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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a developmental disorder and dopaminergic
dysfunction in the prefrontal cortex (PFC) may play a role. Our previous research indicated that
theobromine (TB), a methylxanthine, enhances cognitive function in rodents via the PFC. This study
investigates TB’s effects on hyperactivity and cognitive function in stroke-prone spontaneously
hypertensive rats (SHR), an ADHD animal model. Male SHRs (6-week old) received a diet
containing 0.05% TB for 40 days, while control rats received normal diets. Age-matched male
Wistar—Kyoto rats (WKY) served as genetic controls. During the TB administration period, we
conducted open-field tests and Y-maze tasks to evaluate hyperactivity and cognitive function, then
assessed dopamine concentrations and tyrosine hydroxylase (TH), dopamine receptor D1-5
(DRD1-5), dopamine transporter (DAT), vesicular monoamine transporter-2 (VMAT-2),
synaptosome-associated protein-25 (SNAP-25), and brain-derived neurotrophic factor (BDNF)
expressions in the PFC. Additionally, the binding affinity of TB for the adenosine receptors (ARs)
was evaluated. Compared to WKY, SHR exhibited hyperactivity, inattention and working memory
deficits. However, chronic TB administration significantly improved these ADHD-like behaviors in
SHR. TB administration also normalized dopamine concentrations and expression levels of TH,
DRD2, DRD4, SNAP-25, and BDNF in the PFC of SHR. No changes were observed in DRDI,
DRD3, DRDS, DAT, and VMAT-2 expression between SHR and WKY rats, and TB intake had
minimal effect. TB was found to have affinity binding to ARs. These results indicate that long-term
TB supplementation mitigates hyperactivity, inattention and cognitive deficits in SHR by modulating
dopaminergic nervous function and BDNF levels in the PFC, presenting a potential adjunctive

treatment for ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodevelopmental disorder,
diagnosed in approximately 5% of children and adolescents and 2.5% of adults.!> Beyond the
common symptoms of inattention, hyperactivity, and impulsivity, individuals with ADHD frequently
exhibit working memory impairments.>3 While the etiology of ADHD remains unclear, deficits in
the dopaminergic neural system within the prefrontal cortex (PFC) may contribute to the disorder.3-¢
First-line treatments for ADHD patients typically involve psychostimulants such as methylphenidate
and amphetamine.>? These medications enhance attention and executive functions by modulating
dopaminergic neural transmission in the PFC. However, some patients may experience adverse
effects, including anorexia, weight loss, and headache, leading to discontinuation of treatment.”$
Some patients cannot tolerate stimulants because of severe side effects. Overmedication and short-
and long-term side effects, of stimulants are other challenges to consider.® Non-stimulants, such as
selective noradrenaline reuptake inhibitors, have shown some clinical efficacy against ADHD
symptoms; however, their side effects such as increased blood pressure, tachycardia, and liver
dysfunction, raise concerns regarding their use.!® Therefore, the development of ADHD treatments
without adverse effects is long awaited.

Several factors related to changes in the dopaminergic system are of interest as potential
therapeutic targets for ADHD. Neural development and plasticity are considered significant targets
in ADHD’s pathogenesis.!! Neurotrophic factors, crucial for neurodevelopment and synaptic
plasticity in the brain, have been linked to ADHD development due to their abnormalities.!?
Specifically, the brain-derived neurotrophic factor (BDNF), involved in the nervous system’s
synaptic plasticity, is a potential biological target for ADHD treatment.'> Genetic association
research suggests that disruption in neuroplasticity mechanisms contributes to ADHD’s
pathophysiology.'? For instance, gene polymorphisms and functional abnormalities of dopamine
receptors (DRDs), dopamine transporter (DAT), and vesicular monoamine transporter 2 (VMAT-2)
are associated with attention function and impulse control in ADHD.'%!> Furthermore, DNA
mutations in synaptosomal-associated protein 25 (SNAP-25), a presynaptic plasma membrane
protein integral to synaptic transmission with syntaxin 1A, may lead to reduced transcript expression
and increased ADHD risk.'®!® Adenosine receptors (ARs) are promising therapeutic targets for
ADHD because they mediate central dopaminergic function.?’ There are different types of ARs
including A1R, A2AR, A2BR and A3AR, characterized by seven transmembrane domains. AR
antagonists can reduce ADHD symptoms in humans and animal models.?°

The majority of research on potential treatments to mitigate ADHD symptoms relies on animal
models. While no animal model can perfectly reproduce all the pathological symptoms of ADHD,
stroke-prone spontanecously hypertensive rats (SHRs) are among the most frequently used animal

models for ADHD.2!?2 SHR exhibit pathological features similar to those observed in patients with
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ADHD, including hyperactivity, inattention, and deficits in working memory.?!-?3 In addition, SHRs
have neuropathological changes similar to those observed in patients with ADHD. For example,
SHRs showed altered dopaminergic function and function of proteins, such as DAT, DRD, and
SNAP-25, compared with the genetic control rats.!7-21-25

Compounds derived from natural sources have shown potential in ameliorating central nervous
system disorders, including ADHD.??7 Theobromine (TB), a primary methylxanthine found in
cacao beans and prevalent in cacao products like cocoa and dark chocolate, is one such compound.?®
Our previous research indicated that long-term TB supplementation enhances motor learning and
working memory by increasing BDNF levels in the PFC of rodents?>3? Additionally, chronic
consumption of dark chocolate, rich in TB, has been reported to improve frontal lobe function in
healthy adolescents.3! However, the effects of TB administration on ADHD traits remain unexplored
to the best of our knowledge. This study, therefore, investigates the impact of TB on hyperactivity,
inattention, cognitive performance, and other pathological features in SHR, a commonly used animal
model of ADHD. Additionally, bioinformatics studies were also conducted to determine whether TB

binds to ARs.

Materials and methods

Animals

Male SHRSP/Ezo rats (SHR, n = 20) aged 6 weeks (body weight 130-135 g) were procured from
Japan SLC Inc. (Hamamatsu, Japan). They were kept in an environment with a temperature of 25°C
+ 0.8°C and a 12:12-h light-dark cycle (lights turned on at 7:00 h), with unrestricted access to food

and water. Age-matched male Wistar—Kyoto rats (WKY, n = 16) served as genetic controls. Rats

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

were kept in plastic cages lined with wood chips, 3—4 rats each, and the cages were changed once a
week. All animal experiments adhered to the Guidelines for Animal Experimentation of the Shimane
University Faculty of Medicine, which were derived from the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory Animal Science. The study protocol
was approved by the Committee on the Ethics of Animal Experiments of Shimane University

(Approval No. 123-47).

Experimental schedule

SHR and WKY were given unrestricted access to standard chow (CRF-1, Oriental Yeast Co., Ltd.,
Tokyo, Japan) and water for a week. Following this, both SHR and WKY rats were randomly
divided into two groups: control rats (CN) continued on the CRF-1, and TB-administered rats were
fed a standard CRF-1 diet supplemented with 0.05% (W/W) TB (Oriental Yeast Co., LTD.) for a
period of 40 days. This resulted in the formation of four experimental groups: WKY-CN (n = 8),
WKY-TB (n = 8), SHR-CN (n = 10), and SHR-TB (n = 10). The dosage and duration of TB
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administration were determined based on prior studies.?3%32 Our previous studies have shown that
long-term administration of 0.05% TB enhances motor learning through the activation of the cAMP
response element binding protein (CREB)/BDNF signaling cascade in mouse PFC.?’ Upon long-
term administration in rats, TB crossed the blood—brain barrier and acted on the PFC to increase
spatial cognitive function without adverse effects.3%-32 Body weight was measured three times, and

food intake volume was measured and averaged every 10 days throughout the experimental period.

Open-field test (OFT)

OFT is one of the most common assessments to estimate locomotor activity in rodents and is widely
used to assess hyperactivity in animal models of ADHD.!7?* To assess hyperactivity, an OFT was
conducted 36—37 days post-initiation of TB administration. This test utilized a two-level infrared
beam apparatus (Scanet MV-40; Melquest, Toyama, Japan), an automated system designed to
measure locomotor activity. A day prior to the test, the rats were acclimatized to the apparatus. The
OFT was carried out from 9:00 to 14:00 under low-light conditions (<75 lux) in a quiet room. Rats
were placed at the center of the open-field (44 x 44 x 30 cm) and allowed to explore for a duration
of 6 min. The quantity of horizontal movement (locomotion) and vertical activity (i.e., rearing) was
automatically recorded as the number of times the beam was interrupted. Between trials, any odors

and animal waste were eliminated by disinfecting the area with 70% ethanol.

Y-maze test

The Y-maze test is frequently used to assess ADHD characteristics because this task can assess
locomotor activity, attentional function and working memory in rodents.33-3* The test was conducted
38-39 days post-initiation of TB administration. A day prior to the test, rats were acclimatized to the
apparatus. The test was carried out between 9:00 and 14:00. The apparatus comprises three identical
arms (45 x 12 x 35 cm) diverging at a 120° angle, forming an equilateral triangular central area.
Each rat was placed at the center of the maze and allowed to explore for 8 min. Rats typically
alternate visits between the three arms, tending to explore the least recently visited arm.333* Efficient
alternation requires rats to utilize their working memory by maintaining a record of the most recently
visited arms and continuously updating this record.?® Behavior was video-recorded for subsequent
analysis. An arm entry was recorded when the rat placed all four paws within an arm. The
percentage of spontaneous alternations was calculated as the ratio of actual to possible alternations
(defined as the total number of arm entries minus one), multiplied by 100. The percentages of
alternate arm return (AAR) and same arm return (SAR) were also scored to assess aspects of

attention within spontaneous exploratory behavior.3¢

Blood and PFC collection
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Forty days post-initiation of TB administration, the rats were deeply anesthetized via isoflurane
inhalation (Pfizer, NY, USA). Blood was then drawn from the rats’ right ventricle and collected in
sterile tubes containing sodium heparin (Mochida, Tokyo, Japan). Following this, saline was
perfused transcardially, and the brains were swiftly removed from the skull. For Western blotting
and enzyme-linked immunosorbent assay (ELISA), the PFC (n = 5 or 6), encompassing the
prelimbic, infralimbic, and anterior cingulate cortices, was promptly dissected from a coronal section
as per the brain atlas.3” The PFC samples were instantly frozen on liquid nitrogen and stored at
—80°C until further use. For immunohistochemical analysis, the brains from each group (n = 3 or 4)

were immersed in 10 N Mildform (Fujifilm Wako Pure Chemical) and stored at 4°C for 24 h.

Western blot analysis

The PFCs were homogenized using a glass homogenizer in lysis buffer. This buffer contained 150
mM sodium chloride, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 10 mM Tris-HCI (pH
7.6), and 1% protease inhibitor cocktail (Fujifilm Wako Pure Chemical). The homogenized samples
underwent sonication and were then centrifuged at 12,000 x g for 15 min at 4°C. The supernatants
were collected and analyzed via Western blotting, following the method described previously.383°
The protein concentrations in the extracts were determined using a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of these protein extracts were
boiled in a 6 x SDS sample buffer (Nacalai, Kyoto, Japan) and then separated by 7.5-12.5% SDS-
polyacrylamide gel electrophoresis. The resolved proteins were transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA, USA). These membranes were blocked with 5% skim
milk and then incubated overnight at 4°C with primary antibodies. These antibodies included
polyclonal rabbit antityrosine hydroxylase (TH, 1:1000; CellSignaling, Danvers, MA, USA),
polyclonal rabbit anti-DAT, anti-VMAT-2, polyclonal rabbit antidopamine receptor (DRD) 1-5
(1:1000; Proteintech, USA), polyclonal rabbit anti-SNAP-25, polyclonal rabbit antisyntaxin, and
polyclonal rabbit anti-synapsin-1 (1:1000; CellSignaling). To ensure that equal amounts of protein
were loaded, a monoclonal mouse anti-GAPDH antibody (1:5000; Cell Signaling) was used. After
washing, the membranes were incubated with horseradish peroxidase-linked antirabbit or antimouse
secondary antibody (1:2000; CellSignaling, Danvers, MA, USA) for 2 h. The membranes were then
developed using chemiluminescent substrate (SuperSignal West Pico PLUS, Thermo Fisher

Scientific) and visualized using an Amersham ImageQuant800 (Cytiva, MA, USA).

ELISA

The concentrations of dopamine, TH, and BDNF in the PFC were determined using a Dopamine
ELISA Kit (Enzo Life Sciences, NY, USA), the Rat Tyrosine Hydroxylase ELISA Kit
(MyBioSource, San Diego CA, USA), and the BDNF ELISA Kit (MyBioSource). These
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measurements were performed according to the protocols provided by the manufacturers. The
absorbance of the samples was measured using a DTX880 multimode microplate reader (Beckman
Coulter, Pasadena, CA, USA). The protein concentrations in the samples were then calculated using
the SoftMax Pro software (Molecular Devices, LLC, San Jose, CA, USA). This method of

calculation is consistent with the one described previously.38

Immunohistochemistry

Whole brains (n = 3—4) were fixed and then immersed in a 20% (w/v) sucrose solution. Brain
sections, 20-um-thick, were prepared using a cryostat CM1520 (Leica, Wetzlar, Germany). These
sections were incubated in a 10 mM sodium citrate buffer (pH 6.0) and blocked with 3% normal goat
serum (Agilent, Santa Clara, CA, USA). The brain sections were then incubated overnight at 4°C
with primary antibodies. The primary antibodies used in this study were monoclonal rabbit anti-TH
(1:500) and mouse anti-neuronal nuclei (NeuN, 1:500, CellSignaling). Alexa Fluor 488-conjugated
antirabbit IgG and Alexa Fluor 594-conjugated antimouse IgG (1:500; Molecular Probes, OR, USA)
were used as the secondary antibodies. To detect cell nuclei, the sections were counterstained with a
4’ 6-diamidino-2-phenylindole (DAPI) solution (1:2000, Dojindo, Kumamoto, Japan). After staining,
the sections were washed and covered with 80% glycerol. All sections were visualized under %20
magnification using an FV-1000D confocal microscope (Olympus, Tokyo, Japan) and Fluoview
imaging software (Olympus), as described previously*®*! The average intensity for TH-expressing

axons was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Blood cell count and biochemistry

To assess the potential adverse effects of long-term TB administration, blood cell counts and
biochemical tests were conducted. The counts for white blood cells (WBC), red blood cell (RBC),
and platelets (PLT), as well as the levels of hemoglobin (HGB), hematocrit (HTC), and mean
corpuscular hemoglobin (MCH), and the mean corpuscular hemoglobin concentration (MCHC) were
measured using a KX-2INV device (Sysmex, Hyogo, Japan), following the method described
previously.*> Plasma was isolated and tested to quantitatively determine ten parameters: glutamate—
pyruvate transaminase/alanine transaminase (GPT), y-glutamyl transpeptidase (yGT), glutamic
oxaloacetic transaminase/aspartate transaminase (GOT), total cholesterol (T-Cho), triglyceride (TG),
albumin (Alb), total protein (TP), urea acid (UA), creatinine (Cre), and blood urea nitrogen (BUN).
These tests, which assess liver and kidney function, were performed using the automated
biochemical analyzer Spotchem EZ SP-4430 (Arkray, Kyoto, Japan). The Spotchem EZ Reagent
Strip KENSHIN-2 and Spotchem EZ Reagent Strip Kidney-3 (both from Arkray) were used for

these tests, as described previously.*?
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In-silico molecular docking simulation study

Information on the protein structure of ARs was obtained from the Protein Data Bank (PDB)
archive. The most similar co-crystallized PDB structures of ARs, namely 6D9H,* 2YDO,* and
3EML,% were used to perform docking simulation studies for AIAR, A2AR, and A3AR,
respectively. The caffeine co-crystallized structure of A2AR (PDB ID: 3RFM)* was obtained from
the RCSB PDB data repository. Subsequently, the ligands of these receptors were separated from the
binding pockets, and the pockets were docked with TB (ligand) and other drugs (with alleged roles
as agonists and antagonists). This in-silico study used the binding of adenosine (natural ligand of
ARs) and established agonists and antagonists (modulators) of A1AR, A2AR, and A3AR. We
selected N6-cyclyhexyladenosine (A1AR agonist),*” rolofylline (A1AR antagonist),*® regadenoson
(A2AR agonist),* istradefylline (A2AR antagonist),’® IB-MECA (A3AR agonist),’! and MRS-1334
(A3AR antagonist).’>33 The binding of TB was then compared with that of the agonists and
antagonists, interims of binding energy, H-bond formation, and steric interactions with the
surrounding amino acid residues. Typically, for binding energy or binding affinity, the more
negative the energy, the better the ligand. The canonical SMILES of these compounds were retrieved
from the NCBI PubChem database and fed into Marvin Sketch 5.10v in Chemaxon to convert them
to their 3D conformers. Using the MMFF94 force field method, the lowest energy conformers of the
ligands were selected for docking studies. Molegro Virtual docker (MVD, free license version) was
used for docking studies. The 3D structures of docked ligands and their respective ARs were

visualized using Chimera (v 17.1).

Calculation of sample size power

Sample size was calculated using PS: Power & Sample Size Calculation Software Version 3.1.2
(Vanderbilt University, Nashville, TN, USA). The primary outcomes of this study were the effects of
TB intake on the change in working memory in SHR. Assuming that the standard deviation was not
greater than twice the effect of TB supplementation,’® a bilateral alpha of 95%, and power 90%, the

number of rats was 10 per group.

Statistical analysis

The data are presented as the mean + standard error (SE). The statistical analyses were conducted
using the SPSS software, version 24.0 (IBM Corp., Armonk, NY, USA). The normality of the data
was assessed using the Shapiro—Wilk normality test. The data were considered to follow a normal
distribution when a = 0.05 and p > 0.05. Behavioral, biochemical, and histological data were
analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc tests. Body
weight and food intake volume were analyzed by two-way (time X group) ANOVA, followed by

Tukey’s post-hoc tests. Correlations between behavioral and biochemical data were evaluated using
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the Pearson’s correlation coefficient. All statistical tests were two-tailed, and a p-value of less than

0.05 was considered to indicate statistical significance.

Results

OFT

A one-way ANOVA revealed significant differences in locomotion counts among the groups (Fig.
1A, Fi332) = 41.403, p < 0.001). The locomotion counts in the SHR-CN group were significantly
higher than those in the WKY-CN group (p < 0.001), indicating that the SHR group was more
hyperactive than the WKY group. However, the locomotion counts in the SHR group were
significantly reduced by TB supplementation (Fig. 1A, p < 0.001). There was no significant
difference in the locomotion counts between the WKY-CN and WKY-TB groups (Fig. 1A, p =
0.962). These results indicate that TB supplementation can alleviate hyperactivity in SHR. The
number of rearings was also counted, and significant group differences were observed
(Supplemental Fig. 1, F332 = 11.465, p < 0.01). However, the administration of TB did not
significantly alter the number of rearings in either the WKY (p > 0.05) or SHR (p > 0.05) groups.

Y-maze test

In the Y-maze test, significant differences were observed in the number of arm entries among the
groups (Fig. 2A, F(3 32)=3.850, p = 0.005). The SHR-CN group had a significantly higher number of
arm entries compared to the WKY-CN group (Fig. 2A, p = 0.004). However, TB administration
significantly reduced the number of arm entries in the SHR group (Fig. 2A, p = 0.012), indicating
that TB improved the hyperactivity of SHR. The percentages of spontaneous alternation, which is a
measure of working memory and attentional function, also showed significant differences among the
groups (Fig. 2B, F33, = 8.498, p = 0.003). Chronic TB intake improved these percentages in the
SHR group (Fig. 2B, p = 0.030). While TB intake improved the AAR, it did not reach statistical
significance (Fig. 2C, F3 3y = 1.782, p > 0.05). The SAR differed significantly among the groups
(Fig. 2D, F332 = 5.282, p = 0.026). The SAR was significantly increased in the SHR-CN group
compared to the WKY-CN group (Fig. 2D, p < 0.001). However, TB ingestion significantly reduced
the SAR in both the WKY (p < 0.05) and SHR (p = 0.016) groups. These results indicate that TB

supplementation may improve attention and working memory in rats.

Dopamine concentration and protein expression of dopaminergic neurotransmission factors

In line with the dopamine deficit theory, we assessed the concentration of dopamine and factors
related to dopaminergic neurotransmission in the PFC. We observed significant group differences in
dopamine concentrations in the PFC (Fig. 3A, F315y=4.565, p = 0.017). TB administration notably
increased dopamine concentrations in the PFC of the SHR group (p = 0.020) but not in the WKY

10


https://doi.org/10.1039/d4fo00683f

Page 11 of 37

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

group (p > 0.05). Using ELISA, we found that the concentration of TH, a rate-limiting enzyme for
dopamine synthesis, in the PFC was significantly different between groups (Fig. 3B, F3 ;5= 20.09, p
< 0.001). The TH concentrations in the SHR-CN group were drastically lower than those in the
WKY-CN group (p < 0.001). However, TB intake normalized these concentrations (p < 0.001).
Western blot analysis revealed that the expression of TH in the PFC was markedly decreased in the
SHR-CN group compared with the WKY-CN group (Fig. 3C, F,15)= 53.628, p < 0.001). However,
this expression significantly improved with TB intake (» < 0.001). For dopamine receptors, the
expression of DRD2 and DRD4 in the PFC was significantly different between the groups (Fig. 3C,
DRD2: F3,5) = 8.032, p < 0.001, DRD4: F3 5, = 12.426, p < 0.05). Both DRD2 and DRD4
expression levels were significantly lower in the SHR-CN group than in the WKY-CN group
(DRD2, p <0.01, DRD4, p < 0.05). However, TB intake improved their expression levels in the PFC
(» <0.01). A similar result was observed in DRD1, but it did not reach statistical significance (Fig.
3C, F,15)= 0.428, p > 0.05). The expression levels of DRD3 (F3,15)= 0.254, p > 0.05), DRDS (F3,13
=0.361, p > 0.05), DAT (F3,15= 0.262, p > 0.05), and VMAT-2 (F3 ;5= 0.244, p > 0.05) did not
change among the four groups (Fig. 3C and Supplemental Fig. 2).

TH immunostaining

To validate the results obtained from Western blotting and ELISA, changes in TH expression in the
PFC were investigated through immunostaining. The findings revealed a reduction in TH-positive
fibers in the SHR-CN group compared to the WKY-CN group. This indicates that the dopaminergic
projection from the midbrain and/or dopamine synthesis in the PFC may be impaired in the SHR
group compared to the WKY group. However, a higher number of TH-positive signals were
observed in the SHR-TB group than in the SHR-CN group. A quantitative analysis of the mean
integral optical density showed group differences in TH immunoreactivities (Fig. 4, F3 19)= 31.020,
p < 0.001), with significant differences observed between the SHR-CN and SHR-TB groups (p <
0.001). The number of NeuN-immunopositive cells did not vary between groups. As an additional
analysis, TH expression levels in the striatum were also examined. The expression levels of TH were
significantly lower in the striatum of the SHR group than in the WKY group (Supplementary Fig. 3).
Interestingly, long-term TB administration to the SHR group increased TH expression levels in the
striatum (Supplementary Fig. 3). This indicates that TB may play a role in activating the

dopaminergic nervous system, including the mesolimbic and mesocortical pathways.

Protein expression of synapses-related factors
To assess presynaptic protein expression levels in the PFC of SHR, SNAP-25, syntaxin-1, synapsin-
1, and synaptophysin proteins were measured by Western blotting, as shown in Figure 5. Significant

group differences were observed in the levels of SNAP-25 in the PFC (Fig. 5, F(3,15) = 4.245, p <
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0.001). The SHR group exhibited lower levels of SNAP-25 in the PFC compared to the WKY group
(» < 0.01), but these levels were increased by TB administration (p < 0.01). Similar results were
obtained for the expression of syntaxin 1A in the PFC (Fig. 5, F,15 = 4.323, p = 0.018). The
expression of synapsin-1 in the PFC also showed significant group differences (Fig. 5, F3,15= 2.704,
p = 0.042). The expression levels of synapsin-1 in the SHR-TB group were significantly higher than
those in the SHR-CN group (p < 0.05). In the PFC, synaptophysin expression was slightly lower in
SHR than WKY, and a trend was observed toward a slight increase with TB administration to SHR,

which was not statistically significant (Fig. 5, F3,13)=0.846, p = 0.162).

BDNF levels in the PFC

To verify the impact of TB on dopamine neurodevelopment and neuroplasticity, we analyzed the
expression levels of the neurotrophic factor BDNF using an ELISA. A one-way ANOVA revealed
significant group differences in BDNF concentration in the PFC (Fig. 1A, F3,15)= 4.302, p < 0.01).
Administration of TB increased BDNF expression in the PFC in both the SHR (p < 0.005) and WKY
(p <0.05) groups.

Correlation analysis

Locomotor activity of SHR showed a significant negative correlation with the expression of TH (r =
—0.681, p <0.001), DRD2 (r =—-0.684, p < 0.001), DRD4 (r =—-0.504, p < 0.017), and SNAP-25 (r =
—0.659, p < 0.001) in the PFC, but not significantly with BDNF (r = —0.121, p = 0.220)
(Supplemental Table S1). The spontaneous alternation (%) in SHR showed a significant positive
correlation with the expression of TH (r = 0.599, p = 0.003), DRD2 (r = 0.643, p = 0.004), DRD4 (r
= 0.393, p = 0.020), SNAP-25 (r = 0.649, p < 0.001), and BDNF (r = 0.315, p = 0.045) in the PFC
(Supplemental Table 1).

Body weight, food intake, blood counts, and blood biochemical findings

Body weight at 0, 20, and 40 days during the experimental period is detailed in Table 1. Rats in both
groups exhibited no significant differences in body weight on day 0 (p = 0.789), day 20 (p = 0.898),
or day 40 (p = 0.632). Food intake volumes at 10, 20, 30, and 40 days of the administration period
are shown in Table 2. While there were no significant differences in dietary intake at days 10 (p =
0.732), 20 (p = 0.812), 30 (p = 0.683), and 40 (p = 0.147), there was a slight decrease in the SHR
group compared to the WKY group. Blood cell counts and blood biochemistry data are summarized
in Table 3 and Table 4, respectively. No significant differences were observed in blood counts
(WBC, RBC, PLT, HGB, HTC, MCH, and MCHC, Table 3) or biochemical findings (GOT, GPT,
gGT, TG, T-Cho, Cre, Alb, TP, UA, and BUN, Table 4). These results indicate that prolonged TB

ingestion does not lead to serious adverse effects on hepatic and renal function, feeding, body
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weight, or blood cell findings in both SHR and WKY.

In-silico binding analysis of TB with ARs

Ligand poses with corresponding binding energy and/or binding affinity, namely the MolDock score,
are summarized in Table 5. This assay revealed that TB has affinity for A1AR, A2AR, and A3AR.
For A1AR, adenosine formed hydrogen bonds with Tyr12, Glul72, and Asn254 in the binding
pocket. Tyr12, Ala66, Asn70, Glul70, Glul72, and Asn254 sterically interacted at the binding site
surrounding adenosine. TB interacted slightly deeper at the binding site, was more likely to form H
bonds with Tyr12, Glul70, and Phe271 (Table 5), and sterically interacted with 1le69, Phel71,
Tyr12, Glul70, and Tyr271. Finally, docking of TB into the binding pocket of A1AR resulted in a
binding energy for TB of —69.9 kcal/mol, compared to that of adenosine, which was —98.6 kcal/mol.
Expectedly, the synthetic agonist N6-cyclyhexyladenosine and the antagonist rolofylline had better
affinities for A1AR (—118.9 and —117.3 kcal/mol, respectively). For A2AR (2YDO), TB formed H
bonds with Phe168 and Glul69, and sterically interacted with Phe168, Glul69, 1le66, Ser67, and
Ile274. However, while docking with A2AR, TB showed a binding energy of —64.7 kcal/mol and
adenosine showed a binding energy of —110 kcal/mol (Table 5). Similarly, TB had a binding energy
of —71.3 kcal/mol for A3AR, which was higher than that of adenosine (—104.3 kcal/mol) (Table 5).
Interestingly, TB (—65.7 kcal/mol) had better affinity for A2AR (PDB ID: 3RFM) than caffeine
(=77.1 kcal/mol) in a docking assay for the binding site of A2AR co-crystallized with caffeine
(Table 5). This is because the more negative the value, the greater the affinity and vice versa. A 3D
structural diagram showing the affinities of adenosine, caffeine, and TB for A2AR (PDB ID: 3RFM)

is shown in Figure 7.

Discussion
This study explored the impact of TB administration on ADHD traits in SHR. As far as we are
aware, this is the first investigation into the effects of TB on ADHD pathogenesis. Our findings
indicate that TB administration ameliorated hyperactivity, inattention, and working memory deficits
in SHR. Furthermore, TB supplementation modulated the concentration of dopamine and normalized
the expression levels of dopaminergic neurotransmission factors such as TH, DRD2, DRD4, and
SNAP-25 in the PFC. TB supplementation also increased the concentration of BDNF in the PFC of
SHR. Collectively, these results indicate that long-term TB administration could potentially improve
hyperactivity, inattention, and working memory impairment by modulating dopaminergic
neurotransmission and synaptic plasticity in the PFC. Thus, TB merits further exploration as a
potential treatment for ADHD.

While various mechanisms have been proposed for the development of ADHD, dysfunction in

the dopamine system within the PFC stands out as one of the most supported hypotheses.!-3> In this
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study, TB demonstrated an increase in dopaminergic neural transmission factors, including
dopamine, TH, DRD2, and DRD4, within the PFC. These changes are speculated to have
contributed to an improvement in ADHD-like behavior in SHR. The molecular mechanisms
underlying the enhancement of dopaminergic neural transmission factors in SHR due to TB remain
poorly understood at present. However, the compound’s various pharmacological properties, notably
its role as an analog of caffeine and a nonselective antagonist for ARs, may be implicated.>* ARs are
functionally associated with specific postsynaptic dopamine receptors, such as DRD2, influencing
dopamine binding and exerting a stimulatory effect.>> Specifically, the central adenosine receptor
A2AR is interconnected with the dopamine neurotransmitter system and is implicated in regulating
attention, executive function, and working memory.?’ This indicates a potential link with ADHD
traits.203¢ The hypothesis that AR antagonists could serve as a novel therapeutic strategy for ADHD
gains strength, especially considering the use of caffeine in treating this disorder. Indeed, caffeine
has demonstrated the ability to enhance attention and short-term memory in an animal model of
ADHD by modulating dopaminergic neurotransmission’’3° and has shown clinical benefits in
patients with ADHD.%0-%! However, the effectiveness of caffeine in ameliorating ADHD symptoms
and its potential superiority over existing psychostimulants remain subjects of controversy.®? In an
in-silico study, TB docked far downstream of the endogenous adenosine ligand. Compared to
adenosine, TB hydrogen bonded with different amino acids in A1AR, A2AR, and A3AR. In
addition, amino acids involved in steric interactions differed between TB and adenosine. According
to the MolDock score, TB has a lower binding affinity than adenosine, as well as other agonists or
antagonists. We hypothesize that TB differentially affects protein 3D structure and reduces the
efficiency of ARs, thereby disrupting signal transduction and inhibiting GPCR-related activity.
However, its effects seem to be lower than those of synthetic drugs (agonists and antagonists). The
crystal structure of caffeine in complex with A2AR (BRFM) is known.*® Caffeine exerts its
beneficial effects through A2AR inhibition. Because TB shares the methylxanthine structure with
caffeine, it likely inhibits A2AR. Therefore, we removed the caffeine molecule from the binding site
in 3RFM and docked TB and adenosine. We found that TB binds better than caffeine. Thus, the
observed improvement in ADHD-like symptoms with the long-term ingestion of TB may partially
be attributed to the modulation of the dopaminergic nervous system through AR antagonism.
Nonetheless, further investigation is warranted to fully understand this complex relationship.

TB supplementation’s potential therapeutic mechanism on the central nervous system is
hypothesized to function as a nonselective phosphodiesterase (PDE) inhibitor in the brain.?*3 PDE,
which is heterogeneously distributed across various brain regions, including the PFC, when
inhibited, leads to an increase in intracellular cAMP levels.?’ This triggers the phosphorylation of
CREB and cAMP response element (CRE)-mediated transcription, promoting the production of
crucial neural function transcripts such as TH, SNAP-25, and BDNF.** In SHR, CREB/CRE-

14


https://doi.org/10.1039/d4fo00683f

Page 15 of 37 Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

dependent transcriptional activity is reduced early in development, potentially leading to decreased
transcript expression levels and impaired neurodevelopment in the PFC.? Preclinical studies have
reported that PDE inhibitors can ameliorate ADHD-like behavior, suggesting that PDEs could be
potential targets for pharmacological interventions in neuropsychiatric disorders associated with
dopaminergic modulation.®>% Consequently, PDE inhibitors are emerging as potential therapeutic
candidates for ADHD treatment.®>-%¢ The potential therapeutic effect of TB as a PDE inhibitor in the
treatment of ADHD may require further investigation.

ADHD is a complex disorder influenced by various genetic and environmental factors.!?
Accumulating evidence indicates an enhanced inflammatory response as a mechanism for dopamine
nervous system dysfunction in both ADHD patients and SHR.®7%® Epidemiological studies
consistently highlight a significant overlap between ADHD and inflammatory/autoimmune
disorders. Numerous research has assessed serum inflammatory markers in ADHD patients, while
genetic studies have identified polymorphisms in genes associated to inflammatory pathways that
may contribute to the disorder.®’-%° In SHR, an increased inflammatory response, particularly during
the juvenile stage (around 5 weeks of age), may be linked to disrupted development and maturation
of the PFC.7° Given that TB suppresses inflammatory responses by inhibiting the mammalian target
of rapamycin kinase and the nuclear factor-kappa B cascade,’?7!72 the amelioration of ADHD
symptoms in SHR could be attributed to TB’s anti-inflammatory effects.

In general, concerns arise regarding the safety of long-term ingestion of pharmaceutical or
chemical compound-based therapies. However, this study, involving a 40-day duration of 0.05% TB
intake, found no significant changes in liver and renal functions, food intake volume, or body weight

in young animals. These findings align with previous studies assessing the functionality and safety

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

of prolonged TB intake.?*303% Notably, TB is generally considered a safer alternative to caffeine,
posing a lower risk of causing intoxication.®® Overall, these results indicate that TB is a safe
ingredient for chronic ingestion, although additional safety assessments may be necessary to confirm
its efficacy in both juvenile and adult ADHD patients.

Additionally, it’s noteworthy that chronic TB ingestion increased BDNF expression in genetic
control rats WKY. Previous reports have indicated that chronic TB intake enhances BDNF
expression in the PFC, leading to improved motor learning and working memory in rodents,?%-3
consistent with the present results. Consequently, long-term TB ingestion seems to enhance
cognition by influencing synaptic plasticity in the PFC, as demonstrated in the ADHD model rats in
this study. However, in WKY rats, TB supplementation had minimal impact on dopamine
concentration, TH, SNAP-25, dopamine receptor expression levels in the PFC, and locomotor
activity. These findings indicate that TB does not excessively stimulate brain function in normal
animals, demonstrating its effectiveness in maintaining proper brain function and improving

abnormal neurological functions. These observations warrant further exploration of TB effects on
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both healthy subjects and individuals with central nervous system disorders, including ADHD.

This study has several limitations. First, sample size was relatively small for biochemical and
histological analyses and variations in the sex and age of test animals were limited. This study would
benefit more from a larger and more diverse sample size, with variations in age and sex, to increase
the generalizability of the findings to a wider population. Second, although the study included an
open-field test and a Y-maze task, additional behavioral assessments and cognitive tests could
provide a more comprehensive understanding of the effects of TB on ADHD-like behaviors. Third, it
has been hypothesized that dysfunction in various brain regions, including the striatum, substantia
nigra, ventral tegmental area, and PFC, is involved in the development of ADHD!'3. A
comprehensive study including these brain regions may be required to prove the efficacy of TB for
ADHD symptoms. Fourth, although SHR is one of the most common animal models for ADHD,?!-
2573 it is controversial.’+7> Studies using various animal models, such as DAT-knockout mice and
neonatal 6-hydroxydopamine-lesioned rats,’*7> may increase the significance of TB in relieving
ADHD symptoms. Fifth, although TB concentration in the diet (0.05% w/w) was determined based
on previous studies,?*3%32 varied doses must be used to determine optimal dosage, i.e., a safer and

more effective dose, for alleviating ADHD symptoms.

Conclusions

Our findings represent the initial evidence of the therapeutic potential of TB supplementation to
alleviate the behavioral and neurological characteristics associated with ADHD. TB supplementation
demonstrated the modulation of dopaminergic neurotransmission factors, including TH, DRD2,
DRD4, SNAP-25, and BDNF concentration in the PFC, leading to the subsequent improvement of
ADHD-like behavior, i.e., hyperactivity, inattention and working memory deficits, in SHR. The
chronic use of TB supplementation holds promise for addressing central dysfunction in ADHD
patients, suggesting its potential as a novel lead compound for the treatment of neuropsychiatric

diseases.

Acknowledgments
We would like to acknowledge the technical expertise of the staff of the Interdisciplinary Center for

Science Research Organization for Research and Academic Information, Shimane University.

Author’s contributions

Conceptualization, KM and NS; Formal analysis, KM, SH, RI, and ES; Funding acquisition, KM;
Investigation, KM, SH, ES, and NS; Methodology, KM, NS, SH, RI, and HK; Project
administration, KM; Resources, KM, NS, MH, HK, and OS; Supervision, NS, MH, HK and OS;
Validation, NS and OS; Writing—original draft, KM; Writing-revise and editing, KM and SH. All

16



Page 17 of 37 Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

authors reviewed the manuscript.

Conflicts of interest

There are no conflicts of interest to declare.

Funding
This study was partly supported by Shimane University Research Grant.

References

1. S. V. Faraone, P. Asherson, T. Banaschewski, J. Biederman, J. K. Buitelaar, J. A. Ramos-
Quiroga, L. A. Rohde, E. J. Sonuga-Barke, R. Tannock and B. Franke, Attention-
deficit/hyperactivity disorder, Nat. Rev. Dis. Primers, 2015, 1, 15020.

2. S.J. Westwood, V. Parlatini, K. Rubia, S. Cortese, E. J. S. Sonuga-Barke and European ADHD
Guidelines Group (EAGG), Computerized cognitive training in attention-deficit/hyperactivity
disorder (ADHD): A meta-analysis of randomized controlled trials with blinded and objective
outcomes, Mol. Psychiatry, 2023, 28, 1402.

A. Caye, T. B. Rocha, L. Anselmi, J. Murray, A. M. Menezes, F. C. Barros, H. Gongalves, F.
Wehrmeister, C. M. Jensen, H. C. Steinhausen, J. M. Swanson, C. Kieling and L. A. Rohde,
Attention-deficit/hyperactivity disorder trajectories from childhood to young adulthood:
Evidence from a birth cohort supporting a late-onset syndrome, JAMA Psychiatry, 2016, 73,
705.

4. A. F. Arnsten, The emerging neurobiology of attention deficit hyperactivity disorder: The key

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.
(o8

role of the prefrontal association cortex, J. Pediatr., 2009, 154, 1.

5. R. D. Oades, A. G. Sadile, T. Sagvolden, D. Viggiano, A. Zuddas, P. Devoto, H. Aase, E. B.
Johansen, L. A. Ruocco and V. A. Russell, The control of responsiveness in ADHD by
catecholamines: Evidence for dopaminergic, noradrenergic and interactive roles, Dev. Sci.,
2005, 8, 122.

6. J. M. Swanson, M. Kinsbourne, J. Nigg, B. Lanphear, G. A. Stefanatos, N. Volkow, E. Taylor,
B. J. Casey, F. X. Castellanos and P. D. Wadhwa, Etiologic subtypes of attention-
deficit/hyperactivity disorder: Brain imaging, molecular genetic and environmental factors and
the dopamine hypothesis, Neuropsychol. Rev., 2007, 17, 39.

7. T. Spencer, J. Biederman, T. Wilens, M. Harding, D. O’Donnell and S. Griffin,
Pharmacotherapy of attention-deficit hyperactivity disorder across the life cycle, J. Am. Acad.
Child Adolesc. Psychiatry, 1996, 35, 409.

8. H. Krinzinger, C.L. Hall, M.J. Groom, Neurological and psychiatric adverse effects of long-

term methylphenidate treatment in ADHD: A map of the current evidence. Neurosci Biobehav

17


https://doi.org/10.1039/d4fo00683f

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Food & Function

Page 18 of 37

View Article Online
DOI: 10.1039/D4FO00683F

Rev. 2019, 107, 945-968.

Q. X. Ng, A Systematic Review of the Use of Bupropion for Attention-Deficit/Hyperactivity
Disorder in Children and Adolescents. J Child Adolesc Psychopharmacol. 2017, 27(2), 112-
116.

D. Fu, D. D. Wu, H. L. Guo, Y. H. Hu, Y. Xia, X. Ji, W. R. Fang, Y. M. Li, J.Xu, F. Chen, and
Q. Q. Liu, The Mechanism, Clinical Efficacy, Safety, and Dosage Regimen of Atomoxetine for
ADHD Therapy in Children: A Narrative Review. Front Psychiatry. 2022, 12, 780921.

A. Y. Galvez-Contreras, T. Campos-Ordonez, R. E. Gonzalez-Castaneda and O. Gonzalez-
Perez, Alterations of growth factors in autism and attention-deficit/hyperactivity disorder,
Front. Psychiatry, 2017, 8, 126.

T. Banaschewski, K. Becker, S. Scherag, B. Franke and D. Coghill, Molecular genetics of
attention-deficit/hyperactivity disorder: An overview, Eur. Child Adolesc. Psychiatry, 2010, 19,
237.

A. C. Conner, C. Kissling, E. Hodges, R. Hiinnerkopf, R. M. Clement, E. Dudley, C. M.
Freitag, M. Rosler, W. Retz and J. Thome, Neurotrophic factor-related gene polymorphisms
and adult attention deficit hyperactivity disorder (ADHD) score in a high-risk male population,
Am. J. Med. Genet. B Neuropsychiatr. Genet., 2008, 147B, 1476.

G. J. LaHoste, J. M. Swanson, S. B. Wigal, C. Glabe, T. Wigal, N. King and J. L. Kennedy,
Dopamine D4 receptor gene polymorphism is associated with attention deficit hyperactivity
disorder, Mol. Psychiatry, 1996, 1, 121.

G. Pineau, T. Villemonteix, H. Slama, M. Kavec, D. Balériaux, T. Metens, S. Baijot, A. Mary,
N. Ramoz, P. Gorwood, P. Peigneux and 1. Massat, Dopamine transporter genotype modulates
brain activity during a working memory task in children with ADHD, Res. Dev. Disabil., 2019,
92, 103430.

J. Mill, S. Curran, L. Kent, A. Gould, L. Huckett, S. Richards, E. Taylor and P. Asherson,
Association study of a SNAP-25 microsatellite and attention deficit hyperactivity disorder, Am.
J. Med. Genet., 2002, 114, 269.

Q. Li, J. H. Wong, G. Lu, G. E. Antonio, D. K. Yeung, T. B. Ng, L. E. Forster and D. T. Yew,
Gene expression of synaptosomal-associated protein 25 (SNAP-25) in the prefrontal cortex of
the spontaneously hypertensive rat (SHR), Biochim. Biophys. Acta, 2009, 1792, 766.

I. R. Gizer, C. Ficks and 1. D. Waldman, Candidate gene studies of ADHD: A meta-analytic
review, Hum. Genet., 2009, 126, 51.

Z. Hawi, N. Matthews, J. Wagner, R. H. Wallace, T. J. Butler, A. Vance, L. Kent, M. Gill and
M. A. Bellgrove, DNA variation in the SNAP25 gene confers risk to ADHD and is associated
with reduced expression in prefrontal cortex, PLOS ONE, 2013, 8, ¢60274.

Y. Molero, C. Gumpert, E. Serlachius, P. Lichtenstein, H. Walum, D. Johansson, H.

18


https://doi.org/10.1039/d4fo00683f

Page 19 of 37 Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

Anckarsiter, L. Westberg, E. Eriksson, L. Halldner, A study of the possible association
between adenosine A2A receptor gene polymorphisms and attention-deficit hyperactivity
disorder traits. Genes Brain Behav. 2013, 12(3), 305-310.

21. T. Sagvolden, V. A. Russell, H. Aase, E. B. Johansen and M. Farshbaf, Rodent models of
attention-deficit/hyperactivity disorder, Biol. Psychiatry, 2005, 57, 1239.

22. K. M. Kantak, T. Singh, K. A. Kerstetter, K. A. Dembro, M. M. Mutebi, R. C. Harvey, C. F.
Deschepper and L. P. Dwoskin, Advancing the spontaneous hypertensive rat model of attention
deficit/hyperactivity disorder, Behav. Neurosci., 2008, 122, 340.

23. Q. Li, G. Lu, G. E. Antonio, Y. T. Mak, J. A. Rudd, M. Fan and D. T. Yew, The usefulness of
the spontaneously hypertensive rat to model attention-deficit/hyperactivity disorder (ADHD)
may be explained by the differential expression of dopamine-related genes in the brain,
Neurochem. Int., 2007, 50, 848.

24. A.P. Franca, M. G. Schamne, B. S. de Souza, D. da Luz Scheffer, A. K. Bernardelli, T. Corréa,
G. de Souza Izidio, A. Latini, J. E. da Silva-Santos, P. M. Canas, R. A. Cunha and R. D.
Prediger, Caffeine consumption plus physical exercise improves behavioral impairments and
stimulates neuroplasticity in spontaneously hypertensive rats (SHR): An animal model of
attention deficit hyperactivity disorder, Mol. Neurobiol., 2020, 57, 3902.

25. D. M. Marques, A. S. Almeida, C. B. A. Oliveira, A. C. L. Machado, M. V. S. Lara and L. O.
Porciuncula, Delayed outgrowth in response to the BDNF and altered synaptic proteins in
neurons from SHR rats, Neurochem. Res., 2023, 48, 2424.

26. H. Niederhofer, Ginkgo biloba treating patients with attention-deficit disorder, Phytother. Res.,
2010, 24, 26.

27. C.D. Hsu, L. H. Hsieh, Y. L. Chen, I. C. Lin, Y. R. Chen, C. C. Chen, H. Shirakawa and S. C.

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

Yang, Complementary effects of pine bark extract supplementation on inattention, impulsivity,
and antioxidative status in children with attention-deficit hyperactivity disorder: A double-
blinded randomized placebo-controlled cross-over study, Phytother. Res., 2021, 35, 3226.

28. C. A. Shively and S. M. Tarka, Methylxanthine composition and consumption patterns of cocoa
and chocolate products, Prog. Clin. Biol. Res., 1984, 158, 149.

29. M. Yoneda, N. Sugimoto, M. Katakura, K. Matsuzaki, H. Tanigami, A. Yachie, T. Ohno-
Shosaku and O. Shido, Theobromine up-regulates cerebral brain-derived neurotrophic factor
and facilitates motor learning in mice, J. Nutr. Biochem., 2017, 39, 110.

30. R. Islam, K. Matsuzaki, E. Sumiyoshi, M. E. Hossain, M. Hashimoto, M. Katakura, N.
Sugimoto and O. Shido, Theobromine improves working memory by activating the
CaMKII/CREB/BDNF pathway in rats, Nutrients, 2019, 11, 888.

31. E. Sumiyoshi, K. Matsuzaki, N. Sugimoto, Y. Tanabe, T. Hara, M. Katakura, M. Miyamoto, S.

Mishima and O. Shido, Sub-chronic consumption of dark chocolate enhances cognitive

19


https://doi.org/10.1039/d4fo00683f

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Food & Function

Page 20 of 37

View Article Online
DOI: 10.1039/D4FO00683F

function and releases nerve growth factors: A parallel-group randomized trial, Nutrients, 2019,
11, 2800.

N. Sugimoto, M. Katakura, K. Matsuzaki, E. Sumiyoshi, A. Yachie and O. Shido, Chronic
administration of theobromine inhibits mTOR signal in rats, Basic Clin. Pharmacol. Toxicol.,
2019, 124, 575.

R. J. Katz and K. Schmaltz, Dopaminergic involvement in attention. A novel animal model,
Prog. Neuropsychopharmacol., 1980, 4, 585.

K. I. Ueno, H. Togashi, K. Mori, M. Matsumoto, S. Ohashi, A. Hoshino, T. Fujita, H. Saito, M.
Minami and M. Yoshioka, Behavioural and pharmacological relevance of stroke-prone
spontaneously hypertensive rats as an animal model of a developmental disorder, Behav.
Pharmacol., 2002, 13, 1.

M. Wietrzych, H. Meziane, A. Sutter, N. Ghyselinck, P. F. Chapman, P. Chambon and W.
Krezel, Working memory deficits in retinoid X receptor gamma-deficient mice, Learn. Mem.,
2005, 12, 318.

D. H. Jung, S. M. Ahn, M. E. Pak, H. J. Lee, Y. J. Jung, K. B. Kim, Y. I. Shin, H. K. Shin and
B. T. Choi, Therapeutic effects of anodal transcranial direct current stimulation in a rat model
of ADHD, eLife, 2020, 9, ¢56359.

G. Paxinos and C. Watson. The rat brain in stereotaxic coordinates. Academic Press, 1998.

K. Matsuzaki, M. Katakura, N. Sugimoto, T. Hara, M. Hashimoto and O. Shido, Neural
progenitor cell proliferation in the hypothalamus is involved in acquired heat tolerance in long-
term heat-acclimated rats, PLOS ONE, 2017, 12, e0178787.

N. Sugimoto, O. Shido, K. Matsuzaki, T. Ohno-Shosaku, Y. Hitomi, M. Tanaka, T. Sawaki, Y.
Fujita, T. Kawanami, Y. Masaki, T. Okazaki, H. Nakamura, S. Koizumi, A. Yachie, and H
Umehara. Cellular heat acclimation regulates cell growth, cell morphology, mitogen-activated
protein kinase activation, and expression of aquaporins in mouse fibroblast cells. Cell Physiol
Biochem. 2012, 30(2), 450-457.

K. Matsuzaki, M. Katakura, T. Hara, G. Li, M. Hashimoto and O. Shido, Proliferation of
neuronal progenitor cells and neuronal differentiation in the hypothalamus are enhanced in
heat-acclimated rats, Pflugers Arch., 2009, 458, 661.

K. Matsuzaki, M. Katakura, T. Inoue, T. Hara, M. Hashimoto and O. Shido, Aging attenuates
acquired heat tolerance and hypothalamic neurogenesis in rats, J. Comp. Neurol., 2015, 523,
1190.

E. Sumiyoshi, M. Hashimoto, S. Hossain, K. Matsuzaki, R. Islam, Y. Tanabe, K. Maruyama, K.
Kajima, H. Arai, Y. Ohizumi and O. Shido, Anredera cordifolia extract enhances learning and
memory in senescence-accelerated mouse-prone 8 (SAMPS) mice, Food Funct., 2021, 12,

3992.

20


https://doi.org/10.1039/d4fo00683f

Page 21 of 37 Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

43. C.J. Draper-Joyce, M. Khoshouei, D.M. Thal, Y.L. Liang, A.T.N. Nguyen, S.G.B. Furness, H.
Venugopal, J.A. Baltos, J.M. Plitzko, R. Danev, W. Baumeister, L.T. May, D. Wootten, P.M.
Sexton, A. Glukhova, and A. Christopoulos, Structure of the adenosine-bound human
adenosine A1 receptor-Gi complex, Nature, 2018, 558(7711), 559-563.

44. G. Lebon, T. Warne, P.C. Edwards, K. Bennett, C.J. Langmead, A.G. Leslie, and C.G. Tate.
Agonist-bound adenosine A2A receptor structures reveal common features of GPCR activation.
Nature, 2011, 474(7352), 521-525.

45. V.P. Jaakola, M.T. Griffith, M.A. Hanson, V. Cherezov, E.Y. Chien, J.R. Lane, A.P. Ijzerman,
and R.C. Stevens. The 2.6 angstrom crystal structure of a human A2A adenosine receptor
bound to an antagonist. Science, 2008, 322(5905), 1211-1217.

46. A.S. Doré, N. Robertson, J.C. Errey, 1. Ng, K. Hollenstein, B. Tehan, E. Hurrell, K. Bennett, M.
Congreve, F. Magnani, C.G. Tate, M. Weir, and F.H. Marshall. Structure of the adenosine
A(2A) receptor in complex with ZM241385 and the xanthines XAC and caffeine. Structure,
2011, 19(9), 1283-93.

47. A.A. Asghari, M. Azarnia, J. Mirnajafi-Zadeh, and M. Javan. Adenosine A1 receptor agonist,
No6-cyclohexyladenosine, protects myelin and induces remyelination in an experimental model
of rat optic chiasm demyelination; electrophysiological and histopathological studies. J Neuro/
Sci., 2013, 325(1-2), 22-28.

48. F.J. Dennissen, M. Anglada-Huguet, A. Sydow, E. Mandelkow, and E.M. Mandelkow.
Adenosine Al receptor antagonist rolofylline alleviates axonopathy caused by human Tau
AK280. Proc Natl Acad Sci USA., 2016, 113(41), 11597-11602.

49. S. Jackson, R.T. George, M.A. Lodge, A. Piotrowski, R.L. Wahl, S.K. Gujar, S.A. Grossman.

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

The effect of regadenoson on the integrity of the human blood-brain barrier, a pilot study. J
Neurooncol., 2017, 132(3), 513-519.

50. P. Jenner, A. Mori, S.D. Aradi, and R.A. Hauser. Istradefylline - a first generation adenosine
A2A antagonist for the treatment of Parkinson's disease. Expert Rev Neurother., 2021, 21(3),
317-333.

51. P. Fishman, S. Bar-Yehuda, L. Madi, and I. Cohn. A3 adenosine receptor as a target for cancer
therapy. Anticancer Drugs. 2002, 13(5), 437-443.

52. K.F. Alsharif, M.R. Thomas, H.M. Judge, H. Khan, L.R. Prince, 1. Sabroe, V.C. Ridger, and
R.F. Storey. Ticagrelor potentiates adenosine-induced stimulation of neutrophil chemotaxis and
phagocytosis. Vascul Pharmacol. 2015, 71, 201-7.

53. S.K. Lee, J.H. Kim, J.S. Kim, Y. Jang, J. Kim, Y .H. Park, K.J. Chun, M.Y. Lee. Polyphenol (-)-
epigallocatechin gallate-induced cardioprotection may attenuate ischemia-reperfusion injury
through adenosine receptor activation: a preliminary study. Korean J Anesthesiol. 2012

Oct;63(4):340-5.

21


https://doi.org/10.1039/d4fo00683f

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Food & Function

Page 22 of 37

View Article Online
DOI: 10.1039/D4FO00683F

P. Valada, S. Algada-Morais, R. A. Cunha and J. P. Lopes, Thebromine targets adenosine
receptors to control hippocampal neuronal function and damage, Int. J. Mol. Sci., 2022, 23,
10510.

C. Cervetto, G. Maura, D. Guidolin, S. Amato, C. Ceccoli, L. F. Agnati and M. Marcoli,
Striatal astrocytic A2A-D2 receptor-receptor interactions and their role in neuropsychiatric
disorders, Neuropharmacology, 2023, 237, 109636.

K. Prasad, E.F.J. de Vries, P.H. Elsinga, R.A.J.O. Dierckx, and A. van Waarde. Allosteric
Interactions between Adenosine A2A and Dopamine D2 Receptors in Heteromeric Complexes:
Biochemical and Pharmacological Characteristics, and Opportunities for PET Imaging. Int J
Mol Sci. 2021, 22(4), 1719.

M. Caballero, F. Nufiez, S. Ahern, M. L. Cuffi, L. Carbonell, S. Sdnchez, V. Fernandez-Duenas
and F. Ciruela, Caffeine improves attention deficit in neonatal 6-OHDA lesioned rats, an
animal model of attention deficit hyperactivity disorder (ADHD), Neurosci. Lett., 2011, 494,
44,

P. Pandolfo, N. J. Machado, A. Ké6falvi, R. N. Takahashi and R. A. Cunha, Caffeine regulates
frontocorticostriatal dopamine transporter density and improves attention and cognitive deficits
in an animal model of attention deficit hyperactivity disorder, Eur. Neuropsychopharmacol.,
2013, 23, 317.

J. C. Vazquez, O. M. Martin de la Torre, J. Lopez Palomé and D. Redolar-Ripoll, Effects of
caffeine consumption on attention deficit hyperactivity disorder (ADHD) treatment: A
systematic review of animal studies, Nutrients, 2022, 14, 739.

B. D. Garfinkel, C. D. Webster and L. Sloman, Responses to methylphenidate and varied doses
of caffeine in children with attention deficit disorder, Can. J. Psychiatry, 1981, 26, 395.

C. N. Kahathuduwa, S. Wakefield, B. D. West, J. Blume, T. L. Dassanayake, V. S.
Weerasinghe and A. Mastergeorge, Effects of L-theanine—caffeine combination on sustained
attention and inhibitory control among children with ADHD: A proof-of-concept neuroimaging
RCT, Sci. Rep., 2020, 10, 13072.

G. Perrotte, M. M. G. Moreira, A. de Vargas Junior, A. Teixeira Filho and J. M. Castaldelli-
Maia, Effects of caffeine on main symptoms in children with ADHD: A systematic review and
meta-analysis of randomized trials, Brain Sci., 2023, 13, 1304.

B. Stavric, Methylxanthines: Toxicity to humans. 3. Theobromine, paraxanthine and the
combined effects of methylxanthines, Food Chem. Toxicol., 1988, 26, 725.

S. Impey, D. M. Smith, K. Obrietan, R. Donahue, C. Wade and D. R. Storm, Stimulation of
cAMP response element (CRE)-mediated transcription during contextual learning, Nat.
Neurosci., 1998, 1, 595.

P. R. A. Heckman, M. A. van Duinen, E. P. P. Bollen, A. Nishi, L. P. Wennogle, A. Blokland

22


https://doi.org/10.1039/d4fo00683f

Page 23 of 37

Published on 02 May 2024. Downloaded on 5/7/2024 3:40:28 AM.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Food & Function

View Article Online
DOI: 10.1039/D4FO00683F

and J. Prickaerts, Phosphodiesterase inhibition and regulation of dopaminergic frontal and
striatal functioning: Clinical implications, Int. J. Neuropsychopharmacol., 2016, 19, pyw030.
N. Sharma, N. Dhiman, L. K. Golani and B. Sharma, Papaverine ameliorates prenatal alcohol-
induced experimental attention deficit hyperactivity disorder by regulating neuronal function,
inflammation, and oxidative stress, Int. J. Dev. Neurosci., 2021, 81, 71.

D. T. Leffa, I. L. S. Torres and L. A. Rohde, A review on the role of inflammation in attention-
deficit/hyperactivity disorder, Neuroimmunomodulation, 2018, 25, 328.

G. A. Dunn, J. T. Nigg and E. L. Sullivan, Neuroinflammation as a risk factor for attention
deficit hyperactivity disorder, Pharmacol. Biochem. Behav., 2019, 182, 22.

A. A.J. Verlaet, C. M. Maasakkers, N. Hermans and H. F. J. Savelkoul, Rationale for dietary
antioxidant treatment of ADHD, Nutrients, 2018, 10, 405.

A. Koztowska, P. Wojtacha, M. Réwniak, M. Kolenkiewicz and A. C. W. Huang, ADHD
pathogenesis in the immune, endocrine and nervous systems of juvenile and maturating SHR
and WKY rats, Psychopharmacology (Berl), 2019, 236, 2937.

N. Sugimoto, S. Miwa, Y. Hitomi, H. Nakamura, H. Tsuchiya and A. Yachie, Theobromine, the
primary methylxanthine found in Theobroma cacao, prevents malignant glioblastoma
proliferation by negatively regulating phosphodiesterase-4, extracellular signal-regulated
kinase, Akt/mammalian target of rapamycin kinase, and nuclear factor-kappa B, Nutr. Cancer,
2014, 66, 419.

E. Sharifi-Zahabi, F. Hajizadeh-Sharafabad, S. M. Nachvak, S. Mirzaian, S. Darbandi and F.
Shidfar, A comprehensive insight into the molecular effect of theobromine on cardiovascular-
related risk factors: A systematic review of in vitro and in vivo studies, Phytother. Res., 2023,
37, 3765.

X. Yin, W. Liu, H. Feng, J. Huang, Q. Wang, Q. Zhang, J. He, and R. Wang. Bifidobacterium
animalis subsp. lactis A6 attenuates hippocampal damage and memory impairments in an
ADHD rat model. Food Funct. 2024, 15(5), 2668-2678.

S.L. Regan, M.T. Williams, and C.V. Vorhees. Review of rodent models of attention deficit
hyperactivity disorder. Neurosci Biobehav Rev. 2022, 132, 621-637.

S.C. Stanford. Animal Models of ADHD? Curr Top Behav Neurosci. 2022, 57, 363-393.

Figure legends

Figure 1. Locomotor activity of both the stroke-prone spontaneously hypertensive rat (SHR) and the

Wistar—Kyoto rat (WKY). The locomotor activity in SHR was significantly higher compared to

WKY. However, the intake of theobromine (TB) notably suppressed this activity in SHR. Results
are presented as means = SE (n = 8 or 10). ###p < 0.001 vs. WKY-CN. ***p < 0.001 vs. SHR-CN.
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Figure 2. Y-maze task in stroke-prone spontaneously hypertensive rats (SHR) and the Wistar—Kyoto
rat (WKY). The parameters measured include (A) the number of total arm entries, (B) the percentage
of spontaneous alterations, (C) the alternate arm return (AAR), and (D) the same arm return (SAR)
using the Y-maze task. Compared to WKY, SHR exhibited a significantly higher total number of
arm entries, which was notably suppressed by theobromine (TB) intake. Additionally, in SHR, the
percentage of spontaneous alteration and SAR significantly improved with TB intake. The results are
presented as means + SE (n = 8 or 10). #p < 0.05, ##p < 0.01 vs. WKY-CN. *p < 0.05, **p < 0.01
vs. SHR-CN.

Figure 3. (A) Dopamine and tyrosine hydroxylase (TH) concentrations in the prefrontal cortex
(PFC) of stroke-prone spontaneously hypertensive rats and the Wistar—Kyoto rats (SHR and WKY,
respectively). In SHR, theobromine (TB) ingestion increased dopamine concentrations and
normalized TH expression in the PFC. (B) Western blot analysis of TH, dopamine receptor D (DRD)
1-5, dopamine transporter (DAT), and vesicular monoamine transporter-2 (VMAT-2) in the PFC,
and (C) densitometric data corresponding to (B). In SHR, the expression of TH, DRD2, and DRD4
was decreased compared to WKY, but this decrease was significantly improved with TB
administration. The results are presented as means = SE (n = 5 or 6). ##p < 0.01, ###p < 0.001 vs.
WKY-CN. *p <0.05, **p <0.01, ***p < 0.001 vs. SHR-CN.

Figure 4. Immunostaining of tyrosine hydroxylase (TH) and neuronal nuclei (NeuN) in the
prefrontal cortex (PFC). (A) The presence of TH-positive cells/fibers in the PFC was significantly
lower in SHR compared to WKY. However, long-term ingestion of theobromine (TB) notably
increased TH expression in the PFC of SHR. Alexa Fluor 488-labeled anti-rabbit IgG and Alexa
Fluor 594-labeled anti-mouse IgG w