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ABSTRACT
The effects of sleep deprivation on organisms have become an important research topic. Prolonged sleep deprivation not only 
affects locomotion and cognition in humans but also has a significant negative effect on the lifespan of organisms. This study 
investigated the effects of weekly continuous light exposure (16, 20, or 24 h) as a method of sleep deprivation on the behavior of 
Drosophila melanogaster and evaluated the potential recovery effects of caffeine and other components in coffee on fruit flies. 
The results revealed that weekly sleep deprivation reduced the activity level and short-term spatial memory of fruit flies. In 
contrast, moderate coffee intake (0.1 g/L caffeine content) not only had positive effects on nonsleep-deprived fruit flies but also 
reduced the negative effects caused by sleep deprivation. Our study assessed the short-term and long-term effects of coffee dur-
ing the sleep deprivation process and examined the relationships between these effects and the aging of fruit flies. Through this 
research, we aim to gain a deeper understanding of the mechanisms by which coffee affects sleep deprivation and provide new 
insights and references for future studies.

1   |   Introduction

The effects of sleep deprivation on organisms have become an 
important research topic (Pilcher and Huffcutt  1996; Elliott 
et  al.  2014; García et  al.  2021). Prolonged sleep deprivation 
not only affects the health and locomotion of organisms (Du 
et al. 2022) but also has significant negative impacts on cogni-
tive functions (Killgore 2010). Previous studies have shown that 
sleep deprivation leads to a series of behavioral and physiological 

problems, including memory impairment (Kim et al. 2021), re-
duced motor coordination (Umemura et al. 2022), and decreased 
immune function (Moldofsky et  al.  1989). As a result, how to 
effectively reduce the negative reactions caused by sleep depri-
vation remains an issue worth exploring.

Coffee, a common central nervous system stimulant, is widely 
used to relieve fatigue (Herden and Weissert  2020) and in-
crease alertness (Akosua et al. 2023). Caffeine in coffee works 
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by blocking adenosine receptors, reducing the sedative effects 
of adenosine and thereby increasing neural activity levels 
(Fiani et  al.  2021). Additionally, coffee contains polyphenols 
and antioxidants, which are believed to have neuroprotective 
and lifespan-extending potential (Socała et al. 2020). Although 
studies have shown that caffeine has positive effects on lo-
comotion and cognition (Xie et  al.  2021; Olopade et  al.  2021; 
Du et al. 2022), its effects on the behavioral and physiological 
changes caused by sleep deprivation at different caffeine con-
centrations remain unclear.

Drosophila melanogaster (fruit fly) is an ideal model organism 
widely used in behavioral, genetic, and neuroscience research 
(McGurk et  al.  2015; Hales et  al.  2015). Owing to its short 
life cycle, simple genome, and ease of manipulation, the fruit 
fly is convenient for studying the effects of sleep deprivation 
and coffee. Furthermore, the physiological and behavioral 
changes in flies at different life stages have been extensively 
studied, making them ideal subjects for research on long-term 
effects (Chi et al. 2020; Overman et al. 2022). The lifespan of 
flies varies depending on the nutritional ratio of the culture 
medium, temperature, genotype, etc. (Kawaguchi et al. 2016; 
Landis et al. 2020; Mołoń et al. 2020). Typically, the lifespan 
of flies can be divided into three main stages: young (average 
of 10–20 days), middle-aged (35–45 days), and old (60–70 days; 
Bushey et al. 2010). This age division allows us to assess the 
effects of different treatments accurately at various life stages. 
Additionally, the survival rate, locomotion, and cognition 
are key indicators of the physiological function of fruit flies 
(Neuser et al. 2008; Jans et al. 2021; Cai et al. 2022), and eval-
uating these factors helps us explore the impact of sleep depri-
vation and coffee.

In summary, this study used activity level, average movement 
speed, and the wobbling time ratio as indicators of locomotion 
and short-term spatial memory performance as indicators of 
cognition. We investigated the behavioral and physiological 
consequences of acute and severe sleep deprivation by ex-
posing fruit flies to prolonged light durations (16, 20, or 24 h) 
once a week beginning in early middle age. We hypothesized 
that more severe sleep deprivation would lead to progressively 
greater impairments in locomotion, cognition, and survival. 
In a separate experiment, we examined the long-term effects 
of different caffeine concentrations (0.1, 0.5, and 1.0 g/L) on 
flies that were not sleep deprived. We hypothesized that low 
doses of caffeine might have beneficial effects on lifespan and 
behavior, whereas high doses might have detrimental effects. 
Finally, to evaluate whether caffeine could mitigate the ad-
verse consequences of sleep deprivation, we tested whether 
adding 0.1 g/L caffeinated coffee to the diet of sleep-deprived 
flies would improve their behavioral performance and sur-
vival. We hypothesized that caffeine supplementation after 
sleep deprivation would partially restore locomotor and cog-
nitive functions. By repeatedly testing flies throughout their 
lifespan, we aimed to assess the time course of these effects 
and to explore the interactions between sleep deprivation, caf-
feine intake, and aging. These findings may help clarify the 
mechanisms by which caffeine modulates the negative con-
sequences of sleep loss and provide insight into its potential 
neuroprotective properties.

2   |   Materials and Methods

2.1   |   Fly Strain

The fruit flies were cultured in an incubator at a stable tempera-
ture of 25°C and a humidity level of approximately 50%. Under 
normal conditions, the flies were kept under a 12-h light/12-h 
dark cycle, with light from 8:00 AM to 8:00 PM and darkness 
from 8:00 PM to 8:00 AM. These light and dark conditions were 
regulated by a timer controlling white fluorescent lamps. The 
wild-type fruit flies (genotype Canton-S) were obtained from 
the Bloomington Drosophila Stock Center (BDSC), RRID: 
BDSC_64349.

2.2   |   The Sleep Rebound Test

To study the effects of different degrees of sleep deprivation on 
the behavior of fruit flies, we first tested the effectiveness of 
sleep deprivation in our experimental setup. We maintained the 
fruit flies under a normal 12-h light/12-h dark cycle in the incu-
bator until day 11 posteclosion. On day 11, the flies were divided 
into different groups according to the degree of sleep deprivation 
(SD) (12-h:12-h, 16-h:8-h, 20-h:4-h, 24-h:0-h light/dark cycles): 
Ctrl (12 hL:12 hD), SD (16 hL:8 hD), SD (20 hL:4 hD), and SD 
(24 hL:0 hD). A timer was set to control the light/dark cycle, and 
daylight lamps were used to simulate natural light, with paper 
covering the lamps to reduce the light intensity. After 1 day of 
sleep deprivation, the flies were returned to the 12-h light/12-h 
dark cycle on day 12, and their sleep duration during the light 
period on day 12 was tested as a measure of sleep rebound.

During the 36 h from day 11 to day 12, we recorded the move-
ment of the flies via a Mrobo D3 night vision HD motion camera, 
with video output in AVI format, a resolution of 1920 × 1080P, 
and a frame rate of 24 fps. The video setup included eight evenly 
distributed test tubes, each containing one fly, separated by di-
viders to prevent interference. For effective tracking, the video 
was edited into eight individual clips, each containing one test 
tube, converted to 1920i resolution in MP4 format, and muted. 
Movement tracking was then performed via a Python 3.5 script 
that used optical flow technology to track and record the traces 
of the flies. This was achieved by analyzing the visual displace-
ment of objects between consecutive frames, capturing position 
changes, and accurately plotting their movement paths as x and 
y coordinates in pixels.

Following the sleep duration calculation methods mentioned in 
previous studies (Ho and Sehgal 2005; Li et al. 2009), we ana-
lyzed the activity levels of the flies at 30-s intervals, recording 
any continuous 5-min period of static sleep. Finally, we com-
pared the total sleep duration under light conditions on day 12 
across different groups to determine the impact of varying de-
grees of sleep deprivation on the behavior of fruit flies.

2.3   |   The Arena and Tracking System

Our behavioral experimental setup is consistent with those 
used in our previous studies (Chi et  al.  2020; Han, Wei, 
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et al. 2021; Han, Huang, et al. 2021; Han, Tan, and Lo 2024). 
The area in which the fruit flies move consists of a white 
circular platform with a diameter of 85 mm. The platform is 
surrounded by a 20 mm wide water channel to prevent the 
wing-clipped flies from escaping. The platform is encircled by 
a 360° LED screen composed of 20 independent panels, each 
consisting of four 8 × 8 LED matrices. We used yellow–green 
light, which is highly sensitive to fly vision, as the color of 
the LEDs (1.2″ KWM-30881CUGB, with a peak wavelength 
of 573 nm). The entire LED screen has a diameter of 200 mm 
and a height of 130 mm. The LED system is connected to a 
personal computer via an Arduino board (Arduino Shield 
MEGA2560) and allows individual control of each LED to 
present different visual stimuli at specific times. Additionally, 
a CCD camera positioned directly above the platform captures 
the movement traces of the flies on the platform and generates 
high-resolution videos. These motion data are extracted via a 
Python 3.5 script.

2.4   |   The Behavior Test

To study the locomotion and short-term spatial memory of 
fruit flies under different conditions, we first froze 3-day-old 
fruit flies and removed one-third to one-half of their wings, 
allowing them to rest for 2 days. From day 5 to day 47, we 
placed the fruit flies in the LED setup for a weekly behavior 
test. Our experiment was modified on the basis of the classic 
Buridan's paradigm (Yen et  al.  2019; Han, Wei, et  al.  2021). 
In Buridan's paradigm, wing-clipped fruit flies are placed be-
tween two black visual stimuli on a circular screen. Owing 
to their scototaxis, the flies moved back and forth between 
the two visual stimuli (Götz  1980; Strauss and Pichler  1998; 
Neuser et al. 2008; Colomb et al. 2012). Our previous research 
revealed that when visual stimuli are presented for 60 s or lon-
ger, fruit flies continue to shuttle between the positions of the 
stimuli for a period even after the stimuli disappear, guided by 
their short-term spatial memory.

The setup of this study is consistent with that used in our previ-
ous studies (Yen et al. 2019; Han, Huang, et al. 2021). Briefly, our 
experiment is divided into three stages: the pretraining stage, 
training stage, and posttraining stage. The pretraining stage 
lasts for 90 s, during which all LED lights are on, allowing the 
flies to move in a fully illuminated environment. We recorded 
the random movement traces of the flies and calculated their 
locomotion levels, including activity level, average movement 
speed, and wobbling time ratio (see Data Analysis section for 
details).

In the training stage, two vertical black stripes, each 30° wide, 
appeared at 0° and 180° on the LED screen. This stage lasted 
for 60 s. In the posttraining stage, the black stripes disappeared. 
During this stage, we calculate the score of the flies moving be-
tween the positions of the missing visual stimuli, which is de-
fined as the performance index (see Data Analysis section for 
details). This stage lasted for 90 s. We used a CCD camera to 
capture images at 15 frames per second and used Python 3.5 to 
track the position of the flies in the images, storing this informa-
tion in TSV-formatted files.

2.5   |   The Sleep Deprivation Test

To study the effects of different degrees of sleep deprivation 
on fruit flies, we conducted sleep deprivation tests. The first 
behavioral test (see The Behavior Test section for details) was 
performed on day 5 posteclosion, without sleep deprivation, for 
any group. The first sleep deprivation session was conducted on 
day 11 posteclosion, with four sleep deprivation groups set up as 
in the sleep rebound test (Ctrl [12 hL:12 hD], SD [16 hL:8 hD], 
SD [20 hL:4 hD], and SD [24 hL:0 hD]). One day of sleep depri-
vation was subsequently performed every 7 days, followed by a 
behavioral test the next day to evaluate the impact of different 
degrees of sleep deprivation on locomotion and short-term spa-
tial memory (see Data Analysis section for details). To observe 
the long-term effects of different experimental conditions, all 
behavioral measurements in the sleep deprivation, caffeine con-
centration, and recovery tests were repeatedly measured every 
7 days on the same cohort of fruit flies and were consistently 
performed between 1:00 PM and 5:00 PM (zeitgeber times 5–9) 
to ensure experimental consistency. After each behavioral test, 
the fruit flies were returned to the incubator and maintained on 
a 12-hL/12-hD cycle.

2.6   |   The Caffeine Concentration Test

To study the effects of different caffeine concentrations on the 
behavior of fruit flies, we based our approach on previous re-
search. We purchased Nescafé coffee (3% caffeine, lot number 
22990012; Shin et  al.  2010) and prepared media with differ-
ent caffeine concentrations. The caffeine concentrations were 
modified from a previous study (Nall et al. 2016): 0.1, 0.5, and 
1.0 g/L. To eliminate the influence of noncaffeine components 
in coffee, we included a decaffeinated coffee group (DC COF). 
We purchased Nescafé decaffeinated coffee (< 0.3% caffeine, lot 
number 22621902; Shin et  al.  2010) and prepared media with 
the same weight as the 0.1 g/L caffeine group, ensuring that the 
concentration of noncaffeine components in the decaffeinated 
coffee matches that in the 0.1 g/L caffeine group. The Nescafé 
coffee and the Nescafé decaffeinated coffee were sourced from 
the official Nestlé website.

Consistent with the sleep deprivation test, the first behavioral 
test was conducted on day 5 posteclosion. At this time, all 
groups used media without coffee. On the second day after the 
first behavioral test, different amounts of coffee were added to 
the media according to the experimental design (DC COF, CAF 
(0.1 g/L), CAF (0.5 g/L), or CAF (1 g/L)). Behavior tests were 
then conducted weekly.

2.7   |   The Recovery Test

To study the recovery effects of coffee on the behavior of fruit 
flies after sleep deprivation, we selected groups with signif-
icant behavioral impairments following sleep deprivation, 
specifically those with a 20-hL/4-hD cycle and a 24-hL/0-hD 
cycle (see Results section for details). We added media with 
a caffeine concentration known to improve behavior (0.1 g/L; 
RE [20 hL:4 hD + 0.1 g/L] and RE [24 hL: 0 hD + 0.1 g/L]). 
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Consistent with the sleep deprivation test, the first behavioral 
test was conducted on day 5 posteclosion, without any addi-
tional conditions for the different groups. On the second day 
after the first behavioral test, the fruit flies were transferred 
to media containing 0.1 g/L caffeine. Starting on day 11, sleep 
deprivation was performed every 7 days, followed by behav-
ioral tests the next day.

We compared the behavioral data of the recovery groups (RE [20 
hL:4 hD + 0.1 g/L] and RE [24 hL:0 hD + 0.1 g/L]) with those of 
the control group from the sleep deprivation test (Ctrl [12 hL:12 
hD + 0 g/L]), the sleep deprivation groups (SD [20 hL:4 hD] and 
SD [24 hL:0 hD]), and the caffeine concentration group from 
the caffeine concentration test (CAF (0.1 g/L)). This comparison 
aimed to explain the effects of coffee (or caffeine) in reducing the 
impact of sleep deprivation.

2.8   |   Data Analysis

Our study aimed to analyze the changes in locomotion levels 
and short-term spatial memory at different time points across 
three sets of tests (sleep deprivation test, caffeine concentration 
test, and recovery test). All behavioral data were recorded via the 
LED setup (see The Behavior Test section for details). We used a 
Python 3.5 script to record the position of each fly frame by frame 
and tracked their movement trajectories as x and y coordinates.

To analyze the locomotion levels of the fruit flies, we defined 
the activity level, average movement speed, and wobbling time 
ratio. The activity level was calculated as the percentage of 
time points when the flies were moving relative to all captured 
points within a unit of time. The average movement speed was 
calculated as the total movement distance divided by the total 
time. The wobbling time ratio was defined as the percentage 
of time units where the flies moved less than 0.3 mm, which is 
consistent with the definition used in our previous study (Chi 
et al. 2020; Han, Zhang, et al. 2024).

Additionally, on the basis of our previous research, we quanti-
fied the short-term spatial memory index of the flies during the 
posttraining stage, continuing to use the previously established 
performance index (PI) (Han, Huang, et al. 2021) but modifying 
the calculation method. Briefly, we recorded the angle of the 
vectors formed by every two adjacent positions of the flies, rep-
resenting the angle � toward the LED screen. We recorded the 
distribution of all vectors over the 90 s of the posttraining stage 
and divided the 360° range into twelve 30° sectors to calculate 
the movement direction percentage for each, p(�). We defined 
the initial performance index as the sum of the percentages di-
rected toward (P

(

0
◦

; 180
◦
)

= p
(

0
◦
)

+ p
(

180
◦
)

) and perpendicu-
lar to the stimuli (P

(

90
◦

; 270
◦
)

= p
(

90
◦
)

+ p
(

270
◦
)

). A positive 
initial PI indicates approach behavior toward visual stimuli, 
whereas a negative initial PI indicates avoidance behavior.

Finally, to compare the PI between different groups and track 
the long-term effects under different conditions, we normal-
ized the initial PI mean of the first behavioral test for each 

group to 1. We then divided the initial PI of each subsequent 
test by the initial PI mean of the first test for that group, re-
sulting in the standardized PI used for comparisons between 
different groups.

2.9   |   Statistical Analysis

For each group, the initial behavioral test included ≥ 20 fruit 
flies; therefore, > 300 fruit flies were used across all the con-
ditions. During the analysis of all conditions, any data point 
that deviated from the mean by more than two standard de-
viations or showed no movement at all was considered an 
outlier and excluded. Additionally, since the total duration of 
the behavioral test was 240 s, we observed that fruit flies were 
not always in motion throughout the experiment. Therefore, 
the amount of data used in the analysis of locomotion and 
short-term memory may not exactly match the actual number 
of surviving fruit flies. We used SPSS 22.0 for the statistical 
analysis. Descriptive statistics were used to interpret the sleep 
duration of fruit flies under light conditions from day 11 to day 
12 in the sleep rebound test, and one-way ANOVA was used 
to analyze the sleep rebound duration among different groups 
on day 12.

Behavioral data—including activity level, average movement 
speed, wobbling time ratio, and performance index (PI)—were 
analyzed via generalized linear mixed models (GLMMs) in SPSS 
22.0. In these models, treatment and time were set as fixed ef-
fects, and individual fly ID was treated as a random effect to 
account for repeated measurements. When a significant in-
teraction between treatment and time was detected, pairwise 
comparisons were conducted via the least significant difference 
(LSD) method.

For survival data, we adopted two complementary analytical 
approaches. First, the mean lifespan was compared across 
groups via one-way ANOVA. Second, to provide a more com-
prehensive evaluation of survival patterns, we performed 
Kaplan–Meier survival analysis. We first conducted an over-
all log-rank test to compare survival differences among all 
groups, followed by pairwise log-rank tests to assess spe-
cific group-level differences. To control for false positives 
due to multiple comparisons, p values were adjusted via the 
Bonferroni correction.

3   |   Results

3.1   |   The Sleep Rebounds After Sleep Deprivation

To evaluate the impact of sleep deprivation on sleep patterns, 
we compared sleep duration across groups exposed to vary-
ing durations of light (Figure 1A). Flies subjected to extended 
light exposure on day 11 (16, 20, or 24 h) presented disrupted 
sleep patterns during the subsequent 12-h period (Figure 1B). 
On day 12, all the sleep-deprived groups exhibited a rebound 
in sleep duration, with the extent of rebound positively cor-
related with the duration of prior light exposure. In particular, 
compared with control flies, flies in the 20-h and 24-h light 

(1)initial PI = P
(

0
◦

; 180
◦
)

− P
(

90
◦

; 270
◦
)
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groups presented significantly increased sleep (Figure  1C). 
These results confirm the effectiveness of our sleep depriva-
tion protocol and support its use in subsequent behavioral and 
recovery experiments.

3.2   |   Effect of Sleep Deprivation

To assess the effects of sleep deprivation on survival and 
behavior, flies were tested weekly from day 5 posteclosion 
(Figure 2A,B). The sleep-deprived groups showed a slight re-
duction in survival from week 3 (day 26) onward (Figure 2C). 
In the analysis of the mean lifespan, no statistically signifi-
cant differences were observed among the different sleep 
deprivation conditions (Figure 2D). This finding was further 
supported by Kaplan–Meier survival analysis and log-rank 
tests. The overall log-rank test revealed no significant differ-
ences in survival curves across groups ( χ2 = 1.34, p = 0.72). 
Nevertheless, a subtle trend was noted whereby more severe 
sleep deprivation conditions were associated with slightly 
reduced survival (Figure  2C,D), suggesting a mild dose-
dependent negative impact of prolonged light exposure on 
lifespan.

Additionally, we evaluated the impact of different levels of sleep 
deprivation on the locomotion of fruit flies (Figures 3A–C, S1 
and Table S1). The results indicated that significant differences 

in activity levels were observed only under 20-h and 24-h contin-
uous light conditions and only transiently on day 26 (Figures 3A 
and S1A). Moreover, sleep deprivation had minimal effects on 
average movement speed (Figures  3B, S1B and Table  S1), and 
the wobbling time ratio was not significantly affected by sleep 
deprivation (Figures 3C, S1C and Table S1).

On the other hand, to evaluate the impact of sleep deprivation 
on the cognition of fruit flies, we tested their short-term spatial 
memory after visual stimuli disappeared. We found that sleep 
deprivation significantly affects the short-term spatial mem-
ory of fruit flies, with greater degrees of deprivation leading to 
earlier impairment (Figures 3D, S1D and Table S1). The results 
revealed that in the group subjected to 24 h of continuous light 
before the behavioral test, short-term spatial memory began to 
decline significantly beginning on day 12. The other groups also 
showed a significant decline starting on day 26 posteclosion. By 
day 33, short-term spatial memory was almost completely lost 
in the sleep-deprived groups. In contrast, fruit flies maintained 
under a 12-h light/12-h dark cycle presented a marked decline in 
short-term spatial memory only by day 40.

3.3   |   Effects of Different Caffeine Concentrations

After introducing different caffeine concentrations to the 
media following the initial behavioral test, we examined their 

FIGURE 1    |    Sleep rebound and sleep rhythms in Drosophila melanogaster following sleep deprivation. (A) Experimental timeline. Flies were 
maintained under a 12:12 h light:dark cycle until day 10 posteclosion. On day 11, the groups were exposed to different light conditions: 12 h light:12 h 
dark (blue line), 16 h light:8 h dark (red line), 20 h light:4 h dark (green line), or 24 h constant light (orange line). Sleep was recorded following 1 day of 
treatment. (B) Sleep profiles over a 36 h period spanning the sleep deprivation phase and recovery. The y-axis represents sleep duration (s), and the x-
axis indicates elapsed time. The shaded areas represent the standard error of the mean. (C) Average sleep duration during the 12 h light period on day 
12. The bars represent the mean hourly sleep duration for each group; individual data points are shown as black dots. Asterisks indicate statistically 
significant differences between groups. The error bars represent the standard error of the mean (**p < 0.01, *p < 0.05; one-way ANOVA).
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long-term impact on survival (Figure  4A). Flies exposed to 
1 g/L caffeine significantly reduced survival soon after ex-
posure (Figure  4B,C), and Kaplan–Meier survival analysis 
confirmed this effect. Log-rank tests revealed that the 1 g/L 
caffeine group had a significantly shorter median lifespan 
than the other groups did (Ctrl vs. CAF (1 g/L): χ2 = 19.64, 
Bonferroni-corrected p < 0.001; DC COF vs. CAF (1 g/L): 
χ2 = 32.28, Bonferroni-corrected p < 0.001; CAF (0.1 g/L) vs. 
CAF (1 g/L): χ2 = 18.90, Bonferroni-corrected p < 0.001; CAF 
(0.5 g/L) vs. CAF (1 g/L): χ2 = 24.61, Bonferroni-corrected 
p < 0.001). In contrast, no significant differences in survival 
were observed among the Ctrl, DC COF, and CAF (0.1 g/L) 
and CAF (0.5 g/L) groups. Interestingly, flies fed with decaf-
feinated coffee also presented an increased mean lifespan 
compared with those in the control group, suggesting that 
noncaffeine components of coffee may contribute positively 
to lifespan, although the difference in median survival time 
between the DC COF and Ctrl groups was not statistically sig-
nificant ( χ2 = 4.51; Bonferroni-corrected p > 0.05).

We also tested the effects of different caffeine concentrations on 
the locomotion of fruit flies (Figures  5A–C, S2 and Table  S2). 
We found that coffee with high caffeine concentrations signifi-
cantly reduced the activity level of fruit flies. Starting from day 
26, caffeine concentrations of ≥ 0.5 g/L significantly reduced 
the activity level of fruit flies (Figures 5A, S2A and Table S2). 
Notably, although there was no significant difference in activity 
between the decaffeinated coffee group and the control group, 
the activity of the decaffeinated group also did not differ signifi-
cantly from that of the groups treated with various caffeine con-
centrations at most time points (Table S2). Therefore, it remains 
unclear whether the observed reduction in activity was caused 
by caffeine itself or by noncaffeine components present in cof-
fee. Similar to the activity level results, the reduction in move-
ment speed due to coffee occurred earlier (starting from day 12; 
Figures 5B, S2B and Table S2). With respect to the wobbling rate, 
adding coffee significantly increased the wobbling time ratio of 
fruit flies. This effect appeared as soon as the coffee was added 
(day 12). However, the decaffeinated coffee group also presented 

FIGURE 2    |    Behavioral assay and survival under sleep deprivation. (A) Schematic of the behavioral apparatus and experimental stages. The be-
havioral assay comprised pretraining, training, and posttraining. Locomotion levels were assessed during pretraining. Short-term spatial memory 
was evaluated during posttraining. Typical movement trajectories across stages are shown. (B) Experimental timeline for sleep deprivation. The flies 
were divided into four groups: 12:12 h light:dark (blue line), 16:8 h (red), 20:4 h (green), and 24:0 h (orange). Sleep deprivation began on day 11 poste-
closion and recurred weekly, with behavioral testing the following day. (C) Weekly survival rates during behavioral assays, expressed relative to day 
5 posteclosion(week 0, 100%). Survival was further tracked after the final test. (D) The mean lifespan of the four groups of fruit flies. The error bars 
represent the standard error of the mean.
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an increased wobbling time ratio, indicating that the effects of 
noncaffeine components on the wobbling time ratio cannot be 
excluded (Figures 5C, S2C and Table S2).

Additionally, we evaluated the effects of different caffeine con-
centrations on the cognitive abilities of fruit flies (Figures 5D, 
S2D and Table S2). We found that decaffeinated coffee did not 
significantly enhance cognition. Furthermore, beginning on day 
12, coffee with different caffeine concentrations significantly 
improved the short-term spatial memory of fruit flies. However, 
beginning at early middle age (day 26), relatively high caffeine 
concentrations (1 g/L) had a negative effect on short-term spatial 
memory. We speculate that this may be due to the higher caf-
feine concentration reducing the locomotion of fruit flies, thus 
affecting their cognition, or it may be due to the negative effects 
of high caffeine concentrations on their cognitive functions.

3.4   |   Effect of Caffeine on Recovery From Sleep 
Deprivation

We found that sleep deprivation negatively affected the loco-
motion and short-term spatial memory of fruit flies, whereas 
different concentrations of caffeine had positive effects on their 

lifespan and short-term spatial memory. Therefore, we further 
explored whether caffeine could mitigate the effects of sleep 
deprivation on fruit flies. Our previous results revealed that 
continuous 20-h or 24-h light exposure significantly deprives 
fruit flies of sleep, whereas a moderate caffeine concentration 
(0.1 g/L) has positive effects on their short-term spatial memory. 
In contrast, higher caffeine concentrations (≥ 0.5 g/L) negatively 
affect locomotion, and a high concentration of caffeine (1 g/L) 
also impairs cognitive performance. Therefore, we established 
two recovery groups, one with 20 h of light and 4 h of darkness 
supplemented with 0.1 g/L caffeine and the other with 24 h of 
light and 0 h of darkness supplemented with 0.1 g/L caffeine, 
to evaluate the recovery effects of caffeine on sleep-deprived 
fruit flies.

Consistent with the previous sleep deprivation and caffeine 
concentration tests, no additional conditions were applied to 
the different groups during the first behavioral test. After the 
first behavioral test, coffee with different caffeine concentra-
tions was added to the media, and sleep deprivation was applied 
every day before the second behavioral test (Figure  6A). The 
results revealed that the difference in survival curves between 
the 20-h light sleep deprivation group and the recovery group 
receiving 0.1 g/L caffeine did not reach statistical significance 

FIGURE 3    |    Locomotion levels and short-term spatial memory in the sleep deprivation test. (A–D) Activity level, movement speed, wobbling time 
ratio, and time course of short-term spatial memory (represented by the normalized PI) under different degrees of sleep deprivation. The y-axis rep-
resents the different observation levels, and the x-axis indicates days posteclosion. The shaded areas indicate the standard error of the mean for each 
condition; bar graphs compare groups at days 12, 26, and 40. Significance is indicated above the bars and reflects pairwise comparisons between each 
sleep deprivation group and the control group (**p < 0.01, *p < 0.05, p < 0.1 values are shown directly via GLMM).
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(purple line vs. green line; χ2 = 2.50, Bonferroni-corrected 
p > 0.05; Figure 6B). However, the mean lifespan analysis indi-
cated a slight positive effect of caffeine intake following sleep 
deprivation, yet this result did not reach statistical signifi-
cance (p = 0.11; Figure 6C).

When locomotion was assessed, we found that from day 
26, sleep deprivation affected the activity levels of fruit flies 
(Figure  3A). However, adding caffeine after sleep deprivation 
did not significantly increase their activity levels (Figures 7A, 
S3A and Table S3). The movement speed followed a similar pat-
tern to that of the activity levels (Figures 7B, S3B and Table S3). 
Our earlier results revealed that caffeine intake increased the 
wobbling time ratio, but this effect was not substantially altered 
by sleep deprivation (Figures 7C, S3C and Table S3).

Finally, we tested the recovery effect of coffee on the short-term 
spatial memory of sleep-deprived fruit flies (Figures  7D, S3D, 
Table S3). Our results confirmed that adding 0.1 g/L caffeine to 
coffee significantly reduced the negative impact of SD on short-
term spatial memory. This positive effect appeared from day 12 
and continued until day 47, which was the middle-aged to aged 
adulthood stage of the fruit flies.

4   |   Discussion

In this study, we investigated the effects of different degrees of 
weekly sleep deprivation on the behavior of Drosophila mela-
nogaster and evaluated the potential restorative effects of cof-
fee. Our results showed that weekly exposure to 20 or 24 h of 
light had negative effects on the survival rate, locomotion level, 
and short-term spatial memory of the flies. However, long-term 

moderate coffee consumption (0.1 or 0.5 g/L caffeine) improved 
short-term spatial memory. Additionally, moderate coffee intake 
(0.1 g/L caffeine) could alleviate the negative effects of short-
term sleep deprivation.

We noted that in our study, the peak of sleep rebound occurred 
in the second half of the day following sleep deprivation. This 
pattern was especially evident under 16-h and 20-h continuous 
light conditions. This seems to contradict the previous litera-
ture, which reports that the peak of rebound sleep typically oc-
curs immediately after the end of deprivation. We believe that 
this discrepancy may be related to the method and timing of 
sleep deprivation used in our study. Previous studies have gen-
erally employed two approaches for sleep deprivation in fruit 
flies: mechanical shaking/disturbance without altering the 
light–dark cycle and sleep deprivation by prolonging light ex-
posure. In studies in which mechanical disturbance was used to 
induce sleep deprivation (Huber et al. n.d.), flies showed imme-
diate sleep rebound following disturbance. We believe that this 
is because mechanical interference drastically disrupts the sleep 
pattern of flies, triggering rapid physiological and behavioral 
responses. After the mechanical disturbance ends, recovery 
mechanisms are activated immediately, similar to a “high-
consumption followed by urgent energy recovery” process. In 
contrast, for deprivation via prolonged light exposure, the tim-
ing of rebound depends on the light schedule. Some studies have 
implemented intermittent light pulses during the dark phase to 
achieve sleep deprivation (Liu and Zhao 2014). We believe that 
such manipulations cause substantial circadian rhythm dis-
ruption, prompting flies to fall asleep immediately to restore 
physiological balance once deprivation ends. In our study, under 
16-h and 20-h light conditions, the light-on time was the same 
as that of the control group. Therefore, the circadian rhythm 

FIGURE 4    |    Schematic diagram and survival data from the caffeine concentration test. (A) Experimental timeline. The behavioral tests began on 
day 5 posteclosion and were repeated weekly. Coffee was added to the medium on day 6, after the first test, to assess the long-term effects of caffeine. 
(B, C) Weekly survival rates and mean lifespan during behavioral assays. Groups were defined by caffeine concentration: 0 g/L (decaffeinated coffee; 
green line), 0.1 g/L (red), 0.5 g/L (yellow), and 1 g/L (purple). The shaded areas indicate the standard error of the mean for each condition. The Ctrl 
(0 g/L) group corresponds to the control group in the sleep deprivation test. These panels show the same measurements as in Figure 2 (***p < 0.001, 
p < 0.1 values are shown directly; one-way ANOVA).
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9 of 15

FIGURE 5    |    Locomotion levels and short-term spatial memory in the caffeine concentration test. (A–D) Activity level, movement speed, wobbling 
time ratio, and time course of short-term spatial memory (represented by the normalized PI) under different caffeine concentrations. These panels 
are based on the same measurements as those in Figure 3 (***p < 0.001, **p < 0.01, *p < 0.05, p < 0.1 values are shown directly via GLMM).

FIGURE 6    |    Schematic diagram and survival in the recovery test. (A) Flies were assigned to six groups: Control (12:12 h light:dark + 0 g/L caffeine; 
blue), sleep deprivation (20:4 h; green), sleep deprivation (24:0 h; yellow), caffeine 0.1 g/L (red), recovery (20:4 h + 0.1 g/L caffeine; purple), and recov-
ery (24:0 h + 0.1 g/L caffeine; teal). The control and sleep deprivation data correspond to Figure 2; caffeine-only data are from Figure 4. (B, C) Weekly 
survival rates and mean lifespan during behavioral assays. These panels correspond to the same metrics as those in Figure 2.
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was not greatly disrupted; only the nighttime sleep duration 
was reduced—this is similar to the situation of “staying up late 
but needing to wake up at a fixed time.” Previous studies have 
demonstrated that flies are generally alert during light–dark 
transitions (Ho and Sehgal  2005). Moreover, under the 16-h 
and 20-h light conditions in our study, the flies had already ob-
tained partial sleep during the night, so no immediate rebound 
occurred when the light resumed. In contrast, under the 24-h 
continuous light conditions shown in Figure 1B, the circadian 
rhythm was severely disrupted, and no clear sleep rebound ap-
peared in the second half of the day—this result is consistent 
with those of previous studies (Kirszenblat et al. 2018). For this 
reason, and based on the observations in Figure 1B, we set all 
behavioral testing time points to the second half of the light pe-
riod on the day following sleep deprivation for the locomotion 
and cognition assays.

Interestingly, for the wild-type Canton-S strain of Drosophila 
melanogaster, day 26 posteclosion appeared to be a critical time 
point, from which significant differences in various behavioral 
parameters began to emerge across the sleep deprivation test, 
caffeine concentration test, and recovery test. Although the 

aging trajectory of wild-type flies varies across genotypes—for 
example, the Harwich strain results in accelerated reproductive 
capacity, developmental rate, body weight, and lifespan com-
pared with those of Canton-S flies—day 26 is not necessarily 
a universally applicable benchmark (Zakharenko et  al.  2024); 
however, day 26 for the Canton-S strain corresponds to approx-
imately middle age (Bushey et al. 2010). Therefore, the conclu-
sions drawn in this study may help elucidate the impact of coffee 
on middle-aged flies. The behavioral changes observed around 
this time point are speculated to be associated with physiologi-
cal changes occurring at this stage. First, as age increases, the 
resistance of the fly to external stressors such as sleep depri-
vation decreases (Vienne et  al.  2016). Second, oxidative stress 
and inflammatory responses increase during aging, further 
exacerbating the negative effects of external stress on the body 
(Le Bourg 2001; Belyi et al. 2020). These physiological changes 
increase the likelihood that middle-aged flies are affected by 
sleep deprivation, leading to significant declines in behavior 
and cognitive function. Additionally, owing to our experimen-
tal setup, the effects of sleep deprivation and coffee (or caffeine) 
on the flies may accumulate over their lifespan. Future research 
should further clarify the impact of these effects on flies and 

FIGURE 7    |    Locomotion levels and short-term spatial memory in the recovery test. (A–D) Activity level, movement speed, wobbling time ratio, 
and the time course of short-term spatial memory (represented by the normalized PI) after sleep deprivation and caffeine recovery. The control and 
sleep deprivation data correspond to Figure 3; caffeine-only data are from Figure 5. These panels are based on the same measurements as those in 
Figure 3. The blue asterisks and numbers indicate differences among the SDs (20:4 h) and REs (20:4 h + 0.1 g/L); the red asterisks and numbers indi-
cate differences among the SDs (24:0 h) and REs (24:0 h + 0.1 g/L). Significance is indicated above the bars (***p < 0.001, **p < 0.01, *p < 0.05, p < 0.1 
values are shown directly via GLMM).
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assess the relationship between coffee (or caffeine) and aging via 
additional physiological indicators.

Additionally, our study suggests that caffeine intake after sleep 
deprivation may have a positive effect on the aging trajectory of 
fruit flies. Since our study only assessed locomotor and mem-
ory performance, future research could incorporate additional 
behavioral indicators to further validate the beneficial effects 
of coffee (or caffeine) intake after sleep deprivation. These in-
dicators may include attention tasks to reflect cognitive capac-
ity (Han et al. 2025), foraging behavior (Promislow et al. 2022), 
mating behavior (Economos et  al.  1979), and social behavior 
(Brenman-Suttner et  al.  2020), which may serve as indirect 
markers of aging.

In this study, we employed a protocol of acute and severe sleep 
deprivation once per week, with the aim of specifically ob-
serving the effects of short-term but intense circadian disrup-
tion on individual organisms. This design simulates real-life 
scenarios such as shift work or staying up late during exams, 
where individuals experience acute sleep loss followed by a re-
covery period. Previous studies have shown that acute and se-
vere sleep deprivation has pronounced negative effects on diet 
(Lombardo et  al.  2020), arousal, and cognitive performance 
(Tassi et al. 2012), and emotional state (Pires et al. 2016). These 
findings help explain the phenomena observed in our fly ex-
periments. Furthermore, by repeated intense sleep deprivation 
weekly, we found that the resulting damage to the flies accumu-
lated over time and that a single day with a normal sleep rhythm 
was insufficient for recovery.

Although our research focused on the effects of acute and severe 
sleep deprivation, the impact of chronic mild sleep deprivation 
also requires further investigation. Previous studies have shown 
that even slight sleep interruption can affect an organism's 
circadian rhythm, leading to long-term health consequences 
(Medic et al. 2017). Continuous mild sleep deprivation may af-
fect cognition, emotion, and health (Liew and Aung 2021; Khoo 
et  al.  2024). Moreover, prolonged sleep deficiency may impact 
brain plasticity, weakening learning and memory (Frank 2019; 
Ochab et al. 2021). We believe that chronic mild sleep depriva-
tion may have cumulative effects on health and behavior that 
are different from those of acute severe sleep deprivation, poten-
tially leading to slight but progressive impairments in locomo-
tion and cognition. Future research should further explore the 
effects of chronic mild sleep deprivation to fully understand its 
impact on organisms.

We observed that the locomotion and survival of fruit flies 
were directly related to caffeine concentration. Previous stud-
ies have reported that high concentrations of caffeine (2.5 and 
1.25 g/L) significantly reduce the lifespan of fruit flies (Nikitin 
et  al.  2008), which is consistent with our findings. This may 
be because high caffeine concentrations suppress the activity 
of transposable elements, thereby causing genomic instabil-
ity and ultimately exerting severe effects on lifespan (Nikitin 
et al. 2008). In addition, our results showed that coffee contain-
ing 0.5 and 1.0 g/L caffeine reduced the activity levels and move-
ment speed of the flies. These phenomena may be attributed to 
the cumulative effects of long-term caffeine intake on locomotor 
behavior. We speculate that high concentrations of caffeine may 

lead to behavioral inhibition and reduced locomotion in fruit 
flies. Additionally, prolonged caffeine intake may cause the flies 
to overexert energy, leading to subsequent decreases in activity 
levels and movement speed. However, our results revealed that 
the decaffeinated coffee group did not differ significantly from 
the control group or from the caffeinated coffee group. This 
finding suggests that another possible explanation is that non-
caffeine components in coffee may also have negative effects on 
the locomotion of fruit flies. In groups with higher caffeine con-
centrations, the concentration of noncaffeine compounds was 
greater. Unfortunately, our current study could not exclude the 
potential interference of these noncaffeine components. Future 
studies should be designed more precisely to explore the specific 
effects of noncaffeine substances on fly behavior.

Previous studies have indicated that the wobbling time ratio in 
flies is related to aging (Chi et  al.  2020). Our results revealed 
that different caffeine concentrations in coffee increased the 
wobbling time ratio, but sleep deprivation did not significantly 
change the wobbling time ratio of the flies. Additionally, the de-
caffeinated coffee group presented an increased wobbling time 
ratio. Therefore, we speculate that noncaffeine components in 
coffee may increase the wobbling time ratio in flies. Regrettably, 
our study cannot exclude the impact of caffeine in coffee on the 
wobbling time ratio. Research has suggested that coffee affects 
the central nervous system, potentially causing tension or trem-
ors (Winston et  al.  2005), which could explain the increased 
wobbling. As a central nervous system stimulant, caffeine in-
creases neural activity by increasing dopamine and norepineph-
rine release, which may lead to muscle coordination issues and 
increased wobbling (Fiani et al. 2021). The lack of a significant 
impact of sleep deprivation on the wobbling time ratio indicates 
that wobbling is more sensitive to coffee (or caffeine) than to 
sleep deprivation stress. This might be because the physiologi-
cal stress from weekly acute sleep deprivation is insufficient to 
significantly alter neural activity, whereas the effect of coffee (or 
caffeine) is more pronounced.

Regarding the effects of coffee (and caffeine) on sleep, previous 
studies have shown that caffeine suppresses sleep, but this sup-
pressive effect depends on the sucrose concentration in the diet. 
Under extremely low sucrose conditions, caffeine has little effect 
on sleep, yet caffeine reduces food intake in fruit flies, thereby 
indirectly reducing their sleep (Keebaugh et al. 2017). This find-
ing may partly explain our observation that coffee helped restore 
cognitive function after sleep deprivation. Coffee consumption 
may have indirectly reduced the sleep requirements of the flies, 
thereby enhancing their daytime cognitive performance and 
arousal level. However, many questions remain unanswered. To 
what extent do the noncaffeine components of coffee contribute 
to the restoration of cognitive function after sleep deprivation? Is 
the restorative effect of caffeine due to increased arousal during 
behavioral testing, or does caffeine reduce the overall need for 
sleep in flies? Future studies should more precisely isolate coffee 
components and conduct daily sleep monitoring in fruit flies to 
clarify these issues.

Notably, the taste of decaffeinated coffee differs from that of 
regular caffeinated coffee, as decaffeinated coffee is subjected 
to chemical solvents or physical processing to remove caffeine. 
During this process, some volatile compounds and aromatic 
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substances are inevitably lost, leading to noticeable differences 
in taste, such as reduced sweetness, bitterness, and acidity 
(Choo et al. 2017; Shofinita et al. 2024). However, despite their 
stronger bitterness, people tend to prefer caffeinated coffee. This 
may be because of its stimulating effects rather than its taste 
alone. Previous studies have shown that genetic variants asso-
ciated with the physiological effects of caffeine (such as arousal) 
have a greater influence on coffee consumption than do variants 
associated with bitter taste receptors (TAS2R genes; Cornelis 
and van Dam 2021). These findings may also help explain the 
effects of coffee observed in fruit flies in our study: the impact 
of coffee on flies may result more from its stimulatory properties 
than from its taste.

In addition, this study considered other differences between de-
caffeinated and caffeinated coffee in addition to taste. Owing 
to its significantly lower caffeine content, decaffeinated coffee 
has a weaker stimulating effect on the central nervous system. 
However, since some other components of coffee are still re-
tained in decaffeinated coffee, it can still have positive effects 
on the body—albeit to a lesser extent than caffeinated coffee—
in terms of its antioxidant and anti-inflammatory properties 
(Vicente et al. 2014). Our study revealed that decaffeinated cof-
fee positively affected the survival of fruit flies, suggesting that 
components other than caffeine in coffee may also contribute 
to increased survival rates, which is consistent with previous 
findings (Cano-Marquina et al. 2013; Nieber 2017). Studies have 
shown that polyphenols and antioxidants in coffee have neuro-
protective and lifespan-extending properties. Moreover, the chlo-
rogenic acid and flavonoids present in coffee have antioxidant 
effects, neutralizing free radicals and reducing cellular damage 
(Socała et al. 2020). Additionally, other bioactive components in 
decaffeinated coffee, such as polysaccharides and phenolic com-
pounds, may promote health by modulating the immune system 
and anti-inflammatory responses. The benefits of decaffeinated 
coffee observed in our study are consistent with these findings, 
suggesting that these bioactive compounds may play an import-
ant role in increasing the survival rates of fruit flies.

Our study used the Canton-S strain of Drosophila melanogaster, 
but different genotypes may exhibit varying sensitivities to sleep 
deprivation (Hendricks and Sehgal  2004; Wu et  al.  2018). In 
addition, our study revealed that coffee intake enhances short-
term memory in fruit flies. Previous research has demonstrated 
that caffeine promotes arousal in fruit flies through dopaminer-
gic signaling, with these dopaminergic neurons projecting to 
the central complex and mushroom bodies of the fly brain (Nall 
et  al.  2016). These brain regions are well established as being 
directly involved in memory processes (McGuire et  al.  2001; 
Seelig and Jayaraman 2015; Turner-Evans and Jayaraman 2016; 
Barnstedt et al. 2016). Therefore, we speculate that the memory-
enhancing effect of coffee may result from caffeine's direct 
action on neural circuits that regulate short-term memory. 
Moreover, our findings indicate that coffee intake has a nota-
ble restorative effect on cognitive function after sleep depriva-
tion. This may be attributed to caffeine indirectly reducing sleep 
demand and thereby increasing arousal in fruit flies (Segu and 
Kannan 2023). Previous studies have highlighted the role of spe-
cific ring neurons in the ellipsoid body (EB) of the fly brain in 
regulating sleep and wakefulness. The activation or inhibition 

of these neurons significantly alters the sleep patterns of flies 
(Andreani et al. 2022; Yan et al. 2023; Singh et al. 2023). The 
ellipsoid body is also considered a key region within the central 
complex responsible for short-term memory (Su et al. 2017; Han, 
Huang, et  al.  2021). Future neural functional research should 
explore the role of specific genetic variations and neural cir-
cuits in regulating the effects of sleep deprivation and coffee on 
fruit flies.

In summary, our study demonstrated that severe weekly sleep 
deprivation negatively affects the behavior and survival of fruit 
flies, whereas moderate coffee consumption has protective and 
recovery effects. The critical period around day 26 highlights 
that the impacts of these treatments may be related to the life 
stages of the flies. Our study also underscores the importance 
of further research on chronic mild sleep deprivation, the stim-
ulatory effects of coffee on wobbling, and the beneficial com-
ponents of decaffeinated coffee. Understanding the genetic and 
neural basis of these effects will further elucidate the mecha-
nisms involved, providing valuable insights into the interactions 
among sleep, coffee, and behavior.
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