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Abstract: The medicinal properties of resveratrol have garnered increasing attention from researchers.
Extensive data have been accumulated on its use in treating cardiovascular diseases, immune system
disorders, cancer, neurological diseases, and behavioral disorders. The protective mechanisms of
resveratrol, particularly in anxiety-related stress disorders, have been well documented. However,
less attention has been given to the side effects of resveratrol. This review explores not only the
mechanisms underlying the anxiolytic effects of resveratrol but also the mechanisms that may lead to
increased anxiety following resveratrol treatment. Understanding these mechanisms is crucial for
enhancing the efficacy of resveratrol in managing anxiety disorders associated with stress and PTSD.

Keywords: resveratrol; anxiety; PTSD; glucorticoids; monoamines; neuroinflammation; limbic—
hypothalamus—pituitary axis

1. Introduction

Resveratrol (RES) (Figure 1) is a polyphenol classified as a stilbene, resembling diethyl-
stilbestrol, a synthetic estrogen [1]. Resveratrol exists in both trans- and cis-isomeric forms
and is abundant in red wine and grape skins, seeds, and dried plant roots [2]. Over recent
decades, numerous beneficial effects of RES have been reported, including antidiabetic,
antiatherogenic, antihypertensive, and anticancer properties. Many of these effects are
particularly relevant to stress-related diseases [3].
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Figure 1. Two-dimensional (A) and 3D (B) representations of resveratrol’s molecular geometry.

RES’s low oral bioavailability and short biological half-life limit its therapeutic
benefits [4]. Chow et al. [5] conducted a significant study involving 11 men and 31 women
to examine the impact of RES on phase I isoenzymes (cytochrome P450, CYPs) and phase II
detoxification enzymes after a daily intake of 1 g RES for one month. The phenotypic index
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for CYP3A2, CYP2D6, and CYP2C9 decreased by 50%, 75%, and 175%, respectively, while
it increased by 20% for CYP1A2. Conversely, RES’s inhibition of CYP isoenzymes could
affect the bioavailability and metabolism of various drugs, including cancer treatments.
Further research is necessary to determine the long-term effects of high-dose RES on the
CYP system, particularly when combined with therapeutic drugs. Without addressing
safety concerns, RES’s future as a multitarget pharmacological agent remains uncertain.

RES’s multitarget pharmacological effects make it an attractive candidate for ad-
dressing behavioral disorders, particularly anxiety disorders, due to the involvement of
numerous molecular targets in their pathogenesis.

Stress and anxiety play crucial roles in the adaptation process. Stress is an adaptive
response aiding in maintaining homeostasis in challenging situations, while anxiety acts
as a preventive measure against exposure to dangerous situations. However, prolonged
stress can lead to stress-related disorders, including anxiety disorders. Anxiety, as an
emotional state, serves as the first line of defense in anticipation of danger signals from the
environment [6]. Anxiety may be accompanied by fear, defined as the emotional response
to imminent threat. Anxiety-like behavior can trigger stress as a physiological reaction to
a stimulus, while anxiety-related disorders are behavioral complications of stress, with
symptoms such as those seen in post-traumatic stress disorder (PTSD) [7].

Recent studies have identified multiple brain areas involved in stress and anxiety
responses, including the hypothalamus, amygdala, prefrontal cortex, ventral tegmental
area (VTA)-nucleus accumbens (NAc) pathways of the mesolimbic system, locus coeruleus,
and raphe nucleus. Persistent anxiety-like behavior is associated with neuroinflammation,
oxidative stress, and reduced neuroplasticity, which are closely interconnected [8-14].

RES exhibits neuroprotective properties, primarily regulating stress-related anxiety be-
havior. Its neuroprotective potential lies in its ability to target multiple signaling pathways
involving AMP-activated protein kinase (AMPK), neurotrophins such as brain-derived
neurotrophic factor (BDNF), transcription factors such as cAMP response element-binding
protein (CREB), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B),
nuclear factor erythroid 2-related factor 2 (Nrf-2), and others. Notably, many of these
targets are activated through sirtuin 1 (SIRT1) [15]. Sirtuins, nicotinamide adenine dinu-
cleotide (NAD)-dependent deacetylases, are involved in stress responses and are considered
longevity genes, with SIRT1 being the main intracellular target of RES [16]. SIRT1 regulates
histone deacetylase (HDAC) activity, modulating the expression of multiple genes [17].
The neuroprotective potential of RES may improve anxiety behavior by correcting the
pathogenesis of stress-related anxiety disorders. RES has been shown to ameliorate anxious
behavior by correcting oxidative stress, mitochondrial dysfunction, and neuroinflamma-
tion; improving neuroplasticity; and restoring neurotransmitter balance in various brain
areas [18].

In this review, we summarize experimental data on the effectiveness of RES in treating
stress-related anxiety-like behavior and discuss the common mechanisms underlying its
protective effects at the cellular and system levels.

2. Exploring the Neuroprotective Potential of Resveratrol

RES has demonstrated significant neuroprotective potential through its antioxidant
properties, suppression of cell death, enhancement of mitochondrial function, and promo-
tion of neuroplasticity (Table 1). These effects contribute to reducing neuroinflammation
and improving behavioral disorders. Studies utilizing in silico analyses, neuronal cul-
tures, and animal models have identified key molecular targets, including genes such as
prostaglandin-endoperoxide synthase 2 (PTGS2), glutathione reductase (GSR), and BDNE,
as well as transcription factors like Nrf-2 and peroxisome proliferator-activated receptor y
(PPARY). RES regulates these targets by upregulating beneficial genes and downregulating
pro-inflammatory genes while also influencing specific microRNAs, thereby supporting its
neuroprotective effects.
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Table 1. The neuroprotective effects of RES treatment (in vitro data).

Organism Neuronal Culture

Molecular Target

Effects of RES

References

PC 12 cells

p53

RES prevents the proapoptotic increase in
nuclear p53 induced by high
glucose levels.

[19]

N9 microglial cells

NF-kB

RES reduces apoptotic neuronal cell death
induced by neuroinflammation.

[20]

primary cultured neurons

SIRT1, SIRT3, PGC1lx

RES may ameliorate manganese
(Mn)-induced neuronal injury and
mitochondrial dysfunction in primary
cultured neurons by activating the
SIRT1/PGC-1e signaling pathway, with
SIRT3 being essential for promoting
mitochondrial biogenesis and attenuating
Mn-induced mitochondrial dysfunction.

[21]

H19-7 hippocampal neuronal cells

superoxide dismutase, catalase,
glutathione reductase

RES treatment attenuated the
accumulation of lipid peroxide levels,
upregulated antioxidant activities, and
improved the expression of
memory-associated proteins in
AB-treated H19-7 cells.

[22]

primary cultures of rat cortical neurons

Nrf-2

RES treatment at various time points
increased neuronal viability and inhibited
neuronal apoptosis in vitro, at least in
part, by enhancing the activation of the
Nrf-2 signaling pathway.

[23]

culture of dopaminergic neurons

intracellular free calcium, reactive
oxygen species

RES enhances cell viability and reduces
apoptosis by attenuating MA-induced
reactive oxygen species (ROS) production
and calcium overload. It protects
dopaminergic neurons from cytotoxicity
by inhibiting Ca?* and oxidative stress.

[24]

mice mesencephalic and cortical
primary cultures

complex III of mitochondrial
respiratory chain

A significant reduction in
glutamate-induced radical formation was
observed in cultures treated with
resveratrol, demonstrating the
antioxidant potential of RES.

[25]

rat cerebellar granule neurons (CGNs)

mitochondrial complex I, SIRT1

RES exhibits beneficial effects against
mitochondrial dysfunction and prevents
cell death in neuronal cells.

[26]

SH-SY5Y cells

AMPK

RES rescues SH-SY5Y cells from
oxygen-glucose deprivation
(OGD)-mediated mitochondrial
deficiency and restores the transcript
expression levels of PGC-1x and
mitochondrial genes.

[27]

Despite the presence of multiple molecular targets for RES, sirtuin (SIRT) proteins

stand out due to the crucial role of SIRT1 in maintaining genome integrity, as evidenced by
studies on SIRT1 knockout mice [28]. Several cellular signaling pathways are modulated
by RES in a SIRT-dependent manner (see Table 1). SIRT1 exerts broad effects by regulating
cellular senescence, proliferation, metabolism, DNA repair, apoptosis, and cell survival.
In silico data suggest that RES can directly bind to SIRT proteins with deacetylase activity
towards nucleosomes [29-31]. Recent studies have elucidated the mechanism of RES action
in activating SIRT1 enzyme (Figure 2). However, in addition to SIRT1, some effects of RES
treatment are mediated by sirtuin 3 (SIRT3), a major mitochondrial sirtuin that plays a
crucial role in regulating mitochondrial viability [32,33].
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Figure 2. Molecular pathways involved in the neuroprotective effects of resveratrol.

In silico studies suggest that RES targets the N-terminal domain (NTD) of SIRT1 by
interacting with three active sites, a finding supported by in vitro experiments [34]. RES
also enhances SIRT1 activity by promoting its binding with lamin A, aiding in nuclear
matrix localization [35]. The activation of SIRT1 by RES is closely linked to the adenosine
monophosphate kinase (AMPK) pathway, where AMPK increases nicotinamide phos-
phoribosyltransferase (NAMPT) expression, raising intracellular NAD levels and further
activating SIRT1 [36]. SIRT1, in turn, activates AMPK by deacetylating liver kinase B1
(LKB1), which phosphorylates AMPK on threonine 172 in the & subunit. The LKB1-STRAD
(STE20-related adapter)-MO25 (mouse protein 25) complex is crucial for LKB1’s kinase
activity in metabolic signaling pathways, with RES upregulating LKB1 activity [37]. Addi-
tionally, activated SIRT1 deacetylates peroxisome proliferator-activated receptor-gamma
coactivator-1-alpha (PGClw), a key regulator of reactive oxygen species (ROS) production
and detoxification. While PGCle is linked to mitochondrial biogenesis and increased ROS
production, it also enhances the expression of detoxifying enzymes, thus controlling the
oxidative defense system [36,38,39].

Metabolomics analysis revealed alterations in glucose metabolism upon deletion
of neuronal SIRT1, accompanied by transcriptional changes in glucose metabolism
machinery [40,41]. In SIRT1 knockout mice, RES increased the glycolytic rate in an
AMPK-dependent manner via the protein kinase A (PKA)/LKB1/AMPK pathway [42].
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Overall, SIRT1 and AMPK occupy upstream positions in signaling cascades that medi-
ate RES neuroprotective potential, while enzymes such as extracellular signal-regulated
kinase 1/2 (ERK1/2), monoamine oxidase (MAO), and transcription factors and neu-
rotrophins such as BDNF, CREB, Nrf-2, mammalian target of rapamycin (mTOR), Forkhead
box O (FOXO), NF-kB, and others are downstream targets [43].

In various types of neuronal cultures, it has been demonstrated that RES’s protective
effects against mitochondrial dysfunction, oxidative stress, and apoptosis are promoted
by enhanced SIRT1 expression [44]. Therefore, SIRT drives different molecular pathways
and mediates various protective effects of RES treatment. Numerous data suggest that the
antiapoptotic properties of RES treatment are closely linked to antioxidant enzymes. The
antioxidant properties of RES in neuronal and glial cells are performed via the SIRT1/Nrf-2
pathway [45], where Nrf-2 acts as a transcription factor triggering the expression of nu-
merous antioxidant enzymes. RES has been shown to reduce oxidative stress in primary
neuronal cultures by increasing the activities of antioxidant enzymes, such as superoxide
dismutase (SOD), catalase, glutathione reductase, and non-enzymatic antioxidants such as
tocopherol, ascorbic acid, and glutathione, while simultaneously attenuating the accumula-
tion of lipid peroxide levels [22]. RES treatment enhances Nrf-2 and its downstream targets.
RES has also been indicated as a scavenger of free radicals [46]. RES’s antioxidant properties
also occur via interaction with complex III of the respiratory chain, assuming a role as
a radical scavenger and therefore a suppressor of radical formation in the mitochondria.
In models of oxygen and glucose deprivation/reoxygenation, RES treatment at different
times increased neuronal viability and inhibited neuronal apoptosis in vitro, at least in
part, by enhancing the activation of the Nrf-2 signaling pathway [23]. It is suggested that
in neuronal cells, RES’s antiapoptotic effects are at least partially related to the antioxi-
dant properties of this polyphenol [47]. RES-loaded nanoparticles (RES-NPs) based on
poly(N-vinylpyrrolidone)-b-poly(e-caprolactone) polymer have a protective effect against
hydrogen peroxide-induced oxidative stress and apoptosis in rat cortical cell culture [48].

Zebrafish, used as a model organism for drug screening, have been utilized to assess
whether RES’s neuroprotective effects observed in vitro can be reproduced in vivo. Im-
portantly, RES offers protection against N-methyl-D-aspartate receptor (NMDA)-induced
retinal damage [49]. RES glucosyl- and glucosyl-acyl-derivatives showed lower neurotoxi-
city in zebrafish embryos [50]. In a 3-nitropropionic acid animal model of Huntington’s
disease (HD), RES derivatives delayed the onset and reduced the severity of HD-like
symptoms, improved locomotor activity, and protected against weight loss, with simul-
taneous enhancement of superoxide dismutase 2 (SOD2) expression in brain tissue and
a decrease in circulating levels of interleukin-6 (IL-6), respectively [51]. RES treatment
alleviates neurological deficits, reduces cell death, and increases hematoma clearance in the
intracerebral hemorrhage experimental model in SIRT3 knockout mice. RES also effectively
suppresses CD16" microglia/macrophage activation and decreases tumor necrosis factor
(TNF) release [52]. The antiapoptotic properties of RES treatment are mediated via poly
[ADP-ribose] polymerase 1 (PARP-1), downstream modulating DNA fragmentation and
the expression of several genes implicated in the apoptotic cascade, such as Bax, B-cell
lymphoma-2 (Bcl-2), and cleaved caspase 3 (CASP3). RES also prevents the proapoptotic
increase in p53 [19,20]. RES exerted antiapoptotic effects in models of 1-methyl-4-phenyl
pyridinium (MPP(+))-induced cytotoxicity of dopaminergic neurons [36] and in the model
of amphetamine-mediated neurotoxicity of dopaminergic neurons isolated from the mid-
brain of mouse embryos [24]. Moreover, in the aforementioned studies, RES exclusively
acted as an antioxidant [26]. In the model of glutamate excitotoxicity, therapeutic effi-
cacy of RES co-treatment against glutamate-induced radical formation in RES-treated
cultures was shown [25,53]. Simultaneously, in these studies, an elevation in the number
of dopaminergic neurons in the RGC5 neuronal cells was revealed [54]. RES reduced
apoptosis, decreased oxidative status, and alleviated mitochondrial damage in amyloid
B-peptide (1-42) (AB1-42)-treated PC12 cells [55]. Meanwhile, the antiapoptotic effects
of resveratrol on damage to mouse cortical neurons induced by 3-amyloid through the
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activation of the protein kinase B (PKB, also known as Aktl) pathway were noted [56]. RES
exerted neuroprotective effects against mitochondrial dysfunction due to downregulation
of caspase 3 and 9 activity in SH-SY5Y cells [27].

Neuroprotective effects of RES are strongly associated with improved mitochondrial
function. RES enhances mitochondrial function via the activation of the SIRT1/AMPK/
PGC-1x pathway [27]. Specifically, RES targets SIRT1, which in turn upregulates AMPK
through LKB1. AMPK promotes the protective effects of PGC-1x on mitochondria, mediat-
ing the antiapoptotic effects of RES. Independent of PGC-1«, RES’s antiapoptotic effects
may also be facilitated via Nrf-2, a key antioxidant transcriptional factor, resulting in in-
creased transcription of antioxidant enzymes such as superoxide dismutase, catalase, and
glutathione peroxidase (GSPX) [57,58]. Additionally, RES acts as a free radical scavenger, as
it easily enters mitochondria, further contributing to its antioxidant effects (Figure 2) [59].

Mitochondrial oxidative stress often induces mitochondrial dysfunction. RES has been
shown to restore elevated levels of mitochondrial respiration, mtDNA content, and complex
IV activity [59,60]. Mitochondrial damage is a well-known cause of apoptosis, and RES,
as a SIRT1 activator, promotes mitochondrial function in neuronal cells, [61] accompanied
by the increased expression of succinate dehydrogenase (SDH), a mitochondrial enzyme.
Notably, this effect is blocked by SIRT1 siRNA [54]. Moreover, RES improves the balance
between mitophagy and mitochondrial biogenesis in Corti 1 hair cells via miR-34a/SIRT1
signaling [62]. In the zebrafish retina, RES increases mitochondrial quality and function
while simultaneously suppressing Akt/mTOR activity. RES treatment promotes SIRT1,
mitochondrial sirtuins, and protein expression and improves mitochondrial DNA repair in
the adult zebrafish retina [63].

The improvements in mitochondrial function and the antiapoptotic effects of RES are
mediated via the SIRT1/SIRT3/ AMPK/PGC-1« pathways. AMPK enhances the expression
of nicotinamide phosphoribosyltransferase, which increases intracellular NAD concen-
tration and activates SIRT1. In turn, SIRT1 promotes AMPK activation by deacetylating
and activating LKB1, the upstream activator of AMPK [64]. RES treatment also regulates
the interplay between SIRT1 and other signaling pathways, notably upregulating SIRT1
protein by activating LKB1.

Resveratrol exhibits significant neuroprotective effects by influencing brain metabolism,
enhancing mitochondrial function, and regulating autophagy, largely through the activation
of AMPK.

AMPXK is a unique enzyme that responds to changes in AMP/ATP levels, playing a
crucial role in cellular energy homeostasis [65]. An increase in AMP/ATP levels leads to de-
creased anabolic (energy-consuming) processes and increased catabolic (energy-producing)
processes due to AMPK activation. The metabolic effects of AMPK involve the activation
of FOXO-dependent pathways and the inhibition of mTOR-dependent pathways, which
together provoke autophagy [66]. This balance between FOXO and mTOR pathways is
critical for cellular energy regulation and survival. The SIRT1/AMPK/PGC-1« pathway
promotes mitochondrial biogenesis and optimizes AMP/ATP levels, ensuring efficient
energy production and utilization in cells (Figure 3) [67].

The AMPK-SIRT1 pathway regulates autophagy by inducing the assembly of au-
tophagosomes through the increased expression of microtubule-associated protein 1A /1B-
light chain 3, a protein associated with autophagosome membranes [68]. RES activates
AMPKY/SIRT1, leading to the induction of autophagy, which enhances the clearance of
damaged mitochondria (mitophagy). This process reduces rotenone-induced apoptosis by
decreasing the levels of cytochrome C released from injured mitochondria. RES promotes
autophagy through the phosphorylation of AMPK [69]. In primary neuronal cultures, RES
enhances autophagy, which can be diminished by inhibiting AMPK activation with Com-
pound C, indicating that RES’s protective effect partially depends on the AMPK/autophagy
pathway [70]. RES may also activate other mitochondrial-related autophagic pathways,
such as the MEK/ERK signaling pathway and the Jun N-terminal kinases-associated B-cell
lymphoma-2 (JNK/Bcl-2) pathway, contributing to its neuroprotective effects by increasing
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autophagy and reducing oxidative stress and apoptosis [71]. RES has been shown to miti-
gate methamphetamine-induced cell apoptosis in models of glutamate excitotoxicity [72].

RESVERATROL
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Figure 3. Resveratrol impact on metabolism via SIRT1/AMPK/PGK1-« pathway, indicated by

upregulation (upward arrows) or downregulation (downward arrows).

Neuronal cell cultures are essential for understanding the basic mechanisms underly-
ing the neuroprotective effects of resveratrol. However, since the functioning of neurons is
supported by glial cells, it is crucial to consider the effects of RES on glial cells to gain a com-
plete picture of its neuroprotective properties, particularly concerning neuroinflammation
and neuroplasticity.

The protective effect of RES against neuroinflammation is primarily based on the
regulation of glial cell activity through the downregulation of NF-kB pathways [73]. NF-
kB-mediated oxidative stress leads to mitochondrial dysfunction and apoptosis in glial
cells. Activated microglia release significant amounts of pro-inflammatory cytokines and
neurotoxic mediators, which can contribute to brain injuries [74]. The NF-«B signaling path-
way in microglia is implicated in amyloid-{3 (A{3) peptide-induced neurodegeneration [75].
The constitutive inhibition of NF-«B signaling in microglia through the expression of a
nondegradable IkBx super-repressor blocks neurotoxicity, indicating a pivotal role for
microglial NF-«B signaling in mediating A toxicity [75]. Stimulation of microglia with Af3
increases acetylation of RelA/p65 at lysine 310, regulating the NF-«B pathway. Overexpres-
sion of the SIRT1 deacetylase and the addition of the SIRT1 agonist resveratrol markedly
reduce NF-«B signaling stimulated by A} and exert strong neuroprotective effects [75].

RES significantly inhibits hypoxia-induced microglial activation and reduces the sub-
sequent release of pro-inflammatory factors [76]. It also inhibits the hypoxia-induced
degradation of IkB-« and phosphorylation of p65 NF-kB protein [76]. Furthermore, RES
pretreatment inhibits apoptosis in microglial cells, reduces oxidative stress [77], and in-
hibits lipopolysaccharide (LPS)-mediated proinflammatory cytokine release in microglia,
reducing the p53-caspase-3-dependent mechanism of apoptosis [78]. RES also inhibits LPS-
and ATP-activated NLR family pyrin domain containing 3 (NLRP3) inflammasome and
protects microglial cells from oxidative stress, proinflammatory cytokine production, and
pyroptotic cell death resulting from inflammasome activation [79].

RES inhibits NF-kB signaling and activates the AMPK/SIRT1 pathways. It has been
shown to downregulate inflammasome-induced miR-155 expression, and the inhibition of
AMPK and SIRT1 pathways significantly reverses RES’s protective effect on miR-155 expres-
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sion in microglia [79]. RES pretreatment ameliorates cognitive impairment in developing
mice exposed to sevoflurane by modulating the SIRT1/NF-«kB pathway in microglia [80].
Notably, RES pretreatment reverses sevoflurane-induced SIRT1 inhibition and microglial
activation [80]. Sevoflurane is a commonly used inhaled anesthetic. RES also reverses the
sevoflurane-induced imbalance of the M1/M2 microglia ratio, as revealed by increased
mRNA levels of clusters of differentiation 206 (CD206) and decreased mRNA levels of
clusters of differentiation 86 (CD86) and suppressor of cytokine signaling 3 (SOCS3) [80].

SOCSS3 is potentially another target for RES because its expression in the brain rapidly
increases in response to several pro-inflammatory cytokines [81]. Upon stimulation by
cytokines, SOCS3 expression increases, disturbing insulin signaling by inhibiting the ty-
rosine phosphorylation process of insulin receptor substrat 1 (IRS1). This increases serine
phosphorylation of IRS1, resulting in inflammatory effects and neuronal lesions, limiting
glucose intake in the brain [82]. SOCS3 is implicated in Af3 peptide-induced neurotoxi-
city. RES may target SOCS3 via SIRT1/AMPK pathways, supported by data illustrating
that AMPK-autophagy activation suppresses neuroinflammation and improves morphine
tolerance via the upregulation of SOCS3 by inhibiting miRNA-30a-5p [83].

Autophagy is an adaptive response that preserves cellular viability by removing
damaged ultrastructures. RES modulates autophagy via AMPK-dependent signaling,
thereby preserving the viability of both neurons and glial cells [84].

RES promotes neuroplasticity through the SIRT1/AMPK/CREB/BDNF pathway,
enhancing synaptic plasticity and overall neurotransmission (Figure 4) [85]. By down-
regulating NF-«kB, RES limits the release of pro-inflammatory cytokines from glial cells,
reducing neuroinflammation and oxidative stress, which in turn improves neurotransmis-
sion. This is particularly important in stress-related anxiety disorders, where the restoration
of neurotransmission is a crucial protective effect of RES.

BDNF plays a vital role in maintaining neuronal plasticity and regulating mental states.
The effects of BDNF are mediated by its receptor, tropomyosin receptor kinase B (TrkB),
which influences various types of neurons and glial cells. Numerous studies have shown a
mutual interaction between BDNF/TrkB signaling, SIRT proteins, AMPK, neuroinflamma-
tion, and oxidative stress. A deficiency in BDNF can exacerbate oxidative stress in neurons
by reducing CREB activity and increasing NF-kB binding activity [86,87]. BDNF not only
inhibits neuroinflammation but also promotes the release of various neurotrophic factors
from astroglia, which are critical for neuroprotection [88].

RES significantly induces the phosphorylation of ERK1/2 and CREB in astroglia,
which leads to the increased release of astroglia-derived neurotrophic factors [89]. The
interplay between the SIRT1/miR-134 signaling pathway, CREB, and BDNF expression
enhances RES’s neuroprotective effect in primary cultured hippocampal neurons [90]. This
occurs through the activation of the SIRT1/miR-134 pathway by RES,followed by the
upregulation of CREB/BDNF expression in the hippocampus [90].

BDNEF, through the BDNF/CREB/AMPK pathway, is a key signaling molecule that
links synaptic plasticity and energy metabolism [91]. Additionally, other neurotrophic factors,
such as glial cell line-derived neurotrophic factor (GDNF), contribute to the development,
maintenance, and survival of neurons, glia, and oligodendrocytes. Since astroglia are a
major source of these neurotrophic factors, enhancing astroglia-mediated neurotrophic factor
release holds promising potential for treating neurological diseases. Astroglia-derived neu-
rotrophic factors have permissive effects on RES treatment towards lesions in dopaminergic
neurons [91]. Recent studies have shown that RES treatment improves synaptic plasticity
and alleviates neurotransmitter signaling through the SIRT1/PGC-1« pathway [92].
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Figure 4. Resveratrol upregulates neuroplasticity and downregulates neuroinflammation.

Dendritic plasticity is a fundamental mechanism of the central nervous system, crucial
for synaptic potentiation, memory formation, learning, cognitive abilities, and overall brain
function [93]. BDNF plays a significant role in preventing dendritic atrophy by increasing
spine density in primary hippocampal neuron cultures [93]. Therefore, the interaction
between RES and BDNF may improve dendrite phenotypes in vitro.

In unstimulated cultures, both AMPA receptor subunit (GluR1) and NMDA receptor
subunit (NR1) are concentrated in SV2-positive synaptic clusters associated with dendritic
shafts and spines [94]. Glutamate-induced neurotoxicity decreases the density of dendritic
spines in hippocampal neurons [95]. However, BDNF can prevent glutamate-induced exci-
totoxicity through pathways such as phosphatidylinositol 3-kinases (PI3K), phospholipase
C-y (PLC-y), and ERK. Conversely, excessive glutamate can inhibit BDNF expression by
activating extrasynaptic NMDA and eukaryotic elongation factor 2 (eEF2) [74].

RES increases dendritic spine density and the expression of postsynaptic density
protein 95 (PSD95) and BDNF, ameliorating paclitaxel-induced synaptic damage [96].
Besides BDNF and GDNF, RES also activates ERK1/2 and CREB [89]. The neuroprotective
action of RES in vitro is associated with increased levels of SIRT1, CREB phosphorylation
(p-CREB), CREB, and BDNF, along with decreased levels of miR-134 [89]. Additionally,
RES enhances the expression of synaptic plasticity-associated proteins such as synaptic ras
GTPase activation protein (SynGAP), postsynaptic density protein 95 (PSD95), synapsin-1,
and synaptogmin-1 in the hippocampus, a process dependent on SIRT1 [96,97].

RES’s ability to ameliorate synaptic plasticity is particularly beneficial in correct-
ing stress-related anxiety disorders, as synaptic stability significantly affects neurotrans-
mitter efficacy. Overall, the neuroprotective properties of RES contribute to its effec-
tiveness in treating anxiety disorders by enhancing synaptic plasticity and improving
neurotransmitter function.

The information presented here leads to several key conclusions regarding the neuro-
protective effects of RES. At the cellular level, these effects are primarily driven by RES’s
ability to enhance neuroplasticity and exert antiapoptotic properties, with the latter being
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largely attributed to its antioxidant activity. The antioxidant effects of RES not only support
mitochondprial function but also improve mitochondrial performance, thereby reducing
the risk of neuronal apoptosis. Additionally, RES’s enhancement of neuroplasticity results
in dendritic remodeling and improved synaptic function. Furthermore, the neuroprotec-
tive effects of RES are associated with global transcriptome remodeling, involving the
activation and suppression of specific signaling pathways, as well as its role as a free
radical scavenger.

3. Stress-Related Anxiety Disorders: State of the Art

Anxiety can be viewed in two ways: as a personality trait and as the main behavioral
response to stress [98]. The primary function of anxiety is to avoid dangerous situations dur-
ing stressful events, with hypervigilance in anticipation of a threat indicating the severity
of stress. Recent studies on stress-related anxiety disorders aim to translate their findings
into clinical practice. Some research has explored the link between anxiety and nutri-
tional status. Transcriptomic analysis of brain tissues involved in anxiety (hypothalamus,
amygdala, and pituitary) has revealed that long-term calorie restriction (CR) alters anxiety-
promoting pathways [99]. It was reported that animals experiencing variable periods of
food availability developed a selective response to these fluctuations. Two scenarios were
reviewed: one short term (typical CR) and the other long term (acting on intergenerational
timescales), demonstrating the benefit of having mood and exploratory drive regulated by
food availability [99]. CR mice were found to be more anxious than their ad libitum-fed
littermates. This is complemented by data indicating that neuropeptide Y receptor Y2
(npy2r) deficiency reduces anxiety and increases food intake [100]. Neuropeptide Y (NPY)
has powerful stimulatory effects on food intake. Anorexia may arise from pathological
positive feedback loops: voluntary food restriction activates SIRT1, promoting anxiety,
hyperactivity, and addiction to starvation, exacerbating dieting and exercising, thus further
activating SIRT1 [101]. RES, as a SIRT1 agonist, can provoke anxiety-like behavior via
restriction of food intake.

Numerous studies consider stress a trigger of anxiety-like behavior, categorized into
three main groups. The first group considers acute stress as a provoking factor [102].
The second group focuses on the significance of chronic stress in developing anxiety-
like behavior [103]. The third group examines anxiety-like behavior as a consequence
of PTSD [104]. Notably, animal stress models often reproduce anxiety and depression
disorders simultaneously.

In general, the cellular and molecular mechanisms of stress-related anxiety disorders
share common features with other psychiatric diseases, especially depression. Psychiatric
and neurodegenerative diseases are characterized by disorders of neuroplasticity, mito-
chondrial dysfunction, oxidative stress, and neuroinflammation. Specific aspects of the
pathogenesis of anxiety disorders may be identified by synaptic interneuronal connections
and the dominant brain regions where neuron circuits are disrupted. Therefore, nonspecific
cytoprotectors like RES, which have demonstrated effectiveness in a wide range of neuro-
logical and psychiatric diseases, are also effective against stress-induced anxiety disorders.
This is particularly relevant considering that SIRT1, the main target of RES, is implicated in
stress—anxiety disorders.

It is generally accepted that anxiety disorders develop due to disturbances in inter-
actions between monoamine neurotransmitters, namely, norepinephrine (NA), dopamine
(DA), and serotonin (5-HT). 5-HT, NA, and DA are canonical neurons governing a range
of biological activities, including sleep, alertness, eating, thermoregulation, pain, emotion,
and memory, due to their broad projection distribution in distinct brain regions [105].

Anxiety in rodents is commonly studied using established laboratory tests such as
the elevated plus maze (EPM) [106]. The EPM calculates the anxiety index (Al), an inte-
gral characteristic of anxiety-like behavior. The Al has been used to segregate stressed
animals into low- and high-anxiety phenotypes. Recently, newer, less invasive methods of
behavioral analysis, which rely on original ethological approaches, have gained traction.
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These methods monitor freely behaving rodents in their home-cage environment without
intervention. In the home cage, stress exposures can provoke specific behavioral responses
such as grooming, freezing, rearing, or surveying. Using this approach, it was shown that
individual rodents exhibit either passive or active coping styles in response to the same
stress exposures.

Active coping style (ACS) is characterized by “fight or flight” responses toward envi-
ronmental threats, maximally expressing aggressiveness towards conspecifics. Conversely,
a passive coping style (PCS) is characterized by avoidance of environmental threats and
reduced aggression towards conspecifics [107]. ACS excludes the presence of anxiety, which
signals danger and gradually turns into fear, whereas PCS provokes anxiety disorders.
In studies involving predator stress (PS), behavior in the home cage was correlated with
long-lasting consequences of stress exposures. ACS rats exhibited a low-anxiety phenotype,
while PCS rats were associated with a high-anxiety phenotype. Notably, anxiety responses
were tested 14 days poststress exposure, although behavior in the home cage was indicated
immediately at the time of the stress cue [108].

Further research revealed that behavior in the home cage of stress-exposed rats, as well
as the long-lasting consequences of PS, depended on the initial state of the animals. Using
the hexobarbital sleep test (HST) to estimate the initial state of experimental animals allowed
for the division of animals into fast and slow metabolizers (FM and SM, respectively)
long before stress exposures [109]. It was found that FM rats were associated with ACS
during stress exposures and exhibited low anxiety phenotypes poststress, while SM rats
exhibited PCS and high anxiety phenotypes [109]. These results highlight the hereditary
predisposition towards anxiety disorders.

Candidate genes for anxiety disorders have been identified, including genes related to
monoaminergic neurotransmitter systems and hypothalamic—pituitary—adrenal (HPA) axis
function. Among the most frequently studied candidate genes are the SHTTLPR polymor-
phism of SLC6A4, the Val158Met polymorphism (rs4680) of catechol-O-methyltransferase
(COMT), a promoter length polymorphism of monoamine oxidase A (MAO-A), and an
RGS2 variant (rs4606) [110]. Notably, significant differences between FM and SM rats
were observed in the expression of genes MAO-A and COMT, as well as in corticosterone
metabolism in tissues [111].

Although the pathogenesis of stress-related anxiety disorders involves a complex
tapestry of biological, environmental, and psychological factors, the primary pathway is
intricately linked with abnormalities in neuronal circuits across various brain areas. In this
context, stress and anxiety are part of a kaleidoscopic mosaic with common underpinnings
and bidirectional links. Stressful events and anxious behavior act on similar specific brain
regions, neurotransmitters, and a single neuro-endocrine axis and orchestrate homologous
alterations in neuroplasticity.

The LHPA (limbic-hypothalamic—pituitary—adrenal) axis is certainly a central neuro-
endocrine effector in the labyrinthine pathogenesis of stress-related anxiety disorders [112].
Glucocorticoids, the key hormones of the LHPA axis, can delve into the regulation of
neuronal circuits. Mitochondrial dysfunction and neuroinflammation predetermine the
severity of stress and anxiety disorders, creating an intricate interplay that transcends local
disturbances within different sets of the brain.

Moreover, abnormalities in the interactions between the brain and other inner organs
also contribute to the development of anxiety. This is especially justified in the context of
the gut-brain, heart-brain, and liver-brain axes. These axes intertwine in a captivating
manner, revealing that anxiety is not merely a local brain issue but part of a verdant and
intricate systemic interaction. This reimagined perspective on stress and anxiety disorders
highlights the enigmatic and multifaceted nature of these conditions, encouraging a more
holistic approach to their study and treatment.

At the systemic level, stress-related anxiety is characterized by dysregulation of the
LHPA axis, disrupted interorgan interactions, imbalances in the microbiome, and impaired
neuronal circuits. Neuroinflammation, mitochondrial dysfunction, and oxidative stress are
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key contributors to neuronal damage in the context of stress-related anxiety. Furthermore,
stress-related anxiety leads to impaired neuroplasticity, which in turn results in synaptic
dysfunction. Given the neuroprotective effects of RES on neuroplasticity, oxidative stress,
and mitochondrial function, its use is well-justified for the treatment and management of
anxiety disorders.

(Figure 5A) illustrates the key components of the pathogenesis of stress-related anxi-
ety disorders, including neuroinflammation, oxidative stress, mitochondrial dysfunction,
reduced neuroplasticity, abnormalities in neuronal circuits and neurotransmitter levels,
aberrations in cerebral blood flow, impaired LHPA axis function, and abnormalities in
the gut-brain and liver—brain axes. (Figure 5B) demonstrates the ability of resveratrol to
correct each of these pathogenic factors, supporting its consideration as a therapy based on
pathogenesis. The subsequent discussion highlights the role of the aforementioned factors
in the development of anxiety and the significance of resveratrol in their correction.

N P IRR

3 %,
"2, & "0,
2, o & 2,
3, O )
2, O 2,
s, O %,
% & %
% < %
; . - ;e q
Oxidative Neurocircuits Oxidative

X & A, Neurocircuits
stress QXL abnormalities stress N abnormalities

)

N
Blunted
LHPA axis
Blunted
LHPA axis

T,
S
%, %
PR
00 v
Imbalanced
microbiome
v N
2
/ ON
RO
N QQ;
)
SR
s’oo‘//
1,
2
%%0s
¢, 0,
(2N
&)
5%,
0,

Imbalanced
microbiome

Y

S/

// a‘?q) /,/
2

Figure 5. Depiction of the pathogenesis of stress-related anxiety disorders, focusing on neuroinflammation,
oxidative stress, mitochondrial dysfunction, and other key factors (A). Illustration of resveratrol’s potential
to address these factors, highlighting its therapeutic role in anxiety management (B).

4. Abnormalities in Neuronal Circuits and Neurotransmitter Levels in the Pathogenesis
of Stress-Related Anxiety Disorders and the Efficacy of RES in Their Correction

The neural circuits promoting anxiety behavior are closely linked to stress experiences
in both healthy and pathological conditions. Disruptions in brain connectivity contributing
to anxiety may underlie stress-related disorders, including PTSD. Humans and animals
share similar neural circuitry for anxiety behaviors [113]. Advances in optogenetics and
electrophysiology have enabled the reconstruction of neural activities leading to anxiety-
like behavior [114].

Stress-induced anxiety primarily involves the amygdala, prefrontal cortex, hippocam-
pus, and striatum, though the hypothalamus, midbrain, and medulla oblongata are also
implicated [115]. The amygdala plays a crucial role in detecting threats, fear learning, and
memory for emotional events, making it central to anxiety-like disorders [116]. For example,
PTSD studies highlight the role of glutamate excitotoxicity in amygdala hyperarousal [117].

Different amygdala subregions, including the basolateral amygdala (BLA) and central
amygdala (CeA), engage in various circuits with regions like the hypothalamic paraventricu-
lar nucleus (PVN), nucleus accumbens, and bed nucleus of the stria terminalis (BNST) [118].
The hippocampus and PFC also play significant roles in anxiety behavior [119]. The PFC,
in particular, supervises emotional states through its connections with the hippocampus
and amygdala [118-120].

Dysregulation of the amygdala—hippocampus axis is linked to stress-related anxiety,
with hippocampal neurogenesis being stimulated by antianxiety treatments such as elec-
troshock therapy and corticotropin-releasing hormone (CRH)-1 antagonists [121]. The
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hippocampus responds to input from the amygdala and glucocorticoids, promoting anxiety
under stress. Activation of BLA projections to the ventral hippocampus (vHPC) induces
anxiogenic effects, while inhibition has anxiolytic effects [121]. Chronic stress alters neu-
ronal activity, disrupts spinogenesis, and decreases spine stability [121]. These stress effects
are reversed by RES treatment.

Neurotransmitters such as gamma-aminobutyric acid (GABA), glutamate, and
monoamines (serotonin, norepinephrine, dopamine), along with neuropeptides like NPY
and corticotropin-releasing factor (CRF), regulate anxiety within this network [122]. CRF
acts as a neurotransmitter in the amygdala, and RES has been shown to influence levels of
these neurotransmitters.

RES has been shown to to reduce CRF protein levels in the amygdala, leading to a
reduction in anxiety-like behavior [123]. Furthermore, RES has been found to significantly
suppress glutamate-induced currents in postsynaptic CAl pyramidal neurons, with kainate
and NMDA receptors being more sensitive to RES compared to AMPA receptors [124].
This inhibition of postsynaptic glutamate receptors likely works in conjunction with RES’s
antioxidant properties to mitigate brain ischemic injury [125]. Molecular docking studies
have also elucidated the interaction of RES with GABA aminotransferase, GABA receptors,
and GABA-A transporter type 1, suggesting that RES’s anxiolytic effects may involve
inhibiting the GABA reuptake transporter 1 protein, thereby increasing synaptic levels of
GABA neurotransmitter [126].

RES treatment has been shown to enhance 5-HT levels in the pineal gland, hippocam-
pus, and striatum, as well as increase levels of NA in the hippocampus and DA in the
striatum. These effects are attributed to increased activity of enzymes such as tryptophan
hydroxylase (in the pineal gland) and tryptophan hydroxylase-2 and tyrosine hydroxylase
(in the hippocampus and striatum) [127]. Moreover, these hippocampal effects are corre-
lated with RES-induced improvements in working memory [127]. Acute RES administration
has been found to enhance cocaine-induced dopamine neurotransmission and behavioral
responses, possibly by inhibiting dopamine catabolism via MAO-A and MAO-B [128].

In a mouse model of anxiety and depression behavior induced by social isolation with
chronic unpredictable stress, RES treatment significantly increased levels of the neurotrans-
mitters dopamine and serotonin in the prefrontal cortex, along with increased expression
of NPY in the brain [129,130]. The NPY system plays a crucial role in mediating resilience
to the harmful effects of stress, particularly in conditions such as PTSD [131].

RES has been shown to increase the release of calcitonin gene-related peptide (CGRP)
from dorsal root ganglion (DRG) neurons isolated from wild-type (WT) mice. Moreover,
significant increases in tissue levels of CGRP, insulin-like growth factor-I1 (IGF-I), and
IGF-I mRNA, along with the immunohistochemical expression of IGF-I, were observed
in the hippocampus three weeks after oral administration of resveratrol in WT mice.
This enhancement was associated with significant improvements in angiogenesis and
neurogenesis in the dentate gyrus of the hippocampus, as well as improvement in spatial
learning in the Morris water maze test [132].

Currently, multiple effects of RES on dopaminergic, serotoninergic, and noradrenergic
neurons, as well as on GABAergic and glutamatergic neurons, have been identified. These
neuron types play crucial roles in the neurocirculation between brain regions such as the
PFEC, hippocampus, amygdala, striatum, hypothalamus, and monoaminergic nuclei of the
midbrain. Furthermore, a glycosylated derivative of RES, 2,3,4’ 5-tetrahydroxystilbene-2-O-
[3-D-glucoside (TSG), has been identified as a more effective option for enhancing long-term
potentiation (LTP) in the hippocampus under physiological and pathological conditions
compared to resveratrol alone. TSG, along with its parent molecule RES, can induce early
LTP and restore fast excitatory postsynaptic potentials (EPSPs) in the hippocampus. Studies
using various modalities, including pre- and post-whole-cell patch clamping techniques in
the calyx of Held, have demonstrated that TSG, unlike RES, primarily promotes NMDA-
mediated EPSC via the PKCf cascade [133]. Inhibition of excitatory synaptic transmission
by RES in the rat hippocampus has also been reported [124]. However, data on the
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consequences of direct RES infusion in brain areas involved in neuronal circuits implicated
in anxiety disorders are limited, with only a single case of intrahippocampal RES infusion
and a single case of RES infusion in the NAc reported in the literature.

However, further progress in research is hindered by the lack of data regarding the
direct administration of RES into various brain structures. Unfortunately, there is also a
lack of information regarding the influence of RES on the excitability of these neurons.
The absence of such information limits our ability to fully evaluate the neuroprotective
potential of RES. This gap underscores the importance of future research endeavors aimed
at addressing these knowledge deficits.

The amygdala is a key driver of anxiety disorders, sending neural impulses to the
prefrontal cortex, hippocampus, striatum, and other brain structures. The anxiolytic effects
of RES in the context of stress are associated with its ability to reduce amygdalar excitability.
Additionally, these effects are linked to an increase in serotonin levels in the hippocampus
and prefrontal cortex, as well as dopamine levels in the striatum.

5. Aberrations in Cerebral Blood Flow in the Pathogenesis of Stress-Related Anxiety
Disorders and the Efficacy of RES in Their Amelioration

Abnormalities in neuronal circuits linked to anxiety are often associated with reduced
cerebral blood flow (CBF). Studies using the predator stress model revealed that high-anxiety
rats displayed reduced basal CBF, endothelial dysfunction, and lower endothelial nitric
oxide synthase (eNOS) mRNA levels, along with decreased brain dopamine levels [134].
Conversely, low-anxiety rats showed elevated carotid blood flow and increased dopamine
levels, suggesting a negative correlation between anxiety and CBF [135]. This aligns with
findings that glucocorticoid administration can reduce CBF [136]. Interestingly, lower anxiety
in the predator stress model was linked to increased brain-derived neurotrophic factor
expression and hippocampal peroxidation, indicating potential damage in this brain region.

It is conceivable that RES may reduce anxiety by enhancing CBF intensity. Human
studies have shown that long-term daily intake of oral RES improves cerebral blood
flow [137]. Furthermore, long-term administration of RES at low doses has been found
to improve neurocognitive performance and modulate inflammatory pathways in the
brain [138]. Investigating the contribution of RES to cerebral vasoprotective effects in the
correction of anxiety disorders represents a promising new direction for research.

Disruption of cerebral blood flow is involved in the pathogenesis of anxiety disorders.
Chronic stress is associated with alterations in cerebral circulation, which in turn correlate
with reduced dopamine levels in the brain. RES has been shown to ameliorate disturbances
in cerebral blood flow, highlighting its potential therapeutic benefit in managing these
stress-induced abnormalities.

6. Neuronal Plasticity Abnormalities in the Pathogenesis of Stress-Related Anxiety
Disorders and the Efficacy of Resveratrol in Correction

Psychosocial stress leads to atrophy of dendrites in the hippocampal CA3 region, with
chronic stress reducing dendritic arborization in both the prefrontal cortex and hippocam-
pus. This stress-induced anxiety is associated with persistent upregulation of BDNF in
the basolateral amygdala [121]. Excessive glutamate inhibits BDNF expression through
NMDA receptor activation, disrupting neuronal protection pathways like PI3K and ERK,
thereby weakening the protective effect against excitotoxicity [139]. Stress also disrupts
PFC inhibition of the amygdala, contributing to anxiety-like behavior [139].

Synaptic plasticity-related molecules such as BDNEF, Arc, postsynaptic density pro-
tein 95 (PSD-95), and TrkB are crucial for maintaining synaptic function in stress-related
anxiety [140]. Disrupted synaptic plasticity, particularly in the hippocampus, underlies
susceptibility to social defeat stress and ethanol withdrawal-induced anxiety, associated
with changes in BDNF, PSD-95, and NR2B levels [141]. Prenatal stress and ethanol expo-
sure impair hippocampal neurogenesis, increase apoptosis, and reduce synaptic plasticity,
leading to anxiety-like behaviors [142,143]. Ten-eleven translocation protein 3 (TET3), a
DNA demethylation enzyme, links environmental stress with neuroplasticity and behavior.
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Inhibition of TET3 in the NAc enhances anxiety-like behavior by impairing dendritic spine
density and decreasing the expression of synaptic plasticity genes like Bdnf while increas-
ing immune-related genes [144]. Molecules that promote dendritic branching could serve
as potential antianxiety treatments.

RES has been shown to diminish anxious behavior by upregulating BDNF levels
in the hippocampus. Previous studies have reported that RES treatment ameliorates
depressive behavior in chronic unpredictable mild stress (CUMS) rats by reducing LHPA
axis hyperactivity and enhancing BDNF levels [145,146]. Overall, by upregulating BDNF
and mediating synaptic function, RES facilitates interactions between neurotransmitters,
which is especially important in stress-related behavioral disorders.

Anxiety-like behavior has been observed following toxicological intervention with
As,O3, modulated by the estrogen-NMDAR-BDNF signaling pathway in the female mouse
hippocampus [147]. Behavioral alterations and marker expression were restored in RES-
supplemented mice. Anxiety behavior, along with decreased hippocampal BDNE, is also
provoked by hyperalgesia, such as in the case of low back pain. RES treatment ameliorates
anxious behavior and increases BDNF expression in the hippocampus of mice subjected to
lumbar spine instability surgery [148].

In a chronic-acute combined stress (CACS) paradigm used to simulate irritable bowel
syndrome (IBS) associated with behavioral complications such as anxiety, administration
of RES before CACS for 3 weeks significantly reversed CACS-induced depression and
anxiety-like behaviors and intestinal dysfunction in mice. This suggests a crucial role
for trans-resveratrol in the treatment of IBS-like disorders. RES improved hippocampal
neuronal remodeling and protected the ileal and colonic epithelial barrier structure against
CACS insults [149]. Further study indicated that RES normalized phosphodiesterase 4A
(PDE4A) expression and CREB/BDNF signaling, which were disturbed by CACS. Increased
PCREB and BDNF expression were observed in the hippocampus after treatment with RES,
while decreased pCREB and BDNF levels were found [150].

In mice subjected to chronic stress, RES treatment was accompanied by the alleviation
of anxiety behavior and improved neuroplasticity. Chronic stress reduces SIRT1 activity
in the dentate gyrus of the hippocampus, and pharmacologic and genetic inhibition of
hippocampal SIRT1 function led to increased depression-like behaviors. Conversely, SIRT1
activation by RES blocked both the development of anxious behavior and aberrant dendritic
structures elicited by chronic stress exposure. Furthermore, hippocampal SIRT1 activation
increased the phosphorylation levels of ERK1/2 under stressed conditions. Viral-mediated
activation and inhibition of hippocampal ERK2 led to antidepressive and prodepressive
behaviors, respectively, [151].

The anxiolytic-like effect of RES treatment is mediated by phosphodiesterase 4 (PDE4),
with a downstream increase in BDNF expression in the hippocampus. Neurobiological
studies suggest that RES increases the phosphorylation of pCREB and BDNF levels in rats
subjected to an animal model of PTSD.

Stress-related anxiety disorders are associated with disruptions in neuroplasticity,
particularly in the hippocampus, which manifest as impaired synaptic signal transmission.
The anxiolytic effects of resveratrol are linked to its ability to enhance the synthesis of
BDNF in the hippocampus. RES promotes BDNF production in the hippocampus through
the SIRT1 pathway, involving the participation of PDE4.

7. Peripheral Inflammation and Neuroinflammation in the Pathogenesis of
Stress-Related Anxiety Disorders and the Efficacy of Resveratrol in Their Treatment
Peripheral inflammation in stress-related anxiety disorders is linked to imbalances
between glucocorticoids (GCs) and pro-inflammatory cytokine signaling, with blunted
GC signaling observed in PTSD patients [152-154]. Studies show increased levels of pro-
inflammatory cytokines, such as interleukin-1 (IL-1), IL-6, and TNF-¢, in PTSD, along with
a possible reduction in anti-inflammatory cytokines like interleukin-4 (IL-4) and interleukin-
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10 (IL-10) [144,155]. Imbalances in immune cell compositions, including increased pro-
inflammatory cells, have also been noted [156].

Neuroinflammation affects the brain by promoting excitotoxicity, disrupting glutamate
transport, and altering cytokine levels via NMDA /AMPA and mGluR receptors [157]. It
also impacts serotonin reuptake through TNF-« and IL-1§3 effects on serotonin transporter
(SERT) [158]. Resveratrol (RES) antagonizes pro-inflammatory cytokines, downregulat-
ing SERT mRNA in stressed mice, and improves anxiety-like behavior [159]. RES also
targets NF-kB pathways, ameliorating anxiety and depression-like behaviors in stress
models and showing greater efficacy than fluoxetine in regulating NF-«kB/NLRP3 signaling
pathways [160,161]. RES was also beneficial in a mouse model of Lafora disease, improving
anxiety-like behavior [162].

RES ameliorates LPS-induced anxiety-like behavior by attenuating Yes-associated
protein (YAP)-mediated neuroinflammation and promoting hippocampal autophagy in
mice. YAP, as a major downstream effector of the Hippo signaling pathway, plays a critical
role in inflammation [163]. LPS treatment induced anxiety-like behavior, decreased sirtuin
1, and increased YAP expression in the hippocampus. Resveratrol attenuated LPS-induced
anxiety-like behavior, an effect blocked by EX-527 (a sirtuin 1 inhibitor). Mechanistically, the
anxiolytic effects of resveratrol were accompanied by a marked decrease in YAP, interleukin-
13, and ionized calcium binding adaptor molecule 1 (Iba-1) and a significant increase in
autophagic protein expression in the hippocampus [163]. RES abrogates alcohol-induced
anxious behavior by attenuating the inflammatory cascade in the adult rat brain. TNF-«, IL-
13, NF-kB, and caspase-3 levels in different brain regions (cerebral cortex and hippocampus)
of ethanol-treated rats were downregulated by RES treatment. RES attenuated LPS-induced
anxiety-like behavior. Mechanistically, the anxiolytic effects of RES were accompanied by a
marked decrease in IL-1f3 and Iba-1, while there was a significant increase in autophagic
protein expression in the hippocampus [163].

Neuroinflammation is a central mechanism in the pathogenesis of anxiety disorders.
It is triggered by the activation of the NF-kB pathway, secretion of pro-inflammatory
cytokines by glia, increased expression of YAP protein, and suppression of the SIRT1
pathway. Resveratrol mitigates neuroinflammation by activating the SIRT1 pathway and
inhibiting YAP protein expression. The attenuation of neuroinflammation by resveratrol is
accompanied by a reduction in pro-inflammatory cytokines.

8. Mitochondrial Dysfunction in the Pathogenesis of Stress-Related Anxiety Disorders
and the Efficacy of RES in Their Correction

Dysfunctional mitochondrial dynamics can incite innate immune responses in resident
and infiltrating cells, such as microglia, astrocytes, and oligodendrocytes, involving calcium-
dependent immune activation, phosphorylation of transcription factors, and cytokine
secretion [164,165].

The pivotal role of mitochondria in the evocation of anxiety disorders is illustrated
by findings that mitochondrial transplantation improves anxiety- and depression-like
behaviors in aged, stress-exposed rats [166]. Social status also predicts behavioral stress
susceptibility and the metabolic profile in the NAc after chronic social defeat stress [167].
Hollis et al. reported that mitochondrial function in the NAc is crucial for social hierarchy
establishment and is critically involved in the low social competitiveness associated with
high anxiety [168]. Notably, the expression levels of glucocorticoid receptors (GRs) in the
NAc of high-anxious, submissive-prone rats are lower than those of their low-anxious,
dominant-prone counterparts [169]. Hence, the glucocorticoid receptor in the nucleus
accumbens plays a crucial role in social rank attainment in rodents.

Mitochondria are vital organelles involved in the biological stress response, making
them key to understanding stress-related illnesses like PTSD. Recent research highlights
the link between anxiety and mitochondrial dysfunction, with significant changes in mito-
chondrial function observed in highly anxious individuals and those with mitochondrial
disorders [170]. Experimental models confirm the role of mitochondrial dysfunction, in-
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cluding disrupted oxidative phosphorylation and metabolic pathways, in the development
of anxious behavior [171].

Mitochondrial functions such as bioenergetics, oxidative stress, and apoptosis are
closely tied to anxiety [172]. Dysfunction in the nucleus accumbens (NAc), a brain region
crucial for motivation and reward, is particularly significant, as it affects neuroinflam-
mation and immune responses involving microglia and astrocytes [165]. Mitochondrial
transplantation has shown promise in alleviating anxiety and depression-like behaviors in
stress-exposed rats [166]. Social status and GR expression in the NAc also play crucial roles
in stress susceptibility and social hierarchy, linking low social competitiveness with high
anxiety [168,169].

RES has a protective effect on spine plasticity and mitochondrial function in the
nucleus accumbens of rats subjected to social isolation, accompanied by an improvement
in anxiety-like behavior. Furthermore, RES increased the activity of cytochrome c oxidase
(COX) and upregulated mRNA levels of COX5a, COX6al, and COX7c [173]. It has been
revealed that the influence of RES on the NAc is mediated by SIRT1. When resveratrol,
a pharmacological activator of SIRT1, was directly infused bilaterally into the NAc, an
increase in depression- and anxiety-like behaviors was observed. Conversely, intra-NAc
infusions of EX-527, a SIRT1 antagonist, reduced these behaviors; EX-527 also reduced
acute stress responses in stress-naive mice.

Moreover, SIRT1 levels were increased directly in the NAc by the use of viral-mediated
gene transfer, which resulted in an increase in depressive- and anxiety-like behaviors when
mice were assessed in the open-field, elevated plus maze, and forced swim tests. Using
a Cre-inducible viral vector system to overexpress SIRT1 selectively in dopamine D1 or
D2 subpopulations of medium spiny neurons (MSNs) in the NAc indicated that SIRT1
promotes depressive-like behaviors only when overexpressed in D1 MSNs, with no effect
seen in D2 MSNs. Conversely, selective depletion of SIRT1 in the NAc using viral-Cre in
floxed SIRT1 mice resulted in decreased depression- and anxiety-like behaviors. Together,
these results demonstrate that SIRT1 plays an essential role in the NAc in regulating
mood-related behavior [174].

In mice subjected to the CUMS paradigm, RES treatment reversed anxiety-like behav-
ior and improved mitochondrial dysfunction via the SIRT1/PGCle«/SIRT3 pathway [175].
In another study using the adolescent social isolation stress (SIS) paradigm, the presence
of anxious behavior, reduced NAc ATP levels, and reduced mitochondrial number in
female rats were observed. These effects of SIS were reversed by RES treatment. In the
SIS paradigm, a significant decrease in mitochondrial function-related genes, such as the
COX-related genes, was revealed, whereas RES treatment increased the expression of COX
genes (Cox5a, Cox6al, and Cox7c) and the activity of COX [175].

In the social defeat paradigm in rats, increased Ca*" concentrations led to impaired
mitochondrial membrane potential and the opening of the mitochondrial permeability
transition pore. RES treatment prevented mitochondrial impairment [173].

Mitochondrial dysfunction is a key factor in the pathogenesis of anxiety disorders. The
neuroprotective effect of RES on mitochondrial dysfunction is associated with its anxiolytic
properties under stress.

9. Oxidative Stress: Implications in the Pathogenesis of Stress-Related Anxiety
Disorders and the Therapeutic Potential of RES

Oxidative stress (OS) is central to neuronal abnormalities in stress-related anxiety and
depression (Figure 6) [176]. Insufficient antioxidants can provoke OS, and silencing Nrf2, a
key antioxidant regulator, leads to anxiety-like behavior [177,178]. Deletion of glutathione
peroxidase (GSPX) in dopaminergic neurons and mitochondrial-targeted overexpression
of catalase both impact anxiety behaviors [179,180]. OS is a consequence of mitochondrial
dysfunction and neuroinflammation, with a bidirectional relationship between these factors.

Mitochondrial dysfunction linked to anxiety disorders triggers OS, affecting elec-
tron transport chain (ETC) complexes and leading to ATP deficiency and increased



Nutrients 2024, 16, 2856

18 of 34

mtROS [181,182]. Excess ROS causes excitotoxicity through Ca?* dysregulation and
GLT-1 impairment. Monoamine oxidase (MAO) activation further exacerbates OS and
mitochondrial dysfunction, reducing hippocampal 5-HT and BDNF levels in stressed
rats [183,184].

ROS inhibits BDNF by elevating NF-«B activity, while BDNF provides antioxidant
protection via TrkB and NF-«B signaling [185]. Synaptic dysfunction linked to OS disrupts
neurotransmission, with lipid raft damage contributing to synaptosome impairment [186].
OS also exacerbates neuroinflammation through AP-1 and NF-«B pathways, enhancing
inflammatory gene expression [187].

Mitochondrial disfunction

N

Neuroinflammation e Oxidative stress Loss of neuroplasticity

Neuronal
maladaptation

Anxiety
disorders

Figure 6. Oxidative stress in the brain is involved in the development of anxiety disorders.

Abdel-Wahab and colleagues highlighted the link between resveratrol’s ability to im-
prove anxious behavior induced by long-term intermittent hypoxia (IH) and its antioxidant
properties [188]. Long-term IH induces memory deficits and hippocampal oxidative stress,
characterized by increased thiobarbituric acid reactive substances (TBARS) and p47Phox
expression, a subunit of NADPH oxidases. RES attenuates stress-induced anxiety and
spatial memory deficits in a dose-dependent manner, as demonstrated by elevated plus
maze and Morris water maze tests in IH-exposed animals. Furthermore, RES stimulates
apurinic/apyrimidinic endonuclease 1 (APE1), a multifunctional protein involved in DNA
repair and cell survival after exposure to cytotoxic agents [188]. Treatment with RES also
increases glutathione levels and glutathione peroxidase activity while simultaneously
reducing TBARS levels in the hippocampus of IH-exposed young rats [188].

Several studies investigating RES’s antioxidant potential in experimental stress-related
anxiety paradigms have shown promising results, with its antioxidant effects aligning with
its ability to mitigate neuroinflammation, mitochondrial dysfunction, and apoptosis and
stimulate autophagy, particularly in the hippocampus [189]. In rat pups subjected to a
maternal deprivation paradigm, RES treatment reversed abnormalities in anxious behavior
and hippocampal lipid peroxidation while also antagonizing alterations in monoamine
levels [190]. Notably, oxidative stress and changes in monoamine concentration are closely
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linked in this context, likely influenced by mitochondrial impairment associated with
anxious behavior.

In anxiety disorders, oxidative stress triggers disruptions in neuroplasticity and con-
tributes to the development of neuroinflammation, mitochondrial dysfunction, and im-
paired neurotransmission. RES mitigates oxidative stress in brain neurons through its
antioxidant properties, providing protection against these detrimental effects. Mitochon-
drial dysfunction remains a critical factor in the pathogenesis of anxiety disorders.

10. Blunted LHPA Axis Function in the Pathogenesis of Stress-Related Anxiety
Disorders and the Efficacy of RES in Their Correction

Anxiety-like behavior under stress is linked to dysregulation of the limbic-hypothalamic—
pituitary—adrenal (LHPA) axis [191]. The limbic system, including the hippocampus, amyg-
dala, and prefrontal cortex, is rich in glucocorticoid receptors (GRs) [192]. In the hippocampus,
glucocorticoids also act via membrane-associated mineralocorticoid receptors (MRs) [192].
GR-GC complexes translocate to mitochondria, enhancing mitochondrial oxidation and ROS
production [193]. Glucocorticoids recruit histone deacetylase enzymes to reduce inflamma-
tion, similar to SIRT effects [194]. SIRT1-mediated deacetylation of methyl CpG binding
protein 2 (MeCP2) contributes to BDNF expression [195].

Glucocorticoids increase glutamate excitability in various brain regions, evidenced
by the lack of extracellular glutamate elevation in adrenalectomized rats. In the amyg-
dala, glutamate enhances BDNF/TrkB pathway activation, while in the hippocampus, it
decreases BDNF expression and spine numbers. The biphasic actions of glucocorticoids are
time-dependent [196].

The interaction between growth factors like BDNF and glucocorticoids is crucial for un-
derstanding anxiety disorders [141]. The LHPA axis influences ROS generation, mitochon-
drial gene expression, and metabolism through GRs, and it modulates neuroinflammation
via cytokines and GR/NF-«B pathways [197]. GR activation reduces BDNF, while BDNF
influences GR phosphorylation and the glucocorticoid transcriptome [198]. HPA hormones
also affect gut microbiota and intestinal permeability, linking the microbiota—gut-brain axis
to the HPA [199].

Glucocorticoid metabolism involves 11p3-hydroxysteroid dehydrogenases (113HSD1
and 113HSD?2), regulating the active/inactive forms of GCs [200]. A mathematical model
in PTSD research highlights hepatic 113HSD1 as a key factor in plasma corticosterone
dynamics, which affects brain MAO-A activity and noradrenaline levels [201].

Recent studies indicate that RES targets the LHPA. RES protects neurons against
PTSD-like stress insults by regulating LHPA axis function and activating downstream neu-
roprotective molecules such as protein kinase A (PKA), pCREB, and BDNF expression [202].
Furthermore, RES reverses the reduction of GRs in the cingulate cortex of mice subjected
to single prolonged stress paradigms. RES acts in a dose-dependent manner to reverse
anxiety-like behavior induced by PTSD-like stress but does not significantly affect naive an-
imals. These findings indicate that RES mitigates neurological deficits caused by traumatic
stress without affecting normal conditions.

In anxiety disorders, significant alterations in glucocorticoid levels occur, leading to
the remodeling of glucocorticoid-dependent signaling pathways in limbic brain structures.
Stress-induced anxiety is associated with increased activity of 113HSD1, which directly
impacts glucocorticoid levels. The anxiolytic effects of RES are linked to its ability to
reduce 113HSD1 activity, prevent the reduction of GR, and enhance the expression of
PKA and pCREB.

11. Abnormalities in the Gut-Brain and Liver-Brain Axes in the Pathogenesis of
Stress-Related Anxiety Disorders and the Efficacy of Resveratrol in Their Correction
The gut-brain axis, also known as the microbiota-gut-brain axis, is a complex sig-
naling system between the brain and the gastrointestinal (GI) tract. It involves signaling
molecules, gut hormones, and immune mediators from the gut microbiota [203]. Research
into gut-derived signaling molecules like serotonin, epinephrine, and norepinephrine has
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highlighted their role in gastrointestinal dysbiosis and anxiety disorders [204]. This axis is
crucial in regulating intestinal physiology.

Psychological stress activates the hypothalamic-pituitary-adrenal axis, impacting
intestinal barrier function, gut microbiota composition, and behavior [205]. Meta-analyses
have shown altered gut microbiota diversity and composition in PTSD patients, potentially
linking specific bacterial taxa to these changes [206]. Traumatic stress disrupts gut barrier
functions, increasing the risk of comorbidities in PTSD [207].

Liver transplantation patients often face neuropsychiatric disorders like depression
and anxiety, which can impair rehabilitation and quality of life [208]. Post-transplant gut
microbiota changes affect mental health, contributing to depression and anxiety [208].

Studies show that gut microbiome alterations affect anxiety behavior in animal models.
Rats in the learned helplessness paradigm and mice exposed to chronic social defeat stress
exhibited significant changes in microbial diversity, such as increased Bacteroides spp. [209].
Germ-free mice showed less anxiety and more motor activity, with elevated neurotransmit-
ters NA, DA, and 5-HT [210]. Additionally, germ-free mice displayed increased depression-
like behaviors after receiving fecal microbiota from patients with major depressive disorder
(MDD) [211]. The microbiota may increase blood-brain barrier permeability, promoting
anxious behavior during stress.

RES has been shown to induce anxiolytic-like behavior in stress-related IBS by reg-
ulating gut-brain interactions [212]. Specifically, resveratrol significantly increased PKA,
phosphorylated cAMP-response element binding protein (p-CREB), and BDNF expres-
sion in the hippocampus of IBS rats while decreasing PKA, p-CREB, and BDNF levels in
the ileum and colon [212]. Notably, RES is a target of gut microbiota. Microbial conver-
sion of RES occurs through three pathways: one leading to the production and excretion
of dihydroresveratrol, another producing lunularin, and a third resulting in the equiv-
alent production of both catabolites. Lunularin, also known as 3,4’-dihydroxybibenzyl,
is a trans-resveratrol catabolite obtained by its reduction to dihydroresveratrol and sub-
sequent dehydroxylation at the 5-position. Almost all lunularin producers also excrete
3,4-dihydroxy-trans-stilbene [213].

Recent studies have reported the efficacy of RES treatment in the predator scent stress
paradigm, another PTSD model [214]. However, RES treatment has indicated two pheno-
types among PTSD rats: treatment-sensitive rats (TSRs) and treatment-resistant rats (TRRs).
In TSRs, post-treatment, RES ameliorated anxiety-like behavior and reversed plasma cor-
ticosterone concentration abnormalities. In contrast, in TRRs, RES treatment aggravated
anxiety-like behavior and decreased plasma corticosterone concentration. In TSRs, hepatic
11BHSD1 activity was suppressed, with a concomitant increase in CYP3A activity. In TRRs,
the activities of both enzymes were suppressed. Thus, the resistance of PTSD rats to RES
treatment is associated with abnormalities in the hepatic metabolism of glucocorticoids.
Notably, an 113HSD1 inhibitor is capable of inducing the AMPK/SIRT1 signaling path-
way, which protects against PTSD [215]. Meanwhile, RES can also mechanically suppress
11BHSD1 activity in the liver. In silico studies have revealed hydrogen bonds between
the hydroxyl group of RES and Thr124 in 113HSD1, as well as hydrophobic interactions
responsible for the binding. Evaluating the impact of RES treatment on 113HSD1 activity
is especially significant given the high correlation (greater than 0.9) between the anxiety
index and the activity of this enzyme in PTSD rats [216]. This finding aligns with data
linking hepatic 113HSD1 and brain MAO-A activities in PTSD rats.

Dysregulation of the microbiota is implicated in the pathogenesis of anxiety disorders.
Additionally, disruptions in the liver-brain axis also contribute to the development of
anxiety disorders under stress. The anxiolytic effects of RES are associated with its ability to
correct both stress-induced microbiota disturbances and disruptions in the liver-brain axis.

12. SIRT1-Dependent Pathways and the Dual Effect of Resveratrol on Anxiety Behavior

Increasing evidence suggests that epigenetic alterations, such as histone modifi-
cations and DNA methylation, underlie the neuroprotective effects of RES in anxiety
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disorders [217]. Enzymes like acetylases and methylases are crucial in these processes. The
amygdala, a key brain region for anxiety, shows increased SIRT1 levels in response to
caloric restriction, implicating this sirtuin in anxiety modulation.

Polymorphisms in the SIRT1 gene, such as SNPs (rs10997870, rs12778366), are associ-
ated with anxiety disorders, panic disorder, and social phobia [218]. Brain-specific SIRT1
knockout mice exhibit reduced anxiety, while global SIRT1 overexpression increases anxiety
and depression susceptibility [150]. A high-fat diet can induce anxiolytic-like behaviors via
SIRT1 regulation [219]. Pharmacological inhibition of SIRT1 in the NAc reduces anxiety-
and depression-like behaviors [174]. Stress-induced SIRT1 expression in the NAc regulates
anxiety behaviors, and SIRT1 antagonists reduce these behaviors [174].

In a chronic stress mouse model, anxious behavior is linked to decreased SIRT1 in the
prefrontal cortex and increased levels in the hippocampus (Figure 7) [220]. Overexpression
of N-acetyltransferase in the hippocampus correlates with anxiety-like behavior and higher
SIRT1 levels, but conflicting reports exist regarding hippocampal SIRT1 expression. In
the CUMS paradigm, decreased SIRT1, increased pro-inflammatory cytokines, and altered
neurotransmitter levels are observed, with Jiaotai pills improving these abnormalities
potentially by upregulating SIRT1 [221].

Apelin-13 promotes neuroprotection and anxiolytic effects through increased SIRT1
acetylated p65 (lysine 310) in CNH-treated mice [222]. Dysregulation of the apelin-SIRT1-
NF-kB axis may lead to neuroinflammation and anxiety-like behavior. LPS-induced anxiety
is linked to reduced SIRT1 and increased IL-1 [222].

Metformin, an AMPK activator, reduces anxiety-like behavior postnicotine withdrawal
through an AMPK«-dependent mechanism in the hippocampus [223].
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Figure 7. The main molecular pathways supporting the antianxiety effects of resveratrol in-
clude the SIRT1/AMPK/CREB pathway: RES reverses the imbalance in neurotransmitters (1); the
SIRT1/AMPK/BDNF pathway: RES improves synaptic plasticity (2); the PGK-1x pathway: RES
increases the biogenesis of mitochondria (3); and the AMPK/Glut pathway: RES improves glucose

uptake by neuronal cells (4).

Dysfunction in the SIRT1-PGC-1x mitochondrial pathway is associated with fear
generalization and anxiety-like behavior triggered by SPS [224]. The Anshen Dingzhi
prescription, from the Qing Dynasty’s “Yi Xue Xin Wu” (1732 CE), improves anxiety
by activating the SIRT1-PGC-1a pathway, mitigating mitochondrial dysfunction [224].
Neuronal SIRT1 interacts with GR in a glucocorticoid-dependent manner, indicating its
involvement in glucocorticoid signaling pathways in behavioral disorders [225].
Glucocorticoid signaling in the brain increases MAO-A mRNA levels, with SIRT1/NHLH2/
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MAO-A pathways driving anxiety-like behavior. SIRT1 influences mood by deacetylating
NHLH2, which activates MAO-A transcription. In SIRT1-overexpressing mice, MAO-A
protein levels are high, and SIRT1’s activity modulates MAO-A via NHLH?2. Specifically,
NHLH?2 is hypoacetylated in SIRT1 OX mice compared to wild-type, highlighting SIRT1’s
role in anxiety [226].

Li et al. used genetic and pharmacological methods to target SIRT1 and investigate
its effects on SPS-induced PTSD-like behaviors [227]. EX527, a SIRT1 inhibitor, was ad-
ministered to the ventral CA1 of the hippocampus, preventing increased SIRT1 activity in
SPS-exposed mice. EX527 rescued NHLH?2 acetylation and inhibited MAO-A expression in
the vCA1, reducing serotonin decomposition into 5-hydroxyindoleacetic acid (5-HIAA).
Golgi staining showed improved neuronal plasticity, with fewer dendritic spines and re-
versed dendritic atrophy. EX527 also alleviated fear conditioning and anxiety-like behaviors,
linking PTSD-like symptoms to increased SIRT1 activity in the CA1 area.

RES, as a SIRT1 activator, exhibits behavioral effects similar to the clinical antide-
pressant fluoxetine [228]. SIRT1’s influence on behavior may be mediated by changes in
serotonin and other neurotransmitter levels affecting anxiety. SIRT1 OX mice have lower
levels of 5-HT and higher levels of 5-HIAA compared to brain-specific SIRT1 knockout
(OX) mice. Additionally, SIRT1 OX mice exhibit reduced levels of DA and NA, indicating
elevated MAO-A activity in noradrenergic, serotonergic, and dopaminergic neurons. The
SIRT1/NHLH2/MAO-A pathway is downregulated by miR-142, miR-34a, and miR-34c,
with RES acting as an inhibitor of miR-142 (Figure 8) [229]. Notably, SPS rats show in-
creased microRNA-142-5p levels in the amygdala and a concurrent reduction in Npas4, an
activity-regulated transcription factor implicated in stress-related psychopathologies.

Considering SIRT1 as the primary target of RES, there is a hypothesis that RES could
potentiate anxious behavior, especially in PTSD. However, reports on the effects of RES in
PTSD suggest the opposite. RES has been shown to ameliorate anxiety-like behaviors and
fear memory deficits in a rat model of post-traumatic stress disorder.

In studies, RES at doses of 10, 20, and 40 mg/kg (administered via gavage) reversed
TDS-induced decreases in the percentage of time spent in the center of the arena as well
as the number of open-arm entries and the time spent in open arms in the open-field and
elevated plus maze tests. It also decreased the percentage of freezing time in the contextual
fear paradigm, which was increased in TDS-treated rats [230].

Further studies indicated that TDS-induced abnormalities in the LHPA axis were
reversed by RES. It reversed the increased adrenal gland index and corticotropin-releasing
factor levels and rescued the differential expression of the GR in the hypothalamus, hip-
pocampus, and amygdala. Neurobiological studies suggested that RES increased the
p-CREB and BDNF levels, which were decreased in rats subjected to TDS.

These results provide compelling evidence that RES protects neurons against PTSD-
like stress insults by regulating LHPA axis function and activating downstream neuropro-
tective molecules such as p-CREB and BDNF expression [230].

RES supplementation in the diet of PS-subjected rats has been shown to segregate the
stressed rats into sensitive and resistant phenotypes to this polyphenol intervention [231].
This observation supports the notion that RES exerts a dual impact on anxiety behavior.
Notably, both antagonistic effects appear to be mediated initially by SIRT1 and ultimately by
MAO-A. Improved anxiety behavior is associated with decreased MAO-A gene expression
and enzymatic activity, whereas aggravated anxiety corresponds with increased MAO-A
activity. This dual impact is consistent with data indicating that RES suppresses MAO
activity both in vitro and in vivo [232,233].

Interestingly, decreased MAO activity might also be associated with anxious behavior.
Endogenous inhibitors of MAO-A and MAO-B, known as tribulins, can induce anxiety
under stress conditions [234]. Therefore, both excessive and insufficient MAO-A activity
can lead to increased anxiety, whereas moderate changes in MAO-A activity can improve
anxious behavior.
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Figure 8. Resveratrol aggravates anxiety disorder via the SIRT1/NHL2/MAO-A pathway. RES
exhibits a dual effect on stress-related anxiety behavior; while it has antianxiogenic properties, it
can also mediate proanxiogenic effects through SIRT1 activation. SIRT1 induces the deacetylation
of NHLH2 transcriptional factors, leading to increased MAO-A expression and decreased 5-HT
concentration in neurons, which enhances anxiety behavior. The miRNAs miR-142, miR-34a, and
miR-34c downregulate the proanxiety effect of the SIRT1/NHLH2/MAO-A pathway.

To understand the behavioral effects of MAO-A, it is essential to consider its correlation
with changes in the levels of monoamines, their receptors and transporters, and particularly
of COMT, another enzyme involved in the metabolism of dopamine and norepinephrine.
Although COMT does not directly impact serotonin metabolism, its role in dopamine and
norepinephrine regulation is significant.

Apart from its effects on MAO-A, RES may improve anxiety behavior by influencing
other targets within monoamine signaling pathways. Studies have shown that limited
cheese intake supplemented with RES improves anxiety behavior in rats subjected to the
predator tress paradigm. This improvement is associated with increased gene expressions
of MAO-A, DAT, and BDNF in the hippocampus. In this anxiety model, the increased
expression of BDNF reflects the neuroprotective properties of resveratrol.

In contrast, PS alone increases anxiety behavior by decreasing MAO-A gene expression
and increasing COMT gene expression, leading to reduced dopamine concentration in the
hippocampus. Cheese supplementation with RES resulted in decreased 5-HT turnover,
consistent with reports of RES downregulating the SERT, similar to the effects of selective
serotonin reuptake inhibitors (SSRIs). This suggests that RES may target SERT independent
of SIRT1 [235].

For improved anxiety behavior, enhancing synaptic plasticity is also desirable. Stable
neurotransmission is crucial for resilience to behavioral disorders. The neuroprotective
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effect of RES via the SIRT1/AMPK/BDNF pathway contributes significantly to improved
anxiety behavior.

RES, through its interaction with SIRT1, can exert both anxiolytic and anxiogenic effects.
The anxiolytic effects of resveratrol are mediated via the SIRT1/AMPK/CREB pathway.
Conversely, its anxiogenic effects are associated with the SIRT1/NHL2/MAO-A pathway.

13. Conclusions

The neuroprotective effects of RES improve stress-related behavior by mitigating neu-
ronal damage, neuroinflammation, mitochondrial dysfunction, and loss of neuroplasticity,
all of which are implicated in the pathogenesis of stress-related anxiety. RES primarily acts
through SIRT1 and AMPK to correct these deleterious consequences of stressful events in
the brain. However, there is a scarcity of studies employing SIRT1 and AMPK inhibitors
to analyze the mechanisms of RES’s neuroprotective action. Nevertheless, in silico data
demonstrate RES’s ability to directly bind to other proteins involved in mediating its neuro-
protective and anxiolytic effects. For instance, our data suggest that 113HSD1 has binding
sites for RES. It would be valuable to evaluate in silico the potential of RES to directly target
neurotransmitter receptors and their transport proteins, bypassing SIRT and AMPK.

Interestingly, RES exhibits dual effects on anxious behavior. While most studies
report anxiolytic effects of RES under conditions of stress, anecdotal evidence suggests that
RES may enhance stress-related anxious behavior. Future studies will need to determine
the extent to which RES’s effects on anxious behavior are influenced by the animal’s
initial state and coping strategy. The hexobarbital test could serve as a useful tool for
these investigations. Additionally, it will be necessary to assess how RES’s effects differ
between fast and slow metabolizers, considering that susceptibility to anxious behavior is
typical only for slow metabolizers. RES may be as effective as selective serotonin reuptake
inhibitors in correcting anxiety disorders. However, the clinical use of RES is limited by
its rapid metabolism via cytochrome P450 enzymes. Therefore, an auspicious direction
for research is the development of metabolically stable forms of RES, as well as functional
products enriched with RES.
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