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ABSTRACT: Diabetes mellitus (DM), particularly type 2 diabetes
mellitus (T2DM), is a global health challenge marked by chronic
hyperglycemia and inflammation, which contributes to both
metabolic dysregulation and associated complications. Inflamma-
tion exacerbates T2DM by activating immune signaling pathways
and promoting insulin resistance. This study aims to investigate the
interplay between hyperglycemia and inflammation and to explore
the therapeutic potential of aspirin in mitigating these processes
using Drosophila melanogaster as a model organism. We utilized the
PGRP-LBΔ strain, which exhibits dysregulated immune responses
due to the loss of the PGRP-LB gene, leading to a phenotype
resembling human autoinflammatory conditions. Larvae of the
PGRP-LBΔ were fed a high-sucrose diet to induce increased glucose
levels, mimicking the metabolic disturbances of T2DM. Aspirin, at different concentrations, was administered to assess its effects on
high glucose level-induced inflammation. The results demonstrated that aspirin significantly improved hemolymph glucose levels,
larval size, weight, and development. Additionally, aspirin enhanced larval mobility and reduced glucose level-associated immune
dysfunction, as evidenced by changes in the expression of key immune and insulin-related genes. These findings highlight the utility
of D. melanogaster as an effective and cost-efficient model to investigate the molecular mechanisms of T2DM and inflammation. The
study also provides preliminary evidence for the potential of aspirin as an anti-inflammatory agent to modulate glucose levels and
inflammation in T2DM, offering a promising avenue for therapeutic development.

1. INTRODUCTION
Diabetes mellitus (DM) is a major global health crisis, with the
number of people affected by it steadily increasing. Currently,
over 529 million people worldwide are living with diabetes, and
this number is expected to rise significantly by 2050.1 Type 2
diabetes mellitus (T2DM), the most common form, is
frequently accompanied by severe microvascular and macro-
vascular complications, including retinopathy, nephropathy,
cardiovascular disease, and neuropathy. These complications
not only degrade the quality of life but also significantly
increase the risk of mortality,2 contributing to the growing
burden on healthcare systems globally. Despite advancements
in diabetes treatment, including the use of insulin analogues
and newer drugs, the complexity of T2DM remains a
significant challenge for effective management, particularly in
addressing its underlying mechanisms and complications.

A key factor in the onset and progression of T2DM is
uncontrolled hyperglycemia, which is characterized by
persistently elevated blood glucose levels. Hyperglycemia is
strongly associated with chronic inflammation, a hallmark of

T2DM that exacerbates metabolic dysregulation and contrib-
utes to insulin resistance, one of the defining features of the
disease.3 The interplay between hyperglycemia and inflamma-
tion highlights the complex pathophysiology of T2DM and
underscores the need for novel therapeutic strategies that
target both metabolic and inflammatory pathways.

At the molecular level, hyperglycemia and oxidative stress
activate the IκB kinase (IKK) pathway, leading to the
activation of nuclear factor κB (NF-κB), a central regulator
of inflammation. Additionally, cytokines can stimulate the
signal transducer and activator of transcription 3 (STAT3)
through the Jak1/2 pathway, further enhancing the inflamma-
tory response.4 These signaling pathways amplify the
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production of pro-inflammatory cytokines, contributing to a
vicious cycle of inflammation that worsens the disease.
Furthermore, hyperglycemia promotes the formation of
advanced glycation end products (AGEs), which further
exacerbate inflammation and insulin resistance, accelerating
the progression of T2DM.5,6

Given the critical role of inflammation in T2DM, targeting
inflammatory pathways represents a promising therapeutic
approach. Nonsteroidal anti-inflammatory drugs (NSAIDs),
such as aspirin, have shown potential in modulating these
pathways. Aspirin works by inhibiting the cyclooxygenase
(COX) enzyme, which plays a key role in the synthesis of
pro-inflammatory prostaglandins. By suppressing prostaglandin
production, aspirin reduces inflammation and its downstream
effects.7 Moreover, emerging evidence suggests that low-dose
aspirin may improve insulin sensitivity, acting as an
antihyperglycemic agent by mitigating inflammation in
T2DM.8,9 These findings highlight the potential of aspirin
and other anti-inflammatory treatments to simultaneously
address both reduced glucose levels and inflammation, offering
a dual benefit for diabetes management.

In this study, we aim to provide proof of concept for the use
of aspirin in mitigating glucose levels and inflammation in vivo
using Drosophila melanogaster as a model system. The selection
of D. melanogaster is based on its alignment with the 3R
principles (Replacement, Reduction, Refinement),10 as well as
its numerous advantages as an invertebrate model.11,12 D.
melanogaster is an ideal organism for investigating complex
diseases such as T2DM, as it is genetically tractable, has a short
lifespan, and shares significant molecular pathways with
humans.13−15 Notably, D. melanogaster exhibits approximately
75% genetic similarity to humans, making it a powerful tool for
translational research.16

In particular, we utilize the PGRP-LBΔ of D. melanogaster,
which carries a mutation in the PGRP-LB gene (peptidoglycan
recognition protein-LB). PGRP-LB is a critical regulator of
immune responses mediated by NF-κB, and its absence leads
to dysregulated cytokine responses, mimicking the auto-
inflammatory conditions observed in humans.17−19 This
model allows for the examination of the interplay between
glucose levels and inflammation in a genetically accessible and
simplified system. Additionally, this provides an opportunity to
evaluate the therapeutic potential of aspirin in modulating
these processes.

The primary objectives of this study are to evaluate the
impact of increased glucose levels on inflammation in the
PGRP-LBΔ model and assess the effectiveness of aspirin in
alleviating increased glucose level-induced inflammation. We
hypothesize that aspirin will improve glucose metabolism and
reduce inflammation in PGRP-LBΔ larvae exposed to a high-
sucrose diet and that these effects will be mediated through the
modulation of immune and insulin-related signaling pathways.
By using D. melanogaster as a model, this study aims to provide
valuable insights into the molecular mechanisms of high
glucose levels and inflammation as well as contribute to the
development of novel therapeutic strategies for T2DM.

2. MATERIALS AND METHODS
2.1. Drosophila Stocks. In this study, fruit fly D.

melanogaster PGRP-LBΔ, obtained from the Host Defense
and Responses Laboratory at Kanazawa University, Japan, was
used as the model organism. The flies were maintained on a
standard diet under controlled conditions, including 60%

relative humidity, a constant temperature of 25 °C, and a
12:12-h light−dark cycle to support optimal growth and
development.
2.2. Materials. Sucrose (CAS No: 57−50−1, Smart Lab,

Indonesia) and aspirin (CAS No. 50−78−2, Sigma-Aldrich)
were used as the primary components for preparing the high-
sugar diet for D. melanogaster.
2.3. Preparation of Drosophila Food. The Drosophila

diet was categorized into five groups, with the composition of
each group outlined in Table 1. A high-sugar diet (HSD) was

formulated to induce high glucose levels in flies, and aspirin
was included as a treatment. Aspirin was dissolved in 70%
ethanol and incorporated into the food to achieve final
concentrations of 0.05, 0.5, and 5 μM.20 The complete
experimental design is illustrated in Figure 1.
2.4. Measurement of hemolymph Glucose Levels in D.

melanogaster. Approximately 70 third-instar larvae were
collected to extract hemolymph for glucose level measurement.
The larvae were placed in microtubes and homogenized by
using a micropestle. The resulting hemolymph was centrifuged
at 13,000 rpm for 2 min to separate the supernatant.
Subsequently, 10 μL of the hemolymph was pipetted into a
microcentrifuge tube containing 1000 μL of the glucose
oxidase−peroxidase aminoantipyrine (GOD-PAP) reagent
(Glory Diagnostics, Barcelona, Spain). The mixture was
thoroughly homogenized and incubated at 37 °C for 10 min.
Absorbance was then measured using a spectrophotometer
(Shimadzu UV−vis 1800, Kyoto, Japan) at a wavelength of
500 nm. A standard glucose solution with a concentration of
100 mg/dL was used as a reference to calculate absorbance.21

2.5. Measurement of Larval Length, Width, and Body
Weight. Body weight measurements were conducted by
weighing ten third-instar PGRP-LBΔ larvae from each
experimental group using an analytical balance. The average
body weight for each group was then calculated. Larval length
and width were subsequently measured by using an analytical
caliper and a microscope. The experimental groups included
flies fed a normal diet, a high-sugar diet (HSD), HSD with
solvent control, HSD with aspirin at 0.05 μM, HSD with
aspirin at 0.5 μM, and HSD with aspirin at 5 μM.21

2.6. Larval Crawling Assay. The crawling assay was
conducted using third-instar PGRP-LBΔ larvae across all
treatment groups with three larvae per group. Each larva was

Table 1. Food Composition and Treatment

ingredients

normal
diet

(ND)
high-sugar
diet (HSD) high-sugar diet (HSD) + treatment

corn meal
(g)

7.5 7.5 7.5

yeast (g) 2.5 2.5 2.5
agar (g) 0.9 0.9 0.9
sucrose (g) 4.5 30 30
propionic
acid (μL)

400 400 400

methyl
paraben
(μL)

450 450 450

EtOH (%) 3.5
aspirin
(μM)

0.05 μM
0.5 μM
5 μM

water (mL) 100 100 100
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placed on a glass Petri dish containing an agar medium
overlaid with graph paper. Larval movement was recorded by
measuring the distance traveled in millimeters per minute,
determined by counting the number of grid squares crossed
within 1 min.22

2.7. Survival Assay. The survival assay was designed to
assess the developmental progression from larvae to adult flies.
Third-instar PGRP-LBΔ larvae reared on HSD were transferred
into vials containing one of the following diets: normal diet,
HSD (negative control), HSD supplemented with solvent
(solvent control), or HSD supplemented with aspirin treat-
ments. Each vial contained ten larvae. The experiment was
conducted at 25 °C with the diet replaced every 3 days. Daily
observations were made to document the number of larvae
that successfully metamorphosed into pupa and the number of
pupae that emerged as adult flies. Mortality was recorded daily
for each experimental group until all flies either developed into
adults or died.23

2.8. Fecundity Assay. For the fecundity assay, a group of
five virgin female and five male PGRP-LBΔ flies were placed in
a treatment vial. The experiment consisted of three groups,
with the flies allowed 5 days for reproduction to assess
fecundity in each treatment group. After this period, all
parental flies were removed. The number of pupae and adult
flies that emerged from each group was counted for analysis.
Virgin female flies, defined as females that had never mated
and were 5−7 h posteclosion from the pupal stage, were used
for this experiment.24

2.9. Gene Expression Analysis. Ten PGRP-LBΔ larvae,
previously subjected to treatment, were placed in Treff tubes
for total RNA isolation using the PureLink RNA Mini Kit
(Invitrogen, Thermo Fisher Scientific Inc., Carlsbad), follow-
ing the manufacturer’s instructions. Gene expression levels
were quantified using quantitative reverse transcription PCR
(RT-qPCR) with the Universal One-Step RT-qPCR Kit (Luna,
New England Biolabs, Inc., MA), in accordance with the
manufacturer’s protocol. The RT-qPCR reactions were

performed in a 20 μL reaction volume, and the RT-qPCR
analysis for target genes (primer sequences are listed in Table
2) was conducted in a 10 μL reaction volume using a
RotorGene Q (Qiagen, Germany). The procedure involved
one cycle at 50 °C for 10 min, followed by 95 °C for 2 min,
and then 40 cycles at 95 °C for 10 s, 60 °C for 30 s, and 72 °C
for 30 s. A standard melt curve analysis was performed to
ensure the specific amplification of the expected product. The
RNA levels of host ribosomal protein rp49, used as an internal
control, were also measured using rp49 primers, following the
same protocol applied to the target genes.
2.10. Data Analysis. All data obtained from both

phenotypic and molecular tests were analyzed using Prism 9.
(GraphPad Software, Boston). The data were presented in the
form of bar graphs and statistically analyzed using one-way
ANOVA, followed by Tukey’s posthoc test. The results are
expressed as mean ± standard deviation (mean ± SD), with
statistical significance determined at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Reduction of Glucose Level in PGRP-LBΔ Flies by

Aspirin Is Accompanied by the Downregulation of Pro-
Inflammatory Peptides. Although the interaction between
inflammation and hyperglycemia has been widely reported, the
extent of the host immune system’s role in regulating
metabolic homeostasis remains unclear. To address this, we
utilized D. melanogaster mutants lacking PGRP-LB, a key
negative regulator of the Imd pathway that plays a crucial role
in modulating inflammation. Within the Imd immune pathway,
PGRP-LB and PGRP-SC act as essential negative regulators by
degrading bacterial peptidoglycan, thereby preventing ex-
cessive immune activation.25 Unlike PGRP-SC, which acts
locally in epithelial tissues,26 PGRP-LB functions systemically
in the gut and fat body,19 with its loss leading to a stronger
inflammatory response.25 The absence of this protein in the
PGRP-LBΔ causes excessive cytokine activation, which

Figure 1. Experimental design. Six groups of 3rd instar larvae were given fly food containing a normal diet, HSD, HSD + EtOH, or HSD + ASA
(0.05 μM, 0.5 μM, and 5 μM). ASA, acetylsalicylic acid; EtOH, ethanol; HSD, high-sugar diet.

Table 2. Primers Used in the RT-qPCR Assay

genes forward primer (5′-3′) reverse primer (5′-3′)
dilp3 GCTGCGCAATCGCTTCTACT TGGTGGAGTGGGCTTCATG
dilp6 ATCCTTATGATCGGCGGTGT GTTCACGGGGTCCAAAGTTC
drs CGTGAGAACCTT TTCCAATATGATG TCCCAGGACCACCAGCAT
attaA CCCGGAGTGAAGGATG GTTGCTGTGCGTCAAG
rp49 GACGCTTCAAGGGACAGTATCTG AAACGCGGTTCTGCATGAG
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negatively impacts survival.27 To investigate the effects of high
glucose levels on immune activity in this mutant, we
administered a high-sugar diet to the PGRP-LBΔ flies.

In this study, the PGRP-LBΔ was exposed to a 30% sucrose
diet to induce high glucose-level conditions. The results
showed a significant increase in glucose levels in the
hemolymph of larvae fed a high-sugar diet (HSD) compared
to that of the untreated control (Figure 2A). This finding
confirms that the 30% sucrose treatment effectively increased
the glucose level in PGRP-LBΔ. These results are consistent
with previous research showing that the use of 30% sucrose can
increase hemolymph glucose levels.28 Meanwhile, the addition
of ethanol as a solvent did not affect glucose levels, indicating
that the solvent is inert. On the other hand, it is important to
note that the aspirin treatment in this condition successfully
reduced the glucose level in the PGRP-LB mutant (Figure 2B).
To further investigate the mechanism underlying this effect, we
analyzed the molecular expression of immunity- and
metabolism-related genes in the high glucose-level PGRP-
LBΔ model during aspirin treatment.

Molecular analysis indicates that aspirin’s antihyperglycemic
effects may be closely linked to its ability to suppress
inflammation. This is supported by RT-qPCR data showing
the expression of drs (Figure 2C) and attaA (Figure 2D) genes
in the PGRP-LBΔ. Drosomycin and Attacin A are cytokine-like
peptides in D. melanogaster, regulated by the NF-κB Toll and
Imd signaling pathways.29 High-sugar diets are known to
dysregulate inflammatory gene expression in D. melanogaster.30

Under high-sugar diet conditions, aspirin administration
significantly reduced the expression of these inflammatory

markers, highlighting its potential to mitigate inflammation-
associated metabolic dysfunction.

Furthermore, an analysis was conducted on metabolic genes
such as dilp3 and dilp6. Both of these genes are part of the
insulin-like peptides (dilps) found in D. melanogaster. The dilp3
gene functions similarly to insulin and insulin-like growth
factors (IGF) in mammals, playing an important role in
regulating energy metabolism, maintaining glucose balance,
supporting growth processes, and helping the body adapt to
stress.31 Meanwhile, dilp6 also plays a role in regulating
metabolism, growth, and the body’s response to environmental
changes, such as nutrient availability, including glucose, which
is the main energy source in metabolism.32,33 A high-sugar diet
is known to trigger insulin resistance.34 Meanwhile, aspirin was
observed to increase dilp6 but not affect dilp3 (Figure 2E,F),
indicating the recovery of metabolic function regulated by
aspirin through pathways involved in insulin secretion in
PGRP-LBΔ.
3.2. Aspirin-Induced Restoration of Body Size,

Weight, and Crawling Activity of High Glucose-Treated
Drosophila Larvae. The increase in glucose levels in the
body’s circulation has been known to trigger metabolic
disorders. It has been previously reported that in conditions
of hyperglycemia, where the body cannot effectively use
glucose as an energy source, fat reserves and muscle protein are
used as alternative energy sources, leading to weight loss.35,36

Additionally, hyperglycemia also affects motor function, as
reported by Nayak and Mishra, which shows that oxidative
stress due to hyperglycemia damages nerve cells and inhibits
signal transmission.22 Therefore, further testing was conducted

Figure 2. Increased glucose level following aspirin treatment. The glucose level in the larval body increased due to HSD induction (A), while
aspirin treatment effectively reduced the glucose level in a dose-dependent manner (B). The reduction in the glucose level is associated with the
regulation of gene expression of drs (C), attaA (D), dilp3 (E), and dilp6 (F). ND, normal diet; HSD, high-sugar diet; EtOH, ethanol; ASA, aspirin;
ns, nonsignificant; *, p < 0.05; **, p < 0.01; ****, and p < 0.0001 (means ± SD, n = 3).
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to examine body weight and crawling activity in PGRP-LBΔ

treated with high glucose food both before and after treatment
with aspirin.

Hyperglycemia is known to affect body size in both humans
and model animals, such as mice and D. melanogaster.37,38 In
this study, the effect of increased glucose level on body length
and width was also tested on PGRP-LBΔ D. melanogaster larvae
exposed to a high-sugar diet. Body length measurements
showed a significant decrease after the high-sugar diet
treatment (Figure 3A). A similar finding was observed in the
body width of the larvae, which decreased due to the increased
glucose level induced by the high-sugar diet (Figure 3B).
However, the administration of aspirin was able to significantly
increase the body length (Figure 3A) and body width (Figure
3B) of the larvae.
PGRP-LBΔ larvae were subjected to a high-sugar diet to

induce a condition of an increased glucose level. The results
show that this treatment caused a decrease in the larvae’s body
weight (Figure 3C). This is consistent with the findings of
Meshrif et al., who reported that a high-sugar diet in larvae can
trigger a decrease in body weight.37 However, the admin-

istration of aspirin significantly increased the body weight of
the PGRP-LBΔ larvae (Figure 3C), demonstrating its potential
in reducing the negative effects of an increased glucose level. In
addition to its effect on body weight, a high-sugar diet
treatment also induces a decrease in crawling activity in PGRP-
LBΔ larvae (Figure 3D). The disturbed crawling activity
indicates motor function impairment, which is likely caused by
oxidative stress on nerve cells. This stress hampers nerve signal
transmission, resulting in irregular movement patterns in the
larvae.22 However, the administration of aspirin can enhance
the crawling activity of PGRP-LB mutant larvae (Figure 3D).
3.3. Aspirin Improves the Development but Not the

Fecundity of PGRP-LBΔ during HSD Consumption. High
glucose levels not only affect the size and weight of larvae but
also contribute to developmental delays. This is consistent with
the research by Meshrif et al., which reported that larvae on a
high-sugar diet showed developmental delays up to the pupal
stage. This influence indicates that a high-sugar diet can slow
down the overall developmental process from larvae to adult
flies.37 The development test of PGRP-LBΔ from larvae to
pupae showed a significant decrease due to high-sugar diet

Figure 3. Improvement in body size, body weight, and crawling activity after aspirin administration. HSD exposure is capable of reducing body size,
weight, and crawling activity. After aspirin administration, it effectively increases body length (A), body width (B), body weight (C), and crawling
activity (D). ND, normal diet; HSD, high-sugar diet; ASA, aspirin; ns, nonsignificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, and p <
0.0001 (means ± SD, n = 3).

Figure 4. Improvement in survival after aspirin administration but not in fecundity. HSD exposure was able to reduce the survival from larva to
adult fly and fecundity. After aspirin administration, it effectively improved the survival from larva to pupa (A) and improved the survival from pupa
to adult fly (B) but not in fecundity (C). ND, normal diet; HSD, high-sugar diet; ASA, aspirin; ns, nonsignificant; *, p < 0.05; **, p < 0.01 (means
± SD, n = 3).
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treatment (Figure 4A). However, the administration of aspirin
significantly improved the development of larvae to pupae
(Figure 4A). A similar finding was observed in the
developmental stage from pupae to adult flies, where an
increased glucose level caused a decrease in development
(Figure 4B), which could then be mitigated by aspirin (Figure
4B).

The increase in glucose level induced by high-sugar diet
(HSD) treatment in virgin female PGRP-LBΔ flies causes a
significant decrease in reproductive rates (Figure 4C). It has
been reported that a high-sugar diet, particularly one
containing sucrose, significantly reduces reproduction in D.
melanogaster. This comparison confirms that a high-sugar
content in the diet consistently adversely affects reproductive
ability.39 Flies experiencing an increase in glucose level were
treated with aspirin. The results show that aspirin does not
affect reproduction (Figure 4C). However, unlike the positive
effects of aspirin on other parameters, such as body weight,
body morphology, crawling activity, and development, the
administration of aspirin does not show a significant effect in
increasing the reproduction of virgin female PGRP-LBΔ flies.

4. CONCLUSIONS
This study demonstrates that a high-sugar diet in PGRP-LBΔ

D. melanogaster induces inflammation and significantly affects
physiological homeostasis, as evidenced by increased body
glucose levels, reduced insulin production, impaired larval
growth, and decreased fertility. However, aspirin adminis-
tration effectively lowered glucose levels and improved growth
and motor activity, although it did not influence fertility.
Additionally, aspirin modulated the expression of inflamma-
tion- and metabolism-related genes, highlighting its potential in
mitigating metabolic disorders associated with hyperglycemia.
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