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A B S T R A C T

Maternal obesity is a growing health concern that predisposes offspring to metabolic dysfunction, immune 
system alterations, and neurodegenerative disorders. To investigate the intergenerational effects of maternal 
obesity, we used Drosophila melanogaster exposed to high-sugar (HSD) and high-fat diets (HFD) before mating. We 
found that maternal diet-induced obesity significantly altered offspring lifespan, immune responses, and 
neuronal health in a sex- and diet-specific manner. Male offspring were particularly susceptible, exhibiting 
reduced lifespan, impaired climbing ability, and increased axonal degeneration, especially following maternal 
HFD exposure. Transcriptomic analyses revealed age-dependent and diet-specific changes, with males showing 
pronounced alterations at 50 days of age. Developmental programming of hemocytes (blood-like cells) played a 
crucial role in these outcomes, as knockdown of key immune pathways such as Relish and upd3 in hemocytes 
further influenced lifespan in a diet-specific manner. These findings highlight the complex interplay between 
maternal diet and immune function, underscoring the impact of maternal obesity-induced imprinting on immune 
cells and subsequent long-term health consequences. Our study provides new insights into conserved mecha
nisms linking maternal metabolic health to offspring outcomes and emphasizes the continued need for animal 
models to understand intergenerational health impacts.

1. Introduction

The global prevalence of obesity has reached endemic levels, with 
maternal obesity emerging as a significant and rapidly growing health 
concern (Timpson et al., 2024; Catalano and Ehrenberg, 2006). Obesity 
during pregnancy heightens the risk of gestational diabetes, miscarriage, 
and preeclampsia, while predisposing offspring to developmental ab
normalities and long-term metabolic issues such as type 2 diabetes and 
cardiovascular disease (Sureshchandra et al., 2023; Brookheart and 
Duncan, 2016). Studies in both humans and rodents have identified 

associations between maternal overnutrition and factors like metabolic 
disorders, epigenetic changes, mitochondrial dysfunction, insulin resis
tance, endoplasmic reticulum stress, and immune system disruption 
(Catalano and Ehrenberg, 2006; Brookheart and Duncan, 2016; Koemel 
et al., 2022; Phang et al., 2020; Napso et al., 2022). Both human and 
animal studies suggest these impacts can persist through the lifespan of 
offspring, leading to a higher risk of chronic disorders in adulthood 
(Denizli et al., 2022a). However, the precise molecular mechanisms 
linking these factors to maternal obesity remain unclear.

Although the effects of maternal obesity on offspring’s metabolic 
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health are well-documented, its impact on ageing and longevity remains 
poorly understood. Emerging studies indicate that maternal obesity may 
promote premature ageing in offspring by increasing oxidative stress, 
causing metabolic dysfunction, and altering age-associated gene 
expression, particularly in the liver, in a sex-dependent manner (Lomas- 
Soria et al., 2023; Rodríguez-González et al., 2019). Furthermore, 
maternal obesity has been shown to shorten telomere length, a key 
biomarker of ageing, in oocytes and early embryos in mice (Ge et al., 
2021). In humans, maternal pre-pregnancy BMI negatively correlates 
with telomere length in cord blood and placenta (Martens et al., 2016). 
These findings suggest that maternal obesity may influence not only the 
metabolic health but also the ageing process and longevity of the next 
generation.

Maternal obesity is also associated with significant changes in im
mune system development and function. Long-lived cells, such as tissue- 
resident macrophages, are key mediators of intergenerational informa
tion transfer from mother to offspring (Viola et al., 2024; Mass and 
Gentek, 2021). For instance, maternal obesity disrupts neuro
development by altering microglial function in a sex- and region-specific 
manner. These changes, mediated in part by toll-like receptor 4 
signaling and increased endotoxin levels, lead to neuroinflammation, 
impaired serotonin availability, and an increased risk of neuropsychi
atric disorders, particularly in male offspring (Viola et al., 2024; 
Ceasrine et al., 2022). Additionally, Kupffer cells, the liver-resident 
macrophages, in offspring from obese mothers exhibit persistent mo
lecular changes, which cause increased lipid accumulation in hepato
cytes and fatty liver disease (Huang et al., 2025). These macrophage 
alterations can last into adulthood, suggesting that maternal obesity has 
long-term impacts on immune cell function and overall tissue health. 
Understanding how maternal obesity shapes tissue and cell functions in 
offspring is crucial for developing strategies to prevent and mitigate 
these adverse outcomes.

In this study, we used Drosophila melanogaster as a model organism to 
investigate the effects of maternal obesity on the next generation. One 
reason for using Drosophila is that macrophages, known as plasmato
cytes in this species, represent >95 % of all hemocytes. Additionally, 
many pathways and molecular responses of macrophages to dietary 
challenges are conserved between mammals and invertebrates (Cox 
et al., 2021; Woodcock et al., 2015; Mase et al., 2021). Using two 
maternal obesity models induced by high-sugar (HSD) or high-fat diets 
(HFD), we identified pathways involved in neurodegeneration and im
mune responses that are persistently altered in the offspring. Notably, 
these changes were sex- and diet-specific, with males being more prone 
to axonal degeneration, decreased life span, and reduced overall fitness. 
Further, our findings demonstrate that the developmental programming 
of hemocytes by maternal obesity influences Drosophila lifespan in a 
diet- and immune-pathway-specific manner, highlighting the interplay 
between maternal diet, immune function, and lifespan.

2. Material and methods

2.1. Fly strains and husbandry

All flies were maintained on control diet (CD) and raised in light/ 
dark cycles (12:12 h) in a climate-controlled incubator at 25 ◦C with 
constant humidity. As wildtype line w1118 flies (Bloomington, #6326) 
were used. To generate hemocyte-specific knockdown, CD males of y[1] 
sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] = TRiP.HMS00070}attP2 (UAS- 
Rel-RNAi) (Bloomington, #33661), or (y[1] sc[*] v[1] sev[21]; P{y 
[+t7.7] v[+t1.8] = TRiP.HMS00646}attP2) (UAS-Upd3-RNAi) (Bloo
mington, #32859) transgenic lines, were bred with w1118;HmlΔ-Gal4, 
UAS-2xeGFP (Hml-Gal4 > UAS-2xeGFP) (Bloomington, #30140) trans
genic driver line, exposed to CD, HSD or HFD premating. For axonal 
degeneration experiments, the GMRwhiteRNAi;GMR-Gal4/Cyo;UAS- 
tubulinGFP/MKRS line, generated using the GMRwhite-RNAi transgenic 
line (Bloomington, #32067) in combination with UAS-tubulinGFP 

(Bloomington, #7374) and GMR-Gal4 (Bloomington, #1104) (Richard 
et al., 2022a), was exposed to CD, HSD or HFD and subsequently bred 
with w1118 CD males. A commercially obtainable food substrate, Nutri- 
fly (Genesee Scientific, 66–112) containing essential nutrients was 
used to house all lines. The CD was prepared by mixing 176 g of Nutri-fly 
with 10 ml 10 % nipagin (Sigma-Aldrich, 99-76-3) in ethanol and 4,8 ml 
propionic acid (Sigma-Aldrich, 79-09-4) per liter of food solution. 20 % 
coconut oil (BioBio) or sucrose (Sigma-Aldrich, S1888) were added to 
the CD to prepare HFD and HSD, respectively. For all experiments 10–15 
virgin females were mated with 10 males.

2.2. Measurement of body weight

Single flies were anaesthetized with CO2 and transferred to a sterile 
petri dish over ice, and their body weight was rapidly measured using a 
precision scale.

2.3. Glucose level measurement

The assay reagent was prepared by mixing 39.2 ml of the glucose 
oxidase/peroxidase reagent (GO) (Sigma-Aldrich, G3660) with 0.8 ml of 
the o-dianisidine reagent (Sigma-Aldrich, D2679). All experimental 
steps were carried out on ice to prevent the enzymatic digestion of 
glycogen and trehalose. For measuring glucose, all flies were starved for 
1 h. Two flies were pooled per sample and homogenized in 100 μl of PBS. 
Subsequently, the homogenate was spun at 2000 g for 5 min, and the 
supernatant was heated at 70 ◦C for 10 min. By diluting the glucose 
standard solution (Sigma-Aldrich, G3285), glucose standards of 0, 0.02, 
0.04, 0.08, and 0.16 mg/ml were prepared for the standard curve. Using 
a clear-bottomed 96-well plate, 50 μl of each standard sample was 
placed into a well and mixed with 50 μl of the assay reagent. The samples 
were incubated for 45 min at 37 ◦C to ensure the reactions were 
completed. To stop the reaction, 100 μl of 1.8 M sulfuric acid was added 
to each well. The absorbances were measured utilizing a plate reader at 
540 nm.

2.4. Lipidomics

For isolation of lipid species 500 μl of extraction mix ((CHCl3/MeOH 
1/5 comprising internal standards: 250 pmol PE (31:1), 84 pmol PI 
(34:0), 472 pmol PC (31:1), 28 pmol CL (56:0), 98 pmol PS (31:1), 56 
pmol PA(31:1), 51 pmol PG (28:0), 39 pmol LPA (17:0), 55 pmol GlcCer 
(12:0), 45 pmol Car (15:0), 38 pmol LPE (17:0), 32 pmol Cer (17:0), 240 
pmol SM (17:0), 340 pmol TG (50:1-d4), 64 pmol DG (31:1), 111 pmol 
CE (17:1), 103 pmol MG(17:1),35 pmol LPC (17:1), 724 pmol Chol 
(d6)), were homogenized with samples (one fly per condition and 
sample), followed by resuspension in another 300 μl of the extraction 
mix. The homogenate was then sonicated for 30 min using a bath son
icator to break cellular material and allow effective extraction. After the 
sonication, samples were centrifuged at 20,000g for 2 min, facilitating 
the removal of cellular debris. Subsequently, the supernatant was 
pipetted into a new Eppendorf tube. 200 μL chloroform (Merck Milli
pore, 1024421000) and 800 μL of 1 % acetic acid solution in water were 
homogenized to purify the sample further. The homogenate was then 
stirred manually for 5 s and centrifuged at 20,000g for 2 min for phase 
separation. The phase of lipids was then transferred into the fresh 
Eppendorf tube and evaporated in speed vac for 15 min at 45 ◦C, 
resuspended with 100 μl of spray buffer (8/5/1 isopropanol/methanol/ 
H2O (all LC-MS grade) containing 10 mM ammonium acetate), and 
sonicated for 5 min to ensure homogenous distributions of the analytes. 
Samples were measured via a Thermo Q Exactive Plus spectrometer with 
a HESI II ion source in the μl/min rate for shotgun lipidomics. MS spectra 
with a resolution of 280,000 were captured in 100 m/z windows ranging 
from 250 to 1200 m/z, followed by acquisition of MS spectra at a res
olution of 70,000 in 1 m/z windows from 250 to 1200 in positive mode. 
Raw files were transformed into mzML files and then loaded into 
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LipidXplorer software using custom mzML files, which were used to 
analyze and identify internal standards and samples. The internal 
standard was utilized to compute absolute amounts to process the data. 
For each lipid class, raw data were transformed into picomol (pmol), and 
the mean value of all peaks was acquired based on pmol values. The 
extracted lipids were quantified and normalized by the body weights of 
analyzed Drosophila.

2.5. Climbing assay

For the climbing assay, 20–25 age-matched flies per group were 
sorted into new cages (Dominique Dutscher, 789009) once they had 
hatched. All progeny from CD, HFD, and HSD were then raised on a CD 
during the experimental step. The flies were recounted and moved into 
fresh cages a day before the experiments. In the day of the experiment 
flies were transferred into empty climbing tubes. The climbing ability of 
the flies was recorded with a smartphone on the day of the investigation. 
The pictures were imported and scaled using Fiji software. Climbing 
length was recorded for each fly using the shortcut command “strg+M”, 
which was used to measure the height of the flies from the bottom of the 
climbing tube. Flies that were not seen at the bottom of the climbing 
tubes due to the wooden material in which the climbing tubes are placed 
were documented to have a height of zero.

2.6. Longevity assay

To investigate the longevity, 10–16 flies were allocated per vial 
containing CD. All experiments had a minimum of three replicates for 
each condition. The progeny was raised at 25 ◦C, and the number of dead 
flies was recorded every 3–4 days. Vials were stored vertically and flies 
stuck to the food on the day of evaluation were excluded from the data 
curve and statistics. Surviving flies were transferred into fresh vials.

2.7. Bulk-RNA sequencing

2.7.1. Purification of RNA
The samples were stored at − 80 ◦C in 500 μl of Qiazol (Qiagen, 

79306) until RNA isolation. Five flies were pooled per sample and di
etary condition. All samples were randomized and processed in balanced 
batches across conditions. On the day of the experiment, the workbench 
and equipment were cleaned with RNase AWAY™ Surface Decontami
nant (Fisher Scientific, 11580095). RNeasy UCP Micro Kit (50) (Qiagen, 
73934) kit was used for the isolation. The samples were thawed and 
homogenized using the Precellys®24 (Peqlab) system at 5000 rpm for 
15 s, then centrifuged at 13,000g for 30 s, and the supernatant was 
pipetted to a new tube to remove residual glass beads. The homogenized 
samples were mixed with chloroform (Merck Millipore, 1024421000) at 
a 1:5 ratio for RNA extraction and spun for 15 min at 13,000 g at 4 ◦C. 
The upper aqueous phase was pipetted to a fresh tube, and 300 μl of 
absolute ethanol was added. The RNA-containing solution was pipetted 
into a 2 ml RNeasy MinElute spin column (Qiagen RNeasy MinElute 
Cleanup Kit) and centrifuged at 8000g for 15 s. All remaining isolation 
steps were performed as per the manufacturer’s instructions. RNA 
samples were stored at − 80 ◦C until library preparation.

2.7.2. Preparation of libraries and sequencing
For quality control, the Agilent RNA 6000 pico Kit (Agilent Tech

nologies, #5067-1513) and the Agilent 2100 Bioanalyzer were used; the 
RNA integrity number (RIN) was computed following the manufac
turer’s instructions to evaluate the RNA’s quality and gauge the extent of 
degradation. All samples had a RIN > 8 and were used for library 
preparation. Sequencing libraries were prepared using 300 ng of total 
RNA and the NEBNext RNA Ultra II kit combined with the poly(A) 
mRNA Magnetic Isolation Module (New England Biolabs). Library 
preparation was automated on the Beckman i7 liquid handling robot, 
with parameters set to 9 min of RNA fragmentation and 13 cycles of PCR 

amplification. All libraries were pooled and sequenced on the Illumina 
NextSeq 2000 platform using the P3-50 sequencing kit.

2.7.3. Quantification and analysis
All raw files are publicly available and deposited on GEO (Project ID 

GSE284632). The obtained reads were aligned and quantified using 
kallisto (Bray et al., 2016). The organism’s transcriptome FASTA files 
(Genome assembly BDGP6.46) were first used to build an index, fol
lowed by quantification from fastq files. The resulting abundance.h5 
files were read into R (v. 4.2.0) and merged with annotations from the 
corresponding genome assembly GTF file to add gene symbols and 
biotypes, while unnamed transcripts were excluded. The tximport (v. 
1.24.0) (Soneson et al., 2015) and DESeq2 (v. 1.36.0) (Love et al., 2014) 
packages were used to generate a summarizedExperiment (Morgan 
et al., 2020) object. A final gene collection of 12,631 was kept after 
preprocessing, which included retaining only protein-coding genes and 
removing genes with fewer than ten counts in >25 % of the data.

Principal component analysis (PCA) was performed using variance- 
stabilized counts. Due to clustering with the opposite sex, which we 
assume were due to processing errors in the sequencing core facility, the 
male sample, M8 and female sample, F12, were removed from the data. 
Subsequently, the dataset was divided into sex-specific subsets, and the 
smaller sets were subjected to the previously mentioned data processing 
techniques. The respective gene counts for the male and female sets were 
12,614 and 10,481. To eliminate the age-related signature within the 
sex-specific subsets for PCA analysis, limma’s removeBatchEffect func
tion (Ritchie et al., 2015) was applied to the variance-stabilized trans
formed data. Specifically it fits a linear model whereby age and the 
interaction between age and sex were used as covariates, while diet 
served as the primary design factor. The estimated component due to the 
covariates is subsequently removed from the data. Age and the inter
action between age and sex were used as covariates, while diet served as 
the primary design factor. DESeq2 was used for differential expression 
analysis with a design that accounted for the two main factors - diet and 
day - as well as their interaction effect. Respective contrasts were 
defined in the results function of DESeq2. P. adj < 0.1 was considered 
significant for a gene, whereas LFC > 0 denoted upregulation and LFC <
0 denoted downregulation. The obtained differentially expressed (DE) 
sets were compared to identify unique sets specific to each condition. 
These unique sets were subjected to enrichment analysis using cluster
Profiler (Wu et al., 2021; Yu et al., 2012) and the org.DM.eg.db database 
resource. The shown enrichment terms are a curated set from all ob
tained enriched terms. The code to reproduce the depicted results can be 
obtained from https://github.com/LeaSeep/fly_sugar, a snapshot is 
saved to Zenodo and accessible via doi:https://doi.org/10.5281/zenodo 
.14523856.

2.8. Axonal-degeneration assay

Each maternal group’s female and male offspring were placed into 
new CD cages, with up to 10 flies per cage, and raised for 10 days at 
25 ◦C and 60 % humidity. Control flies experienced a light-dark (LD) 
cycle in the experiment, while the continuous light group was kept 
under constant light (LL) for 7 days. The 6 W warm white LED light 
source (Heitronic) with an illumination level of 10,000 lx was utilized 
for light exposure, and the light intensity was measured using a Volt 
Craft MS-1300 photometer (Conrad). LL and LD flies were immobilized 
on ice for brain dissections, and brains were washed at room tempera
ture 1× PBS and fixed with 4 % cold formaldehyde for 50 min. The 
brains were washed with PBS, including 0.3 % Triton X-100. Next, 
samples were stained with a primary antibody against mouse anti- 
Chaoptin (DSHB, 24b10) at a 1:25 dilution and incubated overnight in 
PBS containing 0.1 % Triton X-100 and 1 % BSA at 4 ◦C. The following 
day, samples were stained with an anti-mouse Alexa Fluor 594 (Life 
Technologies) secondary antibody in 1:400 dilution for 2–3 h at room 
temperature. Ultimately, samples were mounted in their posterior 
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orientation in Vectashield (Vector Laboratories), to keep their original 
volume and shape 0.1 mm insect pins were used.

Axonal R7 termini in the z-stack of the whole medulla were imaged 
with a Zeiss LSM 780 confocal microscope, using a 40× oil immersion 
objective. The 16-bit images were taken in 1 μm fixed z-step, 1024 ×
1024 frame size and 1 AU. Images were then analyzed using Fiji soft
ware, and semi-automated quantification of R7 termini was performed 
using Imaris software (Bitplane, 9.7.2. software). Subsequently, a 
compact 3D mask of R7 termini was generated by automated software 
developed by Nitta et al., 2023 and R7 axonal terminals were counted 
(Richard et al., 2022b; Nitta et al., 2023).

2.9. Quantification of hemocytes

Hml-GAL4 > UAS-2eGFP flies were immobilized on ice and placed 
onto slides using a laterally fixed adhesive glue (Pritt, all-purpose glue). 
Zeiss LSM 880 confocal microscopy was utilized for imaging, with 
fluorescence excitation set at 488 nm with a 10× objective. Images were 
taken with z-stacks of the whole body, with a 4 × 3 tile scan, a gain of 
757, 1 AU pinhole and maximum z-stack, respectively. Image stacks 
were transformed into 3D with maximum-intensity projections and 
converted to TIFF format; subsequently, hemocytes were quantified 
with a 3D object counter at the threshold of 220–240 in Fiji software.

2.10. Statistical analysis

Statistical difference between groups was examined using GraphPad 
Prism 10. Comparisons for most experiments were tested by one-way 
ANOVA. The survival assays were analyzed using the Gehan-Breslow 
Wilcoxon test. Levels of statistical significance are indicated as * for p 
< 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.

3. Results

3.1. Establishment of maternal obesity models

To model maternal obesity in Drosophila melanogaster, virgin females 
were placed on either a high-fat diet (HFD) or a high-sugar diet (HSD) 
for seven days, with a control diet (CD) group used as a baseline for 
comparison. These diets were specifically designed to induce obesity- 
like metabolic states, mimicking maternal obesity to assess its effects 
on the offspring. The HFD, enriched with 20 % coconut oil, reflects diets 
high in fat, while the HSD incorporated increased levels of 20 % sucrose, 
which is commonly used as a diet-induced obesity model in Drosophila 
(Gáliková and Klepsatel, 2018; Heinrichsen et al., 2014; Lee et al., 2020; 
Musselman et al., 2011; Yang et al., 2023; Huang et al., 2020; Eickelberg 
et al., 2022).

After seven days of feeding, females from each group were mated 
with CD-fed males, and their progeny were raised on CD to isolate the 
impact of maternal nutrition (Fig. 1A). To confirm the establishment of 
maternal obesity, we first analyzed the body weight of females after 
exposure to the different diets. Females fed the HFD or HSD showed 
significant weight loss compared to females on the CD (Fig. 1B), which is 
consistent with diet-induced obesity models in Drosophila (Musselman 
et al., 2011; Eickelberg et al., 2022; Nayak and Mishra, 2021; Camilleri- 
Carter et al., 2019; Musselman et al., 2013; Lourido et al., 2021; Skorupa 
et al., 2008). This weight loss was accompanied by significant alter
ations in lipid metabolism, as revealed by mass spectrometry-based 
lipidomic analysis (Fig. 1C, D). The relative abundance of lipid classes 
showed a diet-dependent pattern of lipid accumulation (Fig. 1C). For the 
most abundant lipid classes - triacylglycerides (TG), diacylglycerides 
(DG), and lysophosphatidylethanolamine (LPE) - both HFD and HSD 
conditions led to increased absolute values per body weight (Fig. 1D). 
Specific lipid species were enriched depending on the diet: HFD-fed 
females exhibited higher levels of lysophosphatidylcholines (LPC and 
LPCH), carnitines (CAR), ceramides (CER), and plasmalogen 

phosphatidylethanolamine (PE-O). In contrast, HSD-fed females had 
elevated levels of cholesteryl esters (CE) (Fig. 1C, D), reflecting an 
obesity-like metabolic phenotype. Notably, these changes aligned with 
patterns seen in mammalian models of diet-induced obesity (Abshirini 
et al., 2021; Eisinger et al., 2014a; Eisinger et al., 2014b). Additionally, 
phosphatidylglycerol (PG) levels were reduced in HFD-fed females 
compared to both control diet (CD) and HSD groups, indicating potential 
lipid metabolism remodeling under fat-enriched feeding conditions.

Finally, we performed bulk RNA-sequencing (RNA-seq) analysis of 
whole flies to address possible transcriptional changes induced by the 
diets. Principal component analysis (PCA) of CD-, HFD-, and HSD-fed 
females showed no clear separation between dietary groups (Fig. 1E). 
Moreover, only a small number of differentially expressed genes (DEGs, 
LFC > 0, adjusted p-value<0.1) were detected: 27 genes were down
regulated in the HSD group compared to CD, while only two genes were 
downregulated in the HFD group (Fig. 1F). No downregulated genes 
were shared between HSD and HFD groups. In contrast, more genes were 
upregulated: 30 genes were uniquely upregulated in the HSD group and 
18 genes were uniquely upregulated in the HFD group compared to the 
CD group, with only 4 genes overlapping between these conditions 
(Fig. 1F). We conducted Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and gene ontology (GO) analyses to identify enriched pathways 
associated with these DEGs. However, no significant pathway enrich
ment containing at least three genes was found for most conditions with 
the exception of upregulated genes upon HFD. Here, the genes Fad2, 
CG18609, CG7910, eloF, CG16904, CG9459, CG9458, CG6432, and 
CG30008 associated with the term ‘fatty acid metabolic process’ 
(Fig. 1G, Supplemental Table 1). Furthermore, in both the HSD and HFD, 
the gene InR was significantly upregulated indicating a metabolic 
response to the dietary conditions (Supplemental Table 1).

These results confirm the successful establishment of the maternal 
obesity model, with both HFD and HSD inducing significant changes in 
body weight and lipid metabolism in females, making this model suit
able for studying the effects on progeny outcomes.

3.2. Developmental programming by maternal diets leads to differential 
transcriptional responses in the offspring

To assess the impact of maternal diets on the next generation at the 
molecular level, we conducted transcriptomic analyses of progeny at 
days 0, 10, and 50. These time points were chosen to capture immediate, 
mid-term, and long-term transcriptional responses to maternal diet 
exposure. RNA-seq was performed to unbiasedly investigate gene 
expression changes across multiple conditions. When analyzing all 
timepoints from male and female flies, the PCA, which takes into ac
count all expressed genes, indicated that samples are largely separated 
by sex (Fig. 2A). To remove the sex-specific gene expression effects, we 
analyzed females and males separately. Here, the samples clustered 
according to their age, indicating that the transcriptional changes 
accompanied with the ageing process are masking the diet-driven 
changes (Fig. 2B). To reveal more specific changes driven by the 
different maternal diets, we estimated and subsequently removed the 
ageing signature from all samples. Intriguingly, males then started to 
cluster according to the respective maternal diet, while females did not 
show any specific clustering behavior (Fig. 2C). Next, to investigate the 
transcriptional changes influenced by different ages, sexes, and diets, we 
analyzed the RNA-seq data by focusing on DEGs under three primary 
conditions: main effect of age, diet, and total effect (Fig. 2D). To this 
end, we first calculated the DEGs across diets on day 10 or day 50 in 
comparison to day 0 (Day – main effect). This analysis highlights age- 
specific changes, independent of diet. In both males and females, we 
observed an increase of DEGs upon ageing, with males dramatically 
altering their transcriptome on day 50 (Fig. 2E). Then, we calculated the 
number of DEGs with the diet as the main effect, which isolates diet- 
induced transcriptional changes. Here, males showed a higher number 
of DEGs in both diets, particularly in the HSDm group, while females 
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Fig. 1. Establishment of maternal obesity models. (A) Experimental setup. Virgins were fed a control (CD), high-fat (HFD), or a high-sugar (HSD) diet for seven days 
and subsequently mated with males on CD. Offspring from CD (CDm), HFD (HFDm), and HSD (HSDm) was kept on CD throughout life. Assays were performed on 
days 0, 10 and 50. Created in BioRender. Mass, E. (2025) https://BioRender.com/8nfkd2o. (B) Body weights of females after seven days of the respective diet. Circles 
represent single flies. Bar graphs show mean ± SD. One-way ANOVA * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (C) Heatmap illustrating the relative 
abundance of lipid species in female flies after seven days of exposure to respective diets. CAR: Carnitines, CE: Cholesteryl Ester, CER: Ceramide, DG: Diacylglycerol, 
DAGIS: Diacylglycerol Isomer, HexCer: Hexosylceramide, LPA: Lysophosphatidic Acid, LPC: Lysophosphatidylcholine: LPCH: Lysophosphatidylcholine Hydroxy, LPE: 
Lysophosphatidylethanolamine, MG: Monoacylglycerol, PA: Phosphatidic Acid, PC: Phosphatidylcholine, PC-O: Plasmalogen Phosphatidylcholine, PE: Phosphati
dylethanolamine, PE-O: Plasmalogen Phosphatidylethanolamine, PIPOS: Phosphatidylinositol Polyphosphate, PS: Phosphatidylserine, TG: Triacylglycerol, TG-ODD: 
Odd-Chain Triacylglycerol, SM: Sphingomyelin, PG: Phosphatidylglycerol. (D) Absolute values of selected lipid species from (C). Circles represent measurements for 
single flies. Bar graphs show mean ± SD. One-way ANOVA * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (E, F) Transcriptional analysis of females after 7 
days on the respective diets. (E) principal component analysis (PCA). (F) Venn diagrams of differentially expressed genes (DEGs) in HSD and HFD groups compared to 
CD, overlapped across conditions. (G) Volcano plot showing DEGs comparing HFD versus CD comparison with genes highlighted in red that are associated with the 
term ‘fatty acid metabolic process’.
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showed only few DEGs overall (Fig. 2F). To capture the overall impact, 
DEGs were analyzed for males and females separately by considering the 
combined effects of diet, age and their interaction (Supplemental Ta
bles 2, 3). This approach identifies broader transcriptional shifts, 
including interaction effects, while accounting for sex-specific differ
ences. In this total effect analyses, males had thousands of up- and 
downregulated genes at day 50, while almost no genes were changed at 
day 10 when compared to day 0 (Fig. 2G). For females, the total effect 
was rather visible at day 10 for both diets, and decreased at day 50 
(Fig. 2H). Taken together, maternal diets impact offspring tran
scriptomes in a sex- and age-dependent manner, with males showing 
pronounced age-driven transcriptional changes at day 50 and clustering 
by diet after removing ageing effects, while females exhibit fewer diet- 
specific changes and a transient transcriptional response at day 10.

Next, we analyzed unique and shared DEGs across all time points for 
both sexes in a diet-specific manner, comparing gene expression to the 
respective CDm groups. Notably, no DEGs were consistently shared 
across days 0, 10, and 50 for either upregulated or downregulated genes 
in male or female offspring (Fig. 3A). Minimal overlap was observed 
between two time points, with the largest overlap found in upregulated 
genes in HSDm males at days 0 and 50. However, GO term and KEGG 
pathway analysis of these overlapping genes did not reveal any mean
ingful enrichment. Similarly, we tested for functional enrichment of 
DEGs shared between day 10 and day 50 for both HSDm and HFDm 
female groups but found no significant terms or pathways in these 
analyses.

To further explore the data, we performed GO term and KEGG ana
lyses comparing single time points across sexes and diets. The largest 
changes were observed at day 50 in males, with fewer terms enriched at 
day 0 and none at day 10 (Fig. 3B). At day 0, genes associated with the 
term ‘cell cycle’ were downregulated in both HFDm and HSDm condi
tions. At day 50, diet-specific differences emerged: in the HFDm con
dition, downregulated terms included ‘axon development’ and ‘eye 
development,’ while in the HSDm condition, metabolic process-related 
genes were specifically downregulated. A common downregulated 
term across both diets at day 50 was ‘regulation of innate immune 
response.’ In contrast, common upregulated terms across conditions and 
days included ‘sperm competition’ (days 0 and 50), and ‘glycolysis/ 
gluconeogenesis,’ ‘microtubule bundle formation,’ ‘protein targeting to 
mitochondrion,’ and ‘protein targeting’ (day 50). Certain processes were 
diet-specific: terms like ‘Alzheimer’s disease’ and ‘Parkinson’s disease’ 
were enriched in the HSDm condition, while ‘pentose phosphate 
pathway’ and ‘pyruvate metabolic process’ were specifically upregu
lated at day 50 in the HFDm condition.

In females, the largest enrichments were observed at day 10, with 
fewer terms identified at day 50 and none at day 0 (Fig. 3B). Similar to 
HFDm males at day 50, HFDm females at day 10 showed down
regulation of terms related to the Toll signaling pathway, as well as the 
‘sevenless signaling pathway’ and ‘cell cycle.’ Interestingly, genes 
upregulated in HFDm females but downregulated in HSDm females at 
days 10 and 50 were associated with shared terms such as ‘Alzheimer’s 
disease,’ ‘Parkinson’s disease,’ ‘oxidative phosphorylation,’ and ‘defense 
response to Gram-positive bacterium.’ Conversely, genes related to 
terms associated with the ‘cell cycle’ and ‘histone modification’ were 
downregulated in the HFDm group but upregulated in the HSDm group. 
These findings highlight that, unlike males, females do not exhibit 
consistent transcriptional changes in a single direction across diets.

In summary, maternal diets lead to sex- and age-dependent tran
scriptional changes in offspring, with males showing pronounced age- 
driven responses at day 50, clustering by diet after removing ageing 
effects, and distinct diet-specific enrichment patterns, while females 
exhibit fewer diet-specific changes, transient transcriptional responses 
at day 10, and inconsistent trends across diets.

3.3. Maternal obesity induces sex-dependent physiological phenotypes in 
the offspring

Building on insights from our unbiased transcriptomic dataset, we 
investigated how maternal obesity impacts physiological traits in 
offspring. To this end, we performed phenotypic assays measuring body 
weight, glucose levels, and climbing performance at days 0, 10, and 50. 
These analyses aimed to uncover sex-specific physiological differences 
resulting from maternal HFD and HSD, offering a deeper understanding 
of how maternal obesity programs offspring health over time.

Indeed, males and females exhibited distinct responses to maternal 
diet. Male offspring from HFD- and HSD-fed mothers were lower in 
weight at day 0, showed a transient increase in body weight at day 10 for 
both maternal diets, followed by a normalization of weight by day 50 
(Fig. 4A). In contrast, females displayed a delayed but sustained 
reduction in body weight by day 50 only in the HSDm condition 
(Fig. 4B), suggesting that the effects of maternal obesity on growth 
patterns differ by sex and evolve over time. Glucose levels, despite not 
significant, also followed a similar trend, with males showing higher 
glucose concentrations at day 0 and 10, which later normalized 
(Fig. 4C). Females did not show a diet- or age-specific effect on glucose 
levels (Fig. 4D). This early metabolic disturbance in males could reflect 
transient hyperglycemia induced by maternal diet exposure, while fe
males appeared more resistant to glucose fluctuations (Fig. 4C, D).

For proper locomotor output, a fine control of neuronal activity in a 
well-orchestrated manner is necessary. The slightest disruption in this 
regulation can be highly detrimental to the animal’s ability to move its 
limbs in a coordinated fashion (Akitake et al., 2015). Thus, we per
formed a climbing assay as a measure of locomotor function. To this end, 
flies are tipped to the bottom of a vial and the height that they reach 
after 6 s is recorded. Male HFDm and HSDm offspring exhibited signif
icant impairments in climbing ability by day 50 in comparison to CDm 
offspring, leading to almost absent motor performance due to the 
maternal diets (Fig. 4E). This decline was absent in female offspring, 
whose climbing ability remained comparable to controls across all time 
points, with an expected decline of climbing performance upon ageing 
across all dietary conditions (Fig. 4F).

Finally, we assessed the lifespan of males and females from all three 
maternal dietary groups. While males from the HFDm group showed a 
significant reduction of lifespan compared to the CDm group, HSDm did 
not have any effects on the overall of lifespan of the male offspring 
(Fig. 4G). These differences were absent in female flies (Fig. 4H), 
underscoring the overall resilience of females to maternal diet-induced 
changes.

The observed sex-dependent phenotypes highlight the complex 
interplay between maternal diet and offspring health, with male 
offspring being more vulnerable to maternal diet-induced disturbances.

3.4. Maternal high-fat diet leads to increased axonal degeneration

The potential neurodegenerative effects of maternal obesity were 
assessed by examining axonal degeneration in the offspring. We 
observed downregulation of genes associated with the GO terms ‘axon 
development’ and ‘eye development’ in males from the HFDm condition 
at day 50 (Fig. 3B). Similarly, in females from the HSDm group at day 
10, genes associated with the GO term ‘regulation of axonogenesis’ and 
KEGG terms ‘Alzheimer’s Disease’ and ‘Parkinson’s Disease’ were 
downregulated (Fig. 3B). Given that axonal degeneration is a hallmark 
of neurodegenerative diseases (Richard et al., 2022a), we tested for 
axonal degeneration in the offspring from the different maternal diets. 
To assess neurodegeneration, R7 axons in the eye and their termini in 
the medulla layer were visualized using genetically labeled photore
ceptors (GMR-Gal4 > UAS-tubulinGFP). Ten-day-old males and female 
offspring from all diet groups were exposed to continuous light for seven 
days (10,000 lx), a condition known to induce mild degeneration of 
axons (Richard et al., 2022a). Our results showed that male HFDm 
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offspring exhibited significant axonal degeneration, indicated by a 
reduced number of axonal termini in the R7 region upon light exposure 
compared to CDm and HSDm offspring (Fig. 5A). In contrast, female 
offspring did not show significant axonal degeneration across dietary 
conditions upon light exposure (Fig. 5B), indicating that the neurode
generative effects of maternal obesity are both sex-specific and diet- 
specific. Of note, maternal diet alone did not reduce R7 axon numbers 
in control flies (Fig. 5A, B); in fact, female offspring showed slightly 
higher axon counts under standard 12 h light/12 h dark conditions 
(Fig. 5B). This suggests that axonal degeneration arises from the com
bined impact of maternal diet and light-induced stress in a sex- 
dependent manner.

These results underscore the long-term impact of maternal nutrition 

on offspring neuronal health and highlight the greater vulnerability of 
male offspring to diet-induced neurodegeneration upon light-induced 
axonal degeneration.

3.5. Maternal HFD leads to blunted immune gene expression in males

Next, we wanted to explore whether maternal diet would have an 
impact on immune functions in the offspring since GO terms associated 
to the innate immune response were identified in males and females 
after 10 and 50 days in both HSDm and HFDm conditions (Fig. 3B). We 
started by analyzing selected genes associated with the innate immune 
response, separating them by sex (Fig. 6A, B). In males, distinct gene 
clustering was observed by age, with many selected immune-relevant 

Fig. 4. Maternal diet shows sex-specific effects on organismal health in the HFDm and HSDm offspring. (A, B) Body weight of male (A) and female (B) offspring. (C, 
D) Circulating glucose levels of male (C) and female (D) offspring. (E, F) Climbing performance of male (E) and female (F) offspring. For A-F: Circles represent single 
flies. Bar graphs show mean ± SD. One-way ANOVA * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (G, H) Cumulative lifespan of male (G) and female (H) 
offspring. Gehan-Breslow Wilcoxon test.
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genes being upregulated at day 50. These included anti-microbial pep
tides such as Drs, Def, DptA, DptB, AttA, AttB, AttC, CecA1, CecA2 
(Hanson and Lemaitre, 2020), as well as genes essential in response to 
pathogens, such as Stat92E, drpr, NimB3, upd3, crq, Myd88, and Rel 
(Fig. 6A). However, when comparing diets at day 50, males from the 
HFDm group exhibited an impaired ability to upregulate certain 
immune-related genes, including Myd88, Rel and upd3 (Fig. 6C). These 
are primarily expressed by hemocytes, as well as other immunologically 
active tissues such as the fat body and the gut (L et al., 2022; Hoffmann 
and Reichhart, 2002). To determine whether the decreased gene 
expression was due to a reduction in hemocytes numbers, we quantified 
hemocytes at day 10 and 50 using the Hml-GAL4 > UAS-2xeGFP fly line. 
However, we did not observe any differences in males across dietary 
conditions (Fig. 6D). In female offspring, an age-dependent clustering of 

immune-related genes was also observed, although the differences be
tween days 0 and 10 were minor (Fig. 6B). At day 50, females showed a 
similar, albeit blunted, upregulation of immune-related genes. However, 
in contrast to males, females did not exhibit a diet-specific clustering of 
immune-related genes (Fig. 6B). Notably, upd3 expression was signifi
cantly downregulated at day 50 in both HFDm and HSDm conditions 
compared to CDm (Fig. 6C). Furthermore, hemocyte numbers remained 
unaltered (Fig. 6E).

In summary, maternal diet affects immune gene expression in the 
offspring: under normal conditions, males show a robust age-associated 
upregulation of key immune genes, but this response is significantly 
attenuated in HFDm males, indicating a diet-induced impairment in the 
normal activation of immune pathways with age; in contrast, females 
exhibit a blunted but diet-independent pattern of immune gene 

Fig. 5. Impact of maternal obesity on light-dependent degeneration of R7 photoreceptor axons. (A, B) Representative immunofluorescent pictures (left) and 
quantification of axonal termini (right) of male (A) and female (B) offspring that were either exposed to light (10,000 lx) over 7 days or control offspring treated with 
7 days of regular 12 h light/12 h dark cycle. Scale bar: 10 μm. Circles represent measurements for single flies. Bar graphs show mean ± SD. One-way ANOVA * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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regulation.

3.6. Developmental programming of hemocytes influence longevity

Given the link between maternal diet, immune responses, and 
longevity observed specifically in males in our study, we investigated 
whether maternal obesity impacts lifespan in a hemocyte-dependent 
manner. To this end, we used the w1118; HmlΔ-Gal4, UAS-2xeGFP line, 
which enables specific gene expression in hemocytes. This line allows 
robust and selective targeting of hemocytes and thus serves as a suitable 
tool for cell-specific RNAi-mediated gene knockdown. Using this system, 
we generated CDm, HFDm, and HSDm males with hemocyte-specific 
knockdown of the NF-κB-like transcription factor Relish (Rel) or upd3 
(ortholog of the mammalian interleukin-6). Intriguingly, targeting these 
pathways revealed a diet-specific response. In Hml-Gal4 > UAS-RelRNAi 
flies, the HFDm group exhibited reduced survival compared to the 
HSDm and CDm groups (Fig. 7A). In contrast, the HSDm and CDm 
groups showed survival patterns similar to w1118 flies (Fig. 7A, Fig. 4G). 
Knockdown of hemocyte-specific upd3 (Hml-Gal4 > UAS-upd3RNAi) 
resulted in similar survival curves across dietary conditions, with the 
HSDm group even showing increased survival (Fig. 7B). This indicates 
that hemocyte-derived upd3 contributes to the detrimental effects of 
maternal HFD on male offspring longevity. In its absence, the inter
generational impact of maternal obesity on lifespan appears attenuated.

Taken together, our data suggest that the developmental program
ming of hemocytes by maternal obesity could contribute to the off
spring’s lifespan in a diet- and immune-pathway specific manner.

4. Discussion

This study demonstrates the long-lasting effects of maternal obesity 
on offspring health and lifespan using a Drosophila melanogaster model, 
revealing critical insights into how dietary-induced maternal metabolic 
changes influence immune, metabolic, and neurodegenerative pathways 
in the next generation. Our results highlight significant sex- and age- 
dependent effects of maternal diet on offspring physiology, including 
reduced lifespan, impaired locomotor performance, and susceptibility to 
neurodegeneration in males. These findings align with mammalian 
studies showing that male offspring are often more vulnerable to 
maternal metabolic challenges (Viola et al., 2024; Denizli et al., 2022b; 
Huang et al., 2024). This sex-dependent vulnerability underscores the 
need to further investigate the molecular and epigenetic mechanisms 
that drive these differences, particularly in relation to maternal obesity.

Importantly, the age-dependent transcriptional responses observed 
in our study reveal a dynamic interplay between developmental pro
gramming, diet, and ageing. Males showed pronounced transcriptomic 
shifts at day 50, characterized by clustering according to maternal diet 
and widespread gene expression changes. In contrast, females displayed 
transient transcriptional changes at day 10 with fewer diet-specific ef
fects, reflecting their overall resilience to maternal metabolic 

disturbances. This temporal and sex-specific divergence highlights the 
complexity of intergenerational dietary effects, emphasizing the need 
for longitudinal studies to capture the full scope of these dynamics.

The neurodegenerative phenotype observed in male offspring sup
ports the link between maternal diet and neuronal health. Down
regulation of genes associated with axon development and 
neurodegenerative pathways, combined with significant axonal degen
eration in male HFDm progeny, points to a diet-specific vulnerability of 
neuronal systems. These findings align with studies implicating in
flammatory and metabolic dysfunctions in neurodegenerative processes, 
suggesting that maternal obesity primes the offspring’s nervous system 
for early-onset degeneration (Viola et al., 2024; Denizli et al., 2022b). 
Interestingly, females were largely resistant to neurodegenerative out
comes, raising questions about protective mechanisms that may mitigate 
diet-induced neuronal stress. Although studies on maternal obesity and 
R7 axonal integrity in offspring are lacking, previous research has shown 
that HFD consumption impairs mitochondrial function in axons and 
leads to ocular degeneration, such as age-related macular degeneration, 
in rodent models (Sajic et al., 2021; Clarkson-Townsend et al., 2021; 
Keeling et al., 2022). Overall, our results highlight a sex-specific sus
ceptibility to neurodegeneration induced by maternal obesity and 
emphasize the importance of understanding maternal diet’s long-term 
effects on offspring neuronal health.

The immune system emerges as a central mediator of maternal diet 
effects, with evidence showing blunted immune responses in male 
offspring exposed to HFD. The reduced expression of immune genes, 
such as Myd88, Rel, and upd3, critical components of the JAK/STAT and 
Toll pathways, suggests a diminished capacity to respond to secondary 
challenges. Notably, these changes occur independently of hemocyte 
numbers, indicating that functional impairments rather than cell loss 
drive this immune dysregulation. This may reflect a developmental 
programming of hemocytes, potentially mediated by altered lipid 
signaling during gestation. Our study also underscores the critical role of 
Rel and upd3 in hemocytes, linking these pathways to offspring 
longevity in a diet-specific manner. Hemocyte-specific knockdowns of 
Rel and upd3 revealed distinct effects on lifespan: Rel is essential for the 
survival of HFDm offspring, while upd3 knockdown abrogates the diet- 
induced survival difference. However, it is important to note that Hml- 
Gal4 > UAS-upd3RNAi males showed an overall reduced lifespan 
compared to w1118 controls even under CD conditions, which may reflect 
the loss of upd3 during development or in the imago, or result from 
genetic background differences between the strains. Thus, while the 
absence of upd3 prevents the maternal HFD-induced lifespan decline, it 
may also broadly impair organismal health. This highlights the context- 
dependent role of upd3, which may be dispensable or detrimental in 
some settings, yet essential for maintaining homeostasis in others. 
Together, these findings provide first mechanistic insights into how 
hemocyte-derived immune signals integrate maternal dietary cues to 
shape offspring longevity, offering potential targets to mitigate adverse 
intergenerational effects.
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Finally, the parallels between Drosophila and mammalian models 
underscore the utility of this system for studying intergenerational 
health impacts. The conserved nature of immune and metabolic path
ways, combined with the ability to perform targeted genetic manipu
lations, makes Drosophila an invaluable tool for uncovering mechanisms 
underlying maternal diet effects. For example, maternal-derived lipid 
classes and immune mediators identified in this study could serve as 
therapeutic targets to ameliorate metabolic and immune dysfunctions in 
at-risk offspring.

In conclusion, this work highlights the multifaceted impact of 
maternal obesity on offspring health, including immune dysregulation, 
neurodegeneration, and reduced lifespan. The sex- and age-dependent 
nature of these effects underscores the complexity of maternal influ
ence, while the conserved pathways identified provide a foundation for 
translational studies. Future research should aim to unravel the epige
netic and molecular drivers of these developmental programming 
mechanisms, paving the way for interventions that improve health 
outcomes across generations. By understanding the intergenerational 
effects of maternal diet, we can better address the rising global burden of 
obesity and its long-term consequences.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cdev.2025.204040.

CRediT authorship contribution statement

Seyhmus Bayar: Visualization, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization, Writing – original draft. Lea 
Seep: Methodology, Investigation, Formal analysis, Data curation. 
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