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Abstract
The world population is progressively ageing, assuming an enormous social and health challenge. As the world ages,
neurodegenerative diseases are on the rise. Regarding the progressive nature of these diseases, none of the neurodegenerative diseases are curable at date, and the existing treatments can only help relieve the symptoms or slow the
progression. Recently, hormesis has increased attention in the treatment of age-related neurodegenerative diseases.
The concept of hormesis refers to a biphasic dose-response phenomenon, where low levels of the drug or stress exert
protective of beneficial effects and high doses deleterious or toxic effects. Neurohormesis, as the adaptive aspect of
hormetic dose responses in neurons, has been shown to slow the onset of neurodegenerative diseases and reduce
the damages caused by aging, stroke, and traumatic brain injury. Hormesis was also observed to modulate anxiety,
stress, pain, and the severity of seizure. Thus, neurohormesis can be considered as a potentially innovative approach in
the treatment of neurodegenerative and other neurologic disorders. Herbal medicinal products and supplements are
often considered health resources with many applications. The hormesis phenomenon in medicinal plants is valuable
and several studies have shown that hormetic mechanisms of bioactive compounds can prevent or ameliorate the
neurodegenerative pathogenesis in animal models of Alzheimer’s and Parkinson’s diseases. Moreover, the hormesis
activity of phytochemicals has been evaluated in other neurological disorders such as Autism and Huntington’s disease. In this review, the neurohormetic dose–response concept and the possible underlying neuroprotection mechanisms are discussed. Different neurohormetic phytochemicals used for the better management of neurodegenerative
diseases, the rationale for using them, and the key findings of their studies are also reviewed.
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Introduction
Legend has it that in ancient times in the land of Pontus, there was a king who was always afraid to be assassinated. In those days, it was customary to poison kings.
This was the least troublesome method of assassination,
and usually the person who poisoned the king could not
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be easily identified. The king found a solution. He ate very
small amounts of poison that did not cause him illness or
death. The next day he added a very small amount to it.
He did so until his body became resistant to the poison.
Years later, the king lost a war and decided to commit
suicide. But the poison did not cause him death.” According to Paracelsus “all things are poison, and nothing is
free of poison; the dosage alone makes it so a thing is not
a poison.
The world population is getting older every day.
Elderly people require more health care facilities, due
to the higher prevalence of chronic diseases, physical
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disabilities, mental illnesses and other co-morbidities.
In this sense, as the world gets older, neurodegenerative
diseases are on rise [1]. In most of these neurodegenerative diseases, cell death occurs progressively which usually results in cognitive and functional impairment of the
patient. Nowadays, none of the neurodegenerative diseases are curable, and the existing treatments can only
help relieve the symptoms or slow the progression of the
disease [2]. Hence, the clinicians and researchers should
move towards finding new therapies for suffered patients.
Recently, hormesis has increased attention in the treatment of age-related neurodegenerative diseases. The
hormesis conception refers to a biphasic dose-response
phenomenon, where low levels of the drug or stress
exert protective of beneficial effects and high doses deleterious or toxic effects. The concept of “use it or lose
it” fits under the umbrella of hormesis when the cells
respond adaptively [3]. There are various complex mixtures and specific compounds with potential neuroprotective properties which can exert hormetic responses.
In other words, these compounds have toxic effects in
high doses but at lower doses they can have a beneficial
adaptive effect [4, 5]. The hormetic model shows a more
accurate prediction of the dose response compared to
the traditional model (for example, linear model without
threshold) [6]. These responses typically induce a moderate stimulatory effect that is independent of biological
model, cell type, induction factor, and mechanism.
Neurohormesis, defined as the adaptive aspect of hormetic dose responses in neurons, was shown to slow the
onset of neurodegenerative diseases and reduce the damage of aging, stroke, and traumatic brain injury. Hormesis was also capable to modulate anxiety, stress, pain, and
seizure severity [7]. Universal pharmacological treatments fail in neurodegenerative diseases and this seems
to be due to the single mechanism of action of drugs and/
or their inability to penetrate neurons [8, 9]. Thus, neurohormesis can be considered as a potentially innovative
approach in the treatment of neurodegenerative disorder.
Herbal medicinal products and supplements are often
considered health resources with many applications [10,
11]. The hormesis phenomenon in medicinal plants is
valuable because it is a guide to understand the underlying mechanism of action. Literally, hormetic models can
explain different effects of herbs, including inhibition in
higher doses and stimulation in lower doses, which contribute to their regulatory and potential healing aspects
of disease [6, 12]. Several studies have been shown that
the hormetic effects of bioactive compounds prevent
the process of neurodegenerative pathogenesis in animal models such as Parkinson’s and Alzheimer’s diseases
[13, 14]. Herein, this paper evaluated the neurohormetic
dose–response concept and the possible underlying
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neuroprotective mechanisms. We also reviewed the
available data onon neurohormetic phytochemicals used
for a better management of neurodegenerative and other
neurologic diseases, the rationale for using them and the
key findings of their studies.
Effects of neurohormetic phytochemicals on immune
function

The hormesis theory explains that despite the toxic
impacts of high doses of compounds, irradiation, etc.,
low doses of these elements coul be useful. Furthermore,
hormesis helps to remove or at least to reduce the harmful effects of subsequent exposure to higher doses [15].
Phytochemicals hadve a wide diversity of biological properties including antimicrobial, antifungal, antioxidant,
and anti-proliferative that permit plants to overcome
pests and infectious factors. Phytochemicals are not toxic
but also stimulate mild cellular stress responses, when
they are consumed by humans at the relatively small
doses [16]. Phytochemicals mainly present in fruits and
vegetables can decrease the risk of several main disorders
including cardiovasculardiseases, cancers, inflammatory
and immune diseases and neurodegenerative disorders
[17, 18]. At low doses, phytochemical such as flavonoids, catechins, curcumin, resveratrol, quercetin, ginkgo
biloba, and sulfur compounds present in garlic may assist
to improve the immune system [19]. Hormetic phytochemicals including sulforaphane, curcumin, resveratrol,
catechins, allicin, and hypericin can stimulate the adaptive stress response signaling pathways enhancing cellular resistance to injury and disease [20].
One of the most studied compounds as an immunomodulator is resveratrol. Recent evidences indicated
that resveratrol-induced endpoints showed a hormetic
biphasic dose–response relationship [21]. For example,
Falchetti et al. [22] investigated the effects of resveratrol on several immune functions of human T-cells in
in vitro assay. The findings revealed that in vitro exposure
to resveratrol had a biphasic impact on the anti-CD3/
anti-CD28-induced development of both IFN-gammaIL2- and IL4-producing CD8+ and CD4+ T cells, with
induction at low resveratrol concentrations and inhibition at high concentrations. Also, resveratrol was foumd
to induce a significant increase at low concentrations
and decrease at high concentrations of both cytotoxic
T lymphocytes (CTL) and natural killer (NK) cells cytotoxic activity. These findings showed the capacity of
resveratrol on suppression or upregulation of immune
response depending on the concentration [22]. Piceatannol (trans-3,4,3′,5′-tetrahydroxystilbene) extracted from
the seeds of Euphorbia lagascae, is a structural homolog
of resveratrol. It had anti-inflammatory, immunomodulatory and anti-proliferative properties. Piceatannol can
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inhibit the release of nitric oxide (NO), postaglandin
E2 (PGE2) and pro-inflammatory cytokines in a dosedependent relationship [23]. The immuomodulatory
activity of curcumin, the main component of turmeric
(Curcuma longa), is also well known. It can modulate the
activation of T cells, B cells, macrophages, neutrophils,
natural killer cells, and dendritic cells [24]. Curcumin can
also increase antibody responses at low doses and reduce
the expression of proinflammatory cytokines [24, 25].
Because of its capability to modulate the immune system, it had beneficial impacts in different disorders such
as arthritis, allergy, asthma, atherosclerosis, Alzheimer’s
disease, diabetes, and cancer [24].
Neurohormesis and aging

Aging is a complex genetic and cellular process with factors are involved, such asoxidative stress, deficiency of
protective histones and introns, limited nucleotide excision and recombination DNA repair that accumulated
in mtDNA during life [21]. The safety response against
stress to maintain survival, adaptation, and stability of
health are defined as hemodynamic. The impairment in
hemodynamic induces an increase in molecular heterogeneity, alteration of cellular function, and reduction of
adaptive stress. The development of an adaptive stress
response is associated with an improvement of the hemodynamic structure, the reduction of disease risks, and
healthy aging. Hormesis in aging produce biologically
beneficial effects and induced protective mechanisms in
the cells and the organism [18].
The nuclear erythroid 2-related factor 2 (Nrf2)/ antioxidant response element (ARE) pathway is the one of the
most important defensive signaling pathways that controls the expression of antioxidants and phase II detoxifying in response to noxious stimuli The beneficial effects
of subtoxic doses of many phytochemicals converge in
the Nrf2/ARE pathway, by the activation of upstream
pathways including p38, phosphatidylinositol-3-kinase
(PI3K), c-jun N-terminal kinase, extracellular signal-regulated protein kinase (ERK), and protein kinase C (PKC)
[23].
For example, sulforaphane is an isothiocyanate active
ingredient from cruciferous vegetables that is present in
high amounts in broccoli seeds and sprouts is the best
effective natural compounds in inducing the Nrf2/ARE
pathway. Sulforaphane treatment has been reported to
activate Nrf2/ARE and induce ARE-driven phase II gene
expression such as NAD(P) H Quinone Dehydrogenase
1 (NQO1), inhibit mitogen-activated protein kinases
(MAPKs) and NF-κB pathways, activate of ERK1/2 and
PI3K/Akt signaling and protect against oxidative stress.
The Nrf2/ARE pathway exhibit hormetic dose responses
and Nrf2 activation was capable to limit age-related
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damage [26]. In this sense, curcumin can activate the
phase II detoxifying and antioxidant enzymes such as
glutathione peroxidase (GPx) hemeoxygenase 1 (HO1) and glutathione S-transferase (GST) through targeting the Nrf2/ARE pathway and exerting neuroprotective
activity. Also, curcumin binds NF- κB, and through this
interaction exerts protective effect in the regulation of
T-cell-mediated aging [27]. It is also reported that green
tea flavonoids such as epigallocatechin gallate, kaempferol, genistein and quercetin can activate the Nrf2
pathway through different mechanisms. Flavonoids can
protect against oxidative stress by activating the ERK2/
Nrf2/ARE signaling pathway, increasing the levels of
HO-1, NQO1, GST, glutamate cysteine ligase catalytic,
glutamate cysteine ligase modifier, and modulation of
PKC. Quercetin dose-dependently through p38/MAPK
and Nrf-2 activation increased the expression of glutathione (GSH), GPx, glutathione reductase (GR), and
GST protecting against oxidative stress in aging [28].
EGCG regulates the levels of HO-1 in endothelial cells
and increased GST, NQO1 enzymes providing resistance against hydrogenperoxide- induced cell death [29].
Resveratrol treatment caused Nrf2 nuclear translocation
and regulation of GST and NQO1 activities in neurons.
In age-related disease resveratrol increased intracellular
GSH levels and glutamate uptake, and protected against
the hydrogen peroxide toxicity. Neuroprotection activity
of resveratrol is related to activation of ERK and sirtuin
1 (SIRT1) pathway and reduction the levels of markers of
oxidative stress including malondialdehyde (MDA) [30].
The NF-κB and FOXO transcription factors are two
pathways that play significant roles in neuronal stress
adaptation [31]. The expression of pro-survival genes
including Bcl-2 and manganese superoxide dismutase
derives from the activation of NF-κB. Resveratrol has
been reported to activate FOXO transcription factor
which, in turn, regulate genes involved in energy metabolism and antioxidant defense [32].
Hormesis and neuroprotection mechanisms

Cells are continuously exposed to a harsh environment
with a high level of toxic agents. Therefore, the organisms that are able to cope with them will survive successfully [33]. Aging causes several changes to the human
brain cells [34]. The pathogenesis of neurodegenerative
diseases is characterized by the gradual selective death
of vulnerable neuron cells. Although the main factors
involved in the process are certain protein aggregation
and anatomical vulnerabilities, neurological disorders
are associated with underlying processes such as oxidative stress due to the accumulated production of free oxygen radicals throughout the lifespan and which can lead
to neuroinflammation and even cell apoptosis [8, 35–37].
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Various endogenous and exogenous factors lead to DNA
damage, such as reactive oxygen species (ROS) and radiation. Unlike other organs, nervous system is vulnerable to
these injuries with limited ability for regeneration. Oxidative DNA damage is believed to be one of the primary
detectable events prior to neurodegenerative pathogenesis and may contribute to mitochondrial disorders
[38, 39]. Indeed, reduced restorative mechanisms that
repairs oxidative damage lesions (base excision repair)
may contribute to the development of neurodegeneration. Oxidative DNA attack by ROS can result in the production of more than 20 oxidized base adducts, such as
8-hydroxyguanine (8-OHG), formamidopyrimidines,
and 5-hydroxyuracil, being 8-OHG the most widely used
marker for analyzing of DNA damage [40].
Hormesis has potential therapeutic effects in repairing
DNA damage with low doses of a wide range of factors
such as radical scavenging and increase antioxidant activity [41]. Neurohormesis is a new strategy for restricting
cellular senescence in which repetitive mild stress exposure such as transcranial electromagnetic treatment
(TEMT) shows anti-aging benefits in Alzheimer’s diseases [14]. Moreover, long-term TEMT has the potential
against cognitive impairment and neurologic injuries [8].
Another possible pathway that can be considered in
the pathogenesis of neurodegenerative diseases is a cytoprotective pathway, in which the expression of genes that
encode heat shock proteins (Hsps) as protein chaperones is induced. Hsps can help the cells to resist oxidative stress preventing protein aggregation and facilitating
protein folding. However, in addition to their function
as protein chaperone, members of the HSP superfamily
are involved in processes such as synaptic transmission,
autophagy, endoplasmic reticulum stress response, and
cell death signaling [36, 37].
It should be noted that mild oxidative stresses can
increase neurons resistance to more severe stresses by
generating mild oxidative stress. This aforementioned
mechanism of hormesis includes proteins involved in stabilization of mitochondrial membranes, GSH, activation
of brain derived nerve factor (BDNF) and N-Methyl-DAspartate (NMDA) receptor, and multiple other anti-oxidative enzymes [5, 42]. A schematic presentation of the
neuroprotection mechanisms of hormesis is illustrated in
Fig. 1.
Hormesis and adaptive responses of mitochondria

Mitochondria has a central role in nutrient metabolism,
bioenergy production and are essential for cellular homeostasis. Mitochondria-targeting agents in low concentration display protective effects on cellsurvival through
ROS-mediated mitohormetic signaling and have a valuable effect on age-related illnesses via mitohormesis [43].
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The mitohormesis capability of berberine, an alkaloid
isolated from Coptidis rhizoma and Hydrastis Canadensis, has been examined. A low dose, berberine could target mitochondria via the inhibition of electron transport
chain, reduction of energy produced by oxidative phosphorylation and increase in NAD+ and ROS. All of the
aforementioned pathways increase the adaptability of
cells to adverse conditions and caused mitohormesis
activity [44]. However, it should be noted that high doses
of berberine cause cytotoxicity by affecting DNA synthesis. Other side effects such as diarrhea, emesis, muscular
tremor and paralysis, have also been reported with this
herbal phytochemical [45]. Asseburg et al. investigated
the potential hormetic effects of a polyphenol isolated
from grape skin extract (PGE) on age-related dysfunctions of brain mitochondria in C57BL/6 J mice. Administration of PGE at a dose of 200 mg/kg increased brain
mitochondrial respiration with a valuable effect on brain
adenosine triphosphate (ATP) levels and memory of aged
mice through increase in antioxidant activity, signaling pathways involved in energy homeostasis and mitochondrial biogenesis [46]. In C2C12 myoblasts, curcumin
ameliorated heat-induced mitochondrial fragmentation
through reduction of ROS levels along with increases
in NADPH oxidase expression. During heat stress, curcumin at low dose (15 mg/kg) protected the mitochondrial morphology and bioenergetics and, attenuated the
heat condition that induced mitochondrial ROS production and tissue injury [47]. In another study, the combination of curcumin (50 and 100 mg/kg) with hesperidin
(10 and 25 mg/kg) improved cognition via reduction of
caspase-3, MDA and apoptosis and, increase of GSH levels and mitochondrial enzymes [48]. On the other hand,
although curcumin seems very safe, high doses have been
reported to cause hepatotoxicity, diarrhea, headache,
rash, and yellow stool [49]. Therefore, the maximum tolerable dose and half lethal dose of this phytochemical
have been disclosed in studies to be 250 and 500 mg/kg,
respectively [50].
It has also been reported that resveratrol (10 mg/kg)
increased lifespan of mice and exerted mitohormesis
activity via enhancement of SIRT1, mitochondrial biogenesis, adenosine monophosphate-activated protein
kinase (AMPK), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) activities and,
reduction of insulin-like growth factor 1 (IGF-1) levels
[51]. Nevertheless, resveratrol can act as pro-apoptotic
and pro-oxidant agent on healthy cells at high doses. Resveratrol has also been linked to cardiac depression and
impaired wound healing at these toxic doses [52, 53].
A summary of the hormesis activity of natural compounds in vivo on adaptive responses of mitochondria is
provided in Table 1.
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Fig. 1 A schematic presentation of the neuroprotection mechanisms of Hormesis. Hsps: heat shock proteins, DNA: deoxyribonucleic acids, GRP:
Glucose-Regulated Protein, BDNF: brain derived neurotrophic factor, NMDA: N-methyl-D-aspartate

Table 1 The hormesis activity of natural compounds in vivo in adaptive responses of mitochondria
Activity

Compound

Source Plant

Model Treatment

Adaptive responses of mitochondria

Berberine

Coptidis rhizome,
Rat
Hydrastis canadensis

Polyphenol

Ribes nigrum

Curcumin

Mice

Remarks

Reference

10 μM

Berberine exerts mitohormesis
activity

[44]

200 mg/kg

Polyphenol increases
[46]
homeostasis and mitochondrial
biogenesis
The low dose was effective

Curcuma longa

Rat

15 mg/kg

Curcumin
Curcuma longa
with hesperidin

Rat

Curcumin (50, 100 mg/kg), Both compounds improve
hesperidin (10, 25 mg/kg) mitochondrial enzymes and
reduce apoptosis

Resveratrol

Mice

10 mg/kg

Ribes nigrum

Hormesis and memory performance

The consumption of epicatechin, a flavanol commonly
found in plants, increased the cognition in female
C57BL/6 mice. The combination of exercise for 6 weeks
and epicatechin (3 mg/kg) improved memory function, hippocampal angiogenesis, and neuronal spine

[47]
[48]

Resveratrol exerts mitohormesis [51]
activity

concentration in mice [54]. In another study, epigallocatechin-3-gallate (EGCG) (10 mg/kg), the main polyphenol isolated from green tea, exerted beneficial effects
in reversing the cognitive deficit in rats. The underlying
mechanism was via modulation of S100B secretion, acetylcholinesterase and antioxidant activity [55]. Various
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studies have concluded that this phytochemical has a
biphasic dose responses. Furthermore, hepatotoxicity
and changes in serum lipid profile have been reported at
high oral doses [56–58].
The intraventricular injection of resveratrol, a natural component abundant in grapes, improved the longterm memory formation and the long-term potentiation
(LTP) induction in 8–9 month-old mice. Resveratrol (2.5
or 5 mg/kg) exerted this beneficial effect via reduction
of miR-124 and miR-134 expressions and regulation of
cAMP Response Element-Binding Protein (CREB) levels
[59]. Shibani et al., investigated the effects of oleuropein,
a polyphenol extracted from olive leafs, against memory
impairment induced by chronic morphine administration in rats. Oleuropein (15 and 30 mg/kg) treatment
improved the spatial learning and ameliorated memory
impairments through inhibition of oxidative stress and
neuronal apoptosis in the CA1 area of hippocampal neurons of rats [60]. However, it should be noted that this
phytochemical, up to 2000 mg/kg, has found to be safe
and without serious side effects on the reproductive and
developmental organs [61].
A summary of the hormesis activity of natural compounds in vivo on memory performance is provided in
Table 2.
Hormesis and Alzheimer’s disease

Alzheimer’s disease (AD) is the main cause of dementia
and its prevalence increases with aging. It is characterized by memory impairment, head injury, neuronal loss
and β-amyloid pathology. Amyloid β peptide (Aβ) plays
a central role in the neuropathology of AD and oxidative
stress may be responsible for the neurotoxicity of Aβ [62,
63].
Cannflavin A, a flavonoid extracted from Cannabis sativa, demonstrated hormetic and neuroprotective effects against amyloid β-mediated neurotoxicity
in PC12 cells. Cannflavin A, in low concentrations (1 to
10 μM), exerted hormetic effects through inhibition of
Aβ neurotoxicity, reduction of Aβ aggregation to PC-12
cells and related neurite loss, while at higher concentrations (> 10–100 μM), exhibited neurotoxicity [64]. Joseph

et al. stated that the consumption of blueberries (25 μM)
increased memory-associated neuronal signaling,
induced modifications in neutral sphingomyelin-specific
phospholipase C action and inhibited behavioral deficits
in an AD model without any alterations in amyloid beta
deposition [65]. Gintonin, extracted from Panax ginseng,
improved learning and memory dysfunctions in animal
models of AD. The orally administration of gintonin (25,
50, or 100 mg/kg) for 3 weeks decreased scopolamine and
amyloid-β-induced memory impairment and cholinergic
dysfunctions through reduction of acetylcholine concentration, choline acetyltransferase activity and induction of acetylcholine esterase (AChE) activity [66]. It was
also reported that ginsenoside Rg1 from Panax ginseng
exerted protective effects in a mouse animal model of
AD. Rg1 (20 mg/kg) ameliorated memory impairment
and depression-like behavior via downregulation of complexin-2 (CPLX2), synaptosomal-associated protein 25
(SNP25) and synapsin-2 (SYN2) expression in the hippocampus of mice [67]. Ginseng abuse was reported to
cause affective disorders, increase in blood pressure,
coagulopathy, bleeding of genital organs, allergy, and
liver, kidney, reproductive and cardiovascular system toxicity [68].
The effect of curcumin at low (160 ppm) and high
doses (5000 ppm) on oxidative damage, inflammation, and plaque pathology was investigated in mouse
model of Alzheimer. Low-dose of curcumin reduced
glial fibrillary acidic protein (GFAP), soluble Aβ, insoluble β-amyloid and plaque burden, while higher dose
decreased oxidized proteins and interleukin-1β [69].
Furthermore, curcumin encapsulated poly (lacticco-glycolic acid) (PLGA) nanoparticles, at the dose of
20 mg/kg, improved learning and memory impairments
in rat model of Alzheimer. This effect was mediated by
stimulation of the Wnt/β-catenin pathway, increase in
GSK-3β phosphorylation, modulation of neurogenesis by interaction with Wif-1, Dkk-1, and GSK-3β at
very low doses [70]. Resveratrol in a concentration of
25 μM protected the rat hippocampal neurons through
inhibition of GF 109203X, activation of protein kinase
C (PKC) leading to a reduction of Aβ aggregation

Table 2 The hormesis activity of natural compounds in vivo in memory performance
Activity

Compound

Memory performance Epicatechin

Source Plant

Model Treatment

Remarks

Reference
[62]

Camellia sinensis Mice

3 mg/kg

Epicatechin increases cognition

Epigallocatechin3-gallate

Camellia sinensis Rat

10 mg/kg

Epigallocatechin-3-gallate improves cognitive deficit [55]

Resveratrol

Ribes nigrum

Mice

2.5 or 5 mg/kg

Resveratrol improves the LTP induction

Oleuropein

Olea europaea

Rat

15 and 30 mg/kg Oleuropein improves the spatial learning and
memory impairments

[59]
[60]
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[71]. In another study, the protective effect of resveratrol and catechin against β-Amyloid peptide toxicity
in PC-12 cells were investigated. The administration
of 50 μM catechin and 10 μM resveratrol completely
eliminated the toxicity induced by β-Amyloid peptide
by interaction with the mitochondrial redox system,
modulation of the NF-kB activity and inhibition of calcium ions concentration [72]. In a study conducted by
Haque et al., the long-term consumption of green tea
catechins ameliorated the cognitive deficits induced by
oxidative stress and Aβ. The green tea (5 g/L) exerted
beneficial effects against cognitive impairment by
reduction of lipid peroxidation in the hippocampus and
ROS in the hippocampus and cortex [73]. Sulforaphane,
the main compound extracted from cruciferous vegetables, improved cognitive impairment in different
doses through reduction in the levels of amyloid-β, tau,
inflammation, neurodegeneration and oxidative stress
in animal and cell models. The results indicated that the
oral administration of sulforaphane, in doses between
10 and 50 mg/kg, displayed the anti-AD-like activity in
animal models. In cell models, sulforaphane exhibited
anti-AD-like effectiveness at doses of 0.01–10 μM [74].
However, high doses of sulforaphane were reported
to cause sedation, hypothermia, disturbance in motor
coordination, decreased muscle strength and even
death at very high does (200-300 mg/kg) [75]. Urolithin
A, a main compound found in pomegranate and walnuts, demonstrated neuroprotective effect in a cellular
model of AD. Urolithin A had no effect on autophagy in
SH-SY5Y-APP695 cells while exerted hormetic effects
through mitochondrial biogenesis which, in turn,
induced the transcription of several genes [76]. A summary of the hormesis activity of natural compounds
in vitro and in vivo on AD is provided in Table 3.

Hormesis and Parkinson’s disease

Parkinson’s disease (PD) is a high prevalent neurodegenerative disorder characterised by loss of dopaminergic
neurons in the substantianigra, emotional and olfactory
dysfunction and progressive cognitive and motor impairments [77, 78].
Resveratrol has shown to exert neuroprotective effects
against 6-hydroxydopamine (6-OHDA)-induced PD in
rats. The oral administration of resveratrol (10, 20 and
40 mg/kg) improved chronic inflammation, oxidative
stress, mitochondrial dysfunction and reduced the levels
of cyclooxygenase-2 (COX-2) and tumor necrosis factor alpha (TNF-α) in the substantianigra [79]. Moreover,
resveratrol (100 μM) exerted neuroprotective activity in
PD through avoiding cellular oxidative damage reducing
dopaminergic neurotoxicity and regulating sirtuin transcription [80]. In another study, the protective effects of
resveratrol (20 mg/kg) were examined in a rat model of
PD induced by rotenone. The mechanisms responsible
for this effect were the regulation of CHOP and, GRP78
genes, the reduction of activated caspase-3, and the
induction of GPx and Nrf2 signaling pathways [81].
Levites et al., reported that epigallocatechin 3-gallate
(0.1–10 μM) exerted neuroprotective effects in a mice
model of PD through inhibition of BCL2 associated X
(Bax), MDM2 proto-oncogene (Mdm2), and reduction
of B-cell lymphoma 2 (Bcl-2), Bcl-w, and Bcl-xL expression. However, in concentrations higher than 10 μM, epigallocatechin could not counteract the toxic effects of
6-OHDA [82].
The neuroprotective effects of low (10 mg/kg) and
high doses (20 mg/kg) of caffeine were evaluated on a
rotenone-induced model of PD in rats. Caffeine exerted
this effect via improvement of histopathological degeneration and reduction of dopamine concentration [83].

Table 3 The hormesis activity of natural compounds in vitro and in vivo in Alzheimer’s disease
Activity

Compound

Alzheimer Cannflavin A

Source Plant
Cannabis sativa

Blueberry
Gintonin

Panax ginseng

Model

Treatment

Remarks

Reference

PC12 cells

1 to 10 μM

The low dose was effective

[64]

Mice

25 μM

The blueberry inhibits behavioral
deficits

[65]

Mice

25, 50, or 100 mg/kg Gintonin improves memory dysfunctions

[66]

Ginsenoside Rg1

Panax ginseng

Mice

20 mg/kg

Rg1 ameliorates memory impairment

[67]

Curcumin

Curcuma longa

Mouse

160 ppm

The low dose was effective

[69]

Curcumin encapsulated PLGA Curcuma longa
nanoparticles (Cur-PLGA-NPs)

Rat

20 mg/kg

Cur-PLGA-NPs improve learning and
memory impairments

[70]

Rat

25 μM

Resveratrol

Ribes nigrum

Resveratrol and catechin

Ribes nigrum and PC-12 cells Catechin (50 μM),
Camellia sinensis
resveratrol (10 μM)

Catechin

Camellia sinensis

Rat

5 g/L

Resveratrol reduces Aβ aggregation

[71]

Catechin is more effective

[72]

Catechin ameliorates cognitive deficits

[73]

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

Furthermore, the consumption of caffeine at doses of
60-80 mg/kg has protective properties against rat model
of PD by inhibition of nigral dopamine neuron loss,
blockage of 
A2A receptors and reduction of neuroinflammation [84]. Nevertheless, higher caffeine induced
psychosis, anxiety, nervousness, and neurobehavioral
adverse effect through glutamate excitotoxicity and neuronal death in the brain [85].
In another study, mulberry fruit from Morus alba
exhibited neuroprotective activity against mouse model
of PD via antioxidant and anti-apoptotic properties. The
mulberry fruit (500 mg/kg) regulated ROS, NO, Bcl-2 and
Bax production and reduced the activation of caspase-3
[86]. Toxicity evaluation studies showed ophthalmological abnormality such as conjunctival congestion and also
renal tubular pigmentation and discharge coloration at
high doses of 4200 mg/kg [9, 87].
In a study conducted by Govindan et al., Dioscorea
alata tubers improved the health and extend lifespan
through hormesis mechanism. The low dose of tubers
(100–300 μg/mL) increased the glyoxalase-1, stress protective genes expression and decreased α-synuclein
aggregation through SKN-1/Nrf2 and HSF-1 pathways,
while higher doses of tubers (400 and 500 μg/mL) exert
toxic effects [88, 89].
Ginsenoside Rb1 was used for the management of PD
at doses of 10 and 50 μM. It exerted the beneficial effects
via inhibition of glutamate excitotoxicity, modulation of
synaptic transmission, glutamate receptor expression and
improvement of motor functions [90]. In a rat model of
PD induced by rotenone, the protective and autophagy
modulating activity of quercetin was investigated.
Quercetin at a dose of 50 mg/kg significantly improved
the behavioral impairment, ER stress, augmented
autophagy and reduced Beclin-1 level via decreased
oxidative stress [91]. Moreover, oral administration of
quercetin (0.3–30 μM) improved the striatal dopamine
depletion, behavioral deficits, TH neuronal cell loss and
increased mitochondrial biogenesis through activation
of the protein kinase D1/Akt cell survival signaling in a
mouse model of PD [92]. On the contrary, higher doses
of quercetin are associated with cytotoxicity, mutagenicity, alteration in hormone metabolism and also can act as
a prooxidant [93, 94].
Brunetti et al., evaluated the protective activity of two
main olive oil polyphenols, hydroxytyrosol (250 μg/mL)
and oleuropein aglycone (500 μg/mL) using Caenorhabditis elegans as a model. Both polyphenols increased
locomotion, decreased the accumulation of α-synuclein
and prevented the neurodegeneration through hormesis and antioxidative activities. Also, both compounds
increased the survival after heat stress, only hydroxytyrosol enhanced the lifespan in unstressed conditions [95].
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It should be noted that depending on the dosage, these
compounds can be harmful pro-oxidant compounds [96,
97].
Cannabinoids (3 mg/kg) exerted neuroprotective activity against 6-hydroxydopamine toxicity in PD in in vivo
and in vitro models. The protective activity of cannabinoids were related to the reduction of TNFα, synthesis
of NO, antioxidative and anti-inflammatory properties
[98]. It is also reported that allicin (50 μM), an organosulfur agents obtained from garlic, exerted protective
effects against 6-hydroxydopamine (6-OHDA)-induced
PD. The underlying mechanism for this protective action
was related to a reduced LDH release, generation of ROS,
lipid peroxidation and leakage of cytochrome c, increased
mitochondrial biogenesis, together causing an increase in
cell viability, [99].
The neuroprotective activity of curcumin was examined in an animal model of PD. Curcumin, at the dose
of 40 mg/kg, exerted this effect through inhibition of
α-synuclein accumulation in the dopaminergic neurons,
suppression of NF-κB and proinflammatory cytokines,
iNOS expression and improvement in the glutathione
system [100]. In another study, the neuroprotection of
curcumin, naringenin, quercetin and fisetin were evaluated in a model of PD. The results demonstrated that pretreatment with quercetin and fisetin (50 mg/kg) reduced
the loss of tyrosine hydroxylase (TH)-positive cells and
the loss of dopamine levels. These effects were believed
to be related to the antioxidant activities of the compounds [101].
Zhang et al., investigated the hormetic and neuroprotective activity of panaxatriol saponins, extracted from
Panax notoginseng, in PC12 and zebrafish. Panaxatriol
saponins, at low dose, reduced cytotoxicity induced by
6-OHDA and modulated the proliferation of PI3K/Akt/
mTOR cell and AMPK/SIRT1/FOXO3 cell survival.
These neuroprotective effects may be related to the hormetic effect of the saponins. The low dose of panaxatriol
(0.12 mg/mL) could significantly inhibit neuron loss and
increase the behavior movement deficiency, whereas high
dose (4 mg/mL) displayed neural toxicity [5]. Conversely,
high doses of panaxatriol were associated with cardiac
toxicity, evidenced as diastolic dysfunction, hypotension
and heart failure [5, 102].
Low doses of berberine (0.3, 0.6, 1.3 μM) exerted hormetic and neuroprotective activities through modulation
of the PI3K/AKT/Bcl-2 cell survival pathway, the Nrf2/
HO-1 antioxidative signaling and improvement of behavior dysfunciot. On the contrary, high dose of berberine
(20 μM) did not display neuroprotective effects [103].
Luteolin, a flavonoid present in many plants, displayed
hormetic and neuroprotective activity against rotenone-induced toxicity in microglial BV2 cells. The low

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

Page 9 of 16

concentrations of luteolin (1–5 μM) increased cell viability and, the levels of Park2 mRNA, and reduced levels of
IL-1β and Lrrk2 mRNA. Luteolin also protected microglia against rotenone compared with a higher dose [104].
In another study, sulforaphane at doses of 1− 10 μM
exhibited protective properties in PD. The underlying
mechanism responsible for this effect was found to be
hormetic and mediated by the activation of Nrf2/ARE
and ERK1/2 pathwaya [105]. A summary of the hormesis
activity of natural compounds in vitro and in vivo onPD
is provided in Table 4.
Hormesis and Huntington’s disease

Huntington’s disease (HD) is a genetic neurological illness
of the central nervous system that causes clinical manifestations such as progressive choreiformic movements,

cognitive impairments, personality disorders, psychiatric
deterioration and premature death [106].
The therapeutic potential of protopanaxtriol (Ppt), isolated from Panax ginseng C.A. Meyer, was investigated
against 3-nitropropionic acid (3-NP)-induced oxidative
stress in a rat model of HD. The administration of protopanaxtriol (5,10 and 20 mg/kg) significantly improved
behavior, increased the translocation of Nrf2 into the
nucleus, reduced the production of free radicals, the
expression of NQO1 and HO-1 in striatum [107]. In
another study, the administration of Korean red ginseng
at doses of 50, 100, and 250 mg/kg/day, exerted therapeutic effects in the inhibition of Huntington’s symptoms.
The mechanism of action was related to the inhibition
of the phosphorylation of MAPKs and NF-κB pathways.
Furthermore, this phytochemical decreased the microglial activation and mRNA expression of TNF-α [108].

Table 4 The hormesis activity of natural compounds in vitro and in vivo in PD
Activity

Compound

Source Plant

Model

Treatment

Remarks

Reference

Parkinson Resveratrol

Ribes nigrum

Rat

10, 20 and 40 mg/kg

Resveratrol exerts a neuroprotective effect

[79]

Resveratrol

Ribes nigrum

Rat

100 μM

Resveratrol exerts a neuroprotective effect

[80]

Resveratrol

Ribes nigrum

Rat

20 mg/kg

Resveratrol exerts the
protective activity

[81]

Epigallocatechin 3-gallate

Camellia sinensis

Mice

0.1–10 μM

Epigallocatechin 3-gallate
exerts neuroprotective
effects

[82]

Caffeine

Camellia sinensis

Rat

10 mg/kg and 20 mg/kg

The low dose was effective

[83]

Caffeine

Camellia sinensis

Rat

60-80 mg/kg

Caffeine exerts protective
activity

[84]

Mulberry fruit

Morus alba

Mouse

500 mg/kg

Mulberry fruit exhibits
neuroprotective activity

[86]

Tubers

Dioscorea alata

Mouse

100–300 μg/mL

The low dose was effective.

[88]

Ginsenoside Rg1

Panax ginseng

Mouse

10 and 50 μM

Ginsenoside Rb1 treats
of PD

[90]

Quercetin

Crocus sativus

Rat

50 mg/kg

Quercetinexhibits protective activity

[91]

Quercetin

Crocus sativus

Mouse

0.3–30 μM

Quercetin improves behavioral deficits

[92]

Hydroxytyrosol and oleuropeinaglycone

Olea europaea

Mouse

Hydroxytyrosol (250 μg/
mL) oleuropeinaglycone
(500 μg/mL)

Hydroxytyrosol was more
effective

[95]

Cannabinoids

Cannabis sativa

Rat

3 mg/kg

Cannabinoids exerts neuro- [98]
protection activity

Allicin

Allium sativum

PC-12 cells 50 μM

Allicin exerts protective
action

[99]

Curcumin

Curcuma longa

Rat

40 mg/kg

Curcumin exhibits protective activity

[100]

Curcumin, naringenin,
quercetin and fisetin

Curcuma longa, Citrus
aurantium, Crocus
sativus

Rat

50 mg/kg

Quercetin and fisetin
exhibit neuroprotection
effects

[101]

Panaxatriol saponins

Panax notoginseng

PC12 cells

0.12 mg/mL

The low dose was effective.

[5]

Berberine

Berberis vulgaris

PC12 cells

0.3-20 μM

Berberine improves behavior movement deficiency

[103]
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Maher et al., have revealed that the oral administration
of fisetin and resveratrol (10 μM) was useful for the treatment of HD. Fisetin and resveratrol are very small, available molecules that can cross the blood–brain barrier
and activate ERK signaling which, in turn, preserve brain
function [109].
In a study conducted by Shivasharan et al., the extracts
of Calendula officinalis (100 and 200 mg/kg) showed
protective activity against 3-NP in rats. The underlying mechanism of this neuroprotective activity was the
reduction of oxidative damage, attenuation of behavioral
dysfunction, and striatal neuronal loss through its estrogenic, antioxidant and anti-inflammatory activity [110].
Toxicity of this compound at higher doses was manifested with hepatotoxicity [111].
Ramachandran et al., evaluated the effects of thymoquinone (TQ) in comparison with solid lipid nanoparticles of encapsulated thymoquinone (TQ-SLNs) against
behavioral alteration, oxidative damage and striatal
pathology induced by 3-NP. The study demonstrated that
the low dose of TQ-SLNs (10 mg/kg) was highly effective in comparison with the higher dose (80 mg/kg) in the
attenuation of oxidative stress, restoration of the antioxidant defense system and protecting the striatal structural
microelements [112]. In animal studies, high dose of thymoquinone caused impairments in respiration and hypoactivity [113].
A summary of the hormesis activity of natural compounds in vivo on HD is provided in Table 5.
Hormesis and autism

Autism spectrum disorders (ASD) are social and communication dysfunctions with no definitive treatment.
Observational studies have shown that children with
ASD often reveal improvements in behavior and cognition after a febrile condition that is related to altered
metabolic pathways. The febrile process caused responses
related to cellular stress and induced the expression
of Hsps. Several agents including sulforaphane and

hydroxytyrosol were reported to induce metabolic
impacts in cellular stress responses similar to fever [114].
Sulforaphane can upregulate Hsps and other mechanisms such as synaptic transmission that may lead to
cortical connection improvement [115]. These functions
have been established to be decreased in ASD [116]. Furthermore, the compound has protective impacts against
several neurodegenerative disorders via induction of the
Nrf2 and heat shock factor 1 (HSF1)-dependent genes.
On the other hand, it is an effective in maintaining proteome in stressful situations and activator of Hsp that act
similar to fever. Several findings indicated that febrile illness may reduce special behavioral and cognitive areas in
ASD patients [115, 117]. Furthermore, fever can upregulate Hsps that may improve depressed cortical connectivity in ASD [116]. Overall, sulforaphane is recognized
as a minimally toxic agent with ability to improve abnormalities with ASD, including oxidative stress, oxidative
phosphorylation, GSH synthesis, mitochondrial action,
and neuroinflammmation [117]. The discovery of the
hormesis phenomenon appears to make insights in the
development of new approaches in vitro/in vivo and
clinical aspects of prevention and therapy of ASD and
other neurologic diseases. The hormesis activity of phytochemicals, including sulforaphane and hydroxytyrosol
are lacking, althoguh several clinical studies have evaluated the effect of sulforaphane in patients with ASD.
In a randomized controlled trial (RCT), 44 pediatric children with moderate to severe ASD received
50–150 μmol oral daily doses of sulforaphane from broccoli sprout extracts for 18 weeks, followed by four weeks
without treatment. Three valid behavioral questionnaires including the Social Responsiveness Scale (SRS),
Aberrant Behavior Checklist (ABC), and Clinical Global
Impression Improvement Scale (CGI-I) were used. This
study revealed statistically significant improvements in
behavior in the intervention group in comparison to the
control (34% decrease in ABC and 17% decrease in SRS
scores). Moreover, social interaction, abnormal behavior,

Table 5 The hormesis activity of natural compounds in vivo in HD
Activity

Compound

Source Plant

Model Treatment

Remarks

Reference

Panax ginseng

Rat

5,10 and 20 mg/kg

Protopanaxtriol improves
body weight and behavior

[107]

Korean red ginseng

Panax ginseng

Mice

50, 100, and 250 mg/kg

Korean red ginseng inhibits
Huntington’s symptoms

[108]

Fisetin and resveratrol

Ribes nigrum

Mice

10 μM

Both compounds treat of HD

[109]

100 and 200 mg/kg

Calendula officinalis indicates
protective effect

[110]

TQ (80 mg/kg), TQ-SLNs
(10 mg/kg)

The low dose of TQ-SLNs is
highly effective

[112]

Huntingto Protopanaxtriol

Calendula officinalis Rat
Thymoquinone and solid lipid
nanoparticles encapsulated
thymoquinone (TQ-SLNs)

Nigella sativa

Rat
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and verbal communication were improved (p = 0.015 and
p = 0.007). However, after sulforaphane discontinuation,
these scores returned to baseline levels [117]. In another
RCT, 60 children with ASD were randomized to receive
risperidone plus sulforaphane or placebo. The patients
received sulforaphane at daily dose of 50 μmol (≤45 kg)
or 100 μmol (> 45 kg). The patients were evaluated by
ABC-community edition at first and after 5 and 10 weeks.
Sulforaphane group revealed higher improvements in
irritability score (p = 0.001) and hyperactivity/noncompliance score (p = 0.015). Also, there was statistically
significant time and treatment effects for irritability and
hyperactivity/noncompliance. Other secondary measures
were not different between groups. This study showed the
effect of addition of sulforaphane to risperidone for the
management of irritability and hyperactivity symptoms
in these patients [118]. Another phase-2 RCT assessed
the effect of sulforaphane in 50 children with ASD. Ohio
Autism Clinical Global Impressions Scale-Severity and
Improvement (OACIS-S and I), SRS and ABC were completed at each visit. In preliminary analysis, the OACIS-I
score improved in 26% of patients at week 7, 38% at week
15, 64% at week 22, and 64% at week 30. The most frequent side effects of sulforaphane include the following:
insomnia (17%), flatulence (15%) and constipation (13%)
[119]. A 28-week follow-up study including only six
patients was performed by Evans and Fuller (2016).. In
this study, each patient received sulforaphane extracted
from broccoli sprout and were evaluated by certain
attributes associated with ASD symptoms. Among 92
attributes which were determined as moderate to severe
or severely influenced by their ASD, 80% showed positive effects and 39% showed significant improvement. No
adverse events were reported in this study [120].
An open-label study was conducted to explore the urinary metabolites of sulforaphane which were correlated
with clinical improvements in 15 ASD children. ABC
and SRS scores and fasting urinary metabolites were
assessed pre and post intervention. After 12 weeks, SRS
score showed a significant change from baseline, while
ABC score improved during the study course. They also
determined 77 urinary metabolites which presented correlation with symptom changes and were categorized in
oxidative stress, gut microbiome or neurotransmitters,
hormones, amino acid, and sphingomyelin metabolism
pathways [121]. In one animal study, the therapeutic

effects and molecular mechanisms of sulforaphane were
evaluated in asocial BTBR mice and its social counterpart C57/BL6 (C57) mice. This study showed that BTBR
receiving sulforaphane had lower self-grooming/marble burying behavior, and higher social interaction in
comparison to untreated BTBR mice. Furthermore, sulforaphane caused a reduction in Th17 immune responses
(STAT3, RORC, IL-17 A and IL-23R expression in CD4+
T cells), and oxidative stress variables in neutrophils/
cerebellum (NFkB, iNOS, and lipid peroxides). It seems
that sulforaphane by activation of Nrf2 can alter the
dysfunction of Th17 immune cells and the imbalance
between oxidant-antioxidant mechanisms in BTBR mice
[122]. Another RCT was performed to assess the effect
of sulforaphane in 57 children with ASD during 36 weeks.
This trial was carried out in three phases: in phase 1 (1
to 15 weeks), the patients were assigned to receive either
sulforaphane or placebo. In phase 2 (16 to 30 weeks),
all of the patients received sulforaphane and, in phase
3 (31 to 36 weeks), there was no intervention. The findings showed that the total score of Ohio OACIS-S and I
were not significantly different between the two arms at 7
and 15 weeks. At 15 weeks, ABC score, based on the rating of caregiver, improved significantly, with no changes
in SRS-2. GSH redox biomarkers, mitochondrial respiration, inflammatory parameters and Hsps had a significant
change in sulforaphane versus placebo [123]. In another
study, molecular markers were evaluated in peripheral
blood in mononuclear cells of healthy donors and autism
patients in response to sulforaphane. The results showed
an increase in mRNA levels of cytoprotective enzymes
and Hsps. In addition, the mRNA levels of pro-inflammatory markers including IL-1β, IL-6, COX-2 and TNF-α
were decreased [124]. At the end of this study, among 16
patients, one experienced a lasting behavioral improvement even after stopping sulforaphane, and another ten
improved during sulforaphane treatment [125]. A summary of the hormesis activity of natural compounds
in vivo on autism is provided in Table 6.
Hormesis and drug reaction of neurological medications

Many drugs display a hormetic biphasic dose–response
relationship. In other words, their beneficial effects
increase to some low dose levels, while decrease at higher
doses. Anxiolytic, anti-seizure, anti-tumor drugs are
well-known examples of drugs with hormetic properties.

Table 6 The hormesis activity of natural compounds in vivo in autism
Activity Compound
Autism

Source Plant Model

Sulforaphane –

Treatment

BTBR and C57 mice 50 mg/kg, i.p. once daily for seven
days

Remarks

Reference

Sulforaphane improved autism-like
symptoms in BTBR mice

[122]

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

For instance, in AD, physostigmine (a natural component
of the Calabar bean, Physostigma venenosum) was administered over a wide range of doses into the bright and
dull mice for prevention of the normal hydrolysis of the
acetylcholine. In this study, both the dull and bright mice
revealed the U-shaped feature of dose–response association. Thereafter, several drugs have been extensively
evaluated for this anti-acetylcholinesterase concept,
including tacrine, heptylphosphostigmine, huperizine A,
arecoline and gastigmine. These drugs have also shown
an U-shape dose-response relationship in several animal
models [126]. Moreover, various endogenous agonists
including neurosteroids, peptides such as cholecystokinin octapeptide (CCK-8), vasopressin, neuropeptide
Y, and miscellaneous agents (e.g., platelet activity factor,
epinephrine, and nicotinic receptors antagonists), also
presented an hormetic biphasic dose-response relationship for memory [127]. Notably, four out of the five drugs
approved by US FDA forthe treatment of AD, donepezil, galantamine, rivastigmine, tacrine, revealed the
hormetic dose–response. Memantine, an N-methyl-Daspartate (NMDA) antagonist, the latest approved drug,
also acts through an hormetic-like inverted U-shaped
dose response association [126]. With regard to concerns
about long-term adverse effects with levodopa, including
end-of-dose or tachyphylactic worsening of symptoms
and signs, and dyskinesia, new treatment strategies for
PD are being developed [128]. These adverse effects lead
to the introduction of other pharmacologic approaches
including low dose of radiation, and herbal extracts.
The literature has determined nearly 50 agents with the
power to prevent some adverse effects of PD in one or
more experimental models. Most of these agents are of
herbal origin as an endogenous (e.g., estrogen, creatine,
orexin, oleoylethanolamide) or synthetic source (e.g., lactacystin, apomorphine, and glucose oxidase). Regardless
of the underlying mechanisms of PD treatments (such as
increases in GSH or ATP), maximal protection rate, and
response patterns revealed similarities to the hormetic
biphasic dose-response feature. On the other hand, most
of the compounds that protect against PD damage have
also been assessed for their ability to influence other neurodegenerative disorders (such as AD and HD), often
with similar success by inducing antioxidant responses.
These results showed that several agents with the potential to prevent or reduce PD-like effects have hormetic
responses. These agents have stimulatory impact at range
of 30-60% and inhibition impact at higher doses. The
effective dose also has a wide range of variability [9]. In
this sense, levodopa that can alleviate motor symptoms,
has reported to show an hormetic response [129]. This
is because low cumulative dose led to sustained clinical
efficacy several days after levodopa treatment, while at
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higher doses it has toxic effects [130]. It was also demonstrated that levodopa can influence multiple cognitive
functions in a process mediated by mesocortical dopaminergic pathways [131]. Actually, levodopa had hormetic-like U-shaped dose-response. Furthermore, recent
studies revealed that neuroinflammatory processes
have an essential role in the progression of PD. In these
events, the activation of proinflammatory microglial M1
phenotype may be induced by cytokines. Several studies
showed that the progression of PD could be attenuated
by neuroprotective agents (such as donepezil or rosiglitazone) with hormetic effects keeping the anti-inflammatory M2 phenotype in microglia [132, 133].

Conclusions and future prospects
Neurohormesis, the adaptive aspect of the hormetic
dose-response in neurons, appears to have potential benefits in neurodegenerative and other neurological disorders. The hormesis phenomenon attributed to several
medicinal plants is valuable, since hormetic models can
explain different aspects of these herbs and how they
exert inhibitory effects at high doses and stimulation
at low doses to ameliorate or cure a wide range of disorders. The low dose of plant extracts or plant-derived
compounds exerts a significant effect in aging-relative illnesses through mitohormesis, while high doses increase
the respiration rate of brain mitochondria.
Supplemental administration of phytochemicals helps
improve spatial learning and memory impairments at
lower doses. While the low doses of these chemicals exert
hormetic effects in AD and PD, higher concentrations
were associated with neurotoxicity. Both low and high
doses of phytochemicals have shown therapeutic effects
in HD with low doses being more effective compared to
higher doses. The hormesis activity of phytochemicals in
ASD is lackingand further clinical studies are required in
this field.
In the present review, we attempted to bring up all
the existing literature, both in vitro and in vivo studies, on neurohormetic phytochemicals for the better
management of neurodegenerative diseases and other
neurologic disorders, the rationale for using them and
the key findings of the studies. We aimed to attract the
attention of the world’s scientists to the important role
of neurohormetic properties of phytochemicals in the
management of neurodegenerative and other neurologic
disorders. Because of significant inter-individual diversity
in response to pharmacological agents, further clinical
studies are demanded on the effectiveness of phytochemicals in other neurological disorders, such as multiple
sclerosis, amyotrophic lateral sclerosis. Future clinical
and animal studies are crucial to find the specific mechanism for mitohormesis activities of natural products.

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

Acknowledgments
A. Sureda was supported by Instituto de Salud Carlos III through the Fondo de
Investigación para la Salud (CIBEROBN CB12/03/30038).
Authors’ contributions
AS was responsible for the study design, intellectual content and revise the
final manuscript. SE & FS participated to study design, literature review and
drafting of manuscript. AS participated in editing the manuscript scientifically and literary. RA contributed to study design, literature review, drafting of
manuscript, revise the final manuscript and was guarantor for the study. All
authors approve the final submitted version and agree to be accountable for
all aspects of the work presented.
Funding
Not applicable.
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declared no potential competing of interest concerning the
research, authorship,
and/or publication of this article.
Author details
1
Clinical Research Center, Department of Internal Medicine, School of Medicine, North Khorasan University of Medical Sciences, Bojnurd, Iran. 2 Department of Pharmacognosy and Traditional Pharmacy, School of Pharmacy,
Birjand University of Medical Sciences, Birjand, Iran. 3 Cellular and Molecular
Research Center, Birjand University of Medical Sciences, Birjand, Iran. 4 Department of Clinical Pharmacy, Faculty of Pharmacy and Pharmaceutical Sciences
Research Center, Shahid Sadoughi University of Medical Sciences, Yazd, Iran.
5
Research Group on Community Nutrition and Oxidative Stress, University
of the Balearic Islands-IUNICS, and Health Research Institute of Balearic Islands
(IdISBa), Palma de Mallorca, Spain. 6 CIBER Fisiopatología de la Obesidad
y Nutrición (CIBEROBN), Instituto de Salud Carlos III (ISCIII), Madrid, Spain.
7
Department of Clinical Pharmacy, School of Pharmacy, Medical Toxicology
and Drug Abuse Research Center, Birjand University of Medical Sciences,
Birjand, Iran.
Received: 3 December 2021 Accepted: 24 July 2022

References
1. Brown RC, Lockwood AH, Sonawane BR. Neurodegenerative diseases:
an overview of environmental risk factors. Environ Health Perspect.
2005;113(9):1250–6.
2. Durães F, Pinto M, Sousa E. Old drugs as new treatments for neurodegenerative diseases. Pharmaceuticals. 2018;11(2):44.
3. Martin B, Ji S, White CM, Maudsley S, Mattson MP. Dietary energy intake,
hormesis, and health. Hormesis: Springer; 2010. p. 123–37.
4. Calabrese EJ. Neuroscience and hormesis: overview and general findings. Crit Rev Toxicol. 2008;38(4):249–52.
5. Zhang C, Li C, Chen S, Li Z, Ma L, Jia X, et al. Hormetic effect of panaxatriol saponins confers neuroprotection in PC12 cells and zebrafish
through PI3K/AKT/mTOR and AMPK/SIRT1/FOXO3 pathways. Sci Rep.
2017;7(1):1–12.
6. Doss M. Linear no-threshold model vs. radiation hormesis. Doseresponse. 2013;11(4) dose-response. 13-005. Doss.

Page 13 of 16

7. Calabrese EJ, Calabrese V, Giordano J. The role of hormesis in the
functional performance and protection of neural systems. Brain
circulation. 2017;3(1):1.
8. Arendash GW. Transcranial electromagnetic treatment against Alzheimer’s disease: why it has the potential to trump Alzheimer’s disease
drug development. J Alzheimers Dis. 2012;32(2):243–66.
9. Calabrese V, Santoro A, Trovato Salinaro A, Modafferi S, Scuto
M, Albouchi F, et al. Hormetic approaches to the treatment of
Parkinson’s disease: perspectives and possibilities. J Neurosci Res.
2018;96(10):1641–62.
10. Eghbali S, Askari SF, Avan R, Sahebkar A. Therapeutic effects of Punica
granatum (pomegranate): an updated review of clinical trials. Journal
of Nutrition and Metabolism. 2021;2021.
11. Darvishpour S, Avan R, Azadbakht M, Maham M, Akbari J, Janbabaei
G, et al. Malus domestica reduces chemotherapy-induced nausea
and vomiting: a randomized double-blind placebo-controlled clinical
trial. Journal of Research in Medical Sciences: The Official Journal of
Isfahan University of Medical Sciences. 2021;26.
12. Małkowski E, Sitko K, Szopiński M, Gieroń Ż, Pogrzeba M, Kalaji
HM, et al. Hormesis in plants: the role of oxidative stress, auxins
and photosynthesis in corn treated with cd or Pb. Int J Mol Sci.
2020;21(6):2099.
13. de Andrade Teles RB, Diniz TC, Costa Pinto TC, de Oliveira Júnior RG,
Gama e Silva M, de Lavor ÉM, et al. Flavonoids as therapeutic agents
in Alzheimer’s and Parkinson’s diseases: A systematic review of preclinical evidences. Oxidative Med Cell Longev. 2018.
14. Salinaro AT, Pennisi M, Di Paola R, Scuto M, Crupi R, Cambria MT,
et al. Neuroinflammation and neurohormesis in the pathogenesis of
Alzheimer’s disease and Alzheimer-linked pathologies: modulation
by nutritional mushrooms. Immun Ageing. 2018;15(1):1–8.
15. Csaba G. Hormesis and immunity: a review. Acta Microbiol Immunol
Hung. 2019;66(2):155–68.
16. Calabrese V, Cornelius C, Dinkova-Kostova AT, Calabrese EJ, Mattson
MP. Cellular stress responses, the hormesis paradigm, and vitagenes:
novel targets for therapeutic intervention in neurodegenerative
disorders. Antioxid Redox Signal. 2010;13(11):1763–811.
17. Mattson MP, Son TG, Camandola S. Mechanisms of action and therapeutic potential of neurohormetic phytochemicals. Dose-response.
2007;5(3) dose-response. 07-004. Mattson.
18. Gezer C. Stress response of dietary phytochemicals in a hormetic
manner for health and longevity. Gene expression and Regulation in
Mammalian Cells-Transcription Toward the Establishment of Novel
Therapeutics. 2018.
19. Farooqui AA. Phytochemicals, Signal transduction, and neurological
disorders: Springer Science & Business Media; 2012.
20. Mattson MP, Cheng A. Neurohormetic phytochemicals: low-dose toxins that induce adaptive neuronal stress responses. Trends Neurosci.
2006;29(11):632–9.
21. Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I, Di Paola R,
Koverech A, et al. Cellular stress responses, hormetic phytochemicals
and vitagenes in aging and longevity. Biochimica et Biophysica Acta
(BBA)-Molecular Basis of Disease. 2012;1822(5):753–83.
22. Falchetti R, Fuggetta MP, Lanzilli G, Tricarico M, Ravagnan G.
Effects of resveratrol on human immune cell function. Life Sci.
2001;70(1):81–96.
23. Son TG, Camandola S, Mattson MP. Hormetic dietary phytochemicals.
NeuroMolecular Med. 2008;10(4):236–46.
24. Jagetia GC, Aggarwal BB. “Spicing up” of the immune system by curcumin. J Clin Immunol. 2007;27(1):19–35.
25. Gao X, Kuo J, Jiang H, Deeb D, Liu Y, Divine G, et al. Immunomodulatory
activity of curcumin: suppression of lymphocyte proliferation, development of cell-mediated cytotoxicity, and cytokine production in vitro.
Biochem Pharmacol. 2004;68(1):51–61.
26. Juge N, Mithen R, Traka M. Molecular basis for chemoprevention by sulforaphane: a comprehensive review. Cell Mol Life Sci.
2007;64(9):1105–27.
27. González-Reyes S, Guzmán-Beltrán S, Medina-Campos ON, PedrazaChaverri J. Curcumin pretreatment induces Nrf2 and an antioxidant
response and prevents hemin-induced toxicity in primary cultures
of cerebellar granule neurons of rats. Oxidative Med Cell Longev.
2013;2013.

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

28. Lee-Hilz YY, Boerboom A-MJ, Westphal AH, van Berkel WJ, Aarts JM,
Rietjens IM. Pro-oxidant activity of flavonoids induces EpRE-mediated
gene expression. Chem Res Toxicol. 2006;19(11):1499–505.
29. Wu C, Hsu M, Hsieh C, Lin J, Lai P, Wung B. Upregulation of heme
oxygenase-1 by Epigallocatechin-3-gallate via the phosphatidylinositol
3-kinase/Akt and ERK pathways. Life Sci. 2006;78(25):2889–97.
30. Vincent AM, Kato K, McLean LL, Soules ME, Feldman EL. Sensory
neurons and schwann cells respond to oxidative stress by increasing antioxidant defense mechanisms. Antioxid Redox Signal.
2009;11(3):425–38.
31. Mattson MP. Hormesis defined. Ageing Res Rev. 2008;7(1):1–7.
32. Robb EL, Page MM, Wiens BE, Stuart JA. Molecular mechanisms
of oxidative stress resistance induced by resveratrol: specific and
progressive induction of MnSOD. Biochem Biophys Res Commun.
2008;367(2):406–12.
33. Mattson MP. Awareness of hormesis will enhance future research in
basic and applied neuroscience. Crit Rev Toxicol. 2008;38(7):633–9.
34. Farooqui T, Farooqui AA. Aging: an important factor for the
pathogenesis of neurodegenerative diseases. Mech Ageing Dev.
2009;130(4):203–15.
35. Dugger BN, Dickson DW. Pathology of neurodegenerative diseases.
Cold Spring Harb Perspect Biol. 2017;9(7):a028035.
36. Arumugam TV, Gleichmann M, Tang S-C, Mattson MP. Hormesis/preconditioning mechanisms, the nervous system and aging. Ageing Res
Rev. 2006;5(2):165–78.
37. Homma S, Jin X, Wang G, Tu N, Min J, Yanasak N, et al. Demyelination,
astrogliosis, and accumulation of ubiquitinated proteins, hallmarks of
CNS disease in hsf1-deficient mice. J Neurosci. 2007;27(30):7974–86.
38. Ogino M, Ichimura M, Nakano N, Minami A, Kitagishi Y, Matsuda S.
Roles of PTEN with DNA repair in Parkinson’s disease. Int J Mol Sci.
2016;17(6):954.
39. Eghbaliferiz S, Iranshahi M. Prooxidant activity of polyphenols, flavonoids, anthocyanins and carotenoids: updated review of mechanisms
and catalyzing metals. Phytother Res. 2016;30(9):1379–91.
40. Leandro GS, Sykora P, Bohr VA. The impact of base excision DNA repair
in age-related neurodegenerative diseases. Mutation Research/Fundamental and Molecular Mechanisms of Mutagenesis. 2015;776:31–9.
41. Jeppesen DK, Bohr VA, Stevnsner T. DNA repair deficiency in neurodegeneration. Prog Neurobiol. 2011;94(2):166–200.
42. Wang G. Hormesis, cell death, and regenerative medicine for neurodegenerative diseases. Dose-response. 2013;11(2):dose-response. 12-019.
Wang. .
43. Yuyun X, Jinjun Q, Minfang X, Jing Q, Juan X, Rui M, et al. Effects of low
concentrations of rotenone upon mitohormesis in SH-SY5Y cells. Doseresponse. 2013;11(2):dose-response. 12-005. Gao. .
44. Zhu X, Wei Y, Yang B, Yin X, Guo X. The mitohormetic response as part of
the cytoprotection mechanism of berberine. Mol Med. 2020;26(1):1–6.
45. Singh N, Sharma B. Toxicological effects of berberine and sanguinarine.
Front Mol Biosci. 2018;5:21.
46. Asseburg H, Schäfer C, Müller M, Hagl S, Pohland M, Berressem D, et al.
Effects of grape skin extract on age-related mitochondrial dysfunction, memory and life span in C57BL/6J mice. NeuroMolecular Med.
2016;18(3):378–95.
47. Yu T, Dohl J, Wang L, Chen Y, Gasier HG, Deuster PA. Curcumin Ameliorates Heat-Induced Injury through NADPH Oxidase–Dependent Redox
Signaling and Mitochondrial Preservation in C2C12 Myoblasts and
Mouse Skeletal Muscle. J Nutr. 2020;150(9):2257–67.
48. Banji OJ, Banji D, Ch K. Curcumin and hesperidin improve cognition
by suppressing mitochondrial dysfunction and apoptosis induced by
D-galactose in rat brain. Food Chem Toxicol. 2014;74:51–9.
49. Lao CD, Ruffin MT, Normolle D, Heath DD, Murray SI, Bailey JM, et al.
Dose escalation of a curcuminoid formulation. BMC Complement
Altern Med. 2006;6(1):1–4.
50. Govind P. Active principles and median lethal dose of Curcuma longa
Linn. Internafional Research Journal of Pharmacy. 2011;2(5):239.
51. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, et al.
Resveratrol improves health and survival of mice on a high-calorie diet.
Nature. 2006;444(7117):337–42.
52. Shaito A, Posadino AM, Younes N, Hasan H, Halabi S, Alhababi D, et al.
Potential adverse effects of resveratrol: a literature review. Int J Mol Sci.
2020;21(6):2084.

Page 14 of 16

53. Mukherjee S, Dudley JI, Das DK. Dose-dependency of resveratrol in
providing health benefits. Dose-response. 2010;8(4):dose-response.
09-015. Mukherjee. .
54. Van Praag H, Lucero MJ, Yeo GW, Stecker K, Heivand N, Zhao C, et al.
Plant-derived flavanol (−) epicatechin enhances angiogenesis and
retention of spatial memory in mice. J Neurosci. 2007;27(22):5869–78.
55. Biasibetti R, Tramontina AC, Costa AP, Dutra MF, Quincozes-Santos A,
Nardin P, et al. Green tea (−) epigallocatechin-3-gallate reverses oxidative stress and reduces acetylcholinesterase activity in a streptozotocin-induced model of dementia. Behav Brain Res. 2013;236:186–93.
56. Ramachandran B, Jayavelu S, Murhekar K, Rajkumar T. Repeated dose
studies with pure Epigallocatechin-3-gallate demonstrated dose and
route dependant hepatotoxicity with associated dyslipidemia. Toxicol
Rep. 2016;3:336–45.
57. Calabrese EJ, Tsatsakis A, Agathokleous E, Giordano J, Calabrese V. Does green tea induce hormesis? Dose-Response.
2020;18(3):1559325820936170.
58. Lambert JD, Kennett MJ, Sang S, Reuhl KR, Ju J, Yang CS. Hepatotoxicity of high oral dose (−)-epigallocatechin-3-gallate in mice. Food
Chem Toxicol. 2010;48(1):409–16.
59. Zhao Y-N, Li W-F, Li F, Zhang Z, Dai Y-D, Xu A-L, et al. Resveratrol
improves learning and memory in normally aged mice through
microRNA-CREB pathway. Biochem Biophys Res Commun.
2013;435(4):597–602.
60. Shibani F, Sahamsizadeh A, Fatemi I, Allahtavakoli M, Hasanshahi J,
Rahmani M, et al. Effect of oleuropein on morphine-induced hippocampus neurotoxicity and memory impairments in rats. Naunyn
Schmiedeberg’s Arch Pharmacol. 2019;392(11):1383–91.
61. Dekanski D, Mihailović-Stanojević N, Grujić-Milanović J, Jovović Đ,
Miloradović Z. Effects of high dose olive leaf extract on the hemodynamic and oxidative stress parameters in normotensive and spontaneously hypertensive rats. J Serbian Chem Soc. 2014;79(9):1085–97.
62. Van Der Flier W, Van Den Heuvel D, Weverling-Rijnsburger A, Spilt A,
Bollen E, Westendorp R, et al. Cognitive decline in AD and mild cognitive impairment is associated with global brain damage. Neurology.
2002;59(6):874–9.
63. Askari SF, Avan R, Tayarani-Najaran Z, Sahebkar A, Eghbali S. Iranian
Salvia species: a phytochemical and pharmacological update. Phytochemistry. 2021;183:112619.
64. Eggers C, Fujitani M, Kato R, Smid S. Novel cannabis flavonoid,
cannflavin a displays both a hormetic and neuroprotective profile
against amyloid β-mediated neurotoxicity in PC12 cells: comparison
with geranylated flavonoids, mimulone and diplacone. Biochem
Pharmacol. 2019;169:113609.
65. Joseph JA, Arendash G, Gordon M, Diamond D, Shukitt-Hale B,
Morgan D, et al. Blueberry supplementation enhances signaling and
prevents behavioral deficits in an Alzheimer disease model. Nutr
Neurosci. 2003;6(3):153–62.
66. Kim H-J, Shin E-J, Lee B-H, Choi S-H, Jung S-W, Cho I-H, et al. Oral
administration of gintonin attenuates cholinergic impairments by
scopolamine, amyloid-β protein, and mouse model of Alzheimer’s
disease. Mol Cell. 2015;38(9):796.
67. Nie L, Xia J, Li H, Zhang Z, Yang Y, Huang X, et al. Ginsenoside Rg1
ameliorates behavioral abnormalities and modulates the hippocampal proteomic change in triple transgenic mice of Alzheimer’s
disease. Oxidative Med Cell Longev. 2017;2017.
68. Paik DJ, Lee CH. Review of cases of patient risk associated
with ginseng abuse and misuse. Journal of ginseng research.
2015;39(2):89–93.
69. Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM. The curry
spice curcumin reduces oxidative damage and amyloid pathology in
an Alzheimer transgenic mouse. J Neurosci. 2001;21(21):8370–7.
70. Tiwari SK, Agarwal S, Seth B, Yadav A, Nair S, Bhatnagar P, et al. Curcumin-loaded nanoparticles potently induce adult neurogenesis and
reverse cognitive deficits in Alzheimer’s disease model via canonical
Wnt/β-catenin pathway. ACS Nano. 2014;8(1):76–103.
71. Han YS, Zheng WH, Bastianetto S, Chabot JG, Quirion R. Neuroprotective effects of resveratrol against β-amyloid-induced neurotoxicity
in rat hippocampal neurons: involvement of protein kinase C. Br J
Pharmacol. 2004;141(6):997–1005.

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

72. Conte A, Pellegrini S, Tagliazucchi D. Synergistic protection of PC12
cells from β-amyloid toxicity by resveratrol and catechin. Brain Res Bull.
2003;62(1):29–38.
73. Haque AM, Hashimoto M, Katakura M, Hara Y, Shido O. Green tea
catechins prevent cognitive deficits caused by Aβ1–40 in rats. J Nutr
Biochem. 2008;19(9):619–26.
74. Kim J. Pre-clinical neuroprotective evidences and plausible
mechanisms of Sulforaphane in Alzheimer’s disease. Int J Mol Sci.
2021;22(6):2929.
75. Socała K, Nieoczym D, Kowalczuk-Vasilev E, Wyska E, Wlaź P. Increased
seizure susceptibility and other toxicity symptoms following acute sulforaphane treatment in mice. Toxicol Appl Pharmacol. 2017;326:43–53.
76. Esselun C, Theyssen E, Eckert GP. Effects of Urolithin a on mitochondrial
parameters in a cellular model of early Alzheimer disease. Int J Mol Sci.
2021;22(15):8333.
77. Pedersen KF, Larsen JP, Tysnes O-B, Alves G. Natural course of mild
cognitive impairment in Parkinson disease: a 5-year population-based
study. Neurology. 2017;88(8):767–74.
78. Eghbaliferiz S, Farhadi F, Barreto GE, Majeed M, Sahebkar A. Effects of
curcumin on neurological diseases: focus on astrocytes. Pharmacol Rep.
2020;72:769–82.
79. Jin F, Wu Q, Lu Y-F, Gong Q-H, Shi J-S. Neuroprotective effect of resveratrol on 6-OHDA-induced Parkinson’s disease in rats. Eur J Pharmacol.
2008;600(1-3):78–82.
80. Okawara M, Katsuki H, Kurimoto E, Shibata H, Kume T, Akaike A. Resveratrol protects dopaminergic neurons in midbrain slice culture from
multiple insults. Biochem Pharmacol. 2007;73(4):550–60.
81. Gaballah HH, Zakaria SS, Elbatsh MM, Tahoon NM. Modulatory effects
of resveratrol on endoplasmic reticulum stress-associated apoptosis
and oxido-inflammatory markers in a rat model of rotenone-induced
Parkinson’s disease. Chem Biol Interact. 2016;251:10–6.
82. Levites Y, Amit T, Youdim MB, Mandel S. Involvement of protein kinase
C activation and cell survival/cell cycle genes in green tea polyphenol
(−)-epigallocatechin 3-gallate neuroprotective action. J Biol Chem.
2002;277(34):30574–80.
83. Soliman AM, Fathalla AM, Moustafa AA. Dose-dependent neuroprotective effect of caffeine on a rotenone-induced rat model of parkinsonism: a histological study. Neurosci Lett. 2016;623:63–70.
84. Sonsalla PK, Wong L-Y, Harris SL, Richardson JR, Khobahy I, Li W,
et al. Delayed caffeine treatment prevents nigral dopamine neuron
loss in a progressive rat model of Parkinson’s disease. Exp Neurol.
2012;234(2):482–7.
85. Alasmari F. Caffeine induces neurobehavioral effects through modulating neurotransmitters. Saudi Pharmaceutical J. 2020;28(4):445–51.
86. Kim HG, Ju MS, Shim JS, Kim MC, Lee S-H, Huh Y, et al. Mulberry fruit
protects dopaminergic neurons in toxin-induced Parkinson’s disease
models. Br J Nutr. 2010;104(1):8–16.
87. Hong M, Lu M, Qian Y, Wei L, Zhang Y, Pan X, et al. A 90-day sub-chronic
Oral toxicity assessment of mulberry extract in Sprague Dawley rats.
INQUIRY: The Journal of Health Care Organization, Provision, and
Financing. 2021;58:00469580211056044.
88. Govindan S, Amirthalingam M, Duraisamy K, Govindhan T, Sundararaj N,
Palanisamy S. Phytochemicals-induced hormesis protects Caenorhabditis elegans against α-synuclein protein aggregation and stress through
modulating HSF-1 and SKN-1/Nrf2 signaling pathways. Biomed Pharmacother. 2018;102:812–22.
89. Mengdi X, Wenqing C, Haibo D, Xiaoqing W, Li Y, Yuchen K, et al.
Cadmium-induced hormesis effect in medicinal herbs improves the
efficiency of safe utilization for low cadmium-contaminated farmland
soil. Ecotoxicol Environ Saf. 2021;225:112724.
90. Zhang Y-L, Liu Y, Kang X-P, Dou C-Y, Zhuo R-G, Huang S-Q, et al.
Ginsenoside Rb1 confers neuroprotection via promotion of glutamate
transporters in a mouse model of Parkinson’s disease. Neuropharmacology. 2018;131:223–37.
91. El-Horany HE, El-latif RNA, ElBatsh MM, Emam MN. Ameliorative effect
of quercetin on neurochemical and behavioral deficits in rotenone
rat model of Parkinson’s disease: modulating autophagy (quercetin on experimental Parkinson’s disease). J Biochem Mol Toxicol.
2016;30(7):360–9.
92. Ay M, Luo J, Langley M, Jin H, Anantharam V, Kanthasamy A, et al.
Molecular mechanisms underlying protective effects of quercetin

Page 15 of 16

93.

94.
95.

96.

97.
98.

99.

100.
101.

102.

103.

104.

105.
106.
107.
108.
109.

110.

111.

against mitochondrial dysfunction and progressive dopaminergic neurodegeneration in cell culture and MitoPark transgenic mouse models
of Parkinson’s disease. J Neurochem. 2017;141(5):766–82.
Chen R, Lin J, Hong J, Han D, Zhang AD, Lan R, et al. Potential toxicity of
quercetin: the repression of mitochondrial copy number via decreased
POLG expression and excessive TFAM expression in irradiated murine
bone marrow. Toxicol Rep. 2014;1:450–8.
Chirumbolo S. Hormesis, resveratrol and plant-derived polyphenols:
some comments. Hum Exp Toxicol. 2011;30(12):2027–30.
Brunetti G, Di Rosa G, Scuto M, Leri M, Stefani M, Schmitz-Linneweber C,
et al. Healthspan maintenance and prevention of Parkinson’s-like phenotypes with Hydroxytyrosol and Oleuropein Aglycone in C. elegans.
Int J Mol Sci. 2020;21(7):2588.
Kouka P, Tekos F, Papoutsaki Z, Stathopoulos P, Halabalaki M, Tsantarliotou M, et al. Olive oil with high polyphenolic content induces both
beneficial and harmful alterations on rat redox status depending on the
tissue. Toxicol Rep. 2020;7:421–32.
Martucci M, Ostan R, Biondi F, Bellavista E, Fabbri C, Bertarelli C, et al.
Mediterranean diet and inflammaging within the hormesis paradigm.
Nutr Rev. 2017;75(6):442–55.
Lastres-Becker I, Molina-Holgado F, Ramos JA, Mechoulam R, Fernández-Ruiz J. Cannabinoids provide neuroprotection against 6-hydroxydopamine toxicity in vivo and in vitro: relevance to Parkinson’s disease.
Neurobiol Dis. 2005;19(1-2):96–107.
Liu H, Mao P, Wang J, Wang T, Xie C-H. Allicin protects PC12 cells
against 6-OHDA-induced oxidative stress and mitochondrial dysfunction via regulating mitochondrial dynamics. Cell Physiol Biochem.
2015;36(3):966–79.
Sharma N, Nehru B. Curcumin affords neuroprotection and inhibits
α-synuclein aggregation in lipopolysaccharide-induced Parkinson’s
disease model. Inflammopharmacology. 2018;26(2):349–60.
Zbarsky V, Datla KP, Parkar S, Rai DK, Aruoma OI, Dexter DT. Neuroprotective properties of the natural phenolic antioxidants curcumin
and naringenin but not quercetin and fisetin in a 6-OHDA model of
Parkinson’s disease. Free Radic Res. 2005;39(10):1119–25.
Parlakpinar H, Ozhan O, Ermis N, Vardi N, Cigremis Y, Tanriverdi LH, et al.
Acute and subacute effects of low versus high doses of standardized
panax ginseng extract on the heart: an experimental study. Cardiovasc
Toxicol. 2019;19(4):306–20.
Zhang C, Li C, Chen S, Li Z, Jia X, Wang K, et al. Berberine protects
against 6-OHDA-induced neurotoxicity in PC12 cells and zebrafish
through hormetic mechanisms involving PI3K/AKT/Bcl-2 and Nrf2/
HO-1 pathways. Redox Biol. 2017;11:1–11.
Elmazoglu Z, Yar Saglam AS, Sonmez C, Karasu C. Luteolin protects
microglia against rotenone-induced toxicity in a hormetic manner
through targeting oxidative stress response, genes associated with
Parkinson’s disease and inflammatory pathways. Drug Chem Toxicol.
2020;43(1):96–103.
Calabrese EJ, Kozumbo WJ. The phytoprotective agent sulforaphane
prevents inflammatory degenerative diseases and age-related pathologies via Nrf2-mediated hormesis. Pharmacol Res. 2020;105283.
Kumar P, Kalonia H, Kumar A. Huntington’s disease: pathogenesis to
animal models. Pharmacol Rep. 2010;62(1):1–14.
Gao Y, Chu S-f, Li J-p, Zhang Z, J-q Y, Z-l W, et al. Protopanaxtriol protects
against 3-nitropropionic acid-induced oxidative stress in a rat model of
Huntington’s disease. Acta Pharmacol Sin. 2015;36(3):311–22.
Jang M, Lee MJ, Kim CS, Cho I-H. Korean red ginseng extract attenuates
3-nitropropionic acid-induced Huntington’s-like symptoms. Evid Based
Complement Alternat Med. 2013;2013.
Maher P, Dargusch R, Bodai L, Gerard PE, Purcell JM, Marsh JL. ERK
activation by the polyphenols fisetin and resveratrol provides neuroprotection in multiple models of Huntington’s disease. Hum Mol Genet.
2011;20(2):261–70.
Shivasharan B, Nagakannan P, Thippeswamy BS, Veerapur VP, Bansal P,
Unnikrishnan MK. Protective effect of Calendula officinalis Linn. Flowers against 3-nitropropionic acid induced experimental Huntington’s
disease in rats. Drug Chem Toxicol. 2013;36(4):466–73.
Lagarto A, Bueno V, Guerra I, Valdés O, Vega Y, Torres L. Acute and
subchronic oral toxicities of Calendula officinalis extract in Wistar rats.
Exp Toxicol Pathol. 2011;63(4):387–91.

Sahebnasagh et al. Immunity & Ageing

(2022) 19:36

112. Ramachandran S, Thangarajan S. A novel therapeutic application of
solid lipid nanoparticles encapsulated thymoquinone (TQ-SLNs) on
3-nitroproponic acid induced Huntington’s disease-like symptoms in
wistar rats. Chem Biol Interact. 2016;256:25–36.
113. Badary OA, Al-Shabanah OA, Nagi MN, Al-Bekairi AM, Elmazar M. Acute
and subchronic toxicity of thymoquinone in mice. Drug Dev Res.
1998;44(2-3):56–61.
114. Calabrese V, Giordano J, Ruggieri M, Berritta D, Trovato A, Ontario M,
et al. Hormesis, cellular stress response, and redox homeostasis in
autism spectrum disorders. J Neurosci Res. 2016;94(12):1488–98.
115. Zhang Y, Ahn Y-H, Benjamin IJ, Honda T, Hicks RJ, Calabrese V, et al.
HSF1-dependent upregulation of Hsp70 by sulfhydryl-reactive inducers
of the KEAP1/NRF2/ARE pathway. Chem Biol. 2011;18(11):1355–61.
116. Liu H, Talalay P, Fahey W, J. Biomarker-guided strategy for treatment
of autism spectrum disorder (ASD). CNS & Neurological DisordersDrug Targets formerly current drug targets-CNS & Neurol Dis Ther.
2016;15(5):602–13.
117. Singh K, Connors SL, Macklin EA, Smith KD, Fahey JW, Talalay P, et al.
Sulforaphane treatment of autism spectrum disorder (ASD). Proc Natl
Acad Sci. 2014;111(43):15550–5.
118. Momtazmanesh S, Amirimoghaddam-Yazdi Z, Moghaddam HS,
Mohammadi MR, Akhondzadeh S. Sulforaphane as an adjunctive
treatment for irritability in children with autism spectrum disorder: a
randomized, double-blind, placebo-controlled clinical trial. Psychiatry
Clin Neurosci. 2020;74(7):398–405.
119. Zimmerman A, Diggins E, Connors S, Singh K. Sulforaphane treatment
of children with autism Spectrum disorder (ASD) – a Progress report
(N1.002). Neurology. 2018;90(15 Supplement):N1.002.
120. Evans S, Fuller D. Initial outcomes from an autism treatment demonstration. Clinical and Medical Investigations. 2016;1.
121. Bent S, Lawton B, Warren T, Widjaja F, Dang K, Fahey JW, et al. Identification of urinary metabolites that correlate with clinical improvements in
children with autism treated with sulforaphane from broccoli. Molecular autism. 2018;9(1):1–12.
122. Nadeem A, Ahmad SF, Al-Harbi NO, Attia SM, Bakheet SA, Ibrahim KE,
et al. Nrf2 activator, sulforaphane ameliorates autism-like symptoms
through suppression of Th17 related signaling and rectification of
oxidant-antioxidant imbalance in periphery and brain of BTBR T+ tf/J
mice. Behav Brain Res. 2019;364:213–24.
123. Zimmerman AW, Singh K, Connors SL, Liu H, Panjwani AA, Lee L-C,
et al. Randomized controlled trial of sulforaphane and metabolite
discovery in children with autism Spectrum disorder. Molecular autism.
2021;12(1):1–22.
124. Liu H, Zimmerman AW, Singh K, Connors SL, Diggins E, Stephenson KK,
et al. Biomarker exploration in human peripheral blood mononuclear
cells for monitoring sulforaphane treatment responses in autism spectrum disorder. Sci Rep. 2020;10(1):1–11.
125. Lynch R, Diggins EL, Connors SL, Zimmerman AW, Singh K, Liu H, et al.
Sulforaphane from broccoli reduces symptoms of autism: a follow-up
case series from a randomized double-blind study. Global Adv Health
Med. 2017;6:2164957X17735826.
126. Calabrese EJ. Hormesis and medicine. Br J Clin Pharmacol.
2008;66(5):594–617.
127. Calabrese EJ. Alzheimer’s disease drugs: an application of the hormetic
dose-response model. Crit Rev Toxicol. 2008;38(5):419–51.
128. Shulman LM, Taback RL, Bean J, Weiner WJ. Comorbidity of the nonmotor symptoms of Parkinson’s disease. Movement disorders: official
journal of the Movement Disorder Society. 2001;16(3):507–10.
129. Quattrone A, Zappia M, Aguglia U, Branca D, Colao R, Montesanti R,
et al. The subacute levodopa test for evaluating long-duration response
in Parkinson’s disease. Ann Neurol. 1995;38(3):389–95.
130. Zappia M, Oliveri R, Bosco D, Nicoletti G, Branca D, Caracciolo M, et al.
The long-duration response to L-dopa in the treatment of early PD.
Neurology. 2000;54(10):1910–5.
131. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function.
Annu Rev Neurosci. 2001;24(1):167–202.
132. Chen T, Hou R, Xu S, Wu C. Donepezil regulates 1-methyl-4-phenylpyridinium-induced microglial polarization in Parkinson’s disease. ACS
Chem Neurosci. 2015;6(10):1708–14.
133. Pisanu A, Lecca D, Mulas G, Wardas J, Simbula G, Spiga S, et al. Dynamic
changes in pro-and anti-inflammatory cytokines in microglia after

Page 16 of 16

PPAR-γ agonist neuroprotective treatment in the MPTPp mouse model
of progressive Parkinson’s disease. Neurobiol Dis. 2014;71:280–91.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

