first used the extracellular domain-specific antibody
(Ab) sc8316 and the intracellular domain-specific Ab
sc12 to examine the localization of TrkB proteins in the
tissues by immunohistochemistry. As shown in Figures
2A and 2B, the cell membrane and cytoplasm of ovarian
CCA cells were clearly stained by sc8316. The invasive
front of the tumor showed greater expression of TrkB
(Figure 2B). As with sc8316, the cell membrane and
cytoplasm were both stained by sc12 antibody (Figure
2C). These results suggest that TrkB expression was
increased on CCA cells in invasive sites.
As shown in Table 2, the percentage of TrkB-positive
ovarian cancers was 74.3%, which was significantly
higher when compared with endometriotic tissue and
normal endometrium (p < 0.05). Immunohistochemical
analysis did not indicate a significant tissue type or
clinical stage specificity. We further examined the
protein expression of the intracellular domain using

Figure 2. Immunohistochemical analysis of TrkB in
ovarian cancer. (A) Representative photomicrograph of
a primary clear cell adenocarcinoma stained with sc8316
(patient number 30 in Figure 4). (×20). (B) Representative
photomicrograph of the invasive front of a clear cell
adenocarcinoma stained with sc8316 (patient number 30 in
Figure 4). Arrows indicate sites of strong TrkB expression at
the invasive front. (×20). (C) Representative photomicrograph
of clear cell adenocarcinoma stained with sc12 (patient
number 30 in Figure 4). (×20). An Olympus AX70 optical
microscope, DP2-BSW software (Ver 2.1), and DP72 camera
were used.

sc12. Similar to sc8316, the cell surface and cytoplasm
were stained positively by the antibody (Figure 1D).
Among the 78 TrkB-positive cases, the percentage of
sc8316 and sc12 double-positive cancers was 19.2% (15
cases). TK domain expression was observed in ovarian
cancers and benign tumors but was not observed in the
endometrium or endometriotic tissue. The percentage
of sc12-positive cases did not differ among tissue types
or clinical stages (Table 2).
The percentage of BDNF-positive ovarian cancers
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Table 2. Immunohistochemical analysis of TrkB isoform and BDNF expression in clinical samples
Items

Expression of TrkB (sc8316)

Expression of TrkB (sc12)

Negative (-)

Positive (+)

Total

Negative (-)

Positive (+)

Benign tissues
Endometriosis
Endometrium
Ovarian tumor

9 (52.9%)
15 (53.6%)
1 (11.1%)

8 (46.1%)
13 (46.4%)
8 (88.9%)

17
28
9

8 (100%)
13 (100%)
6 (66.7%)

Ovarian cancer
Total
Mucinous
Serous
Endometrioid
Clear cell

27 (25.7%)
1 (9.1%)
4 (21.0%)
13 (52.0%)
9 (18.0%)

78 (74.3%)
10 (90.9%)
15 (79.0%)
12 (48.0%)
41 (82.0%)

105
11
19
25
50

Stage
Stages I
Stages II-IV

16 (29.1%)
11 (22.0%)

39 (70.9%)
39 (78.0%)

55
50

Expression of BDNF

Total

Negative (-)

Positive (+) Total

0 (0%)
0 (0%)
3 (33.3%)

8
13
9

2 (11.8%)
12 (42.8%)
1 (11.1%)

15 (88.2%)
16 (57.2%)
8 (88.9%)

63 (80.8%)
7 (70.0%)
12 (80.0%)
11 (91.7%)
33 (80.5%)

15 (19.2%)
3 (30.0%)
3 (20.0%)
1 (8.3%)
8 (19.5%)

78
10
15
12
41

17 (16.2%)
1 (9.1%)
1 (5.3%)
11 (44.0%)
4 (8.0%)

88 (83.8%) 105
10 (90.9%) 11
18 (94.7%) 19
14 (56.0%) 25
46 (92.0%) 50

32 (82.1%)
32 (82.1%)

7 (17.9%)
7 (17.9%)

39
39

11 (20.0%)
6 (12.0%)

44 (80.0%)
44 (88.0%)

17
28
9

55
50

(OA: n = 105, EM: n = 17, BOT: n = 9, NE: n = 28

was 83.8% (88 cases). Among the TrkB-positive
ovarian cancers, 88.5% (69 cases) were also BDNF
positive (69 cases) (Table 2).
We then analyzed the molecular structure of the
TrkB isoforms expressed in ovarian cancer. For the
analyses, we selected samples (Table 1) after we
confirmed TrkB protein expression by the above
immunohistochemical analysis.
The RT-PCR results showed that the TGW
neuroblastoma cell line expressed all domains of
TrkB, as reported previously (17). The PCR products
of this cell line were used as positive controls because
the sequences of these products were consistent with
the sequences of the TrkB domains in normal neural
tissue registered in the NCBI database (NM006180.3/
variant a/TrkB, NM001007097.1/variant b/TrkB-T1,
NM001018064.1/variant c/TrkB lacking exon
17, NM001018065.2/variant d/TrkB-T-Shc, and
NM001018066.2/variant e/TrkB-T-Shc lacking exon
17). Typical RT-PCR results are shown in Figure 3. As
a result, CCA and mucinous adenocarcinoma (MA)
specimens lacked TrkB domains, as shown in Figure
4A, while all the specimens of serous and endometrioid
adenocarcinoma expressed all domains of normal
TrkB. In CCA, the absence of the TrkB-T-Shc (exons
18-19) and TrkB-T1 (exons 14-16) isoforms was
observed with high frequency (9/21 and 6/21 cases,
respectively). The percentages of these truncated
isoforms decreased in parallel with the clinical stage
progression (Figure 5). These results indicate that
the decreased level of dominant-negative isoforms
correlates with CCA malignancy. Other isoforms were
also observed. Prominently, amplification of the exon
9-12 fragment, which includes the BDNF-binding
site, was not observed (9/21 of CCA and 2/8 of MA)
during the earlier stages. Other variants lacked the exon
5-9 fragment, which is detected only in silico, or the
exon 14-18 fragment, which includes the Shc-binding

Figure 3. Semiquantitative RT-PCR analysis of ovarian
cancer. (A) TGW cells (positive control). (B) Endometrioid
adenocarcinoma (Icb) (patient number 18 in Figure 4). (C)
Clear cell adenocarcinoma (Ica) (patient number 36 in Figure
4). The numbers below the panel indicate the PCR products
shown in Figure 4.

domain. The absence of exons 18-19 (TrkB-T-Shc)
was also observed in MA (1/8). The transmembrane
domain (exon 12-14) and the TK domain (exon 22-23)
were detected in all ovarian adenocarcinomas (OAs),
suggesting the importance of these domains for TrkB
expression. BDNF mRNA was expressed in all OAs,
and no differences were observed in relation to the
histology or clinical stage.
We then examined the expression of TrkB variants
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Figure 4. Summary of the expression of TrkB variants by ovarian adenocarcinomas and ovarian cancer cell lines. (A)
Expression of TrkB variants by mucinous, serous, endometrioid, and clear cell adenocarcinomas. PCR products that were detected
are shown in hatched boxes, and negative products are shown in open boxes. The asterisks in ⑤ indicate a single band (two PCR
bands were observed in all other samples). (B) Expression of TrkB variants by mucinous, serous and clear cell adenocarcinoma cell
lines. Boxes are the same as in (A). TU-OM-1/TX and TU-OM-1/CDDP/TX indicate resistance to TX and CDDP/TX, respectively.
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Figure 5. Expression of the TrkB domain by the clinical
stage of CCA. CCA samples were categorized in 4 stages
(1a: black bar, 1c: dark gray bar, 2b-c: light gray bar and 3bc4: white bar) (n = 21), and the expression ratio (%) of each
domain (BDNF-binding site; exon9-12, transmembrane site;
exon15, TrkB-T-Shc tail; exon18-19 and TrkB-T1; exon1416) in the 21 CCA specimens is shown in the histograms.
The transmembrane domain and TK tail were expressed in all
stages. The expression of the TrkB-T1 tail and TrkB-T-Shc
tail (%) decreased with clinical stage progression.

in ovarian cancer cell lines. Similar to the findings in
clinical specimens, the CCA cell lines (HUOCA-II,
W3UF, and ES-2) lacked the TkB-T-Shc and TrkB-T1
isoforms. The two serous adenocarcinoma cell lines
(HTOA and HUOA) expressed either the TrkB-T-Shc
or TrkB-T1 isoform. These results suggest that the cell
lines partially maintained the TrkB isoform expression
characteristics of the parental tumors (Figure 4B).
To confirm the structure of the TrkB mRNA, its
cDNA sequence was analyzed. In 13/23 of tumors (2/5
MAs, 1/5 serous, 6/7 endometrioid, and 4/6 CCA),
the sequence was the same as that of normal TrkB
(NTrk2-NM006180), with the exception of several
single nucleotide polymorphisms, suggesting that large
mutations such as a frame shift did not occur at the
exon level in these cancer cell lines (data not shown).
4. Discussion
TrkB, which promotes cell survival and EMT, is overexpressed in OA. Using immunohistochemistry,
we demonstrated that TrkB protein expression was
increased at the invasive edge (Figure 2B). However,
as TrkB possesses many isoforms, including dominant
negative isoforms, the overall signal level has not been
clearly evaluated in association with the progression of
OAs. Our results first demonstrated that although TrkB
transcripts are observed in all ovarian cancer tissues,
the mRNA expression of the truncated TrkB isoforms
(TrkB-T-Shc and TrkB-T1) is decreased in CCA.
Because these truncated isoforms are suggested to have
a dominant-negative effect, their absence may indicate
the augmentation of the TrkB TK signal in CCA tumor
cells.
As depicted in Figure 1, the structure of the TrkB

gene includes many functional domains. The first five
exons of TrkB serve as alternative transcription start
sites (11). Exons 5-14 encode the extracellular domain
that contains a signaling sequence for membrane
localization as well as post-translationally glycosylated
cysteine-rich and leucine-rich regions and two
immunoglobulin-like (IG-like) domains (18). Exon
12, exon 15, and exons 20-24 encode the binding site
for neurotrophins (19), the transmembrane domain,
and the intracellular TK domain (20), respectively.
While there is a possibility that TrkB could have more
than 100 isoforms, only three isoforms, including
full-length TrkB, TrkB-T-Shc and TrkB-T1, have
been identified as major splice variants in previous
studies. The two isoforms are mainly observed in
normal neuronal tissues (11) and other tissues (20).
The present analysis revealed that a significant number
of CCA specimens and some MA specimens or cell
lines lacked the truncated splice variants TrkB-T-Shc
and TrkB-T1 (Figures 4A and 4B). The intracellular
domain of full-length TrkB contains an Shc-binding
domain, a TK domain and a PLC-γ-binding domain
(2). While these motifs are necessary for the normal
signal transduction of TrkB (2), the expression of
truncated isoforms may alter the signaling cascade in
cancer cells. For example, TrkB-T-Shc and TrkB-T1
suppress the activation of full-length TrkB, and the
lack of these truncated isoforms may therefore augment
full-length TrkB activity, leading to the suppression of
anoikis and TrkB-T1 functions such as regulation of the
cytoskeleton or BDNF secretion (21). Because CCA
and MA are known to be more malignant than other
types of ovarian cancer, loss of the dominant-negative
effect of TrkB may promote EMT, which has been
correlated with the characteristics of CCA.
We also found an extracellular domain variant
lacking the amplification of exons 9-12 in ovarian
cancer. Because this region contains the binding site
for BDNF, further analysis of whether aberrant splicing
of exons 9-12 influences BDNF binding is required. If
this splice variant lacking exon 9-12 amplification is
a constitutively active molecule that transmits signals
independent of BDNF binding, there is a possibility
that it could promote CCA. On the other hand, even if
the BDNF binding site is intact in the region, irregular
TrkB autocrine signals may be induced. These irregular
TrkB signals may help to induce EMT-promoting
transcription factors such as Twist-1 and Snail-1/2 in
TrkB-over-expressed cancer tissues (6).
It has already been reported that BDNF is abundantly
expressed in gynecological tissues (4), and we found
that BDNF was highly expressed in almost all of the
gynecological tissues that we analyzed, including ovarian
cancers, benign ovarian tumors, and normal endometrium
(data not shown). As BDNF promotes TrkB expression
(22), autocrine activation of TrkB in ovarian tissues may
support malignant characteristics when BDNF secretion
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is augmented in the absence of dominant-negative
isoforms. Our results indicate that the expression of
irregular TrkB variants may be a potential marker of OA
malignancy and a target of CCA treatment. The effects
of TrkB isoform expression on EMT in ovarian cancer
should be clarified.
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Summary

Ankyrin repeat and SOCS box containing 4 (ASB4) involves in physiological process of
ubiquitin-mediated proteasomal degradation. Our previous study demonstrated high
expression of ASB4 in hepatocellular carcinoma (HCC) cell lines. This study further
reveals its clinical implications and tumorigenic properties in HCC. Analysis of 217
HCC gene expression profiles followed by validation in a separate cohort of 50 cases
illustrated high ASB4 in HCC. Among the 50 cases, 54% of tumors exhibited more than
2-fold up-regulation of ASB4. Elevated ASB4 associated with low serum level of a HCC
serological marker alpha-fetoprotein (AFP), postulating of its use to differentiate AFPnegative HCC. Suppression of ASB4 in PLC and MHCC97-L HCC cells hindered the cell
migration and invasion. Reciprocally, enhanced migration rate was measured when ASB4
was ectopically expressed in Hep3B HCC cells. Cross comparison of results derived from
in silico predictions of seed-matched sequences and by analyzing human HCC databases
with matched microRNA and gene expression profiles, microRNA-200 (miR-200) family
members including miR-200a and miR-200b were predicted to regulate ASB4 expression
in HCC. MiR-200a showed inversed expression level with ASB4 in several of studied HCC
cell lines. Dual luciferase reporter assay confirmed the presence of miR-200a binding site on
the 3’ untranslated region of ASB4. Reduced ASB4 level was noticed under the influence of
miR-200a mimic treatment, for which this mimic-induced effect was neutralized with miR200a inhibitor. In conclusion, this study demonstrates for the first time on the involvement
of ASB4 in HCC and that its level is regulated by miR-200a.
Keywords: HCC, ASB4, migration, miR-200a

1. Introduction
Hepatocellular carcinoma (HCC), a major type of
primary liver malignancy, ranks fifth as the most
frequently diagnosed cancer in men worldwide with
more than half a million new cases annually (1).
Though with evolving clinical strategies including
radioembolization and high-intensity focused ultrasound
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to treat this cancer, current management of HCC still
rely heavily on tumor resection and liver transplantation
(2-4). Prognosis of HCC patients remains suboptimal
especially for those patients not amendable to currently
available treatments. Unlike other solid tumors with a
portion of patients reacting to chemotherapeutic drugs
or targeting therapies, HCC is highly resistant in nature
and not responding well to most chemotherapeutic
agents. Due to the heterogeneity of HCC as revealed by
genome-wide studies performed in Asian cohort (5), the
use of molecular targeting drug is limited at this stage.
For the clinically-approved drug sorafenib, the response
rate is low and survival benefit remains modest (6). Not
accounting strong drug resistance property of HCC, liver
tumors behave similarly as other cancers by undergoing
active proliferation, division and differentiation when
progress from early to advanced stage. These properties
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can somehow be found during normal development in
the process of embryogenesis. By knowing their presence
in embryonic livers and HCC, a group of oncofetal
molecules have been studied. Some of them like SALL4,
glypican-3, and eIF5A2 have potential use for cancer
diagnosis and treatment (7-9). Ankyrin repeat and
SOCS box containing 4 (ASB4) is one such molecule
previously identified by our team to have expression in
fetal livers and cultured HCC cells (10).
ASB4 belongs to the ASB family, for which most of
its members possess two structural domains, the ankyrin
repeat and the SOCS box. The presence of these domains
enables ASB proteins to act as an adaptor linking other
subunits of the E3 ubiquitin ligase complex, and at the
same time facilitates the binding of target protein for
ubiquitination and subsequent proteasomal degradation
(11-13). Aside its involvement in ubiquitous protein
degradation, ASB4 also involves in vascular system.
During endothelial development, factor inhibiting
hypoxia-inducible factor 1 (FIH) can hydroxylate ASB4
under oxygen tension, thereby promoting angiogenesis
(14). A later study has then revealed the interaction of
ASB4 and nuclear factor-κB (NF-κB) in endothelial
cells (15). Other than these roles, ASB4 functions in
nervous system by up-regulating the expression of
proopiomelanocortin (POMC) gene in neurons in mice
(16). Despite all these studies on ASB4 in normal
physiology, no investigation has been performed so far
to uncover the role of ASB4 in cancers. In continuation
of our previous proteomic study demonstrating the link
between ASB4 and liver cancer (10), this study further
examines the expression and tumorigenic properties of
ASB4 in HCC. Lastly, the level of ASB4 is revealed
subjected to microRNA (miRNA)-based regulation.
2. Materials and Methods
2.1. Cell culture
A panel of human liver cell lines composing of
immortalized normal hepatocytes MIHA and HCC cells,
PLC/PRF/5 (PLC), HepG2, Hep3B, MHCC97-H (97H),
MHCC97-L (97L), H2M, H2P, and Huh7, were used
and cultured in Dulbecco's Modified Eagle Medium
(Life Technologies, Grand Island, NY, USA) with 10%
fetal bovine serum (FBS) (Life Technologies) and 1%
penicillin and streptomycin (Life Technologies) (17).
2.2. Clinical specimens
Fifty pairs of HCC and adjacent non-tumor liver tissues
were obtained from patients underwent hepatic resection
or liver transplantation in Queen Mary Hospital, Hong
Kong from September 2001 to June 2005. Non-tumor
liver tissues were obtained at least 1 cm from the tumor
margin. Tumors were classified according to the new
AJCC staging system. The use of clinical specimens for
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research was approved by the Institutional Review Board
of our institute. Informed consents were obtained from
patients for the use of specimens for research.
2.3. Real-time quantitative polymerase chain reaction
(qPCR)
TRIzol reagent (Life Technologies) was used to extract
total RNA from cultured cells and clinical specimens.
Reverse transcription and qPCR were then performed as
described (17). Platinum SYBR Green qPCR SuperMixUDG with ROX (Life Technologies) and ASB4specific primers (forward: 5'-GCC TGC CAT TCT TGT
CCT AA-3'; reverse: 5'-TGC ATG AGA GTC CTT
GGA GA-3') was used for qPCR under the following
condition: 50°C for 2 min for 1 cycle; 95°C for 10 min
for 1 cycle; 95°C for 15 sec and 60°C for 1 min for
40 cycles. Expression level of ASB4 was normalized
with the expression of ribosomal RNA 18S (for clinical
specimens) or β-actin (for cultured cells). For obtaining
the relative expression level of putative miRNAs against
ASB4, qPCR was performed using each miRNA-specific
primers (Qiagen, Hilden, Germany) for miR-200a,
miR-200b, miR-383, miR-498, and miR-875 under the
condition as stated in the manual: 95°C for 15 min for 1
cycle; 94°C for 15 sec, 55°C for 30 sec, and 70°C for 30
sec for 40 cycles.
2.4. Ectopic expression and suppression of ASB4 in HCC
cells
Ectopic expression of ASB4 was achieved by transfecting
ASB4-deficient Hep3B cells using Lipofectamine
2000 (Life Technologies) and human ASB4-expressing
pcDNA3.1 vector (Life Technologies). Stable cell clones
with suppressed expression of ASB4 were established in
ASB4-expressing PLC and 97L cells by transfecting with
Lipofectamine 2000 and pGFP-V-RS vector (OriGene
Technologies, Rockville, MD, USA) harboring short
hairpin RNA (shRNA). By screening with three shRNAs
against exon 1 (GI326178/shRNA#1) or 2 (GI326179/
shRNA#2 and GI326180/shRNA#3) of human ASB4,
two shRNAs with the highest knockdown efficiency in
each cell line were used for PLC and 97L cells.
2.5. Cell proliferation assay
Cultured HCC cells with manipulated expression of
ASB4 were seeded on 96-well plates at 1,500 cells in
each well. For each day after cell seeding for five days,
10 μL of MTT reagent was added to each well. The plate
was then incubated at 37°C for 1.5 h before addition of
100 μL DMSO after removal of medium. Plates were
then read to assess the cell proliferation rate of each
group as before (9,18).
2.6. Wound healing assay
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Cultured HCC cells with overexpression and knockdown
of ASB4 were seeded on 6-well plates until cells reached
about 90% confluency. A scratch was then created in
each assayed well as described (9,19). Extent of cell
migration towards the created wound was followed on
every 12 h till 36 h.
2.7. Cell invasion assay
HCC cells (8 × 104) with suppression of ASB4 were
seeded in each BD BioCoat Matrigel Invasion Chamber
(BD Biosciences, Bedford, MA, USA). To allow cell
invasion through the chamber membrane, assayed
cells resuspended in 0.5% FBS were placed within
the chamber while medium with 2% FBS was added
to the outer tank. After incubation for 48 h, 0.4%
paraformaldehyde was used to fix the cells for 20 min
before cells were stained with 1% crystal violet as before
(17).

experiments. The resultant effect of miR-200a mimic and
inhibitor on ASB4 expression was assessed using qPCR
as above.
2.11. Statistical analyses
Statistical analyses were performed using SPSS version
16 (SPSS Inc., Chicago, IL, USA) as described (9).
Independent t-test was used to compare between
experimental groups. Paired t-test was performed for
comparing expression between tumors and adjacent nontumor tissues. Clinicopathological features including
HBsAg status, serum alpha-fetoprotein (AFP) level,
presence of venous infiltration, tumor size, tumor
differentiation and tumor stage were analyzed using
Pearson's chi-squared test. A p-value < 0.05 was
considered as statistical significance.
3. Results
3.1. High expression of ASB4 in HCC tumors and its
correlation with low serum AFP level

2.8. Prediction of miRNA targeting ASB4
Based on seed-matched sequence, miRWalk (http://www.
umm.uni-heidelberg.de/apps/zmf/mirwalk/) (20) was
used to predict potential miRNA with binding site on
the 3'-untranslated region (3'UTR) of ASB4 and a sum
score was used to rank each miRNA. In parallel, we also
pulled out miRNA with expression negatively correlated
with those of ASB4 based on our published miRNA
expression array database of 97 HCC cases (21).
2.9. Luciferase reporter assay to examine the binding of
miR-200a to 3'UTR of ASB4
3'UTR of ASB4 was obtained from 97L cells using
primer sequences flanking the region of interest (forward:
5'-GCC TTA TGA GAC AGC AGT TCC CAA T-3'
and reverse: 5'-GAA AGG AGA CAG AAG AGC
TTT ATT T-3') before cloning into pMIR-REPORT
Luciferase vector (Life Technologies), while pRLTK vector (Promega, Madison, WI, USA) was used as
background control. In addition to transfecting with these
two vectors, H2M HCC cells were co-transfected with
miR-200a mimic (Qiagen) and/or miR-200a inhibitor
(Qiagen). Lipofectamine 2000 was used as transfecting
agent. After 48 h, cells were harvested and suspended in
Reporter Lysis Buffer (Promega) and subjected to dual
luciferase reporter assay as before (18,19).
2.10. Assessment of ASB4 expression upon ectopic
expression of miR-200a
Cellular miR-200a level was induced by transfecting 97L
HCC cells using miR-200a mimic using Lipofectamine
2000. To support for the specificity of this experiment,
exogenously induced miR-200a level was neutralized
using miR-200a inhibitor as above in parallel

Involvement of ASB4 in HCC was revealed by analyzing
its expression in HCC clinical specimens. Retrospective
analysis of published gene expression array database
(22-24) associated high expression of ASB4 with tumor
tissues when compared to the non-tumor tissues in
217 HCC cases (p = 0.0013) (Figure 1A, upper panel).
Validation of the gene expression array data was achieved
by detecting the level of ASB4 in a separate cohort of 50
cases using qPCR. A significant up-regulation of ASB4
was observed in HCC tumors when compared to their
adjacent non-tumor counterparts (p = 0.011) (Figure 1A,
lower panel). Among these 50 pairs of tissues, 27 cases
with tumors having more than 2-fold induction in ASB4
expression, accounting for 54% of total studied cases.
Clinical correlation was undertaken for these two cohorts
of subjects separately. For each cohort, patients were
further segregated into two groups based on expression
of ASB4 in tumors, high expression of ASB4 denoted
the top 20% of cases with highest expression. ASB4
expression did not correlate well with most of the studied
clinical parameters including HBsAg status, tumor size,
presence of venous infiltration, tumor differentiation
and tumor stage. Unexpectedly, ASB4 expression was
markedly correlated with serum AFP level both in the
gene expression array cohort (Table 1a) and qPCR
validation cohort (Table 1b), such that high expression of
ASB4 linked to low serum AFP level condition.
3.2. Role of ASB4 in conferring migration and invasion
properties of HCC cells
To provide further evidence to support the tumorigenic
properties of ASB4 in HCC, next we examined the
phenotypic effects of HCC cells when ASB4 level was
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Table 1a. Clinical correlation of ASB4 in 217 HCC cases*
Clinicopathological features
HBsAg
Negative
Positive
Serum AFP level (ng/mL)
< 50 ng/mL
≥ 50 ng/mL
Serum AFP level (ng/mL)
< 100 ng/mL
≥ 100 ng/mL
Tumor size (cm)
< 5 cm
≥ 5 cm
Venous inﬁltration
Absent
Present
Tumor differentiationa,b
Well
Moderately
Poorly
Undifferentiated
Tumor stagec
Stage I
Stage II
Stage IIIA
Stage IIIB
Stage IV

Patient
number

ASB4 expression
High
Low

p-value
0.142

30
187

21
153

9
34

97
120

69
105

28
15

108
109

79
95

29
14

66
151

51
123

15
28

107
110

85
89

22
21

37
114
38
2

26
92
31
2

11
22
7
0

92
64
45
14
2

72
51
37
12
2

20
13
8
2
0

0.003

0.011

0.466

0.865

0.53

0.893

*,

Analysis of gene expression array database; a, Calculation was
performed based on available data; b, Determined based on Edmonson
grading; c, Tumor was staged using new AJCC system.

Table 1b. Clinical correlation of ASB4 in 50 HCC cases*
Clinicopathological features

Figure 1. High expression of ASB4 in HCC tumors and
cultured cell lines. (A) Gene expression array of 217 HCC
cases was re-analyzed for the expression of ASB4 in tumors and
adjacent non-tumor tissues. Validation was further performed
in a separate cohort of 50 cases using qPCR. Both assays show
significant up-regulation of ASB4 in tumors when compared to
the non-tumor tissues. For gene expression array, log10 (ratio)
of ASB4 in each sample was obtained by subtracting with the
mean log10 (intensity) of ASB4 across all non-tumor tissues
(p = 0.0013). For qPCR, the expression of ASB4 was obtained
by normalization with ribosomal RNA 18S. The fold change
was then determined by normalizing with the average value of
non-tumor tissues (p = 0.011). (B) Differential expression of
ASB4 was observed in our human cell line panel using qPCR.
Among the eight HCC cell lines, four cell lines, PLC, HepG2,
97H and 97L, were found to have high expression of ASB4.
The expression levels were normalized to average of the cell
line panel. Representative set among 4 sets of experiments is
shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001. AN, adjacent
non-tumor tissues; TU, tumor.

manipulated. For this purpose, ASB4 was suppressed in
two HCC cells having high expression of ASB4, PLC
and 97L (Figure 1B), by treating them with shRNA to
generate stable clones with suppressed level of ASB4.
When assessed using qPCR, individual shRNA exerted
different degrees of ASB4-suppressing efficiencies in
different cell lines, such that shRNA#2 led to the most

HBsAga
Negative
Positive
Serum AFP level (ng/mL)
< 50 ng/mL
≥ 50 ng/mL
Serum AFP level (ng/mL)
< 100 ng/mL
≥ 100 ng/mL
Tumor size (cm)
< 5 cm
≥ 5 cm
Venous inﬁltration
Absent
Present
Tumor differentiationa,b
Well
Moderately
Poorly
Undifferentiated
Tumor stagec
Stage I
Stage II
Stage IIIA
Stage IIIB
Stage IV
*,

Patient
number

ASB4 expression
High
Low

p-value
0.8

7
42

6
33

1
9

21
29

13
27

8
2

24
26

16
24

8
2

13
37

12
28

1
9

16
34

12
28

4
6

6
28
9
0

3
22
8
0

3
6
1
0

9
16
12
13
0

7
15
10
8
0

2
1
2
5
0

0.011

0.035

0.258

0.707

0.177

0.189

Based on qPCR data generated in this study; a, Analyses were
performed based on available data; b, Tumor differentiation was
determined based on Edmonson grading; c, Tumor was staged using
new AJCC system.
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Figure 2. Suppression of ASB4 inhibits migration and invasion of PLC and 97L cells. (A) PLC and 97L cells were transfected
with ASB4-targeting shRNAs to develop stable cell clones with suppression of ASB4. In parallel, cells were transfected with
scrambled shRNA (Scramble) and empty vector (Empty vec) as negative controls. Expression of ASB4 in Scramble and shRNA
was normalized against the expression in Empty vec. (B) Using MTT assay, no significant difference in proliferation rate was
observed when ASB4 was suppressed in PLC and 97L cells. (C) After suppression of ASB4, shRNA clones adopted slower
migration rate towards the artificially created wounds when compared to Empty vec and Scramble cells. Photos of the same
positions of each were taken at three time points (12 h, 24 h and 36 h) after scratching on the cell monolayer. (D). 48 h after
seeding cells on the inner chamber, invaded cells from each experiment group were stained and counted. Less number of invaded
cells was recorded for shRNA clones when compared to Empty vec and Scramble groups. Original magnification, 200×. The
number of invaded cells in each group was counted and normalized to Empty vec in the bar chart. ***, p < 0.001.
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prominent suppression of ASB4 in 97L rather than others
(Figure 2A). Using MTT assay, we failed to observe
any significant deviation in proliferation rates of ASB4suppressed PLC and 97L cells when compared to
their parallel controls transfected with empty vector or
scrambled shRNA (Figure 2B). Intriguingly, suppressing
ASB4 in PLC and 97L cells retarded the migration
of these cells towards artificially created wounds in
confluent cell monolayers. ASB4 seems to determine the
migration ability of HCC cells, as shRNA#2-transfected
cells with most significant knockdown in ASB4 level
were incapable to close the wound even after 36 hours of
incubation (Figure 2C). Besides cell migration, ASB4 is
also responsible for regulating the invasive properties of
HCC cells. For those PLC and 97L cells with suppressed
level of ASB4, fewer number of cells successfully
invaded through the Matrigel-coated membrane of
the invasion chamber. Such drop in numbers also
corresponded to the extent of ASB4 suppression. Similar
to the observation of wound-healing assay, transfection
of shRNA#2 into 97L cells resulted in the least number
of cells with penetrative properties (Figure 2D).
Using opposite approach against the knockdown
experiment, ectopic expression of ASB4 was performed
in ASB4-deficient Hep3B cells by transient transfection
of ASB4-expressing vector (Figure 3A). As in Figure
2B, MTT assay was unable to detect significant changes
in the proliferation of ASB4-expressing Hep3B cells
in comparison to those cells transfected with empty
vector (Figure 3B). Migration rate of Hep3B cells
enhanced dramatically after transfection of ASB4expressing vector, as the artificially created wound was
nearly closed after 36 hours (Figure 3C). Based on this
set of knockdown and overexpression experiment, it is
conclusive to know for the role of ASB4 in conferring
migration and invasion properties of HCC cells, despite
the involvement of ASB4 in cell proliferation is rather
limited.
3.3. Regulation of ASB4 by miR-200a
MiRNA belongs to a class of small molecule capable
of regulating dozens of cancer-related molecules via its
binding to the 3'UTR of target molecules (25,26). Based
on the above findings pointing to the role of ASB4 in
HCC, we hypothesize ASB4 might also be subjected to
this kind of post-translational regulation. To prove for
this notion, potential miRNAs binding to the 3'UTR of
ASB4 were predicted bioinformatically. Table 2 shows
11 miRNAs carrying seed-matched sequences for 3'UTR
of ASB4. Taking advantage of our miRNA database of
97 HCC cases with matched gene expression profile
(21-24) and by performing correlation analysis using
ASB4 expression level, 3 miRNAs negatively correlated
with ASB4 expression were identified on top of the list
(Table 3). Cross comparison of miRNAs in Table 2 and
3 pointed to miR-200 family members (miR-200a and

106

Figure 3. Overexpression of ASB4 promotes migration
of Hep3B cells. (A) Transient transfection of ASB4 was
performed in Hep3B cells. By means of qPCR, a significant
induction in the level of ASB4 was observed in ASB4overexpressing cells (oe) when compared to no treatment
control (Ctrl) and cells transfected using empty vector (vec).
ASB4 expression in oe and vec was normalized to Ctrl. (B)
No significant difference in cell proliferation was observed
between oe and vec group with or without overexpression
of ASB4 when assessed using MTT assay. (C) Woundhealing assay was performed using vec and oe cells, in
which overexpression of ASB4 enhanced the migration of
cells towards the artificially created wound. Photos of the
same positions of each were taken 12 h, 24 h and 36 h after
scratching of the cell monolayer. ***, p < 0.001.

miR-200b) as potential miRNAs regulating ASB4 in
HCC. These two miRNAs together with those miRNAs
(miR-383, miR-498, and miR-875) absent from our
miRNA expression database (21) were subjected to
qPCR to detect their relative expressions in our cell line
panel as in Figure 1B (Figure 4A). Amongst these five
miRNAs, miR-200a, miR-200b, and miR-383 displayed
a general, yet not perfect, trend for its expression
negatively correlated to ASB4 level in this cell line panel.
Of note, some cell lines having negligible levels of both
studied miRNA and ASB4 were not taken into account
for consideration. Applying these selection criteria has
then put our focus on miR-200a for validation study.
In understanding whether miR-200a could interact
with 3'-UTR of ASB4, H2M cells lacking both miR200a and ASB4 were transfected with vector harboring
3'UTR of ASB4. Co-transfection with miR-200a mimic
reduced the luciferase activity. This reduction was further
enhanced when a higher amount of miR-200a mimic was
used. On the contrary, the reduction in luciferase activity
was rescued when miR-200a inhibitor was co-transfected
with mimic (Figure 4B). This data has demonstrated
exogenous addition of miR-200a can bind specifically to
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Table 2. miRNAs with potential binding sites on 3'UTR of ASB4
MicroRNA

StemLoop ID DIANAmT miRanda miRDB miRWalk RNAhybrid PICTAR4 PICTAR5 PITA RNA22 Targetscan SUM

hsa-miR-498
hsa-miR-143
hsa-miR-200a
hsa-miR-875-3p
hsa-miR-148b
hsa-miR-648
hsa-let-7f
hsa-miR-218
hsa-let-7a
hsa-miR-331-5p
hsa-miR-383

hsa-mir-498
hsa-mir-143
hsa-mir-200a
hsa-mir-875
hsa-mir-148b
hsa-mir-648
hsa-let-7f-2
hsa-mir-218-2
hsa-let-7a-3
hsa-mir-331
hsa-mir-383

1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1

0
0
0
1
0
1
0
0
0
1
0

1
1
1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
1
1
1
1

1
1
0
0
0
0
0
0
0
0
0

1
1
1
0
1
0
1
1
1
0
1

1
1
1
1
1
1
1
1
1
1
1

7
7
6
6
6
6
6
6
6
6
6

Table 3. miRNAs with expression negatively correlated with those of ASB4 in 97 HCC cases
miRNA

Spearman R

p-value (R)

ASB4 (T)

ASB4 (NT)

ASB4 (NT/T)

p-value (T versus NT)

HSA-MIR-138
HSA-MIR-200B
HSA-MIR-375

-0.314
-0.334
-0.242

0.002
0.001
0.020

0.022638
0.990351
1.063168

0.039637
1.505138
1.653897

1.750929
1.519802
1.555631

0.000676
0.027175
0.023164

Figure 4. MiR-200a binds and suppresses the level of ASB4. (A) Five miRNAs chosen based on the selection criteria
mentioned in the result section were subjected to qPCR to determine their expression in our panel of liver cell line. Differential
expression of each miRNA was observed. For each cell line, expression of each miRNA in HCC cells was normalized against
immortalized normal hepatocyte MIHA. (B) Luciferase reporter assay was performed to investigate whether miR-200a would
bind to 3'UTR of ASB4 in H2M cells lacking both of these molecules. Transfection of H2M cells with miR-200a mimic and
3'UTR of ASB4 reduced luciferase activity in a dose-dependent manner, while addition of miR-200a inhibitor restored the
drop in activities. Luciferase activity of each treatment was normalized to control cells transfected with 3'UTR of ASB4. (C)
After transfecting ASB4-expressing 97L cells with miR-200a mimic, ASB4 suppression was measured. The specificity of this
reaction was confirmed when this ASB4-suppressing effect was neutralized with the addition of miR-200a inhibitor. The relative
expression of each treatment group was normalized to control cells without any treatment. **, p < 0.01; ***, p < 0.001.

3'UTR of ASB4.
Following the luciferase reporter assay, plan has
been devoted to examine whether miR-200a mimic
can reduce the endogenous level of ASB4. For this,
97L cells were used due to its absence of miR-200a
and its expression of ASB4. By means of qPCR, dosedependent reduction in ASB4 level was observed in

97L cells after transfection with miR-200a mimic.
The specificity of this reaction was confirmed as cotransfecting cells with both miR-200a mimic and
inhibitor ruled out the ASB4-reducing effects of miR200a (Figure 4C). Together with the luciferase reporter
assay result, miR-200a can bind to 3'UTR of ASB4 and
reduce its level.
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4. Discussion
Involvement of ASB4 in HCC was first hinted in our
previous proteomic study of developing mouse livers
(10). Expression of ASB4 was detected in fetal mouse
livers, but was absent in adult mouse livers. In the same
study, ASB4 was found to have negligible expression
in an immortalized normal hepatocyte line MIHA and
differential expression was noticed in several HCC cell
lines. The high expression of ASB4 in metastatic 97L
and 97H cell lines has prompted us to include more
cell lines in this study, among the three additional cell
lines one of them H2M is a metastatic line. Although
we would expect H2M cells also possess high level of
ASB4, no measurable level of ASB4 was detected in
this pair of cell line (primary H2P and metastatic H2M).
Only PLC cells had detectable level of ASB4. The
differential expression of ASB4 in our cell line panel has
implicated that a subset of HCCs requires specifically
the function of this molecule to maintain its tumor
properties. To follow on this statement, ASB4 level was
measured in clinical specimens of HCC. Our earlier
investigation failed to detect ASB4 under the stated
experimental condition (10), for which this problem
was remedied by using another set of qPCR primer in
this study. The primer used in our previous setting can
detect both variants 1 and 2 of ASB4, while the current
primer can only recognize variant 1. 54% of patients are
found to have ASB4-overexpressing tumors. However,
high expression of ASB4 does not correlate with
most of the examined clinicopathological parameters
including presence of venous infiltration and tumor
stages. Despite that, high expression of ASB4 was found
associating with low serum level of AFP. Elevated AFP
level has been used as a serological marker for HCC
detection and used in most clinical centers, together with
ultrasound, around the world for routine surveillance of
HCC (27,28). Nevertheless, using AFP as a marker for
HCC fails to cover all HCC cases because around 2050% of cases have comparable AFP level as healthy
individuals (29-31). Continuing efforts have identified
supplemental markers for AFP in detecting AFPnegative subjects. Prominent molecule like dickkopf-1
is proven to supersede or complement AFP for this
purpose (32). Apart diagnosis, AFP also has clinical
value in classifying poor prognostic cases such as those
with large tumor size and with portal vein thrombus
(29,30). Its level negatively correlated with those of AFP,
ASB4 might be another attractive candidate for HCC
prognostication.
Embryogenesis and tumorigenesis are distinct cellular
processes. Yet, they share certain common pathways
and possess a pool of oncofetal molecules. The first and
most well-known example of liver oncofetal molecule is
AFP (33). Its clinical applicability in HCC surveillance
is well recognized (34). Despite that, measurement of
serum AFP suffers from its own limitation in sensitivity
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and specificity. To improve this clinical situation, other
oncofetal molecules soluble in circulation like glypican-3
and GP73 have been tested for their potential use, or in
combination with serum AFP, in detecting HCC (3537). Adding value to the clinical usefulness of oncofetal
molecules, some of them have also been examined for
their therapeutic potentials. Representative candidates
include cadherin-17 and survivin, for which suppression
of their levels is known as a way to counteract liver
tumorigenesis in both in vitro and in vivo experimental
settings (17,38). In this study, an alleviation of migration
and invasion in HCC cells was clearly shown upon
ASB4 suppression, providing a solid evidence for
the involvement of ASB4 in the presentation of these
tumor phenotypes. Interestingly, we did not observe
any variation in proliferation of HCC cells after ASB4
suppression. This undoubtedly supports for the selective
involvement of ASB4 in cell migration and invasion.
ASB4 is shown to express in a subset of HCC based
on the qPCR data derived from cultured cells and clinical
specimens. Next, we might want to understand what
factor leads to its upregulation in ASB4-expressing
HCC. MiRNAs execute their biological functions via
binding on the 3'UTR of target molecules, thereby
interfering target gene expressions under normal and
diseased conditions (39). A growing number of reports
have further complicated the current network of miRNA
in HCC (40,41). MiRNAs participate in tumorigenesis
by modulating the balance between oncogene and tumor
suppressor gene (42,43). Attempt has been made to
investigate whether ASB4, an oncofetal molecule, is
subjected to miRNA-based regulation. Results derived
from this study have confirmed the ASB4-inhibiting
effect of miR-200a. Indeed, down-regulation of miR200a is observed in HCC and that suppression of miR200a promotes tumor phenotypes of HCC cells (44).
Notably, overexpression of miR-200a in HCC cells did
not alter cell proliferation, but is able to decrease cell
migration by increasing E-cadherin (45). These earlier
studies are in support for our observations showing
exogenous addition of miR-200a reduces ASB4 level.
We have also indicated that suppression of ASB4
alleviates migration and invasion, but not proliferation,
of HCC cells, for which this result highly resembles to
those exhibited by overexpressing miR-200a. This is
the first study that deciphers miRNA-based regulatory
mechanism of ASB4. Apart from this mode of regulation,
there is only one study so far describing ASB4 as a
downstream molecule of NF-κB and TNF-α signaling
pathway in endothelial cells (15). In conclusion, the
current study confirms the tumorigenic properties of
ASB4 and introduces a novel regulatory mechanism for
this molecule in HCC.
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Summary

This study aimed to investigate whether valproic acid (VPA) pretreatment enhances
the therapeutic effectiveness of mesenchymal stem cells derived from bone marrow
(BMSCs) transplanted into rats with an acute spinal cord injury (SCI). BMSCs were
pretreated with VPA before transplantation and then intravenously injected 1 week after
SCI. Before transplantation, levels of CXC chemokine receptor 4 (CXCR4) expression
in BMSCs were tested using quantitative real-time PCR and Western blotting. Stromal
derived factor-1 (SDF-1), the unique ligand of CXCR4, was quantified using RT-PCR and
immunofluorescence. The locomotor function of rats with an SCI was evaluated using the
Basso, Beattie, and Bresnahan (BBB) locomotor rating scale. Fluorescence microscopy
and hematoxylin-eosin (HE) staining were also performed to evaluate pathophysiological
changes after transplantation. On day 7 after SCI, the level of SDF-1 expression peaked.
CXCR4 expression increased significantly in BMSCs pretreated with VPA. After
intravenous transplantation, BrdU-labeled BMSCs were noted at the spinal injury site,
and this was especially true for BMSCs pretreated with VPA. More significant functional
improvement was observed in rats receiving BMSCs pretreated with VPA than in other
groups of rats. AMD3100 partially inhibited improvement. This study demonstrates that
pretreatment with VPA before transplantation enhances the therapeutic benefits of BMSCs
in terms of greater cell migration and better neurological outcomes after traumatic SCI.
The mechanism of this enhancement may be related to the SDF-1/CXCR4 axis. Therefore,
pretreatment of BMSCs with VPA warrants further study in relation to the treatment of
traumatic SCI.
Keywords: Mesenchymal stem cells derived from bone marrow, spinal cord injury, valproic acid,
stromal derived factor-1, CXC chemokine receptor 4

1. Introduction
Spinal cord injury (SCI) is a serious hazard to
human health. It usually causes severe neurological
dysfunction and disability. However, effective ways to
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Road, Shanghai 200065, China.
E-mail: chlm.d@163.com

treat SCI have not been available until now. One reason
is because a complex series of pathophysiological
changes, such as local inflammation and glutamate
cytotoxicity, results in the apoptosis of neurons and
oligodendrocyte glial cells and the reactivation of
astrocytes that in turn lead respectively to disconnection
of neuronal circuits, demyelination, and glial scar
formation (1).
Over the past few decades, stem cell therapy has
offered promise as a strategy to treat SCI. Mounting
evidence has shown that mesenchymal stem cells
derived from bone marrow (BMSCs) can improve
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recovery in SCI models by regulating host immunity,
secreting neurotrophic factors, and differentiating into
neurons (1-3). BMSC therapy has several advantages
over therapy with other types of stem cells, including
greater availability, less likelihood of immune rejection,
and fewer ethical issues.
The systemic administration of BMSCs provides
a therapeutic benefit in rats with a SCI (4). However,
this treatment seems to have more limited therapeutic
effectiveness than local direct injection because of the
uneven distribution of BMSCs in vivo after intravenous
injection (5). Ninety-nine percent of intravenously
injected MSCs adhere to the lungs, while only 2-3%
of adhering MSCs are released into the circulation
(6). Numerous experiments have shown that BMSCs
will preferentially migrate to sites of inflammation
after intravenous administration (4,7-9). A way to
promote the migration of exogenous BMSCs to the
injury site has yet to be determined. One proven way
is via chemotactic factors that mediate the homing
of BMSCs. Stromal derived factor-1 (SDF-1) and its
cellular receptor CXC chemokine receptor 4 (CXCR4)
have been found to direct the migration of BMSCs in
models of stroke, SCI, and cardiomyopathy (7-9).
Previous studies found that valproic acid (VPA)
affected the structure of chromatin and gene expression
as an inhibitor of histone deacetylase (HDAC) activity
(10). Short-term (3 h) exposure of MSCs to a relatively
high concentration (2.5 mM) of VPA markedly
increased CXCR4 transcript and protein levels and it
enhanced SDF-1-mediated MSCs migration (11). Thus,
the current study sought to investigate whether BMSCs
pretreated with VPA would enhance the migration
of BMSCs to improve functional recovery in an
experimental rat model of SCI.
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Trypsin-EDTA (Gibco) and replated at a ratio of 1:3 in
regular growth medium for continued passaging. Upon
the third passage, the BMSCs were trypsinized and then
ﬁltered through a stainless steel mesh ﬁlter into singlecell suspensions. These suspensions were stained with
fluorescein isothiocyanate-labeled antibodies for flow
cytometric analysis, including rat anti-CD29, CD45,
CD73, CD90, and CD106 (BD Pharmingen, San Diego,
USA). BMSCs that had been passaged 4 times were
harvested for the following experiments.
To ascertain differentiation, BMSCs that were
passaged 4 times were divided into 3 groups: (i)
untreated BMSCs; (ii) BMSCs pretreated with VPA,
and (iii) BMSCs pretreated with VPA and AMD3100.
BMSCs were incubated with 2.5 mmol/L of VPA
(Sigma-Aldrich, P4543-10G, St. Louis, MO, USA), a
small molecule compound that is an histone deacetylase
(HDAC) inhibitor, for 3 h and then washed with fresh
medium to yield BMSCs pretreated with VPA. BMSCs
pretreated with VPA were also treated with 20 umol/L
AMD3100 (Sigma-Aldrich) for 6 h and then washed
with fresh medium to yield BMSCs pretreated with
VPA and AMD3100. All 3 groups of cells were plated
in 6-well tissue culture plates and growth medium was
replaced. Cells were then fed by completely replacing
the medium with fresh BMSC osteogenic/adipogenic
differentiation medium (Cyagen Biosciences Inc.,
California, USA) or growth medium supplemented
with 10 ng/mL b-fibroblast growth factor (bFGF,
Gibco) and 10 ng/mL epidermal growth factor (EGF,
Gibco) (12). After differentiation, cells were fixed and
subjected to Alizarin red staining, Oil red O staining,
and immunofluorescence staining.
2.2. VPA and AMD3100 pretreatment and BrdU labeling
of BMSCs in vitro

2. Materials and Methods
2.1. Isolation, culture, identification, and differentiation
of BMSCs
The use of rats in this study was approved by the
Ethical Committee of Tongji Hospital. All experimental
procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH
Pub, revised 2011).
BMSCs were isolated and identified as described
previously (4,7). Briefly, primary BMSCs were
harvested from tibias and femurs of 3-week-old
Sprague-Dawley rats under aseptic conditions and
then puriﬁed and passaged in dulbecco's modified
eagle medium (DMEM, Gibco, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS,
Gibco). Cells were maintained at 37°C in a humidiﬁed
atmosphere with 5% carbon dioxide, and the medium
was changed every 3 days. Upon reaching 80 to 90%
conﬂuence, adherent cells were detached with 0.25%

BMSCs that had been passaged 4 times were divided
into 3 groups (1 × 106 cells in each group): (i) untreated
BMSCs; (ii) BMSCs pretreated with VPA; and (iii)
BMSCs pretreated with VPA and AMD3100. All
groups of cells were labeled with 10 μmol/L of BrdU
for 3 days. Cells were then harvested for subsequent
experiments.
2.3. Model of acute SCI
Adult Sprague–Dawley rats weighing 180 to 200 g were
chosen to create an SCI model. Rats were anesthetized
with an intraperitoneal injection of 2% pentobarbital
sodium (60 mg/kg). A laminectomy was performed at
the T10 level using a micromanipulator, and then the
spinal cord was exposed without scratching the dura
mater. Rats were placed on the fixation plate of an IH0400 impactor (Precision Systems and Instrumentation,
Kentucky, USA), and then the vertebral bodies at
T9 and T11 were grasped with 2 adjustable forceps
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to immobilize the spine. The impact force of the
impactor was set at 200 kDynes. Gentamycin (5 mg/
kg) was injected via intraperitoneal injection in the
first 3 days after SCI. Rats were left on heated pads
until they awoke. Upon awakening, each rat's bladder
was manually expressed twice a day, and the rat's
locomotion was evaluated (13,14). To evaluate the
expression of SDF-1 at the injury site on days 1 and 7
after SCI, RT-PCR and immunohistochemical analysis
were performed on injured spinal cords and normal
spinal cords.

quantitative PCR system (ABI 7800, USA). The
reaction mixture was a 20-μL mixture containing 10
μL of SYBR Premix Ex Taq TM (Takara Bio), 0.4 μL
of each primer, and 2 μL of cDNA. In accordance with
the instruction manual, the cycling conditions were as
follows: an initial cycle of heating at 95°C for 15 sec,
followed by 40 cycles at 95°C for 5 sec and 40 cycles
at 60°C for 31 sec. After PCR, the RT-PCR system
automatically analyzed the fluorescence signal and
converted it to the cycle threshold (Ct) value. Each
sample was analyzed in triplicate.

2.4. BMSC transplantation

2.7. Western blot analysis of CXCR4 in BMSCs

Rats were randomly divided into four groups: rats
receiving DMEM (sham), rats receiving untreated
BMSCs, rats receiving BMSCs pretreated with VPA,
and rats receiving BMSCs pretreated with VPA and
AMD3100. Cells were injected into the tail vein with
a scalp vein needle. In rats receiving DMEM, only 0.5
mL of DMEM was injected intravenously into the tail
vein 7 days after SCI. The other groups of rats were
injected with 1 × 106 of the corresponding cells in 0.5
mL DMEM. After injection, a cotton ball soaked in
alcohol was pressed on the wound to prevent bleeding.

All groups of BMSCs were cleaved in radioimmunoprecipitation assay (RIPA, Sigma-Aldrich)
buffer supplemented with a protease inhibitor and
phosphatase inhibitor cocktail (Sigma) for 30 min at
4°C. Protein homogenates were then centrifuged at
12,000 g for 15 min at 4°C to collect the supernatant.
The protein concentration was determined using a
bicinchoninic acid (BCA) protein assay kit and BioRad spectrophotometer. The samples were separated
using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred
to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% albumin from
bovine serum (BSA, Sigma-Aldrich) and incubated with
goat anti-CXCR4 polyclonal antibody (1:1,000; Abcam,
London, England). Finally, blots were incubated with
rabbit anti-goat IgG (1:2,000; Jackson, Lancaster, USA)
conjugated with horseradish peroxidase. Protein signals
were detected in an X-ray developing darkroom. The
results were expressed as relative integrated intensity
compared to β-actin.

2.5. Behavioral test
Hind limb locomotion was evaluated using the Basso,
Beattie, and Bresnahan (BBB) locomotor rating scale
on days 1, 3, 7, 14, and 28 after SCI (12). During
the evaluation, rats were placed in an open field and
observed for 5 minutes at each time point by 2 observers
who were blind to the experimental protocol. The BBB
locomotor rating scale ranges from 0 to 21 points, with
0 points indicating no spontaneous hind limb movement
and 21 points indicating normal hind limb movement.
Observers completed their ratings independently.
2.6. q-PCR analysis
Total RNA was isolated from cells and injured spinal
cords with TRIzol reagent (Gibco-Invitrogen, Carlsbad,
CA, USA). Injured spinal cord segments were first
homogenized. RNA concentrations were quantified
using ultraviolet spectroscopy. As outlined in the
instruction manual, reverse transcription was performed
in a 20 μL reaction system with 4 mg of total RNA
treated by RNase-free DNase I (TaKaRa Bio, Inc.,
Otsu, Japan). The PCR primers were synthesized
from Invitrogen as follows: β-Actin forward primer,
CACCCGCGAGTACAACCTTC; β-Actin reverse primer,
CCCATACCCACCATCACACC; rCXCR4 forward
primer: CCTTCTGGGCAGTGGACG; and CXCR4reverse primer, GGACAATGGCAAGGTAGCG. Reverse
transcription was performed with a SYBR Premix
Ex Taq Kit (TaKaRa Bio) in a real-time ﬂuorescence

2.8. Immunohistochemical analysis
To label and track BMSCs, the rate of BrdU labeling
in vitro was analyzed and the distribution of grafted
MSCs in the spinal cord was determined using
immunofluorescence. The spinal cord, dissected 5 days
after the transplantation of BMSCs, was frozen and
sectioned before staining. Sections or cells were fixed
with 4% paraformaldehyde (PFA) for 20 min. After
rinsing with tris-buffered saline (TBS), samples were
permeabilized with 0.3% Triton in TBS for 15 min at
room temperature (RT). They were then rinsed 3 times
with TBS for 30 min at RT. Samples were incubated in
2 N HCl for 30 min at 37°C followed by 0.1 M sodium
tetraborate (pH 8.5) for 10 min at 37°C. After they were
rinsed 3 times with TBS, the samples were incubated in
a blocking buffer (1% BSA and 10% goat normal serum
in 0.3% Triton X-100-TBS) for 1 h at RT. Samples
were then incubated in rat anti-BrdU (1:200) diluted
with blocking buffer overnight at 4°C. After they were
rinsed 3 times with TBS, sections were incubated for 1
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h at RT with Goat Anti-Rat IgG Cy3 (1/1,000, Abcam).
Sections were then rinsed 3 times in TBS-0.05%
Tween 20. Sections or cells were finally coverslipped
with 4',6-diamidino-2-phenylindole (DAPI) mounting
medium (Sigma-Aldrich). Each spinal sample was cut
into 3 slices, and results represented the average for the
slices.
2.9. Hematoxylin and eosin (HE) staining to estimate the
volume of injured tissue
Four weeks after SCI, all rats were anesthetized and
transcardially perfused with PBS followed by 4% PFA
until blood had been removed. Six spinal cords were
dissected from 6 rats in each group and these spinal
cords were immersed in 4% PFA for 2 days until they
sank. Each spinal cord was embedded in paraffin and
sectioned into 3 slices. Cross-sections (5 μm) were cut
and stained with HE. A cross-section of the injured
spinal cord was obtained using a microscope camera,
and its area was measured using the image analysis
software NIH Image. The injured area consisted of all
meaningful (> 100 μm) cavities present at the injury
site. The total area of the spinal cord was divided by the
area of injured tissue to yield a ratio of the injured area/
entire area. This ratio represented the final result.
2.10. Statistical analysis
Data were statistically analyzed and expressed as mean
values ± S.D. Differences between the means of different
groups were assessed with one-way analysis of variance
(ANOVA) followed by Tukey's post-hoc test. Scores on
the BBB locomotor rating scale on different days were
analyzed using repeated-measures ANOVA. A p value <
0.05 was considered statistically significant. All analyses
were performed using SPSS 16.0 software.
3. Results
3.1. Isolation, culture, characterization, and differentiation
of rat BMSCs
About 7-10 days after isolation, BMSCs cultured as
plastic adherent cells proliferated consistently and were
passaged to cover 80-90% of the plate. Cells passaged
3 times had consistent morphological features of being
flat and spindle-shaped (Figure 1A). The proliferative
activity of BMSCs decreased with passaging. Flow
cytometry analysis indicated that BMSCs passaged
3 times expressed CD29, CD73, and CD90 but not
CD45 or CD106 (Figure 1B). Upon induction, BMSCs
consistently differentiated into osteogenic/adipogenic/
neurogenic cells, indicating that the BMSCs were
multipotent. Certain concentrations of VPA and
AMD3100 did not markedly affect the differentiation of
BMSCs into other cell types (Figures 1D, 1E, and 1F).

Figure 1. Morphology, phenotypic characterization, and
differentiation of rat BMSCs. (A) Primary BMSCs after
7 days of culturing (magnification: ×100, bar = 200 μm).
(B) BMSCs passaged 3 times (magnification: ×100, bar =
200 μm). (C) Flow cytometric analysis of cultured BMSCs
with the cell surface markers CD29, CD45, CD73, CD90,
and CD106. (D) Analysis of osteogenic differentiation
using Alizarin red staining. (E) Analysis of adipogenic
differentiation using Oil red O staining. (F) Neural cell
differentiation indicated by immunostaining. The figure
shows the staining of GFAP since NeuN was negative (data
not shown). [magnification: ×200, bar = 50 μm].

3.2. VPA and AMD3100 affected CXCR4 expression and
did not affect BrdU labeling of BMSCs
Pretreating BMSCs with 2.5 mmol/L of VPA and 20
μmol/L of AMD3100 had no apparent negative effect
on their morphology, such as nuclear shrinkage or
formation of cytoplasmic vacuoles. RT-PCR results
suggested that VPA increased the expression of CXCR4
in BMSCs about 2.25 ± 0.20-fold while VPA and
AMD3100 increased the expression of CXCR4 1.44 ±
0.12-fold (Figure 2A). BMSCs pretreated with VPA had
significant greater (p < 0.05) expression of CXCR4 than
other groups of cells, and the same was true according
to the results of Western blotting (Figure 2B).
BrdU-labeled BMSCs had proliferative activity
at a rate of 80-90%. VPA and AMD3100 did not
significantly affect BMSC proliferation and BrdU
labeling (Figure 2C).
3.3. Changes in SDF-1 levels at the spinal injury site
Compared to normal spines, injured spines had 2.01 ±
0.29 times more expression of SDF-1 on day 1 post-
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Figure 2. CXCR4 expression and BrdU immunofluorescence.
(A) mRNA expression of CXCR4 in each group. Data are
the mean ± S.D. (n = 6). BMSCs pretreated with VPA had
significantly greater CXCR4 expression than other groups.
** p < 0.01 indicates significant differences between groups
(one-way ANOVA). (B) CXCR4 and β-actin in each group
(n = 6) were detected with Western blotting. The blots were
2 representative examples from 6 experiments per group. (C)
BrdU (Cy3)-DAPI staining indicated no significant differences
in BrdU-labeled BMSCs among the groups (magnification:
×400, bar = 50 μm).

Figure 3. RT-PCR and immunofluorescence of SDF-1 at
the spinal injury site. (A) RT-PCR. About 3 centimeters of
the injured spinal cord was removed from each rat on days 1
and 7 after SCI, and these injured spinal cords were compared
to normal spinal cords (n = 6 in each group). ** p < 0.01
indicates significant differences between groups, * p < 0.05 for
day 1 post-injury versus day 7 post-injury (one-way ANOVA).
(B) Immunofluorescent staining. Normal spinal cords had
slight expression of SDF-1 that increased on day 1 post-injury
and peaked on day 7 post-injury (magnification: ×40, bar =
200 μm).

injury and 3.03 ± 0.47 times more expression on
day 7 post-injury (Figure 3A). Immunofluorescent
staining of spinal cord sections indicated that normal
spinals expressed a slight amount of SDF-1 although
expression was marked on day 7 post-injury (Figure
3B). Fluorescence was more marked in gray matter,
which may be related to astrocyte activation.

significant differences (p < 0.05) in the number of cells
in rats receiving BMSCs pretreated with VPA and rats
receiving BMSCs pretreated with VPA and AMD3100.

3.4. Pretreatment with VPA enhanced the migration of
BMSCs to the spinal injury site
Five days after intravenous transplantation, BMSCs
that were grafted to the injured spinal cord were tracked
using BrdU immunostaining (Figure 4). The number
of labeled cells at the injury site was as follows: no
labeled cells in the control group, 12.67 ± 2.08 cells
per slice in rats receiving untreated BMSCs, 33.33 ±
6.1 cells per slice in rats receiving BMSCs pretreated
with VPA, and 14 ± 2.65 cells per slice in rats receiving
BMSCs pretreated with VPA and AMD3100. There
were significant differences (p < 0.05) in the number
of cells in rats receiving BMACs pretreated with VPA
and rats receiving untreated BMSCs and there were

3.5. Spared tissue after SCI
The injured portion of the spinal cord was embedded
in paraffin and stained with HE on day 28 post-injury.
Slices were then analyzed using the methods described
previously (15). The ratio of the injured area/total area
was calculated and the results were expressed as a mean
value. Staining indicated that rats receiving BMSCs
pretreated with VPA had relatively smaller cavities
and scar tissue formation compared to rats receiving
BMSCs and rats receiving BMSCs pretreated with VPA
and AMD3100 (Figure 5).
3.6. Neurological outcomes
The recovery of hind limb function in all rats was
assessed in an open field test using the BBB Locomotor
Rating Scale. Wild-type (WT) rats had a score of 21
points during evaluation. Injured rats had complete hind
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Figure 4. BrdU immunostaining of BMSCs grafted to
the spinal injury site. (A) Control group. (B) Rats receiving
untreated BMSCs. (C) Rats receiving BMSCs pretreated
with VPA. (D) Rats receiving BMSCs pretreated with VPA
and AMD3100 (magnification: ×400, bar = 50 μm). BrdUlabeled BMSCs were stained red by Cy3 and blue by DAPI.
Rats receiving BMSCs pretreated with VPA had significantly
more BMSCs than other groups of rats. (E) Calculation of the
average number of BMSCs at the spinal injury site. ** p < 0.01
indicates significant differences between groups (one-way
ANOVA) (n = 6).

limb paraplegia immediately after SCI. The recovery of
motor function was most pronounced 1-2 weeks after
SCI, and especially on days 10-14 post-injury. All of
the groups of rats had relatively few changes in their
score on the BBB Locomotor Rating Scale from day 14
post-injury to day 28 post-injury (Figure 6A). On day
28 post-injury, the control group had a score of 4.17 ±
0.75 points on the BBB Locomotor Rating Scale, rats
receiving untreated BMSCs had a score of 6.33 ± 0.82
points, rats receiving BMSCs pretreated with VPA had
a score of 9.5 ± 1.05 points, and rats receiving BMSCs
pretreated with VPA and AMD3100 had a score of 7 ±
0.89 points. Rats receiving BMSCs pretreated with VPA
had a more marked recovery than other groups of rats
(p < 0.05). Moreover, there were significant differences
(p < 0.05) between rats receiving untreated BMSCs or
BMSCs pretreated with VPA and AMD3100 and the
control group.
4. Discussion
BMSC transplantation via the tail vein is a useful way
to treat SCI (4,16). However, the uneven distribution of
exogenous BMSCs in vivo has seriously hindered further
research. Recent studies have found that systemic
infusion of BMSCs resulted in their distribution to a
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Figure 5. HE staining to estimate the volume of injured
tissue and spared tissue. (A) Control group. (B) Rats receiving
untreated BMSCs. (C) Rats receiving BMSCs pretreated with
VPA and AMD3100. (D) Rats receiving BMSCs pretreated
with VPA (magnification: ×40, bar = 50 μm). (E) The mean
ratio of the injured area/total area for all groups of rats.
Compared to the control group, other groups of rats had a
cavity with a smaller volume. ** p < 0.01 indicates significant
differences between groups (one-way ANOVA) (n = 6).

wide range of tissues in nonhuman primates and that
these BMSCs may migrate to the site of an SCI (17).
The current study confirmed that exogenous BMSCs
migrated to the spinal injury site and that pretreatment
with VPA enhanced the therapeutic benefits of BMSCs
in terms of greater cell migration and improved
neurological recovery. These results also indicate that
SDF-1/CXCR4 plays an important role in the migration
of BMSCs to the spinal injury site.
BMSCs can be harvested, cultured, and grown in
vitro and exhibit low immunogenicity (4). BMSCs
were isolated from the tibias and femurs of rats and
passaged 3 times, resulting in a consistent morphology
and phenotype. Cells passaged 3 times had consistent
morphological features of being flat and spindleshaped. The results of flow cytometry indicated that
BMSCs were positive for CD29, CD73, and CD90 and
negative for CD45 and CD106, and these findings agree
with the results of previous studies (7,18). Moreover,
an attempt was made to analyze the multipotency of
BMSCs by inducing osteogenic and adipogenic cell
differentiation. As noted in other sources, BMSCs were
able to differentiate into osteoblasts and adipocytes
with a high level of efficiency (15).
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Figure 6. Evaluation of the recovery of hind limb function
using the BBB Locomotor Rating Scale. (A) Functional
recovery was similar for all of the groups of rats. Rats
receiving BMSCs pretreated with VPA had a better recovery
than did other groups of rats. Significant differences were
noted between the control group and rats receiving BMSCs
pretreated with VPA (p < 0.0001), and significant differences
(p < 0.0001) were also noted between rats receiving BMSCs
pretreated with VPA and rats receiving BMSCs pretreated with
VPA and AMD3100. (B) On day 28 post-injury, the score on
the BBB Locomotor Rating Scale peaked for all of the groups
of rats. Rats receiving BMSCs/VPA had a significantly higher
score than rats receiving BMSCs and rats receiving BMSCs
pretreated with VPA and AMD3100. Rats receiving untreated
BMSCs had a significantly higher score than the control group.
** p < 0.01 indicates significant differences between groups.

VPA has been widely used as an anticonvulsant for
over 40 years and is believed to act via g-aminobutyric
acid (GABA) metabolism. A study has indicated that
VPA inhibits HDAC, altering the structure of chromatin
and neuronal gene expression (10). In previous
studies, VPA increased the expression of glial cell
line-derived neurotrophic factor (GDNF) and brainderived neurotrophic factor (BDNF) in astrocytes to
protect neurons (19). A recent study showed that VPA
promoted the BDNF and GDNF expression of BMSCs
and that it also improved the ability of BMSCs to
migrate (20). Studies have indicated that VPA increases
the expression of CXCR4 by inhibiting HDAC, thus
improving the ability of BMSCs to migrate. Results of
one study indicated that short-term (3 h) exposure of
MSCs to a relatively high concentration (2.5 mM) of
VPA markedly increased CXCR4 transcript and protein
levels (11). The current study found that pretreatment
with 2.5 mM of VPA for 3 h significantly increased
the CXCR4 expression of BMSCs. This study also
examined the effects of certain concentrations of
VPA on the rate of BrdU labeling of BMSCs. Results

indicated that the rate of labeling differed little among
3 groups of cells, thus ruling out the effect of different
drugs on the BrdU labeling of MSCs.
Various chemokines and receptors are involved in
the migration of BMSCs, and the involvement of SDF1 and its cognate receptor CXCR4 in BMSC migration
to injured tissues is well documented (8,21). Though
high levels of SDF-1 were expressed by meningeal
cells in both intact and injured spinal cords, the level
of SDF-1 was elevated at the site following SCI and a
gradient arose to guide immune and stem cells to the
injury site. The current study found little expression of
SDF-1 in the normal spinal cord, an increased level on
day 1 post-injury, and the highest level on day 7 postinjury. This agrees with the results of a previous study
(22). Only a small proportion of BMSCs expresses
functionally active CXCR4 receptor on their surface
and this expression diminished with passage, but
CXCR4 is key to mediating specific migration of these
cells (23,24). Overexpression of CXCR4 by genetic
modification enhances the ability of MSCs to respond
to SDF-1-induced chemotaxis in vitro and promotes
MSC recruitment around the ischemic core in vivo (25).
To explore the hypothesis that VPA promotes the
migration of MSCs, BMSC transplantation via tail vein
injection was performed on rats with an SCI 7 days
after injury. The transplantation consisted of 1 × 106
BrdU-labeled BMSCs, and the injured segments of the
spinal cord were analyzed using immunofluorescence
and HE staining. BrdU immunostaining indicated that
rats receiving BMSCs pretreated with VPA or BMSCs
pretreated with VPA and AMD3100 had relatively more
MSCs at the injury site than rats receiving untreated
BMSCs. Pretreatment with VPA and AMD3100 largely
suppressed the homing ability of BMSCs, indicating that
SDF-1/CXCR4 played an important role in the migration
of BMSCs. In rats receiving untreated BMSCs, few
BMSCs were present at the injury site. This may be
related to the low level of CXCR4 expression on the
surface of BMSCs.
BMSCs had more of a therapeutic effect on motor
recovery of rats with an SCI with a greater number of
BMSCs at the injury site. The BBB Locomotor Rating
Scale is a general method of evaluating behavior and
can accurately assess changes in behavior after SCI.
HE staining also indicated that injured rats with better
motor recovery had a smaller cavity in the spinal cord.
Pretreatment of BMSCs with VPA may enhance the
therapeutic effects of BMSCs in SCI by increasing
BMSC migration, which is closely related to SDF-1/
CXCR4. However, the mechanism of action of BMSCs
in SCI therapy has yet to be fully elucidated (1-3).
One possible mechanism is via the secretion of growth
factors, like BDNF and GDNF, by BMSCs to reduce
lesion volume and promote axonal regrowth of the
injured spinal cord (26). More BMSCs may maintain
an effective concentration of growth factors. Another
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possible mechanism is via the differentiation of BMSCs
into neurons, which may serve to rebuild neural circuits
(27,28). Moreover, VPA may promote the secretion
of TGF-β, BDNF, and bFGF by BMSCs (20). TGF-β
plays an important role in immunosuppression by
inhibiting the activity of T cells (CD4, CD8) and
dendritic cells (29). Previous studies also indicated that
BDNF and bFGF were factors that induced BMSCs to
transform into neural cells (30). Thus, an increase in the
aforementioned autocrine factors of MSCs might result
in enhanced immunosuppression and transformation
of BMSCs into neural cells that help to repair SCI.
Compared to a study by Cho et al. (20), the current
study used a relatively low concentration of VPA. This
may have a limited effect on the aforementioned factors
secreted by MSCs. A high concentration of VPA could
result in apoptosis of BMSCs (11).
In summary, the current study indicates that BMSC
transplantation via the tail vein is a minimally invasive
and useful way to provide SCI therapy. However,
the therapeutic effectiveness of BMCSs is limited.
Pretreatment with VPA can enhance the therapeutic
benefits of BMSCs in terms of greater cell migration
and better neurological outcomes after traumatic SCI.
The mechanism of this enhancement may be related to
growth factors, axons, and neuron transdifferentiation
from BMSCs at the injury site (31). Therefore,
pretreatment of BMSCs with VPA warrants further
study in relation to the treatment of traumatic SCI.
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EPA and DHA increased PPARγ expression and deceased integrinlinked kinase and integrin β1 expression in rat glomerular
mesangial cells treated with lipopolysaccharide
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Summary

Fish oil containing n-3 polyunsaturated fatty acids (n-3 PUFAs) including eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) is known to prevent the progression of
nephropathy and retard the progression of kidney disease. This study sought to investigate
the underlying mechanisms of EPA and DHA in terms of peroxisome proliferator-activated
receptor γ (PPARγ), integrin-linked kinase (ILK), and integrin β1 expression in glomerular
mesangial cells (GMCs) because of their critical roles in the development and progression
of nephropathy. Lipopolysaccharide (LPS) significantly reduced the expression of PPARγ
and increased the expression of ILK at the mRNA level and at the protein level in GMCs
as indicated by real-time PCR and Western blotting. In addition, LPS increased integrin
β1 expression in GMCs at the mRNA level. Treatment with EPA and DHA significantly
increased the expression of PPARγ and decreased the expression of ILK and integrin β1 in
GMCs. These data suggest that the renoprotective effects of EPA and DHA may be related
to their potential to increase the expression of PPARγ and decrease the expression of ILK
and integrin β1.
Keywords: Eicosapentaenoic acid, docosahexaenoic acid, mesangial cells, PPARγ, integrin-linked
kinase, integrin

1. Introduction
Glomerular diseases are a leading cause of chronic and endstage kidney failure worldwide, and an array of glomerular
diseases is distinguished by glomerular mesangial
cell (GMC) injury, including membranoproliferative
glomerulonephritis, IgA nephropathy, and diabetic
nephropathy. In a pathophysiological state, GMCs typically
lead to expansion of the mesangial matrix and they
undergo cell proliferation and hypertrophy and apoptosis.
The phenomena are closely correlated with deterioration
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of renal function, so GMCs have long been considered an
important factor in progressive renal failure (1).
Integrin-linked kinase (ILK) is known to be a widely
expressed serine/threonine protein kinase localized to
focal adhesion plaques and centrosomes (2,3). ILK plays
a fundamental role in the regulation of cell survival,
proliferation, and migration by connecting the cytoplasmic
domains of β-integrins to the actin cytoskeleton, mediating
integrin signaling in diverse cell types (3). An increase in
the ILK level in the mesangium is associated with diffuse
mesangial expansion. ILK is a downstream mediator of
integrin β1 activity, and integrin/ILK signal pathways are
involved in the regulation of cell adhesion, changes in cell
morphology, and extracellular matrix (ECM) deposition
(4). Overexpression of ILK can result in ECM remodeling
and cell proliferation by GMCs (5).
Peroxisome proliferator-activated receptors (PPARs)
are members of the nuclear hormone receptor family
consisting of three subtypes (α, δ, and γ) with distinct
and overlapping expression patterns (6). These lipid-
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sensitive receptors regulate many important physiological
processes including glucose and lipid metabolism, energy
homeostasis, cell proliferation, inflammation, immunity
and reproduction (7). PPARγ is expressed in several types
of tissue, including kidney tissue. In addition to regulating
glucose and lipid metabolism, PPARγ has antiinﬂammatory
and anti-ﬁbrotic action in kidney diseases (8).
Eicosapentaenoic acid (EPA, C20:5 n-3) and
docosahexaenoic acid (DHA, C22:6 n-3), which belong
to the n-3 polyunsaturated fatty acid (PUFA) family, are
the main components of ﬁsh oil from deep sea ﬁsh. Fish
oil, a type of PPARγ natural ligand, has been reported
to slow the progress of kidney disease. A diet rich in n-3
PUFA, like EPA and DHA, has been associated with
reduced triacylglycerol (TAG) levels, anti-inﬂammatory
action, pulmonary disease (9), and a lowered risk of
cardiovascular disease and mortality (10-13). A higher
dietary intake of PUFA may protect against progression
of chronic kidney disease (14). Clinical trials have
provided conflicting results with regard to the efficacy
of n-3 PUFA in treating IgA nephropathy, although in
vitro and in vivo experimental studies have indicated that
n-3 PUFA act on inﬂammatory pathways involved in the
progression of kidney disease (15).
Despite increasing knowledge of the beneﬁcial effects
of fish oil in treating nephropathy, the exact mechanisms
underlying its renoprotective effects are not fully
understood. Previous studies by the current authors showed
that EPA and DHA inhibited the proliferation of GMCs
induced by lipopolysaccharide (LPS) (16). Furthermore,
the protective effects of EPA and DHA on the kidney were
found to be related to their action to suppress TGF-β1 and
MCP-1 expression in GMCs (17). In addition, EPA and
DHA may protect GMCs by regulating the imbalance of
MMP and TIMP expression (18). The present study sought
to examine the effects of EPA and DHA on the expression
of PPARγ, ILK, and integrin β1 in rat GMSs in order to
further investigate the renoprotective action of ﬁsh oil.
2. Materials and Methods
2.1. Chemicals and antibodies
EPA, DHA, and LPS were purchased from Sigma-Aldrich
(St. Louis, MO, USA). RPMI 1640 and fetal bovine serum
(FBS) were purchased from Life Technologies (Carlsbad,
CA, USA). Rabbit anti-rat ILK and rabbit anti-rat PPARγ
were from Santa Cruz Biotechnology (Dallas, TX, USA).
Monoclonal antibody against β-actin was purchased from

Beijing Jing Mei Biotechnology (Beijing, China). All
primers were synthesized by BioSune (Shanghai, China).
Green real-time PCR master mix was purchased from
Toyobo Biotech (Shanghai, China).
2.2. Cell culture
Rat GMCs (HBZY-1) were purchased from the Chinese
Center for Typical Culture Collection (Wuhan, Hubei,
China). GMCs were routinely cultured in RPMI-1640
media supplemented with 10% FBS. For experiments,
GMCs were divided into six groups: i) Control group:
cells were cultured in RPMI-1640 during the entire study;
ii) LPS group: cells were treated with 10 μg/mL LPS; iii)
Low-dose EPA group: cells were treated with 10 μg/mL
LPS and 10 μmol/L EPA; iv) High-dose EPA group: cells
were treated with 10 μg/mL LPS and 100 μmol/L EPA; v)
Low-dose DHA group: cells were treated with 10 μg/mL
LPS and 10 μmol/L DHA; vi) High-dose DHA group: cells
were treated with 10 μg/mL LPS and 100 μmol/L DHA.
Each experiment was repeated three times.
2.3. RNA isolation and quantitative real-time polymerase
chain reaction (PCR)
After incubation for 24 h or 48 h, GMCs were harvested
and total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's protocol. Complement DNA (cDNA)
was synthesized using a Super Script III first strand
cDNA synthesis Kit (Invitrogen). Real-time PCR was
performed with SYBR Green PCR Master Mix kits
(Applied Biosystems, Foster City, CA, USA) and an ABI
Prism 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). Gene-speciﬁc primer
sequences are listed in Table 1.
β-Actin was used as an internal control to quantify
mRNA expression. The relative expression of the target
gene = intensity of ﬂuorescence of target gene fragments/
intensity of fluorescence of the β-actin gene. Cycling
conditions were 94ºC, 3 min, followed by 40 cycles of
94ºC, 30 sec; 60ºC, 30 sec; and 72ºC, 1 min.
2.4. Western blotting
After incubation for 24 h or 48 h, cells were harvested and
lysed. The protein concentration was determined using
the Coomassie Brilliant Blue method. Equal amounts of
lysate proteins from whole-cell lysates were loaded onto

Table 1. Primer pairs used in RT-PCR
Gene

Forward (5'-3')

Reverse (5'-3')

PPARγ
ILK
Intergrin β1
β-Actin

AACCGGAACAAATGCCAGTA
CTTCTGTGGGAACTGGTGAC
AGGAGGAGTAAAGTAAGTAG
GGCTGTATTCCCCTCCATCG

TGGCAGCAGTGGAAGAATCG
CACATGGGGGGAAATACCTG
AACCACCATAACAAAATGGG
CCAGTTGGTAACAATGCCATGT
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10% gels and separated using SDS-PAGE. Then gels were
transferred to a polyvinylidene diﬂuoride membrane. After
blocking for 2 h at room temperature in blocking buffer,
the membrane was incubated overnight with rabbit anti-rat
PPARγ or rabbit anti-rat ILK. Blots were washed and then
incubated with a secondary goat antibody raised against
rabbit IgG conjugated to horseradish peroxidase. After
further washing, the bound antibodies were visualized
using an ECL kit, and band densities were measured
using TINA imaging software (Raytest, Straubenhardt,
Germany). The level of β-actin protein served as a protein
loading control.
2.5. Statistical analysis
Data are expressed as mean ± SD. One-way ANOVA
followed by Dunnett's test was performed using SPSS/
Win11.0 software (SPSS, Inc., Chicago, IL, USA). A
signiﬁcant difference was deﬁned as p < 0.05.
3. Results

122

level of PPARγ mRNA to the level of β-actin mRNA was
determined to be 1.0 for the control group, and this value
decreased dramatically to 0.68 (24 h, p < 0.05) and 0.31
(48 h, p < 0.01) for the LPS group. Incubation of GMCs
treated with EPA (10 μmol/L and 100 μmol/L) or DHA
(10 μmol/L and 100 μmol/L) for 24 h (Figure 2A) and 48
h (Figure 2B) resulted in a signiﬁcant increase in PPARγ
mRNA expression in comparison to that in the LPS group
(p < 0.05 or p < 0.01).
3.2. EPA and DHA reduced ILK expression in GMCs
The rise in the ILK level in the mesangium is associated
with diffuse mesangial expansion. Whether EPA or
DHA is able to diminish ILK expression in GMCs was
ascertained at the mRNA level and at the protein level.
ILK protein expressed by GMCs was evaluated using
Western blotting. Exposure of cultured GMCs to 10 μg/mL
LPS induced a significant increase in ILK expression in
comparison to that in the control group (p < 0.01 at 24 and
48 h, Figure 3). Incubation of GMCs treated with EPA

3.1. EPA and DHA increased PPARγ expression in GMCs
The effects of EPA and DHA on PPARγ expression were
examined at the mRNA level and at the protein level in
GMCs treated with LPS.
PPARγ protein expressed by GMCs was evaluated
using Western blotting. Exposure of cultured GMCs to
10 μg/mL LPS induced a significant decrease in PPARγ
expression in comparison to that in the control group (p <
0.01 at 24 h and 48 h, Figure 1). Incubation GMCs cultured
with 10 μg/mL LPS and treated with EPA (100 μmol/L)
or DHA (100 μmol/L) for 24 h resulted in a significant
increase in PPARγ protein expression (p < 0.01, vs. LPS
group, Figure 1A). In addition, incubation of GMCs treated
with 100 μmol/L of EPA or 10 μmol/L or 100 μmol/L of
DHA for 48 h markedly increased the expression of PPARγ
(p < 0.05 or p < 0.01, vs. LPS group, Figure 1B).
Levels of PPARγ mRNA in GMCs were determined
using real-time PCR. As shown in Figure 2, the ratio of the

Figure 1. Effects of EPA and DHA on PPARγ protein
expression in GMCs. Expression of PPARγ was detected
using Western blotting at 24 h (A) and 48 h (B). ## p < 0.01,
vs. control group. * p < 0.05, ** p < 0.01, vs. LPS group.

Figure 2. Effects of EPA and DHA on PPARγ mRNA
expression in GMCs. PPARγ mRNA expression was determined
with real-time PCR at 24 h (A) and 48 h (B). The level of mRNA
expression was normalized to that of β-actin. ## p < 0.01, vs.
control group. * p < 0.05, ** p < 0.01, vs. LPS group.

Figure 3. Effects of EPA and DHA on ILK protein
expression in GMCs. Expression of ILK was detected using
Western blotting at 24 h (A) and 48 h (B). ## p < 0.01, vs. control
group. ** p < 0.01, vs. LPS group.
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(10 μmol/L and 100 μmol/L) or DHA (10 μmol/L and
100 μmol/L) for 24 h had no significant effect on ILK
protein expression (p ˃ 0.05, vs. LPS group, Figure 3A).
However, incubation of GMCs treated with 10 μmol/L or
100 μmol/L of EPA or 10 μmol/L or 100 μmol/L of DHA
for 48 h significantly decreased the expression of ILK
protein (p < 0.01, Figure 3B).
Levels of ILK mRNA in GMCs were determined using
real-time PCR. As shown in Figure 4, the levels of ILK
mRNA dramatically increased in the LPS group (p < 0.01
at 24 h and 48 h). Incubation of GMCs treated with EPA
(10 μmol/L and 100 μmol/L) or DHA (10 μmol/L and 100
μmol/L) for 24 h resulted in a signiﬁcant decrease in ILK
mRNA expression in comparison to that in the LPS group (p
< 0.01, Figure 4A). Incubation of GMCs treated with 100
μmol/L of EPA or 10 μmol/L or 100 μmol/L of DHA for 48
h signiﬁcantly decreased the expression of ILK mRNA (p
< 0.05 or p < 0.01 vs. LPS group, Figure 4B).

Figure 4. Effects of EPA and DHA on mRNA expression of
ILK in GMCs. ILK mRNA expression was determined with
real-time PCR at 24 h (A) and 48 h (B). The level of mRNA
expression was normalized to that of β-actin. ## p < 0.01, vs.
control group. * p < 0.05, ** p < 0.01, vs. LPS group.

3.3. EPA and DHA reduced integrin β1 expression in
GMCs
ILK is a downstream mediator of integrin β1 activity, and
integrin/ILK signal pathways are involved in the regulation
of cell adhesion, changes in cell morphology, and ECM
deposition. Whether EPA or DHA was able to diminish
integrin β1 mRNA expression in GMCs was ascertained.
Levels of integrin β1 mRNA in GMCs were
determined using real-time PCR. As shown in Figure 5, the
levels of integrin β1 mRNA dramatically increased in LPStreated cells (p < 0.01 at 24 h and 48 h, vs. control group).
Incubation of GMCs treated with EPA (100 μmol/L) for 24
h resulted in a significant decrease in integrin β1 mRNA
expression in comparison to that in the LPS group (p < 0.05;
Figure 5A). Incubation of GMCs treated with 10 μmol/L or
100 μmol/L of EPA or 10 μmol/L or 100 μmol/L of DHA
for 48 h signiﬁcantly decreased the expression of integrin
β1 mRNA in comparison to that in the LPS group (p < 0.05
or p < 0.01, Figure 5B).
4. Discussion
This study investigated the mechanisms underlying
the renoprotective effect of EPA and DHA in GMCs in
vitro. Results indicated that EPA and DHA signiﬁcantly
increased the expression of PPARγ and reduced the
expression of ILK and integrin β1 in GMCs, and these
levels of expression changed dramatically when cells
were cultured with LPS. These results suggest that the
renoprotective effects of EPA and DHA are possibly
related to their effects on the expression of PPARγ,
ILK, and integrin β1 in GMCs.
PPARγ plays an important role in mesangial cells
responding to inflammatory stress. PPARγ protein
expression increased dramatically in human mesangial
cells stimulated with interleukin-1β (IL-1β), and the
levels of interleukin-6 (IL-6) and tumor necrosis factor

Figure 5. Effects of EPA and DHA on integrin β1 mRNA
expression in GMCs. Integrin β1 mRNA expression was
determined with real-time PCR at 24 h (A) and 48 h (B). The
level of mRNA expression was normalized to that of β-actin. ## p
< 0.01, vs. control group. * p < 0.05, ** p < 0.01, vs. LPS group.

α (TNFα) increased signiﬁcantly in comparison to those
in untreated cells (19). A key finding is that PPARγ
agonists, including troglitazone, rosiglitazone, and
prostaglandin J2, significantly decrease the increased
expression of TNFα and IL-6 (19). Rosiglitazone
inhibits mesangial cell proliferation by blocking
reactive oxygen species (ROS)-dependent epidermal
growth factor receptor (EGFR) intracellular signaling,
and telmisartan has powerful anti-inﬂammatory action
via PPARγ activation in mesangial cells (20). PPARγ
may prove to be a pharmacological target for treatment
of glomerulonephritis (19). Fish oil reduced an LPSinduced inflammatory response in HK-2 cells via a
PPARγ dependent pathway (21). The current results
indicated that both EPA and DHA effectively upregulated PPARγ mRNA and protein expression.
Thus, fish oil may play a role by activating PPARγ.
PPARγ agonists are effective in delaying and even
preventing the progression of many renal diseases (7).
These data suggest that PPARγ plays an important role
in the response of mesangial cells to inflammatory
stress. PPARγ may represent a potential target for the
treatment of renal diseases (7).
ILK is a focal adhesion adaptor and a serine/threonine
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protein kinase that regulates cell proliferation, survival,
epithelial-mesenchymal transition (EMT), and kidney
development (22,23). It acts as a central component of a
heterotrimer (the PINCH-ILK-parvin complex) at ECM
adhesions, mediating interactions with a large number
of proteins via multiple sites including its pseudoactive
site. ILK links integrins to the actin cytoskeleton and
catalytic proteins and thereby regulates focal adhesion
assembly, cytoskeleton organization, and signaling (24).
Increased activity of ILK and integrin β1 in GMCs may
contribute to the development of sustained mesangial
cell proliferation and lead to glomerular scarring (5).
In aging kidneys, integrin β1 and ILK may be involved
in the process of fibrosis and related senescence (25).
ILK also plays an important role in the pathogenesis
of nephropathy in GMCs and also in podocytes of the
kidney (26,27). In the present study, EPA and DHA
decreased the expression of ILK and integrin β1 in
GMCs stimulated with LPS. This finding confirms the
assertion that ILK and integrin β1 play a role in lipidinduced kidney injury.
Interestingly, there may be a relationship between
PPARγ and ILK. A study found that fish oil inhibited
the proliferation of non-small cell lung carcinoma by
suppressing ILK expression via activation of PPARγ (28).
In summary, the present study suggests that EPA and
DHA are capable of increasing PPARγ expression and
decreasing ILK and integrin β1 expression in GMCs
treated with LPS. This study provides novel insights into
the mechanisms of the renoprotective effects of ﬁsh oil.
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Summary

Granzyme 3 (Gr3) is known as a tryptase-type member of the granzyme family and exists
in the granules of immunocompetent cells. Granule proteases including granzymes, are
transported into the cytoplasm of tumor cells or virus-infected cells by perforin function,
degrade cytoplasmic or nuclear proteins and subsequently cause the death of the target
cells. Recently, although several substrates of Gr3 in vivo have been reported, these
hydrolyzed sites were unclear or lacked consistency. Our previous study investigated the
optimal amino acid triplet (P3-P2-P1) as a substrate for Gr3 using a limited combination
of amino acids at the P2 and P3 positions. In the present study, new fluorescence resonance
energy transfer (FRET) substrate libraries to screen P2 and P3 positions were synthesized,
respectively. Using these substrate libraries, the optimal amino acid triplet was shown to
be Tyr-Phe-Arg as a substrate for human Gr3. Moreover, kinetic analyses also showed that
the synthetic substrate FRETS-YFR had the lowest Km value for human Gr3. A substantial
number of membrane proteins possessed the triplet Tyr-Phe-Arg and some of them might
be in vivo substrates for Gr3. The results might also be a great help for preparing specific
inhibitors to manipulate Gr3 activity both in vitro and in vivo.
Keywords: Granzyme, serine protease, cytotoxic T lymphocytes

1. Introduction
Granzyme 3 (Gr3; also called granzyme K) is known
as a member of the protease family named granzymes,
and exists in the cytotoxic granules of cytotoxic cells in
the immune-system (1,2). Proteases in the granules of
NK cells and cytotoxic T-lymphocytes are introduced
into their target cells, such as virus-infected cells and
tumor cells, via a perforin-mediated mechanism, then
hydrolyze cytosolic and/or nuclear proteins, and kill the
cells (3). Five kinds of granzymes have been identified
in humans. Two of them, granzyme A and Gr3, are
known to show tryptase-type specificity and to cleave
the peptide bond on the carboxylic side of a basic amino
acid, Lys or Arg (4). Recently, some in vitro and in vivo
substrates of Gr3 have been reported, however, some of
*Address correspondence to:
Dr. Yukiyo Hirata, Department of Hygiene and Public Health,
Nippon Medical School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo
113-8602, Japan.
E-mail: yuki-hir@nms.ac.jp

their cleavage sites are unclear and the proposed amino
acid sequences of the hydrolysis site differ among
reports (4-8).
In order to clarify the in vivo function of Gr3 and
to develop specific inhibitors for the manipulation
of enzymatic activity in vivo, analysis of the in vitro
specificity of Gr3 is being attempted.
Fluorescence resonance energy transfer (FRET) is
a phenomenon in which electronic excitation energy
can be efficiently transferred between a fluorescent
energy donor and a suitable energy acceptor. FRET
is often applied to determine the distance between a
donor fluorophore and an acceptor fluorophore on the
basis of intramolecular FRET (9). The FRET substrate
(FRETS) contains a fluorescent 2-(N-methylamino)
benzoyl (NMA) group as a donor fluorophore and
a 2,4-dinitrophenyl (DNP) group as an acceptor in
the molecule. When an enzyme cleaves any peptide
bond between NMA and DNP in the substrate, the
fluorescence at 440 nm with excitation at 340 nm
increases in proportion to the release of the NMA
fluorophore from the internal DNP quencher (10). The
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FRET substrate allows us to determine the enzymatic
hydrolysis of a peptide bond between amino acids.
We previously investigated the optimal amino acid
triplet (P3-P2-P1) as a substrate for Gr3 using FRETS
libraries. As the P1 residue, Arg, is better than Lys by
Gr3. Out of 25 P3-P2 combinations, Phe-Tyr was the
sequence that reacted the most with Gr3 (11); however,
the result was obtained using a substrate library with
limited amino acid sequences. Therefore, in order to
elucidate the optimal amino acid sequence of Gr3, new
peptide substrate libraries were prepared in the present
study. Using the new libraries, the optimal triplet was
defined.
2. Materials and Methods
2.1. Materials
FRETS-25Arg, FRETS-F19R, and FRETS-19FR
were synthesized by the Peptide Institute, Inc. (Osaka,
Japan). FRETS-25-STD1 (N-β-[2-(N-methylamino)
benzoyl] -2,3-diaminopropionyl-glycine) was also
purchased from the Peptide Institute, Inc. The micro
BCA Protein Assay Reagent kit was obtained from
Thermo Fisher Scientific Inc. (Waltham, MA, USA).
N-α-Benzyloxycarbonyl-lysine thiobenzyl ester (BLT)
was purchased from Sigma-Aldrich Corp. (St. Louis,
MO, USA). Trifluoroacetic acid (TFA) and acetonitrile
(MeCN) for high performance liquid chromatography
(HPLC) analysis were purchased from Kanto Chemical
Co. (Tokyo, Japan). Wakosil-II 5C18 RS was purchased
from Wako Pure Chemical Ind., Ltd. (Osaka, Japan).
Other chemicals used were all of analytical grade.

Figure 1. Structure of fluorescence resonance energy
transfer substrates (FRETS) used in the present study. The
arrow shows the desired hydrolytic site for Gr3. The structure
of FRETS-25-STD1 used for the calibration standard is also
shown.

Recombinant human Gr3 was produced and purified
as previously described (11). The protein concentration
was determined by a bicinchoninic acid assay (BCA
assay). Gr3 activity was determined as the hydrolysis
of BLT. Purified protein was dissolved in 10 mM
potassium phosphate buffer, pH 6.0, 1 M NaCl,
supplemented with 0.1% Triton X-100 to prevent
adsorption to the tubes, divided into aliquots in
siliconized tubes (Sarstedt K.K., Tokyo, Japan), and
stored at –80°C until use.

NMA and DNP in the substrate, the fluorescence at 440
nm with excitation at 340 nm increases in proportion to
the release of the NMA fluorophore from the internal
DNP quencher (10).
To analyze the specificity at the P2 position,
FRETS-F19R was designed. The P1 position of the
substrate sequence was fixed as Arg according to our
results using the FRETS-25Xaa series, as described
previously (11). Because the substrate carrying the PheTyr-Arg (P3-P2-P1) triplet contained in the FRETS25Arg library was hydrolyzed the fastest by Gr3 (11),
Phe was employed at the P3 position. The P1 and P3
positions were fixed with Arg and Phe, respectively,
and each of the 19 amino acids excluding Cys was
incorporated in the P2 position in the FRETS-F19R
library.
Based on the results obtained with FRETS-F19R,
FRETS-19FR was designed to determine the specificity
at the P3 position. The P1 and P2 positions were
fixed with Arg and Phe, respectively. Each of the 19
amino acids excluding Cys was incorporated at the P3
position.
FRETS-YFR, FRETS-FFR, FRETS-WFR, and
FRETS-VFR were isolated from the FRETS-19FR
library using reversed-phase HPLC and used for kinetic
analyses. The concentration of the purified substrate
was determined using FRETS-25-STD1 as a reference
standard.

2.3. FRET substrate (FRETS) libraries

2.4. Enzyme activity with FRET substrates

Three sets of libraries were used in this study (Figure
1). The libraries were prepared by the Peptide Institute,
Inc. Based on the structure of FRETS-25Arg, which
was used in the previous study, new libraries were
prepared. These fluorescence resonance energy transfer
substrates contain a highly fluorescent NMA group and
an efficiently quenched DNP group in the molecule.
When an enzyme cleaves any peptide bond between

To 100 nM of purified Gr3 in 0.2 M Tris-HCl buffer
(pH 8.0), 0.1 mM (final) FRET substrate was added
and incubated for up to 15 min at 37°C. The enzymatic
reactions were stopped with the addition of a 9-fold
volume of 0.2% TFA. After filtration through a 0.45
μm membrane filter, a 100 μL aliquot was injected
into HPLC. HPLC conditions used were the same as
described previously (11). Hydrolytic activity was

2.2. Recombinant human Gr3
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determined from the peak area of the hydrolyzed
product.
The amino-acid sequences of the separated products
were identified according to the product description
sheets of the libraries. In addition, some amino acid
sequences were verified using the combination of
absorption spectrometry and fluorescence analysis. The
products containing Tyr were identified by detection with
absorbance at 280 nm and fluorescence at 440 nm with
excitation at 275 nm, which occurred by fluorescence
energy transfer from Tyr to NMA. Similarly, a Trpcontaining product was confirmed by detection of
fluorescence at 440 nm with excitation at 295 nm.
2.5. Kinetic analyses
For determination of the kinetic parameters, Gr3 (5
nM) was incubated with 16 to 80 μM of each FRET
substrate, FRETS-YFR, FRETS-FFR, FRETS-WFR or
FRETS-VFR, for 15 min at 37ºC. Then a 9-fold volume
of 0.2% TFA was added to stop the reaction. After
filtration through a 0.45 μm membrane filter, a 100
μL aliquot was injected into HPLC. HPLC conditions
used were as follows. The column was Wakosil-II 5C18
RS (4.6 I.D. × 150 mm) and was maintained at 45°C.
Gradient elution was performed with mobile phase A
(0.1% TFA in H2O) and mobile phase B (0.1% TFA
in MeCN). The flow-rate was set at 1.0 mL/min and
the mobile phase composition was changed from 0%
to 44% B over a period of 22 min. The products were
detected by absorbance at 254 nm or fluorescence
at 440 nm with excitation at 340 nm. The hydrolysis
rate was determined as an increase of the peak area
of cleaved products. Michaelis constants (K m), the
maximum velocities (Vmax), kcat values and kcat/Km values
were calculated using Lineweaver-Burk plots (12).
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Figure 2. HPLC chromatogram of the hydrolyzed
products of FRETS-F19R by Gr3. FRETS-F19R was
incubated with Gr3 for 15 min at 37ºC. Inset shows the peak
area of peak 1 (FFR), peak 2 (FYR), and peak 3 (FWR). The
amino acid sequence of these products is shown as P3-P2-P1
in one letter notation.

The proteins possessing YFR tripeptide, the amino
acid sequence specifically decomposed by Gr3, were
searched in the NCBI transcript sequence database
using the gene and transcript searching system called
GGRNA ver.1 (http://ggrna.dbcls.jp/v1/) (13). This
system can quickly retrieve the information on
the transcription product registered into the NCBI
database according to the existence of short amino acid
sequences, such as tripeptides. Multiple transcripts
from a single gene and transcripts that are not identified
at a protein level were excluded before analysis.

the FRETS-F19R library was prepared (Figure 1). After
reaction with Gr3, three major hydrolyzed products
were observed (Figure 2). The peaks increased in a
time-dependent manner (Figure 2 inset). By comparing
the data with those of unhydrolyzed substrates and of
the tryptic digest of FRETS-F19R, peak 1 to 3 were
identified as Phe-Phe-Arg, Phe-Tyr-Arg, and PheTrp-Arg, respectively. FRETS hydrolyzed products
were monitored under two conditions, absorption
of Phe residue at 254 nm and fluorescence of NMA
group at 440 nm with excitation at 340 nm. For the
most abundant peak (peak 1), the ratio of absorbance
at 254 nm to fluorescence at 440/340 nm was higher
than that of other peaks (data not shown). This result
showed that peak 1 was confirmed as the Phe-PheArg product which contained more Phe residues than
others. The retention time of peak 2 was the same as
Phe-Tyr-Arg in the hydrolyzed product of FRETS25Arg under the same HPLC conditions; therefore,
peak 2 was confirmed as Phe-Tyr-Arg. The third peak,
eluted around 82 min, was identified as Phe-Trp-Arg
according to the data provided by the manufacturer. In
addition, when fluorescence at 440 nm was monitored
with excitation at 295 nm, the height of peak 3 was
markedly higher than other peaks (data not shown).
This is due to the fluorescence energy transfer between
Trp and NMA residues. First, Trp residues emit
fluorescence at 340 nm by excitation at 295 nm, and
the NMA group emits fluorescence at 440 nm by the
emission of Trp residue at 340 nm. Thus, the products
carrying the Trp residue showed fluorescence at 440 nm
and excitation at 295 nm.

3. Results

3.2. Determination of the P3 position by FRETS-19FR

3.1. Determination of the P2 position using FRETSF19R

The FRETS-19FR library for screening the optimal
amino acid at the P3 position was prepared, in which
P1 and P2 positions were fixed as Arg and Phe,
respectively, and each of the 19 natural amino acids

2.6. The protein sequence library search

To determine the optimal amino acid at the P2 position,
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Figure 3. HPLC chromatogram of the hydrolyzed
products of FRETS-19FR by Gr3. FRETS-19FR was
incubated with Gr3 for 15 min at 37ºC. Inset shows the peak
area of peak 4 (YFR), peak 5 (FFR), and peak 6 (WFR).

excluding Cys appeared at the P3 position (Figure 1).
In the same way as FRETS-F19R, FRETS-19FR
was hydrolyzed by Gr3 and analyzed by HPLC. Three
major peaks, peaks 4 to 6, were identified as Tyr-PheArg, Phe-Phe-Arg, and Trp-Phe-Arg, respectively
(Figure 3).
The highest peak, peak 4, was identified as the
Tyr-Phe-Arg product according to the analysis data of
unhydrolyzed FRETS-19FR. To confirm that peak 4 is a
Tyr-carrying product, the HPLC analysis condition was
changed; the fluorescence at 440 nm was monitored
with excitation at 275 nm instead of 340 nm. Under
this condition, peak 4 became higher than other peaks
(data not shown). This result confirmed that peak 4 was
a Tyr-Phe-Arg product, in which the fluorescence of
Tyr residue at around 320 nm upon excitation at 275
nm acted as the excitation light for the NMA group.
Retention time of peak 5 in FRETS-19FR hydrolyzed
products was the same as Phe-Phe-Arg, peak 1 in
Figure 2; therefore, peak 5 was confirmed as Phe-PheArg. Peak 6 showed strong fluorescence at 440 nm
with excitation at 295 nm, which indicated that the
Trp-containing product was eluted at peak 6 (data not
shown); thus, peak 6 was confirmed as Trp-Phe-Arg.
All three peaks increased with time and peak 4
(Tyr-Phe-Arg) was the highest (Figure 3 inset). These
results indicated that Tyr-Phe-Arg was the most suitable
substrate sequence for Gr3 in the FRETS-19FR library.

Figure 4. The Lineweaver-Burk plot of the hydrolysis of
FRET substrates by Gr3. Gr3 was incubated with 16-80 μM
of each FRET substrate for 15 min at 37ºC. The hydrolyzed
product was analyzed by HPLC. The results of FRET-VFR
were separate from others, which are shown in a separate
panel.
Table 1. The Km, kcat, and kcat/Km values for hydrolysis of
FRET substrates by Gr3
Substrates
FRETS-VFR
FRETS-FFR
FRETS-WFR
FRETS-YFR

Km (μM)

Kcat (s-1)

kcat/Km (s-1•M-1)

37.7
18.1
16.3
13.0

0.31
3.14
1.84
2.72

8.23 × 103
1.74 × 105
1.13 × 105
2.11 × 105

assayed and Lineweaver-Burk plots were drawn (Figure
4). From these plots, the kinetic parameters for the four
substrates were calculated (Table 1). Among the four,
FRETS-YFR showed the minimum Km value of around
13.0 μM and the others were in the following order,
WFR < FFR << VFR. On the other hand, FRETS-FFR
showed the maximum kcat value and the others were in
the following order FRETS-YFR > WFR >> VFR.
When calculating the kcat/Km values, the order was
FRETS-YFR > FFR > WFR >> VFR (Table 1), which
coincided with the order of the peak heights of the
hydrolyzed FRETS-19FR (Figure 3). These results
indicated that the Tyr-Phe-Arg (P3-P2-P1) triplet was
the most suitable substrate for human Gr3, under both
purified and mixed conditions.
3.4. The proteins potentially hydrolyzed by Gr3
As a result of the library search using GGRNA, the
number of human proteins that possess YFR tripeptide,
the amino acid sequence specifically hydrolyzed by Gr3
were 769. Out of the 769 kinds of proteins, 222 proteins
are membrane bound proteins.

3.3. Kinetic analysis using FRETS-YFR, FRETS-FFR,
FRETS-WFR, and FRETS-VFR

4. Discussion

To analyze the reactivity of Gr3 more precisely,
kinetic analyses were carried out using isolated FRET
substrates. Four kinds of FRET substrates, FRETSYFR, FRETS-FFR, FRETS-WFR, and FRETS-VFR,
carrying Tyr-Phe-Arg, Phe-Phe-Arg, Trp-Phe-Arg, and
Val-Phe-Arg, respectively, were isolated from FRETS19FR using HPLC.
Using these purified substrates, Gr3 activity was

From the results using FRETS-F19R, aromatic amino
acids were considered more favorable at the P2 position
for Gr3 substrate; however, the Phe-Phe-Arg substrate
was hydrolyzed much faster than the other two (PheTyr-Arg and Phe-Trp-Arg) and the selectivity of the P2
site amino acid by Gr3 seemed to be high.
Based upon the results with FRETS-F19R, another
substrate library, FRETS-19FR, was prepared for the
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analysis of P3 position selectivity.
Similar to the P2 position, Gr3 was shown to
prefer aromatic amino acid at P3 position; however,
the difference between the fastest Tyr-Phe-Arg and the
second Phe-Phe-Arg was smaller than the case of the
P2 position, indicating that the stringency of the amino
acid specificity at P3 position was lower than at P2
position.
The results described above were obtained using
a substrate library, mixtures of the substrates. In
order to declare substrate specificity more precisely,
kinetic analyses using purified substrates were needed.
When comparing the kinetic parameters, Tyr-Phe-Arg
substrate showed the smallest Km value, indicating that
human Gr3 showed the highest affinity for the triplet
(Table 1). In addition, the kcat/Km values obtained from
the kinetic study coincided well with the results of the
hydrolysis pattern of the FRETS-19FR library. The TyrPhe-Arg substrate proved to be the most favorable for
human Gr3 also with purified FRETS-YFR in addition
to the substrate library mixture.
Mahrus and Craik (5) reported substrate specificity
analysis of several granzymes using positional scanning
synthetic combinatorial libraries (PS-SCL) of ACC
substrates. Their results indicated that Tyr, Arg, Phe,
and Lys were the most reactive with human GrK (equal
to Gr3) for P4, P3, P2, and P1 positions, respectively.
Based on the results, they concluded that the Tyr-ArgPhe-Lys (P4-P3-P2-P1) quartet was the most suitable
for human Gr3. Compared with our present results,
only the P2 position was consistent. In particular,
the difference of the P1 position was evident. This
discrepancy might be due to differences in the structure
of the carboxyl side of the P1 position. The FRET
substrate used in the present study has an alanine
residue at the P1' position, whereas the ACC substrate
has a substituted coumarin group. This difference
might affect the substrate recognition and/or enzymatic
reaction.
Synthetic substrates, those that have p-nitroanilide
(pNA) or 4-methylcoumarinamide (MCA) as
chromogenic groups, were hydrolyzed much slower
by Gr3 than by trypsin. Moreover, some of them were
hardly hydrolyzed by Gr3 (11). These results suggested
that an aromatic ring of pNA and MCA substrates might
reduce the binding of these substrates to the active site
of Gr3. In contrast, FRETS have oligopeptide structures
in the potentially hydrolyzed position. Therefore,
FRETS were suitable for analyzing substrate specificity
and also for searching for the physiological substrates,
because the in vivo targets of Gr3 are considered to be
proteins.
In addition, in the PS-SCL method, the most
suitable amino acid residue, was determined at each
position individually and their combination was not
analyzed. That might be the reason why their and the
present results are not consistent. Their result for the
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P3 position is similar to our previous results that Arg
residue was the second choice for P3 position after Phe
out of 5 amino acids (Phe, Arg, Ala, Val, Glu) (11).
Another in vitro specificity analysis of human Gr3
was carried out using the PepChip protease array, which
consisted of more than 1,000 randomized 15 amino
acid polypeptides (7). The results indicated that Gr3
preferred polypeptides which had Arg, aromatic and
hydrophobic amino acids at P1, P2, and P4 positions,
respectively. The results were approximately consistent
with our results.
On the other hand, several candidates for an in vivo
substrate for Gr3 have been reported. Gr3 reportedly
hydrolyzes the nuclear SET complex of the target cells
in a similar manner to granzyme A (7,14,15). This is
considered to result in the release of NM23-H1 and
degradation of ssDNA. Moreover, Gr3 was investigated
to degrade hnRNP K (16) and Bid, which related to
mitochondria-mediated apoptosis of the cells (17).
Recently, the degradation site of several cellular
proteins by human Gr3 was reported. It was investigated
whether Gr3 hydrolyzed DLWK24↓L and GSTK305↓R of
p53 protein (6), YVPR62↓A and QQYR282↓A of β-tublin
(7) and ERER713↓Q of valosin-containing protein (8);
however, it is very difficult to find some regularity in
these results. Similarity to our results from these reports
is also hardly found.
Gr3 is stored in intracellular granules as an inactive
precursor and transformed to its enzymatically active
form by cathepsin C (18). The activated enzymes
including Gr3 are considered to be transported into the
cytoplasm of the target cells, degrade various proteins
and cause the subsequent death of the target cells. To
determine expression of Gr3 in activated lymphocytes,
human lymphokine-activated killer (LAK) cells were
prepared by incubating isolated lymphocytes from
peripheral blood with IL-2 for 7 days. When the
culture supernatant and cell lysates of LAK cells were
analyzed using Gr3 ELISA, Gr3 was detected in culture
supernatant as well as in cell lysates (data not shown).
Therefore, Gr3 might function not only in the target
cells but also outside of the cells, such as attacking
plasma membrane proteins in blood plasma.
Human Gr3 is a positively charged protein due to
its high content of Arg and Lys. Therefore, it can be
considered that Gr3 tends to associate with negatively
charged biomolecules such as sulfated carbohydrates
and phospholipids. In fact, intracellular Gr3 was hardly
extracted with physiological saline solution containing
some detergents but with buffers containing 1 M NaCl
(data not shown). Gr3 binds to negatively charged
proteoglycans along with other granzymes when stored
in cytotoxic granules in lymphocytes. Once excreted
from lymphocytes, Gr3 might bind to a negatively
charged cell surface and have some cytotoxic effect
by hydrolyzing cell surface proteins. In addition, we
considered that the sequence YFR in the membrane
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bound protein is likely to be located at a boundary
of the membrane surface, because the former two
aromatic amino acids are buried in a hydrophobic
atmosphere and the positively charged Arg acts as an
anchor by interacting with polar residues of membrane
phospholipids. Gr3 may hydrolyze membrane bound
proteins after invading target cells.
When GGRNA was used to search human proteins
that contained YFR sequence, 769 kinds of proteins
were found in the NCBI protein database (13). Among
those proteins, 222 were known to locate on a cellular
membrane including nuclear and mitochondrial
membranes. Therefore, degradation of membrane
proteins by Gr3 might be a potential mechanism of its
cytotoxic activity. The involvement of the hydrolysis of
membrane bound proteins is not known in the induction
of apoptosis by granzymes including granzyme A and
granzyme B. Bovenschen et al. identified cellular
proteins that could be hydrolyzed by Gr3 (7). However,
they analyzed only cytoplasmic proteins of Jurkat
cells. Therefore, membrane bound substrate proteins
were not considered in their study. Whether membrane
bound proteins are hydrolyzed by Gr3 in the target cells
remains to be understood.
This study clearly showed the optimal substrate
sequence for Gr3, Tyr-Phe-Arg, by determining the
order of the hydrolysis rate. Inhibitors prepared using
this sequence might be useful for distinguishing Gr3
from other granzymes in vitro and possibly valuable for
controlling disease progression, which might involve
Gr3 malfunction.
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Summary

Different diets consumed by individuals of different ethnicities, gender, and age may
cause changes in blood pressure. The current study sought to investigate changes in blood
pressures after consumption of a high-carbohydrate (high-CHO) diet by healthy Chinese
adolescents. As a population, the Chinese consume a diet with a high carbohydrate content
and they have a low incidence of hypertension and coronary artery disease. Dietary data
were collected using a 3-day diet diary. Subjects were 672 high school students who were
divided into a high-CHO diet group (≥ 55% carbohydrates) and a non-high-CHO diet
group (< 55% carbohydrates, < 40% fats). Plasma glucose levels, heart rate, systolic blood
pressure (SBP), and diastolic blood pressure (DBP) were measured. Body mass index
(BMI), waist-to-hip ratio (WHR), pulse pressure (PP), and mean arterial pressure (MAP)
were calculated. Results indicated that males had a higher BMI, glucose level, SBP, DBP,
PP, and MAP than females. When diet was taken into account, males in the non-high-CHO
diet group had a higher SBP and PP than females. Males in the high-CHO diet group had
a higher glucose level than females. Males in the high-CHO diet group had a lower SBP (p
= 0.004) and PP (p = 0.002) than males in the non-high-CHO diet group and females in the
high-CHO diet group had a lower glucose level (p = 0.003) than females in the non-highCHO diet group. After adjusting for age, BMI, WHR, heart rate, the total daily energy
intake, and the intake of vitamin C, calcium, sodium, potassium and magnesium, significant
differences in SBP and PP were noted in males. These results indicate that male adolescents
consuming a high-CHO diet had a lower SBP and PP than males consuming a non-highCHO diet.
Keywords: Diastolic blood pressure, high-carbohydrate diet, mean arterial pressure, pulse
pressure, systolic blood pressure

1. Introduction
Coronary artery disease (CAD) is the leading cause
of death worldwide (1). A series of risk factors for
CAD, including age, gender, obesity, hypertension, and
dyslipoproteinemia, has been identified over the past
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few decades (2). Hypertension, a common condition
in many countries (3), is closely associated with an
increased risk of CAD (4) and seriously affects the
health and the quality of life of both the elderly and
children. In China, the overall prevalence of a relatively
high blood pressure among children aged 7-17 years
has increased markedly, rising from 19.29% for boys
and 14.69% for girls in 2000 to 26.16% for boys and
19.77% for girls in 2010 (5). The increased prevalence
of hypertension may be one explanation for the steadily
increasing risk of CAD in younger populations over
the past few decades (6). The treatment and control
of hypertension is a crucial and effective intervention

www.biosciencetrends.com

133

BioScience Trends. 2014; 8(2):132-137.

to deal with CAD. A reduction of 3 mmHg in systolic
blood pressure (SBP) has been found to result in a
5% reduction in CAD mortality (7). Pulse pressure
(PP) is a well-established independent predictor for
cardiovascular outcomes (8). However, hypertension
control in younger individuals has received less attention
than that in middle-aged individuals and the elderly (9).
Therefore, further efforts must be made to understand
the development of hypertension and to identify more
effective ways to control it in youth.
Studies have indicated that there is a significantly
lower risk of hypertension (10) and CAD (11) in the
Chinese population. Interestingly, more than 67%
of this population's dietary energy is derived from
carbohydrates (12,13). A study of this traditional diet
has found that a higher percentage of energy intake in
the form of carbohydrates is significantly associated
with a lower risk of hypertension (14). In fact, a host
of studies suggests that high-carbohydrate (high-CHO)
diets can lower blood pressure levels (15-17). However,
data also indicate that there are no significant changes in
blood pressures after a high-CHO dietary intervention
(18). A meta-analysis of intervention trials shows that
high-CHO diets may be associated with slightly higher
blood pressure than high-cis-monounsaturated fat diets
(19). This inconsistency may be the result of different
genetic and environmental backgrounds (20) and
ethnicities (21) or even gender. However, few studies
have been sought to investigate the effects of highCHO diets on blood pressure in healthy adolescents of
different genders. These effects have not been reported
yet in healthy boys and girls, much less in Chinese,
despite the fact that this population consumes a diet
with a high carbohydrate content and this population
has a lower incidence of hypertension and CAD.
Therefore, a cross-sectional study was conducted to
investigate changes in blood pressure induced by the
high-CHO diet in healthy Chinese Han adolescents of
different genders.
2. Methods
This study was i) approved by The Ethical Committee
of Sichuan University, and ii) was conducted with the
understanding and the written consent of each high
school participant and her/his guardian.
2.1. Subjects
This study was conducted at a boarding high school
(grades 11 and 12) located on the outskirts of the City
of Chengdu, Sichuan Province, the People's Republic
of China. This western province has been influenced by
industrialization far less than China's eastern provinces.
Volunteers were recruited via advertisements seeking
healthy students. Students with health problems and
students taking medication that might affect their blood

pressure were excluded from final analysis. In total, 672
students (280 males and 392 females) aged 15-18 years
served as subjects. These individuals were apparently
healthy, as indicated by medical questionnaires and
physical examinations. All of the students were of the
Chinese Han ethnic group.
2.2. Dietary data collection
Based on the results of a preliminary study at this high
school, dietary data were collected in a 3-day diet diary
for the 3 days before blood samples were taken and
anthropometric variables were determined. Actual foods
by item and amount were displayed on a table in front
of each classroom to help the students more accurately
estimate what and how much they consumed during
each meal. The students were instructed to complete
questionnaires in their classrooms. Dietary components
were calculated using computer software developed
by the Department of Nutrition and Food Safety of the
Chinese Center for Disease Control (Beijing, China).
Dietary intake by the students was categorized as a
high-CHO diet and a non-high-CHO diet on the basis
of fat and carbohydrate contributions to total energy. A
high-CHO diet was defined as no less than 55% of total
energy derived from carbohydrates (22) while a nonhigh-CHO diet was defined as less than 55% of total
energy derived from carbohydrates and less than 40%
of total energy derived from fats.
2.3. Physical examinations and laboratory analyses
Venous blood samples were collected after fasting for
12 hours. Collection took place between 7:00 and 8:00
a.m. after which the subject's height, weight, waist
circumference, hip circumference, heart rate, SBP, and
diastolic blood pressure (DBP) were measured (blood
pressure was measured using a standard mercury
sphygmomanometer with 1 of 5 cuff sizes chosen on
the basis of the circumference of the participant's arm).
Plasma glucose levels were determined using
an enzymatic method as previously described (23).
Inter- and intra-assay coefficients of variation were
less than 6%. Each variable was measured three
times independently, and the average of the three
measurements was used for statistical analyses. Each
subject's body mass index {BMI, =weight (kg)/[height
(m)]2}, waist-to-hip ratio [WHR, = waist circumference
(cm)/hip circumference (cm)], pulse pressure [PP, =SBP
(mmHg)-DBP (mmHg)], and mean arterial pressure
[MAP, =1/3SBP (mmHg)+2/3DBP (mmHg)] were
calculated.
2.4. Statistical analyses
The normality of the data for each variable was tested
using a Shapiro-Wilk test. Subjects consuming the high-
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CHO diet (denoted here as the "high-CHO diet group")
and those consuming the non-high-CHO diet (denoted
here as the "non-high-CHO diet group") were compared
using the mean values of variables and both genders
were compared using an independent-samples t-test.
Multiple linear regression analysis was used to adjust
for confounding variables. Statistical significance was
defined as p ≤ 0.05. Results are expressed as the mean
± standard deviation (S.D.) unless stated otherwise.
3. Results
3.1. Characteristics of the two diets
Characteristics of the non-high-CHO diet and the
high-CHO diet consumed by the subjects in this study
are shown in Table 1. The non-high-CHO diet group
consumed a diet consisting of 12.75% proteins, 36.08%
fats, and 51.51% carbohydrates while the high-CHO
diet group consumed a diet consisting of 11.76%
proteins, 27.00% fats, and 61.58% carbohydrates. There
were significant differences between the two groups
in terms of total daily energy intake and the intake of
calcium, sodium, potassium, and magnesium except for
vitamin C intake (p = 0.068).
3.2. Subject characteristics
The baseline characteristics of the subjects are shown
in Table 2. All of the subjects were of the Chinese Han
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ethnicity and all were high school students aged 16.85
± 0.59 years. Males were older, they had a greater
BMI, they had higher plasma glucose levels, they had a
higher SBP, PP, and MAP, and they had a lower WHR
and heart rate than females.
3.3. Blood pressure of the high-CHO diet group and the
non-high-CHO diet group
The blood pressure of subjects consuming the highCHO diet or the non-high-CHO diet is shown in Table
3, along with their age, BMI, WHR, heart rate, and
plasma glucose levels. Males who consumed the nonhigh-CHO diet were older and had a higher SBP and
PP compared to females who consumed the same diet.
Males who consumed the high-CHO diet were older
and had higher plasma glucose levels than females
who consumed the same diet. In addition, females had
a higher WHR and heart rate than males, regardless of
the diet.
Subjects consuming the high-CHO diet had
significantly lower glucose levels and a lower SBP, PP,
and MAP than subjects consuming the non-high-CHO
diet. After adjusting for age, gender, BMI, WHR, heart
rate, the total daily energy intake, and the intake of vitamin
C, calcium, sodium, potassium, magnesium, significant
differences in SBP, PP, and MAP were noted. After
adjusting for age, gender, BMI and the total daily energy
intake, significant differences in glucose levels were not
noted. When gender was taken into account, males in the

Table 1. Dietary characteristics of the non- high-CHO diet and the high-CHO diet consumed by subjects in this study
Variables
Number of subjects
Total energy (kilocalories/d)
Proteins (% of total energy intake)
Fats (% of total energy intake)
Carbohydrates (% of total energy intake)
Vitamin C (mg/d))
Calcium (mg/d)
Potassium (g/d)
Sodium (g/d)
Magnesium (mg/d)

Non-high-CHO diet

High-CHO diet

n = 266
3.129 ± 1.469
12.75 ± 2.58
36.08 ± 2.50
51.51 ± 2.64
62.84 ± 45.30
427.3 ± 340.2
2.086 ± 1.426
3.812 ± 1.777
349.9 ± 205.4

n = 406
2.346 ± 1.065
11.76 ± 2.85
27.00 ± 5.70
61.58 ± 5.57
56.51 ± 42.82
319.8 ± 253.0
1.619 ± 1.142
2.732 ± 1.580
275.5 ± 156.6

p

< 0.001
< 0.001
< 0.001
< 0.001
0.068
< 0.001
< 0.001
< 0.001
< 0.001

Data are the mean ± S.D. p represents the non-high-CHO diet vs. the high-CHO diet in an independent-samples t-test.

Table 2. Baseline characteristics of the subjects in this study
Variables

Total (n = 672)

Males (n = 280)

Females (n = 392)

Age (years)
BMI (Kg/m2)
WHR
Heart rate (bpm)
Glucose (mg/dL)
SBP (mmHg)
DBP (mmHg)
PP (mmHg)
MAP (mmHg)

16.85 ± 0.59
20.46 ± 3.19
0.78 ± 0.05
82.29 ± 11.06
90.94 ± 7.60
118.5 ± 11.80
72.42 ± 10.63
46.08 ± 9.19
87.78 ± 10.14

16.95 ± 0.61
20.80 ± 3.28
0.77 ± 0.04
79.53 ± 10.64
92.53 ± 8.03
120.80 ± 11.97
73.24 ± 10.33
47.56 ± 8.85
89.09 ± 10.07

16.78 ± 0.56
20.21 ± 3.10
0.79 ± 0.05
84.27 ± 10.94
8 9.81 ± 7.07
116.86 ± 11.41
71.84 ± 10.81
45.02 ± 9.30
86.85 ± 10.10

Data are the mean ± S.D. p represents females vs. males in an independent-samples t-test.
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p
< 0.001
0.019
0.001
< 0.001
< 0.001
< 0.001
0.092
< 0.001
0.005
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Data are the mean ± S.D. p represents the Non-high-CHO diet vs. High-CHO diet in an independent-samples t-test. a Adjusted p value obtained from multiple linear regression; b After adjusting for age, gender, BMI, and
energy intake; c After adjusting for age, BMI, and energy intake; d After adjusting for age, gender, BMI, WHR, heart rate, energy intake, and intake of vitamin C, calcium, sodium, potassium, and magnesium; e After adjusting
for age, BMI, WHR, heart rate, energy intake, and intake of vitamin C, calcium, sodium, potassium, and magnesium; f p ≤ 0.05 compared to males in the group on the same diet according to an independent-samples t-test; g p
≤ 0.001 compared to males in the group on the same diet according to an independent-samples t-test.

0.136
0.428
0.507
0.111
0.003
0.103
0.397
0.310
0.224
16.81 ± 0.57f
20.13 ± 3.14
0.79 ± 0.05f
83.64 ± 9.84g
89.13 ± 6.44g
116.26 ± 11.00
71.54 ± 10.61
44.72 ± 9.46
86.45 ± 9.77
16.72 ± 0.53g
20.41 ± 3.00
0.79 ± 0.05f
85.84 ± 13.20g
91.49 ± 8.21
118.34 ± 12.31f
72.57 ± 11.29
45.77 ± 8.92f
87.82 ± 10.86
0.795c
0.013e
0.338e
0.027e
0.102e
0.678
0.379
0.919
0.618
0.327
0.004
0.435
0.002
0.093
16.94 ± 0.63
20.61 ± 3.63
0.77 ± 0.04
79.87 ± 11.10
92.01 ± 7.17
118.53 ± 11.29
72.71 ± 10.53
45.82 ± 7.44
87.98 ± 10.21
16.97 ± 0.59
20.96 ± 2.97
0.77 ± 0.04
79.24 ± 10.28
92.96 ± 8.68
122.68 ± 12.22
73.68 ± 10.18
49.00 ± 9.66
90.01 ± 9.90
0.086b
0.003d
0.150d
0.033d
0.029d
0.809
0.082
0.682
0.631
< 0.001
< 0.001
0.122
< 0.001
0.007
16.85 ± 0.59
20.28 ± 3.30
0.78 ± 0.05
82.46 ± 10.38
90.03 ± 6.80
116.97 ± 11.12
71.91 ± 10.59
45.06 ± 8.87
86.93 ± 9.92
16.86 ± 0.58
20.72 ± 2.99
0.78 ± 0.05
82.04 ± 12.04
92.34 ± 8.50
120.83 ± 12.42
73.21 ± 10.66
47.63 ± 9.47
89.08 ± 10.36
Age (years)
BMI (kg/m2)
WHR
Heart rate (bpm)
Glucose (mg/dL)
SBP (mmHg)
DBP (mmHg)
PP (mmHg)
MAP (mmHg)

pa
p
Males

Non-high-CHO diet High-CHO diet
(n = 153)
(n = 127)

pa
p
Total

Variables

Table 3. Age, BMI, glucose levels, and blood pressure of subjects on the non-high-CHO diet or the high-CHO diet

The lower prevalence of hypertension and CAD in the
Chinese population has been well documented (10,11).
The traditional Chinese diet has a high carbohydrate
content (12,13) that may help to limit risk factors for
hypertension and CAD. The current results showed that
in the healthy Chinese adolescents of this study, the
male subjects taking the high-CHO diet had lower SBP
and PP than the males taking the non-high-CHO diet.
The results of most observational studies that
investigated the effects of both type and amount of
carbohydrate intake on blood pressure are contradictory
(15,16,18). For example, diets with a high carbohydrate
content coming mainly from sucrose and fructose are
reported to raise blood pressure (24-26). However,
results of the International Population Study on
Macronutrients and Blood Pressure (INTERMAP),
which included 4,680 subjects aged 40-59 years
from 4 countries (the People's Republic of China,
Japan, the United Kingdom, and the United States),
have suggested a weakly inverse or even an indirect
relationship between blood pressure and starch intake
(27). In contrast, results of the Multiple Risk Factor
Intervention Trial (MRFIT) indicated that dietary starch
consumption was positively associated with blood
pressure (28). The traditional Chinese diet mainly
consists of white rice, and most of the carbohydrates in
white rice are starch (29). The current results provide
significant evidence that male adolescents in the highCHO diet group had a significantly lower SBP and PP
than male adolescents in the non-high-CHO diet group
after adjusting for confounding variables that might
influence blood pressure. Since high-CHO diets have
a lower proportion of energy from fats, a lower blood
pressure may be the result of reduced fat since a lower
blood pressure after consuming a high-CHO diet is
independent of changes in plasma insulin levels (30).
Similarly, males in the current study who did not have
lower plasma glucose levels nonetheless had a lower
SBP and PP compared to males in the non-high-CHO
diet group. However, females in the high-CHO diet
group who did not have a lower blood pressure had
even lower plasma glucose levels.
The current findings indicate that the high-CHO
diet affected blood pressure differently in males and
females. A significant decrease in blood pressure after
consuming a high-CHO diet was noted only in males
and not in females. The different outcomes resulting
from a high-CHO diet might be due, at least in part, to
physiological (31), pathological (32), or psychological

Females

4. Discussion

Non-high-CHO diet High-CHO diet
(n = 113)
(n = 279)

p

pa

high-CHO diet group had a significantly lower SBP and
PP than males in the non-high-CHO diet group (Table 3).
Females in the high-CHO diet group had a lower glucose
level (Table 3). After adjusting for various variables,
significant differences were still noted (Table 3).

0.023c
0.109e
0.316e
0.445e
0.185e
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Non-high-CHO diet High-CHO diet
(n = 266)
(n = 406)
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variation or to different hormonal effects (33,34).
For example, previous studies have indicated that
estrogen can lead to a lower level of serum angiotensinconverting-enzyme (ACE) activity (33) and higher
level of ACE2 activity (34), leading to higher blood
pressure in male mice (34). The detailed mechanism by
which a high-CHO diet affects blood pressure needs to
be elucidated in further studies.
A 3-day diet diary was used to collect dietary
information in the present study. The total daily energy
intake, the intake of vitamin C, calcium, sodium,
potassium, and magnesium, and the proportion of
energy derived from carbohydrates, fats, and proteins
with respect to the total energy intake was calculated
using software. The data obtained by these methods
may not accurately reflect the dietary habits of the
individuals studied. Therefore, this limitation should be
taken into account when the results of the present study
are cited.
In summary, the current results indicate that healthy
Chinese male adolescents consuming a high-CHO diet
had a lower SBP and PP than males consuming a nonhigh-CHO diet. The beneficial effects on blood pressure
of the high-CHO diet may be one explanation for the
lower prevalence of hypertension and CAD as has been
documented in the Chinese population. Further studies
have the potential to reveal the underlying mechanisms
of a high-CHO diet, which may reduce the risk of
hypertension and CAD.
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