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Ginsenosides improve
reproductive capability of aged
female Drosophila through
mechanism dependent on
ecdysteroid receptor (ECR) and
steroid signaling pathway

Baoyu Fu1†, Rui Ma1*†, Fangbing Liu2, Xuenan Chen1,
Xiaoyu Teng3, Pengdi Yang3, Jianzeng Liu2,
Daqing Zhao2,4 and Liwei Sun1,4*

1Research Center of Traditional Chinese Medicine, Affiliated Hospital, Changchun University of
Chinese Medicine, Changchun, China, 2Jilin Ginseng Academy, Changchun University of Chinese
Medicine, Changchun, China, 3College of Science, Beihua University, Jilin, China, 4Key Laboratory
of Active Substances and Biological Mechanisms of Ginseng Efficacy, Ministry of Education,
Changchun University of Chinese Medicine, Changchun, China
Aging ovaries caused diminished fertility and depleted steroid hormone level.

Ginsenosides, the active ingredient in ginseng, had estrogen-like hormonal

effects. Although ginsenosides were well known for their ability to alleviate

many age-related degenerative diseases, the effect of ginsenosides on the

decline in reproductive capability caused by aging, as well as the mechanism,

are unknown. We found that ginsenosides improved the quantity and quality of

the offspring, prolonged life and restored muscle ability in aged female

Drosophila. In addition, ginsenosides inhibited ovarian atrophy and

maintained steroid hormone 20-Hydroxyecdysone (20E) and juvenile-

preserving hormone (JH)) levels. Ginsenosides activated ecdysteroid receptor

(ECR) and increased the expression of the early transcription genes E74 and

Broad (Br), which triggered steroid signaling pathway. Meanwhile, ginsenosides

promoted JH biosynthesis by increasing the expression of Hydroxyl-

methylglutaryl-CoA reductase (HMGR) and juvenile hormone acid O-

methyltransferase (JHAMT). Subsequently, JH was bound to Methoprene

Tolerant (Met) and activated the transcription of the responsive gene Kruppel

Homolog 1 (Kr-h1), which coordinated with 20E signaling to promote the

reproduction of aged femaleDrosophila. The reproductive capacity and steroid

hormone levels were not improved and the steroid signaling pathway was not

activated in ginsenoside-treated ECR knockoutDrosophila. This suggested that

ginsenosides played a role dependent on targeted ECR. Furthermore, 17 kinds

of ginsenoside monomers were identified from the total ginsenosides. Among

them, Rg1, Re and Rb1 improved the reproductive capacity and steroid

hormone levels of aged female Drosophila, which has similar effects to the

total ginsenoside. These results indicated that ginsenosides could enhance the
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reproductive capacity of aged female Drosophila by activating steroid signals

dependent on nuclear receptor ECR. In addition, ginsenoside monomers Rg1,

Rb1 and Re are the main active components of total ginsenosides to improve

reproductive ability. This will provide strong evidence that ginsenosides had the

potential to alleviate age-induced reproductive degradation.
KEYWORDS

ginsenosides, aged female Drosophila, reproductive capacity, ECR, steroid
signaling pathway
GRAPHICAL ABSTRACT
Highlights

1. Ginsenosides enhanced the reproductive capacity of aged

female Drosophila.

2. Ginsenosides repaired ovarian size and restored steroid

hormone secretion.

3. Ginsenosides activated steroid signals dependent on

nuclear receptor ECR.

4. Ginsenosides play an estrogen-like role to alleviate age-

induced ovarian dysfunction.

5. Rg1, Rb1 and Re might play a major contribution to

promoting reproduction.
Introduction

During the past 150 years, the average lifespan of human

beings has increased from 45 to 85 years, while the reproductive

lifespan of women has remained constant at 50-52 years (1). The

social phenomenon of late marriage and late childbearing of

women has been formed with the extension of human life span

and the change of life style. Therefore, it is urgent to prolong

reproductive life and improve fertility. The ovaries, known as the
02
pacemakers of reproductive aging, are the endocrine organs that

control female reproduction. According to the report, women

typically begin to lose ovarian function at the age of 35,

manifested by reduced reproductive function and steroid

deficiency, which negatively affects quality of life (2, 3). At

present, most clinical treatments are based on exogenous

hormone therapy, which can alleviate reproductive decline.

However, when such treatments are administered long-term,

they can trigger side effects such as hypertension and edema,

while also increasing risks of incidence of gynecologic tumors

associated with diseases such as breast and endometrial cancers

(4–6). Therefore, a hormone substitute for estrogen is urgently

needed that can preserve reproductive capacity without adverse

side-effects.

Ginseng (Panax ginseng C. A. Meyer) is a traditional herb,

which has been widely used to address aging, healthy life

expectancy and ovarian dysfunction (7, 8). Ginsenosides is a

steroid compound, regarded as the active ingredient with high

content in ginseng, which has a variety of pharmacological

activities such as relieving body fatigue, enhancing immunity,

improving sleep and protecting nerves (9). Multiple

pharmacological researches have confirmed that ginsenosides

can enhance D-galactose-induced estrous cycle in ovarian
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senescent mice and help repair oxidative stress-induced damage

to ovarian reproductive function (10). Ginsenosides is able to

accelerate sexual maturation and promote ovulation in dinbutyl

phthalate-induced reproductive impairment in mice (11). It also

enhances egg production in cholesterol-deprived Caenorhabditis

elegans (12). Ginsenosides can increase the steroid hormone

output of adrenocortical cells in Y1 mice to help alleviate ovarian

endocrine disorders (13). Ginsenoside Rg1 has been found to

have estrogen-like effects in vivo by binding to estrogen receptors

(14, 15). All of this implied that ginsenosides may play an

estrogen-like role in improving ovarian aging due to their

similar structure to steroids.

In old age, estrogen production decreases with loss of

ovarian function, which leads to age-related diseases such as

heart disease, osteoporosis, and Alzheimer’s disease (16, 17).

Estrogen is a steroid hormone that promotes the development of

the reproductive system and enhances sexual behavior. Studies

had shown that steroid hormone levels in older women were

restored to repair damaged ovarian function (18). The steroid

hormone most similar to estrogen in Drosophila is 20-

Hydroxyecdysone (20E) (19). It had been reported that 20E

binds to its receptor ecdysteroid receptor (ECR) to induce

expression of E74 and Broad (Br) transcription factors that

regulate female accessory gland development and ovum

formation (7, 20). Meanwhile, 20E indirectly influences

juvenile-preserving hormone (JH) synthesis that controls

sexual development, induces sexual priming, and promotes

oocyte maturation (21, 22). However, there were no reports on

the regulation of ferti l i ty by ginsenosides through

steroidal signaling.

In recent years, Drosophila has served as a classic in vivo

model for use in studying aging and reproduction (23), since

Drosophila reproductive biology resembles that of mammals (24,

25). As compared to other animal models, Drosophila has a

simple ovarian structure, short reproductive cycle, and easy gene

editing (26). In this study, we investigated effects of ginsenosides

on reproductive capacity, life energy and steroid hormone levels

in natural aging female Drosophila. In addition, the regulation of

steroidal signals on reproductive ability was discussed. The main

contributing components of ginseng with improved

reproductive ability were further identified and screened. This

is of great significance for improving female reproductive ability

and prolonging reproductive life.
Materials and methods

Materials

Ginsenosides from Panax ginseng roots, ginsenoside Rg1, Re,

Rf, Rg2, Rh1, Rb1, Rc, F1, Rb2, Rb3, Rd, F2, Rk3, Rg3, PPT, CK,

Rh2(s), and PPD, each of > 98% purity, were purchased from

Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
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Drosophila source and maintenance

Drosophila were obtained from the Drosophila research

repository of the Experimental Center of the Affiliated

Hospital of Changchun University of Chinese Medicine. ECR

knock-down mutant Drosophila were obtained from the Core

Facility of Drosophila Resource and Technology, CEMCS, CAS.

All the study protocols were approved by the Ethics Committee

of Changchun University of Chinese Medicine of TCM (No:

2021349) and conducted according to the guidelines of the

Ethics Committee of Changchun University of Chinese

Medicine of TCM. Drosophila were reared on standard

cornmeal-sugar-yeast agar medium that contained 8% sugar

(Tianjin Xinbote, China), 0.5% Oxoid LP0021 yeast extract

(Oxoid, United Kingdom), 0.5% propionic acid (Sinopharm.,

China), and 2% agar (Biofroxx, Germany). Ginsenosides were

added in medium to final concentrations of 0.25, 0.5 and 1 mg/

mL for further experiments. All Drosophila were maintained and

reared under conditions of 25°C with 60% humidity and a 12-h

light/12-h dark cycle.
Assay to assess reproduction

The virgin female Drosophila aged 7 and 35 days were

collected under CO2 anesthesia and assigned to randomly

assigned to five subgroups that included the control group (7

days), model group (35 days), and three ginsenosides treated

groups of 35-day-old female Drosophila. Female Drosophila in

the untreated control group and untreated model group

consumed standard medium, while 35-day-old female

Drosophila in the other three groups received medium

containing ginsenosides at concentrations of 0.25, 0.5 and 1

mg/mL. After 7 days, all groups were transferred to tubes

containing standard medium. Next, a total of 100 mated

female Drosophila in one tube each were transferred to fresh

tubes containing standard medium, where they remained for

48 h while they laid eggs. Number of eggs, number of pupae, and

pupation rate for each tube of female Drosophila were recorded

and analyzed to determine effects of ginsenosides on female

Drosophila development (27).
Lifespan assay

Female Drosophila (35-day-old) were divided into four

groups (100 flies/group): control group (35 days) female

Drosophila were fed standard medium, while the other three

groups (35 days female Drosophila) received medium

containing ginsenosides concentrations of 0.25, 0.5 and 1

mg/mL, respectively. Every three days, female Drosophila in

all groups were transferred to tubes containing fresh

culture medium then mortality rates were recorded.
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Survivorships were scored regularly and eliminated the

unnatural death flies, and death flies were removed out of

the cage when possible. Lifespan curves, mean lifespan

(average value of all values), and maximum lifespan (average

values of the last 20 dead flies) were calculated for each group

of female Drosophila (28).
Climbing assay

Female Drosophila aged 7 days and 35 days were collected

under CO2 anesthesia and assigned to randomly assigned to five

subgroups: a 7-day-old untreated control group, a 35-day-old

untreated model group, and three 35-day-old Drosophila groups

treated with different concentrations of ginsenosides (0.25, 0.5,

and 1 mg/mL). Drosophila in the untreated control group (7

days) and the untreated model group (35 days) ate standard

food, while Drosophila in the other three groups ate food

containing ginsenosides. Prior to climbing experiments, female

Drosophila received food with or without ginsenosides for 7

days. Exercise ability was evaluated using a negative axis test

with maximum crawl path restricted to 12 cm in length. After a

10-min acclimation period in the test tube, female Drosophila

were knocked to the bottom of the tube every 1 min then this

procedure was repeated 5 times followed by counting of crawling

heights of female Drosophila, with assays repeated at least 3

times (29).
Ovarian measurements

To explore the effect of ginsenosides on ovarian morphology,

ovaries were dissected in anatomical buffer at room temperature.

Briefly, 5-10 adult flies per group were anesthetized with CO2,

and ovaries were isolated with the aid of forceps. The length and

diameter of individual ovaries were measured under a

stereomicroscope (SMZ1000 with Digital Sight DS-U3,

Nikon, Japan).
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Measurement of steroid
hormone content

After female Drosophila were pretreated with ginsenosides

for 7 days, female Drosophila ovaries were collected under CO2

anesthesia, and 100 ul of RIPA lysate per 10 ovaries was added

for tissue crushing. After crushing, the supernatant was

centrifuged at 12,000 rpm for 5 minutes, and the supernatant

was taken out for subsequent experiments. Contents of 20E and

JH were measured using enzyme-linked immunosorbent assays

(Sino Best Biological Technology Co., Ltd., Shanghai, China)

based on methods as described by the manufacturer.
Reverse transcription-quantitative PCR
analysis (RT-qPCR)

The female Drosophila ovaries pretreated with ginsenosides

for 7 days were weighed and frozen in liquid nitrogen. Total

RNA was extracted using a Magnetic Tissue/Cell/Blood Total

RNA Kit (Invitrogen, Carlsbad, CA, USA). Next, 1 µg of RNA

was reverse transcribed into cDNA using the script cDNA

synthesis kit (Bio-Rad, CA, United States). Subsequently, RT-

qPCR was performed in a Bio-Rad CFX96 system using the

SYBR Premix Ex Taq Kit (Takara Biomedical Technology Co.,

Ltd, Beijing, China). Set as 95°C for 5 min, 95°C for 15 s, 60°C for

30 s, and 72°C for 30 s for 40 cycles. Steroid signal pathway genes

were selected, with the b-actin gene used as the internal control.

Primer sequences are shown in Table 1. Comparisons among

groups were made based on gene expression levels calculated

using the threshold cycle (Ct) method. Gene expression levels in

all groups were expressed as ratios of values for each group to

corresponding values obtained for the control group (30).
Western blot analysis

Total protein was extracted from ovaries with lysis buffer

(Beyotime, Haimen, China) and Bullet Blender (NY, USA).
TABLE 1 Primer sequences used for quantification of gene expression.

Genes Forward Primer sequence Reverse Primer sequence

Met GCCAGTAAGCATTACCAGCGAGAG TGGAGGCAGTAGAACGAGGTGAC

JHAMT GCCAGTAAGCATTACCAGCGAGAG TGGAGGCAGTAGAACGAGGTGAC

ECR CGCTGGACTCGCACGACTATTG CGCTCTGCTGCTGCTGACTTAG

Br GCAACAACAGCAGCAGCAACAG GTGTGGTGGTGGGCGTATTGG

E74 CGTCGGAGAGGAGAGTGGAGTG TTGGTGTGCGTGTGCTGTGTAC

HMGR GTCCCATAAAGCCTCCACGC TTGTGGAGTGGGCAGTGAGT

Kr-h1 TGTGGCATGACCTTTGGCAG CTCCAGAGGCGCCATTAAGC

b-actin TTGTCTGGGCAAGAGGATCAG ACCACTCGCACTTGCACTTTC
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Protein concentration was determined using bicinchoninic acid

(BCA) protein assay reagent. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH, BM1623; Boster, Beijing, China) was

used as the loading control. Samples were separated by 12% SDS-

PAGE (Bio-Rad, Hercules, CA, USA) and transferred to

polyvinylidene difluoride membranes (Millipore, USA). After

blocking in 5% non-fat milk, membranes were immunoblotted

with the following antibodies: ECR, Br (both from Developmental

Studies Hybridoma Bank, USA). Kr-h1 (Santa Cruz Biotechnology,

Santa Cruz, USA). Next, the membranes were incubated with

appropriate secondary antibodies (Li-Cor, Lincoln, NE, USA) for

1 h at room temperature (31). Finally, chemiluminescence-based

visualization and analysis of protein bands were conducted using a

FluorChem imaging system (ProteinSimple, San Jose, CA, USA).
Identify and quantify ginsenosides
by HPLC

Ginsenosides composition was analyzed and quantified via

HPLC analysis using a LC-2030C Plus system equipped with a

C18 column (5 µm, 4.6 × 250 mm; Kromasil, Sweden), with ultra-

violet (UV) detection conducted at 203 nm. A stepwise gradient

elution method was employed using solvent A (water) and solvent

B (acetonitrile) that were maintained at 30°C. The flow rate was 1

mL/min and sample injection volume was 10 µL (32, 33).
Statistical analysis

All test data were expressed as means ± standard error of

mean (SEM) based on data obtained for three replicate samples.

Using D’Agostino-Pearson omnibus K2 testing, and Shapiro-

Wilk-test to assess normality, and data are in accordance with

normal distribution. After checking the normality and

homogeneity, all the data with normal distribution and

homogenous variances were analyzed by One-way ANOVA.

Statistical analysis was performed using GraphPad Prism 6

(Version No. 6, GraphPad Software, La Jolla, CA, USA).

Statistical significance was established using one-way ANOVA

followed by Dunnett’s t-test except for survivorship results.

Survivorship values among groups were compared and tested

for significance using a log rank test. Statistical significance was

set to ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001.
Results

Effects of ginsenosides on reproduction
of aged female Drosophila

Ovarian function declines as a woman ages, resulting in

reduced reproductive capacity. In order to determine
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ginsenosides effects on reproductive capacity of aged female

Drosophila, 35-day-old female Drosophila were fed ginsenosides

at different concentrations. For model group (untreated 35-day-

old female Drosophila), numbers of eggs, pupae, and pupation

rates were significantly lower than corresponding results obtained

for control group (7-day-old untreated female Drosophila)

(Figure 1). In contrast, the numbers of eggs of older female

Drosophila fed with 0.25 mg/mL, 0.5 mg/mL and 1 mg/mL

ginsenosides were increased significantly, and 1 mg/mL

ginsenosides increased the number of eggs 1.7-fold. The number

and rate of pupae of older female Drosophila were increased with

the ginsenoside concentration, with the highest concentration

increasing by 2-fold and 1.2-fold. (Figures 1A–C). These results

suggested that ginsenosides could promote increased reproductive

capacity when fed to elderly female Drosophila.
Effects of ginsenosides on lifespan and
climbing ability

The decline of ovarian function could accelerate aging, leading

to a shortened life span and reduced body function. In order to

observe the effects of ginsenosides on the life span of aged female

Drosophila, 35-day-old femaleDrosophilawere fed ginsenosides at

different concentrations (0.25 mg/mL, 0.5 mg/mL, and 1 mg/mL).

The life span of female Drosophila was extended with the increase

ginsenosides concentration (Figure 1D). In addition, ginsenosides

also extended the average and maximum life span of female

Drosophila in a concentration dependent manner (Figure 1E).

Climbing ability can be used to evaluate the aging level of

Drosophila vitality. The climbing height of 35-day-old

Drosophila was lower than that of 7-day-old Drosophila.

Ginsenosides increased the climbing ability of aged female

Drosophila. The climbing height of aged female Drosophila fed 1

mg/mL ginsenoside increased by 71% compared with that without

ginsenosides (Figure 1F). Senile female Drosophila treated with

ginsenosides alleviated aging and restored youthful vigor.
Effects of ginsenosides on
ovarian function

Ovarian size was dominated by age. The length and diameter

of older ovaries were shortened and atrophied. Ginsenosides

maintained the size (length and diameter) of the aging ovary to

prevent the atrophy, with a dose-dependent pattern

(Figures 2A–C). Ovarian atrophy leads to a decrease in steroid

hormones secretion, reducing ovarian function. Levels of steroid

hormones, including 20E and JH, were consumed with age. The

levels of 20E and JH in aged female Drosophila treated with

ginsenoside were significantly increased (Figures 2D, E). These

results suggested that ginsenoside treatment delay ovarian

dysfunction of aged female Drosophila.
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A B

D E F

C

FIGURE 1

Effects of ginsenosides on Drosophila reproduction and aging. (A) The number of eggs; (B) The number of pupae; (C) Pupation rate; (D) Percent
of survival; (E) Mean and maximum lifespans; (F) Climbing ability. ###p<0.001 compared with control (7-day-old female Drosophila); *p<0.05,
**p<0.01, ***p<0.001 compared with model (35-day-old female Drosophila).
A

B

D E

C

FIGURE 2

Effect of ginsenosides on ovarian function in Drosophila. (A) Ovary size; (B) Length of ovary; (C) Diameter of ovary; (D) 20E content; (E) JH
content. *p<0.05, **p<0.01, ***p<0.001 compared with model (35-day-old female Drosophila); ###p<0.001 compared with control (7-day-old
female Drosophila).
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Effects of ginsenosides on
steroid signaling

To determine whether ginsenosides enhanced reproductive

capacity through triggering of steroid signals, we measured

expression of genes related to steroid signaling pathways in aged

female Drosophila. Expression levels of 20E receptor genes

encoding proteins ECR, early transcription factor E74 and Br

were reduced in model group as compared with levels in control

group, but were all significantly improved with ginsenoside

treatment (Figures 3A–C). In addition, 20E could promote the

expression of juvenile hormone acid O-methyltransferase

(JHAMT) and Hydroxyl-methylglutaryl-CoA reductase

(HMGR) genes, thus promoting JH biosynthesis (34). The
Frontiers in Endocrinology 07
expression levels of JHAMT and HMGR in the model

group were lower than those in the control group, and

increased after ginsenosides treatment (Figures 3D, E).

Meanwhile, expression levels of Kruppel Homolog 1 (Kr-h1)

and Methoprene Tolerant (Met) increased in a dose-dependent

manner with increasing ginsenosides concentration (Figures 3F,

G). Again, we verified that the protein expression levels of 20E

receptor protein ECR, early transcription factor Br and Kr-h1

protein were reduced in the model group compared with the

control group, but all were significantly increased by ginsenosides

treatment, in line with mRNA expression (Figure 3H).

These results indicate that ginsenosides activated steroid

signaling to promote the reproductive capacity of aged

female Drosophila.
A B

D E F

G
H

C

FIGURE 3

Effect of ginsenosides on expression of steroidal signal-related genes in Drosophila. (A) ECR; (B) E74; (C) Br; (D) JHAMT; (E) HMGR; (F) Met; (G)
Kr-h1; (H) Relative expression levels of ECR, Br and Kr-h1; GAPDH antibody was used as loading control. ###p<0.001 compared with control (7-
day-old female Drosophila); *p<0.05, **p<0.01, ***p<0.001 compared with model (35-day-old female Drosophila).
frontiersin.org

https://doi.org/10.3389/fendo.2022.964069
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Fu et al. 10.3389/fendo.2022.964069
ECR dependence of ginsenosides to
improve reproductive ability

Ginsenosides activated steroid signaling was verified in ECR

mutant female Drosophila. Older Drosophila had reduced

reproductive capacity compared to younger Drosophila, and

ginsenosides could increase the numbers of egg and pupal in
Frontiers in Endocrinology 08
older females. In addition, the reproductive ability of ECR mutant

Drosophila was reduced compared to normal Drosophila and was

not improved by feeding ginsenosides (Figures 4A, B). This

indicates that ginsenosides depend on ECR to enhance the

reproductive ability of older female Drosophila. Moreover,

ginsenosides had no effect on the expression of steroidal signaling

related genes E74 and Br in ECR knockdown mutant Drosophila
A B

D

E

C

FIGURE 4

Effect of ginsenosides on the reproductive capacity of ECR mutant Drosophila. (A) The number of eggs; (B) The number of pupae; (C) Relative
expression of gene encoding E74; (D) Relative expression of Br; (E) Relative expression levels of Br; GAPDH antibody was used as loading
control. ###p<0.001 model compared with control (7-day-old female Drosophila); ***p<0.001 compared with model (35-day-old female
Drosophila); +++p<0.001 ECR-/- compared with control (35-day-old female Drosophila); ns, no significance compared with ECR-/-.
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(Figures 4C, D). Additionally, in the ECR knockout mutant

Drosophila, ginsenosides exhibited no impact on the expression of

the sterol signaling-related protein Br (Figure 4E). That is to say,

ginsenosides were dependent on ECR to activate steroid signals and

improve reproductive capacity.
Screening of ginsenosides monomer
with reproductive promotion

To elucidate the components of the ginsenosides that

might be responsible for improving reproductive effects,

ginsenoside monomers were identified and quantified from

the total ginsenosides by HPLC. As shown in Figure 5,

ginsenoside monomers were included Rg1 (26.41%), Re

(18.61%), Rg2 (12.54%), Rb3 (8.19%), Rb1 (6.10%), Rf

(3.18%), Rh2S (1.84%), Rh1 (1.77%), PPT (1.48%), Rk3

(1.40%), Rd (0.71%), Rc (0.56%), F2 (0.39%), Rb2 (0.35%),

CK (0.32%), F1 (0.29%), PPD (0.24%), and Rg3 (0.12%), with

the concentration of 84.52%, according to the standard curve

of the different ginsenosides. Subsequently, the effects of 17

ginsenoside monomers on reproductive capacity and steroid

hormone levels of 35-day-old female Drosophila were

analyzed. Rg1, Rb1 and Re were significantly increased the
Frontiers in Endocrinology 09
number of eggs by 1.6, 1.5 and 1.4 times, respectively.

Meanwhile, Rg1, Rb1 and Re were also increased the

number and pupation rate of pupae. The other 14

g insenos ides monomers had no s ignificant e ff ec t

(Figures 6A–C). In addition, Rg1, Rb1 and Re also promoted

steroid hormone secretion, and the increase of steroid

hormone content was more significant in older female

Drosophila (Figures 6D, E). These results suggested that Rg1,

Rb1 and Re might be the active components of total

ginsenosides to improve the reproductive capacity of elderly

female Drosophila.
Discussion

After the age of 30, the female enters the decline period of

ovarian function, which is the fundamental cause of a series of

aging phenomena. Delaying ovarian senescence can essentially

solve age-related fertility disorders and prolong healthy life.

Ginseng is viewed as a healthy energy tonic which can delay

aging and prolong life (35). It has been shown that ginsenosides

increased the viability of older female Drosophila (36).

Furthermore, it has been reported that ginsenosides can
A

B

FIGURE 5

The HPLC chromatogram of ginsenosides. (A) HPLC analysis of the standard ginsenosides monomers including Rg1, Re, Ro, Rf, Rg2, Rh1, Rb1, Rc, F1,
Rb2, Rb3, Rd, F2, Rk3, Rg3, PPT, CK, Rh2(s), and PPD; (B) HPLC chromatogram of ginsenosides test samples, with UV detection at 203 nm.
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prolong the estrus cycle of mature females and increase the egg-

laying capacity of queen bees (37). Ginsenosides being added to

the culture medium encouraged the growth of chicken ovarian

germ cells in vitro (38). In vitro experiments showed that

ginsenosides could enhance follicular cell development in mice

(39). In our study, the reproductive ability of aged female

Drosophila was significantly lower than that of young females.

Ginsenosides could increase the number of eggs and pupae in

aged females. It suggests that ginsenosides improved the

quantity and quality of the offspring, prolonged life and

restored muscle ability to the young state in aged female
Frontiers in Endocrinology 10
Drosophila, thus played the role of protecting the reproductive

and delaying the aging.

Ovarian function deteriorates as women age, resulting in a

lack of steroid hormones and infertility (40, 41). Ginsenosides

can promote the release of steroid hormones to play an estrogen-

like role (42). During the larval stage, 20E starts to induce larval

pupation, while JH keeps Drosophila in the immature state by

inhibiting the metamorphosis of 20E, thus ensuring that the

metamorphosis time is reasonable. In the adult stage,

the decrease of 20E or JH content in the ovary also reduces

the reproductive capacity. 20E and JH promote reproduction
A B

D

E

C

FIGURE 6

Effect of ginsenoside monomers on the reproductive ability and steroid hormone levels of Drosophila. (A) The number of eggs; (B) The number
of pupae; (C) Pupation rate; (D) 20E content; (E) JH content; Rg1, 0.26 mg/mL; Re, 0.19 mg/mL; Rg2, 0.13 mg/mL; Rb1, 0.06 mg/mL; Rf, 0.03
mg/mL; Rh2(s), 0.02 mg/mL; Rh1, 0.02 mg/mL; PPT, 0.01 mg/mL; Rk3, 0.01 mg/mL; Rd, 0.007 mg/mL; Rc, 0.006 mg/mL; F2, 0.004 mg/mL;
Rb2, 0.004 mg/mL; CK, 0.003 mg/mL; F1, 0.003 mg/mL; PPD, 0.002 mg/mL; Rg3, 0.001 mg/mL; according to the concentration ratio of
ginsenosides at 1 mg/mL. ###p<0.001 compared with control (7-day-old female Drosophila); ***p<0.001 compared with model (35-day-old
female Drosophila).
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through multiple pathways, such as oogenesis, oocyte formation

and chorionic vitellogenesis (43, 44). The ovarian size was

dominated by age. The length and diameter of older ovaries

were shortened and atrophied. We found that ginsenosides

maintained the size of the aging ovary to prevent atrophy,

with a dose-dependent pattern. Ovarian atrophy leads to a

decrease in steroid hormones secretion, reducing ovarian

function. Levels of steroid hormones, including 20E and JH,

were consumed with age. The levels of 20E and JH in aged

female Drosophila treated with ginsenosides were significantly

increased. Our results further demonstrate that ginsenosides

treatment delay ovarian dysfunction of aged female Drosophila.

20E has been reported to affect gonadal development and

oogenesis by regulating mitosis and meiosis (44). In adult

Drosophila, 20E affects courtship behavior, yolk production

and egg laying, reproductive lag, innate immunity, and

resistance and longevity (34, 45). Several studies have shown

that ginsenosides by binding the intracellular nuclear hormone

receptors, such as the proliferator-activated receptor, androgen

receptor (AR), estrogen receptor (ER), and progesterone

receptor (PR), can activate the genomic pathway (38). 20E acts

through a heterodimeric receptor consisting of ECR and

ultraspiracle protein (USP), leading to transcriptional

activation of early 20E-inducible genes, including the

downstream genes E74 and Br (46). 20E is similar to human

estrogen, which also indicates that ginsenosides have estrogen-

like effects that bind to their receptors to perform their functions.

In this study, ginsenosides promoted the expression of ECR and

induced the transcription of downstream genes E74 and Br to

activate 20E signaling. Moreover, 20E promoted JH biosynthesis

by promoting the expression of HMGR and JHAMT, thus

increasing the level of JH. Studies had shown that reproductive
Frontiers in Endocrinology 11
capacity could be maintained by regulating the expression of

JHAMT and HMGR (47). JH could bind to Met receptor to form

an active complex that promoted the transcription of response

genes Kr-h1 and Br and facilitates oogenesis (48). We found that

20E promoted JH biosynthesis by enhancing HMGR and

JHAMT expression. Ginsenosides enhanced the synergistic

effect of JH signal and 20E signal to promote the reproductive

capacity of aged female Drosophila. However, alterations in ECR

function can affect the formation of mating memory and the

selection of courtship partners in Drosophila (49). In our study,

ginsenosides did not improve steroid signaling-related genes and

reproductive capacity in female Drosophila with ECR

knockdown. These results suggested that ginsenosides

depended on the activation of nuclear receptor ECR to turn

on steroid signaling pathway, thus improving the fertility of

older female Drosophila (Figure 7).

There are about 40 ginsenoside monomers with definite

structures, all of which contain sterane steroid nuclei arranged in

four rings by 30 carbon atoms. The multiple pharmacological

activities of various ginsenoside monomers have been reported,

but there are relatively few studies on improving the fertility

decline caused by aging. To excavate the ginsenoside monomers

that might be responsible for improving reproductive effects,

various monomers were identified and quantified by HPLC. It

was found that Rg1, Re, and Rb1 exhibited similar effects as the

total ginsenosides. Ginsenoside Rg1 has been shown to improve

fertility and repair ovarian damage in a mouse with premature

ovarian failure (11). Meanwhile, ginsenoside Rb1 has been

shown to protect porcine oocytes from damage, thus

improving parthenogenesis and embryo quality after in vitro

fertilization (50). These studies are consistent with our

conclusions. However, individual treatments with Rg1, Re, and
FIGURE 7

Overview showing the relationship between activation of nuclear receptor ECR by ginsenosides turns on steroid hormone signaling to improve
reproductive capacity in aged female Drosophila.
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Rb1 were less effective than that of ginsenosides. Therefore, it

was speculated that there were synergistic and synergistic effects

among various ginsenosides monomers, which should be the

subject of further research.

In conclusion, ginsenosides depend on ECR to activate

steroid signals to improve the reproductive capacity of aged

female Drosophila, which play an estrogen-like role. It is

noteworthy that this effect may be commonly performed by

ginsenoside monomers such as Rg1, Re and Rb1. This study

provides new insights for the further development of

ginsenosides as active components for alleviating female

reproductive aging. However, multiple ginsenoside monomers

may exert synergistic effect through different drug therapy

approaches. We will continue to investigate in depth the

complex interactions between different ginsenosides naturally

present in ginseng roots. This will provide an experimental basis

for the development of natural drugs for the treatment and

prevention of diseases related to reproductive aging to benefit

more women with fertility needs.
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