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Abstract

Aging and average life expectancy have been increasing at a rapid rate, while there is an exponential risk to suffer
from brain-related frailties and neurodegenerative diseases as the population ages. Alzheimer’s disease (AD) is the
most common neurodegenerative disease worldwide with a projected expectation to blossom into the major
challenge in elders and the cases are forecasted to increase about 3-fold in the next 40 years. Considering the
etiological factors of AD are too complex to be completely understood, there is almost no effective cure to date,
suggesting deeper pathomechanism insights are urgently needed. Metabolites are able to reflect the dynamic
processes that are in progress or have happened, and metabolomic may therefore provide a more cost-effective
and productive route to disease intervention, especially in the arena for pathomechanism exploration and new
biomarker identification. In this review, we primarily focused on how redox signaling was involved in AD-related
pathologies and the association between redox signaling and altered metabolic pathways. Moreover, we also
expatiated the main redox signaling-associated mechanisms and their cross-talk that may be amenable to
mechanism-based therapies. Five natural products with promising efficacy on AD inhibition and the benefit of AD
intervention on its complications were highlighted as well.
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Highlights

� Alzheimer’s disease is a disease with expectation to
be major challenge in elders.

� No clinical trial in 1984–2017 has provided any
improvement in disease progression.

� ROS is implicated in pathogenesis and may
contribute to mechanism-based therapies.

� Five natural products with huge potential in halting
disease are also highlighted.

� Alzheimer’s disease intervention is instrumental to
other disease recovery as well.

Introduction
Alzheimer’s disease (AD) is a complex/chronic aging re-
lated neurodegenerative disorder that causes cognitive
defects and gradual memory loss [1]. The global burden
of neurological diseases has increased substantially dur-
ing 1990–2015 due to ageing and expanding population
numbers [2] and all clinical trials between 1984 and
2017 have failed to provide any improvement in clinical
outcomes [3], suggesting mechanism-based therapies are
pressingly needed. Hyperphosphorylated tau protein [4],
β-amyloid (Aβ) aggregation [5], aging [6], and importantly,
inflammation [7] and oxidative stress [8] are tightly impli-
cated in AD neurodegeneration. Cellular stresses or
normal metabolic processes continuously generate react-
ive oxygen species (ROS) and a basal level of oxidative
stress is of great significance to cell survival, while severe
oxidative stress inevitably results in widespread oxidative
damage [9]. Neuronal cells are metabolically active cells
that utilize almost one fourth of total oxygen in the body,
which are particularly susceptible to free radical attack
induced degenerations [10]. A weakening in anti-oxidant
defense systems and increased ROS generation are most
common in elders, indicating the elders are most affected
by redox signaling associated degenerative diseases. Me-
tabolites can offer possible avenues for disease prevention
and treatment since they are significant risk factors for
AD progression both in terms of changes in metabolism
and metabolic deficiencies, which has been promising in
the field of inspiring drug discovery [11, 12]. Here, we
primarily outline the current knowledge regarding the
relationship between redox signaling and metabolic path-
ways in AD, aiding the discovery of potential targets and
the development of mechanism-based therapies (Fig. 1).

The potential association between redox
signaling and metabolic pathways
Lipid metabolism
Inflammation and oxidative stress are interrelated factors
deeply implicated in the pathogenesis of AD, and exces-
sive ROS inevitably lead to lipid damage [13]. Polyunsat-
urated fatty acids are rich in the brain [14], and they are

particularly prone to peroxidization owing to their high
reducibility. ROS could degrade polyunsaturated fatty
acids into malondialdehyde [15], which causes DNA
damage and toxic stress in cells [16]. Moreover, the
balanced levels of inflammation and oxidative stress are
favored in lipid accumulation since excessive ROS
enhance lipid peroxidation whereas their low levels
promote lipid biosynthesis [17]. Snowden et al. showed
that five unsaturated fatty acids, including linolenic acid,
linoleic acid, eicosapentaenoic acid, arachidonic acid and
oleic acid were significantly reduced in the inferior tem-
poral and middle frontal gyri of AD patients compared
to healthy controls, while docosahexaenoic acid was sig-
nificantly increased, which may aid in AD diagnosis [18].
Furthermore, polyunsaturated fatty acids could partici-
pate in myriad signal transduction within the brain
directly or after enzymatic conversion to a series of
mediators, and future studies aimed at clarificating how
polyunsaturated fatty acids is altered in brain disorders
and developing methods to restore polyunsaturated fatty
acid metabolism might portend novel paradigm in AD
prevention and treatment [19].
Cholesterol homeostasis was impaired in AD as well

[20]. One of the primary risk factors for AD is the pres-
ence of apolipoprotein E (APOE), a polymorphic lipo-
protein that mainly carries cholesterol in the brain [21].
There are three major APOE alleles in humans, among
which APOE2 allele is closely associated with the
reduced risk of AD, while APOE4 allele devotes much to
AD occurrence [22]. In addition, cholesterol is of para-
mount importance to the γ-secretase cleavage of amyloid
precursor protein, the last step of Aβ formation [23],
and cholesterol depletion could lessen AD by inhibiting
Aβ generation [24], providing new insight into AD
regression. Cholesterol also contributed to AD patho-
genesis by inducing interleukin 1 β production through
cytoplasmic sensor NLRP3, while CD36 inhibition ame-
liorated AD by alleviating inflammation and protecting
from the toxic effects of Aβ [25], hinting CD36 interven-
tion may provide additional benefits to disease control
and drug development.
Except for mentioned-above factors, Mapstone et al.

identified a set of ten blood-based metabolites including
PCs (PC diacyl (aa) C36:6, PC aa C38:6, PC aa C38:0, PC
aa C40:6, PC aa C40:2, PC aa C40:1 and PC acyl-alkyl
(ae) C40:6), acylcarnitines (ACs) (C16:1-OH and Propio-
nyl AC (C3)) and lysophophatidylcholine (lysoPC a C18:
2) that predicted phenoconversion to either AD or
amnestic mild cognitive impairment in older adults
(age ≥ 70) within a 2–3 year with over 90% accuracy [26].
Notably, this is the first time that a plasma biomarker
panel with very high accuracy in detecting preclinical
AD has been published. It is of paramount importance
to AD diagnosis since there are almost no disease-
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modifying therapies or cures partly due to the inability
to detect AD before it progressed to evident functional
decline and memory loss.

Glucose metabolism
Mitochondrial plays a prominent role in ROS generation
and the process most affected by ROS overproduction is
glycolysis [27]. Liguori et al. discovered that the cerebro-
spinal fluid (CSF) lactate concentration of 145 patients
with AD was increased compared to 80 healthy controls,
while it seemed to decrease in parallel with cognitive
dysfunction since CSF lactate concentration was higher
in 67 patients with mild than that of 78 moderate–severe
AD patients, highlighting the clinical potential of CSF
lactate concentration as a simple and helpful tool to bet-
ter define the damage of neuronal brain metabolism in
patients with AD [28]. In addition, there is a significant
relationship between cerebral glucose hypometabolism

and elevated CSF lactate in brain areas typically showing
AD neurodegeneration, suggesting neural glucose hypome-
tabolism might affect the cognitive efficacy by damaging
brain energetic machine [29]. Moreover, fructose-1,6-
bisphosphate is another glycolytic intermediate that shows
neuroprotective effect against various harmful conditions in
many brain injury models [30]. Particularly, fructose-1,6-
bisphosphate could improve cerebral metabolic outcomes
via ameliorating inflammation and oxidative stress and
preserving glucose metabolism integrity in sepsis [31].
Unfortunately, the effect of fructose-1,6-bisphosphate on
AD is rarely covered.
Tricarboxylic acid cycle was also altered in AD cases

[32]. High CSF pyruvate has been widely reported in AD
patients compared with healthy elderly controls [33],
while plasma pyruvate was significantly reduced in
Alzheimer’s-like mice [34]. Furthermore, chronic treat-
ment with pyruvate could alleviate short and long-term

Fig. 1 The primary oxidative stress-associated metabolic pathways in AD. AD is a neurodegenerative disease with a projected expectation to
blossom into the major challenge in aging populations, while there is a severe paucity of both diagnosis and treatment for this disease. A series
of metabolites with relevance to oxidative stress, including glucose metabolism, lipid metabolism, purine metabolism, tryptophan metabolism,
vitamin metabolism and metal ion metabolism, have been major risk factors for AD progression, the intervention of which may provide novel
insight into the development of mechanism-based therapies. AA: Anthranilic acid; F6P: fructose 6-phosphate; G3P: glyceraldehyde 3-phosphate;
G6P: glucose 6-phosphate; GMP: guanosine-5′-monophosphate; 3-HAA: 3-hydroxyanthranilic acid; 3-HK: 3-hydroxykynurenine; KA: Kynurenic acid;
PUFAs: polyunsaturated fatty acids; R5P: ribulose 5-phosphate
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memory deficits via other pathogenic pathways without
reducing amyloid- and tau-dependent pathology in pre-
clinical AD models, and pyruvate thus has the potential
to be exploited as an alternative therapeutic agent that
cooperates with drugs directly address amyloid- and tau-
dependent mechanisms [35].

Purine metabolism
Guanosine is a purine nucleoside that shows neuropro-
tective effects on preventing aging-related diseases by
modulating cellular redox status/glutamatergic system
[36]. Tasca et al. discovered that guanosine could attenu-
ate Aβ-induced neuroinflammation/oxidative stress in a
series of in vitro models [37], suggesting guanine may be
a promising compound with neuroprotective properties
in AD treatment. Guanosine were implicated in AD
stratification as well. Alonso-Andres et al. discovered
that guanosine was significantly reduced in frontal cor-
tex at early stages (AD I–II) and remarkably increased in
parietal cortex at advanced stages (AD V–VI), while it
was significantly increased in temporal cortex at both
early stages (AD I–II) and advanced stages (V–VI),
which may be exploited for AD diagnosis [38].
Hypoxanthine is another purine compound that impli-

cated in AD progression. Acetylcholinesterase is closely
associated with AD pathophysiology and hypoxanthine
could enhance acetylcholinesterase activity when it is
added to incubation medium [39]. Constant stimulation
of acetylcholinesterase activity might reduce acetylcho-
line levels, an essential neurotransmitter of central
nervous system, and hypoxanthine therefore contributes
much to memory deficits by acetylcholinesterase-related
mechanism. Hypoxanthine also promotes AD develop-
ment via inducing inflammation and oxidative stress,
hinting patients with high hypoxanthine is susceptible to
AD [40]. Li et al. discovered hypoxanthine was signifi-
cantly elevated in the brain of AD mice [41], which may
be helpful for AD discrimination. However, Alonso-
Andres et al. found hypoxanthine was significantly
reduced in frontal cortex at early stages (AD I–II), which
is quite diffetent from previous studies [38]. Considering
the fact that determinations in the brain do not reflect
events in particular brain region and available animal
models cannot absolutely recapitulate relevant human
diseases, the alteration of hypoxanthine in AD remains
to be further valited.
Uric acid is the end-product of purine metabolism that

inversely associated with the risk of AD based on its
anti-oxidative property, suggesting the neuroprotective
role of uric acid on disease progression [42]. Lu et al.
uncovered that individuals with a medical history of gout
had a 24% lower risk of AD after adjustment for sex,
age, BMI, lifestyle factors, socioeconomic status, prior
cardiovascular-metabolic conditions and the use of

cardiovascular drugs for over 5 years follow up, provid-
ing the first population-based evidence that gout was
inversely associated with AD risk and supporting the
potential protective role of uric acid [43]. Nevertheless,
the relationship between uric acid and AD remains
debated since Augustin et al. found the risk of dementia,
especially for mixed or vascular dementia, might be
increased with high uric acid in a population-based
cohort study for over 12 years follow up [44], indicating
the controversial role of uric acid on AD cannot yet be
dismissed.

Tryptophan metabolism
Neuroactive metabolites in kynurenine pathway via trypto-
phan metabolism have been shown great association with
neurodegenerative disorders, the hyperfunction or hypo-
function of which made enormous contributions to AD
progression and effective interventions may be therapeutic-
ally benificial to disease recovery [45]. Four metabolites that
closely associated with AD were described in detail.
3-hydroxykynurenine is a neurotoxic metabolite that

plays a critical role in neurocognitive impairments [46], the
supression of which may expand our armaments to win
more battles against AD. Kynurenine 3-monooxygenase
contributed much to 3-hydroxykynurenine generation and
the efficacy of kynurenine 3-monooxygenase inhibitor
arised from normalizing the imbalance of neurotoxic and
neuroprotective metabolites [47]. Indeed, 2-(3,4-dimethoxy
benzenesulfonylamino)-4-(3-nitrophenyl)-5-(piperidin-1-
yl)methylthiazole, a bioavailable prodrug of Ro 61–8048
(the most widely used kynurenine 3-monooxygenase inhibi-
tor with unstable metabolic stability), selectively restrained
peripheral kynurenine 3-monooxygenase and ameliorated
neurodegeneration in well-established mouse model of AD
via modestly elevating neuroprotective metabolite without
increasing neurotoxic metabolites [48]. Therefore, it could
avoid potential adverse effects and may be a more safer and
attractive therapeutic agent. Nevertheless, Beconi et al. dis-
covered that Ro-61-8048 concentrations were similar after
0.05mg/kg Ro-61-8048 alone or coadministered with 10
mg/kg 2-(3,4-dimethoxy benzenesulfonylamino)-4-(3-nitro-
phenyl)-5-(piperidin-1-yl)methylthiazole in mice, hinting it
was not a prodrug for Ro-61-8048 and its efficency on neu-
rodegeneration by inhibiting kynurenine 3-monooxygenase
remains to be determined by far [49].
Quinolinic acid, another endogenous neurotoxin, was

increased in the serum and CSF of AD patients, and the
most significant factor responsible for quinolinic acid
elevation was aging, suggesting kynurenine pathway is
activated during aging by modulating neuroinflamma-
tion as aging is associated with inflammatory phenotype
and inflammation acts a critical activator of kynurenine
pathway [50]. In addition, N-methyl-D-aspartate receptor
(NMDAR) is a glutamate receptor that has neurotoxicity
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and neurotrophic effects, both the hypofunction and exci-
totoxicity of which are implicated in neurodegeneration
[51]. Quinolinic acid could deteriorate AD by activating
NMDAR, accelerating ROS generation and promoting
hyperphosphorylated tau proteins formation [52], suggest-
ing quinolinic acid inhibition may provide additional
benefits to AD treatment. D-amino acid oxidase (DAO)
also plays a pivotal role in AD by regulating NMDAR and
one of the important avenues to elevate NMDAR activity
is via inhibiting DAO [53]. Sodium benzoate, a prominent
DAO inhibitor, significantly ameliorated the cognitive im-
pairment of patients with early-phase AD without evident
side-effects [53]. Sodium benzoate has also been reported
to have anti-oxidant effects by inhibiting ROS production
[54] and increasing the activity of catalase [55]. Moreover,
pLG72 or DAO activator was increased in patients with
early-phase dementia with the highest level at mild AD,
while it was decreased with the severity of cognitive de-
cline in later-phase AD, indirectly supporting the hypoth-
esis of hypo-NMDAR in early-phase AD and glutamate
excitotoxicity in late-phase AD [56]. Furthermore, Lin
et al. found the level of peripheral DAO might increase
with age-related cognitive deficit for the first time [57],
and the alteration of plasma D-amino acids including D-
aspartate was closely associated with AD progression [58],
which may be exploited as potential biomakers for AD.
Considering AD is a complex disease and collecting
peripheral blood is more feasible than samples from brain
tissues or CSF, it may be favorable to combine DAO,
DAO activator and D-amino acids for assisting the
diagnosis.
Kynurenic acid is a neuroprotective metabolite in

kynurenine pathway. Emerging evidence revealed that
kynurenic acid was reduced in the CSF of 33 AD
patients compared to 39 age-matched controls [50] and
neurodegeneration was markedly ameliorated by shifting
kynurenine pathway flux toward kynurenic acid synthe-
sis [59]. However, van et al. uncovered that kynurenic
acid was significantly increased in the CSF of 40 AD
patients compared to 34 healthy controls [60], which is
not consistent with previous studies describing reduced
kynurenic acid levels in CSF of AD patients. These
discrepancies may be explained by age and gender differ-
ences between patients and control subjects since age
was slightly unbalanced in the latter and they did not
take better account of gender. Kynurenic acid could re-
strain the excitotoxicity of NMDAR as well. This is very
valuable for pharmaceutical exploitation since NMDAR
antagonist approved for clinical use is limited and
myriad compounds concerning NMDAR inhibition have
been explored in vain [61]. Besides its anti-excitotoxicity,
kynurenic acid also has anti-inflammatory and anti-
oxidant effects via reducing pro-inflammatory cytokines
release and improving ROS scavenging [61]. Of note,

although kynurenic acid has been shown to possess
neuroprotective effect, its role in neurogenic progenitors
remains unclear. Christos et al. found kynurenic acid
impaired neural stem cell plasticity [62]. This finding is
very important because current clinical effort for enhan-
cing kynurenic acid levels may be helpful for neuronal
survival but suppress the neurogenic outcome, which
can help to propose refinements on drug administration
and clinic practice. Collectively, kynurenic acid is a
potential multitarget to normalize the disturbed kynure-
nine pathway and thus alleviate AD pathogeneses, while
its application remains challenging.
Anthranilic acid is an endogenous redox active metabol-

ite that retards cognitive disfunction due to its ability on
Fe coordination complex formation and ROS scavenging,
and anthranilic acid modulation therefore represents a
promising therapeutic approach in AD intervention [63].
Anthranilic acid also exhibits anti-inflammatory effect
either by itself or its 5-hydroxylated metabolites [61]. An
expected anti-inflammatory property of anthranilic acid is
rooted in the fact that anthranilic acid is a precursor of
some anti-inflammatory drugs as exemplified by mefe-
namic acid [64]. Additionally, Kwon et al. revealed that
oscarellin, a new anthranilic acid derivative isolated from a
Philippine sponge, could diminish pro-inflammatory cyto-
kines such as extracellular ERK1/2 and nuclear factor-κB
(NF-κB), while anti-inflammatory cytokine of transcrip-
tion factor-3 was enhanced, indicating anthranilic acid
may also attenuate inflammation via modulating inflam-
matory cytokines [65]. As such, considering the prominent
role of inflammation and oxidative stress in cognitive dys-
function, anthranilic acid might be a potential therapeutic
target to fight against AD.

Vitamin metabolism
The enzyme responsible for vitamin D generation and vita-
min D receptor are widespread in human brain especially
for areas related to neuropsychological function, and
vitamin D may therefore play a significant role in neurode-
generative diseases. The plasma 25-hydroxyvitamin D of
AD patients seemed to be markedly lower compared to
healthy controls of the same age [66], while daily oral 800
IU vitamin D for 12months ameliorated AD and decreased
Aβ-related biomarkers in randomised, double-blind,
placebo-controlled trial [67], suggesting vitamin D has
potential benefits on cognitive recovery. Vitamin D is impli-
cated in AD onset as well. Littlejohns et al. discovered that
there was strong association between the risk of AD and
baseline vitamin D concentrations through both vascular
and neurodegenerative mechanisms over a mean of 5.6
years follow up, whereas the optimal vitamin D level for
general health remains to be determined [68]. The neuro-
protective benefit of vitamin D was likely attributed to its
anti-oxidant/anti-inflammatory effects [69] and exercise
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could enhance the efficacy of vitamin D therapy [70].
El-Din et al. demonstrated that Nrf2 and its down-
stream anti-oxidant effectors were decreased in AD
rats, while the neuro-inflammation as evidenced by
TNF-α and phosphorylated ERK1/2 that led to the
hyperphosphorylation of tau protein were increased
(Fig. 2) [71]. Maxacalcitol, a vitamin D analogue,
significantly improved cognitive impairment of AD rats
via elevating Nrf2 signaling pathway as well as reducing
the hyperphosphorylation of ERK1/2 and tau proteins
[71], making AD more curable than inevitable (Fig. 2).
Plasma homocysteine concentration increased with

age in normal human and an elevated plasma homocyst-
eine level was an independent, strong risk factor for AD
development [72]. Although no clear mechanisms be-
tween B vitamin intake and cognitive decline have been

well established, a series of biologically plausible mecha-
nisms have been widely proposed to explain the effect of
one-carbon metabolism relevant B vitamins, including
vitamin B12, vitamin B6 and folate on cognitive impair-
ment [73]. Deficiencies in any of above-mentioned B
vitamins may raise blood concentration of homocysteine
via perturbing one-carbon metabolism and causing low
enzymatic activities for homocysteine remethylation or
trans-sulfuration, which contributes to oxidative damage
and subsequent cognitive decline [74]. Hyperhomocys-
teinemia induced memory deficits with AD-like Aβ and
tau pathologies in the hippocampus as well, while folate/
vitamin B12 supplementation could improve memory by
preventing hyperhomocysteinemia induced AD-like
pathologies, highlighting B vitamins may be a preventive
or even therapeutic alternative against AD [75]. In

Fig. 2 The main redox signaling-associated mechanisms and their cross-talk in AD progression. NOX, TGF-β, NF-κB and Nrf2 are remarkable
mediators of oxidative stress that implicated in AD development. NOX is dedicated contributor Aβ-induced ROS generation, and NOX signaling
pathway is closely associated with Aβ deposition and cognitive deficits. TGF-β/Smad signaling also promotes ROS production, and NOX4 is the
main cause of TGF-β induced ROS generation via TGF-β/Smad/ROS signaling cascade. In addition, tau protein hyperphosphorylation is another
hallmark of AD, which could deteriorate AD through TGF-β/Smad/NOX4/ERK1/2/tau protein cascade. Moreover, metal ions and NF–κB also
contributes to AD progression by accelerating ROS and inflammation respectively, while Nrf2 shows potential protective effect against AD via
promoting anti-oxidant responses and inhibiting NF–κB. Maxacalcitol is a vitamin D analogue that significantly alleviates cognitive impairment of
AD rats through elevating Nrf2, restraining inflammation and reducing the hyperphosphorylation of tau proteins. ERK: extracellular signal-related
kinase; GCLM: glutamate-cysteine ligase modifier subunit; HO-1: haem oxygenase-1; Keap1: Kelch-like ECH-associted protein 1; MEK: mitogen-
activated protein kinase/extracellular signal-related kinase; NQO1: NAD(P)H dehydrogenase quinone 1, SARA: smad anchor for receptor activation
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addition, Guo et al. demonstrated that hyperhomocystei-
nemia induced Aβ accumulation and tau hyperphosphory-
lation was found in the retina as well, while simultaneous
B vitamins supplementation efficiently reduced plasma
AD-like hyperhomocysteinemia with attenuation of AD-
like Aβ and tau pathologies in the retina for the first time
[76]. Since the accumulation of Aβ and hyperphosphory-
lated tau is the main lesion of AD in the hippocampus,
the efficacy of drugs cannot be visualized at the early
stage, and the retina may therefore become an accurate
and non-invasive visualization window for the early
detection of AD-like pathologies and evaluating the
intervention effects of B vitamins on AD. Nonetheless,
randomized studies in individuals with normal vitamin
levels and mild to moderate AD have yielded conflicting
results. High-dose B vitamins supplementation might be
useful in older patients with relatively high homocysteine
levels, while individuals with normal vitamin levels and
mild to moderate AD were unlikely to benefit from B
vitamins supplements [77]. Hence, B vitamins treatment
are recommended in patients with elevated homocysteine
and studies in more narrowly defined AD are warranted.
Moreover, glucose hypometabolism is an invariant neuro-

degenerative hallmark that has significant diagnostic value
in AD. Sang et al. discovered that the reduction of thiamine
diphosphate, a critical coenzyme of glucose metabolism,
tightly correlated with brain glucose hypometabolism for
the first time, providing novel insight into the pathogenesis
of AD [78]. Thiamine also acts as a free redical scavenger,
and deficient thiamine-dependent motochondrial dehydro-
genase complexes accelerate AD by producing oxygen free
radicals [79]. Although the reduction in thiamine diphos-
phate and thiamine diphosphate–dependent enzymes has
been widely reported both in autopsied brain and blood
samples of AD patients [80–82], the diagnostic value of
blood thiamine metabolites has rarely been covered. Pan
et al. firstly showed that the alteration of blood thiamine
metabolites could serve as a promising biomarker in AD
diagnosis with high sensitivity and specificity since thiamine
diphosphate levels were significantly reduced in AD pa-
tients in both exploration phase and validation phase [83].
Additionally, high performance liquid chromatography
fluoroscopy is an ideal tool for AD diagnosis with noninva-
sive, reliable, inexpensive and simple to perform merits,
which is very suitable for studies in large populations.
Vitamin E is a powerful anti-oxidant that protects

against free radicals induced AD [84]. Mounting evi-
dence that free radicals had prominent effect on deteri-
orating neurodegeneration has lead to increasing studies
in utilizing vitamin E to help cure patients with AD.
Sano et al. firstly showed the effectiveness of vitamin E
supplement (2000 IU/d) on disease control in participants
with moderately severe AD [85], while it had no benefit in
patients with mild cognitive impairment compared with

placebo groups [86]. Maurice et al. firstly studied the effect
of vitamin E (2000 IU/d) on patients with mild-to-
moderate AD and indicated that vitamin E showed signifi-
cant benefit in retarding cognitive decline compared with
the placebo, which could be a good candidate for AD
treatment [87]. Although the effect of vitamin E (2000 IU/
d) on different periods of AD have been investigated in
double-blind, randomized and placebo-controlled clinical
trials, it is a great pity that the underlying mechanisms are
rarely covered. Wang et al. found α-tocopherol quinine
can ameliorate memory deficits by inhibiting pro-
inflammatory cytokines as exemplified by interleukin-6
and redox signaling-mediated NF-κB pathway in trans-
genic AD mice, which may aid our understanding in the
efficacy of vitamin E on AD [88]. However, besides the
unambiguous beneficial effects of vitamin E, it also accel-
erated Aβ production and suppressed Aβ degradation
with the increase of vitamin E intake, which may help to
understand the controversial role of vitamin E supplement
in AD treatment [89].

Metal ion metabolism
Metal ion dyshomeostasis is a well-acknowledged feature
of AD [90]. Metal ions (especially for zinc, iron and
copper) were found in Aβ aggregation and the concen-
trations of zinc, iron and copper were significantly in-
creased in brain samples of AD patients compared with
age-matched, healthy brain tissues [91]. Aβ accumula-
tion played vital roles in AD pathology and metal ions
can coordinate with Aβ, leading to metal-Aβ complexes
generation and AD progression [92]. Furthermore, metal
ions promoted AD development due to their potential
involvement in ROS overproduction. Copper and iron
contributed to ROS generation by Fenton-like reactions,
while zinc was observed to retard oxidative phosphoryl-
ation in mitochondria, causing zinc-triggered ROS
production (Fig. 2) [20]. The critical role of redox-active
metals in AD pathogenesis strongly argued that
amyloid-specific metal be exploited as possible thera-
peutic targets for this horrible disease [93]. Of note,
although metal chelation is recognized as a promising
therapy for AD treatment [94], the widespread clinical
use of chelators remains a huge challenge as most chela-
tors possess limited efficacy to differentiate toxic metals
that tightly associated with Aβ plaques from those
required by metal homeostasis [95]. Fortunately, the
emergence of a novel electrically controlled-release drug
delivery platform that selectively retard metal-induced
Aβ aggregation, could effectively inhibit Aβ aggregation,
protect cells from Aβ-related cytotoxicity and decrease
cellular ROS with no significant cytotoxic effects,
which dramatically promoted the design of noninvasive
remote-controlled therapeutics for AD treatment [96].
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The main redox signaling-associated mechanisms and
their cross-talk in AD
Nicotinamide adenine dinucleotide phosphate oxidase
(NOX), transforming growth factor-β (TGF-β), NF-κB
and nuclear factor-erythroid 2 related factor 2 (Nrf2) are
prominent mediators of oxidative stress [97], which play
important roles in regulating AD development. NOX is
the primary source of fibrillar Aβ-induced ROS gener-
ation, suggesting the elimination of Aβ-induced oxidative
damage by inhibiting NOX may provide an attractive
therapeutic target for AD treatment [98]. Bruce-Keller
et al. discovered that NOX4 was significantly elevated in
APP × PS1 transgenic mice in an age-depedent manner,
and NOX-associated pathways were intimately associated
with both the deposition of Aβ and the loss of cognitive
function [99]. TGF-β was implicated in redox signaling as
well and NOX4 was most responsible for TGF-β induced
ROS generation by TGF-β/Smad/ROS signaling cascade
[100]. In addition to its effect on ROS production, TGF-β
also induced AD development by initiating or promoting
amyloidogenesis [101]. Moreover, tau protein hyperpho-
sphorylation is another hallmark of AD, and phosphory-
lated ERK1/2 could deteriorate AD through TGF-β/
Smad/NOX4/ERK1/2/tau protein cascade. Additionally,
NF-κB [102] and metal ions [20] aggravated AD via
accelerating inflammatory responses and ROS generation
respectively, while Nrf2 protected from AD-like patho-
logical changes via promoting anti-oxidant responses and
inhibiting NF-κB activation. The repressor of Nrf2,
Kelch-like ECH-associted protein 1, inhibited Nrf2
expression and stimulated its degradation, while Kelch-
like ECH-associated protein 1 knockdown increased
Nrf2 expression, thereby increasing the anti-oxidant
capacity and alleviating Aβ-induced cell damage [103].

The therapeutic opportunities for natural
products in AD and its complications
Therapeutic opportunities for natural products in AD
Natural products are gaining increasing attention in AD
therapy since there is almost no effective cure to date [104],
and more than 100 natural compounds have been proposed
as promising candidates for alleviating AD [105]. Indeed,
approximately 46% new drugs that approved by FDA be-
tween 1981 and 2014 were from natural products and their
derivatives [106]. Five compounds with huge therapeutic
potential in AD intervention through redox signaling-
associated mechanisms are highlighted as follows.
Curcumin, a natural phenolic compound isolated from

the rhizomes of Curcuma longa L, is the most widely stud-
ied natural product in numerous diseases including AD as
evinced by almost 9000 citations in the literature [107].
Curcumin could slow AD progression by inhibiting Aβ
production [108], preventing Aβ aggregation [109] as well
as destabilizing Aβ fibrils [110] and promoting Aβ

clearance [111]. Moreover, it ameliorated cognitive im-
pairment via suppressing tau hyperphosphorylation [112],
inflammation and oxidative stress [113] as well. Unfortu-
nately, although curcumin showed promising preclinical
results, it failed to improve cognitive function in clinical
trials [114]. The low bioavailability of curcumin and poor
design of these trials may be speculated as factors that sig-
nificantly limit its effect in humans, while nanoformula-
tions [115] and exosomes [112] that enhance curcumin
bioavailability might improve clinical outcomes. Future
studies that aim to clarificate whether poor clinical benefit
is due to its undesirable bioavailability or the inefficacy of
curcumin on AD are desperately needed.
Quercetin [116], resveratrol [117] and ferulic acid [118]

are other polyphenolic compounds isolated from vegeta-
bles and fruits with beneficial properties for AD treatment
via inhibiting Aβ production/aggregation, destabilizing Aβ
fibrils, alleviating oxidative stress and inflammation. Quer-
cetin [119] and resveratrol [120] also rescued cognitive
deficits by suppressing tau phosphorylation. In addition,
resveratrol has been safe and well-tolerated for mild to
moderate AD patients in two randomized, double-blind,
placebo-controlled trials with uncertain efficacy on clinical
outcomes [121, 122], while quercetin and ferulic acid are
not studied in clinical trials so far.
Huperzine A, a natural product isolated from Huperzia

serrata (Qian Ceng Ta), has been widely used for the in-
hibition of numerous diseases in China for centuries,
which could attenuate or reverse cognitive deficits by
selectively increasing acetylcholine levels as a potent and
specific acetylcholinesterase inhibitor in a wide range of
animal models [123]. In addition to the suppression of
acetylcholinesterase, huperzine A also improved cognitive
function via inhibiting Aβ production, ameliorating tau
hyperphosphorylation [124], reducing inflammation and
brain iron accumulation that further led to oxidative stress
[125]. The phase IV clinical trials made in China demon-
strated that Huperzine A (200 μg BID, 8w) significantly
ameliorated cognitive dysfuntion in AD patients with
slight peripheral cholinergic side effects [126, 127], while
Rafii et al. discovered that huperzine A (200 μg BID, 16w)
was ineffective in AD treatment [128], suggesting large-
scale, randomized and placebo-controlled trials are
required to further assess the effects of huperzine A on
AD. Moreover, given the side effect of huperzine A on
peripheral nerve system, N-[2-hydroxy-3-methoxy-5-
chlorobenzylidene] huperzine A, a prodrug of huperzine
A with minimal peripheral cholinergic effects, has been
screened through a series of structural modification,
which may facilitate the clinical use of huperzine A.

The benefit of AD intervention on its complications
AD alleviation could be instrumental to other diseases
as well since AD is a widespread systemic disease that
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could affect peripheral tissues or organs beyond the
brain [129]. Here, we only briefly expatiate heart failure
and chronic kidney disease (CKD) that pose an enor-
mous challenge to human health for the sake of brevity.
Heart failure is most responsible for hospital admis-

sion in older adults, which remarkably aggravates na-
tional financial burden [130]. By 2030, above 8 million
people (1 in every 33) will project to heart failure and
the total costs of heart failure are forecasted to increase
from $31 billion to $70 billion between 2012 and 2030
in the United States [130]. Cognitive decline is highly
prevalent in heart failure performed in 1152 Australian
participants, affecting 54% patients with heart failure,
and has a profound impact on poorer outcomes [131].
The 30-day readmission rate of heart failure patients
accompanied by cognitive damage was significantly ele-
vated than that of participants with heart failure without
cognitive damage (26.8% vs 12.8%), highlighting the im-
portance of cognitive function intervention in improving
adverse prognosis [132].
AD is closely associated with CKD progression as well.

CKD has been proposed as a significant and independ-
ent risk factor for the development of cognitive impair-
ment in a meta-analysis of 54,779 participants [133],
while cognitive deficits can be significantly improved or
even reversed after renal function restoration [134].
Particularly, the prevalence of cognitive damage can be
up to 87% in end-stage renal disease patients [135]. The
kidney and brain share common risk factors for micro-
vascular damage since they have similar microvascular
structure and hemodynamic fluctuation, including in-
flammation and oxidative stress [136], which might be
helpful in understanding why CKD patients are inclined
to develop neurological disorders. Therefore, it is in-
tensely recommeded that busy nephrologists spend time
in assessing cognitive function. Indeed, given the avail-
able treatments for AD are of limited efficacy, the high
burden of cognitive dysfunction may partly explain why
clinical performance targets of CKD have been so hard
to achieve. A series of natural products isolated from
diuretic traditional Chinese medicines in our previous
studies, such as Alisma orientale, Poria cocos and Semen
Plantaginis, showed promising efficacy in halting CKD
[137–141]. Given the paramount association between
CKD and AD, they may be beneficial to the recovery of
AD as well.

Concluding remarks
AD is the most common multifarious neurodegenerative
disease and patients suffering from AD show a gradual
loss of memory due to neuronal impairment. Inflamma-
tion and oxidative stress are major risk factors of AD,
which play a particularly paramount role in AD develop-
ment. In this review, we mainly focused on how

inflammation and oxidative stress were involved in the
pathogenesis of AD and the current knowledge concerning
the potential association between redox signaling and meta-
bolic pathways, providing additional evidence for biomarker
identification and pathomechanism exploration. Moreover,
considering the fact that there is almost no disease-
modifying therapies for AD and the prominent role of in-
flammation and oxidative stress in cognitive dysfunction,
we also highlighted the main redox signaling-associated
mechanisms and their cross-talk in AD progression, aiding
the exploitation of mechanism-based therapies.
Natural products are precious treasure for new drug

discovery, which should be back into the spotlight again
as the side effect of available commercial medicines
often brought risks. Curcumin, Quercetin, resveratrol,
ferulic acid and huperzine A showed promising future
on AD through redox signaling-associated mechanisms,
providing protential candidates for drug discovery.
Undoubtedly, natural products are fertile ground for the
development of pharmaceutical exploitation, while the
paucity of randomized, placebo-controlled and well-
designed trials in human severely restrict their clinical
use. Considering natural products cannot be used in hu-
man until enough clinical data, there is intense impetus
to combine preclinical evidence with clinical trails. Add-
itionally, it is intensely recommeded that busy nephrolo-
gists and cardiologists spend time in assessing cognitive
function since AD is highly prevalent in CKD and heart
failure, the alleviation of which may facilitate CKD/heart
failure recovery and improve clinical outcomes before
diseases become advanced.

Abbreviations
Aβ: β-amyloid; AD: Alzheimer’s disease; APOE: Apolipoprotein E; CKD: Chronic
kidney disease; CSF: Cerebrospinal fluid; DAO: D-amino acid oxidase; NF-
κB: Nuclear factor-κB; NMDAR: N-methyl-D-aspartate receptor;
NOX: Nicotinamide adenine dinucleotide phosphate oxidase; Nrf2: Nuclear
factor-erythroid 2 related factor 2; ROS: Reactive oxygen species; TGF-
β: Transforming growth factor-β

Authors’ contributions
Prof. Hai-Jing Liu and Ying-Yong Zhao contribute to the design of the study.
Yuan-Yuan Chen and Min-Chang Wang draft and revise the manuscript. Yan-
Ni Wang, He-He Hu and Qing-Quan Liu help to draft the figures. All authors
have approved the final manuscript.

Funding
This work was supported by the National Key Research and Development
Project of China (grant number. 2019YFC1709405) and National Natural
Science Foundation of China (grant numbers 81603271, 81872985,
81673578).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Chen et al. Biomarker Research            (2020) 8:42 Page 9 of 13



Competing interests
The authors declare that they have no conflicts of interest.

Author details
1Faculty of Life Science & Medicine, Northwest University, No. 229 Taibai
North Road, Xi’an 710069, Shaanxi, China. 2Instrumental Analysis Center, Xi’an
Modern Chemistry Institute, Xi’an 710065, Shaanxi, China. 3Beijing Hospital of
Traditional Chinese Medicine, Capital Medical University, Beijing 100010,
China. 4Shaanxi Institute for Food and Drug Control, Xi’an 710065, Shaanxi,
China.

Received: 6 July 2020 Accepted: 20 August 2020

References
1. Nakamura A, Kaneko N, Villemagne VL, et al. High performance

plasma amyloid-β biomarkers for Alzheimer's disease. Nature. 2018;
554(7691):249–54.

2. Group GBDNDC. Global, regional, and national burden of neurological
disorders during 1990-2015: a systematic analysis for the global burden of
disease study 2015. Lancet Neurol. 2017;16(11):877–97.

3. Cuperlovic-Culf M, Badhwar A. Recent advances from metabolomics and
lipidomics application in Alzheimer's disease inspiring drug discovery.
Expert Opin Drug Discov. 2020;15(3):319–31.

4. Li T, Braunstein KE, Zhang J, et al. The neuritic plaque facilitates pathological
conversion of tau in an Alzheimer's disease mouse model. Nat Commun.
2016;7:12082.

5. Qiang W, Yau WM, Lu JX, et al. Structural variation in amyloid-β fibrils from
Alzheimer's disease clinical subtypes. Nature. 2017;541(7636):217–21.

6. D'Souza Y, Elharram A, Soon-Shiong R, et al. Characterization of Aldh2 (−/−)
mice as an age-related model of cognitive impairment and Alzheimer's
disease. Mol Brain. 2015;8:27.

7. Wang X, Sun G, Feng T, et al. Sodium oligomannate therapeutically
remodels gut microbiota and suppresses gut bacterial amino acids-shaped
neuroinflammation to inhibit Alzheimer's disease progression. Cell Res.
2019;29(10):787–803.

8. Carvalho C, Cardoso S. Diabetes-Alzheimer s disease link: targeting
mitochondrial dysfunction and redox imbalance. Antioxid Redox Signal.
2020. https://doi.org/10.1089/ars.2020.8056.

9. Yan LJ. Positive oxidative stress in aging and aging-related disease
tolerance. Redox Biol. 2014;2:165–9.

10. Thapa A, Carroll NJ. Dietary modulation of oxidative stress in Alzheimer's
disease. Int J Mol Sci. 2017;18(7):1583.

11. Lim WL, Martins IJ, Martins RN. The involvement of lipids in Alzheimer's
disease. J Genet Genomics. 2014;41(5):261–74.

12. Nagata Y, Hirayama A, Ikeda S, et al. Comparative analysis of cerebrospinal
fluid metabolites in Alzheimer's disease and idiopathic normal pressure
hydrocephalus in a Japanese cohort. Biomark Res. 2018;6:5.

13. Morris G, Walder K, Puri BK, et al. The deleterious effects of oxidative and
nitrosative stress on palmitoylation, membrane lipid rafts and lipid-based
cellular signalling: new drug targets in neuroimmune disorders. Mol
Neurobiol. 2016;53(7):4638–58.

14. Zou Y, Watters A, Cheng N, et al. Polyunsaturated fatty acids from astrocytes
activate PPARγ signaling in cancer cells to promote brain metastasis. Cancer
Discov. 2019;9(12):1720–35.

15. Pryor WA, Stanley JP. Letter: a suggested mechanism for the production of
malonaldehyde during the autoxidation of polyunsaturated fatty acids.
Nonenzymatic production of prostaglandin endoperoxides during
autoxidation. J Org Chem. 1975;40(24):3615–7.

16. Marnett LJ. Lipid peroxidation-DNA damage by malondialdehyde. Mutat
Res. 1999;424(1–2):83–95.

17. Zhang S, He Y, Sen B, et al. Reactive oxygen species and their applications
toward enhanced lipid accumulation in oleaginous microorganisms.
Bioresour Technol. 2020:123234. https://doi.org/10.1016/j.biortech.2020.
123234.

18. Snowden SG, Ebshiana AA, Hye A, et al. Association between fatty acid
metabolism in the brain and Alzheimer disease neuropathology and
cognitive performance: a nontargeted metabolomic study. PLoS Med. 2017;
14(3):e1002266.

19. Bazinet RP, Laye S. Polyunsaturated fatty acids and their metabolites in brain
function and disease. Nat Rev Neurosci. 2014;15(12):771–85.

20. Lee HJ, Korshavn KJ, Kochi A, et al. Cholesterol and metal ions in
Alzheimer's disease. Chem Soc Rev. 2014;43(19):6672–82.

21. Williams T, Borchelt DR, Chakrabarty P. Therapeutic approaches targeting
Apolipoprotein E function in Alzheimer's disease. Mol Neurodegener. 2020;
15(1):8.

22. Corder EH, Saunders AM, Strittmatter WJ, et al. Gene dose of apolipoprotein
E type 4 allele and the risk of Alzheimer's disease in late onset families.
Science. 1993;261(5123):921–3.

23. Zarrouk A, Debbabi M, Bezine M, et al. Lipid biomarkers in Alzheimer's
disease. Curr Alzheimer Res. 2018;15(4):303–12.

24. Simons M, Keller P, De Strooper B, et al. Cholesterol depletion inhibits the
generation of beta-amyloid in hippocampal neurons. Proc Natl Acad Sci U S
A. 1998;95(11):6460–4.

25. Sheedy FJ, Grebe A, Rayner KJ, et al. CD36 coordinates NLRP3
inflammasome activation by facilitating intracellular nucleation of soluble
ligands into particulate ligands in sterile inflammation. Nat Immunol. 2013;
14(8):812–20.

26. Mapstone M, Cheema AK, Fiandaca MS, et al. Plasma phospholipids identify
antecedent memory impairment in older adults. Nat Med. 2014;20(4):415–8.

27. Robinson AJ, Hopkins GL, Rastogi N, et al. Reactive oxygen species drive
proliferation in acute myeloid leukemia via the glycolytic regulator PFKFB3.
Cancer Res. 2020;80(5):937–49.

28. Liguori C, Stefani A, Sancesario G, et al. CSF lactate levels, tau proteins,
cognitive decline: a dynamic relationship in Alzheimer's disease. J Neurol
Neurosurg Psychiatry. 2015;86(6):655–9.

29. Liguori C, Chiaravalloti A, Sancesario G, et al. Cerebrospinal fluid lactate
levels and brain [18F]FDG PET hypometabolism within the default mode
network in Alzheimer's disease. Eur J Nucl Med Mol Imaging. 2016;43(11):
2040–9.

30. Yakoub KM, Lazzarino G, Amorini AM, et al. Fructose-1,6-bisphosphate
protects hippocampal rat slices from NMDA excitotoxicity. Int J Mol Sci.
2019;20(9):2239.

31. Catarina AV, Luft C, Greggio S, et al. Fructose-1,6-bisphosphate preserves
glucose metabolism integrity and reduces reactive oxygen species in the
brain during experimental sepsis. Brain Res. 2018;1698:54–61.

32. Salminen A, Haapasalo A, Kauppinen A, et al. Impaired mitochondrial
energy metabolism in Alzheimer's disease: impact on pathogenesis via
disturbed epigenetic regulation of chromatin landscape. Prog Neurobiol.
2015;131:1–20.

33. Parnetti L, Reboldi GP, Gallai V. Cerebrospinal fluid pyruvate levels in
Alzheimer's disease and vascular dementia. Neurology. 2000;54(3):735–7.

34. Kim E, Jung YS, Kim H, et al. Metabolomic signatures in peripheral blood
associated with Alzheimer's disease amyloid-β-induced neuroinflammation.
J Alzheimers Dis. 2014;42(2):421–33.

35. Isopi E, Granzotto A, Corona C, et al. Pyruvate prevents the
development of age-dependent cognitive deficits in a mouse model of
Alzheimer's disease without reducing amyloid and tau pathology.
Neurobiol Dis. 2015;81:214–24.

36. Lanznaster D, Mack JM, Coelho V, et al. Guanosine prevents anhedonic-like
behavior and impairment in hippocampal glutamate transport following
amyloid-β1-40 administration in mice. Mol Neurobiol. 2017;54(7):5482–96.

37. Tasca CI, Lanznaster D, Oliveira KA, et al. Neuromodulatory effects of
guanine-based purines in health and disease. Front Cell Neurosci.
2018;12:376.

38. Alonso-Andres P, Albasanz JL, Ferrer I, et al. Purine-related metabolites and
their converting enzymes are altered in frontal, parietal and temporal cortex at
early stages of Alzheimer's disease pathology. Brain Pathol. 2018;28(6):933–46.

39. Wamser MN, Leite EF, Ferreira VV, et al. Effect of hypoxanthine, antioxidants
and allopurinol on cholinesterase activities in rats. J Neural Transm (Vienna).
2013;120(9):1359–67.

40. Bavaresco CS, Chiarani F, Wannmacher CMD, et al. Intrastriatal hypoxanthine
reduces Na+,K+-ATPase activity and induces oxidative stress in the rats.
Metab Brain Dis. 2007;22(1):1–11.

41. Li N, Liu Y, Li W, et al. A UPLC/MS-based metabolomics investigation of the
protective effect of ginsenosides Rg1 and Rg2 in mice with Alzheimer's
disease. J Ginseng Res. 2016;40(1):9–17.

42. Du N, Xu D, Hou X, et al. Inverse association between serum uric acid levels
and Alzheimer's disease risk. Mol Neurobiol. 2016;53(4):2594–9.

43. Lu N, Dubreuil M, Zhang Y, et al. Gout and the risk of Alzheimer's disease: a
population-based, BMI-matched cohort study. Ann Rheum Dis. 2016;75(3):
547–51.

Chen et al. Biomarker Research            (2020) 8:42 Page 10 of 13

https://doi.org/10.1089/ars.2020.8056
https://doi.org/10.1016/j.biortech.2020.123234
https://doi.org/10.1016/j.biortech.2020.123234


44. Latourte A, Soumare A, Bardin T, et al. Uric acid and incident dementia over
12 years of follow-up: a population-based cohort study. Ann Rheum Dis.
2018;77(3):328–35.

45. Kaluzna-Czaplinska J, Gatarek P, Chirumbolo S, et al. How important is
tryptophan in human health? Crit Rev Food Sci Nutr. 2019;59(1):72–88.

46. Meier TB, Nitta ME, Teague TK, et al. Prospective study of the effects of
sport-related concussion on serum kynurenine pathway metabolites. Brain
Behav Immun. 2020. https://doi.org/10.1016/j.bbi.2020.03.002.

47. Amaral M, Levy C, Heyes DJ, et al. Structural basis of kynurenine 3-
monooxygenase inhibition. Nature. 2013;496(7445):382–5.

48. Zwilling D, Huang SY, Sathyasaikumar KV, et al. Kynurenine 3-
monooxygenase inhibition in blood ameliorates neurodegeneration. Cell.
2011;145(6):863–74.

49. Beconi MG, Yates D, Lyons K, et al. Metabolism and pharmacokinetics of
JM6 in mice: JM6 is not a prodrug for Ro-61-8048. Drug Metab Dispos.
2012;40(12):2297–306.

50. Sorgdrager FJH, Vermeiren Y, Van Faassen M, et al. Age- and disease-specific
changes of the kynurenine pathway in Parkinson's and Alzheimer's disease.
J Neurochem. 2019;151(5):656–68.

51. Lin CH, Lane HY. The role of N-methyl-D-aspartate receptor
neurotransmission and precision medicine in behavioral and psychological
symptoms of dementia. Front Pharmacol. 2019;10:540.

52. Stone TW, Stoy N, Darlington LG. An expanding range of targets for kynurenine
metabolites of tryptophan. Trends Pharmacol Sci. 2013;34(2):136–43.

53. Lin CH, Chen PK, Chang YC, et al. Benzoate, a D-amino acid oxidase
inhibitor, for the treatment of early-phase Alzheimer disease: a randomized,
double-blind, placebo-controlled trial. Biol Psychiatry. 2014;75(9):678–85.

54. Modi KK, Roy A, Brahmachari S, et al. Cinnamon and its metabolite sodium
benzoate attenuate the activation of p21rac and protect memory and
learning in an animal model of Alzheimer's disease. PLoS One. 2015;10(6):
e0130398.

55. Lin CH, Lin CH, Chang YC, et al. Sodium benzoate, a D-amino acid oxidase
inhibitor, added to clozapine for the treatment of schizophrenia: a
randomized, double-blind, placebo-controlled trial. Biol Psychiatry. 2018;
84(6):422–32.

56. Lin CH, Chiu CC, Huang CH, et al. pLG72 levels increase in early phase of
Alzheimer's disease but decrease in late phase. Sci Rep. 2019;9(1):13221.

57. Lin CH, Yang HT, Chiu CC, et al. Blood levels of D-amino acid oxidase vs. D-
amino acids in reflecting cognitive aging. Sci Rep. 2017;7(1):14849.

58. Xing Y, Li X, Guo X, et al. Simultaneous determination of 18 D-amino acids
in rat plasma by an ultrahigh-performance liquid chromatography-tandem
mass spectrometry method: application to explore the potential
relationship between Alzheimer's disease and D-amino acid level alterations.
Anal Bioanal Chem. 2016;408(1):141–50.

59. Breda C, Sathyasaikumar KV, Sograte Idrissi S, et al. Tryptophan-2,3-
dioxygenase (TDO) inhibition ameliorates neurodegeneration by
modulation of kynurenine pathway metabolites. Proc Natl Acad Sci U S A.
2016;113(19):5435–40.

60. van der Velpen V, Teav T, Gallart-Ayala H, et al. Systemic and central nervous
system metabolic alterations in Alzheimer's disease. Alzheimers Res Ther.
2019;11(1):93.

61. Tanaka M, Bohar Z, Vecsei L. Are kynurenines accomplices or principal
villains in dementia? Maintenance of kynurenine metabolism. Molecules.
2020;25(3):564.

62. Papadimitriou C, Celikkaya H, Cosacak MI, et al. 3D culture method for
Alzheimer's disease modeling reveals interleukin-4 rescues Aβ42-induced
loss of human neural stem cell plasticity. Dev Cell. 2018;46(1):85–101 e108.

63. Kubicova L, Hadacek F, Bachmann G, et al. Coordination complex formation
and redox properties of kynurenic and xanthurenic acid can affect brain
tissue homeodynamics. Antioxidants (Basel). 2019;8(10):476.

64. Jahan H, Choudhary MI, Atta A, et al. Anthranilic acid derivatives: novel
inhibitors of protein glycation and the associated oxidative stress in the
hepatocytes. Med Chem. 2018;14(5):516–23.

65. Kwon IS, Kwak JH, Pyo S, et al. Oscarellin, an anthranilic acid derivative from
a Philippine sponge, oscarella stillans, as an inhibitor of inflammatory
cytokines in macrophages. J Nat Prod. 2017;80(1):149–55.

66. Annweiler C, Llewellyn DJ, Beauchet O. Low serum vitamin D
concentrations in Alzheimer's disease: a systematic review and meta-
analysis. J Alzheimers Dis. 2013;33(3):659–74.

67. Jia J, Hu J, Huo X, et al. Effects of vitamin D supplementation on cognitive
function and blood Aβ-related biomarkers in older adults with Alzheimer's

disease: a randomised, double-blind, placebo-controlled trial. J Neurol
Neurosurg Psychiatry. 2019;90(12):1347–52.

68. Littlejohns TJ, Henley WE, Lang IA, et al. Vitamin D and the risk of dementia
and Alzheimer disease. Neurology. 2014;83(10):920–8.

69. Mehri N, Haddadi R, Ganji M, et al. Effects of vitamin D in an animal model of
Alzheimer's disease: behavioral assessment with biochemical investigation of
Hippocampus and serum. Metab Brain Dis. 2020;35(2):263–74.

70. Medhat E, Rashed L, Abdelgwad M, et al. Exercise enhances the effectiveness
of vitamin D therapy in rats with Alzheimer's disease: emphasis on oxidative
stress and inflammation. Metab Brain Dis. 2020;35(1):111–20.

71. Saad El-Din S, Rashed L, Medhat E, et al. Active form of vitamin D analogue
mitigates neurodegenerative changes in Alzheimer's disease in rats by
targeting Keap1/Nrf2 and MAPK-38p/ERK signaling pathways. Steroids. 2020;
156:108586.

72. Seshadri S, Beiser A, Selhub J, et al. Plasma homocysteine as a risk factor for
dementia and Alzheimer's disease. N Engl J Med. 2002;346(7):476–83.

73. Smith AD, Refsum H. Homocysteine, B vitamins, and cognitive impairment.
Annu Rev Nutr. 2016;36:211–39.

74. An Y, Feng L, Zhang X, et al. Dietary intakes and biomarker patterns of
folate, vitamin B6, and vitamin B12 can be associated with cognitive
impairment by hypermethylation of redox-related genes NUDT15 and
TXNRD1. Clin Epigenetics. 2019;11(1):139.

75. Zhang CE, Wei W, Liu YH, et al. Hyperhomocysteinemia increases β-amyloid
by enhancing expression of γ-secretase and phosphorylation of amyloid
precursor protein in rat brain. Am J Pathol. 2009;174(4):1481–91.

76. Guo J, Ni S, Li Q, et al. Folate/vitamin B alleviates hyperhomocysteinemia-
induced Alzheimer-like pathologies in rat retina. Neurosci Bull. 2019;35(2):
325–35.

77. Aisen PS, Schneider LS, Sano M, et al. High-dose B vitamin supplementation
and cognitive decline in Alzheimer disease: a randomized controlled trial.
JAMA. 2008;300(15):1774–83.

78. Sang S, Pan X, Chen Z, et al. Thiamine diphosphate reduction strongly
correlates with brain glucose hypometabolism in Alzheimer's disease,
whereas amyloid deposition does not. Alzheimers Res Ther. 2018;10(1):26.

79. Gibson GE, Blass JP. Thiamine-dependent processes and treatment
strategies in neurodegeneration. Antioxid Redox Signal. 2007;9(10):1605–19.

80. Heroux M, Raghavendra Rao VL, Lavoie J, et al. Alterations of thiamine
phosphorylation and of thiamine-dependent enzymes in Alzheimer's
disease. Metab Brain Dis. 1996;11(1):81–8.

81. Mastrogiacoma F, Bettendorff L, Grisar T, et al. Brain thiamine, its phosphate
esters, and its metabolizing enzymes in Alzheimer's disease. Ann Neurol.
1996;39(5):585–91.

82. Bettendorff L, Mastrogiacomo F, Kish SJ, et al. Thiamine, thiamine
phosphates, and their metabolizing enzymes in human brain. J Neurochem.
1996;66(1):250–8.

83. Pan X, Fei G, Lu J, et al. Measurement of blood thiamine metabolites for
Alzheimer's disease diagnosis. EBioMedicine. 2016;3:155–62.

84. Iuliano L, Monticolo R, Straface G, et al. Vitamin E and enzymatic/oxidative
stress-driven oxysterols in amnestic mild cognitive impairment subtypes
and Alzheimer's disease. J Alzheimers Dis. 2010;21(4):1383–92.

85. Sano M, Ernesto C, Thomas RG, et al. A controlled trial of selegiline, α-
tocopherol, or both as treatment for Alzheimer's disease. The Alzheimer's
disease cooperative study. N Engl J Med. 1997;336(17):1216–22.

86. Petersen RC, Thomas RG, Grundman M, et al. Vitamin E and donepezil for
the treatment of mild cognitive impairment. N Engl J Med. 2005;352(23):
2379–88.

87. Dysken MW, Sano M, Asthana S, et al. Effect of vitamin E and memantine
on functional decline in Alzheimer disease: the TEAM-AD VA cooperative
randomized trial. JAMA. 2014;311(1):33–44.

88. Wang SW, Yang SG, Liu W, et al. α-Tocopherol quinine ameliorates spatial
memory deficits by reducing beta-amyloid oligomers, neuroinflammation
and oxidative stress in transgenic mice with Alzheimer's disease. Behav
Brain Res. 2016;296:109–17.

89. Grimm MO, Regner L, Mett J, et al. Tocotrienol affects oxidative stress,
cholesterol homeostasis and the amyloidogenic pathway in neuroblastoma
cells: Consequences for Alzheimer's disease. Int J Mol Sci. 2016;17(11):1809.

90. Pithadia AS, Lim MH. Metal-associated amyloid-β species in Alzheimer's
disease. Curr Opin Chem Biol. 2012;16(1–2):67–73.

91. Savelieff MG, Lee S, Liu Y, et al. Untangling amyloid-β, tau, and metals in
Alzheimer's disease. ACS Chem Biol. 2013;8(5):856–65.

Chen et al. Biomarker Research            (2020) 8:42 Page 11 of 13

https://doi.org/10.1016/j.bbi.2020.03.002


92. Kepp KP. Alzheimer's disease: how metal ions define β-amyloid function.
Coord Chem Rev. 2017;351:127–59.

93. Han J, Lee HJ, Kim KY, et al. Mechanistic approaches for chemically
modifying the coordination sphere of copper-amyloid-β complexes. Proc
Natl Acad Sci U S A. 2020;117(10):5160–7.

94. Ward RJ, Zucca FA, Duyn JH, et al. The role of iron in brain ageing and
neurodegenerative disorders. Lancet Neurol. 2014;13(10):1045–60.

95. Dedeoglu A, Cormier K, Payton S, et al. Preliminary studies of a novel
bifunctional metal chelator targeting Alzheimer's amyloidogenesis. Exp
Gerontol. 2004;39(11–12):1641–9.

96. Wu L, Wang JS, Gao N, et al. Electrically pulsatile responsive drug delivery
platform for treatment of Alzheimer's disease. Nano Res. 2015;8(7):2400–14.

97. Chen YY, Yu XY, Chen L, et al. Redox signaling in aging kidney and
opportunity for therapeutic intervention through natural products. Free
Radic Biol Med. 2019;141:141–9.

98. Wilkinson BL, Landreth GE. The microglial NADPH oxidase complex as a source
of oxidative stress in Alzheimer's disease. J Neuroinflammation. 2006;3:30.

99. Bruce-Keller AJ, Gupta S, Knight AG, et al. Cognitive impairment in
humanized APPxPS1 mice is linked to Abeta(1-42) and NOX activation.
Neurobiol Dis. 2011;44(3):317–26.

100. Zhou B, Mu J, Gong Y, et al. Brd4 inhibition attenuates unilateral ureteral
obstruction-induced fibrosis by blocking TGF-β-mediated Nox4 expression.
Redox Biol. 2017;11:390–402.

101. Wyss-Coray T, Masliah E, Mallory M, et al. Amyloidogenic role of cytokine
TGF-β1 in transgenic mice and in Alzheimer's disease. Nature. 1997;
389(6651):603–6.

102. Perkins ND. Integrating cell-signalling pathways with NF-κB and IKK
function. Nat Rev Mol Cell Biol. 2007;8(1):49–62.

103. Li LH, Peng WN, Deng Y, et al. Action of trichostatin a on Alzheimer's
disease-like pathological changes in SH-SY5Y neuroblastoma cells. Neural
Regen Res. 2020;15(2):293–301.

104. Ramalho MJ, Andrade S, Loureiro JA, et al. Nanotechnology to improve the
Alzheimer's disease therapy with natural compounds. Drug Deliv Transl Res.
2020;10(2):380–402.

105. Andrade S, Ramalho MJ, Loureiro JA, et al. Natural compounds for
Alzheimer's disease therapy: A systematic review of preclinical and clinical
studies. Int J Mol Sci. 2019;20(9):2313.

106. Newman DJ, Cragg GM. Natural products as sources of new drugs from
1981 to 2014. J Nat Prod. 2016;79(3):629–61.

107. Kunnumakkara AB, Bordoloi D, Padmavathi G, et al. Curcumin, the golden
nutraceutical: multitargeting for multiple chronic diseases. Br J Pharmacol.
2017;174(11):1325–48.

108. Lin L, Li C, Zhang D, et al. Synergic effects of berberine and curcumin on
improving cognitive function in an Alzheimer's disease mouse model.
Neurochem Res. 2020;45(5):1130–41.

109. Huo X, Zhang Y, Jin X, et al. A novel synthesis of selenium nanoparticles
encapsulated PLGA nanospheres with curcumin molecules for the inhibition
of amyloid β aggregation in Alzheimer's disease. J Photochem Photobiol B.
2019;190:98–102.

110. Palmal S, Maity AR, Singh BK, et al. Inhibition of amyloid fibril growth and
dissolution of amyloid fibrils by curcumin-gold nanoparticles. Chemistry.
2014;20(20):6184–91.

111. Teter B, Morihara T, Lim GP, et al. Curcumin restores innate immune
Alzheimer's disease risk gene expression to ameliorate Alzheimer
pathogenesis. Neurobiol Dis. 2019;127:432–48.

112. Wang H, Sui H, Zheng Y, et al. Curcumin-primed exosomes potently
ameliorate cognitive function in AD mice by inhibiting
hyperphosphorylation of the tau protein through the AKT/GSK-3β pathway.
Nanoscale. 2019;11(15):7481–96.

113. Khan MS, Muhammad T, Ikram M, et al. Dietary supplementation of the
antioxidant curcumin halts systemic LPS-induced neuroinflammation-
associated neurodegeneration and memory/synaptic impairment via the
JNK/NF-κB/Akt signaling pathway in adult rats. Oxidative Med Cell Longev.
2019;2019:7860650.

114. Ringman JM, Frautschy SA, Teng E, et al. Oral curcumin for Alzheimer's
disease: tolerability and efficacy in a 24-week randomized, double blind,
placebo-controlled study. Alzheimers Res Ther. 2012;4(5):43.

115. Salehi B, Calina D, Docea AO, et al. Curcumin's nanomedicine formulations for
therapeutic application in neurological diseases. J Clin Med. 2020;9(2):430.

116. Han Q, Wang X, Cai S, et al. Quercetin nanoparticles with enhanced
bioavailability as multifunctional agents toward amyloid induced
neurotoxicity. J Mater Chem B. 2018;6(9):1387–93.

117. Chen JY, Zhu Q, Zhang S, et al. Resveratrol in experimental Alzheimer's
disease models: a systematic review of preclinical studies. Pharmacol Res.
2019;150:104476.

118. Sgarbossa A, Giacomazza D, di Carlo M. Ferulic acid: a hope for Alzheimer's
disease therapy from plants. Nutrients. 2015;7(7):5764–82.

119. Yang S, Wang G, Ma ZF, et al. Dietary advanced glycation end products-
induced cognitive impairment in aged ICR mice: protective role of
quercetin. Mol Nutr Food Res. 2020;64(3):e1901019.

120. Sun XY, Dong QX, Zhu J, et al. Resveratrol rescues tau-induced cognitive
deficits and neuropathology in a mouse model of tauopathy. Curr
Alzheimer Res. 2019;16(8):710–22.

121. Zhu CW, Grossman H, Neugroschl J, et al. A randomized, double-blind,
placebo-controlled trial of resveratrol with glucose and malate (RGM) to
slow the progression of Alzheimer's disease: A pilot study. Alzheimers
Dement (N Y). 2018;4:609–16.

122. Turner RS, Thomas RG, Craft S, et al. A randomized, double-blind, placebo-
controlled trial of resveratrol for Alzheimer disease. Neurology. 2015;85(16):
1383–91.

123. Wang R, Yan H, Tang XC. Progress in studies of huperzine a, a natural
cholinesterase inhibitor from Chinese herbal medicine. Acta Pharmacol Sin.
2006;27(1):1–26.

124. Huang XT, Qian ZM, He X, et al. Reducing iron in the brain: a novel
pharmacologic mechanism of huperzine a in the treatment of Alzheimer's
disease. Neurobiol Aging. 2014;35(5):1045–54.

125. Qian ZM, Ke Y, Huperzine A. Is it an effective disease-modifying drug for
Alzheimer's disease? Front Aging Neurosci. 2014;6:216.

126. Xu SS, Gao ZX, Weng Z, et al. Efficacy of tablet huperzine-a on memory,
cognition, and behavior in Alzheimer's disease. Zhongguo Yao Li Xue Bao.
1995;16(5):391–5.

127. Xu SS, Cai ZY, Qu ZW, et al. Huperzine-a in capsules and tablets for treating
patients with Alzheimer disease. Zhongguo Yao Li Xue Bao. 1999;20(6):486–90.

128. Rafii MS, Walsh S, Little JT, et al. A phase II trial of huperzine a in mild to
moderate Alzheimer disease. Neurology. 2011;76(16):1389–94.

129. Pei H, Ma L, Cao Y, et al. Traditional chinese medicine for Alzheimer's
disease and other cognitive impairment: A review. Am J Chin Med. 2020.
https://doi.org/10.1142/S0192415X20500251 1-25.

130. Heidenreich PA, Albert NM, Allen LA, et al. Forecasting the impact of heart
failure in the United States: a policy statement from the American Heart
Association. Circ Heart Fail. 2013;6(3):606–19.

131. Huynh QL, Negishi K, De Pasquale CG, et al. Cognitive domains and
postdischarge outcomes in hospitalized patients with heart failure. Circ
Heart Fail. 2019;12(6):e006086.

132. Agarwal KS, Kazim R, Xu J, et al. Unrecognized cognitive impairment and its
effect on heart failure readmissions of elderly adults. J Am Geriatr Soc. 2016;
64(11):2296–301.

133. Etgen T, Chonchol M, Forstl H, et al. Chronic kidney disease and cognitive
impairment: a systematic review and meta-analysis. Am J Nephrol. 2012;
35(5):474–82.

134. Shi Y, Liu Z, Shen Y, et al. A novel perspective linkage between kidney
function and Alzheimer's disease. Front Cell Neurosci. 2018;12:384.

135. Murray AM, Tupper DE, Knopman DS, et al. Cognitive impairment in
hemodialysis patients is common. Neurology. 2006;67(2):216–23.

136. Seliger SL, Longstreth WT Jr. Lessons about brain vascular disease from
another pulsating organ, the kidney. Stroke. 2008;39(1):5–6.

137. Chen H, Yang T, Wang MC, et al. Novel RAS inhibitor 25-O-methylalisol F
attenuates epithelial-to-mesenchymal transition and tubulo-interstitial
fibrosis by selectively inhibiting TGF-β-mediated Smad3 phosphorylation.
Phytomedicine. 2018;42:207–18.

138. Wang M, Chen DQ, Chen L, et al. Novel RAS inhibitors poricoic acid ZG and
poricoic acid ZH attenuate renal fibrosis via a Wnt/β-catenin pathway and
targeted phosphorylation of Smad3 signaling. J Agric Food Chem. 2018;
66(8):1828–42.

139. Wang M, Chen DQ, Chen L, et al. Novel inhibitors of the cellular renin-
angiotensin system components, poricoic acids, target Smad3
phosphorylation and Wnt/β-catenin pathway against renal fibrosis. Br J
Pharmacol. 2018;175(13):2689–708.

Chen et al. Biomarker Research            (2020) 8:42 Page 12 of 13

https://doi.org/10.1142/S0192415X20500251


140. Chen DQ, Feng YL, Chen L, et al. Poricoic acid a enhances melatonin
inhibition of AKI-to-CKD transition by regulating Gas6/AxlNF-κB/Nrf2 axis.
Free Radic Biol Med. 2019;134:484–97.

141. Chen L, Cao G, Wang M, et al. The matrix metalloproteinase-13 inhibitor
poricoic acid ZI ameliorates renal fibrosis by mitigating epithelial-
mesenchymal transition. Mol Nutr Food Res. 2019;63(13):e1900132.

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

Chen et al. Biomarker Research            (2020) 8:42 Page 13 of 13


	Abstract
	Highlights
	Introduction
	The potential association between redox signaling and metabolic pathways
	Lipid metabolism
	Glucose metabolism
	Purine metabolism
	Tryptophan metabolism
	Vitamin metabolism
	Metal ion metabolism
	The main redox signaling-associated mechanisms and their cross-talk in AD

	The therapeutic opportunities for natural products in AD and its complications
	Therapeutic opportunities for natural products in AD
	The benefit of AD intervention on its complications

	Concluding remarks
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

