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Editorial on the Research Topic
Nutrients, neurotransmitters and brain energetics, volume I

1 Introduction

The extraordinary energy demands of the brain make it uniquely sensitive to
nutritional and metabolic influences. From early development through to late-life
neurodegeneration, nutrient availability and metabolic state profoundly shape neuronal
excitability, synaptic plasticity, and the integrity of brain networks. It is increasingly
evident that these relationships are bidirectional: neurotransmitter systems and cellular
energetics are not only regulated by dietary factors but also actively modulate how the
brain responds to physiological and environmental challenges. Yet, despite a growing
body of evidence linking diet and metabolism to brain function, the underlying
mechanisms remain incompletely defined, particularly in relation to neurodegenerative
and neuropsychiatric conditions.

This Research Topic brings together a multidisciplinary collection of articles examining
the intersections between nutrition, neurotransmission, and brain energetics. The
contributions span animal models, human studies, and bioinformatic analyses, and
together offer insight into how specific dietary components, neuromodulatory pathways,
and metabolic regulators influence brain health. Although diverse in scope, the studies
share a central theme: that metabolism is not simply a background process but a dynamic
determinant of brain function and dysfunction.

The issue is organized around three interconnected themes. Firstly, studies on nutrition
explore the roles of vitamins, fatty acid profiles, caloric restriction, and ketogenic diets
in shaping cognitive outcomes, emotional regulation, and neuroprotection. Secondly, the
interface between nutrition and neurotransmission is examined through investigations
into melatonin signaling, yoga-based neuromodulation, and acupuncture-induced
molecular cascades. Thirdly, a set of studies focused on brain energetics highlights how
mitochondrial metabolism, redox balance, and network-level connectivity are influenced
by dietary and metabolic interventions.

Together, these studies illustrate the breadth of current approaches to understanding
how food, metabolism, and signaling converge in the brain. They underscore the need for
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integrated models that span molecular, cellular, and systems-
level domains — and they point toward promising avenues for
developing personalized nutritional and metabolic strategies to
support cognitive resilience and prevent neurological disease.

2 Studies on the subtopic “Nutrition”

A number of studies in this Research Topic underscore the
importance of dietary components in shaping cognitive function
and vulnerability to neurological disease. The association between
vitamin status and brain health is particularly well-illustrated by
two large-scale epidemiological studies. Zhang et al. (also see
Section 4) report that higher dietary intake of niacin—a precursor
of the essential redox coenzyme NAD™—was associated with a
significantly lower risk of Parkinson’s disease in US adults, with
each 10 mg increase in niacin intake linked to a 23% risk reduction.
Similarly, Pan et al. demonstrate a robust inverse association
between serum 25-hydroxyvitamin D levels and cognitive frailty
in older adults, with a 12% reduction in frailty risk per unit
increase in 25-(OH)D. Together, these findings suggest that even
modest differences in micronutrient intake or status may confer
meaningful protection against neurodegeneration and age-related
cognitive decline.

In contrast to these beneficial effects, Wang et al. highlight
a potentially adverse nutritional signal: elevated levels of plasma
polyunsaturated fatty acids (PUFAs), and in particular a high
arachidonic acid to docosahexaenoic acid (AA/DHA) ratio, were
associated with increased depressive symptoms in US adults. These
data support the idea that the balance—not just the quantity—
of dietary fats may be critical for maintaining mental health and
further suggest that dietary lipid profiles could serve as modifiable
risk factors in mood disorders.

Experimental studies in rodents provided mechanistic
insights into how nutrition influences brain function at both
cellular and systems levels. van Rooij et al. (also see Section 4)
investigated the effects of caloric restriction (CR) and resveratrol
supplementation—a proposed CR mimetic—on resting-state
functional connectivity using fMRI in male and female rats. Both
interventions altered large-scale brain network activity, with a
striking sex-specific effect: reduced functional connectivity between
key subcortical and cortical regions was observed predominantly
in females. These findings raise important questions about sex
differences in metabolic responses and their downstream effects on
brain architecture and function.

Finally, the neuroprotective potential of dietary interventions
in pathological states was explored by Granados-Rojas et al.
(also see Section 4), who examined the impact of a ketogenic
diet (KD) in a rodent model of epilepsy. KD feeding preserved
expression of the chloride transporter KCC2 in hippocampal
subregions, counteracting the reduction induced by seizure activity
and shortening after-discharge durations. This suggests that diet-
induced shifts in brain energy substrates may not only enhance
mitochondrial efficiency but also modulate key ion transport
mechanisms critical to neural excitability.

Together, these studies provide compelling evidence that
dietary patterns and nutrient composition have profound effects
on brain function—from modulating network connectivity in
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healthy individuals to altering cellular mechanisms in disease. They
collectively reinforce the view that targeted nutritional strategies
may offer accessible, low-risk interventions to support brain health
across the lifespan.

3 Studies on the interface “Nutrition
and Neurotransmitters”

Cell excitability and transmitter actions were examined
through multidisciplinary approaches to evaluate the potential
therapeutic effects of melatonin administration, yoga practice and
acupuncture stimulation, on behavioral, electrophysiological, and
biochemical parameters.

Melatonin is a neurohormone that plays a crucial role
in regulating sleep and the circadian rhythm. Additionally,
it exhibits a wide range of effects, including blood pressure
regulation, antioxidant and anti-inflammatory properties,
alongside neuroprotective effects.

Aratjo et al. examined in rats the effects of administering two
different doses of melatonin on behavioral and electrophysiological
parameters of cortical spreading depression (CSD), and redox
balance status during brain development.

Animal groups that received a low dose of melatonin (10
mg/kg) exhibited reduced anxiety levels, as measured by the open
field and elevated plus maze tests. Both melatonin doses (10
and 40 mg/kg, respectively) influenced brain electrophysiological
parameters, with the lower dose significantly decelerating and
the higher dose accelerating CSD propagation velocity. Lower
malondialdehyde levels and higher superoxide dismutase levels
were observed in the cerebral cortex of the group that received the
low dose of melatonin. This study highlighted the importance of
melatonin’s dose-dependent effects on behavior, brain excitability,
and redox balance throughout development, and corroborates with
the findings from studies with different doses of other antioxidant
molecules (Mendes-da-Silva et al., 2014).

Reduced anxiety levels are commonly associated with yoga
practice. In this Research Topic, Li et al. investigated in humans the
potential effects of yoga practice on reducing anxiety levels through
a study assessing the impact of breathing exercises, postures,
and mindfulness meditation on brain activity in the prefrontal
cortex (PFC).

The study revealed distinct differences in PFC activation
between long-term yoga practitioners (>3 times/week for 6.05
years) and short-term practitioners (>3 times/week for 0.91
years). Long-term practitioners exhibited increased oxygenated
hemoglobin concentration in the dorsolateral prefrontal cortex,
along with enhanced cognitive and emotional regulation. These
findings highlight the potential benefits of long-term yoga practice
in promoting cognitive improvement and reducing anxiety.

In recent years, several studies have focused on elucidating the
cellular mechanisms underlying the physiological effects induced
by acupuncture stimulation. Acupoint catgut embedding (ACE)
therapy is based on traditional acupuncture techniques and
involves the application of absorbable catgut at acupoints. This
technique provides prolonged stimulation of acupoints compared
to traditional methods, which can be especially beneficial in the
treatment of chronic conditions.
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Hou et al. investigated in rats the role of mechanically sensitive
transient receptor potential vanilloid (TRPV) channels, including
TRPV2 and TRPV4, in the regulatory pathways of ACE therapy.
Their findings revealed stimulation effects resulting in a physico-
chemical-immune response mediated by TRPV channels, calcium
influx, and the activation of macrophage CD68 and mast cell
tryptase, providing valuable insights into the cellular mechanisms
underlying ACE therapy.

4 Studies on the interface “Nutrition
and Brain Energetics”

Energy metabolism is fundamental to brain function,
underpinning  processes from ion  homeostasis and
neurotransmission to large-scale network activity. While not
always explicitly framed in terms of energetics, several of the
contributions to this Research Topic shed important light on
how metabolic interventions and nutritional factors shape neural
activity and resilience. A particularly clear mechanistic insight
came from the work of Granados-Rojas et al., who examined
the effects of a ketogenic diet (KD) in a well-established rodent
model of epilepsy. Beyond its recognized role in reducing seizure
frequency, KD selectively preserved expression of the chloride
transporter KCC2 and shortened after-discharges in hippocampal
regions, counteracting the downregulation induced by amygdala
kindling. Higher KCC2 levels are linked to shorter generalized
seizures, explaining the KD’s beneficial effect on epilepsy. Since
KCC2 is essential for maintaining inhibitory synaptic transmission,
its preservation likely reflects improved cellular energetics and
ionic homeostasis under ketotic conditions. Notably, KCC2 levels
correlated inversely with after-discharge duration, suggesting that
diet-driven shifts in brain metabolism can have direct functional
consequences for excitability.

At the level of brain networks, van Rooij et al. demonstrated
that both caloric restriction (CR) and the CR-mimetic resveratrol
modulated resting-state functional connectivity (FC) in rats, with
pronounced and sex-specific effects. In females, both interventions
reduced connectivity between key subcortical and cortical regions,
including the hippocampus. These findings raise intriguing
questions about the relationship between systemic metabolic state,
neurovascular coupling, and network dynamics. The authors
discuss the possibility of the vascular contribution to the BOLD
signal in the context of their interventions, which seemed very
interesting to us. This study’s insight could be considered a
functional connectivity reference for further investigation. Given
the energy demands of maintaining synchronized neural activity,
interventions that reshape connectivity may ultimately act, at least
in part, via modulation of brain energetics.

Perhaps unsurprisingly, mitochondrial metabolism emerged
as a recurring theme. Qin et al, using a bioinformatics
approach, identified key genes involved in acetyl-CoA synthesis,
mitochondrial respiration and pyruvate metabolism that may serve
as biomarkers of cuproptosis in cerebral ischemia. These processes
are central to cellular energy metabolism, linking nutrient oxidation
to ATP generation. Their findings further underscore the critical
role of mitochondrial integrity in brain injury and repair.
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Finally, dietary micronutrients with recognized roles in redox
and energy metabolism were linked to neurodegenerative disease
risk. Zhang et al. found that higher dietary niacin intake—
a precursor of NAD+, a vital coenzyme in mitochondrial
metabolism—was inversely associated with Parkinson’s disease
prevalence in a large US cohort, with a 23% reduction in risk for
each 10 mg increase in niacin intake This raises the possibility that
even subtle nutritional deficits may impair brain energetics over the
lifespan, contributing to neurodegeneration.

These findings align with our own previous observations that
systemic metabolic state and peripheral inflammation can influence
brain metabolism, including in the context of neurodegenerative
and neuropsychiatric conditions (Dunstan et al, 2024; Aziz
et al, 2025). In particular, our work has highlighted the
interaction between metabolic substrates, inflammatory mediators,
and astrocyte-neuron coupling (Radford-Smith et al., 2024) as a
critical determinant of brain energy homeostasis—a theme echoed
in several of the contributions to this Research Topic.

Together, the studies reviewed here highlight the rich interplay
between diet, metabolism, and brain energetics. While mechanisms
range from the cellular to the network level, all emphasize the
potential of nutritional and metabolic interventions to modulate
brain function and potentially ameliorate disease processes.

5 Concluding remarks

In conclusion, the studies published in this Research Topic
represent an important contribution to our evolving understanding
of how nutrition, neurotransmitters and brain energetics interact
to shape brain function across the lifespan. Although diverse in
approach and focus, together they highlight the intricate ways in
which metabolic and nutritional factors can influence neuronal
excitability, network connectivity, and ultimately, behavior
and cognition.

In the nutrition theme, several of the studies underscored
the protective or deleterious roles of dietary components on
brain health. While higher intake of vitamins such as niacin and
vitamin D was associated with reduced risk of Parkinson’s disease
and cognitive frailty, respectively, other findings highlighted
potential risks of imbalanced dietary fat composition. The study
of polyunsaturated fatty acids revealed that an elevated AA/DHA
ratio may increase susceptibility to depression, illustrating
how nutritional imbalances may perturb brain function and
mental health.

In the neurotransmitters and neuromodulation section,
multidisciplinary approaches revealed that targeted interventions
such as melatonin supplementation, yoga, and acupuncture can
modulate anxiety, excitability and redox status. These findings
point to a key role for neuromodulatory systems in mediating the
effects of lifestyle and therapeutic interventions on brain activity.
Of particular interest is the evidence that both low-dose melatonin
and long-term yoga practice exert anxiolytic and cognitive benefits,
mediated through alterations in cortical excitability and prefrontal
cortex function.

Under the Brain Energetics theme of volume II, while
not all contributions addressed this subtopic explicitly, many
provided critical insights. Studies demonstrated that metabolic
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interventions—from ketogenic diets and caloric restriction to
micronutrient supplementation—can reshape brain function
through mechanisms ranging from mitochondrial modulation and
cuproptosis-related pathways to altered functional connectivity.
Dietary modulation of substrates and redox cofactors, as seen
with niacin intake and KCC2 regulation, further supports the view
that brain energetics is a crucial integrative axis linking nutrition
and neuronal physiology. These observations are in keeping with
emerging work suggesting that systemic metabolic state, peripheral
inflammation and astrocyte-neuron metabolic coupling together
determine energetic resilience in the brain.

Taken together, the contributions in this Research Topic
reflect a growing recognition of the importance of integrating
molecular, cellular, and systems-level perspectives in the study
of brain energetics and its nutritional and neurochemical
determinants. The multidisciplinary approaches presented here—
ranging from human cohort studies to animal models and
bioinformatics—provide valuable platforms for future research
aimed at developing novel metabolic and nutritional strategies to
promote brain health and prevent or mitigate neurodegenerative
and neuropsychiatric disorders.
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Leucio Duarte Vieira Filho! and Rubem Carlos Araujo Guedes?*

!Department of Physiology and Pharmacology, Universidade Federal de Pernambuco, Recife,
Pernambuco, Brazil, 2Department of Nutrition, Universidade Federal de Pernambuco, Recife,
Pernambuco, Brazil

Introduction: Melatonin (MLT) reportedly has beneficial effects in neurological
disorders involving brain excitability (e.g., Epilepsy and Migraine) and behavioral
patterns (e.g., Anxiety and Depression). This study was performed to investigate,
in the developing rat brain, the effect of early-in-life administration of two
different doses of exogenous MLT on behavioral (anxiety and memory) and
electrophysiological (CSD analysis) aspects of brain function. Additionally, brain
levels of malondialdehyde (MDA) and superoxide dismutase (SOD), both cellular
indicators of redox balance status, were evaluated. We hypothesize that MLT
differentially affects the behavioral and CSD parameters as a function of the MLT
dose.

Materials and methods: Male Wistar rats received, from the 7th to the 27th
postnatal day (PND), on alternate days, vehicle solution, or 10 mg/kg/or 40 mg/
kg MLT (MLT-10 and MLT-40 groups), or no treatment (intact group). To perform
behavioral and cognition analysis, from PND30 to PND32, they were tested in the
open field apparatus, first for anxiety (PND30) and then for object recognition
memory tasks: spatial position recognition (PND31) and shape recognition
(PND32). On PND34, they were tested in the elevated plus maze. From PND36 to
42, the excitability-related phenomenon known as cortical spreading depression
(CSD) was recorded, and its features were analyzed.

Results: Treatment with MLT did not change the animals’ body weight or blood
glucose levels. The MLT-10 treatment, but not the MLT-40 treatment, was
associated with behaviors that suggest less anxiety and improved memory.
MLT-10 and MLT-40 treatments, respectively, decelerated and accelerated CSD
propagation (speed of 2.86 + 0.14 mm/min and 3.96 + 0.16 mm/min), compared
with the control groups (3.3 + 0.10 mm/min and 3.25 + 0.11 mm/min, for the
intact and vehicle groups, respectively; p < 0.01). Cerebral cortex levels of
malondialdehyde and superoxide dismutase were, respectively, lower and higher
in the MLT-10 group but not in the MLT40 group.

Conclusion: Our findings suggest that MLT intraperitoneal administration
during brain development may differentially act as an antioxidant agent when
administered at a low dose but not at a high dose, according to behavioral,
electrophysiological, and biochemical parameters.

KEYWORDS

melatonin, brain development, anxiety, memory, spreading depression, redox imbalance
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1. Introduction

Melatonin (MLT) is an antioxidant hormone (Poeggeler et al., 1993;
Boutin et al., 2023) that, when used in physiological doses, could benefit
patients suffering from several diseases (Arendt, 2005), including
excitability-related disorders, such as epilepsy (Gunata et al., 2020) and
neonatal hypoxia-ischemia (Flinn et al., 2020; for a review, see Cardinali,
2019). The amphipathic nature of MLT facilitates its passage through the
blood-brain barrier and enables its effect on the nervous system, either
independent of or mediated by MLT receptors. MLT is a powerful
antioxidant, free radical scavenger, and immune system regulator with
an anti-inflammatory and circadian rhythm regulator role (Gunata et al.,
2020). This hormone neutralizes reactive oxygen species (ROS) and
enzymatically converts them into less harmful species (Reiter et al., 2017,
2018). MLT receptors have been classified into three types (MT1, MT2,
and MT3). In the mammalian brain, MT1 receptors are mainly found in
the suprachiasmatic nucleus, hippocampus, habenula, pituitary gland,
raphe nucleus, substantia nigra and superior colliculus; M T2 receptors
are located in the retina, hypothalamus, hippocampus, periaqueductal
gray, thalamic and supraoptic nuclei, substantia nigra and inferior
colliculus (Dubocovich et al., 1998; Lacoste et al., 2015). These two types
of receptors are substantially involved in circadian rhythm regulation.
The MT3 receptors are the co-substrate of the enzyme quinone
reductase-2, with a putative involvement in the brain redox balance
(Nosjean et al., 2001; Tan et al., 2007; Wang et al., 2019a). Furthermore,
MLT levels are low in patients with neurological diseases, such as
epilepsy, a brain excitability disorder that mainly affects age extremes:
childhood and elderly (Sanchez-Barcelo et al., 2017). Children with
drug-resistant epilepsy have more sleep disorders than healthy children
(Proost et al., 2022). Besides, MLT may protect epilepsy through its
antioxidant, anti-excitotoxic, and central nervous system free radical
scavenging properties (Akyuz et al., 2021).

In addition to its fundamental role in circadian rhythm regulation
and scavenging free radicals, MLT can improve neurobehavioral
deficits (Rodriguez et al,, 2004). MLT can interact with other
physiological systems to control anxiety and depression (Bouslama
et al., 2007; Lamtai et al., 2021). Another benefit of MLT is its influence
on memory formation in the hippocampus (El-Sherif et al., 2003;
Iwashita et al., 2021). MLT has also been shown to be protective
against neuronal damage in the hippocampus, resulting in improved
learning and memory due to its potent antioxidant properties
(Soleimani et al., 2017). However, it is not yet known whether its
administration in high doses would have the opposite (prooxidant)
effect on behavioral and electrophysiological aspects of brain function,
as demonstrated in the rat brain for other antioxidant molecules,
including ascorbic acid (Mendes-da-Silva et al., 2014) and pyridoxine
(Gondim-Silva et al., 2021) in an electrophysiological phenomenon
known as cortical spreading depression (CSD).

CSD is a fully reversible, depolarizing “wave” of reduction of the
amplitude of the electrocorticographic activity (ECoG depression),
which is elicited in response to the stimulation of a point of the cortical
tissue (Ledo, 1944). During the ECoG depression, a direct current (DC)
slow potential shift appears (Ledo, 1947). This DC signal has all-or-none
features, is the CSD hallmark, and is very useful in calculating the CSD
velocity of propagation. Regarding the human species, CSD appears to
be involved in several neurological diseases, such as migraine, epilepsy,
subarachnoid hemorrhage, and traumatic brain injury (for an overview,
see Lauritzen and Strong, 2017; Guedes and Abadie-Guedes, 2019). The
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evidence suggests that analysis of CSD propagation velocity represents
a valuable index to understanding excitability-dependent aspects of
brain functioning (Guedes et al., 2017). CSD has been employed in our
laboratory over a few decades, and it has been largely and compellingly
demonstrated that factors that affect CSD can also affect other aspects
of brain function, including behavior and redox balance (for an
overview, see Guedes, 2011; Guedes and Abadie-Guedes, 2019).

From the above, the present study was performed to investigate,
in the developing rat brain, the effect of early-in-life administration of
two different doses of exogenous MLT on behavioral (anxiety and
memory) and electrophysiological (CSD analysis) aspects of brain
function, as will be described below. Additionally, brain levels of
malondialdehyde (MDA) and superoxide dismutase (SOD), both
cellular indicators of redox balance status, were evaluated.
We hypothesize that MLT differentially affects the behavioral and CSD
parameters as a function of the MLT dose.

2. Materials and methods

2.1. Animals

All experimental procedures were approved by our University’s
Animal Research Ethics Committee (approval protocol no. 0006/2020),
whose standards comply with those established by the National Institutes
of Health Guide for Care and Use of Laboratory Animals (Bethesda,
MD, United States). Newborn male and female Wistar rats were suckled
in alitter with eight pups. After weaning, pups were separated by sex and
housed in polypropylene cages (51cmx35.5cmx18.5cm) under
controlled temperature (23°C +1°C) with a 12-12-h light-dark cycle
(lights on at 7 p.m.). Only male pups (12=40; 10 rats per group) were used
in this study. Each group was formed with pups from 3 to 5 distinct litters.

2.2. Treatment with MLT

MLT (purchased from Sigma Aldrich, St Louis, United States) was
administered every other day, from PND7 to PND27, at 2p.m. (11 days
of MLT administration). Two groups of rats (n =10 per group) received
intraperitoneal injections of 10 or 40 mg/kg MLT (MLT10 and MLT40
groups, respectively). MLT was dissolved in 0.1 mL of saline solution
containing 5% ethanol. These experimental groups were compared
with two control groups, treated with the vehicle used to dissolve MLT
(vehicle group; n=10) or not treated (intact group; n=10).

2.3. Body weight

Body weight was measured using a precision digital scale (Marte,
Sao Paulo) on PND7, PND14, PND21, and PND28.

2.4. Glycemia analysis

At two time points on PND27 (4h before and 4h after the
administration of MLT), plasma glucose concentrations were
determined in one-drop blood samples from the animal’s tail, using a
glucometer (Accu-Chek Active, Roche, Sdo Paulo, Brazil).
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2.5. Behavioral tests

All behavioral tests were performed between PND30 and
PND34 in the following temporal sequence: first, on PND30-32, the
animals were tested in the open field apparatus (OF) for anxiety
(PND30) and for two recognition memory tasks: spatial position
recognition (PR; PND31) and shape recognition (SR; PND32).
Second, after 48 h, the animals were tested on PND34 in the elevated
plus-maze (EPM). A video camera recorded the animal’s behavioral
activity in all tests, which was further analyzed with ANYmaze™
software version 4.99 m (Stoelting Co., Wood Dale, IL, United States).
After each test, the device was cleaned with a 70:30 ethanol:water
solution. The animals were randomly tested between 8a.m. and 1 p.m.

The tests were conducted in a room with sound attenuation and
low light intensity (red light). Before each test, the animal was
introduced to the test room for 20 min to adapt to the environment
(adaptation period). Each anxiety behavior test (OF and EPM)
consisted of one 5-min session. In comparison, each recognition
memory test (PR and SR) consisted of two 5-min sessions (the training
session and test session), separated by a 40-min interval.

2.5.1. Behavior indicative of anxiety: tests in the
OF and EPM

The OF and EPM aim to assess the ability of the animal to
recognize anxiogenic sites (the central part of the OF and the open
arms in the EPM), where less time is usually spent during the test
(Calza et al., 2010). The OF consisted of a circular arena made of
varnished wood, with a diameter of 89 cm, surrounded by a wall, also
made of wood, 52 cm high. For the OF test (PND30), the animal’s
behavior was evaluated for 5min after the adaptation period. The
center of the OF was defined as an area with a diameter of 62 cm. The
following four parameters were measured on the OF: (1) number of
entries into the central area, (2) time spent in the central area, (3)
distance traveled, and (4) immobility time. The animal’s entrance to
the center was considered when its four paws were in the center.
Then, memory tests of recognition of a new spatial position (PND31)
and a new shape (PND32) of objects placed in the OF were performed
(see Part 4.5.2 below). After 48 h, the animals were tested in the EPM
(PND34).

The EPM (raised 55cm from the floor) was made of varnished
wood, consisting of two open and two closed arms perpendicular to
the open arms (each measuring 49 cm x 10 cm) and connected by a 10
cm-long central square. After the adaptation period, the animal was
placed in the central square facing an open arm. The following four
parameters were evaluated in the EPM: (1) number of entries into the
open arms, (2) time spent in the open arms, (3) distance traveled, and
(4) immobility time. The animal’s entrance to one arm was considered
when its four paws were in that arm.

2.5.2. Behavior indicative of memory: object
recognition tests

These tests assessed the animal’s ability to recognize a specific
object’s novel shape or spatial position. It is based on the animal’s
natural tendency to spend more time exploring a new object or a novel
spatial position of a familiar object that has been previously explored
(Francisco and Guedes, 2015). Ennaceur and Delacour (1988) and
Dere etal. (2005) described these methods for object recognition tests,
which are briefly summarized below:
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(1) For the PR task, the two chosen objects were identical, made
of the same material (glass), with similar interaction possibilities.
Initially, the two identical objects (A and B) were placed in the OF, and
the animal explored them for 5min. After a 40-min intermission, the
animal returned to the OF (second session) in the presence of the same
objects (A and B); however, in this second moment, object B was
located at a novel spatial position. When the animal identified the
novel position, it explored the object more in the novel placement point.

(2) For shape recognition, objects had distinct geometries and
different shapes, heights, and colors, which the animal could quickly
identify. This condition is believed to minimize the influence of
natural preferences (Viana et al., 2013). Two identical objects (A and
B) were initially positioned in the arena for a 5-min exploration. After
a 40-min interval, the animals returned to the arena. For this second
5-min session, the spatial position of the objects remained the same
as in the first session, but object B was replaced by a novel object (C)
with a different shape. The animal demonstrated that it could
differentiate the shapes when it dedicated more time to exploring the
novel object in this second session. To better evaluate the memory
effects, the discrimination index (DI; Viana et al., 2013) was calculated
using the formula DI=(TN-TF)/(TN+TF), where TN and TF
represent the exploration time of the object with a novel and familiar
characteristic, respectively (either by shape or spatial position). The
criterion for defining exploration was based on ‘active operation;
when the animal touched objects at least with its nose.

2.6. Recording of cortical spreading
depression
On PND36-42, the animals were anesthetized with an
intraperitoneal injection of a mixture of urethane and chloralose (1g/
kg and 40 mg/kg, respectively). Three trephine holes were drilled on the
right side of the skull, aligned in the frontal-occipital direction and
parallel to the midline. One hole (2-3 mm in diameter) was positioned
on the frontal bone and was used to apply the cortical spreading
depression (CSD)-eliciting stimulus (KCl solution). The parietal bone’s
other two holes (3-4mm in diameter) were used to record the
propagated CSD wave. During surgery and recording, the animals
breathed spontaneously, and their rectal temperature was monitored
and kept at 37+£1°C. As a rule, topical application of 2% KCl
(approximately 270 mM) for 1 min at a point on the exposed frontal
cortical surface elicited a single episode of CSD. KCl application was
repeated every 20 min during the 4-h recording session. The depression
of the ECoG waves and the slow potential shift of the CSD were
recorded using two Ag-AgCl-Agar-Ringer electrodes located at the
parietal region on the stimulated hemisphere. A third electrode of the
same type was placed on the nasal bones and was a standard reference
for the other two recording electrodes. The CSD propagation velocity
was calculated from the time required for a CSD wave to cross the
distance between the two cortical recording points. The starting point
of each ascending phase of the negative component of the slow potential
shift of CSD was used as a reference point to calculate the propagation
velocities of the phenomenon. Additionally, the amplitude and duration
of the negative component of CSD were calculated, as previously
reported (Mendes-da-Silva et al.,, 2014). Figure 1 shows the time points
of melatonin treatment (postnatal days 7 to 27), behavioral tests (PND
30-34), and CSD electrophysiological recordings (PND 36-42).
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Schematic diagram showing the time points of melatonin treatment
(postnatal day 7 to 27), behavioral tests (PND 30-34), and CSD
electrophysiological recordings (PND 36-42).
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(A) Mean body weights of the two control groups (intact and vehicle)
and those treated with MLT (10 and 40mg/kg/day; MLT-10 and MLT-40
groups, respectively). Animals were weighed on Days 7 (a), 14 (b), 21 (c),
and 28 (d) of postnatal life. MLT treatment did not influence weight
gain. The two-way ANOVA for repeated measures and one-way
ANOVA confirmed that, at an older age, animals from the same group
were significantly heavier than at a younger age, and the absence of
intergroup differences indicated a similar weight gain for all groups.

(B) Blood glucose levels of the four groups in this study. Blood glucose
was measured twice at PND28, 4h before and 4h after MLT
administration; under these conditions, the treatment with MLT did not
influence the glycemia of the animals (intragroup comparison: p>0.05;
paired t-test). The comparison between MLT-treated and non-treated
groups revealed no intergroup difference [one-way ANOVA; F(3,
36)=0.216; p=0.885]. Data are expressed as the mean+standard
deviation. The n is 10 for each group, as stated in the methods.

2.7. Analyses of brain MDA and SOD

In the four experimental groups, malondialdehyde (MDA) and
superoxide dismutase (SOD) levels were measured in 20 rats (5 animals
from each group). After the CSD recording session, these 20 animals
were decapitated, and the entire cortex of the right hemisphere was
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dissected and individually homogenated. We measured MDA levels
using a thiobarbituric acid-reactive substances-based method as a way
to estimate the levels of lipid peroxidation in the brain (Ohkawa et al.,
1979; Mendes-da-Silva et al., 2014). Initially, 40 pL of 8.1% sodium
dodecyl sulfate, 300 pL of 20% acetic acid (pH 3.5), and 300 pL of 0.8%
thiobarbituric acid solutions were added to a 100-pL homogenate
aliquot in a boiling water bath for 30 min. Then, the tubes were cooled
with tap water, and 300 pL of n-butanol was added to the sample. After
centrifuging the tubes at 2,500 xg for 10 min, the organic phase was
read at 532nm using a plate reader. MDA values were expressed as
nmol/mg of protein in the homogenate.

The levels of SOD were assessed as described elsewhere (Misra
and Fridovich, 1972), based upon the brain tissue’s ability to reduce
the formation of the pink chromophore, adrenochrome, from the
oxidation of epinephrine. Briefly, brain homogenates were prepared
at 10mg of protein/mL dilution and added to a 96-well plate to
determine enzymatic activity. Then, the solution was supplemented
with 1.5mM epinephrine. The rate of adrenochrome formation was
estimated by measuring absorbance at 15-s intervals for 2 min. SOD
values were expressed as U SOD.min™'/mg of protein, where one unit
of SOD is defined as the amount of enzyme required to halve the
spontaneous rate of adrenochrome formation.

The total protein concentrations in the homogenates were
determined with the BCA Protein Assay Kit (Pierce, Rockford, IL,
United States). Measurements were carried out in triplicate.

2.8. Statistics

The results are expressed as the means + standard deviations. The
four treatment groups’ ponderal, behavioral, CSD, and biochemical
parameters were compared using one-way ANOVA, followed by a post
hoc test (Holm-Sidak), where indicated. Weight differences over distinct
ages were analyzed with ANOVA for repeated measures. The same
animal’s blood glucose levels before and after MLT were compared using
the paired ¢-test. Intergroup glucose levels were analyzed with one-way
ANOVA. A value of p < 0.05 was considered significant.

3. Results
3.1. Body weights

As illustrated in Figure 2A, ANOVA showed no significant
intergroup difference in body weight at 7 days of age [F(3, 36) =0.199;
p=0.896], at 14days [F(3, 36)=0.352; p=0.788], at 21days [F(3,
36)=0.762; p=0.525], and 28 days [F(3, 36)=1.939; p=0.151]. The
administration of the two different doses of MLT did not change the
weight gain of the animals.

3.2. Glycemia

ANOVA revealed no intergroup difference in the blood glucose
levels [F(3, 36)=0.216; p=0.885], i.e., at PND28 (end of MLT
treatment), control groups and MLT-treated groups displayed similar
blood glucose levels. MLT also had no acute effect when comparing, in
the same animal, blood glucose before and after MLT administration
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in the two treated groups (p > 0.05; paired t-test). Data on glycemia are
shown in Figure 2B.

3.3. Behavioral reactions

3.3.1. Behavior suggestive of anxiety

The effect of MLT administration on behavioral activity in the OF
test is shown in Figure 3, left part. ANOVA indicated intergroup
differences for the number of entries into the central area [F(3,
36)=8.706; p<0.001] and time in the central area [F(3, 36)=5.993;
p=0.003]. The post hoc test indicated that the animals from the
MLT-10 group entered the central area more often and remained there
longer than the other three groups. There were no intergroup
differences regarding the distance traveled [F(3, 36) =0.456; p =0.600]
or immobility time [F(3, 36) =0.194; p=0.899].

The EPM test outcome is shown in Figure 3, right part. ANOVA
indicated intergroup differences for the entries into the open arms
[F(3, 35)=4.200; p=0.015] and time spent in the open arms [F(3,
35)=10.036; p<0.001]. The post hoc test (Holm-Sidak test) indicated
that the MLT-10 group entered the open arms more frequently and
stayed longer in the open arms than the control groups (intact and
vehicle). There was no intergroup difference regarding the traveled
distance [F(3, 35)=0.631; p=0.600] or immobility time [F(3,
35)=0.852; p=0.475].

3.3.2. Behavior in the object recognition memory
test

The outcome of the object recognition memory tests (performed
on PND31 and PND32) is shown in Figure 4. The upper graph refers
to the discrimination indices that indicate the recognition of a novel
spatial position of a familiar object. The lower graph corresponds to
the discrimination indices for recognizing an object with a novel

10.3389/fnins.2023.1269609

shape different from a familiar objects. ANOVA revealed intergroup
differences in spatial recognition [F(3, 36)=7.813; p <0.001] but not
in shape recognition [F(3, 35) =2.025; p=0.136]. The post hoc (Holm-
Sidak) test revealed that the MLT-10 group performed significantly
better (p<0.05) than the other three groups.

3.4. Cortical spreading depression features

Application of a cotton ball (1-2mm in diameter) soaked in 2%
KCl solution (approximately 270 mM) for 1 min, at 20 min intervals,
to a point in the frontal cortex, usually elicited a single wave of CSD
(Figure 5A). The propagating CSD wave was recorded by the two more
posterior electrodes on the stimulated hemisphere (see recording
points 1 and 2 in the skull diagram in Figure 5A).

Regarding the propagation velocity of CSD (Figure 5B), ANOVA
indicated intergroup differences [F(3, 36) = 85.130; p <0.001]. Post hoc
(Holm-Sidak) test comparisons showed that the low and the high
doses of MLT (10 and 40 mg/kg, respectively) significantly decelerated
and accelerated CSD (2.86 +0.14 mm/min and 3.96 +0.16 mm/min,
respectively; p <0.01), compared to the control groups (3.31 +0.10 mm/
min for the intact control and 3.25+0.11 mm/min for the vehicle-
treated groups).

The amplitude and duration of the negative component of the
slow potential change, which is the hallmark of CSD, are shown in
Figures 5C,D, respectively. ANOVA indicated a main effect of
treatment for amplitude [F(3, 36) =9.520; p <0.001] and duration [F(3,
36)=29.767; p<0.001]. The mean amplitudes in the two control
groups were 8.9+2.4mV and 9.0+ 1.7mV, respectively, for the intact
and vehicle-treated groups. For the groups treated with MLT (MLT-10
and MLT-40), the amplitude was 6.8+1.2mV and 13.2+2.3mV,
respectively, indicating that the treatment with the low and high doses
of MLT was associated with a significantly lower and higher amplitude
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Behavioral parameters were evaluated in the open-field (OF) apparatus and the elevated plus maze (EPM) task in 30-and 34-day-old rats. In both tests,
data are presented as the mean + standard deviation. The n is 10 for each group, as stated in the methods. *p < 0.05 (ANOVA plus Holm—Sidak test).
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in comparison to the control groups. The Holm-Sidak test indicated
that the two groups that were treated with 10 and 40 mg/kg MLT had
longer and shorter CSD durations, respectively (96.5+9.1s and
70.7 £4.0s, respectively), than the two control groups (83.9+5.4s and
82.1+4.0s for the intact and vehicle groups, respectively).

3.5. MDA and SOD levels in the cerebral
cortex

Table 1 presents the levels of MDA and SOD in the cerebral cortex
of control-and MLT-treated rats. ANOVA indicated intergroup
differences [F(3, 16) =6.152; p=0.006 for MDA, and 12.293; p=0.001
for SOD]. The post hoc test indicated that the MLT-10 group, but not
the MLT-40 group, presented with lower levels of MDA (3.34+1.24
nMol/mg protein) and higher levels of SOD (19.49 +4.57 AU/min/mg
protein), as compared to the intact (MDA, 6.21+0.58 nMol/mg
protein; SOD, 7.39 +3.88 AU/min/mg protein) and vehicle controls
(MDA, 6.93+2.53 nMol/mg protein; SOD, 7.59 +3.71 AU/min/mg
protein) [Holm-Sidak post hoc test; p<0.01].

4. Discussion

For the first time, we have documented, in the brains of developing
rats, the differential, dose-dependent effects of MLT treatment on
behavioral (anxiety and memory) and electrophysiological (spreading
depression) aspects of brain function. Our data from the anxiety and
memory tasks suggest an anxiolytic effect of the lower dose but not
the higher dose of MLT (see Figures 3, 4). In addition, our CSD
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(A) Representative traces illustrating the typical ECoG depression

(E) and the slow potential change (P) of cortical spreading depression
(CSD). These traces were recorded at two cortical points (1 and 2) in
two control (intact and vehicle) and two MLT-treated, 36—42-day-
old male rats. The skull diagram shows the first and second
recording positions (1 and 2), from which the traces marked with the
same numbers were obtained. The position of the standard
reference electrode (R) on the nasal bones and the application point
of the CSD-eliciting stimulus on the frontal cortex is also shown.
CSD was elicited in the frontal cortex by chemical stimulation (a

1-2 mm diameter cotton ball soaked with 2% KCl) applied for 1 min
on the intact dura mater, as indicated by the horizontal bars under
the traces at point 1. The vertical dashed lines indicate the latency for
a CSD wave to cross the interelectrode distance. Longer and shorter
latencies were observed in the MLT-10 and MLT-40 groups,
respectively. Panels (B—D) show the CSD propagation velocity,
amplitude, and duration, respectively. Data are the mean values of
10-12 CSD episodes per rat from 20 controls (10 intact and 10
saline-treated rats) and 20 MLT-treated rats (10 MLT-10 and 10 MLT-
40 animals) recorded over a 4-h recording session. *p < 0.005
(ANOVA followed by the Holm-Sidak test)
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findings indicate that MLT may act differentially in the brain at low
and high doses, decelerating and accelerating CSD propagation,
respectively (see Figure 5).

The introduction mentions that MLT1 and MLT2 receptors are
predominantly found in subcortical brain regions (Dubocovich et al.,
1998; Lacoste et al., 2015). Therefore, these receptors are unlikely to
directly mediate the MLT action on a cortically-based phenomenon
like CSD. However, we cannot exclude the role of MLT receptors in
processes such as anxiety and memory. On the other hand, MLT at
physiological concentrations protects mitochondria from oxidative
damage (Zhang and Zhang, 2014). In vitro evidence suggests that,
depending on the concentration, MLT can generate functionally
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TABLE 1 MDA and SOD levels in the cerebral cortex of 36—42-day-old rats (n = 20) previously treated (5 rats per group) every other day, from postnatal
day 7 to 27, with 10 or 40 mg/kg/d melatonin (groups MLT-10 and MLT-40, respectively), or vehicle, or not treated at all (intact group).

Treatment group (n =5 per group)

MDA level (hMol/mg protein)

SOD (AU/min/mg prot.)

Intact 6.21+0.58 7.39+3.88
Vehicle 6.93+2.53 7.59+3.71
MLT-10 3.34+£1.24% 19.49 +4.57%%
MLT-40 4.32+0.82 11.00+3.33

Data are expressed as mean + standard deviation. *Significantly different from the intact and vehicle groups **Significantly different from the other three groups (p<0.01; ANOVA followed by

the Holm-Sidak test).

significant amounts of ROS (Zhang H. et al., 2011; Zhang H. M. et al,,
2011; Martinis et al., 2012; Zhang and Zhang, 2014). As in other
organs, the biochemical and morphological organization of the brain
can be altered by oxidative stress after the imbalance represented by
the increase in ROS production; on the other hand, the decrease in the
effectiveness of antioxidant systems can also alter the redox imbalance
(Guedes et al., 2012; Mendes-da-Silva et al., 2014). When this
imbalance occurs early in life, the deleterious consequences for brain
functioning may be more severe than in the adult brain (Grantham-
Mcgregor, 1995; Guedes et al., 2012; Colella et al., 2016).

The absence of a weight gain difference after the administration of
MLT (Figure 2A) is in line with the fact that the animals in the four
groups of this study were subjected to the same conditions of food
ingestion (free access to food) and caloric expenditure. Food intake
and caloric expenditure were not presently calculated; notwithstanding
that, the similar weight gain in all groups suggests no relevant effect
of MLT on those parameters under the experimental conditions and
age range of the animals in our experiment. The young animals from
this study were clinically healthy; no significant difference in blood
glucose levels was found between the MLT-treated and control groups
(Figure 2B). Our speculations in this regard are limited, as we did not
measure insulin and lipid levels that could prove any relationship with
MLT. However, some studies reported a greater insulin secretion after
MLT administration, linking oscillations in the circadian rhythm to
diabetes development [see the recent study by Xia et al. (2023)].

The interpretation of the parameters provided by the behavioral
tests with rodents is based on established behavioral neuroscience
literature (see Améndola et al., 2022). The present results revealed that
MLT had an anxiolytic action (Figure 3) and positively impacted
object recognition memory tests (Figure 4). In the OF task, the
number of entries into the center and the time spent in this area
represent a “risky activity” for the animal. Therefore, the MLT-10
group exhibited anxiolytic-like behavior compared to all other groups.
In the EPM task, the “risky activity” is represented by the number of
entries into the open arms and the time spent in these areas (Pellow
etal, 1985). The animals that received the lower dose of MLT (10 mg/
kg) entered more frequently and remained longer in the aversive
region (open arms). Therefore, the MLT-10 group, but not the MLT-40
group, showed an anxiolytic-like behavior compared to the Control
and Intact groups.

In the PR and SR tasks, the discrimination index calculates
cognitive performance—represented by sensory-spatial ability—(see
section 2). The higher the index, the better the animals cognitive
performance. Therefore, the MLT-10 group showed better cognitive
activity in the spatial recognition task than all other groups. The
results of OF and EPM indicate that the MLT-treated rats presented
less anxiety behavior and improved memory, and surprisingly, these
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effects were significant at the low MLT dose. We suggest this is related
to the dose-associated redox imbalance, as our brain MDA and SOD
measurements indicated (Table 1). Indeed, the decreased levels of
MDA and increased levels of SOD in the MLT-10 group suggest that
melatonin at this dose had an antioxidant effect in the developing
brain. A recent study (Al Gburi et al, 2023) came to the
same suggestion.

Childhood and adolescence are crucial for developing learning,
memory, and emotional responses (Sun et al., 2021). MLT has anti-
inflammatory, anti-amyloidogenic, and antioxidant properties that
underlie its potential to reduce brain damage resulting from
inflammatory, amyloidogenic, and oxidant processes and improve
learning and memory deficits with long-term treatment (Zakaria
et al., 2016; Twashita et al., 2021). A single administration of MLT
facilitates cognitive performance in humans (Foster et al., 2014).

This study used electrophysiological analysis of CSD parameters
to identify MLT’s possible antioxidant (CSD deceleration) and
prooxidant (CSD acceleration) actions. Some exogenous and
endogenous antioxidant compounds can, under certain circumstances,
exert prooxidant activities. That is the case for tocopherol (Gogvadze
et al., 2010) and ascorbate (Otero et al., 1997; Podmore et al., 1998;
Dosedél et al., 2021). Our group has demonstrated that rats treated
with increasing doses of ascorbic acid displayed a biphasic effect of
this treatment on the propagation of CSD, with a deceleration of the
phenomenon at a lower dose and an acceleration of CSD with higher
doses. The CSD decelerating effect of low doses of ascorbic acid was
associated with decreased malondialdehyde levels in the brain,
compared with those in the corresponding saline and intact groups
(Mendes-da-Silva et al., 2014).

The mechanisms by which high concentrations of MLT could
stimulate the production of ROS have yet to be determined. Zhang
and Zhang (2014) suggested that the weak interaction between
calmodulin and MLT might be involved in the stimulation of ROS
production. One possible speculation is that different concentrations
of MLT may differentially modulate the subcellular localization of
calmodulin, thus dictating its involvement in prooxidant vs.
antioxidant activities. Calmodulin is a protein that binds with low
affinity to MLT and appears to mediate MLT prooxidant action.
Furthermore, MLT can interact with mitochondria to promote the
generation of ROS. Notably, applying a high concentration of KCI to
the rat cortex (a procedure that indeed triggers CSD) influences the
expression of calmodulin (Torrao et al., 2002).

In vivo evidence indicates that MLT is a potent antioxidant at
typical pharmacological concentrations but may have a prooxidant
action in the presence of copper ions (Wang et al., 2019b). We do not
know whether brain copper levels were altered in our animals;
probably not. However, it is worth mentioning that, under this curious
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condition, melatonin can act as a prooxidant molecule (Wang et al.,
2019a,b). In in vitro experiments, the prooxidant action of MLT
promotes inflammatory responses and apoptosis (Wolfler et al., 2001;
Radogna et al., 2010). Interestingly, the extracellular increase in ROS
facilitates CSD elicitation and propagation, both in vitro (Netto and
Martins-Ferreira, 1989) and in vivo (El-Bachd et al., 1998). CSD is
modulated by changes in brain excitability (Koroleva and Bures, 1980;
Guedes and Abadie-Guedes, 2019) and is influenced by the production
of ROS-like superoxide anions in brain tissue (El-Bacha et al., 1998;
Sousa et al., 2021). Although we did not measure ROS directly,
we measured MDA and SOD levels in the cerebral cortex. These
molecules are cellular markers of redox imbalance because they
change proportionally to the amount of ROS. MLT can also exert anti-
excitotoxic effects through its neuroprotective action involving
gamma-aminobutyric acid (GABA) as a mediator (Pandi-Perumal
et al,, 2013). This possibility is supported by studies indicating that
MLT protects neurons from the toxicity of beta-amyloid peptide (the
main neurotoxin involved in Alzheimers disease) by activating
GABAergic receptors (Louzada et al., 2004). After hypoxia injury in
rats, MLT administration reduced glutamate levels and hypoxia-
induced structural damage to neurons, axons, and dendrites in the
brainstem, suggesting that it can ameliorate excitotoxic injury (Kaur
et al, 2011). Notably, gamma-aminobutyric acid and glutamate
neurotransmitters are causally related to the neuroexcitability
influences on CSD (Lima et al., 2009; Barhorst et al., 2022).

The findings of this study cannot be attributed to the use of
negligible amounts of ethanol to dissolve MLT or to the stress related
to intraperitoneal injection, as the two control groups (vehicle and
intact animals) showed similar behavioral reactions and CSD features.
The oral route of administration is clinically the most used in the case
of MLT. When ingested orally, only 15% of the MLT dose reaches the
systemic circulation; the remaining 85% may undergo significant first-
pass metabolism (Demuro et al., 2000). In addition, MLT does not
appear to produce physiological or psychological dependence
(Andersen et al., 2016).

5. Limitations of this study
5.1. Animal’s sex

Although we recognize sex as an essential biological variable on
the effects of endogenous melatonin (Kawabata-Sakata et al., 2020),
our study included only male rats. This limitation occurred because
the hormonal oscillations of the female rat due to the estrous cycle are
fast and complex and can alter the parameters that we addressed
currently, including CSD (Accioly and Guedes, 2020). The need to use
males only becomes even more evident when we use rats in the age of
sexual maturation (i.e., from PND 35; Sengupta, 2013). Therefore, in
various study groups in fundamental neuroscience, it is common to
invest an initial effort in male rats and only then, with a well-
established database, apply the same methodologies in female rats.

5.2. Endogenous MLT

Even though we evaluated the administration of exogenous MLT
at two concentrations (10 and 40 mg/kg), we did not measure the

Frontiers in Neuroscience

16

10.3389/fnins.2023.1269609

impact of endogenous MLT—and its physiological oscillations—on
electrophysiological parameters, for example. In this study, all
experiments were performed during the dark phase of the circadian
cycle, when the concentration of endogenous MLT is known to
be higher (Govindarajulu et al., 2022). However, it would be interesting
to study a control group in which the experiments were carried out in
the rat’s light phase.

5.3. Routes of exogenous MLT
administration

According to Yeleswaram et al. (1997), after intraperitoneal
administration of 10 mg/kg Melatonin in rats, only 74% of this initial
amount is bioavailable in the plasma due to the hepatic first-pass
metabolism. Such pharmacokinetic effect is also observed in the oral
route (Demuro et al., 2000). So, to evaluate the importance of the
initial metabolism of the drug, it would be interesting to compare it
with another parenteral route (e.g., intradermal, intravenous,
or intracerebroventricular).

5.4. MLT-receptor dependent vs.
independent action

Although we evaluated some of the receptor-independent effects
of MLT—e.g., oxidative stress markers—we did not analyze in-depth
MLT receptor expression or their downstream impacts. As stated in
the Discussion, it is unlikely that these receptors mediate the MLT
action on a cortically-based phenomenon like CSD, but we cannot
exclude the role of MLT receptors in processes such as anxiety and
memory (Dubocovich et al., 1998; Lacoste et al., 2015). Therefore,
we encourage future work on this topic.

In conclusion, our findings demonstrate that the behavioral and
electrophysiological effects of MLT treatment early in life differentially
change as a function of the MLT dose. In behavioral parameters
suggestive of anxiety and memory, MLT diminished anxiety and
improved object recognition memory at the low dose but not at the
high dose. Accordingly, MLT decelerated CSD propagation at the low
dose (10 mg/kg) and accelerated CSD at the high dose (40 mg/kg) on
the developing rat cortex. In this study, MLT at the low dose (but not
at the high dose) was associated with significantly lower MDA and
higher SOD cortical levels than the control groups. Based on these
behavioral, electrophysiological, and biochemical pieces of evidence,
we suggest that, in addition to the receptor-mediated MLT actions
(Dubocovich et al.,, 1998; Lacoste et al., 2015), MLT acts as an
antioxidant when given in low doses and may act as a prooxidant
when given in high doses, as occurred with CSD under treatment with
ascorbic acid (Mendes-da-Silva et al., 2014). However, confirming this
suggestion requires a more detailed evaluation of the redox imbalance
in the brain.

It is still uncertain whether this new effect of MLT can
be extrapolated from the rat to the developing human brain (Vine
etal., 2022; Reiter et al., 2023). However, the clinical evidence suggests
that melatonin may improve sleep disorders, cognitive functioning
(Sumsuzzman et al., 2021), and neonatal hypoxic-ischemic brain
lesions (Cardinali, 2019). In addition, melatonin may benefit classical
migraine patients (Ebert et al., 1999) and improve blood glucose levels
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in diabetes (Delpino et al., 2021). Interestingly, melatonin levels are
reduced in some metabolic, cardiovascular, and neurological diseases
(Cardinali, 2020). This evidence suggests a possible relevant
implication of our novel findings in the developing rat brain.
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Introduction: The expression and localization of the water channel transporters,
aquaporins (AQPs), in the brain are substantially modified in gliomas
during tumorigenesis, cell migration, edema formation, and resolution. We
hypothesized that the molecular changes associated with AQP1 and AQP4 in the
brain may potentially be anticancer therapeutic targets. To test this hypothesis,
a bioinformatics analysis of publicly available data from international consortia
was performed.

Methods: We used RNA-seq as an experimental strategy and identified the
number of differential AQP1 and AQP4 transcript expressions in glioma tissue
compared to hormal brain tissue.

Results: AQPs genes are overexpressed in patients with glioma. Among
the glioma subtypes, AQP1 and AQP4 were overexpressed in astrocytoma
(low-grade glioma) and classical (high-grade glioma). Overall survival analysis
demonstrated that both AQP genes can be used as prognostic factors for
patients with low-grade glioma. Additionally, we observed a correlation between
the expression of genes involved in the tyrosine and thyroid hormone pathways
and AQPs, namely: PNMT, ALDH1A3, AOC2, HGDATP1B1, ADCY5, PLCB4, ITPR1,
ATP1A3, LRP2, HDACI1, MED24, MTOR, and ACTB1 (Spearman’s coefficient = geq
0.20 and p-value = < 0.05).

Conclusion: Our findings indicate that the thyroid hormone pathways and
AQPs 1 and 4 are potential targets for new anti-tumor drugs and therapeutic
biomarkers for malignant gliomas.

KEYWORDS

gliomas, AQPs, water movement, biomarkers, gene expression, thyroid hormones,
correlation analysis
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1 Introduction

Gliomas are the most common central nervous system
tumor type accounting for approximately 80% of all malignant
intracranial tumors with high
(Ostrom et al., 2014).

Depending on the cell type of origin, they can be classified or

episodes of recurrence

subdivided into astrocytomas, ependymomas, oligodendrogliomas,

oligoastrocytomas, multiforme  (GBM)
(Ostrom et al., 2014).

Glioblastoma is the most aggressive brain tumor owing to

and glioblastoma

its high invasiveness. Despite advances in therapeutic modalities
(tumor resection combined with chemotherapy and radiotherapy),
the overall patient survival rate is 12-15 months from the initial
diagnosis, with only 5% of patients reaching a 5-year survival rate
(Fedele et al., 2019).

Likewise, temozolomide (TMZ), a DNA alkylating agent, is
the standard first-line treatment for GBM, has a significant tumor
recurrence rate and confers drug resistance (Strobel et al., 2019)
due to its low specificity and limitations in crossing the blood-brain
barrier (BBB).

Persistent headaches, neurological and behavioral deficits,
seizures, cognitive deficits, drowsiness, dysphagia, confusion,
aphasia, motor deficits, fatigue, dyspnea, and mood changes
are common symptoms in patients diagnosed with glioblastoma
(Maugeri et al., 2016; IJzerman-Korevaar et al., 2018). Usually, its
localization, size, and grade make it inoperable and difficult to treat,
drastically decreasing the quality of life of patients with glioma
(Fedele et al., 2019).

Many symptoms are derived from neurological findings such
as increased intracranial pressure and brain herniation. Edema
around the tumor causes hypoxia (lack of oxygen supply) (Solar
et al., 2022), resulting in long-term disability, psychiatric disorders,
substance abuse, or self-harm (Huang et al., 2021).

A clinical study carried out by Wu et al. (2015) showed
that within the identification of peritumoral edema during the
preoperative period in patients with glioblastoma, factors such
as necrosis and edema extent were independent factors for poor
outcome and overall survival (OS).

Aquaporins (AQPs), a family of transmembrane water channel
proteins, play a critical role in responding to changes in the
osmotic environment. Eight members of the water channel
family are expressed in the central nervous system (Saadoun
et al, 2002; Maugeri et al, 2016). AQP1 and AQP4 are the
major water channels in the brain and play a pivotal role
in water homeostasis and the maintenance of BBB integrity
(Galan-Cobo et al., 2016).

Abbreviations: ANOVA, analysis of variance; AQP, aquaporin; BBB, blood-
brain barrier; Cl, confidence interval; CNS, central nervous system; CSF,
cerebrospinal fluid; DEG, differentially expressed gene; GBM, glioblastoma;
GTEx, the genotype-tissue expression; GEPIA, gene expression profiling
interactive analysis; HR, hazard ratio; IDH, isocitrate dehydrogenase; KEGG,
Kyoto Encyclopedia of Genes and Genomes; LGG, low-grade glioma;
MGMT, O-6-methylguanine-DNA methyltransferase; NCBI, national center
for biotechnology information; NTIS, Non-thyroidal illness syndrome; OS,
overall survival; RNA-seq, Ribonucleic Acid sequencing; TCGA, the cancer
genome atlas; TMZ, temozolomide; TIMER, tumor IMmune estimation
resource; TPM, transcript per million; TSH, thyroid-stimulating hormone;
WHO, World Health Organization.
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Brain AQPs are distributed primarily in astroglial membranes,
especially in perivascular astrocyte foot processes and glia limitans,
near the brain fluid compartments (Hubbard et al, 2018; Li
et al., 2019) and ependymal cells, providing an efficient system to
promote water and solute transport between the perivascular space
and glial cells, and to support brain parenchymal clearance through
the glymphatic system (Smith et al., 2017; Mestre et al.,, 2018;
Lohela et al., 2022).

AQP4, an orthodox AQP type, is upregulated in gliomas and
is involved in the tumorigenesis process, that is, cell migration,
invasion, and functional changes in the surrounding tissue. AQP4
distribution has been hypothesized to underlie mechanisms related
to the degree of malignancy (Lan et al., 2017), edema formation in
the peritumoral region, increased intracranial pressure, and seizure
episodes (Dubois et al., 2014; Maugeri et al., 2016).

Tumor cell migration is a complex mechanism not
well understood. However, angiogenesis is a critical feature
differentiating high-grade and low-grade glioma. Glioblastoma as
the most aggressive brain tumor shows morphological and vascular
changes characterized by a high invasiveness and migration,
which are associated with the expression of AQP1 and AQP4 and
mesenchymal transformation as previously described (Hardee and
Zagzag, 2012; Brennan et al,, 2013).

Aquaporins have been described to have a vital role in
enhanced invasion and tumor cell migration as reviewed by
De Teso and Yool (2018) and Moon et al. (2022). Of special
importance is the role of AQP1 and -4 in the proposed mechanism
of invasiveness and migration of glioma cells. During tumor
cells metastasis modifications of blood supply, cytoskeleton and
extracellular matrix structure are needed to promote angiogenesis
for tissue demands of oxygen and nutrient delivery. AQP1 was
found to boost endothelial cell migration and, in association with
overexpression of AQP4 to regulate water influx and extracellular
matrix interaction leading to tumor cell membrane filopodia
formation, mechanisms linked to metastasis progression.

Several in vitro and in vivo studies have reported reduced
invasive capacity and migration in tumors after AQP4 depletion
or downregulation (Ding et al., 2010, 2011; Cheng et al., 2017)
by decreasing water permeability, which in turn upregulates
transmembrane water fluxes during tumor or healthy astroglial cell
movement (Huang et al., 2021).

In contrast, AQP1 (also considered a classic aquaporin) is
predominantly expressed in the circumventricular brain and areas
associated with cerebrospinal fluid production. Its expression
is altered in the human brain under pathological conditions
(Lima et al, 2012) such as cancer. In brain tumors, AQP1
and AQP4 expression is upregulated with the malignancy grade
(Saadoun et al., 2002).

Inhibition of tumor growth and suppression of vasculogenic
mimicry formation were observed following AQPI silencing
in vivo, which could be related to reduced tumor aggressiveness,
malignancy, and metastasis (Perry and Wesseling, 2016).

More recently, the newly wupdated World Health
Organization (WHO) Classification of Tumors of the Central
based on their
histological appearance and molecular markers (genotypic
classifications). ~Namely: isocitrate dehydrogenase (IDH)
mutation, 1p/19q codeletion, and O-6-methylguanine-DNA
methyltransferase (MGMT) methylation, avoiding imprecise

Nervous System classifies brain tumors
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diagnosis, thereby significantly influencing in the selection of
treatment options for patients (Martinez-Lage and Sahm, 2018;
Huang et al., 2020).

Owing to the role of molecular markers in the early
diagnosis of gliomas, we hypothesized that AQP1 and AQP4,
as homeostatic brain proteins, could act as potential anticancer
therapeutic targets.

In this study, we aimed to characterize the expression patterns
of genes encoding AQP1 and AQP4 proteins and to identify the
genes present in the cancerous microenvironment that potentially
regulate or correlate with their expression in human gliomas.
Our findings, from a bioinformatic approach, allowed us to
conduct a wide and diversified scale analysis and provided evidence
for the role of these proteins and other related genes, thus
paving the way for the development of potential biomarker
candidates for the diagnosis and therapeutic targets of glioma for
future research.

2 Materials and methods

2.1 Experimental design

This study was executed using publicly available data
from international consortia. In this study, RNA-seq was
used as the search strategy. Differential expression analysis
was performed statistical

using  Bioconductor packages

with R software (version 4.1). Genomic data on human
cancer samples originated from The Cancer Genome
Atlas (TCGA) and healthy tissue of the Genotype-Tissue
Expression (GTEx) project.

We used web tools to assess the variables beyond differential
expression. Correlation analysis was performed using Gene
Expression Profiling Interactive Analysis (GEPIA2) (Tang et al,
2019),! survival analysis, and Tumor IMmune Estimation Resource
(TIMER) (Li et al., 2020).? In addition, we used the Atlas
of Human Pathology® to visualize the distribution pattern
of AQP1 and AQP4 proteins in healthy brain and cancer
tissues.

The
discovery (DAVID) web server (Sherman et al., 2022)* was used

database annotation, visualization, and integrated
to identify a network of related genes in altered pathways in the
tumor microenvironment (functional enrichment analysis). The
same analysis was performed using PathfindR package (Ulgen
etal,, 2019).

In a short time, the genes involved in the pathways of our choice
were evaluated by the degree of correlation with AQPI and AQP4
expression in glioma tissues, both low-grade glioma (LGG) and
GBM, to find similarities in expression profiles and suggest some
degree of co-regulation.

Clinical data from patients regarding brain tumor location were
not accessed and were not included in this study.

1 http://gepia2.cancer-pku.cn
2 http://timer.cistrome.org/

3 https://www.proteinatlas.org/
4 https://david.ncifcrf.gov/
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2.2 Transcriptional expression of AQP1
and AQP4

Genetic profiles of normal and solid primary tumor tissues
for the two types of cancer were downloaded from TCGAS® using
TCGAbiolinks R package version 2.12.6.

A dataset composed of 2,080 RNA-seq of both tumor stages
(LGG and GBM, N = 671) and healthy patient samples (N = 1,409)
from TCGA and GTEx projects was used. Data were derived from
the Mlumina HiSeq RNA-Seq platform. The transcript levels of
orthodox AQPs (AQP1 and AQP4) in tumor and non-tumor tissues
were evaluated. All data were processed and standardized using R
software version 4.1.0.

The GEPIA2 web-based tool was used to build graphs to better
visualize the results. One-way analysis of variance (ANOVA) was
used for the assessment of the disease state: tumor, N = 518 (LGG)
and N = 163 (GBM), or normal brain cortex, N = 207, as the variable
for calculating the differential expression. The expression data were
first transformed using the formula log2 (TPM + 1).

The fold change (log2FC) was defined as the difference in
the median value between the normal and tumor samples. Genes
with P < 0.05 and | log2fold change (FC)| > 1.0 were considered
differentially expressed genes (DEGs). The same analysis was
performed for glioma subtypes. All the results are presented in table
and box plot forms.

The values were calculated using the corresponding formula:

log2FC = log2 (B) —log2 (A)

Where B and A are representative of the median values of the
genes expressed in the tumor and median values of the expressed
genes in normal tissue, respectively.

2.3 Survival analysis

We sought to assess whether our search goal genes in this
study may have survival advantages and, thus, establish possible
prognostic markers, confirming their clinical significance.

Patients with glioma were divided into high- or low-level
groups based on the median value of genes, and OS rates were
evaluated using Kaplan-Meier analysis. The TIMER tool used the
log-rank test (Mantel-Cox test) for the hypothesis evaluation. The
Cox proportional hazard ratio (HR) and 95% confidence interval
(CI) were used as parameters in the Kaplan-Meier survival analysis.
Statistical significance was set at P < 0.05.

2.4 Functional enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) is
an integrated database resource for biological interpretation
of genome sequences and other high-throughput data. KEGG
analyses are available in the DAVID database (see text footnote
4), a data resource composed of an integrated biology knowledge
base and analysis tools to extract meaningful biological information

5 https://portal.gdc.cancer.gov/
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TABLE 1 AQP’s differential expression in gliomas samples from TCGA
and GTEx dataset.

P-value
*AQPI 1.42 1.66E-40 3.15E-40
*AQP4 1.02 8.82E-26 1.48E-25
*AQP5 —2.18 1.15E-100 3.51E-100
AQP7 —3.11 1.1E-114 3.76E-114
AQPS8 —2.19 7.71E-124 2.83E-123

*Orthodox aquaporins: functional division of AQPS. This group is permeable to water,
but not to small neutral solutes. Other members of the family of these proteins are
aquaglyceroporins (Yasui et al.,, 1999; Soveral et al,, 2010).

from large quantities of gene and protein collections. Dysregulated
pathway identification analysis was performed on differentially
expressed genes using the DAVID web tool. The DEG analysis
showed 4,820 genes in glioma samples (see Supplementary
material) that were divided into two groups of lists: upregulated

10.3389/fnins.2024.1349421

and downregulated genes (logfC > 1 and logFC < 0).
Subsequently, these lists were submitted separately to DAVID and

the results were generated.

2.5 Correlation analysis using the GEPIA2
tool

A pairwise gene Spearman correlation analysis between AQP1
or AQP4 and the expression of other preselected genes was
performed using GEPIA2.

GEPIA data are presented as a log-scale axis and a non-log
scale was used for calculation; the strength of the correlation
was determined using the following guide for the absolute value:
<0.2 (weak), 0.21-0.50 (moderate), 0.51-0.80 (strong), and 0.81-
1.0 (very strong). Spearman’s coefficients >0 indicate a positive
correlation, and coefficients less than zero indicates a negative
correlation. Spearman’s coeflicient >0.20 and p-values <0.05 were
considered significant in the current study.

FIGURE 1

GEPIA2 webserver in January 2021.
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FIGURE 2

Differential expression AQPs mRNAs from gliomas samples from
TCGA and GTEx dataset. AQP1 (A) and AQP4 (B) genes in normal
(N = 163; blue box for AQP1 data and green box for AQP4 data) and
tumor (N = 207; purple box) samples. Tumor samples are divided
into LGG and GBM groups (X-axis of both graphs). TPM, transcripts
per kilobase million; LGG, low-grade glioma; GBM, glioblastoma
multiforme. *p < 0.05. Graphs (A,B) were derived by the GEPIA2
webserver in January 2021.

3 Results

3.1 AQP1 and AQP4 genes are
overexpressed in gliomas compared to
normal brain samples

To characterize gene expression, differential expression analysis
from TCGA and GTEx datasets was performed using the R
software. This analysis revealed a list of 4,819 genes. Among these,
five AQPs family members were identified: AQPI, AQP4, AQP5,
AQP7, and AQPS.

As expected, both AQPI and AQP4 mRNAs were overexpressed
in glioma samples (logFC = 1.42 x 10+14 and 1.02 x 10+14;
P-value = 1.66E-40 and 8.82E-26, respectively) compared with the
healthy brain samples (Table 1 and Figures 1A, B, 2).

Histological samples of tumor and normal brain tissues from
the Human Protein Atlas database show the distribution of AQP1
and AQP4 proteins. The staining intensity of both proteins
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increased with the degree of tumor malignancy. Figures 3A-C
show AQP1I staining, while Figures 3D-F show AQP4 staining.

In addition, both AQP1 and AQP4 showed a significant
difference in expression pattern upon comparison with tumor
markers/antigens in gliomas that are consensually used in
clinical practice to establish degrees of malignancy and prognosis
(Soldatelli et al., 2022). For instance: TP53, ATRX, TERT, IDH1,
EGFR, and GFAP (Figure 4).

These results revealed a pivotal role of the above-mentioned
genes in the gliomagenesis process.

3.2 AQP1 and AQP4 seem to play
substantial roles in the molecular glioma
subtype

In a complementary manner, Figure 2 shows the differential
expression of AQPl and AQP4 in glioma subtypes. A and
B represent the expression patterns in the LGG subtypes
(astrocytoma, oligoastrocytoma, and oligodendroglioma). In
this case, AQP1 showed an increased number of transcripts
in astrocytomas compared than in oligodendroglioma tumors
(*p < 0.05) (Figure 2A). AQP4 mRNAs levels were not significant
in these LGG samples (Figure 2B).

Regarding the GBM subtypes (classical, mesenchymal, neural,
and proneural), only AQP4 presented considerable variation in
its expression between classical and proneural subtypes, being
more expressed in the classical case (*p < 0.05) (Figure 2D).
AQP1 mRNAs levels were not significant in these GBM samples
(Figure 2C).

These results indicate that the aquaporins in question most
likely have an oncogenic role only in cells of astrocytic origin.

3.3 AQP1 and AQP4 could be potential
risk factors and prognostic indicators for
patients with low-grade glioma

One of the factors in assigning clinical importance to a
therapeutic target is the probability of increasing the chances of
patient survival. Kaplan-Meier analysis revealed that OS was lower
in patients with LGG who had high AQPI (HR = 1.458; log-
rank = 0) and AQP4 (HR:1.191; log-rank = 0.003) expression
(Figures 5B, D). In the GBM patient groups, there was no
difference between the high and low expression groups of these
selected genes (Figures 5A, C).

Our findings suggest that high expression of AQPI and AQP4
may be a risk factor for poor prognosis in patients with LGG
because they are significantly associated with reduced survival.

3.4 Functional enrichment analysis

Understanding the disease functioning from different levels of
information is a crucial step in this line of work, as we look for
potential regulators of AQPs only in gliomas.

The DAVID tool analysis generated two lists of dysregulated
pathways from upregulated and downregulated genes in the glioma
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AQP1

AQP4

FIGURE 3

Human Protein Atlas (https://www.proteinatlas.org/).

Representative immunohistochemical staining distribution of AQP1 and AQP4 expressions in normal and glioma patient samples. Plates (A—F) are
captured in 100 wm. It is important to highlight that the staining (brownish) of the antibody for both proteins becomes more pronounced and denser
as the degree of tumor malignancy increases compared to representative images of healthy brain tissue (A,D). All data were extracted from the

HIGH-GRADE GLIOMA

microenvironment. A list of genes with LogFC > 1.0 revealed
64 altered pathways (Supplementary Table 1). Among them, 31
presented statistical significance (p < 0.05). Sixty-six pathways were
identified in genes with negative LogFC values (Table 2). Among
them, 30 were statistically significant.

PathfindR showed 113  pathways
represented differential

analysis
according  to

over-
glioma expression
(Supplementary Table 3).

Based on our previous study (Costa et al., 2019), where
AQP4 was overexpressed both during central nervous system
development and in human glioma cells and triiodothyronine
(T3) played a negative role in this expression pattern, we
chose tree-specific pathways in the downregulated list of the
functional enrichment analysis: hsa00350 (Tyrosine metabolism
[9 genes]); hsa04918 (Thyroid hormone synthesis [15 genes]);
and hsa04919 (Thyroid hormone signaling pathway [7 genes])
(Supplementary Table 3). It is worth noting that choosing the
genes from downregulated pathways was timely to antagonize the
overexpression of AQPs as well as in our experimental previous
study (in vivo and in vitro). In total, we identified 31 genes from
the cellular pathways identified in the enrichment analysis.

3.5 Spearman’s correlation

We hypothesized that the expression of both AQP1 and
AQP4 could be modulated by genes involved in thyroid function.
Although still controversial, accumulated evidence suggests that
thyroid function plays an important role in several pathological and
non-pathological processes of the central nervous system, including
gliomagenesis, cell migration and cerebral edema resolution
(Schiera et al.,, 2021) having AQP4 as one of its action targets,
as shown in two experimental circumstances, mentioned above,
evidenced by our research group (Costa et al., 2019). Tyrosine,
in turn, is the precursor amino acid of thyroid hormones by
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the iodination of tyrosine residues in thyroglobulin and has their
levels altered in some disease status (Khaliq et al., 2015). Here, we
attempted to identify potential regulators that could interfere with
some degree of regulation of the disposition and function of AQP1
and AQP4 in tumor cells (Tables 2-4).

Within the tyrosine metabolism pathway, five genes were
correlated with AQP1 and AQP4, although only four met the
statistical requirements already established: PNMT, ALDHIA3,
AOC2, and HGD (Table 2).

In the thyroid hormone synthesis pathway, six genes were
statistically significant (Table 3): ATP1B1, ADCY5, PLCB4, ITPRI,
ATPIA3, and LRP2. Only four genes involved in the thyroid
hormone signaling pathway (Table 4) were within the statistical
inclusion criteria described in Subsection 2.5: HDACI, MED24,
MTOR, and ACTBI. All these genes are also listed and have
potential actions on AQPs, as summarized in Table 5. Our data
refer to the number of transcripts using Spearman’s correlation
analysis (AQP1 and AQP4 vs. genes selected from the functional
enrichment analysis). Thus, we can consider them regulators at the
translational level.

4 Discussion

In this study, we aimed to identify the expression pattern of
AQPI and AQP4 genes in human gliomas, as well as to highlight
their regulatory potential within the cancer microenvironment.

We used RNA-seq as a search strategy to identify the differential
expression of AQP1 and AQP4 transcripts in glioma tissues data
compared to normal brain tissues data. Indeed, AQPs genes are
overexpressed in patients with glioma. Among the glioma subtypes,
AQPI and AQP4 are overexpressed in astrocytoma (LGG) and
classical glioma (GBM). OS analysis showed that both AQP genes
can be used as prognostic factors for patients with LGG, confirming
the results of previous studies and reinforcing their clinical value.
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FIGURE 4
Expression matrix graphs based on a list of genes considered biomarkers of glioma and AQP1 and AQP4. (A) Heat Map derived from GEPIA2. The
color density in each block represents the median value of gene expression in tumor tissue (GBM and LGG, separately) normalized by the maximum
median value of the expression in all blocks. These data were transformed for plotting [linear to log2(TPM + 1)]. Graphs (B,C) were created from the
values provided by the heap map for each gene with a subsequent comparison with both AQP1 and AQP4, respectively. For this, one-way ANOVA
was performed followed by Tukey’s multiple comparisons tests using GraphPad Prism version 8.0. **p < 0.01, ***p < 0.001, ****p < 0.0001. TP53,
tumor protein P53; IDH1, isocitrate dehydrogenase [NADP(+)] 1; EGFR, epidermal growth factor receptor; ATRX, ATRX chromatin remodeler; TERT,
telomerase reverse transcriptase; TPM, transcripts per kilobase million; GFAP, glial fibrillary acidic protein.

We also observed a correlation between the expression of genes
involved in the tyrosine and thyroid hormone pathways and AQPs.

Emerging evidence suggests a positive relationship between
AQP1 and AQP4 expression and histological tumor grade and
brain edema volume. Poor neurological prognosis has also been
reported (Suzuki et al, 2018; Chow et al, 2020). Our results
are supported by these findings, as aquaporin expression patterns
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increased when compared between molecular subtypes of gliomas:
AQP1 is increased in other subtypes of LGG classification
(astrocytoma); in contrast, AQP4 is increased in only the classical
subtype GBM.

Some current studies have highlighted the regulatory function
of AQPs on brain volume in many other neurological diseases
besides tumors (Sun et al, 2022; Ohmura et al, 2023). In
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FIGURE 5
Kaplan—Meier survival analysis. (A,C) Patients with GBM and (B,D) patients with LGG. The Cox proportional hazard ratio (HR) and the 95% confidence
interval were used in the Kaplan—Meier survival analysis. Red and blue curves represent high and low expression profiles, respectively. GBM, N = 523
patients with 448 dying. LGG, N = 514 patients with 125 dying. Log-rank P-values <0.05 were considered statistically significant. All graphs were
derived by the TIMER database in September 2021.

gliomas, both AQP1 and AQP4, when suppressed, offer a better
prognosis for patients affected by these types of tumors by
edema reduction (Faraj et al, 2022; Ohmura et al, 2023),
facilitating the management of neurological deficits in the pre-
and postoperative periods, with peritumoral edema being more
relevant, in terms of concerns the aggressiveness of this cancer,
rather than its extent, per se (Faraj et al, 2022). AQPI1, for
example, is upregulated in the peritumoral area, especially in the
vessels surrounding reactive astrocytes in high-grade gliomas. In
LGG, it showed an intense pattern of intratumoral expression
(Zoccarato et al, 2021). The discovery of the glymphatic
system was also important for the consolidation of AQPs as
targets therapeutic in brain edema regulation (Ding et al,
2023).

From these findings it is possible to suggest that AQPs are
perhaps more relevant in the tumor progression process, that
is, the transformation of LGG into GBM through the formation
of expansive edema, facilitating the invasion of tumor cells into
healthy tissue. The determining factors in the survival rate of
patients with GBM, in turn, are other and more diversified, in
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addition to the expression pattern of AQPs (Deb et al., 2012; Saito
et al.,, 2022), which would explain our results from the survival
analysis, where AQP genes only functioned as a risk factor for
survival in low-grade gliomas.

AQP4 isoforms, known as M1 and M23, have been shown
to change the aggregation/disaggregation state into orthogonal
arrangements of particles (OAPs) and glioma cell survival. One
study revealed that the isoform M23 reduced the invasion and
proliferation of glioma cells to promote their apoptosis (Simone
etal., 2019).

Some endogenous factors such as hormonal and metabolic
changes also modulate AQP4 expression in human gliomas (Lan
etal., 2017). Likewise, an increase in AQPI expression was observed
during central necrosis and hypoxia, which are characteristics of
GBM tumors (Hayashi et al., 2007; Honasoge and Sontheimer,
2013).

Gene expression is orchestrated by several endogenous and
exogenous factors, such as DNA-binding transcription factors,
regulatory proteins, and profile hormones (Bhat et al., 2021).
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A study conducted by Nauman et al. (2004) evaluated the
cellular concentrations of thyroxine (T4) and triiodothyronine
(T3) in non-thyroidal illness syndrome (NTIS) patients with
gliomas, where the thyroid stimulating hormone (TSH) serum
concentration was within the normal range and T4/T3 levels were
lower than normal (Nauman et al., 2004). They demonstrated that
thyroid hormone levels were significantly lower in glioma tissues
than in healthy tissues. In addition, both iodothyronine deiodinases
(types 2 and 3) were higher in tumor tissues than in non-glioma
tissues.

Some studies have shown that hypothyroidism is an important
factor in the prognosis and progression of metastatic cancer in
patients with brain cancer. For example, a cohort study (Berghoft
et al.,, 2020) identified a beneficial role of this clinical condition in
overall survival in patients with brain metastases, almost doubling
life expectancy from the diagnosis of primary and metastatic
cancer. Furthermore, the results of a clinical survey showed
that almost 40% of patients with brain tumors evaluated had
overt or subclinical hypothyroidism and 31% required hormone
replacement (Faghih-Jouybari et al., 2018).

In pediatric patients, an important probability of developing
thyroid dysfunction was found post-treatment with surgery,
chemotherapy, and radiotherapy (Jin et al., 2018; Cosnarovici et al.,
2020); moreover, abnormalities in thyroid function were found
in patients with AQP4 antibody-seropositive optic neuritis (Zhao
et al., 2017).
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TABLE 2 Correlation analysis between genes involved in the tyrosine
metabolism pathway and AQP’s genes.

Coeffici- Coeffici-
ent ent

Gliomas (LGG and GBM)

PNMT 0.25 4.5e-17 0.31 4.5e-17
ALDHIA3 0.31 5.3e-17 0.17 5.3e-17
TPO 0.056 0.14 0.0062 0.87
AOC2 —0.21 3.7e-08 —0.15 3.7e-08
GOTI —0.076 0.046 0.055 0.15
HGD 0.41 6.5¢-29 0.14 6.5e-29
ADHIB —0.063 0.1 0.079 0.039
TYRPI 0.12 0.0017 0.17 1.2e-05
TH —0.01 0.79 —0.033 0.39

We previously identified a negative modulator of AQP4 protein
and demonstrated that triiodothyronine (T3) treatment of GBM-
95-line cells resulted in a slight reduction in cell migration (Costa
etal., 2019); other studies have also evaluated the modulatory action
of this hormone on the expression of AQP4 in stroke animal models
(Sadana et al., 2015).
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TABLE 3 Correlation analysis between genes involved in the thyroid
hormones synthesis pathway and AQP’s genes.

AQP1 AQP4
ent ent

Gliomas (LGG and GBM)

PRKCG —0.075 0.049 0.17 4.8e-06
ADCY1 0.12 0.0023 0.18 1.2e-06
ATPIBI 0.23 1.2e-09 0.35 5.9e-21
ADCY5 —0.32 2.9e-17 0.0065 0.86
TPO 0.056 0.14 0.0062 0.87
PLCB4 —0.3 8.9e-16 —0.096 0.012
TG 0.18 4.3e-06 0.16 3.2e-05
CREB3L3 —0.082 0.033 0.1 0.0076
IYD 0.048 0.21 0.056 0.14
GPX2 —0.065 0.088 0.045 0.24
PRKCB —0.18 1.3e-06 0.11 1.3e-06
ADCY4 0.068 0.076 —0.037 0.33
ITPRI 0.23 2.6e-09 0.26 2.6e-09
ATPI1A3 —0.31 1.2e-16 —0.12 1.2e-16
LRP2 0.16 3.4e-05 0.22 3.4e-05

TABLE 4 Correlation analysis between genes involved in the thyroid
hormones signaling pathway and AQP’s genes.

AQP1 AQP4

Coeffici- | P-Value | Coeffici- | P-Value
ent ent

Gliomas (LGG and GBM)

SIN3A —0.14 0.00041 0.14 0.00024
HDACI 0.44 3.6e-34 0.15 7.6e-05
MED24 —0.24 2.1e-10 —0.22 5e-09
ATP2A2 —0.15 0.00013 0.16 3.5e-05
MTOR 0.27 3.3e-13 0.26 8e-12
ACTGI1 0.096 0.012 0.029 0.45
ACTB 0.35 1e-20 0.038 0.32

In recent years, a specific AQP4 inhibitor has been tested in
rodents and human brain glioma to directly measure water efflux
rate during tumorigeneses (Harrison et al., 2020; Rosu et al., 2020).
A promising study conducted by Jia et al. (2023) found a correlation
with water efflux in glioma cell cultures, rat and human glioma and
cell proliferation as measured by magnetic resonance imaging. This
discovery is in agreement with our results showing overexpression
of AQP4 genes in gliomas, placing aquaporin 4 as an important
biomarker to be used both in bioinformatics analyzes and in
brain imaging as a potential therapeutic treatment of gliomas. A
summary of what is hypothesized/proven about the modulation of
the expression of AQPs 1 and 4 in gliomas is briefly outlined in
Figure 6.

Therefore, according to our results, we suggest two new
hypotheses: (1) As all patient data are post-mortem (including data
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TABLE 5 Genes involved in the thyroid hormone and tyrosine pathways.

Official symbol Official full name

PRKCG Protein kinase C gamma

ADCY1 Adenylate cyclase 1

ATPIBI Atpase Na+/k+ transporting subunit beta 1
ADCY5 Adenylate cyclase 5

TPO Thyroid peroxidase

PLCB4 Phospholipase C beta 4

TG Thyroglobulin

CREB3L3 Camp responsive element binding protein 3 like 3
IYD Todotyrosine deiodinase

GPX2 Glutathione peroxidase 2

PRKCB Protein kinase C beta type

ADCY4 Adenylate cyclase 4

ITPRI Inositol 1,4,5—triphosphate receptor type 1
ATP1A3 Atpase Na+/k+ transporting subunit alfa 3
LRP2 LDL receptor related protein 2

SIN3A Transcription regulator Family member A
HDACI Histone deacetylase 1

MED24 Mediator complex subunit 24

ATP2A2 Atpase Na+/k+ transporting subunit alfa 2
MTOR Mechanistic Target of Rapamycin kinase
ACTGI Actin gamma 1

ACTB Actin beta

PNMT Phenylethanolamine N-methyltransferase
ALDHIA3 Aldehyde dehydrogenase 1 family member A3
AOC2 Amine Oxidase Copper Containing 2

HGD Homogentisate 1,2-dioxygenase

ADHIB Alcohol dehydrogenase 1B

TYRPI Tyrosinase-related protein 1

TH Tyrosine Hydroxylase

All information was derived from the National Center for Biotechnology Information (NCBI)
database. Available in: https://www.ncbi.nlm.nih.gov/guide/genes- expression/.

other than this one), it is possible that standard cancer treatment
led to hypothyroidism and subsequently downregulated the thyroid
hormone pathways. This could result in the overexpression
of AQP1 and AQP4 in the more aggressive glioma subtypes
[astrocytoma (LGG) and classical, (GBM)], as we present in the
differential expression results, (2) hypothyroidism would already
be a clinical risk condition for the development of glioma; patients
diagnosed early with the tumor would present a sub-clinical pattern
of thyroid gland dysfunction. This condition would be accentuated
by the anticancer therapeutic approach, and these patients would
have the same outcome and genetic, and molecular profiles as
mentioned in hypothesis 1.

Additional studies to clarify the specific inhibitors or promoters
of these pathways, as well as transcription factors and post-
transcription/translation modification methods, will help to
identify the most appropriate therapeutic targets for AQP1 and
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AQP4 modulation, relationships between genes, and signaling
pathways in gliomas.

To the best of our knowledge, this is the first study to suggest
a modulatory interaction between the gene encoding AQP1 and
pathways related to thyroid hormones.

5 Limitations

The brain tissue is substantially plastic and heterogeneous.
Factors such as age and sex can influence their genetic constitution.
Glial tumor characteristics may also change depending on
the topographic region of the brain where the tumor occurs.
The non-separation of categorical patient groups based on the
aforementioned factors is a limitation of this study. Single-cell
analysis from different glioma patient groups would help us to
confirm the oncogenic role of the AQPs studied here, as well as their
modulation by thyroid hormones.

6 Conclusion

To the best of our knowledge this study is the first to show a
strong potential functional relationship between AQP1 and thyroid
hormone pathways in brain tumors. The expression of AQP1
and AQP4 is significantly associated with a worse prognosis in
patients with LGG. The molecular pathways and AQP1 and AQP4
genes identified here may be useful for the molecular diagnosis
of gliomas and for screening new anti-tumor drugs for these
malignant tumors.
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Background: Depression is associated with greater functional impairment
and high societal costs than many other mental disorders. Research on the
association between plasma polyunsaturated fatty acids (PUFAs) levels and
depression have yielded inconsistent results.

Objective: To evaluate whether plasma n-3 and n-6 PUFAs levels are associated
with depression in American adults.

Methods: A cross-sectional study included 2053 adults (aged >20 y) in the
National Health and Nutrition Examination Survey (NHANES), 2011-2012. The
level of plasma n-3 and n-6 PUFAs were obtained for analysis. Self-reported
Patient Health Questionnaire-9 (PHQ-9) was used to identify the depression
status. Binary logistic regression analysis was performed to evaluate the
association between quartiles of plasma n-3 and n-6 PUFAs and depression
after adjustments for confounders.

Results: The study of 2053 respondents over 20 years of age with a weighted
depression prevalence of 7.29% comprised 1,043 men (weighted proportion,
49.13%) and 1,010 women (weighted, 50.87%), with a weighted mean (SE)
age of 47.58 (0.67) years. Significantly increased risks of depression over non-
depression were observed in the third quartiles (OR=1.65, 95% Cl=1.05-
2.62) for arachidonic acid (AA; 20:4n-6); the third quartiles (OR=2.20, 95%
Cl=1.20-4.05) for docosatetraenoic acid (DTA; 22:4n-6); the third (OR =2.33,
95% Cl=134-4.07), and highest quartiles (OR=1.83, 95% Cl=1.03-3.26)
for docosapentaenoic acid (DPAn-6; 22:5n-6); and the third (OR=2.18,
95% Cl=118-4.03) and highest quartiles (OR=247 95% Cl=131-4.68)
for docosapentaenoic acid (DPAn-3; 22:5n-3); the second (OR=2.13, 95%
Cl=1.24-3.66), third (OR=240, 95% Cl=128-4.50), and highest quartiles
(OR=2.24, 95% Cl=1.08-4.69) for AA/docosahexaenoic acid (DHA; 22:6n-3)
ratio compared with the lowest quartile after adjusting for confounding factors.

Conclusion: Higher plasma levels of AA, DTA, DPANn-6, DPAN-3 PUFAs, and AA/
DHA ratio may be potential risk factors for depression in US adults.

KEYWORDS

n-3, n-6, polyunsaturated fatty acids, depression, NHANES, PHQ-9, American, adult
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1 Introduction

Depression is a common and serious mental disorder and affects
more than 280 million people globally (1). In fact, the World Health
Organization ranked severe depression as the third cause of burden
of disease worldwide as early as 2008 and projected that the disease
will be the leading cause of disease burden worldwide by the year
2030 (2). In recent years, many studies have reported understanding
the role of different influence factors, such as neurotransmitter,
inflammatory markers and nutritional factors, to elucidate the
underlying pathophysiology of depression in adults (3-5).
Polyunsaturated fatty acids (PUFAs), as important nutrients, exhibit
significant effects on the composition of the intestinal microflora as
well as the function of the brain (6), and participate in numerous
biological processes such as oxidation, neurotransmission, and
inflammation (7, 8). Notably, PUFAs may play an important role in
depression and its symptoms. Increasing evidence suggests that
PUFAs could be associated with the pathophysiology of depression,
as well as with the mechanisms underlying the therapeutic actions of
antidepressants (9-11).

PUFAs are a class of fatty acids with two or more carbon-carbon
double bonds (10). In human health, some PUFAs are considered
essential nutrients, mainly including n-3 (primarily from fish, walnuts,
wheat germ, and flaxseed) and n-6 PUFAs (primarily from refined
vegetable oils such as corn, sunflower, and soybean), which cannot
be synthesized in the body and must be obtained from dietary sources
(8, 9). Various mental disorders such as Alzheimer disease (AD),
dementia, attention-deficit/hyperactivity disorder (ADHD), autism
spectrum disorder (ASD), schizophrenia, Bipolar disorders (BD) and
depression have been suggested to be associated with altered levels
and functions of PUFAs (6, 12-14). However, inconsistent conclusions
remain, especially in the studies on depression.

The association between n-3 PUFAs and depression has been
extensively investigated. Many studies showed that higher levels of n-3
PUFAs, mainly eicosapentaenoic acid (EPA; 20:5n-3) and DHA, were
associated with a lower risk of depression (15-22). However, a few
studies observed no apparent association with n-3 PUFAs (23-27),
and, in particular, a recent longitudinal study did not support a
protective effect of n-3 PUFAs on depression risk (28). In contrast to
the cumulative evidence indicating the association of n-3 PUFAs with
depression, the relationship between n-6 PUFAs and depression have
received much less attention. Some studies found higher levels of n-6
PUFAs related to higher severity of depression, although the results of
the relevant studies have been inconsistent (27, 29-32). Okubo’s study
performed among Japanese breast cancer survivors indicated that a
higher blood levels of n-6 PUFAs may increase the risk of depression,
while the Avon Longitudinal Study (31) and Thesing’s study (33)
reported no association in British and Dutch populations. Moreover,
studies on the association of n-6/n-3 ratio and depression are also
controversial. Some cross-sectional or longitudinal studies suggested
a positive association (18, 34-36), whereas several other studies
reported a negative association (37) or no association (25, 38).

Therefore, we comprehensively estimated the association of
plasma n-3 and n-6 PUFAs and depression in a nationally
representative sample of US adults aged 20 years and older. In order to
provide a reference for elucidating the role of PUFAs on depression
and a safer and more effective strategy to prevent or mitigate
depressive symptoms in US adults.
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2 Methods
2.1 Study design and sample

This is a cross-sectional study, done using the 2011-2012 cycle
of The National Health and Nutrition Examination Survey
(NHANES) data (39). NHANES is a stratified multistage probability
sampling design to represent the noninstitutionalized civilian US
population. Participants completed the survey through a computer-
assisted personal interview and a medical examination at a mobile
examination center (MEC). More detailed information regarding
the survey design and data collection procedure are available
elsewhere (40). The study protocol was approved by the National
Center for Health Statistics research ethics review board. Written
informed consent was obtained for all participants. The 2011-
2012 cycle was utilized since all the main independent and
dependent variables of interest were available only in this dataset
(especially plasma PUFA). Since depression is more common in
adult group (> 20years), participants who were <20 years were
excluded for this study. Participants who did not fully respond to
the depression screener questionnaire (PHQ-9) were excluded from
the study (41). A total of 2053 adults from the United States were
included in this study.

2.2 Determination and classification of
depression status

Depression status were determined based on participant’s
responses to the PHQ-9 questionnaire in the mental health-depression
screener of questionnaire data of NHANES 2011-2012 cycle. PHQ-9
is the 9-item self-report depression scale that asks questions about the
frequency of symptoms of depression over the past 2 weeks. Each item
can be scored from 0 (not at all) to 3 (nearly every day) (42). The
PHQ-9 score ranges from 0 to 27 and thus, classified in two categories.
The individuals with PHQ-score <9 were classified as “no or mild
depression” and those with PHQ-score of 10 or more, were classified
as “moderate to severe depression” (43, 44).

2.3 Assessment of plasma n-3 and n-6
PUFAs

Thirty fatty acids analyzed by means of gas chromatography-
mass spectrometry and expressed in pmol/L were measured in serum
with the goal of obtaining US reference ranges for most circulating
fatty acids in a fasting subsample of participants. Briefly, total fatty
acids were hexane-extracted from the matrix (100ul serum or
plasma) along with an internal standard solution for fatty acid
recovery. The extract was derivatized with pentafluorobenzyl bromide
to form pentafluorobenzyl esters. The reaction mixture is injected
onto a capillary gas chromatograph column (45). More details about
plasma fatty acids profile analysis are available in the NHANES
manual (40).

We chose all types of plasma n-3 and n-6 PUFAs tested in
NHANES for our analysis. Moreover, we selected the most
representative AA in n-6 PUFAs and the most representative DHA
and EPA in n-3 PUFAs, and analyzed their ratios to reflect the different
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roles of n-3 and n-6 PUFAs in depression. Seventeen variables, total
n-3 PUFAs, ALA, stearidonic acid (SDA; 18:4n-3), EPA, DHA,
DPAn-3, total n-6 PUFAs, linoleic acid (LA; 18:2n-6), gamma-
Linolenic acid (GLA; 18:3n-6), homo-gamma-Linolenic acid (DGLA;
20:3n-6), eicosadienoic acid (EDA; 20:2n-6), AA, DTA, DPAn-6, total
n-6/n-3 ratio, AA/EPA ratio, and AA/DHA ratio, were evaluated in
the present study.

2.4 Assessment of life's essential 8

LE8 scoring algorithm consists of 4 health behaviors (diet,
physical activity, nicotine exposure, and sleep health) and 4 health
factors (body mass index [BMI], blood pressure, glucose, lipids) (46).
This study selected 5 individual LE8 metrics (i.e., blood pressure,
lipids, glucose, BMI and nicotine exposure) that were more relevant
to the study variables (Table 1). LE8 has great potential to assess and
promote cardiovascular health (CVH) across life course. CVH is
associated with cardiovascular disease (CVD), as well as non-CVD

TABLE 1 Scoring criteria of CVH-related factors metrics based on life's
essential 8.

Metric ‘ Points and criteria

Blood pressure 100: SBP < 115 mmHg and DBP <75 mmHg
75: SBP 115-124 mmHg and DBP <75 mmHg
50: SBP 125-134 mmHg or DBP: 75-84 mmHg
25: SBP 135-154 mmHg or DBP 85-94 mmHg
0: SBP > 155 mmHg or DBP > 95 mmHg

(Subtract 20 points if treated level)

HbAlc 100: No history of diabetes and HbAlc<5.7%
60: No diabetes and HbAlc 5.7-6.4%

40: Diabetes with HbA1c <7.0%

30: Diabetes with HbAlc 7.0-7.9%

20: Diabetes with HbA1c 8.0-8.9%

10: Diabetes with HbA1c 9.0-9.9%

0: Diabetes with HbAlc>10.0%

Blood lipids 100: Non-HDL cholesterol <130 mg/dL
60: Non-HDL cholesterol 130-159 mg/dL
40: Non-HDL cholesterol 160-189 mg/dL
20: Non-HDL cholesterol 190-219 mg/dL
0: Non-HDL cholesterol >220 mg/dL

(Subtract 20 points if treated level)

Nicotine exposure 100: Never smoker

75: Former smoker, quit >5year

50: Former smoker, quit 1-5year
25: Former smoker, quit <1 year

0: Current smoker

(Subtract 20 points if living with active indoor

smoker in home)

BMI 100: < 25kg/m2

70: 25.0-29.9kg/m2

30: 30.0-34.9kg/m2

15: 35.0-39.9kg/m2

0: > 40.0kg/m2

BMI, body mass index; CVH, cardiovascular health; DBP, diastolic blood pressure; HbAlc,
glycohemoglobin; HDL, high-density lipoprotein; SBP, systolic blood pressure.
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outcomes such as cognitive impairment and depression (47).
CVH-related factors routinely collected (i.e., BMI, smoking,
hypertension, hypercholesterolemia, and diabetes) were more
relevant to our study variables and could be used to accurately
estimate individuals’ overall CVH across time even when LE8 metrics
are incomplete (48).

2.5 Other covariates

Based on existing literatures on PUFAs and depression, age, sex,
race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Mexican
American, Other Hispanic and Other race), educational level and
poverty income ratio (PIR) were included in this study as other
potential confounders (28, 31, 49). Highest educational level was
categorized into 3 levels: (1) Less than high school/general education
development (GED), (2) High school graduate/GED or equivalent and
(3) higher than high school graduate/GED. PIR represent the ratio of
family or unrelated individual income to their appropriate poverty
threshold (50). It was categorized into three groups: (1) low: < 1.3, (2)
medium: 1.3-3.5, (3) high: > 3.5 (51).

2.6 Statistical analysis

Following the NHANES analytic guidelines, all analyses in this
study accounted for sample weights, clustering, and stratification to
generate nationally representative estimates (39).

Means and percentages of baseline characteristics were compared
using t-tests for continuous variables and > test for categorical
variables. PUFAs were grouped into quartiles and analyzed for the
inter-quartile group trend. The lowest quartile (first quartile) was
defined as the reference group in each model. Binary logistic
regression analysis was used to assess the relation between quartiles of
plasma PUFAs level and depression. These regression analyses
employed 4 sets of covariates: model 1 was crude model; model 2
adjusted for age, sex and race/ethnicity; Model 3 adjusted the ratio of
family income to poverty and personal highest education level on the
basis of Model 2; and Model 4 additionally adjusted cardiovascular
health on the basis of Model 3.

All statistical analyses were performed using SAS software, version
9.4 (SAS Institute, Cary, NC, United States). Statistical significance was
set at 2-sided p <0.05.

This analysis was conducted using publicly available, deidentified
data and was not subject to review by the Guangdong Pharmaceutical
University’s institutional review board.

3 Results

3.1 Demographic characteristics of study
population

A total of 2053 US adults aged 20-80 who participated in
NHANES 2011-2012 enrolled into the study (Table 2). 7.29%
(weighted) subjects had a PHQ-9 score > 10 and were categorized as
depressed (moderate to severe depression), and 92.71% (weighted)
subjects with PHQ-9 score < 10 were categorized as not depressed. The
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TABLE 2 Descriptive characteristics of all Participants for total sample and by depression level groups among US adults in NANES, 2011-2012.

Characteristics Total Without depression Depression
No. of participants (%) 2053(100) 1890(92.71) 163(7.29) - -
Age, y [mean(SE)] 47.58(0.67) 47.70(0.72) 46.03(0.93) —1.41 0.18
Sex, N (%)
Male 1,043(49.13) 983(49.99) 60(38.24) 3.59 0.06
Female 1,010(50.87) 907(50.01) 103(61.76)
Race/ethnicity, N (%)
Mexican American 213(7.42) 198(7.55) 15(5.86) 0.73 0.57
Other Hispanic 209(5.89) 187(5.66) 22(8.78)
Non-Hispanic White 821(68.10) 746(68.08) 75(68.34)
Non-Hispanic Black 477(11.21) 443(11.36) 34(9.33)
Others 333(7.37) 316(7.35) 17(7.70)
Education level, N (%)
< High school 457(16.39) 402(15.82) 55(23.68) 2.51 0.08
High school 433(20.04) 389(19.48) 44(27.24)
> High school 1,162(63.55) 1,098(64.69) 64(49.08)
Missing 1(0.01) 1(0.01) 0(0)
Ratio of family income to poverty, N (%)
<13 655(22.40) 557(20.60) 98(45.36) 13.78 <0.001*
1.3-35 659(33.66) 617(33.54) 42(35.29)
>3.5 573(37.89) 560(39.79) 13(13.62)
Missing 166(6.05) 156(6.07) 10(5.73)
Total CVH-related factors score, [mean(SE)]
Body mass index score 61.16(1.56) 61.48(1.63) 57.03(3.34) —1.15 0.26
Nicotine exposure score 73.15(1.40) 74.85(1.34) 51.54(4.56) —5.19 <0.001*
Blood lipids score 64.28(1.14) 64.90(1.21) 56.48(2.70) —-2.62 0.02*
HbA1lc score 84.77(0.97) 84.99(1.01) 81.98(2.39) -1.23 0.23
Blood pressure score 66.71(1.20) 66.84(1.21) 65.10(2.49) —0.73 0.48
Total score 70.54(0.82) 71.17(0.83) 62.60(1.38) —4.47 0.003*
Cardiovascular health?, N (%)
Low 450(17.62) 390(16.98) 60(25.75) 4.44 0.01*
Moderate 1,041(52.20) 967(51.94) 74(55.62)
High 562(30.18) 533(31.08) 29(18.64)

*p<0.05.

“Low CVH was defined as a CVH-related factors score of 0 to 49, moderate CVH of 50-79, and high CVH of 80-100.

weighted mean (standard error, SE) age of the study participants was
47.58 (0.67) years, and male and female participants were almost
equally distributed gender wise. Among the participants, 821 (68.10%)
were non-Hispanic white, 477 (11.21%) were non-Hispanic black, 213
(7.42%) were Mexican-American, 209 (5.89%) were Other Hispanic,
and 333 (7.37%) were other race/ethnicity. About 83.59% of
respondent had completed at least high school/GED. Among adults,
22.40% had low income (PIR<1.3), 33.66% had medium income
(1.3<PIR<3.5) and 37.89% high income (3.5 <PIR). Average CVH
score was 70.54 (0.82) and the percentages of low, moderate, and high
CVH werel7.62, 52.20, and 30.18%, respectively. Significantly
participants with lower PIR and CVH level were more likely to
have depression.
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3.2 The association between PUFAs and
depression: univariate analyses

The univariate analyses of PUFAs as continuous variables indicated
that there was an association between part of plasma PUFAs levels and
depression among US adults (p<0.05). The weighted mean (SE) of those
plasma PUFAs for GLA, DGLA, EDA, EPA, DTA, DHA, DPAn-6,
DPAn-3 and AA/DHA ratio were 64.67 (1.46), 167.35 (2.85), 23.92
(0.47), 70.96 (1.99), 27.36 (0.58), 162.61 (4.74), 20.78 (0.43), 53.69 (0.78),
and 6.33 (0.16) respectively (Table 3); PUFAs as categorical variables
indicated that there were a difference in quartiles of plasma PUFAs levels
of DTA, DHA, DPAn-6, total n-6/n-3 ratio and AA/DHA ratio among
US adults with depression and non-depression (p<0.05; Table 4).
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TABLE 3 Univariate analyses results of the relationship between continuous plasma n-3 and n-6 polyunsaturated fatty acids and depression in American

adults: NHANES, 2011-2012.

PUFA, pmol/L, Total Without depression Depression t p value
[mean(SE)]
LA(18:2n-6) 3848.96(48.05) 3837.00(48.93) 3999.65(112.63) 1.42 0.17
GLA(18:3n-6) 64.67(1.46) 64.09(1.38) 72.00(3.31) 3.28 0.004
ALA(18:3n-3) 93.42(2.02) 93.09(1.98) 97.64(4.25) 1.41 0.18
SDA(C18:4n-3) 4.26(0.16) 4.19(0.16) 5.11(0.56) 1.99 0.06
DGLA(20:3n-6) 167.35(2.85) 166.10(2.95) 184.48(7.61) 230 0.03*
EDA(20:2n-6) 23.92(0.47) 23.77(0.44) 25.91(1.34) 2.46 0.03*
AA(20:4n-6) 891.57(10.22) 888.89(9.83) 925.38(22.32) 1.96 0.07
EPA(20:5n-3) 70.96(1.99) 71.83(2.03) 59.95(4.01) —221 0.04*
DTA(22:4n-6) 27.36(0.58) 27.08(0.54) 31.05(1.35) 4.90 <0.001*
DHA(22:6n-3) 162.61(4.74) 162.61(4.74) 146.53(5.40) -3.07 0.007*
DPA6(22:5n-6) 20.78(0.43) 20.56(0.41) 23.57(0.95) 4.95 <0.001*
DPA3 (22:5n-3) 53.69(0.78) 53.44(0.76) 56.92(1.82) 233 0.03*
Total n-3 386.21(6.28) 387.54(6.60) 369.43(11.55) -1.21 0.24
Total n-6 5049.47(64.66) 5033.69(66.24) 5268.74(142.14) 1.60 0.13
n-6/n-3 ratio 14.49(0.31) 14.46(0.32) 14.95(0.32) 1.49 0.15
AA/EPA 18.05(0.50) 17.90(0.46) 19.92(1.41) 1.87 0.08
AA/DHA 6.33(0.16) 6.29(0.16) 6.86(0.20) 333 0.004*
*p<0.05.

3.3 The association between PUFAs and
depression: multiple regression analysis

Table 5 present the OR and 95% CI of depression for quartiles of
PUFAs concentrations, using the lowest quartile category as the
reference. After controlling for age, sex, race/ethnicity, ratio of family
income to poverty, personal highest education level and CVH in the
fully adjusted model (model 4), there was a positive relationship
between depression and PUFAs in the third quartiles (OR=1.65, 95%
CI=1.05-2.62) for AA; the third quartiles (OR=2.20, 95% CI=1.20-
4.05) for DTA; the third (OR=2.33, 95% CI=1.34-4.07), and highest
quartiles (OR=1.83, 95% CI=1.03-3.26) for DPAn-6; and the third
(OR=2.18,95% CI=1.18-4.03) and highest quartiles (OR=2.47, 95%
CI=1.31-4.68) for DPAn-3; 22:5n-3; the second (OR=2.13, 95%
CI=1.24-3.66), third (OR=2.40, 95% CI=1.28-4.50), and highest
quartiles (OR=2.24, 95% CI=1.08-4.69) for AA/DHA ratio (Table 5).

3.4 The association between PUFAs and
depression: stratified analyses

Adjusted model was performed to observe the association
between the PUFAs and depression by keeping all other study
variables constant (Table 6). With increased plasma levels of AA,
DPAn-3 and AA/DHA ratio as well as decreased plasma levels of
DHA, women have an increased risk of depression. The risk of
depression increases with increased plasma levels of AA and DPAn-6
among >60 years age group. Participants aged between 40 and 59 years
old were more likely to develop depression due to elevated plasma
DPAn-3 levels. Furthermore, elevated plasma AA/DHA levels in the
20-39years age group may be a risk factor for depression.
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4 Discussion

Our findings suggest that there was a significant association
between plasma PUFAs with moderate or severe level of depression in
American adults after controlling all potential confounders. There
were higher odds of developing depression among people who have
higher plasma levels of n-6 PUFAs (AA, DTA, and DPAn-6), n-3
PUFAs (DPAn-3) and AA/DHA ratio. Our analysis consolidated the
risk role of higher plasma levels of AA and AA/DHA ratio in
depression, and was the first to report a positive association between
higher plasma DTA, DPAn-6, and DPAn-3 levels and depression in
America adult.

The weighted prevalence of depression among subjects was 7.29%
in our study. A report from NHANES, 2009-2012 data set has
indicated that 7.6% of Americans aged 12 and over had depression
(52). The incidence rate is approximately the same as our study.
We assessed the participants’ blood lipid levels by LES, and the blood
lipids score was 64.28 (1.14). In Lili Wangs research on the associations
between LE8 and non-alcoholic fatty liver disease among US adults,
the blood lipids score was 67.0 (2.7) which is also roughly in the same
way as in our study (53). Overall, our findings suggest that the
prevalence of depression and blood lipid levels in our study are
roughly in line with the other relevant studies.

Our data provided evidence for existence of associations of
depression with higher plasma levels of AA and AA/DHA ratio in
American adult sample, which is consistent with some earlier
research (54-56). This may reflect the opposing effects of AA and
DHA on depression, although the association between plasma DHA
and depression did not persist after controlling for all the potential
confounding factors. AA, is an abundant n-6 PUFA in the membrane
phospholipids, where it is stored in the sn-2 position of phospholipids
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TABLE 4 Univariate analyses results of the relationship between quartiles of plasma n-3 and n-6 polyunsaturated fatty acids and depression in American

adults: NHANES, 2011-2012.

PUFA, pmol/L, N (%) Total Without depression Depression x2 p value
LA(18:2n-6) 1,593(100) 1,467(92.52) 126(7.48)
[1430.00, 2989.84] 373(24.61) 341(24.57) 32(25.06) 023 0.88
[2989.84, 3451.86] 391(25.28) 365(25.51) 26(22.52)
[3451.86, 4026.28] 413(25.00) 383(25.10) 30(23.72)
[4026.28, 15900.00] 416(25.11) 378(24.82) 38(28.70)
GLA(18:3n-6) 1,549(100) 1,428(92.80) 121(7.20)
[6.61,30.22] 371(24.99) 341(25.22) 30(21.93) 037 0.77
[30.22, 42.89] 368(24.72) 343(24.73) 25(24.55)
[42.89, 64.91] 411(25.29) 381(25.41) 30(23.70)
[64.91, 391.00] 399(25.01) 363(24.63) 36(29.82)
ALA(18:3n-3) 1,592(100) 1,466(92.52) 126(7.48)
[16.80, 50.91] 379(24.98) 346(24.84) 33(26.69) 036 079
[50.91, 68.27] 384(24.89) 359(25.22) 25(20.89)
[68.27, 96.45] 414(25.08) 384(25.19) 30(23.72)
[96.45, 803.00] 415(25.05) 377(24.75) 38(28.70)
SDA(C18:4n-3) 1798(100) 1,648(92.48) 150(7.52)
[0.17, 2.05] 500(24.74) 463(25.11) 37(20.28) 1.98 0.11
[2.05,3.18] 475(25.22) 438(25.53) 37(21.48)
[3.18,5.13] 408(24.89) 376(25.06) 32(22.89)
[5.13, 104.00] 415(25.13) 371(24.30) 44(35.35)
DGLA(20:3n-6) 1934(100) 1787(93.16) 147(6.84)
[29.00, 122.75] 560(24.02) 529(24.33) 31(19.83) 220 0.09
[122.75, 161.13] 527(25.91) 492(26.49) 35(18.02)
[161.13,197.92] 393(24.29) 358(24.08) 35(27.22)
[197.92, 465.00] 454(25.77) 408(25.10) 46(34.92)
EDA(20:2n-6) 1826(100) 1,679(92.70) 147(7.30)
[8.75, 18.09] 439(24.32) 410(22.58) 29(23.86) 0.76 0.52
[18.09, 22.18] 444(24.74) 411(23.35) 33(19.05)
[22.18,27.71] 468(25.86) 432(24.11) 36(23.99)
[27.71, 134.00] 475(25.07) 426(22.66) 49(33.09)
AA(20:4n-6) 2041(100) 1878(92.66) 163(7.34)
[187.00, 713.84] 533(24.96) 500(25.51) 33(18.09) 1.81 0.14
[713.84, 868.54] 515(24.97) 476(24.83) 39(26.75)
[868.54, 1040.25] 492(25.05) 450(24.60) 42(30.71)
[1040.25, 2570.00] 501(25.02) 452(25.07) 49(24.44)
EPA(20:5n-3) 2041(100) 1878(92.66) 163(7.34)
[8.76, 35.96] 551(24.89) 508(24.84) 43(25.55) 1.24 029
[35.96, 53.19] 492(24.87) 450(24.72) 42(26.76)
[53.19, 82.38] 512(25.14) 465(24.64) 47(31.44)
[82.38, 1090.00] 486(25.10) 455(25.80) 31(16.25)
DTA(22:4n-6) 1975(100) 1822(92.96) 153(7.26)
[1.71,20.23] 543(24.87) 522(25.82) 21(12.76) 432 0.005%
[20.23,25.63] 489(24.97) 485(25.49) 31(18.42)
[25.63, 32.48] 461(24.71) 412(23.94) 49(34.66)
(Continued)
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TABLE 4 (Continued)

10.3389/fnut.2024.1342304

PUFA, pmol/L, N (%) Total Without depression Depression
[32.48, 204.00] 482(25.44) 430(24.76) 52(34.16)
DHA(22:6n-3) 2032(100) 1870(92.68) 162(7.32)
[25.70,107.61] 449(24.80) 245(25.10) 32(23.58) 3.76 0.01%
[107.61, 144.05] 480(25.17) 247(23.14) 55(44.07)
[144.05, 195.42] 519(24.82) 289(25.38) 32(14.75)
[195.42, 918.00] 584(25.22) 326(26.38) 43(17.61)
DPAG6(22:5n-6) 1982(100) 1828(92.72) 154(7.28)
[2.18, 14.56] 485(24.89) 466(25.78) 19(13.51) 9.34 <0.001*
[14.56, 19.22] 489(24.94) 461(25.85) 28(13.33)
[19.22,25.15] 492(24.91) 444(23.87) 48(38.03)
[25.15, 126.00] 516(25.27) 457(24.49) 59(35.12)
DPA3 (22:5n-3) 1998(100) 1844(92.82) 154(7.18)
[12.60, 40.17] 562(24.77) 534(25.55) 28(14.67) 211 0.10
[40.17, 49.70] 497(25.21) 460(25.22) 37(25.10)
[49.70, 62.06] 451(24.85) 412(24.63) 39(27.80)
[62.06, 229.00] 488(25.16) 438(24.60) 50(32.43)
Total n-3 1,369(100) 1,260(92.56) 368(25.03)
[91.58, 268.26] 310(24.82) 284(25.26) 26(19.34) 1.35 0.26
[268.26, 344.47] 355(25.08) 330(24.49) 25(32.39)
[344.47, 441.24] 336(25.07) 303(24.49) 33(32.35)
[441.24, 1917.50] 368(25.03) 343(25.76) 25(15.93)
Total n-6 1,323(100) 1,226(93.55) 97(6.45)
[2913.92, 4193.90] 321(24.89) 300(25.47) 21(16,54) 0.84 047
[4193.90, 4662.68] 328(25.09) 307(25.22) 21(23.24)
[4662.68, 5296.08] 332(25.00) 308(24.59) 24(30.94)
[5296.08, 17189.00] 342(25.01) 311(24.72) 31(29.28)
n-6/n-3 ratio 1,198(100) 1,107(93.52) 91(6.48)
[2.25,11.38] 311(24.88) 290(25.05) 21(22.30) 2.85 0.04%
[11.38, 14.17] 312(25.10) 287(25.12) 25(24.84)
[14.17, 16.75] 296(25.02) 269(24.12) 27(37.95)
[16.75, 28.60] 279(25.01) 261(25.71) 18(14.91)
AA/EPA 2040(100) 1877(92.65) 163(7.35)
[0.36,11.19] 494(24.79) 468(25.62) 26(14.30) 2.35 0.07
[11.19, 16.85] 500(25.14) 450(24.45) 50(33.87)
[16.85,23.24] 468(25.04) 435(25.22) 33(22.71)
[23.24,73.13] 578(25.03) 524(24.71) 54(29.12)
AA/DHA 2032(100) 1870(92.68) 162(7.32)
[0.77, 4.47) 575(25.00) 545(26.11) 30(10.88) 7.44 <0.001*
[4.47, 6.15] 532(24.96) 489(24.88) 43(26.08)
[6.15,7.73] 487(24.88) 437(24.31) 50(32.16)
[7.73,18.91] 438(25.16) 399(24.71) 39(30.88)
#p<0.05.

(57). AA-derived eicosanoids from cyclooxygenase (COX) pathways  processes ranging from inflammation, allergic responses, blood lipid
or lipoxygenase (LOX) pathways are important lipid mediators  regulation, to cell metabolism (58). Cyclooxygenases participate in
involved in a number of physiological and pathophysiological  the production of pro-inflammatory eicosanoids, such as
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TABLE 5 Association of plasma n-3 and n-6 polyunsaturated fatty acids levels with depression in American adults: NHANES, 2011-2012>.

Model 1
OR (95% Cl)

Model 2
OR (95% CI)

PUFA, pmol/L, N

Model 3
OR (95% ClI)

\YoTo [] )
OR (95% Cl)

AA(20:4n-6)

[187.00, 713.84](n=533) Ref Ref

Ref Ref 0.86

[713.84, 868.54](n =515) 1.52(0.79, 2.94) 1.60(0.85, 3.02)

1.58(0.82, 3.03) 1.46(0.76, 2.80)

[868.54, 1040.25](n =492) 1.76(1.09, 2.86) 1.88(1.16, 3.05)

1.93(1.25, 3.00) 1.65(1.05, 2.62)

[1040.25, 2570.00](n =501) 1.38(0.88, 2.15) 1.51(0.91, 2.50)

1.41(0.77, 2.58) 1.15(0.66, 2.02)

DTA(22:4n-6)

[1.71, 20.23](n =543) Ref Ref

Ref Ref 0.15

[20.23, 25.63](n =489) 1.46(0.55, 3.91) 1.54(0.59, 4.01)

1.40(0.50, 3.95) 1.25(0.44, 3.57)

[25.63, 32.48](n=461) 2.93(1.65, 5.21) 3.19(1.84, 5.55)

2.63(1.50, 4.61) 2.20(1.20, 4.05)

[32.48,204.00](n=482) 2.79(1.44, 5.42) 3.18(1.72, 5.87)

2.63(1.22, 5.70) 2.13(0.96, 4.70)

DPA6(22:5n-6)

[2.18, 14.56](n =485) Ref Ref

Ref Ref 0.06

[14.56, 19.22](n =489) 0.98(0.62, 1.57) 0.95(0.59, 1.53)

0.85(0.48, 1.52) 0.75(0.40, 1.41)

[19.22,25.15](n=492) 3.04(1.73, 5.35) 3.02(1.71, 5.33)

2.68(1.57, 4.57) 2.33(1.34, 4.07)

[25.15, 126.00](n=516) 2.74(1.82, 4.12) 2.71(1.79, 4.11)

2.26(1.30, 3.91) 1.83(1.03, 3.26)

DPA3 (22:5n-3)

[12.60, 40.17](n=562) Ref Ref

Ref Ref 0.08

[40.17, 49.70](n=497) 1.73(0.85, 3.55) 1.99(0.97, 4.11)

2.18(1.09, 4.36) 1.95(0.96, 3.95)

[49.70, 62.06](n=451) 1.97(1.02, 3.81) 2.39(1.19, 4.79)

2.46(1.37,4.42) 2.18(1.18, 4.03)

[62.06, 229.00](n = 488) 2.30(1.35, 3.92) 2.84(1.71, 4.73)

2.95(1.62, 5.39) 2.47(1.31, 4.68)

AA/DHA ratio

[0.77, 4.47](n=575) Ref Ref

Ref Ref 0.12

[4.47, 6.15](n=532) 2.52(1.52,4.17) 2.58(1.55, 4.29)

2.24(1.31, 3.85) 2.13(1.24, 3.66)

[6.15,7.73](n=487) 3.18(1.89, 5.35) 3.42(1.97,5.93)

2.54(1.35, 4.80) 2.40(1.28, 4.50)

[7.73,18.91](n=438) 3.00(1.68, 5.36) 3.42(1.74, 6.74)

2.40(1.13, 5.10) 2.24(1.08, 4.69)

Model 1: crude model. Model 2: adjusted for age, sex and race/ethnicity. Model 3: Model 2 plus ratio of family income to poverty, personal highest education level. Model 4: Model 3 plus CVH.

“Only the statistically significant results were shown after controlling all potential confounders.

"Test for trend based on the variable containing a median value for each quartile.

prostaglandins and thromboxanes. On the other hand, lipoxygenases
generate both leukotrienes and anti-inflammatory eicosanoids like
lipoxins. Consequently, an imbalance between these AA-derived
eicosanoids has been suggested as a contributing factor to
inflammatory effects. Inflammatory processes within the central
nervous system (CNS) are essential for the development of brain
pathologies, including depression (59). Increased levels of
inflammatory cytokines have been reported in depressed patients
(60), and found to promote abnormalities in neurotransmitter
metabolism and neuroendocrine function, which are related to the
pathophysiology of depression (61). Whereas DHA, an n-3 PUFA,
has a certain anti-inflammatory effect through competition with
AA. Furthermore, DHA also has a neuroprotective effect against
decreased neurogenesis and increased neuronal apoptosis (22).
Increased plasma levels of AA and/or decreased DHA may cause a
disproportionate ratio of n-6 to n-3 and lead to depression through
increased inflammatory processes.

This study also found elevated plasma level of other n-6 PUFAs
such as DTA and DPAn-6 in patients with moderate to severe

Frontiers in Nutrition

depression. DTA, a 2-carbon elongation product of AA, can
be desaturated to generate DPAn-6 (62). Previous studies have shown
that DTA can impair neurobehavioral development by increasing
reactive oxidative species production in Caenorhabditis elegans (63),
and higher DPAn-6 status also showed an association with worse
mental health in older adults with mild cognitive impairment (64) and
children and adolescents with bipolar disorder (65). The Western diet,
which is high in processed foods with fat and sugar, is increasing the
risk of depression (66). In addition, reactive oxygen species and
inflammatory cytokines that could be induced by unreasonable intake
of PUFAs have the importance in the progression of depression (67).
Previous studies have shown that some n-6 PUFAs are able to activate
inflammatory responses and lead to the accumulation of reactive
oxygen species and pro-inflammatory factors (68, 69). These
alterations might affect the integrity of the cell membrane, leading to
alteration of intestinal flora, systemic inflammation and abnormal
neurotransmitter transport in the brain (6, 70). In summary,
abnormalities in plasma n-6 PUFAs metabolism may be involved in
the progress of depression.
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TABLE 6 Stratified analyses of the association of plasma n-3 and n-6 polyunsaturated fatty acids levels with depression in American adults: NHANES, 2011-2012.2

PUFA, pmol/L, N Male OR (95% CI) p trend® Female OR (95% CI) p trend®
AA(20:4n-6) n=1,039 n=1,002
(187.00, 711.80] (11 =290) Ref 0.68 [295.00, 718.63] (1 =243) Ref 0.99
[711.80, 856.29](n=273) 0.92(0.37, 2.29) [718.63, 878.13](n=242) 1.99(1.00, 3.93)
[856.29, 1033.88](n1=242) 1.26(0.48, 3.26) [878.13, 1053.00] (11 = 250) 2.44(1.36, 4.39)
[1033.88, 2570.00](n = 234) 0.84(0.34, 2.09) [1053.00, 2560.00] (11 =267) 1.41(0.65, 3.05)
DHA(22:6n-3) n=1,033 n=999
(34.30, 99.89](n=273) Ref 0.30 [25.70, 116.76](n=176) Ref 0.005*
(99.89, 136.00] (1 =253) 2.06(0.53, 8.08) [116.76, 152.40)(n=227) 2.24(0.86, 5.88)
[136.00, 187.07) (1 =258) 1.11(0.25, 4.90) [152.40, 205.87)(n=261) 0.50(0.28, 0.87)
[187.07, 918.00] (11 = 249) 1.96(0.91,4.22) [205.87, 799.00](n = 335) 0.49(0.25, 0.96)
DPA3 (22:5n-3) n=1,014 n=984
[12.6 40.79] (n=271) Ref 0.15 [15.10, 39.97)(n=291) Ref 0.13
[40.79, 49.90](n=259) 1.66(0.49, 5.62) [39.97, 49.39](n=238) 2.06(1.00, 4.25)
(49.90, 61.18](n = 240) 2.32(0.78, 6.86) [49.39, 62.65)(n=211) 2.08(0.96, 4.51)
(61.18, 229.00] (1 =244) 2.40(0.78, 7.42) [62.65, 198.00](n =244) 2.39(1.28, 4.47)
AA/DHA n=1,033 n=999
[0.92, 4.82](n =266) Ref 0.17 [0.77, 4.36)(n=309) Ref 0.004
[4.82,6.52)(n=254) 2.38(0.81, 7.00) [4.36, 5.98](n=278) 1.94(0.77, 4.88)
[6.52, 8.12](n=244) 2.07(0.73, 5.84) [5.98,7.28](n=243) 232(1.12, 4.81)
8.12, 18.91](n=269) 0.89(0.19, 4.19) [7.28, 17.40] (n=169) 4.09(2.14,7.84)
Aged 20-39years (O] p trend® Aged 40-59 years (0] Aged > 60 years OR (95% ClI) p trend®
(95% Cl) (95% Cl)
AA(20:4n-6) n=730 n=651 n=660
[187.00, 652.27](n=276) Ref 0.38 [341.00, 764.41)(n=124) Ref [217.00, 753.56](n = 133) Ref 0.41
[652.27, 786.73](n=201) 0.97(0.39, 2.39) (764.41, 915.79] (n = 144) 1.50(0.48, 4.74) [753.56, 905.57)(n = 170) 2.96(0.81, 10.83)
[786.73, 930.49](n = 152) 0.95(0.38, 2.39) [915.79, 1107.05](n=178) 1.22(0.66, 2.24) [905.57, 1079.37](n=162) 7.70(1.73, 34.33)
[930.49, 2300.00](n1=101) 0.71(0.30, 1.68) [1107.05, 2570.00](n =205) 0.77(0.28, 2.13) [1079.37, 1880.00](n=195) 3.30(0.98, 11.12)
DPA6(22:5n-6) n=712 n=633 n=637
[3.72, 14.52)(n = 188) Ref 0.41 [4.32, 15.26](n=135) Ref [2.18, 13.62](n=162) Ref 0.001*
[14.52, 18.50] (1= 208) 1.16(0.32, 4.25) [15.26, 20.59](n=134) 0.43(0.17, 1.11) [13.62, 18.57](n=147) 0.52(0.04, 7.53)
[18.50, 24.02](n=161) 2.26(0.67, 7.61) [20.59, 26.72](n=178) 1.53(0.62, 3.78) [18.57, 24.89](n=153) 2.93(0.52, 16.72)
[24.02, 68.60](n=155) 0.85(0.23, 3.14) [26.72, 126.00](n = 186) 1.40(0.49, 3.97) [24.89, 69.30](n=175) 2.84(1.12,7.19)
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The DPAn-3 is less studied as a new player in the n-3 PUFAs
o o family, compared to its counterparts EPA and DHA. The literature on
e e DPAn-3 is limited, however most of the available data suggests it has
beneficial health effects which is contrary to our found that higher
DPAn-3 was associated with depression. Our result agrees with a
g g £ 9§ minority of reports concerning DPAn-3 (71). More research remains
o~ ©~ . . . . .
3 ; ; ; 3 E g ‘ to be done to further investigate the biological effects of this DPAn-3.
S s g g e g T There were also some studies that did not observe an association
= S 3 . .
Z 2 = S22 < between plasma PUFAs levels and depression (31, 33, 49, 72, 73). But
o
= most of these studies have focused only on the total n-3 PUFAs and/
§ or the total n-6 PUFAs, or the canonical fatty acids among them. A
o
= longitudinal study in middle-aged Finnish men did not find evidence
v ~ o ~ & — <
§ A 2 B % T 2 37 8 2 that serum polyunsaturated fatty acids would be associated with risk
[ N = s e . .
C>>~ o 2| S| 2 % ol LILIL é g of depression (38). The composition ratio of sex may partially
© 93 82 % T g 8 s influence results. According to previous studies of dietary intervention
Al I 3|8 ; : . & . . . .
o e s oI R E “’i in Western countries, the association appears to be observed more in
9] 8 . .
2 ; ; ; g E 2 ; E E women than in men (21, 74). We also observed a significant
- :2 association for AA, DHA, DPAn-3, and AA/DHA ratio in women
Z through a sub-analysis stratified by sex. However, this finding should
g be interpreted with caution in light of the source of PUFAs.
2193 gl alyg g One of the strengths of this study is the use of data from a
'3 ; g § 5 ; E ; gb nationally representative survey with a large sample size from a
el sl g = multiracial/multiethnic population. Even a large number of analyses
2§ 5 5 8 8 3 . .
I INIERSTIRS - have been conducted to assess the role of PUFAs in depression from
g multiple perspectives, especially at the supplement and diet levels, but
o only a few studies with small sample sizes have examined the
2 P S 5 association between depression and plasma PUFAs. To our knowledge,
N p p g
& 518 ¥ = NENEEE = . . . .
> i Y AR f g our study is the first observational study to examine the association
= ]
2 « £ 2 = =9 \I=I, \I% \‘:I, S < between plasma PUFAs and depression among American adult using
| R gy 8% 55 T35 3 - . .
o Uy g5/ L2ye a2 3 2 part of the LE8 indicators as the primary covariate.
< - - - | N - A I . .
o s g g g R & d F %, Another strength of this study is that we used plasma PUFAs,
sj;:’; RN S|=|2e| g which better reflects tissue levels of PUFAs than the more subjective
; measures of the Food Frequency Questionnaires (FFQ) and food
%_ records. Several limitations also need to be acknowledged. A major
98 g limitation is that this study is only a cross-sectional exploratory
~ = . - . .
(] = f 3 investigation, so a causal relationship cannot be concluded.
=
Q E Additionally, the PHQ-9 items measure only a subset of the symptoms
= of depression. Apart from the nine symptoms of the PHQ, other
=
N 2 5 o 2 depressive symptoms were not included in this study which may
2 g g 3 2 s
SRS 8 g P be counted as a limitation.
25338 433%3¢ 24
3 i = S| - H o .
= SRS f4 5 Conclusion
;‘ E In conclusion, this population-based cross-sectional stud
s pop y
) 3
< s © < = N N P = examining the association between plasma PUFAs and depression
o g2 9 8888 23
;* S wn ST 3 g risk in American adults revealed an association between higher
= = = ~
B Sl s 88 £ <L = i En plasma levels of AA, DTA, DPAn-6, DPAn-3 and AA/DHA ratio and
S| o g v ¥ g = . A . . .
= 2 CRI § 2 ﬁ 8 .'Z 2 § g increased risk of depression. The complexity of PUFAs metabolism,
o § § 5 § g § § g S 8 interactions and competition between n-3 PUFAs and n-6 PUFAs
o D2 s =TT gz and the mechanism by which these may influence depression requires
R continued study.
3 52
E B
£ i
c < 2 . g
3 - Data availability statement
o = 5 £
4 o g 3 5%z A - .
2 = 4 3 S =< Publicly available datasets were analyzed in this study. This data
a9 < g3
= Palhl can be found here: https://www.cdc.gov/.
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Objective: Previous research has shown numerous health benefits of yoga, a
multicomponent physical and mental activity. The three important aspects of
both traditional and modern yoga are breath work, postures, and meditation.
However, the neural mechanisms associated with these three aspects of yoga
remain largely unknown. The present study investigated the neuralunderpinnings
associated with each of these three yoga components in long- and short-term
yoga practitioners to clarify the neural advantages of yoga experience, aiming
to provide a more comprehensive understanding of yoga's health-promoting
effects.

Methods: Participants were 40 Chinese women, 20 with a long-term yoga
practice and 20 with a short-term yoga practice. Functional near-infrared
spectroscopy was conducted while participants performed abdominal
breathing, mental imagery of yoga postures, and mindfulness meditation. The
oxygenated hemoglobin concentrations activated in the brain during these
three tasks were used to assess the neural responses to the different aspects
of yoga practice. The self-reported mastery of each yoga posture was used to
assess the advantages of practicing yoga postures.

Results: Blood oxygen levels in the dorsolateral prefrontal cortex during breath
work were significantly higher in long-term yoga practitioners than in short-
term yoga practitioners. In the mental imagery of yoga postures task, self-
reported data showed that long-term yoga practitioners had better mastery
than short-term practitioners. Long-term yoga practitioners demonstrated
lower activation in the ventrolateral prefrontal cortex, with lower blood oxygen
levels associated with performing this task, than short-term yoga practitioners.
In the mindfulness meditation task, blood oxygen levels in the orbitofrontal
cortex and the ventrolateral prefrontal cortex were significantly higher in long-
term yoga practitioners than in short-term yoga practitioners.

Conclusion: The three core yoga components, namely, yogic breathing,
postures, and meditation, showed differences and similarities in the activation
levels of the prefrontal cortex. Long-term practice of each component led to the
neural benefits of efficient activation in the prefrontal cortex, especially in the
dorsolateral prefrontal cortex, orbitofrontal cortex, and ventrolateral prefrontal
cortex.
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Introduction

Yoga, a multicomponent physical and mental activity, is
increasingly favored by the public as a healthy practice. Practicing
yoga can not only improve physical fitness but also help the
practitioner achieve a state of mental balance, a sense of inner peace,
and more harmonious interactions with the external environment
(Brinsley et al., 2022; Joshanloo, 2022; Cagas et al., 2023). There are
many varieties of yoga styles practiced worldwide. Although each yoga
style has its own characteristics, evidence has shown that breath work,
postures, and meditation are the three core components of almost all
yoga classes (Mandlik et al., 2023). Currently, there is substantial
evidence indicating that the behavioral effects of these three yoga
components are not exactly the same, and each possesses its distinct
set of benefits (Prado et al., 2014; Domingues, 2018; Vonderlin et al.,
2020; Das et al., 2021; Maleki et al., 2022). However, the neural
underpinnings of the three yoga components remain largely unknown.
Thus, the present study aimed to examine the specific neural correlates
associated with each of the three components within a single study.

Although little is known about the underlying neural
characteristics of the yoga components, many researchers have
compared the explicit effects of the separate yoga components. Semich
(2012) explored how performing various postures only or a having a
combined yoga practice of breath work, postures, and meditation
affected perceived stress levels among the participants. They found
that multi-component yoga was more effective than performing yoga
postures alone to lower perceived stress levels (Semich, 2012).
Wheeler et al. (2019) examined the individual effects of postures,
breath work, and meditation on stress responses and found that these
three yoga aspects reduced state anxiety with no difference between
the three components. Studies associated with breath work have found
that breath training can enhance lung function and reduce anxiety
(Kupershmidt and Barnable, 2019; Maleki et al., 2022). Yoga posture
training has been shown to correct poor body posture (Jorrakate et al.,
2015), increase body balance (Prado et al., 2014), and decrease anxiety
(Domingues, 2018). Studies associated with meditation show that
meditation effectively relieves emotional problems and improves well-
being (Vonderlin et al., 2020). Thus, these study results indicated that
all three components not only have similar benefits, such as reducing
emotional distress, but also have their own unique advantages.

Changes in explicit performance are often a result of
corresponding changes in neural activity. Revealing how changes at
the neural level are elicited by practicing specific yoga aspects can
facilitate the development of yoga interventions in both healthy and
clinical populations. In recent years, a few studies have used functional
near-infrared spectroscopy (fNIRS) technology to explore the neural
correlates of each of the three yoga components separately. In research
on yogic breathing, Bhargav et al. (2014) observed significant changes
in prefrontal cortex (PFC) activity after high frequency yogic
breathing in healthy people. Singh et al. (2016) measured the effect of
uninostril yogic breathing on PFC hemodynamics. They observed that
right nostril yogic breathing increased activity in the left PEC more
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than left nostril yogic breathing (Singh et al., 2016). However, the
neural underpinnings, as assessed by fNIRS, associated with yogic
abdominal breathing remain largely unknow. The present study aimed
to address this gap. Yogic breathing consists of a variety of styles in
which slow and deep abdominal breathing is a basic and core
technique. Yildiz et al. (2022) examined the impact of four yogic
breath styles on brain health using a 3T magnetic resonance imaging
system. They found that the assessed meditator of brain health changes
greatest during abdominal breathing (Yildiz et al., 2022). Burt et al.
(2023) used {NIRS to find that activity in the PFC increases with
increased breathing effort. Since abdominal breathing requires more
effort in abdominal muscular recruitment than natural breathing
(Bahensky et al., 2021), we hypothesized that the PFC hemodynamics
during abdominal breathing would increase.

Other studies have focused on posture-based yoga. Chen et al.
(2021) used fNIRS to find that yoga posture training, such as
practicing the tree pose, activates the supplementary motor area,
improving balance on one leg, which can be used as an exercise
therapy for people with impaired balance (Chen et al., 2021). Dybvik
and Steinert (2021) used fNIRS to investigate brain activity during
yoga posture practice. They found differences in prefrontal activation
when comparing simple postures to complex postures, differences
that represented different cognitive loads (Dybvik and Steinert,
2021). The postures used in these studies are relatively simple; a
novice with no practice experience could also complete these
postures with guidance. Long-term yoga practitioners can perform
many difficult postures with increased posture practice over time that
short-term practitioners cannot. Since long-term exercise facilitates
neuroplasticity of certain brain functions (Hotting and Roder, 2013),
how different brain activities are evoked by these more difficult
postures between long-term and short-term yoga practitioners may
provide better understanding of the neural characteristics associated
with yoga posture practice. Thus, the present study used mental
imagery of yoga postures to assess whether neural activity differed
between difficult vs. simple yoga postures in long-and short-term
yoga practitioners.

Numerous clinical studies using fNIRS have shown that
mindfulness meditation interventions can relieve emotion problems
(Gundel et al., 2018) and improve attention and cognitive control
performances (Gao and Zhang, 2023). Choo et al. (2019) highlighted
the role of PFC activity during mindfulness meditation. Gao and
Zhang (2023) observed a stronger activation of the dorsolateral PEC
(DLPDC) during mindfulness meditation. But few studies have
explored the neural responses to yogic mindfulness meditation. Jiang
etal. (2021) found that brain activity in the PFC increased during an
inhibitory control task after a yogic mindfulness meditation
intervention. At present, there is limited research examining how PFC
hemodynamics change during yogic mindfulness meditation. The
effect of yogic mindfulness meditation practice experience on PFC
activity also remains unclear.

Thus, the present study compared neural changes during
abdominal breathing, mental imagery of postures, and mindfulness
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meditation between long-and short-term yoga practitioners to
further explore the separate neural responses to each yoga
component. The study analyzed concentration changes in
oxyhemoglobin caused by neural activation in the DLPFC,
ventrolateral PFC (VLPFC), and orbitofrontal cortex. The DLPFC is
important for regulating attention and is closely related to cognitive
function (Mooneyham et al., 2016). The orbitofrontal cortex (OFC)
has a wide connection with the emotional center and is closely related
to emotion regulation (Kral, 2020). The VLPFC participates in self-
related processing (Joshanloo, 2022) and motor activity (Selleck et al.,
2018). As previously stated, the results of the aforementioned studies
indicate that the three yoga components are associated with decreases
in negative emotion and increases in attention focus and cognitive
and motor control performances. Each of these functions is
controlled largely by the various subdivisions of the PFC. Thus,
we hypothesized that experienced yoga practitioners would show
similar but also unique neural activities in the various subdivisions
of the PFC during breath work, mental imagery of yoga postures, and
mindfulness meditation. We also hypothesized that practice
experience in the three yoga components would enhance neural
activity in the corresponding PFC area.

Materials and methods
Participants

A total of 40 women were recruited from yoga studios in China:
20 long-term yoga practitioners and 20 short-term yoga
practitioners. All participants were native Chinese women between
18 and 40 years of age. Long-term yoga practitioners practiced yoga
more than 3 times a week for a mean (SD) of 6.05 (1.39) years,
whereas short-term yoga practitioners practiced yoga more than 3
times a week for a mean (SD) of 0.91 (0.38) years. Table 1
summarizes the demographic characteristics of the participants.
This study was approved by the Shanghai University of Sport Ethics
Committee and was performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its later
amendments. All participants provided written informed consent
prior to the study.

Stimuli

The present study selected 30 yoga posture images. Of them,
15 were simple postures and 15 were difficult postures. Each
difficult posture was an advanced version of the corresponding
simple posture, and there were some similarities in the
activation of the muscles between the simple and difficult

TABLE 1 Demographic and yoga training characteristics of participants.

Characteristic (years)

Long-term practitioners

10.3389/fnins.2024.1322071

postures. All images were consistent in size and luminance.
Table 2 gives the names of the postures that were used.

Procedure

The experiment consisted of three tasks: abdominal breathing
(task 1), mental imagery of yoga posture (task 2), and mindfulness
meditation (task 3). After the participants had been introduced to the
experiment, the {NIRS instrumentation (NIRSport2, NIRx, Germany)
was placed on them. Participants performed these three tasks while
fNIRS data were recorded. The three tasks were compiled and run
using E-Prime 3.0 software (Psychology software tools, INC,
America). The three tasks were presented in a random order.

Task 1 began with a 10-s fixation screen appearing on a monitor,
followed by a black blank screen for 3min. During those 3 min,
participants were instructed to practice abdominal breathing with
their eyes closed, keeping the breath slow and deep and coming from
the abdomen. They were further instructed that as they reached the
end of each inhalation to begin exhaling without holding their breath
(see Figure 1).

Task 2 began with a 20-s fixation screen, followed by the
presentation of images of 15 different postures, each of which was
presented for 3 s. Participants were instructed to view each image and
imagine the activation of their body muscles as though they were
performing each posture themselves. The experiment consisted of two
groups of posture images: one group of 15 simple postures and one
group of 15 difficult postures (Table 2). The order in which these two
groups of images was presented was random, and each image in each
group appeared twice. Participants were then asked to view these
images again and to self-rate their mastery of each posture using the
following scale: 1 represented not at all; 2, occasionally; 3, relatively
easy; and 4, very easy. We did not conduct fNIRS while the participants
self-reported their mastery of each posture (see Figure 1).

Task 3 began with a 10-s fixation screen, followed by a black blank
screen for 3min. During those 3min, participants were asked to
practice open monitoring mindfulness meditation. The participants
were instructed to close their eyes while attempting to focus attention
and stay aware of the present moment, thoughts, feelings without any
judgement, that is, maintaining an open and receptive attitude to the
moment (Kabat-Zinn, 2021) (see Figure 1).

Data acquisition and analyses

The fNIRS data were collected with the NIRSport2 system
(NIRx, Germany). We acquired 760 and 850 nm dual-wavelength
near-infrared light to measure the relative concentration changes of
oxyhemoglobin and deoxyhemoglobin (Yamashita et al., 1996)

Short-term practitioners t-test scores

Mean Mean
Age 31.95 7.13 28.50 6.99 0.13
Educational level 14.55 1.87 15.30 1.78 0.20
Yoga training 6.05 1.39 0.91 0.38 <0.01
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TABLE 2 Postures used for performing mental imagery of yoga postures.

10.3389/fnins.2024.1322071

Simple postures

Difficult postures

Mountain pose with arms up Handstand pose
Downward facing dog pose Headstand pose
Plant pose Crane pose

Locust pose Full locust

Cat pose Scorpion pose
Tree pose Standing sun dial pose
Cobra pose Snake king pose

Wide legged forward bend
Imaginary chair pose
Forearm plank pose
Pigeon pose

Triangle pose

dancer pose

Tortoise pose

Upsidedown chair

Forearm balance

Hanuman pose

Extend hand to big toe pose

Lord of the dance pose

bridge pose Wheel pose
Skyscraper pose Tiptoe pose
Task 1 Task 2 Task 3

abdominal breathing
with their eyes closed

FIGURE 1
Procedures for the three yoga component tasks.

Simple posture

mindfulness meditation
with their eyes closed

difficult posture
)

Y
each group appeared twice

based on the modified Beer-Lambert law (Cope et al., 1988) with a
sampling frequency of 10Hz. For the fNIRS experiment, eight
sources and seven detectors (yielding 20 channels) were placed over
the PFC region. The distance between the source and the detector
was 3cm. Sensors were located by aligning the bottom row of
electrodes with the International 10-20 AF7-Fp1-Fpz-Fp2-AF8 line
(Jurcak et al., 2007). Researchers have identified a correspondence
between the location of fNIRS channels and specific brain regions
(Okamoto et al., 2004; Tsuzuki et al., 2007). In the present study, the
ventrolateral prefrontal cortex (VLPFC) was represented by
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channels 1, 3, 18, and 20; the DLPFC, by channels 2, 5, 8, 9, 10, 15,
and 17; the OFC, by channels 4, 11, 13, and 19; and the frontopolar
prefrontal cortex (FPA), by channels 6, 7, 12, 14, and 16 (see
Figure 2).

The fNIRS data were evaluated with Homer2 software
(MGH-Martinos Center for Biomedical Imaging, Boston, MA,
United States) using MATLAB (MathWorks, Natick, MA,
United States). Motion artifacts were detected as signal changes more
by than10% of the standard deviation of the signal within 0.5s and
were removed by wavelet filtering (Molavi and Dumont, 2012).
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FIGURE 2
Each channel corresponds to an area within the prefrontal cortex.

Baseline drift was removed using a high-pass filter with a cutoff
frequency of 0.01 Hz, and a low-pass filter with a frequency of 0.1 Hz
was used to reduce the impact of the heartbeat, respiration, blood
pressure, and skin blood flow signals. The changes in the oxygenated
hemoglobin (HbO) concentration were calculated using the modified
Beer-Lambert law. The average response of each participant in the
three tasks at 20 channels was obtained by using the block average
(Strangman et al., 2002).

Statistical analysis

Statistical analyses were performed in SPSS, version 22.0 (IBM
Inc.). The independent samples t-test was used to determine the
difference between two groups in the HbO concentration at 20
channels in the PFC during breath work and meditation. The self-
reported mastery of each yoga posture and the HbO concentration
activated in the PFC while processing that yoga posture were analyzed
by two-way repeated-measures analyses of variance (ANOVAs), with
main effects of group (long-term vs. short term yoga practitioners)
and posture difficulty level (simple vs. difficult). The Benjamini-
Hochberg false discovery rate procedure was used for the fNIRS data
(Benjamini and Hochberg, 1995). Values are presented as means +
SDs. Differences with 2-sided p-values <0.05 were considered
statistically significant.

Results

Task 1: breath work

The results of independent samples t-tests showed that the HbO
concentration in the DLPFC (channel 9) of long-term yoga
practitioners was significantly higher than that of short-term yoga
practitioners (p=0.014) during abdominal breathing. The increased
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activation in the DLPFC during breath work in long-term yoga
practitioners may suggest a benefit of yogic breathing on DLPFC
function (see Table 3).

Task 2: mental imagery of yoga postures

Repeated-measures ANOVA results for the self-reported mastery
of yoga postures revealed a significant main effect of group
(F,19=30.276, p<0.001, 77127 = 0.614) and of posture difficulty level
(F,19)=468.058, p<0.001, 1712, =0.961), and a significant interaction
between group and posture difficulty level (F; 5)=25.831, p<0.001,
nIZ, = 0.576). Long-term yoga practitioners reported better mastery
than short-term yoga practitioners of both simple (p=0.007) and
difficult (p <0.001) yoga postures (see Figure 3).

Repeated-measures ANOVA results for the HbO concentration in
the PFC during mental imagery of yoga postures revealed significant
main effects or interactions between group and posture difficulty level
in 3 (1, 3, and 20) of 20 channels. These channels were located over the
VLPEC (see Table 4). After using post hoc tests and controlling for
multiple comparisons using the Benjamini-Hochberg false discovery
rate procedure, we found that the data from channel 3 remained
significant (see Figure 4; Table 5) (Benjamini and Hochberg, 1995).
There was a significant main effect of group (F,, 19)=9.035, p=0.007,
nIZ, =0.322) and of posture difficulty level (F; 15)=9.873, p=0.005, nf)
= 0.342). Long-term practitioners showed significantly lower
activation than short-term practitioners in the VLPFC associated with
the mental imagery of yoga postures. In addition, VLPFC activity
elicited by mental imagery of the difficult postures was significantly
lower than that elicited by the simple postures. There was also a
significant interaction between group and posture difficulty level
(Fu,19=5.987, p=0.024, 1712, = 0.240). The HbO concentration in the
VLPEC of long-term practitioners elicited by difficult postures was
significantly lower than that of short-term practitioners (p=0.008). By
contrast, there was no significant difference in the VLPFC HbO
concentration between these two groups during the mental imagery
of simple postures (see Figure 4).

Task 3: mindfulness meditation

The independent samples t-test results showed that the HbO
concentration in the OFC of long-term yoga practitioners during
mindfulness meditation was significantly higher than that of short-
term yoga practitioners for channel 4 (p=0.013) and channel 11
(p=0.011). The HbO concentration in the VLPFC cortex of long-term
yoga practitioners was significantly higher than that of short-term
yoga practitioners (p=0.032) (see Table 6).

Discussion

The aim of this study was to characterize neural responses to
three yoga-specific components: breath work, yoga postures, and
mindfulness mediation. Participants with long-and short-term yoga
practice experience completed abdominal breathing, mental
imagery of yoga postures, and mindfulness meditation while fNIRS
data were recorded. The results supported one of our hypotheses,
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TABLE 3 Mean changes in HbO concentration assessed in four prefrontal cortical areas through 20 fNIRS channels during abdominal breathing
between long-and short-term yoga practitioners.

Long-term Short-term
practitioners practitioners
Channel Mean/pm SD Mean/pm SD p-value Corrected-p Cohen’sd
4 0.0063 0.0204 ~0.0020 0.0194 1.308 0.199 0.796 0.417
11 0.0051 0.0164 0.0018 0.0123 0.715 0.479 0.932 0.228
13 0.0004 0.0109 0.0014 0.0155 -0.235 0.815 0.932 0.075
19 0.0006 0.0114 0.0002 0.0116 0.086 0.932 0.932 0.035
VLPEC
1 0.0089 0.0402 —0.0013 0.0247 0.945 0351 0.468 0.306
3 0.0066 0.0172 0.0024 0.0287 0.561 0.578 0.578 0.178
18 0.0522 0.2253 —0.0024 0.0150 1.054 0.299 0.468 0.342
20 0.0049 0.0108 0.0011 0.0121 1.038 0.306 0.468 0331
DLPFC
2 —0.0048 0.0400 —0.0059 0.0281 0.097 0.923 0.961 0.032
5 0.0137 0.0328 0.0029 0.0246 1.160 0253 0.455 0373
8 ~0.0004 0.0122 ~0.0006 0.0192 0.050 0.961 0.961 0.012
9 0.0281 0.0453 —0.0165 0.0368 3.364 0.002 * 0.014* 1.081
10 0.0000 0.0152 —0.0053 0.0168 1.045 0.303 0.455 0331
15 0.0259 0.1052 —0.0026 0.0299 1.138 0.263 0.455 0.369
17 0.0062 0.0293 —0.0014 0.0158 0.998 0.325 0.455 0323
FPA
6 0.0036 0.0131 0.0025 0.0179 0.220 0.827 0.827 0.070
7 0.0052 0.0095 0.0042 0.0157 0.240 0.812 0.827 0.077
12 0.0046 0.0160 —0.0018 0.0211 1.082 0.286 0715 0.342
14 0.0084 0.0191 ~0.0010 0.0127 1.801 0.080 0.400 0.580
16 0.0043 0.0163 0.0005 0.0148 0.774 0.444 0.740 0.244

p-values were corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate procedure. OFC, orbitofrontal cortex; VLPFC, ventrolateral prefrontal cortex; DLPFC,
dorsolateral prefrontal cortex; FPA, frontopolar cortex; NIRS, functional near-infrared spectroscopy; HbO, oxygenated hemoglobin; SD, standard deviation; *p <0.05.

namely, that experienced yoga practitioners showed similar butalso ~ short-term yoga practitioners. However, long-term yoga
unique neural activities in the various subdivisions of the PFC  practitioners showed much lower activity in the VLPFC compared
during the three yoga tasks. Hemodynamic changes in the DLPFC ~ with short-term yoga practitioners. Below, we discuss this
improved only during abdominal breathing, and OFC activity  finding further.

increased only during mindfulness meditation. The activity in the

VLPFC changed during both mental imagery of postures and

mindfulness meditation. To the best of our knowledge, this is the Breath work

first demonstration of fNIRS comparing the neural characteristics

of different yoga components. Consistent with our results, Desai Our fNIRS data showed that the HbO concentration in the
etal. (2015) reviewed 15 studies using electroencephalography and ~ DLPFC of long-term yoga practitioners was significantly higher than
found that breathing, meditation, and posture practice elicited  that of short-term yoga practitioners during abdominal breathing.
similar but unique enhancements of brain wave activity. Alpha  The increased HbO concentration may be due to better slow breath
waves improved in amplitude and frequency during all three yoga  control that led to better perfusion and oxygenation in long-term
components; the amplitude and frequency of beta waves increased ~ yoga practitioners. This may be a mechanistic underpinning of the
only during breathing, and theta wave activity improved after both  deep abdominal breathing control benefits from long-term yoga
posture practice and breathing (Desai et al., 2015). Our hypothesis  experience. An enhanced ability to control breathing has been related
that the three components of yoga training would enhance activity  to physical and mental health in daily life (Stutz and Schreiber, 2017).
in the corresponding PFC area was not fully accurate. During  Zaccaro et al. (2022) compared the aftereffects of slow nasal breathing
abdominal breathing and mindfulness meditation, we observed  with a session of mouth breathing at the same respiratory rate. They
higher PFC activity in long-term yoga practitioners than in  showed that slow breathing modulates brain activity and hence the
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Self-reported mastery of yoga postures.

TABLE 4 Main effects and interactions during mental imagery of simple and difficult yoga postures for VLPFC activity (as assessed by HbO
concentration) between long-and short-term yoga practitioners.

Long-term Short-term
practitioners practitioners
Channel Mean SD Mean SD Practice effect Posture Practice x
difficulty posture
effect difficulty
VLPFC
1
simple postures —0.0432 0.0378 —0.0791 0.6531 F, 10 =10.283 Fy.19=0.910 Fp19=1.208
difficult postures —0.0584 0.3940 0.3224 0.9905 p=0.005, n,z; =0351 | p=0352, n% =0.046 p=0.285, n,z; =0.060
3
simple postures 0.2007 0.1829 0.1857 0.3011 Fii 19 =9.035 Fii,10) =9.873 F,19) = 5.987
difficult postures | —0.2301 0.3297 0.0577 03007 | p=0.007,75=0322  p=0005n3=0342 p=0024,7%=0.240
18
simple postures —0.1177 0.3339 0.0330 0.3528 F,19=0.085 F,19=0.149 F,19=0.243
difficult postures 0.0430 12800 ~0.0206 05158 p=0774,n%=0004 p=070473=0008 p=06287n3=0013
20
simple postures 0.2089 0.1948 0.1234 0.1928 Fy 19 =1.251 Fi 19 =15.536 Fy 19 =7.181
difficult postures —0.1760 0.2414 0.0226 0.3161 p=0277, n;zz =0.062  p=0.001, n% =0450 p=0.015, n,% =0.274

HbO, oxygenated hemoglobin; VLPFC, ventrolateral prefrontal cortex; SD, standard deviation; *p <0.05.

subjective experience to the point of inducing a non-ordinary state
of consciousness (Zaccaro et al., 2022). The increased HbO
concentration in the DLPFC may also represent a benefit of

Frontiers in Neuroscience

long-term yogic breathing experience on DLPFC function. DLPFC

is a cognition area responsible for planning, organizing, and

regulating and is closely related to functions such as attention,
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TABLE 5 Mean changes in HbO concentrations in the VLPFC between long-and short-term yoga practitioners during mental imagery of difficult

postures.

Long-term practitioners

Short-term practitioners

Channel Mean SD Mean SD p-value Corrected-p
‘ 1 —0.0584 0.3940 0.3224 0.9905 0.095 0.127
‘ 3 —0.2301 03297 0.0577 0.3007 0.002 0.008
‘ 18 0.0430 1.2800 ~0.0206 0.5158 0.860 0.860
‘ 20 ~0.1760 0.2414 0.0226 0.3161 0.026 0.052

p-values were corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate procedure. HbO, oxygenated hemoglobin; VLPFC, ventrolateral prefrontal cortex; SD,

standard deviation; *p <0.05.

memory, and emotional control (Hertrich et al., 2021; Wischnewski
etal., 2021). Studies have provided strong evidence for the advantages
of regular yogic breathing on cognition. Yogic breathing has shown
benefits for verbal and spatial cognition, memory, sustained attention
and emotional regulation (Marshall et al., 2014; Ma et al., 2017). The
current study provides new neural evidence for the cognitive benefits
of yogic breathing.

Mental imagery of yoga postures

The self-assessment scores of yoga posture mastery indicated that
the mastery levels of long-term yoga practitioners on both simple and
difficult postures were higher than those of short-term yoga
practitioners. Consistent with the present result, a previous study also
observed a posture control advantage suggesting possible benefits in
supraspinal feed-forward motor adaptations associated with yoga
training (Pinto et al., 2022).

Inconsistent with our hypotheses, the present fNIRS data
showed that the activation level of the VLPFC was significantly
lower in the long-term yoga practitioners than in the short-term

Frontiers in Neuroscience

yoga practitioners during mental imagery of difficult yoga
postures. The postures we selected for the mental imagery task may
have impacted the neural results. Dybvik and Steinert (2021) used
fNIRS to explore brain activity when participants actually
practiced yoga postures and found that brain activation was
significantly higher in difficult postures compared with simple
postures. The inconsistency across studies for these results may
be due to the different neural underpinnings associated with the
two experimental paradigms. It is likely that using imagery for
performing the postures in our study versus actually performing
the postures as in the study by Dybvik et al. involve different
neural correlates. Our findings suggest that long-term experienced
practitioners required less neural activity to image more difficult
postures than short-term yoga practitioners, which may have
largely benefited from long-term posture training experience.
Another previous study found that long-term exercise facilitated
neuroplasticity associated with brain functions (Hotting and
Roder, 2013). The VLPFC is part of a default mode network
involved in self-awareness. Evidence indicates that activation of
the default mode network is stronger during a resting state and is
significantly decreased during target tasks (Sheline et al., 2009).
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TABLE 6 Mean changes in HbO concentrations between long-and short-term yoga practitioners during mindfulness meditation as assessed in 20
prefrontal fNIRS channels over four cortical areas.

Long-term Short-term
practitioners practitioners
Channel Mean/ SD Mean/ SD p-value  Corrected-p  Cohen’s d
pm pm

4 0.0046 0.0130 —0.0113 0.0209 2.881 0.006* 0.013* 0.914

11 0.0102 0.0270 —0.0129 0.0177 3210 0.003* 0.011%* 1.012

13 —0.0025 0.0132 —0.0109 0.0197 1.579 0.123 0.164 0.501

19 0.0013 0.0119 —0.0042 0.0146 1.326 0.193 0.193 0413
VLPEC

1 0.0007 0.0106 —0.0038 0.0067 1.548 0.131 0.174 0507

3 0.0022 0.0133 —0.0087 0.0202 1.960 0.058 0.116 0.637

18 0.0017 0.0194 —0.0032 0.0110 0.924 0.362 0362 0311

20 0.0037 0.0126 —0.0059 0.0095 2741 0.010% 0.032% 0.86
DLPFC

2 0.0011 0.0077 0.0000 0.0227 0.188 0.852 0.852 0.065

5 0.0080 0.0134 —0.0014 0.0134 1.752 0.093 0.608 0.701

8 —0.0027 0.0131 —0.0055 0.0134 0.667 0.509 0.852 0211

9 ~0.0061 0.0159 0.0158 0.0504 -1.172 0.261 0.608 0.586

10 0.0028 0.0172 0.0051 0.0318 —0.268 0.790 0.852 0.090

15 —0.0019 0.0215 —0.0051 0.0151 0.441 0.663 0.852 0.172

17 0.0075 0.0294 —0.0030 0.0140 1.383 0.175 0.608 0.456
FPA

6 ~0.0024 0.0297 ~0.0063 0.0111 0.539 0.593 0.593 0.174

7 ~0.0009 0.0213 —0.0052 0.0100 0.773 0.445 0.556 0.258

12 0.0032 0.0160 —0.0029 0.0131 1.325 0.193 0322 0417

14 0.0009 0.0169 —0.0062 0.0120 1.460 0.153 0322 0.484

16 0.0027 0.0120 —0.0032 0.0139 1.444 0.157 0322 0.454

p-value was corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate procedure. OFC, orbitofrontal cortex; VLPFC, ventrolateral prefrontal cortex; DLPFC,
dorsolateral prefrontal cortex; FPA, frontopolar cortex; fNIRS: functional near-infrared spectroscopy; HbO, oxygenated hemoglobin; SD, standard deviation; *p <0.05.

Consistent with these observations, the lower activation in the
VLPFC observed during mental imagery of yoga postures in the
present study may indicate more efficient neural recruitment.
Findings in a study by Hertrich et al. (2021) suggested that the
cognitive load associated with difficult postures is greater than that
for simple postures during the actual performance. The more
difficult the posture, the greater the cognitive load and the stronger
the corresponding PFC activation. Cecchini et al. (2016) found
that motor imagery is developed linked to the development of
motor skills. Therefore, enhanced activation in the PFC during
actual performance of postures may be a reasonable interpretation
for efficient neural recruitment during the mental imagery
of postures.

Mindfulness meditation

The HbO concentration in the OFC and VLPFC of long-term
yoga practitioners during mindfulness mediation was significantly

Frontiers in Neuroscience

higher than that of short-term yoga practitioners. The results
confirmed our hypotheses that yogic meditation training
experience would amplify activities in the corresponding PFC
area. Consistent with our results, Nascimento et al. (2018)
reported increased activation of the PFC, especially in the OFC
and VLPFC, during meditation. Other studies have also found a
close neural association between meditation and these two brain
areas. Kong et al. (2016) found that mindfulness was positively
associated with OFC activation. Kurth et al. (2023) observed a
negative relationship between age and OFC, and surprisingly,
age-related declines in the OFC is diminished in meditation
practitioners. Mooneyham et al. (2016) reported that mindfulness
meditation was associated with the VLPFC. Meditation practice
also enhanced the functional connectivity of the VLPFC to other
brain regions (Barrds-Loscertales et al., 2021). Taken together,
these studies indicate the neural benefits associated with yogic
mindfulness meditation practice experience. Our findings provide
additional neural evidence for the many behavioral studies
showing the advantages of mindfulness meditation. Numerous
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studies have found that mindfulness meditation benefits mental
refreshment, attention, emotional control, and self-awareness,
which are associated with the OFC and VLPFC (Shen et al., 2020;
Miyashiro et al., 2021; Shen et al., 2023).

Limitations

The present study has some limitations. First, the present
study lacks scientific behavioral assessments. Thus, it was not
possible to connect the neural advantages of each yoga component
with the corresponding behavioral advantage, reducing the
significance of this study for practical application. Future research
exploring the benefits of yoga should combine accurate behavioral
measurements for breathing, posture imagery, and mindfulness
meditation with neural indicators. Second, although we balanced
the two groups for age and educational level, differences between
the two groups beyond yoga training may still have confounded
the results. Future research should recruit participants with no
yoga experience and conduct long-term yoga interventions to
more accurately explore the neurobehavioral benefits of yoga.
Third, each of the three yoga components can be further
subdivided into several categories, the benefits of which should
be further explored in future research.

Conclusion

PFEC activation, as assessed using HbO concentrations during
fNIRS, showed some similarities as well as differences during the
performance of the three core components of yoga practice,
namely, yogic breathing, posture imagery, and mindfulness
meditation. Long-term yoga practice experience was associated
with the neural benefit of efficient activation in the PFC. Long-
term mindfulness mediation experience improved brain activity
in both the OFC and VLPFC, whereas long-term yogic breathing
improved brain activity in the DLPFC. Long-term yoga posture
practice experience was associated with efficient neural
recruitment in the VLPFC, as reflected by lower activation during
mental imagery of yoga postures.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

References

Bahensky, P, Bunc, V., Malatova, R., Marko, D., Grosicki, G. J., and Schuster, J. (2021).
Impact of a breathing intervention on engagement of abdominal, thoracic, and
subclavian musculature during exercise, a randomized trial. J. Clin. Med. 10:3514. doi:
10.3390/jcm10163514

Barrds-Loscertales, A., Hernandez, S. E., Xiao, Y., Gonzélez-Mora, J. L., and Rubia, K.
(2021). Resting state functional connectivity associated with Sahaja yoga meditation.
Front. Hum. Neurosci. 15:614882. doi: 10.3389/fnhum.2021.614882

Frontiers in Neuroscience

55

10.3389/fnins.2024.1322071

Ethics statement

The studies involving humans were approved by the Shanghai
University of Sport Ethics Committee and was performed in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments. The studies were
conducted in accordance with the local legislation and institutional
requirements. A total of 40 women were recruited from yoga studios
in shanghai China. Written informed consent for participation was
not required from the participants or the participants’ legal guardians/
next of kin in accordance with the national legislation and
institutional requirements.

Author contributions

XL: Conceptualization, Funding acquisition, Methodology,
Writing - original draft, Investigation, Supervision. YZ: Formal
analysis, Investigation, Writing - review & editing. CZ:
Conceptualization, Investigation, Methodology, Writing — review &
editing. HW: Methodology, Resources, Writing — review & editing.
Methodology,

XW: Conceptualization, Funding acquisition,

Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by Shanghai Science and Technology Planning Project
(grant number 20080502800) and a grant from the funding of
Education and Scientific Research Project of Shanghai (C2023115).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. Royal Stat. Soc. Series B 57, 289-300.

Bhargav, H., Nagendra, H. R, Gangadhar, B. N., and Nagarathna, R. (2014). Frontal
hemodynamic responses to high frequency yoga breathing in schizophrenia: a functional
near-infrared spectroscopy study. Front. Psych. 5:29. doi: 10.3389/fpsyt.2014.00029

Brinsley, J., Smout, M., Girard, D., and Davison, K. (2022). Acute mood and
cardiovascular responses to moderate intensity vinyasa yoga, static yin yoga and aerobic

frontiersin.org


https://doi.org/10.3389/fnins.2024.1322071
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/jcm10163514
https://doi.org/10.3389/fnhum.2021.614882
https://doi.org/10.3389/fpsyt.2014.00029

Lietal.

exercise in people with depression and/or anxiety disorders: a 5-arm randomised
controlled trial. Ment. Health Phys. Act. 22:100450. doi: 10.1016/j.mhpa.2022.100450

Burt, J. S., Davenport, M. P, Welch, J. E, and Davenport, P. W. (2023). fNIRS analysis
of rostral prefrontal cortex activity and perception of inspiratory loads. Respir. Physiol.
Neurobiol. 316:104113. doi: 10.1016/j.resp.2023.104113

Cagas, J. Y., Biddle, S. J., and Vergeer, I. (2023). When an activity is more than just
exercise: a scoping review of facilitators and barriers for yoga participation. Int. Rev.
Sport Exerc. Psychol. 16, 93-154. doi: 10.1080/1750984X.2020.1827448

Cecchini, J. A., Ferndndez-Losa, J. L., and Pallasa, M. (2016). The accuracy of the motor
imagery and the ball reception in children. Revista Internacional De Medicina Y Ciencias
De La Actividad Fisica Y Del Deporte 62, 297-315. doi: 10.15366/rimcafd2016.62.008

Chen, X.-P,, Wang, L.-J., Chang, X.-Q., Wang, K., Wang, H.-E, Ni, M., et al. (2021).
Tai chi and Yoga for improving balance on one leg: a neuroimaging and biomechanics
study. Front. Neurol. 12:746599. doi: 10.3389/fneur.2021.746599

Choo, C. C,, Lee, J. J. W,, Kuek, J. H. L., Ang, K. K,, Yu, J. H,, Ho, C. S,, et al. (2019).
Mindfulness and hemodynamics in asians: a literature review. Asian J. Psychiatr. 44,
112-118. doi: 10.1016/j.ajp.2019.07.035

Cope, M., Delpy, D. T., Reynolds, E. O., Wray, S., Wyatt, J., and Van, D. (1988).
Methods of quantitating cerebral near infrared spectroscopy data. Springer US.

Das, R. R, Sankar, J., and Kabra, S. K. (2021). Role of breathing exercises in asthma—
yoga and pranayama. Indian J. Pediatr. 89, 174-180. doi: 10.1007/s12098-021-03998-w

Desai, R., Tailor, A., and Bhatt, T. (2015). Effects of yoga on brain waves and structural
activation: a review. Complement. Ther. Clin. Pract. 21, 112-118. doi: 10.1016/j.ctcp.2015.02.002

Domingues, R. B. (2018). Modern postural yoga as a mental health promoting tool: a
systematic review. Complement. Ther. Clin. Pract. 31, 248-255. doi: 10.1016/j.
ctcp.2018.03.002

Dybvik, H., and Steinert, M. (2021). Real-world {NIRS brain activity measurements
during ashtanga vinyasa yoga. Brain Sci. 11:742. doi: 10.3390/brainscil 1060742

Gao, Q., and Zhang, L. W. (2023). Brief mindfulness meditation intervention improves
attentional control of athletes in virtual reality shooting competition: evidence from fNIRS
and eye tracking. Psychol. Sport Exerc. 69:102477. doi: 10.1016/j.psychsport.2023.102477

Gundel, E, von Spee, ], Schneider, S., Haeussinger, F. B., Hautzinger, M., Erb, M., et al.
(2018). Meditation and the brain—neuronal correlates of mindfulness as assessed with
near-infrared spectroscopy. Psych. Res. Neuroimag. 271, 24-33. doi: 10.1016/j.
pscychresns.2017.04.002

Hertrich, I., Dietrich, S., Blum, C., and Ackermann, H. (2021). The role of the
dorsolateral prefrontal cortex for speech and language processing. Front. Hum. Neurosci.
15:645209. doi: 10.3389/fnhum.2021.645209

Hotting, K., and Roder, B. (2013). Beneficial effects of physical exercise on
neuroplasticity and cognition. Neurosci. Biobehav. Rev. 37, 2243-2257. doi: 10.1016/j.
neubiorev.2013.04.005

Jiang, D., Liu, Z., and Sun, G. (2021). The effect of yoga meditation practice on young
Adults' inhibitory control: an fNIRS study. Front. Hum. Neurosci. 15:725233. doi:
10.3389/fnhum.2021.725233

Jorrakate, C., Kongsuk, J., Pongduang, C., Sadsee, B., and Chanthorn, P. (2015). Effect
of yoga training on one leg standing and functional reach tests in obese individuals with
poor postural control. J. Phys. Ther. Sci. 27, 59-62. doi: 10.1589/jpts.27.59

Joshanloo, M. (2022). Mental balance in 116 nations: where it is experienced and
valued. Int. J. Environ. Res. Public Health 19:12457. doi: 10.3390/ijerph191912457

Jurcak, V., Tsuzuki, D., and Dan, I. (2007). 10/20, 10/10, and 10/5 systems revisited:
their validity as relative head-surface-based positioning systems. Neurolmage 34,
1600-1611. doi: 10.1016/j.neuroimage.2006.09.024

Kabat-Zinn, J. (2021). Meditation is not what you think. Mindfulness 12, 784-787. doi:
10.1007/s12671-020-01578-1

Kong, E, Wang, X,, Song, Y. Y, and Liu, J. (2016). Brain regions involved in
dispositional mindfulness during resting state and their relation with well-being. Soc.
Neurosci. 11, 331-343. doi: 10.1080/17470919.2015.1092469

Kral, T. R. (2020). Impact of mindfulness meditation on brain function, connectivity,
and structure. The University of Wisconsin-Madison.

Kupershmidt, S., and Barnable, T. (2019). Definition of a yoga breathing (pranayama)
protocol that improves lung function. Holist. Nurs. Pract. 33, 197-203. doi: 10.1097/
HNP.0000000000000331

Kurth, E, Strohmaier, S., and Luders, E. (2023). Reduced age-related Gray matter loss
in the orbitofrontal cortex in long-term meditators. Brain Sci. 13:1677. doi: 10.3390/
brainscil3121677

Maleki, A., Ravanbakhsh, M., Saadat, M., Bargard, M. S., and Latifi, S. M. (2022).
Effect of breathing exercises on respiratory indices and anxiety level in individuals with

generalized anxiety disorder: a randomized double-blind clinical trial. J. Phys. Ther. Sci.
34, 247-251. doi: 10.1589/jpts.34.247

Mandlik, G. V., Nguyen, B., Ding, D., and Edwards, K. M. (2023). Not all yoga styles
are the same: an international survey on characteristics of yoga classes. J. Integ.
Complement. Med. 29, 321-326. doi: 10.1089/jicm.2022.0712

Marshall, R. S., Basilakos, A., Williams, T., and Love-Myers, K. (2014). Exploring the
benefits of unilateral nostril breathing practice post-stroke: attention, language, spatial

Frontiers in Neuroscience

10.3389/fnins.2024.1322071

abilities, depression, and anxiety. J. Altern. Complement. Med. 20, 185-194. doi: 10.1089/
acm.2013.0019

Ma, X., Yue, Z. Q,, Gong, Z. Q., Zhang, H., Duan, N. Y,, Shi, Y. T, et al. (2017). The
effect of diaphragmatic breathing on attention, negative affect and stress in healthy
adults. Front. Psychol. 8:874. doi: 10.3389/fpsyg.2017.00874

Miyashiro, S., Yamada, Y., Muta, T., Ishikawa, H., Abe, T., Hori, M., et al. (2021).
Activation of the orbitofrontal cortex by both meditation and exercise: a near-infrared
spectroscopy study. PLoS One 16:€0247685. doi: 10.1371/journal.pone.0247685

Molavi, B., and Dumont, G. A. (2012). Wavelet-based motion artifact removal for
functional near-infrared spectroscopy. Physiol. Meas. 33, 259-270. doi:
10.1088/0967-3334/33/2/259

Mooneyham, B. W., Mrazek, M. D., Mrazek, A. J., and Schooler, J. W. (2016). Signal
or noise: brain network interactions underlying the experience and training of
mindfulness. Ann. N. Y. Acad. Sci. 1369, 240-256. doi: 10.1111/nyas.13044

Nascimento, S. S., Oliveira, L. R., and DeSantana, J. M. (2018). Correlations between
brain changes and pain management after cognitive and meditative therapies: a
systematic review of neuroimaging studies. Complement. Ther. Med. 39, 137-145. doi:
10.1016/j.ctim.2018.06.006

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al. (2004).
Three-dimensional probabilistic anatomical cranio-cerebral correlation via the
international 10-20 system oriented for transcranial functional brain mapping.
Neurolmage 21, 99-111. doi: 10.1016/j.neuroimage.2003.08.026

Pinto, D. P, Moreira, P. V. S., and Menegaldo, L. L. (2022). Postural control adaptations
in yoga single-leg support postures: comparison between practitioners and
nonpractitioners. Mot. Control. 26, 412-429. doi: 10.1123/mc.2021-0088

Prado, E. T, Raso, V., Scharlach, R. C., and Kasse, C. A. (2014). Hatha yoga on body
balance. Int. J. Yoga 7, 133-137. doi: 10.4103/0973-6131.133893

Selleck, R. A., Giacomini, J., Buchholtz, B. D., Lake, C., Sadeghian, K., and Baldo, B. A.
(2018). Modulation of appetitive motivation by prefrontal cortical mu-opioid receptors
is dependent upon local dopamine D1 receptor signaling. Neuropharmacology 140,
302-309. doi: 10.1016/j.neuropharm.2018.07.033

Semich, A. M. (2012). Effects of two different hatha yoga interventions on perceived
stress and five facets of mindfulness. [Doctoral dissertation]. California:
Northcentral University.

Sheline, Y. I, Barch, D. M,, Price, J. L., Rundle, M. M., Vaishnavi, S. N., Snyder, A. Z.,
et al. (2009). The default mode network and self-referential processes in depression.
Proc. Natl. Acad. Sci. 106, 1942-1947. doi: 10.1073/pnas.0812686106

Shen, H., Chen, M., and Cui, D. (2020). Biological mechanism study of meditation
and its application in mental disorders. Gen. Psych. 33:e100214. doi: 10.1136/
gpsych-2020-100214

Shen, H., Zhang, L., Li, Y., Zheng, D., Du, L., Xu, E, et al. (2023). Mindfulness-based
intervention improves residual negative symptoms and cognitive impairment in
schizophrenia: a randomized controlled follow-up study. Psychol. Med. 53, 1390-1399.
doi: 10.1017/50033291721002944

Singh, K., Bhargav, H., and Srinivasan, T. M. (2016). Effect of uninostril yoga breathing
on brain hemodynamics: A functional near-infrared spectroscopy study. Int. J. Yoga,
9:12.

Strangman, G., Culver, J. P,, Thompson, J. H., and Boas, D. A. (2002). A quantitative
comparison of simultaneous BOLD fMRI and NIRS recordings during functional brain
activation. NeuroImage 17,719-731. doi: 10.1006/nimg.2002.1227

Stutz, R., and Schreiber, D. (2017). The effectiveness of occidental breathing therapy
methods: a systematic review. Complement. Med. Res. 24, 371-379. doi: 10.1159/000464341

Tsuzuki, D., Jurcak, V., Singh, A. K., Okamoto, M., Watanabe, E., and Dan, 1. (2007).
Virtual spatial registration of stand-alone fNIRS data to MNI space. Neurolmage 34,
1506-1518. doi: 10.1016/j.neuroimage.2006.10.043

Vonderlin, R., Biermann, M., Bohus, M., and Lyssenko, L. (2020). Mindfulness-based
programs in the workplace: a meta-analysis of randomized controlled trials. Mindfulness
11, 1579-1598. doi: 10.1007/s12671-020-01328-3

Wheeler, E. A,, Santoro, A. N., and Bembenek, A. F. (2019). Separating the “Limbs” of
Yoga: Limited Effects on Stress and Mood. J. Relig. Health. 58, 2277-2287. doi: 10.1007/
510943-017-0482-1

Wischnewski, M., Mantell, K. E., and Opitz, A. (2021). Identifying regions in
prefrontal cortex related to working memory improvement: a novel meta-analytic
method using electric field modeling. Neurosci. Biobehav. Rev. 130, 147-161. doi:
10.1016/j.neubiorev.2021.08.017

Yamashita, Y., Maki, A., Ito, Y., Watanabe, E., Mayanagi, Y., and Koizumi, H. (1996).
Noninvasive near-infrared topography of human brain activity using intensity
modulation spectroscopy. Opt. Eng. 35, 1046-1049. doi: 10.1117/1.600721

Yildiz, S., Grinstead, J., Hildebrand, A., Oshinski, J., Rooney, W. D., Lim, M. M, et al.
(2022). Immediate impact of yogic breathing on pulsatile cerebrospinal fluid dynamics.
Sci. Rep. 12:10894. doi: 10.1038/s41598-022-15034-8

Zaccaro, A., Piarulli, A., Melosini, L., Menicucci, D., and Gemignani, A. (2022).
Neural correlates of non-ordinary states of consciousness in pranayama practitioners:
the role of slow nasal breathing. Front. Syst. Neurosci. 16:803904. doi: 10.3389/
fnsys.2022.803904

frontiersin.org


https://doi.org/10.3389/fnins.2024.1322071
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.mhpa.2022.100450
https://doi.org/10.1016/j.resp.2023.104113
https://doi.org/10.1080/1750984X.2020.1827448
https://doi.org/10.15366/rimcafd2016.62.008
https://doi.org/10.3389/fneur.2021.746599
https://doi.org/10.1016/j.ajp.2019.07.035
https://doi.org/10.1007/s12098-021-03998-w
https://doi.org/10.1016/j.ctcp.2015.02.002
https://doi.org/10.1016/j.ctcp.2018.03.002
https://doi.org/10.1016/j.ctcp.2018.03.002
https://doi.org/10.3390/brainsci11060742
https://doi.org/10.1016/j.psychsport.2023.102477
https://doi.org/10.1016/j.pscychresns.2017.04.002
https://doi.org/10.1016/j.pscychresns.2017.04.002
https://doi.org/10.3389/fnhum.2021.645209
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.3389/fnhum.2021.725233
https://doi.org/10.1589/jpts.27.59
https://doi.org/10.3390/ijerph191912457
https://doi.org/10.1016/j.neuroimage.2006.09.024
https://doi.org/10.1007/s12671-020-01578-1
https://doi.org/10.1080/17470919.2015.1092469
https://doi.org/10.1097/HNP.0000000000000331
https://doi.org/10.1097/HNP.0000000000000331
https://doi.org/10.3390/brainsci13121677
https://doi.org/10.3390/brainsci13121677
https://doi.org/10.1589/jpts.34.247
https://doi.org/10.1089/jicm.2022.0712
https://doi.org/10.1089/acm.2013.0019
https://doi.org/10.1089/acm.2013.0019
https://doi.org/10.3389/fpsyg.2017.00874
https://doi.org/10.1371/journal.pone.0247685
https://doi.org/10.1088/0967-3334/33/2/259
https://doi.org/10.1111/nyas.13044
https://doi.org/10.1016/j.ctim.2018.06.006
https://doi.org/10.1016/j.neuroimage.2003.08.026
https://doi.org/10.1123/mc.2021-0088
https://doi.org/10.4103/0973-6131.133893
https://doi.org/10.1016/j.neuropharm.2018.07.033
https://doi.org/10.1073/pnas.0812686106
https://doi.org/10.1136/gpsych-2020-100214
https://doi.org/10.1136/gpsych-2020-100214
https://doi.org/10.1017/S0033291721002944
https://doi.org/10.1006/nimg.2002.1227
https://doi.org/10.1159/000464341
https://doi.org/10.1016/j.neuroimage.2006.10.043
https://doi.org/10.1007/s12671-020-01328-3
https://doi.org/10.1007/s10943-017-0482-1
https://doi.org/10.1007/s10943-017-0482-1
https://doi.org/10.1016/j.neubiorev.2021.08.017
https://doi.org/10.1117/1.600721
https://doi.org/10.1038/s41598-022-15034-8
https://doi.org/10.3389/fnsys.2022.803904
https://doi.org/10.3389/fnsys.2022.803904

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Adriana Ximenes-da-Silva,
Federal University of Alagoas, Brazil

REVIEWED BY

Sidra Tabassum,

University of Texas Health Science Center at
Houston, United States

Pankaj Bhatia,

Wayne State University, United States

*CORRESPONDENCE

Georgian Badicu
georgian.badicu@unitbv.ro

Fatma Hilal Yagin
hilalyagin@inonu.edu.tr

Burak Yagin
burak.yagin@inonu.edu.tr

Fabricio Oliveira Souto
fabricio.souto@ufpe.br

These authors have contributed equally to
this work

RECEIVED 07 January 2024
ACCEPTED 19 March 2024
PUBLISHED 11 April 2024

CITATION

Ramos TL, de Sousa Fernandes MS,

da Silva Fidélis DE, Jurema Santos GC,
Albuquerque RB, Ferreira DJS, de Souza RF,
Badicu G, Yagin FH, Yagin B,

Alwhaibi RM, Souto FO and

Lagranha CJ (2024) The impact of enriched
environments on cerebral oxidative balance
in rodents: a systematic review of
environmental variability effects.

Front. Neurosci. 18:1366747.

doi: 10.3389/fnins.2024.1366747

COPYRIGHT

© 2024 Ramos, de Sousa Fernandes,

da Silva Fidélis, Jurema Santos, Albuquerque,
Ferreira, de Souza, Badicu, Yagin, Yagin,
Alwhaibi, Souto and Lagranha. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Neuroscience

Frontiers in Neuroscience

TYPE Systematic Review
PUBLISHED 11 April 2024
pol 10.3389/fnins.2024.1366747

The impact of enriched
environments on cerebral
oxidative balance in rodents: a
systematic review of
environmental variability effects

Tiago Lacerda Ramos?, Matheus Santos de Sousa Fernandes??,
Débora Eduarda da Silva Fidélis?,

Gabriela Carvalho Jurema Santos?, Renata B. Albuquerque??,
Diorginis José Soares Ferreira®, Raphael Fabricio de Souza®,
Georgian Badicu®*, Fatma Hilal Yagin’*, Burak Yagin’*,

Reem M. Alwhaibi?®, Fabricio Oliveira Souto*?*' and

Claudia Jacques Lagranha®

!Programa de Pos-Graduagdo em Biologia Aplicada a Saude, Centro de Biociéncias, Universidade
Federal de Pernambuco, Recife, Pernambuco, Brazil, ?Instituto Keizo Asami, Universidade Federal de
Pernambuco, Recife, Pernambuco, Brazil, *Programa de Pds-Graduagdo em Nutricdo, Universidade
Federal de Pernambuco, Recife, Pernambuco, Brazil, “Physical Education Department/Federal
University of S&o Francisco Valley, Petrolina, Pernambuco, Brazil, °Department of Physical Education,
Federal University of Sergipe, Sdo Cristovdo, Sergipe, Brazil, °Department of Physical Education and
Special Motricity, Transilvania University of Brasov, Brasov, Romania, ’Department of Biostatistics and
Medical Informatics, Faculty of Medicine, Inonu University, Malatya, Turkiye, ®Department of
Rehabilitation Sciences, College of Health and Rehabilitation Sciences, Princess Nourah Bint
Abdulrahman University, Riyadh, Saudi Arabia, °Programa de Pos-Graduacdo em Nutricdo Atividade
Fisica e Plasticidade Fenotipica, Centro Académico de Vitoria, Vitoria de Santo Antdo, Pernambuco,
Brazil

Introduction: The present review aimed to systematically summarize the
impacts of environmental enrichment (EE) on cerebral oxidative balance in
rodents exposed to normal and unfavorable environmental conditions.

Methods: In this systematic review, four databases were used: PubMed (830
articles), Scopus (126 articles), Embase (127 articles), and Science Direct (794
articles). Eligibility criteria were applied based on the Population, Intervention,
Comparison, Outcomes, and Study (PICOS) strategy to reduce the risk of
bias. The searches were carried out by two independent researchers; in case
of disagreement, a third participant was requested. After the selection and
inclusion of articles, data related to sample characteristics and the EE protocol
(time of exposure to EE, number of animals, and size of the environment) were
extracted, as well as data related to brain tissues and biomarkers of oxidative
balance, including carbonyls, malondialdehyde, nitrotyrosine, oxygen-reactive
species, and glutathione (reduced/oxidized).

Results: A total of 1,877 articles were found in the four databases, of which
16 studies were included in this systematic review. The results showed that
different EE protocols were able to produce a global increase in antioxidant
capacity, both enzymatic and non-enzymatic, which are the main factors for
the neuroprotective effects in the central nervous system (CNS) subjected to
unfavorable conditions. Furthermore, it was possible to notice a slowdown in
neural dysfunction associated with oxidative damage, especially in the prefrontal
structure in mice.
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Discussion: In conclusion, EE protocols were determined to be valid tools for
improving oxidative balance in the CNS. The global decrease in oxidative stress
biomarkers indicates refinement in reactive oxygen species detoxification,
triggering an improvement in the antioxidant network.

KEYWORDS

enriched environment, oxidative stress, brain, central nervous system, biochemistry,

antioxidants

1 Introduction

It is well known that vulnerability to oxidative damage varies among
organs, with the brain being one of the most susceptible to oxidative
stress (OS) (Halliwell, 2006). Characterized by the imbalance between
the levels of pro-oxidant and antioxidant, OS is commonly related to the
pathogenesis of several diseases, including Alzheimer’s, Parkinsons,
schizophrenia, and stroke (Chen and Zhong, 2014; Orellana-Urzta
et al., 2020; Ermakov et al., 2021; Balietti and Conti, 2022).

Seeking strategies to minimize OS and even combat pathologies-
associated, non-pharmacological strategies have been suggested to
attenuate cellular damage induced by OS in different organisms
(Wronka et al., 2022; Sharma and Mehdi, 2023) by changing the
lifestyle as well as the consumption of specific foods and vitamins
(Gomes et al., 2017; Sharma and Mehdi, 2023). Thus, it is postulated
that a rich environment can boost mental and physical health and,
therefore, attenuate OS by reducing the production of pro-oxidative
compounds, generally termed reactive oxygen species (ROS), while
increasing their scavenger through antioxidant systems, assembled by
enzymatic and non-enzymatic compounds (Fernandes et al., 2022).

The EE paradigm emerged in 1947 through Donald Hebb, who
studied animal behavior and realized that the variability of the
environment was related to neurological and behavioral
improvements. The EE consists of an environment (cage) assembled
by inanimate objects varying in shapes and textures, increased
social interaction, higher voluntary physical activity, and
continuous exposure to learning activities, enhancing both
cognitive function and sensory motor aspects. Furthermore, EE
upregulates processes linked to neuroplasticity such as neurogenesis,
synaptogenesis, and neurotrophin production, culminating in a
protective effect against neurodegeneration (Olson et al., 2006;
Kempermann, 2019).

Although some mechanisms of EE intervention have been
elucidated, there are still several gaps in the literature. Due to the
variability of protocols in relation to the number of objects, number
of animals, and cage dimensions (width, depth, and length), it is
important to clarify the impacts of this variability on OS biomarkers
and antioxidant defenses in rodent tissues. Therefore, this study aimed
to systematically summarize the impacts of EE on cerebral oxidative
balance in rodents.

2 Methods

The review followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines.

Frontiers in Neuroscience

2.1 Study selection and eligibility

Eligibility criteria were previously used to minimize the risk of
bias. The inclusion and exclusion criteria followed the Population,
Intervention, Comparison, Outcomes, and Study (PICOS) (Table 1).
There were no restrictions on language or publication date. The
following inclusion criteria were used: (a) rodent studies, (b) evaluation
of oxidative balance parameters, (c) absence of a control group or
comparator, and (d) Studies with any other animal model and
biological organism were not used, reviews, letters to editors, duplicates
and the presence of data used in different studies were excluded.

2.2 Information sources and search
strategy

The search strategy was carried out during the period from April to
May 2023. The databases used were PubMed (Medline), Scopus, and
Embase. The search strategies used were PubMed (Medline):
[(Environmental Enrichment) OR (Enriched Environment)] AND
((((((Oxidative Stress) OR (Stress, Oxidative)) OR (Oxidative Damage))
OR (Oxidative Damages)) OR (Oxidative Injury)) OR (Oxidative
Injuries)). In the Embase, Scopus, and Science Direct databases, the
following search equation was used: ((“Environmental Enrichment”) OR
(“Enriched Environment”)) AND ((((((“Oxidative Stress”) OR (“Stress,
Oxidative”)) OR (“Oxidative Damage”)) OR (“Oxidative Damages”)) OR
(“Oxidative Injury”)) OR (“Oxidative Injuries”)).

2.3 Selection and data collection process

The screening of studies was performed by reading the title, abstract,
and full text. The selection of studies was performed by two independent
researchers (MSSF and TLR). The discrepancies were resolved by a third
rater. Data were extracted by two independent researchers. The
discrepancies were resolved by a third author (FOS).

24 ltems

To answer the hypothesis of this systematic review, different data
were extracted. Initially, we collected the following information: author,
year, species, sex, and age. In addition, data were collected on the
structure of the environmental enrichment (EE) protocol, including
the number of animals per cage, housing dimensions (length, width,
and depth or height), and the time of exposure to the EE. Next, data on
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TABLE 1 PICOS strategy.

Inclusion criteria Exclusion
criteria
Population Rodents Human and other
organisms
Intervention | Environmental enrichment Non-environmental
enrichment
Control Non-environmental enrichment Any other
comparison group
Outcomes Carbonyls, 2/,7’-dichlorofluorescein, No oxidati
malondialdehyde, nitrotyrosine, reactive | contribution
oxygen species (ROS levels), ve Balance
4-hydroxynonenal, and superanion. parameters
antioxidant outcomes include catalase,
ferric reducing antioxidant power,
glutathione S-transferase, reduced
glutathione, oxidized glutathione;
reduced glutathione/oxidized
glutathione ratio; glutathione
peroxidase; copper/zinc superoxide
dismutase, SOD-2 (MnSOD), total
radical antioxidant
Study design | Animal studies Reviews; case reports;
letters to the editor;
comments, etc.

brain tissues and OS biomarkers were evaluated, such as carbonyls,
2',7’-dichlorofluorescein (DCF), malondialdehyde (MDA/TBARS),
nitrotyrosine, ROS levels, 4-hydroxynonenal (4-HNE), and superanion.
Antioxidant outcomes include catalase, ferric reducing antioxidant
power (FRAP), glutathione S-transferase (GST), reduced glutathione
(GSH), oxidized glutathione (GSSG), reduced glutathione (GSH)/
oxidized glutathione (GSSG) ratio, glutathione peroxidase (GPx),
copper/zinc superoxide dismutase (Cu/Zn SOD), superoxide
dismutase (SOD), SOD-2 (MnSOD), and total radical antioxidant.

2.5 Methodological quality assessment

The SYRCLE's strategy was used to assess the methodological
quality of the animal studies. The tool consisted of 10 questions that
evaluated methodological criteria: (Ql)—Was the allocation
sequence adequately generated and applied? (Q2)—Were the groups
similar at baseline or were they adjusted for confounders in the
analysis? (Q3)—Was the allocation to the different groups
adequately concealed? (Q4)—Were the animals randomly housed
during the experiment? (Q5)—Were the caregivers and/or
investigators blinded by the knowledge of which intervention each
animal received during the experiment? (Q6)—Were animals
selected at random for outcome assessment? (Q7)—Was the
outcome assessor-blinded? (Q8)—Were incomplete outcome data
adequately addressed? (Q9)—Are reports of the study free of
selective outcome reporting? (Q10)—Was the study free of other
problems that could result in a high risk of bias? Questions were
answered with options of “Yes,” “No,” or “Not clear” When the
answer was “yes,” a score was given; when the answer was “no” or
“not clear;” no score was given. The overall scores for each article
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were calculated as a score of 0-10 points, with the quality of each
study being classified as high (8-10), moderate (5-7), or low (<5).
The two authors independently reviewed all the included studies.
Discrepancies between authors were resolved by consensus. The
quality outcomes are described in Table 2.

3 Results
3.1 Search results

In an initial search, 1,877 articles were identified [PubMed/
Medline (830), Scopus (126), Embase (127), and Science Direct (794)].
Then, 346 duplicates were excluded using the EndNote® software.
Then, 424 articles were screened and submitted to the eligibility
criteria, and 409 articles were excluded based on title and abstract
reading. Twenty studies remained for full-text reading. Four studies
were excluded due to the following reasons: Two did not agree with the
eligibility criteria, one study did not have a control group, and one
study did not perform specific analyses of OS. Finally, 16 studies were
included in this systematic review (Figure 1).

3.2 Methodological quality assessment

The results of the methodological quality assessment of the included
studies are shown in Table 2. All studies showed adequate and
randomized allocation with randomly selected animals. In addition,
incomplete results were handled appropriately, free from selective results
and bias. As these are studies involving intervention (EE), it is not
possible to consider the investigation and analysis of the results blindly.
In general, all studies presented satisfactory quality criteria.

3.3 Study characteristics

The studies included in this systematic review were published
between the years 2004 and 2022. Initially, we observed that the studies
used different species of rodents (rats and mice). Five studies used
Sprague Dawley rats (Fernandez et al., 2004; Jain et al., 2012; Zhang et al.,,
2016, 2021; Tapias et al., 2022). Five studies used Wistar rats (Pereira
et al., 2009; Cechetti et al., 2012; Prado Lima et al., 2018; Molina et al.,
2021; Thamizhoviya and Vanisree, 2021). Two studies used Long-Evans
rats (Mdarmol et al, 2015, 2017). Two studies used Swiss mice
(Muhammad et al,, 2017; Montes et al., 2019). One study used Kunming
mice (Cheng et al., 2014), and one study used TgCRND8 mice (Herring
etal,, 2010). Regarding gender, 10 included studies used male individuals
only (Pereira et al., 2009; Cechetti et al., 2012; Jain et al., 2012; Zhang
etal, 2016, 2021; Marmol et al., 2017; Prado Lima et al., 2018; Montes
et al,, 2019; Thamizhoviya and Vanisree, 2021; Tapias et al., 2022). Five
studies used both sexes (Fernandez et al., 2004; Cheng et al., 2014;
Mérmol et al., 2015; Muhammad et al., 2017; Molina et al., 2021). Only
one study used the female sex (Herring et al., 2010).

Next, we analyzed the different characteristics of the EE protocols.
The number of animals per cage varied in the included studies from 5
to 20 rodents. There was heterogeneity of objects inserted into the cages
of the rodents, including ramps, three floors, running wheels, several
objects, tunnels, plastic colored toys, shelters, balls, soft materials,
varied locomotive substrates, tubes, boxes, bells, a climbing ladder,
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TABLE 2 Methodological quality assessment.

10.3389/fnins.2024.1366747

Author, year Q1 Q2 Q3 Q4 Q5 Q6 ey Q8 Q9 Q10
Cechetti et al. (2012) Y Y Y Y N Y N Y Y Y
Cheng et al. (2014) Y Y Y Y N Y N Y Y Y
Fernandez et al. (2004) Y Y Y Y N Y N Y Y Y
Herring et al. (2010) Y U Y Y N Y N Y Y Y
Jain et al. (2012) Y Y Y Y N Y N Y Y Y
Prado Lima et al. (2018) Y Y Y Y N Y N Y Y Y
Marmol et al. (2015) Y Y Y Y N Y N Y Y Y
Marmol et al., 2017 Y Y Y Y N Y N Y Y Y
Molina et al. (2021) Y Y Y Y N Y N Y Y Y
Montes et al. (2019) Y Y Y Y N Y N Y Y Y
Muhammad et al. (2017) Y U Y Y N Y N Y Y Y
Pereira et al. (2009) Y Y Y Y N Y N Y Y Y
Tapias et al. (2022) Y Y Y Y N Y N Y Y Y
Thamizhoviya and Vanisree (2021) Y U Y Y N Y N Y Y Y
Zhang et al. (2016) Y Y Y Y N Y N Y Y Y
Zhang et al. (2021) Y Y Y Y N Y N Y Y Y

QI: Was the allocation sequence adequately generated and applied?; Q2: Were the groups similar at baseline or were they adjusted for confounders in the analysis?; Q3: Was the allocation to
the different groups adequately concealed?; Q4: Were the animals randomly housed during the experiment?; Q5: Were the caregivers and/or investigators blinded from knowledge of which
intervention each animal received during the experiment?; Q6: Were animals selected at random for outcome assessment?; Q7: Was the outcome assessor blinded?; Q8: Were incomplete
outcome data adequately addressed?; Q9: Are reports of the study free of selective outcome reporting?; and Q10: Was the study apparently free of other problems that could result in a high risk

of bias? Y, Yes; N, No; U, Unclear.

chain, and a screen cover with a color block and running wheel. The
size of the cages in the included studies varied in length, width, depth,
or height, and was expressed in either centimeters or inches.
Additionally, the time of exposure to EE varied across the included
studies, ranging from 7 days to 20 weeks.

Different brain areas were observed in the included studies.
Twelve studies were conducted on the hippocampus (Fernandez
et al., 2004; Pereira et al., 2009; Cechetti et al., 2012; Jain et al., 2012;
Cheng et al., 2014; Marmol et al.,, 2015, 2017; Prado Lima et al,,
2018; Montes et al., 2019; Molina et al., 2021; Zhang et al., 2021;
Tapias et al., 2022). One study evaluated the medial-temporal lobe
cortex (MTLC) (Cheng et al., 2014). One study evaluated the total
cortex and striatum (Ferndndez et al., 2004). One study evaluated
the cerebral hemisphere (Herring et al., 2010). One study evaluated
the cortex (Mdarmol et al, 2015). Two studies evaluated the
prefrontal cortex (Zhang et al., 2016; Montes et al., 2019). One study
evaluated the total brain (Marmol et al., 2017). One study evaluated
the frontal cortex (Pereira et al., 2009). One study evaluated the
forebrain (Thamizhoviya and Vanisree, 2021). Of the selected
studies, five did not expose the animals to adverse environmental
conditions (Cheng et al., 2014; Marmol et al, 2015, 2017;
Muhammad et al., 2017), while 11 carried out the exposure to
stimulating changes in the results of oxidative balance. The
following exposures were used: chronic cerebral hypoperfusion
(Cechettiet al., 2012), Alzheimer-like model (Herring et al., 2010),
hypobaric hypoxia (Jain et al., 2012), amyloid beta neurotoxicity
(Prado Lima et al., 2018), noise (Molina et al., 2021), toluene
(Montes et al., 2019), hypoxia-ischemia (Pereira et al., 2009),
traumatic brain injury (Tapias et al., 2022), oxidative damage
(Thamizhoviya and Vanisree, 2021), hypoxia (Zhang et al., 2016),
and post-stroke condition (Zhang et al., 2021) (Table 3).
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3.4 Environmental enrichment on oxidative
stress biomarkers in brain areas of rodents
exposed to normal and unfavorable
environmental conditions

In the included studies, different biomarkers of OS were
observed, such as carbonyls, DCF, MDA/TBARS, nitrotyrosine,
ROS levels, 4-HNE, and superoxide anion. In the absence of
unfavorable external environmental stimuli in the hippocampus,
two studies evaluated carbonyl levels, which were significantly
reduced after intervention with EE (Marmol et al., 2015, 2017).
Furthermore, a reduction in MDA (TBARS) (n=4) and superoxide
anion levels was observed in the hippocampus, MTLC, cortex, and
total brain (Cheng et al., 2014; Marmol et al, 2015, 2017;
Muhammad et al., 2017; Figures 2, 3).

Under adverse conditions, similar results on MDA and carbonyl
levels were also observed in the hippocampus, cerebral hemisphere,
and forebrain when exposed to chronic cerebral hypoperfusion,
Alzheimer-like model, hypobaric hypoxia, oxidative damage, and
post-stroke (Herring et al., 2010; Cechetti et al., 2012; Jain et al., 2012;
Prado Lima et al., 2018; Thamizhoviya and Vanisree, 2021; Zhang
et al,, 2021). Five studies evaluated DCF levels, three studies only in
the hippocampus (Cechetti et al., 2012; Prado Lima et al., 2018;
Molina et al., 2021), one study used the hippocampus and frontal
cortex (Pereira et al., 2009), and another analyzed the forebrain only
(Thamizhoviya and Vanisree, 2021). In the hippocampus, three studies
observed a decrease in DCF after exposure to EE associated with
chronic cerebral hypoperfusion, noise, and oxidative damage (Cechetti
et al,, 2012; Molina et al., 2021; Thamizhoviya and Vanisree, 2021).
Two studies showed no significance in DCF levels after EE (Prado
Lima et al., 2018; Tapias et al., 2022) (Table 4).

frontiersin.org


https://doi.org/10.3389/fnins.2024.1366747
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Ramos et al. 10.3389/fnins.2024.1366747
Identification of studies via databases and registers
. )
. o . Records removed before
s Records identified from: screening:
;§ Pubmed/Medline (830), PZ%IE)C)ate records removed (n
= - > -
B Scogz?e(r:czeﬁ Bif:::tt)?'?ge 4()1 27), Records marked as ineligible
& Databases (n =4) ) by automation tools (n =0)
= . v Records removed for other
Registers (n = 1877) reasons (n = 0)
R v
Records screened Records excluded**
—>
(n=1387) (n=1367)
Y
o ReBorts sought for retrieval Reports not retrieved
= (n=0) (n =0)
i=
o
5
A v
Reports assessed for eligibility Eeports ;axcludleq: (n=4):
=20) —_—> easons Tor exciusion
(n (n=2) Did not meet eligibility criteria.
(n=1) Did not have a control group
(n=1) Did not present analyses related
to oxidative stress
—
. v
s Studies included in review
2 (n=16)
=)
©
=
FIGURE 1

PRISMA flow diagram. *Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than
the total number across all databases/registers). **If automation tools were used, indicate how many records were excluded by a human and how
many were excluded by automation tools. From Page et al. (2021). For more information, visit: http://www.prisma-statement.org/.

Two studies evaluated ROS levels, one of them only in the
hippocampus (Jain et al., 2012) and the other in the hippocampus and
prefrontal cortex, after hypobaric hypoxia and oxidative damage,
respectively (Montes et al., 2019). Both studies observed that EE was
able to significantly reduce ROS levels. Two studies assessed 4-HNE
levels in the hippocampus and prefrontal cortex (Zhang et al., 2016;
Tapias et al., 2022). A significant decrease in 4-HNE levels after EE,
traumatic brain injury, and hypoxia was observed. Finally, two studies
evaluated other compounds related to OS. Nitrotyrosine (Herring
etal., 2010) was evaluated in the cerebral hemisphere, and nitrites in
the hippocampus and prefrontal (Montes et al., 2019), both of whom
observed that EE was able to decrease their levels after the Alzheimer-
like model and toluene exposure (Table 5).
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3.5 Environmental enrichment and
antioxidant response in brain areas of
rodents exposed to normal and
unfavorable environmental conditions

In 14 included studies, it was observed that there was variability
in markers responsible for mediating the antioxidant response, such
as catalase, FRAP, GPx (GSH-px), GST, GSH, GSSG, GSH/GSSG
ratio, SOD, SOD-1 (Cu/Zn SOD), SOD-2 (MnSOD), and total radical
antioxidant. In the absence of environmental damage, two studies
observed an increase in catalase enzyme activity in the hippocampus
and cortex after EE but not in the total brain (Mdarmol et al., 2015,
2017). Increases in total antioxidant radical activity were also
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TABLE 3 Sample and environmental enrichment protocol description.

Author, Year Species, sex, and age Animals Environmental enrichment protocol and housing dimensions (Length, Exposure time to
per cage width, and depth or height) environmental
enrichment
Cechetti et al. (2012) Wistar rats; Male; age group were not informed 8 Ramps; Three floors; Running Wheels and Several objects 40cm x 60cm x 90 cm 12 weeks
Chen and Zhong (2014) Kunming mice; Female and Male; 3 weeks old 10 Running Wheels; Tunnels; Plastic colored toys; Shelters; Balls; 100cm x 50 cm x 45 cm 6weeks
Fernandez et al. (2004) Sprague-Dawley rats; Female and Male; 10 Voluntary running; Tunnels; Toys; 0.8m* 8weeks
20 months old
Herring et al. (2010) TgCRNDS8 mice; Female; 5 months old 9 Tunnels; Balls; Soft materials; Varied locomotive substrates; Not described 20 weeks
Jain et al. (2012) Sprague-Dawley rats; Male; 3 months old 19 Plastic running wheel; Nesting material and an assortment of differently 35x9x20in; 9x25in. with  7days
colored and texture plastic toys (balls, tubes, boxes, and bells). two platform (20 x 9 x 15in)
Prado Lima et al. (2018) ‘Wistar rats; Male; 3 weeks old 20 Running wheels; Toys; Balls; Ropes 50 cm x 50 cm x 50 cm 8weeks
Marmol et al. (2015) Long-Evans rats; Female and Male; 22 days old 8-16 Toys; Plastic balls; Tubes; Houses; Running wheels 45cmx 35cm x50 cm 8weeks
Marmol et al. (2017) Long-Evans rats; Male; 3 weeks old 6 Running Wheel; Toys; and different objects 45cmx30cm x50 cm 8weeks
Molina et al. (2021) ‘Wistar rats; Female and Male; 3 weeks old 3-5 Running Wheels; Tunnels; Ramps; Plastic toys; 40cmx25cmx 16 cm 1-2 weeks
Montes et al. (2019) Swiss-Webster mice, Male; 35-40 days age 5 Toys and Tunnels; 5 objects of different shapes, sizes, and textures 34cmx44cmx20cm 4weeks
Muhammad et al., 2017 Swiss Albino mice; Female, and Male; 4-5 weeks 10 Tubes, ramps; stairs, and different toys (hard plastic balls, cubes, cones, and | 66 cm x 46 cm wide x 38 cm 28 days
old sticks)
Pereira et al. (2009) Wistar rats; Male; 7th postnatal day 7-10 Three floors; Ramps; Running Wheel and Several Objects with different 40cm x 60 cm x 90 cm 9weeks
shapes and textures
Tapias et al. (2022) Sprague Dawley rats; Male; 3-month-old 10-12 Toys (e.g., blocks, tubes, balls), nesting materials (e.g., bedding), and ad 92cmx78cmx51cm 3 weeks
libitum food and water
Thamizhoviya and Vanisree Wistar Rats; Male; age group were not informed 6 Colorful rearrangeable tunnels; pipes; toys; diverse shapes; running wheel. 120cmx 75cm x 75 cm 28 days
(2021)
Zhang et al. (2016) Sprague Dawley rats; Male, Postnatal 21 day, and 6 Running Wheel; Environmental complexity for social interaction and 65cm x50 cm x40 cm 14 days
P34. environmental novelty.
Zhang et al. (2021) Sprague Dawley rats; Male; 10 weeks old 12 Had climbing ladder; Chain; Tube of different shapes; Plastic tunnel; and 90 cm long x 75 cm 28 days
Screen cover with color block and running wheel. wide x 50 cm high

Cm, Centimeters; m, meters; in, inch; wks, weeks; G, Groups; and P, Postnatal.
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Impact of environmental enrichment on oxidative stress and antioxidant outcomes in experimental models subjected to unfavorable environmental

Oxidative Stress Biomarkers

Cerebral hemisphere: | Carbonyls (Chronic cerebral hypoperfusion, Amyloid beta
neurotoxicity, Oxidative damage, Stroke)

| Nitrotyrosine (Alzheimer-like)

| Carbonyls (Alzheimer-like)

Hippocampus: | DCF (Chronic cerebral hypoperfusion, Noise, Oxidative damage);
| ROS levels; = Nitrites; | Nitrites (Toluene)

= DCFH (Amyloidbeta neurotoxicity)

| Nitrites (Toluene)

1 ROS (Noise)

= DCF (Traumatic brain injury)

Forebrain: = DCF (Hypoxia-ischemia)

-/

Antioxidants Outcomes

1 SOD-1 (Cu/Zn); 1 SOD-2; (MnSOD);= GPx (Alzheimer-

Cerebral Hemisphere: 7 GST; 1 GSH; 1 GPx; | GSSG; = SOD (Hypobaric hypoxia)
like)

Hippocampus: | SOD (Chronic cerebral hypoperfusion; Hypobaric hypoxia)
= FRAP (Amyloid-beta neurotoxicity)
= CAT (Noise)
1 GSH/GSSG Ratio; 1 Cu/Zn SOD; 1 SOD (Toluene)
1 GSH; 1 SOD ( Stroke)

Prefrontal Cortex: 1 CAT; 1 GPx; 1 SOD; (Oxidative damage);= SOD (Hypoxia-
ischemia)

observed in the same areas (Mdarmol et al., 2015, 2017). SOD levels
were elevated in two studies (hippocampus, MTLC, and cortex;
Cheng et al., 2014; Marmol et al., 2015), whereas, in the whole brain,
no differences were observed after EE (Muhammad et al., 2017).
Similarly, increases in GSH and GPx levels were observed in the
hippocampus, striatum, and total brain (Fernandez et al., 2004;
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Muhammad et al., 2017). Only in the total cortex, no differences were
observed in GSH (Fernandez et al., 2004) (Table 5).

Under adverse conditions, two studies assessed the impact of EE
on the activity of catalase levels after exposure to noise and oxidative
damage. In the hippocampus, no difference was observed in catalase
activity (Molina et al., 2021), whereas in the forebrain, an increase was
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TABLE 4 Impacts of environmental enrichment on oxidative stress and
antioxidant outcomes in experimental models subjected to normal
environmental conditions.

Author, Tissue Oxidative Antioxidants
year stress outcomes
biomarkers
Cheng et al. Hippocampus; | MDA (TBARS) 1 SOD
(2014) MTLC
Fernandez Hippocampus; - 1T GSH
etal. (2004) Total Cortex; (Hippocampus and
Striatum Striatum); <> GSH
(Total Cortex)
Marmol et al. Hippocampus; | Carbonyls; | 1 CAT; 1 SOD; 1
(2015) Cortex MDA (TBARS); | Total Radical
Superoxide anion Antioxidant
Marmol et al. Hippocampus | Carbonyls; | 1 CAT; 1 Total
(2017) MDA (TBARS); | Radical Antioxidant
Superoxide anion
Muhammad Total brain | MDA (TBARS) 1 GPx; <> Catalase; =
etal. (2017) SOD

Cu/Zn SOD, Copper/zinc superoxide dismutase; CAT, Catalase; DCFE,
2',7’-Dichlorofluorescein; FRAP, Ferric reducing antioxidant power; GST, Glutathione
S-transferase, GPx, Glutathione peroxidase; GSH, Reduced glutathione; GSSG, Oxidized
glutathione; GSH/GSSG ratio, Reduced glutathione/oxidized glutathione; MDA,
Malondialdehyde; MTLC, Medial-temporal lobe cortex; ROS levels, Reactive oxygen species;
SOD, Superoxide dismutase; SOD-1, Superoxide dismutase-1; SOD-2, Superoxide
dismutase-2. «: No significant difference (p>0.05). | Significant decrease; 1 Significant

increase.

observed after EE (Thamizhoviya and Vanisree, 2021). Only one
included study evaluated FRAP levels and found no significant
difference in the hippocampus after amyloid beta neurotoxicity
associated with EE (Prado Lima et al., 2018).

Three included studies evaluated GPx activity after an Alzheimer-
like model, hypobaric hypoxia, and oxidative damage. One study
evaluated the cerebral hemisphere and found no significant differences
after EE (Herring et al., 2010). However, in the forebrain, an increase
in GPx activity was observed after EE (Thamizhoviya and Vanisree,
2021). Similarly, in the hippocampus, a significant increase in GPx
activity was also observed after intervention with EE (Jain et al., 2012).
GST activity was evaluated in only one included study, and it
demonstrated a significant increase in the hippocampus after
hypobaric hypoxia and EE (Jain et al., 2012).

Two included studies assessed GSH levels in conditions of
hypobaric hypoxia and stroke. These studies observed a significant
increase in GSH levels only in the hippocampus after EE (Jain et al.,
2012; Zhang et al, 2021). Only one study, in the hippocampus
evaluated the levels of GSSG, in which it identified a significant
decrease after exposure to EE and hypobaric hypoxia (Jain et al.,
2012). One included study evaluated the GSH/GSSG ratio in two brain
areas, the hippocampus and prefrontal cortex. After EE, there was an
increase in both tissues after toluene exposure (Montes et al., 2019).

Seven included studies evaluated SOD activity after unfavorable
environmental exposure. Three studies evaluated SOD in the
hippocampus only, in which there was heterogeneity of responses
produced by EE. One of the studies showed a significant increase
(Zhang et al., 2021), another a significant decrease (Cechetti et al.,
2012), and one included study did not observe a significant difference
(Jain et al., 2012). In these studies, different environmental conditions
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were observed (chronic cerebral hypoperfusion, hypoxia-ischemia,
and stroke). One study evaluated SOD-1 (Cu/ZnSOD) and SOD-2
(MnSOD) activities in the cerebral hemisphere, and the authors
observed a significant increase after EE and Alzheimer-like models
(Herring et al., 2010). In the forebrain, an increase in SOD activity was
identified after the intervention with EE and oxidative damage
(Thamizhoviya and Vanisree, 2021). Another included study observed
the same response in the hippocampus and prefrontal cortex on SOD
activity (Montes et al., 2019). To see summarized resumes, check
Figures 2, 3.

4 Discussion

Environmental enrichment is known as an experimental approach
for brain improvement based on social stimulation via sensory, motor,
social, and/or cognitive nested mechanisms (Kempermann, 2019).
Relying on the molecular, physiological, and social aspects, EE affects
many domains of brain function by modulating from gene expression
to global phenotypes. Thus, in this systematic review, we investigated
the brain oxidative balance, as one of the molecular outcomes of EE
in rodents exposed or not to brain-related impairments.

Since the EE paradigm arose, it has been described as having
effects on behavior, especially learning and memory capacity (Balietti
and Conti, 2022). Notably, synaptic plasticity-related memory drives
our attention to the hippocampus, which represents the major
structure evaluated in the studies selected here. Lying in the medial
temporal lobe of the brain, the hippocampus acts actively in mammal
neurogenesis, wherein the oxidative balance fluctuates throughout life,
especially within the differentiation of neural and/or astroglia lineage;
thus, the ability to deal with ROS-related transient stress is crucial to
the central nervous system (CNS) health (Huang et al., 2015).

In healthy animals, EE, regardless of type and duration,
downregulates OS biomarkers in the CNS, mainly in the hippocampus
(Cheng et al., 2014). It is critical for growing animals, that these
control OS, especially where the brain developmental process is still
prominent and requires a tuning environment for neural development
(Morgane et al., 2002). Noteworthy, CAT was the major antioxidant
enzyme upregulated in healthy animals exposed to EE, providing a
greater ability to deal with H202, which, due to its molecular
properties, has an increased membrane permeability and can act as a
neuromodulator in pathways with different lifetimes (Rice, 2011).

Although EE promoted a neuroprotector effect by reducing
oxidative damage, only two studies evaluated both ROS production
and removal, we are unable to determine what/how compounds from
each arm of the oxidative balance were modulated by EE. Besides, it
seems that as the animals get older, their antioxidant enzymes become
less responsive to EE protocols, reinforcing the importance of diet-
related antioxidant compounds. Compelled by the effects of EE on the
CNS of healthy animals, our review further discusses the application
of EE as a tool against harmful insults in the CNS. In adverse
conditions, EE also demonstrated a positive effect on the oxidative
balance. The studies summarized here suggest an overall increase in
the antioxidant capacity, both enzymatic and non-enzymatic, which
are the main factors for the neuroprotective effects in the CNS under
unfavorable conditions.

The endogenous antioxidant enzymes, such as cytosolic and
mitochondrial superoxide dismutase as well as glutathione peroxidase,
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TABLE 5 Impacts of environmental enrichment on oxidative stress and antioxidant outcomes in experimental models subjected to unfavorable

environmental conditions.

Author, year

Unfavorable
environmental condition

Antioxidants
outcomes

Oxidative stress
biomarkers

Cechetti et al. (2012) Hippocampus

Chronic cerebral hypoperfusion

| DCF; | MDA (TBARS) 1 SOD

Herring et al. (2010) Cerebral hemisphere Alzheimer-like

1SOD-1 (Cu/Zn SOD); 1SOD-
2 (MnSOD); < GPx

| Carbonyls; | Nitrotyrosine

Jain et al. (2012) Hippocampus Hypobaric hypoxia | MDA (TBARS); | ROS levels 1 GST; 1 GSH; 1 GPx; | GSSG;
< SOD
Prado Lima et al. (2018) Hippocampus Amyloid beta neurotoxicity = DCFH; | MDA < FRAP
(TBARS)
Molina et al. (2021) Hippocampus Noise J DCF | ROS < CAT
Montes et al. (2019) Hippocampus; Prefrontal | Toluene 1} Nitrites; | ROS levels 1 GSH/GSSG Ratio; T Cu/Zn
Cortex (Hippocampus) SOD; 1SOD
= Nitrites; | ROS levels
(Prefrontal Cortex)
Pereira et al. (2009) Hippocampus; Prefrontal | Hypoxia-ischemia =DCF < SOD
Cortex
Tapias et al. (2022) Hippocampus Traumatic brain injury Ipsilateral: | 4 HNE -
Contralateral: = DCF
Thamizhoviya and Vanisree (2021) | Forebrain Oxidative damage | DCF; | MDA (TBARS); | 1 CAT; t GPx; 1 SOD
ROS levels
Zhang et al. (2016) Prefrontal cortex Hypoxia J 4 HNE -
Zhang et al. (2021) Hippocampus Stroke J MDA (TBARS) 1 GSH; 1 SOD

Cu/Zn SOD, Copper/zinc superoxide dismutase; CAT, Catalase; DCF: 2’,7"-Dichlorofluorescein; FRAP, Ferric reducing antioxidant power; GST, Glutathione S-transferase; GPx, Glutathione
peroxidase; GSH, Reduced glutathione; GSSG, Oxidized glutathione; GSH/GSSG, Ratio reduced glutathione/oxidized glutathione; MDA, Malondialdehyde; MTLC, Medial-temporal lobe
cortex; ROS levels, Reactive oxygen species; SOD, Superoxide dismutase; SOD-1, Superoxide dismutase-1; SOD-2, Superoxide dismutase-2. «<>: No significant difference (p>0.05).| Significant

decrease; 1 Significant increase.

might decelerate oxidative damage-associated neural dysfunction,
especially in the prefrontal structure. It is important to point out that,
among the harmful conditions included in this review, only in acute
stress (immobilization) was EE able to ameliorate all oxidative
parameters evaluated, including the enzymes cited above. We believe
that this phenomenon correlates with the hormesis effect, as an acute
stressful event transiently increases ROS production, triggering a
compensatory response in the antioxidant defense, as largely described
in exercise training protocols (Ji et al.,, 2006; Radak et al., 2008).

Furthermore, like SOD, other antioxidant compounds might
be differently distributed across the CNS, which may explain why
similar EE protocols have been followed by converse outcomes. In any
case, it is important to highlight that the augmented dismutation of
superoxide anion led by EE represents a stronger antioxidant network,
crucial in the encounter of several hypoxic conditions and some
neurodegenerative disorders (Lindenau et al., 2000).

This is the first systematic review that addresses the impacts of EE
protocols on cerebral oxidative balance in rodents exposed to
favorable and unfavorable environmental conditions, including
models of chronic cerebral hypoperfusion, Alzheimer’s disease,
hypobaric hypoxia, amyloid beta neurotoxicity, ischemia-hypoxia,
brain damage due to traumatic situations, hypoxia, stroke, oxidative
damage, and exposure to toluene. The proposal to address these
different exposure conditions to environmental conditions
demonstrates the effectiveness of EE in significantly reducing markers
linked to the production of OS, such as superoxide anion, DCE, MDA,
carbonyls, 4-HNE, and ROS levels in brain regions important for the
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functioning of the body. Furthermore, its ability to significantly
increase components of enzymatic (SOD, CAT, and GST), as well as
non-enzymatic (GPx, GSH, GSSG, and REDOX state [GSH/GSSG
ratio]) antioxidant defenses.

Among the studies selected here, just three explore the possible
in the
improvements, wherein both pro-oxidant and antioxidant compounds

mechanisms  involved EE-related oxidative balance
have been modulated. Zhang et al. (2016) proposes that the
neuroprotective effects of EE against oxidative damage rely on NADPH
oxidase-related ROS reduction, wherein its reduced expression and
activity downregulate the overall ROS production (Bedard and Krause,
2007). Along with the pro-oxidant reduction, EE boosts antioxidant
defenses by upregulating the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway (Zhang et al., 2021), which modulates GSH levels as
well as the expression of SOD, Heme oxygenase 1 (HOIL), and
NADP(H) quinone oxidoreductase 1 (NQO1), a FAD-dependent
protein with cytoprotective and antioxidant functions (Dinkova-
Kostova and Talalay, 2010). Additionally, the decrease in OS can
modulate itself through the mitogen-activated protein kinase (MAPK)
family, diminishing the transduction of stress-activated protein kinases
(JNK), which
inflammatory signals, such as prostaglandin E2 receptor (Herring et al.,
2010; Davies and Tournier, 2012).

In summary, the direct or indirect modulation of the oxidative

(SAPK)/Jun amino-terminal kinases reduces

balance contributes to protection against cellular oxidative damage,
which is related to the pathophysiology of several chronic degenerative
diseases, including different types of cancer, cardiovascular diseases,
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and especially neurodegenerative diseases. In this sense, the use of
non-pharmacological tools, such as the EE approach, emerges as a
viable and low-cost alternative for preventive containment of these
damages, and their application may be considered translationally in
studies with humans. Finally, the structure of each EE protocol must
be considered in terms of its structure, size of the space (centimeters,
millimeters, and meters, height, length, and width), duration in weeks
or months, quantity and types of objectives (plastics and/or wood),
and cleaning conditions to guarantee a greater standardization
capacity, thus being able to better understand its effects.

5 Limitations and strengths

Although the EE paradigm has been extensively described, the
variability of set-ups makes direct comparisons among the studies
difficult, limiting our further discussion. In addition, the “clutter”
cages make tracking animals throughout the objects, as in physical
exercise protocols, tough. Still, regardless of those changing settings,
the overall positive outcomes, along with the non-invasive and
relatively simple procedure, are advantages of the EE approach.

In any case, studies have suggested basic parameters that must
be included in any EE protocol, such as: (I) bigger cage size; (II)
increased social interaction; (III) hide-out boxes; (IV) climbing
objects; (V) toys that provide somatosensory stimulus in different
categories; (VI) augmented physical activity; and (VII) changes in the
EE layout. Detailed information can be found elsewhere (Ismail et al.,
2021; Love et al., 2022).

6 Conclusion

In conclusion, our systematic review demonstrated that EE is a
valid tool for the improvement of the oxidative balance in the CNS,
wherein the hippocampus has been the main structure studied and
affected. The overall decrease in OS biomarkers indicates a refinement
in ROS detoxification, which is differently modulated by the health
status of the rodents. Healthy animals have a higher capacity to deal
with peroxides, while injured animals reinforce their superoxide
detoxification, triggering an improvement in the antioxidant network.
From the extensive analysis conducted in our systematic review, it is
evident that EE serves as a valuable intervention for enhancing
oxidative balance within the CNS, with a predominant focus on the
hippocampus. This comprehensive scrutiny revealed a noteworthy
reduction in biomarkers associated with OS across various brain areas.
Notably, the efficacy of EE varied based on the health status of the
rodents, displaying a dual effect: augmenting peroxide management
in healthy subjects and bolstering the detoxification of superoxide in
injured animals. This modulation ultimately contributes to an
enhanced antioxidant network, showcasing the nuanced and adaptive
nature of EE’s impact on oxidative balance within the CNS.
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Parkinson’s disease (PD) is one of the most common neurodegenerative
diseases and involves various pathogenic mechanisms, including oxidative
stress and neuroinflammation. Niacin, an important cofactor in mitochondrial
energy metabolism, may play a key role in the pathogenesis of PD. An in-
depth exploration of the relationship between niacin and mitochondrial energy
metabolism may provide new targets for the treatment of PD. The present study
was designed to examine the association between dietary niacin intake and the
risk of PD in US adults. Data from adults aged 40 years and older collected during
cycles of the United States (US) National Health and Nutrition Examination
Survey (NHANES) from 2005 to 2018 were used. A multiple logistic regression
model was used to analyze the relationship between dietary niacin intake and
the risk of PD. Further linear tests using restricted cubic splines (RCS) were
performed to explore the shape of the dose—response relationship. Subgroup
stratification and interaction analyses were conducted according to years of
education, marital status, smoking, and hypertension to evaluate the stability
of the association between different subgroups. A total of 20,211 participants
were included in this study, of which 192 were diagnosed with PD. In the fully
adjusted multiple logistic regression model, dietary niacin intake was negatively
associated with the risk of PD (OR: 0.77, 95%ClI: 0.6-0.99; p = 0.042). In the RCS
linear test, the occurrence of PD was negatively correlated with dietary niacin
intake (nonlinearity: p=0.232). In stratified analyses, dietary niacin intake was
more strongly associated with PD and acted as an important protective factor
in patients with fewer years of education (OR: 0.35, 95%Cl: 0.13-0.93), married
or cohabitating (OR: 0.71, 95%Cl: 0.5-0.99), taking dietary supplements (OR:
0.6, 95%Cl: 0.37 0.97), non-smokers (OR: 0.57, 95%Cl: 0.39-0.85), those with
hypertension (OR: 0.63, 95%Cl: 0.63-0.95), coronary artery disease (OR: 0.77,
95%Cl: 0.6-1), and stroke (OR: 0.75, 95%Cl: 0.88-0.98), but the interaction was
not statistically significant in all subgroups. Dietary niacin intake was inversely
associated with PD risk in US adults, with a 23% reduction in risk for each 10 mg
increase in niacin intake.
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1 Introduction

Parkinsons disease (PD) is one of the most common
neurodegenerative disorders, and is primarily caused by the loss of
dopamine-producing neurons in the substantia nigra (1, 2). It affects
over 6million people worldwide and is a leading cause of
neurofunctional impairments (3, 4). The pathogenic mechanisms of
PD involve multiple aspects, with mitochondrial dysfunction,
oxidative stress, and neuroinflammation as the crucial core
mechanisms (5-8). Currently, no cure for PD (9) exists, and
understanding its pathogenic mechanisms and identifying new drug
targets for treatment and prevention is of paramount importance.

Niacin, also known as vitamin B3, is a precursor to nicotinamide
adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP) (10), possesses anti-inflammatory properties,
enhances mitochondrial function by supplying NAD (7, 11), and
serves as an essential cofactor in mitochondrial energy metabolism
(12). Lack of niacin in the diet may disrupt mitochondrial respiration
and reduce oxidative phosphorylation (13). Some studies have
suggested that niacin is beneficial in the treatment of PD by alleviating
inflammation through an NIARC1-related mechanism and increasing
dopamine synthesis in the striatum by supplying NADPH to the
mitochondria (14). Research has explored niacin treatment for
patients with PD, suggesting a potential role in symptom alleviation
and disease progression delay (15-17). However; to date, no studies
have been conducted in the general population to investigate the
association between niacin and the risk of PD. Therefore, this study
aims to evaluate the relationship between dietary niacin intake and the
risk of PD in American adults using data from the National Health
and Nutrition Examination Survey (NHANES). The specific objective
is to determine whether higher dietary niacin intake is negatively
associated with the risk of PD.

In a large cross-sectional study of American adults aged 40 and
above conducted from 2005 to 2018, we hypothesize that higher
dietary niacin intake may be associated with a lower risk of
PD. We hope this study will provide stronger evidence for the role of
niacin in PD prevention.

2 Materials and methods
2.1 Data source

This cross-sectional observational study utilized data from the
NHANES website. The NHANES is a multistage, large, stratified, and
nationally representative study of the US population that provides
detailed
demographics, etc. (18-20). The present study was reviewed and
approved by the National Institute of Public Health Research Ethics
Committee. Written informed consent was obtained from the

information about study design, interviews, and

participants’ legal guardians or close family members (21).' To address
potential sources of bias, the NHANES database implemented
standardized procedures during data collection, and data collectors

1 https://www.cdc.gov/nchs/nhanes/index.htm accessed on 20

November 2023.
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received comprehensive training to ensure consistency and accuracy,
thereby reducing information bias. Individuals aged 40 and above who
completed the interviews participated in our study. We excluded
pregnant individuals and those with missing dietary niacin intake and
covariate data.

2.2 Diagnosis of PD

Consistent with previous literature (22-24), participants were
considered to have PD when using “anti-Parkinson’s agents” based on
answers to questions about prescribed medications. Owing to the
limitations of drug and code inclusion in the NHANES, patients must
be treated with Parkinson’s drugs to be classified as having PD,
whereas others are classified as non-PD.

2.3 Dietary niacin intake

Dietary intake data were collected by trained dietary interviewers
using the NHANES Computer-Assisted Dietary Interview (CADI)
system. Each Mobile Examination Center (MEC) dietary interview
room follows a set of standardized measurement guidelines, which are
agreed upon by experts during regular workshops and specifically
designed for the current NHANES setting. These guidelines assist
respondents in accurately reporting the quantity and portion size of
consumed foods. The NHANES Dietary Interview Procedures Manual
provides a comprehensive overview of the dietary interview
methodology (25).

The database employs the multiple-pass recall method to gather
food information, offering two dietary niacin intake recalls, both
reflecting intake within a 24h period. The first recall is conducted at
the NHANES MEC, and the second recall is completed via telephone
interview on days 3-10 following the first recall (24). To ensure data
accuracy, the average of the two dietary niacin intake recalls was used
as the final intake value. Niacin in this study refers to dietary niacin
and excludes niacin supplements.

2.4 Covariates assessment

The covariates in this study were based on previous literature (20,
26), and a variety of possible covariates were evaluated including age,
sex, race, marital status, family income, education level, body mass
index (BMI), smoking status, dietary supplements, calorie
consumption, carbohydrate consumption, protein consumption, and
fat consumption. Chronic comorbidities included diabetes,
hypertension, coronary heart disease, and stroke. Marital status was
defined as living alone or with a partner. Educational levels were
divided into three groups based on the 9-year and 12-year boundaries.
Races were classified as Mexican American, non-Hispanic black,
non-Hispanic white, and other. Sixty-five years old is commonly
regarded as the dividing line between middle age and old age. In this
study, participants were divided into middle-aged and elderly groups
based on this cutoff point. According to a US government report,
family income was classified as low, middle, and high based on a
poverty income ratio (PIR) of 1.3 and 3.5 (25). Smoking status was
determined based on questionnaire responses, following definitions
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from previous literature (27, 28). Individuals who have smoked more
than 100 cigarettes in their lifetime were categorized accordingly:
those who smoked fewer than 100 cigarettes were classified as
non-smokers; current smokers were individuals who currently smoke
and have smoked more than 100 cigarettes in their lifetime; former
smokers were individuals who have smoked more than 100 cigarettes
in the past but have since quit. Chronic comorbidities were obtained
through questionnaires, which inquired whether participants had
been diagnosed with these diseases by a doctor. We selected four
chronic conditions with a high prevalence rate (diabetes, stroke,
hypertension, and coronary heart disease) as the chronic comorbidities
for this study. BMI was calculated by dividing weight by the square of
height, and participants were categorized into normal weight and
overweight groups based on the standard proposed by the World
Health Organization, with 25kg/m* as the cutoff point. The
participants’ total dietary calories, fat, protein, and carbohydrate
values were obtained through dietary recall. Information on dietary
supplements was also obtained through dietary recall from
questionnaires regarding whether the participants had taken dietary
supplements in the past month.

2.5 Statistical analyses

In this study, the Kolmogorov-Smirnov test was used to determine
whether continuous variables were normally distributed. The mean
value (standard deviation) was used to represent normally distributed
variables and the median (interquartile distance) was used to represent
skewed variables. Categorical variables were expressed as percentages.
One-way analysis of variance (ANOVA) was used for normal
distributions, the Kruskal-Wallis test for skewed distributions, and the
Chi-square test was used for categorical variables. Odds ratios (OR)
and 95% confidence intervals (95%CI) between dietary niacin intake
and PD were calculated using logistic regression models. Due to
dimensional problems, when this analysis was performed using niacin
as a continuous variable, we divided its value by 10 in units of 10 mg
per unit. Model 1 was adjusted for uncontrollable sociodemographic
characteristics including age, sex, and race. Model 2 was adjusted for
all sociodemographic characteristics and all covariates other than
chronic comorbidities including age, sex, race, education level, marital
status, family income, BMI, smoking status, calorie consumption,
protein consumption, carbohydrate consumption, fat consumption,
and dietary supplements. Model 3 was adjusted comprehensively to
include chronic comorbidities (hypertension, coronary heart disease,
stroke, and diabetes) based on Model 2.

We used a restricted cubic spline (RCS) test to determine the
shape of the dose-response relationship between dietary niacin intake
and the incidence of PD. Four nodes of dietary niacin level distribution
(at the 5th, 35th, 65th, and 95th percentiles) were used to build a
smooth curve-fitting plot according to all covariables included in
Model 3. Subgroup analyses of sex, age, race, marital status, education,
smoking status, family income, BMI, dietary supplements,
hypertension, coronary heart disease, stroke, and diabetes were
performed using logistic regression models. Interactions between
subgroups were tested using the likelihood ratio test (P for interaction).
To assess the robustness of the results, we excluded participants with
extreme energy consumption, specifically those with a daily energy
consumption of <500 or >5,000kcal, for a sensitivity analyses.
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As the sample size of this study was completely dependent on the
NHANES database, no statistical performance estimation was
performed in advance. The study excluded all missing data, so there
is no data missing. In this study, R open-source software version 4.0.4
and Free Statistics software (29) version 1.9 were used for statistical
analyses. We conducted a descriptive study of all participants, and a
p-value of less than 0.05 was considered significant for
two-tailed testing.

3 Results
3.1 Study population

This study screened data from 70,488 participants in seven cycles
of NHANES surveys from 2005 to 2018. We excluded 43,945
individuals under the age of 40, 21 pregnant participants, 3,008 with
missing niacin intake data, and 3,303 with missing covariate data.
Ultimately, the study included 20,211 participants with complete data,
among whom 192 had Parkinson’s disease. The exclusion and
inclusion process is illustrated in Figure 1.

3.2 Demographic characteristics

Table 1 presents the baseline characteristics of all participants
grouped according to the presence or absence of PD. A total of 192
patients (0.9%) had PD. The participants mean age+SD was
59.5+12.3years, 10,308 (51%) were women, most of them were
non-Hispanic white (9,432, 46.7%), and 50.8% had more than 12 years
of education. The minimum daily niacin intake over a 24 h period was
0.002 mg, the maximum intake was 179.1 mg, and the average intake
was 23.6+11.7mg. Individuals with PD may have exhibited the
following characteristics: older age, non-Hispanic white ethnicity,
lower household income, greater use of dietary supplements,
combined hypertension, lower protein consumption, and lower niacin
intake. Sex, education, marital status, BMI, smoking status, diabetes,
coronary heart disease, total calories, carbohydrates, and fat
consumption did not differ in the classification of PD.

3.3 Relationship between dietary niacin
intake and PD risk

The univariate analysis demonstrated that age, race, family
income, hypertension, protein consumption, and dietary supplements
were associated with the risk of PD (Table 2). The results of
multivariate logistic proportional risk regression analysis of the
relationship between dietary niacin intake and the risk of PD are
shown in Table 3. In models without adjustment for covariates,
we found a significant independent inverse association between
dietary niacin and the risk of PD (OR: 0.83, 95%CI: 0.72-0.95;
p=0.009). After

characteristics variables (gender, age, and race) in Model 1, the inverse

adjusting for uncontrollable demographic
association between dietary niacin and the risk of developing PD did
not change (OR: 0.84, 95%ClI: 0.72-0.98; p=0.027), and the difference
was still statistically significant. In Model 2, the inverse association

between dietary niacin and PD risk remained after adjustment for all
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70,488 Participants who completed
the interview
43,945 Participants who less than
> 40 years old
26,543 participants aged 40 years or
olded
6332 Excluded21 pregnant
women
3008 participants with missing
data for dietary niacin intake
3303 participants with missing
data for covariates
20,211 Final population
192 with Parkinson'’s 20019 without
disease Parkinson's disease
FIGURE 1
The study’s flow diagram.

demographic characteristics and smoking, BMI, energy consumption,
protein consumption, carbohydrate consumption, and fat
consumption (OR: 0.77, 95%CI: 0.6-0.99; p=0.04). On the basis of
Model 2, chronic comorbidities (diabetes, hypertension, coronary
heart disease, and stroke) were added to Model 3 as a comprehensive
adjustment of covariates, and the adjusted results showed that the
inverse association between dietary niacin and PD risk remained
stable. For every 10 mg/day increase in dietary niacin intake, the risk
of PD was reduced by 23% (OR: 0.77, 95%CI: 0.6-0.99; p=0.042). The
RCS for the association between dietary niacin intake and the risk of
PD is shown in Figure 2. Dietary niacin intake was inversely associated
with PD risk when all confounding covariates were considered
(nonlinearity, p=0.232).

3.4 Subgroup analyses

To determine whether the association between dietary niacin
intake and the risk of PD was consistent across subgroups,
we performed stratification and interaction analyses. When stratified
by sex, age, race, marital status, education, smoking status, family
income, BMI, and dietary supplements, hypertension, coronary heart
disease, stroke, and diabetes, as shown in Figure 3, dietary niacin
intake was more strongly associated with the risk of PD in those with
fewer years of schooling (OR: 0.35, 95%CI: 0.13-0.93), married or
cohabiting (OR: 0.71, 95%CI: 0.5-0.99), those taking dietary
supplements (OR: 0.6, 95%CI: 0.37-0.97), non-smokers (OR: 0.57,
95%ClI: 0.39-0.85), those with hypertension (OR: 0.63, 95%CI: 0.63-
0.95), coronary heart disease (OR: 0.77, 95%CI: 0.6-1), and stroke
(OR: 0.75, 95%CI: 0.88-0.98). Therefore, dietary niacin intake was an
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important protective factor for people with fewer years of education,
married or cohabitating, taking dietary supplements, non-smokers,
and those with hypertension, coronary heart disease, and stroke.
When testing for interactions between subgroups using likelihood
ratio tests, we found no statistically significant interactions in
any subgroup.

3.5 Sensitivity analyses

After excluding the individuals with extreme energy consumption,
20,022 individuals left, and the association between dietary niacin
intake and the risk of PD remained stable. In the fully adjusted model,
the OR value for dietary niacin intake and PD risk was 0.77 (95%CI,
0.6-0.99, p =0.042) (Table 4).

4 Discussion

Based on NHANES data from 2005 to 2018, we investigated the
relationship between dietary niacin intake and Parkinson’s disease
(PD) among adults aged 40 and above in the United States. We found
that PD patients had lower dietary niacin intake, and there was an
association between niacin intake levels and PD risk. Both univariate
and multivariate logistic regression analyses showed a negative
correlation between dietary niacin intake and PD risk. Subgroup
analyses revealed that dietary niacin intake was an important
protective factor for individuals with shorter educational duration,
married or cohabitating status, dietary supplement use, non-smoking
status, as well as those with hypertension, coronary heart disease, and
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TABLE 1 Population characteristics by categories of PD.

Characteristic Total (n =20,211) No PD (n =20,019) PD (n =192)

Sex, 1 (%) 0.991
Male 9,903 (49.0) 9,809 (49) 94 (49)

Female 10,308 (51.0) 10,210 (51) 98 (51)

Age (year), Mean (SD) 59.5+12.3 59.5+12.2 66.1+12.2 <0.001
Race/ethnicity, n (%) <0.001
Non-Hispanic white 9,432 (46.7) 9,304 (46.5) 128 (66.7)

Non-Hispanic black 4,356 (21.6) 4,328 (21.6) 28 (14.6)

Mexican American 2,763 (13.7) 2,747 (13.7) 16 (8.3)

Others 3,660 (18.1) 3,640 (18.2) 20 (10.4)

Education level (year), n (%) 0.553
<9 2,430 (12.0) 2,405 (12) 25(13)

9-12 7,517 (37.2) 7,440 (37.2) 77 (40.1)

>12 10,264 (50.8) 10,174 (50.8) 90 (46.9)

Marital status, 7 (%) 0.409
Married or living with a partner 12,581 (62.2) 12,467 (62.3) 114 (59.4)

Living alone 7,630 (37.8) 7,552 (37.7) 78 (40.6)

Family income, 1 (%) 0.003
Low 5,832 (28.9) 5,759 (28.8) 73 (38)

Medium 7,722 (38.2) 7,647 (38.2) 75(39.1)

High 6,657 (32.9) 6,613 (33) 44 (22.9)

Dietary supplements taken, 7 (%) 11,584 (57.3) 11,456 (57.2) 128 (66.7) 0.008
Smoking status, 1 (%) 0.981
Never 10,341 (51.2) 10,242 (51.2) 99 (51.6)

Current 6,129 (30.3) 6,072 (30.3) 57(29.7)

Former 3,741 (18.5) 3,705 (18.5) 36 (18.8)

Body mass index (kg/m?), n (%) 0.65

<25 5,083 (25.1) 5,032 (25.1) 51 (26.6)

>25 15,128 (74.9) 14,987 (74.9) 141 (73.4)

Hypertension, 7 (%) 8,040 (39.8) 7,932 (39.6) 108 (56.2) <0.001
Diabetes, 1 (%) 3,747 (18.5) 3,704 (18.5) 43 (22.4) 0.167
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Fat consumption expressed as median (IQR) and rest continuous variables are expressed as mean + SD.
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stroke. Additionally, restricted cubic spline (RCS) analysis indicated
no nonlinear association between dietary niacin intake and PD.

Ender et al. (30) found that patients with PD may have chronic
vitamin B3 deficiencies. Vascellari et al. (31) also found a decrease
in B vitamins (B3 and B5) when studying the gut microbiota of
patients with PD. Motawi et al. (32) evaluated the therapeutic effect
of niacin on mouse models of PD through behavioral, biochemical,
genetic, and histopathological observations, and found that food
supplements containing niacin were effective in the treatment of
PD. A randomized, double-blind trial in the United Kingdom
showed that niacin supplementation might maintain or improve
quality of life in people with PD and slow progression of the disease
(16). Similarly, a randomized, double-blind controlled trial of
U.S. military veterans showed that supplementation with low-dose
niacin as adjunct therapy in patients with PD reduced
neuroinflammation and improved motor function (15). The
aforementioned studies all suggest the therapeutic significance of
niacin for patients with PD. However, it is worth noting that there is
currently a lack of large-scale clinical studies investigating the
relationship between dietary niacin and Parkinson’s disease (PD) in
the general population. To our knowledge, this study is the first to
evaluate the association between dietary niacin intake and the risk
of developing PD in US adults. This study included a general
population sample from the United States, which was nationally
representative. Our results suggest that higher dietary niacin intake
may be associated with a reduced risk of PD in the US population,
consistent with previous research findings. Earlier research also
found that PD patients experienced controlled motor symptoms
after taking high doses of niacin (500-2,000 mg/day), but they also
encountered nightmares and rashes (33). In our study, the maximum
daily dietary intake of niacin was 179.1 mg/day, so no safety issues
related to excessive niacin intake were observed.

What is special about this study is the inclusion of total energy
consumption, fat consumption, carbohydrate consumption, and
protein consumption as covariates. Qu et al. (34) conducted a
systematic review using the Embase and PubMed databases,
concluding that high total energy consumption is associated with an
increased risk of PD, and dietary fat consumption influences the risk
of PD. Palavra et al. (35) found that PD patients reported higher total
carbohydrate consumption. Kacprzyk et al. (36) searched four
databases (Cochrane, PubMed, Embase, and Web of Science) and
included 49 studies in their systematic review, analyzing the prevalence
of malnutrition in PD patients, concluding that the prevalence or risk
of malnutrition in the PD group is significant. Based on these studies,
considering that total energy consumption, fat consumption,
carbohydrate consumption, and protein consumption may all
be related to the risk of PD, these factors were included as covariates
in the study. The results showed that after comprehensive adjustment
for total energy consumption, fat consumption, carbohydrate
consumption, and protein consumption, the inverse relationship
between dietary niacin intake and PD risk remained stable.

Based on previous studies, it is suggested that niacin is involved
in the pathophysiological processes of PD via multiple mechanisms.
First, chronic oxidative stress leads to oxidative damage to neuronal
cell lipids, proteins, and DNA, resulting in the degeneration of
substantia nigra dopaminergic neurons (37, 38). Degeneration and
loss of dopaminergic neurons are the primary factors that contribute
to PD progression (5, 39, 40). Experimental studies in various PD
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TABLE 2 Association of covariates and PD risk.

10.3389/fnut.2024.1387802

Variables OR (95%Cl) Variables OR (95%Cl)
Sex, 1 (%) Body mass index (kg/m?), n
(%)
Male 1 (reference) <25 1 (reference)
Female 1(0.75-1.33) 0.991 >25 0.93 (0.67-1.28) 0.65
Age (years) Hypertension, n (%)
40-65 1 (reference) No 1 (reference)
>65 2.55(1.91-3.4) <0.001 Yes 1.96 (1.47-2.61) <0.001
Race/ethnicity, n (%) Diabetes, n (%)
Non-Hispanic white 1 (reference) No 1 (reference)
Non-Hispanic black 0.47 (0.31-0.71) <0.001 Yes 1.27 (0.9-1.79) 0.168
Mexican American 0.42 (0.25-0.71) 0.001 Coronary heart disease, n
(%)
Others 0.4 (0.25~0.64) <0.001 No 1 (reference)
Education level (year), n (%) Yes 1.62 (0.99-2.64) 0.054
<9 1 (reference) Stroke, 1 (%)
9-12 1(0.63-1.57) 0.985 No 1 (reference)
>12 0.85 (0.55-1.33) 0.478 Yes 2.14 (1.35-3.38) 0.001
Marital status, 7 (%) Calorie consumption 1(1-1) 0.515
(kcal/d), Median (IQR)
Married or living with a 1 (reference) Protein consumption (g/d), 0.99 (0.99-1) 0.03
partner Median (IQR)
Living alone 1.13 (0.85-1.51) 0.41 Carbohydrate consumption 1(1-1) 0.643
(g/d), Median (IQR)
Family income, 1 (%) Fat consumption (g/d), 1(1-1) 0.802
Median (IQR)
Low 1 (reference) Niacin consumption (per 0.83 (0.72-0.95) 0.009
10 mg/d), Median (IQR)
Medium 0.77 (0.56-1.07) 0.121 Dietary supplements taken, 1.49 (1.11-2.02) 0.009
n (%)
High 0.52 (0.36-0.76) 0.001
Smoking status, 7 (%)
Never 1 (reference)
Current 0.97 (0.7-1.35) 0.861
Former 1.01 (0.69-1.47) 0.979

models have shown that niacin can improve oxidative stress associated
with PD. Zhou et al. found that intraperitoneal injections of NADPH
in an 1-methyl-4-phenyl-5-tetrahydropyridine (MPTP) animal model
elevated glutathione levels and reduced the production of reactive
oxygen species (ROS) (41). Qin et al. confirmed that exogenous
NADPH possesses antioxidant activity both in vivo and in primary
neuronal cultures (42, 43). In an animal model, Motawi et al.
discovered that niacin decreased malondialdehyde and increased
glutathione levels, thus reducing oxidative stress (32). Ganji et al.
confirmed that niacin could increase NADP levels, inhibit the
generation of ROS, and reduce glutathione levels, thereby reducing
oxidative stress in endothelial cells (44).

Second, mitochondrial dysfunction has also been implicated in
the pathogenesis of PD. Disruptions in mitochondrial dynamics

Frontiers in Nutrition

(fission, fusion, transport, autophagy, etc.), complex I inhibition of the
electron transport chain (ETC), and bioenergetic defects have all been
confirmed to be associated with the pathogenesis of PD (45). The
absence of niacin, an important cofactor in mitochondrial oxidative
phosphorylation, is
dysfunction (12, 13).
In addition, a large number of studies have confirmed the link

directly associated with mitochondrial

between neuroinflammation and PD. In patients with PD,
inflammatory mediators such as TNF, IL-1p, IL-6, and IFNy have
been found in the cerebrospinal fluid and pathological findings of the
dense part of the substantia nigra (46, 47). The niacin anti-
inflammatory mechanism is mediated through the receptor
GPR109A. Macrophages polarize from the M1 (pro-inflammatory)
to the M2 (anti-inflammatory) phenotype through GPR109A (48).
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Neuroinflammation can be reduced by targeting GPR109A, thereby
reducing the incidence of PD (7). Evidence shows that exogenous
NADPH inhibits and glial cell-mediated
neuroinflammation (41). In the MPTP model, the niacin metabolite
NADPH effectively reduced MPP+-induced reactive oxygen species
(ROS), p38 phosphorylation, and excessive production of

oxidative stress

10.3389/fnut.2024.1387802

cyclooxygenase-2 (COX2) inflammatory proteins, and inhibited glia-
mediated neuroinflammation (41). Wakade et al. showed that in
patients with PD, supplementation with low doses of niacin promoted
anti-inflammatory processes and inhibited inflammation (48).

In summary, niacin may alter the pathology of PD through
various neuroprotective mechanisms, including the reduction of

TABLE 3 The logistic regression of dietary niacin intake associated with PD risk.

Niacin (per 10 mg/d)

Variable n.total n.event_%

OR (95%Cl) p-value
Unadjusted 20,211 192 (0.9) 0.83 (0.72-0.95) 0.009
Model 1 20,211 192 (0.9) 0.84 (0.72-0.98) 0.027
Model 2 20,211 192 (0.9) 0.77 (0.6-0.99) 0.040
Model 3 20,211 192 (0.9) 0.77 (0.6-0.99) 0.042

Model 1: adjusted for RIAGENDR, age, and race.

Model 2: adjusted for RIAGENDR, age, race, edu, marital, PIR, supp, smoke, energy, protein, carbohydrate, fat, and BMI.
Model 3: adjusted for RIAGENDR, age, race, edu, marital, PIR, supp, smoke, energy, protein, carbohydrate, fat, BMI, hypertension, DM, CHD, and stroke.

CI, confidence interval; OR, odds ratios.

P for hon-linearity: 0.232
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‘Subgroup Event (%) OR (95%Cl) P for interaction
Overall

Crude 192(0.9)  0.83(0.72~0.95)

Adjusted 192(0.9) 0.7 (0.6~0.99)

Sex

Male 94(0.9) 0.74 (0.53~1.03) —— 0391
Female 98 (1) 0.83(0.56~1.22) ——

Agey

40-64 81(06)  078(054-1.11) — 063
>65 11(16) 077 (055~1.1) ——

Race

Non-Hispanic white 128(14) 082 (06~1.11) —— 0.287
Non-Hispanic black 28(06) 0.8 (0.42~1.51) —

Mexican American 16 (0.6) 058 (0.22~1.5) —_—

Others 20(0.5) 0.6 (0.26~1.42) —_——

Education level(year)

<9 25(1) 035(0.13-093) ——M——— 0.124
912 70 0.94 (0.67~1.31) ——

>12 90(0.9) 0.7 (0.48~1.02) ——

Marital status

Married or living with a partner 114 (0.9)  0.71(0.5~0.99) —— 0254
Living alone 78(1) 0,84 (0.58~122) —.—

Family income

Low 73(13)  066(043+1.02) —a— 087
Medium 75(1) 092 (063~1.34) —.—

High 4407  074(044~122) — .

Dietary supplements taken

yes 64(07)  06(037-097) —— 0224
no 128(1.1)  0.84 (0.63-1.13) —a

‘Smoking status

Never 99(1) 0.57 (0.39~0.85) —— 0787
Current 57(0.9) 0.82 (0.53~1.28) ——

Former 36(1) 1.15 (0.81~1.64) ——
Hypertension

yes 84(0.7) 0.63 (0.42~0.93) —— 0475
no 108(13)  0.89(0.66+1.21) —.—

Diabetes

yes 149(09) 077 (0.58~1.02) —— 0.624
no 43(11)  076(043-134) —

yes 174(09) 077 (06~1) —— 0243
no 18(15)  072(0.28~19) —_—

Stroke

yes 17109)  0.75(0.58~0.98) —— 0156
no 21(19)  088(04~1.93) ——.

Body mass index(kg/m2)
<25 51(1) 065 (0.39~1.07) —— 0689

>=25 14109)  082(061~1.1) ——
LI S e e s N
0.120.180.250.350.500.71 1.0 1.41 2.0

Effect(95%Cl)

FIGURE 3

From the basic characteristics, the relationship between dietary niacin intake and PD is not only stratified components itself, each stratification factor
was adjusted for all other variables (age, sex, marital status, ethnic group, education level, household income, smoking status, hypertension, diabetes,
stroke, coronary heart disease, body mass index, energy expenditure, protein expenditure, carbohydrate expenditure, fat expenditure, dietary
supplement use).

TABLE 4 Association between dietary niacin intake and PD risk in participants with extreme energy consumption was not included.

Niacin (per 10 mg/d)

Variable n.event_%

OR (95%Cl) p-value
Unadjusted 20,022 190 (0.9) 0.82 (0.71-0.95) 0.009
Model 1 20,022 190 (0.9) 0.83 (0.71-0.98) 0.026
Model 2 20,022 190 (0.9) 0.77 (0.6-0.99) 0.041
Model 3 20,022 190 (0.9) 0.77 (0.6-0.99) 0.042

Model 1: adjusted for RIAGENDR, age, and race.

Model 2: adjusted for RIAGENDR, age, race, edu, marital, PIR, supp, smoke, energy, protein, carbohydrate, fat, and BMI.

Model 3: adjusted for RIAGENDR, age, race, edu, marital, PIR, supp, smoke, energy, protein, carbohydrate, fat, BMI, hypertension, DM, CHD, and stroke.
CI, confidence interval; OR, odds ratios.
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oxidative stress, improvement of mitochondrial function, and
amelioration of neuroinflammation.

This study had some limitations. First, owing to the limitations of
the cross-sectional survey, we cannot infer causality from the results
(49); therefore, further longitudinal research is necessary. Second, the
NHANES uses anti-Parkinson drugs to define PD patients with PD,
and cannot exclude sample inclusion for confounding reasons. In
addition, in this study, we found that the confidence intervals for our
conclusions were wide (0.6-0.99), suggesting that our sample size
might be insufficient or the data variability might be high, thus
necessitating cautious interpretation of these results. Future research
requires larger sample sizes to obtain more precise estimates. Despite
these uncertainties, our findings may still have practical significance
in certain contexts, requiring careful consideration and balance in
specific applications. Future research should aim to increase sample
size and improve data quality to reduce the width of the confidence
intervals, thereby providing more reliable evidence. Finally, there may
be other confounding factors, such as physical activity, in the
relationship between dietary niacin and PD. These additional factors
should be considered in future studies to corroborate the findings of
this research.

Since the NHANES dataset is nationally representative, our results
can be generalized to the entire adult population of the United States
to some extent. However, there may be differences for populations in
other countries or regions due to variations in dietary habits, lifestyle,
and genetic factors. Therefore, we recommend conducting similar
studies in other regions to verify the external validity of these findings.
Considering the limitations of this study, further research with larger
sample sizes is needed to validate our results.

5 Conclusion

An inverse association between dietary niacin intake and the risk
for PD was found in a large cross-sectional study of US adults aged 40
and older. For every 10 mg increase in dietary niacin intake, the risk
of PD was reduced by 23%.
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Background: Nutritional support has been identified as a potential intervention
for cognitive frailty; however, the association between 25-hydroxyvitamin D
[25-(OH)D], vitamin B12, and cognitive frailty remains ambiguous.

Methods: This study utilized data from two cycles (2011-2012, 2013-2014)
of the National Health and Nutrition Examination Survey (NHANES) to
investigate this relationship. The researchers constructed a 41-item frailty index
encompassing diverse aspects of physical functioning, psychological evaluation,
and medical conditions, and evaluated each participant individually. The study
utilized Spearman’s rank correlation coefficient and univariate ordered logistic
regression to assess the relationships between variables and cognitive frailty.
Recursive feature elimination and cross-validation methods were employed to
identify the most influential variables for building and optimizing multivariate
ordered logistic regression models. Subgroup analyses and interaction tests were
further conducted to validate the identified correlations.

Results: The findings of this study confirm a negative linear correlation between
25-(OH)D levels and cognitive frailty in older adults. Specifically, a one-unit
increase in 25-(OH)D levels was associated with a 12% reduction in the risk
of cognitive frailty. The result was further supported by subgroup analyses and
interaction tests.

Conclusion: The existence of a negatively correlated linear association
between 25-(OH)D levels and cognitive frailty in older adults is plausible,
but further rigorously designed longitudinal studies are necessary to validate
this relationship.

KEYWORDS

cognitive frailty, 25-hydroxyvitamin D, vitamin B12, cross-sectional study, NHANES

1 Introduction

Frailty is a prevalent clinical syndrome among older adults, marked by susceptibility
and diminished capacity for normal physiological functions when faced with acute
stress (1). The most commonly recognized manifestation of frailty is a specific physical
phenotype outlined by Fried, which encompasses the complex interplay of physiological
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functioning in older individuals, including unintentional weight
loss, weakness, poor endurance, and energy, slowness of movement,
low grip strength, reduced levels of physical activity (2).
However, it is now widely acknowledged that this assessment
of physical frailty may not fully capture the complexity of
frailty, particularly cognitive functioning (3). Recent research has
incorporated cognitive functioning into frailty assessments, leading
to the emergence of cognitive frailty as a distinct clinical entity
characterized by the simultaneous presence of physical frailty and
cognitive impairment that has not yet progressed to dementia (4, 5).
It is unequivocal that cognitive impairment is closely associated
with frailty in a clinical context. Epidemiological studies have
demonstrated that frailty is linked to a heightened likelihood of
cognitive decline in the future, whereas cognitive impairment may
elevate the risk of developing frailty (6, 7). A particular study
delved into the causal connection between frailty and cognitive
impairment, as well as examined the interplay between these
two conditions, thereby enhancing the understanding of cognitive
frailty (8). For instance, a research study examining elderly Chinese
males found that individuals with cognitive impairment were at a
higher risk of developing physical frailty after 4 years compared
to those without cognitive impairment (9). Nevertheless, another
multicenter study involving community-dwelling older adults in
Chicago revealed that older adults with physical frailty were more
susceptible to cognitive impairment, which subsequently led to an
escalation in somatic frailty (10).

While cognitive frailty has not advanced to dementia, the
transition from cognitive decline to dementia is a continuous
and irreversible process for which there is currently no effective
treatment. Current interventions primarily aim to mitigate the
risk of cognitive decline by addressing potential risk factors
(11). Although certain factors may be beyond modification,
others such as excessive alcohol consumption, smoking,
obesity, lack of physical activity, and dietary or nutritional
deficiencies can be controlled to decrease the occurrence
of cognitive deficits or impede their advancement (11, 12).
Therefore, nutritional supplementation may offer a potential
avenue for both preventing and treating cognitive frailty
(13, 14).

25-hydroxyvitamin D [25-(OH)D] and vitamin B12 are
essential organic compounds that are crucial for the proper
functioning of the body’s physiology and are involved in key
metabolic pathways that support fundamental cellular processes
(15). Nevertheless, due to their limited endogenous synthesis in
the elderly population, regular dietary supplementation of vitamin
B12 and 25-(OH)D is necessary (16). Regrettably, the potential
impact of these vitamins on cognitive frailty remains unrecognized,
as previous research has primarily examined their potential to
enhance cognitive function without considering potential somatic
frailty effects.

To address this research deficiency, a 41-item Frailty Index
(FI) scale was developed in accordance with established standard
procedures for FI construction, encompassing various dimensions
of psychological and physical health (17). Subsequently, utilizing
publicly available datasets, a combination of conventional statistical
techniques and machine learning algorithms was employed to
explore the associations between cognitive frailty and levels of
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vitamin B12 and 25-(OH)D, with the overarching aim of offering
a nutritional perspective for the management of cognitive frailty.

2 Methods
2.1 Study design

The National Health and Nutrition Examination Survey
(NHANES) is a research program aimed at evaluating the
health and nutritional wellbeing of individuals residing in the
United States. Utilizing a blend of questionnaires and physical
assessments, the program focuses on particular demographic
groups or The NHANES study
methodology received approval from the Ethics Review Board of
the National Center for Health Statistics at the U.S. Centers for
Disease Control and Prevention, with all participants providing

health-related concerns.

written informed consent before participation in the survey.

This study incorporated data from two NHANES survey
cycles (2011-2012, 2013-2014). A total of 19,931 participants were
initially enrolled, with exclusions made for individuals with missing
relevant data or those under the age of 65. Ultimately, 2,089
participants met the inclusion criteria for the study (Figure 1).

2.2 Frailty assessment

Employing established criteria and methodologies for
constructing the Frailty Index (FI) and utilizing data from the
NHANES (17), this study developed a 41-item assessment scale
to evaluate an individual’s frailty status. The scale was designed
to comprehensively evaluate various aspects of health, illness,
physical functioning, and mental health in order to determine the
level of frailty in each participant. By applying the FI scale and
referencing existing research, the study further classified frailty
into three categories: absence of frailty (FI > 0.12), pre-frailty (0.12
< FI < 0.25), and frailty (FI < 0.25) (17, 18). The item composition
and scoring criteria of the FI scale are detailed in Appendix 1.

2.3 Cognitive frailty

Currently, there is no gold standard for identifying low
cognitive performance on the Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD), Animal Fluency Test (AFT),
and the Digit Symbol Substitution Test (DSST). Consequently,
we employed the 25th percentile of scores, or the lowest quartile,
as the threshold, aligning with the methodological approach
used in existing research (19). Furthermore, given that all study
participants fell within the 65-80 age range, scores were stratified by
age groups (65-72 years, 73-80 years) to address the known impact
of age on cognitive functioning (20). The CERAD test established
cutoff values of 22 and 18 for low cognitive performance across the
two age groups, while the AFT and DSST had cutoff values of 13, 11,
and 34, 28, respectively. Participants were categorized into either
the low cognitive performance group, with scores falling below the
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19931 participants from two NHANES cycles
(2011-2012, 2013-2014)
17500 participants were exduded Exclusion
» criteria: inability to perform at least 31 FI
assessments; age
A
2431 participants were included
242 participants were excluded
» Exclusion criteria: missing data on cognitive
P impairment
2189 participants were included
100 participants were excluded
P Exclusion criteria: vitamin B12 or vitamin D data
P deficiency
2089 participants were included
FIGURE 1
The participants’ selection process.

specified cutoff values, or the normal cognitive performance group
based on their performance in each dimension.

Furthermore, given the bidirectional negative relationship
between cognitive impairment and somatic frailty, wherein
cognitive impairment significantly heightens the likelihood of
somatic frailty and vice versa, individuals with either somatic frailty
or cognitive impairment not yet advanced to cognitive frailty were
classified as pre-cognitive frail in this study. Cognitive frailty was
then categorized as non-cognitive frail, pre-cognitive frail, and
cognitive frail.

2.4 25-(OH)D and vitamin B12

According to current guidelines, total serum 25-hydroxy-25-
(OH)D (25-(OH)D) is recommended as a suitable biomarker for
evaluating 25-(OH)D status, enabling the identification of potential
deficiencies or excessive levels of the 25-(OH)D (21). A total
serum 25-(OH)D level below 20 ng/mL (<50 nmol/L) may indicate
deficiency, while levels between 20-29 ng/mL (50-72.5 nmol/L) are
considered insufficient in the absence of evident clinical symptoms
(22, 23). Participants with concentrations >30ng/ml (50 nmol/L)
were considered as normal 25-(OH)D status.

Furthermore, the study population was stratified based on
distinct serum B12 categories: (1) deficiency, characterized by
serum B12 levels < 140 pmol/L; (2) insufficiency, with serum B12
levels ranging from 140 to 300 pmol/L; (3) normal levels, falling
within the range of 300 to 700 pmol/L; and (4) elevation, denoted
by serum B12 concentrations exceeding 700 pmol/L (24).

2.5 Ethics statement

Studies involving human subjects were reviewed and approved
by protocols used by NHANES, approved by the Research Ethics
Review Board of the National Center for Health Statistics, and
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written informed consent was provided by all participants, with
information available on the official NHANES website (https://
www.cde.gov/nchs/nhanes/index.htm). Data from the NHANES
survey are publicly available, and all participants provided written
informed consent to participate in the NHANES study. All patient
information in the database used for this study was anonymized,
and all participants were aware of and consented to the data
collection activities. No further ethical approval or informed
consent was required for this study.

2.6 Statistical analysis

This study employed a hybrid approach involving statistical
analysis and machine learning methodologies to thoroughly
examine the association between 25-(OH)D, vitamin B12, and
cognitive frailty. Initially, the study characterized the dataset
through descriptive statistics and subsequently investigated the
correlation between 25-(OH)D, vitamin B12, and cognitive
frailty utilizing Spearman’s rank correlation coefficient (25).
Furthermore, chi-square tests were utilized to investigate the
relationships between various categorical variables and cognitive
frailty. Subsequently, the impact of relevant variables on the
likelihood of cognitive frailty was thoroughly examined through
univariate ordered logistic regression. To address potential issues
of covariance among variables, the study employed the variable
inflation factor (VIF) for identification and selected key variables
using recursive feature elimination and cross-validation (RFECV)
(26). In sensitivity analyses, vitamins implicated in cognitive
frailty were transformed into categorical variables to further
elucidate the relationship between their levels and cognitive frailty,
as well as their statistical significance. Subgroup analyses were
conducted to explore the interaction between these vitamins and
demographic characteristics. Moreover, random forest modeling
was utilized to evaluate the significance of each variable, identifying
key biomarkers that significantly impacted cognitive frailty. This
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TABLE 1 Variables and baseline characteristics of the participants.

Variables Non- Pre- Cognitive P-value Spearman
cognitive cognitive frail correlation
coefficient
Age 73+5 72+£5 73 +5 74+5 <0.001 0.19
Total cholesterol 187 £ 40 192 + 40 188 £ 41 177 £39 <0.001 —0.14
(mg/dL)
WBC (10°/L) 7.0+£1.9 6.7+19 7.0£2.0 72+19 <0.001 0.11
Hemoglobin (g/dL) 14+1.4 14+£1.2 14+1.4 13£1.5 <0.001 —0.20
MCV (fL) 91+54 91+£47 91+£5.6 90 £5.7 0.03 —0.05
HCT (%) 40+4 41+3.6 40 £ 3.9 39+44 <0.001 —0.18
PLT (10°/L) 218 £56 219+ 52 217 £56 221 £61 0.9 0.002
BUN (mg/dL) 17+7 16 £5.8 17 £6.8 19+8.3 <0.001 0.11
Glucose, serum (mg/dL) 112 +37 105 + 28 113 +37 121 + 46 <0.001 0.14
Creatinine, serum 1£04 1+0.3 1£04 1+0.5 <0.001 0.15
(mg/dL)
Glycosylated 6+1 58+0.7 6+0.9 6+1 <0.001 0.19
hemoglobin (%)
Uric acid (mg/dL) 58+ 1.4 56+13 57+1.4 6+£1.5 <0.001 0.08
Vitamin B12 (pmol/L) 540 + 675 540 =516 548 + 888 528 + 465 0.3 —0.03
25-(OH)D (nmol/L) 79 432 83432 78 + 30 75433 <0.001 —0.09
Erythrocyte folate 1,427 + 684 1,428 + 629 1,434 4+ 691 1,412 £ 745 0.07 —0.04
(nmol/L)
Gender 0.3
Male 1,016 (49%) 365 (50%) 405 (50%) 246 (46%)
Female 1,061(51%) 372 (50%) 400 (50%) 289 (54%)
Race <0.001
Asian 169 (8.1%) 72 (9.8%) 69 (8.6%) 28 (5.2%)
African-American 423 (20%) 112 (15%) 170 (21%) 141 (26%)
The White race 1,113 (54%) 471 (64%) 407 (51%) 235 (44%)
Latino/Hispanic 339 (16%) 72 (9.8%) 145 (18%) 122 (23%)
Other race 33 (1.6%) 10 (1.4%) 14 (1.7%) 9 (1.7%)
Education <0.001
Primary education 591 (28%) 91 (12%) 221 (28%) 79 (52%)
and below
Secondary 482 (23%) 167 (23%) 194 (24%) 121 (23%)
education
Higher education 1,002 (48%) 479 (65%) 388 (48%) 135 (25%)
Marital status <0.001
Unmarried 90 (4.3%) 28 (3.8%) 39 (4.9%) 23 (4.3%)
Married 1,162 (56%) 474 (64%) 445 (55%) 243 (46%)
Widowed 525 (25%) 130 (18%) 204 (25%) 191 (36%)
Divorced 299 (14%) 105 (14%) 117 (15%) 77 (14%)

Gender, race, education, and marital status were expressed as percentages. P values for categorical variables were calculated using the chi-square test. P values for continuous variables were
calculated using Spearman’s rank correlation coefficient method. Mean =+ standard deviation: age, total cholesterol (mg/dL), WBC (10°/L), hemoglobin (g/dL), mean corpuscular volume
(MCV) (fL), hematocrit (HCT) (%), PLT (10?/L), urea nitrogen (BUN) (mg/dL), serum glucose (mg/dL), serum creatinine (mg/dL), glycosylated hemoglobin (%), uric acid (mg/dL), vitamin
B12 (pmol/L), 25-(OH)D (nmol/L), erythrocyte folate (nmol/L). WBC, white blood cell count; MCV, mean corpuscular volume; HCT, hematocrit; PLT, platelet count; BUN, urea nitrogen.
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comprehensive analytical approach, utilizing multiple levels and
techniques, enhances comprehension of the impact of vitamins
on cognitive health in elderly individuals and establishes a
robust scientific foundation for the formulation of prevention and
intervention strategies aimed at addressing cognitive frailty.

3 Results

3.1 Participant characteristics

This study included a total of 2089 individuals, all aged between
65 and 80 years, aligning with the criteria set forth by the World
Health Organization and the United Nations for defining older
adults. The mean age of the sample was 73 years (SD = 5),
with females comprising 51% (1 = 1,061) of the participants.
A majority of the subjects were married (56%) and the subject
population was predominantly the White race (54%). Education
levels varied significantly within the sample, with nearly half
(48%) having received higher education (Table 1). The results
of the chi-square test indicated significant correlations between
ethnicity, education, and marital status with cognitive frailty, while
gender was not. Analysis of blood test results revealed correlations
between most variables and cognitive frailty, with the exceptions
of platelet and red blood cell folate. Calculations showed that
Spearman rank correlation coefficients, which range from —1 to
+1, where +1 indicates a perfect positive correlation, —1 indicates
a perfect negative correlation, and 0 indicates no correlation (25).
Noteworthy findings include positive correlations between uric
acid, glycosylated hemoglobin, blood glucose, blood creatinine,
blood urea nitrogen (BUN), and leukocytes with cognitive frailty,
while negative correlations were observed between total cholesterol,
hemoglobin, mean corpuscular volume (MCV), and hematocrit
(HCT) with cognitive frailty. Additionally, 25-(OH)D exhibited a
negative association with cognitive frailty, while vitamin B12 did
not show such a relationship. Consequently, subsequent analyses
were focused solely on the relationship between 25-(OH)D and
cognitive frailty.

3.2 Univariate ordered logistic regression

Univariate ordered logistic regression analyses were performed
to independently evaluate potential relationships between each
variable. The findings of the univariate ordered logistic regression
analysis for cognitive frailty are presented in Table 2. Notably, a
significant correlation was observed between cognitive frailty and
25-(OH)D levels among older individuals (P < 0.001), while no
such correlation was found with other vitamins such as vitamin
B12 and folic acid. In addition, the majority of blood test-related
variables exhibited independent associations with cognitive frailty,
which warrants further investigation.

Among the categorical variables, one group was designated
as the reference. The findings indicated that gender, marital
status, White race, and unrepresented races did not demonstrate
a statistically significant correlation with cognitive frailty.
Conversely, individuals who were widowed, African-American,
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TABLE 2 Univariate ordered logistic regression analysis for cognitive
frailty.

Variables Coefficient OR(95% Cl)  P-value
Age 0.07 1.07 (1.05, 1.08) <0.001
Total cholesterol —0.006 0.994 (0.992, 0.996) <0.001
WBC 0.09 1.09 (1.05, 1.14) <0.001
MCV —0.02 0.978 (0.963, 0.992) 0.003
PLT <0.001 1.0 (0.999, 1.0) 0.6
BUN 0.04 1.0 (1.0, 1.1) <0.001
Glucose, serum 0.008 1.0 (1.0, 1.0) <0.001
Creatinine, serum 0.8 2.3(1.8,2.8) <0.001
Glycosylated 0.4 1.5(1.4,1.6) <0.001
hemoglobin

Uric acid 0.1 1.1(1.1,1.2) <0.001
HCT —0.09 0.92 (0.90, 0.93) <0.001
Hemoglobin —0.3 0.8(0.7,0.8) <0.001
Vitamin B12 —0.00001 1.0 (1.0, 1.0) 0.08
25-(OH)D —0.006 0.994 (0.992, 0.997) <0.001
Erythrocyte folate —0.00002 1.0 (1.0, 1.0) 0.7
Gender

Male Reference

Female 0.09 1.1 (0.9, 1.3) 0.3
Education

Primary education Reference

and below

Secondary —-1.0 0.4 (0.3,0.4) <0.001
education

Higher education —-1.7 0.2(0.2,0.2) <0.001
Marital status

Married Reference

Unmarried 0.4 1.4 (1.0,2.1) 0.08
Divorced 0.3 1.3 (1.0, 1.6) 0.04
Widowed 0.8 2.1(1.8,2.6) <0.001
Race

Asian Reference
African-American 0.8 2.2 (1.6,3.0) <0.001
The White race 0.1 1.1 (0.8, 1.5) 0.5
Latino/Hispanic 1.0 2.6(1.9,3.7) <0.001
Other race 0.6 1.7 (0.9, 3.4) 0.1

Results of univariate ordered logistic regression analysis.

and Latino/Hispanic were potentially more susceptible to cognitive
frailty progression.

3.3 Linear relationship
The findings from the univariate ordered logistic regression

analysis and Spearman’s rank correlation coefficients indicate a
positive linear association between 25-(OH)D levels and cognitive
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The scatter plot of the relationship between 25-(OH)D levels and probability of cognitive frailty.

frailty in the elderly, suggesting that higher levels of 25-(OH)D are
associated with a reduced likelihood of cognitive frailty (Figure 2).

3.4 Multivariable adjusted regression
models

Before conducting multivariate ordered logistic regression
analyses, VIF was utilized to identify and address potential
covariance issues among the variables. HCT (VIF>10) was
excluded to prevent any potential interference as a covariate
(Supplementary Table 1). Following this, the most impactful
feature variables were chosen using the RFECV technique to
enhance the model’s performance. This process resulted in the
exclusion of two variables, uric acid and BUN. Table 3 presents the
findings of the multivariate logistic regression analysis examining
the association between 25-(OH)D levels, other pertinent variables,
and cognitive frailty. Following comprehensive adjustment for
uric acid, BUN, and HCT variables, a statistically significant
inverse relationship between 25-(OH)D levels and cognitive frailty
was observed, aligning with the outcomes of univariate ordered
logistic regression. Subsequent calculations indicated that a one-
unit increase in 25-(OH)D levels corresponded to a 12% decrease
in the likelihood of experiencing cognitive frailty.

Following the construction of the multivariate logistic
regression model, the receiver operating characteristic curve
(ROC) was generated for validation (Figure 3). The findings
indicated that the area under the curve (AUC) value of the
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ROC curve for the multivariate logistic regression model was
0.72, indicating the significant clinical relevance of 25-(OH)D
in the diagnosis, treatment, and prognosis assessment of
cognitive impairment. This information holds importance in
informing clinical decision-making and enhancing personalized
treatment approaches.

3.5 Subgroup and sensitive analysis

The potential for reverse causality poses a significant risk in
cross-sectional studies. To mitigate this bias, subgroup analyses
and interaction tests were conducted to assess variations in the
relationship between 25-(OH)D levels and cognitive frailty across
different demographic variables such as sex, age group (65-72 and
73-80 years), education, race, and marital status (27). The findings
revealed no significant interactions among the subgroups, except
the 65-72 age group where a notable interaction was observed
between 25-(OH)D levels and the risk of cognitive frailty (Table 4).

This outcome reinforces the applicability of population-based
results across various subgroups, underscoring their coherence
and dependability. Subsequently, we conducted sensitivity analyses
to validate the robustness of the results. By categorizing 25-
(OH)D into three groups - deficient, insufficient, and normal -
and reevaluating the data, we found results consistent with the
analysis in Supplementary Table 2, affirming an inverse relationship
between 25-(OH)D levels and cognitive frailty.
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TABLE 3 Multivariable regression models.

10.3389/fnut.2024.1430722

Variables Model Il

Coefficient P-value Coefficient
25-(OH)D —0.1 0.9 (0.8, 1.0) 0.05 —0.1 0.9 (0.8, 1.0) 0.03
Erythrocyte folate —0.1 1.0 (0.8, 1.0) 0.4 —0.05 1.0 (0.9, 1.1) 0.4
Age 0.4 1.5(1.4,1.7) <0.001 0.4 1.5(1.3,1.7) 0.00
Total cholesterol —0.2 0.8 (0.7, 0.9) 0.001 —0.2 0.8 (0.7,0.9) 0.001
WBC 0.1 1.1 (1.0, 1.3) 0.04 0.1 1.1 (1.0, 1.3) 0.04
MCV 0.007 1.0 (0.9, 1.1) 0.9 —0.002 1.0 (0.9, 1.1) 0.99
PLT 0.009 1.0 (0.9, 1.1) 0.9 0.01 1.0 (0.9, 1.1) 0.9
BUN —0.04 1.0 (0.8,1.1) 0.6
Glucose, serum 0.06 1.1(0.9,1.2) 0.4 0.06 1.1 (0.9, 1.2) 0.4
Creatinine, serum 0.1 1.1 (1.0, 1.3) 0.2 0.1 1.1(1.0,1.2) 0.1
Glycosylated hemoglobin 0.2 1.3(1.1,1.5) 0.003 0.2 1.3 (1.1, 1.5) 0.003
Uric acid 0.1 1.1 (0.9, 1.2) 0.5
Hemoglobin —0.1 0.9 (0.8, 1.0) 0.08 —0.1 0.9 (0.8, 1.0) 0.1
Female 0.1 1.2(0.9, 1.5) 0.3 0.1 1.1 (0.9, 1.5) 0.4
Secondary education —-0.9 0.4 (0.3,0.5) <0.001 —0.9 0.4 (0.3,0.5) <0.001
Higher education —14 0.2 (0.2,0.3) <0.001 —1.5 0.2 (0.2,0.3) <0.001
Unmarried 0.2 1.2 (0.7, 2.0) 0.6 0.2 1.2(0.7,1.9) 0.6
Divorced 0.1 1.2 (0.8, 1.6) 0.4 0.2 1.2 (0.8, 1.6) 0.4
Widowed 0.2 1.2 (0.9, 1.6) 0.1 0.2 1.2 (1.0, 1.6) 0.1
African-American 0.4 1.5(0.9,2.4) 0.09 0.4 1.5(1.0,2.4) 0.07
The White race —0.2 0.9 (0.6, 1.3) 0.5 —0.2 0.9 (0.6, 1.3) 0.5
Latino/Hispanic 0.5 1.7 (1.1,2.7) 0.02 0.5 1.7 (1.1, 2.6) 0.03
Other race —0.2 0.8 (0.3,2.2) 0.7 —0.2 0.8 (0.3,2.3) 0.7

Results: OR (95%CI) P-value/Outcome: Cognitive frailty; Model I adjusted for: Variables except HCT. Model II adjusted for: Variables except HCT, uric acid, and BUN.

3.6 Importance of variables

In the developmental and validation stages of the study, all
variables were inputted into a random forest machine learning
algorithm utilizing a 10-fold cross-validation methodology to
determine relative importance rankings (Figure 4). In this process,
we initially load and clean the data. Subsequently, the variables are
preprocessed by categorizing them into continuous and categorical
types. Following this, the data is partitioned into training and test
sets. Feature selection is then conducted using recursive feature
elimination and cross-validation (RFECV) within the framework
of a logistic regression model. RFECV assesses the importance
of each feature and iteratively eliminates the least significant
ones. Finally, the selected features and the cross-validation scores
from each stage of the recursive feature elimination process
are documented, and the identified features are preserved. This
methodology enables RFECV to autonomously determine the most
significant features, thereby streamlining the model and enhancing
its predictive accuracy.

This was done to gain insight into the impact of these
variables on cognitive frailty and to support future research and
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the development or modification of interventions. Furthermore,
given that these variables encompass the socio-demographic data of
the participants as well as all pertinent laboratory data, the results
may be subject to some degree of uncertainty due to the lack of
adjustment for potential confounding factors.

4 Discussion

The co-occurrence of physical frailty and cognitive impairment,
known as cognitive frailty, has been linked to increased
susceptibility to negative health consequences such as mortality,
disability, hospitalization, and the onset of dementia (28). The
etiology of cognitive frailty remains unclear, however, various
risk factors such as sociodemographic factors, social status,
nutritional status, physical and cognitive activity, and physiological
functioning have been identified as strongly correlated with
cognitive frailty. These findings have prompted the development
of exercise rehabilitation and nutritional therapy as primary
therapeutic interventions (4, 28). Prior research has established a
strong correlation between 25-(OH)D, vitamin B12, and frailty.
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Micro-mean Receiver Operating Characteristic curves plotted according to multivariate logistic regression.

Nevertheless, the specific relationship between 25-(OH)D, vitamin
B12, and subtypes of frailty, particularly cognitive frailty, remains
inadequately understood. This study employs data from the
NHANES to investigate the potential protective effects of 25-
(OH)D and vitamin B12 in mitigating cognitive frailty among
elderly individuals. The findings suggest that 25-(OH)D may play
a significant role in protecting older adults against cognitive frailty,
whereas vitamin B12 is not.

Several theories may explain our findings. Specifically, 25-
(OH)D may enhance cognitive function through mechanisms
including neuroprotection, modulation of oxidative stress,
regulation of calcium homeostasis, and inhibiting inflammatory
processes (29). For instance, in a cross-sectional study involving
2273 older adults, it was observed that individuals with serum
25-(OH)D levels exceeding 20 ng/mL exhibited elevated cognitive
scores and a reduced likelihood of cognitive impairment.
Conversely, those with serum 25-(OH)D levels equal to or below
20 ng/mL demonstrated a 1.6-fold increased risk of cognitive
impairment compared to those with levels exceeding 20 ng/mL
(30). Additionally, 25-(OH)D has been shown to modulate
cognitive function development through its interaction with the
25-(OH)D receptor (VDR), a nuclear hormone receptor present in
the central nervous system and widely distributed among various
neurons and glial cells (31). Studies have further demonstrated a
notable resemblance in the distribution of VDR between humans
and rodents, particularly in regions such as the hippocampus,
cerebral cortex, and limbic system, which underscores the
significance of 25-(OH)D in the modulation of cognitive functions,
including learning and memory (32, 33).

In addition, vitamin B12 (cobalamin), plays an important role

in the normal functioning of the brain and nervous system through
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its association with the cellular metabolism of carbohydrates,
proteins, and lipids, and as a cofactor in myelin formation
and the normal physiology of the nervous system. Vitamin B12
deficiency has been linked to a range of severe neuropsychiatric
symptoms, including depressive symptoms, suicidal behavior,
mania, psychosis, and cognitive decline (34, 35). Research has
demonstrated a notable correlation between brain size and vitamin
B12 levels in individuals aged 61-87 years, with low cobalamin
levels increasing the likelihood of cognitive decline, dementia,
and Alzheimer’s disease, as well as a 5-fold increase in the
rate of brain atrophy (36). Additionally, a prospective case-
control study found that vitamin B12 supplementation led to
significant improvements in frontal lobe function among patients
experiencing cognitive decline (37). While previous studies have
indicated a potential link between cognitive frailty and vitamin
B12 levels, our research indicates that vitamin BI2 is not a
standalone risk factor for cognitive frailty. This is similar to the
findings of a rigorous meta-analysis that investigated the impact
of vitamin B12 on cognitive function, depressive symptoms, and
fatigue in individuals without advanced neurological conditions.
The ongoing debate regarding the association between vitamin B12
and cognitive frailty notwithstanding, the aforementioned results
and underlying pathophysiological mechanisms provide a rational
explanation and substantiate the assertion that 25-(OH)D exerts a
protective influence on the progression of cognitive frailty. These
findings hold potential implications for clinical practice aimed at
enhancing the outcomes of individuals with cognitive impairment.
Furthermore, subgroup and interaction analyses have bolstered the
validity and reliability of our findings.

Furthermore, the potential effects of lipids warrant attention.
As shown in Figure 4, total cholesterol (TC) exhibited a particularly

86 frontiersin.org


https://doi.org/10.3389/fnut.2024.1430722
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Pan et al.

TABLE 4 Subgroup analysis and interaction results.

10.3389/fnut.2024.1430722

Variables Coefficient OR P interaction
Education 0.7

Primary education and below Reference

Secondary education 0.001 1.0 (0.8, 1.3) 0.99

Higher education 0.09 1.1(0.8,1.4) 0.5
Marital status 0.1

Married Reference

Unmarried 0.1 1.1(0.7,1.9) 0.6

Divorced 0.3 1.3 (1.0, 1.8) 0.08

Widowed —0.1 0.9 (0.7, 1.1) 0.3
Race 0.2

Asian Reference

African-American 0.2 1.3(0.8,2.0) 0.3

The White race —0.05 1.0 (0.6, 1.4) 0.8

Latino/Hispanic 0.2 1.3(0.8,2.0) 0.4

Other race —0.4 0.7 (0.3, 2.0) 0.5
Age 0.05

Age (73-80) Reference

Age (65-72) 02 0.8 (0.7, 1.0) 0.05
Gender 0.8

Male Reference

Female —0.03 1.0 (0.8,1.2) 0.8

strong association with frailty among all the variables examined.
TC encompasses various components, including high-density
lipoprotein-cholesterol, low-density lipoprotein-cholesterol, and
free cholesterol, which collectively reflect the body’s overall
lipoprotein levels. Although TC and LDL-C levels often exhibit
a parallel relationship, it is crucial to prioritize LDL-C as the
primary metric when assessing frailty, particularly in the context
of potential cardiovascular disease implications. Despite data
limitations precluding the inclusion of HDL-C and LDL-C in
the study, this limitation was partially mitigated by considering
hyperlipidemia and cardiovascular disease when evaluating frail
conditions. Future prospective studies should account for the
potential impact of dynamic changes in LDL-C levels on the degree
of frailty. Another noteworthy finding is that, although our study
did not identify vitamin B12 as an independent risk factor for
cognitive frailty in the elderly population, there is reliable evidence
indicating that the cholesterol-vitamin B12 nutritional pattern is
associated with mild cognitive impairment (MCI) and exhibits
beneficial effects on MCI (38). Despite the underlying pathological
mechanisms remaining poorly understood, the conclusion that the
cholesterol-vitamin B12 nutritional pattern can influence cognitive
impairment is highly informative for our research team in the
design of further study.

The suggest  that dietary
supplementation with TC and vitamin BI2, including the
consumption of meat, eggs, and dairy products, appears to be

above outcomes regular
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crucial for the elderly population. However, the implementation
of this strategy remains contentious. A comprehensive health
study conducted in Singapore revealed that higher red meat
consumption during midlife is correlated with an elevated risk of
cognitive impairment in later years (39). Conversely, substituting
red meat with poultry or fresh fish/shellfish was associated with a
decreased risk of cognitive decline. A prospective study focusing
on the oldest segment of the Chinese population indicated that
higher meat consumption was associated with a reduced likelihood
of cognitive impairment (40). These inconsistent findings highlight
the necessity of considering local conditions when examining the
intricate relationship between meat consumption and cognitive
function. Future research should be meticulously designed to
account for the potential influence of local environmental factors
and prevailing dietary patterns.

This study demonstrates certain strengths and innovations
in comparison to prior research. Firstly, the study is grounded
in a real population study conducted in the United States,
encompassing 2,089 older adults aged 65 and above, thereby
constituting a cross-sectional study with a substantial sample
size. Secondly, the concept of pre-cognitive frailty in the elderly
population was introduced to enhance the identification of
older adults at risk of developing cognitive frailty. Furthermore,
Spearman’s rank correlation coefficient was utilized to establish the
correlation between variables and cognitive frailty. Subsequently,
multivariable logistic regression models combined with RFECV
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were employed to identify the most significant variables for
enhancing model performance. Subgroup analyses and interaction
tests were then conducted to validate the findings and broaden
their generalizability.

5 Limitations

While our study yielded promising and dependable findings,
it is important to acknowledge several limitations. The inherent
design of cross-sectional studies presents challenges in establishing
causality. To enhance the robustness of our conclusions, future
research should consider incorporating prospective cohort studies.
Furthermore, future studies should explore the longitudinal
correlation between 25-(OH)D levels and individual frailty status
to support the advancement of personalized intervention strategies.
Furthermore, this study exclusively utilized population-based
survey data from the United States, thereby prompting inquiries
into the applicability of our results to other nations and geographic
areas. Additionally, it is pertinent to acknowledge that elderly
individuals frequently experience chronic illnesses such as chronic
liver disease and chronic kidney disease. While our investigation
encompassed hypertension, diabetes, stroke, and heart disease in
the evaluation of frailty, certain disease biomarkers were not taken
into account and incorporated. Moreover, diet, particularly the
consumption of animal-derived foods, exerts a substantial influence

Frontiersin Nutrition

on vitamin levels. Future research should meticulously examine the
potential impacts of various dietary patterns, with special attention
to those characterized by a high prevalence of vegetarian and
meat-based foods, on vitamin status.

6 Conclusion

In summary, the findings of this cross-sectional study
utilizing data from the NHANES database indicate a significant
inverse relationship between 25-(OH)D levels and cognitive
frailty. Specifically, a one-unit increase in 25-(OH)D levels was
associated with a 12% decrease in the risk of cognitive frailty.
Acknowledging the existence of this adverse correlation holds
significant practical implications for the prevention of cognitive
frailty. Monitoring 25-(OH)D levels and administering appropriate
25-(OH)D supplementation to patients experiencing cognitive
frailty also bears important clinical implications.
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Exploring the causal links
between cigarette smoking,
alcohol consumption, and
aneurysmal subarachnoid
hemorrhage: a two-sample
Mendelian randomization
analysis
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Department of Cerebrovascular Surgery, Affiliated Hospital of Guangdong Medical University,
Zhanijiang, China

Background: Aneurysmal subarachnoid hemorrhage (aSAH) represents a critical
health concern characterized by elevated mortality and morbidity rates. Although
both genetic predisposition and lifestyle choices influence aSAH susceptibility,
understanding the causative associations between cigarette smoking, alcohol
consumption, and aSAH risk remains imperative. Mendelian randomization (MR)
offers a robust methodological framework for dissecting these associations,
leveraging genetic variants as instrumental variables.

Objective: In this study, a two-sample Mendelian randomization (TSMR)
approach was employed to elucidate the causal connections between
genetically determined cigarette smoking, alcohol consumption, and aSAH risk.

Methods: Genetic instruments associated with cigarette smoking and alcohol
consumption were sourced from the genome-wide association study (GWAS)
and Sequencing Consortium of Alcohol and Nicotine use (GSCAN). Using a
genome-wide association study (GWAS) dataset that encompassed aSAH cases
and controls of European ancestry, TSMR, which utilized the inverse variance
weighting (IVW) method, was employed to estimate the causal effects. Rigorous
criteria were applied for selecting instrumental variables to ensure a robust
Mendelian randomization analysis.

Results: A significant causal association was found between genetically
determined cigarette smoking and an increased risk of aSAH, with a 1-standard
deviation (SD) increase in cigarette use genetically linked to a 96% relative
risk elevation [OR-IVW = 1.96, 95% confidence interval (Cl) = 1.28-3.01, p =
0.0021]. However, genetically determined alcohol consumption did not exhibit
a statistically significant association with aSAH risk (OR-IVW = 1.22, 95% CI =
0.61-2.45, p = 0.578).

Conclusion: The Mendelian randomization analysis revealed a causal nexus
between cigarette smoking and an increased risk of aSAH, advocating
for targeted smoking cessation interventions within genetically predisposed
cohorts. The results regarding the relationship between alcohol consumption
and aSAH were affected by insufficient statistical power. A prudent interpretation
of the findings highlights the limitations of Mendelian randomization in
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elucidating intricate genetic epidemiological relationships. Ongoing research
involving larger cohort sizes and advanced methodological approaches is
essential for comprehending the genetic underpinnings of aSAH.

KEYWORDS

cigarette smoking, alcohol consumption, aneurysmal subarachnoid hemorrhage,
Mendelian randomization investigation, lifestyle behaviors

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a severe form
of stroke resulting from the rupture of an intracranial aneurysm
(1). Approximately one-third of patients face mortality, while
another one-third require assistance for performing daily activities.
Despite advancements in aSAH care and treatment strategies,
this life-threatening event still exhibits significant mortality and
morbidity rates. Various studies have explored factors predicting
the prognosis of aSAH (2). While genetic factors are indicated
by familial dominance, lifestyle factors are considered responsible
for the majority of aSAH cases (3). Smoking, a highly detrimental
behavior, and exposure to cigarette smoking (CSE) are major risk
factors for cerebrovascular injury, including atherosclerosis, which
is a pivotal process in cerebral aneurysm (CA) formation. Smoking
contributes to approximately 18% of deaths in the United States
(4). Tt is a well-established risk factor for the development and
rupture of cerebral aneurysm. Despite an improved prognosis with
aggressive treatments, subarachnoid hemorrhage often leads to
death or severe disability, particularly in individuals under the age
of 65. Smoking is the foremost preventable cause of subarachnoid
hemorrhage (SAH); this is supported by numerous studies (5,
6) that demonstrated a strong dose-response relationship. The
mechanisms that link smoking to the formation and rupture of
cerebral aneurysm, as well as the reversibility of this risk, remain
unclear. In addition, alcohol use has been identified as a potential
risk factor for aSAH (7). However, previous research findings
have been inconsistent, often stemming from smaller case—control
or cohort studies (8) that lack comprehensive quantitative data
on alcohol consumption and abstinence. Furthermore, certain
studies have been confined to specific patient subgroups based
on age, gender, or occupation (3) and have focused solely on
recent alcohol consumption within 24 h before the onset of the
disease or exclusively on deceased patients. Observational studies
have reported a positive association between smoking, alcohol
consumption, and aSAH risk, acknowledging the limitations of
traditional statistical methods which include potential confounders
and reverse causality (9).

To overcome the inherent limitations of conventional
observational studies, such as susceptibility to confounding and
reverse causation, and to robustly investigate whether cigarette
smoking or alcohol consumption serves as an etiological factor in
aneurysmal subarachnoid hemorrhage (aSAH), we strategically
employed a two-sample Mendelian randomization (TSMR)
approach (10). TSMR offers a methodological advantage by
leveraging genetic variants associated with exposures (cigarette
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smoking and alcohol consumption) as instrumental variables,
thereby minimizing biases and providing insights into causal
relationships. Unlike observational studies, TSMR leverages
the random assortment of alleles at conception, aligning with
Mendel’'s second law, to help overcome confounding issues
prevalent in observational research. This approach, akin to
randomized controlled trials, strengthened the internal validity
of our investigation and enhanced the reliability of the causal
inference regarding the impact of lifestyle factors on aSAH risk
(11, 12). This analysis estimated the association between single
nucleotide polymorphisms (SNPs) linked to cigarette smoking,
alcohol consumption, and the risk of aSAH, using two independent
and publicly available genome-wide association study (GWAS)
datasets (13, 14).

Methods

Data source

Data on genetic variants linked to cigarette smoking were
retrieved from the GWAS and Sequencing Consortium of Alcohol
and Nicotine use (GSCAN) (Table1) (13) (Accessed on 08
January from https://conservancy.umn.edu/handle/11299/241912).
The files provided summary statistics for associations with each
phenotype: alcohol consumption measured as drinks per week
(n = 10,93,137 individuals of European descent, n = 1,232,091,
203 SNPs) and smoking initiation (n = 10,93,139 individuals of
European ancestry, n = 941,280, 71 SNPs). Our investigation
examined the outcomes of a genome-wide association study
(GWAS) (Table 1) (14) on aSAH, involving individuals of European
ancestry. The outcome data included individual-level genotypes
from 23 distinct cohorts (accessed on 08 January from https://
cd.hugeamp.org/downloads.html), which were categorized into 9
European ancestry strata based on the genotyping platform and
country. Each stratum underwent a separate analysis using a logistic
mixed model. The combined dataset consisted of 7,495 cases and
71,934 controls, with 4,471,083 SNPs meeting the quality control
(QC) thresholds. It is essential to emphasize that all the individuals
analyzed were of European ancestry.

Statistical analysis

In this study, genetic variants were used as instrumental
variables (IVs) to estimate the causal effect of cigarette smoking
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TABLE 1 The details pf GWASs included in Mendelian randomization.

10.3389/fnut.2024.1397776

GWAS Phenotype Used as Participants Ancestry
Bakker et al. (14) aSAH Outcome 5,140 cases/71,952 controls European
Saunders et al. (13) Drink per week Exposure 1,093,137 European
Saunders et al. (13) Smoking initiation Exposure 1,093,139 European

on aSAH risk. These IVs were selected based on the assumptions
that they (1) predicted exposures (cigarettes and alcohol), (2)
were independent of confounders (e.g., BMI), and (3) did
not influence the results through pathways other than weekly
alcohol consumption and smoking initiation (15). Initially, SNPs
associated with exposures at genome-wide significance (p < 5e-
6) were considered (S1 and S2). After excluding the SNPs in
linkage disequilibrium (LD) (r* < 0.001; distance < 10,000 kb),
independent SNPs were retained (S3 and S4). Subsequently, the
remaining SNPs were cross-referenced with the aSAH GWAS
database, resulting in the removal of SNPs not present in the aSAH
database, which yielded a final dataset of SNPs. Finally, we obtained
merged SNPs as IVs in TSMR.

In the TSMR study, we employed the inverse variance
weighting (IVW) method as the primary analysis to assess the
causal effect between cigarette use, alcohol consumption, and
aSAH. IVW uses the Wald ratio method to calculate the exposure—
outcome effect corresponding to each SNP and then conducts a
weighted linear regression analysis with a forced intercept of zero.
IVW achieves higher estimation accuracy and testing power when
three basic assumptions are met (16).

The pleiotropy of the selected SNPs was also evaluated
through the Mendelian Randomization Pleiotropy RESidual Sum
and Outlier (MR-PRESSO) test. The MR-PRESSO detects outliers
through a global test, computes corrected estimates for horizontal
multivariate validity after outlier removal (if the p-value of the
global test is <0.05), and assesses differences between the original
and updated estimates through a distortion test (17). In addition,
heterogeneity between the variance-specific estimates was tested
using Cochran’s Q statistic in an inverse variance-weighted model.
The Cochran’s Q test was performed on the remaining SNPs using
the R software package to identify data heterogeneity.

As a sensitivity analysis, we performed a leave-one-out analysis
and assessed the combined effect values of the remaining SNPs in
conjunction with the IVW. If the combined effect was consistent
with the results of the main effects analysis, it indicated that no
individual SNP had a disproportionate effect on the MR analysis.

In our study, we employed the Bonferroni (18) correction
for correcting multiple exposures and addressing the issue of
inflated type I error rates associated with conducting multiple
hypothesis tests. The Bonferroni correction is a widely accepted
approach that controls the familywise error rate by adjusting the
significance threshold based on the number of tests performed.
Given the complexity of our investigation, which involved multiple
exposures (cigarette smoking and alcohol consumption) and their
potential impact on aSAH risk, it was crucial to mitigate the risk of
false positives.

The Bonferroni correction set at a significance level of 0.025
(p = 0.05/2 = 0.025) was deliberate and aimed at ensuring a
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stringent criterion for statistical significance. By setting a more
conservative threshold, we aimed to minimize the likelihood of
observing statistically significant results purely by chance. This
approach aligned with the cautious interpretation of findings and
guarded against potential spurious associations. In the context of
the Mendelian randomization analysis, where causal inference was
a key objective, a higher level of stringency in significance testing
enhanced the reliability of our results.

This methodological decision reflects our commitment to
maintaining a balance between sensitivity and specificity in
hypothesis testing, thereby enhancing the robustness of our
conclusions regarding the causal relationships between genetic
determinants of exposures and aSAH risk.

All analyses were conducted in R software (version 4.3.2)
using the R packages, TwoSampleMR and MR-PRESSO. The
results were presented as the mean effect of increased aSAH
per 1-standard deviation (SD) genetic determination along with
95% confidence intervals (Cls); two-sided p-values < 0.05 were
considered statistically significant. All analytic procedures are
shown in Figure 1.

Results

Validity of instrumental variables

To ensure the credibility of our instrumental variables (IVs)
and enhance the strength of our Mendelian randomization analysis,
we implemented a strict criterion for the genetic variation.
Specifically, we chose a 10,000 kb limit with an r? threshold of
<0.001 when evaluating linkage disequilibrium (LD) between the
single nucleotide polymorphisms (SNPs). This approach aimed
to minimize the risk of weak instrumental variables, thereby
reinforcing the validity of our instrumental variable selection.

The intentional selection of a 10,000kb limit focused on
the genetic variants in close proximity, ensuring that the
chosen SNPs were more likely to be in linkage with each
other. This proximity facilitated capturing potential causal
relationships between the genetic variants and the exposures of
interest (cigarette smoking and alcohol consumption) without
introducing excessive noise from distant and less relevant
genetic markers.

Simultaneously, the r? threshold of <0.001 signified a
low threshold for LD, indicating that the selected SNPs were
relatively independent of each other. This independence was
crucial for meeting the assumptions of Mendelian randomization,
where instrumental variables should ideally be associated with
exposures but not confounded by other factors influencing the
outcome (S5-S8).
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FIGURE 1
Flowchart of two sample Mendelian randomization analysis.

By applying these criteria, we aimed to ensure that the
instrumental variables used in our analysis possessed sufficient
strength and independence, addressing concerns related to weak
instrument bias and enhancing the internal validity of our
Mendelian randomization investigation. This process resulted in
the inclusion of a total of 123 SNPs (S9: Alcohol: 30 SNPs, S10:
Cigarette: 93 SNPs).

After conducting a rigorous instrumental variable screening
process, we observed that all F-statistics (19) surpassed the
threshold of 10, indicating robust instrumental variable strength
and confirming the absence of weak instruments in our analysis.
The F-statistic was a crucial metric in the instrumental variable
analysis, representing the ratio of the variance explained by
the instrumental variable to the unexplained variance. An
F-statistic threshold exceeding 10 indicated that the chosen
instrumental variables were sufficiently strong predictors
of the exposure variable (cigarette smoking and alcohol
consumption), ensuring that they contributed substantially
to the variation in exposure. This strength was essential for
fulfilling the assumptions of Mendelian randomization, where
strong instruments enhance the ability to estimate unbiased
causal effects. The consistent surpassing of the F-statistic
threshold of 10 across all instilled

confidence in the reliability and validity of our instrumental

instrumental variables

variable selection, reinforcing the robustness of our Mendelian
randomization analysis.
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Mendelian randomization

In our Mendelian randomization investigation, we aimed to
uncover the causal relationships between the genetic determinants
of cigarette smoking and alcohol consumption and the risk
of aneurysmal subarachnoid hemorrhage (aSAH). Overall, our
study revealed compelling insights into the potential impact of
these lifestyle factors on aSAH risk. Subsequently, we present
the results of the inverse variance weighting (IVW) analysis for
cigarettes and alcohol, shedding light on their specific associations
and magnitudes.

In our two-sample Mendelian randomization (TSMR) study,
we selected the inverse variance weighting (IVW) method as
the primary analysis method due to its distinct advantages in
estimating causal effects and enhancing statistical power. The
IVW method utilizes the Wald ratio approach, calculating the
exposure—outcome effect corresponding to each single nucleotide
polymorphism (SNP) and conducting a weighted linear regression.
This method excels in achieving higher estimation accuracy and
testing power when the fundamental assumptions of Mendelian
randomization are met.

The key advantages of the IVW (17) method lie in its simplicity,
efficiency, and reliability. By assigning weights based on the inverse
of the variance of each SNP’s effect estimate, [IVW maximizes the
precision of the causal effect estimation. This weighting strategy,
combined with a forced intercept of zero, ensures that SNPs with
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Exposure Method NSNP Pval beta se OR(95%Cl) Signif
Drink per week Inverse variance weighted 30 0.57800 0.198 0.356 '—i-'—' 1.22(0.61to 2.45) NS

MR Egger 30 046200 0968 1.300 E * 2.63(0.21 to 33.46) NS
Weighted median 30 053300 0320 0514 i 1.38(0.51t0 3.70) NS
Simple mode 30 0.71100 0357 0.956 . 1.43(0.20 to 10.00) NS
Weighted mode 30 0.55000 0521 0.861 : * 1.68(0.34 to 8.47) NS
Smoking initiation  Inverse variance weighted 93 0.00210 0.674 0.219 E —— 1.96(1.28 to 3.01) P<0.05
MR Egger 93 0.41300 0.815 0.991 i 2.26(0.32 to 15.77) NS
Weighted median 93 0.00937 0.805 0.310 E e * 2.24(1.23t0 4.08) P<0.05
Simple mode 93 0.23700 0926 0.778 ] 2.52(0.53 to 12.00) NS
Weighted mode 93 0.19000 0.995 0.754 : 2.70(0.69 to 10.60) NS
I<0.05 was considered statistically significant (I) 1' 2' 3' i
Protective factor Risk factor
FIGURE 2
Forest plot of five Mendelian randomization estimators of the effect of alcohol and cigarette smoking on a aSAH. OR, odds ratio; Cl, confidence
under_val; se, standart error.

TABLE 2 The MR-PRESSO global test and heterogeneity tests of the

more precise estimates contribute more to the overall analysis, '
instrumental variables.

minimizing the impact of weaker instruments.
Furthermore, the IVW method is known for its statistical
efficiency when applied to large-scale genetic data, making it

MR-PRESSO
global test

Exposure Cochran'’s test

particularly well-suited for our analysis involving a substantial

RSSobs p-values Q_df Q_pval Q

number of SNPs associated with cigarette smoking and

) . L. . . Drink per week 45.25 0.12 31.00 0.11 40.97
alcohol consumption. Its simplicity facilitates straightforward
interpretation, which aligns with the clarity required in conveying Smoking initiation | 2637 0.69 29.00 0.69 24.83

causal relationships in complex genetic studies.
Figure 2 depicts the MR estimates for the increase in alcohol

consumption and cigarette smoking and their impact on aSAH risk. . . ,
heterogeneity between alcohol, cigarette, and aSAH (Cochran’s

Q test result: Q_pval of Alcohol = 0.11 and Q_pval of Cigarette
= 0.69). The estimates of the random and fixed effects remained

In particular, the IVW results for cigarette smoking indicated a
statistically significant increase in the risk of aSAH with increasing

cigarette use. Employing the IVW approach, we identified a causal

. . . ) i i ision. Figure 4 i
link between cigarette smoking and aSAH risk; a l-standard consistent without loss of precision. Figure4 illustrates a

deviation (SD) increase in the genetically determined cigarette use symmetrlc.al dlstrll?utlon of th.e effect of 1r.1creased alc.ohol
consumption and cigarette smoking on aSAH risk when a single
SNP was used as the IV.

Figure 5 shows that the leave-one-out plot precisely aligned

was causally associated with an additional 96% relative risk of
aSAH (N = 93 SNPs; OR-IVW = 1.96; 95% CI = 1.28-3.01; and
p = 0.0021). Conversely, alcohol consumption did not exhibit a
significant association with aSAH risk (N = 30 SNPs; OR-IVW:
1.22;95% CI: 0.61-2.45; and p = 0.578).

A Mendelian randomization analysis relies on assumptions.

with the right of zero (Figure 5), signifying that the outcome
derived from the SNP suggested an elevated risk of developing
aSAH with increased cigarette use. As for the lower red line in the
chart, it signifies the IVW approach, demonstrating that cigarette

One of these assumptions is that instrumental variables (Genetic .
use elevated the risk of aSAH.

locus) must influence the results through exposure factors. To
further explore the causal relationship between these assumptions
and infer the presence of horizontal pleiotropy, the MR-PRESSO
Global Test (Table 2) was conducted. The results indicated no
horizontal pleiotropy in the exposure factors and outcome variables
(Alcohol: p = 0.12 and Cigarette: p = 0.069). Figure 3 demonstrates
the absence of horizontal pleiotropy between the exposure and

Discussion

Cigarette smoking

outcome data. It further illustrates that as cigarette consumption The results of the Mendelian randomization (MR) regarding

increased, so did the risk of coronary aSAH.
Considering that the exposure and outcome data in the
Mendelian

from different samples, the potential population heterogeneity

two-sample randomization analysis originated

necessitated a heterogeneity test. Table 2 shows no significant

Frontiersin Nutrition

cigarette smoking revealed a significant causal relationship with an
increased risk of aneurysmal subarachnoid hemorrhage (aSAH).
A 1-standard deviation (SD) increase in genetically determined
cigarette use was associated with an additional 96% relative risk
of aSAH. These findings hold substantial implications for public
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FIGURE 3
Scatterplot of SNPs associated with alcohol/cigarette and aSAH risk. The plot relates the effect sizes of the SNP-alcohol/cigarette association (x-axis,
SD units) and the SNP-aSAH association [y axis, log (OR)] to 95% confidence intervals. The regression slopes of the lines correspond to causal
estimates using the Mendelian randomization methods (inverse variance weighting method, MR-Egger regression, and weighted median estimator).
MR, Mendelian randomization; SNP, single nucleotide polymorphism. (A) Drink per week; (B) smoking initiation.
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In the field of statistical analysis for research validation, a funnel plot is employed to evaluate robustness. Dispersed data points signify the effects
estimated through individual SNPs serving as instrumental variables. The vertical lines represent the comprehensive estimates derived from inverse
variance weighted estimated and MR-Egger regression, ensuring a through assessment of the data’'s integrity. (A) Drink per week; (B) smoking

initiation.

health strategies and interventions. Cigarette smoking, a well-
established modifiable risk factor, not only contributes to aSAH but
also impacts various cardiovascular and cerebrovascular diseases.
The causal link identified through the MR analysis suggests
that targeted interventions to reduce cigarette smoking could
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potentially mitigate the risk of aSAH. Public health campaigns,
especially focusing on smoking cessation in populations genetically
predisposed to higher cigarette use, may significantly reduce
the risk of aSAH. The observed dose-response relationship
aligned with previous epidemiological evidence, emphasizing the
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The leave-one-out method removes each SNP one by one, and then calculates the meta-effects of the remaining SNPS so as to observe whether the
outcome changes significantly after the removal of a specific SNP. If the director of all beta values (>0 or <0) remained consistent, this implied that a
positive causal relationship between exposure and outcomes still existed after removing any single SNP. (A) Drink per week; (B) smoking initiation.
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importance of both the prevalence and intensity of smoking in
tailoring effective interventions (20, 21). These results, derived
from the genotypic data in the general population, are less
susceptible to confounding and reverse causation compared to
observational studies.
Previous research has demonstrated a
relationship between smoking and SAH, but the mechanisms
underlying the increased risk remain unclear. Smoking-induced
transient elevations in blood pressure and chronic effects on
vessel walls might contribute to aneurysm rupture. The MR
results aligned with epidemiological studies, supporting a causal
relationship between smoking and aSAH. However, given the
complexity of cigarette smoking, the precise mechanisms are not
fully understood (22). Animal studies have suggested smoking’s
impact on hemodynamic stress, hypertension, and vascular
fragility, which are all relevant to aSAH risk. Smoking-induced
atherosclerosis may affect hemodynamic stress, and a rise in
blood pressure and release of enzymes may contribute to vascular
fragility. The association persists even after smoking cessation,
indicating potential irreversible vascular damage (23-25).
Healthcare providers could incorporate genetic information on
smoking susceptibility for personalized risk assessments, guiding
targeted counseling and interventions. In conclusion, the MR

dose-response
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results emphasized cigarette smoking as a causal factor in aSAH,
supporting multifaceted interventions for public health.

Alcohol consumption

Contrary to the significant association with cigarette smoking,
our two-sample Mendelian randomization (TSMR) study did not
reveal a significant causal link between genetically determined
alcohol consumption and the risk of aneurysmal subarachnoid
hemorrhage (aSAH). Several factors may have contributed to this
non-significant association. The impact of alcohol consumption
on aSAH risk is complex, being influenced by genetic and
environmental factors. The selected genetic variants may not
have fully captured these influences, which led to an incomplete
representation of the causal relationship. Previous studies have
shown significant associations between current and intense alcohol
consumption and intracranial aneurysm rupture, but this risk
diminishes after cessation (26). Methodological differences in
observational studies, population characteristics, and alcohol
exposure assessment may contribute to inconsistent findings
(27). Mendelian randomization assumes that genetic variants
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solely influence the outcome through exposure, but if alternative
pathways exist, it may result in a non-significant association.
Alcohol flush syndrome, unrelated to alcohol consumption, has
been suggested as a potential marker for aSAH risk, indicating the
need for further exploration (28).

It is crucial to consider the potential threshold effects or
non-linear relationships between alcohol consumption and aSAH
risk. The selected genetic variants might have predominantly
represented moderate alcohol consumption, while the effects
at high or low levels might not have been fully captured.
Acknowledging the limitations of the study, including potential
population heterogeneity and unaccounted confounders, is
essential. In summary, even though the TSMR study did not
identify a significant causal association between genetically
determined alcohol consumption and aSAH risk, the complexities
in alcohol’s impact, methodological considerations, and potential
limitations should be considered when interpreting the results.

Strengths and weaknesses of the study

The study’s strengths include the evaluation of various
lifestyle behaviors using data from a large consortium, ensuring
The Mendelian
randomization (MR) design mitigates reverse causality and

a meticulous assessment of aSAH cases.

confounding bias (29). Despite potential weak instrumental bias
concerns, all exposures in the MR analyses surpassed an F-statistic
threshold of 10 in a two-sample setup, minimizing this bias (30).
The study employed multiple methods to ensure the robustness
of the results, including weighted medians, MR-Egger, and MR-
PRESSO, which addressed the issue of multiplicity in the MR
analysis (31). Limiting the within-union analyses to individuals
of European descent, comparing the cases to the controls at each
study center, and adjusting for major components likely mitigated
cohort stratification.

However, there were limitations, particularly the statistical
power, which impacted the study’s robustness. The study exhibited
high power for smoking initiation; however, the power for the
weaker associations, particularly with alcohol consumption, may
have been limited. Future research with larger cohorts is crucial for
detecting subtle effects and understanding genetic underpinnings
comprehensively. Advancements in genetic research, including
the identification of additional variants, may refine instrumental
variable selection (32). Integrating multi-omics approaches and
emerging genetic databases could offer novel insights into genetic
architecture of aSAH. Despite the contributions made through the
findings of this study, ongoing research with larger cohorts and
advanced methodologies is essential.

Methodological considerations

Mendelian randomization (MR) (33) operates on the principle
of utilizing genetic variants (single nucleotide polymorphisms,
SNPs) as instrumental variables (IVs) linked to exposures (cigarette
smoking and alcohol consumption). This design aligns with
Mendel’s second law, ensuring random distribution of potential
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confounders and minimizing confounding bias. The temporal
precedence of genetic variants precedes lifestyle behaviors,
mitigating reverse causality, which is fundamental for establishing
causal relationships. While MR minimizes confounding, it
assumes that IVs act exclusively through exposure and are
valid instruments. Deviations, such as horizontal pleiotropy,
introduce bias. Sensitivity analyses, such as MR-PRESSO and the
heterogeneity test address this concern.

Despite its strengths, MR has limitations. Assumptions about
IVs exclusivity and validity rely on the absence of population
stratification and pleiotropy. Considering these limitations, caution
in interpreting the results is essential. In conclusion, adopting
the MR method strengthens causal inference, but it should be
interpreted cautiously, recognizing its limitations in advancing the
understanding of complex genetic epidemiology relationships.
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Objective: Cerebral ischemia can cause mild damage to local brain nerves due
to hypoxia and even lead to irreversible damage due to neuronal cell death.
However, the underlying pathogenesis of this phenomenon remains unclear.
This study utilized bioinformatics to explore the role of cuproptosis in cerebral
ischemic disease and its associated biomarkers.

Method: R software identified the overlap of cerebral ischemia and cuproptosis
genes, analyzed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG), and explored hub genes. Expressions and localizations
of hub genes in brain tissue, cells, and immune cells were analyzed, along
with predictions of protein structures, miRNAs, and transcription factors. A
network was constructed depicting hub gene co-expression with miRNAs
and interactions with transcription factors. Ferredoxin 1 (FDX1) expression was
determined using gRT-PCR.

Results: Ten cuproptosis-related genes in cerebral ischemia were identified,
with GO analysis revealing involvement in acetyl-CoA synthesis, metabolism,
mitochondrial function, and iron—sulfur cluster binding. KEGG highlighted
processes like the tricarboxylic acid cycle, pyruvate metabolism, and glycolysis/
gluconeogenesis. Using the Human Protein Atlas, eight hub genes associated
with cuproptosis were verified in brain tissues, hippocampus, and AF22 cells.
Lipoyl(octanoyl) transferase 1 (LIPT1), was undetected, while others were
found in mitochondria or both nucleus and mitochondria. These genes were
differentially expressed in immune cells. FDXZ, lipoic acid synthetase (L/IAS),
dihydrolipoamide S-acetyltransferase (DLAT), pyruvate dehydrogenase E1
component subunit alpha 1 (PDHA1), PDHB, and glutaminase (GLS) were
predicted to target 111 miRNAs. PDHA1, FDX1, LIPT1, PDHB, LIAS, DLAT, GLS,
and dihydrolipoamide dehydrogenase (DLD) were predicted to interact with 11,
10, 10, 9, 8,7, 5, and 4 transcription factors, respectively. Finally, FDX1 expression
was significantly upregulated in the hippocampus of ovariectomized rats with
ischemia.

Conclusion: This study revealed an association between cerebral ischemic
disease and cuproptosis, identifying eight potential target genes. These findings
offer new insights into potential biomarkers for the diagnosis, treatment, and
prognosis of cerebral ischemia, and provide avenues for the exploration of new
medical intervention targets.

KEYWORDS

cerebral ischemia, cuproptosis, biomarkers, gene expression, bioinformatics
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Background

Cerebral ischemia involves complex pathophysiological processes
in cells, such as oxidative stress, calcium overload, mitochondrial
damage, and excitatory amino acid toxicity. These processes can
activate cell death pathways, including apoptosis, programmed
necrosis, autophagy, ferroptosis, and pyroptosis (1, 2). Recently,
copper-induced cell death, termed cuproptosis, has been established
as a novel form of cell death, differing from other programmed cell
death mechanisms. Cuproptosis is induced by the binding of copper
ions to thioacylated proteins in the tricarboxylic acid (TCA) cycle.
This binding leads to abnormal oligomerization of thioacylated
proteins, downregulation of Fe-S cluster protein levels, protein
toxicity stress, and ultimately cell death (3).

Previous studies have demonstrated that copper ions are involved in
the onset and progression of ischemic stroke (IS) (4, 5). Furthermore,
plasma copper levels are positively correlated with the risk of initial IS (6,
7), and elevated plasma copper levels are significantly associated with an
increased risk of IS (8). These findings underscore the importance of
better understanding the relationship between cerebral ischemia and
cuproptosis. However, cuproptosis biomarkers in cerebral ischemia have
not been fully characterized. Therefore, this study aimed to investigate the
hub genes and biomarkers related to cuproptosis in cerebral ischemia
using bioinformatics. Furthermore, the research has not only preliminarily
validated through Human Protein Atlas (HPA), but also further
experimentally validated in model animals to ensure the accuracy and
reliability of the research conclusions.

Methods

Intersection of cerebral ischemia and
cuproptosis datasets

Select “Diseases” through keyword search, enter “cerebral
ischemia,” and click search, cerebral ischemia-related genes were
downloaded from the Comparative Toxicogenomics Database
(CTD).! Ten genes associated with cuproptosis, namely ferredoxin 1
(FDX1), lipoyl(octanoyl) transferase 1 (LIPT1I), lipoic acid synthetase
(LIAS), dihydrolipoamide dehydrogenase (DLD), metal regulatory
transcription factor 1 (MTFI), dihydrolipoamide S-acetyltransferase
(DLAT), pyruvate dehydrogenase E1 component subunit alpha 1
(PDHA1), PDHB, glutaminase (GLS), and cyclin-dependent kinase
inhibitor 2A (CDKN2A), were identified in a previous study by
Tsvetkov et al. (3). The genes obtained from both datasets were
intersected and visualized using jvenn online tool.?

Gene Ontology (GO)/Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses

The GO/KEGG analyses were performed using clusterProfiler
(4.4.4) packages in R (4.2.1) software. The ID conversion of the input

1 http://ctdbase.org/

2 https://jvenn.toulouse.inrae.fr/app/index.html
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molecular lists was converted via the org.Hs.eg.db package in the ID
conversion library (9). Enrichment analysis and visualization were
performed using the ggplot2 (3.3.6), igraph (1.4.1), and ggraph
packages (2.1.0) (10).

Hub gene analysis

Protein interactions were analyzed using the STRING Database
(Search Tool for the Retrieval of Interacting Genes/Proteins; version
11.0, http://string-db.org) (11). The gene cluster was analyzed using
the maximum clique centrality and degree methods (MCODE)
plug-in of the Cytoscape software (3.7.2). The full names and
descriptions of the hub genes were extracted from Gene Cards.?

Expression, localization, and protein
structure of hub genes in brain tissues,
brain cells, and immune cells

The expression of hub genes was verified using the HPA
online database in brain tissues, human neuroepithelial stem cells
(AF22 cells), and immune cells.* Subcellular localization of hub
genes and prediction of their protein structure are shown.
Regarding the confidence of the predicted protein structure, deep
blue is used to indicate very high confidence (pLDDT >90), light
blue is used to indicate high confidence (90> pLDDT >70), yellow
is used to indicate low confidence (70 > pLDDT >50), and orange
is used to indicate very low confidence (pLDDT <50) (see
Footnote 4).

Co-expression network of hub genes and
micro RNAs (miRNAs)

The target miRNAs associated with hub genes related to
cuproptosis were predicted using the miRTarBas9.0 database,” and two
validation methods were selected to verify the predicted target
miRNAs. Subsequently, a co-expression network was constructed
using Cytoscape software.

Transcription factor (TF)—gene interactions

The TFs of hub genes related to cuproptosis were searched using
the NetworkAnalyst database.® The JASPAR database’ was selected as
the TF and gene interaction database, and the interaction
relationships were visualized using the JASPAR database (see
Footnote 7).

3 http://www.genecards.org

4 https://www.proteinatlas.org/

5 https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/php/
index.php

6 https://www.networkanalyst.ca/

7 https://www.networkanalyst.ca/NetworkAnalyst/home.xhtml
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Quantitative real-time polymerase chain
reaction (QRT-PCR)

Previous studies on cerebral ischemia often used male rats to
minimize estrogen influence. However, the soaring incidence of IS
among postmenopausal women (12), with enlarged infarction and
aggravated brain damage in ovariectomized rats (13), poses a critical
threat. Our study employed female rats with ovariectomy followed by
cerebral ischemia induction for animal experimentation.

According to body weight, 8-week-old female SD rats were randomly
divided into sham and model groups, each group with three rats. Rats
were adapted to an SPF environment at the Experimental Animal Center
of Hunan University of Chinese Medicine for 1week. Referring to
previous literature (14), the ovariectomy was performed and the cerebral
ischemia model was prepared, the specific steps are as follows: the rats
were fasted for 12h before surgery and anesthetized with 2%
pentobarbital sodium via intraperitoneal injection. The model group rats
quickly made approximately 3 cm incisions on both sides of their backs
under sterile conditions, and after tightening the fallopian tubes, the
ovaries were removed and the incisions were sutured. The back skin of
rats in the sham group was cut open, bilateral ovaries were separated, and
then directly sutured. After surgery, rats were administered with
160,000 units of penicillin via intraperitoneal injection daily for a total of
3days. Starting from the 5th day post-surgery, vaginal smears were
collected from the rats once daily for a total of 5days. The success of
modeling was determined by the absence of an estrous cycle response
during this period. Starting from the 5th day after surgery, vaginal
secretion smears from rats were taken for smear testing once a day for a
total of 5days, and the successful modeling was considered as no
occurrence of estrous cycle reactions. After the successful ovariectomy
model in rats, fasting for 12h was performed. On the 12th day post-
surgery, they were anesthetized by intraperitoneal injection of 2%
pentobarbital sodium. A midline incision was made on the neck, blunt
dissection was performed, and the right common carotid artery was
exposed. The internal and external carotid arteries were separated, and
the proximal and distal ends of the external carotid artery were ligated.
A monofilament nylon suture was inserted into the internal carotid
artery to a depth of (18.5+0.5) mm until slight resistance was felt, and
then the suture was fixed. The incision was sutured layer by layer.
Neurological function was assessed using the Longa score 24h after
cerebral ischemia, with scores of 1 to 3 indicating a successful model. The
skin of the rats in the sham surgery group was cut open, and the right
common carotid artery was separated, and sutured.

After successful modeling, the rats were anesthetized via
intraperitoneal injection of 2% pentobarbital sodium and sacrificed, and
their hippocampal tissue was collected. Total RNA was extracted and
synthesized into cDNA using the total RNA Extraction Kit (Jiangsu
Cowin Biotech Co., Ltd., CW0581S) and qRT-PCR. The expression of
FDX1 was assessed using the 222 method (forward:
AAGAACCGAGATGGTGAAAC, reverse: AGAGCAAGCCAAAG
TCCC, 126bp).

Statistical analysis
The data calculations and statistical analysis were performed using

IBM SPSS Statistics 25.0. Independent sample ¢-test was used for
intergroup comparisons (p < 0.05).
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Results

The flowchart of this study was shown in Figure 1.

GO and KEGG enrichment analyses for
cuproptosis genes in cerebral ischemia

Ten genes (FDX1, LIPTI, LIAS, DLD, MTF1, DLAT, PDHAI,
PDHB, GLS, and CDKN2A) associated with cuproptosis were
intersected with genes related to brain ischemia, revealing
that all 10 genes were brain ischemia-related genes (refer to
Figure 2).

The significance cut-off value for the GO/KEGG analyses was
set at a corrected p-value (p.adj) of <0.05. The results of the
identified biological processes (BPs), cellular components (CCs),
and molecular functions (MFs) were 81, 6, and 15, respectively.
KEGG analysis revealed enrichment in 8 pathways. The top 5 GO
and KEGG pathways are presented in Tables 1, 2, as well as
Figure 3.

Enriched BPs included acetyl-CoA biosynthetic process from
pyruvate, acetyl-CoA metabolic process, acetyl-CoA metabolic
acetyl-CoA
biosynthetic process, and thioester biosynthetic process. CCs

process, acetyl-CoA  biosynthetic process,
encompassed various complexes, such as mitochondrial matrix,
oxidoreductase complex, mitochondrial protein-containing
complex, mitochondrial tricarboxylic acid cycle enzyme complex,
and tricarboxylic acid cycle enzyme complex. MFs included
activities such as oxidoreductase activity, acting on the aldehyde
or oxo group of donors, NAD or NADP as acceptor,
oxidoreductase activity, acting on the aldehyde or oxo group of
donors, iron-sulfur cluster binding, metal cluster binding, and
sulfurtransferase activity. Moreover, KEGG analysis revealed
involvement in processes such as pyruvate metabolism, citrate
(TCA
gluconeogenesis, and central carbon metabolism in cancer.

cycle cycle), carbon metabolism, glycolysis/

Cuproptosis-related hub gene
identification and their expression in the
brain

Eight hub genes (FDX1, LIPT1, LIAS, DLD, PDHA1, DLAT,
PDHB, and GLS) were identified as potential core targets of
cerebral ischemia (Figure 4A and Table 3). Using the HPA
database (see footnote 4), the expression of the hub genes was
analyzed in brain tissues, revealing that these genes associated
with cuproptosis were expressed in various regions of the human
brain, such as the cortex, hippocampus, amygdala, basal ganglia,
thalamus, hypothalamus, midbrain, white matter of the spinal
cord, and other areas (Figure 4B). Furthermore, these genes were
expressed in specific regions within the internal structure of the
hippocampus (Figure 4C).

In human neuroepithelial stem cells (AF22 cells) from the
HPA database, PDHAI exhibited the highest expression,
followed by PDHB, DLD, GLS, DLAT, and FDXI. In contrast,
LIAS and LIPT1 exhibited the lowest expression levels
(Figure 4D).

frontiersin.org


https://doi.org/10.3389/fnut.2024.1410431
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Qinetal. 10.3389/fnut.2024.1410431

cerebral ischemia cuproptosis genes
(Comparative Toxicogenomics Database) (a previous study by Tsvetkov et al)
| Intersection I

|

genes related to cuproptosis of
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FIGURE 1
Flowchart of this study.

Subcellular localization and structural
prediction of cuproptosis-related hub gene

The subcellular localization results indicated that FDX1, DLAT,
PDHA 1, and GLS were detected only in the mitochondria, whereas
LIAS, DLD, and PDHB were detected in both the nucleus and
mitochondria (Figure 5). The predicted structure diagrams of the hub
genes and predicted structures of variant populations are shown in
Figures 6A,B, respectively.

Expression of cuproptosis-related hub
genes in immune cells

The RNA expression data from the immune cells of the HPA
database® revealed that FDX1 exhibited the highest expression in B
cells. In contrast, LIAS, LIPT1, and GLS exhibited the highest
expression in T cells, DLAT and DLD in granulocytes, PDHAI in
monocytes, and PDHB in dendritic cells. FDX1 and GLS exhibited the
lowest expression levels in peripheral blood mononuclear cells
(PBMCs), LIAS and PDHB in granulocytes, LIPT] in dendritic cells,
PDHAI in T cells, DLD in B cells, and DLAT in natural killer (NK)
cells. Moreover, FDX1 and DLAT exhibited the lowest expression
levels in granulocytes, and GLS in monocytes, B cells, NK cells, total
PBMC, and dendritic cells (Figure 7A).

8 https://www.proteinatlas.org/humanproteome/immune-+cell
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FIGURE 2
Common genes in cerebral ischemia and cuproptosis.

In granulocytes, FDXI, LIAS, LIPTI, DLD, and PDHB
exhibited the highest expression in eosinophils, whereas PDHAI,
DLAT, and GLS genes were most highly expressed in basophils
(Figure 7B). In monocytes, FDX1, DLAT, and DLD were most
highly expressed in non-classical monocytes, LIPT1 was most
highly expressed in classical monocytes, and LIAS,GLS, PDHAI,
LIAS, and PDHB were most highly expressed in intermediate
monocytes (Figure 7C). In T cells, FDX1, DLAT, and PDHB
were most highly expressed in T regulatory cells (T-regs), LIAS
and LIPT! in naive CD4 T cells, DLD in memory CD8 T cells,
and GLS and PDHA 1 in mucosal-associated invariant (MAIT) T
cells (Figure 7D). In B cells, except for DLD and GLS, which
exhibited the highest expression in naive B cells, the remaining
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TABLE 1 Biological process, cellular composition, and molecular function analysis results for genes related to cuproptosis in cerebral ischemia.

Ontology | ID Description GeneRatio BgRatio p-value p.adjust genelD
Acetyl-CoA biosynthetic process from DLAT/PDHB/DLD/
BP GO:0006086 4/10 11/18800 1.33e-11 2.53e-09
pyruvate PDHA1
DLAT/PDHB/DLD/
BP GO:0006085 Acetyl-CoA biosynthetic process 4/10 18/18800 1.23e-10 1.17e-08
PDHA1
DLAT/PDHB/DLD/
BP GO:0006084 Acetyl-CoA metabolic process 4/10 33/18800 1.64e-09 1.04e-07
PDHA1
DLAT/PDHB/DLD/
BP GO:0035384 Thioester biosynthetic process 4/10 45/18800 5.95e-09 2.26e-07
PDHA1
DLAT/PDHB/DLD/
BP GO:0071616 Acyl-CoA biosynthetic process 4/10 45/18800 5.95e-09 2.26e-07
PDHA1
DLAT/PDHB/GLS/
CcC GO:0005759 Mitochondrial matrix 8/10 473/19594 4.69e-12 3.75e-11 LIPT1/FDX1/DLD/
LIAS/PDHA1
DLAT/PDHB/DLD/
CcC GO0:1990204 Oxidoreductase complex 4/10 120/19594 2.73e-07 1.09e-06
PDHA1
Mitochondrial protein-containing DLAT/PDHB/DLD/
CcC GO:0098798 4/10 281/19594 8.12e-06 2.17e-05
complex PDHA1
Mitochondrial tricarboxylic acid cycle
CcC GO:0030062 1/10 11/19594 0.0056 0.0112
enzyme complex DLD
CcC GO:0045239 Tricarboxylic acid cycle enzyme complex 1/10 16/19594 0.0081 0.0130 DLD

Oxidoreductase activity, acting on the

MF GO0:0016620 aldehyde or oxo group of donors, NAD 4/10 38/18410 3.21e-09 1.06e-07 DLAT/PDHB/DLD/
or NADP as acceptor PDHA1
Oxidoreductase activity, acting on the DLAT/PDHB/DLD/

MF G0:0016903 4/10 46/18410 7.08e-09 1.17e-07
aldehyde or oxo group of donors PDHAIL

MF GO0:0051536 Iron-sulfur cluster binding 2/10 67/18410 0.0006 0.0048 FDX1/LIAS

ME GO:0051540 Metal cluster binding 2/10 67/18410 0.0006 0.0048 FDX1/LIAS

ME GO0:0016783 Sulfurtransferase activity 1/10 10/18410 0.0054 0.0269 LIAS

TABLE 2 Kyoto Encyclopedia of Genes and Genomes analysis results for genes related to cuproptosis in cerebral ischemia.

Ontology ID Description GeneRatio BgRatio p-value p.adjust  genelD
DLAT/DLD/
Citrate cycle (TCA
KEGG hsa00020 o 4/8 30/8164 1.03e-08 3.8e-07 DLST/PDHA1/
cycle
7 PDHB
DLAT/DLD/
KEGG hsa00620 Pyruvate metabolism 4/8 47/8164 6.64e-08 1.23e-06 DLST/GCSH/
PDHA1/PDHB
Glycolysis/ DLAT/DLD/
KEGG hsa00010 4/8 67/8164 2.83e-07 3.49¢-06
Gluconeogenesis PDHA1/PDHB
DLAT/DLD/
KEGG hsa01200 Carbon metabolism 4/8 115/8164 2.5e-06 2.32e-05
PDHA1/PDHB
Central carbon GLS/PDHA1/
KEGG hsa05230 3/8 70/8164 3.28e-05 0.0002
metabolism in cancer PDHB

six genes were most highly expressed in memory B cells Co-expression network of hub genes and
(Figure 7E). In dendritic cells (DCs), except for GLS, which was miRNAs

most highly expressed in plasmacytoid DCs, and LIPT1, which

was equally expressed in myeloid DCs and plasmacytoid DCs, all The miRNA targets of the eight cuproptosis-related hub genes
other genes were most highly expressed in myeloid DCs  were predicted using the miRTarBas9.0 database. Among these genes,
(Figure 7F). six, including FDX1, LIAS, DLAT, PDHA1, PDHB, and GLS, were
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FIGURE 3
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of genes related to cuproptosis in cerebral
ischemia. (A) Bubble Chart of top four enriched biological process (BP) terms, cellular components (CCs), and molecular function (MF) terms for genes
related to cuproptosis on cerebral ischemia. (B) Bubble Chart of top five KEGG pathways for genes related to cuproptosis in cerebral ischemia.
(C) Network diagram of top four enriched BP, (CC), and MF terms for genes related to cuproptosis in cerebral ischemia. (D) Network diagram of five
KEGG pathways of genes related to cuproptosis in cerebral ischemia.
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FIGURE 4

Expression of hub genes related to cuproptosis and cerebral ischemia in brain tissues, and human and AF22 cells. (A) Hub genes of genes related to
cuproptosis in cerebral ischemia identified using MCODE. (B) Expression of hub genes related to cuproptosis in brain tissues in the HPA database.

(C) Expression of hub genes related to cuproptosis in the hippocampus in the HPA database. (D) RNA Expression of hub genes related to cuproptosis in
human neuroepithelial stem cells (AF22 cells).

predicted to target 111 miRNAs. A co-expression network was then  GLS, and DLD interact with 11, 10, 10,9, 8, 7, 5, and 4 TFs, respectively.

constructed using Cytoscape software, as shown in Figure 8A. These interactions are visualized in Figure 8B.
TF—gene interactions Expression level of FDX1
Analysis of TF and gene interactions using the NetworkAnalyst To further validate the aforementioned results, the expression of

database revealed that PDHAI, FDX1, LIPT1, PDHB, LIAS, DLAT,  FDXI was determined through qRT-PCR. Compared to that in the
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TABLE 3 Details of the hub genes related to cuproptosis in cerebral ischemia.

Gene symbol Full name

10.3389/fnut.2024.1410431

Description

FDX1 Ferredoxin 1 This gene encodes a small iron-sulfur protein that transfers electrons from NADPH through ferredoxin reductase to

mitochondrial cytochrome P450, involved in steroid, vitamin D, and bile acid metabolism.

LIAS Lipoic acid The protein encoded by this gene belongs to the biotin and lipoic acid synthetases family. Localized in the mitochondrion, this
synthetase iron-sulfur enzyme catalyzes the final step in the de novo pathway for the biosynthesis of lipoic acid, a potent antioxidant.

LIPT1 Lipoyltransferase 1 | The process of transferring lipoic acid to proteins is a two-step process. The first step is the activation of lipoic acid by lipoate-

activating enzyme to form lipoyl-AMP. For the second step, the protein encoded by this gene transfers the lipoyl moiety to
apoproteins. Alternative splicing results in multiple transcript variants.

DLD Dihydrolipoamide | This gene encodes a member of the class-I pyridine nucleotide-disulfide oxidoreductase family. The encoded protein has been
dehydrogenase identified as a moonlighting protein based on its ability to perform mechanistically distinct functions.

DLAT Dihydrolipoamide | This gene encodes component E2 of the multi-enzyme pyruvate dehydrogenase complex (PDC). PDC resides in the inner
S-acetyltransferase | mitochondrial membrane and catalyzes the conversion of pyruvate to acetyl coenzyme A.

PDHA1 Pyruvate The pyruvate dehydrogenase (PDH) complex is a nuclear-encoded mitochondrial multienzyme complex that catalyzes the
dehydrogenase E1 | overall conversion of pyruvate to acetyl-CoA and CO(2), and provides the primary link between glycolysis and the tricarboxylic
subunit alpha 1 acid (TCA) cycle.

PDHB Pyruvate The pyruvate dehydrogenase (PDH) complex is a nuclear-encoded mitochondrial multienzyme complex that catalyzes the
dehydrogenase E1 | overall conversion of pyruvate to acetyl-CoA and carbon dioxide, and provides the primary link between glycolysis and the
subunit beta tricarboxylic acid (TCA) cycle.

GLS Glutaminase This gene encodes the K-type mitochondrial glutaminase. The encoded protein is an phosphate-activated amidohydrolase that

catalyzes the hydrolysis of glutamine to glutamate and ammonia.

FIGURE 5

(G) PDHB; (H) GLS.

Subcellular localization of hub genes related to cuproptosis and cerebral ischemia. (A) FDX1; (B) LIAS; (C) LIPT1; (D) DLD; (E) DLAT; (F) PDHAL;

sham group (1.68+0.53), FDX expression in the hippocampus of
ovariectomized rats with ischemia (5.05+0.03) was significantly
upregulated (t=—15.58, p=0.00), with 95% confidence interval for the
difference (—3.84, —2.88).

Discussion

Copper is essential for metal signaling regulation, metal allosteric
regulation, mitochondrial respiration, antioxidant defense, and
neurotransmitter function, also influencing cell fate through metabolic

Frontiers in Nutrition

reprogramming (15, 16). Recent studies have revealed that abnormal
accumulation of copper ions in human cells induces a distinct form of
cell death, distinct from known regulated cell death mechanisms.
Copper ions could still trigger cell death even when known cell death
modes such as apoptosis, pyroptosis, ferroptosis, and necrotic
apoptosis are blocked, relying on mitochondrial respiration (3).

This study identified FDX1, LIAS, LIPT1, DLD, DLAT, PDHAI,
PDHB, and GLS as eight hub genes associated with cuproptosis in
cerebral ischemia. Expression analysis in the HPA database revealed
that these hub genes were expressed in the hippocampus, amygdala,
basal ganglia, thalamus, hypothalamus, midbrain, spinal cord white
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FIGURE 6

The predicted structures of hub genes related to cuproptosis of cerebral ischemia. (A) The predicted structure diagrams, colored based on the
confidence score per residue (pLDDT); dark blue represents the highest confidence level, and orange represents the lowest confidence level. a, FDX1;
b, LIAS; ¢, LIPTY; d, DLD; e, PDHAL; f, PDHB; g, DLAT; h, GLS. (B) The predicted structures of the variable populations. a, FDX1; b, LIAS; ¢, LIPT1; d, DLD;
e, PDHAL; f, PDHB; g, DLAT; h, GLS.
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FIGURE 7
The RNA levels of hub genes related to cuproptosis and cerebral ischemia in immune cells in the HPA database (nTPM, transcripts per million). (A) The RNA
expression of immune cell of cuproptosis related molecules in HPA database. (B) The RNA expression of cuproptosis related molecules in granulocytes.
(C) The RNA expression of cuproptosis related molecules in monocytes. (D) The RNA expression of cuproptosis related molecules in T-cells. (E) The RNA
expression of cuproptosis related molecules in dendritic B-cells. (F) The RNA expression of cuproptosis related molecules in dendritic cells.
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FIGURE 8

interaction of hub genes related to cuproptosis in cerebral ischemia.

The co-expression network of mMRNA-microRNA (miRNA) and transcription factor (TF)-mRNA interactions of hub genes related to cuproptosis in
cerebral ischemia. (A) The co-expression network of MRNA-mIiRNA of hub genes related to cuproptosis in cerebral ischemia. (B) The TF-mRNA

NR2F1
TFAP2A
FOXA1

HNF4A PROM1
< NFKB1 PO
@O0 srF .

o1 L N
NFYA—T</ /—— Tsa  TPE3
FPARG_ @LAS' & -
N FOXC1

CREB1 e | \ N\
YA . NN \ ;‘.Fox1

NFfe PAX2
BRCA1
STAT3 <\ Bx1
.DLAT
FOXEt—"7 FOXD1

POU2F2

GATA2
TEA

STAT1 Y USF2

MEF2A |

) ~‘GLS —

ARID3A

/ FOX03
FOX1

matter, as well as in different regions within the internal structure of
the hippocampus and immune cells.

FDXI1 encodes a small iron-sulfur protein involved in
mitochondrial cytochrome reduction, Fe-S cluster biosynthesis, and
synthesis of various steroid hormones (17, 18). It serves as a key
regulator of cuproptosis (3), primarily localized within the cytosol,
endoplasmic reticulum, and nucleus, but its highest activity is
observed in the mitochondria (19). The results of this study indicated
that its subcellular localization was exclusively in the mitochondria,
further elucidating the involvement of specific mitochondrial enzymes
in the process of cuproptosis and their relationship with mitochondrial
respiration. Moreover, the GO analysis revealed the mitochondrial
matrix as the CC, aligning with the subcellular localization predictions
and existing literature (19). Previous research demonstrated that
FDX1 knockdown resulted in metabolic alterations, particularly in
glucose metabolism, fatty acid oxidation, and amino acid metabolism
(7), consistent with the Reactome analysis prediction of the signaling
pathway involving the human FDXI gene (20). Given that prior
literature has conclusively demonstrated and reported FDXI1 as a
crucial gene in the process of ferroptosis (3), We had prioritized
validating the expression of FDX1 through animal experiments in the
present study, our research findings indicated an elevated expression
level of FDX in the hippocampus of castrated ovariectomized rats with
ischemia, which aligns with the previously reported increase of FDX
expression in the hippocampus of rats with ischemic injury (21).
Overexpression of FDX1 in vitro partially reversed the protective effect
of dexamethasone (DEX) on rat cerebral infarction, including the
DEX-induced significant alleviation of rat cerebral infarction, reduced
copper levels, mitochondrial function maintenance, increased GSH
levels, and decreased levels of key proteins associated with copper
toxicity (21).

The LIAS is primarily expressed in the mitochondria (20), and the
present study revealed its localization both in the mitochondria and
nucleus. This finding aligns with the CC localization results of the
mitochondrial matrix, as shown in the GO analysis. Research indicates
that LIAS mutations could lead to mitochondrial energy metabolism
defects (22). Moreover, LIAS is involved in the synthesis of
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mitochondria-related metabolic enzymes, the biosynthesis of
endogenous fatty acids, energy metabolism, and antioxidant reactions
(23, 24). Notably, in the present study, the GO-BP analysis revealed
that LIAS participates in complex biosynthetic processes. GO-MF
analysis demonstrated the ability of LIAS to bind to iron, sulfur, and
metal clusters. FDX1 is a critical upstream regulatory factor for
protein thioacylation, which plays a vital role in cells relying on
mitochondrial metabolism. FDX1 also acts as a key regulator of
steatosis by directly binding to LIAS, thereby exerting a lethal
metabolic effect on cancer cells (25). The GO-MF analysis in this study
indicated that LIAS can bind to iron-sulfur clusters and metal clusters.
Moreover, FDX1 serves as a key regulatory factor for protein
lipoylation through direct binding to LIAS and plays a role in
metabolic conditioning-induced cell death in cancer cells (25).

LIPT1, an enzyme specific to lipid esters, plays a significant role
in copper homeostasis. It is an essential enzyme for activating
mitochondrial 2-ketoacid dehydrogenases and is involved in
maintaining the oxidative and reductive metabolism of glutamine
(26). LIPT1 participates in the biosynthesis and function of lipoic acid
and fatty acylation (27, 28). These previous findings align with the
results of CC localization in the GO analysis of the present study,
indicating mitochondrial matrix as the subcellular localization
of LIPT1.

The DLD is an important component of various mitochondrial
multienzyme complexes, participating in the composition of
complexes such as a-ketoglutarate dehydrogenase, a-ketohexanoate
dehydrogenase, and glycine decarboxylase (29). It is also involved
in the decarboxylation of pyruvate, converting the product into
acetyl-CoA in the TCA cycle (30). The results of this study
indicated that DLD was localized in both mitochondria and nuclei.
GO-CC analysis results suggested associations with mitochondrial
matrix, redox enzyme complex mitochondria, and mitochondrial
tricarboxylate cyclase complex. Moreover, KEGG analysis
indicated its involvement in pathways such as the TCA cycle and
pyruvate that DLD
downregulation could affect mitochondrial metabolism, leading to

metabolism. Research has shown

reduced levels of downstream metabolites in the TCA cycle and
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inducing melanoma cell death (31). Moreover, DLD is known to
promote cell death, such as apoptosis (32), copper poisoning-
induced cell death (3), and cuproptosis. DLD serves as a key gene
in cuproptosis and is a positive regulator, enhancing copper-
dependent cell death (30). The present study also identified DLD
as one of the hub genes responsible for cuproptosis following
cerebral ischemia.

DLAT,
metabolism, is located in the inner mitochondrial membrane and

a mitochondrial protein involved in glucose
plays a role in the conversion of pyruvate to acetyl acetyl-CoA (33).
Furthermore, DLAT overexpression inhibits the production of
acetyl-CoA (34). These findings are consistent with the GO/KEGG
analyses results of this study. Notably, DLAT is associated with
cuproptosis, as copper promotes the oligomerization of DLAT,
thereby increasing the insoluble DLAT, leading to protein toxicity
stress and cell death (3). This oligomerization is due to the
integration of copper with lipoylated proteins in the TCA cycle (3).
Cu-induced neuronal degeneration and oxidative damage have
been shown to promote the expression of FDX1, DLAT, and HSP70
while reducing that of Fe-S cluster proteins (35). Noteworthily,
proteins such as ATP6V1A, DLAT, and HSP70 are expressed in the
hippocampus of patients with temporal lobe epilepsy (36). In
contrast, patients with acute myocardial infarction exhibit
decreased levels of LIAS, PDHB, LIPT1, DLAT, and GLS, along
with increased MTFI levels. A previous Kaplan—Meier analysis
indicated the prognostic value of DLAT in ischemic events (37).
The present study also identified DLAT as one of the hub genes
responsible for cuproptosis after cerebral ischemia.

PDHAI1 serves as a crucial component of the pyruvate
dehydrogenase (PDH) complex, an enzyme complex that regulates
the TCA cycle (38). PDHAL plays a crucial role in glucose
metabolism, oxidative phosphorylation, and the TCA cycle in the
mitochondria (39). The results of this study indicated the
involvement of PDHAL1 in the biosynthesis of acetyl-CoA from
pyruvate, the biosynthesis process of acetyl-CoA, and acetyl-CoA
metabolism processes. KEGG analysis results indicated that these
processes were related to pathways such as the TCA cycle, pyruvate
metabolism, and glycolysis/gluconeogenesis. These results are
consistent with previous reports (39). In mice, PDHA 1 knockout
resulted in ultrastructural disruptions of hippocampal neurons and
lactate accumulation (40), which subsequently caused impaired
neuronal function (41), ultimately resulting in hippocampal
dysfunction. Moreover, prostate cancer cells and human esophageal
squamous cancer cells lacking PDHA1 exhibit impaired normal
mitochondrial oxidative phosphorylation and a reliance on
glycolysis (42, 43). These previous data are consistent with the
results of the present study in terms of the subcellular localization
to the mitochondria, and the cellular component annotations in
GO/KEGG analyses corroborate the preservation of the CC.

The PDHB catalyzes the conversion of pyruvate to acetyl-CoA,
bridging the TCA cycle and glycolytic pathway (44). Its expression
is predominantly distributed within the mitochondria (45).
Consistently, in the present study, the GO-BP results indicated the
involvement of PDHB d in the biosynthesis process of acetyl-CoA
from pyruvate, the biosynthesis process of acetyl-CoA, and the
metabolism of acetyl-CoA. Moreover, KEGG analysis revealed that
PDHB participates in BPs related to the TCA cycle, pyruvate
metabolism, and glycolysis pathways. In a previous study, PDHB

Frontiers in Nutrition

10.3389/fnut.2024.1410431

knockdown in primary human muscle inhibited pyruvate
metabolism and upregulated Ariadne RBR E3 ubiquitin protein
ligase 2 (Arih2) in the cellular catabolic pathway (46). Moreover,
dPDHB knockout shortened the lifespan of adult flies, leading to
rough eye phenotypes and abnormal photoreceptor axon targeting
(47). Mutations in PDHAI and PDHB are associated with
coenzyme Q10 levels and mitochondrial homeostasis imbalance,
severely affecting the brain (48). Currently, research is primarily
focusing on the role of PDHB in cancer, particularly in the
cuproptosis pathway associated with non-alcoholic fatty liver
disease (NAFLD), where both DLD and PDHB are potential
candidate genes for NAFLD diagnosis and treatment options (49).
Additionally, five genes related to cuproptosis (FDX1, LIPTI,
PDHAI, PDHB, and CDKN2A) are considered candidate
biomarkers or therapeutic targets for osteoarthritis synovitis (50).
The present study also reported the involvement of PDHB in the
cuproptosis pathway in cerebral ischemia.

The GLS catalyzes the hydrolysis of glutamine to produce
glutamic acid (50). It exists in mammals in two isoforms: GLSI and
GLS2. GLS1 is primarily expressed in organs such as the brain, heart,
pancreas, and kidneys, while GLS2 is mainly expressed in the liver
(51). The subcellular localization of GLS1 is in the mitochondria,
while GLS2 is located in the nucleus (51). However, the results of this
study indicated that GLS was only localized to the mitochondria.
Dysregulated expression or dysfunction of GLS results in the
overproduction of glutamate, alterations in the expression of
inflammatory factors, and the disruption of metabolic homeostasis,
resulting in the activation of microglia (51). Upregulation of GLSI
expression leads to excessive production of glutamate in microglial
cells, increasing extracellular glutamate levels, which in turn cause
excitotoxicity and neuronal degeneration (51). Notably, cuproptosis
is associated with the TCA cycle and the aggregation of lipoylated
proteins in the TCA cycle (3, 51). In rats with cerebral artery
occlusion, the expression of GLS1 was substantially upregulated, and
the GLS inhibitor CB-839 markedly reduced the expression of
pro-inflammatory factors, thereby alleviating neuroinflammation
and brain damage (52). The present study also identified GLS as a hub
gene associated with copper-induced cell death during
cerebral ischemia.

This study presents novel insights into hub genes involved in
cuproptosis during cerebral ischemia, validating them through
multiple approaches including brain tissue, immune cells,
localization, structure, and prediction of miRNAs and TFs.
However, some limitations should be noted; for example, currently,
only one of the hub genes, FDX1I, has been validated in animal
experiments and the hippocamp of rats, while other hub genes and
the expression of brain regions need to be validated in experiments.
In addition, there is a lack of clinical research on the hub genes
associated with cuproptosis. In the future, we will strive to
incorporate a wider range of brain regions and multiple gene
targets into our research endeavors, further deepening our
understanding of the intricate mechanisms underlying ischemic
injury. However, in subsequent studies, we are predicting and
understanding the binding interactions between small molecules
(ligands) and target proteins related to copper death in cerebral
ischemia; Using computer simulation technology, small molecule
drug molecules are docked to the surface of proteins to search for
possible binding sites for drug molecule docking. This part of the
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research work is currently underway, and once progress is made in
the next stage, we will share our findings with everyone.

Conclusion

In summary, this study utilized genes related to cerebral ischemic
and cuproptosis to identify and validate genes implicated in both
cerebral ischemic and cuproptosis. Eight hub genes with the potential
to serve as novel markers were identified, holding promise as specific
biomarkers for the diagnosis, treatment, and prognosis of cerebral
ischemia in clinical applications.
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Introduction: Acupoint Catgut Embedding (ACE) is an extended and developed
form of traditional acupuncture that serves as a composite stimulation therapy for
various diseases. However, its local stimulation effects on acupoints remain unclear.
Acupuncture can activate mechanically sensitive calcium ion channels, TRPV2
and TRPV4, located on various cell membranes, promoting Ca?* influx in acupoint
tissues to exert effects. Whether ACE can form mechanical physical stimulation to
regulate these channels and the related linkage effect requires validation.

Methods: This study investigates the influence of TRPV2 and TRPV4 ion
channels on the local stimulation effects of ACE by embedding PGLA suture
at the Zusanli (ST36) acupoint in rats and using TRPV2 and TRPV4 inhibitors.
Flow cytometry, immunofluorescence, Western blot, and Real-time quantitative
PCR were employed to detect intracellular Ca?* fluorescence intensity, the
expression of macrophage (Mac) CD68 and mast cell (MC) tryptase, as well as
the protein and mRNA expression of TRPV2 and TRPV4 in acupoint tissues after
PGLA embedding.

Results: The results indicate that ACE using PGLA suture significantly increases
the mRNA and protein expression of TRPV2 and TRPV4, Ca?* fluorescence
intensity, and the expression of Mac CD68 and MC tryptase in acupoint tissues,
with these effects diminishing over time. The increasing trends are reduced
after using inhibitors, particularly when both inhibitors are used simultaneously.
Furthermore, correlation analysis shows that embedding PGLA suture at the ST36
acupoint regulates Mac and MC functions through Ca2+ signaling involving not
only TRPV2 and TRPV4 but multiple pathways.

Discussion: These results suggest that embedding PGLA suture at the ST36
acupoint generates mechanical physical stimulation and regulates TRPV2 and
TRPV4 ion channels, which couple with Ca?* signaling to form a linkage effect
that gradually weakens over time. This provides new reference data for further
studies on the stimulation effects and clinical promotion of ACE.

KEYWORDS

Acupoint Catgut Embedding, mechanosensitive TRPV channel, Zusanli (ST36), local
stimulation, Ca?* signaling
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1 Introduction

Acupoint Catgut Embedding (ACE) originates from the traditional
acupuncture theory of “retaining needles;” utilizing absorbable sutures
to provide continuous stimulation to acupoints for disease prevention
and treatment (Guan et al., 2009; Huo et al., 2017). Due to its minimal
invasiveness, simple operation, long-lasting stimulation, and low
frequency of visits (Guo M. et al., 2022; Zhang X. H. et al,, 2023), it has
been widely used in clinical practice to treat various systemic diseases
(Cheng et al., 2022b). Concurrently, research on the mechanisms of ACE
has gradually increased (Wei et al., 2019). However, previous mechanism
studies have mainly focused on therapeutic effects or distal acupoint
effects (Huo et al,, 2017; Teng et al., 2022; Duan et al., 2021), with a need
for in-depth research on recognized target points (Huo et al., 2017; Wei
etal,, 2019). Local acupoints are the initial response sites for acupuncture
effects (Chen et al., 2013; Fu et al., 2023) and a common foundation for
mechanism research (Li et al., 2015). Although acupoint stimulation
effects are involved in various acupuncture methods (Min et al., 2015;
Chen T. et al,, 2016; Lowe, 2017; Chen et al., 2021), basic research on
ACE in this area remains scarce. Therefore, exploring the stimulation
effects formed by ACE-induced changes in the local microenvironment
of acupoints provides an objective scientific basis for its promotion.

Macrophages (Macs) and mast cells (MCs) in the connective
tissue of acupoint areas are generally considered to participate in
initiating local stimulation effects (Fu et al., 2023; Jung and Lushniak,
2017). Acupuncture stimulation at acupoints can activate these two
immune cells locally, transmitting stimulation signals (Wu et al., 2015;
Yan et al., 2020; Yu et al., 2022). Previous research by our team found
dynamic changes in the functional state of Macs and MCs in acupoint
areas following ACE at the ST36 acupoint in rats. Besides the transient
needle stimulation by embedding, the suture material as a foreign
body causing a local immune inflammatory response is considered
one of the stimulation effects post-ACE (Zhang Q. et al., 2023; Wang
etal., 2023). However, as a composite stimulation therapy developed
from traditional acupuncture, other local stimulation effects of ACE
remain to be further studied (Wei et al., 2019; Xing et al., 2019).

It is known that in the transient receptor potential vanilloid (TRPV)
family, TRPV2 and TRPV4 are mechanically sensitive calcium ion
(Ca?") channels (Shibasaki, 2016; Liedtke, 2005). When these channel
proteins on different cell membranes perceive mechanical stimulation,
the channels are opened, causing transmembrane Ca** movement into
the cells (i.e., Ca** influx), triggering intracellular signal transduction

Abbreviations: ACE, Acupoint Catgut Embedding; Ca?*, Calcium ion; PGLA,
poly(glycolide-co-lactide); TRPV, Transient receptor potential vanilloid; Mac,
Macrophage; MC, Mast cell; mRNA, messenger RNA; SD, Sprague—Dawley; CON,
Control; T2B, TRPV2 Inhibitor; T4B, TRPV4 Inhibitor; DMSO, Dimethyl sulfoxide;
FCM, Flow Cytometry; IF, Immunofluorescence; CY3, Cyanine 3; DAPI,
4’,6-diamidino-2-phenylindole; WB, Western Blot; BCA, Bicinchoninic Acid;
GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; PVDF, Polyvinylidene
Fluoride; TBST, Tris-buffered saline with Tween 20; ECL, Enhanced
Chemiluminescence; RT-PCR, Real-time fluorescent quantitative polymerase
chain reaction; cDNA, Complementary, Deoxyribonucleic Acid; SPSS, Statistical
Package for the Social Sciences; ANOVA, Analysis of Variance; PDO, polydioxanone;
PDS, polydioxanone suture; PGA, polyglycolic acid; TNF-a, Tumor Necrosis Factor-
alpha; IL-1, Interleukin-1; IL-12, Interleukin-12; MMPs, Matrix Metalloproteinases;
HA, Histamine; 5-HT, 5-Hydroxytryptamine.
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and cell function activation (Liedtke and Kim, 2005). Recent studies
have shown that acupuncture, as a mechanical physical stimulation, can
activate TRPV2 and TRPV4 channels at acupoints, promoting Ca**
influx, converting physical stimulation into biological information, and
thus exerting acupuncture effects (Huang et al., 2018; Luo et al., 2022).
Based on the above, on the one hand, ACE originates from traditional
acupuncture and replaces needles with sutures to produce sustained
stimulation at acupoints. Whether it can form mechanical physical
stimulation in the acupoint area to regulate these two channels needs
verification. On the other hand, as a composite stimulation therapy, in
addition to causing Macs and MCs to participate in local immune
inflammation response, it remains to be further verified whether ACE
can couple the functions of these two immune cells through the TRPV2
and TRPV4 mechanosensitive channels on their cell membranes (Link
et al., 2010; Chen et al., 2017; Michalick and Kuebler, 2020).

Therefore, this study aims to explore possible local mechanical
physical and linkage stimulation effects of ACE by embedding
poly(glycolide-co-lactide) (PGLA) sutures (Ke et al., 2020; Jain, 2000),
known for their excellent mechanical properties and biocompatibility,
at the ST36 acupoint in rats. By intervening with inhibitors of
mechanically sensitive TRPV2 and TRPV4 channels, changes in
TRPV mRNA and protein expression, intracellular Ca** fluorescence
intensity, CD68 and tryptase expression in MACs and MCs in local
tissues of acupoints were dynamically observed. Correlation analysis
of the impact of intracellular Ca** fluorescence intensity on the CD68
and tryptase expression in Macs and MCs in acupoint areas provides
new reference data for further studies on the mechanism of ACE
stimulation effects and its clinical promotion.

2 Materials and methods
2.1 Experimental animals and grouping

A total of 150 healthy male Sprague-Dawley (SD) rats (170-200g,
8weeks old) were purchased from Guangdong Vital River Laboratory
Animal Technology Co., Ltd. (production license number: SCXK
(Yue) 2022-0063) and housed in the SPF-level animal room of the
Clinical Research Center, Affiliated Hospital of Guizhou Medical
University. The housing conditions were maintained at a temperature
of 22-24°C, humidity of 50-70%, with a 12-h light/dark cycle, and
free access to food and water. After a one-week acclimatization period,
the 150 rats were randomly divided into five groups (30 rats per
group): Blank Control Group (CON), Embedding Group (ACE),
Embedding + TRPV2 Inhibitor Group (ACE+T2B), Embedding +
TRPV4 Inhibitor Group (ACE+T4B), and Embedding + TRPV (2 +4)
Inhibitor Group (ACE+T(2+4)B). Each group was further divided
into three subgroups based on time points (1 day, 3 days, 7 days) with
10 rats in each subgroup (Figure 1A). The experimental protocol was
approved by the Experimental Animal Ethics Committee of Guizhou
Medical University (approval number: 2101330). During the
experiment, the handling of animals strictly adhered to the “Guiding
Opinions on Treating Experimental Animals Humanely” issued by the
Ministry of Science and Technology of the People’s Republic of China
in 2006. Before interventions, the rats were anesthetized with 3%
(P3761, Sigma, USA)
intraperitoneally at a dose of 0.03 g/kg. The rats were then fixed in a

sodium pentobarbital administered

prone position on a rat board with their limbs extended. The hair on
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the left hind limb was shaved, and the ST36 acupoint (located
approximately 3 mm below the fibular head on the posterolateral side
of the knee joint) was identified according to “Common Acupoint
Names and Locations for Experimental Animals, Part 2: Rats” (China
Association of Acupuncture and Moxibustion, 2021) and marked with
a 1cmx 1 cm square centered on this point (Figure 1B).

2.2 Intervention methods for each group

In the Embedding Group (ACE), rats underwent the ACE
procedure at the marked ST36 acupoint on the left side once, and were
injected daily with saline containing DMSO (the same amount as the
ACE+T(2+4)B group). The embedding procedure was based on a
method from previous studies by our research group (Wang et al.,
2023): after local disinfection of the acupoint marking area, a PGLA

10.3389/fnins.2024.1469142

suture (specification 2-0, 0.5 mm) (Shanghai Pudong Jinhui Medical
Supplies Co., Ltd.) was placed into the cannula of a disposable
embedding needle (0.9mmx75mm, Taizhou Minga Medical
Equipment Co., Ltd.). The acupoint was fixed with the thumb and
forefinger of one hand, while the other hand held the needle, aligning
the cannula with the skin at the center of the ST36 acupoint at a 90°
angle. The needle was quickly inserted subcutaneously, then advanced
slowly to a depth of about 7 mm, slightly twisted (two turns each to
the left and right), and the needle core was pushed while withdrawing
the needle to embed the suture into the acupoint. After needle
withdrawal, the area was pressed with a disinfected cotton swab. Once
the rats recovered from anesthesia, they were returned to their
housing. In the (ACE+T2B) Group, (ACE+T4B) Group, and
(ACE+T(2+4)B) Group, the rats underwent the same embedding
procedure as described above. Additionally, at the center of the
marked ST36 acupoint, they were injected with a mixed solution of

A Grouping FCM, IF, WB, RT-PCR
(N=30) T
Adaption I Sample Collection
% f T T !
[} 1 1 1 1 1 1 1 J
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FIGURE 1
Experimental protocol. (A) Experimental procedures in this study. (B) Location of ST36 acupoint and interventions.
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SKF96365 (HY-100001, MCE, USA) (0.5mg/kg) containing 0.5 mg/
mL SKF96365 and 1% DMSO in saline, a mixed solution of
GSK2193874 (HY-100720, MCE, USA) (0.5mg/kg) containing
2.5mg/mL GSK2193874, 5% DMSO, and 190 mg/mL sulfo-beta-
cyclodextrin in saline, and a mixture of the above two solutions,
respectively, once daily. In the Blank Control Group, rats received no
other interventions besides the same handling and fixation method.
All embedding operations and acupoint injections were performed by
an experienced acupuncturist. To avoid cross-contamination, a single
embedding needle and syringe were used for each rat’s acupoint only
once. The acupoint area of the rats was observed daily for redness,
swelling, or ulceration, and the acupoint area marking was reinforced
(Figures 1A,B).

2.3 Tissue sampling

At the corresponding time points (1day, 3days, 7days) post-
intervention, tissue samples were collected from the five groups of
rats. Following intraperitoneal anesthesia with 3% sodium
pentobarbital (0.03 g/kg) and securing the rats on a board (the same
fixation method as pre-intervention), tissue blocks (approximately
Icmx 1cmx 1 cm) from the marked ST36 acupoint region (including
skin, subcutaneous tissue, and some muscle) were excised. Fresh tissue
samples from five rats per group were randomly selected; half of each
sample was fixed in 4% paraformaldehyde for further analysis, and the
other half was used to prepare single-cell suspensions. The remaining
five tissue samples were stored in a—80°C freezer for future analysis.

2.4 Observation indicators and detection
methods

2.4.1 Flow cytometry

Subcutaneous fat was removed from the acupoint tissue, and the
tissue was washed with Tyrode’s solution and cut into small pieces.
Each gram of tissue was digested with 20 mL of digestion solution
(collagenase type I and hyaluronidase, prepared in HanK’s solution
with 20% fetal bovine serum) and incubated in a 37°C water bath for
4h. The digested tissue was filtered through a 70 pm mesh sieve and
centrifuged at 4°C, and the supernatant was discarded. Cells were
washed twice with PBS and collected by centrifugation at 1500 rpm
for 5min. The cells were resuspended in serum-free DMEM medium,
and 5pmol/L Fluo 3-AM working solution (S1056, Shanghai
Biyuntian Biotechnology Co., Ltd.) was added to the single-cell
suspension. The cells were incubated in the dark at 37°C in a 5% CO,
incubator for 30min, washed twice with calcium-free PBS, and
resuspended to a final volume of 500puL. The Ca** fluorescence
intensity in the single-cell suspension was detected using a cytoFLEX
flow cytometer (Beckman Coulter, USA).

2.4.2 Immunofluorescence staining

The acupoint tissue fixed in 4% paraformaldehyde was dehydrated
through a graded alcohol series, cleared in xylene, infiltrated with
paraffin, and embedded. Sections of 4 pm thickness were prepared.
The paraffin sections underwent processes including baking,
dewaxing, antigen retrieval, and blocking with 10% normal goat
serum for 30 min. The sections were incubated overnight at 4°C in a
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humid chamber with primary antibodies: anti-CD68 (1:200) (97778,
CST, USA) and anti-Mast Cell Tryptase (1:100) (bs-2572R, Bioss,
USA). The next day, the primary antibodies were washed off, and the
sections were incubated with secondary antibodies conjugated with
fluorescent CY3 (goat anti-rabbit IgG, 1:100) (BA1032, Wuhan Boster
Biological Technology, Ltd.) at 37°C for 1h in a humid chamber. After
washing off the secondary antibody, nuclei were stained with DAPI
(5min in the dark), excess DAPI was washed off, and the sections were
mounted with antifade mounting medium. Images were observed and
collected using a fluorescence microscope, with three fields of view
per section at 400x magnification. Optical density analysis was
performed using Image-Pro Plus 6.0 software, and the average optical
density value of the three fields was recorded.

2.4.3 Western blotting

Five cryopreserved acupoint tissue samples (approximately
100 mg each) were taken from each group. The tissue samples were
lysed and homogenized with RIPA lysis buffer, then fully lysed on ice
for 30 min. The lysate was centrifuged at 12,000 rpm for 5 min at 4°C,
and the supernatant was collected. Protein concentration was
determined using the BCA method (A G3422, B G3522, GBCBIO
Technologies Inc.). The samples were denatured by boiling for 10 min,
followed by protein loading, electrophoresis, membrane transfer, and
blocking. The membranes were incubated overnight at 4°C with
primary antibodies: rabbit polyclonal anti-TRPV2 (1:1,000)
(Bs-10297R, Bioss, USA), rabbit polyclonal anti-TRPV4 (1:2,000)
(DF8624, Affinity, USA), and rabbit polyclonal anti-GAPDH (1:2,000)
(AB-P-R001, Hangzhou Goodhere Biotechnology Co., Ltd). The next
day, the PVDF membranes were washed five times with TBST (5 min
each), incubated with HRP-labeled goat anti-rabbit IgG secondary
antibody (1:10,000) (BA1054, Wuhan Boster Biological Technology,
Co. Ltd.) at room temperature for 2h on a shaker, and washed again
five times with TBST (5min each). ECL reagent was applied, and the
membranes were exposed in a dark room. The film was scanned, and
gray value analysis was performed using Image-Pro Plus 6.0 software.
The relative expression level of the target protein was determined by
the ratio of the grayscale value of the target band to the grayscale value
of the internal control.

2.4.4 Real-time quantitative PCR

Five cryopreserved acupoint tissue samples (approximately
100 mg each) were taken from each group. Total RNA was extracted
using the Trizol method (15596-026, Ambion, USA). The purity
and concentration of RNA were calculated. cDNA was synthesized
by reverse transcription following the kit instructions (R233-01,
Nanjing Vazyme), with reaction conditions set at 50°C for 15 min,
85°C for 55, and 4°C for 10 min. PCR amplification was conducted
with a reaction system totaling 20 uL, including 4 pL of cDNA, 10 pL
of SYBR Green Master Mix, 0.4 uL of forward primer, 0.4 pL of
reverse primer, 0.4 pL of 50x ROX Reference Dye 2, and 4.8 pL of
H,0. The amplification conditions were as follows: initial
denaturation at 95°C for 10 min, denaturation at 95°C for 155, and
annealing and extension at 60°C for 60s, for a total of 40 cycles.
Melting curve data was collected under the following conditions:
95°C for 155, 60°C for 605, and 95°C for 15s. Using f-actin as an
internal control, the relative mRNA expression levels were analyzed
by the 2-AACt method, with each sample analyzed in triplicate.
Primer sequences are listed in Table 1.
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TABLE 1 Primer sequences.

Primer Sequence (5’-3') Product
length/
bp

Rat Forward | TGACGTTGACATCCGTAAAGACC 117bp
b-actin | Reverse | GTGCTAGGAGCCAGGGCAGTAA
Rat Forward | CCGAAAGTTTACTGAGTGGTGTT 217bp
TRPV2 | Reverse ~ GCAGGCGAAGTTGAAGAAGAA
Rat Forward | CAAGTGGCGTAAGTTCGG 131bp
TRPV4 | Reverse | TGGTACGGTAAGGGTAGGG

2.5 Statistical analysis

SPSS 23.0 statistical software was used for data analysis, and
GraphPad Prism 9.0 was used for statistical charting. Measurement
data were expressed as mean + standard deviation (X+s). Intra-group
comparisons (i.e., comparisons within the same experimental group
at different time points) and inter-group comparisons (i.e.,
comparisons across different experimental groups at the same time
point) were performed using one-way analysis of variance (one-way
ANOVA). When variances were equal, the LSD method was used for
pairwise comparisons; when variances were unequal, the Dunnett T3
method was used. A p-value of <0.05 was considered statistically
significant. Pearson’s correlation coefficient was used for correlation
analysis, with a p-value of <0.05 indicating a significant correlation. A
correlation coefficient of 0 <r <1 indicated a positive correlation, while
—1<r<0 indicated a negative correlation.

3 Results

3.1 Comparison of Ca?* fluorescence
intensity in tissue cells of Zusanli (ST36)
acupoint area among groups

In this study, flow cytometry was used to detect the Ca®
fluorescence intensity in the acupoint tissue cell suspension to observe
changes in the Ca** concentration in the local tissue cells following the
embedding of PGLA suture in the acupoint and the use of TRPV2 and
TRPV4 inhibitors. Compared to the CON Group, the Ca** fluorescence
intensity in the tissue cells of the acupoint area in the ACE Group
significantly increased at 1day, 3days, and 7 days after embedding.
However, compared to the ACE Group, the Ca** fluorescence intensity
in the tissue cells of the acupoint area significantly decreased in the
(ACE+T2B) Group, (ACE+T4B) Group, and (ACE+T(2+4)B) Group
at 1 day, 3days, and 7 days post-embedding. Additionally, compared to
the (ACE+T(2 +4)B) Group, the Ca** fluorescence intensity in the tissue
cells increased in the (ACE+T2B) Group at 1day, 3days, and 7days
post-embedding and increased in the (ACE+T4B) Group at 1day and
3 days post-embedding (Figures 2A,C). The Ca** fluorescence intensity
in the tissue cells of the acupoint area in all intervention groups showed
a decreasing trend over time. Compared to 1 day post-embedding, the
Ca?* fluorescence intensity in the tissue cells of the acupoint area
significantly decreased at 3 days post-embedding in the ACE Group,
(ACE+T4B) Group, and (ACE+T(2+4)B) Group, and at 7 days post-
embedding in the (ACE+T2B) Group (Figures 2B,C). These results
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indicate that embedding PGLA suture in the acupoint can affect the
Ca?* fluorescence intensity in tissue cells by regulating TRPV2 and
TRPV4, and the Ca®* fluorescence intensity gradually weakens
over time.

3.2 Comparison of positive expression of
Mac CD68 and MC tryptase in acupoint
tissues among groups

CD68 and tryptase are commonly used markers for Macs and
MCs, respectively (Payne and Kam, 2004; Chistiakov et al., 2017). To
observe the effect of embedding PGLA suture in acupoints and the use
of TRPV2 and TRPV4 inhibitors on the function of these two immune
cells, immunofluorescence staining was used to detect the expression
of CD68 in Macs and tryptase in MCs in the local tissue of the
acupoint area. The results are as follows.

Compared to the blank control group, the expression of CD68 in
Macs in the acupoint area of rats in the embedding group significantly
increased at 1day, 3days, and 7days after embedding. However,
compared to the embedding group, the expression of CD68 in Macs
in the acupoint area of rats in the embedding + TRPV4 inhibitor
group and the (ACE+T(2 +4)B) Group significantly decreased at 1 day
and 7 days after embedding. The embedding + TRPV2 inhibitor group
showed a significant decrease in CD68 expression at 3 days and 7 days
after embedding. Furthermore, compared to the (ACE+T(2+4)B)
Group, the CD68 expression in Macs increased in the embedding +
TRPV2 inhibitor group at 1day, 3 days, and 7 days after embedding,
and increased in the (ACE+T4B) Group at 3days and 7days after
embedding (Figures 3A,C). The expression of CD68 in Macs in the
acupoint area of each intervention group showed a decreasing trend
over time. Compared to 1day after embedding, the CD68 expression
in Macs in the embedding group, the (ACE+T4B) Group, and the
(ACE+T(2+4)B) Group significantly decreased at 7days after
embedding, while in the (ACE+T2B) Group, the CD68 expression
significantly decreased at 3 days after embedding (Figures 3B,C).

Compared to the blank control group, the expression of tryptase in
MCs in the acupoint area of rats in the embedding group significantly
increased at 1day, 3days, and 7days after embedding. However,
compared to the embedding group, the expression of tryptase in MCs
in the (ACE+T(2+4)B) Group significantly decreased at 1day, 3 days,
and 7 days after embedding. The expression of tryptase in MCs in the
(ACE+T2B) Group and the (ACE+T4B) Group significantly decreased
at 3days and 7 days after embedding. Furthermore, compared to the
(ACE+T(2+4)B) Group, the expression of tryptase in MCs increased
in the (ACE+T2B) Group at 1day, 3 days, and 7 days after embedding,
and increased in the (ACE+T4B) Group at 1day and 3days after
embedding (Figures 4A,C). The expression of tryptase in MCs in the
acupoint area of each intervention group showed a decreasing trend
over time. Compared to 1day after embedding, the expression of
tryptase in MCs in the (ACE+T2B) Group, the (ACE+T4B) Group, and
the (ACE+T(2+4)B) Group significantly decreased at 3days after
embedding, while in the embedding group, the expression of tryptase
in MCs significantly decreased at 7 days after embedding (Figures 4B,C).

The above results suggest that embedding PGLA suture in
acupoints may influenc the expression of CD68 in Macs and tryptase
in MCs through TRPV2 and TRPV4, and the expression levels
gradually decrease over time.
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FIGURE 2 (Continued)

fluorescence intensity in tissues of acupoint area across different time points (n =5 per group). (C) Detection of intracellular Ca?* fluorescence intensity
in tissues of acupoint area among groups by flow cytometry. (A) Comparison between groups at the same time point, *p <0.05, **p <0.01;
(B) Comparison of the same group 1day post-embedding, #p <0.05, ##p <0.01.

3.3 Comparison of TRPV2 and TRPV4
protein expression in acupoint tissues
among groups

In this study, Western blots (WB) were used to verify the
regulatory effects of PGLA embedding on local TRPV2 and TRPV4
channels by detecting the expression levels of TRPV2 and TRPV4
proteins in acupoint tissues. The results are as follows.

Compared to the blank control group, the expression of TRPV2
protein in the acupoint area of rats in the embedding group significantly
increased at 1day, 3days, and 7days after embedding. However,
compared to the embedding group, the expression of TRPV2 protein in
the acupoint area of rats in the (ACE+T2B) Group and the
(ACE+T(2+4)B) Group significantly decreased at 1day, 3days, and
7 days after embedding. Moreover, compared to the (ACE+T(2+4)B)
Group at the same time point, the TRPV2 protein expression in the
(ACE+T2B) Group increased at 7days after embedding, with no
significant difference at 1 day and 3 days after embedding (Figures 5A,E).
The TRPV2 protein expression in the acupoint tissue of each
intervention group showed a decreasing trend over time. Compared to
1 day after embedding, the TRPV2 protein expression in the embedding
group, the (ACE+T2B) Group, the (ACE+T4B) Group, and the
(ACE+T(2+4)B) Group significantly decreased at 3days after
embedding (Figures 5B,E).

Compared to the blank control group, the TRPV4 protein
expression in the acupoint area of rats in the embedding group
significantly increased at 1day, 3 days, and 7 days after embedding.
However, compared to the embedding group, the TRPV4 protein
expression in the acupoint area of rats in the (ACE+T4B) Group and
the (ACE+T(2+4)B) Group significantly decreased at 1day, 3 days,
and 7 days after embedding. Moreover, compared to the (ACE+T(2 +4)
B) Group, TRPV4 protein expression in the (ACE+T4B) Group
increased at 1 day after embedding, with no significant difference at
3days and 7 days after embedding (Figures 5C,E). The TRPV4 protein
expression in the acupoint area of each intervention group showed a
decreasing trend over time. Compared to 1 day after embedding. The
TRPV4 protein expression in the embedding group, the (ACE+T2B)
Group, the (ACE+T4B) Group, and the (ACE+T(2+4)B) Group
significantly decreased at 3 days after embedding (Figures 5D,E).

These results indicate that the stimulation formed by embedding
PGLA suture in acupoints can regulate TRPV2 and TRPV4 protein
expression, which gradually weakens over time.

3.4 Comparison of TRPV2 and TRPV4
MRNA expression in acupoint tissues
among groups

In this study, the expression levels of TRPV2 and TRPV4 mRNA
in the tissues of the acupoint area were simultaneously detected using
quantitative fluorescence PCR, to validate the results obtained from
Western blot (WB) analysis. The results are as follows.
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Compared to the blank control group, the expression of TRPV2
mRNA in the acupoint area of rats in the embedding group
significantly increased at 1 day, 3 days, and 7 days after embedding.
However, compared to the embedding group, the expression of
TRPV2 mRNA in the acupoint area of rats in the (ACE+T2B) Group
and the (ACE+T(2+4)B) Group significantly decreased at 1day,
3days, and 7days after embedding. Moreover, compared to the
(ACE+T(2+4)B) Group, there was no significant difference in the
TRPV2 mRNA expression in the acupoint area of rats in the
(ACE+T2B) Group at 1day, 3days, and 7days after embedding
(Figure 6A). The expression of TRPV2 mRNA in the acupoint area of
each intervention group showed a decreasing trend over time.
Compared to 1 day after embedding, the TRPV2 mRNA expression in
the embedding group, the (ACE+T2B) Group, the (ACE+T4B) Group,
and the (ACE+T(2 +4)B) Group significantly decreased at 7 days after
embedding (Figure 6B).

Compared to the blank control group, the expression of TRPV4
mRNA in the acupoint area of rats in the embedding group
significantly increased at 1 day, 3 days, and 7 days after embedding.
However, compared to the embedding group, the expression of
TRPV4 mRNA in the acupoint area of rats in the (ACE+T4B) Group
and the (ACE+T(2+4)B) Group significantly decreased at 1day,
3days, and 7days after embedding. Moreover, compared to the
(ACE+T(2+4)B) Group, the TRPV4 mRNA expression in the
acupoint area of rats in the (ACE+T4B) Group increased at 3 days after
embedding, with no significant difference at 1day and 7 days after
embedding (Figure 7A). The TRPV4 mRNA expression in the
acupoint area of each intervention group showed a decreasing trend
over time. Compared to 1day after embedding, the TRPV4 mRNA
expression in the embedding group, the (ACE+T2B) Group, and the
(ACE+T4B) Group significantly decreased at 7 days after embedding
(see Figure 7B).

These results indicate that the local stimulation formed by
embedding PGLA suture in acupoints can regulate TRPV2 and
TRPV4 mRNA expression, which gradually weakens over time.

3.5 Correlation analysis of Ca?*
fluorescence intensity and expression of
Mac CD68 and MC tryptase in acupoint
tissues among groups

Pearson correlation analysis was used to compare the correlation
between Ca®* fluorescence intensity and the expression of Mac CD68
and MC tryptase in acupoint tissues in the analysis of the overall
groups (including the blank control group and the intervention
groups) and individual intervention group. The results showed that in
the overall analysis, there was a positive correlation between Ca*
fluorescence intensity and the expression of Mac CD68 and MC
tryptase in acupoint tissues (Figure 8A). Analysis of the embedding
group, the (ACE+T2B) Group, the (ACE+T4B) Group, and the
(ACE+T(2+4)B) Group showed a positive correlation between Ca**

frontiersin.org


https://doi.org/10.3389/fnins.2024.1469142
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Hou et al. 10.3389/fnins.2024.1469142

A B .
. " z
2 == CON £ 0.003 — CON
8 = ACE
£ 0.003 ACE £
8 == ACE+T2B 8 6,002 h , —— ACE+T2B
8 0.0021 mm ACE+T4B & \ , T ACETB
% 3 - — ACE+T(2+4)B
8 mm ACE+T(2+4)B & ( 501 s
O 0.001 o
o o — #
o
5 0.000-' © 0.000 : | ‘
< 1D 3D 7D < 1D 3D 7D
Cc
1D after 3D after i 7D after
embediding i embediding ! embediding

+
T(2+4)B

FIGURE 3
Comparison of positive CD68 expression in Macs in acupoint area tissues: inter- and intra-group analysis. (A) Inter-group comparison of positive CD68
expression in Macs in tissues of acupoint area at the same time point (n =5 per group). (B) Intra-group comparison CD68 expression in Macs in tissues
of acupoint area across different time points (n =5 per group). (C) Immunofluorescence staining of CD68 expression in Macs in tissues of acupoint
(Continued)

Frontiers in 119


https://doi.org/10.3389/fnins.2024.1469142
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Hou et al.

10.3389/fnins.2024.1469142

FIGURE 3 (Continued)

area of each group. (A) Comparison between groups at the same time point, *p <0.05, **p < 0.01. (B) Comparison of the same group 1day after
embedding, #p <0.05, ##p < 0.01. (C) Blue indicates DAPI-stained nuclei, red indicates CD68 positive expression, scale bar = 100 pm.

fluorescence intensity and the expression of Mac CD68 and MC
tryptase in acupoint tissues (Figures 8B-E).

4 Discussion

In traditional Chinese medicine theory, the acupoint “Zusanli”
(ST36) belongs to the Stomach Meridian of Foot-Yangming. It serves
both as the He-Sea point of the Stomach Meridian and the lower
He-Sea point of the Stomach Fu organ. Stimulation of this acupoint
can harmonize the spleen and stomach, invigorate Qi, and enhance
the body’s resistance to diseases, making it widely used in the
treatment of various ailments throughout history (Shi, 2017; Chen
X. L.
application of this acupoint has expanded to include treatment for

et al,, 2016). Recent meta-analyses have shown that the

pain, speech disorders, emotional problems, cognitive impairment,
gastrointestinal tumors, adverse reactions to radiotherapy, and
postoperative ileus (Huang et al., 2022; Zhou et al., 2020; Wu et al.,
2020; Lietal.,, 2022; Wang et al., 2015). Literature reviews indicate that
ST36 is the most frequently used acupoint in both clinical acupuncture
studies and basic experimental research (Zhu, 2021; Yang et al., 2018).
Based on its extensive use and recognition in research, as well as
previous findings from our research team showing inflammatory
responses in the local acupoint area of both humans and rats after
ACE at ST36 (Zhang X. H. et al., 2023; Zhang Q. et al., 2023; Wang
et al., 2023; Liang et al, 2019), this acupoint was used in this
experimental study. This study selected 1day, 3 days, and 7 days post
PGLA embedding as observation time points. This choice was mainly
based on the regulations set forth by the National Standard of the
People’s Republic of China (GB/T 21709.10-2008), which stipulates
that the interval between ACE treatments should be at least 1 week
(Guan et al., 2009). Additionally, bibliometric studies have indicated
that the most commonly adopted interval in clinical practice is 7 days
(Cheng et al., 2022a). Furthermore, observations made by the research
team using MRI in clinical studies revealed that local stimulation
effects after PGLA embedding change significantly within 1 week,
typically appearing within 1 day and lasting for 3 to 7days (Liang
etal, 2016). Therefore, this study employed the aforementioned three
time points for observation.

Compared to traditional acupuncture, ACE not only involves
transient needling but also provides continuous stimulation of the
acupoint due to the embedded threads (Wu et al., 2019), which is
crucial. Clinically used threads include catgut, polydioxanone (PDO),
polydioxanone suture (PDS), chitosan, polyglycolic acid (PGA), and
poly(glycolide-co-lactide) (PGLA) (Cheng et al., 2022a). Catgut has
long been the dominant material for ACE, but its propensity to cause
allergic reactions and related adverse effects due to its foreign protein
nature has limited its use, leading to a gradual replacement by newer
materials (Ma et al., 2019). Threads like PDS and chitosan are less
commonly used in ACE research due to their later emergence, longer
degradation times, unclear degradation mechanisms, and higher costs
(Ke et al,, 2020; Cheng et al., 2022a; Du and Zhang, 2019). Among

Frontiers in Neuroscience

these materials, PGA and PGLA are derived from natural plants and
do not contain animal-derived proteins, offering good
biocompatibility. They degrade through hydrolysis in body fluids into
carbon dioxide and water, which are excreted from the body (Bajaj
and Singhal, 2011; Makadia and Siegel, 2011). Compared to PGA,
PGLA has better biodegradability, and foundational research has
further proven that PGLA sutures, due to their superior mechanical
and hydrophilic properties, are more suitable for use as embedding
materials in acupuncture (Jain, 2000; Xu, 2018).

Acupuncture, as an external mechanical and physical stimulus,
can activate two types of mechanosensitive TRPV channels expressed
on different cell membranes, causing Ca** influx and signal
transduction (Liedtke and Kim, 2005; Luo et al., 2022). ACE, derived
from the traditional acupuncture technique of “needle retention,”
induces local immune-inflammatory responses at the acupoint due to
the foreign body nature of the suture (Zhang X. H. et al., 2023; Zhang
Q. et al., 2023; Wang et al., 2023). To verify the mechanical and
physical stimulation formed by suture implantation at the acupoint,
this study used the inhibitors SKF96365 (Guo Y. Y. et al., 2022) and
GSK2193874 (Lawhorn et al., 2021) of the mechanosensitive channels
TRPV2 and TRPV4. The results showed that, after embedding PGLA
suture, the local tissues of the ST36 acupoint in rats showed an
increase in the expression of mRNA and protein in TRPV2 and
TRPV4, as well as an increase in intracellular Ca** fluorescence
intensity, both of which decreased over time. When the inhibitors
were used, the mRNA and protein expression of TRPV2 and
TRPV4 in the local tissues, as well as intracellular Ca?** fluorescence
intensity, decreased correspondingly, especially when both inhibitors
were used together, resulting in a further reduction in intracellular
Ca? fluorescence intensity compared to using a single inhibitor. These
results suggest that the stimulation generated by ACE at the acupoint
can modulate the expression of the two mechanosensitive TRPV's
(TRPV2 and TRPV4), affecting Ca** influx in tissue cells, and the
stimulation gradually weakens over time. Studies have shown that
absorbable sutures gradually soften and are absorbed over time after
surgical suturing and embedding at acupoints, leading to a decline in
their mechanical properties (Miiller et al., 2016; Liang et al., 2019). In
light of these findings, the results of this study indicates that the
mechanical and physical stimulation at the acupoint post-PGLA
embedding may result from the compression and friction of the suture
against the local tissue, which diminishes as the suture softens and
absorbs within the body.

Macs and MCs are important immune-inflammatory cells in the
body, playing crucial roles in regulating inflammatory responses,
immune surveillance, and tissue repair (Essandoh et al., 2016; Velez
et al, 2018; Xu and Shi, 2012; Ribatti, 2013). They are widely
recognized as key participants in initiating the local stimulation effects
of acupuncture points (Fu et al., 2023; Dou et al., 2022). In immune-
inflammatory responses triggered by foreign bodies, the involvement
of these cells differs: Macs primarily clear foreign bodies through
phagocytosis and decomposition, whereas MCs mainly trigger
inflammatory responses by releasing inflammatory mediators (Velez
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MCs in tissues of acupoint area of each group. (A) Comparison between groups at the same time point, *p <0.05, **p <0.01. (B) Comparison of the
same group 1day after embedding, #p <0.05, ##p <0.01. (C) Blue indicates DAPI-stained nuclei, red indicates tryptase positive expression, scale

bar =100 pm.

et al, 2018; Franz et al, 2011). CD68 is a highly glycosylated
glycoprotein. Although it is also expressed in other cells, such as
synovial cells and neutrophils (Kunisch et al., 2004; Wu et al., 2022),
its high expression in Macs makes it a widely used marker for
identifying Macs. CD68 can reflect the number and functional activity
of Macs in various physiological and pathological processes
(Ramprasad et al., 1996; Chistiakov et al., 2017; Seminerio et al.,
2018). Our previous study has found that in the ST36 acupoint area of
rats, the expression of Mac CD68 in local tissues dynamically changes
over time after embedding catgut (Zhang Q. et al., 2023). In this study,
embedding PGLA in the same acupoint resulted in elevated CD68
expression in Macs, which gradually weakened over time. Tryptase, a
serine protease mainly derived from MCs and released extracellularly
upon mast cell degranulation, is the most specific biomarker of mast
cell functional activation (Payne and Kam, 2004). Prior research
suggests that the degranulation rate of local MCs in the ST36 acupoint
of rats moderately changes over time after PGLA embedding (Wang
et al., 2023). Correspondingly, in this study, the expression of MC
tryptase increased following PGLA embedding in the same acupoint
of rats and then showed a gradual decrease over time. The
comprehensive results of this experiment reveal that after embedding
PGLA in the ST36 acupoint of rats, the expression of CD68 in Macs
and tryptase in MCs in the local tissues changes, suggesting that
embedding PGLA suture can alter the functions of Macs and MCs in
the acupoint area, which gradually diminishes over time. Additionally,
in this study, after embedding PGLA in the ST36 acupoint of rats and
subsequently injecting TRPV2 and TRPV4 inhibitors, the expression
of Mac CD68 and MC tryptase in the acupoint tissue decreased.
Notably, when both TRPV2 and TRPV4 inhibitors were used together,
the decreasing trend was more significant compared to using a single
inhibitor. As previously mentioned, the mechanosensitive TRPV2 and
TRPV4 channels (Shibasaki, 2016; Liedtke and Kim, 2005) are
expressed on the membranes of both Macs and MCs (Huang et al.,
2018; Link et al., 2010; Michalick and Kuebler, 2020; Chen et al., 2017),
and CD68 and tryptase are important markers for identifying Macs
and MCs, respectively (Chistiakov et al., 2017; Payne and Kam, 2004).
Therefore, these changes in research results indicate that the
stimulation generated by embedding PGLA suture in the ST36
acupoint can influence the functions of MCs and Macs by modulating
mechanosensitive TRPV channels, with the stimulation effects
gradually weakening over time.

Ca®* plays an important role as a messenger in signal transduction
in tissue cells, a process known as Ca* signaling, which is a biochemical
process (Bootman and Bultynck, 2020). During macrophage functional
activation, an increase in intracellular Ca?* concentration can activate
a series of downstream signals, promoting phagocytosis (Zhu et al.,
2017) and the release of inflammatory factors, cytokines, and enzymes
such as tumor necrosis factor-a (TNF-«), interleukin-1 (IL-1),
interleukin-12  (IL-12), lysosomal enzymes,
metalloproteinases (MMPs) (Kusmartsev et al., 2016; Liu et al., 20165
Chen et al,, 2015; Huang et al., 2012), thereby influencing their

and matrix

participation in immune-inflammatory responses. In mast cell
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degranulation, in addition to Ca®* release from the endoplasmic
reticulum, the opening of ion channels on the cell membrane allows
Ca? influx, which serves as a key signal, leading to increased
intracellular Ca®* concentration, which promotes cell functional
activation and degranulation, as well as the release of bioactive
mediators such as tryptase, histamine (HA), and serotonin
(5-hydroxytryptamine, 5-HT) (Ma and Beaven, 2011; Tsvilovskyy
etal, 2018; Wernersson and Pejler, 2014), thereby mediating immune-
inflammatory responses. Thus, changes in intracellular Ca*
concentration, or Ca** signaling, affect the functions of both Macs and
MCs. In this experimental study, the overall correlation analysis
suggests that the fluorescence intensity of intracellular Ca** in acupoint
tissues correlates positively with the expression of CD68 in Macs and
tryptase in MCs, indicating that changes in intracellular Ca*
concentration affect the functional changes of these two immune cells.
Correlation analysis in the embedding group showed that after
embedding PGLA in the ST36 acupoint of rats, the fluorescence
intensity of intracellular Ca®* in local acupoint tissue cells was positively
correlated with the expression of CD68 in Macs and tryptase in MCs.
This implies that PGLA embedding influences the functional changes
of these two immune cells by regulating intracellular Ca** concentration
in local tissue cells. The regulatory pathway, as verified in this
experiment, includes mechanosensitive TRPV channels. However,
given that ACE is a complex stimulation therapy, the activation
mechanisms of MCs and Macs are intricate (Gilfillan and Tkaczyk,
2006; Tatemoto et al., 2018; Gordon and Martinez, 2010). In addition,
in the study results, correlation analysis of the (ACE+T2B) Group,
(ACE+T4B) Group, and (ACE+T(2+4)B) Group showed that after
using the two inhibitors, the correlation coefficient between the
fluorescence intensity of intracellular Ca** in local acupoint tissue cells
and the expression of Mac CD68 and MC tryptase did not significantly
decrease after embedding PGLA suture, and the fluorescence intensity
of intracellular Ca*" in acupoint tissue cells in the embedding + TRPV
(2+4) group was still higher than that in the blank control group. These
results suggest that the regulation of the functions of these two immune
cells by Ca** signaling after embedding PGLA suture in the acupoint is
not limited to the two mechanosensitive TRPV channels but involves
multiple pathways. Therefore, we propose that embedding PGLA
suture in the ST36 acupoint of rats may induce the functional changes
of MCs and Macs through Ca** signaling, which includes coupled
participation of the mechanosensitive TRPV channels.

5 Conclusion

In summary, embedding PGLA suture in the ST36 acupoint may
locally regulate the expression of TRPV2 and TRPV4 through
mechanical and physical stimulation, leading to increased intracellular
Ca* concentration in tissue cells. This, in turn couples with Ca*
signaling to affect the functions of MCs and Macs, forming a physico-
chemical-immune linkage effect that gradually weakens over time.
The findings of this study not only provide new scientific evidence for
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across different time points (n = 5 per group). (C) Inter-group comparison of TRPV4 protein expression in tissues of acupoint area at the same time
point (n =5 per group). (D) Intra-group comparison of TRPV4 protein expression in tissues of acupoint area across different time points (n =5 per
group). (E) TRPV2 and TRPV4 protein expression in tissues of acupoint area of each group of rats. (A) Comparison between groups at the same time
point, *p <0.05, **p < 0.01; (B) Comparison of the same group 1day after embedding, #p < 0.05, ##p < 0.01. (C) Comparison between groups at the
same time point, *p <0.05, **p <0.01. (D) Comparison of the same group 1day after embedding, #p <0.05, ##p <0.01.
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the local stimulation effects of ACE under normal physiological
conditions but also offer important reference points for future
exploration of ACE’s role in pathological states involving TRPV2,
TRPV4, MCs, and Macs, as well as its distal effects.

However, WB and qPCR results from the experiment suggest that
the two inhibitors used may have interactive inhibitory effects on TRPV2
and TRPV4 ion channels, and future research may consider using
specific TRPV gene knockout rats for related studies. Additionally,
besides TRPV2 and TRPV4, TRPV1 is also expressed in MCs and Macs
(Freichel et al., 2012; Zhang et al., 2012; Vasek et al., 2024). TRPV1 is
sensitive to mechanical stimulation under specific conditions such as
inflammation, tissue injury, and nerve damage (McGaraughty et al.,
2008; Vilceanu et al., 2010; Brenneis et al., 2013). Therefore, whether
ACE has a stimulatory effect on TRPV1 is also worth further
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investigation. Moreover, it remains to be verified whether ACE affects
other tissue cells at the acupoint (such as neurons, fibroblasts, and
endothelial cells) and their factor release through TRPV ion channels
(Wu et al., 2015; Fu et al., 2023), and thus creates a cross-tissue effect,
which is significant for exploring the potential distal effects of
ACE. Research indicates that acupuncture effects are closely related to
purinergic signaling, particularly the release of adenosine (ATP, ADP)
by MCs triggered by Ca*" influx, which plays a crucial role in acupuncture
analgesia (Burnstock, 2009; Miiller et al., 2016; Wang et al., 2022). As a
complex stimulation therapy developed from acupuncture, whether
ACE, in addition to regulating mechanical sensitivity TRPV at the
acupoint, can mediate through purinergic signaling to induce Ca** influx
and affect cell function still needs further exploration. Therefore, future
studies could delve deeper into the mechanisms of ACE in these aspects.
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FIGURE 8

Correlation analysis between Ca?* fluorescence intensity and the expression of Mac CD68 and MC tryptase in acupoint tissues in the overall groups
(including the blank control group and the intervention groups) and each intervention group. (A) Overall Analysis. (B) Embedding group. (C) (ACE+T2B)
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Short-term caloric restriction or
resveratrol supplementation
alters large-scale brain network
connectivity in male and female
rats

Judith R. A. van Rooij*?*, Monica van den Berg?'?,
Tamara Vasilkovska?, Johan Van Audekerke'?, Lauren Kosten?,
Daniele Bertoglio*?, Mohit H. Adhikari'? and Marleen Verhoye'#*

!Bio-Imaging Lab, Faculty of Pharmaceutical, Biomedical and Veterinary Sciences, University of
Antwerp, Antwerp, Belgium, 2uNEURO Research Centre of Excellence, University of Antwerp,
Antwerp, Belgium

Introduction: Dietary interventions such as caloric restriction (CR) exert positive
effects on brain health. Unfortunately, poor compliance hinders the success of
this approach. A proposed alternative is resveratrol (Rsv), a CR-mimetic known
to promote brain health. Direct comparison between the effects of Rsv and CR
on brain health is lacking, with limited knowledge on their sex-specific effects.
Therefore, we aimed to compare and unravel the sex-specific impact of these
dietary interventions on spontaneous brain activity.

Methods: Here, we used resting-state fMRI to investigate functional
connectivity (FC) changes in five prominent resting-state brain networks
(RSNs) in healthy 4 month old male and female F344 rats supplemented to
either 40% CR or daily Rsv supplementation (10 mg/kg, oral) for the duration
of 1 month.

Results: Our results demonstrated a decreased body weight (BW) in CR rats, as
well as an increase in body weight in male Rsv supplemented rats, compared
to female Rsv supplemented rats, whereas this difference between sexes was
not observed in the control or CR groups. Furthermore, we found that both CR
or Rsv supplementation induce a female-specific decrease of FC between the
subcortical network and hippocampal network, and between the subcortical
network and lateral cortical network. Moreover, Rsv supplementation lowered FC
within the hippocampal network and between the hippocampal and the default
mode like network, the lateral cortical network and the sensory network—an
effect not observed for the CR rats.

Discussion: Our findings reveal that both CR and Rsv induce a similar female-
specific decrease of FC in RSNs associated with memory and emotion, all the
while CR and Rsv induce dissimilar changes in body weight and other within-
and between-RSN FC measures. Altogether, this study provides insight into the
effects and comparability of short-term CR and Rsv supplementation on brain
connectivity within- and between-RSNs in both male and female F344 rats,
providing a FC reference for future research of dietary effects.
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1 Introduction

Due to the constant exponential growth of the elderly population
world-wide, the search for preventative strategies to preserve cognitive
function and promote healthy aging have become increasingly
important (1). Lifestyle modifications, including regular exercise and
dietary adjustments, are known to play a crucial role in this endeavor.
One proposed dietary adjustment is caloric restriction (CR) (2),
defined as a significant reduction of energy intake without the risk of
malnutrition. Through a variety of pathways, short- and long-term CR
has been shown to positively influence brain health by reducing
neuroinflammation (3) and oxidative stress (4), while simultaneously
enhancing neurovascular function (5). In animal models of aging and
age-related neurodegenerative diseases, CR has been shown to prevent
neuronal degradation (6, 7), enhance neurogenesis in the
hippocampus (8), as well as prevent against the age-related decline in
motor coordination (9) and learning (7). These findings collectively
highlight the potential of CR as a promising approach to maintain and
improve brain health.

Despite the proven positive effect of CR on brain health, poor
compliance to drastic, life-long CR hinders its success as a therapeutic
approach (10). In light of this challenge, CR-mimetics have emerged
as a potential alternative strategy. CR-mimetics aim to activate the
same pathways and mechanisms and are therefore hypothesized to
mimic the beneficial effects of CR on brain health without the life-long
commitment to reduced caloric intake (11, 12). One of the most
extensively studied CR-mimetics is resveratrol (Rsv), a polyphenol
and phytoalexin, present in high concentrations in, for example, blue
berries and red grapes. Rsv has shown to exert positive effects on
neuroinflammation (13) and oxidative stress (14). The hypothesis of
Rsv serving a similar function as CR is further solidified through
reported findings from studies in animal models of aging and
age-related neurodegenerative diseases (15). Here, Rsv is reported to
preserve cognitive function (16) and neurovascular coupling (17) in
aging mice, and exert neuroprotective effects in neurodegenerative
diseases such as Alzheimer’s (18) and Parkinson’s Disease (19) through
similar pathways as reported for CR. These findings further support
the hypothesis that Rsv may serve as a viable alternative to CR in
promoting brain health and potentially delaying the onset of aging and
age-related neurodegenerative diseases.

MRI  (rsfMRI),
neuroimaging method, has proven itself as a powerful tool to assess
brain function (20). With rsfMRI, one measures the blood-
oxygenation level dependent (BOLD)-contrast, indirectly reflecting

Resting-state functional a non-invasive

fluctuations in neuronal activity via neurovascular coupling while the
brain is at rest. The correlation between the BOLD signal time series
of brain regions is expressed as functional connectivity (FC), where
regions that exhibit highly correlated BOLD signals form the resting-
state networks (RSNs) (21). The most prominent RSN in humans is
the default mode network (DMN), typically anticorrelated to the
frontoparietal network (FPN) (22). Changes in FC as a result of CR
and Rsv have been reported in regions belonging to the hippocampal
network (Hipp), FPN and the DMN (23-26), emphasizing the
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potential of rsfMRI to assess changes in brain function as a result of
dietary interventions.

While these findings confirm that CR or Rsv supplementation
alters brain connectivity, there is a lack of research directly comparing
the effects of these dietary interventions. Moreover, even though both
CR and Rsv supplementation have been hypothesized to exert effects
on brain function in a sex-dependent manner (27, 28), research on the
possible sex-specific effects that both dietary interventions can exert
on brain connectivity, is sparce. Clinical trials assessing dietary effects
are subject to challenges due to low patient adherence, high
susceptibility to confounding variables, high patient dropout rates and
limited follow-up periods (29). The use of animal models can
overcome these challenges, aiding to provide critical insight into the
sex-specific effects of CR or Rsv on brain connectivity. RsfMRI is well
established in rodents, showing similar findings compared to humans
regarding RSNs. Rodent analogs of the human DMN and FPN, along
with other major RSN, have been identified as the default mode-like
network (DMLN), the lateral cortical network (LCN), the
hippocampal (Hipp), the sensory (Sens) and subcortical (SubC)
network (30). In this study, we hypothesized that CR or Rsv
supplementation induces changes in connectivity within and between
these RSNs in a sex-specific manner. Therefore, we aimed to
characterize and compare the sex-specific effects of short-term CR
and Rsv supplementation on brain connectivity, using rsfMRI to assess
FC changes within and between the five prominent rodent RSNs as a
result of dietary intervention.

2 Materials and methods
2.1 Animals

F344 rats (RRID: RGD_60994, Charles River, Italy) used within
this study were bred in-house. A total of 42 male and female F344 rats
(n = 21/sex) were single-housed at 3 months of age for the duration of
the experiment, and kept under controlled environmental conditions
[12-h light/dark cycle, (22 + 2)°C, 40-60% humidity]. Water was
provided at libitum. All procedures were in accordance with the
guidelines approved by the European Ethics Committee (decree
2010/63/EU), and were approved by the Committee on Animal Care
and Use at the University of Antwerp, Belgium (ECD: 2021-59).

2.2 Dietary treatment paradigm

Three-month-old rats were randomly divided into 3 groups
(Figure 1), receiving dietary intervention and Rsv supplementation for
the duration of 4 weeks, until the age of 4 months. The first group
served as controls. The second group received daily Rsv (10 mg/kg,
oral, High Potency Trans-Resveratrol 600, Doctor’s Best®, California,
United States) supplementation. The third group was exposed to a
gradual weekly decrease in caloric uptake by 40%. To allow adaptation
to restricted feeding, the animals were fed 1 week with 15% CR, a
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FIGURE 1

Overview of the experimental dietary treatment paradigm and study design. Number of animals per sex and group are given. Dietary intervention and
supplementation of the apple chips starts at 3 months of age (3M). RsfMRI data are acquired at 4 months of age (4M). The apple represents the
supplementation of Rsv or its vehicle using dried apple chips. Created with Biorender.com.
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second week with 27.5% CR and 40% CR thereafter. Food fortified
with vitamins and minerals was provided to avoid malnutrition (Rat/
Mouse Fortified, Ssniff®, Germany). CR of 15, 27.5, and 40% was
calculated based on averaged food intake of Ctrl (male/female n = 3/3)
and Rsv (male/female n = 3/2) rats, adjusted for age and sex. Control
and Rsv supplemented rats were provided standard chow (Ssniff®,
Germany) ad libitum. Rsv solubilized in 99.8% ethanol (Thermo
Fisher Scientific), was applied to dried apple chips (JR Farm,
Germany) and supplemented daily to the rats in the Rsv group. To
minimize the difference between conditions, all CR and control rats
were supplemented with a daily dose of dried apple chips with vehicle
only (99.8% ethanol). This volume of ethanol was determined through
averaging the daily Rsv volumes, adjusted for age and sex.

Subjects were weighed prior to the start of the dietary intervention
and each week afterwards for the duration of the experiment. The
percentage body weight (BW) change respective to the starting weight
was calculated for each subject.

2.3 RsfMRI acquisition

RsfMRI data of the rats were acquired at 4 months of age, after
1 month of CR or Rsv supplementation. Rats were anesthesia using an
isoflurane-medetomidine protocol: an established anesthesia protocol
for rsfMRI in rodents (31-34). Anesthesia was induced using 5%
isoflurane (IsoFlo®, Zoetis, United States), administered with a
gaseous mixture of 200 mL/min O, and 400 mL/min N,. For further
animal handling and positioning, the isoflurane level was reduced to
3%. After positioning, a subcutaneous bolus injection of medetomidine
(0.05 mg/kg, Domitor®, Vetoquinol, France) was administered.
Continuous subcutaneous infusion of medetomidine (0.1 mg/kg/h)
started 15 min after bolus administration, with the isoflurane level
being lowered to 0.4%, to be maintained throughout the whole MRI
session. Physiological parameters (breathing rate, heart rate, O,
saturation and body temperature) of the animal were closely
monitored during the entire procedure (MR-compatible Small Animal
Monitoring, Gating, and heating system, SA Instruments). Body
temperature was maintained at 37 (£ 0.5) °C using a feedback-
controlled warm air circuitry (MR-compatible Small Animal Heating
System, SA Instruments Inc., United States).
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MRI data were acquired on a 7 T Pharmascan MR scanner
(Bruker®, Germany) with a volume resonator coil for radiofrequency
excitation and a 2 x 2 channel receiver head radiofrequency coil for
signal detection. To ensure uniform slice positioning between subjects,
multi-slice T2-weighted (T2w) TurboRARE images were acquired in
three directions (echo time (TE): 33 ms, repetition time (TR):
1800 ms, RARE factor: 8, field of view (FOV): (35 x 35) mm?, matrix:
[256 x 256]). Whole-brain rsfMRI data were acquired 40 min after the
bolus of medetomidine using a single shot gradient echo, echo-planar
imaging (EPI) sequence (TE: 18 ms, TR: 600 ms, FOV (30 x 30) mm?,
matrix [96 x 96], 12 coronal slices of 1 mm, slice gap: 0.1 mm, 1000
repetitions), for a total of 10 min. An anatomical 3D image was
acquired for registration purposes, with a T2w-TurboRARE sequence
(TR: 1,800 ms, TE: 36 ms, RARE factor: 16, FOV: (35 x 35 x 16) mm?>,
acquisition matrix: [256 x 256 x 32], reconstruction matrix: [256 x
256 x 64]). At the end of the scan session, a subcutaneous injection of
(Antisedan®, Pfizer,
administered to counteract the effects of the medetomidine anesthesia

0.1 mg/kg atipamezole Germany) was
and the animals were allowed to recover under a heating lamp. All
animals recovered within 15-20 min after the end of the scan session.

2.4 rsfMRI image preprocessing

All preprocessing steps were performed with MATLAB R2020a
(Mathworks, Natick, MA) and ANTs (Advanced Normalization
Tools). The rsfMRI data were padded using an in-house MATLAB
script. Debiasing, realignment, normalization, co-registration and
smoothing of the data was performed using SPM 12 software
(Statistical Parametric Mapping). First, subject-specific 3Ds were
debiased after which a study specific 3D-template was created from a
subset of animals (male/female: Ctrl n = 2/2, Rsvn =2/2, CR n =2/3)
in ANTs. All individual 3Ds were normalized to the study-specific 3D
template using a global 12-parameter affine transformation followed
by a non-linear deformation protocol. The rsfMRI EPI images were
realigned to the first EPI image using a 6-parameter rigid body spatial
transformation estimated using a least-squares approach. RsfMRI data
were co-registered to the animal’s respective 3D image using a global
12-parameter affine transformation with mutual information used as
similarity metric and normalized to the study-specific template using
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the combined transformation parameters. RsfMRI data were
smoothed in-plane using a Gaussian kernel with full width at half
maximum of twice the voxel size and filtered (0.01-0.2 Hz) with a
Butterworth band-pass filter. Finally, quadratic detrending was
performed on the filtered images. During the entire process, a total of
five subjects [Ctr]l (male/female n=2/1), CR (male n=2)] were
removed from further analysis due to poor quality of the data.

2.5 Functional connectivity analysis

Region of interest (ROI)-based FC analysis was performed on the
preprocessed rsfMRI data. A neuroanatomical atlas comprised of 71
anatomical parcels (Fischer 344"), was warped onto the study-specific
template and down-sampled (ANTs) to match the EPI space. Out of
the 71 parcels, 43 unilateral gray matter ROIs (for both the left (L) and
right (R) hemisphere for each region) were selected, excluding regions
sensitive to susceptibility artifacts, transient effects and small size.
These selected ROISs represent the five prominent rodent RSNs: the
default mode-like network, the hippocampal network (Hipp), the
sensory network (Sens), the lateral cortical network (LCN) and the
subcortical network (SubC) (Supplementary Table S1). For each
subject, Pearson correlation coefficients between the ROI-averaged
BOLD signal timeseries of each pair of ROIs were calculated and
Fisher z-transformed yielding subject-wise 43 x 43 FC matrices. FC
within each network was calculated by averaging across FC values
between all ROIs belonging to the network. Similarly, between-
network FC was calculated by averaging across FC values between all
pairs of ROIs belonging to both networks.

2.6 Statistics

The ROI-based and network-based FC matrices were subjected to
an one-sample ¢-test (FDR corrected, Benjamini-Hochberg procedure,
P < 0.05), within group (per sex and treatment). All data was tested for
normality using the Shapiro-Wilk test determining the goodness of a
normal fit. All data was normally distributed. The BW at week 0, the
percentile change in BW at 4 weeks of treatment and the outcomes of
the network-based FC were analyzed using a two-way ANOVA
(treatment, sex, treatment*sex). In case ofa signiﬁcant treatment*sex
interaction, post-hoc tests were performed using Student’s ¢-test with
FDR correction (Benjamini-Hochberg procedure, p < 0.05). When no
significant treatment¥sex interaction was present, the interaction was
removed and the model was recalculated using only the main effects
(treatment and sex). In case of a significant treatment effect, post-hoc
tests were performed on all groups using a Tukey HSD test. Outlier
detection was performed using a principal component analysis, per sex
and treatment. Subjects with a Hotelling T2 statistics index higher than
the 95% confidence interval were marked as outliers. Subjects with
more than 8 out of 15 within- and between-network FC values marked
as outliers were excluded. Statistical analyzes were performed using
JMP Pro 17 (SAS Institute Inc.) and MATLAB R2020a (Mathworks,
Natick, MA). Graphical representation of the data was created using

1 https://www.nearlab.xyz/fischer344atlas
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GraphPad Prism (version 9.4.1. for Windows, GraphPad Software, San
Diego, California United States) and Adobe Illustrator (Adobe Inc.).

3 Results

3.1 Caloric restriction reduces body weight
in both male and female rats

In order to test the randomness of the treatment groups prior to
dietary intervention, we tested for the effects of treatment and sex on
body weight at week 0. No significant effects were found for treatment
(p=0.4324) or the interaction treatment*sex (p=0.6471), but, as
expected, we did find a significant sex effect (p < 0.0001) on BW, where
males had a significantly higher weight compared to females (Figure 2A).

Next, we aimed to determine the effect of short-term dietary
intervention on BW, by evaluating the percentile change in BW over
the course of treatment, from the start of the intervention (Figure 2B).
Over the course of the intervention, we observed a positive percentage
change of BW in both Ctrl and Rsv rats indicative of weight gain, while
observing a negative percentage BW change in the CR rats, indicative
of weight loss. Statistical analysis of the percent change in BW at week
4 demonstrated a significant treatment¥sex interaction -effect
(p = 0.031). Post-hoc analysis revealed that after 4 weeks the percentage
BW change was significantly different in CR female rats [(mean + SD)
%, (—9.18 + 1.41)%] when compared to female Ctrl [(6.94 + 2.98)%,
P <0.0001] and female Rsv [(7.92 + 1.44)%, p < 0.0001] rats. Similarly,
we observed a significant difference in male CR rats (—11.51 + 3.73)%
compared to male Ctrl [(9.95 + 1.67)%, p <0.0001] and male Rsv
[(10.33 £ 1.71)%, p < 0.0001] rats. Moreover, male Rsv supplemented
rats had a higher percentage increase in BW compared to the female
Rsv supplemented rats (p=0.009). This sex-difference was not
observed in the Ctrl (p = 0.1084) or CR (p = 0.0739) groups.

3.2 Dietary interventions alter ROI- and
network-based resting-state FC

Next, we investigated the effect of dietary intervention on brain
connectivity. To evaluate these effects on FC between ROIs and within
and between networks, we first calculated average ROI-based FC
matrices between the 43 predefined ROIs, per sex and treatment
(Figure 3A), providing insight into the distribution of FC across the
groups. Our analysis revealed that within group, FC of regions associated
with the DMLN, Hipp, Sens and LCN were statistically significant and
thus robustly represented in each of the groups. ROI-based FC, mainly
within the SubC [caudate putamen (CPu), medial septum (MS),
thalamus (Thal), hypothalamus (Hyp) and nucleus Accumbens (nAcc)],
were often not statistically significant in the males, irrespective of
treatment. The total number of significant connections was higher in
females when compared to males in each group. An additional graphical
representation of the ROI-based FC matrices was generated
(Supplementary Figure S1), showing strong inter-hemispheric FC
within the DMLN and LCN, and intra-hemispheric FC between
DMLN, Hipp and Sens. These observations were primarily noted for the
Ctrland CR groups and to a lesser extent in the Rsv supplemented group.

Next, we grouped the ROIs based on their anatomical location
and known implications into five RSNs (Figure 3B) and calculated,
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FIGURE 2

Effects of dietary intervention on body weight (BW). (A) Mean + SD BW in grams (g) at baseline, prior to the start of the dietary interventions (week 0).
The colors of the bars are indicative of the group each subject was assigned to [control (Ctrl), resveratrol (Rsv), caloric restricted (CR)]. Solid bars
represent females and open bars represent the males. Dots represent individual subject data points. (B) Percentage change in BW (mean + SD) with
respect to baseline, over the course of the 4 week treatment, Ctrl, Rsv and CR group. Bar graph (insert) shows the percentage change in BW

(mean + SD) at week 4. Asterisks indicate the levels of statistical significance: **p < 0.01, ****p < 0.0001.
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Functional connectivity (FC) in male and female Ctrl, Rsv supplemented and CR rats. (A) ROI-based FC matrices displaying the mean FC between ROI
pairs for males (lower half) and females (upper half) per treatment group (Ctrl = control, CR = caloric restriction, Rsv = resveratrol, zFC = z-scored
functional connectivity). The 43 regions of interest with left (L) and right (R) hemispheric location are plotted on the x and y axes

(Supplementary Table S1). Non-significant connections (p > 0.05, one-sample t-test, FDR corrected per group) are blacked out. (B) Anatomical
representation of the RSNs used in the network-based FC analysis. Annotated per image are the anatomical Bregma depths. (C) Mean network-based
FC in females (top row) and males (bottom row) per treatment group. Colors indicate the strength of FC. Off-diagonal connections represent
between-network FC, whereas the diagonals represent within network FC: DMLN (default mode-like network), Hipp (hippocampal network), Sens
(sensory network), LCN (lateral cortical network), SubC (subcortical network). All within- and between-network FC values were significantly different
from 0 as determined with a one-sample t-test (FDR corrected, Benjamini-Hochberg procedure, p < 0.05).
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similar to the ROI-based FC matrices, average network-based FC
matrices per sex and treatment (Figure 3C). Despite the earlier
mentioned lack of significance in regions associated with the SubC, all
between- and within-network FC measures were significantly higher
than zero within each group [p <0.05, one-sample f-test, FDR
corrected (Supplementary Tables 52, S3)].

To visualize the effects of dietary intervention on ROI-based and
network-based FC, we calculated the mean difference between the
treatment groups per sex, highlighting the global changes in FC as a
result of dietary intervention (Figures 4A,B).

3.3 Hippocampal and subcortical within-
and between-network FC is different
between sexes and altered by dietary
intervention

To further investigate if FC is altered due to dietary intervention
within- and between-RSNs, data was subjected to statistical analysis

10.3389/fnut.2025.1440373

treatment*sex in the Hipp-SubC (p =0.0250), SubC-DMLN
(p=0.0116) and SubC (p = 0.0215) (Figure 5A). Hipp-SubC FC was
higher in female Ctrl rats when compared to male Ctrl rats
(p=0.0229), female Rsv rats (p=0.0038) and female CR rats
(p =0.019). Similarly, in the SubC-DMLN, FC was higher in female
Ctrl rats compared to male Ctrl rats (p = 0.0364), female Rsv rats
(p=0.0364) and female CR rats (p=0.0083) and in addition
we observed a difference between male CR and male Rsv rats
(p = 0.0495). Finally, we also observed this interaction effect in the
SubC, where FC was higher in female Ctrl rats compared to male Ctrl
rats (p = 0.0225), female Rsv rats (p = 0.0225), and female CR rats
(p = 0.0225).

Moreover, we found a significant treatment effect demonstrating
lower FC in the Rsv group, compared to the Ctrl group in the Hipp
network (p =0.0036), Hipp-DMLN (p =0.0030), Hipp-LCN
(p = 0.0474), Hipp-Sens (p = 0.0055), SubC-LCN (p = 0.0339), and
SubC-Sens (p = 0.0076). Post-hoc analysis (Figure 5B) consistently
revealed a lower FC in the Rsv group, when compared to the Ctrl
group [Hipp network (p =0.0025), Hipp-DMLN (p =0.0020),

(two-way ANOVA). We observed a significant interaction effect of ~ Hipp-LCN (p =0.0375), Hipp-Sens (p =0.0043), SubC-LCN
A. Rsv-Ctrl CR-Ctrl CR-Rsv q

Sens LCN

Hipp

Rsv-Ctrl CR-Ctrl CR-Rsv

FIGURE 4

Mean difference in FC in male and female Ctrl, Rsv supplemented and CR rats. (A) ROI-based FC matrices displaying the mean difference in FC
between ROI pairs for males (lower half) and females (upper half) between the treatment groups (Ctrl = control, CR = caloric restriction,

Rsv = resveratrol). Non-significant connections (calculated on the mean FC, p > 0.05, one-sample t-test, FDR corrected per group) are blacked out.

(B) Mean difference in network-based FC in females (top row) and males (bottom row) between treatment groups. In both panel A and B, positive (red-
color) and negative (blue-color) values indicate, respectively, higher and lower connectivity in the first group relative to the second group. Diagonal
and off-diagonal elements represent differences in within- and between-network FC respectively: DMLN (default mode-like network), Hipp
(hippocampal network), Sens (sensory network), LCN (lateral cortical network), SubC (subcortical network).
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Resting-state network (RSN) connectivity alterations in male and female Ctrl, Rsv supplemented and CR rats. Network-based FC demonstrating
significant interaction (A) or treatment (B) effects. Bar graphs show the group-level FC within (e.g., Hipp) or between (e.g., Hipp-Sens) FC. Solid bars
represent females and open bars representing the males. Group means + SEM are presented together with the individual subject data points (dots).
Significant interaction effects of treatment*sex (FDR corrected, Benjamini-Hochberg procedure, p < 0.05) are noted by the red dotted line. Significant
treatment effects (post-hoc Tukey HSD, p < 0.05) are annotated by the red solid line. Asterisks indicate the levels of statistical significance: *p < 0.05,
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(p =0.0266) and SubC-Sens (p =0.0062)]—an effect we did not
observe in the CR group (Supplementary Tables 54-56).

4 Discussion

To our knowledge, this is the first study to characterize and
compare RSN FC in both male and female F344 rats subjected to
short-term CR or Rsv supplementation, comparing not only the
effects of CR and Rsv on RSN FC, but also highlighting their
sex-specific effects. Our results demonstrated decreased BW in CR
rats, as well as increased in BW in male Rsv supplemented rats,
compared to female Rsv supplemented rats, whereas this difference
between sexes was not observed in the Ctrl or CR groups.
Furthermore, we found that both CR or Rsv supplementation induced
a female-specific decrease of FC between SubC-Hipp, Sub-DMLN,
and SubC. Moreover, Rsv supplementation lowered FC within the
Hipp network and between Hipp-DMLN, Hipp-LCN, and Hipp-Sens,
as well as between the SubC-LCN and SubC-Sens—an effect not
observed for the CR rats.

The core mechanism of CR bases itself on the reduction in energy
expenditure, in which the slowing of the metabolic rate is hypothesized
to improve metabolic health and extend lifespan. The selective use of
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energy is reflected in the reduction of biomass and thus BW. As energy
for activity and basic function maintenance cannot change, limited
energy resources are allocated to biomass resulting in weight loss (35).
This weight loss has been reported in a plethora of preclinical (36) and
clinical (37, 38) studies and is in line with our own findings, as
we observe a significant decrease in BW in our male and female
CR rats.

Along with the loss of biomass, energy expenditure declines until
eventually the energy intake matches the new lower BW. This adaptive
process allows for the maintenance of important body functions
including metabolic homeostasis, breathing, heart rate, and most
importantly, activity of the central nervous system (37). By this principle,
RSN FC should remain mostly unaltered, as energy expenditure allocated
to neuronal activity is maintained throughout CR. In a mixed-sex human
cohort, whole-brain RSN FC analysis has shown to not be altered as a
result of dietary intervention through a hypocaloric Mediterranean diet
(39). Female-only human cohorts that have been submitted to this
hypocaloric Mediterranean diet or CR, revealed a decrease of FC in
regions associated with food reward (40), memory consolidation (23),
self-perception and emotional functions (41). These processes are known
to be modulated by hormones, with fluctuations in FC coinciding with
the female menstrual cycle (42-44). This sex-related decrease in FC
supports our own findings, as our results similarly show lower FC in CR
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females when compared to Ctrl females, between the Hipp-SubC, SubC-
DMLN and within the SubC, which are networks involved with learning,
memory and emotion, suggesting an underlying sex-specific mechanism
of CR (45) on RSN FC. However, to our knowledge, the effects of CR on
FC have not been explored in male-only cohorts. Consequently,
we cannot conclusively determine if these observations are indeed
sex-specific. Further exploration of the sex-specific mechanisms of CR
on brain activity is therefore detrimental to understand and optimize its
therapeutic potential, tailoring interventions to individual needs.

CR-mimetics are compounds that are able to increase life- and/
or health-span and ameliorate age-associated diseases in model
organisms, in a CR-like manner (12). Rsv as a proposed CR-mimetic
has been implicated with some controversy, with conflicting reports
regarding the aforementioned criteria. Rsv supplementation studies
in humans do not yield overwhelmingly positive data regarding
aging-related benefits (46), even though Rsv has been reported to
address age- and disease-related underlying mechanisms such as
systemic inflammation and oxidative stress (47, 48). Studies in model
organisms using CR or Rsv on age- and obesity-related biomarkers
have found small, non-existent, and even opposing effects of Rsv
compared to CR mechanisms (11, 49). One of the obesity-related
biomarkers in which contradicting results have been reported is BW
(50). A handful of preclinical trials in rats and mice supplemented
daily with Rsv (5-24 mg/kg, oral, 30-45 days), have shown unaltered
(51, 52) or reduced BW (53). In this study we did not observe a
significant effect of Rsv supplementation (10 mg/kg, oral) on the
percentage change of BW when compared to Ctrl. However, we did
observe a higher percentage increase of BW for male Rsv
supplemented rats relative to their starting weight, when compared
to Rsv supplemented females. This difference of percentage change in
BW between males and females is absent in the Ctrl and CR group.
To our knowledge, there is currently no literature to support or
contradict our observation of this sex-specific effect of Rsv regarding
BW. Therefore, further investigation into this aspect and the effect of
Rsv on BW in different sexes is warranted.

Supporting the narrative that Rsv is a CR-mimetic, we observed a
female-specific decrease in the Hipp-SubC and SubC-LCN connectivity
as a result of Rsv supplementation, similar to the decrease observed in
female CR rats when compared to Ctrl. However, unlike CR,
we observed a treatment effect of Rsv, decreasing FC within the Hipp
and between the Hipp, the SubC, and other RSNs compared to Ctrl
rats. Despite limited literature on the effects of Rsv on FC, published
works in humans manage to directly contradict our reported lowering
of FC because of Rsv supplementation. They report increased FC
between the hippocampus and other regions including the right and
lateral angular cortex, anterior cingulate cortex, precuneus and lateral
occipital cortex, speculated to be linked to improved memory retention
and attenuated hippocampal atrophy (25, 26). One possible explanation
for the observed differential effects of Rsv on FC lies within the
experimental design, more specifically, the dosage of Rsv. In both the
mentioned human trials as well as our study, Rsv was supplemented
orally daily, for the duration of a month. However, their Rsv dosage was
200 mg/kg: 20 times more compared to our daily dosage (10 mg/kg).
Rsv is known to exert a hormesis dose-dependent effect (54, 55), with
this effect referring to the biphasic response of a cell or organism to a
compound. Often, a stimulating effect can be observed at low doses
(often associated with beneficial effects), while an inhibitory effect is
exerted at high doses (often toxic) (56, 57). The biphasic effect of Rsv
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has been shown in a plethora of (pre)clinical studies, with a multitude
of them reporting differential outcomes depending on the supplied Rsv
dosage (58-61). As Rsv demonstrates hormesis in various biological
models, further work is required to understand its dose-relationship in
context of its exerted effects, highlighting the importance of carefully
considering dosage when designing studies involving Rsv
supplementation and interpreting their outcomes.

The BOLD signal, used in this study as an indirect measure of
neuronal activity, is based on neurovascular coupling, making it
heavily dependent on changes in cerebral blood flow (CBF), cerebral
blood volume (CBV) and the rate of oxygen consumption in
response to changes in neuronal activity (62, 63). Unarguably, it is
clear that vascular and neuronal signals both contribute to the
BOLD signal (64) and while changes in BOLD are caused by
neuronal activation through neurovascular coupling, they can also
arise from other physiological processes that affect blood
oxygenation or volume (65). CR and Rsv are both known to
influence the vasculature by modulating vasodilation and CBF,
through the increase of endothelial nitric oxide (NO) production
(66, 67). NO plays a big role in cellular oxygen supply and demand,
through regulation of the vascular tone and blood flow, as well as
modulating mitochondrial oxygen consumption (68). With the
increased production of endothelial NO, CR has been shown to
decrease arterial blood pressure (69), improve endothelium-
dependent vasodilation (70) and increase CBF (20). Similarly, Rsv
supplementation leads to a more efficient endothelium-dependent
vasodilation (71) and consequently, an improved CBF (72).
Considering these vascular effects, it is possible they contribute to
changes in the BOLD signal, which should be considered when
interpreting BOLD outcomes in the context of interventions like CR
and Rsv supplementation. Future work is encouraged to unravel the
vascular contribution to the BOLD signal in the context of
these interventions.

Sex differences in RSNs have been thoroughly investigated in
humans and have shown to be confounded by environmental and
sociocultural factors (73). However, sex-differences are often driven by
biological factors such as hormones (e.g., estrogen) that are known to
exert region-specific effects in the brain, making them potential
contributors to the wide range of differences in FC observed (74, 75).
Studies often show greater FC in (sub)cortical regions in females
compared to males (76) and in addition, females generally show greater
between-network FC whereas men have greater within-network FC
(77). RsfMRI studies in rats have revealed sex-differences in brain
connectivity patterns, with females exhibiting stronger hypothalamus
connectivity, while males show more prominent striatum-related
connectivity (78). These cumulative findings highlight the importance
of taking sex into consideration as a factor when interpreting rsfMRI
results in rodents, providing valuable insights into the large-scale
functional organization of the brain across sexes.

As with the majority of studies, the design of the current study
is subject to limitations. First, the rsfMRI scans in this study were
performed in isoflurane- and medetomidine-anesthetized rats.
Anesthesia indeed affect neural activity and are likely to have an
impact on FC patterns as observed in rsfMRI studies. The
combination of isoflurane and medetomidine specifically is known
to reduce FC in the subcortical structures such as the hippocampus
and (hypo)thalamus. However, studies have shown that FC under
these anesthetics shows a very similar FC pattern as is observed in
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awake rats (79). Moreover, the combination of isoflurane and
medetomidine has shown its own advantages, allowing
visualization of interactions in cortical and sub-cortical structures,
and the interaction between cortical, striatal and thalamic
components (80, 81) and is therefore proposed as the most suitable
anesthetic alternative to awake imaging for rsfMRI analysis in rats
(31). Secondly, rats were supplemented Rsv daily using dried apple
chips to assure oral consumption. Unfortunately, most studies have
shown that the oral bioavailability of resveratrol is low (<1%) (82).
Consequently, this may be the reason for discrepancies between
in vivo and in vitro studies regarding Rsv efficacy and mechanisms
of action (83). The limited bioavailability is often accredited to
several factors including poor water solubility, limited chemical
stability and high metabolism (18). However, as a polyphenol, Rsv
exhibits a lipophilic nature, allowing the compound to cross the
blood-brain barrier and thus reach neural tissue (84), providing
the speculated beneficial effects as observed in in vivo studies.
Studies have been able to detect very low Rsv concentrations in
neuronal tissue (85, 86), or report that the concentration of Rsv
was too low to be detected (51), despite all establishing a wide
range of beneficial effects of the compound. Thus, the data suggests
that even though there is limited bioavailability of the compound,
it is able to exert biological effect. It is essential to consider these
limitations and explore alternative delivery methods or
formulations to enhance bioavailability. Additionally, further
research is needed to elucidate the precise mechanisms underlying
the observed effects of Rsv to validate its therapeutic potential.

Continued research into the effects of CR and Rsv on FC using
advanced neuroimaging techniques like rsfMRI holds promise for
advancing our understanding of dietary interventions in the
promotion of brain health. Our work provides valuable insights into
the effects and comparability of short-term dietary interventions using
CR and Rsv supplementation on RSNs and BW in both male and
female F344 rats. With this, we established a benchmark of the
sex-specific impact of CR or Rsv as a dietary intervention on
spontaneous brain activity, providing an FC reference for future
research of dietary effects.
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Introduction: Ketogenic diet (KD), a high-fat, low-carbohydrate, and adequate
protein diet, is a non-pharmacological treatment for refractory epilepsy.
However, their mechanism of action is not fully understood. The cation-chloride
cotransporter, KCC2, transports chloride out of neurons, thus contributing to
the intraneuronal concentration of chloride. Modifications in KCC2 expression
by KD feeding could explain the beneficial effect of this diet on epilepsy. This
study aimed to determine the impact of KD on KCC2 expression in dentate
gyrus layers and Cornu Ammonis 3 (CA3) strata of rats with seizures induced by
amygdaloid kindling.

Materials and methods: Male Sprague Dawley rats were fed a normal diet (ND)
or KD from postnatal day 24 until the end of the experiment. At 6 weeks after
the start of the diets, rats were subjected to an amygdala kindling epilepsy
model, sham or remain intact. Glucose and B-hydroxybutyrate concentrations
were quantified. The after-discharge duration (ADD), latency, and duration of
stages of kindling were evaluated. In addition, KCC2 expression was evaluated
using optical density. A Pearson bivariate correlation was used to determine the
relationship between KCC2 expression and ADD.

Results: At the end of the experiment, the KD-fed groups showed a reduction in
glucose and an increase in p-hydroxybutyrate. KD reduced ADD and increased
latency and duration of generalized seizures. In ND-fed animals, kindling
reduced KCC2 expression in all three layers of the dentate gyrus; however,
in KD-fed animals, no changes were observed. KD treatment increased KCC2
expression in the kindling group. In CA3, the pyramidal and lucidum strata
showed an increase of KCC2 in KD-fed groups. Besides, the kindling had lower
levels of KCC2 than the sham and intact groups. In all layers of the dentate gyrus
and pyramidal and lucidum CA3 strata, the correlation indicated that the higher
the KCC2 expression, the shorter the ADD during generalized seizures.
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Conclusion: KD reduces ADD in generalized seizures. In addition, KD has a
putative neuroprotective effect by preventing the kindling-induced reduction
of KCC2 expression in the molecular, granule, and hilar dentate gyrus layers and
pyramidal and lucidum CA3 strata. Increased KCC2 expression levels are related
to a shorter duration of generalized seizures.
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ketogenic diet, kindling, KCC2, dentate gyrus, CA3, rat

1 Introduction

Epilepsy is a chronic disease of the central nervous system that
affects individuals of all ages with a bimodal distribution. The features
of this disease herald a continuous propensity to trigger abnormal,
excessive, and synchronized activity in a group of brain cells with
epileptic seizures as the end. This disease is considered an important
public health problem worldwide (World Health Organization, 2024).
According to the International League Against Epilepsy (ILAE),
epilepsy is defined by any of the following conditions: (1) at least two
unprovoked or reflex seizures that occur 24 or more hours apart; (2)
a non-induced or reflex seizure in a person who has a 60% risk of
having another seizure over the next 10 years; and (3) diagnosis of an
epileptic syndrome (Fisher et al., 2014). Although, in most cases,
epilepsy can be successfully treated, not all epileptic patients respond
favorably to medical treatments, which can lead to drug resistant
epilepsy. Drug resistant epilepsy may be defined as the failure of
adequate trials of two tolerated and appropriately chosen and used
antiepileptic drug schedules (whether as monotherapies or in
combination) to achieve sustained seizure freedom (Kwan et al.,
2010). Epilepsy and numerous neurological and neuropsychiatric
disorders are known to be caused by the dysfunction of gamma-
aminobutyric acid (GABA)-mediated neurotransmission (Cellot and
Cherubini, 2014; Lam et al., 2023; Perucca et al., 2023; Judrez-Zepeda
etal, 2024). Researchers have extensively used the amygdala electrical
kindling model in the study of epilepsy neurobiology. The kindling
process is the result of progressive weakening of the inhibitory system
(Ryu et al., 2021; Tescarollo et al., 2023).

The strength and polarity of GABA-mediated neurotransmission
are determined by the intracellular chloride (CI) ion concentration.
In neurons, the Cl~ concentration gradient is mainly regulated by two
cotransporters that belong to the cation-chloride cotransporter family;
the Na*-K*-Cl cotransporter 1 (NKCC1) and the K*-Cl~ 2 (KCC2);
which are encoded by Slc12a2 and Slc12a5, respectively (Kaila et al.,
2014; Koumangoye et al., 2021; McMoneagle et al., 2024). The
intracellular concentration of Cl” is very important as it determines
the postsynaptic responses to the GABA neurotransmitter, the main
inhibitory neurotransmitter of the central nervous system (Belperio
et al., 2022). KCC2 functions to extract intracellular Cl~ to maintain
low levels of this ion in neurons (Duy et al., 2019). This leads to the
discharge of hyperpolarizing currents regulated by GABA, receptors
and thus causes a reduction of epileptiform discharges or seizure
activity and prompts a GABA inhibitory response to reduce neuronal
excitability. In epileptic disorders, alterations in KCC2-regulated CI~
transport have been identified along with a decreased efficacy of
GABA, receptor-mediated inhibition (Pathak et al., 2007; Lee et al.,
2011; Karlocai et al., 20165 Di Cristo et al., 2018). This is attributed to
the fact that an intracellular Cl~ accumulation leads to depolarizing
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currents that are regulated by GABAergic receptors and thus causes
epileptiform discharges or seizure activity (Di Cristo et al., 2018).
Recent studies have reported KCC2 downregulation in multiple
models of epilepsy (Chen et al., 2017; Wan et al., 2018; Wan et al,,
2020; Shi et al., 2023) and humans (Aronica et al., 2007; Shimizu-
Okabe et al,, 2011; Gharaylou et al., 2019). These studies support the
importance of KCC2 regulation for neuronal intracellular CI~
concentration homeostasis and proper functioning of GABA signaling
(Pressey et al., 2023).

Patients suffering from refractory epilepsy (20-30% of the total)
are effectively treated with various non-pharmacological treatments,
such as the ketogenic diet (KD) (Martin-McGill et al., 2026; El-Shafie
etal,, 2023), which is characterized by a high level of fat, an adequate
protein level, and strict carbohydrate restriction. KD has been
introduced as a nutrition-based intervention commonly used to treat
drug-resistant epilepsy since the 1920s (Wheless, 2008). KD is an
adequate strategy to induce a biochemical model of fasting, where
cells become less dependent on glucose energy substrate and more
dependent on ketone bodies for the body’s energy needs (Fedorovich
et al., 2018). To achieve this condition, the liver mitochondrial matrix
has to metabolize ketone bodies. Recent research has re-established
the efficacy of KD in managing epilepsy, as well as in a spectrum of
neurological and neuropsychiatric disorders where a dysfunction in
GABA-mediated neurotransmission is evident (Dynka et al., 2022;
Juarez-Zepeda et al., 2024).

The mechanism by which KD acts effectively in epilepsy is not
clearly understood; however, the fact that KD has beneficial effects in
diseases in which the KCC2 cotransporter is affected has led to the
proposal that modifications in the expression of the cation-chloride
cotransporter KCC2 could be at least in part the mechanism of action
of this diet in epilepsy (Wang et al., 2016; Granados-Rojas et al., 20205
Murakami and Tognini, 2022). Although KD, per se, is known to
increase KCC2 expression in the cerebral cortex (Wang et al., 2016)
and dentate gyrus (Granados-Rojas et al., 2020), little is known about
regional alterations of KCC2 in the hippocampus of rats fed with KD
under an epilepsy model. Therefore, the present study was focused on
investigating the effect of KD on the expression of the cation-chloride
cotransporter KCC2, as determined by optical densitometry analysis
in the dentate gyrus layers and Cornu Ammonis 3 (CA3) strata of
amygdaloidal kindling seizure-induced rats.

2 Materials and methods
2.1 Animals and diets

All experimental procedures developed in the research reported in
this study followed the guidelines of the Official Mexican Norm (1999)
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(NOM-062-ZO0-1999) and are part of project 085-2010, approved by
the Research Board of the National Institute of Pediatrics. The project
was also approved by the Institutional Committee for the Care and Use
of Laboratory Animals (CICUAL). All efforts were made to minimize
the number and suffering of the animals used in the experiments.

Male Sprague Dawley rats were bred and kept in constant controlled
conditions of temperature (22°C-24°C), light:dark cycle (12:12 h, lights
on from 6:00 am to 6:00 pm), and relative humidity (40%) were used.
The air filter (3 microns particles) was exchanged 18 times in 1 h. At
postnatal day 24, rats from 8 litters were weaned and randomly assigned
to two groups as follows: normal diet-fed rats (ND) (2018S sterilized,
Envigo Teklad, United States) and KD (TD 96355, Envigo Teklad,
United States) (Gomez-Lira et al,, 2011; Granados-Rojas et al., 2020).
Both groups of animals had free access to water and their respective diets.
Diets were started from weaning and were maintained throughout the
experiment. Prior to the dietary treatments, the animals were subject to
8-h fasting.

2.2 Measurements of body weight, glucose,
and p-hydroxybutyrate

The body weight, blood glucose, and B-hydroxybutyrate levels of
each animal were recorded at the beginning and end of treatment.
Similar to our previous study (Granados-Rojas et al., 2020), to
measure blood glucose and p-hydroxybutyrate levels, a drop of blood
was collected from the lateral tail tip vein and placed on glucose or
B-hydroxybutyrate test strips (Abbott Laboratories) inserted into a
FreeStyle Optium digital monitoring system (Abbott Laboratories
that B-hydroxybutyrate
concentrations (Wang et al., 2017; Doyen et al., 2024; Meeusen
etal., 2024).

glucometer) indicated glucose or

2.3 Stereotaxic surgery

After 6 weeks of ND or KD, a portion of the animals was
anesthetized with ketamine (100 mg/kg intraperitoneal). Subsequently,
the animals were placed in a stereotaxic device (David Kopf) to implant
electrodes for stimulation and recording. The electrodes were
implanted in the left basolateral nucleus of the amygdala (previous
coordinates of 6.2 mm, side of 5 mm, and 1.5 mm in height). For this
purpose, the interaural line was used as a reference in accordance with
the Paxinos and Watson Atlas of Stereotaxy (Paxinos and Watson,
2007). Another electrode was placed in the sensory motor cortex to
register the propagation of electroencephalographic activity. Each
electrode was made with isolated stainless steel (0.005-inch diameter)
coated with Teflon, except in the ends. A screw was implanted in the
skull to serve as a source of reference. The electrodes were attached to
a mini-connector and linked to the skull using dental acrylic. The skin
was sutured around the mini-connector. The electrode positioning was
later verified using histological staining techniques (Taddei et al., 2022).

2.4 Kindling model

After 10 days of postoperative recovery, the rats were placed in a
silenced chamber (22.5 cm x 30 cm x 30 cm). The connector was
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joined to flexible cables connected to the rat with the S88 Grass
stimulator and a stellate system digital polygraph. The settings of the
polygraph were 50 microvolts of amplification and a filter between 3.5
and 30 Hz. The rats were stimulated daily with a 60 Hz frequency,
pulses of duration of 1.0 s, and an intensity of 5V (Goddard et al,,
1969). The following parameters were measured: amygdala after-
discharge duration (ADD), average ADD across 10 generalized
seizures, latency or number of stimuli required to reach each kindling
stage and their duration, and associated behavior according to the
parameters described by Racine (1972). Stage 1: Clonus of the facial
muscles, one or both eyes closed; stage 2: Oscillatory movements of
the head; stage 3: Myoclonic of the forelimbs in movement; stage 4:
Myoclonic movements in both extremities; stage 5: Generalized tonic-
clonic seizure. Stages 1-3 were considered focal seizures, whereas
stages 4 and 5 were considered generalized seizures. Sham-operated
animals were implanted with electrodes but did not receive any
stimulation. A part of the animal was left intact.
Finally, 6 groups of animals were used in this study:

1) IND: intact (naive) animals fed with a ND, no kindling (n = 8).

2) KND: animals fed with an ND with electrical amygdala
kindling (n =7).

3) SND: sham animals fed with a ND (n = 8).

4) IKD: intact (naive) animals fed with a KD, no kindling (n = 8).

5) KKD: animals fed with a KD with electrical amygdala kindling
(n=28).

6) SKD: sham animals fed with a KD (n = 7).

2.5 Tissue processing and sample
collection

All animals were sacrificed 1 day after the last stimulation. At the
end of treatment, rats were anesthetized with sodium pentobarbital
(50 mg/kg, intraperitoneally) and transcardially perfused with 0.9%
NaCl, followed by 4% paraformaldehyde in phosphate buffer, 0.1 M,
pH 7.4 (PFA). The brains were then carefully removed, post-fixed in
PFA overnight, and serially cryo-protected in 10, 20, and 30% sucrose
at 4°C. Afterward, brain blocks containing the dorsal and ventral
hippocampus of both the right and left hemispheres were sectioned in
the coronal plane at 50 pm thick using a cryostat (Leica, Germany) at
—21°C. Serial sections were stored in a cryoprotectant solution (25%
glycerol, 25% ethylene glycol, 50% phosphate buffer 0.1 M, pH 7.4) at
—20°C in 24-well plates until use. To select the sections from the serial
slides per animal, a systematic random procedure consisting of
choosing one of every eight sections that resulted in eight series of
12-14 sections of all rat dentate gyrus and CA3 was used. One
of the
immunodetection of KCC2 in each rat (Granados-Rojas et al., 2020).

series was immunohistochemically processed to

2.6 Immunohistochemical staining

To evaluate the expression of the cation-chloride cotransporter
KCC2 in the IND, KND, SND, IKD, KKD, and SKD rat groups, an
immunohistochemistry protocol was carried out using a secondary
biotinylated antibody according to Granados-Rojas et al. (2020). Free-
floating brain tissue sections were processed in parallel at room
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temperature and in constant motion. Sections were initially subjected
to 3 times 10-min washes with Phosphate Buffered Saline (PBS)
between the change of each solution and at the end. After initial washing
with PBS, sections were subjected to 1% hydrogen peroxide in PBS for
10 min. Tissues were then incubated with 20X ImmunoDNA retriever
buffer (Bio SB, United States) at 65°C for 60 min, followed by incubation
with the primary rabbit polyclonal antibody anti-KCC2 (1:2000; Merck
Millipore, Germany, Cat. # 07-432), diluted in 5% horse serum (Gibco,
United States) and 3% Triton X-100 (Merck, Germany) in PBS
overnight. The antibody recognizes their total protein. The next day, the
sections were washed and incubated with a secondary biotinylated goat
anti-rabbit IgG antibody (1:500; Vector Laboratories, United States, Cat.
#BA-1000) for 2 h, and subsequently incubated with avidin peroxidase
complex (ABC kit; Vectastain; Vector Laboratories, United States, Cat.
# Pk-4000) for 1 h. To determine peroxidase activity, a nickel-intensified
3,3’-diaminobenzidine (DAB; Vector Laboratories, United States, Cat.
# SK-4100) solution was used for 2 % min. Finally, the sections were
mounted on poly-L-lysine-coated slides, and entellan (Merck,
Germany) was added to the slides. Then, the slides were covered with a
glass coverslip. In additional sections, the primary antibody KCC2 as
well as the secondary biotinylated antibody were omitted as negative
controls to assess nonspecific binding. The same amount of horse serum
used to replace the primary or secondary antibody resulted in a lack of
any staining. Evaluation of sections was performed in a blind manner,
i.e., the researcher was not aware whether the sections were from the
IND, KND, SND, IKD, KKD, or SKD rat groups.

2.7 Optical density analysis of KCC2

The determination of KCC2 expression in the dentate gyrus and
CA3 was carried out through digital densitometric analysis of acquired
image color intensities. All images with identical characteristics of
acquisition (objective lens, aperture condenser, light intensity,
exposure time, and white balance) were taken with a MBF-CX9000
RGB CCD camera (MBF Bioscience, VT, United States) coupled to a
BX-51 (Olympus Japan)
Stereoinvestigator software (MBF Bioscience, VT, United States).

microscope Corporation, and
Image] software (v 1.52e, Rasband, 2018) was used to perform
densitometric measurements, and the values obtained were expressed
as optical density in arbitrary units. For each image, we converted
RGB to 8-bit color depth, segmented the layers of interest, and
measured the relative intensity of pixels in each region. The analysis
was conducted at 20x in selected sections of the whole dentate gyrus
and CA3. Each optical density value was normalized using background
subtraction (Granados-Rojas et al., 2020). The KCC2 optical density
was estimated in the molecular, granule, and hilar dentate gyrus layers,
as well as in the oriens, pyramidal, lucidum, and RLM (radiatum and
lacunosum-moleculare) CA3 strata. The total expression of the KCC2
cotransporter in each layer or stratum was obtained by considering
the dorsal and ventral regions of both the right and left hemispheres.

2.8 Statistical analysis

Data on glucose, pB-hydroxybutyrate, and body weight were
submitted to separate three-way mixed Analyses of Variance
(ANOVASs) that included the within-subject factor: Time (initial vs.
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final measurement) and the two between-subject factors: Diet (ND vs.
KD) and Manipulation (intact, kindling, and sham).

The data from body weight as well as the KCC2 immunoreactivity
(KCC2-IR) optical density in all dentate gyrus layers and all CA3
strata were subjected to separate two-way ANOVAs that included the
between-subject factors: Diet (ND vs. KD) and Manipulation (intact,
kindling, and sham).

For the analyses, the Mauchly’s sphericity test was performed. For
all parameters with repeated measures, the Mauchly’s test indicated
no sphericity (p <0.05) in all cases. Therefore, the Greenhouse—
Geisser correction method for sphericity was used (Verma, 2015), and
the corrected results are those reported.

For all two-way ANOVAs in CA3, the Levene’s test showed equality
of variances (p > 0.05) for all cases. On the contrary, in the dentate
gyrus, Levene’s test indicated no homoscedasticity in the molecular and
granule layers (p < 0.05), but in the hilar layer, there was equality of
variances (p > 0.05). In all cases, the significant interactions, original
degrees of freedom, and corrected probability levels are reported in
addition to the partial eta squares. Tukey’s honest significant difference
(HSD) tests were computed as post hoc analyses for the main effects
found in the CA3 strata, while the different significant interactions
were analyzed with the Bonferroni’s post hoc test.

The ADD averages were calculated for the kindling establishment and
for the days corresponding to the generalized seizures. The effects of diet
on these two moments were evaluated using a repeated ANOVA measures
that included the between-factor Diet (ND vs. KD). Post hoc effects were
analyzed by means of the Bonferronfs test. The latencies (number of days
needed to reach the different stages) and the duration of each Racines
scale stage were analyzed using separate Mann-Whitney U tests.

Additionally, Pearson’s bivariate correlation test was performed to
analyze whether there was a relationship between the levels of KCC2
expression in the different dentate gyrus layers and CA3 strata with
the ADD generalized seizures. This test was performed independently
of the group to which the animals belonged.

For all statistical analyses, the significance level was maintained at
p <0.05. For all parameters, boxplots with individual data points were
created, except for ADD. All analyses were performed using SPSS
(Statistical Package for the Social Sciences), version 20.

3 Results
3.1 Body weight

KD was well tolerated during the study. Assessment of body
weight was performed at the beginning and end of the study. The
three-way ANOVA indicated that the interactions that included the
factor Diet were not significant (p > 0.05); therefore, there were no
significant effects of diet on body weight. However, the interaction
Time x Manipulation was significant (F(2, 40) = 7.202, p <0.01,
1? = 0.265). As expected, the Bonferroni’s post hoc test showed that at
the beginning of the study, there were no significant differences in
body weight between the three types of manipulation (p > 0.05 for all
comparisons), indicating equality of initial conditions. However, at the
end of the study, the kindling groups of both diets (KND and KKD)
presented a significantly lower body weight (11.69%) than the intact
groups of both diets (IND and IKD) (p < 0.001 for all comparisons)
(Figure 1A, #). For all groups, a significant body weight gain was
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observed at the end of the experiment when compared with the
beginning of the experiment (p < 0.001) (Figure 1A, *).

3.2 Glucose

Assessment of glucose was performed at the beginning and end of
the study. The three-way ANOVA indicated that the interaction Time
x Diet was significant (F(1, 40) = 11.347, p < 0.01, n* = 0.22). The
Bonferronis post hoc analysis showed that in all groups, there was a
significant decrease in peripheral blood glucose concentration at the
end of the experiment with respect to the beginning (p <0.001)
(Figure 1B, *); however, this decrease was greater (34.69%) in the
KD-fed groups (IKD, KKD, and SKD) than in the ND-fed groups (IND,
KND, and SND) (25.10%). As expected, at the beginning of the
experiment, no significant differences were observed between groups
(p > 0.05). On the contrary, at the end of the experiment, the glucose
concentration was significantly different (p < 0.01). The KD-fed groups
(IKD, KKD, and SKD) presented a significantly lower glucose
concentration (11.26%) than the ND-fed groups (IND, KND, and SND)
(p <0.01) (Figure 1B, #).

3.3 p-Hydroxybutyrate

To assess the effectiveness of the ketogenic diet, ketone bodies
were measured, particularly p-hydroxybutyrate, at the beginning and
end of the study. Three-way ANOVA showed that the interaction Time
x Diet was significant (F(1, 40) = 164.47, p < 0.001, n* = 0.804). As
expected, the Bonferroni’s post hoc test indicated that at the beginning
of the study, there were no significant differences (p > 0.5) between
groups, thus showing equal initial conditions. The concentration of
B-hydroxybutyrate decreased significantly (41.53%) at the end of the
experiment in the ND-fed groups (IND, KND, and SND) compared
with the beginning of the experiment (p < 0.001) (Figure 1C, *) and
increased significantly (111.49%) in the KD-fed groups (IKD, KKD,
and SKD) when compared with the beginning of the experiment
(p <0.001) (Figure 1C, #). However, at the end of the experiment, the
KD-fed groups (IKD, KKD, and SKD) presented a significantly greater
B-hydroxybutyrate concentration (269.47%) than the ND-fed groups
(IND, KND, and SND) (p < 0.001) (Figure 1C, &).

3.4 After-discharge duration

Kindling model results are shown in Figures 2A-D. The repeated
measures ANOVA for the kindling establishment and generalized
seizures was significant (F(1, 11) = 16.187, p < 0.01, n* = 0.595). The
Bonferroni’s post hoc test revealed that the KD-fed kindling group
(KKD) had a significantly lower ADD than the ND-fed kindling group
(KND) (p < 0.01) only during generalized seizures (Figure 2B).

3.5 Latency
Analyses using Mann-Whitney U tests showed that latency to

reach stage 3 was significantly higher (U = 8.5, p < 0.05) in the
KD-fed kindling group (KKD) than in the ND-fed kindling group
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(KND) (Figure 2C, *). The latencies of stages 2 and 3 collapsed
because they corresponded to the focal seizure conditions.
Similarly, latencies of stages 4 and 5 collapsed under generalized
seizure conditions. Mann-Whitney U tests indicated no significant
differences in focal seizure conditions (p > 0.05) but did indicate
the existence of significant differences in generalized seizure
(p = 0.05), with the latency being longer in the KD-fed kindling
group (KKD).

3.6 Stage duration

The Mann-Whitney U tests indicated that the duration of stage 4
was significantly longer (U =1, p < 0.01) for the KD-fed kindling
group (KKD) than for the ND-fed kindling group (KND).

3.7 KCC2-IR optical density

Evaluation of the cation-chloride cotransport KCC2 expression by
optical density was carried out in 12-14 sections of each rat
(Figure 3A). The cytoarquitecture and diffuse staining patterns of the
dentate gyrus (Figures 3B-EK-M) and CA3 (Figures 3B-C,G-])
remained unchanged in all groups. The lamination of the dentate
gyrus and CA3 was preserved properly in both hemispheres. This
allowed the identification and delimitation of each of the regions of
analysis: the molecular, granule, and hilar dentate gyrus layers, as well
as the oriens, pyramidal, lucidum, and RLM CA3 strata (Figures 3B,C).
The anatomical boundaries and criteria to define each layer of the
dentate gyrus and each CA3 strata were established according to
Amaral and Witter (1989), Gulys et al. (2001), Amaral et al. (2007),
and Paxinos and Watson (2007). Thus, in the dentate gyrus (—1.72 to
—6.84 mm posterior to Bregma), the granule layer is the compact layer
that contains the somas of the granule cells. KCC2 staining was
observed around the neuronal somas, i.e., in the plasma membrane,
whereas the somas of the granule cells were not dyed (Figure 3E).
Below this layer is the molecular layer containing mainly the dendrites
of the granule cells in a dark tone. The strongest neuropil staining of
the entire hippocampus was observed in this layer (Figure 3D). Above
the granular layer lies the hilar layer, where the labeling was weaker
and delimited by the upper and lower borders of the dentate gyrus.
KCC2 staining was observed around polymorphic cells and in neural
processes (Figure 3F).

In CA3 (-1.72mm to —6.12mm posterior to Bregma)
(Figure 3G), the compact zone of the somas of the pyramidal cells
forms the pyramidal stratum, and peripheral KCC2 staining was
observed in the somas of these cells, i.e., in the plasma membrane.
Below the pyramidal layer is the dark-toned oriens stratum. Diffuse
immunostaining was strongest in stratum oriens, which is delimited
by the white matter of the alveus. The basal dendrites of the pyramidal
cells are located here. Above the pyramidal layer lies the acellular
stratum lucidum, which is very clear. The region contains the axons of
the granule cells and the proximal apical dendrites of the pyramidal
cells. The only field that presents a stratum lucidum is the CA3 field;
therefore, it delimits the CA3. Next are the radiata and lacunosum-
moleculare strata. Because they are difficult to delimit, they were
evaluated together, and contain the medial and distal apical dendrites
of the pyramidal cells.
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FIGURE 1

Boxplots with individual data points for each group at the beginning
and end of the study of body weight (A), glucose (B), and
B-hydroxybutyrate (C). The three-way ANOVA and Bonferroni's post
hoc test indicated a significant body weight increase (p < 0.001) at
the end of the experiment compared to the beginning for all groups
(A, *). At the end, body weight was significantly lower (p < 0.001) for
the kindling groups (KND and KKD) compared to the intact ones
(IND and IKD) (A, #). Regarding blood glucose concentration, for all
groups, there was a significant reduction (p < 0.001) at the end of the
study regarding the beginning (B, *). At the end, the KD-fed groups
(IKD, KKD, and SKD) presented significantly lower glucose
concentrations (p < 0.01) than ND-fed groups (IND, KND, and SND)
(B, #). For blood B-hydroxybutyrate concentration, at the end of the
study, the ND-fed groups (IND, KND, and SND) presented a
significant decrease (p < 0.001) regarding the beginning (C, *),
contrary to the KD-fed groups (IKD, KKD, and SKD) that presented a
significant elevation (p < 0.001) (C, #). At the end, the KD-fed groups
(IKD, KKD, and SKD) presented significantly higher (p < 0.001)
B-hydroxybutyrate concentrations than ND-fed groups (IND, KND,
and SND) (C, &). ND, normal diet; KD, ketogenic diet; IND, ND-fed
intact; KND, ND-fed with amygdala kindling; SND, ND-fed sham;
IKD, KD-fed intact; KKD, KD-fed with amygdala kindling; SKD, KD-fed
sham.
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Dentate gyrus: Two-way ANOVA showed that the Diet x
Manipulation interaction was significant in the molecular layer (F(2,
40) = 4.503, p <0.05, n*=0.184). The Bonferroni’s post hoc test
indicated that when animals were fed with ND, the kindling group
(KND) had presented significantly lower (18.62%) KCC2 expression
than the intact group (IND) (p < 0.001) (Figure 4A, *) and sham group
(SND) (20.30%; p < 0.001) (Figure 4A, #). On the contrary, when
animals were fed with KD, the kindling group (KKD) was not
significantly different from the intact group (IKD) and the sham group
(SKD). In the kindling groups, the KD-fed group (KKD) exhibited
higher KCC2 expression than the ND-fed group (KND) (26.8%;
p <0.001) (Figure 4A, &).

In the granule layer, the Diet x Manipulation interaction was
significant (F(2, 40) = 3.325, p < 0.05, n* = 0.143). In this case, the
Bonferroni’s post hoc test evidenced that when animals were fed with
ND, the kindling group (KND) presented significantly lower KCC2
expression than the intact group (IND) (22.15%; p < 0.001) (Figure 4B,
*) and the sham group (SND) (21.47%; p < 0.001) (Figure 4B, #).
When the animals were fed with KD, no significant difference was
observed between the KKD and SKD groups. However, the KKD
group had a significantly lower KCC2 expression than the IKD group
(13.03%; p < 0.01) (Figure 4B, %), because IKD significantly increased
the expression of KCC2, and this was even significantly higher than
that in the IND group (19.67%; p < 0.001) (Figure 4B, $). The KKD
group exhibited a significantly higher KCC2 expression than the KND
group (33.70%; p < 0.001) (Figure 4B, &).

In the hilar layer, similar to the other layers of the dentate gyrus, the
Diet x Manipulation interaction was significant (F(2, 40) =10.961,
P <0.001,1* = 0.354). In cases that received ND, the Bonferroni’s post hoc
test indicated that the kindling group (KND) had significantly lower
KCC2 expression than the intact group (IND) (18.55%; p < 0.001)
(Figure 4C, *) and the sham group (SND) (19.6%; p < 0.001) (Figure 4C,
#). In contrast, when animals were fed with KD, no significant differences
were observed in the IKD, KKD, and SKD groups. For the kindling
groups, rats fed with a KD diet (KKD) had significantly higher KCC2
expression than those fed with a normal diet (KND) (33.18%; p < 0.001)
(Figure 4C, &). A similar pattern was observed for the intact groups; the
IKD group had significantly higher KCC2 expression than the IND
group (15.01%; p < 0.001) (Figure 4C, $).

CA3: In the oriens stratum, two-way ANOVA did not reveal
significant interactions or main effects on this layer (Figure 5A).

In contrast, in the pyramidal stratum, two-way ANOVA revealed
a significant main effect of Diet (F(1, 40)=44.58, p <0.001,
n? = 0.527). Tukey’s post hoc test indicated that the KD-fed groups
(IKD, KKD, and SKD) had significantly greater KCC2 expression than
the ND-fed groups (IND, KND, and SND) (16.06%, p < 0.001)
(Figure 5B, *). The factor Manipulation was also significant (F(2,
40) = 19.06, p < 0.001, n* = 0.1488). The Tukey’s post- hoc test showed
that the kindling groups (KND and KKD) had significantly lower
KCC2 expression than the intact groups (IND and IKD) (16.71%,
p <0.001) (Figure 5B, &, &) and the sham groups (SND and SKD)
(12.95%; p < 0.01) (Figure 5B, #, #").

In the lucidum stratum, two-way ANOVA showed a significant
main effect of Diet (F(1, 40) = 66.475, p < 0.001, n* = 0.624). The
Tukey’s post hoc test found that the KD-fed groups (IKD, KKD, and
SKD) had significantly greater KCC2 expression than the ND-fed
groups (IND, KND, and SND) (20%; p < 0.001) (Figure 5C, *). For the
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FIGURE 2

Kindling model measurements in the ND-fed group (KND) and the KD-fed group (KKD). (A) Representative recordings of after-discharge activity in the
amygdala: at the top, the recording from the KND group; at the bottom, the recording from the KKD group. (B) Graphs representing the duration of
after-discharge activity; values are shown as means + standard error of the mean. Statistical significance in after-discharge was assessed using a
repeated measures ANOVA, followed by Bonferroni's test. On the left, the duration during the first 20 days. On the right, the duration of generalized
epileptic activity, with evident differences in the last 10 stimuli (F = 16.187, *p < 0.01). Black squares represent the KND group, and white squares
represent the KKD group. (C) Number of stimuli required to reach each Racine stage. Values are shown as boxplots with individual data points for each
group. Analyses using Mann—-Whitney U tests showed that the latency to reach stage 3 was significantly higher (U = 8.5, p < 0.05) for the KKD group
than for the KND. (D) Microphotograph showing the placement of the electrode in the basolateral nucleus of the amygdala, using a Hematoxylin and
Eosin staining technique, 40x. VPL, ventral posterolateral thalamic nucleus; LGP, lateral globus pallidus; Ect, entorhinal cortex; PRh, perirhinal cortex;
LEnt, lateral entorhinal cortex; DEn, dorsal endopiriform nucleus; VEn, ventral endopiriform nucleus; LaDL, lateral amygdaloid nucleus, dorsolateral
part; BLV, basolateral amygdaloid nucleus, ventral part; BLA, basolateral amygdaloid nucleus, anterior part; Cel, central amygdaloid nucleus, lateral
division; B, basal nucleus (Meynert); CeM, central amygdaloid nucleus; medial division; BMA, basomedial amygdaloid nucleus, anterior part; MGP,
medial globus pallidus.
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FIGURE 3

KCC2 expression in dentate gyrus and CA3. (A) Serial sections of the whole dentate gyrus and CA3 of the right hemisphere. (B) Panoramic view of
molecular (ml), granule (gl), and hilar (hl) dentate gyrus layers and oriens (os), pyramidal (ps), lucidum (ls), and radiatum and lacunosum-moleculare
(RLMs) CA3 strata. (C) The regions of interest were delimited with lines of different colors to obtain their optical density. Dentate gyrus layers:
molecular (yellow line), granular (pink line), and hilar (black line). CA3 strata: oriens (red line), pyramidal (blue line), lucidum (white line), and RLM (bright
yellow line). Higher magnification view of molecular (D), granule (E), and hilar (F), dentate gyrus and oriens, pyramidal, lucidum, and RLM CA3 strata
(G). KCC2 immunoreactivity was observed in the plasmalemmal region (perisomal) in the granule cell body in the dentate gyrus (E) and in pyramidal
cell CA3 (G). CA3 of KD-fed with kindling rat (KKD) (H), ND-fed intact rat (IND) (I), and ND-fed with kindling rat (KND) (J). Dentate gyrus of KKD rat (K),
IND rat (L), and KND rat (M). The KCC2 immunoreactivity was lower in the KND group compared to the IND and KKD groups. A-C, H-M, 20x. D-G, 40x.

Manipulation factor (F(2, 40) = 21.844, p < 0.001, n* = 0.522), it was
observed by means of Tukey’s post hoc test that the kindling groups
(KND and KKD) had lower significant KCC2 expression than the
intact groups (IND and IKD) (16.38%; p < 0.001) (Figure 4C, &, &”)
and the sham groups (SND and SKD) (9.59%; p < 0.001) (Figure 5C,
#,#'). A significant difference was observed between the sham groups
(SND and SKD) and intact groups (IND and IKD), with this being
higher in the intact groups (7.67%; p < 0.01) (Figure 5C, $, $").
Finally, in the RLM stratum, two-way ANOVA did not reveal
significant interactions or main effects on this layer (Figure 5D).

3.8 Pearson'’s correlation coefficient
between KCC2-IR levels and ADD

Pearson's correlation test revealed significant negative correlations in
all layers of the dentate gyrus: molecular r(45) = — 0.810, p <0.001;
granule r(45) = — 0.725, p < 0.001; and hilar r(45) = — 0.835, p < 0.001;
and in the CA3 strata: pyramidal r(45) = — 0.719, p < 0.001; and lucidum
r(45) = — 0.747, p < 0.001. These findings indicate that in these regions,
the higher the KCC2 levels, the shorter the ADD in generalized seizures.
The correlation in oriens and RLM strata was not significant.

4 Discussion

We demonstrated that KD has an antiepileptic function in
amygdala kindling by reducing ADD in generalized seizures. In
addition, the present study provides experimental evidence suggesting
that KD has a putative neuroprotective effect by preventing the
kindling-induced reduction of KCC2 expression in the molecular,
granule, and hilar dentate gyrus layers and pyramidal and lucidum
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CA3 strata. The findings indicate a differential effect of KD on KCC2
expression by region and layer or stratum. The higher the KCC2
expression levels, the shorter the ADD.

Considering  the  importance  of  GABA-mediated
neurotransmission, regulation of intracellular chloride concentration
by cation-chloride cotransporter, specifically KCC2, in epilepsy and the
beneficial effects of KD in this disease, the results presented in this
study include data on body weight, glucose and p-hydroxybutyrate
concentration, as well as ADD, latency and duration of stages in rats
fed with a KD under the amygdala kindling model. In addition,
we obtained detailed information on the regional expression of
KCC2 in different layers of the dentate gyrus and CA3 strata.

In concordance with previous studies, we found that KD-fed rats
experienced a significant decrease in glucose concentration (Jiang
etal, 2016) and an increase in p-hydroxybutyrate levels (Gomez-Lira
et al,, 2011; Jiang et al., 2012, 2016; Granados-Rojas et al., 2020).
B-hydroxybutyrate concentration was taken as a measure of
ketonemia; thus, this result confirmed the efficacy of the diet used in
this study to induce ketosis until the end of the experiment (Jiang
etal., 2012, 2016; Granados-Rojas et al., 2020; Meeusen et al., 2024).
In addition, a decrease in body weight was observed in rats subjected
to KD and kindling (Jiang et al., 2012, 2016). This may herald the
metabolic effects of KD on epilepsy.

In this study, the KD was started before the establishment of the
amygdala kindling model, an experimental paradigm widely used to
evaluate the protective effect of the KD. In line with the above, the
evaluation of the protective effect of the KD by Jiang et al. (2012) was
performed before starting amygdala kindling. In the same manner,
Wang et al. (2016) and Jiang et al. (2016) performed the same
evaluation even before pentylenetetrazole (PTZ) kindling. Moreover,
other authors provided other types of diets, such as caloric restriction,
before amygdala kindling (Phillips-Farfan et al., 2015; Rubio-Osornio

frontiersin.org


https://doi.org/10.3389/fnins.2025.1489407
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Granados-Rojas et al.

10.3389/fnins.2025.1489407

>

15

0.5

Molecular
KCC2-IR OD (au)
i
L
HEfd—
-
LIEE

IND  KND SND IKD KKD SKD

$
15
&
=
& * # %
13 '
c
£ P N
€ os i
]
IND KND SND IKD KKD SKD
C
$
15
&
e
5 * #
_a 1 —_—
© o
T .
o 2 =+
g os + & ® ®
0

IND KND SND IKD KKD SKD

FIGURE 4

Boxplots with individual data points of KCC2 expression [KCC2-
immunoreactivity optical density (KCC2-IR OD)] for each group in
dentate gyrus layers: molecular (A), granule (B), and hilar (C). The
two-way ANOVA and Bonferroni's post hoc test indicated that the
ND-fed kindling group (KND) has a lower KCC2 expression when
compared to the ND-fed intact group (IND) in molecular (A, *),
granule (B, *), and hilar (C, *) layers and when compared to the ND-
fed sham group (SND) in molecular (A, #), granule (B, #), and hilar (C,
#) layers. However, these changes were not observed in the KD-fed
groups (IKD, KKD, and SKD). Only in the granule layer had the KD-fed
kindling group (KKD) lower KCC2 expression when compared with
the KD-fed intact group (IKD) (B, %). The IKD group had more KCC2
expression than the IND group in granule (B, $) and hilar (C, $) layers.
KKD has a higher KCC2 expression than the KND group in molecular
(A, &), granule (B, &), and hilar (C, &) layers. In all comparisons,

p < 0.001, except for 4B, % with p < 0.01. ND, normal diet; KD,
ketogenic diet; SND, ND-fed sham.

et al,, 2018). Nonetheless, we propose that future studies are needed
to evaluate the impact of KD on KCC2 expression after establishing
amygdala kindling. In the study by Hori et al. (1997) in which
amygdala kindling was first established and then a KD was provided,
no alterations were found in the kindling model, however, the diet
used in this study contained zero carbohydrates.

The amygdala kindling model allows researchers to study the
neurobiology of epilepsy in rats fed ND and KD diets (Hori et al., 1997;
Hu etal, 2011; Jiang et al., 2012). Furthermore, the kindling model used
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FIGURE 5

Boxplots with individual data points of KCC2 expression [KCC2-
immunoreactivity optical density (KCC2-IR OD)] for each group in
CA3 strata: oriens (A), pyramidal (B), lucidum (C), and RLM (D). The
two-way ANOVA and Tukey's post hoc test indicated that there were
no significant changes in the oriens (A) and RLM strata (D). The KD-
fed groups (IKD, KKD, and SKD) had greater KCC2 expression than
the ND-fed groups (IND, KND, and SND) in the pyramidal stratum (B,
*) and the lucidum stratum (C, *) (p < 0.001). Kindling groups (KND
and KKD) had a lower KCC2 expression than the intact groups (IND
and IKD) in the pyramidal (B, &, &) and lucidum (C, &, &) strata

(p < 0.001), and it was also lesser in relation to sham groups (SND
and SKD) in pyramidal (A, #, # ) and lucidum (B, #, # ) strata

(p < 0.01). A significant difference between sham groups (SND and
SKD) and intact groups (IND and IKD) was observed only in the
stratum lucidum (C, $, $7) (p < 0.01). ND, normal diet; KD, ketogenic
diet; IND, ND-fed intact; KND, ND-fed with amygdala kindling; SND,
ND-fed sham; IKD, KD-fed intact; KKD, KD-fed with amygdala
kindling; SKD, KD-fed sham.
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in this study reflects the generalized tonic—clonic seizures that show a
higher incidence in the epileptic population. Focusing on specific kindling
outcomes, a significant reduction in ADD was observed in the KD-fed
group compared with the ND-fed group (Jiang et al., 2012; Wang et al.,
2016; Meeusen et al., 2024). This suggests that KD has a beneficial effect
on epileptic activity (Campbell et al., 2015; Murugan and Boison, 20205
Meeusen et al., 2024). In terms of latency, a significant increase in the time
taken to reach stage 3 was observed in the KD-fed group compared with
the ND-fed group (Jiang et al., 2012; Wang et al.,, 2016). This may indicate
a higher resistance to seizure induction, which could be a positive effect
of KD (Qiao et al,, 2024). When kindling stages 4 and 5 were combined
to analyze the latency corresponding to the generalized seizure condition,
an increase in latency was observed in KD-fed animals (Meeusen et al.,
2024), indicating that more time is required to establish the generalized
seizure condition in KD-fed animals, thus observing the beneficial effect
of this diet in this epilepsy model. In the KD-fed group, rats stayed in stage
4 (generalized seizures) for a longer duration than the ND-fed group. The
putative neuroprotective effect of KD in the amygdala kindling model was
demonstrated by the increase in ADD as well as the latency and duration
of generalized seizures. This result coincides with the data reported in
other studies (Jiang et al., 2012, 2016; Wang et al., 2016).

The kindling model has been used to study the expression of
cation-chloride cotransporter (Rivera et al., 2002; Okabe et al., 2003;
Ding et al., 2013; Wang et al., 2016; Tescarollo et al., 2023). Regarding
KCC2 expression, a differential effect of KD was observed by cerebral
region, since the dentate gyrus was the brain region with the greatest
positive changes when compared with CA3. The differential effect of
KD was also observed by layer and stratum. The granular layer of the
dentate gyrus exhibited the largest changes in KCC2 expression,
whereas in CA3, changes were observed only in the pyramidal and
lucidum strata. The oriens, radiate, and lacunosum-moleculare strata
remained unchanged.

Previous studies have reported that hippocampal kindling reduces
KCC2 expression levels in the hippocampus (Rivera et al., 2002), PTZ
kindling in the cerebral cortex (Wang et al., 2016), as well as
optogenetic kindling in the hippocampus (Tescarollo et al., 2023) in
animals fed a normal diet. A similar situation was observed in the
present study, where our ND-fed animals that were subjected to
kindling showed a reduction of KCC2 expression in the molecular,
granular, and hilar layers of the dentate gyrus and pyramidal and
lucidum CA3 strata when compared with both intact and sham
animals. However, when the KD-fed groups were analyzed, this
reduction was not observed in the molecular, granular, and hilar layers
of the dentate gyrus. These findings suggest a putative protective effect
of KD by preventing the reduction of KCC2 expression induced by
kindling in the dentate gyrus layers and cerebral cortex (Wang et al.,
2016). Although a reduction in KCC2 expression was observed in the
granular layer of KD-fed rats subjected to kindling when compared
with the ND-fed rats with kindling, this effect is probably due to the
significant increase presented by the latter group. In addition, the
KCC2 expression levels of the KD-fed group subjected to kindling did
not differ from the ND-fed intact and sham groups.

It must be noted that KD per se induces an increase in KCC2
expression levels in the granular and hilar dentate gyrus layers,
supporting previous results (Granados-Rojas et al., 2020). KD per se
also increases KCC2 expression level in the cerebral cortex (Wang
etal, 2016). These results indicate that different brain regions increase
KCC2 expression in response to KD per se.
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When KCC2 expression levels were compared among the kindled
groups, higher expression was observed in the KD-fed group than in
the ND-fed group. This result coincides with that reported by Wang
etal. (2016) in the cerebral cortex. In the CA3 region, it was found that
kindling reduces KCC2 expression in the pyramidal and lucidum
strata compared with the intact and sham groups (Rivera et al., 2002)
in both diet groups. The CA3 was the region that exhibited the least
changes, indicating that KD possibly exerts its protective action
mainly through the dentate gyrus. The sham groups on both diets had
less KCC2 expression than the intact groups, suggesting that surgical
manipulation reduces KCC2, as was observed in trauma.

In the specific discussion of kindling, it may be noted that KD seems
to modulate KCC2 expression differently in the dentate gyrus and CA3
during kindling. In the dentate gyrus, KD appears to preserve KCC2
expression, which could contribute to its anticonvulsant effects observed
in kindling ADD and latency. In CA3, the overall decrement in KCC2
expression in the kindling groups on both diets suggests a common
response to increased excitability, independent of diet. It is important to
note that these results are specific to the kindling model used in this study
and that the precise relationship between KD and KCC2 expression may
vary in other epilepsy models.

The increase in KCC2 in the dentate gyrus of the KD-fed kindling
group compared with the ND-fed kindling group was also reported in
a PTZ kindling model (Wang et al., 2016). This finding explains the
reduction in ADD during the generalized seizure phase as well as the
need for more sessions to reach this phase. The negative correlation
observed between KCC2 expression and ADD during generalized
seizures suggests a protective effect of diet on KCC2 in the dentate
gyrus and CA3 in epilepsy.

In the adult brain, granule cells in the dentate gyrus are strongly
inhibited by multiple variants of interneurons. This condition
endows the dentate gyrus with the properties of a tightly regulated
filter, limiting throughput between the entorhinal cortex and the
hippocampus (Pathak et al., 2007). In the dentate gyrus, the granular
layer contains the somas of granule cells. The dendrites of these cells
are located in the molecular layer that receives efferences from the
entorhinal cortex, while the hilar layer contains the axons of granule
cells and various types of interneurons. On the other hand, in the
CA3 area, the somas of pyramidal cells are found in the pyramidal
stratum, while the proximal apical dendrites of these neurons are
located in the lucidum stratum, with this being the place where
mossy fibers or axons of granule cells arrive to make synapses with
thorny excrescence dendrites of pyramidal cells. The prevention of
the reduction of KCC2 expression produced by kindling, coupled
with the increase in the expression of the same in the molecular,
granule and hilar layers of the dentate gyrus, as well as in the
pyramidal and lucidum strata of the KD-fed animals subjected to
stimulation of the amygdala, suggests that in these layers and strata
are where the propagation of excessive or aberrant activity to the
circuit is inhibited, which makes the hippocampus less prone to
seizures (Bonislawski et al., 2007). Future studies are needed to
support this idea. It seems that the main region with the greatest
beneficial effects is the dentate gyrus, which is very important since
this region is highly epileptogenic (Bonislawski et al., 2007) and is
also recognized as the entrance to hippocampal formation. On the
other hand, in CA3, which organizes the response that flows to CA1
(the main exit of the hippocampal formation), the strata with the
greatest changes were the pyramidal and lucidum.
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The preservation of KCC2 expression levels in the dentate gyrus
and CA3 in KD-fed animals under amygdala kindling reported in the
present study complements previous reports carried out in the cerebral
cortex of rats fed with a KD under PTZ kindling (Wang et al., 2016).
This indicates that this effect may be general in the brain. This supports
the proposal that the beneficial effect of KD on kindling observed in
the present and other studies could be due to the increase of KCC2 not
only in the cortex but also in the dentate gyrus and CA3. The protective
effect of KD has also been observed in preventing neuronal loss in the
CA1 area of the hippocampus in amygdaloid kindling (Jiang et al.,
2012) and in attenuating spatial and item memory impairment in
PTZ-induced seizures (Jiang et al., 2016; Wang et al., 2021).

The KCC2 function is to extract intracellular Cl~ to maintain low
levels of Cl™ in neurons (Duy et al., 2019). Low concentrations of this
ion in neurons lead to hyperpolarizing currents regulated by the
GABA, receptor. This condition reduces epileptiform discharge or
convulsive activity and promotes the inhibitory response of GABA by
reducing neuronal excitability. Therefore, the increase and
maintenance of KCC2 observed in animals fed with KD could be the
mechanism, or one of the mechanisms, of this diet in epilepsy.
However, future functional studies are necessary. The causal
relationship between KCC2 modulation and the antiepileptic effects
of KD should be further investigated.

Several studies have shown that a KD modifies synaptic function,
reduces neuronal excitability, and decreases epileptic activity in the
hippocampus of rodents. These effects are related to metabolic changes,
such as increased ketone bodies, neurotransmitter regulation (GABA/
glutamate), modulation of ion channels, and reduction of
neuroinflammation. For example, a study by Stafstrom and Rho (2012)
highlighted how the KD
neurotransmitter balance and reduces seizure frequency in animal

alters neuronal excitability and
models. Another study by Lang et al. (2016) also demonstrated the role
of ketone bodies in modulating synaptic function and enhancing
inhibitory neurotransmission. Furthermore, Kasper (2020) found that
a KD reduces epileptic activity by regulating ion channels and
decreasing neuroinflammation in the hippocampus.

It is well known that there are sex differences in epilepsy.
Susceptibility to excitability episodes and the occurrence of epileptic
seizures are higher in men than in women (Reddy et al., 2021). Among
the proposed molecular mechanisms underlying sex differences in
seizure susceptibility are steroid hormones and neuronal chloride
homeostasis regulated by the cation-chloride cotransporter NKCC1
and KCC2 (Reddy et al., 2021). We used epileptic male rats because
female rats experience significant hormonal fluctuations throughout
their estrous cycle. These hormonal fluctuations may influence
neuronal activity and seizure susceptibility. On the other hand, there is
a sexually dimorphic expression of KCC2, which is higher in females
than in males (Galanopoulou and Moshé, 2003; Galanopoulou, 2008).
The results obtained in the present study contribute to a better
understanding of the effect of KD on epilepsy control; however, it is
important to note that observations of KCC2 expression in the dentate
gyrus and CA3 might change in epileptic female rats. Future studies are
needed to address this issue.

In conclusion, KD has an antiepileptic function in amygdala
kindling by reducing ADD in generalized seizures. In addition, KD
has a putative neuroprotective effect by preventing the kindling-
induced reduction of KCC2 expression in the molecular, granule, and
hilar dentate gyrus layers and pyramidal and lucidum CA3 strata.
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Increased KCC2 expression levels are related to a shorter duration of
generalized seizures. These results could explain, at least in part, the
beneficial effect of KD in epilepsy.
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