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ABSTRACT
Background and purpose:
Rhizoma Chuanxiong (CX), the dry rhizome of Ligusticum chuanxiong Hort.,
is a commonly used Chinese herbal medicine to treat gynecological diseases. So
far, more than 60 chemical components have been identified from CX such as
volatile oils (ligustilide, etc.), phenolic acids (ferulic acid, etc.) and alkaloids
(chuanxiongzine, etc.). These components in CX are the basis of its wide
pharmacodynamic

actions

including

estrogen-like, progesterone-like

and

anti-coagulant/anti-platelet effects.
In our recent survey based on previous published clinical trials, CX was
ranked as one of the top 20 herbs commonly used for anti-miscarriages amongst
Chinese pregnant women. However, CX should be used with caution during
pregnancy as its property of “invigorating blood circulation and removing blood
stagnation”. Despite its wide applications, the safe dosage of CX in pregnant
women remains unclear with no records found in the current Chinese
Pharmacopoeia or other guidelines. Thus, verification regarding the impacts of
CX preparations and its components in embryonic development is urgently
required.
In view of the limited experimental evidence that is currently available to
assess the safety of CX, this project aims to (1) identify the general impacts of CX
aqueous extract in maternal function and fetal development with an in vivo mouse
model; and to (2) investigate the adverse impacts and underlying mechanisms of
CX aqueous extract in fetal bone development with a biomarker assay and
metabolomics analysis.
Method:
Referred to the guidelines of WHO, the Chinese Pharmacopoeia and the
Hong Kong Chinese Materia Medica Standards, CX aqueous extract was prepared,
and its reference marker (ligustilide and ferulic acid) were quantitatively
3

authenticated by HPLC analysis. LC/MS fingerprint analysis was performed for
the quality control purposes. In addition, pesticide residues and heavy metals
found in CX aqueous extract were examined using GC-MS and ICP-MS analysis.
In the Segment II study as per FDA and OECD guidelines, pregnant mice
were randomly assigned into 6 groups (n=18 per group): i.e. mice were orally
administrated with distilled water as the negative controls (Group 1); or CX
aqueous extract of 2, 16, 24 and 32 g/kg/day respectively from the gestation day
(GD)6 to 16(Group 2, 3, 4 and 5); or vitamin A (200,000 IU) on GD7, 9 and 11 as
the positive controls (Group 6). All mice were sacrificed to assess maternal and
fetal parameters on the GD18.
In the mechanistic study, the expressions of biomarkers related to fetal bone
development including PICP, ICTP, B-ALP, BGP, Gdf-5, BMPs, BMP-6, BMP-8,
BMP-11, IL-4, IL-4r, IL-10 and IL-10r in fetal tissue samples of the Group 1 and
5 (32 g/kg/day, n=18) were measured using ELISA analyses on GD16.
Meanwhile, the metabolites of two-group samples were also analyzed by the UHD
Accurate-Mass Q-TOF LC/MS, and profiling data was further analyzed by
specific software.
During statistical analysis, measurement data from G1, 2, 3 4 and 5 groups
were analyzed using one-way ANOVA(SPSS software, version 16.0). LSD test in
Post hoc method was applied to compare differences between every two groups.
Pearson’s x2-test was used to analyze category data from G1, 2, 3, 4 and 5 groups,
and Fisher’s exact test was applied to compare differences between different
groups. The student t-test was also used to compare differences between G1 and
G6 groups in animal studies as well as G1 and G5 groups using ELISA or
metabolomics results. An intra-group difference with a p-value less than 0.05 was
considered as statistical significant.

4

Result:
(1) There was no statistical significant difference in maternal and fetal
parameters found between the Group 1 and 2 (p> 0.05). However, the maternal
body weight (BW), gravid uterine weight, corrected BW change, live fetus/litter,
mean fetal BW in the Group 4 and 5 were significantly lower than those in the
Group 1(p <0.05); while the resorption site/litter, post-implantation loss/litter and
percentage of abnormal skeletal variation were significantly higher than those in
the Group 1(p <0.05).
(2) The expression of PICP, osteocalcin, BMPs, BMP-6, BMP-11, IL-4 and
IL-10 receptor in fetal tissue sample of Group 5 were significantly lower than
Group 1 (p <0.05). The metabolites between two-group samples were
significantly different (explained 48.74% of the variance), and two targeted
components AA and PGE2 were significantly decreased in the Group 5 when
compared to Group 1 (p <0.001).It indicated that CX aqueous extract might
down-regulate above biomarkers and metabolites during fetal osteogenesis.
Conclusion:
CX aqueous extract at a low dosage of 2 g/kg/day (equals to the daily dosage
of human adults) did not cause adverse effect in pregnant mice, and it suggested
that this dosage of CX preparations should be safe for pregnant women. Our data
demonstrated that high dosage and long-term use of CX aqueous extract might
result in embryonic toxicities including fetal bone malformations for the first time.
As the CX aqueous extract in this study was not contaminated by pesticide
residues and heavy metals, the adverse impacts of CX aqueous extract should be
considered as a result of its intrinsic components in the herb. Furthermore, CX
aqueous extract might significantly down-regulate biomarkers related to bone
formation and metabolism during osteogenesis. It is therefore valuable to establish
a practical approach to systematically assess the safety of CX and other herbal
medicines.
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CHAPTER ONE
Literature Review

1

1.1 Embryotoxicity [1]
Developmental toxicity was defined as the occurrence of adverse effects on
the developing organism that may result from exposure to a chemical prior to
conception (either parent), during prenatal development, or postnatal to the time
of sexual maturation. Undesired human pregnancy outcome occurs at a very high
frequency, including post-implantation loss (31%), major (6-7%) and minor (14%)
birth defects, low birth weight (7%), neurologic dysfunction (16-17%), and death
under age of 1-year-old (1.4%). Adverse developmental effects may be detected
during any point in the life span of the organism.
Developmental toxicity in humans is a widespread problem. Its direct and
severe consequence is birth defects. Birth defects are defined as abnormalities of
structure, function, or body metabolism that are present at birth. Furthermore,
drugs and chemicals are accounted for about 6% of birth defects. Thus, evaluating
the safety of substances during pregnancy was required before licenses can be
granted for each pharmaceutical product.
To date, various human developmental toxicants have been recorded or
banned for use during pregnancy. Amongst these, ethanol, tobacco smoke, cocaine,
retinoid, angiotensin converting enzyme inhibitors and angiotensin receptor
antagonists’ exposure represent a significant risk to the pregnant women and
infant concluded from previous human experience and animal experiments.

1.1.1 Definition [2-3]
Embryotoxicity is defined as toxicity of a product that results in abnormal
embryonal development or death. It has been explained by the National Library of
Medicine in the United States as production by a substance of toxic effects in
progeny in the first period of pregnancy between conception and the fetal stage,
any toxic effect on the concepts as a result of prenatal exposure during the
embryonic stages of development: these effects may include malformations and
2

variations, malfunctions, altered growth, prenatal death, and altered postnatal
function.
The development of an embryo starts from a fertilized ovum. Preimplantation
development in the mice is more comparable to the human than is to rabbit. The
development of the fertilized ovum up to the time of implantation reveals a period
of tremendous cellular activity and differentiation. Following fertilization, the
rodent oocyte undergoes four stages of rapid mitotic divisions in less than 3 days,
giving rise to a 32-cell embryo that by gestation day (GD) 4 becomes a blastocyst
consisting of an inner cell mass, a cavity, and an encompassing trophoblast cell
layer. On the GD 4, the blastocyst hatches from the covering zona pellucida and
by

GD 5 to 9, depending on the species, has implanted on the endometrial layer

of the uterine surface and has initiated the development of microvilli to make
contact with the maternal blood supply in the uterine wall, eventually to form the
placenta. The trophoblast layer, the yolk sac in rodent species, remains important
for nutrition right up to the time of the completion of the placental structures and
acquisition of nutrients from that source. The presence of rapidly dividing cells is
synonymous with heightened susceptibility to agents capable of eliciting damage
to nuclear material. The mechanisms of action of toxicants can be studied
following the treatment of the mother early in pregnancy by morphological,
cytological, and cytogenetically parameters.

1.1.2 Guideline [4-8]
1.1.2.1 In vivo study
In order to evaluate developmental toxicity, toxicological data from acute,
subacute, and chronic toxicity studies would be important references. These
studies are essential toxicological contents for testing various substances. The
terms of acute, subacute, and chronic refer to both the types of effects seen after
defined periods of exposure to chemicals and the experimental protocols used to
3

test for these effects. Selection of a protocol for a toxicity study depends on the
kind of information regarding substance or sample of interest.
The objective of an acute study is to determine short-term effects of
relatively high exposures, situation analogous to an abnormally high or accidental
exposure for a human. Testing for acute effects involves single or multiple doses
administered within a 24-h period and observation of effects soon thereafter and
up to a period of 14 days. Effects observed include general behavior and
appearance, lethality, and macroscopic pathological changes.
Subacute and chronic exposures are more common than single, acute
exposures. Subacute toxicity refers to effects observed after multiple exposures
and observation for a longer period, generally up to 90 days. Repeated doses are
given that may or may not produce immediate effects. The objective of subacute
studies are to determine the consequences of more prolonged or repeated
exposures. Chronic toxicity tests involve multiple, low-dose exposures for long
time periods, possibly for the lifetime of the individual. A chronic toxicity test
would be appropriate for studying effects of daily exposure to low levels of a
pollutant in water or air, or regular daily intake of a toxic component found in a
popular beverage consumed on a regular basis.
A series of internationally accepted guidelines has been established for
detecting developmental toxicity after the thalidomide disaster. The general goal
of these guidelines is to identify the no-observed-adverse-effect level (NOAEL) of
the test agents, which means the maximum dose level that does not result in
significantly adverse effects on the offspring.
Testing protocols for developmental toxicity had been established by
organizations such as U.S. Food and Drug Administration (FDA), the
Organization for Economic Cooperation and Development (OECD), and
International Conference on Harmonization of the Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH). All the guidelines
4

mentioned above rely on the investigators to meet the primary requirements and
perform general reproductive and developmental toxicity study, which could be
adjusted in different Countries and institutes.
A series of guidelines have been designed to do general reproductive and
developmental toxicity testing. There are some accepted guidelines regarding
various safety assessments that could be done to evaluate various medicinal
products and dietary supplements especially for Chinese herbal products. These
guidelines are developed because their safety nature have been challenged during
recent years with the development of research on phytomedicine. Some
governments have formulated their own guidelines to suit the situation of their
own nations such as Canada, Japan and China. Meanwhile, some international
organizations have instituted their guidelines with one accord such as OECD and
ICH. These guidelines provided general recommendations which could be
adjusted in different laboratories.
Developmental toxicity testing includes studies of embryo loss, structural
malformations or birth defects (teratogenicity), growth retardation, functional
impairment (e.g., neurobehavioral effects), and death of the offspring. It is
important to realise that toxic agents can cause malformations in the developing
organism by direct effect on the embryo or fetus or indirectly through toxicity to
the mother or the placenta, or by a combination of direct and indirect effects, and
must do so during a critical phase in the gestation period when organ systems are
being formed.

1.1.2.2 OECD
The OECD Guidelines for the Testing of Chemicals are a collection of the
most relevant internationally agreed testing methods used by government,
industry and independent laboratories to assess the safety of chemical products.
Since the original publication in 1981, 18 addenda have been published. In 1993,
5

the original publication was revised and sections 1-5 were incorporated. The five
sections were listed below:
section 1: Physical Chemical Properties (series 100)
section 2: Effects on Biotic Systems (series 200)
section 3: Degradation and Accumulation (series 300)
section 4: Health Effects (series 400)
section 5: Other Test Guidelines (series 500)
A total of 52 guidelines (No. 401-486) of series 400 was formulated
according to different classification. The OECD Guideline for the Testing of
Chemicals 414 provided clearer information for developmental toxicity testing
compared with guidelines from other organizations.
The principles of OECD Guideline for the Testing of Chemicals 414 had
been applied as a reference for my research. The aim was to evaluate the effects of
herbal aqueous extract on embryonic development in ICR mice exposed during
organogenesis.

1.1.2.3 FDA
The earliest FDA guidelines outlined protocols for the now familiar segment
I, II, and III studies. Segment I addresses fertility and general reproductive
performances, segment II addresses classic teratology animal testing, and segment
III limits treatment to pre-natal and post-natal period. Although three-generation
reproductive studies were required in these early years of animal testing, the
present guidelines call for a minimum two-generation reproductive study design.
An agent-wide FDA Task Force was established in 1984 to review each FDA
center’s current recommendations and requirements for reproductive and
developmental toxicity studies and to report on existing similarities and
differences. The report of this Task Force (FDA, unpublished) was essentially a
listing of the various tests required by each center in FDA and the endpoints
6

evaluated in these tests. There was little guidance on assessing risks, although
there was general discussion of the precision and sensitivity of the various
endpoints and the effect of maternal toxicity on risk assessment.
Since June 20, 1979, the FDA has required that these studies be conducted
according to Good Laboratory Practice (GLP) regulations. The conduct of these
studies had been complicated by the need to satisfy worldwide regulatory
guidelines that varied from country to country. As a result, studies were conducted
for regulatory purposes that, from a scientific viewpoint, were redundant,
superfluous, and/or unnecessarily complex. This situation was changed in 1993
when the International Conference on Harmonization of Technical Requirements
for the Registration of Pharmaceuticals for Human Use (ICH) standardized
worldwide requirements in the guideline “Detection of Toxicity to Reproduction
for Medicinal Products.”

1.1.2.4 ICH
The date of first adoption of the ICH guideline was October 1983. The
revised version was adopted in September 1993 and entered into force in June
1996.
The ICH guideline allows for various combinations of studies. The studies
conducted must include evaluation of the following components:
male and female fertility and early embryonic development to implantation.
Embryo-fetal development.
Pre- and post-natal development including maternal function.
These components would normally be evaluated in a rodent species
(preferably rats) and, in addition, embryo-fetal development would be evaluated
in a second species, typically using rabbits. The “most probable option” in the
ICH guideline is the case where three rodent studies would be conducted that
separately addressed each of the components listed above.
7

My research involved the stage-study design of embryo-fetal development.
The purpose of this component is to detect anatomical effects on the developing
conceptus by treating during the period of organogenesis from implantation to
closure of the secondary palate.

1.1.2.5 EPA
The USEPA guidelines on the Health Assessment of Suspect Developmental
Toxicants in 1986 discussed sensitivity of various endpoints for risk assessments
and the use of uncertainty factors for setting safe levels. The document, however,
did not recommend any specific safety factors. In August 1998, EPA developed a
series of guidelines for the testing of pesticides and toxic substances. These were
developed by the Office of Prevention, Pesticides and Toxic Substances (OPPTS)
and are referred to as the OPPTS guidelines. They harmonized, updated, and
superseded previous guidelines developed specifically for agricultural chemicals
and industrial chemicals (TSCA, Toxic Substances Control Act). The guideline for
developmental toxicity study was numbered as OPPTS 870.3700.

1.1.2.6 Segment II study
Currently, majority of scientists conduct and publish the test results on the
basis of segment I, II, III study introduced by FDA.
Since 1988, FDA established three basic types of studies, namely, segment I,
II, and III, which are based on exposure during sequential phases of the
reproductive cycle. This guideline has been updated every few years with
increasing the metabolism and pharmacokinetics of chemicals, and the latest
version was updated in 2000. Segment I study focuses on reproductive and
fertility study. Male rodents are treated for 70 days before mating, while females
are dosed for 14 days before mating. The treatment lasts for the rest of gestation
until the beginning of organogenesis. In segment II study, treatment of pregnant
8

females covers through major organogenesis. Segment III study concerns
peri-natal and post-natal study, pregnant animals are exposed to test agent from
late pregnancy to weaning. Each segment study should be done as a stand-alone
study. If needed, these studies can be combined accordingly, to become part of a
multi-generation reproduction study. Complete multi-generation studies may be
required for anticipating low-level chronic exposure to populations like
environmental pollutants and food supplements.
Segment II study attentively evaluates structural growth and in-utero
development of conceptus, including death, malformations, functional deficits,
and growth retardation. Key elements of representative guidelines for evaluation
of developmental toxicity are provided in Table 1.1.
The goal of testing developmental toxicity of substances in laboratory
animals is to predict which agents would adversely affect the ability to achieve
and maintain pregnancy and normal development of fetuses in humans. All
guidelines for these tests emphasized some important indexes such as diet, clinical
pathology, gravid uterine weight, maternal body weight, fetal external, visceral
and skeletal malformations.
Segment II study has been applied to assess developmental toxicity of a test
substance. This test procedure was developed based on the well-established
principle to induction of birth defects during the organogenesis period. The fetuses
could be affected and result in their structural and functional malformations if
pregnant animals are exposed to a component which could go through placental
barrier. The OECD guideline 414 was the main reference to conduct this research.
In Copenhagen in June 1995, an OECD Working Group on Reproduction and
Developmental Toxicity recommended that the Guideline for Developmental
Toxicity should be revised and the Working Group reached agreement on all
major elements of the revised version of the guideline 414: Prenatal
Developmental Toxicity Study. The OECD guideline for developmental toxicity
9

testing “is designed to provide general information concerning the effects of
prenatal exposure on the pregnant test animal and on the developing organism;
this may include assessment of maternal effects as well as death, structural
abnormalities, or altered growth in the fetus”. The study design is very similar to
the historical Segment II developmental toxicity study.
Minimal maternal observation includes the following:
A. Clinical signs and mortality
B. Body weight measurement
C. Food and water consumption evaluation
D. Valuable target effects seen in previous toxicity studies
E. Females are sacrificed at the end of the gestation period, about one day
prior to parturition (the GD 18 for mice). Terminal examinations include:
A. Necropsy
B. Preservation of organs with gross changes and sufficient control organs
for comparison
C. Count of corporea lutea and live and dead implantation
D. Fetal body weight
E. External, visceral, and skeletal examination of fetuses
F. Gross evaluation of placenta
A minimum of 50% of fetuses are to be examined for visceral alterations and
a minimum of 50% for skeletal abnormalities. Interpretation of results requires
understanding and utilizing the following definitions.
Malformation: Structural change that is likely to be permanent and
detrimental to the survival or well-being of the fetus, in the species/strain of
animal being tested.
Alteration: Change that is, in isolation, unlikely to be detrimental to the
survival or well-being of the fetus, in the species/strain of animal being tested.
Variant: Observation occurring frequently in a particular strain of animal.
10

A. The following definitions would be referred to when considering whether
an observed effect of treatment is adverse or not:
B. Treatment related trend in incidence of specific or related malformations.
C. Treatment related increase in alterations, the cumulative effect of which is
considered to be detrimental to the well-being of the fetus.
D. Treatment related increase in alterations, which are related in nature or
derivation to treatment related malformations evident on the study.
E. Treatment related marked change in the incidence of a group of alterations,
which although their form is normal for a previous or future stage of development,
that is, their occurrence suggests precocious or delayed development, their
presence in a marked degree suggests some permanent change in the rate of
development of the fetus and could be detrimental to its future development.
Marked treatment related increase in the occurrence of a specific alteration,
in which the form is not predictive of the normal chronological order of
development (e.g., bent scapula).
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Table 1.1 Guidelines of developmental toxicity.
Guideline

Exposure

Endpoints

comments
Shorter exposure to
prevent maternal
metabolic adaption and
to provide high
exposure to the embryo

Implantation (or
mating) through
FDA Segment II

end of
organogenesis (or
term)

Viability, weight, and
morphology
(external, visceral,
and skeletal) of
conspectuses just
prior to birth

during gastrulation and
organogenesis.
Earlier dosing option
for bio accumulative
agents or those
impacting maternal
nutrition.
Altering dosing option
covers male
reproductive tract
development and fetal
growth and maturation

Viability and
Implantation till
ICH

end of
organogenesis

morphology
(external, visceral,

Similar to Segment II

and skeletal) of

studies

fetuses just prior to
birth
Viability and

OECD

Implantation (or

morphology

mating) through

(external, visceral,

Similar to Segment II

day prior to

and skeletal) of

studies

cesarean section

fetuses just prior to
birth
Viability and

Implantation till
EPA

end of
organogenesis

morphology
(external, visceral,

Similar to Segment II

and skeletal) of

studies

fetuses just prior to
birth
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1.1.3 Vitamin A (Positive Control, PC) [9-10]
1.1.3.1 Introduction
Vitamin A is essential to human health. It’s vital to maintain visual function
and are essential in other physiologic processes such as growth, reproduction,
immunity and epithelial tissue maintenance as well. The functions of vitamin A
are usually mediated through the binding of retinoic acid to specific nuclear
receptors that regulate genomic expression. Vitamin A is important throughout the
entire lifespan, particularly critical during period when cells proliferate rapidly
and differentiate such as during pregnancy and early childhood. However, given
excessive doses of vitamin A can be unsafe and cause malformation to fetuses. It
has been shown producing teratogenic effects in animal studies when
administered in high doses. There were also clinical reports on human
teratogenicity.
1.1.3.2Animal studies on malformations of over dose vitamin A
The consequences of

high doses vitamin A intake is teratogenicity.

Teratogenesis of high vitamin A intake has been reported in several animal species.
The pattern of birth defects normally called retinoic acid syndrome includes
central nervous system, craniofacial, cardiovascular, and thymus malformations.
Numerous animal studies involving vitamin A administration during
pregnancy have reported teratogenic effects. Early studies reported that pregnant
rats fed 35,000 IU/day on the GD 2-16 had an increased frequency of exencephaly,
cleft lip and/or palate, brachygnathia and various eye defects. Subsequent reports
on mice, guinea pigs, hamsters, and rabbits found these species to be similarly
susceptible to hypervitaminosis A. The teratogenicity of vitamin A in animals lead
to the assumption that vitamin A is a human teratogen, even though much of the
direct evidence for its teratogenicity comes from clinical or case reports of
mothers consuming >25,000 IU/day during pregnancy.
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1.1.3.3 Clinical reports of over dose vitamin A
In humans, malformations similar to those seen in animals have been recorded
when women ingested high doses of preformed vitamin A and related components
(particularly retinoic acid and analogues) in the first trimester.
Case reports suggest vitamin A intake of 25,000 IU or more during pregnancy
increases the risk for congenital anomalies. Between 1984 and 1986, there were
ten case reports describing possible teratogenic effects of vitamin A on a
pregnancy. These case reports were mainly reported by doctors to the FDA or by a
state birth defect registry. Doses in these pregnancies ranged from 25,000 to
100,000 IU/day before and throughout pregnancy. Those women taking 25,000 to
33,000 IU/day had offspring with microcephaly, ear malformations, and
transposition of great vessels. Cleft lip and/or palate were consistently seen in all
infants exposed to 40,000 IU/day or more.
Results of studies on a related component, isotretinoin initially raised concerns
about Vitamin A dosages in pregnancy. Isotretinoin is a 13-cis-retinoic acid used
to treat severe cystic acne. This chemical has vitamin A activity. It was shown to
cause major malformations in 20% of fetuses exposed during early pregnancy.
These malformations involved four structures: the cranium and face; the heart; the
thymus; and, the brain. Isotretinoin is thought to interfere with cranial crest cells,
which contribute to the development of the ear and conotruncal areas of the heart.
In this study mothers took daily doses of 0.5-1.5 mg/kg/day. The relative risk for
brain, cardiac, or ear malformations in exposed fetuses was 25.6 times higher than
the risk for unexposed fetuses.
It was reported that safety maximum threshold for supplemental vitamin A
was approximately 10,000 IU/day. The increased frequency of malformations was
observed more frequently among infants born to women ingesting large amounts
of vitamin A before the seventh week of gestation. The authors of this study
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concluded that approximately 1 in 57 infants would have malformations
attributable to vitamin A supplements at doses above 10,000 IU/day.

1.1.3.4 Mechanisms of over dose vitamin A on embryogenesis
It was explored microstructure of eye development during embryogenesis of
rats. Pregnant wistar rats were administered orally vitamin A 120mg/kg on the the
GD 8, 9 and 10. The fetuses were removed on the different the GD of 10-14, 17
and 20 respectively and then examined with electron microscope. Transmission
electron microscopy revealed that in experimental group the mitochondria and
rough-surfaced endoplasmic reticulum became irregular in shape and fragmented,
and secondary lysosome increased in various cells of cornea, lens and retina.
Scanning electron microscopy indicated that in experimental group the microvilli
of the cornea anterior epithelium and the protrusions of the retina cells decreased
apparently, the layers of the retina became thin.
A study examined the relationship between vitamin A and mitogen-activated
protein kinase signaling in neural crest cells and demonstrates that c-Jun
N-terminal kinase (JNK) activation is severely suppressed by vitamin A. Vitamin
A suppressed migration and proliferation of primary cultures of mouse neural
crest cells treated in vitro as well as from animals treated in vivo. To establish the
relevance of the JNK signaling pathway to cardiac neural crest migration,
dominant negative adenoviral constructs were used to inhibit upstream activation
of JNK or c-Jun downstream responses. Both adenoviral constructs markedly
reduced neural crest cell outgrowth, while a dominant negative inhibitor of the
p38 pathway had no effect. These data demonstrate that the JNK signaling
pathway and c-Jun activation are critical for cardiac neural crest outgrowth and
are potential targets for the action of vitamin A.
Experimental evidence from vitamin A teratogenesis suggests that the
presence of ligand-activated RARs and/or inappropriate expression of RARs
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inhibits chondrogenesis. Conversely, genetic analysis has shown that the absence
of the receptors can lead to deficiencies in cartilage formation while also
promoting chondrogenesis at ectopic sites. Taken together, these studies suggest
that the RARs play a fundamental role in the early stages of skeletal development,
specifically those involved in the formation of prechondrogenic condensations
and their subsequent differentiation into chondroblasts.

1.1.3.5 Summary
The previous studies had established the relationship on excessive using
vitamin A during early pregnancy and fetal malformation. Based on all relevant
research results, FDA recommended that the daily dose of vitamin A for pregnant
women must be lower than 8,000 IU. In this research, vitamin A was used as a
positive control during the animal experiments.

1.1.4 Assessment [11]
Developmental toxicity not only results from direct impacts on embryo/fetus,
but also may be caused by indirect impacts through toxicity of the agent to the
mother. Developmental toxicity in the absence of maternal toxicity is commonly
regarded as most serious because the incidence is thought to be the result of
greater sensitivity of the developing organism. Since materials exchange between
mother and its conceptus, not only limited to nutrients but toxic substances as well,
maternal toxicity should not be ignored. Maternal toxicity in developmental study
usually represents a decrease in food and water consumption, a decrease in body
weight gain, and clinical signs such as vaginal bleeding, diarrhea, piloerection,
organ toxicity, and mortality. When maternal toxicity is observed, the
developmental toxicity might be indirect because maternal factors such as
diseases, malnutrition and stress, for the most part, will affect embryo/fetus
development.
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1.1.5 Biomarker [12-13]
Human skeletal development is an extremely complex process that can be
divided into sequential morphogenesis and growth phases. The embryonic
skeleton is formed in the first phase, and the final adult skeletal form is reached in
the second. An extended growth phase accounts for the vast majority of adult size
in human beings. Although the processes involved in skeletal development have
been known for decades, many of the details of how it comes about and how it is
regulated have emerged only in recent years. Several factors have contributed to
the advances. For example, the Human Genome Project facilitated the discovery
of genes that contain mutations causing disturbances in skeletal development in
human beings.
Maternal toxicants intake during pregnancy might result in impairments not
only in general growth but also in fetal skeletal development, both of which is
well accepted as developmental toxicity endpoints. Development of the fetal
skeleton begins with the condensation of mesenchymal cells in the embryo, which
subsequently differentiate into chondrocyte, osteoblast and osteoclast, eventually
forming cartilage and bone. During the whole process of bone development,
consecutive phases such as proliferation, extracellular matrix maturation, and
mineralization are represented by a characteristic set of genes expression. Besides,
several bone growth regulatory factors do individual or collaborative works in this
process, regulating precisely skeletal development. Hence, any disruption of
factors’ expression caused by toxicants will affect bone structure, and the skeletal
sites vary in their sensitivity to toxic effects.
The vertebrate skeleton, derived from different embryonic lineages,
comprises two tissues: cartilage and bone. Distinct embryonic lineages from
cranial neural crest cells, paraxial mesoderm, and lateral plate mesodermal cells
proliferate and migrate into distinct mesenchymal condensations at the sites of
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future skeletal elements. The embryonic cells within these condensations
differentiated into three cell types: chondrocytes in cartilage and osteoblasts and
osteoclasts in bone, and eventually form the craniofacial, axial, and limb skeleton.
Cell differentiation into chondrocytes or osteoblast, subsequent cartilage and bone
formation, and ultimately skeletal remodeling are processes governed by various
growth factors and their intercellular signals. The bone morphogenetic protein
(BMP) family of proteins, through a cascade of downstream signals, regulates
many aspects of skeletal development, including osteoblast and chondrocyte
differentiation, cartilage and bone formation, pattern of mesoderm distribution ,
and craniofacial and limb development.
Furthermore, evidence suggests that cytokine is also connected to the fetal
bone development. Immune tolerance in pregnancy or gestational/maternal
immune tolerance is the absence of a maternal immune response against the fetus
and placenta, thus pregnancy is a complex immunological state in which T-helper
(Th) cells and their Th1/Th2/Th17 cytokines play a central role in modulating
immune responses. Previous researches suggested Th1 cytokines such as
interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α) and Th17
cytokines such as IL-17 may the cartilage destruction during the early stage of
fetal bone development; while Th2 cytokines such as IL-4, IL-6 and IL-10 can
promote osteoblast as well as suppress osteoclast development at the same time.
Moreover, distinct cytokine signaling pathways such as STAT4, STAT6,
GATA3, TGF-β and ROR-α are associated with BMP super-family, they are able
to convert to other lineages, therefore, the signaling pathways of Th1/Th2/Th17
cytokine are very complex. These signaling pathways have both functional effects
to regulate cytokines or bone markers’ expression and activity.

1.2 Chinese herbal medicine[14-15]
Traditional Chinese Medicine (TCM) is a unique system originated in China
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and has developed for thousands of years. TCM shows particular concerns with
the body’s function rather than the anatomical structures. TCM is a holistic
approach to health that strives for harmony in body, mind and spirit. It is believed
that the functions of the body are based on Yin( 陰 , means negative, dark, and
feminine) and Yang( 陽 , means positive, bright, and masculine), and also the
“five-element theory” consisting of wood, fire, earth, metal, and water.
Chinese material medica (CMM) accounts for the majority of treatments of
TCM. CMM consists of drugs deriving from herbs, minerals and animals. Chinese
herbal medicine (CHM) is an indispensable part of CMM. Divine Husbandman’s
Classic of the Materia Medica (ShenNong Ben Cao Jing, 《 神 农 本 草 经 》 ) is
considered as the oldest CHM text. It classified 365 herbs into 3 therapeutic
categories based on properties and relative toxicities. Later, 1,892 drugs are
recorded in Compendium of Materia Medica(Ben Cao Gang Mu, 《本草綱目》 )
compiled by Li Shen Zhen in the Ming Dynasty. Treatises of CHM provide
traditional

information

of usages,

toxicities,

cautions,

precautions

and

contraindications.

1.2.1

Herbal therapy for women health[16-18]
During the last two decades, the number of people who are taking herbal

medicines has been increasing. Women are frequent users of herbal medicines in
many countries. Lots of women may explore natural therapies to treat symptoms
during pregnancy. Chinese medicine has been recognized as a significant element
of Traditional Medicine in the first World Health Organization (WHO) Traditional
Medicine Strategy 2002 ~ 2005. Herbal medicines have been used to treat
disorders during pregnancy for thousands of years in China. Generally, the dosage
of herbal medicines has a relatively wider safe range because natural medicinal
sources from plants normally undergo particular processing before being used.
Herbal medicines from China have been transformed from localization to
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internationalization in cultivation, processing, manufacture and marketing. Many
herbal products originally from China are being merchandised over the counter as
food supplements worldwide.
Chinese herbal therapy has been practiced for thousands of years while
gynecology and obstetrics have been regarded as specialties by previous
practitioners for a long time. Treasure of Obstetrics (Jing Xiao Chan Bao), written
during the Tang dynasty (618-907 A.D.), is the first and earliest obstetrical book.
The imperial medical college was established during the Song dynasty (960-1279
A.D.) in China and there were nine departments which included obstetrics.
Chinese herbs have been substantially applied in treating obstetrical problems in
Chinese history of medical development.

1.2.1.1 Premenstrual syndrome (PMS) [18-20]
In some medical textbooks, premenstrual syndrome is known as PMT
(Premenstrual Tension), but as there are usually psychological as well as physical
symptoms, premenstrual syndrome is a better name to describe the condition. A
syndrome is a group of symptoms that collectively indicate a disease state or at
least an abnormal condition. Although PMS had become a gynecological disease,
the ambiguous and uncertain concept has caused considerable controversy
whether within medicine or outside it.
The Dictionary of Modern Medicine defined PMS as “a group of disorders
characterized by affecting, behavioral and somatic symptoms that consistently
occur during the luteal (second) phase of the menstrual cycle, resolving with the
onset of menstruation and vaguely linked to the fall in estrogen and progesterone
from luteal peaks”. Another proposed that PMS is “a collection of differing signs
and symptoms which occurs only in the premenstrual, i.e. after ovulation, and is
relieved by menstruation”. These two definitions have been attributed to the
relatively unarguable descriptions of PMS. The most common symptoms of PMS
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include: irritability, depression, short temper, nervous tension, anxiety, tenderness,
accident prone, fatigue, changes in sexual interest, weight gain, headaches, breast
swelling, appetite changes, and somatic changes.
Studies indicate that between 75 per cent and 90 per cent of menstruating
women notice physical and psychological changes before menstruation at least at
some time in their lives. Almost 10 per cent of women who notice cyclicity in
well-being find these changes a problem and would like help, and 3% report
severe and distressing premenstrual symptoms. Sometimes these figures are
difficult to interpret because it is obvious that not all women with PMS consult
their general practitioners. The standard Xiao Yao San formula for relaxing Liver
Qi has been modified with herbs for Heat clearing and is called Woman’s balance
(Dan Zhi Xiao Yao San). It is a typical and effective formula for women who have
stored a lot of anger.

1.2.1.2 Treatments during pregnancy [20-25]
Herbs for preventing and treating miscarriage have not been defined in any
classical comprehensive book on Chinese herbal medicine nor classified as a
functional group. Herbal antiabortion could be defined as herbs which can stop
vaginal bleeding and abdominal cramps quickly in order that the pregnancy would
continue smoothly until birth. Because there are maternal, fetal or even paternal
reasons which cause miscarriage, theoretically, any herb could be used to prevent
and treat miscarriage according to diagnostic features except that some herbs have
been forbidden for use during pregnancy such as Flos Genkwa (Yuan Hua), Radix
Euphorbiae Pekinensis (Jing Da Ji), etc. due to their demonstrated toxicity. The
reason of no classification of herbs for preventing and treating miscarriage could
be that these herbs have been categorized in other groups according to their
essential functions. For example, Semen Cuscutae (Tu Si Zi) has been categorized
in tonic group because its main function is to strengthen vital Qi demonstrably.
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Miscarriage or pregnancy loss, especially if recurrent, might cause important
psychological and emotional distress that can be further complicated by feelings
of anxiety and depression as well as social withdrawal. Recurrent miscarriage and
pregnancy loss are devastating for women and their families and up to 15% of all
clinically recognized pregnancies end in abortion (pregnancy loss before the 20th
week of gestation). Approximately 5% of women experience two or more
pregnancy losses, whereas recurrent abortion, defined as three or more first
trimester pregnancy losses, may affect as many as 1 to 2% of women of
reproductive age. The onset rate of miscarriage has kept high for women of
reproductive age. Accordingly, more than 90% of pregnant women take
prescription or non-prescription (over-the-counter) drugs at some time during
pregnancy. The use of herbs in China is very common without prescription
because China has different regulatory matters in application of herbs compared
with the western countries. Some pregnant women even without any disorder
might use herbal decoction in order to keep fetuses healthy. Drugs or herbs are
essential sometimes for the health of the pregnant woman and her baby when a
pregnant woman has suffered from threatened abortion or recurrent abortion;
therefore, the safety and effectiveness of Chinese herbal interventions are of great
relevance to the public and medical professionals.
The U.S. Food and Drug Administration (FDA) classify drugs according to
the degree of risk they pose for the fetus if they are used during pregnancy. Some
drugs are highly toxic and should never be used by pregnant women because they
cause severe birth defects. Some herbs are forbidden to be used during pregnancy
referenced from classical Traditional Chinese Medicine books and safety issue of
herbal use during pregnancy has been pinpointed these years since some scholars
have contributed publications to emphasize it due to some incidents of herbal
misuse.
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1.2.1.3 Use of herbs during nursing [26-27]
Little information has been noted historically regarding the safety of nursing
mothers ingesting herbs. It is best not to assume that herbs ingested by the mother
will not become evident in her breast milk. Therefore, it is prudent to advise
nursing mothers to temporarily avoid using herbs.
However, if herbal medicine should become necessary for a nursing mother,
the prescribing practitioner must follow simple safety guidelines concerning both
the physical nature of the herbs and their possible influence. There are herbs used
specifically to promote lactation during nursing. Such herbs dispel stagnation and
promote the generation of breast milk.

1.2.1.4 Menopause [28-29]
Menopause usually occurs around age fifty, but may begin at any time after
age forty. The main symptoms are hot flashes, headache, depression, breathing
difficulties, and heart palpitations. Menopause usually lasts about five years.
Standard therapy involves estrogen and progesterone. Estrogen may cause fluid
retention and may increase the severity or asthma, heart disorders, kidney stones,
epilepsy, or migraine headaches. Estrogen combined with progesterone reduces
the risk of uterine cancer that occurs with estrogen alone. Menopause usually
involves Kidney Yin-Yang deficiency, with rising Heat. Stagnant Liver Qi may be
present. Er Zhi Wan is an excellent choice for Kidney and Yin deficiency with
rising heat.

1.2.2

Herbal safety in pregnant female[30-35]

CHM is experienced to treat pregnancy for thousands of years. According to
documentations of CHM, the medicines carrying embryotoxicity mainly result in
Tai Dong Bu An, Hua Tai and also Duo Tai,etc. These herbs were listed into the
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category of forbidden herbs to pregnancy. In Divine Husbandman’s Classic of the
Materia Medica, it mentioned some herbs causing abortion, e.g. Niu Xi
(Achyranthis Bidentatae Radix). Compendium of Effective Prescriptions for
Women (FuRenDaQuan Liang Fang,《婦人大全良方》) recorded that the medicine
used under great caution and the forbidden herbs to pregnancy in a systemic way.
Also, other treatises also have the record of contraindications during pregnancy,
such as Synopsis of Prescriptions of the Golden Chamber (JingGui YaoLue,《金匱

要略》), Essential Prescriptions Worth a Thousand Gold for Emergencies (Bei Ji
QianJin Yao Fang, 《備急千金要方》 ), etc. In Compendium of MateriaMedica,
there are 84 kinds of herbs that are banned during pregnancy. In Chinese
pharmacopoeia (2010), there are 69 types of herbs which are forbidden or should
be used with great caution during pregnancy. For instance, Yuan Hua (Flos
Genkwa), Jiang Da Ji (Euphorbiae Pekinensis Radix), Cao Wu (Aconiti
Kusnezoffii Radix), Chan Su (Bufonis Venenum), Da Huang (Rhei Radix et
Rhizoma), Bing Pian (Borneolum Syntheticum),Bai Ji Li (Tribuli Fructus), etc. are
the forbidden absolutely, while Di Long (Pheretima),Gan Jiang (Zingiberis
Rhizoma), Da Fu Pi (Arecae Pericarpium), Bai Guo (Ginkgo Semen),Bu Gu Zi
(Psiraleae Fructus), Chang Er Zi (Xanthii Fructus), Dang Zhu Ye (Lophatheri
Herba), etc. should be used with great caution, as they are believed to cause
vaginal bleeding during pregnancy.
There are “Six Prohibitions” concluded according to the documentations of
TCM and clinical experiences, namely, active blood, break Qi, purgative, great
heat, great cold and poison. Besides, several herbal categories should be
prohibited during pregnancy. They are “harsh expellant”, “aromatic substances
that open the orifices”, “substances that extinguish wind and stop tremors”, “herbs
that warm the interior and expel the cold” and “herbs that invigorate the blood”,
etc.
During the past decades, increasing studies were conducted to identify the
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safety of CMM to pregnancy, but most of them mainly focused on the impacts of
miscarriage. In the recent twenty years, the study extended to embryotoxicity and
genotoxicity. Bing Lang (Arecae Semen)may decrease the sperm activity in the
male mice and cause abnormality in the mice fetus. It was demonstrated that Zhu
Sha (Cinnabaris) causes genotoxicity, using micronucleus assay and comet assay,
as well as compromising sperm quality of rats. The oil extracts of Jing Jie
(SchizonepetaeHerba), Xi Xin (Asari Herba), and Hua Jiao (Zanthoxyli
Pericarpium) containssafrole, which is genotoxic to the animals. Furthermore,
Gou Gu Ye (Ilicis Cornutae Folium) and Hong Hua (Carthami Flos)

decoctions

may cause, to some degree, embryo-fetus developmental toxicity. Ban Xia
(Pinelliae Rhizoma) decoction may induce maternal and embryo toxicity. E Zhu
(Curcumae Rhizoma) decoction may produce developmental neurotoxicity in rats,
and serum containing Tu Si Zi (Cuscutae Semen) has impact on embryonic limb
bud’s cartilage development of rats.

1.2.3

Herbal therapy for antimiscarriage[36-40]
In the Han Dynasty of ancient China, the first pharmacy monograph in the

world, “Shennong’s Classic of Materia Medica” recorded Herba Taxilli and Colla
Corii Asini as nature drugs which were beneficial to treat and prevent
miscarriages. Up to now, Chinese herbsused to be considered as a unique way to
prevent miscarriages, and 79% of pregnant women reported using CH in China. In
contrast, some CH with midwifery effects were classified as forbidden herbs
during pregnancy such as Rhizoma Curcumae, Rhizoma Sparganii, Flos Carthami,
etc. since ancient times. Most of these herbs have the effects of “invigorating
blood circulation and eliminating blood stasis”; and they have been found to have
the potential of causing miscarriages, congenital malformations, etc.
Although hundreds of CHM and their preparations are frequently used for
the treatment of pregnant disorders and the long clinical application history
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indicates that CHM may be beneficial to mothers and fetuses, there is still limited
information about their efficacy and safety in embryonic development. Due to the
numerous different species of CHM and their complicated chemical components,
it is very valuable to verify the exact roles of these herbs and their preparations.
Miscarriage is a common obstetrical disease, including threatened
miscarriage (Tai Lou and Tai Dong Bu An), namely, actual miscarriageand
habitual miscarriage in western medicine. In Chinese medicine, miscarriage also
takes different names as follows according to the time it occurs during pregnancy,
including vaginal bleeding (胎漏), restless fetus (胎動不安), hidden labor (暗產),
falling fetus (墮胎), small labor (小產) and habitual miscarriage (滑胎).
For the treatment of threatened miscarriage, identifying the cause and the
mechanism of the disease is the first criterion. From the perspectives of TCM, the
commonest reason is Yin and/or Xue deficiency, and consequently causing
overabundance of Yang. Secondly, spleen deficiency causes inadequate
engendering transformation, in which may lead to malnutrition to fetus.
Meanwhile, kidney deficiency causes insufficiency of kidney essence, in which
triggering insecurity of fetus. Lastly, stagnation of Qi may result in water
retention. Therefore, to prevent miscarriage, the principal is to calm the fetus by
tonifying the kidney and spleen, meanwhile regulating Qi and nourishing blood as
well as cooling blood. The most common traditional medicines used during
pregnancy have the properties to improve these functions and to meet the
requirements.
According to our previous researches, the frequent use of CMM which kept
the fetus safe and healthy was systematically counted. Table 1.2showed the top
twenty most frequently used CMM during pregnancy.
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Table 1.2 Top 20 TCM used in threatened miscarriage.

1
2
3

Chinese
Name
菟絲子
續斷
白朮

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

桑寄生
阿膠
白芍
黨參
杜仲
甘草
地黃
黃芪
黃芩
當歸
山藥
砂仁
苧麻根
艾葉炭
川芎
枸杞子
茯苓

No.

Pharmaceutical Name
Cuscutae Semen
Dipasaci Radix
Atractylodis Macrocephalae
Rhizoma
Herba Taxilli
Asini Corii Colla
Paeoniae Radix Alba
Codonopsis Radix
Eucommiae Cortex
Glycyrrhizae Radix et Rhizoma
Rehammiae Radix
Astragali Radix
Scutellariae Radix
Angelicae Sinensis Radix
Dioscoreae Rhizoma
Amomi Fructus
Boehmeriae Rhizoma et Radix
Artimisiae Argyi Folium
Rhizoma Chuanxiong
Lycii Fructus
Poria

Frequency
(n)

Percentage
(%)*

507
506

72.0
71.9

493

70.0

464
387
366
362
351
338
297
282
275
246
190
176
106
98
96
95
89

66.0
55.0
52.0
51.4
49.0
48.0
42.2
40.1
39.1
34.9
27.0
25.0
15.1
13.9
13.6
13.5
12.6

Note: * Percentage (%) = Frequency (n)/704×100%.

1.3 Rhizoma Chuanxiong
1.3.1

General information[41-50]
Rhizoma Chuanxiong is the dried root of Ligusticum chuanxiong Hort (LC),

family Umbelliferae, which is also called Ligusticum wallichii Franchat. It is
mainly distributed in Sichuan province (China) and first recorded in the Divine
Husbandman’s Classic of the Materia Medica (Shen Nong Ben Cao Jing). The
rhizome of CX is warm in property and pungent in flavor, with functions of
promoting the circulation of the blood and Qi, expelling wind, and alleviating pain,
which has high medicinal value. CX has long been used as a traditional Chinese
medicine in folk remedies and is widely applied in food preparation as a health
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protection. Its major chemical components include essential oil, alkaloids,
phenolic acids, phthalide lactones, and other constituents, which display
vasorelaxation, anti-inflammation, antioxidant, anti-proliferation, and other
activities in both in vitro and in vivo studies.
Chemical analysis of CX has established a foundation of pharmacological
research. Many components are isolated from this plant (mostly from its
rhizomes), including essential oil, alkaloids, phenolic acids, phthalide lactones,
and other constituents. Ligustilide (LIG), one of the neutral volatile oil, is the
major ingredient of all the essential oil. Furthermore, ferulic acid (FA) is regarded
as the representative ingredient in CX selected for quality control. However, it is
currently recommended to assess the quality of CX through both FA and LIG
together.

1.3.2

Pharmacological study[51-60]
There are more than 60 chemical components that have been identified from

CX such as alkaloid (chuanxiongzine, etc.), volatile oil (ligustilide, etc.), and
other elements (ferulic acid, etc.), and these components are the basis of its wide
therapeutic effects, especially in protection of cardiovascular and neural systems,
estrogen-like, promoting the production of blood, improve angiogenesis property
and dual-direction regulatory effect on uterus, etc. Evidences indicate that various
components from CX are main bioactive components related its pharmacological
properties.

1.3.2.1 Effects of promoting blood circulation
CX is the representative Chinese herb medicine with the property of promoting
blood circulation. Previous study found CX water extract can improve blood
rheology, remove blood stasis in animal model, it can also improve mesenteric
microcirculation. CX water extract treatment can significantly improve the blood
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flow, flow velocity, the minimum flow velocity, cerebral vascular compliance
pressure, cerebral vascular peripheral resistance and other parameters of brain
carotid atherosclerosis hardening rabbit model. CX water extract also has
significant therapeutic effect on coagulation abnormalities stasis model rats. CX
microemulsion can change the whole blood viscosity and erythrocyte rheological;
improve blood circulation and remove blood stasis in rat model. CX water extract
can promote peripheral vascular blood circulation in bone intraosseous
hypertension

model

using

rabbits.

CX

can

inhibit

ADP,

collagen,

thrombin-induced platelet aggregation, and has depolymerization effect on
aggregated platelets; its mechanism might have related to the inhibition of cAMP
phosphatase activity and acyl inositol phospholipid metabolism. P-perlolyrine
adenosine have antithrombotic effect in diphosphate-induced platelet aggregation.

1.3.2.2 Effects of analgesic
CX is one of the most frequently use Chinese herb medicine for headache,
dysmenorrhea and other pain syndrome in clinic. Previous studies confirmed that
CX water extract can improve the pain threshold of experimental animals in the
hot plate pain experiment; it could also increase the level of serotonin in the brain
in the nitroglycerin-type and reserpine migraine model animal. CX alcohol extract
has obvious analgesic effect on experimental dysmenorrhea animals; it was
observed a notable increase of serum plasma prostaglandin 2 level and a
significant decrease of prostaglandin 2α; the prostaglandin 2α / prostaglandin 2
ratio was also significantly decreased with TXB2 level and thromboxane B2 /
6-Keto-prostaglandin ratio decline at the same time. Another reported CX water
extract can inhibit the contraction of isolated mouse uterine smooth muscle, and
the

effect

was

presented

with

a

dose-dependent

manner.

Bio-active

tetramethylpyrazine from CX can reduce serum monoamine neurotransmitters
level and show a significant analgesic effect. Other bio-active components as
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Ligustilide and 3-butyl benzene hydrogenation peptides from CX can reduce the
excitability of nerve by their anti-caffeine effects. Ferulic acid from CX also has
some sedation or inhibition effects on the central nervous system; It has been
reported it can enhance the hypnotic effect of pentobarbital sodium.

1.3.2.3 Protection ofcardiovascular System
CX and its main components have superior therapeutic effects in the clinical
treatment of cardiovascular diseases. Tetramethylpyrazine was found to be
resistant to oxidative stress and can reduce cholesterol, prevent atherosclerosis.
Tetramethylpyrazinehas demonstrate a preventive effect on myocardial ischemia
by anti-coronary artery contraction effect through antagonizing Endothelin-I.
Tetramethylpyrazine

can

block

the

angiotensin

receptor,

inhibition

of

pro-proliferative effects of angiotensin AngII, anti-cardiac hypertrophy. Another
study reported that Tetramethylpyrazine can raise blood pressure and accelerate
the heart rate, increased left ventricular and left atrial pressure, increase blood
flow, decreased red blood cell micro-viscosity, reduce peripheral resistance, and
has a strong heart effects.

Chuanxionglactone A could significantly reduce the

content of myocardial lactate dehydrogenase, malondialdehyde and other oxides,
increase superoxide dismutase activity and avoid reperfusion-induced vascular
endothelial cell injury.

1.3.2.4 Protection of respiratory system
Ferulic acid form CX may reduce serum inflammatory factor levels, and
reduce the number of eosinophils in asthma model guinea pig. Ferulic acid can
also reduce the phosphodiesterase activity, cAMP degradation reduction and relax
bronchial smooth muscle showing great anti-asthma effect. Ligustilide from CX
has significant anti-cough effect in citric acid and ammonia induced cough model
mice or guinea pigs; it can significantly prolong the incubation period, reducing
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the frequency of cough.

1.3.2.5 Protection of digestion system
CX alcohol extract can reduce the production of free radicals, superoxide
anion radicals, protect the liver. Ferulic acid from CX has effects in the protection
of the liver cell membrane, inhibition of peroxidation product malondialdehyde
generation; rifampicin-induced inhibition of the cytochrome P450 enzyme system,
reduction of isoniazid and rifampicin-induced hepatotoxicity; inhibition of
hepatocytes, fibroblasts and collagen fibrosis, liver fibrosis. Tetramethylpyrazine
with the property of antagonizing free radical damage, regulating ATP activity,
reducing

tumor

necrosis

factor,

adjusting

the

level

of

monoamine

neurotransmitters, can protect the gastrointestinal tract and its functional activity.

1.3.2.6 Protection of kidney
The renal function of rats with nephritis administered with sodium ferulate
was improved as evident by less urinary protein loss. CX exhibited protective
effect on renal pure ischemia-reperfusion injury of rabbit, and the possible
mechanism involved regulation of cytokines such as tumor necrosis TNF-α, IL-6,
and basic fibroblast growth factor, etc.

1.3.2.7 Effects on immune system
Tetramethylpyrazine from CX can promote microvascular repair, increase
oxygen supplement in micro-environment, facilitate pro-stromal cell growth in
adhesion in immune-mediated aplastic anemia model mice; it also has effects in
the promotion of hematopoietic stem and progenitor cell proliferation, increase of
CD34

antigen

molecule

expression.

Tetramethylpyrazine

antagonized

cyclophosphamideinduced immune organ weight reduce in immunocompromised
mouse model; the increase of its macrophage phagocytic percentage and
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phagocytic index, increase of T lymphocyte esterase-positive rate and serum
hemolysin content were also observed after tetramethylpyrazine treatment.

1.3.2.8 Effects of anti-cancer
CX aqueous extract can restrain pancreatic cancer by blocking cell HS766T
G0 / G1 axis, inhibit cancer cell proliferation, and promote apoptosis. CX aqueous
extract has significant anti-cancer effect of cell A549, its mechanism may be
related to the induction of apoptosis in cancer cells. CX water extract can inhibit
colorectal maser cell proliferation and induce apoptosis in cancer cells.
1.3.2.9 Effects anti-senescence
Chuanxiong aqueous extract is able to increase superoxide dismutase activity and
decrease MDA content in the aging model mice with chronic cerebral cortex,
thereby slowing the aging process. Tetramethylpyrazine can inhibit xanthine
oxidase activity and increased superoxide dismutase activity, increase the serum
level of glutathione peroxidase, thereby reducing the generation of oxygen free
radicals in order to reduce the damage of free radicals. Ferulic acid from CX also
has oxygen free radicals scavenging and antioxidant effects.

1.3.2.10 Effects anti-radiation and anti-bacterial
CX water extract can inhibit the IL-10, IL-12, TNF-α and other
inflammatory cytokines secretion, play light protection and anti-radiation damage
role in the treatment. CX water extract can inhibit the growth of Porphyromonas
gingivalis Aeromonas strains.

1.3.3

Clinical application[61-71]
The Chinese pharmacopeia records the pharmacological effects of CX

including hemopoiesis and promotion of blood circulation, regulating menses and
releasing pain, etc. CX has been used alone, or in combination with other herbal
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medicines (e.g.Sheng Di Huang, Bai Shao, Dang Guietc.) to treat diseases,
ranging

from

gynecological

disorders

and

cardiovascular

diseases

to

neurodegenerative diseases and traumatic injuries in clinical practice. For instance,
CX has not only been used to treat gynaecological illness (such as premenstrual
syndrome, menopausal symptoms,and menstrual cramps, etc.), but also used for
various obstetrical diseases.
CX is an important ingredient for gynecological disorders. It can be
prescribed with red peony root and peach kernel to relieve missed periods and
menstrual pain that due to blood stasis. When individuals also have limb coldness
and clear vaginal discharge, then cinnamon and angelica root are added in the
prescription to eliminate the cold pathogens. Stagnation of liver qi is a usual cause
of menstrual disorders, CX can be prescribed with bupleurum root, white peony
root and nutgrass rhizome for the treatment.
CX is commonly used for pain relief and promoting blood circulation. For
chest pain or angina which is a sign of stagnated blood flow in the heart vessels,
the herb is prescribed with red sage root, cassia twig and sandal wood. It can be
used along with notoginseng, frankincense and myrrh to relieve pain and swelling
in traumatic injuries. In chronic limb and joint problems, CX is prescribed with
pubescent angelica root, cassia twig and ledebouriella root to relieve pain,
numbness or spasm. When abscesses are formed, the herb is prescribed with
astragalus root, angelica root and Chinese honey locust spine to facilitate pus
drainage and promote healing.
CX tends to exert its effects in the head region, and is usually prescribed for
headache disorders. For example, headache accompanied with fever, flushed face,
red eyes and throat soreness, indicate a wind-heat syndrome and should prescribe
CX, gypsum and chrysanthemum; while headache accompanied with chills,
binding sensation over the head, and are aggravated by cold wind, indicate a
wind-cold syndrome and should prescribe CX.
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CX is one of most commonly used herb in formula for blood stasis and pain
disorder causing various diseases. It is believed to work best in patients with
obstruct complex, owing to its multi-active property. CX can return the body to
proper condition by harmonizing vital energy and promoting blood circulation.
Patients with various diseases, such as coronary artery disease, arrhythmia, acute
ischemic stroke, neurodynia, psoriasis, constipation, etc. all both answer to the CX
treatment somehow. For instance, the most famous CX contained formula Siwu
decoction is a classical prescription that is widely used for the treatment of
women’s diseases in clinic, such as relief of emmeniopathy, climacteric syndrome,
dysmenorrhea and other estrogen-related diseases; another famous Chinese
medicinal prescription Da Chuanxiong Formula contains a classic herb pair for
mutual potential composed of two herbs - CX and Tianma (Gastrodiae elata Bl.)
with a crude weight ratio of 4 : 1, used for headache caused by blood stasis and
wind-heat syndrome.

In addition to aforementioned prescribed formulae, CX alone also has been
used for treatment of various diseases. CX water extract has been applied for
patients with acute cerebral infarction and the cerebral-spinal fluid test showed it
can affect platelet factor level. CX extract injection has significant therapeutic
effect on acute renal failure patient by significantly decrease the level of serum
creatinine and urea nitrogen. CX water extract is also used for the migraine
treatment by correcting cranial vasomotor dysfunction.

1.3.4

Safety assessment[72-87]

Adverse reaction and contraindication
Most of the cases about the side effect of TCM caused by the bias of
medicines (such as nature and flavor, ascending and floating, and settlement)
should attract our attention. As we know, using drugs without symptom
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differentiation, consideration of contraindication, or with long-term or excessive
consumption could lead to adverse reaction, and the symptom and incidence vary
with individuals. Although CX is relatively safe to be used for many diseases,
adverse effects still occur including bloating, loss of appetite, chronic diarrhea,
rash, photosensitivity, and gynecomastia. More serious adverse effects such as
anaphylactic shock had been reported previously. The main reactions are
angioneurotic edema, manifested as facial and neck edema, neck oppressive with
hoarseness, breathing difficulties may be associated with mild; transient ischemic
attack, dizziness, chest tightness, foaming at the mouth, left head, face numb, left
limb pain, cannot move; neurological abnormalities reactions such as drowsiness,
delirium, sweating, tremors, convulsions; severe gastrointestinal reactions, nausea,
vomiting, stomach contents, and diarrhea; anaphylactic shock, manifestations
chills, chest tightness, increased whole body rash, sweating, shortness of breath,
cold extremities; allergic skin reactions, such as rash, urticaria; slow allergic
reactions, facial and neck edema occurs, neck pressure, difficulty breathing body
skin rash, itching; severe asthma complications, chest tightness, wheezing, lungs
full of wheezing, with cough, sputum, orthopnea, cyanosis, irritability; other
adverse reactions were chills, trembling, premature delivery.

1.4 Metabolomics study [88-100]
1.4.1 Definition
System biology analysis has provided evidence on its values in reproductive
and developmental studies. System biology analysis of multiple cytokines
undoubtedly provides a powerful tool to study cellular signaling pathways.
Cytokine regulates cellular activity and bone markers promoteosteogenesis
progress in a complex, dynamic manner. Positive and negative feedback loops,
pleiotropic effects and redundant functions, spatial and temporal expression or
synergistic interactions between multiple bone markers and cytokines, even
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regulation via release of soluble receptors, all are common mechanisms in
modulating the effects of bone marker and cytokine signaling. As such, unraveling
the role of individual bone marker and cytokine, in pathologic or pharmacological
processes generally requires detection of multiple cytokines rather than a single
cytokine. Therefore, system biology analysis may contribute to the improvement
of the bone marker and cytokine analysis, both in its applicability domain as well
as its predictive capacity.

1.4.2 Significance
Metabolomics was originally proposed as a method of functional genomics,
an emerging subject of the post-genome era, which, together with genomics,
transcriptomics and proteomics, jointly constitutes the “Systems Biology”.
Metabolomics is the systematic study of chemical processes involving metabolites.
Specifically, metabolomics is the “systematic study of the unique chemical
fingerprints that specific cellular processes leave behind,” which means, the study
of their small-molecule metabolite profiles. The metabolome indicates to collect
of all metabolites, which are the end products of myri cellular processes in a
biological cell, tissue, organ, or organism. On the contrary to genomics,
transcriptomics, and proteomics, which address macromolecules with similar
chemical properties such as DNA, RNA, or proteins, metabolomics involves the
analysis of diverse properties of low-molecular-weight bio-components.
Metabolomics has been identified as an effective tool for biomarker, disease
diagnosis and prognosis, and characterization of a metabolic network.
Metabolomics studies generally employ techniques such as nuclear magnetic
resonance spectroscopy, Fourier transform infrared (FT/IR) spectroscopy, and
either gas chromatography/mass spectrometry (GC/MS) or liquid chromatography
(LC)/MS. Compared with GC, LC has lower chromatographic resolution but can
potentially measure a wider range of analysts. Nowadays, LC has been more and
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more accepted as the ideal tool for screening of metabolites and biomarkers in life
science field. The idea of quantitative measurement of the dynamic
multi-parametric metabolic response of living systems has recently demonstrated
significant potential in many fields such as responses to environmental stress,
toxicology, nutrition, studying global effects of genetic manipulation, cancer,
comparing different growth stage, diabetes, disease diagnosis and natural product
discovery.

1.4.3 Application in Chinese medicine
It is well known that the species of CH are variable and their chemical
components are complicated. Although the effect of single active-component of
herbs is often explored, the results can never be the same as the complete
biochemical and pharmacological/toxicological effects of the whole herb and may
not reveal the real mechanisms of herbal interventions. These problems aggravate
the difficulty and workload in CH researches. Current studies have indicated that
metabolomics analysis can quickly and accurately find out the molecular markers
to reveal herbal effects and mechanisms.
Metabolomics method has been applied to the study of CX herb. Previous
study has reported using global metabolic profiling with ultra-high-performance
liquid chromatography coupled to quadruple time-of-flight mass spectrometry
(UHPLC-QTOF/MS) to perform a comparative metabolomics analysis on
hematopoietic functions of herb pair CX and Angelicae Sinensis Radix (Danggui,
CX). Other reported to use comprehensive two-dimensional gas chromatography /
time-of-flight mass spectrometry (GC x GC/TOF MS) profiling method to
analyzed the volatile oils of 23 Ligusticum chuanxiong Hort. samples from 4
different regions.
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1.5 Study objective
Rationale for selection of the tested herbs
Rhizoma Chuanxiong (CX), the dry rhizome of Ligusticum chuanxiong Hort.,
is a commonly used Chinese herbal medicine in clinics. There are more than 60
chemical components that have been identified from CX such as alkaloid
(chuanxiongzine, etc.), volatile oil (ligustilide, etc.), and other elements (ferulic
acid, etc.), and these components are the basis of its wide therapeutic effects,
especially in protection of cardiovascular and neural systems and estrogen-like
property. Pharmacological studies found that CX activated progesterone receptors
in a serial bioassays using progesterone receptor-driven reporter-gene. General
toxicity of CX might be quite low as its LD50 in mice orally treated by water
extract of CX was 65.86 g/kg. However, CX might increase dead fetus in pregnant
rats, and it suggested that a systematic examination to verify embryotoxicity and
teratogenicity of CX is necessary.
So far, whether or not CX is suitable to be taken during pregnancy is not
mentioned in the Chinese Pharmacopoeia and other guidelines. However, there are
some literatures suggested CX should be used with caution during pregnancy. The
safe dose of CX for pregnant women is not known.

The use of CX together with

other herbs during pregnancy is contradicted as CX may increase the risk of
miscarriage and embryotoxicity. Our previous study summarized the top twenty
herbs used frequently for anti-miscarriages from published clinical trials. CX is
one of them. However, it does not mean prescription of CX is safe during
pregnancy due to its anticoagulant/anti-platelet and hormonal properties.
Therefore, verification regarding the efficacy and safety of CX extraction and its
active components in embryonic development is urgently required.

Objectives of the study
Chinese herbal medicine has been used for thousands of years, the safety of
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herbal medicine had been scientifically tested for decades. However, researches
about safety assessment of herbs on developmental toxicity were not enough.
Based upon the above hypothesis, the objectives of present study are expected to
be achieved as follows:
(1)To identify the general impacts of CX aqueous extract in maternal function and
fetal development with an in vivo mouse model;
(2) To investigate the adverse impacts and underlying mechanisms of CX aqueous
extract in fetal bone development with a biomarker assay and metabolomics
analysis.
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CHAPTER TWO
Research Design and Methodology
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2.1 Material[101-105]
(1) Materials for preparation of herb decoction
Instruments: electronic boiling pot, water bath, electronic heater, steam
distillation apparatus, thermometer, ice bath, glass vessel, water-cooled condenser,
rotary evaporator, round-bottom flask.

(2) Materials forhigh-performance liquid chromatography (HPLC)analysis
Instruments: Agilent 1100 series, Alltima C18 column (250mm × 4.6mm,
5µm), DAD Detector, 0.45 µm microporous filters, volumetric flasks.
Chemicals and reagents:reference standards (ferulic acid (FA), Z-ligustilide
(Z-LIG), paeonflorin, catalpol) were purchased from the National Institute for the
Control of Pharmaceutical and Biological products (NICPBP) (Beijing, China).
Methanol, acetonitrile, phosphate acid, acetic acid (HPLC grade), deionized water
was obtained from Milli-Q water purification system (Millipore, Bedford, MA,
USA).

(3) Materials for heavy metal and pesticide residues analysis
Instruments: Shimadzu GCMS-QP 2010 equipped with a DB-17MS (30 m 
0.25 mm) capillary column. Gel permeation chromatography (Waters 515 HPLC
pump equipped with a 2487 Dual λ Absorbance Detector) performed by a Water
EnvirogelTM GPC Cleanup column (Waters, USA). Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) (Perkin-Elmer Elan DRC-II, USA).
Chemicals and reagents: 20 pesticide standards (α-hexachlorobenzene,
heptachlor, lindane, pentachloroaniline, quintozene, β-hexachlorocyclohexane,
δ-hexachlorocyclohexane, γ-hexachlorocyclohexane, aldrin, oxychlordane, methyl
pentachlorophenyl

sulphide,heptachlor

epoxide,

cis-chlordane,

trans-chlordane,p,p’-DDE, endrin, dieldrin,p,p’-TDE, p,p’-DDT, o,p’-DDT) were
obtained from Chem Service (PA, USA). 2,4,5,6-tetrachloro-m-xylene (internal
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standard) was purchased from Aldrich (Shanghai, China). Pesticide grade acetone,
dichloromethane, ethyl acetate, diethyl ether, iso-octaneand n-hexane (VWR,
BDH Prolabo, UK) were used in the experiment. Four internal standards
(cadmium (Cd), lead (Pb),mercury (Hg) and arsenic (As)) were purchased from
GBW. Analytical grade nitric acid and deionized water were obtained from
Milli-Q water purification system (Millipore, Bedford, MA, USA).
.
(4) Materials for liquid chromatography–mass spectrometry (LC-MS)
analysis
Instruments: Waters AcquityTM ultra-performance liquid chromatography
(UPLC) system (Waters Corp., Milford, USA) consisting of a binary pump,
autosampler, thermostated column compartment and diode array detector (DAD).
A Bruker MicroTOFQ system by an electrospray ionization (ESI) interface
(Bruker Daltonics, Bremen, Germany). A Waters BEH C18 column (1.7 μm, 2.1
mm × 100 mm, Waters Corp.) with a VanGuardTM pre-column (BEH, C18, 1.7 μm,
2.1 mm × 5 mm).
Chemicals and reagents: Chromatographic grade formic acid (Fluka, Buchs,
Switzerland), chromatographic grade acetonitrile (RCI Lab-scan, Bangkok,
Thailand), deionized water obtained from Milli-Q water purification system
(Millipore, Bedford, MA, USA).

(5) Materials for animal experiments
Lab wares: electronic scale, stereomicroscope, magnifier, ruler, scalpel,
dissecting scissors, hemostatic forceps, tissue forceps, tray, beakers, cylinders,
syringe (1 mL, 5 mL), test tube (15 mL, 50 mL), feeding needles (No.12).
Chemicals and reagents: 100% ethanol, saline, formaldehyde, 4%
paraformaldehyde, potassium hydroxide, picric acid, glycerol,glacial acetic acid,
Alizarin red powder, vitamin A pills (25,000 IU/pill, Guangzhou Chem Reagents
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Ltd., Guangzhou, China), xylene, hematoxylin, eosin (Sigma, USA), deionized
water obtained from Milli-Q water purification system (Millipore, Bedford, MA,
USA).

(6) Materials for protein expression detection by enzyme-linked
immunosorbent assay (ELISA)
Instruments and lab ware: monochromatic microliter plate reader, water bath
(37 ± 1°C), bench top centrifuge, refrigerator (4°C, -20°C) and freezer (-80°C),
disposable plastic pipettes (2, 5 and 10 mL), Pasteur pipettes, 96-well plate,
dissecting scissors, haemostatic forceps, tissue forceps, tray, beakers, cylinders,
syringe (1 mL), test tube (15 and 50 mL), feeding needles (No.12),
microcentrifuge tube (0.2 and 1.5 mL).
Chemicals and reagents: Milli-Q water, physiological saline solution. Mouse
Interleukin 4 (IL-4) ELISA kit (Shanghai Lichen Co. Ltd, China); Mouse
Interleukin 4 receptor (IL-4r) ELISA kit (Shanghai Lichen Co. Ltd, China);
Mouse Interleukin 10 (IL-10) ELISA kit (Shanghai Lichen Co. Ltd, China);
Mouse Interleukin 10 receptor (IL-10r) ELISA kit (Shanghai Lichen Co. Ltd,
China); Mouse carboxyl-terminal telopepide type I collagen (ICTP) ELISA Kit
(Shanghai Lichen Co. Ltd, China); Mouse carboxyl-terminal propeptide of type I
collagen (PICP) ELISA Kit (Shanghai Lichen Co. Ltd, China); Mouse bone
morphogenetic proteins (BMPs) ELISA kit (Shanghai Lichen Co. Ltd, China);
Mouse bone specific alkaline phosphatase B (ALP-B) ELISA kit (Shanghai
Lichen Co. Ltd, China); Mouse growth differentiation factor 5 (the Gdf-5) ELISA
kit (Shanghai Lichen Co. Ltd, China); Mouse osteocalcin ELISA kit (Shanghai
Lichen Co. Ltd, China). Mouse bone morphogenetic protein 8 (BMP-8) ELISA kit
(Shanghai Lichen Co. Ltd, China); Mouse bone morphogenetic protein 11
(BMP-11) ELISA kit (Shanghai Lichen Co. Ltd, China); Mouse bone
morphogenetic protein 6 (BMP-6) ELISA kit (Shanghai Lichen Co. Ltd, China).
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Pierce BCA protein assay kit (Thermo scientific, USA).

2.2 Herbal analysis
2.2.1 Preparation
The herb of Rhizoma Chuanxiong (Batch number: 140705351; manufacture
date: 2014-08-22) were purchased from from KangMei Pharmaceutical Co., LTD
in Guangzhou, China. Essential process was conducted according to the clinical
application to make them identical to human usage.
The species of herb has been identified by experts of pharmacognosy in
School of Chinese Medicine, Hong Kong Baptist University, where voucher
specimens were deposited. The pharmacognostical analysis of all the herbs was
performed according to Chinese Materia Media (2010) and/or ‘Xin Bian Zhong
Yao Zhi,《新編中藥志》’.
The herbal decoction was concentrated using a rotary evaporator (EYELA
N-1000, Shanghai, China) and a water-bath (SB-2000, Shanghai, China) at 58℃
under a vacuum condition.

2.2.2 HPLC
In phytochemical analysis, HPLC was applied to quantitatively authenticate
the main bioactive ingredients in aqueous extracts. The procedure strictly
followed Chinese Pharmacopoeia (2010) and Hong Kong Chinese Materia
Medica Standard (HKCMMS) for CX.

2.2.3 6540 UHD Accurate-Mass Q-TOF LC/MS
In addition, LC/MS fingerprint analysis was performed using the Agilent
1290 Infinity System (Agilent Technologies, USA), which consisted of a binary
pump, autosampler, and UV variable wavelength detector coupled to a 6540 UHD
Accurate-Mass Q-TOF LC/MS detector. Component separation was achieved at
40 °C using an Acquity UPLC@BEH C18 column (2.1 mm × 100 mm, 1.7 μm;
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Waters Corporation, USA). The column was equilibrated and eluted under
isocratic conditions with a flow rate of 0.35 ml/min, and the injection volume was
3 μL. The mobile phases were comprised of pure water mixed with 0.1% formic
acid as solvent A and acetonitrile mixed with 0.1% formic acid as solvent B
respectively. The chromatographic data were collected and processed using the
MassHunter Qualitative Analysis Software (Agilent Technologies, USA).

2.2.4 Heavy metal and pesticide residue analysis
Determination of pesticides and heavy metals was performed according to
the HKCMMS guidelinefor maximum levels of pesticides and heavy metals in
medicinal plants.

2.3 Animal study [106-110]
2.3.1

Preparation

(1) Herbaldecoction
The water extract was prepared by boiling 2800 g herb (CX) in distilled water
enough for covering the herb in an electronic pot three times each (1 h each time).
The total water extract was filtered through gauze (4 layers), concentrated in
vacuum below 70°C in a rotary evaporator to prepare 2 g/mLherb water extract
(herbal weight)/mL. All of the concentrated extract was transferred to 2 L reagent
bottles, sealed the extracts bottle with paraffin, and stored at 4°C for 24 h, -20°C
for 24 h, and moved them to -80°C.

(2) Positive control agent (vitamin A emulsion)
Vitamin A oil was mixed with Tween-80 to increase the solubility in Milli-Q
water. The mixture was then diluted by Milli-Q water to make up concentration of
200,000 IU/mL vitamin A.
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2.3.2

Animal

(1) Selection of animals
It is recommended that test should be performed in the most relevant species.
Mice are small, easy to care for, and most importantly, have historically provided
consistent results that can be extrapolated to hypothesize human physiological
responses. Besides, mice have high fecundity and are highly sensitive to
teratogens and embryotoxicity. During experiment, mice are resistant to infection
and have relatively longer existing period of vaginal plug compared with rats.
Outbred/Swiss ICR mice have relatively consistent genes but with less mutations.
Therefore, ICR mice purchased from the Experimental Animal Centre in Chinese
University of Hong Kong were selected in this study.

(2) Housing and feeding conditions
In the experimental animal room, temperature was maintained at 22 ± 3°C
for rodents. The relative humidity was kept at 50~60%, with 30% and 70% as the
lower and upper limits. Provision of artificial light was required, with a control of
12 h dark and light alternatively. Conventional laboratory diets were fed and
drinking water was unlimitedly provided.

(3) Mating and grouping
The female mice were allowed to mate with the male mice in a ratio of 2:1 or
3:1 in each cage. Mating was allowed to begin from 4:30 p.m. to 8:30 a.m. and is
continued onto the next day to make up a total of 17 h. Confirmation of pregnancy
was carried out at 8:30 a.m. by identification of the presence of vaginal plug
which is a white waxy mass from mixture of secretions from coagulation glands,
seminal vesicle and vaginal mucus. Once vaginal plug was found at the orificium
vaginae, the mice were recognized as pregnant and timed as day 0 of gestation
46

(the GD 0). It was then separated into a new cage in which only pregnant mice
were placed. The weight of the pregnant mice was recorded daily. Marking was
drawn on the surface of the fur to provide identification of the mice. For the
remaining non-pregnant mice, they were separated from the male mice at that
time and were allowed to have another mating at 4:30 p.m. on that day by random
matching. The process was repeated until the target number of pregnant mice was
reached. The total duration of this was about 4 weeks.
The pregnant mice have been randomly assigned into several groups:
negative control (distilled water), low-dose group, medium-dose group, high-dose
group, even very high-dose group, and positive control (vitamin A). A positive
control group was used for the testing method validation.

2.3.3

Treatment
Treatment has been administered by gavage with 1 mL disposable syringe

and No. 12 feeding needle.

Table 2.1 Treatment period ofSegment II study.
Group

Treatment

Gestation day (GD)

Negative control group

Fed with distilled water

From the GD 6 to 16

Herb treatment groups

Fed with herb water extract

From the GD 6 to 16

Positive control group

Fed with vitamin A (200,000 IU).

the GD 7, 9, 11

Fed with distilled water

the GD 6, 8, 10 and
12-16

2.3.4

Endpoint

Endpoints of maternal toxicity


Clinical signs and mortality daily



Body weight twice weekly



Organ weights &histopathology



Food and water consumption
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Endpoints of developmental toxicity


Count of resorption, live and dead implantations



Fetal body weight



Gross necropsy and histopathology



External, visceral, and skeletal examination of fetuses

Formulae of terms used as endpoints


BW change = maternal BW on the GD 18- maternal BW on the GD 0



Corrected body weight change = maternal BW on the GD 18- maternal BW
on the GD 0- gravid uterine weight



Organ weight (%) =absolute organ weight/ (maternal BW on the GD 18 gravid uterine weight) ×100



Live (dead) fetus/litter (%) = live (dead) fetus per litter/implantation site per
litter ×100



RF/litter (%) = RF (resorbed fetus) per litter/implantation site per litter ×100



ERF (early resorbed fetus)/litter (%) = ERF per litter/implantation site per
litter ×100



LRF (late resorbed fetus)/litter (%) = LRF per litter/implantation site per litter
×100



PIL (post-implantation loss)/litter (%) = PIL per litter/implantation site per
litter ×100



EMF (external malformed fetus)/litter (%) = external malformed fetus per
litter/total live fetus per litter×100



MBW (mean fetal body weight)/litter = total live fetal body weight per
litter/live fetus number per litter



Skeletal variation (%) = skeletal variation (malformation)fetus/total fetus per
group × 100
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（1） Typical abnormalities in the segment II study
The representative pictures of abortion, resorbed and dead fetus, external and
skeletal variations in segment II study were shown in Fig.2.1 - Fig.2.8. The
external malformations only happened in positive control group.

Fig.2.1 The premature expulsion of the products of conception from the uterus:
Positive Control (Vitamin A) (A)and Normal (B).
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Fig.2.2 Resorptions and death in the segment II study. Normal fetus (left) and
dead fetus (right) (A); late resorbed fetus (B); middle resorbed fetus (C);
early resorbed fetus (D).
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Fig.2.3 Typical external malformations in the positive control group. Normal (A),
encephalocele (B), normal tail (C), short tail (D) and ectodactylism (E).

Fig.2.4 Normal fetus (A) and rib malformation (B).

51

Fig.2.5 Hind limb and forelimb skeletons of fetuses of the GD 18. Normal (A, B).
Observe the relative hypoplasia andabsence of metacarpals and phalanges
of fetuses in the CX treatment group and positive control group (C, D).

Fig.2.6 Forelimb and hind limb skeletons of fetuses of the GD 18. Normal (A, C),
arrows indicate the miss of ulna (B) and fibula (D).
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Fig.2.7 Ventral chest wall of fetuses of the GD 18. Representative six sternebrae
forming the sternum in the negative control group (A); Sternebrae split
(B); Sternebrae absence (C); Sternebrae fusion (D) and Sternebrae
scrambling (E).

Fig.2.8 Skull of fetuses of the GD 18. Normal (A, C). Observe the parietal,
interparietal and occipital bone defect in positive control group (B, D).
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The criteria of fetal skeletal variations identification in mice
According to the previous studies, inappropriate recording of unossified
sternebrae or phalangesmay increase the control incidence to a very high
proportionof fetuses affected, which would then reduce the sensitivity for
detecting treatment effects. It is believed that recordinghigh incidences of
incomplete ossification at some sites are not worth the effort involved. As we
know, the ossification at various sites is highly correlated, therefore reduced to
reasonable levels (1 - 6% of control fetuses) and the criteria should be made more
objectiveand the terms must be carefully and clearly defined by each study report.
In our case, the criteria were made for recording skeletal alterations with respect
to different sites including sternebrae, rib, phalanges and occipital bone as
indicated by following figures:
 Ribs

Note: The mice with 12-14 pairs of ribs are regarded as normal development. However,

once the rib with irregular development such as asymmetric, particularly in the last
pair of rib should be classified as abnormal.

 Sternebrae
Examples should be classified into normal category:

54

Normal

Incomplete fifth sternebra ossification

Examples should be classified into abnormal category:

Fifth sternebra missing

Scrambling

Split

Note: Over 3 sternebra defects (including delayed ossification, split, confusion, and
missing) was considered to be abnormality in sternum.

 Occipital bone

Note: The completely occipital bone ossification (A) and slightly delayed occipital bone
ossification (B) (commonly at the upper site) is classified into the normal
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development. External malformations such as encephalocele or nosencephalia are
commonly accompanied by missing cranial bones.

 phalanges

Note:Abnormal phalangeal development is only considered ifdelayed ossification was
observed in all the phalanges. Thus, figures A, B, C, D, E, F should be classified
into normal phalanges development.

Stability of baseline in negative controls
It is well accepted that a concurrent negative control should be included in
toxicological studies for detecting non-specific changes and provide a baseline for
the assay endpoints, is indispensable. Data changes over time, this may be due to
changes in operating personnel in collecting data, changes in environmental
conditions, and genetic alterations in the strain of the species used. Therefore,
appropriate cumulative historical negative control data are very useful during the
interpretation of endpoints. In our test system, comparison of data from
concurrent negative controls provided comparison with cumulative historical data.
To establish this data-pool, the maternal and fetal parameters from concurrent
negative control were added to previous data-pool. Total 54 pregnant mice were
sacrificed as negative controls at the end of this study, and the data were presented
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in the Table 2.2 and 2.3. Data presented in negative control statistically used for
each herb or herb-pairs animal study consisted of the randomly chosen data from
cumulative historical negative control and the data from concurrent negative
control.
Table 2.2 Maternal parameters of negative control.
Parameter

Negative control

Pregnant female

18

Body weight (BW, g)
BW on the GD 0

30.29 ± 3.30

BW on the GD 18

55.77 ± 6.41

Gravid uterine weight▲

19.19 ± 4.28

BW change▲

25.47 ± 5.54

Corrected BW change▲

6.29 ± 2.60

Organ weight (%)▲
Liver

7.14 ± 0.58

Kidney

1.25 ± 0.02

Heart

0.39 ± 0.08

Note:

▲

Gravid uterine weight on the GD 18; BW change = maternal BW on the GD 18-

maternal BW on the GD 0; Corrected body weight change = maternal BW on the GD
18- maternal BW on the GD 0- gravid uterine weight; Organ weight (%) =absolute
organ weight/ (maternal BW on the GD 18 - gravid uterine weight) ×100.

Fetalskeleton examination
Alizarin Red S is an anthraquinone derivativeused to identify calcium in
tissue and cell. Calcium forms an Alizarin Red S-calcium complex in a chelation
process, and shows the end product with orange-red color.

57

(1) Preparation
Solution of Alizarin red: Glacial acetic acid (2.5 mL), glycerol (5 mL) and 1%
chloral hydrate (30 mL) were mixed together and added alizarin red powder until
saturation, stored in brown bottle. Before use, the solution was diluted 1000 fold
with 1% potassium hydroxide solution (KOH) to prepare Alizarin Red S solution.
Solution A: Mixture of 1.25% KOH and 100% glycerol (in 4:1 v/v).
Solution B: Mixture of 100% glycerol and distilled water (in 1:1 v/v).
Solution of Bouin’s: Saturated picric acid (750 mL), 40% formaldehyde
(200mL), and glacial acetic acid (50 mL) were mixed together.
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Table 2.3 Fetal parameters of negative control.
Parameter

Negative control

Total fetus/group

251

Implantation site/dam

13.00 ± 3.43

Total fetus/litter

12.50 ± 3.37

Live fetus/litter

12.44 ± 3.29

Live fetus/litter (%)▲

99.67 ± 1.39

Dead fetus/litter

0.06 ± 0.24

Dead fetus/litter (%)▲

0.33 ± 0.01

RF/litter

0.50 ± 0.71

RF/litter (%)▲

3.76 ± 0.05

ERF/litter

0.28 ± 0.46

ERF/litter (%)▲

3.15 ± 0.49

LRF/litter

0.17 ± 0.38

LRF/litter (%)▲

3.88 ± 0.05

PIL/litter

0.67 ± 0.69

PIL/litter (%)▲

3.88 ± 0.05

EMF/litter

0.00 ± 0.00

EMF/litter (%)▲

0.00 ± 0.00

MBW/litter (g) ▲

1.25 ± 0.22

Note:▲Live (dead) fetus/litter (%) = live (dead) fetus per litter/implantation site per litter ×100; RF/litter (%)
= RF (resorbed fetus) per litter/implantation site per litter ×100; ERF (early resorbed fetus)/litter (%)
= ERF per litter/implantation site per litter ×100; LRF (late resorbed fetus)/litter (%) = LRF per
litter/implantation site per litter ×100; PIL (post-implantation loss)/litter (%) = PIL per
litter/implantation site per litter ×100; EMF (external malformed fetus)/litter (%) = external
malformed fetus per litter/total live fetus per litter ×100; MBW (mean fetal body weight)/litter =
total live fetal body weight per litter/live fetus number per litter.
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(2) Procedure
Live fetuses were stored in 95% ethanol for at least 2 weeks.The fetuses were
then being washed with tap water and put in 1-2% aqueous potassium hydroxide
for 48 h until the flesh was sufficiently clear for making skeleton visualized.The
specimens were immersed in alizarin Red-S solution for at least 48 h to allow
adequate staining, and the solution was shaken gently a few times a day. The
specimen was then immersed in solution A for several days to remove excessive
staining.After that, the specimen was then placed in solution B until the soft tissue
become transparent.Stereomicroscope was used for the observation of fetus
skeleton. All skeletal malformations were recorded and analyzed.

2.4 ELISA analysis
2.4.1 Preparation
All pregnant mice on the GD 16 were sacrificed 60 min postfinal exposure.
Embryos and the relevant placenta of each dam were collected via caesarian
section in order of proximity to the birth canal alternating between right and left
uterine horns. Before usage, embryos were thawed and then homogenized in
physiological saline solution (1 g: 1 mL) with cut inside type homogenizer on ice
(20 s/ time, 30 s interval, 3 - 5 times), followed by centrifuged at 12,000 g for 10
min, and the supernatant was collected for further use.
Total protein content in each homogenate sample was determined using dye
reagent (BCA) according to the manufacturer’s protocol (Pierce BCA Protein
Assay Kit, Thermo Scientific). Before quantification, the fetus homogenate was
diluted 20 times by physiological saline solution (100 μL:1900 μL). Then, the
diluted homogenate was further used for ELISA.
Microplate procedure: pipette 25 μL of each standard or unknown sample
replicate into a microplate well. Add 200 μL of the working reagent to each well
and mix plate thoroughly on a plate shaker for 30 s. Cover plate and incubate at
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37°C for 30 min. Cool plate at room temperature. The absorbance was measured
at 562 nm on a plate reader.
PICP Kit: Standard (800 ng/mL) with standard diluent concentration was
followed by: 5, 25, 50, 100, 200, 300, 400 ng/mL; ICTP Kit: Standard (800 pg/mL)
with standard diluent concentration was followed by: 5, 25, 50, 100, 200, 300, 400
pg/mL;BMPs Kit: Standard (48 ng/mL) with standard diluent concentration was
followed by: 0.1, 0.4, 1, 4, 8, 16 ng/mL.the Gdf-5 Kit: Standard (1600 pg/mL)
with standard diluent concentration was followed by: 50, 80, 100, 160, 200, 400
pg/mL.ALP-Bone

Kit:

Standard

(8000

pg/mL)

with

standard

diluent

concentration was followed by: 1000, 2000, 4000, 8000pg/mL.Osteocalcin Kit:
Standard (80 ng/mL) with standard diluent concentration was followed by: 10,
20,40, 80 ng/mL. BMP-8 Kit: Standard (320 pg/mL) with standard diluent
concentration was followed by: 40, 80, 160, 320 pg/mL.BMP-11 Kit: Standard
(320 pg/mL) with standard diluent concentration was followed by: 40, 80, 160,
320pg/mL.BMP-6 Kit: Standard (960 pg/mL) with standard diluent concentration
was followed by: 30, 60, 120, 240, 480, 960 pg/mL.
IL-4 Kit: Standard (240 pg/mL) with standard diluent concentration was
followed by: 30, 60, 120, 240 pg/mL; IL-4r Kit: Standard (160 pg/mL) with
standard diluent concentration was followed by: 20, 40, 80, 160 pg/mL; IL-10 Kit:
Standard (400 pg/mL) with standard diluent concentration was followed by: 50,
100, 200, 400 pg/mL; IL-10r Kit: Standard (320 pg/mL) with standard diluent
concentration was followed by: 40, 80, 160, 320 pg/mL.
The standard curve for each marker was produced as below.
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Fig.2.9 Standard curves of bone biomarkers.
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Fig.2.10 Standard curves of cytokines.

2.4.2 Procedure
Add 50μL different concentrations of standard solution to each well while
nothing was added to Blank wells. Add 10μL testing sample (amniotic fluid or
fetal tissue homogenate) to each well, then add 40μL sample diluent to each
testing sample well. Add 100μL HRP-conjugate reagent to standard wells and
sample wells, cover with an adhesive strip and incubate for 60 min at 37°C.
Aspirate each well and wash, repeating the process 4 times for a total of five
washes.Wash by filling each well with 400mL wash solution by multi-channel
pipette. Complete removal of liquid at each step was ensured. After the last wash,
remove any remaining wash solution by aspirating ordecanting. Add 50μL
chromogenic solution A and 50 mL chromogenic solution B to each well. Gently
mix and incubate for 15 min at 37°C. Protecting them from light, and add 50μL
stop solution to each well. The absorbance is measured at 450 nm on a plate
readerr within 15min.
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2.4.3 Endpoint
In order to express the precision, or repeatability, of ELISA results,
measurement of the intra-assay coefficient of variability (CV) was conducted. The
intra-assay CV is an average value calculated from the individual CV for all the
duplicates. Four individual samples of fetal homogenates (0.5 mL) from the
negative controls were mixed into 2 mL as control to evaluate the intra-assay
CV%. The plate meansfor control from 3 results were calculated and then used to
calculate the overall mean, SD, and CV%. Overall CV% = SD of plate means /
mean of plate means × 100. The average of the control CV% is reported as the
intra-assay CV. In the present study, different plates were randomly selected for
intra-assay. The coefficients of varianceevaluated by assaying 3 replicates of each
sample in a single assay, ranged from 2.13% - 5.45%.

2.5 Metabolomics study [111-120]
2.5.1 Preparation
Prior to LC/MS analysis, 700 μL 70% methanol was added to the fetal tissue
homogenate samples (300 μL), and were vortexed vigorously for 2 min. The
sample mixture was left standing for 20 min, followed by 15 min of centrifugation
at 13,000 g and 4°C. The supernatant was then dehydrated to complete dryness
using a TurboVap nitrogen evaporator (Zymax Corp. USA). Another300 μL 50%
methanol was added to each of the dried sample extracts, vortex-mixed for 1 min,
then supersonic extraction for 15 min and subsequently centrifuged at 13,000 g
for 15 min at 4°C. Two hundred microliters of the supernatant was then analyzed
using LC/MS.

2.5.2 Procedure
LC analysis was performed using the Agilent 1290 Infinity system (Agilent
Technologies, USA), which consisted of a binary pump, an autosampler, and a UV
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variable wavelength detector coupled to the 6540 UHD Accurate-Mass Q-TOF
LC/MS detector. Component separation was achieved at 40°C using a Acquity
UPLC@BEH C18 column (2.1 mm x 100 mm, 1.7 μm, Waters Corporation,USA).
The chromatographic data were collected and processed using Agilent
MassHunter Workstation (Data Acquisition) V5.01 software. The mobile phases
were respectively comprised of water mixed with 0.1% formic acid as solvent A
and acetonitrile mixed with 0.1% formic acid as solvent B. The column was
equilibrated and eluted under isocratic conditions with a flow rate of 0.35mL/min.
The column was maintained at 40°C, and the injection volume was 3 μL.
A MS-MS mass spectrometer (Agilent tech., USA) was used to analyze
metabolite ions. Ionization was achieved using electrospray in the positive mode
with a nozzle voltage of 500 V. Nitrogen was used as the nebulizer gas and was
delivered at a flow rate of 50 L/h with a source temperature of 100°C. The
desolation gas (nitrogen) was heated to 300°C and delivered at a flow rate of 8
L/min. Masses between m/z 100 and 1,500 were acquired.

2.5.3 Endpoint
The experimental data of LC/MS were reformed into a matrix including time, ion
mass (m/z), and intensity. Baseline correction and peak finding were performed
using the Agilent MassHunter software (Version B 6.0, Agilent Technologies,
USA). The MS analysis system identified each characteristic metabolite
corresponding

to

the

featured

peak

in

the

METLIN

database

(http://metlin.scripps.edu) and U.S. National Institute of Standards and
Technology database (http://www.nist.gov/). The hit metabolites were verified
with text-mining techniques. The targeted profiling data were analyzed using
procedures based on principal components analysis (PCA) after being imported
into the Mass Profiler Professional V2.2.
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2.6 Statistical analysis [121-122]
Data analysis was done using SPSS software (version 16.0).Data presented
as mean ± SD among the negative control, herbal decoction treatment groups were
compared byone-way ANOVA, and the least significant difference (LSD) test
using Post hoc methodwas applied to analyze the difference between every two
groups. Pearson’s χ2-test was used for analyzing category data such as skeletal
alterations among the negative control, herbal decoction treatment groups, and
bonferroni correction was applied to compare every two groups. A pvalue < 0.05
was considered as statistically significant difference.
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CHAPTER THREE
The Impact of Rhizoma Chuanxiong in Preganent Mice
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3.1 Introduction[123-124]
Rhizoma Chuanxiong (Umbelliferae) is a perennial herbaceous plant
distributed in southern area of China. Its rhizome, one of the most commonly used
herbs

(Fig.3.1),

was

demonstrated

having

properties

in

cardiotonic,

anti-hypertensive, increasing coronary blood flow, diuretic, immune-improving,
anti-tumoral,

anti-inflammatory,

uterine

smooth muscle

contracting

and

anti-radiation activities according to Chinese Materia Medica. Clinically, the herb
can treat angina, migraine, ischemic stroke, dysfunctional uterine bleeding,
menstrual disorder, difficult labor, etc.
There were more than 200 herbs which were applied clinically to treat
threatened and/or current miscarriages in published clinical trials. CX is amongst
the top twenty most frequently used herbs in modern Chinese medicine. Pregnant
women should avoid using herbal medicinal products unless they have been
specifically tested and proven to be harmless. Previous studies have demonstrated
that the aqueous extract of CX could significantly increase isolated uterine
contraction amplitude in rats but did not significantly influence its contraction
frequency; however, the alcoholic extract could increase its contraction amplitude
and decrease contraction frequency. Another study explored the action of the
CXalcoholic extract to uterus. In pseudopregnant rats, CX could inhibit the
function of corpus luteum which presented decreasing the level of progesterone in
plasma, inhibiting HCG/LH receptor binding capacity of ovary and increasing the
receptor binding capacity for progesterone in uterus cytosol. These results
indicated that it must be used with caution while applying CX during pregnancy
due to its effect on the uterus.
Due to shortage of research on application of CX during pregnancy, this
study was applied the principles of OECD guideline for the testing of chemicals
414 as a reference and it aimed to evaluate the effects of CX aqueous extract on
embryonic development in ICR mice exposed duringorganogenesis.
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Fig.3.1 Plant (a), herb (b) and (c) decoction pieces of CX
A recent clinical systematic review about TCM treating threatened or
recurrent miscarriage found that the frequency of CX usage was ranked 13th
amongst more than 200 traditional medicines. However, the single use of CX was
not recommended during pregnancy. So far the precise mechanism is unclear.
Due to the lack of evidence regarding the safety of CX use during pregnancy,
this study aimed to investigate the impact of CX aqueous extract on embryonic
development in outbred/ICR mice using FDA segment II study. In addition to
invivo study, invitroembryonic stem cell test using embryonic stem cells (ESCs)
and the reference 3T3 fibroblast cells was performed to investigate the
cytotoxicity of CX water extract and its representative components (ferulic acid
(FA) and Z-ligustilide (Z-LIG)) based on the European Centre for the Validation of
Alternative Methods (ECVAM) guidelines.

3.2 Experiment
3.2.1

Dosage design
According to the Chinese Pharmacopoeia (2010), the maximum daily dosage

for a 60 kg human is 9 g.

Dosage calculation：D2 = D1 x R2/R1

Dosage design

x (W1/W2)1/3 (Sun, 2001)

Human average body weight = 60 kg

R = Body shape coefficient (mice=59

D = Dosage

Human daily dosage =9 g

human being =100)

Human dosage every kg = 9/60 = 0.15 g/kg

1 = Human being
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W = Body weight (kg)
2 = Animal

Mice average body weight = 0.03 kg
D2 = 0.15 x 59/100 x (60/0.03) 1/3 = 1.115 g/kg (equal to human daily dosage)
Dosage design:
Low dosage (2 g/kg): (2/1.115) equal to 1.8 times of human daily dosage,
Middle dosage (16 g/kg): (16/1.115) equal to 14.4 times of human daily dosage,
High dosage (24 g/kg): (24/1.115) equal to 28.8 times of human daily dosage.

Dilution of three dosage groups:
The concentration of aqueous extract was 1.5 g/ml.
Feeding volume is 0.5ml/time, once a day;

Animal study
Group

Comparison with human daily dosage (times)

Low-dose (2g/kg) (n=18)

2/1.115 = 1.79

Mid-dose (16 g/kg) (n=18)

16/1.115 = 14.39

High-dose (24 g/kg) (n=18)

24/1.115 = 21.52

Very High-dose (32g/kg) (n=18)

32/1.115 = 28.70

As the accurate concentration of aqueous exact is 2 g/mL, dilution is required
for the low, medium, high, and very high-dose groups. The feeding volume is 0.5
mL per feed per day.
3.2.2

Quality control

3.2.2.1 Herbal authentication
The purchased CX was planted in Sichuan Province in China. Methodology
of herbal authentication was complied with description in chapter 2.2.

3.2.2.2 Aqueous extract for chemical analysis
(1) High-performance liquid chromatography(HPLC) analysis
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The HPLCdiode array detector (DAD) analytic technique was used to
determine the content of FA and Z-LIG in CX in order to control the quality of
CX.
Condition: according to Hong Kong Chinese Materia Medical Standard
(HKCMMS), setting as: 0.1% acetic acid/ACN = 81/19, wavelength: 280 nm,
flow rate: 1.0 mL/min, temperature: room temperature, injection Volume: 20
µL.
Test solution preparation: 2.8 mg FA was weighed and added into a 10 mL
volumetric flask. Methanol was then added up to 10 mL and mixed thoroughly.
2.1 mg/L, 10.5 mg/L, 105 mg/L, 210 mg/L, 420 mg/L FA standard were prepared
by methanol for use.Z-LIG: 10 mg Z-LIG was added into a 10 mL volumetric
flask. Methanol was then added up to 10 mL and mixed thoroughly. 0.5 mg/L, 25
mg/L, 50 mg/L, 100 mg/L Z-LIG standard were prepared by methanol for use.2
g/mL CX water extract was diluted into 200 mg/mL and 400 mg/mL respectively,
and then filtered through 0.45 μm syringe filters for injection.
Procedure: 20 μL of each standard solution and sample solution were injected
respectively into the column. Data were collected for calculation.
Method validation: No validation was practiced by following HKCMMS.

(2) 6540 UHD Accurate-Mass Q-TOF LC/MS analysis
In addition, LC/MS fingerprint analysis was performed using the Agilent
1290 Infinity System (Agilent Technologies, USA), which consisted of a binary
pump, autosampler, and UV variable wavelength detector coupled to a 6540 UHD
Accurate-Mass Q-TOF LC/MS detector. Component separation was achieved at
40 °C using an Acquity UPLC@BEH C18 column (2.1 mm × 100 mm, 1.7 μm;
Waters Corporation, USA). The column was equilibrated and eluted under
isocratic conditions with a flow rate of 0.35 ml/min, and the injection volume was
3 μl. The mobile phases were comprised of pure water mixed with 0.1% formic
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acid as solvent A and acetonitrile mixed with 0.1% formic acid as solvent B
respectively. The chromatographic data were collected and processed using the
MassHunter Qualitative Analysis Software (Agilent Technologies, USA).

(3) Heavy metal analysis
Heavy metals including their respective components may be present as a
result of contamination. They are often absorbed and accumulated in medicinal
herbs. Arsenic, cadmium, lead and mercury are the common ones with relatively
high toxicity to human beings.
The quantity of heavy metal can be verified by using ICP-MS with indium as
an internal standard.
The criteria of the ICP-MS system are consistent with those listed by
HKCMMS, namely, resolution equal or more than 0.7 amu at 10% peak height;
mass ranging from 6 to 240 amu and a mass accuracy of ± 0.05 amu. Four
standard solutions were prepared in dilute nitric acid (3%, v/v), containing all the
targeted heavy metals at concentrations suitable for plotting calibration curves.
The concentration of the internal standard in the test solution was the same as in
the standard solutions.
The ICP-MS was optimized according to the manufacturer’s recommended
procedures. The isotopes recommended for monitoring the heavy metals are listed
as below. The amount of heavy metals in herbs should not exceed the
limitsaccording to HKCMMS, i.e. Arsenic, cadmium, lead and mercury need to be
below 2.0, 1.0, 5.0, and 0.2 mg/kg, respectively.

(4) Pesticide residue analysis
There are different types of pesticide, a synthetic chemical or a biological
substance, or a mix.
The quantity and quality of pesticide can be verified by using GC-MS with
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2,4，5,6-tetrachloro-m-xylene as an internal standard.
The criteria of GC-MS system recommended by HKCMMS are: R value of
any analyte peak with the adjacent peak: > 1.5; n value:

105 for the peak of

α-BHC; RSD of the peak area:55. A capillary column: 0.25 mm × 30 m. Carrier
gas: helium. The relative retention time (RTT) and monitoring ions of the targeted
pesticides were obtained by GC-MS. The column was maintained at 100°C for 2
min, then raise to 160°C at a rate of 15°C/min, afterwards to 270°C at a rate of
5°C/min and maintain for 10 min. It maintained the temperature of the injector
port at 250°C and the temperature of the ion source at 230°C.

3.2.3

Animal study
As described in chapter 2.3, the pregnant mice were administrated with

dose-graded CX water extract. These pregnant mice were observed daily for
clinical toxicity signs. The maternal body weight (BW) was recorded on the GD 0,
6, 12 and 18. The maternal uterus with contents and organs (liver, heart and
kidney) were weighed on the GD 18 after being sacrificed. Specimen such as liver,
kidney and heart of pregnant mice were fixed with 4% paraformaldehyde and
sections were stained with haematoxylin-eosin (HE) later for morphological and
pathological examination under light microscope or dissecting microscope.
After removal of uterus, the early and late resorptions, dead and live fetuses,
implantations were identified and counted. Fetal BW was weighed. All live
fetuses were examined for external malformations immediately. Then most of live
fetuses were preserved in 95% ethanol for two weeks, eviscerated with 1% KOH
for 48 h, then placed in solution of alizarin Red-S for further 48 h, and washed
with increased concentrations of glycerol for detection of skeletal malformations.
The rest of fetuses were fixed in Bouin's solution for visceral assessment.

73

3.3 Result
3.3.1

Herbal evaluation

3.3.1.1 Pharmacognostical analysis
Pharmacognostical analysis was demonstrated that CX reached the required
quality standard. Heavy metal and pesticide residues analysis showed that CX
aqueous extract met the requirement of quality standard.
The detected contents of CX aqueous extract are well below the regulatory
limits of Chinese Pharmacopoeia and HKCMMS, showing no heavy metals
contamination, as shown in Table 3.1;

Table 3.1 Heavy metal detection of CX water extract.
Heavy Metal

Lead

Cadmium

Mercury

Arsenic

Content (μg/g)

0.11

ND

ND

0.01

Note: ND = Not detected or below limit of detection.

3.3.1.2 Phytochemical analysis
HPLC analysiswas carried out on the reference and aqueous extract
samplesaccording to Chinese Pharmacopoeia (2010) for CX due to similar
water-soluble constituents. The chromatograms showed that FA and Z-LIG were
presented at retention time 13.22 min and45.33 min in the aqueous extract
samples respectively. FA accounted for 129.85 μg/g of the extract sample and
Z-LIG is 2.16ug/g. (Fig.3.2).
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Fig.3.2 HPLC chromatograms of CX water extract.

The Figure 3.3 and Table 3.2 showed the results of LC/MS fingerprint analysis of
CX aqueous extract referred to Chinese Pharmacopoeia (2010),HKCMMS and
other reports.Components in CX such as tetramethylpyrazine, senkyunolide A;
ferulic

acid;

Z-Ligustilide,

E-Ligustilide,

butylidenephthalide,

ethyl

methylphenylglycidate., etc. were identified.
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Figure3.3

The 6540 UHD Accurate-Mass Q-TOF LC/MS chromatograms

of CX aqueous extract.①Tetramethylpyrazine; ②Senkyunolide A;
③Ferulic Acid; ④Z-Ligustilide; ⑤E-Ligustilide；
⑥Butylidenephthalide; ⑦Ethyl methylphenylglycidate.
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Table 3.2 The identified main components from CX aqueous extract.

Component

RT
(min)

VE
(+/-)

Formula

Expected
Mass

Measured
Mass

Error
(PPM)

Tetramethylpyrazine

0.86

-

C8H12N2

136.20

136.21

0.71

Senkyunolide A

1.31

-

C12H16O2

192.25

192.27

1.05

Ferulic Acid

8.85

-

C10H10O4

194.18

194.16

0.20

Z-Ligustilide

12.73

-

C12H14O2

190.24

190.19

1.10

E-Ligustilide

13.27

-

C12H14O2

190.24

190.17

1.21

Butylidenephthalide

15.29

-

C12H12O2

188.22

188.18

0.94

Ethyl
methylphenylglycidate

15.92

-

C12H14O3

206.24

206.09

1.56

3.3.2

Maternal evaluation
Treatment with CX water extract did not interrupt the progress of gestation

nor induced any clinical toxicity on the pregnant mice. Food consumption
decreased slightly during treatment period compared with pre-treatment period
but demonstrated steady increased later during post-treatment period in all groups
with no statistical difference. Steady water intake occurred in all groups without
significant statiscal difference between the groups during gestation. No mortality
and morbidity were observed throughout this study. There was no abnormal
observation on autopsy.
In Table 3.4, the gravid uterine weight of PC group was significantly lower
than those in the NC group (p< 0.05). The BW change in G4 and G5 groups was
significantly lower than that in the NC group (p< 0.05). Besides, the corrected
BW change in the G4 and G5 groups werealso significantly lower than that in the
NC group (p< 0.05).In particular, there was significant difference of corrected BW
change between CX extract treatment groups and NC group indicating a negative
correlation suggesting that dose-dependent inhibitory effect of CX extract on
pregnant mice. Besides, the corrected BW change in PC group was significantly
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lower than that in the NC group (p< 0.05).
The difference in organ weight (%) between the NC group and CX treatment
groups was found to be unremarkable.The histopathological examination of organ
sample (heart, liver and kidney) from different groups was also conducted with no
organ toxicity idenfied. Noticeably, despite significantly higher kidney- and
heart-weight (%) was recorded in PC group when compared withNC group (p<
0.05), there was no microscopic difference observed.

3.3.3

Fetal evaluation
As shown in Table 3.5, the live fetus/litter (%), mean fetal BW/litter were

markedly reduced in G4 and G5 group when compared with the NC group (p <
0.05). Meanwhile, the resorbed fetus (RF)/litter (%), early resorbed fetus
(ERF)/litter (%), post-implantation loss (PIL)/litter (%) were significantly
increased in G4 and G5 groups compared with NC group (p< 0.05). Although no
typical external malformation was observed in the NC and all the CX treatment
groups, the incidence of external malformation was significantly higher in the PC
group with typical external malformation features including exencephaly and
short tail, etc.
As seen in Table 3.6, the skeletal malformation was not observed in any of
the groups. However, skeletal variation was observed in all the groups including
the NC group (3.98%), and PC group (47.93%) with more obvious fetures. Some
fetuses had more than one type of variation. The increased incidence of skeletal
variation was found to correlate with the increase in dosage of CX treatment,
ranging from 4.09% - 22.90%. The incidence of skeletal variation was higher in
the G4 and G5 groups (p< 0.05) when compared with the NC group. Abnormal
ribs, hypoplasia of sternebrae, scrambling sternebrae, hypoplasia and absence of
phalanges were found in all groups while occurrence of sternebrae hypoplasia and
split, phalanges hypoplasia and absence were dramatically higher in the G4 and
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G5 groups (p< 0.05 compared with the NC group).
Alteration to soft tissue was not observed in the all groups by macroscopic as
well as by microscopic observation (Fig.3.4).
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Table 3.3 Maternal parameters in 6 groups.
Parameter
Pregnant female

G1
18

G2

Dosage (kg/day)
G3
G4

G5

18

18

18

18

18

G6

BW (g)
BW on the GD 0

30.29 ± 3.30

29.87 ± 1.59

30.43 ± 1.07

30.98 ± 2.70

29.42 ± 2.88

30.77 ± 1.99

BW on the GD 18

55.77 ± 6.41

55.98 ± 3.72

53.56 ± 4.05

49.59 ± 6.15

50.01 ± 6.40

48.37 ± 8.63

Gravid uterine weight▲

19.19 ± 4.28

20.12 ± 2.15

18.15 ± 4.39

15.99 ± 5.33

15.57 ± 6.83

12.34 ± 6.94*

BW change ▲

25.47 ± 5.54

26.11 ± 2.76

23.13 ± 3.93

20.58 ± 5.69*

18.61 ± 6.21*

17.60 ± 7.99*

Corrected BW change▲

6.29 ± 2.60

5.99 ± 1.67

4.98 ± 1.92

3.08 ± 2.03*

2.62 ± 2.76*

5.27 ± 2.45

Liver

7.14 ± 0.58

7.40 ± 0.59

7.45 ± 0.50

7.28 ± 0.81

7.11 ± 0.65

7.43 ± 0.69

Kidney

1.25 ± 0.02

1.26 ± 0.08

1.28 ± 0.09

1.31 ± 0.09

1.21 ± 0.07

1.37 ± 0.02*

Heart

0.39 ± 0.08

0.40 ± 0.03

0.40 ± 0.03

0.41 ± 0.03

0.42 ± 0.04

0.47 ± 0.01*

OW (%) ▲

Note: Data were presented as M±SD, and the differenceamong CX groups was analyzed by one-way ANOVA.
*p<0.05 - 0.001 compared with the G1 by student t-test.
▲BW:

body weight; BW change = maternal BW on the GD 18- maternal BW on the GD0;
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Gravid uterine weight: on the GD18;
Corrected BW change = maternal BW on the GD 18- maternal BW on the GD 0 - gravid uterine weight; OW(organ weight, %)
=absolute organ weight / (maternal BW on the GD 18 - gravid uterine weight) ×100
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Table 3.4 Fetal parameters in 6 groups.
Parameter

G1

Total fetus/group

251

G2

Dosage (kg/day)
G3
G4

269

240

220

262

121

G5

G6

Implantation site/litter

13.00 ± 3.43

13.69 ± 1.78

12.70 ± 2.66

13.89 ± 4.54

13.89 ± 4.21

14.06 ± 2.58

Total fetus/litter

12.50 ± 3.37

12.81 ± 1.60

11.25 ± 2.77

11.17 ± 4.06

11.72 ± 4.06

6.83 ± 4.95*

Live fetus/litter

12.44 ± 3.29

12.75 ± 1.69

11.20 ± 2.75

11.00 ± 3.96

11.56 ± 3.93

6.72 ± 4.91*

Live fetus/litter (%)▲

99.67 ± 1.39

99.00 ± 2.88

99.23 ± 2.37

97.44 ± 6.62

79.79 ± 2.10*

87.50 ± 3.21*

Dead fetus/litter

0.06 ± 0.24

0.06 ± 0.25

0.05 ± 0.22

0.17 ± 0.51

0.17 ± 0.38

0.11 ± 0.32

Dead fetus/litter (%)▲

0.33 ± 0.01

0.57 ± 0.02

0.38 ± 0.02

1.17 ± 0.04

1.05 ± 0.02

1.39 ± 0.04

RF/litter

0.50 ± 0.71

0.88 ± 0.72

1.45 ± 0.76

2.17 ± 1.25*

2.72 ± 1.23*

7.22 ± 5.05*

RF/litter(%)▲

3.76 ± 0.05

6.21 ± 0.05

12.90 ± 1.07

19.16 ± 2.16*

19.47 ± 1.62*

50.93 ± 3.32*

ERF/litter

0.28 ± 0.46

0.88 ± 0.72

1.30 ± 0.73

1.28 ± 0.96*

2.11 ± 1.32*

1.50 ± 1.65*

ERF/litter (%)▲

3.15 ± 0.49

6.21 ± 0.50

12.90 ± 1.07

9.50 ± 0.76

20.25 ± 2.11*

10.79 ± 1.17

LRF/litter

0.17 ± 0.38

0.00 ± 0.00

0.15 ± 0.37

1.44 ± 1.34*

0.06 ± 0.24

5.72 ± 5.46*

LRF/litter (%)▲

3.88 ± 0.05

0.00 ± 0.00

1.02 ± 0.03

8.66 ± 0.08*

0.35 ± 0.01

40.14 ± 3.72*
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PIL/litter

0.67 ± 0.69

0.94 ± 0.68

1.50 ± 0.76

2.28 ± 1.13*

4.17 ± 2.38*

7.33 ± 5.04*

PIL/litter(%)▲

3.88 ± 0.05

6.75 ± 0.05

12.78 ± 1.10

24.90 ± 1.40*

20.34 ± 2.13*

51.65 ± 3.30*

EMF/litter

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

EMF/litter (%)▲

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

MBW/litter (g)▲

1.25 ± 0.22

1.26 ± 0.13

1.30 ± 0.19

1.16 ± 0.22

1.15 ± 0.36

1.19 ± 0.47

Note: Data were presented as M±SD, andthe differenceamong CX groups was analyzed by one-way ANOVA.
*p<0.05 - 0.001 compared with the G1 by student t-test.
▲Live

(dead) fetus/litter (%) = live (dead) fetus per litter / implantation site per litter ×100;

RF/litter (%) = RF (resorbed fetus) per litter /implantation site per litter ×100;
ERF (early resorbed fetus)/litter (%) = ERF per litter /implantation site per litter ×100;
LRF (late resorbed fetus)/litter (%) = LRF per litter /implantation site per litter ×100;
PIL (post-implantation loss)/litter (%) = PIL per litter /implantation site per litter ×100;
EMF (external malformed fetus)/litter (%) = external malformed fetus per litter/total live fetus per litter×100;
MBW (mean fetal body weight)/litter= total live fetal body weight per litter/live fetus number per litter.
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Table 3.5 Skeletal variations in 6 groups.
G2

Dosage (kg/day)
G3
G4

G5

251

269

240

220

262

121

10(3.98)

11(4.09)

11(4.58)

43(19.55)*

60(22.90)*

58(47.93)*

Rib (%)

0(0.00)

0(0.00)

2(0.83)

0(0.00)

0(0.00)

10(8.26)

Sternebrae (%)

1(0.40)

2(0.74)

6(2.50)

31(14.09)*

25(9.54)*

30(24.79)*

Limb (%)

9(3.59)

9(3.35)

4(1.67)

19(8.64)*

35(13.36)*

21(17.36)*

Parameter

G1

Fetus
Skeletal variation (%) ▲

G6

Variation ▲

Note:Data were analyzed by χ2-test (Pearson test: p<0.001).
*p<0.001/6=0.00017compared with the NC by Fisher’s exact test.
▲

Skeletal variation (%) = skeletal variation (malformation) fetus /total fetus per group ×100;

Fetus might have more than one type of skeletal variation.
Limb variation consists of ulna, metacarpal and phalangeal variation.
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3.4 Discussion
This study demonstrated that aqueous extract of CX could cause embryotoxicity
and teratogenicity. The percentage of post-implantation increased significantly
compared to negative control at and above 16 g/kg/day (equal to 14.4 times of human
daily dose). The percentage of fetal skeletal malformations increased significantly as
well by gavage during organogenesis in ICR mice at a dosage of 24 g/kg/day and 32
g/kg/day. Meanwhile, the maternal body weight gains at 24 g/kg/day and 32 g/kg/day
decreased significantly compared to negative control. This represent significant
maternal toxicity and this dose (equal to 28.8 times of human daily dose) would cause
abortion for pregnant mice. The results provided important toxicological information
for clinical application of CX.
There is a shortage of toxicological information of CX available. It was
demonstrated that oral administration of water extract of CX for 125 g/kg body
weight once did not result in any toxicological sign to mice resulting no detection of
oral LD50. The LD50 of ferulic acid (one active ingredient in CX was 866±29 mg/kg
in mice by intravenous injection. As described in introduction, The LD50 of aqueous
extract of CX to mice was 65.86 g/kg by intraperitoneal administration. The aqueous
extract showed cytotoxicity to three cell lines BALB/c 3T3, CHL and SL-7. These
data are not systematic enough to provide robust toxicological information of CX.
Furthermore, no single approach can definitely establish the safety or risk of
medicines. More reproductive toxicological studies need to be conducted to justify
safe use of CX during pregnancy such as testing in other animal species in order to get
complete toxicological information of CX. Developmental toxicity guidelines of
OECD and FDA also suggested that toxicological tests for embryonic and fetal
development should be conducted in both rodent and non-rodent animal species.
Aqueous extraction was kept as the main and basic pharmaceutical method for
herbal products although modern scientific technique provided refined extracting
methods. Extracting methods affect contents of chemical ingredients in the extract.
Herbal medicines from China have been transformed from localization to
internationalization in cultivation, processing, manufacture and marketing so as that
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many herbal products originally from China are being merchandised worldwide;
however, aqueous extraction is still the fundamental procedure to make herbal
products. The test substance in this study was aqueous extract complied with usual
clinical application. Stability and controllability of herbal extract are essential for
research on developmental toxicity. Based on this, safety evaluation of herbal
medicines would reach its meaning; otherwise, research results would cause
confusion and inconsistency. The extraction procedure was standardized and
stabilized in our laboratory in accordance with application of folk medicine.
The main active components in CX are volatile oil, alkaloids such as
tetramethylprazine, phenols such as ferulic acid, etc. Water extraction method
determined that volatile components were difficult to be stored for animal
experiments. It was known that tetramethylprazine was the main active component in
CX; however, tetramethylprazine was not selected as the chemical marker for CX in
this study because of its volatility and little quantity (about 0.001%). The contents of
ferulic acid in the tested aqueous extract were 129.85 μg/g (0.013%). According to
Xin Bian Zhong Yao Zhi, the total content of ferulic acid in CX is around 0.02%. The
test herb in this study reached the quality standard of which Xin Bian Zhong Yao Zhi
indicated.
The maximum recommended human daily dose of CX was 10 g according to
Chinese Pharmacopoeia. The selected low dose (2 g/kg/day) in this study was 1.8
times of human daily use. Very high dose (32 g/kg/day) was in non-practical level
because it would be too viscose for oral administration when the concentration of
aqueous extract exceeds 1.5 g/ml. This study focused on exposure during
organogenesis (the GD 6-16) to explore teratogenic effects; however, the rates of
post-implantation loss in negative control, 2, 16, 24 and 32 g/kg/day groups presented
dose-response relationship (3.88 %, 6.75%, 12.78 %, 24.90% and 20.34%) which
indicated embryotoxicity. The rate of fetal skeletal malformations in high dose group
increased significantly compared to that in negative control although the results of this
study did not find external malformations of CX aqueous extract in mice. It indicated
that aqueous extract of CX had embryotoxicity on and above the dose of 16 g/kg/day
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in mice. Furthermore, maternal body weight gains in 24 g/kg/day and 32 g/kg/day
group showed significantly lower compared with those in negative control, low and
middle dose groups and this dose level caused abortion for pregnant mice. It indicated
that 16 g/kg/day would not be a safe dose in pregnant mice if administering during
organogenesis.
As a demonstrated teratogen, vitamin A was used as positive control in this study.
The results confirmed once again that vitamin A was teratogenic if administered
during organogenesis in mice at certain doses and they were the same as other
relevant research results. Vitamin A is essential for human health which presented in
normal functioning of the retina, embryonic development, reproduction and bone
growth; however, excessive intake during pregnancy would be teratogenic to the fetus.
Based on all relevant research results, FDA recommended that the daily dose of
vitamin A for pregnant women must be lower than 8,000 IU.

3.5 Summary
This study aimed to assess the safety of CX in embryonic development. CX is
one of the common herb medicine used for blood-tonification. However, its
toxicological profile remains very limited. The quality of CX used in our study is
premise. The animal experiment was performed to explore its development toxicity
and the alternative invitro study was employed to quickly screen the contributing
toxic agent.
Aqueous extract of CX was prepared for this study to mimic its clinical
application. HPLC analysis of CX aqueous extract aimed to quality control the CX
used in the present study, and two main chemical constituents were employed for
quantitation as well. In addition, corresponding analysis was conducted according to
HKCMMS to exclude potential bias from toxicity caused by contamination such as
heavy metal and pesticide residue.
Previous animal experiments confirmed that intake of vitamin A 200,000 IU on
the GD 7, 9 and 11 resulted in adverse effects on pregnant mice and their offspring.
This segment II study demonstrated adverse effects on pregnant mice and fetuses
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could be observed with oral administration of CX aqueous extract dose higher than 16
g/kg/day (equal to 14.35 times of human daily). However, segment I and III study are
required to systematically explore the embryotoxicity of CX during other periods such
as pre-mating, cohabitation and mating, early pregnancy or pre-natal period.
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CHAPTER FOUR
The Impact of Rhizoma Chuanxiong in Biomarker
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4.1 Introduction[125-176]
The skeletal system is multifunctional in that it provides the rigid framework and
support that gives shape to the body, serves to protect delicate internal organs, endows
the body with the capability of movement, acts as the primary storage site for mineral
salts, and functions in hematopoiesis. The vertebrate skeleton comprises two main
subdivisions, the axial and appendicular components. The axial skeleton encompasses
the skull, spine, sternum, and ribs, whereas the appendicular skeleton defines the
bones of the extremities. The skull, in turn, is best regarded as consisting of two units:
the chondrocranium, whose elements first develop in cartilage and include the cranial
base and capsules surrounding the inner ears and nasal organs, and the cranial vault
and most of the upper facial skeleton, which arise from the direct conversion of
undifferentiated mesenchymal cells into bone.
Skeletal cells are derived from three distinct embryonic cell lineages: neural crest
cells contribute to the craniofacial skeleton; sclerotome cells from somite’s give rise
to the axial skeleton; and lateral plate mesoderm cells form the appendicular
component. Bone formation arising from a cartilaginous template is referred to as
endochondral ossification. This is a complex, multistep process requiring the
sequential formation and degradation of cartilaginous structures that serve as
templates for the developing bones. Formation of calcified bone on a cartilage
scaffold, however, occurs not only during skeletogenesis but is also an integral part of
postnatal growth, bone remodeling, and fracture repair. Intramembranous bone differs
from the endochondral component in that it is formed in the absence of cartilaginous
anlagen. Rather, it arises directly from mesenchymal cells condensing at ossification
centers and being transformed directly into osteoblasts. The organization and
morphology of the developing skeleton are established through series of inductive
interactions. The functional elements in these inductive and morphogenetic processes
are not individual cells but rather interacting populations that elaborate an extensive
extracellular matrix that, in turn, feeds back onto these matrix producing cells and
controls their differentiation potential. Over the past 15 years, considerable insight has
been gained into the molecular mechanisms that control these developmental
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programs. Genetic and biochemical analyses of human heritable skeletal disorders in
concert with the generation of transgenic and knockout mice have provided useful
tools for identifying key molecular players in mammalian skeletogenesis. It is the
nature and interplay of these signaling cascades controlling skeletal patterning and
cellular differentiation that will be the focus of this chapter.
At the beginning of skeletogenesis, mesenchymal cells proliferate and migrate
into the site. Condense and differentiation then occurs to form three cell types, namely,
chondrocyte, osteoblast and osteoclast, responsible for cartilage and bone formation.
Mesenchymal cells condensation is an indispensable process in the skeletal
development. Osteogenic and chondrogenic condensations are required for the
formation of

skeletal

structure.

Osteogenic

condensation

(intramembranous

ossification) occurs during embryonic development of cranial bones and the clavicle
by mesenchymal cell-derived osteoblasts. Chondrogenic condensation (endochondral
ossification) involves the formation of intermediate cartilaginous anlagen, then
ossification, eventually giving rise to the axial and limb skeletons. Three dimensional
patterning as a crucial event is simultaneous with mesenchymal condensations and
osteoblast/chondrocytes differentiation for vertebrate skeleton development.
The developmental sequence of an osteoblast phenotype has another two
consecutive phases after proliferation, including extracellular matrix maturation and
mineralization. Each phase involves the expression of a characteristic set of genes and
is necessary for the next. The production of type I collagen (a major collagen
constituent) takes place at an early stage of proliferation and differentiation of
osteoblasts. The expression of alkaline phosphatase (ALP) characteristically starts
immediately after the end of cell proliferation, and reaches a maximum before
commencement of matrix mineralization. Osteocalcin is produced by osteoblasts
during the matrix mineralization phase, its expression is strongly controlled by
1,25-dihydroxy-vitamin D. Plasma osteocalcin is thought to be directly derived from
osteoblasts. It has been estimated that up to 70% of the osteocalcin is secreted into the
blood, and the rest is incorporated into the bone matrix. Hence, osteocalcin is
classified as a marker of osteoblast activity and a marker reflecting the metabolism of
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bone matrix. ALP and osteocalcin are two non-collagenous indicators for osteoblast
activity offering a complement to the procollagen propeptides. Owing to type I
collagen, ALP and osteocalcin represent different developmental phases of the
osteoblast. Measurement of these markers would be a valuable approach to investigate
the status of the fetal skeleton development.
During proliferation and differentiation of osteoblasts, the cartilage template is
being converted into bone.Precursor molecule type I collagen is synthesized in
osteoblasts.Then activated by cleaving both termini, followed by carboxyl terminal
pro-peptide of type I pro-collagen (PICP) splitting off from the precursor, in a 1:1
ratio. The released PICP is incorporated into the extracellular fluid, becoming one of
the markers of bone formation. Under normal conditions, bone formation and
resorption are coupled processes. The resorption of old bone brings about the
cleavage of collagen by bone-specific proteases into smaller fragments, subsequently
released into the extracellular fluid. One of these fragments is cross-linked carboxyl
terminal telopeptide of type I collagen (ICTP), mainly derived from bone, which
make it a marker of bone resorption. Histomorphometry and calcium kinetic studies
indicate that the specificity of levels of PICP and ICTP in circulation make them ideal
markers in assessing bone change.
The entire of skeleton developmental process is complicated and is regulated by
various growth factors, receptors and signaling molecules. For instance, embryonic
bone development has been shown to be regulated by numbers of biological factors,
including BMPs, fibroblast growth factors (FGFs), the Wnt family of secreted
glycoproteins, and Indian hedgehog (Ihh)/parathyroid hormone-related peptide
(PTHrP) signaling, etc. Therefore, bone morphogenetic proteins (BMPs) play
dispensable roles in almost all aspects of bone generation.
Cell differentiation into chondrocytes or osteoblast,subsequent cartilage and
bone formation, and ultimatelyskeletal remodeling are processes governed by
variousgrowth

factors and

their

intercellular

signals.

TheBMP family

of

proteins,through a cascade of downstream signals, regulates manyaspects of skeletal
development, including osteoblast andchondrocyte differentiation, cartilage and bone
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formation, mesoderm patterning and craniofacial and limbdevelopment. In this review
article, we discuss some recentprogress in research on the role of BMP signaling in
vertebrate development, focusing on how a wide variety of ligands, receptors, signal
transducer Smads, and Smadregulators exert their effects on osteoblast and
chondrocyte differentiation, cartilage and bone formation.
BMPs, as growth factors, belong to the transforming growth factor (TGF)-β
superfamily. BMPs are synthesized as inactive precursor in the plasma before being
cleaved by special proteolytic enzymes. The bioactive dimeric BMPs are secreted
after dimerized with other BMPs. BMPs could bind to two major types of
membrane-bound serine/threonine kinase receptors, type-I and type-II receptors. After
binding with their receptor, the phosphorylated type-I receptors transduce the signals
to downstream target proteins, such as Smad. Different Smad proteins could transduce
signals of different members of TGF-β family. The BMPs-special Smad such as
Smad1, 5, 8 transduce signals of BMPs. The phosphorylated Smad1, 5, 8 proteins
oligomerize with Smad4 in the cytoplasma and then translocate into nucleus where
they regulate transcription of various target genes related to osteoblast differentiation.
In addition to the well-characterized BMP-Smad signaling pathway, BMPs also
activate the MAPK pathway, and the signaling molecules such as ERK1/2, p38 and
stress-activated protein kinase/Jun N-terminal kinase, etc. are involved. These
activated MAPK molecules have been demonstrated to be essential for osteoblast
differentiation such as ALP activation and osteocalcin expressions. Additionally,
inhibitory Smad (Smad7, 8) with the ability of binding BMPR-I could compete with
Smad1, 5, 8 for activation, resulting in inhibition of BMPs signals. There are also an
array of extracellular antagonists including Glypican3, Noggin, Chordin, Cerberus,
and Follistatin modulating the effects of BMPs by binding to BMPs and blocking
their binding to receptors.Through those ways, the activation of BMPs signaling is
well maintained, and the skeletal morphogenesis is regulated precisely. Since nearly
every aspect of skeletogenesis is regulated by BMPs, including osteoblasts
proliferation and differentiation, the synthesis of type I collagen is also influenced by
BMPs signals. Runx2, one of the downstream effectors of BMPs, is an important Runt
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domain transcription factor that regulates osteoblast-specific gene expression. It could
induce expression of several bone matrix proteins including osteocalcin, type I
collagen and ALP, etc., all of which serve as makers relevant to bone morphogenesis.
In view of that, BMPs is crucial for the entire skeletal development process, and
locates in upstream of signaling pathway. It is thought that abnormal expression of
BMPs family members might influence the downstream pathway and could be
causative for the abnormal skeletogenesis (Table 4.1).

Table 4.1 Different functions of BMP family members
BMP family member
BMP-2
BMP-3
BMP-4

Mutation on mouse
Lethal before formation of the skeleton. Defects in amnion,
chorion, and cardiac development
Viable with increased trabecular bone density.
Early embryonic lethal with defects in development of the
mesoderm
Mouse short ear locus. Mice are viable with defects in

BMP-5

growth and patterning of skeletal elements. Also have
impaired fracture repair

BMP-6
BMP-7

Viable mice with skeletal elements indistinguishable from
wild type mice. Delay in ossification of the sternum
Perinatal lethal with defects in kidney and eye development.
Duplicated genes (BMP8a and BMP8b) in mice; defects in

BMP-8

skeletogenesis, spermatogenesis or placental development.
Also patterning defects in ribs, skull, and limbs
Skeletal formation in cervical vertebra and thoracic vertebra.

BMP-11

Stimulates bone formation in both bone mineral content and
bone mineral density by increasing osteoblast cell functions
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Our previous finding suggests that ossification delay is frequently seen in
sternum and smaller long bone in CX treated group, but no abnormal structure of
axial skeleton was observed, which could relate to the fact of that different BMPs
family members are responsible for different part or stage during entire regulatory
process. For example, the expression patterns of BMP-2, BMP-4, BMP-7 and BMP-9
are commonly referred to as the osteogenic BMPs, due to their potent bone-inducing
activity. Mice lacking in BMP-6 manifest as reduced long bones size and delayed
sternal ossification. BMP-11 exhibits key effects in skeletal patterning, as the normal
anterior-posterior patterning of the axial skeleton is altered because of mutant of
BMP-11.Mice knocking-outbmp-8 duplicated gene (bmp-8a and bmp-8b) showed no
skeletal phenotype and defects in spermatogenesis or placental development. These
lines of evidence indicated that members of BMPs required for normal skeletal
formation in the skull, axial skeleton and limbs.
Furthermore, evidence suggests that cytokine is also connected to the fetal bone
development. Distinct cytokine signaling pathways such as STAT4, STAT6, GATA3,
TGF-β and ROR-α are associated with BMPs superfamily, they are able to convert to
other lineages, therefore, the signaling pathways of Th1/Th2/Th17 cytokine are very
complex. These signaling pathways have both functional effects to regulate cytokines
or bone markers’ expression and activity.
Previous researches reported Th2 cytokines such as IL-4, IL-6 and IL-10 can
promote osteoblast as well as suppress osteoclast during the fetal bone development.
IL-4 is a T cell derived multifunctional cytokine that plays a critical role in the
regulation of immune responses. IL-4 induces Th2 differentiation, causes macrophage
suppression, and stimulates B cell production of Immunoglobulins E, G1 and G4.
IL-4 activates two distinct signaling pathways through tyrosine phosphorylation of
signal transducer and activator of transcription 6 (STAT6). STAT6 not only as a
transcriptional activator promoting Th2 development, but also in fine-tuning
alternative signaling pathways which are involved in the initiation of Th2 polarization.
It plays a central role in exerting IL-4-mediated biological responses.
IL-10, also known as human cytokine synthesis inhibitory factor, is an
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anti-inflammatory cytokine which encoded by the IL-10 gene. IL-10 signaling
pathway was through a receptor complex consisting of two IL-10 receptors which
were consisted of functional molecular receptor, and sustained by two relative
proteins. IL-10 binding induces STAT3 signaling via the phosphorylation of the
cytoplasmic tails

of two different IL-10 receptors by JAK1 and Tyk2

respectively.IL-10 is a key cytokine with multiple effects in immunoregulation and
inflammation. It can downregulate the expression of Th1 cytokines, block NF-κB
activity, and be involved in the regulation of the JAK-STAT signaling pathway.
Little is known, however, about the specific effects of CX on fetal bone. To date,
only our previous study indicated that prenatal CX exposure impairs fetal bone
formation, but the mechanism remains unclear. Therefore, the typical phases and
changes in key bone regulatory factors needs be investigated to explain the bone
variations caused by CX.

4.2 Experiment
The groups of pregnant mice were the same asmentioned in chapter 3.The
embryowas collected on the GD16, at the end of exposure day to test herbal decoction.
After quantification of total protein in embryo homogenate, the samples were used to
test the bone developmental and regulatory markers contents by ELSIA. All the
procedures were performed in accordance with the manufacturing introductions. The
methods were described in detail in the Chapter 2.

4.3 Result

The inter-assay coefficients of variance (CVs) were 2.13%-4.80% as
evaluated by assaying 4 replicates of each sample in a single assay.
The results of PICP, ICTP, Bone-ALP, the Gdf-5, BMPs, BMP-6, BMP-8 and
BMP-11 level in fetal tissue homogenate were shown in Table 4.1.The contents of
bone formation marker PICP of G5 groupwassignificantly lower than theNC group
(p< 0.05), while thereisno significant difference in the level of bone degradation
markers ICTP between G5and G1 group. The level of Bone-ALP in fetal tissue was
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decreasedwhenexposed to G5 during organogenesiscompared with the G1 group, but
there was no significant difference.
In fetal tissue, concentrations of BMPs in G5 group were decreased significantly
compared the G1 group (p< 0.05). The content ofthe Gdf-5in fetal tissue was
significantly lower in the G5 group than the G1 group (p< 0.05) (Table 4.2). Also, we
found the concentrations of IL-4 and IL-10 receptor (IL-10r) in G5 group were
decreased significantly compared the G1 group (p< 0.05) (Table 4.3).
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Table 4.2 Comparison of Biomaker in fetal tissue between G1 and G5 groups
Parameters

G1 (n=18)

G5 (n=18)

PICP

728.52 ± 83.69

627.54 ± 58.99*

ICTP

1.12 ± 0.14

1.15 ± 0.12

B-ALP

15.86 ± 2.11

15.14 ± 1.38

BGP

99.61 ± 3.54

90.99 ± 7.99*

Gdf-5

1.59 ± 0.13

1.49 ± 0.13

BMPs

54.00 ± 8.21

50.25 ± 6.56*

BMP-6

1.40 ± 0.18

1.30 ± 0.14*

BMP-8

0.43 ± 0.04

0.46 ± 0.05

BMP-11

0.59 ± 0.08

0.55 ± 0.05*

IL-4

919.74 ± 190.51

819.06 ± 114.63*

IL-4r

416.54 ± 87.16

427.25 ± 50.47

IL-10

306.32±40.49

323.55 ±35.83

IL-10r

219.95 ± 32.18

184.13 ± 32.99*

Note:Data were presented as M±SD (ng/g), and analyzed by student t-test.
*p<0.05 compared with the G1 group.
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4.4 Discussion [151-162]
In the former chapter, the results showed that the CX aqueous extract at very
high dose level (32 g/kg/day) could produce fetal development toxicity with
significant skeletal variation. The obvious manifestation of skeletal structure
abnormalities included sternebrae and digit formation defects, etc.In this chapter, the
level of bone formation marker, PICP, in fetal tissue, was markedly lower in the CX
32 g/kg/day group when compared with the negative controls. The data showed that
the ICTP level in the fetal tissue was not affected significantly by herb treatment.
PICP and ICTP represent by-product of type I collagen formation and
degradation, respectively. It is well accepted that the extracellular matrix of bone is
composed mainly of type I collagen.Thus, measurement of the rate of type I collagen
may reflect the rates of bone metabolism formation and degradation. Although type I
collagen are also present in other sites, including skin, connective tissue, and uterine
tissue, bone histomorphometrystudies have shown that type I collagen propeptides
from most non-skeletal tissues contribute verylittle to the circulating propeptide pool.
Therefore, our data indicated that the CX administration influenced the fetal bone
formation rather than resorption.
Studies showed that during human gestation period, the markers of bone turnover
in umbilical cord blood increases with gestational age. PICP decreases in early
pregnancy, with a nadir at 12 weeks, followed by a steady rise throughout pregnancy,
peaking at 38 weeks. ICTP collagen is maintained at a steady-state level until 14
weeks, after which it rises throughout pregnancy to peak levels near term. Moreover,
our previous showed that the fetal body weight of CX treatment group was lower than
that in the negative control group, and the fetal growth retardation was consistent with
the abnormal bone formation.
ALP and osteocalcin produced by osteoblast can be used as indicators for
different development phase, matrix maturation and mineralization respectively. At
the same time, bone formation markers deserved equal attentions. In the present study,
data showed that the contents of ALP and osteoclacin from fetal tissue and amniotic
fluid were decreased by CX aqueous extract long-term exposure to pregnant females.
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It is suggested that oral administration of CX (32 g/kg/day) during organogenesis not
only affected the proliferation of osteoblasts, but was also impacting on the
extracellular matrix maturation and mineralization. The declined levels of PICP and
osteocalcin suggested the decrease of both collagenous and non-collagenous
constituents of the extracellular matrix of bone, which very likely resulted in
abnormal skeletal development. In the present study, the changes of bone marker were
consistent with the observation.
The bone formation is under regulation by several growth factors, therein BMPs
are one of the most important groups involved in nearly every physiological event.
The abnormal expression or dysfunction might give rise to skeletal structure defect. In
our study, the BMPs concentration from the fetal tissue was much lower in CX group,
when compared withthe negative control. As mentioned previously, the lower
expression of BMPs in CX group might induce undesired results, which was
confirmed by the skeleton variants observed in CX aqueous extract group.
BMPs are critical determinants of the embryological development in mammal.
During embryogenesis, BMPs regulate dorsal-ventral patterning, establishment of
embryonic body plan, cell apoptosis, differentiation of neural cell, patterning of the
limb bud and epithelial-mesenchymal interactions. In the present study, we pay more
attentions to the toxic effects of CX on fetal skeletogensis and its mechanism. The
main and common skeleton variations produced by CX include delayed ossification of
sternum and phalanges, and loss of skeletal elements in the limbs. Therefore, we
focused on the expression of the specific BMP family members responsible for this
abnormality.
Current evidence demonstrated that mice lacking Gdf-5showed severe reduction
or loss of some skeletal elements in limbs, additional fusions between skeletal
structures, scoliosis, and altered cartilage in the intervertebral joints of the spinal
column. Unfortunately, the experimental observation time ended before birth, so
whether or not the impact on bone to be normalized after birth is unknown. Moreover,
the impact on function of reproductive system and nervous system remained to be
explored in the future studies.
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BMPs regulate many processes in the embryo, including cell differentiation,
patterning,

apoptosis,

and

epithelial–mesenchymal

interaction.

While

the

canonicalsignaling cascade has been elucidated, the specificities of the signals
induced by BMPin bone and cartilage cells.Since BMPs transduce disparate responses
in differentcell types, it is important to understand the specificitiesof distinct receptor
molecules in craniofacial, axial, and limb development.Moreover, the identification of
related signaling pathways may helpto understand the roles of BMPs in skeletal
development. It will also be important to identify proteins thatcooperate with BMPs in
signal transduction duringskeletogenesis. Modulation of the activities of BMPsmay be
useful in establishing new approaches to the explanation of a variety of bone and
cartilage disorders, which were found in our previous animal studies.
There is evidence suggests that cytokine is also connected to the fetal bone
development. Distinct cytokine signaling pathways such as STAT4, STAT6, GATA3,
TGF-β and ROR-α are associated with BMP super-family, they are able to convert to
other lineages, the signaling pathways of Th1/Th2/Th17 cytokine,therefore, are very
complex. These signaling pathways have both functional effects to regulate cytokines
or bone markers’ expression and activity. Previous researches reported Th2 cytokines
such as IL-4, IL-6 and IL-10 can promote osteoblast as well as suppress osteoclast
during the fetal bone development.
Moreover, our data showed that the levels of all these bone development markers
in the fetal tissue correlated with those results from animal studieson the day 16 in
each group, which meant changes in the level of bone-markers was reflected in fetal
bone malformation which is consistent with the present data.

4.5 Summary
Skeletal structure deficiency is one of the major manifestations of developmental
toxicity. PICP and ICTP serving as markers of bone formation and degradation were
employed to detect the status of fetal bone development in our study. Our data
indicated the lower levels of PICP in fetus tissue from CX group were consistent with
the observation of the compromised bone formation in CX group. The decrease in
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ALP-Bone and osteocalcin content indicated interruption in bone matrix maturation
and mineralization by CX. There was no difference of ICTP concentrations among
two groups, which suggested that the bone degradation might not be influenced by the
herb, even at very high dose level during organogenesis. As regulator of skeletal
development, BMPs play dispensable roles in every aspect during developmental
process. The low expression of BMPs in CX group resulted in decreased type I
collagen synthesis, eventually bone formation abnormalities. Individual BMP family
members might have the specific expressed sites and work for different aspect of fetal
skeleton development. Current skeleton screening further confirmed their functions.
As cytokines, the concentrations of IL-4 and IL-10 receptor in CX group were
decreased significantly compared the NC group, which might suggest the influence of
CX administration on fetal bone development could have also been through the
regulation of cytokine network as well. In addition, because of multi-roles of BMPs in
embryogenesis, future studies are required to explore whether or not other systems are
also involved.
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CHAPTER FIVE
The Impact of Rhizoma Chuanxiong in Metabolites
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5.1 Introduction [177-185]
Metabolomics method has been applied to the study of CX herb. Previous studies
have reported using global metabolic profiling with ultra-high-performance liquid
chromatography

coupled

to

quadruple

time-of-flight

(UHPLC-QTOF/MS) to perform a comparative

mass

spectrometry

metabolomics analysis

on

hematopoietic functions of CX. Other reported to use comprehensive two-dimensional
gas chromatography / time-of-flight mass spectrometry (GC x GC/TOF MS) profiling
method to analyze the volatile oils of 23 kinds of CX. samples from 4 different
regions. As a systemic approach, metabolomics adopts a “top-down” strategy to
reflect a complex aggregate and shows high practicability in both studies. So far there
is a shortage of information of metabolomics applied to thedevelopmental toxicity
assessment of CX. Thus, a global metabolic profiling analysis was used in our study
for the assessment of CX extract.

5.2 Experiment
The groups of pregnant mice (G1 group and G5 group) were the same
asmentioned in chapter 3.Fetuses were collected on the Gd16, at the end of exposure
day to test herbal decoction. After quantification of total protein in fetus homogenates,
the samples were extracted then used to profiling all metabolites and bio-compounds
by 6540 UHD Accurate-Mass Q-TOF LC/MS detector (UHD Accurate-Mass Q-TOF
LC/MS). The methods were described in details in the Chapter 2.

5.3 Result
6540 UHD Accurate-Mass Q-TOF LC/MS was used for the analysis. Visual
inspection of the base peak intensities (BPI) chromatograms (Figure 5.1) indicated
that CX treatment induced differential metabolic changes in fetal tissue as
exemplified by appearance of new ion peaks or an increase/decrease in peak
intensities. For metabolomic analysis, bilinear factor models that are most commonly
used are principal component analysis (PCA, an unsupervised analysis based only on
the explanatory variables). The chromatographic data were collected and processed
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using the MassHunter Qualitative Analysis Software (Agilent Technologies, USA).

Fig 5.1 6540 UHD Q-TOF LC/MS chromatograms showing treatment-related
variations between NC and CX groups. Certain ion peak intensities changes
were observed. These ion peaks were further identified as the targeted
components.

A PCA scores plot (constructed of two components PC1 and PC2, explaining
48.74% of the variance) was showing samples clustered into different groups with
minimal variation within groups. The PCA models provided a global and qualitative
visual representation of similarity/dissimilarity between and within the samples (on x-,
y- and z-axes respectively), without using class information: all the negative control
group samples are grouped together and significantly separated from the CX
treatment samples (Figure 5.2).
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Figure 5.2. PCA scores plot of a representative experiment. The plot was computed
using a two components model (PC1 and PC2) which explain 48.74% of
the variation and provide a qualitative visual representation of
similarity/dissimilarity between two groups.
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Table 5.1. Selected, tentatively identified metabolites according to the variable importance analysis by PCA

Formula
C17H21Cl2N
C10H19N O4
C13H21N S2
C26H53N13O6S2
C6H12O3
C7H19Cl N4O3
C11H20O5
C20H32O5
C23H37N3O4
C17H32O S
C36H44O4S
C22H24N14O6S
C20H32O2
C23H37N3O4
C25H34Cl NO2S2

RT
(min)
0.86
1.97
3.26
7.47
7.63
9.48
11.64
17.41
19.38
22.40
23.19
24.13
24.39
24.51
25.01

VE
(+/-)
+
+
+
+
+
+
-

Expected
Mass
309.11
217.13
255.11
507.36
132.08
242.11
232.13
352.22
419.28
284.22
572.30
612.17
304.24
673.51
479.17

Measured
Mass
309.12
217.12
255.10
507.35
132.08
242.11
232.12
352.21
419.29
284.21
572.30
612.18
304.24
673.50
479.16

Error
(PPM)
0.42
0.38
0.66
0.10
0.16
0.12
0.64
0.17
0.27
0.34
0.11
0.21
0.13
0.19
0.25

Fold
Change
up
up
up
down
up
down
up
down
up
down
up
up
down
up
up

Note: RT: retention time.The MS analysis system identified each characteristic metabolite corresponding to the featured
peaks and ions in the METLIN database (http://metlin.scripps.edu) and U.S. National Institute of Standards and
Technology database (http://www.nist.gov/) after the targeted profiling data were generated by PCA analysis.

109

5.4 Discussion [186-192]
The results obtained for metabolomics studies showed that CX treatment is able
to trigger differential fluctuations in the metabolome of fetuses, further promoting
changes in the biosynthesis of a broad range of secondary metabolites. Since the
obvious incident of bone malformation observed in G5 group, instead of all variations
found and listed in the Table 6.1.
Phospholipases A2 (PLA2) constitutes a large family of enzymes that hydrolyze the
sn-2 position of membrane phospholipids to generate arachidonic acid. Arachidonic
acid (AA) is a polyunsaturated omega-6 fatty acid presented in the phospholipids
(especiallyphosphatidylethanolamine,phosphatidylcholine,and

phosphatedylino-

sitides) of membranes of the body's cells, and is abundant in the brain, muscles, liver
and bone. The Chemical formula of AA is C20H32O2 and its molecular mass is 304.47
g·mol−1. In addition to being involved in many cellular signaling as signaling enzymes
regulators, AA is a key inflammatory intermediate and can also has major effects on
bone. Previous work has suggested that AA acts as directly to osteogenesis and
osteoclastic function. Although AA is known to exert direct functional effects in vitro,
it is also further metabolized by cyclooxygenase (COX) enzymes to produce
prostaglandins and lipoxygenases (LOX) to produce hydroxyeicosatetraenoic acids
(HETEs) and leukotrienes (Fig 5.3.).
It has been reported that AA might affect osteogenesis in osteoblasts through
Prostaglandin E2 (PGE2)-mediated. PGE2 is the most physiologically abundant
eicosanoid, which is produced predominantly from arachidonic acid by COX and
PGES, and exists at some level in nearly all cell types. The formula of PGE2 is
C20H32O5 and its molecular mass 352.465 g·mol−1. PGE2 is one of the major
downstream products of AA; which has been observed to be implicated as a
messenger for the action of calcitonin; which suggests that inhibition of osteoclastic
resorption is a major physiological role of PGE2 production in bone.
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Fig 5.3 Metabolic pathways of Arachidonic Acid.

The relative quantitative analysis of Arachidonic Acid and Prostaglandin E2 were
carried out by the Agilent MassHunter profiling data set from UHD Accurate-Mass
Q-TOF LC/MS analysis and the results are shown in the Table 5.2.

Table 5.2 Comparison of the targeted compound between G1 and G5 groups.
Compound

Group

Formula

RT

Arachidonic
acid
Prostaglandin
E2

G1
G5
G1
G5

C20H32O2
C20H32O2
C20H32O5
C20H32O5

24.39
24.40
17.41
17.42

Average
Mass
304.2405
304.2403
352.2237
352.2232

Relative Peak
Height
156170± 1495
132721± 1788*
41095± 949
30860± 1256*

*p<0.001 compared with the G1 group by student t-test.

Two targeted components AA and PGE2 were significantly decreased in the
Group 5 when compared to Group 1 (p < 0.001). It indicated that CX aqueous extract
might down-regulate above biomarkers and metabolites during fetal osteogenesis.
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5.5 Summary
The metabolites between two-group samples were significantly different (explained
48.74% of the variance), and two targeted components AA and PGE2 were
significantly decreased in the Group 5 when compared to Group 1 (p < 0.00). It
indicated that CX aqueous extract might down-regulate above biomarkers and
metabolites during fetal osteogenesis.
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CHAPTER SIX
General Discussion and Further Study
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6.1 General discussion
6.1.1 Quality control of Rhizoma Chuanxiong[193-194]
It is well known that the species of CH are variable and their chemical
components are complicated. Unlike that of drug products with a single chemical
entity, it is very complexand difficult to clearly identify and standardize specific
active constituents within herbal medicines. Designated amount or percentage of a
certain chemical componentsshowed therapeutically effects is the key part of
standardized preparation.
Herbal medicines have been used worldwide for many centuries and are becoming
increasingly popular in developed countries. The concernsregarding their safety and
efficacy have grown as a result. Authentication is fundamental for standardization and
reliability of herbal medicines. When the authentication of a particular herb has been
conducted, several factors can affect the quality of it according to the specialty of
herbs such as the place of growth, the season of collection, the process of preparation,
etc. The same herb has to be tested and examined according to GLP requirements
until the result is relatively stable and the tested agents are able to represent its
properties. Therefore, qualitative and quantitative authentication of herbal medicines
for their characters, physical, chemical and microscopic features, and percentages of
active components has become an urgent issue. Application of modern techniques
such as HPLC, GC-MS, TLC, etc. to analyze effective constituents of herbal
medicines is important and essential in order to draw a stable conclusion which can be
internationally recognized. For the establishment of batch-to-batch conformity, this
principle must be applied: the less relating to the therapeutic actions of herbal
constituents, the more must quantitative tests be replaced by qualitative tests, such as
chromatographic fingerprinting in different polarity ranges or, if applicable, by
physical tests.
Due to variety of Chinese medicines’ chemical components, it is also necessary to
do research on multidimensional levels of these herbs. Application of herbal formulae
clinically is a unique feature of Chinese herbal medicines although stability of active
components in herbal formulae could be very difficult to be maintained. As important
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as authentication of single herbal medicines, research on herbal formulae should be
firstly applied in authentication of all ingredients of them as well. Secondly, stability
of percentage of all ingredients in the herbal formula must be obtained in order to
secure repeatability of experiments. Although there may be many Chinese herbal
formulae in use, future evaluations must be of much higher quality so that better
evidence-based decisions can be made for clinical value.
In this study, all the herb medicines were purchased from a registered and
authorized pharmaceutical company. The authentication of herb medicines was
performed by traditional Chinese medicine experts from School of Chinese Medicine,
Hong Kong Baptist University. The raw herbs were extracted with water over 3 times,
strictly following the standardized preparation applied in clinic. According to the
recommendation of Chinese Pharmacopeia (2010) and The Hong Kong Chinese
Materia Medica Standards (HKCMMS), targeted mark constituents as ferulic acid (FA)
and Z-ligustilide (Z-LIG) in CX were qualified and quantified following the standard
operation procedure by using HPLC. Only the content of each reference material
fulfill the requirements by guidelines can be further used to perform in vivo
andmetabolomicsstudies. For the consideration of complex agriculture and processing,
etc. factors of raw herb, the external contamination with heavy metals and pesticide
residues examination was performed. In general, the CX decoction was found to be
free from the common pesticide residues and heavy metals. Therefore, any observed
toxicity in the studies could be resulted from the potential embryonic toxicity of the
intrinsic constituents of CX.

6.1.2 Safety assessment of Rhizoma Chuanxiong[195-196]
When experiment attempted to demonstrate the increased incidence of
anydevelopmental toxicity endpoint was relevant to the exposure of certaincomponent,
apart from spontaneous incidence, the agent could be suspected of being a
developmental toxicant. Furthermore, the agent could be a suspected teratogen, when
the increased endpoint was congenital malformations.
To place accurate determination of developmental toxicity, hereinafter issues
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should to be addressed properly. it is important to determine whether the findings
from developmental toxicity tests display a dose-response. When the findings are
statistically significant in the higher-dose group(s), a positive dose-response is a
strong proof for developmental toxicity. When the findings showed dose-response
relationship without statistical significance, higher dosage could be designed in the
future research. The possible rate of malformed fetuses naturally occurring in mice
must be lower than 3% and this is the case in the negative control group in present
segment II study.
Moreover, the determination of whether all malformations were caused by test
agents is essentially important. Experiment animals havetheir own reference
probability of spontaneously occurring malformation incidents. As the matter of facts,
if malformations arose in the absence of a dose-response, they might be spontaneous
in origin. When rare malformations do occur, assessment of the laboratory’s historical
control data is required to build up for comparison. The entire negative control data
was established in our laboratory as a reference. The data from developmental toxicity
tests could be confounded by a tendency of the fetuses of a given litter to exhibit
similar endpoints, thereby artificially increasing the apparent incidence of any given
endpoint. However, quality control of our animal experiments required the same
baseline of test species, so we supposed maternal environments at the beginning of
any experiment were the same. The major endpoints (e.g., death, malformation,
growth retardation) may be related to each other showing that the presence of one
precludes the presence of others. In other words, it is possible for an agent to cause
embryo or fetal deaths, but not malformations. This is an important consideration
while evaluating developmental toxicity; however, it is not the case of which
happened in the test herbal extracts in the in vivo studies here.
In addition, whether or not the dam experienced maternal toxicity during
gestation could be a factor related to developmental toxicity. The developmentally
toxic effects of a test agent are usually considered to be those produced in the absence
of maternal toxicity. When toxic or adverse fetal effects happen in litters from females
that experienced obvious maternal toxicity, the fetal effects may have been produced
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either directly or indirectly. If adverse fetal effects appeared at doses that caused only
minimal maternal toxicity, the findings should not be interpreted to have been caused
by the maternal toxicity. Maternal toxicity of low body weight gains in chapter 5 was
associated with a high incidence of alterations such as retarded ossification of
sternebrae and phalanges, or reduced fetal body weight. The findings suggest that
both the embryo and the mother are susceptible to the same dose of the test agent. On
the other hand, the appearance of maternal toxicity in a pregnant dam does not assure
that adverse fetal effects will occur, because some agents at a certain dose showed
profound maternal toxicity, but exert no apparent adverse effects on offspring.

6.1.3 Animal study of Rhizoma Chuanxiong
The endpoints for assessing maternal toxicity include maternal death, abortion or
resorption of litters, reduced maternal body weights or body weight gains, the
presence of clinical signs, etc. Theoretically, animals in the high-dose group of the
definitive developmental toxicity study should exhibit mild maternal toxicity, but
practically, evaluation on herbal medicines usually could not comply with this
principle due to their variety of constituents.
Maternal body weight and body weight gain data are sensitive indicators of
maternal toxicity. In many test species, these endpoints are usually the basis for
determining the NOAEL of maternal toxicity. Decreases in mean maternal body
weights during the treatment period are normally the result of either toxicity of the
test substance or decreased food consumption. Generally, test substance-induced
reductions in maternal body weights or body weight gains are dose-related. To assess
a possible substance-induced effect on the pregnant females alone, the starting body
weight of the females should be compared with their corrected maternal body weight
(terminal body weights minus gravid uterine weight). This removes the variability
presented by the differing uterine weights between those animals that experienced a
high proportion of resorption versus those that bore a litter to term. This issue
reflected CX study in chapter 5 which maternal body weight gain showed dose related
decreases in three-dose groups.

117

Decreased food consumption is another indicator of possible maternal toxicity.
This could be observed soon after the initial exposure, or it might require repeated
exposures before becoming obvious. To determine whether the decreased food
consumption is caused by a maternally toxic effect of the test substance, a food
efficiency index (FEI) may be used for each group. The FEI is the grams of food
consumed per gram of body weight gained and it is considered to be a measure of
how effectively food is used by the animal. If the FEIs for the treated and control
groups are similar, a maternally toxic effect is unlikely. Due to no apparent difference
of all treated groups in food consumption, the FEIs did not apply in current animal
experiments.
In the present study evaluating the toxicity of CX on embryonic development
toxicity in mice, the developmental outcome such as a decrease of fetal mean weight,
increase of post-implantation loss rate and birth defect, etc. occurred in the presence
of significant reduction in maternal body weight gain as evident in the CX 24
g/kg/day and 32 g/kg/day treatment groups.

6.1.4 Biomarker study of Rhizoma Chuanxiong [197]
Among developmental outcomes (e.g., embryo death, morphological defects,
malfunction, and growth retardation, etc.), skeletal alteration is one of the very
important parameters for assessing embryotoxicity. As we know, during fetal in utero
development, bone morphological changes are the most prominent. Once the embryo
survived from the early environment factors’ challenge, the morphological defects and
skeletal variations are the main manifestations. Commonly,malformation as
permanent structural changes was considered to be harmful to survival, development,
or function, while variation is a slight change different from the usual structural
constitution, which may not have adverse effects. There is no accurate classification
to differentiate malformations and variations, to some degree, because there is a
continuum of responses between normal and abnormal development. In our previous
work, the alterations could be mainly subdivided by distinguishing between
alterations that result in developmental delays and structure changes. A delay in
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ossification is usually apparent and occurs frequently in regions such as fifth sternebra,
phalanges, etc. These delays are commonly associated with decreases in fetal weight
and maternal body weight gain because of high-dose test agent administration.
Evidence from this study indicates that very high-dose (32 g/kg/day) of CX water
extract administration produced various skeletal variations including metacarpal
missing, completely unossified phalangeal, and sternum with major anomalies which
are the most prominent compared with the negative control.
The fetal skeletogenesis involves intramembranous and endochondral bone
formation, in which intramembranous and endochondral ossiﬁcation takes place.
Intramembranous ossification occurs during embryonic development of the flat bones
of the cranial vault and parts of the clavicle. Endochondral ossificationis is an
indispensable process for axial and limb skeletons formation. Along with ossification,
osteoblasts proliferate and differentiate, mature, and secrete collagen I and other
bone-specific molecules, including alkaline phosphatase (ALP), osteocalcin indicating
matrix maturation and mineralization. In the present study, the level of PICP, one of
the metabolites of collagen I, as well as ALP, osteocalcin were markedly lower in the
CX 32 g/kg/day treatment group than the negative controls, which might have
indicated that the all three bone development phases: proliferation, matrix maturation
and mineralization were influenced by CX administration during organogenesis. The
change in bone markers coincided with the observation in skeleton detection.
Nearly every aspect of skeletogenesisis regulated by bone morphogenetic
proteins (BMPs) signals. Each BMP family member has its special contribution or
synergistic effects with another member during fetal bone development.
Lines of evidence indicated that mice lacking the Gdf-5and the Gdf-6 manifests
as severe reduction of some skeletal elements in the limb. Furthermore, BMPs are
also responsible for a series of physiological events during embryonic development. It
has been demonstrated that BMP-8 knockout mice accompany with other altered
biological consequence such as germ cell degeneration and deficiency and infertility.
Except for controlling anterior-posterior patterning of the axial skeleton, BMP-11 also
plays a key role in mesodermal and neuronal tissue pattering. In the present study, the
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BMP-6 expression was significantly decreased by of CX extract treatment, which did
not impact on the expression of BMP-8 and BMP-11 in fetal tissue or amniotic fluid.
Ossification delay is frequently seen in sternum and smaller long bone in CX treated
group, but no abnormal structure of axial skeleton was observed, which could once
again confirm the previous finding. Moreover, there was no pathological finding
involving the reproductive system and nervous system of fetuses during visceral
examination, which is in accordance with the negative results of BMP-8 and BMP-11
expression.
Furthermore, evidence suggests that cytokine is also connected to the fetal bone
development. Distinct cytokine signaling pathways such as STAT4, STAT6, GATA3,
TGF-β and ROR-α are associated with BMP super-family, they are able to convert to
other lineages, therefore, the signaling pathways of Th1/Th2/Th17 cytokine are very
complex. These signaling pathways have both functional effects to regulate cytokines
or bone markers’ expression and activity. Previous researches reported Th2 cytokines
such as IL-4, IL-6 and IL-10 can promote osteoblast as well as suppress osteoclast
during the fetal bone development. In present study, the concentrations of IL-4 and
IL-10 receptor in CX group were decreased significantly compared the NC group,
which might suggest the influence of CX administration on fetal bone development
could have also been through the regulation of cytokine network as well.

6.1.5 Metabolites analysis of Rhizoma Chuanxiong
Metabolomics and metabolomics techniques have sufficiently matured over the
past decade to enable utilizationof these methods for multiple and diverse projects
and studies in biology and biomedicine. The complexity of Chinese medicine studies
met the requirement and advantage of this technology. Chinese herb medicine is
composed of complex components, and has multiple roles when applied in living
systems. In spite of the complexity of the constituents of Chinese herb medicine, it is
difficult to study the mechanism of action by using traditional analytical methods.
On the other hand, metabolomics, a method used to quantitative measurement of the
dynamic

multi-parametric

metabolic
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response

of

living

systems

to

pathophysiological stimuli or genetic modification, and now it provides new insights
into the effects of diet, drugs and diseases and. Previous researches have shown that
metabolomics has been applied widely and successfully to disease diagnosis,
pharmaceutical research, biomarker identification, evaluation of drug efficacy and
toxicity, and other related topics. Thus, metabolomics can monitor metabolic
responses in complex biological systems such as Chinese herb medicine. Metabolite
profiling of biological samples combined GC/MS or LC/MS has been recognized to
be one of the most useful metabolomics approaches in disease diagnosis and
biomarker identification. This approach also gets the advantages of sensitivity and
specificity as well as less time-consuming.
In present study, our findings indicate the change of Arachidonic Acid cycle
metabolism between CX and NC group, might be the primary cause of bone
malformation incident in animal study. As the matter of facts, Arachidonic Acid and
Prostaglandin E2 are also bio-actives participating mediation or modulation of
inflammatory reactions, which might threat embryonic survival and development. The
precise and clear mechanism of Arachidonic Acid cycle metabolism is very important
for the explanation of our findings in animal study.

6.1.6 Conclusion
CX aqueous extract at a low dosage of 2 g/kg/day (equals to the daily dosage of
human adults) might not cause adverse effect in pregnant mice, and it suggested that
this dosage of CX preparations should be safe for pregnant women. Importantly, our
data at first time demonstrated that high dosage and long-term use of CX aqueous
extract might result in embryonic toxicities including fetal bone malformations. As the
CX aqueous extract in this study was not contaminated by pesticide residues and
heavy metals, the adverse impacts of CX aqueous extract should be caused by its
intrinsic components in the herb. Furthermore, CX aqueous extract might significantly
down-regulate biomarkers related to bone formation and metabolism during
osteogenesis, and it should be valuable to establish a practical approach to
systematically assess the safety of Chinese medicine.
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6.2 Future study
6.2.1 Rhizoma Chuanxiong study[198]
There is a shortage of toxicological information of CX available.It was
demonstrated that oral administration of water extract of CX for 125 g/kg body
weight once would not find any toxicological sign to mice resulting no detection of
oral LD50. The LD50 of ferulic acid (one active ingredient in L. chuanxiong was
866±29 mg/kg in mice by intravenous injection. As described in introduction, The
LD50 of aqueous extract of CX to mice was 65.86 g/kg by intraperitoneal
administration. The aqueous extract showed cytotoxicity to three cell lines - BALB/c
3T3, CHL and SL-7. Our study has already provided important toxicological
information of CX presenting maternal and fetal toxicity during animal study. Further
testify through cytotoxicity assay will help build the overall safety assessment of CX.
Furthermore, various species such as rat and rabbit, used for reproductive
toxicity testing is widely recommended. It can provide better evaluations of both
toxicology and side effects profile. Due to the fact that toxicity data can be commonly
obtained, rat is one of the most commonly used species in toxicology experiment.
Previous study has reported rabbits demonstrated limb-reduction and deformities after
thalidomide treatment, which might be considered as a potential species for our
further testing.

6.2.2 Chondrogenesis study [199]
In embryogenesis, the skeletal system is derived from the mesoderm germ layer.
Chondrogenesis is the process by which cartilage is formed from condensed
mesenchyme tissue, which differentiates into chondrocytes and begins secreting the
molecules that form the extracellular matrix.Concomitantly, the hypertrophic
chondrocytes undergo programmed cell death and replaced by the bone matrix
produced by osteoblasts that are transported by blood vessels during vascularization.
Early in fetal development, the greater part of the skeleton is cartilaginous. This
temporary cartilage is gradually replaced by bone (Endochondral ossification), a
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process that ends at puberty. In contrast, the cartilage in the joints remains unossified
during the whole of life and is, therefore, permanent. In this way, the hypertrophic
chondrocytes could form either the articular cartilage or a template for long bone
during endochondral ossification. Each stage of chondrocyte differentiation is
characterized by amounts of extracellular matrix macromolecule production such as
collagen and proteoglycans, etc. Collagens II, IX, and XI and aggrecan are maximally
produced during resting, proliferation and hypertrophic maturation, whereas type X
collagen is synthesized by chondrocytes after they have become hypertrophic and
before mineralization of the extracellular matrix occurs.
Chondrogenesis is also dependent on several signals generated by cell-ECM and
cell-cell adhesion interactions, which in turn are modified by the cell’s response to
growth and differentiation factors. Amounts of regulatory factors, including bone
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), insulin-like growth
factor 1, Indian hedgehog, parathyroid hormone-related peptide, Runx,and Wnt, are in
charge of discrete steps in chondrogenesis. BMPs promote almost every aspect of
chondrogenesis, from commitment to terminal differentiation. The mechanisms of
BMP action in discrete aspects of endochondral bone formation and interactions
between BMP signaling pathways and key downstream targets of BMP action in
chondrogenesis is very important. BMPs play a key regulation role in the earliest
stages of chondrogenesis, i.e. mesenchyme condensation and cell fate determination.
In vitro BMPs can promote mesenchymal cells to differentiate into chondrocytes in
high-density cultures in part by inducing Sox9 gene expression. Not surprisingly,
BMP signaling components are highly expressed in growth plates with specific
temporal-spatial patterns that correlate with functions during growth plate
development and homeostasis.
In our finding, obvious delay of sternum and phalanges ossifications incidents
were observed in high-dose CX treatment group. We have focused on the abnormal
osteogenesis progress, which might be affected by CX treatment through regulation of
PICP, ALP, osteocalcin and BMPs expression, etc. in embryo development. Certain
metabolite representing each aspect of bone development can be affected. Previous
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studies have reported chondrocyte hypertrophy and osteoblast differentiation are
controlled by a variety of common signaling and factors, such as BMPs. In the further
study, the chondrogenesis-toxic effect of CX could be investigated at different stage
of chondrocyte differentiation.

6.2.3 Signaling pathway study[200]
Apart from significant inhibition of Th2 cytokine IL-4 and IL-10 receptor by CX
extract, the trend of shifting Th2 dominated environment towards Th1 and Th17
priority was also observed in our experiment. The increased incidence of resorption in
the CX extract administration group might be caused by such infest change in
immune balance. Pregnancy is a complex immunological state in which
Th1/Th2/Th17 cytokine network plays a key role in modulating maternal and fetal
immune responses. Many proteins regulate differentiation of Th1/Th2/Th17 cell
subsets via distinct signaling pathways such as STAT4, STAT6, GATA3 and ROR-α.
Th1/Th2 lineages are associated with each other, and they are able to convert to other
lineages, therefore, the signaling pathways of Th1/Th2/Th17 cytokines are very
complex. These signaling pathways have functional effects to regulate cytokines
expression and activity, and finally resulting in induction of embryonic tolerance and
rejection. Previous study report that CX administration can markedly promote M2
polarization; enhanced Expressions of phosphorylated Janus kinase 1 (JAK1) and
signal transducer and activator of transcription 6 (STAT6) pathways; and increase
associated cytokines and proteins such as TNF-α. More observations indicated that
CX extract and its main component can effectively restrain the expression of
JAK2/STAT3 signaling pathway in heart disease patients, as a result the serum level
of IL-4/IL-6 are significantly reduced after the treatment. More evidence is guiding
and reminding us the potential role of CX and its impact in immune network. In the
future study, the investigation will not only be confined to the monitor specific
cytokine endpoints, but also focus on the relevant signaling pathways which bond
each of them in the entire network.
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6.2.4 Systembiology study [123]
Since genomics, transcriptomics, and proteomics focus on addressing
macromolecules with similar chemical properties such as DNA, RNA, and proteins;
and metabolomics superiorly involves the analysis of diverse properties of
low-molecular-weight bio-components and biomarker screening. Each approach
advocated in systems biology has its own understanding regarding their specialty in
the analysis. Due to the numerous different species of Chinese medical herbs and their
complicated chemical components, different parts (including processing methods) in
the same herb/plant may have different even opposite effects on the individual. A
combination of multi-level profiling methods and integrated analysis approaches
might build an available system accommodate to interpret infinite information.
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