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Abstract

Although aging is an irreversible process, the rate of aging can be delayed by a reasonable diet.
As a nutrient-dense natural product, royal jelly (RJ) has an enormous potential for applications
in medicine and health promotion. However, the exact physiological activity of RJ with
varying freshness and concentration has not been fully clarified, and more investigation is
needed to determine their precise contributions. Here, fresh RJ (just produced recently) and
RJ stored for 2 weeks at −20 ◦C, 4 ◦C or 25 ◦C were tested at concentrations of 100, 50, 25 and
12.5 µg/mL on Caenorhabditis elegans. Fresh RJ, with concentrations of 100 µg/mL, 50 µg/mL
and 25 µg/mL, could extend the lifespan of C. elegans by 16.37%, 9.53% and 4.32%, while RJs
stored at 4 ◦C and 25 ◦C were ineffective. In terms of body length, treatment with fresh RJ
significantly enlarged the body size by around 48%. Although RJ stored at 4 ◦C and 25 ◦C
could also promote nematode growth, its activity diminishes as storage temperature increases.
RJs stored at −20 ◦C and 4 ◦C with concentrations of 100 µg/mL significantly increased
the pumping rate of nematodes by 58% and 50%. But non-fresh RJ or low-concentration RJ
(≤25 µg/mL) had no effects on the motility of C. elegans. In addition, fresh RJ could improve
the reproductive capacity of C. elegans, with the highest increase reaching approximately
25%. Even when stored at 25 ◦C, RJ also significantly enhanced the reproductive capacity
of C. elegans, increasing it by approximately 14.8%. Moreover, qPCR showed that RJ could
significantly affect the expression of multiple genes associated with aging and vitality. Fresh
RJ significantly up-regulated bec1 and hsp16.2 3.19- and 2.80-fold, while RJ stored at 25 ◦C
significantly up-regulated sod3 and gpd1 3.80- and 3.40-fold. Our results suggested that the
activity of RJ on C. elegans is related to its freshness and concentration, while RJ also contains
active components that are independent of freshness. Therefore, it is necessary to explore
effective methods for accurately assessing the freshness of RJ.

Keywords: royal jelly (RJ); freshness; longevity; reproductive capacity; Caenorhabditis elegans

1. Introduction
The process of physiological function decline is known as aging, and it has garnered

attention throughout human history [1]. Although aging is a natural occurrence, a number
of factors, including stress and unhealthy diet and living habits, are linked to accelerating
aging by exacerbating chronic subclinical inflammation [2,3]. Certainly, it is possible to
delay the onset of aging and related diseases through the consumption of nutriments and
bioactive substances [4,5].
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Royal jelly (RJ), a white jelly-like substance, is secreted from the hypopharyngeal and
mandibular glands of nurse bees (Apis mellifera ligustica) [6]. RJ is consumed by the queen
and larvae within 3 days, and plays a key role in the caste differentiation of honeybees [7,8].
In addition, RJ can also enhance the reproductive ability of the queen. Due to its biological
activity, RJ has also been used in traditional medicine. In many nations, particularly in
Asia and Europe, it is frequently advertised and sold as a “health” food and cosmetic [9,10].
A comprehensive study of the biology, chemistry, pharmacology and clinical trials of RJ
has been available for a few decades, and many physiological and functional activities
have also been published [11,12]. These activities include vasodilative, hypotensive, anti-
allergenic, anti-fatigue, anti-inflammatory and anti-tumor properties [13–15]. RJ is made
up of a variety of essential compounds, including proteins, lipids, vitamins, free amino
acids, flavonoids and polyphenols [16]. And the composition of RJ varies with season and
the resources of plants around the apiary [17]. Protein accounts for about 50% of the dry
weight of RJ; more than 80% of RJ proteins are major royal jelly proteins (MRJPs; MRJP1-9
have been reported) [18]. Research has shown that the broad spectrum of physiological
activity of RJ is associated with protein components [19]. Due to the instability of proteins
and macromolecules, RJ is highly degradable and perishable [20]. And degraded RJ loses
much of its biological functions. Therefore, RJ may spoil and lose these health-promoting
properties depending on storage duration and conditions [21].

The properties of C. elegans make it useful for studying a wide variety of diseases and
biological processes, especially in aging research [22]. In order to investigate the dynamic
activity changes in storage temperature and concentration, RJs stored at −20 ◦C, 4 ◦C
and room temperature (25 ◦C) for several weeks were used to treat C. elegans. Then, we
statistically analyzed the lifespan, growth, motility and reproductive capacity of L4 stage
worms. Finally, the gene expression levels in pathways related to antioxidants, homeostasis
maintenance and lipid metabolism were detected using fluorescence quantitative PCR. This
study will provide the theoretical basis for fully exploiting the interaction of the freshness
of RJ and its bioactivity.

2. Material and Methods
2.1. Materials

The wild-type C. elegans strains (wild-type, Bristol N2) and Escherichia coli OP50 (E.
coli OP50) were maintained in our laboratory [23]. The eggs were incubated on nematode
growth medium (NGM) agar plates at 20 ◦C and seeded with a live E. coli OP50 as a food
resource [23]. CaCl2, MgSO4, peptone, NaCl, agar, PBS buffer, tryptone, yeast extract,
NaOH, KH2PO4, NaClO and anhydrous ethanol were purchased from Sangon Biotech
Co., Ltd. (Shanghai, China). The RNA extraction kit and the reverse transcription kit were
purchased from Takara biotechnology Co., Ltd. (Dalian, China). All reagents used were of
analytical grade. NaOH and household bleach were applied for bleaching the worms.

2.2. Preparation of RJ and Treatment Plates

The experimental colonies of honeybees were maintained at China Jiliang University
(Hangzhou, China). Larvae less than 24 h old were transferred into plastic queen cups
and returned to the colonies. Fresh RJ was collected approximately 68–72 h post-grafting.
The RJ samples were promptly transferred into 50 mL Eppendorf tubes and subsequently
stored at temperatures of −20 ◦C, 4 ◦C and 25 ◦C for two weeks. Before the experiment,
the royal jelly samples were rapidly thawed at room temperature, and 1 g was weighed
using a one-thousandth precision balance. Then, the royal jelly samples were diluted with
PBS as needed.
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2.3. C. elegans Maintenance, Synchronization and Feeding RJ

C. elegans were maintained on nematode growth medium (NGM) plates, which were
seeded with Escherichia coli OP50 and cultured at 20 ◦C. To obtain synchronized C. elegans,
gravid adult nematodes were lysed using a lysis buffer consisting of 20 mg/mL NaOH, 1 mL
of 5% NaClO and 9 mL of ddH2O and then hatched overnight on sterile NGM. The released
eggs were then washed twice with M9 buffer (composed of 6 g/L Na2HPO4, 3 g/L KH2PO4,
5 g NaCl and 0.25 g/L MgSO4·7H2O). These eggs were subsequently cultivated on NGM
plates until they reached L1 larval stage. L1 stage worms were then randomly transferred
to fresh NGM plates. The control group was treated with PBS, while experimental groups
were administered RJ of varying freshness and concentrations (100 µg/mL, 50 µg/mL,
25 µg/mL, 12.5 µg/mL). Unless otherwise stated, all other experimental conditions were
exactly the same. The treatment was administered continuously for three days. In the
experiments assessing life span, growing ability, motor ability and reproduction, treatments
started from hatching unless otherwise stated.

2.4. Lifespan Assays

For each experiment, we placed 15 L4-stage larvae on three plates with 5 animals per
plate and allowed these to develop to adulthood and then lay eggs over 24 h. These parental
animals were then removed from the plates. After 48 h, 60 L4 larvae were transferred to
fresh plates. These animals were transferred to fresh plates every day during the progeny
production period, and then every other day thereafter. Animals were assessed as dead if
they remained motionless when gently poked. Lifespan numbers did not include animals
that moved off the plate or perished from internal hatching or vulva bursting.

2.5. Growing Ability Assay

Synchronized worms were cultured with RJ at various storage temperatures and
dilution ratios until adult stage (L4), after which they were transferred to a blank NGM
for 1 min acclimation period. The worms were then anesthetized with ethanol for 1–2 min
to allow full body extension, after which their body length was measured using a Nikon
SMZ745T with a calibrated scale.

2.6. Motor Ability Assay

The synchronous nematodes of L4-stage larvae were transferred to NGM plates with
different concentrations of RJ and were transferred every 24 h to the fresh plates. The
sinusoidal movement was observed for 30 s with a camera equipped with an anatomical
microscope and streamplx imaging. The movement of the head was observed as it oscillated
from one side of the body to the other and returned to its original position. All assays were
carried out in triplicate.

2.7. Fecundity Assay

Animals were raised from eggs, similarly to in the lifespan assays. Synchronized
worms were cultured until adult stage (L4), after which they were transferred to a blank
NGM. Worms were transferred to blank NGM plates daily until egg-laying ceased. The
number of viable eggs to hatch each day was recorded. Data shown represent the average
of three independent trials.

2.8. RNA Extraction and Quantitative Real-Time PCR (RT-qPCR)

Worms from each treatment group were collected and washed with M9 buffer. The
samples were then homogenized, and total RNA was extracted using an RNA extraction
kit. RNA concentrations were measured with NanoDrop 2000 (Thermo Scientific, Waltham,
Massachusetts, USA). Reverse transcription of the total RNA was performed using a
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reverse transcription kit. Quantitative PCR was conducted using the TB Green™ Premix
Ex Taq™ II (Tli RNaseH Plus) kit, with the primer sequences listed in Table 1 and β-actin
as the reference gene. The expression levels of genes related to antioxidation, homeostasis
and lipid metabolism in C. elegans were calculated using the 2−∆∆Ct method, with the
PBS-treated group serving as the baseline.

Table 1. All primer sequences of C. elegans used in RT-qPCR experiments.

Gene Gene ID Forward (5′→3′) Reverse (5′→3′)

daf16 172981 5′-CGCTTCTTCATCGGCTCTTC-3′ 5′-CTTTCGAACAACACCAGGGG-3′
sir2.1 177924 5′-TTCAGAAGTTGCGGTCACAC-3′ 5′-TGTGTTTGTTTCGGGTGCAT-3′
skn1 177343 5′-TCGCCTCTCTTCGGAATCTC-3′ 5′-CTGGAAGCTCGTTGTCACTG-3′
sod3 181748 5′-GCGCTGAAATTCAATGGTGG-3′ 5′-ATATCCCAACCATCCCCAGC-3′
ctl2 175085 5′-CTTCAACAAGGTCGGGAAGC-3′ 5′-GTTCGGGAAGTGGATAGGGT-3′
hsp16.2 178659 5′-GGTGCAGTTGCTTCGAATCTT-3′ 5′-TCTTCCTTGAACCGCTTCTTTC-3′
hsf1 173078 5′-TTTGCATTTTCTCGTCTCTGTC-3′ 5′-TCTATTTCCAGCACACCTCGT-3′
bec1 177345 5′-ACGAGCTTCATTCGCTGGAA-3′ 5′-TTCGTGATGTTGTACGCCGA -3′
lgg1 174050 5′-GCCGAAGGAGACAAGATCCG-3′ 5′-GGTCCTGGTAGAGTTGTCCC -3′
gpd1 174603 5′-TCAAGGAGGAGCCAAGAAGG-3′ 5′-CAGTGGTGCCAGACAGTTG-3′
fat5 180162 5′-TTGTCTGGAAGAATGTCGC-3′ 5′-ATGAGCATCAGGAATACTCTCC-3′
fat6 178122 5′-AAAGATTGAGAAGGACGGC-3′ 5′-CCGAACACATACAGAAGGAA-3′
fat7 179100 5′-CGAGCATTGCCAAGAAGAT-3′ 5′-GCCGTTTGCCATTTAGCA-3′
sbp1 176574 5′-TCTCCACCACACCATACCT-3′ 5′-GCCACTTGTTCAGGGTTCT-3′
β-actin 179534 5′-CGGAGCTGAACGGAAAACTC-3′ 5′-TCAGTGTAGGCGAGGATTCC-3′

2.9. Statistical Analysis

All experimental data are shown in the text as mean ± standard deviation (SD, n = 3).
Statistical analyses between the control and treated group were performed using one-way
analysis of variance (ANOVA) in SPSS 27.0 software (SPSS Inc., Chicago, IL, USA), with
significance determined at p < 0.05.

3. Result
3.1. RJ Slightly Increased the Lifespan of C. elegans

Under the experimental conditions, the effect of different storage temperatures and
dilution ratios of RJ on the lifespan of C. elegans are shown in Figure 1 and Table 2. During
the experiment, the data of the nematodes that died due to operational errors or accidents
were excluded. After administering with 100 µg/mL, 50 µg/mL and 25 µg/mL RJ stored
at −20 ◦C, the mean lifespan of C. elegans increased to 22.89 ± 0.59, 20.68 ± 0.73 and
20.52 ± 0.34 days, respectively, which expanded the lifespan of C. elegans by 16.37%, 9.53%
and 4.32%, respectively, compared to the control group. However, RJ stored at 4 ◦C and
25 ◦C did not affect the lifespan of C. elegans. These results suggested that only fresh RJ can
prolong the lifespan of C. elegans.

Table 2. Effect of RJ at different storage temperatures and dilution ratios on the lifespan of C. elegans.

Group Number Mean Lifespan (Days) % of Control

−20 ◦C
RJ

100 µg/mL 57 22.89 ± 0.59 116.37%
50 µg/mL 54 21.54 ± 0.43 109.51%
25 µg/mL 56 20.52 ± 0.34 104.32%

12.5 µg/mL 54 19.84 ± 0.52 100.86%

4 ◦C
RJ

100 µg/mL 53 20.12 ± 0.39 102.29%
50 µg/mL 58 19.82 ± 0.28 100.76%
25 µg/mL 56 19.45 ± 0.15 98.88%

12.5 µg/mL 55 19.75 ± 0.46 100.41%

25 ◦C
RJ

100 µg/mL 56 19.90 ± 0.22 101.67%
50 µg/mL 52 19.51 ± 0.38 99.19%
25 µg/mL 56 19.42 ± 0.63 98.73%

12.5 µg/mL 53 19.73 ± 0.52 100.31%

PBS Con. 55 19.67 ± 0.42 100%
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Figure 1. Effect of RJ at different storage temperatures and dilution ratios on the lifespan of C. elegans.
Data were expressed as the mean ± SD. Bars with different asterisks indicate statistical significance
(* p < 0.05, ** p < 0.01).

3.2. Effects of Different RJ on Body Length of C. elegans

We determined and analyzed the effects of RJ on the body length of nematodes, as
shown in Figure 2. Compared with the control group, the body size of the nematodes in the
RJ treatment groups were significantly bigger. And the body size increased by 48%, 42%,
26% and 13% after being treated with 100 µg/mL, 50 µg/mL, 25 µg/mL and 12.5 µg/mL
RJ stored at −20 ◦C. Certainly, the RJ samples stored at 4 ◦C and 25 ◦C could also promote
nematode growth, but the activity decreased with the increasing storage temperature.
These results indicated that the component of RJ could improve the nematode growth
rate, and the nutrients that provide energy have relatively low requirements for storage
temperature. However, the nutritional components will still degrade when stored at 25 ◦C.

 

Figure 2. Effect of RJ at different storage temperatures and dilution ratios on the body size of C.
elegans. Data were expressed as the mean ± SD (n = 3). Bars with different asterisks indicate statistical
significance (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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3.3. RJ Improved the Motility of C. elegans

Locomotion behavior is commonly used as a marker of aging. To analyze the effect
of RJ on the locomotion behavior of nematodes, we tested the motility of nematodes
treated with RJ stored at −20 ◦C, 4 ◦C and 25 ◦C, as shown in Figure 3. RJ stored at a low
temperature (−20 ◦C and 4 ◦C) with a concentration of 100 µg/mL significantly increased
the locomotion behavior of nematodes by 58% and 50% compared to the control group.
However, when the concentration of royal jelly is lower than 25 µg/mL, its promoting
effect on the motility of C. elegans is not significant. In addition, RJ stored at 25 ◦C for two
weeks lost its biological activity in promoting nematode motility. These results suggested
that only fresh high-concentration RJ could improve the motility of worms.

 

Figure 3. Effects of RJ at different storage temperatures and dilution ratios on motility of C. elegans.
Data were expressed as the mean ± SD (n = 3). Bars with different asterisks indicate statistical
significance (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3.4. RJ Showed Significant Effect on the Reproduction Capacity of C. elegans

According to the trade-off between reproduction and longevity theory, the lifespan is
enhanced if resources shift from somatic maintenance to reproduction. To evaluate whether
the difference in lifespan induced by RJ was accompanied by an over-promotion of indi-
vidual vitality, we further analyzed the change in the reproduction capacity of nematodes
treated with RJ stored at −20 ◦C, 4 ◦C and 25 ◦C, as shown in Figure 4. Compared to its
effects on lifespan, RJ has a more significant effect in promoting the reproductive capacity
of C. elegans. The effects of different concentrations of RJ stored at −20 ◦C and 4 ◦C on the
reproductive capacity of C. elegans were significantly higher than those of the PBS control
group, with the highest increase reaching approximately 25%. Even when stored at 25 ◦C,
100 µg/mL RJ also significantly enhanced the reproductive capacity of C. elegans, increasing
it by approximately 14.8%.
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Figure 4. Effects of RJ at different storage temperatures and dilution ratios on fecundity of C. elegans.
Data were expressed as the mean ± SD (n = 3). Bars with different asterisks indicate statistical
significance (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3.5. Aging-Related Gene Expression

The above-mentioned results showed that RJ could improve the physiological function
of C. elegans, including accelerating growth, raising the motility, increasing the fecundity and
prolonging the lifespan, but the mechanisms are still not clear. Therefore, we analyzed the
expression levels of genes associated with aging and vitality, as shown in Figure 5. The gene
expression of the control group was defined as 1. The experimental results showed that RJ
could significantly affect the expression of multiple genes associated with aging and vitality. RJ
stored at −20 ◦C and RJ stored at 4 ◦C exhibit similar trends in regulating the genes associated
with C. elegans. In the experimental group treatment with RJ stored at −20 ◦C, the relative
expression levels of sod3, lgg1, bec1, hsf1, hsp16.2, sbp1 and fat7 were significantly up-regulated
2.49-, 2.36-, 3.19-, 1.69-, 2.80-, 2.72- and 1.52-fold, while the relative expression levels of sir2.1
and daf16 were down-regulated 0.41- and 0.57-fold. In the experimental group treatment with
RJ stored at 4 ◦C, the relative expression levels of sod3, lgg1, bec1, hsf1, hsp16.2, sbp1 and fat7
were significantly up-regulated 2.17-, 1.74-, 2.59-, 1.73-, 2.63-, 2.38- and 1.67-fold, while the
relative expression levels of sir2.1 and daf16 were down-regulated 0.48- and 0.32-fold. In the
experimental group treatment with RJ stored at 25 ◦C, the relative expression levels of skn1,
sod3, lgg1, hsf1, hsp16.2, fat7, fat5 and gpd1 were significantly up-regulated 2.58-, 3.80-, 2.40-,
1.73-, 1.84-, 1.73-, 2.68- and 3.40-fold, especially genes related to lipid metabolism, while sir2.1
was significantly down-regulated 0.14-fold. In addition, different dilution ratios also lead to
differences in the regulation of gene expression level in C. elegans. Overall, high concentrations
of RJ have a stronger effect on C. elegans.

Figure 5. Cont.
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Figure 5. Relative expression levels of aging- and vitality-related genes in C. elegans after treatment
with RJ at various storage temperatures and dilution ratios. (A) gpd1, (B) sod3, (C) fat7, (D) fat5,
(E) sbp1, (F) hsp16.2, (G) bec1, (H) skn1, (I) lgg1, (J) hsf1, (K) fat6, (L) ctl2, (M) daf16, (N) . * p < 0.05,
** p < 0.01 and *** p < 0.001.

4. Discussion
Though aging or hypokinesis is a natural phenomenon, numerous factors such as stress,

poor nutrition and pollution are associated with the increased internal production of free
radicals, which enhance chronic subclinical inflammation and lead to faster aging. Therefore,
one of the biggest challenges in life sciences is figuring out how to postpone the beginning of
aging and related disorders. RJ is one of the most important products of bees, and is used
to feed the queen and larvae within 3 days. And it has also been used as a natural health
supplement by the elderly for several decades. Reports have revealed that RJ exhibits several
physiological activities in experimental animals, including vasodilative and hypotensive activ-
ities, increases in growth rate, disinfectant actions, antitumor activity and anti-inflammatory
activity. Although it is widely acknowledged that the activity of RJ is closely linked to its fresh-
ness, research in this area remains insufficient. To investigate the dynamic activity changes
in storage temperature, the RJ stored at −20 ◦C, 4 ◦C and 25 ◦C were used to treat C. elegans.



Foods 2025, 14, 3839 9 of 12

The results suggest that the activity of RJ on C. elegans is related to its freshness, while RJ also
contains active components that are independent of freshness.

Fresh RJ has a promoting effect on enhancing the activity of C. elegans. In a honeybee
colony, although the queen and the worker bees share the same genome, the queen enjoys
a significantly longer lifespan due to consuming RJ throughout its entire life. And RJ was
also reported to contribute to the prolongation of longevity in other animals [24,25]. It
has been reported that intermediate and high doses (50 and 500 ppm) of RJ increased the
average lifespan of mice, possibly through the mechanism of reduced oxidative damage [26].
Researchers also found that protease-treated RJ and royalactin (formerly named 57-kDa
protein) extended the lifespan of C. elegan [27]. In our study, compared to the control, fresh
RJ at 100 µg/mL and 12.5 µg/mL can significantly prolong the lifespan of C. elegans. This
suggests that RJ spoils and loses the properties to extend lifespans depending on storage
conditions. Nutritionally, the chemical composition of RJ is one of the most complex, with
proteins accounting for approximately 50% of its dry weight; about 80–90% of RJ proteins
are MRJPs, including MRJP1-9 [18]. Protein components play a key role in the biological
activity of RJ. However, RJ proteins are extremely sensitive to storage temperature. For
example, MRJP1 is degraded proportionally to the timescale of storage and is completely
lost after storage for 30 days at 40 ◦C [8]. MRJP3, MRJP4 and MRJP5 showed a gradual
and remarkable degradation under non-low-temperature storage, and MRJP4 was almost
completely degraded after storage for 3 days at 37 ◦C [21]. Similarly, royalactin is degraded
in proportion to both storage temperature and storage period [27]. These studies all
indicate that proteins maybe play a significant role in extending lifespan. However, it is
challenging to adequately explain the increased longevity depending on a single molecule
or mechanism, since it is far more complicated than we realize. We have conducted a
preliminary analysis of the changes in proteins and peptides in fresh royal jelly and stored
royal jelly. The results showed that the levels of MRJPs, glucose oxidase and apolipoprotein
III in royal jelly stored under different conditions had undergone significant changes. But I
still do not know the degradation efficiency of these proteins.

Except for components that are sensitive to storage temperature, RJ also contains stable
active substances that do not depend on the storage conditions. In most cases, the quality
of life is more important than only longevity extension. Another well-known benefit of RJ
is its protective effect on reproductive health [11]. Previous studies on male rabbits have
demonstrated that RJ exerts positive effects on fertility, semen quality and yield, as well as
blood levels of testosterone and total proteins [28]. Recent studies have reported that RJ
protects against oxidative injuries in the mouse testes, and that it contains spermatogenesis-
stimulating compounds which inhibit the production of proinflammatory cytokines [29].
It is also efficient in preventing the depletion of follicle pool and in enhancing hormonal
regulation [11]. In aged rats, RJ can increase the amounts of ovulated oocytes and improve
their quality by regulating hormone levels [30]. According to our results, we found that
RJ has a more substantial impact on enhancing the reproductive capacity of C. elegans
than it does on the lifespan. Even when stored at 25 ◦C, RJ significantly enhances the
reproductive capacity of C. elegans. This suggested that RJ contains stable active substances
that do not depend on the storage conditions. For example, the inverse isomer of (E)-
10-hydroxyl-2-decylenic acid (10-HDA) is a unique fatty acid found only in RJ, and is
an effective composition used to judge the quality of RJ as well [31]. Through the study
using HPLC-MS/MS, it is determined that the content of 10-HDA would not change even
after being stored at room temperature for six months [21]. 10-HDA in particular may
improve the hormonal balance by enhancing the production of the ovulation hormones
and by preserving the follicular pool [32]. Researchers have confirmed the effect of 10-
HDA on the reproductive potential in sheep. Apart from 10-HDA, the stable adenosine
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monophosphate (AMP) N1 oxide, adenosine, acetylcholine, polyphenols and hormones are
all useful bioactive components [11]. RJ can not only extend the lifespan of C. elegans but
can also enhance its reproductive capacity. This situation conforms to the trade-off between
reproduction and longevity theory, namely that the lifespan is enhanced if resources divert
from somatic maintenance to reproduction [33].

The exact mechanisms of the action of RJ on C. elegans have not been fully elucidated,
but multiple genes such as bec1, hsp16.2, sod3 and gpd1 are involved. Previous studies have
shown that numerous pathways in C. elegans, such as the insulin/IGF-1 signaling (IIS)
pathway, TOR signaling pathway, gonad signaling pathway, lipid metabolism pathway and
mitochondrial electron transport chain, are proved to regulate lifespan and reproductive
capacity [34–36]. And several best-characterized genes, including daf16 and age1, are
involved in the process of lifespan regulation [37–39]. Here, we found that fresh and stale
royal jelly can regulate the expression levels of different genes in C. elegans. This suggested
that different components in royal jelly could affect the lifespan, body length, motility
and reproduction capacity of nematodes by regulating the expression of antioxidant-,
homeostasis- and lipid metabolism-related genes. For example, the bec1 gene is crucial to
C. elegans autophagy, which is closely related to mediating lifespan extension [40,41]. The
hsp16.2 gene can mediate the heat-shock signaling pathway, thereby extending the lifespan
and enhancing the reproductive capacity of C. elegans [42]. Thus, RJ helps in preventing
the aging process and is an influential antiaging product; the mechanism of action needs
to be further clarified. It is worth noting that the current international trade volume of
lyophilized royal jelly is close to that of fresh royal jelly. Vacuum freeze-drying not only
maximally preserves the quality of royal jelly, but also has significant advantages in terms of
storage, transportation, usage and stability. However, the differences between lyophilized
royal jelly and fresh royal jelly are still not clear.

5. Conclusions
In conclusion, our results showed that RJ can extend the lifespan of C. elegans, enhanc-

ing its growth rate and motility and boosting its reproductive capacity. The activity of RJ
on C. elegans is related to its freshness, while RJ also contains stable active components that
are independent of freshness. Next, it is necessary to study the dynamic variation in the
composition and functions of RJ under different storage conditions. Moreover, we will
explore effective methods for accurately assessing the freshness of RJ, thereby ensuring
product quality, stability and reliability.

Author Contributions: Conceptualization, C.Z. and F.W.; Mmthodology, C.Z., Z.L., S.L., W.T., Y.Z. and
F.W.; validation, C.Z.; formal analysis, C.Z., Y.D. and Z.L.; investigation, C.Z., S.L., W.T. and Y.Z.; data
curation, C.Z., S.L., W.T. and Y.Z.; writing—original draft, C.Z., Y.D., Z.L. and F.W.; writing—review
and editing, Z.L., H.L. and F.W.; visualization, Y.D.; project administration, H.L. and F.W.; funding
acquisition, H.L. and F.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Provincial Universi-
ties of Zhejiang (2022YW14), the Zhejiang Provincial Natural Science Foundation of China (Grant No.
LQ21C030007 and LTGC24C200002), and the National Natural Science Foundation of China (Grant
No. 32170531).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no conflicts of interest.



Foods 2025, 14, 3839 11 of 12

References
1. Aunan, J.R.; Watson, M.M.; Hagland, H.R.; Soreide, K. Molecular and biological hallmarks of ageing. Brit. J. Surg. 2016,

103, e29–e46. [CrossRef]
2. Wu, Z.M.; Qu, J.; Zhang, W.Q.; Liu, G.H. Stress, epigenetics, and aging unraveling the intricate crosstalk. Mol. Cell. 2024, 84, 34–54.

[CrossRef]
3. Elizabeth, L.; Machado, P.; Zinöcker, M.; Baker, P.; Lawrence, M. Ultra-processed foods and health outcomes: A narrative review.

Nutrients 2020, 12, 1955. [CrossRef]
4. Green, C.L.; Lamming, D.W.; Fontana, L. Molecular mechanisms of dietary restriction promoting health and longevity. Nat. Rev.

Mol. Cell. Bio. 2022, 23, 56–73. [CrossRef]
5. Fontana, L.; Partridge, L. Promoting health and longevity through diet: From model organisms to humans. Cell 2015, 161, 106–118.

[CrossRef]
6. Giampieri, F.; Quiles, J.L.; Cianciosi, D.; Forbes-Hernández, T.Y.; Orantes-Bermejo, F.J.; Alvarez-Suarez, J.M.; Battino, M. Bee

products: An emblematic example of underutilized sources of bioactive compounds. J. Agr. Food. Chem. 2022, 70, 6833–6848.
[CrossRef] [PubMed]

7. Pasupuleti, V.R.; Sammugam, L.; Ramesh, N.; Gan, S.H. Honey, propolis, and royal jelly: A comprehensive review of their
biological actions and health benefits. Oxid. Med. Cell. Longev. 2017, 2017, 1259510. [CrossRef] [PubMed]

8. Kamakura, M. Royalactin induces queen differentiation in honeybees. Nature 2011, 473, 478–483. [CrossRef]
9. Li, S.S.; Tao, L.C.; Yu, X.Y.; Zheng, H.Q.; Wu, J.P.; Hu, F.L. Royal jelly proteins and their derived peptides: Preparation, properties,

and biological activities. J. Agric. Food Chem. 2021, 69, 14415–14427. [CrossRef] [PubMed]
10. Ahmad, S.; Campos, M.G.; Fratini, F.; Altaye, S.Z.; Li, J.K. New insights into the biological and pharmaceutical properties of royal

jelly. Int. J. Mol. Sci. 2020, 21, 382. [CrossRef] [PubMed]
11. Orsolic, N.; Jembrek, M.J. Royal jelly biological action and health benefits. Int. J. Mol. Sci. 2024, 25, 6023. [CrossRef] [PubMed]
12. Ramadan, M.F.; Al-Ghamdi, A. Bioactive compounds and health-promoting properties of royal jelly: A review. J. Funct. Foods.

2012, 4, 39–52. [CrossRef]
13. Hadi, A.; Najafgholizadeh, A.; Aydenlu, E.S.; Shafiei, Z.; Pirivand, F.; Golpour, S.; Pourmasoumi, M. Royal jelly is an effective and

relatively safe alternative approach to blood lipid modulation: A meta-analysis. J. Funct. Foods 2018, 41, 202–209. [CrossRef]
14. Kurek-Górecka, A.; Górecki, M.; Rzepecka-Stojko, A.; Balwierz, R.; Stojko, J. Bee products in dermatology and skin care. Molecules

2020, 25, 556. [CrossRef] [PubMed]
15. Fratini, F.; Cilia, G.; Mancini, S.; Felicioli, A. Royal jelly: An ancient remedy with remarkable antibacterial properties. Microbiol.

Res. 2016, 192, 130–141. [CrossRef]
16. Collazo, N.; Carpena, M.; Nuñez-Estevez, B.; Otero, P.; Simal-Gandara, J.; Prieto, M.A. Health promoting properties of bee royal

jelly: Food of the queens. Nutrients 2021, 13, 543. [CrossRef] [PubMed]
17. Qi, D.D.; Ma, C.Y.; Wang, W.W.; Zhang, L.C.; Li, J.K. Gas chromatography-mass spectrometry analysis as a tool to reveal

differences between the volatile compound profile of royal jelly produced from tea and pagoda trees. Food. Anal. Method. 2021,
14, 616–630. [CrossRef]

18. Buttstedt, A.; Moritz, R.F.A.; Erler, S. Origin and function of the major royal jelly proteins of the honeybee as members of the gene
family. Biol. Rev. 2014, 89, 255–269. [CrossRef]

19. Ramanathan, A.N.K.G.; Nair, A.J.; Sugunan, V.S. A review on royal jelly proteins and peptides. J. Funct. Foods 2018, 44, 255–264.
[CrossRef]

20. Alattal, Y.Z.; Bazeyad, A.Y.; Al-Ghamdi, A.A. Variation in chemical composition of fresh and commercial royal jelly associated
with international standards. J. Food. Compos. Anal. 2025, 138, 107017. [CrossRef]

21. Hu, H.; Wei, Q.H.; Sun, Z.H.; Zhang, X.F.; Ma, C.; Feng, M.; Meng, L.F.; Li, J.K.; Han, B. Development of a freshness assay for
royal jelly based on the temperature- and time-dependent changes of antimicrobial effectiveness and proteome dynamics of royal
jelly proteins. J. Agr. Food. Chem. 2021, 69, 10731–10740. [CrossRef]

22. Shen, P.Y.; Yue, Y.R.; Park, Y. A living model for obesity and aging research: Caenorhabditis elegans. Crit. Rev. Food. Sci. 2018,
58, 741–754. [CrossRef]

23. Fang, Z.Y.; Chen, Y.T.; Wang, G.; Feng, T.; Shen, M.; Xiao, B.; Gu, J.Y.; Wang, W.M.; Li, J.; Zhang, Y.J. Evaluation of the antioxidant
effects of acid hydrolysates from polysaccharides using a model. Food. Funct. 2019, 10, 5531–5543. [CrossRef] [PubMed]

24. Kunugi, H.; Ali, A.M. Royal jelly and its components promote healthy aging and longevity, from animal models to humans. Int.
J. Mol. Sci. 2019, 20, 4662. [CrossRef] [PubMed]

25. Honda, Y.; Fujita, Y.; Maruyama, H.; Araki, Y.; Ichihara, K.; Sato, A.; Kojima, T.; Tanaka, M.; Nozawa, Y.; Ito, M.; et al.
Lifespan-extending effects of royal jelly and its related substances on the nematode. PLoS ONE 2011, 6, e23527. [CrossRef]

26. Inoue, S. Royal jelly prolongs the life span of C3H/HeJ mice: Correlation with reduced DNA damage. Exp. Gerontol. 2003,
38, 965–969. [CrossRef] [PubMed]

https://doi.org/10.1002/bjs.10053
https://doi.org/10.1016/j.molcel.2023.10.006
https://doi.org/10.3390/nu12071955
https://doi.org/10.1038/s41580-021-00411-4
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1021/acs.jafc.1c05822
https://www.ncbi.nlm.nih.gov/pubmed/34974697
https://doi.org/10.1155/2017/1259510
https://www.ncbi.nlm.nih.gov/pubmed/28814983
https://doi.org/10.1038/nature10093
https://doi.org/10.1021/acs.jafc.1c05942
https://www.ncbi.nlm.nih.gov/pubmed/34807598
https://doi.org/10.3390/ijms21020382
https://www.ncbi.nlm.nih.gov/pubmed/31936187
https://doi.org/10.3390/ijms25116023
https://www.ncbi.nlm.nih.gov/pubmed/38892209
https://doi.org/10.1016/j.jff.2011.12.007
https://doi.org/10.1016/j.jff.2017.12.005
https://doi.org/10.3390/molecules25030556
https://www.ncbi.nlm.nih.gov/pubmed/32012913
https://doi.org/10.1016/j.micres.2016.06.007
https://doi.org/10.3390/nu13020543
https://www.ncbi.nlm.nih.gov/pubmed/33562330
https://doi.org/10.1007/s12161-020-01880-7
https://doi.org/10.1111/brv.12052
https://doi.org/10.1016/j.jff.2018.03.008
https://doi.org/10.1016/j.jfca.2024.107017
https://doi.org/10.1021/acs.jafc.1c02843
https://doi.org/10.1080/10408398.2016.1220914
https://doi.org/10.1039/C8FO02589D
https://www.ncbi.nlm.nih.gov/pubmed/31418439
https://doi.org/10.3390/ijms20194662
https://www.ncbi.nlm.nih.gov/pubmed/31547049
https://doi.org/10.1371/journal.pone.0023527
https://doi.org/10.1016/S0531-5565(03)00165-7
https://www.ncbi.nlm.nih.gov/pubmed/12954483


Foods 2025, 14, 3839 12 of 12

27. Detienne, G.; De Haes, W.; Ernst, U.R.; Schoofs, L. Temmerman, Royalactin extends lifespan of through epidermal growth factor
signaling. Exp. Gerontol. 2014, 60, 129–135. [CrossRef]

28. Elnagar, S.A. Royal jelly counteracts bucks’ “summer infertility”. Anim. Reprod. Sci. 2010, 121, 174–180. [CrossRef]
29. Almeer, R.S.; Soliman, D.; Kassab, R.B.; AlBasher, G.I.; Alarifi, S.; Alkahtani, S.; Ali, D.; Metwally, D.; Moneim, A.E.A. Royal jelly

abrogates cadmium-induced oxidative challenge in mouse testes: Involvement of the Nrf2 pathway. Int. J. Mol. Sci. 2018, 19, 3979.
[CrossRef]

30. Khazaei, F.; Ghanbari, E.; Khazaei, M. Improved hormonal and oxidative changes by royal jelly in the rat model of PCOS: An
experimental study. Int. J. Reprod. Biomed. 2021, 19, 515–524. [CrossRef]

31. Zhou, J.; Xue, X.; Li, Y.; Zhang, J.; Zhao, J. Optimized determination method for trans-10-hydroxy-2-decenoic acid content in royal
jelly by high-performance liquid chromatography with an internal standard. J. AOAC Int. 2007, 90, 244–249. [CrossRef]

32. Maher, A.M.; Elsanosy, G.A.; Ghareeb, D.A.; Elblehi, S.S.; Saleh, S.R. 10-Hydroxy decanoic acid and zinc oxide nanoparticles
retrieve Nrf2/HO-1 and Caspase-3/Bax/Bcl-2 signaling in lead-induced testicular toxicity. Biol. Trace Elem. Res. 2025, 203, 2728–2751.
[CrossRef]

33. Duangjan, C.; Rangsinth, P.; Gu, X.J.; Wink, M.; Tencomnao, T. Lifespan extending and oxidative stress resistance properties of a
leaf extracts from L. in Caenorhabditis elegans. Oxid. Med. Cell. Longev. 2019, 2019, 9012396. [CrossRef] [PubMed]

34. Templeman, N.M.; Murphy, C.T. Regulation of reproduction and longevity by nutrient-sensing pathways. J. Cell. Biol. 2018,
217, 93–106. [CrossRef]

35. Altintas, O.; Park, S.; Lee, S.J.V. The role of insulin/IGF-1 signaling in the longevity of model invertebrates C and D. Bmb. Rep.
2016, 49, 81–92. [CrossRef]

36. Jia, K.L.; Levine, B. Autophagy and longevity, lessons from C. elegans. Adv. Exp. Med. Biol. 2010, 694, 47–60.
37. Ishii, N.; Goto, S.; Hartman, P.S. Protein oxidation during aging of the nematode Caenorhabditis elegans. Free Radic. Biol. Med. 2002,

33, 1021–1025. [CrossRef] [PubMed]
38. Murphy, C.; McCarroll, S.; Bargmann, C.; Fraser, A.; Kamath, R.; Ahringer, J.; Li, H.; Kenyon, C. Genes that act downstream of

DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature 2003, 424, 277–283. [CrossRef] [PubMed]
39. Wang, H.L.; Liu, J.; Li, T.; Liu, R.H. Blueberry extract promotes longevity and stress tolerance via DAF-16 in Caenorhabditis elegans.

Food. Funct. 2018, 9, 5273–5282. [CrossRef]
40. Yang, P.G.; Zhang, H. The coiled-coil domain protein EPG-8 plays an essential role in the autophagy pathway in C. elegans.

Autophagy 2011, 7, 159–165. [CrossRef]
41. Han, J.H.; Park, H.S.; Lee, D.H.; Jo, J.H.; Heo, K.S.; Myung, C.S. Regulation of autophagy by controlling Erk1/2 and mTOR for

platelet-derived growth factor-BB-mediated vascular smooth muscle cell phenotype shift. Life. Sci. 2021, 267, 118978. [CrossRef]
[PubMed]

42. Yanase, S. PAK1-deficiency/down-regulation reduces brood size, activates HSP16.2 gene and extends lifespan in Caenorhabditis
elegans. Drug Discov. Ther. 2013, 7, 29–35. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.exger.2014.09.021
https://doi.org/10.1016/j.anireprosci.2010.05.008
https://doi.org/10.3390/ijms19123979
https://doi.org/10.18502/ijrm.v19i6.9373
https://doi.org/10.1093/jaoac/90.1.244
https://doi.org/10.1007/s12011-024-04374-3
https://doi.org/10.1155/2019/9012396
https://www.ncbi.nlm.nih.gov/pubmed/31281595
https://doi.org/10.1083/jcb.201707168
https://doi.org/10.5483/BMBRep.2016.49.2.261
https://doi.org/10.1016/S0891-5849(02)00857-2
https://www.ncbi.nlm.nih.gov/pubmed/12374613
https://doi.org/10.1038/nature01789
https://www.ncbi.nlm.nih.gov/pubmed/12845331
https://doi.org/10.1039/C8FO01680A
https://doi.org/10.4161/auto.7.2.14223
https://doi.org/10.1016/j.lfs.2020.118978
https://www.ncbi.nlm.nih.gov/pubmed/33412209
https://doi.org/10.5582/ddt.2013.v7.1.29
https://www.ncbi.nlm.nih.gov/pubmed/23524941

	Introduction 
	Material and Methods 
	Materials 
	Preparation of RJ and Treatment Plates 
	C. elegans Maintenance, Synchronization and Feeding RJ 
	Lifespan Assays 
	Growing Ability Assay 
	Motor Ability Assay 
	Fecundity Assay 
	RNA Extraction and Quantitative Real-Time PCR (RT-qPCR) 
	Statistical Analysis 

	Result 
	RJ Slightly Increased the Lifespan of C. elegans 
	Effects of Different RJ on Body Length of C. elegans 
	RJ Improved the Motility of C. elegans 
	RJ Showed Significant Effect on the Reproduction Capacity of C. elegans 
	Aging-Related Gene Expression 

	Discussion 
	Conclusions 
	References

