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Abstract: It has become increasingly apparent that defective insulin signaling may increase the
risk for developing Alzheimer’s disease (AD), influence neurodegeneration through promotion of
amyloid formation or by increasing inflammatory responses to intraneuronal β-amyloid. Recent work
has demonstrated that hyperglycemia is linked to cognitive decline, with elevated levels of glucose
causing oxidative stress in vulnerable tissues such as the brain. The ability of β-amyloid peptide
to form β-sheet-rich aggregates and induce apoptosis has made amyloid fibrils a leading target for
the development of novel pharmacotherapies used in managing and treatment of neuropathological
conditions such as AD-related cognitive decline. Additionally, deposits of β-sheets folded amylin, a
glucose homeostasis regulator, are also present in diabetic patients. Thus, therapeutic compounds
capable of reducing intracellular protein aggregation in models of neurodegenerative disorders may
prove useful in ameliorating type 2 diabetes mellitus symptoms. Furthermore, both diabetes and
neurodegenerative conditions, such as AD, are characterized by chronic inflammatory responses
accompanied by the presence of dysregulated inflammatory biomarkers. This review presents current
evidence describing the role of various small bioactive molecules known to ameliorate amyloidosis
and subsequent effects in prevention and development of diabetes and AD. It also highlights the
potential efficacy of peptide–drug conjugates capable of targeting intracellular targets.

Keywords: amyloid peptide aggregation; insulin resistance; inflammation; neurodegenerative
disease; bioactive small molecules

1. Introduction

Metabolic dysfunction and neurodegeneration are associated diseases, both show-
ing a high prevalence in middle-aged or elderly people [1]. Accumulating evidence has
suggested the presence of a strong correlation between abnormalities in glucose home-
ostasis and cognitive dysfunction [2]. Furthermore, inflammation and insulin resistance
are considered an important mechanistic link between obesity, diabetes, and Alzheimer’s
disease (AD)-related dementia [3–5]. Inflammation is a protective response to various
stimuli that involves the discharge of harmful foreign compounds and adjustment of the
damaged tissues. This process includes activation of innate immune cells and adaptive
immune response, followed by release of numerous mediators to the site of assault [6].
Insulin resistance is one of the major hallmarks involved in the development of type 2
diabetes and is mainly associated with high blood sugar levels [7]. Data from recent years
show that optimal insulin signaling homeostasis is important to the maintenance of brain
health [8]. In addition, excessive free radical generation, known to promote oxidative stress
and cytokine production, appears to be the main trigger factors for cellular dysfunction
including impaired insulin signaling and mitochondrial dysfunction (Figure 1).
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cytokine production, appears to be the main trigger factors for cellular dysfunction in-
cluding impaired insulin signaling and mitochondrial dysfunction (Figure 1). 

 
Figure 1. Schematic representation of the link between type 2 diabetes and Alzheimer’s disease. An 
imbalance between production of reactive oxygen species and the efficiency of body’s antioxidant 
defense system stimulates oxidative stress and inflammatory responses. Increased levels of pro-in-
flammatory cytokines promote insulin resistance via c-Jun terminal kinase activation. Mitochon-
drial ROS overproduction impairs functions by changing the redox balance. Accumulation of mis-
folded proteins (IAPP-diabetes, Aβ-Alzheimer’s disease) affects autophagy pathways. Hyperglyce-
mia favors the formation of toxic nonenzymatically glycated proteins and lipids. Oxidative stress 
triggers inflammation, reduces cell survival, and promotes apoptosis. Abbreviations: O2•−, super-
oxide radical; NO2•, nitrogen dioxide radical; HO•, hydroxyl radical; NO•, nitric oxide radical; IL-
6, interleukin 6; IL-12, interleukin 12; TNF-α, tumor necrosis factor alpha; TNFR1, TNF receptor 1; 
JNK, c-Jun N-terminal kinase; PJNK, phosphorylated JNK; PSer, phosphorylated serine; IRS-1, insu-
lin receptor substrate 1; AGEs, advanced glycation end products; Aβ, amyloid beta peptide; IAPP, 
islet amyloid polypeptide; ROS, reactive oxygen species; DNA, deoxyribonucleic acid. 

Accumulation of amyloid-like aggregates is a key pathological hallmark across a se-
ries of neurodegenerative diseases including AD and Parkinson’s disease. These amyloid 
fibrils are defined by several properties including a cross-β structure [9], insolubility in 
ionic detergent, protease resistance, and recognition by diagnostic indicator dyes [10]. In 
AD, amyloid beta peptide (Aβ)1-40/42 is the main component of amyloid plaques. Ac-
cording to the ‘amyloid hypothesis’, the disease is triggered by abnormal generation 
and/or clearance of neurotoxic Aβ. The hydrophobic peptide is secreted in the extracellu-
lar space after amyloid precursor protein (APP) proteolytic cleavage and distributed in 
various forms such as monomers, dimers, oligomers, protofibrils, and ultimately fibrils 
accumulation leads to formation of senile plaques [11]. It has been suggested that Aβ pep-
tide causes activation of microglia and astrocytes leading to the release of cytotoxic mole-
cules via proinflammatory cascade [12]. In addition, exposure to bacterial amyloid may 
influence the immune system, thereby altering brain Aβ homeostasis by enhancing in-
flammatory responses to endogenous neuronal amyloids [13]. The possible mechanism 
linking insulin resistance and inflammation to amyloid plaque formation is described in 
Figure 2. 

Another peptide that possesses amyloidogenic properties is the peptide hormone is-
let amyloid polypeptide (IAPP, Amylin). Amylin is synthesized and co-secreted along 
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Figure 1. Schematic representation of the link between type 2 diabetes and Alzheimer’s disease. An
imbalance between production of reactive oxygen species and the efficiency of body’s antioxidant
defense system stimulates oxidative stress and inflammatory responses. Increased levels of pro-
inflammatory cytokines promote insulin resistance via c-Jun terminal kinase activation. Mitochondrial
ROS overproduction impairs functions by changing the redox balance. Accumulation of misfolded
proteins (IAPP-diabetes, Aβ-Alzheimer’s disease) affects autophagy pathways. Hyperglycemia
favors the formation of toxic nonenzymatically glycated proteins and lipids. Oxidative stress triggers
inflammation, reduces cell survival, and promotes apoptosis. Abbreviations: O2•−, superoxide
radical; NO2•, nitrogen dioxide radical; HO•, hydroxyl radical; NO•, nitric oxide radical; IL-6,
interleukin 6; IL-12, interleukin 12; TNF-α, tumor necrosis factor alpha; TNFR1, TNF receptor 1; JNK,
c-Jun N-terminal kinase; PJNK, phosphorylated JNK; PSer, phosphorylated serine; IRS-1, insulin
receptor substrate 1; AGEs, advanced glycation end products; Aβ, amyloid beta peptide; IAPP, islet
amyloid polypeptide; ROS, reactive oxygen species; DNA, deoxyribonucleic acid.

Accumulation of amyloid-like aggregates is a key pathological hallmark across a series
of neurodegenerative diseases including AD and Parkinson’s disease. These amyloid fibrils
are defined by several properties including a cross-β structure [9], insolubility in ionic
detergent, protease resistance, and recognition by diagnostic indicator dyes [10]. In AD,
amyloid beta peptide (Aβ)1-40/42 is the main component of amyloid plaques. According to
the ‘amyloid hypothesis’, the disease is triggered by abnormal generation and/or clearance
of neurotoxic Aβ. The hydrophobic peptide is secreted in the extracellular space after
amyloid precursor protein (APP) proteolytic cleavage and distributed in various forms
such as monomers, dimers, oligomers, protofibrils, and ultimately fibrils accumulation
leads to formation of senile plaques [11]. It has been suggested that Aβ peptide causes
activation of microglia and astrocytes leading to the release of cytotoxic molecules via
proinflammatory cascade [12]. In addition, exposure to bacterial amyloid may influence
the immune system, thereby altering brain Aβ homeostasis by enhancing inflammatory
responses to endogenous neuronal amyloids [13]. The possible mechanism linking insulin
resistance and inflammation to amyloid plaque formation is described in Figure 2.
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with insulin by the pancreatic β cells [14]. Amylin deposition contributes to insulin re-
sistance and oxidative stress being responsible for the development of type II diabetes 
mellitus (T2DM) by forming toxic amyloid aggregates leading to β-cell mass loss and sub-
sequent reduction in insulin secretion. Since it can cross the blood–brain barrier, amylin 
is present in several peripheral organs of patients with T2DM. Thus, hyperamylinic con-
dition observed in the diabetic brain may explain the development of AD pathology in 
T2DM [15]. Subsequent research has shown that amylin plays an important role in the 
complex process of glucose homeostasis by reducing glucose uptake into the bloodstream 
via multiple mechanisms such as suppression of glucagon secretion, slowing gastric emp-
tying, and increasing satiety through a centrally mediated mechanism [16]. However, in 
diabetic patients, amylin becomes dysregulated due to a loss of insulin signaling. For ex-
ample, recent studies demonstrated that addition of insulin to amylin aggregates pro-
motes amylin aggregation. In addition, insulin can also undergo aggregation in its par-
tially unfolded state and form ordered amyloid fibrils such as insulin–amylin co-aggre-
gates [17]. 

 
Figure 2. Proposed mechanism linking insulin resistance and inflammation with amyloid plaque 
formation. Hyperglycemia and inhibition of glycolysis favor accumulation of glucose and produc-
tion of advanced glycation end-products (AGEs). The interaction between AGE-specific receptors 
and its ligands (RAGEs activation) increases oxidative stress generation (ROS/RNS) and turns on 
transcription of proinflammatory cytokines. Oxidative stress causes mitochondrial dysfunction 
which, in turn, promotes abnormal serine phosphorylation of IRS-1 (insulin receptor substrate pro-
tein) upon activation of phosphorylated JNK (c-Jun N-terminal kinase). The presence of toxic amy-
loid plaques degrades IRS and competes with insulin in IR activation. A decrease in insulin receptor 
signaling leads to inhibition of AKT (protein kinase B) and dephosphorylation (activation) of GSK-
3β (glycogen synthase kinase 3 beta) while promoting generation of Aβ peptides under insulin-
resistant conditions. Aβ peptides promote the development of ROS, mitochondrial dysfunction, and 
pro-inflammatory products, thereby indirectly further promoting insulin resistance. The formation 
of toxic amyloid plaque is caused by abnormal interaction of Aβ peptides with metal ions such as 
Zn2+, Cu2+, and Fe3+. Abbreviations: IL-6, interleukin 6; IL-12, interleukin 12; TNF-α, tumor necrosis 
factor alpha; IL-1β, interleukin 1β; Aβ, amyloid beta peptide; PI3K, phosphoinositide 3-kinase; NF-
kB, nuclear factor kappa B; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species; 
RNS, reactive nitrogen species. 

It is well-established that hyperglycemia and insulin resistance promote the devel-
opment of T2DM. However, a deficit in insulin signaling was observed in the brains of 
AD patients, a phenomenon referred to as “brain diabetes” [18]. As such, inhibition of 
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Figure 2. Proposed mechanism linking insulin resistance and inflammation with amyloid plaque
formation. Hyperglycemia and inhibition of glycolysis favor accumulation of glucose and production
of advanced glycation end-products (AGEs). The interaction between AGE-specific receptors and
its ligands (RAGEs activation) increases oxidative stress generation (ROS/RNS) and turns on tran-
scription of proinflammatory cytokines. Oxidative stress causes mitochondrial dysfunction which, in
turn, promotes abnormal serine phosphorylation of IRS-1 (insulin receptor substrate protein) upon
activation of phosphorylated JNK (c-Jun N-terminal kinase). The presence of toxic amyloid plaques
degrades IRS and competes with insulin in IR activation. A decrease in insulin receptor signaling
leads to inhibition of AKT (protein kinase B) and dephosphorylation (activation) of GSK-3β (glycogen
synthase kinase 3 beta) while promoting generation of Aβ peptides under insulin-resistant conditions.
Aβ peptides promote the development of ROS, mitochondrial dysfunction, and pro-inflammatory
products, thereby indirectly further promoting insulin resistance. The formation of toxic amyloid
plaque is caused by abnormal interaction of Aβ peptides with metal ions such as Zn2+, Cu2+, and
Fe3+. Abbreviations: IL-6, interleukin 6; IL-12, interleukin 12; TNF-α, tumor necrosis factor alpha;
IL-1β, interleukin 1β; Aβ, amyloid beta peptide; PI3K, phosphoinositide 3-kinase; NF-kB, nuclear
factor kappa B; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species; RNS, reactive
nitrogen species.

Another peptide that possesses amyloidogenic properties is the peptide hormone islet
amyloid polypeptide (IAPP, Amylin). Amylin is synthesized and co-secreted along with
insulin by the pancreatic β cells [14]. Amylin deposition contributes to insulin resistance
and oxidative stress being responsible for the development of type II diabetes mellitus
(T2DM) by forming toxic amyloid aggregates leading to β-cell mass loss and subsequent
reduction in insulin secretion. Since it can cross the blood–brain barrier, amylin is present
in several peripheral organs of patients with T2DM. Thus, hyperamylinic condition ob-
served in the diabetic brain may explain the development of AD pathology in T2DM [15].
Subsequent research has shown that amylin plays an important role in the complex process
of glucose homeostasis by reducing glucose uptake into the bloodstream via multiple
mechanisms such as suppression of glucagon secretion, slowing gastric emptying, and
increasing satiety through a centrally mediated mechanism [16]. However, in diabetic
patients, amylin becomes dysregulated due to a loss of insulin signaling. For example,
recent studies demonstrated that addition of insulin to amylin aggregates promotes amylin
aggregation. In addition, insulin can also undergo aggregation in its partially unfolded
state and form ordered amyloid fibrils such as insulin–amylin co-aggregates [17].

It is well-established that hyperglycemia and insulin resistance promote the devel-
opment of T2DM. However, a deficit in insulin signaling was observed in the brains of
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AD patients, a phenomenon referred to as “brain diabetes” [18]. As such, inhibition of
brain insulin signaling can cause impairment of memory and cognition. Mechanistically,
the canonical insulin signaling pathways are involved in maintaining glucose homeosta-
sis and cellular homeostasis through the phosphatidylinositol 3-kinase/protein kinase
B (PI3K/Akt) pathway. For instance, glycogen synthase kinase (GSK)3β activity may
be suppressed upon phosphorylation by Akt while promoting synthesis of intracellular
glycogen [19]. However, under insulin resistance conditions, characterized by a reduced
PI3K/Akt signaling, GSK3β presents inappropriate activation. Concomitantly, the mitogen-
activated protein kinase (MAPK) signal transduction pathway influences the mitogenic
activity having an important role in the production of pro-inflammatory cytokines. Further-
more, activation of toll-like receptors (TLRs), responsible for the innate immune response,
is considered another relevant phenomenon underlying inflammation-induced insulin
resistance [20]. Taken together, compounds capable of enhancing insulin signaling in the
brain may provide positive effects in treating AD.

Hyperglycemia is also considered a major contributor to reactive oxidative species
(ROS) production and associated damage in diabetes. Excessive ROS production impairs
oxidative phosphorylation, thus favoring insulin resistance. Multiple studies showed the
presence of oxidative markers in urine, plasma, and tissues of diabetic patients [21]. In
hyperglycemic condition, the inflammatory response can be induced by the increase in
mitochondrial activity which generates oxidative stress and enhances ROS production,
leading to the activation of inflammatory pathways [22]. Another characteristic is the
overproduction of proinflammatory cytokines due to hyperactivation of microglia and
astrocytes, the immune cells of the brain [15]. Likewise, neurodegenerative diseases are
characterized by an increase in cytokines and ROS production due to microglial and
mitochondrial dysfunctions leading to harmful effects on nerve cells [23]. However, in as
much as hyperglycemia and insulin resistance were found to promote neuronal apoptosis
and cognitive impairment, it remains unclear whether brain mitochondrial dysfunction
found in obesity is a primary cause of brain insulin resistance [24].

Given that insulin resistance is mainly identified by inactivation of insulin signaling
receptors, treatments based on upregulation of serine/threonine protein kinase Akt/PKB
may provide new pathways in the management of T2DM [25]. However, an abnormal
phosphorylation of Akt substrates was observed in AD brain implying that therapeutics
directed to activate the Akt pathway requires prudence in neurodegenerative diseases [26].
On the other hand, models of AD [27] and T2DM [28] showed significant improvements
following downregulation of inflammatory responses. Recent data revealed that small
bioactive compounds exhibit potential protective functions and may be considered as
alternative resource for pharmaceutical drug design against insulin resistance-related
disease, providing new direction in drug discovery. Therefore, the following sections
highlight the potential use of small active compounds through their antioxidant and
anti-inflammatory properties in ameliorating toxicity associated with amyloidosis and
hyperglycemia. This may lead to potential sources of therapeutic strategy to prevent
and/or treat diabetes and neurodegenerative disorders.

2. Small Bioactive Compounds

There is a growing interest in identification of novel therapeutics to broaden the
pharmacological effects while minimizing dose-dependent toxicology in the treatment of
neurodegenerative disorders [29]. Extensive research has focused on chemistry driven
approaches by controlling the physicochemical properties of compounds and integration of
traditional small molecules into a more complex structure. This led to the development of
peptide-drug conjugates, considering the benefits of hybrid therapeutics relative to classical
molecules [30].

The current pharmacological approaches for diabetes mellitus and neurodegenerative
diseases are unable to reverse diseases and focus mainly on managing symptoms by
slowing progression. Furthermore, most modern drugs cause several adverse effects
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exacerbating the medical conditions following prolonged treatment [31]. However, recent
advancements in proteomics have made it possible to obtain high quality peptide–drug
conjugates though a variety of coupling techniques. For example, a wide range of hybrid
drugs with enhanced effects can be obtained based on a simple covalent binding of a
small organic drug molecule to a peptide. Indeed, several small bioactive compounds
possessing pharmacological features and a carboxyl functional group available for covalent
interaction with the N-terminal amine group of a peptide, critical for solid phase peptide
synthesis technique, have been identified. For the purpose of this review, we only focused
on compounds exerting protective effects against toxicity associated with hyperglycemia
and amyloid aggregates.

2.1. Ascorbic Acid

Ascorbic acid, also known as vitamin C, is an essential water-soluble vitamin found in
citrus fruits and green vegetables [32]. This nonenzymatic antioxidant is highly concen-
trated in the brain and participates in several important hydroxylation reactions [33]. The
antioxidant properties of ascorbate are due to its ability to donate electrons to neutralize
free radicals. As a result, ascorbic acid was found to protect dopaminergic neurons against
excitotoxicity [34], fighting bacterial infections and promoting detoxifying reactions [35].
Likewise, ascorbic acid can switch neuronal metabolism from glucose consumption to
uptake and use of lactate as a metabolic substrate to sustain synaptic activity [36].

Current evidence examining the effects of vitamin C supplementation in improving
blood glucose levels and glycosylated hemoglobin (HbA1c) is, at best, inconsistent. For
example, two clinical studies conducted on approximately 30 patients with T2DM showed
a decrease in postprandial blood glucose after 2 × 500 mg per day Vitamin C supplementa-
tion alone for 16 weeks [37] or in combination with metformin for 12 weeks [38]. Although
the monotherapy trial was longer, no improvements in HbA1c and fasting blood glucose
(FBG) levels were observed, compared to the combination therapy that decreased FBG and
HbA1c levels in T2DM patients. These results are in line with those from a large-scale trial
(12 months, 152 subjects) showing the therapeutic efficacy of ascorbate-metformin combi-
nation therapy (500 mg per day) in reducing FBG and HbA1c levels [39]. Similarly, oral
supplementation of vitamins C (2 × 500 mg daily) together with metformin (2 × 500 mg
daily) significantly alleviated the laboratory related indicators in T2DM male patients
compared to the control group [40]. These findings suggest that ascorbate may have clinical
significance in the management of metabolic syndrome only when administered in combi-
nation with other glucose-lowering drug compounds. It should be noted, however, that
although some studies showed beneficial effects of ascorbic acid in lowering postprandial
glucose, most studies are short term trials and include relatively small number of subjects.
Thus, studies using larger sample sizes and longer supplementation period are required to
confirm the beneficial effects and/or long-term side effects of vitamin C supplementation
as well as its mechanisms of action.

Since inflammatory responses are known to accompany hyperglycemia, insulin re-
sistance, and protein aggregation, several in vitro studies investigated the antioxidant
activity of ascorbic acid in oxidative stress-related diseases. For example, administration
of ascorbate to streptozotocin-induced diabetic rats, improved lipid peroxidation in the
brain prefrontal cortex, as well as superoxide dismutase (SOD) content and catalase activity,
suggesting that the antioxidant activity of vitamin C may help restoring neuronal integrity
and viability [41].

The strong relation between oxidative stress, metabolic syndrome, and AD suggests
that the antioxidant systems may have an important role in the prevention and control
of neurological outcomes in AD. In this regard, various in vitro studies using human
neuroblastoma cell line (SH-SY5Y), a model for neurodegenerative disorders, revealed
that ascorbic acid was able to suppress human insulin aggregation [42] and prevented
apoptosis induced by Aβ fibrillation [43,44] providing great therapeutic potential for
amyloid disorders. Similar results were obtained with ex vivo cultivated murine pancreatic
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cells, RIN-m5f β, where ascorbic acid increased cell viability by offering protection against
amylin toxic fibrils [45]. Finally, preclinical research using APP/PSEN1 mice as models of
AD revealed that low levels of brain ascorbic acid increases oxidative stress in the brain,
mortality, and the risk for epilepsy and seizures [46]. Taken together, these findings suggest
that ascorbic acid possesses the ability to reduce insulin impairment and defend cells
against toxicity associated with amyloid fibrils while binding to the partially unfolded
monomers, thus preventing them from undergoing conformational changes that may
lead to toxic amyloid fibril formation. Notwithstanding its known strong free radical
scavenging properties, the results from clinical trials evaluating the effects of ascorbic acid
are conflicting thus limiting its use as therapeutic agent.

2.2. Acetylsalicylic Acid

Acetylsalicylic acid (ASA), also known as aspirin, is a common non-steroidal antiin-
flammatory drug (NSAID) used for the treatment of pain, reduce inflammation and fever
due to various causes [47]. The mechanism of action involves irreversible inactivation of
both cyclo-oxygenase COX-1 and COX-2 that leads to inhibition of prostaglandin (PG)
and thromboxane synthesis [48]. Additional effects, besides preventing platelet aggrega-
tion, include modulation of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) pathway, downregulation of inducible nitric oxide synthase (iNOS), oxidative
phosphorylation uncoupling, and increased permeability in mitochondria [49].

The ability of aspirin to specifically inhibit the protein inhibitor of kappa light polypep-
tide gene enhancer in B-cells, kinase beta (IKK-β) and further regulate NF-κB signaling
pathway results in attenuated insulin resistance while promoting insulin sensitivity. For
instance, in mice fed for 3 months with ASA-supplemented diet (30 mg/kg), ASA re-
versed hyperinsulinemia and hyperglycemia bringing insulin and glucose to normal levels
after 2 months of treatment [50]. In a similar study, insulin resistance in streptozotocin
(STZ)-induced type 2 diabetic rats was significantly improved by inhibiting hepatic NF-κB
activation and tumor necrosis factor-α (TNF-α) level after two month of aspirin adminis-
tration (120 mg/kg/day) [51]. ASA decreased glucose blood levels and increased serum
arginine vasopressin hormone levels after 5 weeks of oral treatment (150 mg/kg/day) in
STZ-induced diabetic mice [52]. Furthermore, in vivo data suggest that a dose of 30 mg/kg
of ASA was able to prevent oxidative damages caused by an intraperitoneal injection of
peroxide hydrogen in mice and established the redox homeostasis [53]. Moreover, recent
studies also showed that oral administration of Zn(ASA)2 complex to Zucker diabetic fatty
rats reduced plasma glucose-levels and prevented diabetic cardiomyopathy [54]. Although
preclinical studies using animal models suggest that aspirin can interfere in the develop-
ment of insulin resistance, the results from human clinical trials are less convincing, with
ASA alone having a lower effect on metabolic damage than combined therapy. For example,
administration of aspirin combined with common diabetes medications potentiated their
antioxidant effects and reduced oxidative stress [55]. Furthermore, the increased risk of
gastrointestinal bleeding following administration of aspirin limits its use as long-term
pharmacotherapy [56].

The existence of a link between platelets over activation and amyloid precursor protein
expression [57] suggest that antiplatelet drugs, such as ASA, that are capable of inhibiting
NF-κB pathway might have beneficial effects on reducing Aβ deposition in the Alzheimer
brain [58]. This theory was confirmed in a recent study that used non-selective, NSAIDs
drugs, such as aspirin and sodium salicylate, to evaluate memory impairments and Aβ-
mediated suppression of synaptic plasticity in the hippocampus of AD model rats [59]. The
results showed that sub-chronic high dose of sodium salicylate and chronic low dose of
aspirin improved synaptic dysfunction underlying memory deficits via a COX-dependent
mechanism. Similarly, oral administration of low-dose of aspirin decreased amyloid plaque
pathology in AD mice in a peroxisome proliferator-activated receptor alpha (PPARα)-
dependent manner [60]. Furthermore, the inhibitory effect of ASA was found to affect
insulin fibrillation and increase cellular viability in a model of insulin mediated toxicity in
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human breast cancer cells [61]. While animal studies showed beneficial effects of NSAID
treatment in AD, inconsistent results have been reported following clinical trials. Hence,
beside the anti-inflammatory and ROS-suppressive effects of aspirin, the use of aspirin
for glycemic control in diabetics is controversial and the associated risks of developing
bleeding events following their administration should be taken into consideration.

2.3. Gallic Acid

Gallic acid (GA) or 3,4,5-trihydroxicbenzoic acid is an endogenous plant polyphenol
found abundantly in tea, grapes, berries, and other fruits as well as in wines. Derivatives of
gallic acid were shown to provide a wide range of effects such as antimicrobial, antioxidant,
gastroprotective, neuroprotective, cardioprotective, anticancer, and anti-inflammatory
activities [62]. For example, treatment with gallic acid (GA, 20 mg/kg) administered for six
weeks significantly ameliorated glucose tolerance, and diminished brain oxidative stress
and inflammation in STZ-induced diabetic rats while reducing TNF-α serum levels [63].
It also had a potent anti-hyperglycemic and antihyperlipidemic effect in diabetic rats
through increasing the levels of adiponectin and peroxisome proliferator-activated receptor
gama (PPARγ) mRNA [64]. Orally administered GA (20 mg/kg) for 45 days reduced
blood glucose levels while increasing insulin concentration and protecting the integrity of
erythrocyte membrane in alloxan-induced diabetes in Wistar rats [65]. Besides monotherapy,
the GA generated antihyperglycemic activity in combination drug therapy. For example,
a combination ratio of 20:10 mg/kg gallic acid: andrographolide, significantly improved
glucose tolerance in STZ-induced diabetic rats [66]. Of interest is the fact that GA has
inhibitory potential against insulin aggregation only after undergoing oxidation. Thus, its
oxidized form inhibits primary nuclei formation and alters insulin amyloid aggregation
pathway [67].

Spectroscopic results also revealed that GA constrains the conformational transition
of α-helix to β-sheet, associated with insulin fibril formation, and inhibits insulin aggre-
gation in acidic pH [68]. In addition, GA was found to express anti-fibrillogenic activity
against Aβ40 amyloid fibril, carboxymethylated kappa-casein [69] and hen egg white
lysozyme [70], compounds used as models of amyloid fibril formation. Finally, GA admin-
istration to a transgenic D. melanogaster model of AD decreased activity of cholinesterases
and β-secretase, known to play a critical role in AD pathophysiology [71]. Regarding
its metal-chelating activity, a recent study showed that GA was able to inhibit forma-
tion of metal-induced aggregates suggesting a bi-functional anti-aggregation property for
GA [72]. Overall, the benefits of GA are related to its anti-fibrillogenic as well as antioxidant
effects, characteristics required for any drug molecule used in prevention or control of
these diseases.

2.4. Protocatechuic Acid

Protocatechuic acid (3,4-dihydroxybenzoic acid, PCA) is a phenolic acid found in a
large variety of plants and other natural resources. This bioactive compound possesses
many pharmacological activities such as antioxidant, antibacterial, anticancer, antiulcer, an-
tidiabetic, antiaging, antiviral, anti-inflammatory, and neuroprotective effects. For instance,
orally administrated PCA to STZ-diabetic rats reduced glucose plasma and glycosylated
hemoglobin levels and increased insulin and hemoglobin production [73,74]. Similarly,
PCA stimulates insulin signaling pathway by increasing glucose transporter type 4 (GLUT4)
translocation and glucose uptake in human adipocytes [75,76]. Furthermore, in silico find-
ings showed that PCA supports the interactions with different signaling molecules involved
in glucose metabolism and inflammatory pathways, in agreement with previous in vitro
and in vivo studies [77]. For example, PCA downregulates phosphorylation of p38 MAPK
in high glucose-induced human mesangial cells [78]. In combination with cyanidin-3-O-
βglucoside, PCA activated AMP-activated protein kinase (AMPK) and downregulated
mechanistic target of rapamycin/S6 kinase (mTOR/S6K) pathway both in vitro and in vivo
systems in order to improve glucose homeostasis and increase insulin sensitivity [79]. At the
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same time, various studies evaluating the anti-inflammatory activity of PCA showed that
phenolic acid can augment the antioxidant status [80–82], inhibit lipid peroxidation [83],
and suppress several pro-inflammatory biomarkers [84,85].

Another advantageous feature of PCA is the neuroprotective effect exerted by down-
regulation of receptor activator of NF-κB ligand-induced inflammatory proteins, inhibition
of MAPK activation, and reduction of NF-κB expression [86]. As such, diet rich in PCA
showed in vivo and in vitro neuroprotective effects in transgenic mouse model for AD [87]
and C6 glial cell. Similarly, a significant decrease in lipid peroxidation, nitric oxide pro-
duction and neuroinflammation was also observed in Aβ25-35-injected mice after PCA
administration [88,89]. This resulted in cognitive deficits improvement, reduction in Aβ

deposition and decreased inflammatory responses in aged AβPP/PS1 double transgenic
AD-model mice treated with PCA [90]. In addition to Aβ fibril destabilization, PCA treat-
ment was found to prevent death on pheochromocytoma PC12 cells and inhibit αS proteins
aggregation known to induce Lewy bodies in the brain [91]. The protective effects of PCA
were also confirmed in recent studies, demonstrating an increase in Akt/GSK-3β/myocyte
enhancer factor 2D (MEF2D) [92] and decrease in P38/JNK-NF-κB signaling pathway activ-
ity [93]. In turn, in BV2 microglial cells, PCA mediated the anti-neuroinflammatory effects
by suppressing toll-like receptor 4 (TLR4)-mediated NF-κB and MAPKs activation [94]
via regulation of sitruin 1 (SIRT1)/NF-κB pathway [95]. All together, these findings in-
dicate that PCA exerts protective effects associated with attenuation of glycemic status,
inflammation responses, and amyloid deposits.

2.5. p-Coumaric Acid

p-Coumaric acid (p-CA) or 4-hydroxycinnamic acid (p-HCA) is a compound found in
plants that features numerous bioactivities such as immunomodulatory, anti-inflammatory,
antioxidant and neuroprotective effects [96]. In addition, p-CA reduces peroxidation of low-
density lipoproteins and inhibits cellular melanogenesis [97]. The antihyperlipidemic and
antidiabetic effects of p-HCA were confirmed in STZ-induced diabetic rats demonstrating
an increase in high density lipoprotein (HDL), hemoglobin and plasma insulin, associated
with lowered blood glucose, glycosylated hemoglobin, and lipid profiles [98].

Several studies indicate that p-CA has a potent antioxidant, anti-inflammatory, and
anti-apoptotic impact on diabetic-induced dysfunctions. For example, treatment of diabetic
rats with p-CA enhanced the activity of antioxidant enzymes, attenuated brain oxidative
stress and regulated apoptosis through B-cell lymphoma 2 (bcl-2)/bcl-2 associated X (bax)
proteins expression [63]. Other studies revealed a reduction in glucose transporter Glut-2
expression following p-CA administration to diabetic rats suggesting an improvement in
glucose homeostasis [99]. Besides its hypoglycemic effect, p-CA was found to attenuate
oxidative stress via regulation of SOD and malondialdehyde levels, mediate inflamma-
tion by targeting TLR-4 and interleukin (IL-6) and diminish renal fibrosis mediated by
transforming growth factor β1 (TGFβ1) [100]. Furthermore, its antidiabetic activity may
be mediated via modulation of TNF-α and adipocytokines secretions and upregulation of
PPARγ mRNA expression [64].

When examining the bioactivity of p-HCA in the brain, in vitro study on primary corti-
cal neurons revealed that p-CA has a potent inhibitory effect against 5-S-cysteinyl-dopamine
induced neurotoxicity and thus, counteracts the progression of neurological disorders [101].
The neuroprotective activity of p-CA was also confirmed in pheochromocytoma PC12
cells where it suppressed formation of ROS [102], attenuated beta amyloid-induced apop-
tosis [103,104], and inhibited expression of inflammatory target proteins via inactivation
of NF-κB and MAPKs signaling pathways [105]. Recent in vivo and in vitro experiments
showed that p-CA promoted neural stem cell proliferation via activation of brain-derived
neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB)/AKT signaling pathway,
improved spatial learning and memory functions, and reduced anxiety in post–ischemic
stroke rats [106]. Thus, the beneficial effects of p-coumaric acid are mainly related to its
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ability of inducing BDNF-TrkB signaling regulation, mediate expression of apoptotic factors
such as TLR4, IL-6, TGFβ1 and inhibiting amyloid fibrillogenesis.

2.6. Ferulic Acid

Ferulic acid (4-hydroxy-3-methoxycinnamic acid, FA) is a phenolic acid that has
low toxicity and exhibits a wide range of physiological functions such as antioxidant,
antimicrobial, anti-inflammatory, and anti-cancer activities [107,108]. In addition, several
studies showed that FA inhibits expression and/or activity of cytotoxic enzymes, thus
providing potential treatment for many disorders including AD, cancer, cardiovascular
diseases, diabetes mellitus, and skin disorders [109].

When evaluating the antidiabetic property, FA not only improves hepatic glycogenesis
by phosphorylation and inhibition of GSK-3β but also reduces hepatic glucose production
by preventing the interaction between forkhead box protein O1 (FoxO1) and the genes in-
volved in gluconeogenesis [110]. These findings suggest that FA attenuates cognitive impair-
ment in rat model of diabetes mellitus by regulating protein-tyrosine phosphatase 1B and
insulin signaling pathway [111]. In addition to monotherapy, insulin-FA combination ther-
apy improved peripheral nerve function in diabetic rats via enhancing glycemic control and
suppressing inflammatory and apoptotic markers [112]. When tested in high fat-induced
obesity, FA treatment decreased hepatic lipogenesis and gluconeogenesis [113–116]. Finally,
FA administration alleviates insulin resistance [117,118] and inhibits insulin fibrillation
associated with T2DM [119].

The neuroprotective characteristics of FA were evaluated in various studies. For
instance, in vitro experiments showed that FA was able to interact with Aβ peptide in the
initial stage of the aggregation process and redirected the peptide self-assembly to the
formation of nonfibrillar amorphous aggregates [120–123]. Similar results were observed
in in vivo studies using long-term administration of FA for treating Aβ toxicity. In this case,
a significant decreased in cortical IL-1β levels and amyloid deposition was observed in the
brain of AD model rats [124]. Likewise, FA administration to AD-like rats model attenuated
performance impairment and memory deficits induced by Aβ deposits [125,126]. In a recent
research using C. elegans AD model worms, FA ameliorated Aβ-induced pathological
symptoms by the autophagy pathway via a fasting-like effect [127]. Although most of
these studies are in animal models or in vitro, they are promising by demonstrating that
ferulic acid may be able to effectively fight against neurodegenerative diseases caused by
protein misfolding or pathological aggregation while exerting protective effects against
insulin impairments.

2.7. Sinapic Acid

Sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid, SA) is a cinnamic acid derivative
that presents antioxidant, antimicrobial, anti-inflammatory, and anticancer activity being
suggested for potential use in food processing, cosmetics and pharmaceutical industry [128].
In this regard, experiments evaluating its anti-inflammatory effects have revealed that SA
inhibits production of iNOS, COX-2, and proinflammatory cytokines via suppression of
NF-kB activity in macrophages [129]. Moreover, based on its toxicological behavior, SA
possesses free radical scavenging activity as well as chelating properties [130].

SA has been shown to exert antidiabetic and antioxidant effects. For example, admin-
istration of SA to STZ-induced diabetic rats reduced hyperglycemia via phospholipase
C/protein kinase C (PLC/PKC) [131] and delayed progression of diabetic nephropathy
via nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1(HO-1) mediated
pathways while upregulating the antioxidant defense enzyme activities [132]. Similarly, SA
administration suppressed serum endothelin 1, IL-1β contents, and expression of pyroptotic
proteins via downregulation of long noncoding RNA (lncRNA), metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) in diabetic atherosclerosis rats [133]. Furthermore,
a significant reduction in malondialdehyde and ROS levels in liver and colon of high-fat diet
(HFD) rats highlighted the antioxidant ability of SA [134]. In 3T3-L1 adipocytes cells, the
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phenolic treatment was able to upregulate proteins involved in mitochondrial thermogene-
sis causing fats oxidation via the p38 MAPK/cyclic AMP response element-binding protein
(CREB) signaling pathway [135]. Nevertheless, the importance of PKA/p38-mediated
pathway and CREB signaling in thermogenic lipolysis were recently observed in a study
that used SA as activation agent for brown adipocyte [136].

The protective effects of SA were also exerted against neuronal damage induced by
Aβ protein deposition. For example, amelioration in memory impairment and neuronal cell
death along with attenuation of glial activation and tyrosine nitration were observed fol-
lowing SA administration to mouse model of Aβ1-42 protein-induced AD [137]. Likewise,
an improvement in antioxidant status followed by prevention of cognitive impairment
was noticed after SA administration to intracerebroventricle-STZ-induced Alzheimer rats.
In this case, SA reduced the number of caspase-3 positive cells, significantly attenuated
astrocyte activation by lowering the levels of TNF-α, and diminished the influence of
amyloid peptide on iNOS expression levels while decreasing the neurotrophin-3 expression
in the hippocampal CA1 region [138]. Recently, new insights into the neuroprotective role
of SA suggested that the phenolic treatment possesses not only free radical scavenging and
anti-inflammatory properties but also has an important role in decreasing expression of
choline acetyltransferase and neuronal loss [139]. In summary, results thus far show that SA
holds therapeutic potential in multifactorial disease since it can target multiple mechanistic
pathways—such as oxidative stress, inflammation, and cholinergic dysfunction.

2.8. Lipoic Acid

Lipoic acid (LA, 1,2-dithiolane-3-pentanoic acid), also known as thioctic acid, is a
naturally occurring compound that serves vital functions at the cellular level. LA and its
reduced form dihydrolipoic acid create a potent redox couple that exists endogenously in
tissues and acts as a cofactor for some mitochondrial enzymes such as pyruvate dehydro-
genase and alpha-ketoglutarate dehydrogenase [140]. Interestingly, LA stimulates glucose
oxidation without influencing glycolysis and lactate or palmitate oxidation process [141].

Given its potential to safely enhance insulin sensitivity, the possible health benefits
of LA supplementation have been tested in hyperglycemic conditions. Previous studies
showed that LA treatment is able to increase insulin-stimulated glucose metabolism [142]
and glutathione levels in tissue [143] in T2DM. Since oxidative stress can cause renal
dysfunction, the interactions of LA, and its efficacy have been tested in the prevention of
oxidant damage in diabetic rats. Hence, a clear reduction in oxidative stress by regulating
the overexpression of NADPH oxidase [144] along with restoring the activity of antioxidant
enzyme superoxide dismutase [145] was noticed in diabetic kidneys after LA administration.
Similar findings showed a decrease in inflammatory pathway proteins and oxidative stress
inhibition after LA treatment in HFD-induced cerebral damage mice [146] and diabetic
patients [147]. Chemically, LA possesses a chiral center and although the majority of the
commercial product consists of a racemic admixture, the R form is the biologically active
form produced by the body while the S form is an inactive chemical product. In a recent
study, Ghelani et al. found that (R)-α-lipoic acid manifested protective effect on low-dose
STZ-injected and HFD-fed model rat of metabolic disorders by strongly decreasing the
hyperglycemic and hyperlipidemic events [148]. Interestingly, a DL-α-lipoic acid was found
to protect the 3-mercaptopyruvate sulfurtransferase/H2S pathway against hyperglycemic-
induced impairment by restoring the ability of 3-mercaptopyruvate to induce cellular
bioenergetics, angiogenesis, and wound healing following in vivo administration [149].
Although LA supplementation produces many beneficial effects such as improvement of
nuclear erythroid-related factor 2 activity, promotion of fatty acid oxidation, reduction of
visceral adipose tissue, and regulatory T cells conservation [150], long-term administration
of LA may trigger autoimmune hypoglycemia in people with genetic predisposition [151].

Given that LA possesses a strong antioxidant character, several studies examined
its neuroprotective effects in ameliorating the development of AD. For instance, LA may
protect neurons against cytotoxicity induced by Aβ peptide through inhibition of NFkB
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activation and scavenge free radicals [152] as well as PKB/Akt signaling pathway [153]. In
addition to direct antioxidant effects, LA/DHLA (dihydrolipoic acid) redox couple gener-
ated neuroprotective effect against Aβ and inhibited fibrils formation in a dose-dependent
manner by covalent binding to lysine residues of Aβ [154]. Furthermore, combinations
therapy containing α-lipoic acid diminished β-secretase activity, enhanced neprilysin ac-
tivity [155], reduced amyloid beta accumulation, and decreased memory deficits [156]
in aged rat brain. Other in vivo experiments revealed that LA supplementation can re-
store hypoxia-inducible factor-1a (HIF-1α) expression and alleviate cognitive deficits by
reinstating glucose metabolism impairment via the BDNF/TrkB/HIF-1α signaling path-
way [157] while combination of exercise training and α-lipoic acid treatment improved the
antioxidant status in NSE/APPsw-transgenic mice [158]. Likewise, in vitro studies showed
that LA protects against H2O2-induced cell death [159] and buthionine sulfoximine [160]
via activation of PI3K-Akt pathway. It is also important to note that LA exerts chelating
properties and offer protection against aluminum toxicity [161], cadmium lethality [162],
and copper dysregulation [163]. Together, these studies show that the bio-thiol antioxidants
LA and its active metabolite DHLA incorporate several impressive features vital for cellular
protection such as metal-chelating activity, ROS scavenger, antioxidant regenerator, and
destabilization potential on amyloid fibrils.

2.9. Rosmarinic Acid

Rosmarinic acid (RA) is a natural widespread caffeic acid ester widely identified in dif-
ferent plant species commonly used as culinary herbs [164]. This hydroxylated compound
has received significant attention for its antibacterial, anti-inflammatory, anti-aging, anti-
cancer, antidiabetic, cardioprotective, hepatoprotective, nephroprotective, antidepressant,
antiallergic, and antiviral properties [165]. Due to both its antioxidant and antimicrobial
properties, RA is used in pharmaceutical and cosmetic industries as a food preserva-
tive [166].

Numerous studies have examined the anti-diabetic effects of rosmarinic acid using
in vivo experiments in streptozotocin treated rats. For example, administration of RA to
STZ-induced diabetic rats improved insulin sensitivity and glucose uptake by attenuating
gluconeogenesis and modulating glucose uptake through AMPK pathway [167]. Likewise
RA administration led to a significant reduction in oxidative stress and glucolipotoxic-
ity, increase in SOD activity, and reduced oxidative stress damage by preventing lipid
peroxidation and increasing acetylcholinesterase activity in diabetic animals [168–170].
Furthermore, this phenolic acid diminished activity of hepatospecific pathophysiological
enzymes, restored activities of key carbohydrate metabolizing enzymes and improved
hepatic glycogen content in a similar animal model [171]. In addition to its significant an-
tioxidant property, RA improved glucose homeostasis and insulin sensitivity by decreasing
expression of gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) and
increasing GLUT4 levels in skeletal muscle [172]. These findings have been corroborated by
Jayanthy et.al. showing that RA treatment augmented insulin signaling and mitochondrial
biogenesis via increasing GLUT 4 translocation and AMPK activation [173]. Interestingly,
RA was found to inhibit insulin’s [174] and amylin’s [175,176] ability to form amyloid
fibrils, suggesting new avenues in its pharmacological applications.

It is well known that oxidative stress plays a key role in the progression of various
neurodegenerative diseases. Thus, several studies evaluated the neuroprotective effect of
RA enriched extracts against Aβ-induced toxicity. Indeed, rosmarinic acid was found to
offer protection against Aβ-induced toxicity in both in vitro [177] and in vivo [178] models
of neurodegeneration. Similar results were obtained in a recent study showing that, in
addition to its inhibitory effects on Aβ and human islet amyloid polypeptide (hIAPP) aggre-
gation, RA can also prevent cell destruction related to AD and T2DM [179]. Mechanistically,
administration of RA to Aβ-challenged PC12 cells mediated neuroprotection via Akt/GSK-
3β/Fyn-mediated Nrf2 activation [180]. In vitro studies using SH-SY5Y neuroblastoma
cells showed that RA significantly attenuated H2O2-induced ROS generation by stimulating
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the antioxidant enzyme HO-1 [181]. Furthermore, RA was able to suppress Aβ accumu-
lation via dopamine-signaling pathway enhancement [182] and reduce inflammation by
downregulating JNK signaling pathway [183]. Recent findings showed that RA interferes
with Cu(II)-Aβ complex and forms original ternary association that modifies Aβ reactivity
in terms of aggregation and ROS generation [184]. As expected, RA treatment promoted
cognitive improvement and neuroprotection against Aβ25-35 [185], Aβ42 [186,187], and
scopolamine [188] induced toxicity in rat model of AD. Similar results were obtained with
other proteins such as serum amyloid A [189], Tau [190], or α-synuclein [191] that can
incur protein misfolding and subsequent disease processes. This suggests that RA has an
extended protective activity that can be utilized in drug development applications used for
preventing and treating various metabolic and degenerative disorders.

2.10. Folic Acid

Folic acid (FoA) is the oxidized form of vitamin B9. Dietary FoA supplements are
indicated for prevention and treatment of folic acid deficiency states such as megaloblastic
or nutritional-deficiency anemia [192]. Vital for the formation of new cells, healthy growth,
and normal fetal development, FoA is involved in DNA and RNA metabolism [193].

Several studies showed that FoA can ameliorate hyperglycemia and insulin sensi-
tivity by altering mitochondrial dysfunction while exerting antioxidant activities [194].
For example, FoA administration reduced plasma homocysteine, improved glycemic con-
trol and insulin resistance in patients with T2DM [195]. Interestingly, an improvement
in cholesterol profile and glucose metabolism by restoration of AMPK activation (phos-
phorylation) was seen in HFD fed mice after FoA administration [196]. To this end, FoA
improved insulin resistance, reduced fat mass, and serum glucose in obese mice while
exerting anti-inflammatory effects by lowering cytokine levels [197]. Supplementation of
FoA had a positive effect on diabetes-associated oxidative stress. For example, a significant
reduction in glucose levels, catalase, SOD antioxidant enzymes and malate dehydrogenase
activities have been noticed in diabetic rats after FoA administration [198]. In addition, FoA
treatment normalized the distribution of CuZnSOD protein and Bax/Bcl-2 ratio while low-
ering apoptotic rate and stimulating Vegf-A gene expression in the yolk sac of embryos of
diabetic rats [199]. Similarly, daily administration of FoA to T2DM patients decreased DNA
and oxidative damages by suppressing micronuclei, 8-OHdG, and lipid peroxides [200].

Several in vivo and in vitro experiments revealed that FoA decreases Aβ-peptide
production. When patients with AD were treated for six months with FoA, there was a
significantly lower expression of Aβ40 and TNFα-mRNA and higher Aβ42/Aβ40 ratio
suggesting FoA’s role in inflammation coupled with lower cognitive decline compared to
control group [201]. Similarly, a decrease in Aβ production via modulating DNA methyl-
transferase (DNMT) activity was observed in neuroblastoma N2a-APP cells exposed to
FA [202]. In addition to its inhibitory effect, FoA was shown to protect neurons against
amyloid toxicity. Indeed, an increase in cell viability and mitochondrial membrane potential
was observed in Aβ 31-35-treated neurons after FoA administration [203,204]. FoA blocked
Aβ oligomer-induced neuronal toxicity and increased cell viability by stimulating methyla-
tion potential and DNMT activity, decreasing presenilin 1 (PS1) and APP expression, thus
altering promoter methylation in AD transgenic mice [205]. Studies conducted on APP/PS1
mice, a model of AD, revealed that FoA deficiency intensify Aβ generation improving APP
and beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) expression [206–208],
suggesting that folic acid deficiency exacerbates cognitive impairment. Additionally, ex-
perimental and theoretical evidence showed that FoA generates suppressing effects on
Tau fibril formation through a spontaneous hydrophobic interaction leading to native
state stabilization of tau followed by a decline in protein–protein interactions and Tau
oligomerization [209]. In combination therapy with compounds such as docosahexaenoic
acid [210], memantine [211], α-Tocopherol [212], and isoflavones [213], FoA was able to
enhance cognitive improvement while preventing the pathological alterations caused by
Aβ toxicity. The above results collectively suggest that FoA exerts numerous beneficial
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effects, being responsible for restoring antioxidant enzymes activity, offering protective
effects against insulin impairment, and inhibiting amyloid fibrillization.

2.11. Oleanolic Acid

Oleanolic acid or oleanic acid (OA, 3β-hydroxyolean-12-en-28-oic acid) is a naturally
occurring pentacyclic triterpenoid widely distributed in food and plants known for its
biological and pharmacological significance [214]. Besides its hepatoprotective property,
OA can generate diverse biological activities, including anticancer, anti-osteoporosis, anti-
obesity, anti-diabetic, anti-inflammatory, immune-regulatory, and antioxidant effects [215].

A number of studies have reported the protective activities of oleanolic acid against
metabolic disease such as diabetes mellitus in different in vitro and in vivo models [216].
For example, in T2DM model, OA administration was found to reverse hyperglycemia
and normalize blood glucose levels [217,218], improve hepatic insulin resistance [219], and
suppress hepatic glucose production via the Akt/FoxO1 pathways [220]. Additionally, OA
decreases blood glucose and plasma lipids while it significantly elevates plasma leptin and
decreases ghrelin secretion in HFD-induced obese mice [221]. Interestingly, OA was found
to lower glucose levels and enhance insulin signaling by mediating acetylcholinesterase
release known to be responsible for muscarinic M3 receptors stimulation and insulin re-
lease [222]. In the liver, OA improved hepatic insulin resistance through inhibition of
mitochondrial oxidative stress, hypolipidemic effect and decreasing inflammation via
remarkable stabilization of Nrf2 and glutamate-cysteine ligase catalytic subunit (GCLc)
expression [219]. Studies examining OA’s antidiabetic effects showed improved glycemic
control [223] through inhibition of α-glucosidase activity [224], and reduced oxidative stress
and antioxidant activity [225–227]. In addition to monotherapy, OA generated synergistic
and complimentary actions in combined therapy with other antidiabetic drugs such as
metformin and insulin. For instance, OA-metformin combination therapy significantly re-
duced blood glucose and insulin levels and improved liver pathology in diabetic mice [228].
Likewise, OA in synergy with 4IU insulin enhanced activation of the insulin signaling
pathway and increased insulin-stimulated hypoglycemic activity [229].

Several studies examined the neuroprotective effects of OA in various models [230].
In pheochromocytom PC12 cells, OA improved catalase and SOD activities, attenuated
release of IL-6 and TNF-α and decreased malondialdehyde formation [231]. When OA ex-
tracts from Aralia cordata were added to cultured rat cortical neurons, it inhibited neuronal
death, glutamate release, and generation of ROS induced by Aβ-peptide(25–35) [232]. In
mouse models, OA administration improved memory loss, alleviated neuronal damage
and synapse changes in Aβ25-35-induced AD mouse models [233]. Similar results were ob-
served against 6-hydroxydopamine induced toxicity in PC12 cells [231,234], parkinsonian
rat model [235], and lipopolysaccharide-induced inflammation on mouse neuroglia BV2
cell line [236]. Recently, OA was shown to improve scopolamine-induced memory impair-
ment through BDNF-ERK1/2-CREB pathway via TrkB activation [237] while inflammatory
responses in human umbilical vein endothelial (HUVE) cells were reduced through the inhi-
bition of high-mobility group box 1 signaling pathway [238]. Other protective mechanisms
of OA against Aβ-induced neurotoxicity involve suppression of secretory phospholipase
A2 group IIa mediated-calcium signals pathway in astrocytes [239], deregulated Janus
kinase/signal transducers and activators of transcription (JAK/STAT) signaling [240], ex-
pression of stanniocalcin-1 glycoprotein [241], and expression of BDNF, TrkB, and CREB
proteins [233]. Interestingly, in a recent in vivo experiment using transgenic APP/PS1 AD
mouse model, OA attenuated cognitive deficits by stimulating the Wingless/integrated
(Wnt)/GSK-3β/β-catenin pathway [242]. These studies show that OA has significant
antioxidative, anti-inflammatory, and neuroprotective activities, and can ameliorate insulin
sensitivity and inhibit apoptosis. Although OA does not exert significant disaggregating
activities against amyloid fibrils, it possesses significant protective characteristics to be
considered in future pharmacological applications.



Pharmaceutics 2022, 14, 235 14 of 27

2.12. Ursolic Acid

Ursolic acid (3β-3-hydroxy-urs-12-ene-28-oic-acid, UA) is a natural triterpene com-
pound found in vegetables, medicinal plants, and common herbs that are known for their
extended pharmacological properties. Considering its significant activity exerted in differ-
ent systems, the pharmacology of UA has been extensively reported in recent years [243].
For instance, UA was shown to possess biological effects such as anti-inflammatory, antioxi-
dant, antifungal, and antibacterial [244]. UA also exhibits antidiabetic functions by limiting
the activity of pancreatic α-amylase, succinate dehydrogenase, glucose-6-phosphatase,
and aldose reductase in non-obese T2DM mice [245]. It was recently reported that, UA
treatment suppressed glucose-induced proliferation of mesangial cells and inhibited ROS
generation and oxidative stress by restricting PI3K/Akt/mTOR pathway activation [246].
These findings are in agreement with previous research suggesting improvement in mesan-
gial cells hypertrophy and proliferation under high glucose conditions [247]. Moreover,
co-treatment of UA with Rosiglitazone, an antidiabetic, insulin sensitizer drug, suppressed
lipid accumulation in liver, and diminished hepatic marker enzyme activities in high fat
diet-fed C57BL/6J mice [248].

In addition to its anti-inflammatory effects, recent studies showed that UA improves
insulin resistance and hyperinsulinemia in diet-induced obesity rats [249–251]. Indeed, UA
administration decreased body weights and blood glucose via angiotensin II type 1 receptor
(AT1R)-associated protein 1 (ARAP1)/AT1R pathway in db/db mice [252]. Likewise, UA
reduced expression of inflammatory markers and improved activity of antioxidant enzymes
in STZ-induced diabetic rats [253]. When used as a dietary supplement, UA restored
adipokine/cytokine dysregulation, ROS production, and extracellular matrix accumulation
in the liver, thereby avoiding hepatic lipotoxicity and fibrosis [254]. This resulted in a
significant decrease of obesity risks and proinflammatory adipokines concomitant with
increased adiponectin levels [255].

Finally, UA offered protection against toxicity associated with amyloid-beta peptide,
an important mediator of AD progression. Using mammalian CHO cells expressing hu-
man CD36 to quantify Aβ binding, it was shown that UA obstructed Aβ-receptor CD36
interaction in a dose-dependent manner and blocked Aβ binding to microglial cells, thus
highlighting its neurotherapeutic effect [256]. The protective effects of UA against β-
amyloid-induced neurotoxicity were confirmed in pheochromocytoma PC12 cells, where
UA protected against Aβ25−35 toxicity by inhibiting caspase-3 activation, reduced cell
apoptosis and neuronal cell death [102]. Furthermore, UA administration to Aβ25-35-
treated mice improved oxidative stress and inflammatory response [257] by inhibiting NF-
κB-dependent inflammation, thus preventing MAPKs phosphorylation [105]. In summary,
current evidence suggests that UA possesses potential therapeutic activity in improving
insulin sensitivity, hyperglycemia, and inflammation, in addition to its protective role such
as receptor modulator, enzyme inhibitor, or in neurotransmitter uptake.

3. Conclusions and Perspectives

T2DM and AD share several common abnormalities such as impaired glucose metabolism,
increased oxidative stress, insulin resistance, and amyloidogenesis. Accumulation of
amyloid-beta peptide observed in AD brains can induce neuronal apoptosis. Similarly,
over-expression of amylin (IAPP) promotes amyloid plaque formation that generates death
in pancreatic islet β-cells under T2DM stress conditions. The structural and functional
integrity of the nervous system can be compromised due to brain insulin resistance and
deficiency. AD pathology can enhance brain insulin resistance, and promote neuroinflam-
mation, thus functioning as a positive feedback loop. Numerous studies have demonstrated
a positive association between T2DM and AD, although many of the studies were per-
formed using animal and cell models. Based on this positive association, T2DM treatments
have been used as a target to diminish or avoid AD onset and progression [258].

Studies addressing the association between AD and T2DM revealed that both diseases
are protein misfolding disorders characterized by insulin resistance and abnormal protein



Pharmaceutics 2022, 14, 235 15 of 27

aggregation. In addition to its role in metabolic regulation, insulin can inhibit amyloid
peptide (Aβ and amylin, IAPP) intracellular accumulation and stimulate degradation by
insulin-degrading enzyme (IDE) [259]. In the case of insulin resistance, IDE expression
decreases which leads to limited Aβ degradation and thus, indirectly, allowing formation
of toxic Aβ aggregates. This imbalance leads to increased levels of amylin in T2DM and
Aβ monomers in the AD brain generating toxic oligomers. Besides having an important
role in developing function impairments and apoptosis, Aβ peptides compete with insulin
on its own receptor, reducing its binding affinity while maintaining an impaired insulin
signaling [259].

Insulin receptors are located in both the periphery and central nervous system and
have a major contribution in signaling metabolic homeostasis and cell growth. Once insulin
binds to its receptors, cJun protein undergoes conformational changes, leading to tyrosine
residue phosphorylation. However, this process may be disturbed by pro-inflammatory
responses via serine/threonine phosphorylation [260]. Prolonged activation of JNK path-
way leading to impaired insulin signaling plays a major role in the development of insulin
resistance. Under normal conditions, insulin binds to its receptors, triggers cellular glucose
uptake, and reduces Aβ production [261]. However, in insulin-resistant states, perturbed
JNK activation has been linked to Aβ peptide accumulation [262] and dysregulation caused
by IAPP formation [263]. Based on these mechanisms, pharmacological JNK inhibitors may
possess beneficial metabolic effects in preventing inflammation and insulin resistance in
both diseases. However, due to low selectivity, JNK drug targets fail to reduce metabolic in-
flammation and insulin resistance [260]. The proposed used of anti-diabetic, hypoglycemic
drugs for the management of AD is driven by the following findings: (i) AD is associated
with brain insulin resistance and insulin deficiency; (ii) diabetic patients treated with insulin
or hypoglycemic medications exhibit significant improvements in memory by slowing
AD progression; (iii) experimental intracerebral or intravenous treatments with insulin im-
proved memory, cognition, evoked brain potentials, and neurotransmitter functions [258].
Although attractive and seemingly simple, insulin-based treatments lower blood sugar and
increase risk for problems related to hypoglycemia causing metabolic insults to various
organs. Therefore, despite remarkable progress in studying the development of pathology,
finding alternative approaches in ameliorating neurodegenerative conditions remains a
high priority.

Peptide–drug conjugates are an emerging targeted therapeutics and an exciting area
of research that hold great promise [264]. For example, NAP (1NAPVSIPQ8), a small active
fragment of the activity-dependent neuroprotective protein, ADNP (354–361), has been
shown to provide neuroprotection at very low concentrations by promoting the dissolu-
tion of amyloid plaques and preventing Aβ aggregation, one of the main pathological
conditions in AD. Its bioavailability and extended neuroprotection made this peptide a
pharmaceutical candidate for both intranasal and intravenous administration routes [265].
Although current literature lacks studies on NAP conjugates, similar compounds that
present an acid linked to a peptide revealed pharmacokinetics similar to those reported for
drug applications. However, the efficacy and therapeutic applications of small bioactive
molecules have been mainly evaluated in preclinical studies, using various cell lines and
animal models, thus requiring caution when extending the findings to humans. Consider-
ing the limitations of preclinical studies and models including their inability to fully mimic
diseases or lack the heterogeneous characteristics of human body, more clinical studies are
needed in order to accurately predict the clinical efficacy of the drug candidates as well as
to assess their pharmacological safety.

Notwithstanding the above limitations, this review underlines the importance of sev-
eral acidic compounds in the search for an effective drug against toxicity associated with
hyperglycemia and amyloidogenesis. Considering that the purpose of the molecular inte-
gration is to achieve superior therapeutic outcomes with diminished adverse effects, it is
expected that the novel peptide-conjugates would inherit not only the disaggregation prop-
erties of NAP peptide, but will also present characteristics specific to apoptosis inhibitor
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drugs. Thus, future studies using small compounds, administered as peptide conjugates
might offer new treatment options based on combination therapy. The anticipated results
could be a macromolecule that will likely inherit both the structure and the properties of its
basic components.
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97. Kiliç, I.; Yeşiloğlu, Y. Spectroscopic studies on the antioxidant activity of p-coumaric acid. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2013, 115, 719–724. [CrossRef]

98. Ambika, S.; Saravanan, R.; Thirumavalavan, K. Antidiabetic and antihyperlipidemic effect of p-hydroxycinnamic acid on
streptozotocin-induced diabetic Wistar rats. Biomed. Aging Pathol. 2013, 3, 253–257. [CrossRef]

99. Amalan, V.; Vijayakumar, N.; Indumathi, D.; Ramakrishnan, A. Antidiabetic and antihyperlipidemic activity of p-coumaric acid
in diabetic rats, role of pancreatic GLUT 2: In vivo approach. Biomed. Pharmacother. 2016, 84, 230–236. [CrossRef]

100. Zabad, O.M.; Samra, Y.A.; Eissa, L.A. P-Coumaric acid alleviates experimental diabetic nephropathy through modulation of Toll
like receptor-4 in rats. Life Sci. 2019, 238, 116965. [CrossRef]

101. Vauzour, D.; Corona, G.; Spencer, J.P.E. Caffeic acid, tyrosol and p-coumaric acid are potent inhibitors of 5-S-cysteinyl-dopamine
induced neurotoxicity. Arch. Biochem. Biophys. 2010, 501, 106–111. [CrossRef] [PubMed]

102. Hong, S.-Y.; Jeong, W.-S.; Jun, M. Protective Effects of the Key Compounds Isolated from Corni fructus against β-Amyloid-Induced
Neurotoxicity in PC12 Cells. Molecules 2012, 17, 10831–10845. [CrossRef]

103. Hao, S.; Li, X.; Han, A.; Yang, Y.; Luo, X.; Fang, G.; Wang, H.; Liu, J.; Wang, S. Hydroxycinnamic Acid from Corncob and Its
Structural Analogues Inhibit Aβ40 Fibrillation and Attenuate Aβ40-Induced Cytotoxicity. J. Agric. Food Chem. 2020, 68, 8788–8796.
[CrossRef] [PubMed]

104. Sakamula, R.; Sakdapitak, C.; Thong-asa, W. Effect of P-Hydroxycinnamic Acid in Mice Model of Cerebral Ischemia-Reperfusion
Injury. Sains Malaysiana 2019, 48, 2221–2227. [CrossRef]

105. Yoon, J.-H.; Youn, K.; Ho, C.-T.; Karwe, M.V.; Jeong, W.-S.; Jun, M. p-Coumaric Acid and Ursolic Acid from Corni fructus
Attenuated β-Amyloid 25–35 -Induced Toxicity through Regulation of the NF-κB Signaling Pathway in PC12 Cells. J. Agric. Food
Chem. 2014, 62, 4911–4916. [CrossRef] [PubMed]

106. He, Y.; Chen, S.; Tsoi, B.; Qi, S.; Gu, B.; Wang, Z.; Peng, C.; Shen, J. Alpinia oxyphylla Miq. and Its Active Compound P-
Coumaric Acid Promote Brain-Derived Neurotrophic Factor Signaling for Inducing Hippocampal Neurogenesis and Improving
Post-cerebral Ischemic Spatial Cognitive Functions. Front. Cell Dev. Biol. 2021, 8, 577790. [CrossRef] [PubMed]

107. Roy, S.; Metya, S.K.; Sannigrahi, S.; Rahaman, N.; Ahmed, F. Treatment with ferulic acid to rats with streptozotocin-induced
diabetes: Effects on oxidative stress, pro-inflammatory cytokines, and apoptosis in the pancreatic β cell. Endocrine 2013, 44,
369–379. [CrossRef] [PubMed]

108. Singh, Y.P.; Rai, H.; Singh, G.; Singh, G.K.; Mishra, S.; Kumar, S.; Srikrishna, S.; Modi, G. A review on ferulic acid and analogs
based scaffolds for the management of Alzheimer’s disease. Eur. J. Med. Chem. 2021, 215, 113278. [CrossRef]

109. Kumar, N.; Pruthi, V. Potential applications of ferulic acid from natural sources. Biotechnol. Reports 2014, 4, 86–93. [CrossRef]
110. Narasimhan, A.; Chinnaiyan, M.; Karundevi, B. Ferulic acid exerts its antidiabetic effect by modulating insulin-signalling

molecules in the liver of high-fat diet and fructose-induced type-2 diabetic adult male rat. Appl. Physiol. Nutr. Metab. 2015, 40,
769–781. [CrossRef]

111. Wang, H.; Sun, X.; Zhang, N.; Ji, Z.; Ma, Z.; Fu, Q.; Qu, R.; Ma, S. Ferulic acid attenuates diabetes-induced cognitive impairment
in rats via regulation of PTP1B and insulin signaling pathway. Physiol. Behav. 2017, 182, 93–100. [CrossRef]

112. Dhaliwal, J.; Dhaliwal, N.; Akhtar, A.; Kuhad, A.; Chopra, K. Beneficial effects of ferulic acid alone and in combination with
insulin in streptozotocin induced diabetic neuropathy in Sprague Dawley rats. Life Sci. 2020, 255, 117856. [CrossRef]

113. Son, M.J.; Rico, C.W.; Nam, S.H.; Kang, M.Y. Effect of Oryzanol and Ferulic Acid on the Glucose Metabolism of Mice Fed with a
High-Fat Diet. J. Food Sci. 2011, 76, H7–H10. [CrossRef]

114. Naowaboot, J.; Piyabhan, P.; Munkong, N.; Parklak, W.; Pannangpetch, P. Ferulic acid improves lipid and glucose homeostasis in
high-fat diet-induced obese mice. Clin. Exp. Pharmacol. Physiol. 2016, 43, 242–250. [CrossRef]

115. Senaphan, K.; Kukongviriyapan, U.; Sangartit, W.; Pakdeechote, P.; Pannangpetch, P.; Prachaney, P.; Greenwald, S.; Kukongviriya-
pan, V. Ferulic Acid Alleviates Changes in a Rat Model of Metabolic Syndrome Induced by High-Carbohydrate, High-Fat Diet.
Nutrients 2015, 7, 6446–6464. [CrossRef]

116. Salazar-López, N.; Astiazarán-García, H.; González-Aguilar, G.; Loarca-Piña, G.; Ezquerra-Brauer, J.-M.; Domínguez Avila, J.;
Robles-Sánchez, M. Ferulic Acid on Glucose Dysregulation, Dyslipidemia, and Inflammation in Diet-Induced Obese Rats: An
Integrated Study. Nutrients 2017, 9, 675. [CrossRef]

117. El-Bassossy, H.; Badawy, D.; Neamatallah, T.; Fahmy, A. Ferulic acid, a natural polyphenol, alleviates insulin resistance and
hypertension in fructose fed rats: Effect on endothelial-dependent relaxation. Chem. Biol. Interact. 2016, 254, 191–197. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.ejphar.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30853532
http://doi.org/10.1007/s11064-015-1646-6
http://doi.org/10.1016/j.jneuroim.2020.577164
http://www.ncbi.nlm.nih.gov/pubmed/32007785
http://doi.org/10.1007/s10753-012-9532-8
http://doi.org/10.1016/j.saa.2013.06.110
http://doi.org/10.1016/j.biomag.2013.09.004
http://doi.org/10.1016/j.biopha.2016.09.039
http://doi.org/10.1016/j.lfs.2019.116965
http://doi.org/10.1016/j.abb.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20361927
http://doi.org/10.3390/molecules170910831
http://doi.org/10.1021/acs.jafc.0c01841
http://www.ncbi.nlm.nih.gov/pubmed/32700906
http://doi.org/10.17576/jsm-2019-4810-18
http://doi.org/10.1021/jf501314g
http://www.ncbi.nlm.nih.gov/pubmed/24815946
http://doi.org/10.3389/fcell.2020.577790
http://www.ncbi.nlm.nih.gov/pubmed/33537297
http://doi.org/10.1007/s12020-012-9868-8
http://www.ncbi.nlm.nih.gov/pubmed/23299178
http://doi.org/10.1016/j.ejmech.2021.113278
http://doi.org/10.1016/j.btre.2014.09.002
http://doi.org/10.1139/apnm-2015-0002
http://doi.org/10.1016/j.physbeh.2017.10.001
http://doi.org/10.1016/j.lfs.2020.117856
http://doi.org/10.1111/j.1750-3841.2010.01907.x
http://doi.org/10.1111/1440-1681.12514
http://doi.org/10.3390/nu7085283
http://doi.org/10.3390/nu9070675
http://doi.org/10.1016/j.cbi.2016.06.013
http://www.ncbi.nlm.nih.gov/pubmed/27287418


Pharmaceutics 2022, 14, 235 21 of 27

118. Naowaboot, J.; Piyabhan, P.; Tingpej, P.; Munkong, N.; Parklak, W.; Pannangpetch, P. Anti-insulin resistant effect of ferulic acid on
high fat diet-induced obese mice. Asian Pac. J. Trop. Biomed. 2018, 8, 604–608. [CrossRef]

119. Jayamani, J.; Shanmugam, G.; Azhagiya Singam, E.R. Inhibition of insulin amyloid fibril formation by ferulic acid, a natural
compound found in many vegetables and fruits. RSC Adv. 2014, 4, 62326–62336. [CrossRef]

120. Bramanti, E.; Fulgentini, L.; Bizzarri, R.; Lenci, F.; Sgarbossa, A. β-Amyloid Amorphous Aggregates Induced by the Small Natural
Molecule Ferulic Acid. J. Phys. Chem. B 2013, 117, 13816–13821. [CrossRef]

121. Cui, L.; Zhang, Y.; Cao, H.; Wang, Y.; Teng, T.; Ma, G.; Li, Y.; Li, K.; Zhang, Y. Ferulic Acid Inhibits the Transition of Amyloid-β42
Monomers to Oligomers but Accelerates the Transition from Oligomers to Fibrils. J. Alzheimer’s Dis. 2013, 37, 19–28. [CrossRef]
[PubMed]

122. Sgarbossa, A.; Monti, S.; Lenci, F.; Bramanti, E.; Bizzarri, R.; Barone, V. The effects of ferulic acid on β-amyloid fibrillar structures
investigated through experimental and computational techniques. Biochim. Biophys. Acta-Gen. Subj. 2013, 1830, 2924–2937.
[CrossRef]

123. Wu, Y.; Shi, Y.; Zheng, X.; Dang, Y.; Zhu, C.; Zhang, R.; Fu, Y.; Zhou, T.; Li, J. Lipophilic ferulic acid derivatives protect PC12 cells
against oxidative damage via modulating β-amyloid aggregation and activating Nrf2 enzymes. Food Funct. 2020, 11, 4707–4718.
[CrossRef]

124. Yan, J.-J.; Jung, J.-S.; Kim, T.-K.; Hasan, M.A.; Hong, C.-W.; Nam, J.-S.; Song, D.-K. Protective Effects of Ferulic Acid in Amyloid
Precursor Protein Plus Presenilin-1 Transgenic Mouse Model of Alzheimer Disease. Biol. Pharm. Bull. 2013, 36, 140–143. [CrossRef]
[PubMed]

125. Mori, T.; Koyama, N.; Guillot-Sestier, M.-V.; Tan, J.; Town, T. Ferulic Acid Is a Nutraceutical β-Secretase Modulator That Improves
Behavioral Impairment and Alzheimer-like Pathology in Transgenic Mice. PLoS ONE 2013, 8, e55774. [CrossRef] [PubMed]

126. Tsai, F.-S.; Wu, L.-Y.; Yang, S.-E.; Cheng, H.-Y.; Tsai, C.-C.; Wu, C.-R.; Lin, L.-W. Ferulic Acid Reverses the Cognitive Dysfunction
Caused by Amyloid β Peptide 1-40 Through Anti-Oxidant Activity and Cholinergic Activation in Rats. Am. J. Chin. Med. 2015,
43, 319–335. [CrossRef]

127. Wang, N.; Zhou, Y.; Zhao, L.; Wang, C.; Ma, W.; Ge, G.; Wang, Y.; Ullah, I.; Muhammad, F.; Alwayli, D.; et al. Ferulic acid delayed
amyloid β-induced pathological symptoms by autophagy pathway via a fasting-like effect in Caenorhabditis elegans. Food Chem.
Toxicol. 2020, 146, 111808. [CrossRef]

128. Chen, C. Sinapic Acid and Its Derivatives as Medicine in Oxidative Stress-Induced Diseases and Aging. Oxid. Med. Cell. Longev.
2016, 2016, 3571614. [CrossRef] [PubMed]

129. Yun, K.-J.; Koh, D.-J.; Kim, S.-H.; Park, S.J.; Ryu, J.H.; Kim, D.-G.; Lee, J.-Y.; Lee, K.-T. Anti-Inflammatory Effects of Sinapic Acid
through the Suppression of Inducible Nitric Oxide Synthase, Cyclooxygase-2, and Proinflammatory Cytokines Expressions via
Nuclear Factor-κB Inactivation. J. Agric. Food Chem. 2008, 56, 10265–10272. [CrossRef] [PubMed]

130. Pari, L.; Mohamed Jalaludeen, A. Protective role of sinapic acid against arsenic—Induced toxicity in rats. Chem. Biol. Interact.
2011, 194, 40–47. [CrossRef]

131. Cherng, Y.-G.; Tsai, C.-C.; Chung, H.-H.; Lai, Y.-W.; Kuo, S.-C.; Cheng, J.-T. Antihyperglycemic Action of Sinapic Acid in Diabetic
Rats. J. Agric. Food Chem. 2013, 61, 12053–12059. [CrossRef] [PubMed]

132. Alaofi, A.L. Sinapic Acid Ameliorates the Progression of Streptozotocin (STZ)-Induced Diabetic Nephropathy in Rats via
NRF2/HO-1 Mediated Pathways. Front. Pharmacol. 2020, 11, 1119. [CrossRef]

133. Han, Y.; Qiu, H.; Pei, X.; Fan, Y.; Tian, H.; Geng, J. Low-dose Sinapic Acid Abates the Pyroptosis of Macrophages by Down-
regulation of lncRNA-MALAT1 in Rats With Diabetic Atherosclerosis. J. Cardiovasc. Pharmacol. 2018, 71, 104–112. [CrossRef]
[PubMed]

134. Yang, C.; Deng, Q.; Xu, J.; Wang, X.; Hu, C.; Tang, H.; Huang, F. Sinapic acid and resveratrol alleviate oxidative stress with
modulation of gut microbiota in high-fat diet-fed rats. Food Res. Int. 2019, 116, 1202–1211. [CrossRef]

135. Bae, I.-S.; Kim, S.H. Sinapic Acid Promotes Browning of 3T3-L1 Adipocytes via p38 MAPK/CREB Pathway. Biomed Res. Int. 2020,
2020, 5753623. [CrossRef]

136. Hossain, M.; Imran, K.M.; Rahman, M.S.; Yoon, D.; Marimuthu, V.; Kim, Y.-S. Sinapic acid induces the expression of thermogenic
signature genes and lipolysis through activation of PKA/CREB signaling in brown adipocytes. BMB Rep. 2020, 53, 142–147.
[CrossRef]

137. Lee, H.E.; Kim, D.H.; Park, S.J.; Kim, J.M.; Lee, Y.W.; Jung, J.M.; Lee, C.H.; Hong, J.G.; Liu, X.; Cai, M.; et al. Neuroprotective effect
of sinapic acid in a mouse model of amyloid β1–42 protein-induced Alzheimer’s disease. Pharmacol. Biochem. Behav. 2012, 103,
260–266. [CrossRef]

138. Shahmohamady, P.; Eidi, A.; Mortazavi, P.; Panahi, N.; Minai-Tehrani, D. Effect of sinapic acid on memory deficits and neuronal
degeneration induced by intracerebroventricular administration of streptozotocin in rats. Polish J. Pathol. 2018, 69, 266–277.
[CrossRef]

139. Verma, V.; Singh, D.; KH, R. Sinapic Acid Alleviates Oxidative Stress and Neuro-Inflammatory Changes in Sporadic Model of
Alzheimer’s Disease in Rats. Brain Sci. 2020, 10, 923. [CrossRef] [PubMed]

140. Rochette, L.; Ghibu, S.; Richard, C.; Zeller, M.; Cottin, Y.; Vergely, C. Direct and indirect antioxidant properties of α-lipoic acid
and therapeutic potential. Mol. Nutr. Food Res. 2013, 57, 114–125. [CrossRef] [PubMed]

http://doi.org/10.4103/2221-1691.248098
http://doi.org/10.1039/C4RA11291A
http://doi.org/10.1021/jp4079986
http://doi.org/10.3233/JAD-130164
http://www.ncbi.nlm.nih.gov/pubmed/23727899
http://doi.org/10.1016/j.bbagen.2012.12.023
http://doi.org/10.1039/D0FO00800A
http://doi.org/10.1248/bpb.b12-00798
http://www.ncbi.nlm.nih.gov/pubmed/23075678
http://doi.org/10.1371/journal.pone.0055774
http://www.ncbi.nlm.nih.gov/pubmed/23409038
http://doi.org/10.1142/S0192415X15500214
http://doi.org/10.1016/j.fct.2020.111808
http://doi.org/10.1155/2016/3571614
http://www.ncbi.nlm.nih.gov/pubmed/27069529
http://doi.org/10.1021/jf802095g
http://www.ncbi.nlm.nih.gov/pubmed/18841975
http://doi.org/10.1016/j.cbi.2011.08.004
http://doi.org/10.1021/jf403092b
http://www.ncbi.nlm.nih.gov/pubmed/24261449
http://doi.org/10.3389/fphar.2020.01119
http://doi.org/10.1097/FJC.0000000000000550
http://www.ncbi.nlm.nih.gov/pubmed/29095793
http://doi.org/10.1016/j.foodres.2018.10.003
http://doi.org/10.1155/2020/5753623
http://doi.org/10.5483/BMBRep.2020.53.3.093
http://doi.org/10.1016/j.pbb.2012.08.015
http://doi.org/10.5114/pjp.2018.79546
http://doi.org/10.3390/brainsci10120923
http://www.ncbi.nlm.nih.gov/pubmed/33266113
http://doi.org/10.1002/mnfr.201200608
http://www.ncbi.nlm.nih.gov/pubmed/23293044


Pharmaceutics 2022, 14, 235 22 of 27

141. Onay-Besikci, A.; Wagg, C.; Lopaschuk, T.P.; Keung, W.; Lopaschuk, G.D. α-Lipoic acid increases cardiac glucose oxidation
independent of AMP-activated protein kinase in isolated working rat hearts. Basic Res. Cardiol. 2007, 102, 436–444. [CrossRef]
[PubMed]

142. Jacob, S.; Henriksen, E.J.; Tritschler, H.J.; Augustin, H.J.; Dietze, G.J. Improvement of insulin-stimulated glucose-disposal in type
2 diabetes after repeated parenteral administration of thioctic acid. Exp. Clin. Endocrinol. Diabetes 2009, 104, 284–288. [CrossRef]

143. Busse, E.; Zimmer, G.; Schopohl, B.; Kornhuber, B. Influence of alpha-lipoic acid on intracellular glutathione in vitro and in vivo.
Arzneimittelforschung 1992, 42, 829–831.

144. Feng, B.; Yan, X.-F.; Xue, J.-L.; Xu, L.; Wang, H. The Protective Effects of α-Lipoic Acid on Kidneys in Type 2 Diabetic Goto-Kakisaki
Rats via Reducing Oxidative Stress. Int. J. Mol. Sci. 2013, 14, 6746–6756. [CrossRef]

145. Yi, X.; Nickeleit, V.; James, L.R.; Maeda, N. α-Lipoic acid protects diabetic apolipoprotein E-deficient mice from nephropathy.
J. Diabetes Complicat. 2011, 25, 193–201. [CrossRef]

146. Liu, Y.; Zhang, Q.; Wang, L.; Wang, H.; Sun, T.; Xia, H.; Yang, Y.; Zhang, L. The α-lipoic acid improves high-fat diet-induced
cerebral damage through inhibition of oxidative stress and inflammatory reaction. Environ. Toxicol. Pharmacol. 2017, 56, 219–224.
[CrossRef] [PubMed]

147. Derosa, G.; D’Angelo, A.; Romano, D.; Maffioli, P. A Clinical Trial about a Food Supplement Containing α-Lipoic Acid on
Oxidative Stress Markers in Type 2 Diabetic Patients. Int. J. Mol. Sci. 2016, 17, 1802. [CrossRef] [PubMed]

148. Ghelani, H.; Razmovski-Naumovski, V.; Nammi, S. Chronic treatment of (R)- α -lipoic acid reduces blood glucose and lipid levels
in high-fat diet and low-dose streptozotocin-induced metabolic syndrome and type 2 diabetes in Sprague-Dawley rats. Pharmacol.
Res. Perspect. 2017, 5, e00306. [CrossRef] [PubMed]

149. Coletta, C.; Módis, K.; Szczesny, B.; Brunyánszki, A.; Oláh, G.; Rios, E.C.S.; Yanagi, K.; Ahmad, A.; Papapetropoulos, A.; Szabo,
C. Regulation of Vascular Tone, Angiogenesis and Cellular Bioenergetics by the 3-Mercaptopyruvate Sulfurtransferase/H2S
Pathway: Functional Impairment by Hyperglycemia and Restoration by dl-α-Lipoic Acid. Mol. Med. 2015, 21, 1–14. [CrossRef]

150. Le Garf, S.; Sibille, B.; Mothe-Satney, I.; Eininger, C.; Fauque, P.; Murdaca, J.; Chinetti, G.; Neels, J.G.; Rousseau, A. Alpha-lipoic
acid supplementation increases the efficacy of exercise- and diet-induced obesity treatment and induces immunometabolic
changes in female mice and women. FASEB J. 2021, 35, e21312. [CrossRef]

151. Izzo, V.; Greco, C.; Corradini, D.; Infante, M.; Staltari, M.T.; Romano, M.; Bellia, A.; Lauro, D.; Uccioli, L. Insulin autoimmune
syndrome in an Argentine woman taking α-lipoic acid: A case report and review of the literature. SAGE Open Med. Case Rep.
2018, 6, 2050313X18819601. [CrossRef]

152. Jesudason, E.P.; Masilamoni, J.G.; Ashok, B.S.; Baben, B.; Arul, V.; Jesudoss, K.S.; Jebaraj, W.C.E.; Dhandayuthapani, S.; Vignesh,
S.; Jayakumar, R. Inhibitory effects of short-term administration of dl-α-lipoic acid on oxidative vulnerability induced by Aβ

amyloid fibrils (25–35) in mice. Mol. Cell. Biochem. 2008, 311, 145–156. [CrossRef] [PubMed]
153. Zhang, L.; Xing, G.Q.; Barker, J.L.; Chang, Y.; Maric, D.; Ma, W.; Li, B.; Rubinow, D.R. α-lipoic acid protects rat cortical neurons

against cell death induced by amyloid and hydrogen peroxide through the Akt signalling pathway. Neurosci. Lett. 2001, 312,
125–128. [CrossRef]

154. Ono, K.; Hirohata, M.; Yamada, M. α-Lipoic acid exhibits anti-amyloidogenicity for β-amyloid fibrils in vitro. Biochem. Biophys.
Res. Commun. 2006, 341, 1046–1052. [CrossRef]

155. Sinha, M.; Bir, A.; Banerjee, A.; Bhowmick, P.; Chakrabarti, S. Multiple mechanisms of age-dependent accumulation of amyloid
beta protein in rat brain: Prevention by dietary supplementation with N-acetylcysteine, α-lipoic acid and α-tocopherol. Neurochem.
Int. 2016, 95, 92–99. [CrossRef]

156. Sharman, M.J.; Gyengesi, E.; Liang, H.; Chatterjee, P.; Karl, T.; Li, Q.-X.; Wenk, M.R.; Halliwell, B.; Martins, R.N.; Münch, G.
Assessment of diets containing curcumin, epigallocatechin-3-gallate, docosahexaenoic acid and α-lipoic acid on amyloid load
and inflammation in a male transgenic mouse model of Alzheimer’s disease: Are combinations more effective? Neurobiol. Dis.
2019, 124, 505–519. [CrossRef] [PubMed]

157. Zhang, Y.; Yan, X.; Xu, S.; Pang, Z.; Li, L.; Yang, Y.; Fan, Y.; Wang, Z.; Yu, X.; Guo, C.; et al. α-Lipoic Acid Maintains Brain Glucose
Metabolism via BDNF/TrkB/HIF-1α Signaling Pathway in P301S Mice. Front. Aging Neurosci. 2020, 12, 262. [CrossRef] [PubMed]

158. Cho, J.Y.; Um, H.S.; Kang, E.B.; Cho, I.H.; Kim, C.H.; Cho, J.S.; Hwang, D.Y. The combination of exercise training and α-lipoic
acid treatment has therapeutic effects on the pathogenic phenotypes of Alzheimer’s disease in NSE/APPsw-transgenic mice. Int.
J. Mol. Med. 2010, 25, 337–346. [CrossRef] [PubMed]

159. Kadir, A.; Kamarudin, M.N.A.; Mohd Raflee, N.A.; Syed Hussein, S.S.; Lo, J.Y.; Supriady, H. (R)-(+)-α-Lipoic acid protected
NG108-15cells against H2O2-induced cell death through PI3K-Akt/GSK-3β pathway and suppression of NF-κβ-cytokines. Drug
Des. Devel. Ther. 2014, 2014, 1765–1780. [CrossRef] [PubMed]

160. Yamada, T.; Hashida, K.; Takarada-Iemata, M.; Matsugo, S.; Hori, O. α-Lipoic acid (LA) enantiomers protect SH-SY5Y cells
against glutathione depletion. Neurochem. Int. 2011, 59, 1003–1009. [CrossRef]

161. Ahmed, H.H. Modulatory effects of vitamin E, acetyl-l-carnitine and α-lipoic acid on new potential biomarkers for Alzheimer’s
disease in rat model. Exp. Toxicol. Pathol. 2012, 64, 549–556. [CrossRef]

162. Saleh, H.M.; El-Sayed, Y.S.; Naser, S.M.; Eltahawy, A.S.; Onoda, A.; Umezawa, M. Efficacy of α-lipoic acid against cadmium
toxicity on metal ion and oxidative imbalance, and expression of metallothionein and antioxidant genes in rabbit brain. Environ.
Sci. Pollut. Res. 2017, 24, 24593–24601. [CrossRef]

http://doi.org/10.1007/s00395-007-0661-4
http://www.ncbi.nlm.nih.gov/pubmed/17530314
http://doi.org/10.1055/s-0029-1211455
http://doi.org/10.3390/ijms14046746
http://doi.org/10.1016/j.jdiacomp.2010.07.004
http://doi.org/10.1016/j.etap.2017.09.018
http://www.ncbi.nlm.nih.gov/pubmed/28985617
http://doi.org/10.3390/ijms17111802
http://www.ncbi.nlm.nih.gov/pubmed/27801825
http://doi.org/10.1002/prp2.306
http://www.ncbi.nlm.nih.gov/pubmed/28603627
http://doi.org/10.2119/molmed.2015.00035
http://doi.org/10.1096/fj.202001817RR
http://doi.org/10.1177/2050313X18819601
http://doi.org/10.1007/s11010-008-9705-9
http://www.ncbi.nlm.nih.gov/pubmed/18224425
http://doi.org/10.1016/S0304-3940(01)02205-4
http://doi.org/10.1016/j.bbrc.2006.01.063
http://doi.org/10.1016/j.neuint.2015.10.003
http://doi.org/10.1016/j.nbd.2018.11.026
http://www.ncbi.nlm.nih.gov/pubmed/30610916
http://doi.org/10.3389/fnagi.2020.00262
http://www.ncbi.nlm.nih.gov/pubmed/32973490
http://doi.org/10.3892/ijmm_00000350
http://www.ncbi.nlm.nih.gov/pubmed/20127037
http://doi.org/10.2147/DDDT.S67980
http://www.ncbi.nlm.nih.gov/pubmed/25336920
http://doi.org/10.1016/j.neuint.2011.09.005
http://doi.org/10.1016/j.etp.2010.11.012
http://doi.org/10.1007/s11356-017-0158-0


Pharmaceutics 2022, 14, 235 23 of 27

163. Metsla, K.; Kirss, S.; Laks, K.; Sildnik, G.; Palgi, M.; Palumaa, T.; Tõugu, V.; Palumaa, P. α-lipoic acid has the potential to normalize
copper metabolism, which is dysregulated in Alzheimer’s disease. bioRxiv 2021. [CrossRef] [PubMed]

164. Bulgakov, V.P.; Inyushkina, Y.V.; Fedoreyev, S.A. Rosmarinic acid and its derivatives: Biotechnology and applications. Crit. Rev.
Biotechnol. 2012, 32, 203–217. [CrossRef]

165. Nadeem, M.; Imran, M.; Aslam Gondal, T.; Imran, A.; Shahbaz, M.; Muhammad Amir, R.; Wasim Sajid, M.; Batool Qaisrani,
T.; Atif, M.; Hussain, G.; et al. Therapeutic Potential of Rosmarinic Acid: A Comprehensive Review. Appl. Sci. 2019, 9, 3139.
[CrossRef]

166. Lee, J.; Jung, E.; Lee, J.; Park, D. Rosemary (Rosmarinic Acid). In Molecular Targets and Therapeutic Uses of Spices; Aggarwal, B.B.,
Kunnumakkara, A.B., Eds.; World Scientific: Singapore, 2009; pp. 341–371.

167. Govindaraj, J.; Sorimuthu Pillai, S. Rosmarinic acid modulates the antioxidant status and protects pancreatic tissues from
glucolipotoxicity mediated oxidative stress in high-fat diet: Streptozotocin-induced diabetic rats. Mol. Cell. Biochem. 2015, 404,
143–159. [CrossRef] [PubMed]

168. Mushtaq, N.; Schmatz, R.; Ahmed, M.; Pereira, L.B.; da Costa, P.; Reichert, K.P.; Dalenogare, D.; Pelinson, L.P.; Vieira, J.M.;
Stefanello, N.; et al. Protective effect of rosmarinic acid against oxidative stress biomarkers in liver and kidney of strepotozotocin-
induced diabetic rats. J. Physiol. Biochem. 2015, 71, 743–751. [CrossRef]

169. Sotnikova, R.; Kaprinay, B.; Navarova, J. Rosmarinic acid mitigates signs of systemic oxidative stress in streptozotocin-induced
diabetes in rats. Gen. Physiol. Biophys. 2015, 34, 449–452. [CrossRef] [PubMed]

170. Mushtaq, N.; Schmatz, R.; Pereira, L.B.; Ahmad, M.; Stefanello, N.; Vieira, J.M.; Abdalla, F.; Rodrigues, M.V.; Baldissarelli,
J.; Pelinson, L.P.; et al. Rosmarinic acid prevents lipid peroxidation and increase in acetylcholinesterase activity in brain of
streptozotocin-induced diabetic rats. Cell Biochem. Funct. 2014, 32, 287–293. [CrossRef]

171. Jayanthy, G.; Subramanian, S. Rosmarinic acid, a polyphenol, ameliorates hyperglycemia by regulating the key enzymes of
carbohydrate metabolism in high fat diet—STZ induced experimental diabetes mellitus. Biomed. Prev. Nutr. 2014, 4, 431–437.
[CrossRef]

172. Inui, A.; Cheng, K.-C.; Asakawa, A.; Amitani, H.; Amitani, M.; Morinaga, A.; Takimoto, Y.; Kairupan, B.H.R.; Runtuwene, J.
Rosmarinic acid ameliorates hyperglycemia and insulin sensitivity in diabetic rats, potentially by modulating the expression of
PEPCK and GLUT4. Drug Des. Devel. Ther. 2016, 10, 2193–2202. [CrossRef]

173. Jayanthy, G.; Roshana Devi, V.; Ilango, K.; Subramanian, S.P. Rosmarinic Acid Mediates Mitochondrial Biogenesis in Insulin
Resistant Skeletal Muscle Through Activation of AMPK. J. Cell. Biochem. 2017, 118, 1839–1848. [CrossRef]

174. Zheng, Q.; Lazo, N.D. Mechanistic Studies of the Inhibition of Insulin Fibril Formation by Rosmarinic Acid. J. Phys. Chem. B 2018,
122, 2323–2331. [CrossRef]

175. Wu, L.; Velander, P.; Brown, A.M.; Wang, Y.; Liu, D.; Bevan, D.R.; Zhang, S.; Xu, B. Catechol-Containing Compounds are a Broad
Class of Protein Aggregation Inhibitors: II. Rosmarinic Acid Potently Detoxifies Amylin Amyloid and Ameliorates Diabetic
Pathology in HIP Rats. bioRxiv 2020. [CrossRef]

176. Mirhashemi, S.M.; Aarabi, M. Effect of two herbal polyphenol compounds on human amylin amyloid formation and destabiliza-
tion. J. Med. Plants Res. 2012, 6, 3207–3212. [CrossRef]

177. Iuvone, T.; De Filippis, D.; Esposito, G.; D’Amico, A.; Izzo, A.A. The Spice Sage and Its Active Ingredient Rosmarinic Acid Protect
PC12 Cells from Amyloid-β Peptide-Induced Neurotoxicity. J. Pharmacol. Exp. Ther. 2006, 317, 1143–1149. [CrossRef] [PubMed]

178. Alkam, T.; Nitta, A.; Mizoguchi, H.; Itoh, A.; Nabeshima, T. A natural scavenger of peroxynitrites, rosmarinic acid, protects
against impairment of memory induced by Aβ25–35. Behav. Brain Res. 2007, 180, 139–145. [CrossRef] [PubMed]

179. Sun, J.; Jiang, G.; Shigemori, H. Inhibitory Activity on Amyloid Aggregation of Rosmarinic Acid and Its Substructures From
Isodon japonicus. Nat. Prod. Commun. 2019, 14, 1934578X1984303. [CrossRef]

180. Rong, H.; Liang, Y.; Niu, Y. Rosmarinic acid attenuates β-amyloid-induced oxidative stress via Akt/GSK-3β/Fyn-mediated Nrf2
activation in PC12 cells. Free Radic. Biol. Med. 2018, 120, 114–123. [CrossRef]

181. Lee, H.J.; Cho, H.-S.; Park, E.; Kim, S.; Lee, S.-Y.; Kim, C.-S.; Kim, D.K.; Kim, S.-J.; Chun, H.S. Rosmarinic acid protects human
dopaminergic neuronal cells against hydrogen peroxide-induced apoptosis. Toxicology 2008, 250, 109–115. [CrossRef]

182. Hase, T.; Shishido, S.; Yamamoto, S.; Yamashita, R.; Nukima, H.; Taira, S.; Toyoda, T.; Abe, K.; Hamaguchi, T.; Ono, K.; et al.
Rosmarinic acid suppresses Alzheimer’s disease development by reducing amyloid β aggregation by increasing monoamine
secretion. Sci. Rep. 2019, 9, 8711. [CrossRef] [PubMed]

183. Yamamoto, S.; Kayama, T.; Noguchi-Shinohara, M.; Hamaguchi, T.; Yamada, M.; Abe, K.; Kobayashi, S. Rosmarinic acid
suppresses tau phosphorylation and cognitive decline by downregulating the JNK signaling pathway. NPJ Sci. Food 2021, 5, 1.
[CrossRef] [PubMed]

184. Kola, A.; Hecel, A.; Lamponi, S.; Valensin, D. Novel Perspective on Alzheimer’s Disease Treatment: Rosmarinic Acid Molecular
Interplay with Copper(II) and Amyloid β. Life 2020, 10, 118. [CrossRef]

185. Lee, A.Y.; Hwang, B.R.; Lee, M.H.; Lee, S.; Cho, E.J. Perilla frutescens var. japonica and rosmarinic acid improve amyloid-β 25-35
induced impairment of cognition and memory function. Nutr. Res. Pract. 2016, 10, 274–281. [CrossRef]

186. Kantar Gok, D.; Hidisoglu, E.; Ocak, G.A.; Er, H.; Acun, A.D.; Yargıcoglu, P. Protective role of rosmarinic acid on amyloid beta
42-induced echoic memory decline: Implication of oxidative stress and cholinergic impairment. Neurochem. Int. 2018, 118, 1–13.
[CrossRef]

http://doi.org/10.3233/JAD-215026
http://www.ncbi.nlm.nih.gov/pubmed/34864665
http://doi.org/10.3109/07388551.2011.596804
http://doi.org/10.3390/app9153139
http://doi.org/10.1007/s11010-015-2374-6
http://www.ncbi.nlm.nih.gov/pubmed/25735949
http://doi.org/10.1007/s13105-015-0438-4
http://doi.org/10.4149/gpb_2015025
http://www.ncbi.nlm.nih.gov/pubmed/26374995
http://doi.org/10.1002/cbf.3014
http://doi.org/10.1016/j.bionut.2014.03.006
http://doi.org/10.2147/DDDT.S108539
http://doi.org/10.1002/jcb.25869
http://doi.org/10.1021/acs.jpcb.8b00689
http://doi.org/10.1101/2020.12.13.873687
http://doi.org/10.5897/JMPR11.1789
http://doi.org/10.1124/jpet.105.099317
http://www.ncbi.nlm.nih.gov/pubmed/16495207
http://doi.org/10.1016/j.bbr.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17420060
http://doi.org/10.1177/1934578X19843039
http://doi.org/10.1016/j.freeradbiomed.2018.03.028
http://doi.org/10.1016/j.tox.2008.06.010
http://doi.org/10.1038/s41598-019-45168-1
http://www.ncbi.nlm.nih.gov/pubmed/31213631
http://doi.org/10.1038/s41538-021-00084-5
http://www.ncbi.nlm.nih.gov/pubmed/33514742
http://doi.org/10.3390/life10070118
http://doi.org/10.4162/nrp.2016.10.3.274
http://doi.org/10.1016/j.neuint.2018.04.008


Pharmaceutics 2022, 14, 235 24 of 27

187. Mirza, F.J.; Amber, S.; Sumera; Hassan, D.; Ahmed, T.; Zahid, S. Rosmarinic acid and ursolic acid alleviate deficits in cogni-
tion, synaptic regulation and adult hippocampal neurogenesis in an Aβ1-42-induced mouse model of Alzheimer’s disease.
Phytomedicine 2021, 83, 153490. [CrossRef]

188. Hasanein, P.; Mahtaj, A.K. Ameliorative effect of rosmarinic acid on scopolamine-induced memory impairment in rats. Neurosci.
Lett. 2015, 585, 23–27. [CrossRef]

189. Lin, X.; Watanabe, K.; Kuragano, M.; Kurotaki, Y.; Nakanishi, U.; Tokuraku, K. Dietary Intake of Rosmarinic Acid Increases Serum
Inhibitory Activity in Amyloid A Aggregation and Suppresses Deposition in the Organs of Mice. Int. J. Mol. Sci. 2020, 21, 6031.
[CrossRef] [PubMed]

190. Cornejo, A.; Aguilar Sandoval, F.; Caballero, L.; Machuca, L.; Muñoz, P.; Caballero, J.; Perry, G.; Ardiles, A.; Areche, C.; Melo, F.
Rosmarinic acid prevents fibrillization and diminishes vibrational modes associated to β sheet in tau protein linked to Alzheimer’s
disease. J. Enzyme Inhib. Med. Chem. 2017, 32, 945–953. [CrossRef] [PubMed]

191. Ogawa, K.; Ishii, A.; Shindo, A.; Hongo, K.; Mizobata, T.; Sogon, T.; Kawata, Y. Spearmint Extract Containing Rosmarinic Acid
Suppresses Amyloid Fibril Formation of Proteins Associated with Dementia. Nutrients 2020, 12, 3480. [CrossRef] [PubMed]

192. Minigh, J. Folic Acid. In xPharm: The Comprehensive Pharmacology Reference; Enna, S.J., Bylund, D.B., Eds.; Elsevier: Amsterdam,
The Netherlands, 2008; pp. 1–6. [CrossRef]

193. Casas, C. Vitamins. In Analysis of Cosmetic Products, 1st ed.; Salvador, A., Chisvert, A., Eds.; Elsevier: Amsterdam, The Netherlands,
2007; pp. 364–379. [CrossRef]

194. Atteia, B.M.R.; El-Kak, A.E.A.; Lucchesi, P.A.; Delafontane, P. Antioxidant activity of folic acid: From mechanism of action to
clinical application. FASEB J. 2009, 23, 103.7. [CrossRef]

195. Gargari, B.P.; Aghamohammadi, V.; Aliasgharzadeh, A. Effect of folic acid supplementation on biochemical indices in overweight
and obese men with type 2 diabetes. Diabetes Res. Clin. Pract. 2011, 94, 33–38. [CrossRef]

196. Sid, V.; Wu, N.; Sarna, L.K.; Siow, Y.L.; House, J.D. Folic acid supplementation during high-fat diet feeding restores AMPK
activation via an AMP-LKB1-dependent mechanism. Am. J. Physiol. Integr. Comp. Physiol. 2015, 309, 1215–1225. [CrossRef]

197. Li, W.; Tang, R.; Ma, F.; Ouyang, S.; Liu, Z.; Wu, J. Folic acid supplementation alters the DNA methylation profile and improves
insulin resistance in high-fat-diet-fed mice. J. Nutr. Biochem. 2018, 59, 76–83. [CrossRef]

198. Mutavdzin, S.; Gopcevic, K.; Stankovic, S.; Jakovljevic Uzelac, J.; Labudovic Borovic, M.; Djuric, D. The Effects of Folic Acid
Administration on Cardiac Oxidative Stress and Cardiovascular Biomarkers in Diabetic Rats. Oxid. Med. Cell. Longev. 2019, 2019,
1342549. [CrossRef]

199. Zabihi, S.; Erikssone, U.; Wentzel, P. Folic acid supplementation affects ROS scavenging enzymes, enhances Vegf-A, and
diminishes apoptotic state in yolk sacs of embryos of diabetic rats. Reprod. Toxicol. 2007, 23, 486–498. [CrossRef]

200. Lazalde-Ramos, B.P.; Zamora-Perez, A.L.; Sosa-Macías, M.; Guerrero-Velázquez, C.; Zúñiga-González, G.M. DNA and Oxidative
Damages Decrease After Ingestion of Folic Acid in Patients with Type 2 Diabetes. Arch. Med. Res. 2012, 43, 476–481. [CrossRef]
[PubMed]

201. Chen, H.; Liu, S.; Ji, L.; Wu, T.; Ji, Y.; Zhou, Y.; Zheng, M.; Zhang, M.; Xu, W.; Huang, G. Folic Acid Supplementation Mitigates
Alzheimer’s Disease by Reducing Inflammation: A Randomized Controlled Trial. Mediators Inflamm. 2016, 2016, 5912146.
[CrossRef] [PubMed]

202. Li, W.; Jiang, M.; Zhao, S.; Liu, H.; Zhang, X.; Wilson, J.; Huang, G. Folic Acid Inhibits Amyloid β-Peptide Production through
Modulating DNA Methyltransferase Activity in N2a-APP Cells. Int. J. Mol. Sci. 2015, 16, 25002–25013. [CrossRef]

203. Yu, H.-L.; Li, L.; Zhang, X.-H.; Xiang, L.; Zhang, J.; Feng, J.-F.; Xiao, R. Neuroprotective effects of genistein and folic acid on
apoptosis of rat cultured cortical neurons induced by β-amyloid 31-35. Br. J. Nutr. 2009, 102, 655–662. [CrossRef] [PubMed]

204. Ding, B.; Yuan, L.; Yu, H.; Li, L.; Ma, W.; Bi, Y.; Feng, J.; Xiao, R. Genistein and Folic Acid Prevent Oxidative Injury Induced by
β-Amyloid Peptide. Basic Clin. Pharmacol. Toxicol. 2011, 108, 333–340. [CrossRef]

205. Liu, H.; Li, W.; Zhao, S.; Zhang, X.; Zhang, M.; Xiao, Y.; Wilson, J.X.; Huang, G. Folic acid attenuates the effects of amyloid β

oligomers on DNA methylation in neuronal cells. Eur. J. Nutr. 2016, 55, 1849–1862. [CrossRef]
206. Liu, H.; Tian, T.; Qin, S.; Li, W.; Zhang, X.; Wang, X.; Gao, Y.; Huang, G. Folic acid deficiency enhances abeta accumulation in

APP/PS1 mice brain and decreases amyloid-associated miRNAs expression. J. Nutr. Biochem. 2015, 26, 1502–1508. [CrossRef]
207. Li, W.; Liu, H.; Yu, M.; Zhang, X.; Zhang, M.; Wilson, J.X.; Huang, G. Folic acid administration inhibits amyloid β-peptide

accumulation in APP/PS1 transgenic mice. J. Nutr. Biochem. 2015, 26, 883–891. [CrossRef]
208. Tian, T.; Bai, D.; Li, W.; Huang, G.-W.; Liu, H. Effects of Folic Acid on Secretases Involved in Aβ Deposition in APP/PS1 Mice.

Nutrients 2016, 8, 556. [CrossRef] [PubMed]
209. Ghasemzadeh, S.; Riazi, G.H. Inhibition of Tau amyloid fibril formation by folic acid: In-vitro and theoretical studies. Int. J. Biol.

Macromol. 2020, 154, 1505–1516. [CrossRef] [PubMed]
210. Bai, D.; Fan, J.; Li, M.; Dong, C.; Gao, Y.; Fu, M.; Huang, G.; Liu, H. Effects of Folic Acid Combined with DHA Supplementation

on Cognitive Function and Amyloid-β-Related Biomarkers in Older Adults with Mild Cognitive Impairment by a Randomized,
Double Blind, Placebo-Controlled Trial. J. Alzheimer’s Dis. 2021, 81, 155–167. [CrossRef] [PubMed]

211. Chen, T.-F.; Huang, R.-F.S.; Lin, S.-E.; Lu, J.-F.; Tang, M.-C.; Chiu, M.-J. Folic Acid Potentiates the Effect of Memantine on Spatial
Learning and Neuronal Protection in an Alzheimer’s Disease Transgenic Model. J. Alzheimer’s Dis. 2010, 20, 607–615. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.phymed.2021.153490
http://doi.org/10.1016/j.neulet.2014.11.027
http://doi.org/10.3390/ijms21176031
http://www.ncbi.nlm.nih.gov/pubmed/32825797
http://doi.org/10.1080/14756366.2017.1347783
http://www.ncbi.nlm.nih.gov/pubmed/28701064
http://doi.org/10.3390/nu12113480
http://www.ncbi.nlm.nih.gov/pubmed/33202830
http://doi.org/10.1016/B978-008055232-3.61782-9
http://doi.org/10.1016/B978-044452260-3/50045-0
http://doi.org/10.1096/fasebj.23.1_supplement.103.7
http://doi.org/10.1016/j.diabres.2011.07.003
http://doi.org/10.1152/ajpregu.00260.2015
http://doi.org/10.1016/j.jnutbio.2018.05.010
http://doi.org/10.1155/2019/1342549
http://doi.org/10.1016/j.reprotox.2007.03.007
http://doi.org/10.1016/j.arcmed.2012.08.013
http://www.ncbi.nlm.nih.gov/pubmed/22964462
http://doi.org/10.1155/2016/5912146
http://www.ncbi.nlm.nih.gov/pubmed/27340344
http://doi.org/10.3390/ijms161025002
http://doi.org/10.1017/S0007114509243042
http://www.ncbi.nlm.nih.gov/pubmed/19331699
http://doi.org/10.1111/j.1742-7843.2010.00661.x
http://doi.org/10.1007/s00394-015-1002-2
http://doi.org/10.1016/j.jnutbio.2015.07.020
http://doi.org/10.1016/j.jnutbio.2015.03.009
http://doi.org/10.3390/nu8090556
http://www.ncbi.nlm.nih.gov/pubmed/27618097
http://doi.org/10.1016/j.ijbiomac.2019.11.032
http://www.ncbi.nlm.nih.gov/pubmed/31751728
http://doi.org/10.3233/JAD-200997
http://www.ncbi.nlm.nih.gov/pubmed/33749643
http://doi.org/10.3233/JAD-2010-1396
http://www.ncbi.nlm.nih.gov/pubmed/20164552


Pharmaceutics 2022, 14, 235 25 of 27

212. Figueiredo, C.P.; Bicca, M.A.; Latini, A.; Prediger, R.D.S.; Medeiros, R.; Calixto, J.B. Folic Acid Plus α-Tocopherol Mitigates
Amyloid-β-Induced Neurotoxicity through Modulation of Mitochondrial Complexes Activity. J. Alzheimer’s Dis. 2011, 24, 61–75.
[CrossRef]

213. Ma, W.; Xiang, L.; Yu, H.-L.; Yuan, L.-H.; Guo, A.-M.; Xiao, Y.-X.; Li, L.; Xiao, R. Neuroprotection of soyabean isoflavone
co-administration with folic acid against β-amyloid 1-40-induced neurotoxicity in rats. Br. J. Nutr. 2009, 102, 502–505. [CrossRef]
[PubMed]

214. Pollier, J.; Goossens, A. Oleanolic acid. Phytochemistry 2012, 77, 10–15. [CrossRef]
215. Ayeleso, T.; Matumba, M.; Mukwevho, E. Oleanolic Acid and Its Derivatives: Biological Activities and Therapeutic Potential in

Chronic Diseases. Molecules 2017, 22, 1915. [CrossRef]
216. Lin, C.; Wen, X.; Sun, H. Oleanolic acid derivatives for pharmaceutical use: A patent review. Expert Opin. Ther. Pat. 2016, 26,

643–655. [CrossRef]
217. Mapanga, R.F.; Rajamani, U.; Dlamini, N.; Zungu-Edmondson, M.; Kelly-Laubscher, R.; Shafiullah, M.; Wahab, A.; Hasan, M.Y.;

Fahim, M.A.; Rondeau, P.; et al. Oleanolic Acid: A Novel Cardioprotective Agent That Blunts Hyperglycemia-Induced Contractile
Dysfunction. PLoS ONE 2012, 7, e47322. [CrossRef]

218. Musabayane, C.T.; Tufts, M.A.; Mapanga, R.F. Synergistic antihyperglycemic effects between plant-derived oleanolic acid and
insulin in streptozotocin-induced diabetic rats. Ren. Fail. 2010, 32, 832–839. [CrossRef] [PubMed]

219. Wang, X.; Liu, R.; Zhang, W.; Zhang, X.; Liao, N.; Wang, Z.; Li, W.; Qin, X.; Hai, C. Oleanolic acid improves hepatic insulin
resistance via antioxidant, hypolipidemic and anti-inflammatory effects. Mol. Cell. Endocrinol. 2013, 376, 70–80. [CrossRef]
[PubMed]

220. Zeng, X.-Y.; Wang, Y.-P.; Cantley, J.; Iseli, T.J.; Molero, J.C.; Hegarty, B.D.; Kraegen, E.W.; Ye, Y.; Ye, J.-M. Oleanolic Acid Reduces
Hyperglycemia beyond Treatment Period with Akt/FoxO1-Induced Suppression of Hepatic Gluconeogenesis in Type-2 Diabetic
Mice. PLoS ONE 2012, 7, e42115. [CrossRef] [PubMed]

221. de Melo, C.L.; Queiroz, M.G.R.; Fonseca, S.G.C.; Bizerra, A.M.C.; Lemos, T.L.G.; Melo, T.S.; Santos, F.A.; Rao, V.S. Oleanolic acid,
a natural triterpenoid improves blood glucose tolerance in normal mice and ameliorates visceral obesity in mice fed a high-fat
diet. Chem. Biol. Interact. 2010, 185, 59–65. [CrossRef]

222. Hsu, J.-H.; Wu, Y.-C.; Liu, I.-M.; Cheng, J.-T. Release of acetylcholine to raise insulin secretion in Wistar rats by oleanolic acid, one
of the active principles contained in Cornus officinalis. Neurosci. Lett. 2006, 404, 112–116. [CrossRef] [PubMed]

223. Castellano, J.M.; Guinda, A.; Delgado, T.; Rada, M.; Cayuela, J.A. Biochemical Basis of the Antidiabetic Activity of Oleanolic Acid
and Related Pentacyclic Triterpenes. Diabetes 2013, 62, 1791–1799. [CrossRef]

224. Ding, H.; Hu, X.; Xu, X.; Zhang, G.; Gong, D. Inhibitory mechanism of two allosteric inhibitors, oleanolic acid and ursolic acid on
α-glucosidase. Int. J. Biol. Macromol. 2018, 107, 1844–1855. [CrossRef]

225. Castellano, J.M.; Guinda, A.; Macías, L.; Santos-Lozano, J.M.; Lapetra, J.; Rada, M. Free radical scavenging and α-glucosidase
inhibition, two potential mechanisms involved in the anti-diabetic activity of oleanolic acid. Grasas y Aceites 2016, 67, e142.
[CrossRef]

226. Gao, D.; Li, Q.; Li, Y.; Liu, Z.; Fan, Y.; Liu, Z.; Zhao, H.; Li, J.; Han, Z. Antidiabetic and antioxidant effects of oleanolic acid from
Ligustrum lucidum Ait in alloxan-induced diabetic rats. Phyther. Res. 2009, 23, 1257–1262. [CrossRef]

227. Lee, E.S.; Kim, H.M.; Kang, J.S.; Lee, E.Y.; Yadav, D.; Kwon, M.-H.; Kim, Y.M.; Kim, H.S.; Chung, C.H. Oleanolic acid and
N-acetylcysteine ameliorate diabetic nephropathy through reduction of oxidative stress and endoplasmic reticulum stress in a
type 2 diabetic rat model. Nephrol. Dial. Transplant. 2016, 31, 391–400. [CrossRef]

228. Wang, X.; Chen, Y.; Abdelkader, D.; Hassan, W.; Sun, H.; Liu, J. Combination Therapy with Oleanolic Acid and Metformin as a
Synergistic Treatment for Diabetes. J. Diabetes Res. 2015, 2015, 973287. [CrossRef]

229. Mukundwa, A.; Mukaratirwa, S.; Masola, B. Effects of oleanolic acid on the insulin signaling pathway in skeletal muscle of
streptozotocin-induced diabetic male Sprague-Dawley rats. J. Diabetes 2016, 8, 98–108. [CrossRef] [PubMed]

230. Yoo, K.-Y.; Park, S.-Y. Terpenoids as Potential Anti-Alzheimer’s Disease Therapeutics. Molecules 2012, 17, 3524–3538. [CrossRef]
231. Tsai, S.-J.; Yin, M.-C. Antioxidative and Anti-Inflammatory Protection of Oleanolic Acid and Ursolic Acid in PC12 Cells. J. Food

Sci. 2008, 73, H174–H178. [CrossRef] [PubMed]
232. Cho, S.O.; Ban, J.Y.; Kim, J.Y.; Jeong, H.Y.; Lee, I.S.; Song, K.-S.; Bae, K.; Seong, Y.H. Aralia cordata Protects Against Amyloid β

Protein (25–35)–Induced Neurotoxicity in Cultured Neurons and Has Antidementia Activities in Mice. J. Pharmacol. Sci. 2009, 111,
22–32. [CrossRef] [PubMed]

233. Wang, K.; Sun, W.; Zhang, L.; Guo, W.; Xu, J.; Liu, S.; Zhou, Z.; Zhang, Y. Oleanolic Acid Ameliorates Aβ25-35 Injection-induced
Memory Deficit in Alzheimer’s Disease Model Rats by Maintaining Synaptic Plasticity. CNS Neurol. Disord.-Drug Targets 2018, 17,
389–399. [CrossRef] [PubMed]

234. Msibi, Z.N.P.; Mabandla, M.V. Oleanolic Acid Mitigates 6-Hydroxydopamine Neurotoxicity by Attenuating Intracellular ROS in
PC12 Cells and Striatal Microglial Activation in Rat Brains. Front. Physiol. 2019, 10, 1059. [CrossRef]

235. Mabandla, M.V.; Nyoka, M.; Daniels, W.M.U. Early use of oleanolic acid provides protection against 6-hydroxydopamine induced
dopamine neurodegeneration. Brain Res. 2015, 1622, 64–71. [CrossRef] [PubMed]

236. Castellano, J.M.; Garcia-Rodriguez, S.; Espinosa, J.M.; Millan-Linares, M.C.; Rada, M.; Perona, J.S. Oleanolic Acid Exerts a
Neuroprotective Effect Against Microglial Cell Activation by Modulating Cytokine Release and Antioxidant Defense Systems.
Biomolecules 2019, 9, 683. [CrossRef] [PubMed]

http://doi.org/10.3233/JAD-2010-101320
http://doi.org/10.1017/S0007114509274757
http://www.ncbi.nlm.nih.gov/pubmed/19534845
http://doi.org/10.1016/j.phytochem.2011.12.022
http://doi.org/10.3390/molecules22111915
http://doi.org/10.1080/13543776.2016.1182988
http://doi.org/10.1371/journal.pone.0047322
http://doi.org/10.3109/0886022X.2010.494802
http://www.ncbi.nlm.nih.gov/pubmed/20662697
http://doi.org/10.1016/j.mce.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23791844
http://doi.org/10.1371/journal.pone.0042115
http://www.ncbi.nlm.nih.gov/pubmed/22860063
http://doi.org/10.1016/j.cbi.2010.02.028
http://doi.org/10.1016/j.neulet.2006.05.025
http://www.ncbi.nlm.nih.gov/pubmed/16759806
http://doi.org/10.2337/db12-1215
http://doi.org/10.1016/j.ijbiomac.2017.10.040
http://doi.org/10.3989/gya.1237153
http://doi.org/10.1002/ptr.2603
http://doi.org/10.1093/ndt/gfv377
http://doi.org/10.1155/2015/973287
http://doi.org/10.1111/1753-0407.12260
http://www.ncbi.nlm.nih.gov/pubmed/25564701
http://doi.org/10.3390/molecules17033524
http://doi.org/10.1111/j.1750-3841.2008.00864.x
http://www.ncbi.nlm.nih.gov/pubmed/18803714
http://doi.org/10.1254/jphs.08271FP
http://www.ncbi.nlm.nih.gov/pubmed/19763045
http://doi.org/10.2174/1871527317666180525113109
http://www.ncbi.nlm.nih.gov/pubmed/29793416
http://doi.org/10.3389/fphys.2019.01059
http://doi.org/10.1016/j.brainres.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26111646
http://doi.org/10.3390/biom9110683
http://www.ncbi.nlm.nih.gov/pubmed/31683841


Pharmaceutics 2022, 14, 235 26 of 27

237. Jeon, S.J.; Lee, H.J.; Lee, H.E.; Park, S.J.; Gwon, Y.; Kim, H.; Zhang, J.; Shin, C.Y.; Kim, D.H.; Ryu, J.H. Oleanolic acid ameliorates
cognitive dysfunction caused by cholinergic blockade via TrkB-dependent BDNF signaling. Neuropharmacology 2017, 113, 100–109.
[CrossRef]

238. Yang, E.-J.; Lee, W.; Ku, S.-K.; Song, K.-S.; Bae, J.-S. Anti-inflammatory activities of oleanolic acid on HMGB1 activated HUVECs.
Food Chem. Toxicol. 2012, 50, 1288–1294. [CrossRef]

239. Zhang, L.; Xia, R.; Jia, J.; Wang, L.; Li, K.; Li, Y.; Zhang, J. Oleanolic acid protects against cognitive decline and neuroinflammation-
mediated neurotoxicity by blocking secretory phospholipase A2 IIA-activated calcium signals. Mol. Immunol. 2018, 99, 95–103.
[CrossRef]

240. Zhang, Y.-L.; Zhou, Z.; Han, W.-W.; Zhang, L.-L.; Song, W.-S.; Huang, J.-H.; Liu, S. Oleanolic Acid Inhibiting the Differentiation
of Neural Stem Cells into Astrocyte by Down-Regulating JAK/STAT Signaling Pathway. Am. J. Chin. Med. 2016, 44, 103–117.
[CrossRef] [PubMed]

241. Guo, Q.; He, J.; Zhang, H.; Yao, L.; Li, H. Oleanolic acid alleviates oxidative stress in Alzheimer’s disease by regulating
stanniocalcin-1 and uncoupling protein-2 signalling. Clin. Exp. Pharmacol. Physiol. 2020, 47, 1263–1271. [CrossRef] [PubMed]

242. Lin, K.; Sze, S.C.-W.; Liu, B.; Zhang, Z.; Zhang, Z.; Zhu, P.; Wang, Y.; Deng, Q.; Yung, K.K.-L.; Zhang, S. 20(S)-protopanaxadiol
and oleanolic acid ameliorate cognitive deficits in APP/PS1 transgenic mice by enhancing hippocampal neurogenesis. J. Ginseng
Res. 2021, 45, 325–333. [CrossRef]

243. Seo, D.Y.; Lee, S.R.; Heo, J.-W.; No, M.-H.; Rhee, B.D.; Ko, K.S.; Kwak, H.-B.; Han, J. Ursolic acid in health and disease. Korean J.
Physiol. Pharmacol. 2018, 22, 235–248. [CrossRef]

244. Jinhua, W. Ursolic acid: Pharmacokinetics process in vitro and in vivo, a mini review. Arch. Pharm. 2019, 352, 1800222. [CrossRef]
245. Lee, J.; Lee, H.-I.; Seo, K.-I.; Cho, H.W.; Kim, M.-J.; Park, E.-M.; Lee, M.-K. Effects of ursolic acid on glucose metabolism, the polyol

pathway and dyslipidemia in non-obese type 2 diabetic mice. Indian J. Exp. Biol. 2014, 52, 683–691. [PubMed]
246. Wang, E.-M.; Fan, Q.-L.; Yue, Y.; Xu, L. Ursolic Acid Attenuates High Glucose-Mediated Mesangial Cell Injury by Inhibiting the

Phosphatidylinositol 3-Kinase/Akt/Mammalian Target of Rapamycin (PI3K/Akt/mTOR) Signaling Pathway. Med. Sci. Monit.
2018, 24, 846–854. [CrossRef]

247. Lu, X.; Fan, Q.; Xu, L.; Li, L.; Yue, Y.; Xu, Y.; Su, Y.; Zhang, D.; Wang, L. Ursolic Acid Attenuates Diabetic Mesangial Cell
Injury through the Up-Regulation of Autophagy via miRNA-21/PTEN/Akt/mTOR Suppression. PLoS ONE 2015, 10, e0117400.
[CrossRef]

248. Sundaresan, A.; Radhiga, T.; Pugalendi, K.V. Effect of ursolic acid and Rosiglitazone combination on hepatic lipid accumulation
in high fat diet-fed C57BL/6J mice. Eur. J. Pharmacol. 2014, 741, 297–303. [CrossRef]

249. Alkreathy, H.M.; Ahmad, A. Catharanthus roseus Combined with Ursolic Acid Attenuates Streptozotocin-Induced Diabetes
through Insulin Secretion and Glycogen Storage. Oxid. Med. Cell. Longev. 2020, 2020, 8565760. [CrossRef]

250. Mourya, A.; Akhtar, A.; Ahuja, S.; Sah, S.P.; Kumar, A. Synergistic action of ursolic acid and metformin in experimental model of
insulin resistance and related behavioral alterations. Eur. J. Pharmacol. 2018, 835, 31–40. [CrossRef] [PubMed]

251. Wang, L.; Wang, G.; Liu, J.; Li, D.; Wu, L. Effects of ursolic acid in ameliorating insulin resistance in liver of KKAy mice via
peroxisome proliferator-activated receptors α and γ. J. Chinese Integr. Med. 2012, 10, 793–799. [CrossRef] [PubMed]

252. Ma, T.; Xu, L.; Lu, L.; Cao, X.; Li, X.; Li, L.; Wang, X.; Fan, Q. Ursolic Acid Treatment Alleviates Diabetic Kidney Injury By
Regulating The ARAP1/AT1R Signaling Pathway. Diabetes Metab. Syndr. Obes. Targets Ther. 2019, 12, 2597–2608. [CrossRef]

253. Xu, H.; Wang, X.; Cheng, Y.; Zhao, J.; Zhou, Y.; Yang, J.; Qi, M. Ursolic acid improves diabetic nephropathy via suppression of
oxidative stress and inflammation in streptozotocin-induced rats. Biomed. Pharmacother. 2018, 105, 915–921. [CrossRef] [PubMed]

254. Kwon, E.-Y.; Shin, S.-K.; Choi, M.-S. Ursolic Acid Attenuates Hepatic Steatosis, Fibrosis, and Insulin Resistance by Modulating
the Circadian Rhythm Pathway in Diet-Induced Obese Mice. Nutrients 2018, 10, 1719. [CrossRef]

255. González-Garibay, A.S.; López-Vázquez, A.; García-Bañuelos, J.; Sánchez-Enríquez, S.; Sandoval-Rodríguez, A.S.; Del Toro
Arreola, S.; Bueno-Topete, M.R.; Muñoz-Valle, J.F.; González Hita, M.E.; Domínguez-Rosales, J.A.; et al. Effect of Ursolic Acid on
Insulin Resistance and Hyperinsulinemia in Rats with Diet-Induced Obesity: Role of Adipokines Expression. J. Med. Food 2020,
23, 297–304. [CrossRef]

256. Wilkinson, K.; Boyd, J.D.; Glicksman, M.; Moore, K.J.; El Khoury, J. A High Content Drug Screen Identifies Ursolic Acid as an
Inhibitor of Amyloid β Protein Interactions with Its Receptor CD36. J. Biol. Chem. 2011, 286, 34914–34922. [CrossRef]

257. Liang, W.; Zhao, X.; Feng, J.; Song, F.; Pan, Y. Ursolic acid attenuates beta-amyloid-induced memory impairment in mice. Arq.
Neuropsiquiatr. 2016, 74, 482–488. [CrossRef]

258. De la Monte, S.M. Brain Insulin Resistance and Deficiency as Therapeutic Targets in Alzheimers Disease. Curr. Alzheimer Res.
2012, 9, 35–66. [CrossRef]

259. Pivovarova, O.; Höhn, A.; Grune, T.; Pfeiffer, A.F.; Rudovich, N. Insulin-degrading enzyme: New therapeutic target for diabetes
and Alzheimer’s disease? Ann. Med. 2016, 48, 614–624. [CrossRef] [PubMed]

260. Solinas, G.; Becattini, B. JNK at the crossroad of obesity, insulin resistance, and cell stress response. Mol. Metab. 2017, 6, 174–184.
[CrossRef]

261. Li, X.; Song, D.; Leng, S.X. Link between type 2 diabetes and Alzheimer’s disease: From epidemiology to mechanism and
treatment. Clin. Interv. Aging 2015, 10, 549–560. [CrossRef]

262. Yarza, R.; Vela, S.; Solas, M.; Ramirez, M.J. c-Jun N-terminal kinase (JNK) signaling as a therapeutic target for Alzheimer’s disease.
Front. Pharmacol. 2016, 6, 321. [CrossRef]

http://doi.org/10.1016/j.neuropharm.2016.07.029
http://doi.org/10.1016/j.fct.2012.02.026
http://doi.org/10.1016/j.molimm.2018.04.015
http://doi.org/10.1142/S0192415X16500075
http://www.ncbi.nlm.nih.gov/pubmed/26916917
http://doi.org/10.1111/1440-1681.13292
http://www.ncbi.nlm.nih.gov/pubmed/32100892
http://doi.org/10.1016/j.jgr.2020.07.003
http://doi.org/10.4196/kjpp.2018.22.3.235
http://doi.org/10.1002/ardp.201800222
http://www.ncbi.nlm.nih.gov/pubmed/25059036
http://doi.org/10.12659/MSM.907814
http://doi.org/10.1371/journal.pone.0117400
http://doi.org/10.1016/j.ejphar.2014.07.032
http://doi.org/10.1155/2020/8565760
http://doi.org/10.1016/j.ejphar.2018.07.056
http://www.ncbi.nlm.nih.gov/pubmed/30075220
http://doi.org/10.3736/jcim20120710
http://www.ncbi.nlm.nih.gov/pubmed/22805086
http://doi.org/10.2147/DMSO.S222323
http://doi.org/10.1016/j.biopha.2018.06.055
http://www.ncbi.nlm.nih.gov/pubmed/30021385
http://doi.org/10.3390/nu10111719
http://doi.org/10.1089/jmf.2019.0154
http://doi.org/10.1074/jbc.M111.232116
http://doi.org/10.1590/0004-282x20160065
http://doi.org/10.2174/156720512799015037
http://doi.org/10.1080/07853890.2016.1197416
http://www.ncbi.nlm.nih.gov/pubmed/27320287
http://doi.org/10.1016/j.molmet.2016.12.001
http://doi.org/10.2147/CIA.S74042
http://doi.org/10.3389/fphar.2015.00321


Pharmaceutics 2022, 14, 235 27 of 27

263. Subramanian, S.L.; Hull, R.L.; Zraika, S.; Aston-Mourney, K.; Udayasankar, J.; Kahn, S.E. cJUN N-terminal kinase (JNK)
activation mediates islet amyloid-induced beta cell apoptosis in cultured human islet amyloid polypeptide transgenic mouse
islets. Diabetologia 2012, 55, 166–174. [CrossRef] [PubMed]

264. Cooper, B.M.; Iegre, J.; O’ Donovan, D.H.; Ölwegård Halvarsson, M.; Spring, D.R. Peptides as a platform for targeted therapeutics
for cancer: Peptide–drug conjugates (PDCs). Chem. Soc. Rev. 2021, 50, 1480–1494. [CrossRef]

265. Gozes, I.; Divinski, I.; Piltzer, I. NAP and D-SAL: Neuroprotection against the β amyloid peptide (1–42). BMC Neurosci. 2008,
9, S3. [CrossRef] [PubMed]

http://doi.org/10.1007/s00125-011-2338-7
http://www.ncbi.nlm.nih.gov/pubmed/22038516
http://doi.org/10.1039/D0CS00556H
http://doi.org/10.1186/1471-2202-9-S3-S3
http://www.ncbi.nlm.nih.gov/pubmed/19091000

	Introduction 
	Small Bioactive Compounds 
	Ascorbic Acid 
	Acetylsalicylic Acid 
	Gallic Acid 
	Protocatechuic Acid 
	p-Coumaric Acid 
	Ferulic Acid 
	Sinapic Acid 
	Lipoic Acid 
	Rosmarinic Acid 
	Folic Acid 
	Oleanolic Acid 
	Ursolic Acid 

	Conclusions and Perspectives 
	References

