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Abstract

Background: Caffeine, a widely consumed psychoactive substance, has known effects on physiological and behavioral processes. Re-
cent studies report that caffeine can influence the circadian rhythm, which is linked to many aspects of physiology, energy metabolism,
and homeostasis. Therefore, we examined the arousal effects of caffeine via behavioral tests and assessed its impact on the circadian
rhythm by measuring clock gene and clock-controlled gene expression in the brains of mice and Neuro 2a (N2a) cells. Methods: Male
C57BL/6 mice from two age groups, young (1 month 2 weeks) and mature (10 months 2 weeks), were randomly divided into four sub-
groups: control, vehicle, caffeine, and caffeine with adenosine (n = 8 each). After inducing fatigue through forced treadmill exercise, we
performed balance beam and foot fault tests, and measured the mRNA expression and protein levels of circadian genes (circadian loco-
motor output cycles kaput (Clock), brain and muscle ARNT-like 1 (Bmall), period circadian regulator 2 (Per2), cryptochrome circadian
regulator 1 (Cryl), and Cry2) in the brain and N2a cells treated with caffeine. Results: Caffeine treatment showed a trend toward reduced
body weight gain in both young and mature mice. Behavioral tests indicated improvements in balance and coordination across both age
groups. After 16 days of treatment, circadian genes showed significant differences in expression, and adenosine receptor levels changed
notably, especially after long-term exposure. In N2a cells, caffeine decreased viability in a dose-dependent manner and affected circadian
gene expression. Conclusions: The study demonstrates that caffeine influences body weight, behavior, circadian rhythms, and adenosine
receptor protein levels, with age-related variations. These findings deepen the understanding of caffeine’s effects on physiological and
molecular functions and suggest possible age-specific therapeutic implications or precautions related to caffeine intake.
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1. Introduction found that caffeine intake had a protective effect against in-
somnia symptoms in mature adults. Similarly, Curless et
al. [9] reported that caffeine consumption was not a sig-
nificant factor in subjective insomnia among elderly peo-
ple. Furthermore, van der Linden et al. [10] observed that
mature females who consumed caffeine experienced fewer
sleep disturbances and had better sleep duration compared

to those who abstained.

Caffeine, one of the most widely consumed psychoac-
tive substances worldwide can acutely stimulate the central
nervous system (CNS) and enhance alertness in neuropsy-
chological function [1,2]. Interestingly, chronic caffeine
consumption re-wires and optimizes brain readiness for
adaptive responses [3,4] rather than stimulating the brain
[5]. Approximately 90% of adults in Western societies con-

sume caffeine daily, primarily through coffee, tea, and en- Chronic caffeine consumption can affect neurophysi-

ergy drinks [6,7]. However, its impact on sleep quality and
circadian rhythms has become a growing concern.

Research shows that caffeine consumption can delay
sleep onset and decrease total sleep time. However, there is
also evidence indicating that coffee intake might enhance
sleep quality in certain populations. Jaussent et al. [8]

ology, yet it counteracts central fatigue. Alves et al. [11]
found that caffeine helps reduce central fatigue by blocking
adenosine receptors. Similarly, Davis et al. [12] demon-
strated that caffeine delays fatigue during exercise by af-
fecting CNS mechanisms. These studies suggest that caf-
feine plays a significant and beneficial role in mitigating
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central fatigue, particularly in contexts that demand sus-
tained mental and physical performance [13]. Additionally,
high doses of caffeine have significant effects on circadian
rhythms, as disruptions in circadian rhythms can lead to var-
ious neuropsychological impairments [1,14]. Some discus-
sions have linked neuropsychological impairments to learn-
ing and behavior issues, suggesting that caffeine intake can
be harmful to brain function. However, such disruptions
are only seen with toxic doses of caffeine, not with mod-
erate doses taken regularly. Additionally, neurophysiolog-
ical impairments are also connected to declines in mood
and memory. In contrast, there is evidence pointing to a
trend where caffeine intake may help preserve memory and
mood. For example, Espinosa et al. [15] showed in an-
imal models that caffeine helps maintain memory. Simi-
larly, Zhu et al. [16] highlighted that caffeine intake main-
tains memory in humans. Additionally, the regular intake
of moderate doses of caffeine is associated with the preser-
vation of mood in both animal models [17] and humans
[18]. This evidence provides a more balanced discussion
on caffeine’s impact on brain function, demonstrating its
potential neuroprotective benefits when consumed in mod-
erate amounts. The growing body of evidence underscores
the need for a deeper understanding of how caffeine af-
fects circadian regulation, neuropsychological changes, and
overall physiological function, particularly in light of its
widespread consumption.

Circadian rhythms, controlled by an internal biologi-
cal clock, synchronize many bodily functions with the 24
hr day-night cycle, influencing sleep patterns and physio-
logical and hormonal homeostasis [19]. At the molecular
level, circadian rhythms are regulated by a network of clock
genes, including transcription factors Circadian Locomo-
tor Output Cycles Kaput (Clock) and Brain and Muscle
ARNT-Like 1 (Bmall), which mediate transcription of the
Period (Period Circadian Regulator [ Per]/, Per2, Per3) and
Cryptochrome (Cryptochrome Circadian Regulator [Cry]/,
Cry2) genes. These genes form transcriptional feedback
loops to synchronize physiological processes [20]. Stud-
ies have shown that caffeine can alter circadian gene ex-
pression, with a single dose potentially shifting the tim-
ing of core clock genes by 1-2 hr. Caffeine impacts cir-
cadian rhythms primarily through its antagonistic effects
on adenosine receptors, specifically Al and A2A recep-
tors [21]. Adenosine, a key modulator of sleep and cir-
cadian rhythms, is normally involved in feedback mecha-
nisms that regulate clock gene expression [22]. By block-
ing adenosine receptors, caffeine increases levels of cyclic
adenosine monophosphate (cAMP), which activates pro-
tein kinase A (PKA) and subsequently influences cAMP
response element-binding protein (CREB) [23]. This cas-
cade alters the expression of circadian clock genes such as
Clock, Bmall, Per2, and Cry2, impacting the synchroniza-
tion of physiological processes [24]. By disrupting these
clock proteins, caffeine leads to altered rhythmic expres-

sion patterns [14]. Additionally, caffeine-induced changes
in clock gene expression can potentially increase the risk of
metabolic disorders [25]. Therefore, caffeine’s disruption
of adenosine signaling, cAMP/PKA pathways, and clock
protein stability emphasizes its significant influence on cir-
cadian rhythms and points to the importance of strategies to
regulate caffeine intake and its impact on overall health.
Understanding how caffeine interferes with circadian
rhythms is vital for grasping its broader health impacts.
Caffeine primarily blocks adenosine receptors, which are
crucial for sleep regulation and circadian clock function
[26]. This blockade disrupts the normal signaling pathways
for sleep-wake cycles and circadian gene expression, lead-
ing to immediate increases in alertness and longer-term dis-
turbances in physiological processes aligned with circadian
rhythms [27]. The effects of caffeine can vary with age and
physiological conditions, such as fatigue [28]. For instance,
aging may alter how caffeine influences circadian rhythms
and overall physiological function. Thus, we hypothesized
that caffeine can induce behavioral changes as well as af-
fect circadian clock gene expression. These effects of caf-
feine appear to be exhibited differently with aging (Fig. 1).
To explore these effects, we studied caffeine’s impact on
circadian rhythms and behavior in a murine model, includ-
ing how caffeine interacts with physiological fatigue and
adenosine. In this study, male C57BL/6 mice were divided
into control, vehicle-treated, caffeine-treated, and caffeine
with adenosine groups to assess caffeine’s interaction with
adenosine. Behavioral tests showed that caffeine reduced
weight gain and improved motor coordination. Molecu-
lar analysis revealed significant changes in circadian clock
gene expression, indicating caffeine’s potential to disrupt
circadian regulation. This research provides insights into
caffeine’s multifaceted effects on physiology and behavior,
especially regarding circadian rhythm modulation.

2. Materials and Methods
2.1 Animal Experimental Design

In this study, we used only male C57BL/6 mice with
ARRIVE 2.0 guidelines, due to documented differences
in the effects of coffee and caffeine intake between male
and female rodents and humans (Supplementary Table 1)
[29,30]. Sample size was determined using power analysis,
with a significance level (o) of 0.05 and statistical power
(1-P) of 0.80. Clear inclusion and exclusion criteria were
established before data collection. Inclusion criteria com-
prised healthy mice within the specified age ranges and
without any observable abnormalities. Exclusion criteria
included signs of illness, injury, abnormal baseline behav-
ior, or technical issues during treatment or data acquisition.
No animals meeting predefined criteria were excluded un-
less specified in the Results section, where final analyzed
sample sizes (n) are reported. in the Results. Animals were
randomized to treatment groups using an Excel-based ran-
domizer. Both the experimenter and the person analyzing
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Fig. 1. Hypothetical scheme of the study. Caffeine can induce behavioral changes, as well as affect circadian clock gene expression,
which can depend on aging.
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Fig. 2. Experimental design and behavioral tests in mice. (A) Study experimental design of young and mature mice were divided into
control and three treatment groups, (B) beam structure for beam walk test, and (C) grid ladder to measure of foot faults number. CON,
control; VEH, vehicle; CAF, caffeine; ADE, adenosine; IP, intraperitoneal; AP, acclimatization period; BT, behavioral test; D, days; Ws,

weeks.

the data were fully blinded to treatment allocation through-
out the study. Both the experimenter and the data ana-
lyst were fully blinded to treatment allocation throughout
the study. To evaluate the age-dependent effects of caf-
feine, we selected two age groups: young mice (1 month
2 weeks) and mature mice (10 months 2 weeks), both pur-
chased from Dae-Han NioLink (Hyochang Science, Daegu,
Republic of Korea). Four mice were housed per cage un-
der a 12:00 hr light/12:00 hr dark cycle at 30% humidity in
an atmospheric animal house. During the 2-week acclima-
tization period, the mice had free access to standard rodent
chow (Hyochang Science) and tap water. After acclimati-
zation, the mice were randomly divided into a control group
(Con; n = 8) and three experimental groups: vehicle (Veh;
n = 8), caffeine (Caf; n = 8), and caffeine with adenosine
(Caf+Ade; n = 8) (Fig. 2A). The combination of caffeine
and adenosine treatments was designed to investigate caf-
feine’s blocking effect on adenosine’s activation and inhi-
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bition of Al and A2A receptors. Molecular grade caffeine
(C0750-5G, Sigma-Aldrich Korea, Seoul, Republic of Ko-
rea) was prepared in methanol, and adenosine (A9251-1G,
Sigma-Aldrich) was prepared in Tris HCI/H,O (5§ mM).
Caffeine was administered at a dose of 30 mg/kg intraperi-
toneally [31,32], and adenosine was injected at a dose of
10 mg/kg intraperitoneally [33], for 16 consecutive days,
between 12:00-13:00 to avoid circadian variability. Dur-
ing the treatment period, the same free access to control
diet and tap water was supplied to all experimental groups,
including the control group. Body weight was measured
daily, and behavioral test were performed on day 1, 4, 8, and
16. The mice were anesthetized and decapitated, and brain
samples were collected on days 4, 8, and 16 (last day of ex-
periment termination; Fig. 2A). Anesthesia was conducted
by using 3% isoflurane (657801261, Hana Pharm, Seoul,
Republic of Korea), and euthanasia was confirmed by col-
lecting blood directly from the heart. Isoflurane has mod-
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ulatory effects on adenosine signaling in the brain, but not
as a primary mechanism, and data do not support its action
through pathways involving adenosine [34,35]. Only male
C57BL/6 mice were used in this study to minimize vari-
ability arising from hormonal fluctuations across the estrous
cycle in females, which can significantly influence caffeine
metabolism, locomotor responses, and neurophysiological
outcomes in young and mature mice.

2.2 Behavioral Test

Behavioral tests were conducted on day 1, day 4, day
8, and day 16 of treatment. Before caffeine administration,
mice underwent forced treadmill exercise to induce physi-
ological fatigue, then balance and coordinated locomotion
were quantified with a beam walk test and a foot fault test
(Fig. 2B,C). For the beam assay, mice traversed a wooden
beam 80 cm long, 1 cm wide, mounted 60 cm above the sur-
face; the top surface was lightly roughened to prevent slip-
ping, start/finish lines were marked 5 cm from the ends, and
the beam was hand-marked every 10 cm to score distance.
Mice were acclimated to the behavioral room for 30 min on
test day and trained 1 day prior under identical conditions
(3 trials per mouse, 10 min inter-trial interval). On test day,
each mouse performed 3 trials (10 min inter-trial interval);
at trial start the mouse was placed immediately before the
start line, and the trial ended upon crossing the finish line or
at 60 s, whichever occurred first. Two synchronized cam-
eras recorded every trial: a rear view to score hind foot slips
(defined as a hind paw losing contact with the top surface
and dropping below the beam edge) and a lateral view to
quantify latency to initiate (time from placement to crossing
the start line), traverse time (start-to-finish), distance trav-
eled (number of 10-cm intervals crossed), and falls; appara-
tus were cleaned with 70% ethanol between animals under
uniform illumination. For the foot fault test (grid-walking
variant), mice traversed an elevated wire grid platform 40
x 40 cm with 12 x 12 mm openings (1.5 mm wire), ele-
vated 40 cm above the floor; each mouse completed 3 trials
(10 min inter-trial interval), each 60 sec or until crossing
from start to finish. A foot fault was defined as any fore or
hind paw slipping through the grid below the mesh plane;
total faults and total steps were counted from video to com-
pute a fault rate (faults/steps), alongside latency to initiate,
traverse time, distance covered (grid squares crossed) and
falls. If a ladder-rung variant was used, the walkway com-
prised a 100 cm ladder set at 15° tilt with 2 mm-diameter
rungs spaced 10 mm (fixed pattern), elevated 40 cm; a foot
fault was defined as a miss or slip below the rung plane,
with the same trial structure and scoring (faults/steps, time,
distance, falls).

2.3 Tissue Sample Collection

After the experimental period, mice were sacrificed
according to the procedures described earlier. The brain
samples were collected for gene expression and protein

quantification. For the gene expression, the left half-brain
samples were collected in pre-labeled, pre-chilled EP-tubes
(filled with TRIzol reagent; 15596026, Invitrogen, Carls-
bad, CA, USA) and snap-froze in LN,, while for protein
quantification, the left half-brain samples were collected in
pre-labeled, pre-chilled EP tubes and snap-froze in LN,.
The samples were immediately stored at —80 °C for further
analysis.

2.4 Gene Expression by Reverse
Transcriptase-Polymerase Chain Reaction

Frozen brain tissues were used to extract and quan-
tify the total RNA using TRIzol reagent, treated with the
RNase-free DNase, and used for cDNA synthesis. The
cDNA is synthesized by the reverse transcriptase enzyme
(Invitrogen). Per2, Cryl, Cry2, and Clock were used as
target genes, and f-actin was used as a housekeeping gene
(control). Mice lacking these genes are related to im-
paired coordination, more slips/falls in balance, and in-
creased foot faults [36,37]. Endpoint reverse transcrip-
tase polymerase chain reaction (RT-PCR) was performed
using cDNA generated from high-quality RNA as tem-
plate (NanoDrop 2000, Thermo Fisher Scientific, Waltham,
MA, USA). Primer sets (Table 1) were designed to yield
amplicons of 100-250 bp with balanced GC content and
matched melting temperatures. Gradient PCR was initially
employed across a 55-68 °C range to determine optimal an-
nealing conditions, selecting the temperature that produced
a single, specific band of the expected size without nonspe-
cific amplification. Following temperature optimization,
various primer concentration gradients (200-500 nM) were
tested to further refine amplification efficiency and speci-
ficity. The finalized amplification protocol consisted of one
cycle of denaturation at 95 °C for 1 min, followed by 35
cycles of denaturation at 95 °C for 30 sec, annealing at 55
°C for all genes except f-actin (60 °C, 1 min), and exten-
sion at 72 °C for 1 min, with a final extension at 72 °C for
5 min. The amplified DNA fragments were separated on
2% agarose gel and visualized with 0.5 pg/mL ethidium
bromide using a UV illuminator (Model AXYGDAXO001,
Corning Incorporated, Corning, NY, USA). Negative con-
trols (no-template and —RT) were included to confirm speci-
ficity, and band identity was verified by expected size. In
addition, the stability of internal reference genes was eval-
uated to ensure reliable normalization across experimental
groups. f-actin was specifically assessed in mice of dif-
ferent age groups, and no differences in its stability were
observed between young and mature animals. This veri-
fication confirmed that S-actin was an appropriate internal
control for subsequent endpoint RT-PCR analyses.

2.5 Protein Quantification by Western Blot

Frozen stored brain tissue was homogenized with lig-
uid nitrogen and RIPA lysis buffer (PI189900, Thermo Fisher
Scientific) to extract the total protein. The homogenate
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Table 1. Details of primer sequence used for RT-PCR.

Gene Primer sequence (5'-3") Product length (bp)  GenBank accession No.
Bmall F: AAGGGCCACTGTAGTTGCTG 147 NC 000073.7
R: GGCACGTGAAAGAAAAGCAC -
Per? F: GGC TGT GTC CCT GGT TTC TG 101 NM 031678.1
R: CCA CAA ACT TGG CAT CAC TGA -
F:CTT A Al T A TCA A
Cryl CTT CCA ACG TGG GCA TCA AC 101 NM_007771.3
R: CCG AAT CAC AAA CAG ACG AGA A
F: ACA CA A GA ACTA
Cry2 CA CAG GCC CCA GAG CAC 101 NM _009963.4
R: TCT AGC CCG CTT GGT CAG TT -
F: AAATAT TCA T A AGA A
Clock CA TCG GCA AGA AG 101 NM_007715.6
R: CAG GGT TTG ATT GCT GCA AA
F: TAA AGA CCT CTA TGC CAA CAC AGT
S-actin 241 NM_031144.2

R: CAC GAT GGA GGG GCC GGA CTC ATC

RT-PCR, reverse transcriptase-polymerase chain reaction; Per, Period Circadian Regulator; Cry, Cryp-

tochrome Circadian Regulator; Clock, Circadian Locomotor Output Cycles Kaput.

was then centrifuged at 12,000 xg for 15 min, and the su-
pernatant was collected. Protein concentration was quanti-
fied using the BCA protein assay kit (23225, Thermo Sci-
entific, Rockford, IL, USA) following the manufacturer's
instructions. Protein samples were prepared using sample
buffer (#1610737, Bio-Rad, Hercules, CA, USA), and a
total of 30 pg/well proteins were loaded to assess adeno-
sine receptor protein quantification. After gel electrophore-
sis, proteins were transferred from the gel to a polyvinyli-
dene difluoride (PVDF) membrane (IPVH00010, Merck
Millipore, Burlington, MA, USA) using a wet transfer sys-
tem with transfer buffer. Once the transfer finished, it
was then blocked with tris-buffered saline with Tween-20
buffer (TBST, 9997, Cell Signaling Technology, Danvers,
MA, USA) containing 5% non-fat dry milk for 2 hr and
then washed by using TBST washing solution, and the
membrane was incubated for overnight at 4 °C in primary
antibodies: anti adenosine receptor 1 (A1R) (1:500, Ab-
cam, Cambridge, UK, Cat# ab82477), anti-adenosine re-
ceptor 2A (A2AR) (1:5000, Thermo Fisher Scientific, Cat#
PA1-042), and anti GAPDH (1:1000 Cell Signaling Tech-
nology Cat# 2118). The following day, after washing
with TBST, membranes were incubated using horseradish
peroxidase-labeled secondary antibodies (1:5000) for 60
min. Band intensity was measured using a Bio-Rad Gel-
Doc imaging system (Bio-Rad, Hercules, CA, USA).

2.6 Cell Line Experimental Design

To validate the effect of caffeine on circadian clock
gene expression in the in vivo study, we further performed
tests to verify the protein and gene expression of the circa-
dian clock gene in the in vitro study using mouse Neuro 2a
(N2a) cells (Fig. 3). N2a cells were purchased from Amer-
ican Type Culture Collection (CCL-131, ATCC, Manassas,
VA, USA) and cultured in complete a-Minimum Essential
Medium (12571-048, o-MEM; Gibco, Thermo Fisher Sci-
entific) media supplemented with 3% Fetal Bovine Serum

&% IMR Press

(FBS; 16000-044, Gibco, Thermo Fisher Scientific) in a
37 °C incubator with 5% CO, according to ATCC recom-
mendations. Cells were maintained at a density of 5 x 10°
cells per dish. N2a cells passage number 27 stocked, and
used for experiments. The N2a cells have been used ear-
lier for studying circadian clock gene expressions by Roy
et al, 2022 [38]. Before the time-dependent effect of caf-
feine, cell viability and morphology of the cells were deter-
mined with different concentrations of caffeine. For that,
N2a cells were seeded in a 96-well plate (3 x 10* cells/100
pL/well) in o-MEM media supplemented with 3% FBS in
a 37 °C incubator with 5% CO, for 24 hr [39]. After 24
hr of incubation, the old media were replaced with ao-MEM
media supplemented with 1% FBS and different concentra-
tions of caffeine (0.5, 1.5, and 3 mM caffeine, along with 5
and 10 mM) for 24 hr, in accordance with previous studies
[40,41]. To prevent the high progression of the cell cycle, a
low concentration of FBS (1%) is used to maintain the nor-
mal condition of the cells. This was important to ensure that
changes in expression over time were regulated by the cir-
cadian clock gene, not by the cell cycle. After a 24 hr incu-
bation period, the treated media were aspirated, and trypan
blue (T6146-5G, Sigma-Aldrich) staining and MTT assay
were performed using the CyQUANT MTT kit (V13154,
Thermo Fisher Scientific) according to the manufacturer’s
instructions (Fig. 3A). The morphology of the cells was ob-
served by light microscopy, and the caffeine concentration
of 1.5 mM was selected based on cell viability for molec-
ular mechanism experiments. For circadian clock gene ex-
pression, the N2a cells were seeded at a density of 3 x 10°
cells/dish in 100 mm petri dishes and grown at 37 °C in a
5% CO, atmosphere incubator. Cells are allowed to grow to
70-80% of confluence. For time laps (O h, 4 h, 8 h, 12 h,16
h, 20 h and 24 h) expression of circadian clock genes was as-
sessed by RT-PCR (Fig. 3B). For circadian clock synchro-
nization (i.e., to entrain the cell population to the same cir-
cadian phase), cells were treated with 200 nM dexametha-
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Fig. 3. Cell line experiment design in N2a cell line. (A) Effect of caffeine on cell viability, (B) effect of caffeine on circadian clock gene

expression, and (C) effect of caffeine on circadian clock gene expression of pretreated DEX. EXP, Experimental; DEX, Dexamethasone;

TB, Trypan blue; N2a, Neuro 2a.

sone (D4902, Sigma-Aldrich) for 2 hr with a-MEM media
containing 1% FBS. Subsequently, dexamethasone-treated
media were replaced by a-MEM media supplemented with
1% FBS and 1.5 mM caffeine for 6 hr. Finally, the caffeine-
treated medium was replaced by 1% FBS containing o-
MEM media. Cells were collected every 4 hr for 48 hr un-
der a cool environment, and total RNA was extracted for
RT-PCR as mentioned above (Fig. 3C). The N2a cell line
was authenticated by short tandem repeat (STR) profiling
performed by ATCC using the Promega PowerPlex® 16
HS System. The STR profile matched the reference pro-
file for N2a in the ATCC and DSMZ databases, confirming
its identity and ruling out cross-contamination with other
common cell lines. Mycoplasma contamination was tested
monthly using the MycoAlert™ Mycoplasma Detection Kit
(LT07-118, Lonza, Basel, Switzerland); the ratio of Read-
ing B/Reading A was consistently <0.9, indicating the cul-
ture was mycoplasma-negative throughout the study.

2.7 Statistical Analysis

Data were plotted using observed values of biologi-
cal replicate experiments, and all statistical analyses were
performed using the Statistical Package for the Social Sci-
ences (SPSS) software, version 22.0 (IBM, New York,
NY, USA). Results are presented as mean + SD. Statis-

tical analyses were selected according to the experimen-
tal design and data structure. One-way ANOVA was used
for experiments involving a single independent factor, such
as cell-based assays and in vitro gene expression studies.
Two-way ANOVA was applied to molecular data sets (gene
and protein expression) to assess the main effects of age
and treatment, as well as their interaction, and analyses
were performed separately for each time point when appli-
cable. Behavioral data, which involved repeated testing of
the same animals across multiple trials, were analyzed using
repeated-measures ANOVA to account for within-subject
variability. When significant omnibus effects were de-
tected, Tukey’s post hoc multiple comparison test was used
to determine specific group differences. A p-value < 0.05
was considered statistically significant.

3. Results

3.1 Age-Dependent Modulation of Body Weight and
Feeding Behavior by Caffeine and Adenosine in Mice

To examine the physiological effects of caffeine, mice
were divided into four groups—vehicle, caffeine, caffeine
+ adenosine, and a control group—and maintained on their
respective treatments for 16 days. Behavioral tests were
conducted on day 1, day 4, day 8, and day 16 of treatment.
On day 1 of injection, the mean difference in body weight
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Fig. 4. Effect of caffeine on physiological change in young and mature mice. (A) Changes in body weight of young mice and

(B) change in body weight of mature mice. Body weight was monitored longitudinally throughout the experimental period. Data are

presented as mean £+ SD (n = 8 animals per group). Statistical analysis was performed using two-way ANOVA with age and treatment as

between-subject factors. No statistically significant differences were observed between groups at day 1 or day 16. The average difference

in body weight of young mice at day 1 of injection between groups was ~2 grams, whereas the average difference in body weight of

mature mice at day 1 of injection between groups was ~ 6 grams. On the other hand, the average difference in body weight of young mice

at day 16 of injection between groups was reduced to ~2 grams, the trend was similar as indicated by average difference in body weight

of mature mice at day 16 of injection between groups, which was reduced to ~1 gram. There was no statistically significant difference

between various groups either at day 1 or day 16. Eight animals were used in each group.

between groups was about 2 g for young mice and about
6 g for mature mice, reflecting natural age-related weight
differences. By day 16th, young mice showed no signif-
icant change in body weight relative to the control (Fig.
4A), whereas mature mice exhibited a slight decrease fol-
lowed by a modest increase starting on day 13 compared
with the control (Fig. 4B). Comparison of the initial (day
0) and final (day 16) body weights revealed a trend toward
reduced weight gain in caffeine-treated mice versus control,
though this difference did not reach statistical significance.
Nonetheless, a difference between groups remained appar-
ent. These data suggest that caffeine may inhibit food intake
in both young and mature mice, even though no statistically
significant differences were observed at day 1 or day 16.

3.2 Chronic Caffeine Administration Enhances
Beam-Walk Performance and Reduces Foot-Faults in
Young and Aged Mice

Three behavioral tests were performed with the young
and mature mice after caffeine treatment on days 1, 4, 8,
and 16 of caffeine treatment. The beam walk test concern-
ing the time and error, and the foot fault test concerning
the misplacement of fore and hind foot were performed.
The average time to cross the beam and the number of foot
slip errors after caffeine injection were decreased in the caf-
feine group in both young and mature mice compared with
their control groups (Fig. 5A,B). In addition, the foot fault,
which was defined as the misplacement of the fore or hind
foot, was reduced after caffeine treatment compared with
the control (Fig. 5C). Beam walk test results showed a trend
but remained statistically insignificant. Collectively, these

&% IMR Press

behavioral tests suggested that changes in balance ability
and improvement in coordination of both young and ma-
ture mice groups during 16 days of caffeine and adenosine
treatment reflected an improved locomotor stimulatory ef-
fect.

3.3 Caffeine Modulates Circadian Rhythm Gene
Expression in Young and Mature Mice

To investigate the molecular effects of caffeine on cir-
cadian regulation, we analyzed the expression of four core
clock genes (Per2, Cryl, Cry2, and Clock) in the brains of
young and aged mice following 4, 8, and 16 days of treat-
ment. RT-PCR analysis revealed no significant changes in
gene expression at days 4 and 8 in either age group. How-
ever, by day 16, caffeine treatment induced significant al-
terations in all four genes, with distinct patterns observed
between young and mature mice (Fig. 6A,B, the original
western blot images can be found in the Supplementary
Materials-WB-Dataset).

In young mice, caffeine (G2) significantly upregulated
Per2 (p <0.05 vs. Control), Cryl (p < 0.05 vs. Control),
and Clock (p < 0.05 vs. Control), while Cry2 expression
remained unchanged. The G3 (~relative abundance 87.35)
group (caffeine + adenosine) showed attenuated expression
compared to G2 (~relative abundance 97.22), suggesting
adenosine may counteract caffeine’s stimulatory effect (p <
0.05 vs. G1). In aged mice, G2 led to a downregulation of
Per2 and Cryl (p <0.05 vs. Control), while Cry2 and Clock
were significantly upregulated (p < 0.05 vs. Control). No-
tably, intergroup comparisons revealed age-dependent dif-
ferences in gene responsiveness: Per2 and Cryl expression
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Fig. 5. Effect of caffeine on behavioral tests in young and mature mice. (A) Averaged time to cross the beam was recorded in each
run of the test, (B) slipping error was recorded in each run of the test, and (C) misplacement of paws were decreased in foot fault test
in both young and mature mice groups. Behavioral performance was assessed repeatedly within the same animals across multiple trials.
Data are presented as mean + SD (n = 8 animals per group). Statistical analysis was performed using repeated-measures ANOVA with
trial as the within-subject factor and age and treatment as between-subject factors, followed by Tukey’s post-hoc multiple comparison

test.

were significantly lower in mature mice compared to young These findings suggest that caffeine exerts gene-
mice after 16 days (p < 0.05 vs. Young), indicating a possi- specific and age-dependent regulatory effects on the circa-
ble age-related decline in caffeine-mediated circadian stim- dian clock. The upregulation of Per2 and Cryl in young
ulation. mice may reflect enhanced circadian amplitude and behav-
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Fig. 6. Effect of caffeine on circadian rhythm gene mRNA expression in young and mature mice brain tissue by RT-PCR. (A)

Comparison of circadian clock genes expression levels after caffeine treatment in young groups at day 4, 8 and 16. (B) Comparison of

circadian clock genes expression levels after caffeine treatment in mature groups at 4, 8, and 16 days. Gene expression was quantified

by RT-PCR and B-actin. Data are presented as mean = SD (n = 3 animals per group). Statistical analysis was performed separately for

each gene and time point using two-way ANOVA with age and treatment as factors, followed by Tukey’s post-hoc test. *p < 0.05 vs

control; #p <0.05 vs G1. Con, control; G1, vehicle; G2, caffeine; G3, caffeine + adenosine. Different lowercase letters (a, b, ab) indicate

statistically significant differences among treatment groups within the same time point (p < 0.05), where groups sharing at least one letter

are not significantly different.

ioral activation, consistent with caffeine’s known stimulant
properties. Conversely, the attenuated or reversed expres-
sion in aged mice may indicate altered sensitivity of the
aging circadian system to caffeine, potentially linked to
changes in adenosine receptor signaling or neuroplasticity.

3.4 Long-Term Caffeine Administration Modifies
Adenosine Receptors, AIR and A2AR, Protein Levels in
the Brain of Young and Mature Mice

The protein quantification of adenosine receptors
(A1R and A2AR) was done by western blot in young and
mature mice at days 4, 8, and 16 in the brain sample.
The protein quantification of adenosine receptors (A1R and
A2AR) atday 4 (Fig. 7A), and 8 showed no difference (Fig.
7B), while the level at the day 16 caffeine-treated brain
showed some significant difference between the groups of
young and mature mice (Fig. 7C). These results reveal
that, after a long time, caffeine administration impacts the
level of adenosine receptor protein in both young and ma-
ture mice, regardless of age (The original western blot im-
ages can be found in the Supplementary Materials-WB-
Dataset).
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3.5 Age-Dependent Effects of Caffeine on Circadian-Clock
Genes and Adenosine-Receptor Proteins in the Mouse
Brain

We examined how chronic caffeine treatment modu-
lates the expression of core circadian clock genes (Per2,
Cryl, Cry2, and Clock) and adenosine receptor proteins
(A1R, A2AR) in young and mature mice. Across 4, 8,
and 16 days of treatment, clock gene transcripts remained
unchanged in the young cohort. In contrast, mature mice
exhibited a significant downregulation of Cry/ at day 16
compared to young mice (p < 0.05; Fig. 8), suggesting
age-specific sensitivity to caffeine. These findings indi-
cate that aging alters circadian gene responsiveness under
chronic caffeine exposure, potentially contributing to dif-
ferential behavioral and physiological outcomes across age
groups.

3.6 Caffeine Modulates Cell Viability, Morphology, and
Circadian Gene Expression in N2a Neuroblastoma Cells

Cell viability was evaluated by trypan-blue exclusion
and MTT assays. Caffeine had no significant effect on vi-
ability at 0.5, 1.5, and 3 mM caffeine, along with 5 and 10
mM produced marked decreases compared to the control
(Supplementary Fig. 1A). Morphologically, cells exposed
to high doses (5 and 10 mM) displayed rounded bodies and
shortened dendrites (5 and 10 mM) (Supplementary Fig.
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Fig. 7. Effect of caffeine on adenosine receptor protein levels by western blot. (A) Comparison between young and mature after
caffeine treatments at day 4, (B) comparison between young and mature after caffeine treatments at day 8, and (C) comparison between
young and mature after caffeine treatments at day 16. Protein expression levels were normalized to GAPDH and expressed relative to
control. Data are presented as mean + SD (n = 3 animals per group). Statistical analysis was performed separately at each time point
using two-way ANOVA with age and treatment as factors, followed by Tukey’s post-hoc multiple comparison test. *p < 0.05 vs control;
#p < 0.05 vs G1; @p < 0.05 vs G2; *p < 0.05 vs young groups. C, control; G1, vehicle; G2, caffeine; G3, caffeine + adenosine; ARs,

adenosine receptors (A1R and A2AR).
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1B) (Fig. 9A). The original western blot images can be
found in the Supplementary Materials-WB-Dataset.

3.7 Caffeine Modulates Circadian Clock Gene Expression
in N2a Cells

To evaluate the molecular impact of caffeine on cir-
cadian regulation, we performed two independent experi-
ments using N2a neuroblastoma cells. In the first experi-
ment, cells were treated with 1.5 mM caffeine for 24 hr, and
gene expression was assessed at multiple time points. In the
second experiment, cells were first synchronized with dex-
amethasone and then treated with caffeine; samples were
harvested every 4 hours over a 48-hour period to capture
circadian oscillations.

In the caffeine-only condition, expression levels of
core clock genes were significantly downregulated at all
measured time points compared to vehicle-treated controls
(p <0.05; Fig. 9B). This suggests that caffeine alone may
suppress basal circadian gene expression in unsynchronized
cells. In contrast, when cells were pre-synchronized with
dexamethasone, caffeine treatment led to a transient up-
regulation of all five genes, peaking at 24 hr, followed by
a significant decline in expression from 28 to 48 hr (p <
0.05; Fig. 9C). These biphasic dynamics indicate that caf-
feine may enhance circadian gene amplitude in synchro-
nized cells before inducing a dampening effect.

Together, these findings demonstrate that caffeine ex-
erts context-dependent regulatory effects on circadian clock
gene expression in N2a cells. The initial upregulation in
synchronized cells may reflect enhanced transcriptional ac-
tivation, while the subsequent decline suggests feedback
inhibition or desynchronization. These results support the
hypothesis that caffeine can modulate circadian rhythm ma-
chinery, with implications for time-of-day—dependent phar-
macological responsiveness.

&% IMR Press

4. Discussion

In this study, we examined the effect of caffeine on
behavior and circadian rhythms in a male C57BL/6 murine
model, focusing on how caffeine interacts with clock genes
and adenosine receptor expression in young and mature
mice. Previous studies have demonstrated clear sex dif-
ferences in caffeine-induced behavioral sensitization and
neurochemical changes in mice [42], rats [43], and hu-
man [44]. To minimize biological variability and isolate
age-dependent effects, our study focused exclusively on
male mice, allowing clearer interpretation of age-related
differences in caffeine responsiveness. The experimen-
tal design included one control group and three treatment
groups (vehicle-treated, caffeine-treated, and caffeine plus
adenosine-treated). The combined treatment of caffeine
and adenosine was deliberately chosen to investigate po-
tential functional antagonism at adenosine receptors un-
der conditions of elevated extracellular adenosine, a sce-
nario relevant to physiological states such as brain is-
chemia, sleep deprivation, or intense neuronal activity,
where adenosine levels rise markedly. The inclusion of
the caffeine + adenosine group was deliberate and mech-
anistically motivated, aiming to probe functional antago-
nism at adenosine receptors under conditions of elevated
extracellular adenosine. Such conditions are physiologi-
cally relevant in states including brain ischemia, sleep de-
privation, and heightened neuronal activity, where adeno-
sine accumulation acts as a homeostatic inhibitory sig-
nal. Although caffeine is a non-selective A1/A2A recep-
tor antagonist, co-administration with exogenous adeno-
sine allows us to test whether high local concentrations
of the endogenous agonist can overcome or reverse caf-
feine’s effects on neuronal excitability, synaptic transmis-
sion, and behavioral outcomes, thereby clarifying the dy-
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namic range and competitive nature of this interaction in
vivo [2,45]. To simulate fatigue, mice underwent forced
treadmill exercise prior to caffeine administration. This in-
tervention mimics real-world conditions under which caf-
feine is frequently consumed and increases extracellular
adenosine levels, thereby strengthening interpretation of re-
ceptor-mediated effects. After 16 days of treatment, caf-
feine revealed a trend toward reduced weight gain in both
young and mature mice, suggesting that it consistently in-
hibits food intake across age groups. This uniform re-
duction in body weight highlights caffeine’s broad im-
pact on metabolic processes. Behavioral testing demon-
strated that caffeine improved motor coordination, while
molecular analyses revealed significant changes in circa-
dian clock gene expression and adenosine receptor protein
levels, indicating potential disruption of circadian regula-
tion. Together, these findings indicate that caffeine exerts
pleiotropic effects extending beyond locomotor enhance-
ment to include modulation of molecular pathways gov-
erning circadian regulation. Overall, these findings suggest
that caffeine’s physiological effects on energy balance and
metabolism are robust regardless of age, providing new in-
sights into its multifaceted influence on physiology and be-
havior, particularly circadian rhythm modulation.

Caffeine is one of the most widely used psychoac-
tive substances and decreases weight gain [46]. Further-
more, caffeine activates the sympathetic nervous system,
leading to an increase in the production of catecholamines
such as adrenaline. These catecholamines stimulate lipol-
ysis, the breakdown of fat stores, thereby contributing to
reduced weight gain [47]. Additionally, caffeine’s effects
on metabolic rate are partly mediated through the activation
of cAMP and PKA pathways, and elevated levels of cAMP
result in increased thermogenesis and metabolic rate, fur-
ther promoting weight loss [48]. Here, the effect of caf-
feine on two different age groups of mice: young mice
(1 month and 2 weeks) and mature mice (10 months and
2 weeks). We observed a reduction in the body weight
gain in both young and mature mouse groups. With ag-
ing, the consumption of food decreases due to physiologi-
cal changes [49]. In addition, aging, considering it is one of
the major biological factors, is affected by various factors
(food, chemicals, etc.) and affects the normal metabolic and
physiological changes [50,51]. After caffeine treatment in
young mice, the body weight did not significantly change,
while in mature mice, the body weight reduced signifi-
cantly, which might reflect a reduced consumption of food.
Interestingly, while body-weight changes were modest in
young mice, mature mice appeared more sensitive to caf-
feine-induced metabolic modulation. These findings sug-
gest that caffeine’s effects on energy balance are preserved
across the lifespan, while aging may amplify specific as-
pects of metabolic responsiveness. The observed decrease
in weight gain in both young and mature mice suggests that
caffeine’s influence on metabolism and appetite regulation
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is not age-dependent, making it a powerful tool for influ-
encing energy balance across the lifespan. Additionally,
the findings indicate that caffeine’s effects on appetite sup-
pression and increased energy expenditure could be used in
different situations, from controlling weight gain to improv-
ing physical performance. This highlights caffeine’s poten-
tial to influence metabolic rate and appetite, providing a ba-
sis for further research into its role in dietary and medical
uses. Understanding how caffeine interacts with metabolic
processes at a molecular level across different age groups
can help optimize its benefits while reducing possible side

effects, leading to better weight management and overall
health.

As mentioned above, caffeine modulates signaling
pathways involving cAMP and PKA [52]. The inhibition
of adenosine receptors leads to increased levels of cAMP,
which activates PKA [53]. This activation enhances neu-
ronal excitability and synaptic plasticity, thereby support-
ing improved motor control and cognitive functions related
to motor performance. Elevated cAMP levels can also pro-
mote neurotransmitter release and increase receptor sensi-
tivity, further contributing to the observed improvements in
balance and coordination. In this study, behavioral assess-
ments, including the beam walk and foot fault tests, demon-
strated that caffeine treatment improved motor coordination
and balance. Specifically, caffeine reduced the number of
foot faults, indicating enhanced motor control. In addition,
caffeine administration decreased both the average time re-
quired to cross the beam and the number of foot slips com-
pared to controls. These findings suggest that caffeine pos-
itively influences physical and cognitive functions related
to motor performance in both young and mature mice, re-
inforcing its potential benefits for motor control. However,
while a moderate dose of caffeine may improve memory
and cognitive function, a high dose could have adverse ef-
fects [54]. The young and mature mice treated with the
same dose of caffeine (30 mg/kg) showed improvement in
balance ability and coordination in behavior tests after caf-
feine treatments in both young and mature mice.

Caffeine and adenosine modulate circadian rhythms
in coordination [55]. Circadian rhythms are an internal
biological clock, regulated by clock genes Bmall, Period
(Perl, Per2, Per3), and Cryptochrome (Cry!, Cry2) genes,
which synchronize physiological processes and homeosta-
sis [19,20]. Caffeine administration led to differential ex-
pression of circadian clock genes, including Clock, Per2,
Cryl, and Cry2. These changes indicate that caffeine
can disrupt circadian rhythms by modulating the molecular
components of the circadian clock. This disruption might
have the potential for caffeine to interfere with the syn-
chronization of physiological processes regulated by circa-
dian rhythms. Such alterations in circadian gene expres-
sion may contribute to the broader impacts of caffeine on
sleep, metabolism, and overall well-being. In addition, caf-
feine impacts circadian rhythms primarily through its antag-
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onistic effects on adenosine receptors, specifically Al and
A2A receptors, which are normally involved in feedback
mechanisms that regulate clock gene expressions [22,56].
By blocking adenosine receptors, caffeine increases lev-
els of cAMP, which activates PKA and subsequently in-
fluences CREB [23]. This cascade alters the expression
of circadian clock genes such as Clock, Bmall, Per2, and
Cry2, impacting the synchronization of physiological pro-
cesses [24]. By disrupting these clock proteins, caffeine
leads to altered rhythmic expression patterns [14]. Addi-
tionally, caffeine-induced changes in clock gene expres-
sion can potentially increase the risk of metabolic disorders
[25]. Therefore, caffeine’s interference with adenosine sig-
naling, cAMP/PKA pathways, and clock protein stability
emphasizes its significant influence on circadian rhythms
and stresses the importance of strategies to control caffeine
intake and its impact on overall health.

Although the N2a cell experiments employed caffeine
concentrations that exceed physiological levels, particu-
larly 10 mM, which is widely recognized as cytotoxic, these
data provide important contextual support for the in vivo
findings by defining the extremes of caffeine exposure at
the cellular level. In contrast to the mouse experiments,
where caffeine acted within a physiological range to mod-
ulate behavior, body weight, circadian clock gene expres-
sion, and adenosine receptor signaling in an age-dependent
manner, supraphysiological caffeine exposure in N2a cells
resulted in marked morphological stress, including neurite
retraction and cell rounding. This divergence highlights
that caffeine’s beneficial effects observed in vivo, such as
improved motor coordination and regulated circadian gene
expression are likely mediated through receptor-dependent
signaling pathways rather than nonspecific cellular toxicity.
At the same time, the persistence of circadian gene expres-
sion changes even under high-dose conditions suggests that
clock gene networks are highly sensitive to disturbances in
intracellular signaling and energy homeostasis. Taken to-
gether, the N2a data complement the in vivo results by re-
inforcing the strong dose dependence of caffeine’s actions
and by underscoring the importance of interpreting cellu-
lar findings within the physiological context established by
whole-animal studies.

Caffeine can alter neuronal cell proliferation with
long-term treatment, while short-term has no effect on pro-
liferation [57]. Similarly, our in vitro studies on N2a cells
exposed to high doses of caffeine (5 and 10 mM) revealed
significant morphological changes, including rounded cell
bodies and shorter dendrites. These alterations suggest that
high concentrations of caffeine can disrupt neuronal cell
structure, which may impact brain function and cellular
health. This highlights the potential risks associated with
excessive caffeine consumption and its effects on cellular
morphology and viability.
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5. Conclusions

Overall, this study offers novel and comprehensive in-
sights into the multifaceted effects of caffeine on physiol-
ogy, behavior, and the molecular regulation of circadian
rhythms. The observed reduction in weight gain and en-
hancement of motor performance highlight caffeine’s ben-
eficial impact on both physical and cognitive functions
across age groups. Importantly, the discovery that caffeine
alters circadian clock gene expression and induces changes
in neuronal cell morphology reveals previously underappre-
ciated risks, particularly at higher doses. These findings
emphasize the dual nature of caffeine’s influence, simulta-
neously beneficial and potentially disruptive, underscoring
its significance as a modulator of energy balance, neuro-
plasticity, and circadian biology. Despite these strengths,
several limitations should be acknowledged. First, the be-
havioral assessment was restricted to a limited set of tests,
which may not fully capture all the cognitive and motor ef-
fects. Second, the molecular analyses were conducted with
relatively small sample sizes, reducing statistical power
and increasing the possibility of type I or type II errors.
Third, the study relied on a single mouse strain and two
age groups, which may limit generalizability across genetic
backgrounds or developmental stages. Finally, although
we identified significant changes in circadian gene expres-
sion and neuronal morphology, the causal mechanisms link-
ing these alterations to behavioral outcomes remain unre-
solved. Looking ahead, future work should focus on dose—
response studies to define thresholds of benefit versus risk,
longitudinal experiments to determine whether chronic caf-
feine exposure accelerates or mitigates age-related circa-
dian decline, mechanistic investigations into adenosine re-
ceptor subtype signaling and its interplay with circadian
gene networks, and translational studies in humans to eval-
uate whether the age-dependent effects observed in mice
extend to clinical populations. Together, these directions
will advance understanding of caffeine’s complex interac-
tions with biological systems and provide a foundation for
safe and evidence-based consumption guidelines.
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