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Abstract

Controlling fertility of rodent pests has become an effective means of controlling the population of
grassland rodents in China. Recently, research has focused on how to select environmentally-
friendly sterilants without pollution effects, and to realize sustainable control of pest rodent popu-
lations. Sterilants from plant extracts have been mainly selected. In this study, mice were used as the
experimental subjects for research on the anti-fertility effects of plant extracts of shikonin and the
anti-fertility mechanism of shikonin extract was determined. The mice were divided into four groups,
including one control group and three experimental groups. There were three applications of shiko-
nin extract in different concentrations (5 mg-kg-1, 20 mg-kg-1 and 50 mg-kg-1). The mice gavage ex-
periments indicated that a shikonin concentration of 50 mg-kg-! had the expected anti-fertility ef-
fects. Mice copulation experiments showed that the 50 mg-kg-! shikonin treatment had significant
anti-fertility effects on both female-treatment and female-male-treatment groups. The results of the
PCR analysis on the AgRP and ghrelin mRNA from female ovaries and male testicles indicated that
shikonin could control mice reproduction by regulating the pituitary gonadal axis. Shikonin, as plant
source sterile agent, would have more ideal effects for functioned both sexes sterility.
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1. Introduction

There has been a lot of research on fertility control in pest rodents, and some achievements have focused on the
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screening of sterilants, laboratory tests and the application of preliminary control on some wild populations
[1]-[6]. In addition, theoretical exploration has been conducted of the population dynamics of pest rodents under
fertility control, mainly based on ecological models [7]-[12]. Recently, research has focused on how to select
environmentally-friendly sterilants without pollution effects, and to realize sustainable control of pest rodent
populations. Sterilants from plant extracts have been mainly selected. Tran and Hinds (2013) summarized 13
plant extracts with anti-fertility effects on follicle formation in female rodents from more than 40 plants, and
further proposed application routes and identified several extracts with potential [13]. In China, sterilants from
plant sources that have been applied in the fertility control of pest rodents include Tripterygium wilfordii, gos-
sypol, Ruta graveolens, Camellia oleifera, radix trichosanthis (Trichosanthes kirilowi), colchicine, semen ricini
(Ricinus communis), aaruginous turmeric rhizome (Curcumae aeruginosae) and neem (Melia azederach).
Though all of them had been made into baits for animal experiment in the laboratory or sprayed in the wild for
animal foraging, which had a certain effects, the practical applications have been unsatisfactory [14]. And that
the researches on different physiology, pathology, pharmacology and contraceptive effects of the shikonin are
less [15]-[17].

Shikonin is an extract of the plant Arnebia euchroma that belongs to the perennial Boraginaceae and that is
widely distributed in Inner Mongolia, Xinjiang and Gansu provinces [18]. It is recorded in “Shennong’s Herbal”
that radices lithospermi has anti-inflammatory, anti-allergy, antipyretic, anti-tumor and anti-fertility effects. Pre-
vious research has mainly focused on the anti-inflammatory, anti-tumor and anti-HIV effects [15] [19], while
there is rare, mostly experimental, evidence of its anti-fertility effects and the mechanism through which this ef-
fect occurs. In this study, three different concentrations of shikonin were applied for fertility control in mice, and
its possible mechanism of action was analyzed. It is hoped that plant source sterilants, which are environment-
friendly and without pollution, can be applied for sustainable control of pest rodents.

2. Materials and Methods
2.1. Materials

Shikonin, an A. euchroma extract (molecular formula CyH60s, analytical standard >97%, molecular weight
288.30), was provided by Aladdin Reagent (Shanghai) Co. Ltd., China. The experimental animals were adult
Kunming mice with body weights of 33.1 - 44.6 g provided by the Laboratory Animal Center of Inner Mongolia
Agricultural University, and they were fed in clean laboratory, 12 h light-dark recycle, temperature 18°C to 22°C,
and air relative humidity 40% - 60%. Suitable amounts of food and water were provided and the mice developed
normally.

2.2. Sectionalization of Mice

The experimental mice were divided into four groups with 15 pairs in each group, with one group used as the
control and the other three groups were given by gavage shikonin at 5 mg-kg ", 20 mg-kg * and 50 mg-kg * con-
centrations. The shikonin was dissolved with edible oil, and each mouse was given 0.2 ml oil-dissolved shikonin
once, and twice a week with an interval of three days. The mice in the control group were given the same vo-
lume of edible oil using gavage. Dissections were conducted one week after the last gavage to determine four
indices: female uterine organ coefficient, male seminal vesicle organ coefficient, sperm density and testicle or-
gan coefficient. The organ coefficient was calculated using the following formula:

Organ weight

Organic coefficient=—— -
Animal carcass weight

The ideal shikonin concentration was selected for the reproduction tests. There was one control group with 15
pairs of mice and three experimental groups with 15 pairs in each group. There were three different treatments:
male-treatment group (males with medicated treatment, females without medicated treatment), female-treatment
group (females with medicated treatment, males without medicated treatment), and female-male-treatment group
(both sexes with medicated treatment). The experimental groups were given shikonin at the ideal concentration,
via gavage, twice a week with an interval of three days. The control group was given by gavage the same vo-
lume of edible oil. The males and females copulated one week after the last gavage, and the reproductive status

of the mice was recorded.
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2.3. Determination of Mice Sperm Density

Ahemocytometer was used for counting under an optical microscope. In the 1 mm? counting chamber, the num-
ber of sperm from the five squares in the center and the four corners of the 25 squares were calculated as fol-
lows:

Sperm density (total number of spermsml ™) = sperm number x dilution ratio x 5 mm? x 10 um x 1000 ml.

2.4. PCR Determination of Ghrelin and AgRP

For the real-time gPCR analysis there were control and experimental mice groups, with five male and five fe-
male mice in each group. The ovaries and testicles were obtained as the experimental materials. To avoid con-
tamination and interference with the genome, the primers were designed based on the cross-intron principle
(shown in Table 1, synthesized by Shanghai Sangon Biotech Co., Ltd). The SYBR Green | method was applied
to determine the real-time quantitative PCR amplification. The PCR reaction system with 20 pL included 10 pL
2 x SYBR premix EX TagTM (TaKaRa DRR041A), 0.4 pL upstream/downstream primer each (10 molL™?), 2
uL ¢cDNA and 7.2 uL. dH20. The PCR reactions were conducted in a real-time quantitative PCR instrument
(Bio-Rad CFX96) with the amplification conditions of pre-denaturation at 95°C for 30 s, followed by 40 cycles
of denaturation at 95°C for 15 s, annealing at 58°C - 60°C for 15 s and extension at 72°C for 15 s, ending with
extension at 72°C for 10 min. Water was used to replace the cDNA as the negative control, and the relative ex-
pression quantity of the mRNA was calculated using the 27 method (ACT = CT target gene — CT reference
gene).

RNA samples for gPCR extracted from ovaries and testis: RNA was extracted from ovaries and testis with the
RN easy Kit (Qiagen, Germany). The RNA pellets were dissolved in nuclease-free water and concentrations
were measured by spectrophotometry at 260 nm. 6.5 pul RNA aliquots were amplified.

All RNA per sample was also incubated with RNase-free DNase | to remove any remaining genomic conta-
mination. For amplification of the targets, RT and PCR were run in two separate steps, RNA was reverse tran-
scribed with Peimer Script TMRT ase (TaKaRa, Inc. Dalian, China) following the manufacturer’s directions and
performed at 37°C for 15min for reverse transcription and then 84°C for 5 sec. to inactivate the reverse tran-
scriptase.

The experiments were carried out in accordance with the guidelines issued by the Ethical Committee of Inner
Mongolia Agricultural University.

2.5. Data Analysis

A one-way ANOVA and Tukey’s Multiple Comparison test for the significance of the PCR results were con-
ducted using the statistical software Graph-Pad Prism 5. The one-way ANOVA in SAS 9.0 was applied for the
comparative analysis of the corresponding indices in the mice groups with different treatments as well as the
number of offspring produced by the female mice. Statistical significance was assessed at P < 0.05 level unless
otherwise noted.

Table 1. Primer design table.

Gene (accession no.) Nucleotide sequence (5" - 3) Product size (bp) Annealing temperature (°C)
AgRP 215 58
Forward AGA CAT ATT CCC TGC GCT GA
Reverse GCA GCT TTG AAT CCT GCTCT
Ghrelin = GHRL 194 60
Forward GCA TCC TCA AAG ACC AGG AG
Reverse CTT GAC ACT GGG GTTCCACT
GAPDH 294 58
Forward AAG GGT GGA GCC AAA AGG
Reverse GGA TGC AGG GAT GAT GTTCT

O,
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3. Results
3.1. Influence of Shikonin on Mice Propagative Organs

The comparative analysis results of the female uterine organ coefficient, male seminal vesicle organ coefficient,
sperm density and testicle organ coefficient among the control group and three experimental groups with shiko-
nin concentrations of 5 mg-kg *, 20 mg-kg* and 50 mg-kg * are shown in Figures 1-4. Figure 1 shows that the
female uterine organ coefficient in the experimental group with the 50 mg-kg™* concentration was significantly
lower than that of the control group and the other two experimental groups (F = 6.29, P < 0.01). From the dis-
section results, there were no organic changes or lesions, including blackening, edema or congestion in the
mice’s uterine shape in the three experimental groups. However, the uterus of the experimental group with the
50 mg-kg * concentration treatment appeared to clearly atrophy. As shown in Figure 2 and Figure 3, the semin-
al vesicle organ coefficient and sperm density of the male mice in the experimental group with the 50 mg-kg™
concentration were significantly lower than those of the control group (F = 6.49, P < 0.01; F = 4.60, P < 0.05),
which indicates that the seminal vesicle development and mature sperm number of the mice were suppressed. As
shown in Figure 4, there were no significant differences for the testicle organ coefficient of the male mice
among the experimental groups with different concentrations and the control group (F = 1.09, P > 0.05). The
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Figure 1. Comparison of female uterine organ coefficients between different ex-
perimental groups.
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Figure 2. Comparison of male seminal vesicle coefficients between different ex-
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Figure 3. Comparison density of male sperm between different experimental
groups.
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Figure 4. Comparison of male testicular coefficients between different expe-
rimental groups.

above results indicate that the experimental group with the 50 mg-kg * concentration treatment had the expected
anti-fertility effects.

3.2. Influence of Shikonin on Mice Reproduction

The 50 mg-kg* concentration of shikonin was selected as the ideal concentration, and was compared with the
control group for the reproduction tests. The number of offspring born to each pair in each group was recorded.
The reproduction results of 13 pairs in each group were statistically analyzed, considering also accidental death
during the experimental process, and the results are shown in Figure 5. There were no significant differences
between the number of offspring in the first litter between the control group and male-treatment group. However,
the female-treatment and female-male-treatment groups showed significant differences when compared with the
other two groups (F = 14.78, P < 0.001). Specifically, the number of offspring from the two experimental
groups was significantly lower than that of the control group and the male-treatment group. However, there was
no significant difference between the female-treatment and female-male-treatment groups, which indicates that
the 50 mg-kg* shikonin treatment could significantly decrease the birth rate of the female-treatment and fe-
male-male-treatment groups, but that it had no significant effects on the male-treatment group.

The number of offspring in the second litter are shown in Figure 6. There were differences in the number of
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Figure 5. Comparison of first born juvenile numbers between different treatment groups. Note: The M-Treatment, F-Treat-
ment and F-M-Treatment mean that males, females, and both females and males were treated by shikonin, respectively.
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Figure 6. Comparison of second born juvenile numbers between different treatment groups. Note: The M-Treatment, F-Treat-
ment and F-M-Treatment mean the same as Figure 5.

offspring from the first litter. The control group had no significant differences in the number of offspring com-
pared to the male-treatment group, but there were significant differences when compared to the female-treatment
and female-male-treatment groups (F = 4.23, P = 0.0103). Specifically, the number of offspring from the latter
two groups was significantly lower than that of the control group. However, the male-treatment group showed
no significant differences when compared with the female-treatment or female-male-treatment groups. There-
fore, 50 mg-kg * shikonin had anti-fertility effects at the second reproduction event in the female-treatment and
female-male-treatment groups, and non-significant effects on the male-treatment group, but it reduced the dif-
ferences between the male-treatment group and the other two treatment groups.

3.3. PCR Analysis

Ghrelin was originally identified in 1999 as the endogenous ligand of the growth hormone (GH) secretagogue

©,
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receptor (GHS-R) and it may operate at different levels of the reproductive system, including the testis and the
ovary [20]. AgRP (agouti gene-related protein) neurons are closely related to Ghrelin [21]. Therefore, we ana-
lyzed its effects on mice reproduction. The results, as shown in Figure 7, showed that the level of AgRP and
Ghrelin mRNA from the female ovary (F-O = female-Ovary) of the treatment group mice (50 mg-kg ™) are sig-
nificantly higher than those of the control group (F = 44.88, P < 0.05; F = 740.6, P < 0.001). The level of AgRP
and Ghrelin mRNA from male testis (M-T = Male-Testis) of the treatment group mice (50 mg-kg ™) were also
significantly higher than those of control group (F = 50.73, P < 0.01; F = 92.36, P < 0.01). This showed that the
AgRP and Ghrelin mRNA impacted on the reproduction of mice.

4. Discussion

The effective constituent of shikonin is a lipid soluble naphthoquinone compound, and it has traditionally been
used to heal wounds, burns, dyspnea, hoarseness, hemorrhoids, abdominal aches, stomach ulcers and gyneco-
logical problems [15] [19]. Another similar shikonin extracted Onosma armeniacum has been analyzed for its
contraceptive effects on embryo implantation in rats, but the fertility control mechanism was not analyzed, and
the study only emphasized further clinical studies in Turkey [16]. This study based on wide distribution of Ar-
nebia euchroma in China, and its extract shikonin was relatively easy obtainable due to the extraction process
simple accurate [22]. The compositions of shikonin were pure natural compound, and that would almost not
cause pollution to environment. Under the condition of natural sunlight more than 12 hours, or alkaline condi-
tions (pH > 8), shikonin would be biodegradable [23]. Therefore, we chose the extract shikonin of Arnebia
euchroma as agent of infertility for wild small pest rodents fertility controlled, and firstly selected mice as expe-
rimental object to experiment research, obtained the expected effects.

The aim of all the experimental research into any sterilant is its practical application in the future. In the field,
once the sterilant has been sprayed on grassland, both the male and female pest rodents would have a chance to
consume it. Therefore, the ideal sterilant should have anti-fertility effects on the two genders simultaneously.
Although the results from this study showed that there were no significant differences in the number of offspring
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Figure 7. The PCR results of Ghrelin mRNA and AgRP neurons from mice ovaries and testicles. Note: F-O-Saline = female-
Ovary Control Group; F-O-Treatment = Female-Ovary Treatment Group; M-T-Saline = Male-Testis Control Group; M-T-
Treatment = Male-Testis Treatment Group. *means P < 0.05; **means P < 0.01; ***means P < 0.001.
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born in the two reproduction events of the male-treatment group compared to the control group, the uteruses of
the female mice in the 50 mg-kg * experimental group appeared obviously atrophied, the development of the
seminal vesicle in males was obviously suppressed, which indicated that shikonin produced certain effects on
two sexual reproduction organs. Some researchers have suggested that some sterilants agents, such as EP-1,
presented dose-dependent in applying [1] [4] [6]. But to the shikonin, to females, as Figure 1, the uterine organ
coefficient of the experimental group with the 20 mg-kg™* was higher than other two experimental groups. Ac-
cording to dose-dependent, the value of the uterine organ coefficients of the group might be lower than that of
the experimental group with the 5 mg-kg™, but the result was just opposite to dose-dependent. To males, as
Figure 2, similar with Figure 1, the male seminal vesicle coefficients of the experimental group with the 20
mg-kg * was the similar result as the female uterine organ coefficients. Therefore, shikonin, as sterilant to mice,
was not dose-dependent. Research has shown that the shikonin could inhibit the effects of estrogen, and the mo-
lecular mechanism has found that protein expression of estrogen receptor ERa (estrogen receptor-a) was sup-
pressed. Shikonin can promote the degradation of ER«, lead to HSP90 (heat shock proteins 90) molecular cha-
perone protein decomposition by the pathway of ubiquitin-protease, and induce Nrf2 (nuclear factor-erythroid 2
p45-related factor 2) dependence of NQO1 (NAD(P)H: quinone oxidoreductase) gene transcription and abate
estrogen gene expression, to inhibit the activation of ER« signals and NQOL, thus inhibiting activity of estrogen
[24] [25]. This was consistent with the result that the female mice uterine appeared obvious atrophy of the expe-
rimental groups in this study. Research on the mechanism of male mice reproductive suggests that estrogen me-
diated by ERa plays an important role in spermatogenesis, and ERa gene of mice was damaged (suppressed)
accompanying spermatogenic epithelium damaged, sperm counts reducing, sperm morphology abnormal and
reproductive ability declining [26] [27] which was accordant with the result that the male mice sperm density
decreased significantly of 50 mg-kg* shikonin concentration group. Shikonin, therefore, as plant source sterile
agent, would have more ideal effects for functioned both sexes sterility.

Although the results from this study showed that the development of the seminal vesicle in males was ob-
viously suppressed, and the male mice sperm density decreased significantly, there were no significant differ-
ences in the number of offspring born in the two reproduction events of the male-treatment group compared to
the control group. We inferred the reasons as follows: To the male-treatment group, the fertilization rates of the
first and second reproduction were 86.67% and 73.33%, respectively. These of the control group were 86.67%
and 80.00%, respectively. The differences of the twice fertilization rates between the male-treatment and control
groups were little. On the other hand, litter sizes of the first and second reproduction were 9.7 £ 1.8 and 8.2 +
1.2 of the male-treatment group, respectively. These of the control group were 10.9 £ 2.2 and 8.4 * 1.4, respec-
tively. The differences of the twice litter size between the male-treatment and control groups were not signifi-
cant (F =0.74, P > 0.05; F = 1.71, P > 0.05) which means the sperm motility not reduced and the sperm density
declined not enough to influence the number of juveniles significantly. The results maybe are relevant with du-
ration of experiments. In this study, the sperm counts of male-treatment group reduced by 63.72% + 8.55%, if
they were infertility, both of sperm counts and motility would be reduction [28]. But, how to regulate mice
sperm matility is our experiments in future.

Ghrelin, an endogenous ligand of the growth hormone secretagogue receptor (GHS-R), has been isolated and
purified from mice gastric mucosa. Ghrelin is a multifunctional brain-gut peptide and it plays an important role
in the regulation of mammal metabolism [29]. AgRP neurons play an important role in controlling meal patterns,
linking changes in food availability to the activity of these neurons as part of a learned behavioral change that
allows animals to adapt to changing environmental conditions [21]. However, how did the AgRP and Ghrelin
MRNA impact on the reproduction of mice?

The ghrelin neurons in the hypothalamus are adjacent to the active sites of the AgRP neuronal synapse. Peri-
pheral ghrelin is untied with or through GHS-R to increase the activity of the AgRP neurons (ghrelin activates
NPY/AgRP neurons), and the AgRP secretes a neuropeptide to promote animal ingestion [30]. Ghrelin interacts
with AgRP neuron cells to regulate animal metabolism. Research in recent years has indicated that ghrelin has a
close relationship with the regulation of reproduction in mammals. The relationship between ghrelin and energy
balance as well as reproduction was discussed [31]. It was found that ghrelin might be involved in the regulation
of gonadotropin secretion and it affects the mammalian estrus. The effects on reproduction and regulation
caused by ghrelin were studied by Garcia et al. (2007) and Tena-Sempere et al. (2007) respectively, who found
that ghrelin had effects on the reproduction of rodents through directly acting on the sex gland or regulating the
sex gland secretions [32] [33]. Lorenzi et al. (2009) and Muccioli et al. (2011) studied the effects of ghrelin on
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mammalian reproduction through metabolism, and they found that ghrelin had effects on animal reproduction
through the regulation of the pituitary gonadal axis [34] [35]. Based on the above analyses, and combined with
the results achieved in this study, it is suggested that the anti-fertility effect of shikonin in mice could be used to
control reproduction in mice via the regulation of the pituitary gonadal axis.
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