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Moderate dietary restriction (DR) is known to extend lifespan, but its long-term safety remains 
unclear. In this study, silkworms of P50 were divided into libitum feeding (AL) and DR groups, with 
the DR group receiving 65% of the AL group’s intake. Using the contemporary DR cohort as the parent 
generation, the identical dietary restriction methodology is perpetuated across successive generations 
to establish a multi-generational DR model. We recorded body weight, lifespan, spawning amount, and 
cocoon shell rate at each generation, and analyzed tissue sections of the G6 generation. Biochemical 
indices of hemolymph were assessed in the G0 and G3 generations, and the expression levels of genes 
associated with DR metabolism were analyzed using quantitative PCR. The result showed that DR 
initially caused weight loss, which then stabilized, and significantly extended lifespan. Biochemical 
indicators showed that silkworm’s antioxidant capacity improved significantly in DR group, with 
notable differences between the current (G0) and successive (G3) generations. Gene expression related 
to oxidative stress was significantly altered depending on there function in G3 compared to G0. This 
suggests that long-term moderate DR can extend lifespan and reduce weight and fat, mainly due 
to enhanced antioxidant capacity. Additionally, animals demonstrated adaptability to prolonged 
moderate DR, indicating its feasibility across generations in insects. Our study confirms that boosting 
antioxidant capacity is a healthy, life-extending strategy under dietary restriction and highlights the 
adaptability of animals to such diets over generations, supporting the development of safe, long-term 
dietary plans for humans and large animals.
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In recent years, with the elevation of living standards, the prevention of diseases and the extension of healthy 
lifespan have gradually become issues of particular concern in the global scientific/medical communities. 
Moderate dietary restriction (DR), which is generally considered not less than 60% of the normal amount, is 
by far the most effective and healthy intervention measure for lifespan extension, which has been verified in 
multiple model organisms as well as silkworm1–5. Scientific DR has been shown to effectively manage weight6, 
enhance cardiometabolic health5, and slow the progression of neurodegenerative diseases7. Additionally, DR 
can modulate gut microbiota to improve immune aging8, etc. Current evidence supports the potential health 
benefits of long-term, moderate DR in healthy young and middle-aged individuals, with no significant increase 
in reported adverse events9,10. A 15-year observational study demonstrated the long-term benefits of DR13.This 
evidence indicates that the implementation of prolonged moderate DR may confer certain health advantages. 
However, extended DR has been associated with decreased metabolic parameters in rodents, including 
reductions in body temperature, resting metabolic rate, markers of oxidative stress, and fasting insulin levels14. 
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Additionally, DR typically results in diminished reproductive15.Studies on nematodes have demonstrated that 
parental DR can influence the longevity and fitness of offspring, exhibiting notable cross-generational effects16. 
Consequently, it remains uncertain whether organisms can achieve a balance and adapt to prolonged dietary 
restriction while considering the associated costs to healthy survival and reproduction.

Given the extended human life cycle and the ethical constraints on certain types of research17, it is challenging 
to assess the feasibility of sustaining long-term DR in humans. So studies on the transgenerational effects of 
DR have predominantly utilized model organisms such as Drosophila melanogaster and Caenorhabditis elegans. 
B.mori, a representative invertebrate model within the Lepidoptera order, has garnered significant attention 
in recent years due to its unique advantages2,18–20. The application of the silkworm in nutritional restriction 
research dates back to the early 20th century21. More recently, it has been extensively adopted as a model 
for studies on dietary restriction2,22–26. Similar to nematodes and fruit flies, silkworms present fewer ethical 
concerns compared to mammalian models27,28. Furthermore, the moderate size of individual silkworms and 
their organs facilitates the extraction of various tissues for physiological and biochemical analyses. Additionally, 
the controlled laboratory environment allows for precise regulation of feeding duration and food intake. The 
silkworm exhibits a moderate life cycle, produces multiple offspring, and possesses a well-defined genetic 
background. A particularly significant attribute is the ability to preserve silkworm eggs across generations, 
allowing for the simultaneous incubation and rearing of different generations and treatments. This facilitates the 
analysis of intergenerational differences. Consequently, the silkworm is considered an ideal model organism for 
studying the effects of DR across multiple generations.

In recent years, substantial research efforts have been directed towards elucidating the mechanisms by which 
food restriction extends healthspan and lifespan. It has been demonstrated that the body adapts to nutritional 
changes by modulating the neuroendocrine system, mitigating inflammation, and preventing oxidative stress 
damage3,29–31.The regulation of these signaling pathways has been thoroughly reviewed by Cara L. Green et 
al.10, the nutritional signaling pathways primarily encompass insulin/insulin-like growth factor 1 (IGF1), AKT 
signaling, and epigenetic mechanisms, among others. These evidences furnish the molecular basis for our 
analysis of the interrelationship between these phenomena and natural processes, subsequent to the development 
of a cross-generational DR model. Based on contemporary research, moderate DR demonstrates potential 
biological health benefits and is implicated in various signaling pathways. However, there is a lack of data to 
assess the health risks associated with long-term DR, and the feasibility of maintaining balanced nutrition under 
prolonged DR as a safe strategy for life extension remains uncertain. Therefore, we utilized the model organism 
B.mori, leveraging its advantages as a medical research model to establish an animal model of DR acrossing more 
than four generations, feed amount to approximately 65% that provided to the AL group by adjusting the feeding 
schedule. and analyzed the effects of moderate DR on life indicators, main biochemical indices and genes related 
to DR metabolism. Based on current global life expectancy statistics(World Population Prospects (un.org), Life 
expectancy at birth, total (years) | Data (worldbank.org)), the generational span of silkworms, when converted 
to the equivalent time for four human generations, is approximately 300 years. The findings demonstrated that 
silkworms exhibit a degree of adaptability to prolonged moderate DR, particularly in terms of reproduction and 
survival. Long-term moderate DR was found to extend lifespan and decrease both body weight and fat content, 
primarily due to enhanced antioxidant capacity. These results lay the groundwork for the formulation of safe, 
long-term moderate dietary programs for humans and large animals.

Materials and methods
Establishment of the across-generation DR model and life indices survey in silkworm
The B. mori P50 strain was bred and preserved by the key laboratory of silkworm and mulberry genetic 
improvement. Diapause-terminated eggs (induced by HCl exposure) were incubated in indoor natural light at 
25 °C. After hatching, silkworm larvae were reared with fresh mulberry leaves at 25 ± 1 °C. At the second instar 
stage, the larvae were randomly divided into two groups. The AL group was given food twice a day and allowed 
uninterrupted feeding during the entire day. The DR group was given mulberry leaves once a day and allowed 
to feed for 16 h; there was no food available for the other 8 h. Given that DR extends lifespan, it’s impractical to 
match daily feed amounts between AL and DR groups. Following Chinese sericulture standards32, we adjusted 
the DR group’s feed to about 65% of the AL group’s by modifying the feeding schedule. Each group consisted of 
three replicates, with each replicate containing 100 silkworms. Post-oviposition, a subset of the eggs underwent 
immediate acid treatment and were subsequently maintained for breeding purposes, while another subset was 
kept for later use without treatment. This feeding regimen was consistently applied across three generations 
within a single year. In the following spring, both the G0 and G3 generations were concurrently fed to facilitate 
a comparative analysis of the physiological effects resulting from across-generational food restriction. The daily 
food intake, body weight, age, elapsed time, and other indices were investigated at each generation (Fig.  1). 
Furthermore, the testes and fat body from G6 AL and DR specimens were fixed using 4% paraformaldehyde 
(E672002-0100, BBI, Shanghai, China). Subsequently, paraffin-embedded sections were prepared and analyzed 
(Powerful Biology, Wuhan, China).

Measurement of physiological and biochemical indices
Hemolymph samples, comprising mixed male and female specimens were collected respectively from the 5th 
instar and pupal stages of the G0 and G3 generations within both AL and DR groups. These samples were stored 
in centrifuge tubes pre-treated with phenylthiourea and subsequently kept at -80℃ for the following analysis. 
For the detection of trehalose, the hemolymph samples were first processed by taking 100 µL and adding 0.9 
mL of extraction solution. The mixture was thoroughly combined and allowed to stand at room temperature for 
45 min, during which it was oscillated 3 to 5 times. Following this incubation period, the mixture was cooled 
and centrifuged at 8000 g for 10 min at room temperature. After diluting 12 µL of supernatant fivefold with 
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distilled water, the trehalose content was quantified using a trehalose assay kit (BC0335, Solarbio, Beijing, China) 
according to the operating instructions. The total antioxidant capacity (T-AOC) was assessed by diluting 5 µL 
of hemolymph tenfold with distilled water and following the instructions provided with the assay kit (BC1315, 
Solarbio, Beijing, China). Free fatty acids (FFA) and uric acid (UA) were directly measured in the hemolymph 
according to the respective kit instructions (KTB2230, Abbkine, Wuhan, China) and (KTB1510, Abbkine, 
Wuhan, China). Each biochemical index was analyzed in triplicate.

Selection of potential genes and quantitative Real-time PCR (qRT-PCR) analysis
Based on the references, the National Center for Biotechnology Information (NCBI) database ​(​​​h​t​t​p​s​:​/​/​w​w​w​
.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​​​​​) and the SilkDB 3.0 silkworm genome database (https://silkdb.bioinfotoolkits.net/) were 
utilized to preliminarily screen 26 genes potentially related to DR metabolism. Primers for quantitative real-
time PCR (qRT-PCR) were subsequently designed (Table 1). Total RNA was extracted using the Trizol method 
(9109, Takara, Beijing, China), the separation of organic and inorganic phases was achieved using chloroform, 
followed by RNA precipitation with isopropyl alcohol. Subsequently, the chloroform and isopropyl alcohol were 
washed with 75% ethanol. The RNA concentration was then quantified (NanoDrop 2000,Thermo Fisher, USA) 
using dissolved RNA precipitation, with 1 µg RNA serving as the standard., cDNA synthesis was performed 
with the HiFiScript gDNA Removal RT MasterMix kit (CW2020M, CWBIO, Jiangsu, China) according to 
operating instructions, employing Bmrp4933–35 as the internal reference gene. Utilizing 1.5µL 4-fold diluted 
cDNA (obtained by reverse transcription of 1ug mRNA) as template in 20 µL reaction systerm, the cycling 
program was established in accordance with the kit instructions (Q711, Vazyme, Nanjing, China) as follows: 
initial denaturation at 95  °C for 30  s; 40 cycles consisting of denaturation at 95  °C for 10  s and annealing/
extension at 60 °C for 30 s; followed by a final denaturation at 95 °C for 15 s, annealing at 60 °C for 60 s, and a 
final denaturation at 95 °C for 15 s. The mRNA expression levels of each gene were quantified using a real-time 
quantitative PCR instrument (ABI 7500, Thermo Fisher, USA).

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 8.0 software. The significance of key life indices was 
assessed using a two-tailed Student’s t-test. Additionally, comparisons between physiological and biochemical 

Fig. 1.  The feeding protocol across generations.
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Accession No. Genes name Primer sequence (5’-3’) Product Length(bp)

BMSK0004970 SAMS
F:​C​A​G​G​A​G​A​C​C​A​G​G​G​C​T​T​G​A​T​G

146
R:​T​G​A​A​T​C​T​G​G​T​C​T​T​G​C​C​C​A​C​C

BMSK0004883 FOXO
F:​C​C​A​G​A​C​A​A​C​T​A​C​G​T​C​G​A​G​C​A

195
R:​T​A​T​C​T​G​C​G​A​C​A​G​T​G​T​G​A​G​C​C

DMEL07670 ucpC
F:​A​A​C​G​C​G​G​T​G​G​A​A​C​T​A​T​C​G​A​A

115
R:​G​A​T​G​A​G​G​C​T​G​G​A​C​C​G​C​A​T​A​A

BMSK0003300 Scd3
F:​G​C​T​T​G​T​G​G​G​G​A​A​A​T​T​C​G​A​C​G

128
R:​C​A​T​T​A​G​C​C​A​T​C​C​A​A​T​G​T​G​G​C​A

BMSK0005973 Spo
F:​C​G​G​A​G​G​T​C​G​G​C​A​G​A​A​A​G​A​T​T

182
R:​G​T​A​C​C​C​G​G​A​T​A​T​G​T​T​G​G​C​G​T

BMSK0010110 Taf1
F:​C​G​G​A​A​A​C​A​C​A​A​G​C​C​C​T​C​A​A​C

133
R:​A​C​T​C​C​T​T​T​C​C​T​A​A​T​T​C​T​G​G​C​T​T​G

BMSK0015661 TFEB
F:​G​C​A​G​C​A​C​C​A​G​G​A​C​T​T​C​A​T​G​T

111
R:​T​G​C​T​T​C​A​G​T​T​G​T​G​T​G​C​G​A​G​A

BMSK0012774 RICTOR
F:​G​C​A​T​T​T​C​T​T​G​G​C​G​C​A​G​A​T​G​G

238
R:​A​A​C​T​G​T​C​G​T​C​G​T​C​A​T​C​G​C​T​C

BMSK001074 AKT1
F:​A​C​T​A​T​G​C​A​A​G​G​T​C​C​G​G​T​T​C​C

151
R: ​G​T​T​G​A​T​C​G​A​C​G​C​G​A​A​G​A​A​G​G

XM_038011895.2 FGF16
F:​G​G​A​T​A​C​G​A​G​C​C​G​G​G​A​A​G​A​A​G

208
R:​C​A​G​T​T​T​C​T​G​T​G​T​T​T​G​G​G​C​G​G

BMSK0006666 MTCH2
F:​T​T​G​G​T​C​T​T​A​T​C​G​C​C​G​C​A​A​G​T

190
R:​A​C​A​T​G​G​A​A​C​G​G​G​T​G​A​G​C​A​A​T

DMEL00733 Ucp4C
F:​A​C​A​A​A​C​G​T​C​G​C​T​G​A​T​C​C​A​C​T

207
R:​T​C​C​C​T​C​C​A​C​T​C​G​G​A​T​C​A​T​G​T

BMSK0002670 AGPAT1
F:​T​G​G​C​A​C​A​T​T​C​G​A​A​A​C​G​G​A​G​A

200
R:​T​C​T​A​T​G​T​A​A​A​T​C​C​C​G​C​C​G​C​C

BMSK0002015 DGAT1
F:​T​G​C​A​G​A​A​C​A​A​G​A​C​C​A​G​A​C​G​T​A

200
R:​A​C​G​C​A​A​G​C​T​C​C​A​C​T​A​A​C​C​T​C

BMSK0003109 ChAT
F:​A​A​G​A​C​G​A​G​A​A​C​A​A​C​C​G​C​A​C​T

196
R:​T​A​T​T​C​C​T​G​A​C​A​G​C​C​C​T​G​C​A​C

BMSK0011257 HMGCS-1
F:​A​G​G​C​A​T​A​C​T​C​G​C​C​A​T​G​G​A​A​C

236
R:​T​T​T​C​T​G​T​G​C​C​C​A​C​C​T​C​C​A​A​G

BMSK0004527 Mmp2
F:​G​G​A​T​A​A​G​C​G​C​C​A​A​T​C​T​T​T​G​T​C​A

168
R:​C​G​T​T​T​G​G​C​G​A​A​C​G​A​G​A​C​A​A​G

BMSK0012681 fam120a
F:​C​A​C​T​G​T​G​G​G​C​T​A​C​G​T​T​G​G​A​T

200
R:​A​C​T​G​G​T​G​G​T​G​A​A​C​T​T​C​G​T​C​C

BMSK0007049 BMSK0007049
F: ​T​T​G​C​C​A​C​C​A​C​A​C​C​T​C​T​T​A​C​A

161
R:​T​T​G​A​A​A​G​G​T​G​A​A​T​T​A​G​G​G​G​C​A

BMSK0009272 Sirt4
F:​G​C​A​A​C​C​G​A​A​C​G​T​C​A​C​A​C​A​T​C

263
R:​A​T​T​C​A​A​C​A​T​C​G​C​C​A​T​C​C​G​G​T

BMSK0004472 BLOS1
F:​T​G​T​T​C​C​T​T​G​A​T​C​C​T​A​C​A​G​A​A​C​A​G​A

249
R:​C​C​C​A​G​T​T​T​T​C​G​A​C​A​T​C​C​C​C​A

BMSK0001700 eIF 2a
F:​G​T​T​C​A​G​C​C​G​T​C​T​G​G​A​C​T​T​G​A

218
R:​T​T​C​G​G​G​T​G​A​T​T​G​A​G​A​C​T​G​G​C

NM_001043576.1 ATFC
F:​C​A​T​T​T​A​A​C​A​C​C​G​C​C​G​C​A​G​A​G

185
R:​G​C​G​T​C​C​A​A​G​T​C​A​C​A​C​T​C​G​T​A

BMSK0001211 EIF4EBP2
F:​C​T​C​C​A​C​C​A​C​T​C​C​T​G​G​A​G​G​T​A

213
R:​A​T​G​C​T​G​A​A​G​G​T​T​T​C​C​T​G​C​G​A

BMSK0007071 AMX-1
F:​A​C​A​T​T​C​A​A​T​G​G​A​C​C​A​C​G​G​C​T

290
R:​C​T​C​C​A​C​T​C​C​C​A​G​G​T​A​C​T​C​C​A

BMSK0007404 FOXL22[36]
F:​A​C​G​G​C​A​G​A​A​A​T​A​G​G​C​A​G​G​G​C

171
R:​C​C​A​G​G​G​G​T​A​A​A​A​G​G​C​T​A​T​T​G​G​G​T

AB048205.1 Bmrp49
F:​T​C​A​A​T​C​G​G​A​T​C​G​C​T​A​T​G​A​C​A

136
R:​A​T​G​A​C​G​G​G​T​C​T​T​C​T​T​G​T​T​G​G

Table 1.  qRT-PCR primers.
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indicators, as well as individual gene expressions, were analyzed using a bidirectional ANOVA with multiple 
comparison tests.

Results
The silkworm exhibits a certain degree of adaptability to successive generations of moderate 
DR
Following an extended period of moderate DR, a significant decrease in average body weight was observed 
during the late larval stage. However, with the progression of generations, the timing and magnitude of significant 
differences between the AL and DR groups were both delayed and diminished (Fig.  2a). The trend in body 
weight differences between the AL and DR groups remained consistent across all generations, and no significant 
intergenerational differences were detected (Fig. 2b). All generations subjected to DR exhibited a significant 
extension in lifespan (Including larval stage, pupal stage and adult stage) (Fig. 3a), and this life-extending effect 
did not diminish appreciably in the successive generations (Fig. 3b). Although fecundity (spawning amount) 

Fig. 3.  The effects of across-generations of moderate DR on the longevity of silkworms. (a) The lifespan 
differences between G0 to G3 generations of DR and AL groups. (b) The differential life extension effects of 
DR compared to the AL group across generations G0 to G3.Significance levels are indicated as follows: **** 
p < 0.0001;*p < 0.05.

 

Fig. 2.  The impact of across-generations of moderate DR on the body quality of silkworms. (a) The absolute 
weight difference between DR and AL in each generation from G0 to G3. (b) Comparison of weight 
differences between DR and AL groups across G0 to G3 generations. G0: the first generation; G1: the second 
generation; G2: the third generation; G3: the fourth generation. Significance levels are indicated as follows: **** 
p < 0.0001;*** p <0.001*p < 0.05.
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and economic traits (cocoon shell rate) were reduced, these adverse effects of DR on spawning amount and 
cocoon shell rate intensified in the second generation (G1) and began to attenuate in the third generation (G2). 
However, when exposed to adverse environmental conditions, the differences between the groups showed a 
slight resurgence. For instance, the fourth generation of eggs subjected to a low temperature of 5℃ for over 90 
days exhibited a lesser impact compared to the second generation (Figs. 4 and 5).Studies have demonstrated that 
dietary restriction (DR) can reduce reproductive rates37. However, prolonged DR may lead to an evolutionary 
reallocation of resources towards reproduction and growth37–39, potentially decreasing somatic cell growth 
rate in favor of enhancing reproductive capacity40. In the case of silkworms, eggs allocate a portion of their 
resources to basic energy consumption and improve cold tolerance during overwintering41,42. The glycogen 
stored in silkworm eggs is converted into sorbitol and glycerol, which function as antifreeze agents, aiding 
survival under cold winter conditions43. Consequently, the observed decline in fertility by the third generation 
(G3) is understandable. In addition, we examined tissue sections from the G6 generation AL and DR groups 
and observed a reduction in the number of sperm bundles in the DR group (Fig. 6a & d). Additionally, the fat 
body exhibited decreased fat density and thinner cells in both the 5th instar and the pupal stage (Fig. 6b, c, e, 

Fig. 5.  Effect of across- generations of moderate DR on cocoon shell rate of silkworms. (a) The absolute 
difference in cocoon shell rate between the G0-G3 generations of DR and AL groups; (b) The relative reduction 
in cocoon shell rate between the G0-G3 generations in the DR group compared to the AL group. Significance 
levels are indicated as follows: **** p < 0.0001;**p < 0.01*p < 0.05.

 

Fig. 4.  The impact of across-generations of moderate DR on spawning amount of silkworm. (a)The absolute 
difference in spawning amount between the G0-G3 generations of DR and AL groups; (b) The relative 
reduction in egg production between the G0-G3 generations in the DR group compared to the AL group. 
Significance levels are indicated as follows: **** p < 0.0001;*** p < 0.001*p < 0.01.
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f), aligning with the observed decline in weight and fecundity in the DR group. This observation suggests that 
although the status of successive multi-generational DR tissues was slightly worse than that of the AL group, 
moderate DR across successive generations can effectively extend lifespan, reduce body weight and fat, and 
minimize economic traits, while still allowing for safe reproduction and generational continuity in the silkworm. 
Consequently, the feasibility of moderate DR across successive generations in insects is demonstrated.

The following descriptions pertain to tissue paraffin sections: (a) G6 AL testis at the fifth day of fifth instar ; 
(b) G6 AL fat body at the fifth day of the fifth instar; (c) G6 AL fat body at the third day of the pupal stage ; (d) G6 
DR testis at the fifth day of fifth instar; (e) G6 AL fat body at the fifth day of the fifth instar; (f) G6 AL fat body at 
the third day of the pupal stage. Sections (c) and (f) are presented at 100 μm magnification, while the remaining 
sections are at 200 μm magnification.

 The silkworm improves its antioxidant capacity and other biochemical indices to adapt to 
across-generational dietary restriction
Physiological and biochemical activities are the basic processes of living organisms. By measuring physiological 
and biochemical indices, we can analyze the life activities of silkworms and thus understand the effects of 
moderate DR on their life activities.

The antioxidant capacity of hemolymph is one of the indices for evaluating healthy diets. Our results show 
that the antioxidant capacity of DR groups significantly increases regardless of the current (G0) or successive 
(G3) generations, regardless of the fifth instar or the pupal stage, and the G3 are significantly higher than the G0 
generation (Fig. 7a). This may be the essence of sustained diet restriction for healthy longevity.

Free fatty acids are derived from carbohydrates and are the substances needed for sustained activities. 
Therefore, the results are consistent with the existing conclusions .Where the DR group increases the source 
and storage (mainly occurs at 5th instar) of free fatty acids under limited energy intake conditions, and fully 
utilizes free fatty acids at pupal stage, Despite the overall decrease in energy storage and utilization capacity in 
DR group, the storage and utilization of free fatty acids are significantly increased in the G3compared to that in 
the G0 generation(Fig. 7b).

Uric acid is a product of purine metabolism and accumulating too much indicates the onset of diseases. 
There is no significant difference in uric acid content between the AL and DR groups in the middle 5th instar, 
as most of the uric acid is excreted from the body during larval stage metabolism (Fig. 7c). However, the uric 
acid content in the pupal stage rises sharply due to various metabolic processes occurring within the body, but 
the pupae do not excrete it, leading to a sharp rise in uric acid content in the body. Since the DR group has 
a lower energy intake, the corresponding uric acid content also decreases, and the body is actually healthier. 
Trehalose is the main circulating sugar in insect hemolymph. In the DR group with lower food intake at 5th 
instar, sucrose is mainly used to synthesize sorbitol and glycerol, and limited energy intake leads to a decrease 
in trehalose content (Fig.  7d). However, in the energy conversion and utilization stage of the pupa, sugar is 
converted into trehalose for growth and development in greater amounts. However, it is important to highlight 

Fig. 6.  Effect of across- generations of moderate DR on physiological state of tissues of silkworms, Bombyx 
mori. (a) The absolute difference in cocoon shell rate between the G0-G3 generations of DR and AL groups; (b) 
The relative reduction in cocoon shell rate between the G0-G3 generations in the DR group compared to the 
AL group. Significance levels are indicated as follows: **** p < 0.0001;**p < 0.01*p < 0.05.
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that no significant differences were observed in the changes of uric acid and trehalose levels between the group 
subjected to multiple generations of DR and the group with DR only in the first generation. This may suggest 
that the body strives to achieve a balance of intake, excretion, and utilization through its intrinsic regulatory 
mechanisms.

In summary, the body ensures healthy longevity in a restricted diet by balancing sugar and lipid metabolism 
and enhancing antioxidant capacity. Furthermore, with the accumulation of generations of DR, especially for the 
total antioxidant capacity and free fatty acid level, the balance ability is gradually enhanced.

This figure illustrates the primary biochemical indices in silkworms subjected to dietary restriction compared 
to those reared under normal conditions. The hemolymph was the analyzed tissue, with the following parameters 
measured: (a) total antioxidant capacity, (b) free fatty acid levels, (c) uric acid levels, and (d) trehalose levels. 
The experimental groups are denoted as follows: G0-AL represents the first generation of libitum feeding, G0-
DR indicates the first generation of dietary restriction, G3-AL signifies the fourth generation of libitum feeding, 
and G3-DR denotes the fourth generation of dietary restriction. The developmental stages assessed include the 
middle 5th instar (3rd or 4th day of the 5th instar) and the middle pupal stage (Day 5 of the pupal stage).
Significance levels are indicated as follows:**** p < 0.0001;*** p < 0.001**p < 0.01.

The level of activation of oxidative stress and other pathway genes in across- generations of 
DR groups is significantly changed in the silkworm
The genetic code stored in DNA is translated through gene expression, and the characteristics of gene 
expression produce the phenotype of the organism. Therefore, the regulation of gene expression is crucial for 
the development of the organism. We screened 26 DR metabolism-related genes reported in the literature, of 
which 9 showed significant differences between G0 and G3, among which activating transcription factor of 
chaperone (ATFC), biogenesis of lysosome-related organelle complex 1 subunit 1 (BLOS1), forkhead box O 
(FOXO), fibroblast growth factor 16 (FGF16), s-adenosyl methionine synthetase (SAMS) are related to oxidative 
stress, while diacylglycerol-acyltransferase 1 (DGAT1) and the main constituent protein of mTORC2 (RICTOR) 
mainly participate in sugar and lipid metabolism, and transcription factor EB (TFEB), forkhead box L (FOXL22) 
are key genes for autophagy and longevity(Fig.  8). In the feeding period at fifth instar, except for RICTOR, 
the expression of 8 genes in the G0 DR group was significantly higher than that in the G3 DR group, and the 
difference between G3 DR and AL was smaller than that in G0, indicating that the silkworm genes are gradually 
adapting to the amount of nutrient intake (Fig.  8a). In the energy allocation period during the pupal stage, 
however, the expression of most genes in the G3 DR group was significantly higher than that in the G0 DR group, 

Fig. 7.  Alterations of key biochemical indices induced by DR in across-generation.
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and the difference between G3 DR and AL was significantly higher than that in G0 (Fig. 8b), indicating that the 
body regulates gene expression to improve the utilization of limited resources during the energy conversion and 
utilization stage. These data suggest that the body can gradually adapt to energy intake through gene regulation 
and enhance its antioxidant capacity, but due to nutritional limitation, the adjustment in energy conversion and 
utilization regulation is larger with the increase of dietary restricted generations.

Fig. 8.  Differential gene expression related to dietary restriction metabolism. (a) Comparative expression 
analysis of key genes during the feeding period at 5th instar (specifically on the 3rd or 4th day) between the 
DR and AL group. (b) Comparative expression analysis of key genes at the middle pupal stage (day 5) between 
the DR and AL group. G0-AL represents the first generation of libitum feeding, G0-DR indicates the first 
generation of dietary restriction, G3-AL signifies the fourth generation of libitum feeding, and G3-DR denotes 
the fourth generation of dietary restriction. Significance levels are indicated as follows: **** p < 0.0001; *** 
p < 0.001; * p < 0.05.
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Discussion
Caloric restriction, reducing energy intake by 10–50% without nutrient deficiency, has shown life-extending 
benefits in rodents and primates44,45. A 15-year study indicated long-term benefits but lacked data on adverse 
effects13. Due to reduced metabolic levels in rodents14, evidence is insufficient to confirm long-term nutritionally 
balanced caloric restriction as a safe strategy for extending healthy life. This study utilized the silkworm, Bombyx 
mori to create a across-generation DR model. Despite reductions in body weight, reproductive capacity, and 
economic indicators, silkworms exhibited life extension and safely passed through generations. Adverse effects 
diminished with increased dietary restriction, demonstrating the silkworm’s adaptability to long-term moderate 
DR. Epigenetics significantly influences the adaptive potential of individuals and populations, with adaptations 
to environmental and nutritional conditions observed across multiple generations in various species46–52. Based 
on initial evidence, we will continue modeling to assess the accuracy of the body’s adaptation to long-term 
moderate DR.

Physiological and biochemical indices reveal life activity patterns, aiding in understanding the impact of 
moderate DR on silkworms. This study examined changes in total antioxidant capacity, free fatty acids, uric 
acid, and trehalose in B.mori over several generations of moderate DR, focusing on antioxidants, glycolipid 
metabolism, energy use, and excretion. Antioxidant capacity indicates diet health53. Free fatty acids are essential 
for sustained activity54,55. Uric acid, the end product of purine metabolism, can indicate diseases like gout 
and nephritis when elevated due to excessive intake and poor excretion53,56. Trehalose, a key sugar in insect 
hemolymph, is linked to stress responses and insect growth and development57,58. In middle 5th instar, the body 
absorbs and produces energy by breaking down fat and converting glycogen into sorbitol and glycerol, resulting 
in low trehalose formation and free fatty acid accumulation. The body mitigates oxidative damage from these 
fatty acids by boosting antioxidant capacity, a process significantly enhanced by across-generation DR. During 
the middle pupal stage, trehalose and free fatty acids in the DR group showed opposite trends due to the interplay 
of glucose and lipid metabolism compared to 5th instar. This led to increased total antioxidant capacity and uric 
acid, contributing to health and longevity. These effects were notably amplified by multiple generations of food 
restriction. Our current data indicate that the diapause of silkworms is influenced by dietary restrictions across 
generations. Typically, the accumulation of trehalose during the pupal stage is observed during diapause egg 
production59,60, a phenomenon that contrasts with our findings. Given the critical role of hormones in diapause 
regulation61–63, we investigated the differences in diapause hormone, juvenile hormone, and ecdysone between 
DR and AL populations. However, no consistent significant differences were observed. This discrepancy may 
be attributed to the metabolic balance between glucose and lipid metabolism under conditions of nutritional 
restriction. It is hypothesized that this variation could represent an adaptive mechanism for coping with 
nutritional limitations in silkworms. Further investigation is required to elucidate the underlying mechanisms.

Gene expression regulation is crucial for organism development. Recent research has focused on how food 
restriction extends health and lifespan, revealing that the body adapts to nutritional changes by adjusting the 
neuroendocrine system, reducing inflammation, and preventing oxidative stress2,3,29–31. Cara L. Green et al. 
comprehensively summarize the regulation of these signaling pathways in their review10.Based on those 
conclusions, we screened 26 genes linked to DR metabolism and found 9 with significant differences between 
G0 and G3, primarily related to oxidative stress and glycolipid metabolism. At the time of energy intake and 
conversion in pupae, these gene differences showed opposite trends between the G0 and G3 DR groups compared 
to that in 5th instar. At the middle 5th instar, the expression of 8 genes in the G0 DR group was significantly 
higher than that in the G3 DR group, and the difference between G3 DR and AL was smaller than that between 
G0 DR and AL; On the contrary, in the middle pupal stage, the expression of most genes in G0 DR Group was 
significantly lower than that in G3 DR Group,, and the difference between G3 DR and AL was significantly 
higher than that between G0 DR and AL, indicating that silkworm genes can gradually adapt to the amount of 
nutrient intake, and can improve the utilization of limited resources through gene expression regulation in the 
energy conversion and utilization stage. With the increase of restricted feeding generations, gene regulation can 
enhance antioxidant capacity and gradually adapt to across-generation restricted feeding to achieve healthy 
longevity. Of course, as the modeling continues and the research deepens, we will strive to overcome the non-
genetic, heritable stress changes in physiological indicators, and we hope to obtain targets for the body to adapt 
to across-generational dietary restriction through large-scale screening of metabolomics and transcriptomics. 
This endeavor is expected to inform the development of dietary restriction-simulated drugs and foods, as well as 
the formulation of safe and health-promoting dietary programs.

Conclusions
In conclusion, our study demonstrates that moderate dietary restriction across generations leads to reductions 
in body weight, reproductive capacity, and economic traits in silkworms; however, these adverse effects attenuate 
over time. Notably, lifespan extension is both evident and enduring. Additionally, there is an observed increase 
in antioxidant capacity and the expression of oxidative stress-related genes with successive generations. The 
overarching regulatory mechanisms are encapsulated in the simulation diagram (Fig. 9). This evidence suggests 
that sustained moderate dietary restriction may contribute to lifespan extension, reduction in body weight and 
fat, and the development of specific reproductive and generational adaptability in animals. These findings offer 
empirical support for the development of healthier long-term nutritional restriction programs. However, the 
significant impacts of prolonged dietary restriction on organisms, particularly in response to environmental and 
nutritional conditions, often manifest over several or even multiple generations.

In this diagram, pink denotes physiological and biochemical indices, while light green signifies related 
genes. The red upward arrow indicates that the biochemical indices of the Dietary Restriction (DR) group, 
compared to the Ad Libitum (AL) group, exhibit an upward trend across various instars. Conversely, the 
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black downward arrow signifies a downward trend in the biochemical indices of both the DR and AL 
groups across different instars. Additionally, the black horizontal line represents that the biochemical 
indices of both groups remain relatively unchanged during the middle of the fifth instar.

Data availability
Most of the analytical data are provided in the article. More original datasets used and/or analyzed during the 
current study are available from the corresponding author on reasonable request.
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