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The aim of this special issue on “Bioactive Compounds of
Food: Their Role in the Prevention and Treatment of Diseases” is to provide a representation of the new trends of
bioactive compounds of food involved in diﬀerent pathologies. Food bioactive compounds are extranutritional constituents that typically occur in small quantities in foods. In
summary, numerous bioactive compounds appear to have
beneﬁcial health eﬀects. Much scientiﬁc research needs to
be conducted before we can begin to make science-based dietary recommendations. Despite this, there is suﬃcient evidence to recommend consuming food sources rich in
bioactive compounds. From a practical perspective, this
translates to recommending a diet rich in a variety of fruits,
vegetables, whole grains, legumes, oils, and nuts. Therefore,
the current issue will be focused on identifying as well as
understanding the mechanistic role of food bioactive compounds in a range of human pathologies. This issue is logically divided into four main areas: (a) bioactive compounds
and inﬂammation, (b) functional food in chronic diseases,
(c) bone health and polyphenols, and (d) neuroprotective
eﬀects of bioactive compounds. Forty-four papers were
selected through our routine rigorous double-blind external
peer review by qualiﬁed experts. Due to the capacity limitation, some papers have already appeared earlier in the last
issue (volume 2019, No. 2019). Some papers are brieﬂy introduced below.

1. Bioactive Compounds and Inflammation
Inﬂammation is the major cause and aggravating factor of
various acute or chronic pathological conditions, including

photoaging, diabetes, and cancer. The inﬂammatory
response promotes the activation of transcriptional factors
and proinﬂammatory cytokines, which can lead to an unresolved inﬂammatory response associated with an inhibition
of insulin signaling and high risk for cardiovascular events.
Epidemiological and intervention studies have been carried
out to ﬁnd out dietary patterns, foods, and bioactive compounds with protective anti-inﬂammatory actions. Thus, a
way to prevent inﬂammation which can lead to carcinogenesis or cardiovascular diseases is through the use of bioactive
food compounds of spices and herbs which show both antioxidant and anti-inﬂammatory properties. For this reason,
anti-inﬂammatory phytochemicals could represent an exogenous aid crucial for the prevention of chronic diseases mediated by inﬂammatory processes.
An important paper by A. Kicel et al. (published in Vol.
2018) entitled “Multifunctional Phytocompounds in Cotoneaster Fruits: Phytochemical Proﬁling, Cellular Safety, AntiInﬂammatory and Antioxidant Eﬀects in Chemical and
Human Plasma Models In Vitro” provide a more detailed
insight into the chemical composition and activity of Cotoneaster fruits. To this end, the fruits from nine species of Cotoneaster cultivated in Poland were analyzed for a range of
lipophilic and hydrophilic (polyphenolic) constituents with
acknowledged health-promoting properties using a combination of chromatographic and spectroscopic methods
(GC-FID-MS, UHPLC-PDA-ESI-MS3, and UV-Vis spectrophotometry). The most promising polyphenolic fractions
were then subjected to an analysis of antioxidant activity
comprising eight complementary in vitro tests (both chemical and biological plasma models) covering some of the
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mechanisms crucial for reducing the level of oxidative
damage in the human organism, that is, scavenging of free
radicals, enhancement of the nonenzymatic antioxidant
capacity of blood plasma, and protection of its lipid and protein components against oxidative/nitrative changes. Additionally, the inhibitory eﬀects of the fruit extract on the
proinﬂammatory enzymes, that is, lipoxygenase and hyaluronidase, were also measured. Hence, Cotoneaster fruits
appear to be promising candidates for the production of
pharma- and nutraceuticals associated with preventing and
treating oxidative stress and inﬂammatory-related chronic
diseases; they may also contribute to a balanced and varied
diet comprising food rich in bioactive compounds.
Falcarinol (FA) and falcarindiol (FD) are the most abundant carrot-derived polyacetylenes and have a demonstrated
anti-inﬂammatory eﬀect, in part by the suppression of NFκB.
FD has been shown to activate Nrf2 by S-alkylation of its
inhibitor protein Keap1. A. Stefanson and M. Bakovic (published in Vol. 2018) evaluate for the ﬁrst time the protective
eﬀect of diet-achievable levels of FA against intestinal inﬂammation in comparison to sulforaphane (SF)—widely recognized as the most potent natural compound activator of the
Nrf2/ARE pathway. The results are described in the paper
“Falcarinol Is a Potent Inducer of Heme Oxygenase-1 and
Was More Eﬀective than Sulforaphane in Attenuating Intestinal Inﬂammation at Diet-Achievable Doses.”
Sepsis is an organ dysfunction that results from a dysregulated host response to infection. It is known that there is an
interrelation between redox processes and inﬂammation and
that reactive species can activate inﬂammatory signaling
pathways and that inﬂammatory cells can produce more
reactive species, resulting in a vicious cycle leading to a redox
and inﬂammatory disequilibrium, and thus may be a determining factor in the sepsis outcome. Thus, the interaction
between redox processes and inﬂammation would be a determining factor for the antioxidant selection with therapeutic
potential to minimize systemic damage and improve the septic animal’s survival. K. P. Lúcio et al. (published in Vol.
2018) evaluate the anti-inﬂammatory and antioxidant properties of Morus nigra L. in a sepsis model induced by LPS.
Male C57BL/6 mice were distributed into four groups: ?control, sepsis, sepsis treated with leaf extract of mulberry, and
sepsis treated with mulberry pulp. The animals were treated
with 100 μL of their respective treatments for twenty-one
days. Sepsis was induced at the 21st day with lipopolysaccharide (LPS) by intraperitoneal injection. The results of the
paper “Anti-Inﬂammatory and Antioxidant Properties of
Black Mulberry (Morus nigra L.) in a Model of LPSInduced Sepsis” showed that the treatment with the extracts
of leaves and the pulp of Morus nigra produced beneﬁcial
eﬀects on the modulation of important parameters that are
normally altered in sepsis.
Diﬀerent strategies for the treatment of sepsis have
emerged in the last few years, but none of them has proven
to be beneﬁcial in clinical trials. Lipids can modulate leukocyte function and therefore the immune response. Omega-9
is a natural agonist of peroxisome proliferator-activated
receptor (PPAR). PPAR gamma ligands had been demonstrated to protect septic animals against microvascular

Oxidative Medicine and Cellular Longevity
dysfunction and enhance bacterial elimination through neutrophil extracellular trap formation. The paper entitled
“Omega-9 Oleic Acid, the Main Compound of Olive Oil, Mitigates Inﬂammation during Experimental Sepsis” by I. M.
Medeiros-de-Moraes et al. (published in Vol. 2018) investigated the eﬀect of Omega-9 on systemic corticosterone levels,
inﬂammatory markers, cell migration, bacterial clearance, and
nuclear receptor PPAR gamma expression in both liver and
adipose tissues during experimental sepsis. The authors also
studied Omega-9 eﬀects on leukocyte rolling in vivo. It has
been demonstrated that Omega-9 modulated the immune
response in septic mice. Omega-9 decreased the production
of proinﬂammatory cytokines, increased IL-10 production,
reduced neutrophil migration and accumulation in the site
of infection, and also improved bacterial clearance. Omega-9
treatment aﬀected leukocyte traﬃcking in septic animals and
inﬂamed cremaster muscle postcapillary venules by decreasing selectin-dependent leukocyte rolling in vivo.

2. Functional Food in Chronic Diseases
Obesity, insulin resistance, hypertension, chronic inﬂammation, dyslipidemia, and oxidative stress are considered the
major risk factors for diﬀerent pathologies. The paper entitled “Gamma Oryzanol Treats Obesity-Induced Kidney Injuries by Modulating the Adiponectin Receptor 2/PPAR-α
Axis” evaluated the eﬀect of γOz to recover renal function
in obese animals by high sugar-fat diet by the modulation
of the adiponectin receptor 2/PPAR-α axis. F. V. Francisqueti
et al. (published in Vol. 2018) concluded that Oz is able to
modulate PPAR-α expression, inﬂammation, and oxidative
stress pathways improving obesity-induced renal disease.
Hypertension is a dominant risk factor for chronic diseases, including cardiovascular disorders, stroke, renal diseases, and diabetes. Hypertension is the second leading
cause of disability around the world. Bioactive phytoconstituents, available as natural components in foods and medicinal
plants, provide preventive and curative health beneﬁts to
improve cardiovascular health. The functionalities of bioactives from green resources, including the inhibition of the
activity of enzymes or the formation of complexes with
metals, which catalyze the oxidation reaction and the capacity to modulate metabolic processes, may result in the eradication and management of cardiovascular diseases. F.
Hussain et al. (published in Vol. 2018) investigated these
themes by identifying and characterizing the bioactive compounds of Coriandrum sativum responsible for the treatment
of hypertension through LC-ESI-MS/MS and by exploring
their mechanism of action as angiotensin-converting enzyme
(ACE) inhibitors in the work “Identiﬁcation of Hypotensive
Biofunctional Compounds of Coriandrum sativum and Evaluation of Their Angiotensin-Converting Enzyme (ACE)
Inhibition Potential.”
The incidence of diabetes mellitus (DM), a metabolic
?disturbance disease characterized by chronic hyperglycemia,
has increased rapidly worldwide. Currently, a global population of 382 million people is diagnosed with DM and this
number is predicted to rise to 592 million by 2035. Current
antidiabetic therapies have some limitations. Moreover, DM
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is a chronic disease with miscellaneous complications that
require long-term treatment. Some eﬀective Western medicines for diabetes are associated with high cost and adverse
eﬀects. Therefore, it is necessary to ﬁnd alternative agents
for the treatment of diabetes and its complications that have
lower costs and fewer side eﬀects. Phytochemicals are
regarded as an important source for treating human health
problems, including DM. Foods are composed of a variety
of bioactive substances such as polysaccharides, pigments,
minerals, peptides, and polyphenols, which have valuable
pharmaceutical and biomedical potential. In these context,
the papers “Polysiphonia japonica Extract Attenuates
Palmitate-Induced Toxicity and Enhances Insulin Secretion
in Pancreatic Beta-Cells”(S.-H. Cha et al., published in Vol.
2018), “The Antidiabetic and Antinephritic Activities of
Tuber melanosporum via Modulation of Nrf2-Mediated Oxidative Stress in the db/db Mouse” (X. Jiang et al., published in
Vol. 2018), and “Inhibitory Eﬀects of Momordicine I on
High-Glucose-Induced Cell Proliferation and Collagen Synthesis in Rat Cardiac Fibroblasts” (P.-Y. Chen et al., published in Vol. 2018) explored the antidiabetic properties of
bioactive compounds with diﬀerent matrices and found that
the eﬀects may be related to the modulation of oxidative
stress and inﬂammation-related cytokines via Nrf2 signaling
and may improve insulin secretion. The eﬀects may provide
these compounds with a candidacy for a natural nutritional
product for adjunct DM therapy.
Cancer is a major global disease where abnormal cells
rapidly proliferate, having the ability to migrate to diﬀerent
parts of the human body via a process called metastasis. Cancer is also one of the leading causes of death worldwide and is
a burden ﬁnancially and on the quality of human lives in both
well-developed and less-developed countries, especially as
the population is increasing. Until now, cancer research has
focused on the search for curative treatments, and few studies
have aimed at developing preventive strategies. Chemoprevention is an old concept that consists in the use of drugs,
vitamins, or nutritional supplements to reduce the risk of
developing or having a recurrence of cancer. The consumption of whole plant foods as chemopreventive agents is highly
recommended in the dietary guidelines on the basis of health
beneﬁts from dietary phytochemicals observed in epidemiological studies. The paper entitled “Sulforaphane Modulates
AQP8-Linked Redox Signaling in Leukemia Cells” of the
authors C. Prata et al. (published in Vol. 2018) evaluate the
potential anticancer activity of sulforaphane (SFN) in the
B1647 leukemia cell line, focusing on AQP8 function and
expression. The authors also investigated the eﬀect of SFN
on Nox2, Nox4, and peroxiredoxin expression and on the
phosphorylation state of VEGFR-2 and Akt. X. Yang et al.
(published in Vol. 2018), through another approach, investigated the antitumor activity and structural characteristics of
water-soluble polysaccharides from Kaempferia galanga L.
(KGPs) in the paper “Structural Characterization and Antitumor Activity of Polysaccharides from Kaempferia galanga
L.”. The results showed that KGPs were acidic polysaccharides (total sugar of 85.23%, uronic acid of 24.17%) withskeletal modes of pyranose rings and mainly composed of
arabinose and galactose with the average molecular weight
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of 8 5 × 105 Da. The in vivo antitumor test showed that KGPs
could eﬀectively protect the thymus and spleen of tumorbearing mice from solid tumors and enhance the immunoregulatory capability of CD4+ T cells and the cytotoxic eﬀects
of CD8+ T cells and NK cells, ﬁnally leading to the inhibitory
eﬀects on H22 solid tumors.

3. Bone Health and Polyphenols
Bone is a dynamic organ that undergoes continuous remodeling by the coordination and balance between resorption
and the formation activities of osteoclast and osteoblast cells.
It is well established that women are vulnerable to bone loss
especially during and after menopause. The paper entitled
“A Double-Blind, Placebo-Controlled Randomized Trial
Evaluating the Eﬀect of Polyphenol-Rich Herbal Congee on
Bone Turnover Markers of the Perimenopausal and Menopausal Women”, by J. Wattanathorn et al. (published in
Vol. 2018), tested the hypothesis that the polyphenol-rich
herbal congee containing the combined extract of Morus alba
and Polygonum odoratum leaves should improve bone turnover markers in menopausal women. The authors performed
a randomized, double-blind, placebo-controlled study. The
study demonstrates the antiosteoporotic eﬀect of the
polyphenol-rich herbal congee by a possible mechanism via
the improved bone turnover via increased bone formation
and decreased bone resorption.
Osteoporosis is a disease related to excessive bone resorption due to estrogen insuﬃciency that occurs post menopause.
Primary osteoporosis, which is classiﬁed as type I (postmenopausal osteoporosis) and is frequently associated with fenestrated trabecular bone resorption, occurs between the ages of
50 and 65 years in postmenopausal women. Estrogen deﬁciency induces receptor activator of nuclear factor κB ligand
(RANKL), the key molecule required for osteoclast diﬀerentiation, leading to enhanced osteoclast activation and reduced
osteoclast apoptosis. Several studies have shown that protocatechuic acid (PCA) has beneﬁcial eﬀects on osteoblast and
osteoclast cells in vitro. S.-A. Jang et al. investigated the antiosteoporotic activity of PCA supplementation, which was determined in ovariectomized (OVX) female ICR mice at 12 weeks
after OVX. In the paper “Protocatechuic Acid Attenuates Trabecular Bone Loss in Ovariectomized Mice” (published in Vol.
2018), the authors demonstrated an inhibitory potential of
PCA against osteoclastogenesis, which augments bone resorption in OVX or postmenopausal conditions. This was demonstrated in the OVX mouse model. The underlying mechanism
of PCA in the suppression of bone loss in OVX mice may be
associated with the following eﬀects: (1) reduction of the
serum level of RANKL and increase in OPG; (2) blocking the
RANK signaling pathway via downregulation of TRAF6 and
NFATc1 expression; and (3) attenuation of cathepsin K and
calcitonin receptor expression.

4. Neuroprotective Effects of
Bioactive Compounds
Neuroinﬂammation is the key mediator of secondary brain
damage in most of the neurological disorders, such as
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Alzheimer’s disease (AD), Prion disease, Parkinson’s disease
(PD), multiple sclerosis (MS), ischemic stroke, experimental
autoimmune encephalomyelitis (EAE), and neuropathic
pain. Neuroinﬂammation is induced by aging-dependent
conditions and aging-independent pathological events,
which share similar inﬂammatory cascades. Ischemic cardiovascular disease (also known as “ischemic stroke”) is the
third leading cause of death and disability worldwide. The
number of patients suﬀering from cerebral ischemic disease
worldwide has increased by 2 million per year, and the morbidity associated with this disease can aﬀect young people.
Therefore, searching for natural products for the protection
and treatment of transient cerebral ischemia-reperfusion
injury (TCI-RI) and exploring their mechanism of action
are a rational approach. The paper entitled “The Protective
Eﬀect of the Total Flavonoids of Abelmoschus esculentus L.
Flowers on Transient Cerebral Ischemia-Reperfusion Injury
is Due to Activation of the Nrf2-ARE Pathway”. Therefore,
Y. Luo et al. (published in Vol. 2018) examined the protective
eﬀect of an extract of the total ﬂavonoids of A. esculentus
ﬂowers (AFF) on TCI-RI and its potential mechanism. The
authors demonstrated that AFF had protective eﬀects against
TCI-RI possibly by direct (scavenging free radicals) and indirect (activating the neuronal Nrf2-ARE pathway to modulate
damage by oxidative stress) actions.
Alzheimer’s disease (AD), a progressive neurodegenerative disease, is characterized by extracellular senile plaque
deposits, intracellular neuroﬁbrillary tangles, and neuronal
apoptosis. Oxidative damage is known to play an important
role in neuronal damage, due to the neurodegeneration promoted by highly reactive compounds. Amongst the potential
neuroprotective phytomedicines is Caryocar brasiliense
(Camb), a Caryocaraceae family member popularly known
as “pequi.” T. S. de Oliveira et al. (published in Vol. 2018)
investigated the antioxidant and anticholinesterase activities
as well as the neuroprotective eﬀects of C. brasiliense leaf
extracts, in order to provide new information on the potential use of this plant against neurodegenerative disorders in
the work “Neuroprotective Eﬀect of Caryocar brasiliense
Camb. Leaves Is Associated with Anticholinesterase and
Antioxidant Properties”. Progressive loss of memory and
other cognitive functions are typical symptoms in AD.
According to the amyloid hypothesis, amyloid-β- (Aβ-)
related toxicity and imbalance are cardinal reasons that ?contribute to synaptic dysfunction and subsequent neurodegeneration in AD. Therefore, Aβ has been suggested as a
potential therapeutic target for AD treatment. Thus, within
this context the paper of the authors H. Huang et al. entitled
“Procyanidins Extracted from Lotus Seedpod Ameliorate
Amyloid-β-Induced Toxicity in Rat Pheochromocytoma
Cells” (published in Vol. 2018) verify the anti-Aβ eﬀects
and protective mechanisms as a promising natural product
for AD treatment. The authors evaluated the amelioration
of LSPC in Aβ25-35-induced damage on rat pheochromocytoma (PC12) cells. CREB/BDNF signaling and antioxidant
activity were studied as possible pathways. We used LCMS/MS to analyze its distribution in vivo.
Microglia, neurons, astrocytes, and oligodendrocytes are
the basic cells of the brain. Microglia and astrocytes, as glial
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cells, have a role to defend against brain injury, to maintain
homeostasis, and to repair brain injury. In aging-dependent
conditions and aging-independent disorders such as AD
and stroke, neuroinﬂammation can be initiated by chronic
microglial activation. Activated microglia are required for
basic immune defense in the brain; however, chronic microglial activation is toxic to the central nervous system (CNS).
Hence, natural compounds or nutraceuticals with the
?potential to regulate these steps to control microglial activation will be promising candidates for inhibiting neuroinﬂammation and neurodegenerative conditions. L. Subedi et al.
(published in Vol. 2018) compared the eﬃcacy of normal
Dongjin rice (NR), modiﬁed resveratrol-enriched rice
(RR), and resveratrol in terms of cytotoxicity and antiinﬂammatory potential in activated microglia and elucidated the possible mechanisms underlying the antineuroinﬂammatory potential of RR in lipopolysaccharide- (LPS-)
stimulated BV2 murine microglial cells. The paper “Genetically Engineered Resveratrol-Enriched Rice Inhibits Neuroinﬂammation in Lipopolysaccharide-Activated BV2
Microglia via Downregulating Mitogen-Activated Protein
Kinase-Nuclear Factor Kappa B Signaling Pathway” not
only discovered the safe and eﬀective role of RR against
aging and neuroinﬂammation, but also identiﬁed the antineuroinﬂammatory potential of NR itself because of the presence of active phytochemicals such as α-tocopherol and
γ-tocopherol in rice. The anti-inﬂammatory eﬀect of RR
treatment seems to be mediated through the inhibition of
nitrite production, MAPK phosphorylation, NFκB-mediated
production of proinﬂammatory cytokines, and expression of
inﬂammatory proteins.
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Type 2 diabetes mellitus is a complicated metabolic disorder characterized by hyperglycemia and glucose intolerance. Alzheimer’s
disease is a progressive brain disorder characterized by a chronic loss of cognitive and behavioral function. Considering the shared
characteristics of both diseases, common therapeutic and preventive agents may be eﬀective. Bioactive compounds such as
polyphenols, vitamins, and carotenoids found in vegetables and fruits can have antioxidant and anti-inﬂammatory eﬀects. These
eﬀects make them suitable candidates for the prevention or treatment of diabetes and Alzheimer’s disease. Increasing evidence
from cell or animal models suggest that bioactive compounds may have direct eﬀects on decreasing hyperglycemia, enhancing
insulin secretion, and preventing formation of amyloid plaques. The possible underlying molecular mechanisms are described in
this review. More studies are needed to establish the clinical eﬀects of bioactive compounds.

1. Introduction
Diabetes is a complex metabolic disorder that is characterized by hyperglycemia due to insulin insuﬃciency and/or
insulin dysfunction. Globally, an estimated 425 million
adults were living with diabetes mellitus in 2017. By 2045,
projections show this number rising to 629 million diabetics
globally [1]. In type 1 diabetes, hyperglycemia is caused by
autoimmune destruction of the pancreas beta cells [2]. Type
2 diabetes mellitus (T2DM) is the more common type of diabetes where peripheral insulin resistance and compensatory
increased insulin secretion may accelerate the decrease in
pancreatic islet secretory function, eventually leading to
insulin deﬁciency [2]. Diabetes is associated with several
complications, including nephropathy, retinopathy, neuropathy, and atherosclerosis [2]. About 60% to 70% of all people
with diabetes will eventually develop peripheral neuropathy
[3]. Increasing epidemiological evidence suggests that diabetes neuropathy and T2DM may be related to increased risk of
Alzheimer’s disease (AD) [4]. AD is a progressive brain disorder that gradually impairs a person’s memory and ability
to learn, communicate, and perform daily activities [5]. An
estimated 5.7 million Americans are living with AD in 2018
[6]. Considering the high prevalence and tremendous social

and economic burden, it is imperative to identify an eﬀective,
safe, and inexpensive approach to delay the progression or
prevent the symptoms of these diseases. However, existing
antidiabetic drugs have various adverse eﬀects, and currently,
no treatment has been identiﬁed to prevent or reverse AD
progression [7, 8]. Considering the biochemical association
between AD and T2DM [9, 10], it is possible that there
may be a common therapeutic target for AD and T2DM.
Natural bioactive compounds may be alternative treatment
for diabetes and a novel promising therapy for AD due to
their eﬃcacy, fewer side eﬀects, and easy availability [11].
Researches have shown that the beneﬁcial eﬀects of bioactive
compounds may be due to various properties such as antioxidant, anti-inﬂammatory, and antiapoptotic eﬀects [11, 12].
Herein, we review the multiple beneﬁcial eﬀects of bioactive
compounds and their underlying mechanism of actions in
cell culture and animal models of AD and T2DM.

2. Pathophysiology of T2DM and AD
The pathophysiology of T2DM is characterized by peripheral
insulin resistance, increased hepatic glucose production, and
impaired β-cell function, eventually resulting in β-cell failure
[13]. Insulin resistance is a condition in which cells fail to
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respond to normal levels of insulin that occurs mainly within
the liver, muscle, and fat tissues [14]. Normally, insulin can
inhibit hepatic glucose production in both postprandial and
fasting states, whereas postprandial glucose production is
increased in the situation of hepatic insulin resistance [15].
Elevated lipid breakdown within fat may also contribute to
increased hepatic glucose production [16]. Insulin resistance
initially stimulates compensatory β-cell proliferation and
improved insulin secretion; however, long-term exposure
to hyperglycemia-induced oxidative stress, endoplasmic
reticulum (ER) stress, and various cytokines may contribute
to β-cell failure due to apoptosis, autophagy, and impaired
proliferation [17, 18]. The progressive degeneration of β-cell
function leads to reduced insulin secretion and disruption of
glucose homeostasis [18].
The pathological features of AD include extracellular
deposition of misfolded amyloid plaques (Aβ peptide) in
senile plaques, intracellular neuroﬁbrillary tangles (NFTs),
inﬂammation, and brain atrophy [19]. Aβ, a 38-43 amino acid
residue peptide, originates from proteolysis of the amyloid
precursor protein (APP) [20]. In the nondisease state, APP
produces nonamyloidogenic Aβ products by α-secretase,
but in the AD brain, Aβ is produced from APP by the sequential enzymatic actions of β-site APP cleaving enzymes 1
(BACE-1, a β-secretase) and γ-secretase [20, 21]. The imbalance between the production and clearance of Aβ leads to Aβ
accumulation and its subsequent aggregation and neurotoxicity [22]. Aβ spontaneously aggregates into diﬀerent forms,
including 3-50 Aβ monomers, oligomers, ﬁbrils, and plaques
[22]. Soluble oligomers appear to be the most toxic form [23].
NFT primarily consists of hyperphosphorylated tau, which is
insoluble and loses the ability to bind to microtubules, and
hyperphosphorylated tau self-aggregates into toxic, helical
ﬁlament structures [21].

3. Possible Links between T2DM and AD
T2DM and AD share many characteristics, including
chronic inﬂammation, oxidative stress, impaired insulin signaling, insulin resistance, glucose intolerance, and cognitive
impairment [9].
3.1. Insulin Resistance. Increasing evidence has shown that
insulin deﬁciency and resistance, the markers of T2DM, are
also important in AD pathology [24]. Moreover, it was
proposed that AD may be a brain-speciﬁc form of diabetes
mellitus, a “type 3 diabetes” [10]. Insulin receptors (IR) are
expressed in the peripheral systems as well as central nervous
system, especially in the hippocampus, which is the earliest
aﬀected structure in AD [25, 26]. The binding of insulin
to IR leads to tyrosine phosphorylation and activation of
insulin receptor substrate (IRS), which then activates
phosphatidylinositol-3 kinase (PI3 kinase) and Akt, and
Akt then mediates phosphorylation or inactivation of glycogen synthase kinase 3β (GSK3β) [20]. Impaired insulin
signaling results in increased GSK3β activity, which causes
hyperphosphorylation of tau, formation of NFTs, and
increased production of Aβ [20, 27]. In the AD brain, Aβ oligomers lead to abnormal activation of tumor necrosis factor-α
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(TNF-α)/c-Jun N-terminal kinase pathway (JNK) and
cause the inhibition of IRS1 and the disruption of insulin
signaling [9, 28]. Moreover, the insulin-degrading enzyme
(IDE) is responsible for the degradation of APP and Aβ
[29]. Under conditions of insulin resistance, there is competition between insulin and Aβ for IDE that eventually
reduces Aβ degradation [12].
3.2. Chronic Inﬂammation. Chronic inﬂammation may also
contribute to the association between T2DM and AD.
Increased levels of various proinﬂammatory cytokines such
as TNF-α, interleukin-6 (IL-6), and interleukin-1β (IL-1β)
have been observed in T2DM [30]. These cytokines are associated with β-cell damage, apoptosis, and impaired insulin
secretion [31, 32]. Certain proinﬂammatory cytokines could
also cross the blood brain barrier (BBB) and act on the central nervous system; these eﬀects have been hypothesized to
contribute to the initiation and progression of AD [33]. For
example, studies have shown that increased levels of IL-1 in
the brain reduced hippocampal acetylcholine (Ach) release,
reduced mRNA expression of hippocampal nerve growth
factor (NGF), and caused memory deﬁcits [34]. Advanced
glycation end products (AGEs) are produced via nonenzymatic glycation of amine residues on proteins, lipids, or
nucleic acids by reducing sugars [35]. In diabetes, chronic
hyperglycemia may promote the generation of AGEs [35],
which interact with RAGE receptors, inducing the activation of diﬀerent intracellular inﬂammatory pathways,
including the nuclear factor-kappa B (NF-κB) signaling
cascade and inﬂammatory mediators such as TNF-α, IL-6,
and C-reactive protein (CRP) [36]. AGEs may be implicated
in AD pathology. In particular, Aβ has been reported to be a
RAGE ligand where the binding of Aβ to RAGE promotes
Aβ inﬂux across BBB leading to the accumulation of Aβ in
the brain [37, 38]. In addition, the interaction of RAGE with
Aβ is associated with the activation of microglia and
increased levels of oxidative stress, an augmented proinﬂammatory response, and neuronal injury and cell death [39].
3.3. Oxidative Stress. Oxidative stress, the result of the imbalance between the production of reactive nitrogen species
(RNS) and reactive oxygen species (ROS), and intracellular
antioxidant defense [40], is involved in the onset or progression of T2DM and AD. ROS, such as nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and hydroxyl radicals,
are involved in causing damage to membrane polyunsaturated
fatty acids, proteins, and DNA [41]. This ROS-mediated lipid
peroxidation leads to loss of plasma membrane integrity and
increases its permeability to Ca2+ [2]. Excessive ROS/RNS
production plays an important role in the onset of T2DM
and its complications [42]. In T2DM, increased glucose concentrations may induce glucose autoxidation, mitochondria
dysfunction, and increased production of ROS [42]. The overproduction of ROS further mediates lipid peroxidation, leading to β-cell dysfunction, and impairs several biochemical
pathways, including NF-κB, JNK/stress-activated protein
kinase (SARK), and p38-mitogen-activated protein kinase
(p38-MAPK), which may in turn contribute to insulin resistance and late complications of T2DM [42, 43]. Oxidative
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Figure 1: Functions of bioactive compounds in T2DM and AD pathogenesis. (1) Shared characteristics of T2DM and AD including insulin
resistance, inﬂammation, and oxidative stress. (2) Some bioactive compounds can ameliorate hyperglycemia by activating AMPK, increasing
GLUT4 translocation, inhibiting PEPCK and G6Pase activities, or activating SIRT1. (3) Some bioactive compounds can preserve functional
β-cell mass by increasing β-cell proliferation or decreasing apoptosis. (4) Through activation of the PI3K/Akt pathway, some bioactive
compounds improved insulin resistance. (5) Bioactive compounds attenuate oxidative stress via reducing NO, iNOS, and COX-2 levels
or/and increasing the expression of antioxidant enzymes. (6) Most bioactive compounds could ameliorate inﬂammation which in turn
improves T2DM and AD pathology. (7) Bioactive compounds can decrease Aβ production or assemble them into nontoxic aggregates,
thereby decreasing formation of amyloid plaques. (8) Some bioactive compounds reduce NFT levels by inhibiting tau hyperphosphorylation.
References: [46, 47, 50, 54, 55, 59, 61, 62, 64, 72, 75, 77, 81, 89, 93, 98, 101, 103, 108, 110, 116, 117, 121, 123, 126, 132, 133, 139, 140, 147, 149,
151, 152, 159, 162, 169, 175, 180, 183, 186, 189, 194–196, 200, 204, 215, 217, 227, 231, 234].

stress and mitochondria dysfunction also play a critical role in
AD pathogenesis [42, 44]. Neurons depend on mitochondria
for ATP utilization and maintenance of calcium homeostasis;
oxidative stress-induced mitochondria bioenergetic depletion
can cause neuronal injury and death [44]. Moreover, mitochondria dysfunction ampliﬁes the production of ROS, which
then enhances tau hyperphosphorylation, NFT formation,
and Aβ aggregation [42]. Aβ and NFT are also involved in
the generation and promotion of oxidative stress [42]. All
these together accelerate the progression of AD. Considering
the biochemical link between T2DM and AD, it is possible that
common therapeutic and preventive agents may be eﬀective
treatments for both diseases.

4. Effects of Bioactive Compounds on T2DM
and AD and Their Mechanisms of Action
Bioactive compounds are deﬁned as components of foods
that can regulate metabolic processes in humans or animals
and improve health [45]. They are found largely in vegetables, fruits, and whole grains and can be consumed daily
[45]. Beneﬁcial eﬀects of bioactive compounds have been
identiﬁed in both cell and animal studies, including decreasing inﬂammation, scavenging free radicals, and regulating cell
signaling pathways [46, 47] (Figure 1). Because of their rich
availability, safety, and few side eﬀects, use of bioactive compounds has been proposed to reduce the incidence or delay
the progression of several diseases, including T2DM and AD

[11, 12]. Examples of bioactive compounds include polyphenols, carotenoids, phytosterols, prebiotics, and vitamins.
4.1. Polyphenols
4.1.1. Resveratrol. Resveratrol is a polyphenolic compound
found in grape skins, seeds, and red wines that exhibits antioxidant and anti-inﬂammatory properties; it also increases
mitochondrial function and maintains metal homeostasis
[19]. Both cell and animal studies suggested that resveratrol
may have therapeutic potential in the treatment of T2DM
[49]. SIRT1, an NAD+-dependent deacetylase, has been
shown to regulate many factors that inﬂuence T2DM, and
resveratrol was reported to be an activator of SIRT1 [50]. In
insulin-secreting cells, resveratrol treatment potentiated
glucose-stimulated insulin secretion and glucose metabolism
as well as mitochondrial activity [51]. These eﬀects were
dependent on active SIRT1, which induced upregulation of
key genes for β-cell function [51]. Moreover, resveratrol has
been shown to normalize hyperglycemia, improve insulin
sensitivity, and lower hepatic glucose production through
the activation of SIRT1 [50]. A recent study suggested that
resveratrol improved T2DM by regulating mitochondrial
biogenesis, lipid metabolism, and β cells through activation
of SIRT1 [52]. Manganese superoxide dismutase (Mn-SOD)
is an important antioxidant enzyme in mitochondria, and
Mn-SOD dysfunction could increase ROS production and
induce tissue damage [53]. A recent study showed that resveratrol treatment ameliorated the functional and histological
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abnormalities and mitochondria biogenesis in the kidney of
obese leptin receptor-deﬁcient mice (db/db) mice, which is a
well-accepted mouse model of type 2 diabetes, and these
eﬀects should primarily contribute to the improvement of oxidative stress via normalization of Mn-SOD function and
glucose-lipid metabolism by resveratrol [53]. In addition,
Lee et al. [54] reported that resveratrol treatment improved
glucose tolerance, reduced high glucose-induced oxidative
stress, and also attenuated β-cell loss in db/db mice. Further,
resveratrol has been shown to reduce hyperglycemia and ameliorate dysregulated insulin signaling. Speciﬁcally, treatment
of streptozotocin- (STZ-) induced diabetic rats with resveratrol increased glucose uptake through enhanced GLUT4
translocation by regulating the AMP-activated protein kinase
(AMPK)/Akt/iNOS signaling pathway [55].
The beneﬁcial eﬀect of resveratrol in AD were also
reported in both cell and animal studies. Feng et al.
[56] reported that resveratrol protected P12 cells against
Aβ-induced cell apoptosis through the upregulation of
SIRT1 and the downregulation of rho-associated kinase 1
(ROCK1) by SIRT1 (Table 1). In addition, treatment with
resveratrol in Tg2576 neuron cultures reduced the accumulation of Aβ peptides and promoted α-secretase activity,
thereby inducing nonamyloidogenic APP processing, and
these eﬀects were partly dependent upon the activation of
SIRT1 by resveratrol [57]. Activation of microglia in the
brain triggers neuronal inﬂammation and cell death, and
Aβ could trigger microglial activation by interacting with
toll-like receptors (TLR) such as TLR4. It was reported that
resveratrol prevented lipopolysaccharide- (LPS-, a TLR4
ligand) induced activation of murine RAW 264.7 macrophages and microglial BV-2 cells by inhibiting the TLR4/
NF-Kβ/STAT (signal transducer and activation of transcription) signaling cascade [58]; therefore, the anti-inﬂammatory
eﬀects of resveratrol protect microglia against Aβ-induced
inﬂammation. Moreover, the antioxidant eﬀects of resveratrol protected rats against Aβ-induced neurotoxicity by
attenuating iNOS and lipid peroxidation and increasing the
production of heme oxygenase-1 (HO-1) [46]. In addition,
a recent study [59] suggested that resveratrol treatment
reduced microtubule-associated ubiquitin ligase (MID1)
protein expression in vitro and in vivo, which in turn resulted
in increased activity of microtubule-associated protein phosphatase 2A (PP2A) and further improved dephosphorylation
of tau.
4.1.2. Quercetin. Quercetin is a ﬂavonoid that is naturally
found in a variety of foods, including red onions, broccoli,
tea, and apples [60]. Exhibiting antioxidant, anti-inﬂammatory, and antiapoptotic eﬀects, quercetin has been reported
to have the potential for treatment of diabetes and its complications [61–63]. Quercetin could inﬂuence glucose homeostasis in both the liver and skeletal muscle; speciﬁcally, in
cultured skeletal muscle cells, quercetin increased glucose
uptake through stimulation of GLUT4 translocation by activating AMPK [61]. Similarly, in hepatocytes, quercetin also
activated AMPK, and this was related to the suppression of
glucose-6-phosphatase (G6Pase), eventually reducing hepatic
glucose production (Table 2) [61]. Youl et al. [62] reported
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that quercetin potentiated glucose-induced insulin secretion
and protected β-cell function and viability from H2O2induced oxidative damage in INS-1 cells. These eﬀects
were mediated by phosphorylation of extracellular signalregulated kinase (ERK1/2), suggesting that ERK1/2 activation was involved in the action of quercetin [62]. Moreover,
a recent study showed that quercetin treatment improved
glucose and lipid metabolism and also alleviated hepatic histomorphological injury in STZ-induced diabetic rats, which
probably associated with the upregulation of SIRT1 activity
by quercetin and its inﬂuence on the Akt signaling pathway
[63]. The vascular complications are responsible for most of
the morbidity and mortality in patients with diabetes [64].
In STZ-induced diabetic rats, quercetin administration ameliorated the progression of diabetes-induced hypertension
and abrogated diabetes-induced vasoconstriction [47]. These
eﬀects may be due to the inhibitory eﬀects of quercetin on
inﬂammatory pathways, via inhibition of NF-κB and amelioration of the serum TNF-α and C-reactive protein (CRP)
levels in the aorta of diabetic rats (Table 3) [47].
Several in vivo and in vitro studies have shown that quercetin exerts neuroprotective eﬀects in diabetic neuropathy
[65–67]. Qu et al. [65] reported that high concentrations of
glucose impaired the proliferation of rat RSC96 cells and primary rat Schwan cells; inhibited the expression of beclin-1
and light chain (LC3), which are the biomarkers for autophagy; and decreased the numbers of autophagosomes in both
cell types. All these eﬀects were rescued after treatment with
quercetin. Schwann cells are important for neuronal function
and structure [65]; therefore, quercetin may have neuroprotective eﬀects in diabetic peripheral neuropathy. Xia et al.
[66] reported that quercetin supplement could reverse cognitive decline in mice fed a high-fat diet, possibly by altering
Nrf2 signaling and eventually improving cognitive function.
Additionally, a recent study indicated that quercetin reduced
oxidative stress and alleviated inﬂammation and protein glycation in the brain of diabetic rats [67]. These eﬀects may be
related to the upregulation of glyoxalase, which is a ubiquitous cellular enzyme that participates in the detoxiﬁcation
of the cytotoxic byproduct of glycolysis and has been implicated in the pathogenesis of diabetic encephalopathy [67].
The beneﬁcial eﬀects of quercetin in AD were also conﬁrmed in both cell and animal studies [68–70]. In cultured
neurons, pretreatment with quercetin ameliorated Aβ1-42induced protein oxidation, lipid peroxidation, cytotoxicity,
and apoptosis; however, high doses were nonneuroprotective
and toxic (Table 1) [68]. In Drosophila models, Kong et al.
[69] found that quercetin could extend lifespan and rescue
the climbing ability of AD ﬂies, and mechanistic studies
showed that cell cycle-related proteins were interrupted by
Aβ accumulation and that quercetin could rescue these cell
cycle-related signaling pathways. In a triple transgenic AD
(3xTg-AD) mouse model, 3-month treatment with quercetin
decreased extracellular β-amyloidosis and ameliorated
microglial and astroglial activation in the brain, as evidenced
by decreased levels of Aβ1-40, Aβ1-42, and BACE1mediated cleavage of APP. Additionally, performance on
learning and memory tasks was also improved (Table 4)
[70]. Moreover, administration of quercetin to APPsw/
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20 μM, 6 h pretreatment before
exposure to Aβ1-42

Neuro-2A cells

Hesperidin

[103]

Directly binds to β-sheet-rich
aggregates and mediates the
conformational change

Convert large, mature amyloid-β
ﬁbrils into smaller, amorphous, and
nontoxic aggregates

[80]

↓The expression of TLR4, NF-κB,
↓The activity of NF-κB

↑Cell viability
↓Aβ25–35-induced inﬂammatory
damage

50 μM, 2 h before incubation with
Aβ25–35, 24 h
15 and 20 μM, 1-3 days

BV-2 microglia cells

Genistein

[68]

↓Lipid peroxidation
↓Oxidative stress

↓Aβ1-42-induced apoptotic cell
death and cell toxicity at low dose
↑Toxic at high dose

Low dose: 5 and 10 μM,
High dose: 20 and 40 μM,
24 h

HEK-293 cells

Primary rat neuronal cells

Quercetin

[56]

Reference

↑SIRT1
↓ROCK1

Speciﬁc mechanism of action

↑Cell viability
↓Aβ25–35-induced intracellular
Ca2+ level
↓Cell apoptosis

Eﬀects

12.5, 25, 50, and 100 μM, 2 h prior to
the Aβ25–35, 24 or 48 h

Treatment

EGCG

PC12 cells

Models

Resveratrol

Polyphenols

Bioactive
compounds

Table 1: Eﬀects of bioactive compounds on Alzheimer’s disease (in vitro studies).

Oxidative Medicine and Cellular Longevity
5

Bioactive compounds

Fetal and adult rats’ pancreatic
islets

Rat RINm5F, human islets

Alloxan-treated mice pancreatic
islets

Vitamin A

Vitamin D

Vitamin E

Vitamins

−8

10 or 10 M
1,25(OH)2D3, 48 h
0.01 and 0.1 mM αtocopherol with glucose

−6

10−6 M retinoic acid, 24 h

12.5, 25, 50, 100, and
200 μM, 5 days

Human umbilical vein
endothelial cells

Naringin

10 and 500 μM

Rat soleus muscle

Rutin

10 μM, 24 h

↑Insulin secretion

↓Cytokine-induced apoptosis

↑Insulin mRNA level
↑Insulin secretion

↓High-glucose-induced damage

↑Glucose uptake

50, 100, and 250 μg/ml, 24 h

0.2 and 1 mg/ml, 24 h

↑Insulin synthesis and secretion
↑Cell function
↓Insulin resistance
↑Glucose uptake
↑Glycogen content
↑Islet viability
↑Insulin secretion

↓Cytokine-induced β-cell
destruction

20, 50, 100, and 200 μg/ml,
24 h

STZ-induced islets

HepG2 cells

Pancreatic islets cells

RIN5mF cells

Curcumin

Anthocyanins

Hesperidin

EGCG

INS-1 cells, human islets

Genistein

↑β-cell proliferation

50 μM, 18 h

L6 skeletal muscle cells, murine
H4IIE cells, human HepG2
hepatocytes

Quercetin

↑Glucose-stimulated insulin
secretion
↑Glucose metabolism
↑Mitochondrial activation
↑Glucose uptake ↑GLUT4
translocation
↓Hepatic glucose production

Eﬀects

0.1, 1, and 5 μM
24 h

25 μM, 24 h

Treatment

INS-1E, β cells, and human islets

Models

Resveratrol

Polyphenols

↑Glucokinase through activation of
glucokinase promoter
↑Antiapoptotic A20 gene
↓NF-κB
↓Oxidative stress
↓Apoptosis

↓ROS, NO
↓Poly ADP-ribose polymerase-1
Via the PI3K, atypical protein kinase C
and MAPK pathways
↑GLUT4 synthesis
↑Mitochondrial function
↓Expression of CX3CL1

[54]

[215]

[198]

[161]

[237]

[131]

[121]

↑PI3K/Akt pathways
↓G6Pase, PEPCK activity

[90]

[75]

[61]

[51]

Reference

[109]

↑cAMP/PKA-dependent ERK1/2
signaling pathway
↓NO
↓iNOS expression through the
inhibition of NF-κB activation

↑The activation of AMPK
↓The activity of G6Pase

↑The activation of SIRT1

Speciﬁc mechanism of action

↓Oxidative stress induced by IL-1β

Table 2: Eﬀects of bioactive compounds on type 2 diabetes mellitus (in vitro studies).
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STZ-induced diabetic rats

Genistein

STZ-induced diabetic rats

Naringenin

S961-treated C57BL/6 mice

Rutin

STZ-induced type 2 diabetic rats

STZ-induced diabetic rats

Curcumin

Naringin

STZ-induced diabetic rats

HFD/STZ-induced diabetic rats

Anthocyanins

Hesperidin

Male db/db mice

STZ-induced diabetic rats

Quercetin

EGCG

db/db mice

Models

Resveratrol

Polyphenols

Bioactive
compounds

[75]

[93]

[109]

[133]

[147]

[159]

↑β-cell proliferation
↓β-cell apoptosis
↑mRNA expression of glucokinase
↓mRNA expression of PEPCK,
G6Pase, and fatty acid synthase
↑Pancreatic function
↑Antioxidants (vitamin C and vitamin
E) and GSH
↓NO, TNF-α, and IL-6
↓Hemoglobin glycation, iron-mediated
free radical reactions
↑Hemoglobin-mediated iron release
↓TNF-α, IL1-β, and IFN-γ
↑Nrf-2, HO-1, and GLUT2
↓ER/mitochondrial-related apoptosis
↑IRK activity
↑GLUT4 translocation
↑G6Pase activity
↑Insulin receptor, GLUT4, and
adiponectin
↓Oxidative stress
↑Expression of GLUT4 and PPARγ

↓STZ-induced hyperglycemia
↑Blood insulin level
↑Glucose tolerance
↑Blood insulin level
↑Glucose tolerance
↓Blood glucose
↓HbA1c, glucose level
↑Serum insulin level
↑Blood insulin level
↑Glucose tolerance
↓Blood glucose
↓Oxidative stress
↓Body weight, glucose
↑Blood insulin level
↓Pancreatic β-cell damage
↓Blood glucose
↓Blood glucose
↓Total lipid, triglycerides, and
total cholesterol
↓Blood glucose
↓Total lipid, triglycerides, and
LDL and VLDL
↓Oxidative stress

250, 500, or 1000 mg/kg of diet, 5 weeks or orally
by gavage 30 or 100 mg/kg/d

100 mg/kg body weight for 8 weeks
Oral gavaged (25 mg/kg body weight) and
metformin (100 mg/kg body weight)

100 mg/kg body weight for 15 days

100 mg/kg body weight for 4 weeks

One-time i.p. injection 3 mg/kg bodyweight

50 mg/kg/day, orally for 4 weeks

[172]

[122]

[47]

250 mg/kg of diet, 6 weeks

50 mg/kg/day, orally for 6 weeks

↓TNF-α, CRP, NF-κB

[228]

Reference

↓Diabetes-induced hypertension
and vasoconstriction

Speciﬁc mechanism of action

↓Oxidative stress

Eﬀects

↓Glucose tolerance
↓Pancreatic islet ﬁbrosis
↑Islet mass

20 mg/kg/day, 12 weeks

Treatment

Table 3: Eﬀects of bioactive compounds on type 2 diabetes mellitus (in vivo studies).

Oxidative Medicine and Cellular Longevity
7

Alloxan-induced diabetic rats

Alloxan-induced mouse

Vitamin A

Vitamin D

Vitamin E

STZ-induced diabetic rats

Models

High-fat/high-sucrose dietinduced obese mouse

Vitamins

Lycopene

Carotenoid

Bioactive
compounds

[219]

↑DNA tail length of liver and pancreas
↓Serum calcium levels
↓G6Pase, FBPase
↓Oxidative stress
↓Pancreas apoptosis

↓Pancreatic and liver damage
↓Hyperglycemia
↓Alloxan-induced
hyperglycemia
↑Insulin secretion

1,25(OH)2D3 intraperitoneal (7 ng/gm/day) for
15 days
50 mg α-tocopherol, per 100 g diet, 14 weeks

[228]

[200]

[185]

Reference

↑PPARβ/δ expression
↑RAR expression

↑Activities of antioxidant enzymes
↓NO, H2O2

Speciﬁc mechanism of action

↓Adipose lipid stores
↑Muscle mitochondrial content
↑Glucose tolerance
↓Insulin resistance

↑Blood insulin level
↓Blood glucose
↓Total lipid, triglycerides, and
total cholesterol

Eﬀects

Direct pipetting (0.16 mg RA/50 μl in oil) into
the mouths

10, 30, 60, or 90 mg/kg body weight for 30 days

Treatment

Table 3: Continued.
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Table 4: Eﬀects of bioactive compounds on Alzheimer’s disease (in vivo studies).
Bioactive
compound

Models

Treatment

Eﬀects

Resveratrol

SAMP8 and SAMR1
mice

Transresveratrol 1 g/kg in diet, 7
months

↑Life expectancy
↓Cognitive impairment in SAMP8
↓Amyloid deposition

Quercetin

3xTg-AD mice

i.p. injection 25 mg/kg every 48
hours for 3 months

Genistein

Intrahippocampal
Aβ1-40-injected rats

10 mg/kg, one hour before surgery

APPsw mice

i.p. 20 mg/kg, 60 days, or orally
50 mg/kg, 6 months

APP/PS1 mice

Intragastric administration 40 mg/
kg for 90 days

APPsw mice

ANT-rich blackcurrant extracts
5.6 mg/day, 6 weeks

↑Spatial working memory

Low dose: 160 ppm or high dose:
5000 ppm, 6 months

↓Overall insoluble and soluble
amyloid, and plaque burden (low
dose)
↓Oxidative stress and
inﬂammation

Speciﬁc mechanism of
Reference
action

Polyphenols

EGCG

Hesperidin

Anthocyanins

Curcumin

Rutin

Alzheimer
transgenic APPsw
mouse model

Aβ1-42-injected rats 100 mg/kg body weight/day, 3 weeks

↑AMPK pathways
↑SIRT1
↑Nonamyloidogenic
ADAM-10 enzyme
↓Aβ1-40, Aβ1-42, and
↑Learning and memory function
BACE1
↓Microglial activation
↑Short-term spatial recognition
memory in a Y-maze test
↓Oxidative stress
↑Learning and memory
↑Memory performance
↓Aβ levels
↓α-secretase
↓Tau hyperphosphorylation
↓Oxidative stress via
activation of Akt/Nrf2
↑Learning and memory function
↓Inﬂammation via
inhibition of RAGE/
NF-κB
↓Oxidative stress

↓Aβ-induced learning and
memory deﬁcits
↓Aβ-induced neurotoxicity

↓IL1-β, IL-6, and
ApoE
↓NF-κB, iNOS, and
COX-2
↓Plasma and tissue
cholesterol
↑Activation of MAPK
pathway
↑BDNF gene
expression

[239]

[70]

[86]

[104]

[116]

[127]

[139]

[156]

Naringin

APPswe/PS1dE9
transgenic mouse

50 or 100 mg/kg body weight/day,
16 weeks

↑Learning and memory ability

↑CaMKII activity

[167]

Naringenin

Aβ1-40-injected
Wistar rats

Orally by gavage at a dose of
100 mg/kg one hour before surgery

↓Aβ-induced learning and
memory deﬁcits

↓Lipid peroxidation
↓Apoptosis estrogenic
pathway

[179]

Aβ1-42-injected
Wistar rats

1, 2, and 4 mg/kg, orally 14 days

↓Aβ-induced learning and
memory deﬁcits

↓NF-κB, TNF-α, and
IL-1β

[193]

Vitamin A

APP/PS1 mice

i.p. 20 mg/kg all-trans-retinoic acid,
3 times/week, 8 weeks

↓Spatial learning and memory
↓Aβ accumulation
↓Tau hyperphosphorylation

Vitamin D

APP/PS1 mice

0 (deﬁciency diet), 2.4 (control diet),
and 12 IU/g (surplus diet), 5 months

Vitamin E

Tg2576 mice

8 IU/g/day, 6 months

Carotenoid
Lycopene
Vitamins

PS1dE9 mice alleviated learning and memory deﬁcits as well
as decreased plaque burden compared to control mice; the
protective eﬀects of quercetin might function by reducing
mitochondrial dysfunction through the activation of AMPK
[71]. A recent work also suggested an anti-inﬂammatory role
of quercetin in AD mice [72]. Speciﬁcally, quercetin treatment reduced β-amyloid plaque aggregation as well as

↓Amyloid plaques
↓Aβ peptides
↓Aβ peptide formation in young
but not in old Tg2576 mice

↓APP processing
↓CDK5 activity
↓Activated microglia
and astrocytes
↓Neuroinﬂammation
↑NGF
↓Oxidative stress

[207]

[240]
[241]

decreased IL-1β/COX-2/iNOS proinﬂammatory signaling
in the hippocampal CA1 region of 3xTg-AD mice [72].
4.1.3. Genistein. Genistein is an isoﬂavone found in a variety
of plants, including chickpeas, fava beans, and soybeans [73].
Several health beneﬁts are attributed to isoﬂavones, and
recent evidence suggests that genistein may be a potential
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preventative and therapeutic treatment for diabetes and
AD [74–76].
Loss of functional β-cell mass, which decreases insulin
secretion, is crucial for the development of T2DM. The mass
of β cells is controlled by the balance between neogenesis,
transdiﬀerentiation, proliferation, and apoptosis [74]. Fu
et al. [75] reported that genistein incubation induced increase
of both INS-1 and human islet β-cell proliferation via the
activation of the cAMP/PKA-dependent ERK1/2 signaling
pathway (Table 2). Animal studies also showed an antidiabetic eﬀect of genistein. Speciﬁcally, Fu et al. [75] found that
induction of diabetes by STZ decreased β-cell mass and
disrupted the cell architecture (Table 3). However, dietary
supplementation of genistein improved β-cell mass by
increasing β-cell proliferation and reducing apoptosis;
accordingly, supplementation with genistein alleviated
STZ-induced hyperglycemia and improved glucose tolerance and insulin levels [75]. Ae Park et al. [76] evaluated
the antidiabetic eﬀects of genistein on C57BL/KsJ-db/db
mice, which share metabolic features that are like human
T2DM. Blood glucose and HbA1c were signiﬁcantly lower
in the genistein groups, while glucose tolerance and the
insulin/glucagon ratio were also improved in the genistein
group compared to the control group [76]. In addition, the
genistein supplements improved the plasma triglyceride,
HDL-cholesterol, free fatty acid, and total cholesterol levels
in these mice. These eﬀects might be associated with increased
hepatic glucokinase activity as well as decreased hepatic fatty
acid synthase, β-oxidation, and G6Pase activities [76]. Therefore, genistein may exert an antidiabetic role in T2DM by
improving the lipid and glucose metabolism. Furthermore,
Dkhar et al. [77] reported that genistein reduced fasting glucose, inhibited cytosolic phosphoenolpyruvate carboxykinase
(PEPCK), and activated AMPK and ERK1/2 pathway in
alloxan-induced diabetic mice, which may in turn improve
dysfunction in hepatic gluconeogenesis in T2DM. Furthermore, recent studies have shown that genistein might also
be a prospective therapeutic approach for the management
of T2DM complications [78, 79]. For example, Rajput et al.
[78] reported that genistein treatment recovered cognitive
decline in diabetic mice by modulating acetylcholinesterase,
antioxidant levels, and neuroinﬂammation. Another interesting study indicated that genistein pretreatment improved
obsessive-compulsive disorder in STZ-induced diabetic mice
by increasing serotonergic neurotransmission [79].
The antioxidant, anti-inﬂammatory, and antiapoptosis
qualities of genistein might also apply to AD. Zhou et al.
[80] reported that Aβ25-35 induced inﬂammatory damage
in BV-2 microglia, possibly through the TLR4- and NF-κBmediated signal pathway, which could be attenuated by
genistein injection (Table 1). Another study indicated that
pretreatment with genistein prevented the increase of inﬂammatory and oxidant mediators such as COX-2, iNOS, IL-1β,
and TNF-α stimulated by Aβ in cultured astrocytes and that
these eﬀects may be mediated by increasing expression of
peroxisome proliferator-activated receptors (PPARs) [81].
The activation of PPARs has been shown to suppress inﬂammation in AD [82]. Furthermore, genistein protected PC12
cells from Aβ25-35-induced neurotoxicity and neuron death
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by interfering with the activation of JNK, which could stimulate the transcription of the death inducer Fas ligand [83].
Moreover, recent studies indicated that genistein protected
P12 cells against Aβ25-35-induced injury as well as protected
AD rats against hippocampal neuron injury by regulating
calcium/calmodulin-dependent protein kinase IV (CaMCaMKIV) and tau protein expression [84, 85]. In addition,
genistein as a phytoestrogen can bind estrogen receptors
and impact estrogen-mediated processes [86]. In Aβ1-40injected rats, pretreatment of genistein improved learning
and memory function of rats via an estrogenic pathway and
by reducing oxidative stress (Table 4) [86]. However, some
studies indicated that genistein exerted toxic eﬀects in AD
pathology. For instance, in SHSY5Y cells, genistein enhanced
Aβ42 accumulation by increasing mRNA expression and
activities of both APP and β-secretase and by decreasing
levels of the Aβ42-degrading enzyme IDE [87]. Considering
the mixed results of the eﬀects of genistein from in vitro studies, it is imperative to verify these toxic eﬀects in experimental models.
4.1.4. Epigallocatechin-3-Gallate. Epigallocatechin-3-gallate
(EGCG) is a polyphenolic compound derived from a variety
of plants, particularly green tea. In recent years, the beneﬁcial
eﬀects of green tea have been studied and the health beneﬁts
are attributed to its most abundant component, EGCG
[88]. EGCG exhibits strong antioxidant activity. Cytokines
produced by immune cells may induce β-cell damage in
insulin-dependent diabetes mellitus, and it is associated with
the generation of iNOS and NO within the cell [89]. Han
[90] reported that EGCG protected RINn5F cells against
cytokine-induced β-cell destruction and that the molecular
mechanism may involve the suppression of iNOS expression
through the inhibition of NF-κB activation (Table 2). Thus,
EGCG may lead to enhanced pancreatic function. However,
the supposed antioxidant eﬀects of EGCG are controversial,
and there is evidence suggesting that EGCG has prooxidant
eﬀects [91, 92]. For instance, Suh et al. [92] reported that
EGCG mediated the production of H2O2 and triggered
Fe2+-dependent formation of toxic radicals, which further
decreased cell viability and induced apoptotic cell death
in HIT-T15 pancreatic β cells.
Animal studies also suggest that EGCG may play a
role in preventing the development of diabetes and its
complications, although the evidence is not consistent
[93–95]. In a db/db mouse model, EGCG consumption
improved glucose-stimulated insulin secretion, oral glucose
tolerance, and blood glucose in a dose-dependent manner.
The increase in insulin secretion could be caused by a protective eﬀect of EGCG on the pancreas [93]. Furthermore, the
study implied that EGCG supplementation inﬂuenced the
expression of genes that are involved in glucose and lipid
metabolism in the liver, for example, by increasing mRNA
expression of glucose kinase and decreasing mRNA expression of PEPCK, G6Pase, and fatty acid synthase (Table 3)
[93]. Oršolić et al. [94] reported that administration of EGCG
resulted in increased survival, decreased lipid peroxidation,
and reduced DNA damage in diabetic mice and that the
beneﬁcial eﬀects of EGCG might be associated with its
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antioxidant and anti-inﬂammatory potential. By contrast,
Yun et al. [95] reported that EGCG acted as a prooxidant in
β cells, which impaired β-cell function and insulin secretion
by increasing oxidative stress. In biological systems, the antior prooxidant activity of EGCG may be diﬀerent depending
upon its concentration, the cellular environment, the presence
of red blood cells or metal ions, and the characteristics of the
cell line under investigation [92, 96, 97]; thus, additional
studies are needed to determine the adverse eﬀects of EGCG
in diﬀerent cell lines and pathophysiological conditions. In
addition to its antioxidant property, new studies have investigated the other possible mechanism of EGCG in the treatment
of T2DM [98, 99]. For instance, Zhang et al. [98] reported that
EGCG improved insulin resistance in HepG2 cells through
ameliorating glucose-induced inﬂammation and lipotoxicity
via the GLUT2/peroxisome proliferator-activated receptor γ
coactivator (PGC-1β)/sterol regulatory element-binding-1c
(SREBP-1c)/FAS pathway.
EGCG may have the potential to improve cognitive
function and attenuate the hallmarks of AD. For instance,
in an in vitro study where cultured hippocampal neuronal
cells were treated with EGCG, a protective eﬀect against
Aβ-induced neuron injury and death through scavenging
ROS was found, as evidenced by decreased levels of malonyldialdehyde (MDA) and caspase, which were likely a
result of decreased ROS [100]. EGCG could also prevent
the development of AD by inhibiting the formation of
the biomarkers of AD pathology [101]. The assembly of
amyloid ﬁbrils is involved in converting native, unfolded
polypeptides Aβ into a β-sheet formation [102]. The presence of EGCG could directly bind the unfolded polypeptides
Aβ and then assemble them into unstructured, nontoxic
Aβ-oligomers instead of β-sheet-rich aggregates, inhibiting
the ﬁbrillogenesis of Aβ [101]. Moreover, Bieschke et al.
[103] reported that EGCG could remodel the large, mature
β ﬁbrils into smaller, nontoxic amorphous protein aggregates, further reducing cellular toxicity (Table 1). In AD
transgenic mice, chronic EGCG injections decreased Aβ
levels and plaques and promoted nonamyloidogenic APP
processing by increasing α-secretase activity (Table 4)
[104]. Moreover, EGCG administered orally in drinking
water (50 mg/kg, 6 months) reduced Aβ deposition, regulated the tau proﬁle, and suppressed the phosphorylated
tau isoforms in AD transgenic mice [105]. Radial-arm
water-maze tests also indicated EGCG provided cognitive
beneﬁts [105]. A recent study suggested that EGCG facilitated the degradation of extracellular Aβ in astrocytes, by
increasing neprilysin secretion via ERK and the phosphoinositide 3-kinase (PI3K) pathway [106]. Furthermore, Du
et al. [107] indicated that EGCG attenuated the neurotoxicity in both SH-SY5Y cells and the APP/PS1 transgenic
mice model, via a novel mechanism that involves suppression of ER-stress-mediated neuronal apoptosis.
4.1.5. Hesperidin. Hesperidin is a ﬂavonoid glycoside abundant in citrus fruits such as lemons and oranges. Recently,
evidence from in vitro and in vivo studies has shown that
hesperidin possesses beneﬁcial eﬀects for the prevention
and treatment of T2DM and its complications, through its
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antioxidant, anti-inﬂammatory, and antidepressant properties [108–111]. In rat pancreatic islet cells, hesperidin was
protective against oxidative stress induced by IL-1β, thereby
improving the function of islet cells and restoring biosynthesis and secretion of insulin [108]. Treatment of high fat diet
(HFD)/STZ-induced diabetic rats with hesperidin reduced
hyperglycemia by increasing peripheral glucose uptake,
which might be associated with the upregulation of GLUT4
mRNA expression (Table 2) [108]. Oral administration of
hesperidin signiﬁcantly decreased glucose and HbA1c levels
and increased serum insulin, vitamin C, and vitamin E levels
in HFD/STZ-induced diabetic rats [109]. These eﬀects were
possibly due to a decline in production of oxidants and
proinﬂammatory cytokines such as TNF-α and IL-6
(Table 3) [109]. Moreover, in STZ-induced diabetic rats,
hesperidin treatment attenuated retina and plasma abnormalities, including reduced retina thickness and increased
blood-retina breakdown, via its antioxidant and antiinﬂammatory properties, and the inhibition of the production of AGEs and elevated aldose reductase [110]. Hesperidin
could attenuate experimental diabetic neuropathy. Treatment of STZ-induced diabetic rats with hesperidin signiﬁcantly attenuated neuropathic pain and improved nerve
conduction velocity by downregulating the production of
free radical generation and proinﬂammatory cytokine
[111]. The antidepressant eﬀect of hesperidin was demonstrated in STZ-induced diabetic rats, which also was mediated by its antioxidant and anti-inﬂammatory activities as
well as increased neurogenesis [112]. Furthermore, a recent
study implied the protective eﬀects of hesperidin in diabetic
nephropathy, possibly through the inhibition of transforming growth factor-β1- (TGF-β1-) integrin-linked kinase(ILK-) Akt signaling [113].
Additionally, several studies provided evidence that hesperidin may be a novel therapeutic agent for the treatment
of AD [114–116]. In PC12 cells, hesperidin protected cells
against Aβ25-35-induced cytotoxicity and apoptosis by
attenuating mitochondria dysfunction [114]. Further study
indicated that hesperidin mediated the voltage-dependent
anion channel 1- (VDAV-1-) regulated mitochondria
apoptotic pathway [114]. Huang et al. [115] reported that
hesperidin administration ameliorated Aβ1-42-impaired
glucose utilization, partly by decreasing Aβ-induced cellular
autophagy in neuro-2A cells (Table 1). In APP/PS1 mice,
intragastric administration of hesperidin improved learning
and memory deﬁcits by attenuating inﬂammation and oxidative stress through inhibition of RAGE/NF-κB signaling
and activation of Akt/Nrf2 signaling (Table 4) [116]. Moreover, in the transgenic APP/PS1-21 mice, hesperidin treatment signiﬁcantly restored deﬁcits in nesting and social
interactions and attenuated Aβ deposition, microglial activation, and TNF-α, iNOS, and IL-1β levels in the brains
of mice [117]. These results suggested that reduced Aβ
deposition and alleviation of neuroinﬂammatory reactions
by hesperidin might contribute to the improvement of
behavior [117]. Taken together, studies suggest that hesperidin might be a potential candidate for the treatment and
prevention of T2DM and AD; however, more studies on
the clinical eﬀects of hesperidin should be performed.
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4.1.6. Anthocyanins. Anthocyanins (ANTs) are ﬂavonoids
responsible for the blue, red, and purple colors of vegetables,
fruits, and ﬂowers [118]. Most ANTs act as strong antioxidants, which may contribute to their antidiabetic properties.
Zhang et al. [119] reported that ANTs from Chinese bayberry
extract upregulated HO-1 expression via activation of PI3K/
Akt and ERK1/2 signaling in INS-1 cells. As a result, ANTs
protect cells against H2O2-induced β-cell injury. Furthermore, Zhang et al. [120] found that pretreatment with ANTs
attenuated H2O2-mediated β-cell autophagy by activating
the antioxidant transcription factor Nrf2. Additionally, in
HepG2 cells, mulberry ANT extract was reported to mitigate
insulin resistance via activation of PI3K/Akt pathways
(Table 2) [121]. In STZ-induced diabetic rats, injection of
the ANT pelargonidin improved serum insulin levels, normalized elevated blood glucose levels, and glucose tolerance.
It also relieved oxidative stress, including the hemoglobin(Hb-) induced iron-mediated oxidative reaction, by releasing
iron from the Hb and decreasing Hb glycation (Table 3)
[122]. ANTs from black soybean seed coats also yield antidiabetic eﬀects such as decreasing blood glucose levels and
improving hemodynamic parameters and insulin levels in
STZ-induced diabetic mice [123]. These eﬀects were partly
due to the regulation of GULT4 transporter, the activation
of the phosphorylation of insulin receptor, and the prevention of pancreatic apoptosis [123]. Recently, Luna-Vital
et al. [124] demonstrated that ANT from purple corn
improved insulin secretion and hepatic glucose uptake
in vitro, by enhancing the activity of the free fatty acid
receptor-1 (FFAR1) and glucokinase.
Growing evidence suggests that ANTs may have beneﬁcial eﬀects on AD. Shih et al. [125] reported that exposure of
Aβ1-40 and Aβ25-35 to neuro-2A cells resulted in ROS formation, the perturbation of calcium balance, and inﬂuenced
the expression of genes involved in apolipoprotein E (ApoE)
metabolism. All these eﬀects could be blocked by ANT
treatment, eventually leading to reduction of Aβ-induced
neurotoxicity (Table 1). In addition, treatment of neuro-2A
cells with Vaccinium myrtillus anthocyanoside, a heterogenous mixture of ANTs, promoted the formation of nontoxic
forms of Aβ aggregates instead of the toxic amyloid ﬁbrils
[126]. The molecular mechanism may involve the direct binding between ANT and Aβ molecules to suppress amyloid
ﬁbril formation, a function similar to that of EGCG [101].
Moreover, APdE9 mouse fed a diet rich in ANT from bilberry
or blackcurrant supplementation showed altered APP processing and Aβ levels. Speciﬁcally, both bilberry and blackcurrant extracts decreased APP-C-terminal fragment levels
in the cerebral cortex compared to animals fed the control
diet [127]. Soluble Aβ40 and Aβ42 levels were decreased
in bilberry-fed mice but not blackcurrant-fed mice, and by
contrast, the ratio of insoluble Aβ42/40 was signiﬁcantly
decreased in blackcurrant-fed mice but not in bilberry-fed
mice. Both berry diets attenuated behavioral abnormalities
of aged mice as compared to control diet-fed mice
(Table 4) [127].
Although several studies have demonstrated the beneﬁcial eﬀects of ANTs on T2DM and AD, further studies are
needed to clarify what type of ANT is most appropriate for
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a given purpose, because diﬀerent sources of ANTs were used
in studies.
4.1.7. Curcumin. Curcumin is a polyphenolic compound
extracted from the dried roots of turmeric plants [128]. More
than 500 published articles were retrieved when searching the
PubMed database using the terms “curcumin and diabetes.”
In these articles, various pharmacological properties of curcumin were noted. Its antioxidant and anti-inﬂammatory
properties are the most well known [129]. Hepatic stellate
cells (HSCs) are the major eﬀectors during T2D-associated
hepatic ﬁbrogenesis [130], and AGEs have been shown to
induce gene expression of RAGE in HSCs, which could stimulate the activation of HSCs [130]. Lin et al. [129] reported
that curcumin eliminated the stimulation of AGE probably
by increasing gene expression of PPARγ, which attenuated
the gene expression of RAGE, and alleviated the oxidative
stress. Furthermore, curcumin protected pancreatic islets
against STZ-induced oxidative stress by scavenging free radicals [131]. Curcumin increased islet viability and insulin
secretion and decreased ROS concentration and the generation of NO as well as prevented the overactivation of poly
ADP-ribose polymerase-1 (Table 2) [131]. In db/db mice,
oral curcumin mitigated hyperglycemia-induced liver and
kidney damage through normalization of mitochondrial
function, by suppressing NO synthesis and lipid peroxidation
[132]. Another study indicated that oral treatment with curcumin decreased body weight and blood glucose levels and
increased plasma insulin levels [133]. In addition, curcumin
attenuated hyperglycemia-induced oxidative stress, ER stress
and its related inﬂammation, and protected β cells from apoptotic damage. These eﬀects might be associated with the
activation of HO-1 and the inhibition of NF-κB signaling
through a PI3K/Akt-mediated pathway, as well as the suppression of multiple apoptotic signaling (ER-mediated and
mitochondrial-dependent or mitochondrial-independent
apoptotic pathways) (Table 3) [133]. Curcumin has been
shown to exhibit antihyperlipidemic activity. Pari and
Murugan [134] reported that treatment of STZ-induced
diabetic rats with intragastric tetrahydrocurcumin, one of
the active metabolites of curcumin, resulted in a signiﬁcant
reduction of serum-free fatty acids, triglycerides, VLDL,
LDL, and cholesterol and an increase of HDL cholesterol.
Furthermore, curcumin inhibited hepatic gluconeogenesis
by inhibiting hepatic G6Pase and PEPCK activities and activating AMP kinase [135]. Moreover, a recent study showed
that curcumin improved insulin resistance and also ameliorated the metabolic disorder of glucose and lipid in T2DM
rats; these eﬀects might be associated with the reduction of
the free fatty acid and TNF-α in serum [136].
Curcumin also emerged as a promising therapeutic
option for AD. Huang et al. [137] reported that curcumin
inhibited Aβ-induced tau hyperphosphorylation in human
neuroblastoma SH-SYSY cells, which is involved in the phosphatase and tension homolog (PTEN)/Akt/GSK3β pathway.
Qian et al. [138] showed that curcumin treatment protected
P12 cells from Aβ-induced reduction in MDA production,
cell viability, and apoptosis, by increasing the expression
of the N-methyl-D-aspartate receptor (NMDAR) subunit
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NR2A. In an Alzheimer transgenic APPsw mouse model,
curcumin decreased overall insoluble and soluble amyloid
and plaque burden, and it reduced oxidative stress and
suppressed the inﬂammatory cytokine IL-1β and astrocytic
inﬂammatory marker glial ﬁbrillary acidic protein (GFAP)
(Table 4) [139]. Moreover, increasing evidence suggests
that curcumin could bind Aβ and shift its aggregation
pathway. For instance, Rao et al. [140] found that curcumin binding to Aβ promoted the formation of nontoxic
forms of Aβ aggregates. Similarly, another study indicated
that curcumin could bind to highly aggregated Aβ as well
as to abnormal tau protein in the brain of aged AD animals; therefore, curcumin might be used as a speciﬁc
marker for Aβ detection [141]. Overall, these ﬁnding highlight the potential utility of curcumin in T2DM and AD
protection ﬁelds. However, there are some limitations to
its therapeutic use, including poor bioavailability, rapid
metabolism, and rapid systemic elimination [142]. Additional approaches are needed to enhance its bioavailability,
and more clinical trials are needed to conﬁrm its potential
in prevention of AD and T2DM.
4.1.8. Rutin. Rutin is a ﬂavonoid in many vegetables and
fruits, such as apples, ﬁgs, buckwheat, and asparagus [143].
It has a wide range of biological eﬀects including antioxidant,
anti-inﬂammatory, antihyperglycemic, and neuroprotective
[144, 145]. All these properties support the potential of rutin
to prevent or treat diabetes and its complications. For
example, in nicotinamide- (NA-) STZ-induced diabetic
rats, administration of rutin signiﬁcantly ameliorated glucose
tolerance; decreased serum glucose levels; produced improvement of the increased serum lipid variables, such as LDLcholesterol, VLDL-cholesterol, triglycerides, and serum
total lipids; and also improved the oxidative stress [146].
The possible mechanisms for the antihyperglycemic and
antihyperlipidemia eﬀect of rutin were investigated in further
studies. It has been shown that rutin decreased the activity of
G6Pase and glycogen phosphorylase, as well as increased the
activity of hepatic hexokinase activity; therefore, rutin may
reduce hepatic glucose output [146]. Furthermore, the
decrease in glucose level can be achieved by improving glucose uptake by tissues [145]. Hsu et al. [147] reported that
rutin reduced blood glucose level in insulin-resistant mice
through enhancement of insulin-dependent receptor kinase
(IRK) activity and GLUT4 translocation (Table 3). In adipose
tissue and skeletal muscle, rutin has been shown to increase
expression of PPARγ, which further improve insulin resistance, aﬀect insulin sensitivity, and improve glucose uptake
[146, 148]. Moreover, rutin treatment increased β-cell viability and reduced the glucotoxicity through activating
AMPK and IRS2 signaling [149]. Furthermore, it has been
shown that rutin improved insulin secretion in isolated rat
pancreatic islets [146]. Taken together, the antihyperglycemic eﬀect of rutin may be achieved by increasing glucose
uptake by peripheral tissue, improving insulin resistance,
suppressing gluconeogenesis in the liver, and stimulating
insulin secretion.
In addition to antihyperglycemia and antihyperlipidemia, rutin also exhibits antidiabetic eﬀects by decreasing
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oxidative stress and suppressing the inﬂammatory cytokine
in STZ-induced diabetic rats [150]. Moreover, a very recent
study showed that rutin exhibited protective eﬀect on the
liver of db/db mice by activating the IRS2/PI3K/Akt/GSK3β
signal pathway, improving hepatocyte proliferation, and
decreasing generation of AGEs [151]. Overall, several cell
and animal studies support the beneﬁcial eﬀects of rutin on
T2DM. Further clinical studies are suggested to evaluate the
eﬃciency and safety of rutin.
The therapeutic potential of rutin for AD has also been
shown in both cell and animal studies [152, 153]. The possible mechanisms involved are eliminating the inﬂammatory
component of neurodegeneration, decreasing oxidative stress
which relates to neuronal cell loss, and preventing Aβ
aggregation [154]. For example, in APPswe (APP Swedish
mutation) cells, rutin treatment prevented Aβ25-35 ﬁbril formation and inhibited BACE activity [152] (Table 1). Furthermore, rutin ameliorated the neurotoxic eﬀect, including
declined cell viability and reduced GSH levels induced by
overexpression of APP in APPswe cells [152]. Similarly,
Wang et al. [153] indicated that rutin inhibited Aβ42 ﬁbrillization and improved Aβ42-induced cytotoxicity in SH-SY5Y
cells. Additionally, rutin attenuated mitochondrial damage
and decreased the generation of ROS, GSSG, NO, iNOS,
and proinﬂammatory cytokines, as well as enhanced the
activities of SOD and catalase [153]. Moreover, a recent study
showed that Nelumbo nucifera extracts exhibited protective
eﬀect on Aβ-induced apoptosis in PC12 cells; further puriﬁcation of these extracts identiﬁed them to be ﬂavonoids, such
as rutin [155]. In Aβ-injected rats, administration of rutin
signiﬁcantly enhanced memory retrieval compared to the
control group, possibly through activation of the MAPK
pathway and brain derived neurotraphic factor (BDNF) gene
expression and reduction of oxidative stress and neurotoxicity induced by Aβ (Table 4) [156]. Furthermore, Choi et al.
[157] found that the impaired cognition and memory of
Aβ-induced AD mouse was alleviated by oral administration
of rutin.
4.1.9. Naringin. Naringin, a ﬂavonoid mostly found in grape
fruit and related citrus species, has been reported for its antioxidant, anti-inﬂammatory, and antihyperglycemic properties [158, 159]. Recently, several new investigations
indicated that naringin could improve T2DM and mitigate
the severity of T2DM complications [159–161], and the
underlying mechanism has been elucidated. In NA/STZinduced type 2 diabetic rats, naringin produced a signiﬁcant
amelioration of the serum glucose level and lipid proﬁle, such
as LDL-cholesterol, LDL, and free fatty acids (Table 3) [159].
These eﬀects may be mediated by elevating liver G6Pase and
glycogen phosphorylase activities, improving the insulin
secretory response, and enhancing the expression of GLUT4,
insulin receptor, and adiponectin as well as decreasing oxidative stress [159]. In in vitro studies, it has also been shown
that naringin protected the cell against high glucoseinduced damage. For instance, Chen et al. [160] reported that
naringin inhibited the high glucose-induced inﬂammatory
reaction by mediating the nucleotide-binding and oligomerization domain-like receptor family pyrin domain-
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containing 3 (NLRP3) inﬂammasome in the rat mesangial
cell. Furthermore, Li et al. [161] indicated that naringin
protected the human endothelial cell against high glucoseinduced damage through inhibition of oxidation, downregulation of the chemokine (C-X3-C motif) ligand 1 (CX3CL1),
and improvement of mitochondrial function (Table 2).
Furthermore, several studies have demonstrated the
beneﬁcial eﬀect of naringin on diabetic complications
including diabetes-associated anemia, kidney damage, cognitive decline, and atherosclerosis [162–164]. For instance,
Mahmoud [162] reported that naringin protected HFD/
STZ diabetic rats from diabetes-associated anemia by
decreasing proinﬂammatory cytokine production and stimulating adiponectin expression. Sharma et al. [163] demonstrated that naringin attenuated hepatic steatosis and
kidney damage, and also ameliorated insulin resistance and
β-cell dysfunction by decreasing oxidative stress and inﬂammation through upregulation of PPARγ, heat shock protein27, and heat shock protein-72. In addition, the eﬀects of naringin on oxidative stress, proinﬂammatory factors, and the
PPARγ signaling pathway may be involved in ameliorating
cognitive deﬁcits in the type 2 diabetic rat model [164].
Recently, an interesting study showed that naringin exhibited
antiatherogenic eﬀect in a T2DM rat model; the underlying
mechanism may be involved in the enhancement of HDLmediated reverse cholesterol transport and the improvement
of paraoxonase activity [165].
The potent neuroprotective eﬀects of naringin have been
well characterized, and increasing attention has been focused
on its protective eﬀects on AD. In an APP/PS transgenic
mouse model, naringin consumption enhanced learning
and memory ability of mice, ameliorated cognitive deﬁcits,
and also reduced senile plaque formation and reversed glucose uptake defect in the brain. The inhibition of GSK3β
activity may be the possible mechanism [166]. Another study
suggested that the enhancement of CaMKII activity may be
one of the mechanisms by which naringin improved cognitive function in the AD mouse model (Table 4) [167]. Moreover, naringin treatment restored intracerebroventricular
STZ-induced cognitive deﬁcits in rats, the mitigation of mitochondrial dysfunction mediated oxidative stress, and the
suppression of acetylcholinesterase activity and the TNF-α
level by naringin may contribute to its function on cognitive
impairment [168]. A recent study has investigated the eﬀects
of naringin dihydrochalcone (NDC) on neuropathology in
APP/PS1 transgenic mice [169]. NDC is a naringin derivative
and acts as an artiﬁcial sweetener with antioxidant activity in
food and medicine [170]. The results suggested that NDC
attenuated Aβ deposition and neuroinﬂammation and
enhanced neurogenesis as well as ameliorated cognitive deﬁcits in AD mice [169].
4.1.10. Naringenin. Naringenin is a ﬂavonoid abundantly
found in citrus fruits such as oranges, lemons, grapefruits,
and tomatoes [171]. In recent years, there has been increased
attention on the beneﬁts of naringenin on T2DM and its
complications. In STZ-induced diabetic rats, oral administration of naringenin decreased the blood glucose level, normalized LDL, and VLDL concentrations and also normalized
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oxidative stress parameters in both the liver and pancreas;
these eﬀects may be attributed to the increased expression
of mRNA and protein levels of GLUT4 and PPARγ by naringenin [172] (Table 3). Many studies have been designed to
evaluate the role of naringenin in diabetes-associated complications, such as nephropathy, cardiac hypertrophy, vascular
disease, hepatotoxicity, and neuropathy [173–175]. For
instance, Kapoor et al. [173] demonstrated that the altered
activity of liver and kidney enzymes, altered antioxidant status, increased generation of ROS, mitochondria dysfunction,
and increased expression of apoptotic proteins could induce
liver damage and diabetic hepatopathy in diabetic rats; all
these eﬀects were rescued after naringenin treatment; therefore, naringenin has potential for the management of diabetic
hepatopathy. Roy et al. [174] showed that naringenin
alleviated renal impairment and structural changes such as
glomerulosclerosis in STZ-induced diabetic rats, possibly
through downregulation of TGF-β1 and IL-1 by reducing
oxidative stress, modulating proinﬂammatory cytokine production and apoptotic events. Moreover, researchers found
that naringenin ameliorated high glucose-induced endothelial dysfunction by decreasing oxidative stress and apoptosis
via the ROS/caspase-3 and NO pathway in endothelial cells
[175]. Furthermore, naringenin acted as an antioxidant and
cholinesterase inhibitor and ameliorated diabetes-induced
memory dysfunction in rats [176]. Moreover, in a recent
study, naringenin has been shown to improve cardiac hypertrophy in diabetic mice; these eﬀects may be related to the
upregulation of cytochrome P450 2J3 and the activation of
PPARs [177]. Overall, the beneﬁcial eﬀects of naringenin
on diabetes and its complications have been investigated,
partly through its antioxidant, anti-inﬂammatory, and
antiapoptotic properties.
In recent years, a few studies have explored the possible
role of naringenin in prevention and treatment of AD. For
instance, in an AD rat model, the expression of Aβ40 and
Aβ42 were downregulated, and the learning and memory
ability were improved after naringenin administration
[178]. Another study has investigated the underlying mechanisms in Aβ-injected rats; the results suggested that naringenin pretreatment alleviated Aβ-induced impairment of
memory and learning through downregulation of lipid peroxidation and apoptosis and also through mediation of the
estrogenic pathway (Table 4) [179]. In PC12 cells, naringenin
suppressed Aβ25-35-induced nerve damage by improving
cell viability, stimulating Akt and GSK3β activation, inhibiting cell apoptosis, and regulating the estrogen receptor [180].
The collapsin response mediator protein-2 (CRMP-2) has
been implicated in the pathogenesis of AD; phosphorylation
leads to its inactivity, which in turn inhibits axonal outgrowth and results in neuronal loss and memory deﬁcits
[181, 182]. A recent study reported that naringenin could
bind to CRMP-2 then decrease its phosphorylation, which
in turn alleviates AD-like pathology [181]. Even though
naringenin has a wide range of activities, due to its low water
solubility and poor bioavailability, the clinical development
of naringenin has been hampered [182]. A recent study has
developed naringenin-loaded nanoemulsions, which protected SH-SY5Y cells against Aβ-induced neurotoxicity,
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possibly by reducing amyloidogenesis and tau hyperphosphorylation; also, it showed a better neuroprotective eﬀect
than free naringenin [183]. Overall, naringenin might be a
potential agent for treatment of AD; further studies are
needed to identify more underlying mechanisms and
develop an optimal form of naringenin.
4.2. Carotenoid
4.2.1. Lycopene. Lycopene is a carotenoid occurring naturally
in tomatoes and pink grapefruits that is responsible for the
red color [184]. Although there is little evidence regarding
the possible antidiabetic eﬀects of lycopene from in vitro
studies, many in vivo studies have shown the beneﬁcial eﬀects
of lycopene on diabetes and its associated complications
[185–187]. Ali and Agha [185] conducted a study with
STZ-induced diabetic rats where supplementation with lycopene (Table 3) caused a dose-dependent decrease in H2O2,
NO, and lipid peroxidation, as well as increased activity of
antioxidant enzymes, which further contributed to the
decreased glucose levels, increased insulin levels, and
improved serum lipid proﬁles (Table 3). The antioxidant
properties of lycopene also have been shown to rescue diabetic endothelial dysfunction in STZ-induced diabetic rats
[186]. To study the speciﬁc therapeutic eﬀect of lycopene on
diabetic nephropathy, Li et al. [187] conducted a study with
STZ-induced diabetic rats. The results indicated that lycopene
protected kidneys against diabetes mellitus-induced morphological destruction and function impairments by improving
oxidative status, increasing Akt phosphorylation, and regulating connective tissue growth factor. Another study indicated
that lycopene ameliorated renal function by interrupting the
AGE-RAGE axis [188]. In addition, lycopene has been tested
for its ability to attenuate diabetes-associated cognitive
decline. Kuhad et al. [189] reported a dose-dependent
response to chronic treatment with lycopene that alleviated
cognitive impairment and cholinergic dysfunction, decreased
NO and TNF-α, and increased acetylcholinesterase activity in
STZ-induced diabetic rats. The dysfunction of endothelial
progenitor cells (EPCs) has been implicated in diabetesassociated vascular complications [190]; Zeng et al. [191]
showed that lycopene ameliorated AGE-induced EPC apoptosis and oxidative autophagy, further impairing the number
and function of EPCs. Therefore, lycopene may have potential
to improve T2DM vascular complications. Taken together,
the antidiabetic function of lycopene might be associated with
its antioxidant and anti-inﬂammatory properties.
Recent interest has focused on lycopene as a potential
useful agent in the management of AD. The antioxidant,
anti-inﬂammatory, and antiapoptotic eﬀects of lycopene
may directly link to its neuroprotective function. In primary
cultured rat cortical neurons, pretreatment with lycopene
attenuated Aβ25-35-induced neurotoxicity, as evidenced by
improved cell viability and decreased rate of apoptosis in a
dose-dependent manner; these eﬀects were attributed to the
inhibition of the Aβ25-35-induced generation of ROS and
mitochondrial membrane potential collapse (Table 1) [192].
Furthermore, Qu et al. [193] reported that lycopene protected mitochondria against Aβ-induced damage in cultured
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rat cortical neurons, and its eﬀects in part resulted by
decreasing mitochondrial oxidative stress and improving
mitochondrial function. Chen et al. [194] found that lycopene could reduce Aβ1-42 secretion by inhibiting APP
expression in APPsw cells. Moreover, administration of oral
lycopene improved Aβ-induced learning and memory in an
AD mouse model. Mitigation of NF-κB activity and the
downregulation of TNF-α and IL-1β by lycopene might be
the underlying mechanism (Table 4) [195]. In tau transgenic
mice expressing P301L mutation, lycopene supplementation
ameliorated the memory impairment by inhibiting oxidative
stress as well as attenuating tau hyperphosphorylation [196].
Although several studies have assessed the antidiabetic and
neuroprotective function of lycopene in cell and animal
models, few clinical studies have been performed. To establish proper dietary recommendations, large-scale human
studies are necessary.
4.3. Vitamins
4.3.1. Vitamin A. Vitamin A or retinol is an essential dietary
nutrient that is necessary for vision, reproduction, and normal growth. Intracellularly, retinol can be converted to retinal all-trans-retinoic acid (RA) or 9-cis-retinoic acid [197].
The potential mechanisms through which vitamin A can
impact T2DM include chelation of oxide radicals, increasing
insulin sensitivity, regeneration of β cells, and regulation of
obese and adipose biology [197]. For instance, it was suggested that all-trans-RA could improve insulin signaling by
inhibiting protein kinase C (PKC) activity through binding
to PKC isozymes. PKC was found to be elevated in diabetes
and abrogated insulin signaling [197]. RA also increased
insulin secretion and insulin mRNA levels in cultured islets,
by increasing pancreatic glucokinase through activation of
the glucokinase promoter (Table 2) [198]. Moreover, retinol
and RA are positive regulators of uncoupling protein 1
(UCP-1), and the overexpression of UCP-1 could improve
skeletal muscle glucose transport and insulin resistance
[199]. Additionally, Berry and Noy [200] reported that alltrans-RA suppressed obesity and insulin resistance by inducing expression of PPARβ/δ and retinoid acid receptor (RAR)
genes (Table 3). A recent study [201] suggested that vitamin
A-deﬁcient diet-fed rats displayed reduced stearoyl-CoA
desaturase 1 (SCD1) and monounsaturated fatty acid levels,
which in turn increase ER stress-mediated apoptosis and
alter the structure and function of the pancreas. However,
there is controversy about the eﬀects of vitamin A on the
treatment of T2DM. It was reported that the metabolic availability of retinoid could be reversed by insulin treatment
[202]; therefore, vitamin A may not be an eﬀective intervention for diabetic individuals with altered retinoid biology.
Additionally, large-dose intakes of vitamin A interfere with
bone metabolism and are associated with osteoporosis [197].
Vitamin A could also play an important role in nerve
regeneration, neural development, neural plasticity, and neurodegenerative diseases, including AD [203]. Several studies
have been shown the potential eﬀects of vitamin A on amyloid pathology, neurotransmission, oxidative stress, and
inﬂammation. In vitro, in a dose-dependent manner, vitamin
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A inhibited oligomerization and ﬁbrillation of Aβ40 and
Aβ42 (Table 1) [204]. Vitamin A was also reported to regulate
the expression of genes involved in the production of Aβ,
including BACE1 and presenilin 1/2 [205, 206]. Treatment
of APP/PS1 transgenic mice with all-trans-RA attenuated
Aβ deposit accumulation and tau hyperphosphorylation and
improved spatial learning and memory when compared with
the control mice (Table 4) [207]. Deﬁciency in cholinergic
transmission is the major underlying feature of AD, which
may be attributed to the decreased expression of choline acetyltransferase (ChAT). It was reported that all-trans-RA
administration upregulated the expression and activity of
ChAT in a neuronal cell line [208]. Zeng et al. [209] established a marginal vitamin A deﬁciency (MVAD) rat model
from maternal MVAD rats, then injected rats with Aβ1-42;
the results showed that MVAD feeding exacerbated Aβ1-42induced learning and memory deﬁcits; therefore, long-term
MVAD may result in an increased risk of AD. In contrast, a
recent study [210] showed that increased availability of retinol
at levels above the cellular physiological concentrations
increased oxidative stress; the levels of α-synuclein, Aβ, and
tau phosphorylation in human SH-SY5Y neuronal cell term
MVAD may result in an increased risk of AD.
4.3.2. Vitamin D. Vitamin D exists in two forms, cholecalciferol (VD3) and ergocalciferol (VD2). VD3 can be
obtained from diet or synthesized in the skin from
7-dehydrocholesterol during exposure to solar UVB radiation. In the kidney, it is converted to 1,25-(OH)2 VD3, the
active form of vitamin D [211]. Vitamin D is mediated by
its nuclear receptor, vitamin D receptor (VDR). Vitamin D
plays a crucial role in modulating the risk of T2DM by
inﬂuencing insulin sensitivity, β-cell function, and inﬂammation [146, 149]. In peripheral insulin-target cells, vitamin D
may aﬀect insulin sensitivity by stimulating the expression
of insulin receptor through interaction with VDR or by activating PPARκ [212, 213]. Calcium is important for insulinmediated intracellular processes [214], and vitamin D could
regulate intracellular and extracellular calcium concentrations to aﬀect insulin sensitivity. Moreover, vitamin D may
promote β-cell survival by modulating the generation and
activity of cytokines through the downregulation of NF-κB
(Table 2) [215] or the Fas-related pathway [216]. A recent
study suggested that vitamin D increased glucose-stimulated
insulin secretion by enhancing calcium inﬂux through upregulation of expression of R-type voltage-gated calcium channel
(VGCC) gene in mouse and human islets [217]. Treatment of
STZ-induced diabetic mice with a vitamin D-supplemented
diet decreased the fasting blood glucose levels, increased
insulin levels, and restored pancreatic islets damaged by
STZ [218]. Meerza et al. [219] (Table 3) also demonstrated
that the treatment of 1,25-(OH)2 VD3 signiﬁcantly changed
blood calcium and glucose concentrations, as well as the
activities of glucose metabolic enzymes, including G6Pase,
hexokinase, and fructose 1,6-bisphosphatase (FBPase) in
type 2 diabetic mice.
Recent studies showed that VDR is widely expressed in
the brain [220]. Prospective studies have reported that vitamin D deﬁciency was associated with increased risk of AD
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[221]. Therefore, vitamin D may exhibit neuroprotective
functions such as regulation of neurotransmitters, NGF
synthesis, calcium homeostasis, Aβ metabolism, oxidative
stress, and inﬂammation [222, 223]. For instance, NGF
signaling interruption has been shown to upregulate APP
and β-secretase leading to an increased level of Aβ [224].
In mouse ﬁbroblasts, 1,25-(OH)2 VD3 was reported to induce
NGF expression by increasing AP-1 binding activity in the
NGF promoter (Table 1) [222]. Furthermore, vitamin D
could stimulate Aβ clearance by macrophages of AD patients
[223]. In the TgCRND8 mouse model of AD, treatment of
vitamin D resulted in reduced soluble and insoluble plaquerelated Aβ, primarily in the hippocampus in which the
VDR is abundant, and improved memory function [225].
In addition, a recent study reported that vitamin D supplementation was eﬃcient in improving endogenous neurogenesis and working memory in transgenic AD-like male mice
when administered before the onset of the symptoms, while
in female mice, vitamin D was eﬃcient when delivered
during the symptomatic phase of the disease [226]. Overall,
further studies are needed to test the safety and eﬃcacy of
long-term use of vitamin D and to identify what type of
vitamin D supplement is more beneﬁcial for T2DM and
AD patients, according to their age, gender, and disease stage.
4.3.3. Vitamin E. Vitamin E is an important component of
the antioxidant system in all body tissues, and α-tocopherol
is the most active form. Due to its antioxidant activity, vitamin E has been considered to be a promising therapeutic
option for AD and T2DM. In vivo, STZ-induced diabetic
rats were reported to have signiﬁcantly decreased glucose
levels and improved activities of antioxidant enzymes such
as catalase, glutathione peroxidase, and glutathione reductase
after supplementation with vitamin E [227]. In addition,
vitamin E supplementation ameliorated alloxan-induced
mouse hyperglycemia by enhancing insulin secretion from
the alloxan-treated islets (Table 3) [228]. However, the
results from human studies are inconsistent, and a systematic
review concluded that there were no beneﬁcial eﬀects of vitamin E supplementation in improving glycemic control in the
full set of T2D patients. It was eﬀective only in patients with
low-serum vitamin E concentrations or inadequate glycemic
control at baseline [229].
Previous studies have reported that the antioxidant and
anti-inﬂammatory properties of vitamin E contribute to its
neuroprotective eﬀects. An animal study showed that depletion of α-tocopherol resulted in increased lipid peroxidation,
which in turn impaired Aβ clearance from the brain and
blood of AD transgenic model mice, eventually causing
Aβ accumulation in the brain and plasma of mice [230].
Moreover, both in vivo and in vitro studies showed that
vitamin E protects against the formation of Aβ-induced tau
phosphorylation through the inhibition of the activation of
p38-MAPK by reducing oxidative stress (Table 1) [231].
Beyond antioxidant activity, recent studies have identiﬁed
the role of vitamin E in gene regulation, signaling, and
membrane ﬂuidity [232]. Rats fed a vitamin E-deﬁcient diet
showed changes in hippocampus gene expression. These
genes were associated with apoptosis, NGF, Aβ clearance,
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and the onset or progression of AD [233]. For example, the
expression of APP binding protein 1, which binds and
stabilizes APP, was decreased after treatment with a vitamin
E-deﬁcient diet [233]. In addition, α-tocopherol was shown
to inhibit the activation of PKC and improve the activity of
PP2A, an enzyme that is implicated in AD pathology [234,
235]. A recent study [236] investigated that vitamin E had
positive characteristics with respect to AD in neuronal cell
lines, including reduction of ROS, cholesterol, and cholesterol ester levels; however, it also had negative eﬀects such
as enhancement of Aβ production and inhibition of Aβ degradation. Overall, in vivo and in vitro studies have established
plausible eﬀects of vitamin E on AD pathology, but more
clinical research are needed for conclusive results.

5. Conclusion
T2DM and AD are complex disorders with high prevalence
and heavy social and economic burdens. The ineﬀectiveness
of the current therapeutic agents in management of AD
and long-term diabetes complications require the development of safe and eﬀective complementary approaches. The
therapeutic potential of various bioactive compounds such
as resveratrol, curcumin, and lycopene has attracted the
interest of researchers. It is important to identify the molecular mechanisms underlying the antidiabetic and neuroprotective eﬀects of bioactive compounds in cell cultures and
animal models of T2DM and AD. Published data indicate
that there might be beneﬁcial eﬀects of bioactive compounds
on decreasing hyperglycemia, enhancing insulin secretion,
improving β-cell function, decreasing Aβ accumulation,
and improving cognitive function in those aﬄicted. The
mechanisms of action may involve their antioxidant, antiinﬂammatory, and antiapoptotic properties. Moreover, some
studies of these bioactive compounds have yielded controversial results, which may be attributed to diﬀerent experimental
designs, dosages, and types of bioactive compounds examined. Additional carefully designed clinical trials are needed
to provide better evidence for the potential therapeutic application of bioactive compounds in the treatment of T2DM
and AD.
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Microenvironment plays a vital role in tumor progression; we focused on elucidating the role of hepatic stellate cells (HSCs) in
hepatocarcinoma (HCC) aggressiveness and investigated the potential protective eﬀect of curcumin on HSC-driven
hepatocarcinoma angiogenesis and invasion. Our data suggest that HSCs increase HCC reactive oxygen species (ROS)
production to upregulate hypoxia-inducible factor-1α (HIF-1α) expression to promote angiogenesis, epithelial to mesenchymal
transition (EMT) process and invasion. And HSCs could secrete soluble factors, such as interleukin-6 (IL-6), vascular
endothelial cell growth factor (VEGF), and stromal-derived factor-1 (SDF-1) to facilitate HCC progression. Curcumin could
signiﬁcantly suppress the above HSC-induced eﬀects in HCC and could abrogate ROS and HIF-1α expression in HCC. HIF-1α
or connective tissue growth factor (CTGF) knockdown could abolish the aforementioned curcumin aﬀection. Moreover, CTGF
is a downstream gene of HIF-1α. In addition, nuclear factor E2-related factor 2 (Nrf2) and glutathione (GSH) are involved in
curcumin protection of HCC. These data indicate that curcumin may induce ROS scavenging by upregulating Nrf2 and GSH,
thus inhibiting HIF-1α stabilization to suppress CTGF expression to exhibit its protection on HCC. Curcumin has a promising
therapeutic eﬀect on HCC. CTGF is responsible for curcumin-induced protection in HCC.

1. Introduction
Hepatocellular carcinoma (HCC) represents the ﬁfth most
common cancer worldwide and is the third most common
cause of cancer-related deaths [1]. Its high tendency to metastasize is considered to partially account for the extremely poor
clinical prognosis of HCC. HCCs are typically highly vascularized [2, 3]. Transarterial chemoembolization (TACE)
using the anthracycline antibiotic doxorubicin is the standard
treatment for unresectable intermediate HCC and has survival beneﬁt in asymptomatic patients with multifocal disease

without vascular invasion or extrahepatic spread. Sorafenib,
lenvatinib, which is noninferior to sorafenib, and regorafenib
increase survival and are the standard treatments in advanced
hepatocellular carcinoma. However, several clinical trials
have revealed that sorafenib has limited anticancer eﬀects
to improving patient survival [4, 5]. Thus, it is an urgent need
for a greater understanding of the molecular mechanism of
HCC progression and seeking for new therapeutic targets
for the treatment.
The stroma is closely involved in both hepatic ﬁbrosis
and carcinogenesis and is a vital player in the cellular and
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molecular mechanisms associated with these processes [6, 7].
Hepatic stellate cells (HSCs) are an important component
in the liver, and its activation with subsequent phenotypic
alterations is a critical event for ﬁbrosis. Besides, HSCs can
aﬀect the initiation and progression of HCC. Previous studies
have revealed that HSCs facilitate cancer cell invasion and
proliferation through secreting growth factors and cytokines
[8]. In addition, HSCs exhibit biological eﬀect on regulating
immune evasion and angiogenesis.
Curcumin, commonly known as turmeric, is a polyphenol derived from the Curcuma longa plant. It has been
broadly used for centuries [9, 10], on account of its nontoxic
and various therapeutic properties including antiseptic activity, antioxidant, and anti-inﬂammatory [9]. Recent studies
have shown that curcumin exhibits anticancer activities
through its eﬀect on some biological pathways associated
with cell cycle regulation, tumorigenesis, and metastasis
[11, 12]. Curcumin has an inhibition eﬀect on the transcription factor nuclear factor-κB (NF-κB) [13] and its downstream gene products (including cyclooxygenase-2, matrix
metalloproteinase (MMP-9), interleukins, and Cyclin D1)
[14, 15]. Moreover, curcumin regulates the expression of
many growth cell adhesion molecules and factor receptors
linking tumor angiogenesis and metastasis [9, 16].
Here, we investigated whether oxidative stress plays a vital
role in HCC progression and evaluated the potential beneﬁcial eﬀects of curcumin on HSC-induced HCC invasiveness
and angiogenesis. We revealed that curcumin has a promising
therapeutic eﬀect on HSC-induced HCC invasion and angiogenesis. CTGF is responsible for curcumin induce protection
in HCC. Curcumin may induce ROS scavenging by upregulating Nrf2 and GSH, thus inhibiting HIF-1α stabilization to
suppress CTGF expression to exhibit its protection on HCC.

2. Materials and Methods
2.1. Cell Lines and Cell Culture. The HCC cell line (HepG2)
and human umbilical vein endothelial cells (HUVECs) were
obtained from the Shanghai Institution for Biological Science
(Shanghai, China). Human hepatic stellate cell lines (HSCs)
were purchased from ScienCell Research Laborotary
(Carlsbad, CA, USA). All cell lines were cultured at 37°C,
5% CO2, and 95% air in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) (high glucose) (HyClone, Logan, USA) containing
10% heat-inactivated fetal bovine serum (FBS) plus 100 μg/
ml ampicillin and 100 μg/ml streptomycin.
2.2. Reagents. Anti-HIF-1α was obtained from Bioworld (St.
Louis, MO, USA). The other antibodies, namely, anti-E-cadherin, anti-MMP-9, anti-vimentin, anti-CTGF, anti-Nrf2,
and anti-β-actin, were purchased from Cell Signaling Technology Biotechnology (Danvers, MA, USA). Curcumin was
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
DCF-DA was purchased from Molecular Probes (Eugene,
OR, USA).
2.3. Real-Time Quantitative PCR (RT-qPCR). TRIzol
reagent was used to isolate total RNA, and the reverse transcription was developed using a PrimeScript RT reagent Kit
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(TaKaRa, Dalian, China). The iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) was
carried out to perform real-time PCR. The △△CT method
was applied to determine fold changes in gene expression as
normalized to those of GAPDH. The following PCR primers
were as follows: MMP-9, forward: 5′-GAACCAATCTCACC
GACAGG-3′ and reverse: 5′-GCCACCCGAGTGTAACC
ATA-3′; E-cadherin, forward: 5′-ATTCTGATTCTGCTGC
TCTTG-3′ and reverse: 5′-AGTCCTG GTCCTCTTCTCC3′; vimentin, forward: 5′-AATGACCGCTTCGCCAAC-3′
and reverse: 5′-CCGCATCTCCTCCTCGTAG-3′; VEGF, forward: 5′-TGCAGATTATGCGGATCAAACC-3′ and reverse:
5′-TGCATTCACATTT GTTGTGCTGTAG-3′; HIF-1α,
forward: 5′-AAGTCTAGGGATGCAGCA-3′ and reverse:
5′-CAAGATCACC AGCATCATG-3′; IL-6, forward: 5′-A
GTTCCTGCAGTCCAGCCTGAG-3′ and reverse: 5′-TC
AAACTGCATAGCCACTTTC C-3′; CTGF, forward: 5′-A
CCTGTGGGATGGGCATCT-3′ and reverse 5′-CAGGCG
GCTCTGCTTCTCTA-3′; and GAPDH, forward: 5′-ACCA
CAGTCCATGCCATCAC-3′ and reverse: 5′-TCCACCAC
CCTGTTGCTGAT-3′.
2.4. Western Blot Analysis. Total cellular protein of indicated
cells was extracted and heated for 15 min at 75°C. 100 μg of
cellular proteins was separated on a 10% SDS-PAGE gel
and then transferred to the PVDF membranes. The membranes were incubated with the following primary antibodies: anti-HIF-1α, anti-E-cadherin, anti-MMP-9, and antivimentin. The membrane was subsequently incubated with
HRP-conjugated secondary antibodies, and an enhanced
chemiluminescence detection system was used to perform the peroxidase reaction to visualize the immunoreactive bands.
2.5. HUVEC Tubule Formation Assay. 200 μl of Matrigel was
used to coat each well of a 24-well plate. HUVECs (2 × 104)
from each group were resuspended into 200 μl of conditioned
media (CM) in each well and incubated at 37°C under 5%
CO2 for 24 h. A light microscope were used to capture the
image under at 100x magniﬁcation, and the number of capillary tubes were measured by calculating the total tube length
of each image. We randomly chose three diﬀerent ﬁelds per
well and photographed the image using a light microscope.
The total length of all tubing with each ﬁeld was measured
after calibration with a stage micrometer, and Prism 5 software (GraphPad Software, San Diego, CA, USA) was used
to analyze the data.
2.6. Cell Invasion Assay. A chamber-based invasion assay
(Millipore Co., Billerica, MA, USA) was used to determine
HCC cell invasion. The upper surface of the membrane was
coated with 25 ml of Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA). HepG2 cells (1 × 105) from the indicated
groups were resuspended in the upper chamber in serumfree media to allow migration towards a serum gradient
(10%) in the lower chamber for 20 h. The noninvading
cells were scraped from the top of the Matrigel, and the
invading cells on the bottom surface were ﬁxed with 4%
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paraformaldehyde and stained with crystal violet. The numbers of migrated cells were calculated in ten randomly selected
ﬁelds under a light microscope at ×100 magniﬁcation.
2.7. Assay of Intracellular ROS. Intracellular H2O2 production assay is described in previous publications [17, 18].
Brieﬂy, 5 μg/ml DCF-DA was used to incubate the cells
from the indicated groups for 5 minutes and then 1 ml of
RIPA buﬀer was used to lyse the cells after washing with
PBS. Fluorimetric analysis at 510 nm was applied to detect
H2O2 concentrations. The data were normalized to total
protein content.
2.8. RNA Interference. A negative control shRNA (sc-108060)
(Santa Cruz, Dallas, Texas, USA) and shRNA against HIF-1α
(sc-400036) (Santa Cruz) were obtained from Santa Cruz
Biotechnology and were applied to transfect the HCC
cells. RNA interference was performed using Lipofectamine
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. After interference, puromycin was used
to select the silenced cells. Then, the stably transfected cells
were selected for further use.
2.9. Enzyme-Linked Immunosorbent Assay (ELISA). HCC
cells from the indicated groups were incubated with serumfree medium for 72 h. The concentrations of IL-6, VEGF,
and SDF-1 in the CM were detected using an enzymelinked immunosorbent assay (ELISA) kit (R&D, Minneapolis, MN, USA), according to the manufacturer’s instructions.
2.10. Measurement of Glutathione Content. GSH and GSSG
levels were measured in CGN extracts using the GSH reductase enzyme method. This assay is based on the reaction of
GSH and thiol-mediated which produces the 5,5′-dithio-bis
(2 nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid
(TNB), detectable at λ = 412 nm. The test is speciﬁc to GSH
due to the speciﬁcity of the GSH reductase enzyme to GSH:
the rate of accumulation of TNB is proportional to the concentration of GSH in the sample. Brieﬂy, cell extract was
diluted 1 : 2 with KPE buﬀer (0.1 M potassium phosphate,
5 mM disodium EDTA, pH 7.5) prior to the addition of
freshly prepared DTNB (2.5 mM) and GSH reductase solutions (250 U/ml). Following the addition of β-NADPH, the
absorbance (λ = 412 nm) was measured immediately at 30 s
intervals for 2 min. The rate of change in absorbance was
compared to that for GSH standards. The measurement of
GSSG in each sample was identical to that used for the measurement of GSH, but with a previous treatment of the sample with 2-VP, which reacts out with GSH.
2.11. Statistical Analysis. The data were presented as the
mean ± SD from at least three independent experiments. Statistical comparisons of more than 2 groups were performed
using one-way analysis of variance with Bonferroni’s post
hoc test. Statistical comparisons between 2 samples were
performed using the Student’s t-test. Signiﬁcance was deﬁned
as p < 0 05.
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3. Results
3.1. Curcumin Suppresses HCC Angiogenesis Induced by
HSCs through HIF-1α. To investigate the eﬀect of curcumin
on HCC-induced angiogenesis, HUVECs were applied to
conduct a tube formation assay. As shown in Figures 1(a)
and 1(b), conditioned medium from HepG2 + HSCs (CM
group) signiﬁcantly increased tube formation, as compared
with conditioned medium from HepG2 cells (St Med
group). However, curcumin obviously abolished HSCenhanced angiogenesis. Intriguingly, NAC, an oxidant
scavenger, also abrogated HSC-mediated enhancements of
angiogenesis, which indicate that oxidative stress is involved
in HSC-enhanced HCC angiogenesis. Moreover, curcumin
has a similar oxidant scavenger ability, as it could abrogate
ROS production in HepG2 cells induced by HSCs
(Figure 1(e)). These data indicate that HSC-induced oxidative
stress plays a key role in HCC angiogenesis. And curcumin
may inhibit HSC-induced HCC angiogenesis by eliminating
ROS production.
Previous study shows that oxidative stress has been
largely associated with molecular stabilization of HIF-1α.
Here, we want to examine whether HIF-1α is involved in
HCC angiogenesis; we knockdown HIF-1α in HepG2 cells
using sh-RNA (Figures 1(c) and 1(d)). We found that HSC
conditioned medium (CM) could not increase HUVEC tube
formation when HIF-1α was knockdown in HepG2 cells
(Figures 1(a) and 1(b)). Moreover, curcumin or NAC could
not inﬂuence HUVEC tube formation after HIF-1α knockdown in HepG2 cells. In addition, HIF-1α knockdown
signiﬁcantly inhibited ROS production in HepG2 cells
induced by HSCs. HSC conditioned medium (CM) could
not increase ROS production in HepG2 cells when HIF1α was knockdown in HepG2 cells (Figures 1(a) and
1(b)). And curcumin or NAC could not inﬂuence ROS
production after HIF-1α knockdown in HepG2 cells. These
data indicate that HSCs induce the proangiogenesis activity of HCC cells. Oxidative stress exhibits a pivotal role in
this process. This HSC-induced proangiogenesis in HepG2
cells can be suppressed by curcumin and NAC, and the
suppression appears to be dependent on the expression of
HIF-1α.
3.2. Curcumin Abrogates VEGF, IL-6, and SDF-1 Expression
in HCC through HIF-1α. Previous studies suggested that the
activated stroma secretes large amounts of IL-6, VEGF, and
SDF-1, resulting in a signiﬁcant enhancement in invasion
of the surrounding cancer cells [17–20]. Here, we showed
that VEGF, IL-6, and SDF-1 expression levels in HSCs obviously increased after the cells had been cultured in HepG2derived CM (CM group) (Figure 2). However, curcumin or
NAC could abolish the upregulation in VEGF, IL-6, and
SDF-1 expression induced by HepG2-derived CM (CM
group) (Figure 2), suggesting that curcumin has a similar
eﬀect as NAC scavenging oxidative stress to suppress the
inﬂammatory and angiogenic responses in HSCs exposed to
HepG2-derived CM.
However, curcumin could not inhibit VEGF, IL-6, and
SDF-1 production when HIF-1α was knocked down by
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Figure 1: Curcumin inhibits HSC-induced HCC angiogenesis by suppressing HIF-1α. HUVECs were incubated with conditioned
medium from the HepG2 (St Med), HepG2 + HSC (CM), HepG2 + HSC + curcumin (CM + Cur), HepG2 + HSC + NAC (CM + NAC),
sh-HIF-1α-HepG2 + HSC + curcumin (sh-HIF-1α-CM + Cur), sh-HIF-1α-HepG2 + HSC + NAC (sh-HIF-1α-CM + NAC) groups, HSC
only (HSC-CM), and sh-HIF-1α-HepG2 only (sh-HIF-1α-CM). Cur stands for Curcumin. 50 μM Curcumin was added into the medium
for 24 h in CM + Cur group or sh-HIF-1α-CM + Cur group. 20 mM NAC was added into the medium for 24 h in CM + NAC group or
sh-HIF-1α-CM + NAC group. (a) Angiogenesis was evaluated based on tube formation (indicated by arrows). (b) Tube numbers were
counted. ∗ p < 0 05 versus St Med group (n = 6), # p < 0 05 versus CM group (n = 6). (c) HIF-1α in HepG2 cells or HSCs was silenced by
sh-RNA. HIF-1α and β-actin expression levels were determined by immunoblotting. ∗ p < 0 05, sh-control versus sh-HIF-1α, n = 3. (d)
HepG2 or HSCs were treated as in (c), and HIF-1α and β-actin expression levels were determined by qRT-PCR. ∗ p < 0 05, sh-control
versus sh-HIF-1α, n = 3. All data are representative of at least three independent experiments. (e) Hydrogen peroxide production in
HepG2 cells was determined using DCF-DA, and total protein content was used to normalize the data. ∗ p < 0 05 versus St Med group
(n = 6), # p < 0 05 versus CM (n = 6).

shRNA in HSCs (Figure 2), suggesting that the inhibition
eﬀects of curcumin on VEGF, IL-6, and SDF-1 expression
are dependent on HIF-1α downregulation (Figure 2).
3.3. Curcumin Abolishes HCC EMT and Invasion Induced by
HSCs through HIF-1α. Tumor microenvironment exhibits
great promotion eﬀects in liver carcinogenesis [11]. Here,
we examined whether curcumin could inhibit HSC-induced
HCC EMT process and invasion. HepG2 cells were treated
with CM from HSCs with or without curcumin or NAC

and the expression of associated EMT proteins (e.g., Ecadherin and vimentin) in HepG2 cells were evaluated.
Furthermore, a chamber invasion assay was applied to evaluate the invasive ability of the HCC cells. We showed that curcumin or NAC could abrogate the E-cadherin decrease and
vimentin increase induced by HSC-derived CM in HepG2
cells (Figure 3). However, we noticed that curcumin or
NAC could not inﬂuence E-cadherin and vimentin expression when HIF-1α was knocked down by shRNA
(Figure 3). Similar results were observed in the invasive
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Figure 2: Curcumin decreased VEGF, IL-6, and SDF-1 expression in HCC via inhibiting HIF-1α. St Med stands for standard media of PSC
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Figure 3: Curcumin abrogated HSC-induced increases in HIF-1α, MMP-9 expression and EMT process in HepG2 cells though downregulating HIF-1α. St Med stands for standard media of HepG2 cells, CM stands for conditioned media from HSCs, CM + Cur stands for
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MMP-9, E-cadherin, vimentin, and β-actin protein expression levels were evaluated by immunoblotting. ∗ p < 0 05 versus St Med group
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determined by qRT-PCR. ∗ p < 0 05 versus St Med group (n = 3); # p < 0 05 versus CM (n = 3). All data are representative of at least three
independent experiments.

capacity of HepG2 cells. Curcumin or NAC abolished HSCderived CM enhanced invasion of HepG2 cell (Figure 4).
However, when HIF-1α was knocked down in HepG2 cells,

curcumin or NAC could not aﬀect HepG2 cell invasiveness
(Figure 4). Similar results were found in the expression of
MMP-9, an invasion-associated enzyme (Figure 3). These
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∗
p < 0 05 versus St Med group (n = 6), # p < 0 05 versus CM (n = 6). All data are representative of at least three independent experiments.

ﬁndings indicate that curcumin inhibits HSC-induced HCC
invasion, and this inhibition seems to be dependent on oxidative stress and HIF-1α expression.
Intriguingly, CM from HSCs could induce HIF-1α
expression in HepG2 cells, and NAC, a ROS scavenger, signiﬁcantly reduced HIF-1α expression. As CM from HSCs
could obviously upregulate ROS production in HepG2 cells,
we speculate that ROS may stabilize HIF-1α expression to
promote HSC-induced HCC invasion.
3.4. CTGF Is Responsible for the Observed Eﬀects of HIF-1α on
HSC Activation and HCC Invasion. As shown in Figure 5(a),
CM derived from HSCs could increase CTGF expression in
HepG2 cells, which could be inhibited by curcumin. When
HIF-1α was knocked down in HepG2 cells, CTGF expression
decreased signiﬁcantly. And CM derived from HSCs could
not aﬀect CTGF expression after HIF-1α interference. In

tumor cells, CTGF has been reported to regulate growth,
migration, invasion, and angiogenesis [21]. We investigated
whether CTGF is responsible for the observed eﬀects of curcumin and HIF-1α on HSC activation and HCC invasion.
CTGF shRNA was used to target CTGF expression in both
HSCs and HepG2 cells (Figures 5(b) and 5(c)). And then
the HIF-1α and VEGF expression in HSCs and the Ecadherin and vimentin expression in HepG2 cells were
tested. CTGF shRNA signiﬁcantly suppressed VEGF expression in HSCs (Figure 5(d)). However, HIF-1α expression was
not aﬀected by CTGF shRNA (Figures 5(d) and 5(e)). Moreover, CTGF knockdown in HepG2 cells increased E-cadherin
expression and decreased vimentin expression in HepG2
cells cultured with CM from HSCs (Figures 5(f) and 5(g)).
Furthermore, when CTGF was knocked down in HepG2
cells, curcumin could not aﬀect HSC activation or HepG2 cell
invasiveness (Figure 5). Since CTGF shRNA could not
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Figure 5: CTGF interference abrogates the observed eﬀects of HIF-1α silencing and curcumin on HSC activation and HCC invasion. (a)
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inﬂuence HIF-1α expression in HSCs and HIF-1α knockdown could downregulate CTGF expression, these data
indicate that CTGF is a downstream gene of HIF-1α and
is responsible for the observed eﬀects of curcumin and
HIF-1α on HSC activation and HCC invasion.
3.5. Curcumin Induces Nrf2 and GSH Expression in HCC
Protection. To elucidate possible mechanisms of HCC
protection by curcumin, we tested nuclear Nrf2 and total
GSH and GSSG expression in HepG2 cells. As shown in
Figure 6, curcumin induced signiﬁcant Nrf2 and GSH expression in HepG2 cells without aﬀect GSSG expression. However,
when HIF-1α or CTGF was knocked down in HepG2 cells,
curcumin could not inﬂuence Nrf2 or GSH expression.
These data indicate that curcumin may induce ARE by
upregulating Nrf2 and GSH expression in HCC protection.
This eﬀect is dependent on HIF-1α and CTGF expression.

4. Discussion
As is well known, HCC stroma and peritumoural tissue
were inﬁltrated with activated HSCs, and HSCs are
located at tumor sinusoids, tumor capsule, and ﬁbrous

septae [7, 22, 23]. Moreover, activated HSCs have also been
found in the periphery of dysplastic nodules within the
liver [24]. In response to liver injury, quiescent HSCs activated into matrix-secreting myoﬁbroblasts and are the
major producer of ECM proteins in the process of liver
ﬁbrogenesis [25–27]. As master regulators of ﬁbrosis,
HSC may hence directly aﬀect HCC formation through
eﬀects on the tumor stroma. In addition, the interaction
between tumors and cancer-associated ﬁbroblasts is well
established in other systems that complex intercellular signaling networks is involved in this process, contributing to
cancer initiation, growth, and progression [26, 28–31]. In
our study, we added evidence that HSCs promoted HCC
oxidative stress, angiogenesis, invasion, and EMT process.
ROS and HIF-1α exhibit very important function in mediating the HSC and HCC cell interplay. CTGF is responsible
for HIF-1α eﬀects on HSC activation and HCC invasion.
VEGF, SDF-1, and CTGF, which are associated with
angiogenesis and chemoattraction of cancer and endothelial
cells, and IL-6, which is associated with the proinﬂammatory
response, have already been proven to be a downstream gene
of HIF-1 [32, 33]. Our recent studies have shown that exogenous SDF-1 could increase CXCR4-positive pancreatic
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cancer invasion and EMT [34], and activated pancreatic cancer stellate cells could secrete SDF-1 and IL-6 to induce EMT
in pancreatic cancer [18]. This study revealed that coculture
of HepG2 and HSCs elicited much more VEGF, SDF-1,
and IL-6 secretion in HSCs, suggesting that HCC cells surrounded by HSCs may more likely metastasize to other
sites than other cells. Therefore, activated HSCs are active
players in attracting hepatocarcinoma cells to diﬀerent
locations. Active factors in this chemoattraction include
CTGF, SDF-1, VEGF, and IL-6, conﬁrming their pleiotropic role in hepatocarcinoma progression. Hence, the surrounding stroma might play a role in attracting metastatic
hepatocarcinoma cells from the primary lesions, thereby
facilitating satellite metastases.
Angiogenesis is closely related to HCC initiation, progression, and metastasis [35], as sorafenib could eﬃciently
target these processes [36, 37]. Multiple proangiogenic factors stimulate new vessel formation to sustain the rapid
growth pattern of malignant hepatocytes which in turn
facilitates tumor progression and metastasis [38]. However,
the molecular mechanisms underlying angiogenesis remain
poorly understood [39]. In our study, we revealed that
HSCs promoted tube formation and VEGF expression
via upregulating HIF-1α expression, suggesting that HIF1α is a potential target for HCC therapy. Furthermore,
curcumin inhibited tube formation and VEGF expression,
and knockdown of HIF-1α abrogated these eﬀects, suggesting that curcumin has prominent therapeutic eﬀects
on HCC through targeting HIF-1α. In addition, CTGF is
a downstream gene of HIF-1α and is responsible for the
observed eﬀects of curcumin and HIF-1α on HSC activation and HCC invasion.
Curcumin and NAC eliminated ROS production in HCC
cocultured with HSCs, and also suppressed HCC progression, suggesting that ROS plays a key role in curcumin inhibitory eﬀect on HCC. ROS is signiﬁcantly associated with
tumor aggression via several pathways. They can regulate
the activity of transcription factors through inducing DNA
damage and genome instability and can also aﬀect gene
expression. Also, ROS production is associated with EMT
process in several tumors [18, 40, 41]. Here, we showed that
curcumin induced Nrf2 and GSH expression without aﬀecting GSSG expression. Nrf2 and GSH are well known to have
ability to induce antioxidant response element (ARE). Thus,
curcumin may induce ARE by upregulating Nrf2 and GSH
expression. However, curcumin could not inﬂuence Nrf2
and GSH expression when HIF-1α or CTGF was knocked
down, as curcumin could inhibit HIF-1α expression and
CTGF is a downstream gene of HIF-1α. These data indicate
that curcumin may induce ROS scavenging by upregulating
Nrf2 and GSH, thus inhibiting HIF-1α stabilization to suppress CTGF expression to exhibit its protection on HCC.
It has been shown that curcumin has protective potential
in multiple human carcinomas including prostate, head and
neck, melanoma, breast, colon, and pancreatic cancers [6],
such as inhibiting cancer growth, metastasis, and increasing
chemopreventive eﬀect of other anticancer medicines [16,
42, 43]. Epidemiological studies revealed that the low incidence of colon cancer in India is due to the chemopreventive
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and antioxidant properties of curcumin [44]. The underlying
mechanisms of its anticancer eﬀects are comprehensive and
diverse. Our data revealed that curcumin suppressed IL-6
and SDF-1 expression and ROS production and inhibited
HCC invasion. Moreover, our results suggest that curcumin
inhibits VEGF expression to reduce HCC angiogenesis.
However, VEGF, IL-6 expression or ROS production could
not be inhibited by curcumin when HIF-1α was knocked
down in HSCs, which suggest that HIF-1α is a vial factor in
curcumin-mediated inhibition of HCC progression. Furthermore, CTGF is a downstream gene of HIF-1α and is responsible for the observed eﬀects of curcumin and HIF-1α on
HSC activation and HCC invasion.
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Shepherd’s purse (Capsella bursa-pastoris (L.) Medik.), a wild herb as a traditional herbal medicine, has been proved with multiple
healthy beneﬁts. In this study, the chemical constituents of shepherd’s purse were identiﬁed by UPLC-QTOF-MS/MS. The
antioxidative and anti-inﬂammatory potential of shepherd’s purse extract (SPE) were also investigated applying
lipopolysaccharide- (LPS-) induced inﬂammation in RAW 264.7 macrophages and a carrageenan-induced mice paw edema
model. Twenty-four chemical compounds were identiﬁed mainly including phenolic acids and ﬂavonoids. The data also
indicated SPE inhibited the productions of NO, PGE2, TNF-α, and IL-6 stimulated with LPS. In addition, SPE inhibited the
increase of reactive oxygen species (ROS) and upregulated the expression of heme oxygenase-1 (HO-1). We further found that
SPE inhibited the phosphorylation of P38 MAPK and activation of NF-κB. In vivo mice model also indicated that SPE showed
strong antioxidative and anti-inﬂammatory activity.

1. Introduction
Inﬂammation which existed in obesity, elder bodies, is
accompany with many diverse chronic diseases, such as insulin resistance, type 2 diabetes, vascular disease, chronic renal
failure, several cancers, endocrine [1–3]. To counteract this
chronic inﬂammatory status, nonsteroidal anti-inﬂammatory
drugs (NSAIDs) were usually proposed as a treatment
strategy [4]. However, the side eﬀects associated with
long-term use of NSAIDs and steroids stimulate the development of novel anti-inﬂammatory therapies [5, 6]. Thus,
the functional foods, for instance, some edible wild herbs,
which with special health beneﬁts, unique ﬂavor, and also
with high nutritional values, may be a good choice for
improvement of the chronic low-grade inﬂammation and
its related diseases. More importantly, these functional

foods also showed higher biosafety and also can be easily
and well accepted.
Shepherd’s purse (Capsella bursa-pastoris (L.) Medik.), a
wild herb (Figure 1) with high nutritional value and has been
eaten raw or cooked as a vegetable for thousands of years in
many countries, is getting more and more attention. Shepherd’s purse has been used as traditional herbal medicine
for a long history which has been recorded in TCM ancient
books “Ben Cao Gang Mu,” “Ming Yi Bie Lu,” and so on.
Previous studies found that shepherd’s purse contained a
wide range of chemicals including ﬂavonoids, alkaloids, polypeptides, choline, acetylcholine, histamine, tyramine, fatty
acids, sterols, organic acids, amino acids, sulforaphane, many
trace elements, vitamins, and many other compounds
[7–11]. Furthermore, pharmacological studies also proved
that shepherd’s purse with various bioactivities, including
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Figure 1: The picture of shepherd’s purse and DAD chromatogram at 320 nm of shepherd’s purse extracts.

anti-inﬂammatory, antioxidative, antiallergic, AChE inhibitory activity, and anticancer eﬀects in previous studies
[12–16]. Choi et al. prepared a sulforaphane-containing
solution component from shepherd’s purse and found it
had signiﬁcant anti-inﬂammatory activity [13]. Lan et al.
found that the EtOAc extract of Capsella bursa-pastoris which
with apigenin-7-O-β-D-glucopyranoside, luteolin-7-O-β-D
glucopyranoside, α-adenosine, and uridine showed stronger
anti-inﬂammatory activities in carrageenan-induced paw
edema experiment and egg-albumin-induced inﬂammation
experiment [17]. Even though little studies found shepherd’s purse with anti-inﬂammatory activity, the chemical
composition, antioxidative and anti-inﬂammatory activities
of the extract of shepherd’s purse, and its underlying
mechanisms have not been systematically studied. Therefore, the aim of the present study was to systematically
investigate the chemical composition, anti-oxidative and
anti-inﬂammatory activities of shepherd’s purse extract,
and their underlying mechanisms using LPS-induced
RAW 264.7 cells and an in vivo carrageenan-induced mouse
paw edema model.

2. Material and Methods
2.1. Plant Materials and Preparation of Shepherd’s Purse
Extracts (SPE). Fresh shepherd’s purse was collected from
Xiaogan, Hubei province of China, in March 2017. The
specimen of the whole plant was deposited in College of Food
Science and Technology in Huazhong Agricultural University (the voucher specimen number: 2016-02). The raw
materials were dry in the shade and then were pulverized
with a grinder. For extraction, 100 g raw materials were
soaked with 2000 mL 95% ethanol at 100°C for 1 h for twice.
The extract solution was combined and concentrated under
reduced pressure and then freeze-dried using a vacuum
freeze drying. The yield of extract was about 12.8% (w/w).
The extracts were stored at −20°C for further use.
2.2. UPLC-QTOF-MS/MS System and Conditions. Chemical
analysis of the SPE was performed by UPLC-QTOF-MS/MS
analysis that was equipped with Waters Acquity UPLC

system and MS system (Waters Corp., MA, USA). The UPLC
analysis was performed with an Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm). The mobile phases composed of
water with 0.01% formic acid (A) and methanol (B); the
elution was performed with a gradient procedure according
to the following conditions: 0-0.5 min, 1% B; 0.5-30 min,
1% B -99% B, with a ﬂow rate of 0.4 mL/min. 1 mg/mL of
SPE in ethanol was prepared and ﬁltered through 0.22 μm
nylon micropore membranes prior to use. The injection
volume was 1 μL. Parameters for ESI MS are as follows:
negative mode; source temperature 120°C; desolvation gas
ﬂow 800 L/h; desolvation temperature 450°C; cone gas ﬂow
50 L/h; sampling cone and capillary voltages were 30 and
2500 V, respectively. A scan ranges from m/z 100 to 1500
were applied.
2.3. Antioxidant Activity of SPE. The radical scavenging
ability of SPE was evaluated using ABTS assay. The stock
solution of ABTS+ was prepared by admixing ABTS
(7 mM) with K2S2O8 solution. To obtain the ABTS+ working
solution, the above stock solution was further diluted with
water until the acceptable absorbance (0.7 ± 0.02) achieved
at 734 nm. Ascorbic acid (Vc) was selected as a positive control and Vc equivalent antioxidant capacity was calculated.
10 μL sample with diﬀerent concentration and 200 μL of the
working solution were mixed thoroughly, incubated for
about 10 min, and the absorbances were determined at
734 nm using a microplate reader.
2.4. Cell Culture. The mouse macrophage cell line RAW
264.7 (ATCC, USA) was grown in DMEM culture medium
(ATCC, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco, USA) in a 5% CO2 humidiﬁed incubator
at 37°C.
2.5. Cell Viability Assay. RAW 264.7 macrophages were seeded
with a density of 4 × 103 cells/well into a 96-well plate. After
incubation overnight, the cells were treated with SPE
(0-320 μg/mL) and LPS for 20 h. Then, 20 μL of 5 mg/mL of
methylthiazole tetrazolium (MTT) was added into each well
and then incubated for another 4 h. After that, the supernatant
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Table 1: Identiﬁcation of compounds in shepherd’s purse extract by UPLC-QTOF-MS/MS.
No.

tR (min)

[M-H]− (m/z)

Major fragment ions (m/z)

Tentative identiﬁcation

References

5-O-Caﬀeolyquinic acid

[21]

1

7.64

353.0882

191.0553
160.8414
135.0285

2

8.06

367.1030

193.0493
134.0362

1-O-Feruloylquinic acid

[22]

3

8.51

337.0929

191.0554
173.0448

4-p-Coumaroylquinic acid

[23]

4

8.77

337.0924

191.0552

5-p-Coumaroylquinic acid

[24]

5

8.91

337.0924

173.0450

3-p-Coumaroylquinic acid

[23]

6

9.07

163.0392

163.0386
119.0492

p-Coumaric acid

[25]

367.1028

298.0486
191.0551
173.0448

5-O-Feruloylquinic acid

[24]

579.1343

459.0821
429.0771
357.0613
327.0504
309.0403
285.0396

Luteolin-6-C-pentoside-8-C-hexoside

[22]

447.0930

357.0610
327.0508
298.0470
285.0399
269.0452

Luteolin-6-O-glucoside

[26]

Apigenin-6-C-hexoside-8-C-pentoside

[27]

7

8

9

9.56

9.60

9.91

10

10.15

563.1392

473.0954
443.1048
383.0755
353.0662

11

10.57

431.1925

293.0453
284.0307
255.0252

Kaempferol-O-rhamnoside

[28]

609.1446

463.0859
301.0340
300.0273
271.0247
255.0301

Quercetin-3-O-rutinoside

[29]

463.0882

300.0269
301.0331
271.0244

Quercetin-3-O-glucoside

[28]

593.1501

443.0973
323.0554
285.0405

Kaempferol-3-O-rutinoside

[30]

505.0986

300.0272
271.0244
255.0292

Quercetin-3-(6-O-acetyl-beta-glucoside)

[28]

12

13

14

15

10.68

10.85

11.01

11.33
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Table 1: Continued.

No.
16

17

18

19

20

21

22

tR (min)
11.499

11.62

11.68

11.75

11.85

11.93

12.39

[M-H]− (m/z)

Major fragment ions (m/z)

Tentative identiﬁcation

References

593.1499

285.0396
284.0320
255.0298

Kaempferol-3-O-beta-D-rutinoside

[28]

725.1710

725.1678
605.1277
429.0818
327.0488
309.0392
285.0387

Kaempferol triglycoside

[26]

447.0938

447.0905
429.0782
284.0313
255.0290
227.0341

Kaempferol-O-glucoside

[28]

623.1604

531.0240
427.9770
315.0495
314.0418
271.0243
255.0283

Isorhamnetin-3-rutinoside

[24]

755.1802

635.1353
579.1293
429.0812
357.0258
309.0400

Diosmetin-7-O-triglycoside

[31]

623.1611

501.1388
447.1135
429.1028
337.0923
269.0453

Quercetin rhamnoside glucuronate

[32]

607.1674

551.1418
515.0217
429.1035
299.0561
284.0328

Chryseoriol- -rutinoside

[21]

Chryseoriol-7-O-glucoside

[23]

Chrysoeriol

[29]

23

13.00

461.1088

299.0558
284.0325
256.0376
116.9280

24

14.04

299.1850

299.1852
284.0325
255.0302

was discarded and 100 μL DMSO was added. Plates were
shaken for 1 min and the absorbance was measured at
570 nm using a microplate reader (Thermo Fisher, USA).
2.6. Determination of NO and Proinﬂammatory Cytokines.
RAW 264.7 macrophages were treated as previously described

[18]. Brieﬂy, the cells were stimulated with 1 μg/mL of LPS
with or without SPE for 16 h. The cell-free supernatant
was collected with diﬀerent treatment times (1, 2, 4, 8, and
16 h). NO concentration was measured using Griess reagent
(Sigma, USA) and NaNO2 were applied as standard. The
contents of PGE2, TNF-α, and IL-6 were measured
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using speciﬁc ELISA kit (Cayman Chemical, Ann Arbor,
Michigan, USA; R&D, Minneapolis, MN, USA) according
to the manufacturer’s guidelines.

2.8. Western Blot Analysis. The treatment method was the
same as described above. For iNOS, COX 2, and HO-1 determination, macrophages were stimulated with 1 μg/mL LPS
and SPE for 16 h. For signaling molecule analysis (NF-κB
and MAP kinase signaling), cells were treated with 1 μg/mL
LPS and SPE for just one hour. Protein samples with or
without MG132, a proteasome inhibitor, were also collected
for 0.25, 0.5, and 1 h. After that, the cells were harvested
and protein was collected. The detailed information of the
western blot method was the same as previous reports [19].
The blots were detected using enhanced chemiluminescence
assay kit (GE Healthcare, UK) and visualized by the chemiluminescent method (BioRad Laboratories, Hercules, CA,
USA). β-Actin was used as a control.
2.9. Carrageenan-Induced Mouse Hind Paw Edema. C57BL/6
mice (20-22 g) were obtained from Laboratory Animal
Center of Huazhong Agricultural University (Wuhan,
China). All the procedures were approved by the Experimental Animal Review Committee of Huazhong Agricultural
University of China. First, 100-400 mg/kg of SPE were
administered orally; after 1 h, 30 μL of 1% carrageenan was
injected into their right hind paw to induce edema. The
thickness of the paw was evaluated at 1, 2, and 4 h.
At last, mice were euthanized and the paw tissues were
collected and kept at −80°C for the next study. The inﬂammatory cytokines including IL 6 and TNF-α were measured
using speciﬁc ELISA kits (R&D, Minneapolis, MN, USA).
SOD activity and MDA content were investigated using
special test kits (Nanjing Jiancheng Bioengineering Institute, China).

Cell viability (%)

2.7. Measurements of ROS Production. The intracellular
generation of ROS was determined using a 2′, 7′-dichloroﬂuorescein diacetate (DCFH-DA) as previously described
[18]. RAW 264.7 macrophage cells were ﬁrst incubated
with LPS and SPE for 16 h; after that, cells were treated
with 20 μM DCFH-DA at 37°C for 30 min in the dark.
After that, DCF ﬂuorescence intensity was measured by
microplate ﬂuorometer at wavelengths of 488 nm (excitation)
and 535 nm (emission).

150

100

50

0
0

20

40
80
160
Concentration (𝜇g/ml)

320

-LPS
LPS

Figure 2: Eﬀect of SPE on RAW 264.7 macrophage cell viability.
Macrophages were cultured with SPE with or without LPS for
24 h, and cell viability was analyzed using the MTT assay.

identiﬁed with the MS data and by comparing with published
literatures [20–31]. In brief, these compounds including 7
phenolic acids and their derivatives, 17 ﬂavonoids belonged
to the groups of ﬂavones, ﬂavonols, and ﬂavanones.
3.2. Eﬀect of SPE on Viability of RAW 264.7 Macrophages.
MTT assay was performed to calculate the cellular cytotoxicity of SPE with or without LPS. The results indicated
SPE with no cytotoxicity even at a high concentration
(160 μg/mL) on RAW 264.7 no matter the existence of
LPS (Figure 2). Therefore, in this study 10, 20, 40, and
80 μg/mL of SPE were selected for next study.

3. Results

3.3. Eﬀect of SPE on the Inﬂammatory Cytokine Production
and Their Related Gene Expression. We ﬁrst investigated
whether SPE could inhibit the production of NO, which
is the main proinﬂammatory mediator in LPS-induced
inﬂammation in macrophages. As the results illustrated
in Figure 3(a), LPS could induce large amount of NO;
40 μg/mL of SPE could signiﬁcantly reduce the NO production (p < 0 05) with an IC50 of 91.09 μg/mL. For PGE2, similar to the NO production, with the increased concentration of
SPE, the level of PGE2 was signiﬁcantly decreased with an
IC50 of 150.37 μg/mL (Figure 3(b)). Similarly, treatment with
SPE resulted in a concentration-dependent reduction of IL 6
and TNF-α with IC50 of 129.4 and 136.2 μg/mL (Figures 3(c)
and 3(d)). Further western blot assay (Figures 3(e) and 3(f))
also indicated that SPE showed signiﬁcantly inhibitory eﬀects
on the expression of iNOS and COX-2.

3.1. UPLC-QTOF-MS/MS Analysis of SPE. In the present
study, a qualitative analysis of the composition of SPE was
performed using UPLC–DAD-ESI-QTOF-MS. The DAD
chromatogram at 320 nm of SPE was shown in Figure 1. As
listed in Table 1, twenty-four chemical compounds were
identiﬁed in the SPE. The compounds of SPE were tentatively

3.4. Eﬀects of SPE on Proinﬂammatory Cytokine Secretion. To
further investigate the inﬂuences of SPE on the secretion of
speciﬁc cytokines stimulated by LPS in diﬀerent treatment
times, the contents of NO, IL-6, PGE2, and TNF-α were measured at 1, 2, 4, 8, and 16 h. As the results illustrated in
Figure 4, with the induction of LPS, the productions of all

2.10. Statistical Analysis. All data were presented as means±S.D.
Statistical signiﬁcance was analyzed using one-way ANOVA
with Tukey multiple comparison test applied GraphPad
Prism 5 Software (GraphPad Software, San Diego, CA).
p < 0 05 was recognized as statistically signiﬁcant.
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Figure 3: Inﬂuences of SPE on the production of proinﬂammatory cytokines and related protein expression. Mouse macrophages were
induced with LPS in the presence of SPE for 16 h. Culture supernatant was removed and centrifuged to remove particulates and analyzed
for production of these cytokines: (a) NO; (b) PGE2; (c) IL-6; and (d) TNF-α. (e) The expression levels of iNOS and COX2 were analyzed
by western blot. (f) The band intensity of iNOS or COX2 was normalized with β-actin. ∗ p < 0 05 and ∗∗ p < 0 01 versus LPS alone group.

of these four main proinﬂammatory cytokines were increasing with the time increased of LPS stimulation. 80 μg/mL
SPE could signiﬁcantly inhibit the generation of these speciﬁc
proinﬂammatory cytokines (p < 0 01) at 8 h and 16 h.
3.5. Eﬀect of SPE on MAPK Phosphorylation and Activation of
NF-κB. The NF-κB and MAP kinase signaling (p38, JNK, and
ERK) pathways regulate the LPS-induced inﬂammatory
response and also played key roles in the occurrence and
development of inﬂammation [32]. To further clarify the
underlying mechanism of the anti-inﬂammatory ability,
inﬂuences of SPE on activation of NF-κB and phosphorylation of MAPKs were evaluated using western blot assays.
As the data presented in Figures 5(a) and 5(b), SPE showed
a signiﬁcant reduction on the phosphorylation of p38. In
this study, SB 203580, a p-38 MAPK inhibitor, also
showed a signiﬁcantly inhibitory activity on the NO production in LPS-induced RAW264.7 cells (32.06 ± 3.14 vs
18.51 ± 2.37 μM). Furthermore, the phosphorylation of IκB
α and p65 appeared after LPS stimulation for 60 min
(Figures 5(c) and 5(d)). The phosphorylation of p65 was
signiﬁcantly decreased with the treatment of SPE; the phosphorylation of IκB-α also decreased with the treatment of
80 μg/mL SPE even though there was no signiﬁcant diﬀerence. These data indicated that the inhibitory eﬀect of
SPE on LPS-induced phosphorylation of p 38 MAPKs
and activation of NF-κB was partly associated with its
anti-inﬂammatory potential. In this study, we also used

MG132, a proteasome inhibitor, to clarify the eﬀect of
SPE. As the results illustrated in Figure 6, MG132 showed
signiﬁcantly inhibitory eﬀect on the LPS-induced inﬂammatory (Figure 6(a)). And as the results showed in Figure 6(b),
LPS could signiﬁcantly induce the phosphorylation of IKK
and IκB and induce the degradation of IκB α. However,
SPE could reverse this to reduce the development of inﬂammatory process.
3.6. Antioxidative Activities of SPE. Previous studies have
indicated that in vitro ABTS radical scavenging activity
can potentially be used as marker for evaluating the
anti-inﬂammatory activity of ﬂavonoids [33]. Therefore, the
antioxidant activity of SPE was ﬁrstly investigated using the
ABTS assay. As the data presented in Figure 7(a), the ABTS
radical scavenging activity of SPE increased with the increasing of SPE concentration with an EC50 value of 61.6 μg/mL.
At the concentration of 160 μg/ml, about 80% of the ABTS
free radical was scavenged. The Vc equivalent antioxidant
capacity of SPE was calculated as 0.18 g per gram SPE.
Figure 7(b) showed that with the stimulation of LPS, the
intracellular ROS were accumulated in RAW 264.7 cells,
whereas SPE showed a strong inhibitory eﬀect on the
ROS production.
HO-1 has been reported as a stress-inducible protein
induced by many stimuli such as oxidative stress and UV
light [34, 35], and upregulation of the expression of HO-1
has been proved as a useful approach to improve oxidative

Oxidative Medicine and Cellular Longevity

7
1500

30
⁎⁎
⁎⁎

20
10

⁎⁎

PGE2 production (pg/ml)

NO production (𝜇M)

40

⁎⁎

1000

500

⁎⁎

0

0
1

2

4
Time (h)

-LPS
LPS

8

1

16

2

-LPS
LPS

40
80

8

16

40
80

(a)

(b)

10000

4000

8000
⁎⁎

6000
4000
⁎

2000

⁎⁎

⁎

TNF-𝛼 production (pg/ml)

IL-6 production (pg/ml)

4
Time (h)

3000
⁎
2000

⁎⁎

⁎
⁎⁎

1000
0

0
1

2

4
Time (h)

-LPS
LPS

8

16

40
80

1

2

4
Time (h)

-LPS
LPS

(c)

8

16

40
80
(d)

Figure 4: Inﬂuences of SPE on the secretion of proinﬂammatory cytokines with diﬀerent LPS stimulation time. (a) NO; (b) PGE2; (c) IL-6;
and (d) TNF-α. Cells were incubated with 1 μg/ml LPS with the addition of 40 and 80 μg/ml of SPE at 1, 2, 4, 8, and 16 h timepoints; culture
supernatant was removed and centrifuged to remove particulates and analyzed for production of these cytokines. ∗ p < 0 05 and ∗∗ p < 0 01
versus LPS alone group.

injury and macrophage activation [35–38]. Therefore, the
expression of HO-1 with SPE treatment was also evaluated
in this study (Figures 7(c) and 7(d)). These results indicated
that the expression of HO-1 was increased with the treatment
of SPE.
3.7. In Vivo Anti-Inﬂammatory Activity of SPE. The
anti-inﬂammation potential of SPE was further investigated
using an in vivo mouse paw edema model. As the data
illustrated in Figure 8, the paw thickness signiﬁcantly
increased after the carrageenan injection, and 400 mg/kg of
SPE showed a signiﬁcantly inhibitory activity of paw edema
(Figure 8). With the oral administration of 400 mg/kg of
SPE, the paw thickness signiﬁcantly decreased, which was
0.30 ± 0.02 and 0.32 ± 0.02 cm compared with 0.37 ± 0.01
and 0.39 ± 0.03 cm at 2 h and 4 h, respectively. For TNF-α
and IL-6, a large amount of TNF-α and IL-6 were induced
with the injection of carrageenan (Figures 9(a) and 9(b));
400 mg/kg of SPE could signiﬁcantly decrease the generation of TNF-α and IL-6, which was 170.23 ± 19.58 and

1728.21 ± 237.69 pg/mg protein compared with 226.01 ±
38.70 and 2314.41 ± 409.04 pg/mg protein (p < 0 05), respectively. In addition, 400 mg/kg of SPE also could signiﬁcantly decrease the MDA content (19.82 ± 4.36 vs 39.71 ±
5.30 nmol/mg protein, p < 0 01) (Figure 9(c)). These in vivo
results were also in accordance with the result from cell
culture model. Meanwhile, SOD activity assay also indicated that the decrease of SOD activity by the carrageenan
injection was reversed with the treatment of SPE (50.53 ±
6.59 vs 32.19 ± 4.28 U/mg protein) (Figure 9(d)).

4. Discussion
In recent years, the functional foods have received increasing
attention worldwide. It can not only supply the nutrients but
also provide many phytochemicals which play as a functional
factor for human health, especially for these people with
chronic disease or in the state of subhealth, such as chronic
low-grade inﬂammation; these functional foods may be the
best choice to improve their healthy rather than treatment
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Figure 5: SPE inhibited the activation of LPS-induced MAPK (JNK, ERK, and p38) and NF-κB (IκB α and p65). Cells were incubated with
1 μg/ml LPS with the addition of diﬀerent concentration of SPE for 1 h; the protein were extracted and the phosphorylation of JNK, ERK, p 38,
p 65, and IκB α were analyzed with western blot assay. (a, c) Western blot assay of activation of MAPKs and NF-κB were analyzed by
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with drugs [39, 40]. Previous studies have proved that shepherd’s purse (Capsella bursa-pastoris) exerts multihealthy
beneﬁts, such as antimicrobial [41], anti-inﬂammatory [13],
cardiovascular, reproductive, anticancer [16, 42], hepatoprotective, sedative, and other pharmacological eﬀects [43].
Therefore, the chemical components of shepherd’s purse
ethanol extract were ﬁrst characterized by UPLC-QTOFMS/MS, and then the anti-inﬂammatory eﬀects and its
underlying mechanisms of SPE in LPS-induced RAW 264.7
inﬂammation model and in vivo mouse model were also
systemically investigated in this study.

Macrophages play key roles in the immune system; the
activation of macrophages induced the secretion of many
inﬂammatory mediators, and also coupled with a high degree
of oxidative stress [44]. SPE showed signiﬁcantly inhibitory
on the production of NO and PGE2. The overexpression of
circulating inﬂammatory factors, including IL-6, IL-1β,
TNF-α, and MCP-1, transforming growth factor (TGF)-a,
TGF-b, and IFN-c also have been proved associated with
low-grade, chronic inﬂammation [45, 46]. In this study, the
results indicated that the production of TNF-α and IL-6 were
signiﬁcantly inhibited with the treatment of SPE from 4 h.
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These ﬁndings demonstrated that SPE could attenuate
LPS-induced macrophage activation, which indicated that
SPE possesses potential anti-inﬂammatory activity.
Inﬂammation is regulated by many proinﬂammatory
mediators and cell signal pathways [47]. In this process,
NF-κB, MAPKs, and Nrf 2/HO-1 pathway have been proved
that played key roles in mediating the inﬂammatory
responses [19, 48–52]. Therefore, these pathways are potential targets for pharmacological intervention in the treatment
of inﬂammation [49, 50]. This study found that SPE could
inhibit the phosphorylation of p38 MAPK and reduce the
subsequent inﬂammatory response. Similarly, NF-κB is also
an important signal pathway involved in immune and
inﬂammatory responses [53, 54]. In addition, following
treatment with SPE, LPS induced the phosphorylation of
IκB and P-65 was also inhibited in RAW 264.7 macrophages with the treatment of SPE, which indicated that
SPE could prevent the activation of NF-κB to exert its
anti-inﬂammatory potential. Furthermore, there were very
close connections between these two signal pathways.
From the above results, we could ﬁnd that both of the
activation of p 38 MAPKs and NF-κB signal pathways
were blocked by the treatment of SPE. Therefore, these
data suggested SPE exerts its anti-inﬂammatory potential
at least partly associated with its regulation on the activation of MAPKs and NF-κB pathways.
It has been proved that there was a connection between
chronic inﬂammation and oxidative stress, and free
radical-induced damage also could induce many chronic
health problems [55–57]. In the inﬂammatory process, ROS
have been proved to participate in the LPS-stimulated
inﬂammation process by activating speciﬁc signaling pathways, resulting in the production of many speciﬁc cytokines

[35, 57–60]. In addition, the upregulation of HO-1 was
recognized as a pivotal response to diﬀerent kinds of stress,
it could exert its anti-inﬂammatory potential through inhibiting the excessive production of speciﬁc cytokines, and also
through its regulation on macrophage switching to an
M2-phenotype [61]. In this study, the data indicated SPE
with strong antioxidative activity; meanwhile SPE could
inhibit ROS production in macrophage cells whereas
enhanced the expression of HO-1. These data proved the
strong antioxidant activity also played an important role in
the anti-inﬂammatory eﬀect of SPE.
Carrageenan-induced paw edema animal model is
usually applied to assess the diﬀerent phases of inﬂammation
reaction and evaluate the anti-inﬂammatory agents; it can
induce acute inﬂammation, release of inﬂammatory mediators, and production of free radicals [62–64]. Therefore,
this animal model was also used in this study. The results
proved that SPE could inhibit the development of the
carrageenan-induced edema, which was consisted with the
in vitro ﬁndings. Meanwhile, the induction of inﬂammation
by carrageenan was compared by generation of ROS and
increased oxidative stress [64]. The animal study indicated
that there was a signiﬁcant increase of MDA content along
with a distinct decrease of SOD activity with the injection
of carrageenan in the model group. However, with the
treatment of 400 mg/kg SPE, increase of SOD activity and
the decrease of MDA in paw edema tissue were observed.
These results indicated that SPE also showed strong
anti-inﬂammatory and antioxidative potential in vivo.
In this study, about 24 chemical compounds were
identiﬁed from the extracts of Capsella bursa-pastoris. As the
HPLC-MS results, SPE contain a high amount of ﬂavonoids,
such as quercetin, kaempferol-7-O-rhamnopyranoside, quercetin-3-O-glucopyranoside, quercetin-6-C-glucopyranoside,
and kaempferol-3-O-rutinoside; these results were also
consistent with some previous ﬁndings [43, 65, 66]. Many
studies had investigated the health beneﬁts of these components, for example, antioxidative, ant-obesity, and anticancer
activities [64, 67, 68]. Therefore, the ﬂavonoid constituents
presented in SPE could play key roles for its antioxidative
and anti-inﬂammatory activity. However, since the extract
contained many compounds, further works are still needed
to be undertaken to investigate the anti-inﬂammatory
properties of single compounds to further clear the
anti-inﬂammatory potential of SPE.

5. Conclusion
In conclusion, in this study, the chemical composition,
anti-inﬂammatory potential of shepherd’s purse, and its
underlying mechanisms were ﬁrst systematically evaluated.
Our ﬁndings indicated that Capsella bursa-pastoris (L.)
Medik might reduce NO and PGE2 production and also
inhibited the production of TNF-α and IL-6 in inﬂammatory
development process. The underlying mechanism study
proved that the anti-inﬂammatory potential of Capsella
bursa-pastoris (L.) Medik was through the inhibition of the
activation of p-38 MAPKs and NF-κB pathways. Taken
together, besides the good nutritional value and delicious
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Figure 9: Inﬂuence of SPE on the production of inﬂammatory biomarkers and oxidative stress parameters in paw tissue. The edema was
induced with 30 μL of 1% carrageenan. Diﬀerent doses of SPE were administered orally 1 h prior to carrageenan injection. (a) TNF-α
expression levels. (b): IL-6 expression levels. (c) MDA level. (d) SOD activity in edema tissue. ∗ p < 0 05 and ∗∗ p < 0 01 versus model group.

taste already described in the previous studies, Capsella bursa-pastoris (L.) Medik also showed special health beneﬁts,
suggesting that it may be interesting not only for human
health but also as food additive.
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Goji berries (Lycium fruits) are usually found in Asia, particularly in northwest regions of China. Traditionally, dried goji berries
are cooked before they are consumed. They are commonly used in Chinese soups and as herbal tea. Moreover, goji berries are used
for the production of tincture, wine, and juice. Goji berries are high antioxidant potential fruits which alleviate oxidative stress to
confer many health protective beneﬁts such as preventing free radicals from damaging DNA, lipids, and proteins. Therefore, the
aim of the review was to focus on the bioactive compounds and pharmacological properties of goji berries including their
molecular mechanisms of action. The health beneﬁts of goji berries include enhancing hemopoiesis, antiradiation, antiaging,
anticancer, improvement of immunity, and antioxidation. There is a better protection through synergistic and additive eﬀects in
fruits and herbal products from a complex mixture of phytochemicals when compared to one single phytochemical.

1. Introduction
Goji berries (Lycium fruits) are obtained from two closely
related plants, Lycium chinense and Lycium barbarum. They
are usually found in Asia, particularly in northwest regions of
China. Lycium belongs to the Solanaceae family that yields
numerous foods, including some fruits that are yellow to
red, ranging from potatoes and tomatoes to eggplants. Both
of these Lycium species are generally marketed as goji berry
as well as wolfberry. It is a 1-2 cm long berry, bright

orange–red ellipsoid colour with a sweet and tangy ﬂavor
[1]. After harvesting in late summer–early autumn, it is
sun-dried as a dried fruit.
Traditionally, dried goji berries are cooked before they
are consumed. They are commonly used in Chinese soups
and as herbal tea. Moreover, goji berries are used for the
production of tincture, wine, and juice [2]. Many pharmacological functions related to the eyes, kidney, and liver particularly have been promoted by the consumption of goji berry
in populations [3]. Goji berries are often incorporated into
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herb formulas. The dose of goji berries is in the range of
6-18 g. However, if goji berries are used as a single herb remedy, this dose may be insuﬃcient. This is because the other
herbs in the speciﬁc formulation may contain same components as goji berries such as polysaccharides and carotenoids.
Goji berries could be used as a major component in a formulation or as a single herd. One of the recommended therapies
in the treatment of atrophic gastritis is to consume twice daily
with 10 g Lycium fruits each time. Besides that, 15 g of goji
berries per day is considered beneﬁcial to supply adequate
zeaxanthin which is estimated at 3 mg/day as a dietary supplement for eye health [4]. A 20 g Lycium fruit in a simple tea is
able to improve decreased visual perception [5]. Hence, the
dosage range of goji berry alters to 15-30 grams (2- to 5-fold
increases) when it is the main herd apart from that in the complex formula where the dosage range is around 6-18 g [4].
Goji berries are gradually being regarded as a functional
food in many Asian countries as well as throughout Europe
[3]. They also have been marketed as a health food in the
western countries [6]. Goji berries recently gained a growing
popularity as a “superfruit” in North America and European
countries because of their potential health-promoting
properties. For example, goji berries have been used to
increase longevity and for the beneﬁts to liver, kidney, and
vision since ancient times [2]. Due to the rich medical
properties and chemical composition, goji berry has been
consumed as an important food of a health-promoting diet
for hundreds of years.

2. Bioactive Compounds of Goji Berries
There are many bioactive compounds distinguished by high
antioxidant potential in goji berries. The nutrients in goji
berries are included 46% of carbohydrate, 16% of dietary
ﬁber, 13% of protein, and 1.5% of fat. Thus, goji berries can
be an excellent source of macronutrients. Micronutrients
which included minerals and vitamins can be found in goji
berries as well. There are studies that reported the presence
of riboﬂavin, thiamine, nicotinic acid, and minerals such as
copper, manganese, magnesium, and selenium in goji berries
[7]. The bioactive compounds responsible for health beneﬁts
have been evaluated based on the macronutrients and micronutrients of goji berries. The high biological activity components in goji berries are polysaccharides, carotenoids, and
phenolics [8]. These functional components are related with
the health-promoting properties of goji berries.
The most important group of compounds present in goji
berries is polysaccharides. Polysaccharides comprise 5–8% of
dried fruits, and they are found in the water-soluble form of
highly branched L. barbarum polysaccharides [1]. These six
kinds of monosaccharides (i.e., arabinose, galactose, glucose,
rhamnose, mannose, xylose, and galacturonic acid) are found
in goji berries [5].
A group of carotenoids are the colour components of
Lycium fruit. Carotenoids are the second highly signiﬁcant
group of biologically active compounds with health beneﬁt
properties present in goji berry. The total carotenoid content
of diﬀerent goji berries ranged from 0.03 to 0.5% of dried
fruits. Being responsible for the characteristic bright and
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Table 1: Some chemical compounds of goji berries.
Composition
Moisture (%)
Crude protein (%)
Crude oil (%)
Fiber (%)
Total phenol (mg GAE/100 mL)
Antioxidant activity (%)
Myristic acid (%)
Stearic acid (%)
Palmitic acid (%)
Arachidic acid (%)
Oleic acid (%)

10.3
8.9
4.1
7.3
3.4
20.8
0.1
2.9
8.2
1.8
21.7

vivid orange to red colouration, the lipid soluble carotenoids
occur at extremely high levels in goji berries [2]. One of the
most common carotenoids found in goji berries is zeaxanthin
in the form of dipalmitin zeaxanthin. In ripening goji berries,
the content of zeaxanthin can reach around 77.5% of
total carotenoids. Zeaxanthin palmitate (phasalien) contains
31–56% of the total carotenoids. As for now, the best natural
source of dipalmitin zeaxanthin is goji berries. The fractions
of beta-carotene (35.9 μg/g), cryptoxanthin, and neoxanthin
(72.1 μg/g) are also detected in goji berry extracts [8].
Phenolic acids and ﬂavonoids are examples of the phenolic compounds found in goji berries. Some phenolic compounds in goji berries are caﬀeic acid (3.73 μg/g),
caﬀeoylquinic acid (0.34 μg/g), chlorogenic acid (12.4 μg/g),
p-coumaric
acid
(6.06 μg/g),
quercetin-diglucoside
(66.0 μg/g), kaempferol-3-O-rutinoside (11.3 μg/g), and rutin
(42.0 μg/g) [8]. These phenolic compounds have a very high
antioxidant capacity [8]. Table 1 summarises some chemical
compounds found in goji berries [9].

3. Pharmacological Properties of Goji Berries
Goji berries have become popular over the years due to its
public acceptance as a “superfood” with highly advantageous
antioxidant and nutritive properties. A superfood is a
“nutrient-rich” food considered to be especially beneﬁcial
for health or well-being. The carotenoid content of goji
berries had been drawn a lot of attention due to its beneﬁcial
eﬀects including antioxidant property on vision, retinopathy,
and macular degeneration.
In very recent years, interest of consumers about the
health beneﬁts of diﬀerent berry-type fruits, their resultant
juices, and their capsules has quickly increased [10]. Berry
fruits are rich in antioxidant phytochemicals [11, 12], and
these antioxidants are capable of performing a number of
functions. The present interest about the properties of several
kinds of berries is also shown by the numerous scientiﬁc articles published in journals in the last few years. The biennial
International Berry Health Beneﬁts Symposium started in
2005 and in their latest research also focused on berry consumption in relation to human health as a key component
of their symposium [13, 14]. The most extensively consumed
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berry-type products are derived from goji (Lycium
barbarum), chia (Salvia hispanica), açaí (Euterpe oleracea
Martius), jujuba (Ziziphus jujuba), pomegranate (Punica
granatum), and mangosteen (Garcinia mangostana) [10].
The dietary intake of berry fruits has been shown to have a
positive impact on human health, performance, and disease [15–24]. All these fruits support the immune system
and are rich in nutrients. Overall, they have a signiﬁcant
concentration of phytosterols, monounsaturated fats, antioxidants, essential amino acids, trace minerals, dietary
ﬁber, and fat- and water-soluble vitamins [25].
Goji berry polysaccharides, for instance, are a
well-known traditional Chinese medicine and tonic food
for many years. In connection with it health beneﬁts, Lycium
barbarum polysaccharides (LBPs) are one of the most
valuable functional components [5, 26]. In recent years, L.
barbarum is being used not only in China but also worldwide
as a health dietary supplement in several forms including
juice and tea [27]. Consuming products made from L.
barbarum might help to decrease blood lipid concentration,
promote fertility, and improve immunity [17, 19, 27–29].
3.1. Vision-Protective Eﬀect. The mixture of highly branched
polysaccharides and proteoglycans in LBPs has been
reported to exert ocular neuroprotective eﬀects [30, 31]. Goji
berries, which contain a speciﬁc proﬁle of carotenoid species
[2, 32], have high carotenoid metabolites, with zeaxanthin
making up almost 60% of the total carotenoids in the fruit
[33]. Carotenoids are main natural pigments accountable
for the yellow, red, and orange colours of many types of fruits
and vegetables [34]. They also have many biological actions
including the pro-vitamin A’s antioxidant activity.
LBPs are the active components which may improve
visual function. Chu et al. [28] reported an animal study
investigating the eﬀects of LBPs (1 mg/kg) on localised
changes of rats’ retinal function in a partial optic nerve transection (PONT) model. The multifocal electroretinograms
(mfERG) were obtained from Sprague-Dawley rats. One
week later, a substantial decrease of major positive component (P1) and photopic negative response (PhNR) amplitudes of mfERG were detected in all retinal regions.
Feeding with LBPs prior to PONT preserved the functions
of retina. All mfERG responses were reported to be within
the normal range in the superior retina, and most of the inferior retinal responses were considerably increased at week 4.
The retina ventral part had secondary degeneration which
aﬀected the ganglion cell layer and outer retina. LBPs caused
alterations to the functional reduction caused by PONT by
regulating the signal from the outer retina. Zhu et al. reported
that LBPs inhibited the N-methyl-N-nitrosourea-induced rat
photoreceptor cell apoptosis [35]. In addition, LBPs also protected the retinal structure by regulating the expressions of
caspase and PARP [35].
The protective characteristics of goji berry extracts on
retina cells have been shown in the early stage of the retina
degeneration in both human and animal studies [1].
Consumption of dietary L. barbarum has been shown to be
retinoprotective. A study by Yu et al. in 2013 showed that
1% (kcal) wolfberry upregulated carotenoid metabolic genes
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of zeaxanthin and luteolin and also improved the biogenesis
of mitochondria in the retina of db/db diabetic mice [36]. It
has been suggested that inhibited expression of these zeaxanthin and luteolin-metabolizing genes can cause hyperglycaemia, which increases the risk of retinopathy [1].
Using Royal College of Surgeons (RCS) rats as a
hereditary retinal dystrophy model, Ni et al. examined
the potential neuroprotective eﬀects of aqueous extract of
dried L. barbarum [37]. The results indicated that the
aqueous extract of dried L. barbarum might possess a neuroprotective activity on the retinal tissue of RCS rats at the
initial stage by hindering apoptosis involving caspase-2
protein and protecting photoreceptors [37]. Prior studies
had established that apoptosis is the dominant mechanism
of photoreceptor degeneration in RCS rats [38, 39]. The
contribution of polysaccharide fractions of L. barbarum
to the prevention of glaucoma was further demonstrated
on the retinal ganglion cells (RGC) in rats with high intraocular pressure (IOP), indicating the neuroprotective eﬀect
of L. barbarum [40]. Further research work by Tang et al.
[41] and Hu et al. [42] also established the protective
eﬀect of L. barbarum on diabetic retinal injury.
Goji berries have also been shown to exhibit macular
beneﬁts in a randomized controlled study of healthy elderly
participants [43]. It was observed that after 90 days of daily
dietary supplementation with 13.7 g lacto-wolfberry (LWB)
(a proprietary milk-based formulation of goji berry) elevated
plasma antioxidant and zeaxanthin levels group, by 26% and
57%, respectively, in supplemented subjects [43]. It is also
suggested that taurine, a nonessential free amino acid in goji
extracts, may hinder the diabetic retinopathy progress
through elevated cAMP levels and enhanced PPAR-γ activity
in retinal cells [44]. Taurine is found abundantly in goji. Goji
powder extracted with methanol contains 10 7 ± 0 1% taurine (w/w). Elevated cAMP levels have been known as protective against the dysfunction of the endothelial barrier
[45, 46]. Results from Pavan et al. [47] strongly suggested
that in high glucose-treated cells, elevated cAMP concentrations mediate the impairment of the epithelial barrier and
goji berries could be used to achieve their reversal. The protective property of L. barbarum extract was also conﬁrmed
by Shen et al. using human retina neuron cells [48].
3.2. Lipid-Lowering Eﬀect. The lipid-lowering health beneﬁt
of LBP and its puriﬁed constituents have been demonstrated
in animals with limited clinical studies in humans. Besides
having antioxidant activity in vitro [8, 49, 50] and in vivo
[49, 51], they have also shown to have the ability to lower
the blood lipid concentrations of alloxan-induced diabetic
rabbits [7] and mice fed by high-fat diet (HFD) [52]. Ming
et al.’s research showed that abnormal lipid peroxidation
parameters were returned to near normal level and lipid peroxidation accumulation was inhibited after administrating
LPS to mice fed on HFD. This suggests that LBP seems to
play an imperative role in lipid metabolism [52]. The results
were consistent with previous ﬁndings, where mice and rats
fed with polysaccharide fractions supplemented with HFD
were characterized by lowered concentration of total cholesterol, LDL-cholesterol, and triglycerides and increased
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concentration of HDL-cholesterol compared to mice and rats
on high-fat diets without polysaccharide fractions [53–55].
The evaluation of the lipid proﬁle of diabetic mice and rats
fed on goji extract also showed the same results compared
with the diabetic controls [1, 7]. However, clinical studies
on the lipid-lowering properties of goji berries were limited
and almost exclusively performed in China. More so, original data are hardly accessible, and studies were mostly
small-sized and may not have been adequately controlled.
A study of 25 Chinese subjects aged 64-80 years had their
blood lipid peroxides signiﬁcantly decreased by 65% after
10 days of ingestion of 50 g/d dry goji berries [56, 57].
However, the small size of the study (N = 25) and the
subjectivity of most parameters must be critically pointed
out. An in vivo investigation of the eﬀects of serum
LBP-standardized L. barbarum preparation (GoChi) in a
randomized, double-blind, placebo-controlled clinical
study involving 50 Chinese healthy adults aged 55-72 years
showed a signiﬁcant decrease in lipid peroxidation (shown
by lower concentrations of malondialdehyde (MDA)) by
8.7% and 6.0% pre-intervention and post-intervention in
the GoChi group compared with the placebo group,
respectively. This was after they were given GoChi or
placebo (120 mL/d) for 30 days [26].
3.3. Hypoglycaemic Eﬀect. Diabetes mellitus is characterized
by abnormally high levels of blood glucose, and it is also
known as hyperglycaemia [58]. Due to the high cost and
adverse side eﬀects of many oral hypoglycaemic agents, the
exploration and discovery of safer and more eﬀective substitutes have become very important and signiﬁcant. This has
led to the investigation for hypoglycaemic activity in other
more traditionally edible food sources such as goji berries
which have been shown to have a hypoglycaemic eﬀect in cell
and animal studies [1]. A cell experiment on hypoglycaemic
eﬀects for instance proved that LBP3b (an extraction from
L. barbarum fruit) showed a concentration-dependent eﬀect
on glucose uptake [59]. Male Wistar HFD-STZ-induced diabetic rats administered with immunoglobulin (Ig) LBP and
LBP-IV once daily for 4 continuous weeks and treated with
LBP (100 mg/kg) and LBP-IV (200, 100, and 50 mg/kg) after
showed signiﬁcantly decreased concentrations of HbA1 and
blood glucose of diabetic rats compared to the diabetic
control group [60]. Alloxan-induced diabetic rabbits fed
with crude LBP and puriﬁed polysaccharide fraction
(LBP-X) from L. barbarum for 10 days also showed a
signiﬁcant reduction in blood glucose level [7, 61]. Similar
results were observed after a 28-day treatment in
alloxan-induced diabetic mice with LBP [62–64]. This
was consistent with Zou et al.’s [65] ﬁndings where the
rat insulinoma cell line was used. Very limited or no
clinical human studies exist, however.
3.4. Allergic and Anaphylactic Reactions. Monzon-Ballarin
et al. [66] described two clinical cases who reported allergic
symptoms after goji berry ingestion. The patients had a positive skin prick test and a detection of speciﬁc immunoglobulin (Ig) E to goji berry. An analysis of the allergenic proﬁle
of the two patients showed a 9 kDa band, suggesting that
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the corresponding protein might be related to lipid transfer
proteins (LTPs). Larramendi et al. [67] further reported a
study involving 31 subjects in Spain. The subjects included
ﬁve patients reporting allergenic symptoms on intake of
goji berries, six tolerating the berries, and 20 never having
eaten goji berries. All subjects underwent skin prick tests
with goji berries, as well as with peach peel and plant food
panallergens as biomarkers of cross-reactivity between
unrelated foods. They reported that the skin tests to goji
berries were positive in 24 subjects (77%). Positivity to goji
berries was related with positivity to peach peel and to the
panallergen-nonspeciﬁc LTPs.
3.5. Anticancer, Antitumour, Immunostimulatory, and
Modulatory Eﬀects. Goji berries have been utilised in traditional Chinese medicine to prevent the onset and progression
of cancer for so many years, due to its rich phytochemical
and antioxidant composition [1]. Some of its ingredients
might have a better therapeutic eﬀect on cancer than other
foods. Hsu et al. [68] have reported that the L. barbarum
carotenoid nanoemulsion was more eﬀective in inhibiting
HT-29 cancer cells as compared to that of the carotenoid
extract. Furthermore, both nanoemulsion and extract
could upregulate p53 and p21 expression and downregulate CDK1, CDK2, cyclin A, and cyclin B expression and
arrest the cell cycle at G2/M. Moreover, attributing to
most of the biological eﬀects of the fruits including anticancer, antitumour, and immunomodulatory and properties, goji berries are unusually rich in water-soluble
peptide-conjugated polysaccharides (i.e., LBPs) [69–71].
They have the ability to enhance or potentiate the host
defence mechanisms in a way to inhibit tumour growth
without harming the host. Research work conducted by
Tang et al. [41] and Gan et al. [69] established that compounds in goji berries have proapoptotic and antiproliferative activity against cancer cells.
3.6. Neurological Protective Eﬀect. The neurological protective eﬀect of goji berries has been demonstrated in an experimental study including human clinical trial. Glutamate has
been shown to be excitotoxic and is being implicated in many
neurodegenerative diseases including Parkinson’s disease
and Alzheimer’s disease [61, 72]. Thus, reduction of glutamate toxicity is considered a therapeutic strategy for those
neurodegenerative diseases.
A study by Yang et al. [73] showed that LBP pretreatment
signiﬁcantly improved neurological deﬁcits by decreasing the
infarct size, hemispheric swelling, and water content in an
experimental stroke model C57BL/6N male mice fed with
either vehicle (PBS) or LBP (1 or 10 mg/kg) daily for 7 days,
indicating the neuroprotective eﬀect of LBP. LBP again
improved the survival rate and promoted the growth of
mixed cultured retinal ganglion cells, from neonatal
Sprague-Dawley rats [74]. The ﬁrst double-blind randomized
control study performed outside China to assess the general
eﬀects of goji juice (GoChi™) in young healthy adults concluded that consumption of GoChi™ for 14 days improved
neurological performance generally [75]. It should be noted
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however that assessment of most parameters was subjective
and the sample size was small in this study (N = 34).
3.7. Cardiovascular Protective Eﬀect. In an experiment to
investigate the role of LBP in the reduction of myocardial
injury in ischemia/reperfusion among rats, the rat heart
LBP signiﬁcantly reduced the myocardium Bax-positive rate;
also, through dose-dependent methods, the apoptosis of
myocardial cell and increase in Bcl-2 positive rate suggest
that LBP can prevent further development and deterioration
of CVD [76]. Regarding the eﬀects on renal vascular tension
of LBP, Jia et al. [77] tested the one-clip hypertension model
among rats with hypertension. It was observed that
compared to rats not treated for hypertension, in isolated
aortic rings of LBP-treated rats, the reduced phenylephrine
contraction was observed, causing that LBP-treated rats were
signiﬁcantly prevented from elevated blood pressure.
Another experiment was that rats with hyperlipidemia were
administered to take diﬀerent concentrations (1 g/kg to
4 g/kg) of L. barbarum decoction for 10 consecutive days by
gastric perfusion. The authors reported that in the serum
and liver of rats, total cholesterol and triglyceride levels were
reduced; also, the level of serum low-density lipoprotein(LDL-) C was decreased [5, 78]. A similar result was observed
in a study by Luo et al. [7]. LBPs lowered serum total cholesterol and triglyceride levels; meanwhile, the high-density
lipoprotein (HDL) cholesterol level was increased after a
10-day treatment among rabbits.
3.8. Antiaging Eﬀects. In a recent review, Gao et al. [79] have
discussed the various components contributing to the antiaging properties of L. barbarum. These notable components are
LBPs, betaine, β-carotene, zeaxanthin, 2-O-β-D-glucopyranosyl-L-ascorbic acid (AA-2βG), and ﬂavanoids [79]. L. barbarum contains betaine (a natural amino-acid). The Lycium
Chinese Miller fruit extract containing betaine has been
shown to mitigate carbon tetrachloride- (CCl4-) induced
hepatic injury by increasing antioxidative activity and lowering inﬂammatory mediators such as COX-1/COX-2 and
iNOS. Histopathological examination was employed to conﬁrm the ameliorative eﬀects of the extract and betaine [80].
Betaine has been shown to be an anti-inﬂammation agent
associated with colon carcinogenesis. It also has been shown
to possess a tumour-preventing eﬀect on colitis-associated
cancer in mice induced by azoxymethane. Administration
with betaine signiﬁcantly lowered the incidence of tumour
formation with downregulation of inﬂammation. Treatment
with betaine also inhibited the production of the ROS and
GSSG level in colonic mucosa and inhibited inﬂammatory
cytokines including IL-6, iNOS, TNF-α, and COX-2 [81].
Betaine has been shown to have preventive eﬀects on ultraviolet B (UVB) irradiation-induced skin damage in mice. UVB
is a common kind of free radical that can cause extrinsic
aging, such as skin aging. Betaine has been proved to reduce
photodamage caused by UVB irradiation. Betaine can be
used to suppress the formation of UVB-induced wrinkle
and collagen damage by inhibiting the extracellular
signal-regulated kinase (ERK), protein kinase (MEK), and
matrix metalloproteinase 9 (MMP-9) [82].
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3.9. Adverse Eﬀects of Goji Berries. Apart from the allergic
and anaphylactic reactions, other side eﬀects that consumers
should be aware of are to be mentioned. These include the
presence of organic toxic substances and risk of interactions
with other prescriptions besides allergy. Atropine, a toxic
alkaloid, is naturally present in goji berry. The content was
reported to be at toxic level. In a further work by Adam
and co-workers, the atropine concentration in eight samples
of goji berries using HPLC-MS was found to be maximally
19 ppb (w/w). Therefore, its content is far below toxic levels
(Adam et al., 2006).
Patients who experienced interactions between goji
berries and warfarin have been described in three published
case reports. Warfarin is prescribed as a common anticoagulation therapy. The international normalized ratio (INR) was
observed to elevate in patients after drinking goji tea [83].
Increased bleeding from the rectum and nose was observed
in another patient who drank goji berry juice [84]. Most
recently, a study by Zhang et al. reported that an elderly
man taking a prolonged maintenance dose of warfarin after
drinking goji berry wine experienced an increased international normalized ratio (INR) with associated bleeding [85].
Other possible interactions between goji berries and prescription medications are still unknown. It is important to
take into consideration the possible risks of taking goji
berries in individuals taking medications with a narrow
therapeutic index.
Arroyo-Martinez et al. described a case report of toxic
hepatitis related to the use of goji. The symptoms reported
included nonbloody diarrhea, asthenia, and colic abdominal
pain. The patient had a mild mucocutaneous jaundice and
a generalized erythematous and pruriginous maculopapular
rash. The patient consumed goji berry tea 3 times a day
[86]. The liver function tests were elevated. Goji berries have
been shown to modulate the expression of CYP2C9 and
CYP2E1 and have an immunomodulatory property [2].
However, another possible change in goji composition is
contamination, during its production and post-marketing.
Thus, the toxic side eﬀects of post-marketing surveillance
are another area of concern.

4. Conclusion
Similar to other plants [87–91], goji berries are a high antioxidant potential fruits which alleviate oxidative stress to confer
many health protective beneﬁts such as preventing free
radicals from damaging DNA, lipids, and proteins. There is
a better protection through synergistic and additive eﬀects
in fruits and herbal products from a complex mixture of phytochemicals than from a single phytochemical. The health
beneﬁts of goji berries include enhancing hemopoiesis, antiradiation, antiaging, anticancer, improvement of immunity,
and antioxidation.
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The water-soluble polysaccharides from Kaempferia galanga L. (KGPs) were extracted and puriﬁed, and their structural
characteristics and antitumor activity were further investigated. The UV spectrum, high-performance gel permeation
chromatography (HPGPC), Fourier-transform infrared spectroscopy (FTIR), and ion chromatography (IC) were employed to
evaluate the structural characteristics, and H22 tumor-bearing mice model was established to demonstrate the antitumor
activity. Physicochemical analysis and UV spectrum results showed that the proportions of total sugar, protein, and uronic acid
in KGPs were 85.23%, 0.54%, and 24.17%, respectively. HPGPC, FTIR, and IC indicated that KGPs were acidic polysaccharides
with skeletal modes of pyranose rings and mainly composed of arabinose and galactose with the average molecular weight of
8.5 × 105 Da. The in vivo antitumor experiments showed that KGPs could eﬀectively protect the thymus and spleen of tumorbearing mice from solid tumors and enhance the immunoregulatory ability of CD4+ T cells, the cytotoxic eﬀects of CD8+ T cells
and NK cells, and ﬁnally resulting in the inhibitory eﬀects on H22 solid tumors. This study provided a theoretical foundation
for the practical application of KGPs in food and medical industries.

1. Introduction
Kaempferia galanga L. is an acaulescent perennial plant
growing in China [1], and the rhizome has been widely used
as indigenous medicine due to the various bioactive compounds, including essential oils [2] and other extracts by
methanol [3], hexane [4], and ethanol [5, 6]. As reported,
these bioactive substances have exhibited antioxidant, sedative, antitumor, anti-inﬂammatory, and antimicrobial activities [7], which would contribute to the application on curing
many diseases. The methanol extract of Kaempferia galanga
L. rhizome signiﬁcantly reduced viable Ehrlich ascites carcinoma (EAC) cells and weight gain, increased life span, and
restored all hematological parameters, such as RBC, WBC,
and hemoglobin of EAC-bearing mice towards normal level
[8]. In addition, the ethanolic extract of Kaempferia galanga
L. rhizome, ethyl-p-methoxycinnamate, exhibited promising anticholangiocarcinoma activity in CL6-xenografed
nude mice as determined by signiﬁcant inhibitory activity

on tumor growth and lung metastasis, as well as prolongation
of survival time [5], which could inhibit the proliferation
of human hepatocellular liver carcinoma cells in a dosedependent manner by inducing cells to enter into apoptosis
[6]. However, there are few researches concerning the polysaccharides from the rhizome of Kaempferia galanga L. and
their in vivo antitumor activities.
Polysaccharides commonly exist in various animals,
plants, fungus, and algae as polymeric carbohydrate molecule
and have exhibited anticoagulant, antioxidant, antitumor,
and immunoregulatory activities [9–11] with relatively low
toxicity [12]. As is known to us, the properties and bioactivities of polysaccharides were directly associated with their
chemical characteristics [13], which could be inﬂuenced by
extraction techniques [14, 15]. Hot water extraction has been
commonly employed to extract crude polysaccharides due to
the simple process and low cost [16, 17].
Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related mortality worldwide as one of the

2
most common malignant tumors, which has been a major
public health problem [18, 19]. Modern therapeutic methods
of treating HCC patients are chemotherapy [20], but the
curative eﬀects are poor due to the relapse of disease
and resistance to chemotherapeutics [21]. Therefore, many
natural products with stronger antitumor activity and lower
toxicity were studied in recent years.
Previous studies mainly focused on the extracts from
Kaempferia galanga L. by organic reagents and their bioactivities, while the relevant researches about the polysaccharides
have not been reported yet. In the present study, the watersoluble polysaccharides from Kaempferia galanga L. (KGPs)
were extracted with hot water, and their structural characteristics and antitumor eﬀects were further evaluated.

2. Materials and Methods
2.1. Materials and Reagents. The rhizomes (Kaempferia
galanga L.) were collected from Zhanjiang city (Guangdong,
China) and shattered after dried to constant weight. H22
hepatoma cells were obtained from the Shanghai Institute
of Biological Sciences at the Chinese Academy of Sciences
(Shanghai, China). Bovine serum albumin (BSA), glucuronic
acid, triﬂuoroacetic acid (TFA), standard monosaccharides,
dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT), and 5-ﬂuorouracil
(5-FU) were purchased from Solarbio (Beijing, China). Fetal
bovine serum (FBS) was obtained from Hangzhou Sijiqing
Co. (Hangzhou, China). All other chemicals and agents were
of analytical grade.
2.2. Preparation of Polysaccharides. The powder of rhizomes
(100 g) was soaked in distilled water (3 L) for 4 h at 80°C two
times. Then, the insoluble components were removed by
centrifugation, supernatant was collected, and 4 volumes
of ethanol were added for precipitating. The precipitations
were kept and redissolved in deionized water; Sevag method
(1-butanol and chloroform (1 : 4, v/v) for 5 times) was
used to remove proteins [22]. Finally, the mixture was puriﬁed by a Sephadex G-200 column (1.6 cm × 35 cm) eluted
with distilled water at 1 mL/min and lyophilized to obtain
the Kaempferia galanga L. polysaccharides (KGPs, ~2 56 ±
0 12 g per 100 g dry weight of rhizomes) for further research.
2.3. Chemical Composition and Structural Analysis. Total
sugar content was determined by phenol/H2SO4 assay and
glucose was used as standard [23]. The content of uronic acid
was detected according to the carbazole-sulfuric method
using glucuronic acid as the standard [24]. The protein content was evaluated by the Coomassie brilliant blue method
with bovine serum albumin as the standard [25]. The samples (5 mg) were dissolved in deionized water (1 mg/mL)
and scanned from 200 to 800 nm with a spectrum-2102 UV
spectrophotometer.
HPGPC (Agilent-1200) and FTIR (Bruker VECTOR-22,
Karlsruhe, Germany) were employed to determine the average molecular weight and bonded states of the polysaccharides following the previous methods [26]. The standard
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curve of average molecular weight was established using the
T-series dextrans (T-10, T-40, T-70, T-500, and T-2000).
The monosaccharide constituents and proportions were
determined by IC, a Dionex ICS2500 chromatographic system (CA, USA) with a Dionex pulsed amperometric detector
with an Au electrode and an eﬃcient anion exchange column
of Dionex Carbopac PA20 column (150 mm × 3 mm) [27].
The polysaccharide sample (5 mg) was added into 1 mL of
2 M triﬂuoroacetic acid (TFA) and hydrolyzed at 110°C for
4 h in a sealed tube. Then TFA was absolutely removed by
adding methanol and N2 was used as the carrier gas. The
dried hydrolysate was dissolved in 1 mL of distilled water,
diluted 10 times with distilled water. The solution was eluted
with NaOH (6 mM) and NaAC (100 mM) solutions at a ﬂow
rate of 0.45 mL/min. D-fucose, D-rhamnose, L-arabinose,
D-galactose, D-glucose, L-xylose, D-mannose, D-glucuronic
acid, and D-galacturonic acid were used as the standards
for calibration and quantiﬁcation.
2.4. Antitumor Animal Experiment
2.4.1. Design of Animal Model. Female KM mice of SPF-level
(6-8 weeks old, 18-22 g) were purchased from the Center
of Experimental Animals of Academy of Military Science
(Beijing, China). They were raised under pathogen-free conditions with the 22 ± 2° C temperature, 50 ± 10% humidity,
and 12 h light/12 h dark cycle. All mice were permitted free
access to tap water and fed with standard pellet diet and
to acclimate to new environments for 1 week before the
experiment. All animal experimental procedures were conducted in accordance with the principles of Laboratory
Animal Care and approved by the Local Ethics Committee
for Animal Care and Use at Tianjin University of Science
and Technology.
60 healthy female mice were randomly separated into six
groups with 10 mice each group: blank group, model group,
KGPs groups (100, 200, and 300 mg/kg KGPs) and positive
group (5-Fu, 30 mg/kg, which has been in use against cancer
for about 40 years [28]). The blank and model group mice
were orally administrated with saline, while KGP groups
were gavaged with diﬀerent concentrations of KGPs, the positive group was intraperitoneally infused with 5-Fu. On day
15, 0.2 mL murine H22 hepatoma cells (1 × 107 cells/mL)
were inoculated in the subcutaneous right forelimb armpit
of mice except the blank group. Then all mice were sequentially treated for another 15 days. Finally, they were all sacriﬁced by cervical dislocation and the tumors, spleens, and
thymuses were weighed immediately. Meanwhile, the blood,
spleen, and thymus samples were prepared and analyzed.
The immune organ indexes were expressed as the
organ weight relative to body weight, and tumor inhibitory
ratio was calculated by the following formula: Inhibitory
rate % = W 1 − W 2 /W 1 × 100 [29], W 1 represents the
average tumor weight of the model group and W 2 represents
the average tumor weight of the treated group.
2.4.2. Blood Routine Parameter Examination. Anticoagulant
(EDTA-K2) was added into the blood sample to prevent clot
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Figure 1: The elution curve via Sephadex G-200 column (a) and UV spectrum in the range of 200-800 nm of KGPs (b). V 0 and V t are the void
volume 15.1 mL and total column volume 62.2 mL, respectively.

forming, and all samples were analyzed on the XFA-6130
automatic blood analyzer.
2.4.3. Splenic Lymphocyte Proliferation and NK Cell Activity.
Splenic lymphocyte proliferative activity (T cells and B cells
stimulated with ConA and LPS, respectively) and NK cell
activity (killing activity on H22 hepatoma cells) were performed as described previously [30].
2.4.4. Assessment of Lymphocyte Subsets in Peripheral Blood.
The proportions of lymphocyte subsets in the peripheral
blood were detected using FCM assay. The bloods were
obtained and stained with monoclonal antibodies (mAb)
against CD3-FITC, CD19-PE, CD4-PE, and CD8-FITC for
30 min on ice in the dark. Then the erythrocytes and uncombined antibodies were removed by red blood cell lysis buﬀer
and phosphate buﬀer washing, and ﬁnally, a ﬂow cytometry
(BD FACSCalibur, Becton Dickinson, Franklin Lakes, NJ,
USA) performed with CellQuest Pro software (version 5.1,
Becton Dickinson, Franklin Lakes, NJ, USA) was employed
to measure the ﬂuorescently labeled lymphocyte subsets
(counting 10,000 events).
2.4.5. Histological Observations of the Thymus and Spleen
Organ. The thymus and spleen organs of the mice were ﬁxed
in 10% neutral formaldehyde solution and dehydrated in gradient ethanol solution. After embedding in paraﬃn, 4 μm
sections were obtained and stained with hematoxylin and
eosin (H&E) for microscopic examination.
2.5. Statistical Analysis. All values were presented as the
mean ± standard deviation (S.D.) of three independent
experiments performed in triplicate and statistically analyzed
using SPSS for windows, version 19.0 (SPSS Inc., Chicago, IL,
USA). The signiﬁcance of diﬀerence was analyzed by oneway analysis of variance (ANOVA) followed by Duncan’s
test and p < 0 05 of the data was considered to be signiﬁcant.

3. Results
3.1. Chemical Composition of KGPs. The proportions of
total sugar, protein, and uronic acid in KGPs were 85.23%,
0.54%, and 24.17%, respectively, which indicated that KGPs
were acidic polysaccharides with little amount of protein.
Figure 1(a) shows the elution curve via Sephadex G-200 column and UV spectrum in the range of 200-800 nm of KGPs;
the results indicated that KGPs were puriﬁed well with little
proteins due to no absorptions at 260 nm and 280 nm [31].
3.2. Molecular Weight Distribution and FTIR Spectra
Analysis. The average molecular weight of KGPs was determined by HPGPC method, and the result is shown in
Figure 2(a). The HPGPC proﬁles of KGPs presented one
main peak at 8.029 min, which occupied 93.15% of the total
area. The molecular weight of KGPs was 8.5 × 105 Da according to the standard curve performed by glucans. Figure 2(b)
exhibited the major functional groups and the chemical
bounds of the polysaccharides. As shown, the broad absorption at 3405.03 cm-1 corresponded to the O-H stretching
vibration [32], and the strong band at 2929.76 cm-1 was
ascribed to stretching vibrations of C-H [33]. Two strong
bands at 1639.87 and 1420.26 cm-1 were assigned to the
absorbance of the deprotonated carboxylic group (COO-)
[34]. These characteristics indicated that KGPs were typical
acidic polysaccharides, which agreed with the content of uronic acid (24.17%). The absorptions at 500-900 cm-1 and
1077.07 cm-1 were assigned to the skeletal modes of pyranose
rings [35, 36].
3.3. Monosaccharide Analysis of KGPs. IC was used to evaluate the monosaccharide composition of KGPs, and the results
are shown in Figure 3. As shown, KGPs were composed of
fucose, arabinose, xylose, galactose, glucose, rhamnose, mannose, glucuronic acid, and galacturonic acid in a molar ratio
of 0.37 : 3.12 : 1.23 : 6.39 : 1.36 : 3.09 : 1.00 : 0.91 : 1.27, strongly
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suggesting that KGPs were heterogeneous acidic polysaccharides and mainly composed of arabinose and galactose.
3.4. Antitumor Animal Experiment
3.4.1. Organ Indexes and Inhibitory Rate. The antitumor
activity of KGPs in vivo was further investigated on H22

tumor-bearing mice. The antitumor activities of 5-Fu and
diﬀerent dosages of KGPs are summarized in Figure 4. The
thymus indexes of the model group were signiﬁcantly
reduced compared to those of the blank group (p < 0 05),
while their spleen indexes were remarkably increased
(p < 0 05), indicating that the proliferation of H22 cells
in vivo could destroy immune organs. KGPs could eﬀectively

Oxidative Medicine and Cellular Longevity

5
b

3.0

6
a

a

a
5
Spleen index/(mg/g)

Thymus index/(mg/g)

2.5
a
2.0

b

1.5

a

1.0
0.5

a

4

a
a

3
2
1

0.0

0
Blank

Model

5–Fu

100

200

300

Blank

Model

5–Fu

100

KGPs/(mg/kg)

60

3.0

a

a

a

1.0

Inhibitory ratio/(%)

Tumor weight/(g)

2.0

55.40

51.80

50

a

1.5

300

(b)

(a)

2.5

200
KGPs/(mg/kg)

41.37

40
30
20.50

20
10

0.5

0

0.0
Model

5–Fu

100

200

300

5–Fu

100

KGPs/(mg/kg)

200

300

KGPs/(mg/kg)

(c)

(d)

Figure 4: The organ indexes and inhibitory rate of H22 tumor-bearing mice. (a) Thymus index. (b) Spleen index. (c) Tumor weight.
(d) Inhibitory rate. a p < 0 05 compared to the model group; b p < 0 05 compared to the blank group.

3.4.2. Results of Blood Routine Examination. The blood routine examination of tumor-bearing mice was detected in the
present study, and the results are shown in Figure 6. As
shown, the percentage of lymphocytes, erythrocyte counts,
and content of hemoglobin in the peripheral blood of the
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protect the thymus and spleen from solid tumors in the host,
while 5-Fu exhibited strong inhibitory eﬀects on both tumors
and immune organs. The inhibition rates of tumor growth of
5-Fu and KGP treatments (100, 200, and 300 mg/kg) were
51.80%, 20.50%, 41.37%, and 55.40%, respectively. As shown
in Figure 5, the H22 solid tumor volume of the model group
trended to increase continually with the time varied from 7 d
to 19 d, while that of the KGP group raised slowly as the time
changed from 7 d to 13 d and reached to the maximum at
13 d, then decrease gradually. The H22 solid tumor volume
became signiﬁcant diﬀerences (p < 0 05) between the model
group and the KGP group at 15 d. The results showed that
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dose-dependently.

5
4
3
2
1
0
6

8

10

12

14 15 16

18

20

Time (d)
Model group
KGPs group

Figure 5: The changes of tumor volume of H22 tumorbearing mice.

6

Oxidative Medicine and Cellular Longevity
500

b
a
a a

400

80

a

a

a a

300

a

60

b

200
b a

b

a a

a

40

a a

a

a
a

a

8
6

20

a

b
a

4

b

a

a a

a

2
0

0
9
Leucocytes (10 /L)

Lymphocytes (%)

Intermediate cells (%)

Blank
Model
5–Fu

Erythrocytes (1012/L)

Neutrophils (%)

KGPs 100 mg/kg
KGPs 200 mg/kg
KGPs 300 mg/kg

Platelets (109/L)

Hemoglobin (g/L)

Blank
Model
5–Fu

KGPs 100 mg/kg
KGPs 200 mg/kg
KGPs 300 mg/kg

(a)

(b)

Figure 6: The blood routine examination of H22 tumor bearing-mice. a p < 0 05 compared to the model group; b p < 0 05 compared to
the blank group.

80

a

70
a

60

a

30
a

8
a

6
a

b

a

a

a

Proportions (%)

a

40

2

60

a

a

b

50

4

a

a

b
a

b
a

40

a

a

a

a

a

a

b

a a
a
b

20

a

b
a

a
0

0

CD3+ T cells

ConA

LPS

Activity of NK cells (%)

Stimulation index
Blank
Model
5–Fu

KGPs 100 mg/kg
KGPs 200 mg/kg
KGPs 300 mg/kg

Figure 7: Eﬀects of KGPs on the spleen lymphocyte proliferation
and NK cell activity. a p < 0 05 compared to the model group; b p <
0 05 compared to the blank group.

model group were signiﬁcantly decreased compared to those
of the blank group (p < 0 05), whereas the leucocyte counts,
neutrophil percentage, and platelet counts remarkably
ascended (p < 0 05), indicating that the tumor-bearing mice
in the model group had signs of inﬂammation and anemia.
These indicators in the 5-Fu group were all lower than those
in the model group, suggesting its severely toxic side eﬀects.
However, KGPs could remarkably alleviate the symptoms
and improve the percentage of lymphocytes in H22 tumorbearing mice with a dose-dependent manner.
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Figure 8: Distribution of lymphocyte subsets in the peripheral
blood of H22 tumor-bearing mice. a p < 0 05 compared to the
model group; b p < 0 05 compared to the blank group.

3.4.3. Spleen Lymphocyte Proliferation and NK Cell Killing
Activity. The proliferation ability of splenic lymphocytes
induced by ConA and LPS and the NK cell killing activity
in H22 tumor-bearing mice were determined by MTT assay.
Figure 7 shows that the stimulation indexes (ConA and LPS)
and NK cell activity of the model group were signiﬁcantly
reduced compared with those of the blank group (p < 0 05);
these indicators in the 5-Fu group were even lower than
those in the model group. In contrast, KGPs could dramatically improve the proliferation ability of T cells and
B cells and the killing activity of NK cells compared with
the model group (p < 0 05) in a dose-dependent manner,

Oxidative Medicine and Cellular Longevity

7

(a)

(b)

(c)

Figure 9: H&E staining of the thymus of H22 tumor-bearing mice. (a) Blank group. (b) Model group. (c) KGP group.

(a)

(b)

(c)

Figure 10: H&E staining of the spleen of H22 tumor-bearing mice. (a) Blank group. (b) Model group. (c) KGP group.

suggesting that KGPs could enhance the antitumor immunity of tumor-bearing host.
3.4.4. Distribution of Lymphocyte Subsets. The proportions of
lymphocyte subsets in the peripheral bloods of H22 tumorbearing mice were researched and the results are shown in
Figure 8. The percentages of T cells (CD3+, CD4+, and
CD8+) in the model group were markedly decreased
(p < 0 05) in relation to the blank group, which would contribute to the higher level of B cells (CD19+). Mice in 5-Fu
showed a relatively balanced distribution of lymphocyte subsets, suggesting that 5-Fu had similar toxicity on both T cells
and B cells considering the decrease in lymphocyte counts
(Figure 6). The proportions of T cells in the KGP group were
signiﬁcantly increased (p < 0 05) compared to those in the
model group, dose-dependently, especially the proportion
of CD8+ T cells.
3.4.5. H&E Staining of the Thymus and Spleen. The histological observations of the thymus of H22 tumor-bearing mice
are shown in Figure 9. Compared to the blank group, the thymus lobules of the model group were diﬀerentiated indistinctly. There was no clear boundary between the medullae.
While the thymus lobules of KGP group were split obviously,
the cortical area was increased conspicuously and the structure of the thymus was recovered gradually. As shown in
Figure 10, the boundary between the red and white medullae
of the KGP group was evident, and there was no signiﬁcant
diﬀerence with that of the blank group. It was indicated that
KGPs could protect the thymus and spleen organs of H22
tumor-bearing mice.

4. Discussion
Radical surgery including chemotherapy has traditionally
been the medical treatments for liver cancer. However, it
would make the patients suﬀer high costs and recurrence
[37]. Therefore, more eﬀective drugs need to be investigated.
Multiple polysaccharides have exhibited strong antitumor
activity in vivo with relatively low toxicity [38, 39]. As
reported, the antitumor activity of polysaccharides was
closely related to their molecular weight, functional groups,
monosaccharide composition, and so on [40]. Previous studies have proved that polysaccharides with the pyranose form
and uronic acid would exhibit strong antitumor and immunomodulatory activities on tumor-bearing mice [26, 41, 42].
In the present study, KGPs were acidic polysaccharides (uronic acid of 24.17%) with skeletal modes of pyranose rings and
mainly composed of arabinose and galactose with the average
molecular weight of 8.5 × 105 Da, which were consistent with
characteristics of bioactive polysaccharides reported.
The thymus is a primary lymphoid organ that takes
charge of diﬀerentiation and maturation of immunocompetent T lymphocytes [43], and T lymphocytes are the main
protagonists in orchestrating the antitumor response including CD8+ T cells and CD4+ T cells [44]. The spleen, as a
peripheral lymphoid organ, plays a central role in host
defense. The damage of the spleen is related to immunodeﬁciency, resulting in overwhelming infections and insuﬃcient
hematopoiesis [45]. In this study, the growth of solid tumor
cells in vivo would destroy the structure and function of the
thymus and spleen, leading to the immunosuppression,
inﬂammation, and hypohemia of the host. KGP treatment
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could protect these immune organs from solid tumors and
balance the proportions and quantities of leukocytes, thus
enhance the antitumor immunity of tumor-bearing mice.
CD4+ T cells can modulate antitumor immune response
in antitumor immunity via activating CD8+ T cells and NK
cells; CD8+ T cells impart cytolytic activity on tumor cells
[46]. NK cells belong to the innate lymphoid cell family
and participate in damaging infected and cancerous cells
[47]. Inﬂammation would increase the degree of CD19+ B
cells as reported [48]. Our results showed that mice of the
model group were infected due to the malignant proliferation
of H22 hepatoma cells, which was consistent with the higher
proportion of CD19+ B cells. KGPs could notably enhance
the immunoregulation capability of CD4+ T cells and the
cytotoxic eﬀects of CD8+ T cells and NK cells, ﬁnally leading
to the inhibitory eﬀects on the growth of H22 solid tumors.

5. Conclusions
In conclusion, we extracted and puriﬁed the polysaccharides
from Kaempferia galanga L. (KGPs) and researched the
structural characteristics and antitumor activity on H22
tumor-bearing mice. Our results showed that KGPs were
acidic polysaccharides (total sugar of 85.23%, uronic acid of
24.17%) with skeletal modes of pyranose rings and mainly
composed of arabinose and galactose with the average molecular weight of 8.5 × 105 Da. The in vivo antitumor test showed
that KGPs could eﬀectively protect the thymus and spleen of
tumor-bearing mice from solid tumors and enhance the
immunoregulatory capability of CD4+ T cells and the cytotoxic eﬀects of CD8+ T cells and NK cells, ﬁnally leading to
the inhibitory eﬀects on H22 solid tumors. This study provided a theoretical basis for the practical application of the
novel acidic polysaccharides in food and medical industries.
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Resveratrol, a natural stilbenoid, is produced by several plants, especially grape vines. Its strong potency against obesity, metabolic
disorders, vascular disease, inﬂammation, and various cancers has already been reported. Large amounts of wine or grapes need to
be consumed to obtain the amount of resveratrol required for biological activity. Pure resveratrol at concentrations as low as 10 μM
induces cytotoxicity to normal cells. To overcome these limitations, we prepared genetically modiﬁed resveratrol-enriched rice
(RR). We previously reported the strong antiaging potential of RR against ultraviolet B/reactive oxygen species-induced toxicity
in normal human dermal ﬁbroblasts (NHDF). As aging is characterized by neuroinﬂammation and neurodegeneration, we
further evaluated the role of RR against LPS-induced neuroinﬂammation. RR inhibited nitric oxide production and the
expression of inﬂammatory proteins such as iNOS and COX-2. RR signiﬁcantly modulated mitogen-activated protein kinase
signaling, activator protein AP-1 signaling, and nuclear factor kappa B (NF-κB) mediated transcription of inﬂammatory
proteins via inhibition of NF-κB translocation, IkB phosphorylation, and proinﬂammatory cytokine productions such as
interleukin IL-6, IL-1β, tumor necrosis factor alpha (TNF-α), and prostaglandin E2 (PGE2). These ﬁndings show that the
strong antineuroinﬂammatory eﬀects of RR can be beneﬁcial for aging-mediated neurodegenerative conditions as well as
disorders of the central nervous system caused by neuroinﬂammation.

1. Introduction
Inﬂammation is the major cause and aggravating factor of
various acute or chronic pathological conditions, including
photoaging, diabetes, and cancer [1, 2]. Similarly, neuroinﬂammation is the key mediator of secondary brain damage
in most of the neurological disorders, such as Alzheimer’s
disease (AD), Prion disease, Parkinson’s disease (PD),
multiple sclerosis (MS), ischemic stroke, experimental
autoimmune encephalomyelitis (EAE), and neuropathic
pain [3–5]. Neuroinﬂammation is induced by agingdependent conditions and aging-independent pathological
events, which share similar inﬂammatory cascades [6–8].
Microglia, neurons, astrocytes, and oligodendrocytes are the

basic cells of the brain. Microglia and astrocytes, as glial cells,
have a role to defend against brain injury to maintain homeostasis and repair brain injury. In aging-dependent conditions
and aging-independent disorders such as AD, PD, and
stroke, neuroinﬂammation can be initiated by chronic
microglial activation. Activated microglia are required for
basic immune defense in the brain; however, chronic microglial activation is toxic to the central nervous system (CNS)
[9]. Conversion of normal microglia to toxic microglial M1
phenotype is responsible for the initiation of inﬂammation
in the CNS through the production of reactive oxygen species
(ROS), nitric oxide (NO), proteases, arachidonic acids, excitatory amino acids, and cytokines [10]. These neurotoxic
substances are responsible for the disruption of architecture
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and function of neurons, synaptic degeneration, neuronal
loss, and ultimately neurodegeneration [11]. The production
of ROS and other inﬂammatory mediators and oxidative
stress are closely related to mitogen-activated protein
kinase (MAPK) signaling, as well as nuclear factor kappa
B (NF-κB) and activator protein- (AP-) 1-mediated transcription [12–16]. Hence, natural compounds or nutraceuticals with the potential to regulate these steps to control
microglial activation will be promising candidates for
inhibiting neuroinﬂammation and neurodegenerative conditions. Although advances have been made to treat such
neuroinﬂammatory conditions, there is a lack of eﬀective
therapeutic strategy to cure these disease conditions. In the
past few decades, there has been a growing interest toward
alternative medicines, especially phytochemicals, as therapeutic agents for neurological disorders involving activated
microglia-mediated neuroinﬂammation [17–20].
Resveratrol has been studied for decades for its multifunctional potency against many human ailments [21],
including neuroinﬂammatory conditions [22, 23]. Resveratrol is widely present in a number of grape species, berries,
peanuts, soy, and red wine [24]; however, we have to
consume a large amount of these foods to get the suﬃcient
amount of resveratrol required for its biological activity
[25]. Additionally, the cytotoxic nature of resveratrol on normal cells overshadows its extensive potential against human
ailments [26]. To overcome this limitation and achieve therapeutic potential, resveratrol-enriched rice (RR) was developed by taking advantage of genetic engineering [27].
In this study, we developed RR through genetic engineering techniques, as described previously [27]. Rice is a main
food component among Asian population, and therefore,
rice consumption is higher than other food components.
Resveratrol biosynthesis gene was transcribed into normal
dongjin rice (NR) to produce RR. We previously reported
that RR has a better potency to inhibit ultraviolet B (UVB)/
ROS-induced aging by maintaining matrix metalloproteinase
(MMP1)/procollagen I (PIP) balance an inhibiting inﬂammation and apoptosis, without any cellular toxicity [28].
RR can be used safely and more eﬀectively in cases where
resveratrol shows eﬃcacy to treat or control neuroinﬂammatory conditions. Therefore, in this study, we compared the
eﬃcacy of NR, RR, and resveratrol in terms of cytotoxicity
and anti-inﬂammatory potential in activated microglia and
elucidated the possible mechanisms underlying the antineuroinﬂammatory potential of RR in lipopolysaccharide- (LPS-)
stimulated BV2 murine microglial cells. We hope our
research clearly revealed the additive role of RR from NR
and resveratrol which could be the best alternative treatment
for the neuronal disorders induced by neuroinﬂammation
like AD, PD, and MS lesions.

2. Materials and Methods
2.1. Materials. Dulbecco’s modiﬁed Eagle medium (DMEM),
fetal bovine serum (FBS), and penicillin-streptomycin were
purchased from Invitrogen (Carlsbad, CA, USA). LPS, NGmono-methyl-L-arginine (L-NMMA), and trans-resveratrol
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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A normal rice (NR) (Oryza sativa var. japonica) and
resveratrol-enriched rice (RR) were supplied by the Rural
Development Administration (RDA) of South Korea as
mentioned in our previous paper [28]. Enzyme-linked
immunosorbent assay (ELISA) development kits for tumor
necrosis factor alpha (TNF-α), interleukin-6 (IL-6), prostaglandin E2 (PGE2), and IL-1β were purchased from R&D
Systems (Minneapolis, MN, USA). Primary and secondary
antibodies against inducible nitric oxide synthase (iNOS),
cyclooxygenase (COX-2), extracellular signal-regulated
kinases (ERK), C-Jun N-terminal kinase (JNK), p38, NFκB, Histone-3, β-Actin, IkB, pIkB, C-Fos, p-C-Fos, C-Jun,
p-C-Jun, and tubulin were purchased from Cell Signaling
(Beverly, MA, USA). All other chemicals and reagents were
purchased from Sigma Chemical (St. Louis, MO).
2.2. NR and RR Extraction. NR and RR received from RDA
were extracted in methanol (MeOH). The rice grains (10 g)
were incubated with 100 mL of MeOH for 60 min. During
this period, the extraction mixture was placed in an ultrasonic water bath with sonication. After 60 min incubation
of the extraction mixture with sonication, the mixture was
ﬁltered (HYUNAI Micro N0.20 ﬁlter paper, Korea) and then
evaporated using a rotary evaporator at 40°C for the removal
of methanol. The evaporated extract yield was further freezedried for complete lyophilization of the extract. The ﬁnal
yield of the extract powder was stored and used for experiment. A stock solution (100 mg/mL) was prepared in
dimethyl sulfoxide (DMSO). This stock solution was diluted
in DMEM and used for cell treatment during experiments.
2.3. Cell Culture. BV-2 murine microglia were used to study
the anti-inﬂammatory eﬀects of NR, RR, and resveratrol.
The BV-2 microglial cell lines were obtained as gift samples
from Dr. E. Choi, Korea University (Seoul, Korea). BV2 cells
were maintained in DMEM supplemented with 10% heatinactivated FBS, penicillin (1 × 105 U/L), and streptomycin
(100 mg/L) in a humidiﬁed incubator with 5% CO2 at 37°C.
2.4. Cell Treatment and Cell Viability Assay. The eﬀect of NR,
RR, and resveratrol on the cytotoxicity of BV2 cells was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. The cells cultured in 96-well
plates were treated with diﬀerent concentrations of samples
(NR, RR, and resveratrol) with or without LPS. In the
pretreatment condition, the samples were pretreated in the
seeded plates, and LPS (100 ng/mL) was added 30 min after
sample treatment. The cells were incubated for 24 h after
LPS activation for nitrite assay and cell viability assay. After
incubation for 24 h, the media were removed and MTT
solution was added to the cells at a ﬁnal concentration of
0.5 mg/mL. After an additional 1 h incubation, the media
were carefully removed and 200 μL of DMSO was added to
each well. The optical density (OD) was measured on a plate
reader at 570 nm. Cell viability was evaluated by observing
the ability of viable cells to reduce yellow-colored MTT to
purple-colored formazan. The results were expressed as the
percentage of LPS-treated group (LPS-treated cells).
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2.5. Nitric Oxide Assay. The inhibitory eﬀect of NR, RR, and
resveratrol on NO synthesis was determined using BV-2
microglial cells activated with 100 ng/mL LPS. BV2 cells were
seeded at a density of 4 × 104 cells/well in a 96-well plate 24 h
before treatment. The seeded cells were treated with NR, RR,
and resveratrol the next day. The cells were activated with
LPS after 30 min [9] and further incubated for 24 h. After
24 h incubation, the nitrite level was measured in the culture
media using Griess reagent (1% sulfanilamide and 0.1% N-1napthylethylenediamine dihydrochloride in 5% phosphoric
acid). The conditioned medium (50 μL) was transferred to a
new 96-well plate and mixed with an equal volume of Griess
reagent. This mixture gives a pink color because of the
presence of NO. The colorimetric change was quantiﬁed by
measuring the OD of the solution in 96-well plates using a
microplate reader at 540 nm. NG-mono-methyl-L-arginine
(L-NMMA), a well-known NOS inhibitor [10], was used as
a positive control. NaNO2 was used as the standard to
compare the amount of nitrite in the conditioned medium.
Acute microglial activation was performed by LPS treatment
for 6 h, and chronic microglial activation was performed by
LPS treatment for 24 h.
2.6. Measurement of PGE2, TNF-α, IL-1β, and IL-6
Production. BV2 microglial cells were treated with the
samples (NR, RR, and R) and activated with LPS to measure
TNF-α, IL-1β, PGE2, and IL-6 levels under neuroinﬂammatory conditions. BV2 cells were seeded at a density of
1.5 × 106 cells/well in DMEM and incubated for 24 h. The
seeded cells were treated with the samples, followed by LPS
treatment for microglial activation, and incubated for 24 h.
After 24 h of incubation, conditioned medium from the
treated plate was collected and used for measuring the levels
of PGE2, TNF-α, IL-1β, and IL-6. The collected conditioned
medium can be stored at −20°C until later use. PGE2 was
measured using a competitive enzyme immunoassay kit
(Cayman Chemical, Ann Arbor, MI, USA). TNF-α, IL-1β,
and IL-6 levels were measured using ELISA development kits
(R&D Systems, Minneapolis, MN, USA).
2.7. NF-κB Assay. BV2 cells were seeded at a density of
1.5 × 106 cells/well in a 6-well plate and treated with NR,
RR, and resveratrol, followed by LPS treatment for microglial
activation and NF-kB translocation and transcription. The
cells treated with the samples and LPS were incubated for
1 h and then harvested. Nuclear and cytosolic extracts from
the harvested microglial cells were prepared using a
Nuclear/Cytosolic Extraction Kit (Active Motif, Carlsbad,
CA) according to the manufacturer’s protocol. The protein
levels of NF-κB, histone-3, IkB, and p-IkB were evaluated
by Western blot analysis. The expression of nucleolar and
cytosolic NF-κB was measured using histone-3 and β-actin
as loading controls, respectively. The expression of IkB and
p-IkB was observed in the cytosolic fraction. The absence of
β-actin expression in the nuclear fraction suggests the clear
separation of nuclear and cytosolic fractions during fractionation without any contamination. Densitometry analysis of
the bands was performed using ImageMaster™ 2D Elite

3
software (version 3.1, Amersham Pharmacia Biotech, Buckinghamshire, UK).
2.8. Western Blot Analysis. BV-2 cells were seeded at a density
of 6 × 105 cells/well in a 6-well plate and treated with the
samples. LPS was incubated for the desired period based on
the protein activation pattern according to target protein
location in the cells. The cells were harvested with ice-cold
phosphate-buﬀered saline (PBS) and centrifuged at
7500 rpm for 5 min. PBS was removed, and the cell pellets
were lysed with lysis buﬀer [50 mM Tris-HCl (pH 8.0),
0.1% sodium dodecyl sulfate (SDS), 150 mM NaCl, 1% NP40, 0.02% sodium azide, 0.5% sodium deoxycholate, 100 μg/
mL phenylmethylsulfonyl ﬂuoride (PMSF), and 1 g/mL
approtinin] [29]. This mixture was incubated in ice for 2 h.
The cell lysate/protein extract was obtained after ultracentrifugation of the cell and lysis buﬀer mixture at 12,000 rpm for
30 min at 4°C. Total proteins (30 μg) from each group were
separated by 10% SDS-polyacrylamide gel electrophoresis
(PAGE), transferred to nitrocellulose membranes, and
incubated with primary antibodies against tubulin, iNOS,
COX-2, ERK, pERK, JNK, pJNK, p38, pP38, NF-κB, histone-3, β-actin, IkB, pIkB, C-Fos, p-C-Fos, C-Jun, p-C-Jun,
and α-tubulin. The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies, and
the protein bands were visualized using ECL Western blotting detection reagents (Amersham Pharmacia Biotech).
Densitometry analysis of the bands was performed using
ImageMaster™ 2D Elite software (version 3.1, Amersham
Pharmacia Biotech).
2.9. Statistical Analysis. The results were evaluated using the
Statistical Analysis System (GraphPad Prism 5, La Jolla, CA,
USA). The results are presented as mean ± standard error of
the mean (SEM), and all results are the mean of at least three
independent experiments. A statistical comparison of diﬀerent treatment groups was performed by one-way analysis of
variance (ANOVA), followed by Newman-Keuls multiple
comparison test. A value of p < 0 05 was considered statistically signiﬁcant.

3. Results
3.1. NR, RR, and Resveratrol Signiﬁcantly Inhibit Nitrite
Production in LPS-Activated Microglia. NO production is
an important biomarker for almost all types of inﬂammation,
especially LPS-induced neuroinﬂammation. We evaluated
the nitrite oxide level of NR, RR, and resveratrol with LNMMA as the positive control against LPS-activated BV2
microglial NO production. NR and RR showed the highest
potency to inhibit nitrite production. Also, a resveratrol
showed excellent potency at a high concentration (100 μg/
mL). However, NR and RR showed better potency than resveratrol at concentrations of 1 and 10 μg/mL. Although RR
extract has lesser amount of pure resveratrol than resveratrol,
it has higher potency with lower IC50 value, suggesting that
RR does not cause cellular toxicity. The eﬀect of RR
(100 μg/mL) on nitrite production is statistically signiﬁcant
to that of NR alone suggesting that RR has better potency
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Figure 1: Treatment with resveratrol-enriched rice inhibits nitrite production in lipopolysaccharide-activated BV2 microglial cells without
cellular toxicity. BV2 microglial cells were pretreated with normal rice (NR), resveratrol-enriched rice (RR), and resveratrol after 30 min of
LPS (100 ng/mL) stimulation. (a, b) Nitrite production and cell viability after NR, RR, and resveratrol treatment. (c) IC50 value of NR, RR,
and resveratrol samples. The concentration of samples was given in μM. All data are presented as the mean ± standard error of the mean
of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with LPS treatment
alone. #P < 0 05, ##P < 0 01, and ###P < 0 001 indicate signiﬁcant diﬀerences compared with untreated control group. $$$P < 0 001
indicate signiﬁcant diﬀerences to RR compared to NR. Ctl, untreated control and LPS, lipopolysaccharide.

than that of the NR. NR and RR treatment protected against
LPS-induced toxicity, especially up to a concentration
100 μg/mL, by increasing the number of viable cells. In case
of resveratrol treatment, only 10 μg/mL protected against
LPS toxicity by increasing the viable cells, but not 100 μg/
mL. NR and RR treatment at concentrations of 1 μg/mL
and 10 μg/mL demonstrated higher potency in inhibiting
nitrite production than L-NMMA, suggesting that NR and
RR are better alternatives than L-NMMA for nitrite production inhibition as shown in (Figure 1).
3.2. RR Treatment Inhibits the Expression of iNOS and COX-2
in Acute and Chronic LPS Activation. As iNOS and COX-2

proteins are precursors of NO production and inﬂammatory
cascades, we further evaluated the role of NR and RR in regulating the expression of iNOS and COX-2 in LPS-activated
BV2 microglial cells for acute as well as chronic activation
conditions. LPS treatment in BV2 cells signiﬁcantly increased
the expression of iNOS and COX-2. We performed acute
microglial activation, which is the incubation of cells with a
compound and LPS for 6 h, to determine the altered expression of iNOS and COX-2 in LPS-activated BV2 microglial
cells. We also performed incubation for 24 h, which is deﬁned
as chronic microglial activation, and evaluated the expression
of iNOS and COX-2. We found that NR and resveratrol
showed a high potency to inhibit COX-2 expression in acute
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Figure 2: Treatment with resveratrol-enriched rice inhibits the expression of iNOS and COX-2 in lipopolysaccharide-activated (acute and
chronic) BV2 microglial cells. BV2 microglial cells were pretreated with normal rice (NR), resveratrol-enriched rice (RR), and resveratrol
after 30 min of LPS (100 ng/mL) stimulation. (a–c) iNOS and COX-2 expression and their band intensity in LPS-activated BV2 microglial
cells after 6 h of sample treatment and LPS activation. (d–f) iNOS and COX-2 expression and their band intensity in LPS-activated BV2
microglial cells after 24 h of sample treatment and LPS activation. Tubulin was used as loading control. All data are presented as the mean
± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences
compared with LPS treatment alone. ###P < 0 001 indicates signiﬁcant diﬀerences compared with untreated control group. $$$P < 0 001
indicates signiﬁcant diﬀerences to RR compared to NR. Ctl, untreated control and LPS, lipopolysaccharide.

and chronic activation conditions. When compared with NR
and R, RR demonstrated poor but signiﬁcant eﬃcacy in acute
activation, but no signiﬁcant activity in chronic activation. In
contrast, RR exhibited the highest potency to inhibit iNOS
expression in both acute and chronic activation conditions.
NR and resveratrol did not demonstrate signiﬁcant inhibition of iNOS in chronic activation condition, while a signiﬁcant potency was observed in acute activation condition as
shown in (Figure 2). The eﬀect of RR on inhibition of iNOS
expression is statistically signiﬁcant in comparison to the
NR. This result suggests that additive eﬀect of NR and R on
RR is more signiﬁcant than that on NR and R alone for the
inhibition of iNOS expression. We hypothesized that the
potent iNOS/NO inhibiting ability of RR might be responsible for its anti-inﬂammatory eﬀects.
3.3. Bioactive-Phytochemicals from NR, Namely, αTocopherol and γ-Tocopherol, Inhibit the Nitrite Production
and Expression of iNOS and COX-2 against LPS-Activated
Microglia. We expected that the safety and compatibility of
normal rice and the resveratrol together can show the similar
potency of RR against neuroinﬂammation. However, interestingly, normal rice alone also showed the antineuroinﬂammatory eﬀect against LPS-treated BV2 cells. To further
conﬁrm this eﬀect and to ﬁnd the responsible bioactive
phytochemical in NR, we selected α-tocopherol and γ-

tocopherol to evaluate its role against neuroinﬂammation in
LPS-treated BV2 cells. We observed that treatment of the
α-tocopherol and γ-tocopherol signiﬁcantly inhibited the
production of nitrite in LPS-activated microglia. As we
treated the sample of 1, 10, 100, and 1000 μg/mL concentration, potency of sample shows concentration-dependent
manner and did not show any cellular toxicity as evidenced
by cell viability assay. Although γ-tocopherol has been
reported to inhibit LPS-induced macrophage cell toxicity previously [30], here, we found the similar potency of α-tocopherol and γ-tocopherol to inhibit the inﬂammatory mediators
against LPS-activated microglia as shown in Figure 3.
3.4. NR, RR, and R Can Modulate MAPK Signaling in Acute
LPS-Activated BV2 Microglial Cells. MAPKs are activated
by phosphorylation of tyrosine and threonine residues,
which in turn leads to a signaling cascade that upregulates
the production of inﬂammatory mediators as well as proinﬂammatory cytokines in activated microglia or under other
inﬂammatory conditions. Therefore, we evaluated the role
of NR and RR in altering the activation/phosphorylation of
MAPK proteins (p38, JNK, and ERK). LPS-activated microglia showed signiﬁcantly increased phosphorylation of JNK,
ERK, and P38, which might be responsible for the induction
of transcription of inﬂammatory mediators. Treatment of
LPS-activated BV2 cells with NR and RR signiﬁcantly
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Figure 3: Treatment α-tocopherol and γ-tocopherol inhibits the nitrite production and expression of iNOS and COX-2 against LPS-activated
microglia cells. BV2 microglial cells were activated with LPS (100 ng/mL) 30 min before sample treatment, and samples of diﬀerent
concentrations were added under the same condition. Incubation of LPS and sample was performed for 6 h for iNOS and COX-2
expression and 24 h for nitrite production assay. (a, b) Nitrite production and cell viability of LPS-activated BV2 microglial cells after
treatment of α-tocopherol and γ-tocopherol (c–e) iNOS and COX-2 expression and their respective band intensity. Tubulin was used as
loading control. All data are presented as the mean ± standard error of the mean of three independent experiments. ∗∗ P < 0 01 and ∗∗∗ P <
0 001 indicate signiﬁcant diﬀerences compared with LPS treatment alone. ###P < 0 001 indicates signiﬁcant diﬀerences compared with
untreated control group. Ctl, untreated control and LPS, lipopolysaccharide.

reduced expression of phosphorylated JNK and P38. In case
of ERK phosphorylation, only RR showed high eﬃcacy, while
NR did not demonstrate signiﬁcant inhibition. The eﬀect of
RR is statistically signiﬁcant in both the treated concentration to inhibit the ERK phosphorylation in comparison to
the NR alone. This data suggested that additive eﬀect of NR
and resveratrol in RR is more signiﬁcant than in NR and R
alone. Resveratrol showed slightly diﬀerent pattern in the
MAPK modulation where it showed increase of JNK phosphorylation although it is not signiﬁcant. Also, it did not
show any changes in ERK phosphorylation whereas it signiﬁcantly inhibited the p38 phosphorylation. NR and RR
exhibited high potency to inhibit P38 phosphorylation
than that of the ERK and JNK as shown in (Figure 4).
Among all, RR showed the highest potency to inhibit the
phosphorylation of all the MAPK’s specially at 100 μg/mL.
These ﬁndings suggest that RR treatment inhibits pJNK,
pERK, and pP38 nonspeciﬁcally and its potency is higher
than NR and resveratrol itself.

3.5. NR, RR, and R Modulate AP-1 Signaling in LPS-Activated
BV2 Microglial Cells. Next, we assessed the expression of
AP-1 proteins. Toxicant-induced activation of MAPK is
responsible for the activation of AP-1 (C-Fos and C-Jun)
in inﬂammatory response and other conditions [31]. In this
study, we observed that the signiﬁcant inhibition of pERK,
pJNK, and pP38 by RR treatment was further conﬁrmed
by the downregulated expression of p-C-Fos and p-C-Jun
under the similar treatment conditions as that for NF-κB.
NR and RR treatment at a concentration of 100 μg/mL
inhibited the expression of p-C-Fos where NR and RR
signiﬁcantly inhibited the expression of p-C-Jun at both
the treated concentrations (10 and 100 μg/mL). The eﬀect
of RR is statistically signiﬁcant on both the treated concentration in comparison to the NR alone suggesting that
additive eﬀect of NR and resveratrol in RR is more signiﬁcant than the NR and R alone. P38, JNK, and ERK activation is required for C-Jun activation. RR treatment
downregulated p-C-Jun expression, indicating its strong
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Figure 4: Treatment with resveratrol-enriched rice modulates MAPK signaling in lipopolysaccharide-activated (acute) BV2 microglial cells.
BV2 microglial cells were activated with LPS (100 ng/mL) 30 min before sample treatment, and samples of diﬀerent concentrations were
added under the same condition. Incubation of LPS and sample was performed for 30 min. MAPK expression was measured in
pretreatment in LPS-activated BV2 cells. (a, b) JNK/pJNK expression and band intensity. (c, d) ERK/pERK expression and band intensity.
(e, f) p38/pP38 expression and band intensity in LPS-activated BV2 microglia. All data are presented as the mean ± standard error of the
mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with LPS
treatment alone. ##P < 0 01 indicates signiﬁcant diﬀerences compared with untreated control group. $$$P < 0 001 indicates signiﬁcant
diﬀerences to RR compared to NR. Ctl, untreated control and LPS, lipopolysaccharide.

anti-inﬂammatory eﬀects against activated microglia as
shown in Figure 5. As resveratrol did not signiﬁcantly
change the JNK and ERK phosphorylation, that result was
further supported by the unchanged phosphorylation of CFos and C-Jun after resveratrol treatment. This data supported the fact that C-Jun and C-Fos phosphorylation were
correlated with JNK and ERK phosphorylation.
3.6. NR, RR, and Resveratrol Modulate NF-κB Translocation
in LPS-Activated BV2 Microglial Cells. Transcription factors
play an important role in the increased production of inﬂammatory proteins and proinﬂammatory cytokines. NF-κB and
AP-1 play the key roles as transcription factors under inﬂammatory conditions. In this study, we evaluated the role of NR,
RR, and resveratrol against activated microglia-induced NFκB translocation and I-kB phosphorylation. LPS treatment to
BV2 cells signiﬁcantly increased the translocation of NF-κB
from the cytosol to the nucleus, as well as the phosphorylation of I-kB. These events together can increase transcription.
However, NR, RR, and resveratrol treatment reversed these
events. LPS-activated BV2 cells treated with RR showed the
highest expression of cytosolic NF-κB and the lowest expression of nucleolar NF-κB. RR treatment signiﬁcantly increased
the cytosolic NF-κB and decreased the nuclear one which is

statistically signiﬁcant to that of NR-treated group as shown
in Figure 6, suggesting the better potency of RR to that of NR
alone. The inhibition of translocation was further supported
by the signiﬁcant inhibition of phosphorylated I-kB as
shown in (Figure 6). In all these cases, RR demonstrated
the highest potency at both the treated concentrations,
suggesting its anti-inﬂammatory eﬀect via inhibition of
NF-κB translocation and NF-κB/I-kB-mediated transcription of inﬂammatory proteins.
3.7. NR and RR Can Modulate MAPK Signaling in Chronic
LPS-Activated BV2 Microglial Cells. We evaluated the role
of NR, RR, and resveratrol in altering the activation/phosphorylation of MAPK proteins (p38, JNK, and ERK) under
chronic (24 h) LPS activation condition in BV2 cells. Inhibition of pJNK by NR and RR was more signiﬁcant in chronic
activation than in acute activation. None of the samples
inhibited ERK phosphorylation in chronic activation condition, rather NR treatment signiﬁcantly increased pERK
expression that might suggest for its cell survival capacity
against chronic activation of microglia. RR treatment also
showed a slight increase in pERK expression, but it was not
signiﬁcant when compared with LPS-only-treated group. In
case of P38 phosphorylation, although all the treated samples
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Figure 5: Resveratrol-enriched rice modulates AP-1 eﬀector signaling in lipopolysaccharide-activated BV2 microglial cells. BV2 microglial
cells were treated with samples, followed by LPS (100 ng/mL) activation. AP-1 signaling was evaluated after incubation of cells for
1 h. AP-1 expression was measured pretreatment in LPS-activated BV2 cells. (a, b) p-C-Fos/C-Fos protein expression and band
intensity, and (c, d) p-C-Jun/c-Jun expression and band intensity after incubation with LPS and samples for 1 h in BV2 cells. All
data are presented as the mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001
indicate signiﬁcant diﬀerences compared with LPS treatment alone. ##P < 0 01 and ###P < 0 001 indicate signiﬁcant diﬀerences
compared with untreated control group. $$$P < 0 001 indicates signiﬁcant diﬀerences to RR compared to NR. Ctl, untreated control and
LPS, lipopolysaccharide.

inhibited pP38 expression, only RR treatment showed significant inhibition when compared with LPS-only-treated
group as shown in (Figure 7).
3.8. NR, RR, and Resveratrol Treatment Inhibits Production of
Proinﬂammatory Cytokines. RR-mediated inhibition of NFκB translocation and NF-κB/I-kB transcription revealed
the reason for the marked inhibition of nitrite levels and
iNOS/COX-2 expression. This was further conﬁrmed
through the measurement of proinﬂammatory cytokine
levels in LPS-activated BV2 microglial cells. NR, RR, and
resveratrol demonstrated almost similar potency to inhibit
PGE2 secretion, while resveratrol showed the highest
potency for inhibition of TNF-α and IL-6 production as
shown in (Figure 8). The eﬀect of RR for the inhibition
of the inﬂammatory cytokines is signiﬁcantly higher in
comparison to the NR alone as shown in Figure 8, suggesting
the better potency of RR to that of NR alone. As resveratrol,

the pure compound, and extracts of NR and RR demonstrated almost equipotent ability to inhibit proinﬂammatory
cytokine production, it can be suggested that RR is suﬃciently capable to inhibit the production of not only inﬂammatory mediators but also proinﬂammatory cytokines.

4. Discussion
In this study, we reported the antineuroinﬂammatory properties of RR for the ﬁrst time. We compared the cytotoxicity
of RR with NR and resveratrol in LPS-stimulated BV2
microglia. In addition, we determined the eﬀects of RR, NR,
and resveratrol on the various parameters of neuroinﬂammation, including COX2, iNOS, nitric oxide, MAPK signaling in
both acute and chronic conditions of activated microglia,
AP-1 and NF-κB signaling, and inﬂammatory mediator
production in activated microglia. Our ﬁndings revealed that
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Figure 6: Treatment with resveratrol-enriched rice inhibits NF-κB translocation and I-kB phosphorylation in lipopolysaccharide-activated
BV2 cells. BV2 microglial cells were pretreated with normal rice (NR), resveratrol-enriched rice (RR), and resveratrol after 30 min of LPS
(100 ng/mL) stimulation. NF-κB and I-kB/pI-kB expression was determined after 1 h of LPS activation. (a, b) Cytosolic NF-κB expression
and band intensity. β-Actin was used as loading control. (c, d) Nucleolar NF-κB expression and band intensity. Histone-3 was used as
loading control. (e, f) Cytosolic I-kB and pI-kB expression and band intensity. β-Actin was used as loading control. All data are presented
as the mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant
diﬀerences compared with LPS treatment alone. #P < 0 05 and ###P < 0 001 indicate signiﬁcant diﬀerences compared with untreated
control group. $P < 0 05 and $$$P < 0 001 indicate signiﬁcant diﬀerences to RR compared to NR. Ctl, untreated control and LPS,
lipopolysaccharide.

RR showed equal or higher anti-inﬂammatory eﬃcacy than
resveratrol alone, without any cytotoxicity.
Neuroinﬂammation and brain aging leads to continuous
degeneration of brain function [32]. Aging process speciﬁcally targets the brain, cardiovascular system, and metabolic
system, either in intrinsic or extrinsic aging [33]. Aging as
well as neuroinﬂammation is the key mediator of neurodegenerative conditions such as AD and PD [34]. As RR treatment signiﬁcantly attenuated UVB-induced skin aging,
metabolic disorders, and hyperpigmentation both in vitro
and in vivo in our previous study, we further designed an
experiment to determine their eﬀect against neuroinﬂammation, which is a major cause of almost all neurological disorders [28]. Potent inhibition of inﬂammation by RR treatment
in UVB/ROS-induced dermal ﬁbroblasts in our previous
report serves as a cue for this experiment [28]. As neuroinﬂammation caused by overactivated microglia can aggravate neurodegeneration in AD, PD, MS, and ischemic
stroke, [35], controlling microglial activation could be a
potential strategy for the management of these disorders.
Acute but strong activation of microglia is observed in
ischemic stroke, while chronic microglial activation and
neuroinﬂammation are observed in AD, PD, and MS [36],
indicating that inhibition of microglial activation and its

inﬂammatory cascades is the key therapy against such CNS
disorders. Resveratrol, a multifunctional phytochemical, has
a proven eﬃcacy against diabetes, cardiovascular disease,
obesity, and asthma via alterations in the gut microbiome
[37]. Human gut microbiota play an important role in the
treatment of various CNS disorders, including neuroinﬂammation regulation in dementia [38]. It is also possible that
the RR-mediated antineuroinﬂammatory eﬀect might be
exerted through the alteration of gut microbiome. Resveratrol at high concentrations might be toxic to the gut microbiome, but RR is completely safe to normal cells as shown
in our previous study.
NO production by overactivated microglia is a key
biomarker for neuroinﬂammation in CNS disorders. In a
preliminary study, the treatment of NR, RR, and resveratrol
showed signiﬁcant inhibition of nitrite production in LPSactivated BV2 microglial cells, without cellular toxicity.
Therefore, we decided to perform a mechanistic study. The
inhibition of nitrite production and the IC50 value for nitrite
release was lower in the RR-treated group than in NR-,
resveratrol-, and L-NMMA-treated groups. Increased
expression of iNOS is necessary for the increased production
and release of NO by activated microglia, whereas COX2
expression is required for its induction of arachidonic acid
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Figure 7: Treatment with resveratrol-enriched rice modulates MAPK signaling lipopolysaccharide-activated BV2 cells. BV2 microglial cells
were pretreated with normal rice (NR), resveratrol-enriched rice (RR), and resveratrol 30 min prior to LPS (100 ng/mL) treatment. MAPK
modulation was observed after 24 h of sample treatment and LPS activation. (a, b) JNK/pJNK expression and band intensity, (c, d) ERK/
pERK expression and band intensity, (e, f) p38/pP38 expression and band intensity in LPS-activated BV2 microglia. All data are presented
as the mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences
compared with LPS treatment alone. ##P < 0 01, and ###P < 0 001 indicate signiﬁcant diﬀerences compared with the untreated control
group. Ctl, untreated control and LPS, lipopolysaccharide.

pathway via increased PGE2 production. In diﬀerent edible
plants, phytochemicals such as sulforaphane, resveratrol,
and curcumin have antineuroinﬂammatory role either
through the Sirt1 and NRF2 activation or inhibition of
the NF-κB translocation and transcription of the inﬂammatory proteins [17, 39]. Similarly, NR also possesses the
antioxidative, anti-inﬂammatory phytochemicals such as
phenolic acids, ﬂavonoids, anthocyanins, proanthocyanidins, tocopherols, γ-oryzanol, and phytic acid [40]. NR
contains the α-tocopherol, γ-tocopherol, and tocotrienol
as active ingredients [40, 41] which have the potential to
inhibit the cytotoxicity against LPS [42]. In speciﬁc, γtocopherol and its metabolites inhibited the cyclooxygenase
activity followed by the inhibition of PGE2 in macrophages
and epithelial cells [30]. This ﬁnding is also supported by
our data that treatment of NR containing α-tocopherol and
γ-tocopherol signiﬁcantly inhibited the COX-2 expression
as well as PGE2 production in acute and chronic microglial
activation. In addition, we evaluated the eﬀect of α-tocopherol and γ-tocopherol and found that treatment of α-tocopherol and γ-tocopherol not only inhibited the nitrite
production but also attenuated the expression of iNOS and
COX-2 without cellular toxicity up to the concentration
of 1 mg/mL. This data revealed that phytochemicals such
as α-tocopherol and γ-tocopherol in NR were responsible
for the anti-inﬂammatory potential. In addition to this,
their presence and their eﬀectiveness/safety proﬁle over

resveratrol toxicity make RR a better candidate against
neuroinﬂammation. As inhibition of COX-2 by NR and
its phytochemicals is more prominent and COX-2 is
involved in the induction of pain [43, 44], the applicability
of NR might be highly promising in neuropathic pain
model. RR exhibited a minor role in inhibiting COX-2
expression; however, its potency to inhibit iNOS under acute
and chronic neuroinﬂammatory conditions was higher than
that of resveratrol and NR. These results collectively support
the fact that the higher potency of RR in inhibiting iNOS
expression was responsible for its higher potency in inhibiting nitrite production. For a compound or sample to inhibit
inﬂammatory cascades, they must control the inﬂammatory
signaling pathways such as MAPK signaling. This in turn
helps in regulating NF-κB translocation, followed by I-kB
degradation and AP-1 signaling, and these events facilitate
the transcription of inﬂammatory proteins and proinﬂammatory cytokines [9, 15]. Treatment of activated microglia
with RR signiﬁcantly inhibited the expression of MAPK
proteins as evidenced by attenuated phosphorylation of
JNK, ERK, and P38 under acute activation condition. Resveratrol treatment signiﬁcantly increased the expression of JNK,
probably because of its cytotoxic nature to normal cells, while
RR downregulated the expression of JNK. These results
collectively symbolize the superiority of RR over resveratrol
in modulating MAPK signaling. This eﬀect was further
conﬁrmed in chronic activation condition. LPS exposure to

Oxidative Medicine and Cellular Longevity

11
###

3000

$$$

###

1000

⁎⁎⁎

⁎⁎⁎

$$$
$$$

⁎⁎⁎

⁎⁎⁎

TNF-𝛼 (pg/ml)

IL-6 (pg/ml)

1500

⁎⁎⁎
⁎⁎⁎

500

2000

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

1000

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

0

0
Ctl

LPS

10

100
10
100
10
100
R
RR
NR
Sample (𝜇g/ml) + LPS

Ctl

LPS

10

(a)

###

$$$

⁎⁎

###

800
⁎⁎⁎

400

$$

1000

⁎⁎⁎
⁎⁎⁎

200

⁎⁎⁎
⁎⁎⁎

PGE2 (pg/ml)

IL-1𝛽 (pg/ml)

(b)

$$$

600

100
10
100
10
100
NR
RR
R
Sample (𝜇g/ml) + LPS

$$$

⁎
⁎⁎⁎

600

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

400
200

0

0
Ctl

LPS

10

100
10
100
10
100
R
RR
NR
Sample (𝜇g/ml) + LPS
(c)

Ctl

LPS

10

100
10
100
10
100
R
RR
NR
Sample (𝜇g/ml) + LPS
(d)

Figure 8: Treatment with resveratrol-enriched rice inhibits proinﬂammatory cytokine production in lipopolysaccharide-activated BV2 cells.
BV2 microglial cells were pretreated with normal rice (NR), resveratrol-enriched rice (RR), and resveratrol 30 min prior to lipopolysaccharide
(LPS; 100 ng/mL) stimulation. Proinﬂammatory cytokine levels were measured in the conditioned medium of treated cells using ELISA assay
after 24 h of LPS activation. The proinﬂammatory cytokine levels in NR-, RR-, and resveratrol-treated BV2 cells were evaluated. (a) IL-6
production, (b) TNF-α secretion, (c) IL-1β secretion, and (d) PGE2 secretion. All data are presented as the mean ± standard error of the
mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with LPS
treatment alone. ###P < 0 001 indicates signiﬁcant diﬀerences compared with untreated control group. $$P < 0 01 and $$$P < 0 001
indicate signiﬁcant diﬀerences in RR compared with NR group. Ctl, untreated control.

microglia up to 24 h results in chronic activation and induces
continuous cascades of neuroinﬂammation via inﬂammatory
signaling and inﬂammatory protein production [45, 46]. RR
treatment signiﬁcantly inhibited the activation of JNK and
p38, but it did not show any signiﬁcant eﬀect on ERK phosphorylation. MAPK signaling takes place within a very short
time of toll-like receptor 4 (TLR4) activation; however, in
chronic microglial activation, JNK and p38 phosphorylation
play imperative roles in inﬂammatory cascade maintenance
and induction [19, 47, 48]. In our study, RR treatment inhibited JNK and p38 phosphorylation with a higher potency
than resveratrol treatment. Notably, the potency of NR to
inhibit pJNK expression in acute and chronic activation conditions was higher than that of RR and resveratrol alone,
which could explain the increase in pJNK expression by resveratrol and signiﬁcant inhibition of pJNK expression by RR.
ERK activation has a dual role: short-term activation occurs
during inﬂammation and long-term activation occurs during
cell survival [49]. The increase/insigniﬁcant inhibition of

pERK expression by NR suggests its role against LPSinduced toxicity by increasing the survival of microglia.
Interventions that can control JNK and ERK activation will
alter the expression of AP-1 signaling [50, 51]. Resveratrol
increased the expression of pJNK and p-C-Jun expression,
while RR treatment inhibited the phosphorylation of pJNK
and p-C-Jun. Both NR and RR inhibited p-C-Jun and p-CFos expression, but resveratrol did not show a similar eﬀect.
Furthermore, we assessed the role of RR against NF-κB translocation and I-kB degradation. We observed signiﬁcantly
higher amounts of NF-κB in the cytosol and lower amounts
in the nucleus in the RR-treated group, indicating that RR
inhibited the translocation of NF-κB from the cytosol to the
nucleus. Additionally, signiﬁcantly low levels of phosphorylated I-kB in the cytosol conﬁrmed that RR inhibited the degradation of I-kB in activated microglia, suggesting the strong
antineuroinﬂammatory eﬀects of RR against activated
microglia. Although the resveratrol is a pure compound, we
used here to compare the eﬀectiveness of RR (extract of
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Figure 9: Schematic diagram for the antineuroinﬂammatory eﬀect of resveratrol-enriched rice (RR) against LPS-induced microglia
activation.

resveratrol-enriched rice) in comparison to NR (extract of
normal rice) and resveratrol alone. NR, RR, and R treatment
showed the diﬀerent potencies in diﬀerent concentrations for
inhibition of inﬂammatory parameters. The highest concentration of resveratrol, i.e., 100 μg/mL, showed the highest
potency but it also possessed the cellular toxicity. We found
the potential eﬀect of RR that seems to act in synergistic eﬀect
of NR and resveratrol. NR also showed good potency to
inhibit the inﬂammatory cascades. Therefore, we hypothesized that the presence of phytochemicals α-tocopherol and
γ-tocopherol in NR can boost the activity of RR either they
can help for the protection of cells against resveratrolmediated cell death or morphological changes. We evaluated
the potential antineuroinﬂammatory eﬀect of α-tocopherol
and γ-tocopherol in rice and found that treatment of αtocopherol and γ-tocopherol inhibited not only the nitrite
production but also the expression of iNOS and COX-2 without cellular toxicity up to the concentration of 1 mg/mL. This
data supports that active phytochemicals including αtocopherol and γ-tocopherol in NR are responsible for the
anti-inﬂammatory potential in LPS-treated BV2 cells. Also,
we found that the RR-treated group signiﬁcantly showed
the higher potency of RR than resveratrol-treated group
alone in experimental group. Hence, the most notable

achievement of this study was the improved eﬃcacy of
resveratrol following preparation of pharmaceutical crops
(rice) containing resveratrol, which showed negligible toxicity on microglial cells.
In this study, we not only discovered the safe and eﬀective
role of RR against aging and neuroinﬂammation but also
identiﬁed the antineuroinﬂammatory potential of NR itself
is because of the presence of active phytochemicals such
as α-tocopherol and γ-tocopherol in rice. The antiinﬂammatory eﬀect by RR treatment seems to be mediated
through inhibition of nitrite production, MAPK phosphorylation, NF-κB mediated production of proinﬂammatory cytokines, and expressions of inﬂammatory proteins which are
shown in Figure 9 as a summarized ﬁgure. Thus, consumption
of RR as a functional food will not only act as a nutritional
food component but also as a medicinal ambrosia for the prevention and treatment of various human disorders. Further
research should be performed to evaluate the antineuroinﬂammatory potential of RR in various neuroinﬂammatory
disorders through both in vitro and in vivo studies.
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Based on the beneﬁt of polyphenolic compounds on osteoporosis, we hypothesized that the polyphenol-rich herbal congee
containing the combined extract of Morus alba and Polygonum odoratum leaves should improve bone turnover markers in
menopausal women. To test this hypothesis, a randomized double-blind placebo-controlled study was performed. A total of 45
menopausal participants were recruited in this study. They were randomly divided into placebo, D1, and D2 groups,
respectively. The subjects in D1 and D2 groups must consume the congee containing the combined extract of M. alba and
P. odoratum leaves at doses of 50 and 1500 mg/day, respectively. At the end of an 8-week consumption period, all subjects were
determined serum bone markers including calcium, alkaline phosphatase, osteocalcin, and beta CTX. In addition, the
hematological and blood clinical chemistry changes, and total phenolic content in the serum were also determined. The results
showed that the menopausal women in D2 group increased serum alkaline phosphatase, osteocalcin, and total phenolic
compounds content but decreased CTX level. Clinical safety assessment failed to show toxicity and adverse eﬀects. Therefore,
herbal congee containing the combined extract of M. alba and P. odoratum leaves is the potential functional food that can
decrease the risk of osteoporosis.

1. Introduction
Bone is a dynamic organ that undergoes continuous remodeling by the coordination and balance between resorption
and the formation activities of osteoclast and osteoblast cells
[1]. It is well established that women are vulnerable to bone
loss especially during and after menopause. Postmenopausal
women lose trabecular bone mineral density (BMD) rapidly
in their vertebrae, pelvis, and ultradistal wrist. After menopause, the cortical bone loss in the long bones and vertebrae

also occurs, but the rate of bone loss is slower than that in trabecular bone [2]. It has been reported that bone resorption
assessed by using the bone resorption markers as indicator
increases around 90% during this period [3]. Therefore, this
situation increases bone fracture risk.
Currently, a noninvasive instrument such as dual energy
X-ray absorptiometry (DXA) can be used as a tool to measure
the body composition including bone density. However, it
still has a limitation, and bone markers are more sensitive
for detecting the change of bone dynamic [4]. Therefore,

2
the application of bone turnover markers (BTM) as the indices indicating bone dynamic has gained much attention.
BTM are classiﬁed as the formation or resorption markers
depending on their origins. It has been demonstrated that
BTM changes occur in parallel with bone turnover process,
so their alterations can reﬂect bone turnover state. Among
various BTM, osteocalcin and alkaline phosphatase are
regarded as bone formation markers, whereas C-telopeptide
of type I collagen (CTX) and N-telopeptide of type I collagen
(NTX) and tartrate-resistant acid phosphatase (TR-ACP) are
regarded as bone resorption markers [5–8]. Recent studies
have clearly demonstrated that polyphenolic compounds
provide beneﬁcial eﬀect to bone health by decreasing oxidative stress and inﬂammation. In addition, they can also modulate osteoblastogenesis and osteoclastogenesis [9]. Based on
the previous ﬁnding in experimental menopause that the
combined extract of Morus alba and Polygonum odoratum
showed the antiosteoporotic eﬀect [10], the positive modulation eﬀect of the congee containing the combined extract of
P. odoratum and M. alba on bone turnover has been raised.
However, recent study has demonstrated that polyphenol
substance can exert prooxidant activity [11] and interactions
with other agents which in turn produces numerous detrimental eﬀects [12]. Therefore, the adverse eﬀects and toxicities can
possibly occur especially in the repetitive administration of the
polyphenol-rich product. To assure that the repetitive administration of the congee containing the combined extract of P.
odoratum and M. alba exert the positive modulation eﬀect on
the bone turnover and safe for repetitive consumption, the
eﬀect of the congee mentioned earlier on bone formation
and bone resorption markers together with the hematological
and clinical chemistry values in the perimenopausal and
menopausal women were determined.

2. Materials and Methods
This study was designed as the randomized controlled trial. All
experiments were conducted at the Integrative Complementary Alternative Medicine Research and Development Center,
Faculty of Medicine, Khon Kaen University. The study (code
number UAPSBS201401) was conducted in accordance with
the International Conference of Harmonization (ICH) for
Good Clinical Practice (GCP) and in compliance with the
Declaration of Helsinki and its further amendments. All protocols were approved by the Khon Kaen University Ethical
Committee on Human Research (HE571373); ClinicalTrials.gov was approved ID NCT02562274.
2.1. Participants. Forty-ﬁve healthy Thai perimenopausal and
postmenopausal women at the age between 45–60 years old
(<5 years menstruation cessation) who lived in northeastern
of Thailand were recruited to participate this study via advertisements at menopause clinic at Srinagarind Hospital,
Faculty of Medicine, Khon Kaen University, Thailand. All
subjects in this study were subjected to a physical examination and interviewed using a structured questionnaire to
obtain information concerning demographic data, smoking,
alcohol intake, physical activity, and dietary status. Subjects
were excluded from this study if they were diagnosed with
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hypertension, cancer, autoimmune diseases, gout or high
uric acid, and disorders as described as follows: heart,
liver, kidney, lung, mental, and endocrinological disorders
such as thyroid, parathyroid, and diabetes. In addition, they
should not have a history of drug use that could aﬀect bone
turnover and bone mineral density, pesticide exposure during one week before the test, hysterectomy and/or oophorectomy, alcohol or cigarettes addiction (cigarettes smoking >10
pieces/day), regular exercise (more than 3 time/weeks),
unable to follow the study instructions during the trial and
the participation in other projects.
2.2. A Polyphenol-Rich Congee Preparation. The aerial parts
of Polygonum odoratum and M. alba leaves were collected
from Amphoe Muaeng Khon Kaen, Thailand, during April
2013 and prepared as water extract by decoction method.
Then, they were ﬁltered and lyophilized as powder. The combination extract of P. odoratum and M. alba was prepared
according to petty patent number 9314, Department of Intellectual Property, Thailand, and used as the functional ingredient in herbal porridge. Each package (25 g/package)
contained rice (dried mashed) 90.71%, chicken (dried
mashed) 7.26%, and green shallot and coriander (dried
mashed) 0.73%. Both placebo and herbal congee were prepared with the same procedure and contained the same
ingredients except that the herbal congee contained the combined extract of P. odoratum and M. alba at doses of 50 and
1500 mg/pack, respectively (the selected doses were obtained
from our preclinical data [10] by calculating the human
equivalent doses). The placebo, D1, and D2 had the same
appearance and smell. The congee containing high and low
doses of the combined extract of P. odoratum and M. alba
failed to show the signiﬁcant calorie from placebo (placebo
provided 94.24 whereas the herbal congee containing low
and high doses of the combined extract of P. odoratum and
M. alba provided 95.50 and 97.25 Kcal, respectively). Each
package contained carbohydrate 20 grams, protein 2 grams,
total fat 0 gram, cholesterol 0 mg, and ﬁber less than 1 gram.
In addition, the ﬁngerprint chromatogram of the herbal congee was determined via high performance liquid chromatography which consisted of 515 HPLC pump and 2998
photodiode array detector (Water Company, USA). Chromatographic separation was performed using C-18 endcapped Purospher® STAR column (250 × 4 mm; particle
size; 5 μm) and guard column HPLC-Cartridge, Sorbet Lot
No. HX255346 (Merck, Germany). Two mobile phases consisting of 2.5% acetic acid in deionized (DI) water (B) and
methanol (A) were used to induce gradient elution. The gradient elution was carried out at a ﬂow rate of 1.0 mL/min
with the following gradient: 0 min, 10% A; 17 min, 70% A;
18–22 min, 100% A; 25, 50% A; 26–30 min, 10% A. The sample was ﬁltered (0.2 μm, Whatman), and a direct injection of
tested sample at the volume of 20 μL on the column was performed. The chromatograms were recorded at 280 nm using
UV detector, data analysis was performed using EmpowerTM3, and the results were shown in Figure 1.
2.3. Experimental Design. Eligibility was evaluated by using
the semistructure questionnaire, physical examination, and
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Figure 1: Fingerprint chromatogram of herbal congee containing
the combined extract of M. alba and P. odoratum.

the results of the prestudy laboratory tests. Then, they were
randomly allocated into placebo group and D1- and D2treated groups. Subjects in D1- and D2-treated groups must
consume the herbal congee containing the combined extract
of P. odoratum and M. alba at doses of 50 and 1500 mg/day,
respectively. Prior to the study participation, the participants
must ﬁll the informed consent form.
On the experimental day, all participants should not
drink tea or coﬀee or alcohol beverages at least 12 hours
before their appointments. In addition, the participants must
consume the assigned substance once daily in the morning
before breakfast for 8 weeks in a double-blind fashion. All
subjects collected blood for the determination of bone
markers consisting of serum levels of calcium, osteocalcin,
alkaline phosphatase, and beta CTX together with the safety
parameters including hematological and clinical chemistry
changes prior to the study and at the end of an 8-week
study period.
All volunteers were kept blind about treatments. The data
interpretation and analysis were performed by blinded investigators, and the code numbers and the group allocation were
revealed after the assessment of the last subject. All volunteers were instructed to call the study center in case of any
adverse eﬀect occurred during the study. Volunteers had
the opportunity to withdraw from the study at any time. All
the volunteers were contacted at deﬁnite intervals to ensure
that they consumed the assigned substance regularly.
2.4. Blood Collection. Blood samples were collected from the
participants after an overnight fast by venipuncture and
allowed to clot and spun at 3000 rpm for 10 minutes in order
to separate cells from serum. Then, the serum was transferred
into dry well-labeled specimen plastic tubes and analyzed.
2.5. Determination of Bone Markers. The assessment of
serum osteocalcin concentration was carried out by using
human Gla-OC High sensitive EIA Kit with the intra- and
interassay coeﬃcient of variations (CVs) <5%. In brief, an
aliquot of 100 μL standard or sample was added to an appropriate well and incubated at room temperature for 2 hours.

Then, the sample solution was removed, and the well
was washed 3 times with 400 μL of PBS. 100 μL total of
antibody-POD conjugate solution was added into the wells
and incubated for 1 hour. At the end of the incubation
period, the solution was aspirated from the wells, and the
wells were washed again for 4 times with washing buﬀer
(100 μL/well). After this step, the substrate solution at the
volume of 100 μL was added to each well and incubated at
room temperature for 15 minutes. At the end of incubation
period, 100 μL of the stop solution was added into all wells
and mixed gently. Then, an absorbance at 450 nm was
recorded via microplate reader. All assays were performed
in triplicate.
In this study, the concentration of beta-carboxy-terminal
cross-linking telopeptide of type I collagen (CTX) levels was
measured by using commercial human Micro ELISA Kit
with intra- and interassay coeﬃcients of variations 8 and
10%, respectively. In brief, all reagents and samples were
left at room temperature before used. After thawing, samples were centrifuged again before the assay. All the
reagents were mixed thoroughly by gently swirling before
pipetting. An aliquot of 50 L of biotinylated detection Ab
working solution was added to each well, covered with plate
sealer, gently tapped to mix a solution, and incubated at
37°C for 45 minutes. Each well was aspirated and washed
with wash buﬀer for three times. After washing, the remaining wash buﬀer was removed by aspirating, and the plate
was inverted and patted against thick clean absorbent
paper. Then, 100 μL of HRP conjugate working solution
was added to each well, covered with a new plate sealer,
and incubated at 37°C for 30 minutes. After the incubation,
washing was performed for ﬁve times. Then, 90 μL of substrate solution was added to each well, covered with a new
plate sealer, and incubated at 37°C for 15 minutes with
light protection. The reaction time can be shortened or
extended according to the actual color change, but not
more than 30 minutes. Then, add 50 μL of stop solution
to each well and the optical density at 450 nm was monitored via microplate reader.
2.6. Determination of Total Phenolic Compounds. The total
phenolics compounds of vegetables were measured by using
Folin-Ciocalteu colorimetric method (Quettier-Deleu et al.,
2000). Brieﬂy, 20 μL of each plant extracts was mixed with
0.2 mL of Folin-Ciocalteu reagent and 2 mL of distilled water
and incubated at room temperature for 5 minutes. Then,
1 mL of 20% sodium carbonate was added and incubated at
room temperature for 2 hours. The total polyphenolic compounds were determined by measuring the absorbance at
765 nm with spectrophotometer. Gallic acid was used as a
standard, and the total phenolics were expressed as gallic acid
equivalents (mg/L GAE/mg extract). All determinations were
performed in triplicate.
2.7. Determination of Calcium and Alkaline Phosphatase in
Serum. Blood was collected, and the determinations of calcium and alkaline phosphatase changes were performed at
Srinagarind Hospital, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand. The coeﬃcient of variation
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Figure 2: Flow diagram of subjects.

Table 1: The demographic data of subjects. Data were presented as mean ± SD (n = 15/group).
Parameters
Age (years)
Education (years)
Body mass index (kg/m2)
Blood sugar (mg/dL)
Uric acid (mg/dL)
Heart rate (beats/min)
Respiratory rate (times/min)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Placebo

MP 50 mg/day

MP1500 mg/day

P value

51.41 ± 4.21
7.73 ± 4.89
24.27 ± 2.91
87.33 ± 13.50
5.34 ± 0.77
77.00 ± 12.86
19.80 ± 2.40
115.80 ± 11.48
75.87 ± 8.93

50.47 ± 3.20
7.73 ± 4.13
25.23 ± 3.52
84.67 ± 6.89
5.05 ± 0.76
73.20 ± 9.20
18.00 ± 1.98
118.67 ± 13.84
78.00 ± 9.38

50.47 ± 3.64
7.47 ± 4.50
24.91 ± 3.81
88.93 ± 15.04
5.43 ± 0.92
74.27 ± 8.66
18.80 ± 1.82
119.13 ± 13.06
76.33 ± 8.47

0.697
0.983
0.742
0.635
0.422
0.455
0.070
0.745
0.791

(% CV) of calcium (Ca2+) and alkaline phosphatase (ALP)
was 1.7% and 0.6%, respectively.

the changes of hematological and clinical chemistry parameters. All parameters were assessed at Srinagarind Hospital.

2.8. Blood Collection and Toxicity Assessment. Blood was taken
from each volunteer and prepared as plasma in order to assess

2.9. Statistical Analysis. All data were expressed as mean ±
SD. Comparisons between groups were performed using
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Figure 3: The eﬀect of various doses of the herbal congee containing
the combined extract of M. alba leaves and P. odoratum on the
serum osteocalcin level (n = 15/group) ##P value < 0.01; compared
to baseline. D1 = MP 50 mg/day; D2 = MP 1500 mg/day.
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Figure 5: The eﬀect of various doses of the herbal congee containing
the combined extract of M. alba leaves and P. odoratum on the level
of calcium in serum (n = 15/group). D1 = MP 50 mg/day; D2 = MP
1500 mg/day.
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Figure 4: The eﬀect of various doses of the herbal congee containing
the combined extract of M. alba leaves and P. odoratum on the level
of alkaline phosphatase in serum (n = 15/group) #P value < 0.05;
compared to baseline. D1 = MP 50 mg/day; D2 = MP 1500 mg/day.

one-way analysis of variance (ANOVA) followed by post hoc
(LSD) multiple comparison tests and Kruskal-Wallis oneway analysis of variance test by using SPSS statistical software. P value < 0.05 was considered signiﬁcant.

3. Results
3.1. Demographic Data of Subjects. Seventy-ﬁve menopause
women were enrolled to participate in this study via the
advertisements at menopause clinic, Srinagarind Hospital,
Faculty of Medicine, Khon Kaen University, Khon Kaen,
Thailand. After the interview and the screening of health status by the physician, it was found that only 45 subjects met
the inclusion criteria and were allocated to placebo, D1, and
D2 groups as shown in Figure 2. The baseline demographic

Figure 6: The eﬀect of various doses of the herbal congee containing
the combined extract of M. alba leaves and P. odoratum on the level
of serum beta CTX (n = 15/group). ##P value < 0.01; compared to
baseline. D1 = MP 50 mg/day; D2 = MP 1500 mg/day.
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Figure 7: The eﬀect of various doses of the herbal congee containing
the combined extract of M. alba leaves and P. odoratum on the
level of phenolic compounds in serum of all subjects (n = 15/group)
###
P value < 0.001; compared to baseline. D1 = MP 50 mg/day;
D2 = MP 1500 mg/day.
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Table 2: Eﬀect of various doses of herbal congee containing the combined extract of M. alba leaves and P. odoratum or MP on blood clinical
chemistry values (N = 45). Values are expressed as mean ± SD; ∗ P value < 0.05, ∗∗ P value < 0.01; compared to placebo group.
Blood chemistry

Normal value

Group
Placebo

Glucose (mg/dL)

70–100 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Uric acid (mg/dL)

2.7–7.0 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Bicarbonate (mEq/L)

20.6–28.2 mEq/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Blood urea nitrogen (mg/dL) 20.6–28.2 mEq/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Creatinine (mg/dL)

0.5–1.5 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Sodium (mEq/L)

130–147 mEq/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Potassium (mEq/L)

3.4–4.7 mEq/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Chloride (mEq/L)

96–107 mEq/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Cholesterol (mg/dL)

127–262 mg/dL

MP 50 mg/day
MP 1500 mg/day

Baseline
Mean ± SD

8 weeks
Mean ± SD

87.33 ± 13.50
84.67 ± 6.89 F (1,28) = 0.00,
P = 0 983

88.27 ± 12.19
81.47 ± 7.79 F (1,28) = 2.777,
P = 0 096

88.93 ± 15.04 F (1,28) = 0.23,
P = 0 989

88.60 ± 15.80 F (1,28) = 2.814,
P = 0 245

5.34 ± 0.77
5.05 ± 0.76 F (1,28) = 1.097,
P = 0 304

4.96 ± 0.81
4.53 ± 1.08 F (1,28) = 0.656,
P = 0 418

5.43 ± 0.92 F (1,28) = 0.078,
P = 0 782

4.74 ± 1.17 F (1,28) = 0.622,
P = 0 733

26.41 ± 1.78
27.68 ± 2.56 F (1,28) = 0.520,
P = 0 477

25.07 ± 1.34
24.79 ± 1.99 F (1,28) = 0.124,
P = 0 724

27.07 ± 2.42 F = (1,28) = 0.741
P = 0 37

24.11 ± 3.24 F = (1,28) = 0.149
P = 0 928

11.40 ± 2.73
11.61 ± 3.18 F (1,28) = 0.039,
P = 0 085

11.53 ± 2.57
12.19 ± 2.57 F (1,28) = 0.496,
P = 0 487

10.89 ± 2.39 F (1,28) = 0.292,
P = 0 593

11.41 ± 2.87 F (1,28) = 0.013,
P = 0 910

0.66 ± 0.09
0.68 ± 0.11 F (1,28) = 0.538,
P = 0 463

0.69 ± 0.10
0.68 ± 0.08 F (1,28) = 0.072,
P = 0 788

0.65 ± 0.09 F (1,28) = 0.905,
P = 0 608

0.66 ± 0.12 F (1,28) = 0.195,
P = 0 550

140.47 ± 2.00
140.80 ± 1.66 F (1,28) = 0.400,
P = 0 527

138.20 ± 2.60
133.40 ± 18.73 F (1,28) = 0.256,
P = 0 613

139.67 ± 2.13 F (1,28) = 0.303,
P = 0 992

138.27 ± 2.46 F (1,28) = 0.319,
P = 0 852

4.67 ± 0.24
4.69 ± 0.38 F (1,28) = 0.421,
P = 0 517

4.78 ± 0.57
5.03 ± 0.68 F (1,28) = 1.216,
P = 0 270

4.71 ± 0.62 F (1,28) = 0.822,
P = 0 663

4.97 ± 0.55 F (1,28) = 1.444,
P = 0 468

94.70 ± 23.34
100.73 ± 1.22 F (1,28) = 0.550,
P = 0 815

94.32 ± 23.24
100.47 ± 1.51 F (1,28) = 0.542,
P = 0 461

100.27 ± 2.79 F = (1,28) = 0.514
P = 0 773

101.33 ± 2.38 F = (1,28) = 1.872
P = 0 392

214.00 ± 50.96
217.27 ± 48.77 F (1,28) = 0.032,
P = 0 859

195.53 ± 48.86
208.07 ± 42.55 F (1,28) = 0.362,
P = 0 547

266.80 ± 32.03 F (1,28) = 0.215,
P = 0 647

203.44 ± 24.42 F (1,28) = 0.650,
P = 0 723
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Blood chemistry

Normal value

Baseline
Mean ± SD

8 weeks
Mean ± SD

3.90 ± 1.41
3.52 ± 1.59 F (1,28) = 0.789,
P = 0 382

4.46 ± 040
4.19 ± 0.02∗ F (1,28) = 6.404,
P = 0 010

3.13 ± 1.63 F (1,28) = 0.050,
P = 0 824

4.41 ± 26∗ F (1,28) = 8.348,
P = 0 015

2.69 ± 0.90
2.42 ± 1.05 F (1,28) = 0.520,
P = 0 477

2.83 ± 0.35
3.01 ± 0.44 F (1,28) = 2.718,
P = 0 099

2.14 ± 1.08 F (1,28) = 0.058,
P = 0 811

2.95 ± 0.28 F (1,28) = 3.079,
P = 0 215

0.61 ± 0.39
0.67 ± 0.35 F (1,28) = 0.000,
P = 0 983

0.51 ± 0.12
0.49 ± 0.16 F (1,28) = 0.776,
P = 0 387

0.66 ± 0.36 F (1,28) = 0.246,
P = 0 881

0.51 ± 0.24 F (1,28) = 0.566,
P = 0 754

0.21 ± 0.09
0.21 ± 0.09 F (1,28) = 0.178,
P = 0 673

0.19 ± 0.09
0.16 ± 0.07 F (1,28) = 0.741,
P = 0 387

0.20 ± 0.10 F (1,28) = 0.276,
P = 0 871

0.15 ± 0.09 F (1,28) = 1.233,
P = 0 540

21.93 ± 10.85
16.67 ± 7.21 F (1,28) = 2.005,
P = 0 157

26.33 ± 13.71
18.53 ± 9.04 F (1,28) = 3.492,
P = 0 062

17.00 ± 5.54 F (1,28) = 2.129,
P = 0 345

18.87 ± 5.60 F (1,28) = 4.192,
P = 0 123

22.00 ± 5.01
19.93 ± 3.79 F (1,28) = 0.919,
P = 0 338

24.93 ± 7.27
22.20 ± 7.31 F (1,28) = 1.716,
P = 0 190

24.40 ± 6.45 F (1,28) = 0.934,
P = 0 623

23.93 ± 7.45 F (1,28) = 2.329,
P = 0 312

214.07 ± 42.39
202.40 ± 37.44 F (1,28) = 0.990,
P = 0 340

218.50 ± 49.20
219.54 ± 36.49 F (1,28) = 0.097,
P = 0 756

197.38 ± 24.93 F (1,28) = 0.879,
P = 0 391

219.67 ± 47.83 F (1,28) = 0.586,
P = 0 743

19.30 ± 5.12
18.91 ± 6.34 F (1,28) = 1.781,
P = 0 182

18.53 ± 5.05
21.53 ± 5.90 F (1,28) = 1.883,
P = 0 170

MP 1500 mg/day

17.71 ± 7.51 F (1,28) = 1.879, P =
0 396

20.53 ± 9.20 F (1,28) = 1.657,
P = 0 437

Placebo

141.53 ± 57.48

MP 50 mg/day

137.53 ± 62.04 F (1,28) = 2.755,
P = 0 097

148.60 ± 54.76
97.20 ± 45.88∗∗ F
(1,28) = 8.434,
P = 0 004

MP 1500 mg/day

117.93 ± 48 F (1,28) = 3.092,
P = 0 213

Group
Placebo

Albumin (g/dL)

3.8–5.4 g/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Globulin (g/dL)

2.6–3.4 g/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Bilirubin total (mg/dL)

0.3–1.5 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Bilirubin direct (mg/dL)

0–0.5 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Alanine aminotransferase or
ALT (U/L)

4–36 U/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Aspartate aminotransferase
or
AST (U/L)

12–32 U/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Lactic acid dehydrogenase or
LDH (U/L)

89–221 U/L

MP 50 mg/day
MP 1500 mg/day
Placebo

Creatine kinase–MB or
CK-MB (U/L)

Triglyceride (mg/dL)

0–25 U/L

MP 50 mg/day

10–200 mg/dL

119.07 ± 50.23∗ F
(1,28) = 8.792,
P = 0 011
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Blood chemistry

Normal value

Group
Placebo

High density
lipoprotein-cholesterol or
HDL-C (mg/dL)

>35 mg/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Low density
lipoprotein-cholesterol or
LDL-cholesterol (mg/dL)

0–150 mg/dL

MP 50 mg/day
MP 1500 mg/day

data of all participants were presented in Table 1. No significant diﬀerences in all parameters were observed.
3.2. Eﬀect of Herbal Congee on Bone Makers. The eﬀect of
various doses of the herbal congee containing the combined
extract of M. alba leaves and P. odoratum on the level of
osteocalcin, alkaline phosphatase, calcium, and beta CTX in
serum was shown in Figures 3–6. Subjects who consumed
the herbal congee containing the combined extract of M. alba
leaves and P. odoratum showed the elevations of serum osteocalcin and alkaline phosphatase levels (P value < 0.01and 0.05;
compared to placebo group) as shown in Figures 3 and 4.
However, the serum calcium level failed to show the signiﬁcant change, while the serum beta CTX showed the signiﬁcant
reduction (P value < 0.01; compared to placebo group) as
shown in Figures 5 and 6, respectively.
3.3. Eﬀect of Herbal Congee on the Total Phenolic
Compounds. The eﬀect of various doses of the herbal congee
containing the combined extract of M. alba leaves and P.
odoratum on the level of total phenolic compounds was
shown in Figure 7. It was found that after 2 months of administration, subjects who consumed the herbal congee containing the combined extract of M. alba leaves and P. odoratum
at dose of 1500 mg per day showed the signiﬁcant elevation
of total phenolic compound (P value < 0.001; compared to
placebo, P value < 0.001; compared to baseline level).
3.4. Eﬀect of Herbal Congee on the Blood Chemistry
Parameters. Table 2 showed the eﬀect of various doses of
herbal congee containing the combined extract of M. alba
leaves and P. odoratum on blood chemistry values. It was
found that no signiﬁcant diﬀerences of the parameters were
observed at baseline level. At the end of an 8-week consumption period, subjects who consumed herbal congee containing the combined extract of M. alba leaves and P. odoratum
at doses of 50 and 1500 mg per day showed the signiﬁcant
reduction of triglyceride (P value < 0.01and 0.05, respectively; compared to placebo group) together with the elevations of albumin (P value < 0.05; compared to placebotreated group). In addition, the elevation of high-density
lipoprotein cholesterol (HDL-C) was also observed in

Baseline
Mean ± SD

8 weeks
Mean ± SD

48.79 ± 17.40
41.95 ± 16.44 F (1,28) = 2.90,
P = 0 089

52.07 ± 9.18
60.27 ± 12.06 F (1,28) = 0.491,
P = 0 045

36.93 ± 16.46 F (1,28) = 2.571,
P = 0 276

64.47 ± 18.80∗ F (1,28) = 5.267,
P = 0 029

121.49 ± 40.8
109.19 ± 47.47 F (1,28) = 0.007,
P = 0 934

141.80 ± 24.29
156.20 ± 47.27 F (1,28) = 0.001,
P = 0 980

100.82 ± 51.02 F (1,28) = 0.107,
P = 0 948

141.47 ± 24.23 F (1,28) = 0.001,
P = 1 000

subjects who consumed the high dose of the herbal congee
at the end of experimental period (P value < 0.05; compared
to placebo-treated group).
3.5. Eﬀect of Herbal Congee on the Hematological Changes.
Table 3 showed the eﬀect of various doses of herbal congee
containing the combined extract of M. alba leaves and
P. odoratum on the hematological values. It was found that
at baseline consumption period, no signiﬁcant changes of
all parameters were observed. At the end of an 8-week consumption period, subjects who consumed herbal congee
containing the combined extract of M. alba leaves and P.
odoratum at dose of 1500 mg per day showed the signiﬁcant reduction of platelets (P value < 0.05; compared to
placebo group). However, the changes of all parameters
were also in the normal range. No changes of other parameters were observed.

4. Discussion
This study clearly revealed that no major side eﬀects or clinically signiﬁcant symptoms were reported from any of the
volunteers. No data of clinical chemistry and hematological
values showed the signiﬁcant toxicity. Therefore, these data
support the consumption safety for healthy menopausal
women. In addition, this study clearly revealed that subjects
who consumed the herbal congee containing the combined
extract of M. alba leaves and P. odoratum at dose of
1500 mg per day increased the total phenolic compounds in
serum and improved bone formation markers including
osteocalcin and alkaline phosphatase (ALP) but decreased
bone resorption marker including serum collagen type 1
cross-linked C-telopeptide (beta CTx).
Osteoblasts which are responsible for bone formation are
located on the bone surface. Bone formation is enhanced by
the osteoproduction action of osteoblasts. During bone
formation process, alkaline phosphatase is produced by
osteoblasts during the synthesis of the collagen matrix [13].
In addition to alkaline phosphatase, osteocalcin, a 5.8 kDa
hydroxyapatite-binding bone-speciﬁc protein, is also produced by osteoblasts [14]. In contrast to both parameters
mentioned earlier, beta CTx is released into the bloodstream
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Table 3: Eﬀect of various doses of the herbal congee containing the combined extract of M. alba leaves and P. odoratum (MP) on the
hematological parameters (N = 45). Values are expressed as mean ± SD.
CBC

Normal value

Group
Placebo

Red blood cell or
RBC (x 106/μL)

4.0–5.20 (x 106/μL)

MP 50 mg/day
MP 1500 mg/day
Placebo

Hemoglobin or HGB (g/dL)

12.0–14.3 g/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Hematocrit or HCT (%)

36.0–47.7%

MP 50 mg/day
MP 1500 mg/day
Placebo

White blood cells or
WBC (x 103/μL)

Platelet or PLT (x 103/μL)

4.60–10.60 x 103/μL

173–383 x 103/μL

MP 50 mg/day

MP 50 mg/day

MP 50 mg/day

MP 50 mg/day

MP 50 mg/day
MP 1500 mg/day
Placebo

Monocyte or MO (%)

3.4–9.8%

10.87 ± 4.91
8.41 ± 5.19 F (1,28) = 0.208,
P = 0 648

10.99 ± 3.69
10.12 ± 4.49 F (1,28) = 0.761,
P = 0 383

7.35 ± 2.84 F (1,28) = 1.215,
P = 0 545

8.34 ± 4.49 F (1,28) = 0.947,
P = 0 623

32.34 ± 14.70
25.10 ± 15.77 F (1,28) = 1.399,
P = 0 237

36.58 ± 12.48
33.95 ± 15.42 F (1,28) = 0.291,
P = 0 590

21.98 ± 8.34 F (1,28) = 0.862,
P = 0 239

29.48 ± 16.79 F (1,28) = 0.323,
P = 0 851

6.19 ± 3.25
4.65 ± 1.99 F (1,28) = 0.950,
P = 0 330

5.41 ± 1.91
5.66 ± 1.15 F (1,28) = 0.692,
P = 0 329

Placebo

Placebo
20.1–44.5%

3.19 ± 1.77 F (1,28) = 1.845,
P = 0 185

5.94 ± 1.13

MP 1500 mg/day

Lymphocyte or LY (%)

2.69 ± 1.03 F (1,28) = 2.138,
P = 0 155

274.20 ± 85.65 F (1,28) = 4.229,
P = 0 409

Placebo
43.7–70.9%

4.13 ± 1.33
3.65 ± 1.62 F (1,28) = 2.048,
P = 0 163

4.02 ± 1.87

MP 1500 mg/day

Neutrophil or NE (%)

3.92 ± 1.71
3.15 ± 1.97 F (1,28) = 1.284,
P = 0 267

248.01 ± 105.23 F
(1,28) = 1.049, P = 0 592

Placebo
8.5–12.8 ﬂ

8 weeks
Mean ± SD

MP 1500 mg/day

MP 1500 mg/day

Mean platelet volume or
MPV (ﬂ)

Baseline
Mean ± SD

MP 50 mg/day
MP 1500 mg/day

183.86 ± 95.34 F (1,28) = 1.304, 245.65 ± 104.49 F (1,28) = 0.071,
P = 0 263
P = 0 792
158.11 ± 71.84 F (1,28) = 0.134,
P = 0 717

206.37 ± 108.42∗ F
(1,28) = 6.935, P = 0 031

7.28 ± 3.07
5.65 ± 3.39 F (1,28) = 0.000,
P = 0 983

8.10 ± 2.55
7.07 ± 3.02 F (1,28) = 0.070,
P = 0 935

4.85 ± 1.99 F (1,28) = 0.218,
P = 0 897

5.96 ± 3.20 F (1,28) = 0.008,
P = 0 927

48.36 ± 21.50
37.54 ± 20.67 F F
(1,28) = 0.001, P = 0 971

42.54 ± 14.71
37.56 ± 16.97 F (1,28) = 0.292,
P = 0 593

32.02 ± 13.38 F (1,28) = 0.002,
P = 0 966

33.72 ± 17.88 F (1,28) = 0.155,
P = 0 337

29.21 ± 13.61
23.96 ± 12.03 F (1,28) = 0.035,
P = 0 852

37.29 ± 12.32
33.91 ± 15.01 F (1,28) = 0.108,
P = 0 744

19.70 ± 8.25 F (1,28) = 0.032,
P = 0 859

27.70 ± 14.12 F (1,28) = 0.267,
P = 0 609

5.78 ± 1.95
4.88 ± 2.71 F (1,28) = 1.00,
P = 0 326

6.10 ± 1.92
5.26 ± 2.06 F (1,28) = 0.466,
P = 0 500

3.83 ± 1.80 F (1,28) = 0.037,
P = 0 848

4.44 ± 2.12 F (1,28) = 0.005,
P = 0 942
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CBC

Normal value

Baseline
Mean ± SD

8 weeks
Mean ± SD

3.49 ± 1.97
3.24 ± 0.89 F (1,28) = 1.765
P = 0 184

5.16 ± 3.23
4.72 ± 3.02 F (1,28) = 1.255,
P = 0 263

MP 1500 mg/day

3.40 ± 1.21 F (1,28) = 2.131,
P = 0 344

3.82 ± 8.09 F (1,28) = 1.788,
P = 0 409

Placebo

0.44 ± 0.21 F (1,28) = 0.757,
P = 0 384

0.78 ± 0.47 F (1,28) = 0.373,
P = 0 545

MP 50 mg/day

0.38 ± 0.17 F (1,28) = 0.519,
P = 0 477

0.68 ± 0.42 F (1,28) = 373,
P = 0 541

MP 1500 mg/day

0.29 ± 0.12 F (1,28) = 0.911,
P = 0 348

0.62 ± 0.29 F (1,28) = 0.794,
P = 0 672

71.33 ± 31.11
54.06 ± 31.73 F (1,28) = 0.363,
P = 0 548

78.58 ± 25.49
70.17 ± 31.05 F (1,28) = 0.450,
P = 0 529

47.06 ± 19.38 F (1,28) = 0.517,
P = 0 772

56.01 ± 28.70 F (1,28) = 0.553,
P = 0 463

23.98 ± 10.43
18.10 ± 10.34 F (1,28) = 2.559,
P = 0 110

25.39 ± 8.20
22.81 ± 10.10 F (1,28) = 0.100,
P = 0 922

15.71 ± 6.60 F (1,28) = 0.273,
P = 0 873

18.25 ± 9.39 F (1,28) = 0.219,
P = 0 644

29.97 ± 13.75
22.75 ± 13.62 F (1,28) = 3.604,
P = 0 068

29.30 ± 10.07
26.18 ± 12.08 F F (1,28) = 1.533,
P = 0 226

20.02 ± 7.89 F (1,28) = 0.992,
P = 0 328

22.02 ± 12.56 F (1,28) = 0.003,
P = 0 959

12.57 ± 3.49
10.16 ± 5.27 F (1,28) = 0.011,
P = 0 917

12.51 ± 3.96
10.98 ± 4.60 F (1,28) = 3.822,
P = 0 051

7.87 ± 4.22 F (1,28) = 2.650,
P = 0 266

9.25 ± 4.89 F (1,28) = 0.170,
P = 0 075

Group
Placebo

Eosinophil or EO (%)

Basophil or BA (%)

0.7–9.2%

0.0–2.6%

MP 50 mg/day

Placebo
Mean corpuscular
volume or MCV (ﬂ)

80.0–97.8 ﬂ

MP 50 mg/day
MP 1500 mg/day
Placebo

Mean corpuscular
hemoglobin MCH (pg)

25.2–32.0 pg

MP 50 mg/day
MP 1500 mg/day
Placebo

Mean corpuscular hemoglobin
concentration or MCHC (g/dL)

31.3–33.4 g/dL

MP 50 mg/day
MP 1500 mg/day
Placebo

Red blood cells distribution
width or RDW (%)

11.9–14.8%

MP 50 mg/day
MP 1500 mg/day

during bone resorption and serves as a speciﬁc marker for the
degradation of mature type I collagen. Therefore, an elevated
serum concentration of beta-CTx is reported to reﬂect bone
resorption [15]. It has been reported that the rapid increase
in serum beta CTX concentration is related to the secretion
activity of osteoclasts [16]. The current data showed the elevation of alkaline phosphatase and osteocalcin but decreased
beta-CTx level in serum of subjects who consumed MP at
dose of 1500 mg/day. These results indicated the positive
modulation eﬀect of the herbal congee on the bone turn over
which enhanced the bone formation but decreased bone
resorption. Our data were in agreement with the previous
study which showed the positive modulation eﬀect of the
combined extract of M. alba and P. odoratum (MP) on bone
turnover in animal model of menopause [10].
Recent ﬁnding has demonstrated that polyphenolic
compounds inhibit receptor activator of nuclear factor-κB
ligand- (RANKL-) induced osteoclast formation [17]. Since
the herbal congee containing the combination extract of P.

odoratum and M. alba contained high concentration of polyphenol, this substance may possibly be active constituent
which contributes a role on an antiosteoclastogenic eﬀect of
the herbal congee containing the combination extract of P.
odoratum and M. alba. However, further researches concerning depth analysis for active ingredient and the detail mechanism of action are still essential.
Although the current results clearly showed that the congee containing P. odoratum and M. alba is safe for consumption, the cholesterol showed the increasing trends. Therefore,
the long-term application of the product should be a caution
about hypercholesterolemia. However, studies which focused
on the eﬀect of long-term treatment should also be performed
in order to assure that no side eﬀect on hypercholesterolemia
occurs. In addition, drug interaction is also possible during
long-term application especially the interaction with the
drugs commonly used in daily life such as paracetamol. Thus,
the information concerning this aspect still requires further
researches. The limitation of this study is that no data
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concerning the bone density can be demonstrated because
the treatment duration is not long enough to produce the
changes of bone density.
[8]

5. Conclusion
The present study demonstrates the antiosteoporotic eﬀect of
the polyphenol-rich herbal congee which contained the
combined extract of P. odoratum and M. alba. The possible
underlying mechanism may occur via the improved bone
turnover via the increased bone formation and the decreased
bone resorption. Therefore, the herbal congee containing the
combined extract of P. odoratum and M. alba may be useful
for the prevention and treatment of osteoporosis in menopause. However, long-term treatment study is still required
to assure that no side eﬀect on hypercholesterolemia.

[9]

[10]

[11]
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This study aims at investigating the antioxidant activity and repair eﬀect of green tea polysaccharide (TPS) with diﬀerent molecular
weights (Mw) on damaged human kidney proximal tubular epithelial cells (HK-2). Scavenging activities on hydroxyl radical (⋅OH)
and ABTS radical and reducing power of four kinds of TPS with Mw of 10.88 (TPS0), 8.16 (TPS1), 4.82 (TPS2), and 2.31 kDa
(TPS3) were detected. A damaged cell model was established using 2.6 mmol/L oxalate to injure HK-2 cells. Then, diﬀerent
concentrations of TPSs were used to repair the damaged cells. Index changes of subcellular organelles of HK-2 cells were
detected before and after repair. The four kinds of TPSs possessed radical scavenging activity and reducing power, wherein
TPS2 with moderate Mw presented the strongest antioxidant activity. After repair by TPSs, cell morphology of damaged HK-2
cells was gradually restored to normal conditions. Reactive oxygen species production decreased, and mitochondrial membrane
potential (Δψm) of repaired cells increased. Cells of G1 phase arrest were inhibited, and cell proportion in the S phase increased.
Lysosome integrity improved, and cell apoptotic rates signiﬁcantly reduced in the repaired group. The four kinds of TPSs with
varying Mw displayed antioxidant activity and repair eﬀect on the mitochondria, lysosomes, and intracellular DNA. TPS2, with
moderate Mw, showed the strongest antioxidant activity and repair eﬀect; it may become a potential drug for prevention and
treatment of kidney stones.

1. Introduction
Tea originated from China features a long history of over
4000 years; it is also the most popular nonalcoholic beverage
and common food ingredient in Asia [1]. Tea polysaccharide
(TPS) is an acid polysaccharide extracted from tea leaves [2].
TPS displays antioxidant, hypoglycemic, hypolipidemic,
antihypertensive, immunological, antitumor, anticoagulant,
and protective eﬀects [3]. Chen et al. [4] have conﬁrmed that
TPS isolated from green tea manifests the scavenging activity
of superoxide radicals, hydroxyl radicals (⋅OH), and lipid
radicals in vitro. TPS exerts protective eﬀects against cellular
damage induced by oxidative stress.
Many studies have shown that tea polyphenol has inhibitory eﬀects on calcium oxalate urolithiasis due to its antioxidative eﬀects [5, 6]. Tea polyphenol decreases osteopontin

expression and cell apoptosis and increases superoxide dismutase activity in rat kidney tissues, thus inhibits the
formation of calcium oxalate stones [5]. Polyphenols mainly
act as antioxidants through phenolic hydroxyl groups. By
contrast, TPSs contain not only hydroxyl groups but also
more carboxyl groups. The binding ability of carboxyl groups
to calcium ions is obviously higher than that of hydroxyl
groups [7], so it has a better potential to inhibit the formation
of stones. At the same time, the structure of plant polysaccharides is similar to glycosaminoglycans (GAG), which are
potent inhibitors of growth and aggregation of calcium oxalate crystals in vitro [8]. Research has shown that semisynthetic polysaccharides are more eﬀective in preventing
crystal-cell interactions than are GAGs [9].
The molecular weight (Mw) and structure of TPS are
related to tea species and puriﬁcation [10, 11]. Chen et al.
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[12] revealed that the TPS extracted from green tea, with Mw
of 120 kDa, comprises arabinose, ribose, xylose, glucose,
galactose, and uronic acid at a molar ratio of
1.00 : 0.77 : 2.65 : 0.88 : 0.42 : 2.13. Wang et al. [13] extracted
from green tea a water-soluble polysaccharide (7WA), with
an average Mw of 7.1 × 104 Da. 7WA mainly contains arabinose and galactose at a molar ratio of 1.0 : 0.96 and possesses
a backbone consisting of 1,3- and 1,6-linked galactopyranosyl residues, with branches attached to O-3 of 1,6-linked
galactose residues and O-4 and O-6 of 1,3-linked galactose
residues. Wang et al. [14] achieved a polysaccharide component (ZTPs) from green tea with a Mw of 8000 Da by hotwater extraction and ethanol precipitation. ZTPs consist of
mannose, ribose, rhamnose, glucuronic acid, galacturonic
acid, glucose, xylose, galactose, arabinose, and fucose, with
molar percentages of 4.3%, 1.4%, 4.1%, 2.6%, 3.0%, 31.4%,
4.6%, 21.8%, 23.5%, and 3.3%, respectively.
Polysaccharide bioactivity is closely related with molecular structure, including Mw, active group content, structure
of the main chain and branched chain, monosaccharide
composition and sequence, glycosidic bond type and position, conformation, and solubility [15–17]. For the same kind
of polysaccharides, Mw is the most important indicator of
biological activity [18–21]. Lei et al. [19] showed that three
sulfated glucans from Saccharomyces cerevisiae, with Mw of
12.9 (sGSC1), 16.5 (sGSC2), and 19.2 kDa (sGSC3), displayed antioxidant and immunological activities in vitro.
Results showed that sGSC1, sGSC2, and sGSC3 can scavenge
1,1-diphenyl-2-picryl-hydrazyl (DPPH), superoxides, and
hydroxyl radicals, and strength of radical scavenging eﬀects
of sGSCs followed the order sGSC1 > sGSC2 > sGSC3. Sun
et al. [20] performed degradation of Porphyridium cruentum
(EPS-0) with Mw of 2918.7 kDa to obtain three polysaccharide fractions with low Mw of 256.2 (EPS-1), 60.66 (EPS-2),
and 6.55 kDa (EPS-3). EPS-0 showed no remarkable antioxidant activity, but polysaccharide fractions after degradation
exerted inhibitory eﬀects on hemolysis injury induced by
Fe2+/Vc in mouse liver hemocytes; half maximal inhibitory
concentration (IC50) value of EPS-1, EPS-2, and EPS-3
measured 1.09, 0.91, and 0.81 mg/mL, respectively. Results
suggested that EPS-3, with the lowest Mw, showed the strongest protective eﬀect on oxidative damage of liver hemocytes
in mice. Ying et al. [21] extracted and obtained three Liubao
TPS sections with Mw of 7.1 kDa (LTPS-30), 6.9 kDa (LTPS50), and 6.6 kDa (LTPS-70). LTPS-70, with the smallest Mw,
exhibited the strongest antioxidant activity and repair eﬀect
on damaged human umbilical vascular endothelial cells in
the concentration range of 12.5–400 μg/mL.
Oxidative injury is one of the main factors that cause various diseases. Formation of kidney stones is related to oxidative damage of kidney epithelial cells [22–24]. TPS presents
good antioxidant activity, which can reduce oxidative damage and can repair cells [25]. Therefore, TPS may be used
to reduce incidences and prevent formation of kidney stones.
We extracted four kinds of green TPSs with Mw of 10.88,
8.16, 4.82, and 2.31 kDa and comparatively investigated their
antioxidant activity and repair eﬀect on damaged kidney
epithelial cells to provide basis for prevention and treatment
of kidney stones.
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2. Materials and Methods
2.1. Reagents and Apparatus. Green tea polysaccharide (TPS)
was purchased from Shaanxi Ciyuan Biological Co., Ltd.;
D2O (99.9%, Sigma), other conventional reagents were
purchased from Guangzhou Chemical Reagent Company
(Guangzhou, China).
Human kidney proximal tubular epithelial (HK-2) cells
were purchased from Shanghai Cell Bank, Chinese Academy
of Sciences (Shanghai, China). Fetal bovine serum and cell
culture medium (DMEM) were purchased from HyClone
Biochemical Products Co. Ltd. (Beijing, China). Cell culture
plates of 6-, 12-, and 96-well (NEST, China). Cell proliferation assay kit (Cell Counting Kit-8, CCK-8) was purchased
from Dojindo Laboratory (Kumamoto, Japan). Acridine
orange (AO) was purchased from Siama (USA). Hematoxylin and eosin (HE) staining kit, reactive oxygen species assay
kit (DCFH-DA), and mitochondrial membrane potential
assay kit (JC-1) were purchased from Shanghai Beyotime
Bio-Tech Co., Ltd. (Shanghai, China). Carbonyl cyanide 3chlorophenylhydrazone (CCCP) and cell apoptosis and
necrosis assay kit were purchased from 4A Biotech Co., Ltd.
(Beijing, China).
The apparatus included ultraviolet-visible spectrophotometer (Cary 500, Varian company, USA), inverted ﬂuorescence microscope (Olympus company, Japan), ﬂow
cytometry (Beckman, Gallios, USA), enzyme mark instrument (saﬁreZ, Tecan, Switzerland), nuclear magnetic resonance spectrometer (Varian Bruker-300 MHz, Germany),
and Fourier-transform IR spectra (FT-IR) (EQUINOX55,
Bruker, Germany).
2.2. Degradation of Tea Polysaccharide. About 1.2 g of crude
tea polysaccharide (TPS0) was weighted accurately and dissolved in 20 mL distilled water. The reaction system was
quickly added with hydrogen peroxide (H2O2) and allowed
to proceed for 2 h at 90°C; at which point, the solution PH
was adjusted to 7.0 by adding 2 mol/L NaOH solution. The
degraded solution was concentrated to one-third of its original volume at 60°C. The product was precipitated by adding
anhydrous ethanol three times. The solution was stored overnight and ﬁltered. The ﬁltrate was dried in vacuum to obtain
the degraded polysaccharide. Degraded tea polysaccharides
with diﬀerent molecular weight can be gained by changing
the concentration of H2O2 at 4%, 8%, and 14%, respectively.
2.3. Molecular Weight Determination of Tea Polysaccharide.
According to reference [26], the Ubbelohde viscosity was
used to measure the molecular weight of tea polysaccharide.
The intrinsic viscosity [η] and molecular weight M could be
described by the Mark-Houwink empirical equation η = κ
Mα . For tea polysaccharide, the κ and α are 0.0416 and
0.49, respectively.
2.4. Analysis of Carboxylic Group Content of Tea
Polysaccharide. The carboxylic group (-COOH) content of
TPS was measured by conductometric titration [27]. The
ﬁnal value was the average of three parallel experiments.

Oxidative Medicine and Cellular Longevity

3

2.5. Fourier-Transform Infrared Spectroscopy (FT-IR)
Analysis of Tea Polysaccharide. The dried polysaccharide
sample (2.0 mg each) was mixed with 200 mg of potassium
bromide (KBr) and compressed for scanning the spectrum
in the region of 4000 cm−1 to 400 cm−1 with a resolution of
4 cm−1.
2.6. 1H NMR and 13C NMR Spectrum of Tea Polysaccharide.
According to reference [28], approximately 40 mg of tea
polysaccharide was dissolved in 0.5 mL deuterium oxide
(D2O, 99.9%) in NMR tube. After the polysaccharide was
dissolved completely, the 1H and 13C NMR spectrum
was performed using the Varian Bruker-600 MHz
spectrophotometer.
2.7. Hydroxyl Radical (⋅OH) Scavenging Activity of TPS with
Diﬀerent Molecular Weight. The ⋅OH scavenging ability of
polysaccharide in vitro was detected by H2O2/Fe system
method [19, 29]. 38 EP tubes (10 mL) were prepared, and
the reaction mixture in the EP tube that contained diﬀerent
concentrations of polysaccharides (0.15, 0.5, 0.8, 1.0, 2.0,
and 3.0 g/L) was incubated with FeSO4 (2.5 mmol/L, 1 mL)
and phenanthroline (2.5 mmol/L, 1 mL) in a phosphate
buﬀer (20 mmol/L, 1 mL, pH 6.6) for 90 min at 37°C. The
absorbance measured at 580 nm repeatedly took average
value. The ascorbic acid (Vc) was used as a positive control
group. The ability to scavenge hydroxyl radicals was calculated using the following equation:
Scavenging ef f ect % =

A3 − A1
× 100,
A2 − A1

Cell viability % =

2.8. ABTS Radical Scavenging Activity of TPS with Diﬀerent
Molecular Weight. The ABTS radical scavenging activity of
polysaccharides was performed according to [30] with slight
modiﬁcation. 7 mmol/L ABTS solution was mixed with
2.45 mmol/L potassium persulfate aqueous solution, and
then, the mixture was incubated in the dark at room temperature for 14 h. Then, 3.0 mL mixture solution was added to
1 mL of various polysaccharide solutions in a test tube. After
reacting for 6 min at room temperature, the absorbance was
measured at 734 nm.
A1 − A2
A0

× 100,

2.10. Cytotoxicity Measurement of TPS on HK-2 Cells. HK-2
cells were cultured in DMEM-F12 medium containing
10% fetal bovine serum, 100 μg/mL streptomycin antibiotic-100 U/mL penicillin with pH 7.4 in a 5% CO2 humidiﬁed environment at 37°C. Upon reaching a monolayer of
80%–90% conﬂuence, cells were gently blown after trypsinization to form a cell suspension for subsequent cell
experiments.
Cell suspension with a cell concentration of 1 × 105 cells/
mL was inoculated per well in 96-well plates and incubated
for 24 h. Afterward, the culture medium was removed, and
100 μL of 0, 20, 60, and 100 μg/mL TPSs with various molecular weights was added and each concentration was repeated
in three parallel wells. After incubation for 24 h, 10 μL CCK-8
was added to each well and incubated for 1.5 h. Absorbance
(A) was measured by using the enzyme mark instrument at
450 nm according to the CCK-8 kit instruction. Cell viability
was determined using the following equation:

1

where A1 is the blank group; A2 is the control group with
H2O2; and A3 is the experiment group with polysaccharide.

Scavenging ef f ect % = 1 −

2 mL potassium ferricyanide (1.0%, w/v). The mixture was
incubated at 50°C for 20 min and cooled to room temperature. 2 mL trichloroacetic acid (10%, w/v) was added to the
mixture which was then centrifuged for 10 min at 3000 r/
min. The supernatant (2 mL) was mixed with 0.5 mL FeCl3
(0.1%, w/v) solution and 2 mL distilled water. The mixture
was fully mixed and stood for 10 min. The absorbance was
measured at 700 nm. The phosphate buﬀer was used as a
negative control group. The ascorbic acid (Vc) was used as
a positive control group and for comparison.

2

where A0 is the control group without polysaccharide; A1 is
the experiment group; and A2 is the blank group without
reagents.
2.9. Reducing Power of TPS with Diﬀerent Molecular Weight.
The reducing power of polysaccharides was determined
referring to reference [31] with some modiﬁcations. 2 mL of
four polysaccharide samples with diﬀerent molecular weights
in diﬀerent concentrations (0.15, 0.5, 0.8, 1.0, 2.0, and 3.0 g/L)
was mixed with 2 mL phosphate buﬀer (PBS, pH = 6.6) and

A treatment group
× 100
A control group
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2.11. Repair Eﬀect of TPS on Damaged HK-2 Cells by CCK-8.
100 μL of cells suspension with a concentration of 1 × 105
cells/mL was inoculated per well in 96-well plates. The cells
were divided into four groups: (1) control group of background: cell-free culture medium group, (2) normal control
group: in which only serum-free culture medium was added,
(3) damaged group: in which serum-free culture medium
with 2.6 mmol/L oxalate was added and incubated for 3.5 h,
and (4) repair groups, including TPS0, TPS2, and TPS3
repair groups, in which diﬀerent concentrations of TPS0
(10.88 kDa), TPS2 (4.82 kDa), and TPS3 (2.31 kDa), respectively, were added into the cells of damaged groups and
repaired for 10 h. After the repair was completed, 10 μL
CCK-8 was added to each well and incubated for 1.5 h. The
absorbance values were measured using the enzyme mark
instrument at 450 nm to detect the repair capacity of
polysaccharide.
2.12. Cell Morphology Observation by Hematoxylin-Eosin
(HE) Staining. According to our previous study [32], changes
of cell morphology were observed under an optical microscope after HE staining. 1 mL of cell suspension with a cell
concentration of 1 × 105 cells/mL was inoculated per well in
12-well plates and incubated for 24 h. The cells were divided
into three groups: (1) normal control group: in which only
serum-free culture medium was added, (2) damaged group:
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in which serum-free culture medium with 2.6 mmol/L oxalate was added and incubated for 3.5 h, and (3) repair groups,
including TPS0, TPS2, and TPS3 repair groups, in which
80 μg/mL of TPS0, TPS2, and TPS3, respectively, was added
into the cells of damaged groups and repaired for 10 h. The
supernatant was then removed by aspiration and the cells
were washed twice with PBS. Cells were ﬁxed with 4%
paraformaldehyde for 15 min and stained with hematoxylin and eosin according to the manufacturer’s instructions.
Morphological changes of the cells were observed under a
microscope, and the nuclei were stained in violet and cytoplasm in pink or red.
2.13. Changes in Reactive Oxygen Species (ROS). The density
of seeded cells and experimental grouping was the same as
those in Section 2.12. The positive reagent (Rosup,
100 μmol/L) of reagent kit was used as a positive control.
After repair for 10 h, the cells were washed with PBS;
500 μL DCFH-DA diluted with serum-free culture medium
at 1 : 1000 was added and incubated for 30 min at 37°C. Then,
the cells were washed 3 times with PBS to remove excess
DCFH-DA. ROS distribution was observed under ﬂuorescent
microscope; the ﬂuorescence intensity of intracellular ROS
was quantitatively detected by a microplate reader.
For ﬂuorescence quantitative detection by a microplate
reader, 100 μL of cells suspension with a concentration of
1 × 105 cells/mL was inoculated per well in 96-well plates.
After repair for 10 h, the cells were washed with PBS; then,
100 μL DCFH-DA was added and incubated for 30 min at
37°C. The ﬂuorescence intensity of intracellular ROS was
quantitatively detected at 502 nm.
2.14. Measurement of Mitochondria Membrane Potential
(Δψm). The density of seeded cells and experimental grouping were the same as those in Section 2.12. As a known mitochondrial membrane potential disrupter, 50 μmol/L CCCP
was used as a positive control. After the repair was completed, the cells were collected and centrifuged at 1000 rpm/
min for 5 min. After that, the supernatant was removed by
suction, and cells were rinsed twice with PBS. The Δψm
was detected according to JC-1 kit. Then the cells were
stained with 200 μL JC-1 dye, thoroughly mixed, and incubated in darkness at 37°C for 15 min. After treatment, the
cells were detected by ﬂow cytometer.
2.15. Changes in Lysosomal Integrity before and after Repair.
Cell suspension with a cell concentration of 1 × 105 cells/mL
was inoculated per well in 12-well plates with coverslips
and incubated for 24 h. The experimental grouping was the
same as those in Section 2.12. The cells were washed twice
with PBS and then loaded with 5 μg/mL AO in DMEM for
15 min. After being repaired for 10 h, the cells were rinsed
three times with PBS, and the distribution of AO in the cells
was observed under ﬂuorescence microscope.
For ﬂuorescence quantitative detection by a microplate
reader, cells (1 × 105 cells/mL) were cultured in a 96-well
plate (100 μL/well) and were stained with AO. The red and
green ﬂuorescence were detected under enzyme mark
instrument with excitation at 485 nm and emission at
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530 nm (green cytoplasmic AO) and 620 nm (red
lysosomal AO). Normal lysosomal integrity = (total red
ﬂuorescence intensity of normal lysosome)/(total green
ﬂuorescence intensity of normal lysosome). Lysosomal
integrity = (total red ﬂuorescence intensity)/[(total green
ﬂuorescence intensity) × (normal lysosomal integrity)].
2.16. Cell Cycle Assay. According to our previous study [32],
changes of cell cycle progression were analyzed by ﬂow
cytometry. 2 mL of cell suspension with a cell concentration
of 1 × 105 cells/mL was inoculated per well in 6-well plates
and incubated for 24 h. After the cells were conﬂuent, the
medium was changed to serum-free culture media and then
incubated for another 12 h to achieve synchronization. The
experimental grouping was the same as those in Section
2.12. After being repaired for 10 h, the cells were collected
with trypsin digestion. The collected cells were washed twice
with PBS and centrifuged (1000 rpm) for 5 minutes and then
ﬁxed with 70% ethanol at 4°C for 12 hours. The ethanol was
removed by centrifugation (2000 rpm, 5 minutes), and the
cells were washed twice with PBS. The cells were then resuspended in 200 μL of propidium iodide and kept at 37°C for 15
minutes. The cell cycle was analyzed by ﬂow cytometry to
measure the amount of PI-labeled DNA in the ﬁxed cells.
2.17. Changes in Apoptosis Rate before and after Repair.
According to our previous study [33], apoptosis and necrosis
in HK-2 cells before and after repair were measured by ﬂow
cytometer with Annexin V-FITC/PI double staining assay.
The density of seeded cells and experimental grouping were
the same as those in Section 2.12. The apoptosis inducer
(CCCP, 50 μmol/L) was used as a positive control. After the
repair was completed, the cells were harvested and then
stained using Annexin V-FITC/PI cell death assay kit according to the manufacturer’s instructions. The cells were resuspended in 200 μL of binding buﬀer. Then, 5 μL of Annexin
V-FITC was added, followed by incubation in the dark for
10 min at room temperature. The cells were resuspended in
200 μL of binding buﬀer and stained with 5 μL of PI. The prepared cells were then analyzed using a ﬂow cytometer.
2.18. Statistical Analysis. The experimental data were
expressed by mean ± standard deviation (x ± SD). The experimental results were analyzed statistically using SPSS 13.0
software. Multiple group comparisons were performed
using one-way ANOVA, followed by the Tukey post hoc
test. If p < 0 05, there was a signiﬁcant diﬀerence; if p < 0 01,
the diﬀerence was extremely signiﬁcant; if p > 0 05, there
was no signiﬁcant diﬀerence.

3. Results
3.1. Degradation of TPS. Three degraded TPS fractions,
namely, TPS1, TPS2, and TPS3, were obtained from crude
TPS (TPS0) at 4%, 8%, and 14% concentrations, respectively,
of H2O2. Mean Mw of TPS0, TPS1, TPS2, and TPS3 reached
10.88, 8.16, 4.82, and 2.31 kDa, respectively (Table 1). TPSs
are enriched with polysaccharides.
Degradation reaction of H2O2 is moderate, and the extent
of degradation can be controlled without changing the
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Table 1: Degradation conditions and physicochemical properties of TPSs with diﬀerent Mw.

TPS0
TPS1
TPS2
TPS3

H2O2 concentration
C(H2O2)/%

Intrinsic viscosity
[η]/mL/g

Mean molecular
weights Mr/kDa

–COOH content/%

Solubility (25°C) g/100 g

0
4
8
14

3.952 ± 0.130
3.434 ± 0.086
2.653 ± 0.072
1.842 ± 0.188

10.88 ± 0.73
8.16 ± 0.42
4.82 ± 0.27
2.31 ± 0.48

11.2
12.3
12.7
11.0

10.0
12.5
25.0
33.3

structure of the main chain of polysaccharides [34–37]. For
instance, Xizhen et al. [36] performed degradation of natural
soybean polysaccharide by controlling the concentration of
H2O2 to obtain four polysaccharide fractions with Mw of
550, 347, 285, and 21 kDa. All degraded polysaccharide fractions had basically similar structure of the functional group.
Hou et al. [37] performed degradation of Laminaria japonica
fucoidan by changing H2O2 concentration, reaction temperature, and pH and obtained seven degraded fractions with
Mw of 1.0, 3.8, 8.3, 13.2, 35.5, 64.3, and 144.5 kDa. No significant changes were observed in the major backbone structure
and sulfate group content of all polysaccharide fractions.
No signiﬁcant change was observed in carboxyl content
of TPS before and after degradation. When concentrations
of H2O2 totaled 4% and 8%, carboxyl contents of degraded
TPS1 and TPS2 products reached 12.3% and 12.7%, which
were slightly higher than that of TPS0 (11.2%) before degradation. The above results were attributed to the increased
solubility of degraded polysaccharides (Table 1); the increase
in solubility exposed numerous –COOH groups [38]. When
H2O2 concentration was increased to 14%, carboxyl content
of TPS3 measured 11.0% and was slightly lower than that
of TPS0. This result can be explained by oxidative decarboxylation of polysaccharides induced by free oxygen atoms
originating from high concentrations of H2O2 at high
temperature [39].
3.2. Fourier-Transform Infrared (FT-IR) Spectrum of TPS.
Figure 1 shows the FT-IR spectra of the four TPS fractions.
The polysaccharide fractions presented similar spectra before
and after degradation. No new peaks appeared, indicating the
similar structure of the four polysaccharide fractions. The
polysaccharide samples displayed strong absorption peak at
3401–3423 cm−1, corresponding to the stretching vibration
of the hydroxyl group. Intermolecular and/or intramolecular
hydrogen bonding was also observed. The absorption peak at
3000–2800 cm−1 was related to C–H stretching vibration.
The signal at about 1608 cm−1 was related to C = O stretching
vibration of the carboxyl group, and the signal at 1105 cm−1
suggested α-glucose pyranose ring [40].
Each polysaccharide sample manifested the same amount
(2.0 mg). Thus, absorption peak intensity can reﬂect the content of characteristic functional groups [41]. Compared with
the undegraded TPS0 fraction, absorption peaks for –OH
(3412 and 3417 cm−1) and –COOH (1602.1 and
1610.5 cm−1) in degraded TPS1 and TPS2 fractions were
notably stronger, respectively, indicating that TPS1 and
TPS2 exposed numerous –OH and –COOH groups [38].
The absorption peak for –COOH in TPS3 weakened and
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Figure 1: FT-IR spectra of TPSs with diﬀerent molecular weights.

showed consistency with the slightly reduced carboxylic
group content (Table 2).
3.3. 1H Nuclear Magnetic Resonance (NMR) and 13C NMR
Spectrum Analysis of TPS. As shown in FT-IR spectra, the
basic structure of TPS remained undamaged during H2O2
degradation. Therefore, as representative for TPS0, 1H and
13
C NMR spectra of polysaccharide were characterized, and
the spectra are shown in Figure S1. The 13C NMR and 1H
NMR signal assignment of TPS0 is shown in Table S1.
In 1H NMR spectrum, signals in the range of δ 4.5–
5.5 ppm were assigned to the sugar ring of polysaccharides.
H−1 proton signals derived from α-conﬁguration sugar ring
are detected at more than 4.95 ppm, whereas most of βconﬁguration protons will appear at less than 4.95 ppm.
Thus, β- and α-conﬁguration existed in TPS simultaneously [42]. The signals at δ 5.0, 3.74, 3.95, 4.25, 4.37,
and 4.37 ppm corresponded to H-1 to H-6, respectively,
of (1 → 4)-α-GalpA in TPS [43]. The signals at δ 4.63,
3.75, 3.56, 3.77, 3.60, and 3.91 ppm were attributed to H1 to H-6 of (1 → 6)-β-Galp, whereas the signals at δ
5.24, 4.17, 4.09, 4.11, and 3.85 ppm were assigned to H-1
to H-5 of (1 → 2, 3, 5)-Araf, respectively [43]. The signals
at δ 3.08, 3.10, 3.17, and 3.45 ppm were assigned to H-2,
H-4, H-5, and H-6 of (1→)-β-D-Glcp, respectively [43].
The signals at δ 4.89 and 3.64 ppm were assigned to H-1
and H-6 of (1 → 4)-α-D-Glcp, respectively [44].
In the 13C NMR spectrum, the signals in the region of δ
100–104 ppm indicated that monosaccharides existed in the
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Table 2: FT-IR characteristic absorption peak of original and degraded TPS.

Polysaccharide
abbreviation
TPS0
TPS1
TPS2
TPS3

Mean molecular
weights Mr/kDa

–COOH content/%

Relative intensity of -COOH
absorption peak

10.88
8.12
4.82
2.31

11.2
12.3
12.7
11.0

1.3
2.0
2.7
1

-OH
3423
3417
3412
3401

Functional groups characteristic
absorption peak
-COOH
Sugar ring
1609.9
1602.1
1610.5
1608.1

1391.1, 1142.3, 1093.9, 765.9
1385.4, 1213.4, 778.6
1399.2, 1087.5, 780.6
1401.4, 1087.3, 780.4

[∗ ] (100-T TPS0): (100-TTPS1): (100-TTPS2): (100-TTPS3), where T represents the light transmittance.

form of pyranose ring. The signals at δ 170–180 ppm were
attributed to the uronic acid of polysaccharides [45]. The
signals at δ 98.9, 68.2, 68.9, 77.8, 72.7, and 173.4 ppm were
assigned to C-2 to C-6 of (1 → 4)-α-GalpA, respectively.
The signals at δ 107.1, 73.1, 74.7, 71.5, 75.4, and 70.5 ppm
corresponded to C-1 to C-6 of (1 → 6)-β-Galp, respectively
[43]. The signals at δ 109.5, 81.3, 77.8, 85.3, and 70.1 ppm
were assigned to C-1 to C-5 of (1 → 2,3,5)-Araf, whereas δ
74.3, 76.6, 70.3, 76.7, and 60.8 ppm were assigned to C-2 to
C-6 of (1→)- β-D-Glcp, respectively [13]. The signals at δ
99.5 and 61.2 ppm were attributed to C-1 and C-6 of
(1 → 4)-α-D-Glcp, respectively [44].
3.4. Comparison of Antioxidant Activity of TPS with
Diﬀerent Mw
3.4.1. Hydroxyl Radical (⋅OH) Scavenging Capacity. Fenton
reactions were used to investigate the ⋅OH radical scavenging ability of TPS. As shown in Figure 2(a), radical scavenging activity improved with increasing polysaccharide
concentration. At the same concentration, TPS2 with midlevel Mw featured the strongest scavenging activity. For
example, at the concentration of 3.0 mg/mL of TPS, ⋅OH
scavenging rates of TPS0, TPS1, TPS2, and TPS3 reached
51%, 62%, 79.4%, and 37%, respectively. These values were
all lower than 95.3% of Vc.
3.4.2. ABTS Radical Scavenging Capacity. As shown in
Figure 2(b), four TPSs showed scavenging capacity for ABTS
radical in a concentration-dependent manner. At the same
concentration, TPS2 exhibited the strongest scavenging
ability. At 3.0 mg/mL concentration of TPS, ABTS radical
scavenging rates of TPS0, TPS1, TPS2, and TPS3 totaled
88.1%, 90.0%, 93.3%, and 82.2%, respectively.
3.4.3. Reducing Power. The reducing power of four TPSs
followed
the
order
TPS2 > TPS1 > TPS0 > TPS3
(Figure 2(c)). TPS2 still featured the strongest reducing
power, whereas the weakest was observed for TPS3, which
possessed the smallest Mw. However, reducing powers of
both TPS2 and TPS3 were lower than Vc. Reducing power
of the four TPSs changed concentration-dependent manner.
For diﬀerent polysaccharides, reducing power strengthened
with increasing TPS concentration.
3.5. Toxicity Assessment of TPSs on Human Kidney Proximal
Tubular Epithelial Cells (HK-2) Cells. Antioxidant activities

of TPS1 (8.16 kDa) and TPS0 (10.8 kDa) showed minimal
diﬀerence due to their similar Mw (Figure 2(a)–2(c)).Therefore, we only selected TPS0, TPS2, and TPS3 for the
following cytotoxicity and repair experiments. As shown
in Figure 3, these TPSs can promote cell proliferation
within the range of 20–100 μg/mL, and TPS2 exhibited
the strongest promotion eﬀect. The above results showed
that these TPSs caused no cytotoxicity on HK-2 cells and
promoted cell growth.
3.6. Repair Eﬀect of TPS on Damaged HK-2 Cells
3.6.1. Improvement of Cell Viability. The eﬀects of oxalate
concentration and injury time on the viability of HK-2 cells
were shown in Figure S2. The toxicity was gradually
increased with increasing oxalate concentration and
exposure time. We selected the oxalate concentration of
2.6 mmol/L and the treatment time of 3.5 h for the
subsequent damage experiments.
Repair eﬀects of TPS0, TPS2, and TPS3 on damaged HK2 cells were compared at concentrations of 20, 40, 60, 80, and
100 μg/mL (Figure 4). The best repair eﬀect in all polysaccharides was observed at 80 μg/mL concentration and decreased
at concentrations higher or lower than 80 μg/mL.
At the same concentration, TPS2 showed the best repair
eﬀect. For instance, cell viability of damaged HK-2 cells
increased from 59.4% before repair to 89.4%, 92.8%, and
84.8% after being repaired by 80 μg/mL TPS0, TPS2, and
TPS3, respectively. The above results suggested that repair
ability of TPSs was correlated with their Mw and is consistent
with antioxidant activity.
3.6.2. Repair Eﬀect on Cell Morphology. Morphological
changes in damaged HK-2 cells before and after repair were
observed by hematoxylin and eosin staining. As shown in
Figure 5, the junctions between normal HK-2 cells were tight,
and the cells were plump. When HK-2 cells were exposed to
2.6 mmol/L oxalate for 3.5 h, the cells lost their natural shape,
their volume reduced, eosinophilic staining enhanced, and a
large number of apoptotic cells with dense staining were
formed. After repair by TPS with diﬀerent Mw, cell number
increased, and cell morphology was gradually restored to
normal conditions. After the damaged cells were repaired
by TPS2, their morphology resembled closely that of normal
cells. By comparison, repair eﬀect of TPS3 with lower Mw
and TPS0 with higher Mw were weaker than that of TPS2.
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Figure 2: The comparison of antioxidant capacity of TPS0, TPS1, TPS2, and TPS3 at diﬀerent concentrations. (a) Hydroxyl radical
scavenging ability; (b) ABTS radical scavenging ability; (c) reducing power. Data were expressed as mean ± SD of ﬁve independent
experiments. Diﬀerent letters (A, B, C, D, E) indicate a signiﬁcant diﬀerence (p < 0 05) between diﬀerent TPSs of the same concentration.

3.6.3. Changes in Intracellular Reactive Oxygen Species (ROS)
after Repair by Diﬀerent TPSs. A large amount of ROS in the
body can cause oxidative damage to biological molecules
(including DNA, lipids, and proteins), therefore mediating
the occurrence of a series of inﬂammatory responses and
causing cell dysfunction or death [46, 47]. The antioxidant
capacity of TPS can reduce oxidative damage of cells in
diﬀerent degrees.
Figure 6 illustrates the intracellular ROS changes in all
cell groups as detected by DCFH-DA. Following treatment
of HK-2 cells with Rosup (positive control) and 2.6 mmol/L
oxalate (damage control) for 3.5 h, the bright green ﬂuorescence images were observed, indicating the high levels of
intracellular ROS. After the damaged cells were repaired by
TPS, ﬂuorescent intensity displayed attenuation at diﬀerent
degrees, and this eﬀect was most notable in the TPS2 treatment group (Figure 6(b)). The above results indicated that
TPSs can reduce the production of intracellular ROS and
alleviate oxidative damage in cells.

3.6.4. Repair Eﬀect on Mitochondrial Membrane Potential
(Δψm). Figure 7 shows changes in Δψm of the damaged
HK-2 cells before and after repair. The red/green ﬂuorescence intensity ratio in the mitochondria of the normal control group reached 67.5. When cells were damaged by
2.6 mmol/L oxalate, the red/green ﬂuorescence ratio reduced
to 3.8, indicating that Δψm was reduced evidently. However,
after the damaged cells were repaired by TPS0, TPS2, and
TPS3, Δψm increased at diﬀerent degrees. After the damaged
cells were repaired by TPS2, the red/green ﬂuorescence ratio
in the mitochondria reached 22.9, which was higher than that
of the TPS0 treatment group (19.8) and TPS3 treatment
group (9.3). Thus, TPS2 showed the strongest repair eﬀect
on damaged mitochondria.
3.6.5. Changes in Lysosomal Integrity before and after Repair.
Acridine orange (AO), a metachromatic ﬂuoroprobe, is a
lysosomotropic component that accumulates in lysosomes
by proton trapping. AO accumulation changes ﬂuorescence
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Figure 3: Cytotoxicity detection of TPSs with diﬀerent Mw on HK2 cells. NC: normal control. Treatment time: 24 h. Data were
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emission from green in the cytoplasm to red in lysosomes
[48]. Therefore, AO can be used to determine lysosomal
integrity by measuring the ratio of red and green ﬂuorescence. A low intensity of red ﬂuorescence implies serious
damage in lysosomes.
As shown in Figure 8, lysosome structure was complete
(100%), and superposition of red and green ﬂuorescence
showed a strong orange-red color in normal control cells.
Integrity of lysosome in damaged cells was signiﬁcantly
reduced (51.80%) (Figure 8(b)). However, after the damaged
cells were repaired by TPS0, TPS2, and TPS3, lysosome integrity increased to 81.91%, 88.90%, and 75.03%, respectively.
Therefore, TPS2 exhibited the strongest repair eﬀect on lysosomes of cells.
3.6.6. Changes in Cell Cycle before and after Repair. Cell cycle
mainly includes early DNA synthetic phase (G1 phase), DNA
synthetic phase (S phase), and late DNA synthetic phase (G2
phase). Arrest of the cell cycle reﬂects the degree of DNA
damage [49].
As shown in Figure 9, when normal HK-2 cells were
damaged by oxalate, the percentage of cells in the S phase evidently decreased from 59.4% to 31.1% (Figure 9(b)), whereas
that of cells in the G1 phase increased from 26.3% to 52.5%
(Figure 9(c)). Results indicated that oxalate led to the arrest
of HK-2 cells in the G1 phase. After the damaged cells were
repaired by TPS0, TPS2, and TPS3, the percentage of cells
arrested in the S phase increased to 40.6%–54.3%, which
was higher than 31.1% observed for the damage control
group. The increasing degree was related to the Mw of TPS.
After the repair by TPS2, the percentage of cells in the S
phase increased the most. Thus, TPS2 exhibited the strongest
repair eﬀect on DNA in damaged cells.
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Figure 4: Cell viability of the damaged HK-2 cells after exposing to
four TPSs with Mw. NC: normal control; DC: oxalate damaged
control. Oxalate concentration: 2.6 mmol/L. Injury time: 3.5 h;
repaired time: 10 h. Data were expressed as mean ± SD of ﬁve
independent experiments. Compared with DC group, ∗ p < 0 05;
∗∗
p < 0 01. Diﬀerent letters (A, B, C) indicate a signiﬁcant
diﬀerence (p < 0 05) between diﬀerent TPSs of the same
concentration.

3.6.7. Changes in Cell Apoptosis before and after Repair. We
performed ﬂow cytometric analysis to quantify apoptotic
and necrotic cells using Annexin V/propidium iodide (PI)
double staining. Annexin V staining was applied to reveal
surface exposure of phosphatidylserine (apoptosis) and PI
to reveal the loss of plasma membrane integrity (necrosis)
[50, 51].
Figure 10(a) displays the dot plot of cellular apoptosis of
the observed cells. Quadrants Q1, Q2, Q3, and Q4 denote the
ratio of necrotic cells, late-stage apoptotic cells, normal cells,
and early stage apoptotic cells, respectively, whereas Q2+Q4
denotes the total cell apoptotic rate. When normal HK-2 cells
were damaged by oxalate, total cell apoptotic rate (Q2+Q4)
increased from 2.5% to 16.7% (Figure 10(b)). After the damaged HK-2 cells were repaired by TPS0, TPS2, and TPS3, cell
apoptotic rates reached 8.2%, 6.5%, and 11.7%, respectively.
These rates were all lower than the 16.0% noted in the
damage group. The above results indicate that TPS can
reduce cell apoptosis, and TPS2 with moderate Mw exhibited the strongest repair eﬀect.

4. Discussion
4.1. Chemical Structure Analysis of TPS. From the results of
1
H NMR and 13C NMR spectrum (Figure S1), TPS
comprises glucose, galactose, glucuronic acid, and
arabinose. The main sugar residues included (1 → 4)-αGalpA, (1 → 4)-α-D-Glcp, (1→)-β-D-Glcp, (1 → 6)-β-Galp,
and (1 → 2,3,5)-Araf, which were consistent with the results
clariﬁed by Wang et al. [52] and Scoparo et al. [53].
FT-IR results revealed that the four polysaccharide fractions featured a similar backbone structure, but characteristic
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Figure 6: Changes in intracellular ROS of damaged HK-2 cells after being repaired by TPSs with diﬀerent Mw. (a) The image of ROS
distribution observed under ﬂuorescence microscope. (b) Quantitative analysis of ROS ﬂuorescence intensity. The green ﬂuorescence
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concentration: 80 μg/mL; oxalate damage concentration: 2.6 mmol/L. Damaged time: 3.5 h; repaired time: 10 h. Data were expressed as
mean ± SD of three independent experiments. Compared with DC group, ∗ p < 0 05; ∗∗ p < 0 01.

absorption peak intensities of –COOH and –OH of polysaccharide diﬀered. This result may explain why the hydroxyl
radicals produced by H2O2 degradation can attack glucosidic
linkages. Oxidative scission produced diverse termini, which
can be further oxidized to produce carboxyl acid. Splitting of
C–C bonds within sugar residues also occurred, leading to
ring-opening oxidation and formation of carboxyl groups
[54]. For instance, Tian et al. [55] prepared water-soluble chitosan with low Mw (LWCS) with H2O2. FT-IR and NMR
suggested no distinct change in the structures of 1,4-β-D-glucose main chain, whereas changes only occurred in the side
chain of LWCS.
4.2. Eﬀects of Mw of TPS on Antioxidant Activity In Vitro. For
diﬀerent types of plant polysaccharides, the best bioactivity is
attributed to diﬀerent ranges of Mw. For example, Xing et al.

[56] reported that O2⋅-scavenging eﬀect of LWCS (9 kDa)
was more eﬀective than that of high-molecular-weight
chitosan (760 kDa). However, Ma et al. [57] observed that
antitumor activity of high-Mw Pleurotus eryngii polysaccharide (413 kDa) against HepG-2 cells was better than that of
low-Mw fraction (12 kDa).
4.2.1. Causes of Low Antioxidant Activity and Cell Repair
Ability of Low-Mw TPS. The antioxidant activity of
polysaccharides is closely correlated with Mw. As shown
in Figure 2, ⋅OH, ABTS scavenging rates, and reducing
power of low-Mw TPS3 (2.31 kDa) were weaker than those
of moderate Mw TPS2 (4.82 kDa). This phenomenon
possibly caused the signiﬁcant destruction in the chain
structure of TPS3 (with the lowest Mw); TPS3 featured
the most loose molecular structure. The number of
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Figure 7: Changes in mitochondrial membrane potential of damaged HK-2 cells after being repaired by TPSs with diﬀerent Mw. (a) Dot
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Damaged time: 3.5 h; repaired time: 10 h. Data were expressed as mean ± SD of three independent experiments. Compared with DC
group, ∗ p < 0 05; ∗∗ p < 0 01.

eﬀective hydroxyl groups capable of chelating metal ions
reduced [58, 59]. Therefore, TPS3 featured the weakest
free radical scavenging ability.
Many studies have also reported similar results. Sheng
and Sun [58] performed degradation of Athyrium multidentatum (Doll.) Ching polysaccharide and obtained four
polysaccharide fractions with Mw of 14,528 (CPA-1),
12,370 (CPA-2), 11,548 (CPA-3), and 6403 Da (CPA-4). At
a concentration of 0.2 mg/mL, DPPH-free radical scavenging
rate of CPA-1, CPA-2, CPA-3, and CPA-4 totaled 0.687,
0.605, 0.429, and 0.420, respectively. In other words, polysaccharides with low Mw show weak antioxidant activity. Lai
et al. [60] extracted two Mw of mung bean polysaccharides

by ethanol precipitation. At a concentration of 0.8 mg/mL,
DPPH-free radical scavenging rate (70.2%) of mung bean
polysaccharide with low Mw (45 kDa) was weaker than that
of mung bean polysaccharide (91.6%) with high Mw
(83 kDa).
4.2.2. Causes of Low-Antioxidant Activity and Cell Repair
Ability in High-Mw TPS. Polysaccharides can supply single
electrons or hydrogen atoms to terminate free radical chain
reaction and achieve radical scavenging activity [61, 62]. In
comparison with low-Mw polysaccharides, high-Mw polysaccharides feature stronger winding function, a more compact structure, stronger hydrogen bond, and less exposed
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external active group and thus possess weaker ability to
terminate free radical chain reaction.
Polysaccharide bioactivity depends on helical structure of
the main chain and the presence of hydrophilic groups
(hydroxyl group) located on the outside surface of the polysaccharide helix [63]. High-Mw polysaccharides possess
several branched chains, large molecular volume, and steric
hindrance, resulting in the easily disintegrated bioactive
triple-helical polymerization structure [58, 59, 64, 65].
High-Mw of polysaccharides also exhibit limited physical
properties, such as low water solubility and high viscosity,
aﬀecting their bioactivities. The repair eﬀect in cell also
reduces due to the signiﬁcant increase in resistance of large
volume of polysaccharide molecules into cells [66].
Many studies have reported the weak antioxidant activity
of polysaccharides with high Mw [67, 68]. For example, Zha
et al. [67] extracted and obtained three polysaccharide fractions from rice bran with hot-water method; the Mw ranged
from 1.2 × 105 Da to 6.3 × 105 Da (PW1), 3.5 × 104 Da to
7.4 × 104 Da (PW2), and 5.3 × 103 Da to 2.3 × 104 Da (PW3).
IC50 values of scavenging ABTS radical of PW1, PW2, and
PW3 measured 0.35, 0.2, and 0.04 mg/mL, respectively. The
above results indicate the weak antioxidant activity of highMw polysaccharides. Sun et al. [68] performed H2O2 degradation of k-carrageenan polysaccharide with Mw of
350,000 Da and obtained four fractions with Mw of 3.25,
5.82, 15.08, and 20.9 kDa. IC50 values of scavenging superoxide anion free radicals of the four degraded fractions totaled
2.65, 3.22, 6.66, and 8.13 mg/mL. As for hydroxyl radical
scavenging, IC50 values reached 0.014, 0.049, 0.062, and
0.110 mg/mL.
4.2.3. Causes of the Highest Antioxidant Activity and Cell
Repair Ability in Moderate-Mw TPS. When high-Mw polysaccharides are degraded into a certain range of Mw, they
can achieve optimal bioactivity. Polysaccharides with

moderate Mw can not only possess suﬃcient spatial scale to
form three-helical polymerization structure [58, 59, 64] and
maintain bioactivity but also destruct highly compact molecular conformation to expose several active groups to increase
hydrophilicity and stability of the structure. Steric hindrance
of polysaccharides is suitable when reacting with biological
receptors. Therefore, polysaccharides can exhibit strong antioxidant activity and desirable cell repair ability. TPS2 with
moderate Mw can chelate with metal ions (such as Fe2+ and
Cu2+) that are necessary in producing ⋅OH radicals to form
complexes. Therefore, generation of radicals and initiation
or progress of lipid chain reaction is inhibited [69].
Xu et al. [70] degraded crude polysaccharides from
Camellia seed cake (COP-C) using ultrasonic wave and
obtained four polysaccharide fractions, namely, COP-1,
COP-2, COP-3, and COP-4, with molecular weights of 7.9,
36, 83, and 225 kDa, respectively. At the concentration of
2 mg/mL, radical scavenging capacity and reducing power
order followed the order of COP-2 > COP-3 > COP4 > COP-1. Only the polysaccharide with moderate Mw of
36–83 kDa exhibited the strongest antioxidant activity.
Trombetta et al. [71] have shown that moderate Mw of
polysaccharide from Opuntia ﬁcus-indica (L.) cladodes also
beneﬁts enhancement of ability to repair damaged cells.
The polysaccharide fraction with Mw higher than 104 Da
showed a wound-healing eﬀect on damaged skin epithelium
cells in mice. Wound-healing eﬀect is more remarkable for
polysaccharides with Mw ranging 104–106 Da than those
with Mw > 106 Da.
4.3. Polysaccharides with Strong Antioxidant Activity Feature
Strong Cell Repair Ability. The four studied TPSs exhibited
repair eﬀect on damaged HK-2 cells induced by oxalate,
and repair ability was positively related with antioxidant
activity. TPS2, which presented the strongest antioxidant
activity, also showed the strongest cell repair ability.
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Figure 9: Changes in cell cycle of damaged HK-2 cells after being repaired by TPS fractions with diﬀerent Mw. (a) Representative images of
cell cycle; (b) the percentage of cells in the S phase; (c) the percentage of cells in the G1 phase. Oxalate damage concentration: 2.6 mmol/L. TPS
concentration: 80 μg/mL; Damaged time: 3.5 h; repaired time: 10 h. Data were expressed as mean ± SD of three independent experiments.
Compared with DC group, ∗ p < 0 05; ∗∗ p < 0 01.

In living organisms, small molecules can pass through the
plasma membrane directly or through the help of carrier
proteins or ion channels [72], while some macromolecules,
such as proteins, polynucleotides, and lipoprotein particles,
are diﬃcult to directly cross the cell membrane and needs
to be transported on both sides of the cell membrane by
endocytosis and eﬄux [73]. Sun et al. [74] conﬁrmed that
masson pine pollen polysaccharide, which has a molecular
weight of 316 kDa, mainly entered RAW264.7 macrophages
through receptor-regulated endocytosis rather than phagocytosis. Cobb et al. [75] indicated that polysaccharide A (PS-A)
from Bacteroides fragilis with the molecular weight of larger
than 100 kDa is endocytosed by antigen-presenting cells
(APCs) and localizes to the conventional MHCII compartment (MIIC). This observation was also conﬁrmed in

primary mouse splenocytes, human THP-1 monocytes, and
mouse B1 B cells. Time course studies indicated that entry
and surface localization of PS-A was visible in 30 min and
peaked at 6 h. Therefore, the TPS polysaccharide
(2.31 ~ 10.88 kDa) used in this study can access to the HK-2
cells.
Numerous studies have shown that accumulation of ROS
in vivo can attack cells and cause protein oxidation, lipid peroxidation, and nucleic acid fracture, which can aﬀect normal
cell functions and result in the occurrence of chronic diseases
[46, 47, 76]. As antioxidants, polysaccharides can scavenge
radicals, reduce oxidative damage of cells, and exhibit protective eﬀects on cells [77]. For instance, Lycium barbarum
polysaccharides can protect tissue cells from DNA damage
induced by oxidative stress [78]. Hericium erinaceus
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Figure 10: Changes in cell apoptosis and necrosis rate of damaged HK-2 cells after being repaired by TPSs with diﬀerent Mw. (a) Dot plots of
cell apoptosis and necrosis detected by ﬂow cytometry. (b) Quantitative analysis of cell apoptosis and necrosis. NC: normal control; PC:
positive control (CCCP); DC: damaged control (oxalate). TPS concentration: 80 μg/mL; oxalate damage concentration: 2.6 mmol/L.
Damaged time: 3.5 h; repaired time: 10 h. Data were expressed as mean ± SD of three independent experiments. Compared with DC
group, ∗ p < 0 05; ∗∗ p < 0 01.

polysaccharides can scavenge DPPH free radical, reduce
ROS production, improve cell viability, inhibit reduction
of mitochondrial membrane potential, and exhibit protective eﬀects on amyloid beta-induced neurotoxicity in
PC12 cells [79]. Salvia brachyantha extract reduces H9C2
cell apoptosis induced by xanthine oxidase/xanthine by
preventing generation of toxic-free radicals and by
enhancing the intracellular antioxidant defense system
[80]. Kim et al. [81] revealed that Psidium guajava leaf
polysaccharides can scavenge radicals to relieve H2O2induced oxidative stress and DNA injury in Vero cells
and inhibit lipid peroxidation. After cell repair by 12.5,
25, and 50 μg/mL of Psidium guajava leaf polysaccharides,

intracellular ROS production decreased from 129.5% in
the damage group to 118.9%, 109.7%, and 99.7%, respectively. A polysaccharide from Lonicera japonica ﬂowers
remarkably reduced malondialdehyde levels, elevated
superoxide dismutase and glutathione peroxidase activities,
and protected the rat brain against ischemia/reperfusion
injury [82].
On the basis of our research results, a proposed repair
mechanism of damaged HK-2 cells by TPS is illustrated in
Figure 11. High concentration of oxalate in urine will cause
lipid peroxidation; this phenomenon leads to excessive production of ROS and damage to renal epithelial cells. TPS
polysaccharides exhibit a strong ability to scavenge ROS;

14

Oxidative Medicine and Cellular Longevity

O

Tea polysaccharide
(TPS)

Oxalate
OH

HO

Degradation

O
Membrane
damage

Oxidative damage

PS eversion
Excessive
production

Ox2−

Morphology
recovery
Inhibit or scavenge
ROS production

ROS

Imbalance of
osmotic pressure
Δψm

Hydrolytic
enzyme release

Fe3+

DNA oxidative
damage

Cell repair

Crystal
aggregation

ROS

Δψm

Fe2+

Crystallization
inhibition

G2/M G0/G1
S

G1 arrest

Fe3+

TPS

Fe2+

Cell cycle
nomalized

G2/M G0/G1

Lysosome
integrity
improved

S

Cell shrinkage
Apoptotic body
Apoptotic cell

Repaired cell

Figure 11: A proposed schematic illustration of the repair mechanism of damaged HK-2 cells after the treatment of TPS with diﬀerent
molecular weights.

therefore, TPS elicited repair eﬀect on damaged HK-2 cells.
After the damaged HK-2 cells were repaired through treatment with TPS with diﬀerent molecular weights, the cell
viability increased, the amount of LDH released decreased,
and the cell morphology was improved. When the cells
were oxidatively damaged by oxalate, the permeability of
the mitochondrial membrane increased, resulting in
decreased Δψm. TPS can repair the membrane potential
of cells and increase Δψm. In damaged cells, the percentage of cells in the S phase decreased but that in the G1
phase increased. After treatment with TPS, TPS promoted
cell cycle progression from the G1 phase to the S phase
and repaired DNA replication. Finally, TPS alleviated cell
apoptosis induced by oxidative stress and decreased the
underlying risk of stone formation.

5. Conclusions
Four TPS fractions (TPS0, TPS1, TPS2, and TPS3) with
Mw of 10.88, 8.16, 4.82, and 2.31 kDa, respectively, were

obtained. All TPS fractions exhibited antioxidant activity.
The order of hydroxyl radical scavenging, ABTS radical
scavenging activity, and reducing power was as follows:
TPS2 > TPS1 > TPS0 > TPS3. The four TPSs also showed
repair eﬀects on HK-2 cells with damage induced by
2.6 mmol/L oxalate. Repair eﬀect of TPSs was positively
related with antioxidant activity. TPS2, featuring a moderate Mw, displayed the strongest antioxidant activity and
cell repair ability. Compared with the damage group, cell
morphology in the repaired group was closer to that of
normal cells. The treated groups also yielded the following
results: cell viability strengthened, mitochondrial membrane potential and integrity of lysosome improved, ROS
production decreased, cells were arrested in the G1 phase,
and cell apoptosis rate was reduced. All these ﬁndings
indicate that these TPSs show repair eﬀect on cell morphology, mitochondria, DNA, and other subcellular organelles in damaged HK-2 cells. Our results suggest that these
TPS fractions, especially TPS2, may become potential
drugs for prevention and cure of kidney stones.
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Sulforaphane, a biologically active isothiocyanate compound extracted from cruciferous vegetables, has been shown to exert
cytotoxic eﬀects on many human cancer cells, including leukemia. However, the exact molecular mechanisms behind the
action of sulforaphane in hematological malignancies are still unclear. Like other cancer cells, leukemia cells produce high level
of reactive oxygen species; in particular, hydrogen peroxide derived from Nox family is involved in various redox signal
transduction pathways, promoting cell proliferation and survival. Recent evidence show that many tumour cell types express
elevated level of aquaporin isoforms, and we previously demonstrated that aquaporin-8 acts as H2O2 transport facilitator
across the plasma membrane of B1647 cells, a model of acute myeloid human leukemia. Thus, the control of AQP8-mediated
H2O2 transport could be a novel strategy to regulate cell signalling and survival. To this purpose, we evaluated whether
sulforaphane could somehow aﬀect aquaporin-8-mediated H2O2 transport and/or Nox-mediated H2O2 production in B1647
cell line. Results indicated that sulforaphane inhibited both aquaporin-8 and Nox2 expression, thus decreasing B1647 cells
viability. Moreover, the data obtained by coimmunoprecipitation technique demonstrated that these two proteins are linked to
each other; thus, sulforaphane has an important role in modulating the downstream events triggered by the axis Nox2aquaporin-8. Cell treatment with sulforaphane also reduced the expression of peroxiredoxin-1, which is increased in almost all
acute myeloid leukemia subtypes. Interestingly, sulforaphane concentrations able to trigger these eﬀects are achievable by
dietary intake of cruciferous vegetables, conﬁrming the importance of the beneﬁcial eﬀect of a diet rich in bioactive compounds.

1. Introduction
The consumption of whole plant foods as chemopreventive
agents is highly recommended in the dietary guidelines on
the basis of health beneﬁts from dietary phytochemicals
observed in epidemiological studies [1]. Among edible
plants, cruciferous vegetables have been proved to exert
potent anticarcinogenic eﬀects owing to the presence of
isothiocyanates, which are the hydrolytic products of glucosinolates. Among cruciferous vegetables, broccoli contains
the highest concentration of the glucosinolate glucoraphanin, which is hydrolysed by myrosinase and gut microbiota,

releasing sulforaphane, SFN (4-methylsulﬁnylbutyl isothiocyanate). In addition to its well-known anticancer activity
[2], SFN has been demonstrated to possess cardioprotective
[3], neuroprotective [4], and anti-inﬂammatory activities
[5], suggesting a pleiotropic protective role for this nutraceutical compound.
The potent chemopreventive eﬀect of SFN is based on its
ability to target multiple mechanisms within the cell to
control carcinogenesis. Many reports have shown that SFN
prevents tumour initiation by both inhibiting phase I
enzymes [6] and activating phase II detoxifying enzymes
[7]. Moreover, SFN prevents uncontrolled cancer cell
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proliferation through the modulation of genes involved in
apoptosis and cell cycle arrest [5, 8], angiogenesis [9, 10],
and metastasis [11, 12].
SFN cytotoxic eﬀects have also been demonstrated on
hematological malignancies [13], and it has been reported
that SFN treatment of HL-60 and acute lymphoblastic leukemia cells triggered apoptosis or cell cycle arrest [14–17].
Leukemia is one of the main cause of cancer-associated
death, and the high susceptibility to treatment-related toxicity is still the major limit to the therapeutic success. Therefore, the identiﬁcation and development of novel agents
from natural products to counteract this disease are needed
in order to maximize the therapeutic beneﬁt and minimize
antineoplastic drug resistance and treatment-related toxicity
in patients treated with intensiﬁed doses of multiple drugs.
In the human erythromegakaryocytic cell line B1647, a
model of acute myeloid leukemia, constitutively producing
VEGF and expressing its tyrosine kinase receptor, VEGFR2 [18], we demonstrated that VEGF signalling is coupled to
NAD(P)H oxidase (Nox) activity [19]. In particular, H2O2
generated via Nox2- and Nox4-dependent pathways is
involved in early signalling events, such as the maintenance
of the VEGFR-2 phosphorylation state, and also in the
modulation of downstream events leading to cell proliferation and survival [20, 21]. It has to be pointed out that
H2O2-derived Nox is formed outside the cell and have to
cross the membrane to reach its cytosolic targets. To this
regard, it has been reported that speciﬁc aquaporin isoforms
are capable of funneling H2O2 across the plasma membrane
in many cell types [22, 23]. In particular, AQP8 isoform has
demonstrated the ability to channel H2O2 through the
plasma membrane in B1647 cell line [24, 25], HeLa [26],
and B [27] cells.
Furthermore, tumour cells overexpress AQPs, and a positive correlation exists between histological tumour grade and
the AQP expression as compared to normal tissues [28–30].
The inhibition of AQP8-mediated H2O2 entry into the
cell, or the decreased AQP8 expression, entails that Noxderived H2O2 cannot exert its growth-promoting eﬀects.
Therefore, the control of AQP8-mediated H2O2 transport
provides a novel mechanism to regulate cell signalling
and survival.
This study aimed at evaluating the potential anticancer
activity of SFN in B1647 leukemia cell line, focusing on
AQP8 function and expression. We also investigated the
eﬀect of SFN on Nox2, Nox4, and peroxiredoxin expression
and on the phosphorylation state of VEGFR-2 and Akt.

2. Materials and Methods
2.1. Chemicals and Reagents. Dulbecco’s modiﬁed Eagle’s
medium (DMEM), Roswell Park Memorial Institute (RPMI)
1640 medium, penicillin, streptomycin, L-glutamine, phytohaemagglutinin (PHA), 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT), DAPI, RIPA lysis
buﬀer, 10% SDS solution, mammalian protease inhibitor
mixture, phosphatase inhibitor cocktail PhosSTOP (Roche),
Laemmli sample buﬀer containing 2-mercaptoethanol, TrisHCl, bovine serum albumin (BSA), Hank’s Balanced Salt
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Solution (HBSS), 2,7-dichlorodihydroﬂuorescin diacetate
(DCFH-DA), plumbagin from Plumbago indica (5hydroxy-2-methyl-1,4-naphthoquinone), and all other
chemicals were purchased from Sigma-Aldrich. Iscove’s
Modiﬁed Dulbecco’s medium (IMDM) with L-glutamine,
foetal bovine serum (FBS), and human serum AB male
(HS) were purchased from Biowest. DL-Sulforaphane
(SFN) (LKT Laboratories) was dissolved in DMSO and
stored at −20°C at a stock concentration of 10 mM. Absolute RNA Miniprep Kit was from Agilent Technologies;
RNA-to-cDNA conversion kit was from Applied Biosystems; SsoAdvanced™ Universal SYBR Green Supermix
was from Bio-Rad Laboratories; and RT-PCR primers for
AQP8, β-2-microglobulin, and actin were manufactured
from Sigma-Aldrich. SiRNA against Nox4 and scrambled
were obtained from Ambion by Life Technologies (USA).
Mini-PROTEAN® TGX™ precast gels 4–20%, Precision
Plus Protein™ Unstained Standards, Clarity™ Western
ECL Substrate, and DC™ protein assay were from BioRad Laboratories. Nitrocellulose membranes were from
GE Healthcare. Primary antibodies against: AQP8
(#WH0000343) and β-actin (#A5441) were from SigmaAldrich, phospho-Akt (Ser473) (#4058) and Prx-1 (#8499)
from Cell Signalling Technologies, phospho-VEGFR-2 from
Thermo Scientiﬁc, gp91-phox (Nox2) from Millipore, and
Nox4 from Santa-Cruz. Secondary antibodies: horseradish
peroxidase-conjugated secondary antibodies anti-rabbit
(#7074) and anti-mouse (#7076) were purchased from Cell
Signalling Technologies; goat anti-Mouse IgG (H + L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor®
Plus 488 (#A32723) was from Thermo Scientiﬁc.
2.2. Cell Culture. B1647 erythromegakaryocytic cell line,
established from the bone marrow of a patient with acute
myelogenous leukaemia (AML), is cultured in IMDM
supplemented with 5% (v/v) heat inactivated HS, L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin in
a humidiﬁed incubator maintained at 37°C and 5% CO2.
Human ﬁbroblasts were grown and kindly provided by
Professor A. Lorenzini, University of Bologna.
Peripheral blood lymphocytes (PBL) were isolated by
density gradient centrifugation with Histopaque-1077 from
whole peripheral blood of healthy donors. PBL were cultured
at 37°C and 5% CO2 in RPMI-1640 supplemented with 1%
penicillin/streptomycin, 15% heat inactivated FBS, 1% L-glutamine, and 0.5% PHA.
2.3. Cell Viability. Cell viability was evaluated by the MTT
assay. Cells were treated with increasing concentrations of
SFN (5, 10, or 30 μM) for 24 h in 96-well plates, then
incubated with 0.5 mg/mL MTT for 4 h at 37°C. The blueviolet formazan salt crystals formed were dissolved with a
solubilisation solution (10% SDS, 0.01 M HCl) keeping the
plates overnight at 37°C and 5% CO2 in a humidiﬁed atmosphere. The absorbance at 570 nm was measured using a
multiwell plate reader (Wallac Victor2, PerkinElmer).
2.4. Analysis of mRNA Expression by RT-PCR. After 24 h
treatment with SFN (1, 5, or 10 μM), total RNA was extracted
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from B1647 cells using Absolutely RNA Miniprep Kit according to the manufacturer’s recommendations. RNA quantiﬁcation was performed using a NanoVue spectrophotometer
(GE Healthcare). mRNA was reverse-transcribed into cDNA
starting from 1 μg of total RNA using a high capacity RNAto-cDNA Conversion Kit. PCR was carried out in a total volume of 20 μL containing 2 μL of cDNA, 10 μL SsoAdvanced™
Universal SYBR Green Supermix, and 1 μL (500 nM) of each
primer. The speciﬁc primers used were produced by SigmaAldrich: AQP8 (forward sequence: TTCTCCATCGGCTT
TGCCGTCA; reverse sequence: CAGCCAGTAGATCCAG
TGGAAG; amplicon of 135 pb), β-actin (forward sequence:
5′-AAGACCTCTATGCCAACAC-3′; reverse sequence: 5′
-TGATCTTCATGGTGCTAGG-3′), and β2-microglobulin
(forward sequence: 5′-ACTGGTCTTTCTACATCCTG-3′;
reverse sequence: 5′-AGATGATTCAGAGCTCCATAG-3′).
β-Actin and β2-microglobulin were used as reference genes.
The reaction mixtures were kept for 45 min at 45°C, 2 min
at 94°C, then cycled 35 times through a program of 30 s at
94°C, 1 min at 56°C, and 1 min at 72°C; ﬁnally, the reaction
was incubated for an extra 7 min at 68°C. Normalized expression levels were calculated relative to control cells according
to the 2-ΔΔCT method.
2.5. Cell Transfection. B1647 cells were nucleofected with Cell
Line Nucleofector™ Kit V (Amaxa Biosystems, Cologne,
Germany) with Program T-019 following the manufacturer’s
instructions. SiRNA against Nox4 (sequence 5′-3′: CAACUC
AUAUGGGACAAGAtt; antisense UCUUGUCCCAUAUG
AGUUGtt) and scrambled were obtained from Ambion by
Life Technologies (USA). RNA silencing was obtained with
300 nM siRNA. Subsequently, cells were immediately suspended in a complete medium and incubated in a humidiﬁed
37°C/5% CO2 incubator. After 24 h, cells were used for the
experiments: evaluation of Nox4 expression by Western blot
analysis and intracellular ROS level measurement.
2.6. Electrophoresis and Western Blot Analysis. After 24 h
treatment with SFN (1, 5, or 10 μM), B1647 cells (1 × 106/
mL) were washed with ice-cold PBS and lysed with RIPA
buﬀer containing mammalian protease and phosphatase
inhibitor mixtures. Protein concentration of the cleared
lysates was determined by Bio-Rad DC™ protein assay.
Proteins (10 μg per lane) were electrophoretically separated
on 4–20% SDS-PAGE Mini-Protean® TGX™ precast gels
using a Mini-Protean II apparatus (Bio-Rad Laboratories)
and transferred to Hybond-C nitrocellulose membrane.
Nonspeciﬁc binding was avoided by incubating membranes
in blocking buﬀer containing 5% (w/v) albumin in Trisbuﬀered saline (TBS)/Tween, then the nitrocellulose membranes were probed overnight at 4°C with primary antibodies
(anti-AQP8, anti-Nox2, anti-phospho-VEGFR-2, anti-phospho-Akt, anti-Nox4, or anti-β-actin as internal normalizer).
Nitrocellulose membranes were washed with TBS/Tween
and incubated at room temperature for 1 h with horseradish
peroxidase-conjugated secondary antibodies in TBS/Tween
containing 5% nonfat dried milk or 5% albumin and successively washed with TBS/Tween. Chemiluminescence detection was performed using Clarity™ Western ECL Substrate.
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Bands were acquired with a CCD imager (ChemiDoc™ MP
System, Bio-Rad Laboratories), and relative densitometric
analysis were performed by using Image Lab analysis
software (Bio-Rad Laboratories).
2.7. Immunoﬂuorescence Confocal Microscopy. B1647 cells
were treated with 10 μM SFN for 24 h, loaded into cytospin
chambers, and centrifuged at 450 rpm for 10 min. Cells
were then ﬁxed in formaldehyde 3.7% for 15 min, washed
twice with PBS, blocked with PBS/BSA 1% (w/v) for 1 h,
and incubated with mouse anti-AQP8 antibody for 1 h.
Consecutively, cells were treated with ﬂuorescent goat
anti-Mouse Secondary Antibody, Alexa Fluor® Plus 488
conjugated for 1 h in the dark, nuclei were stained with
DAPI, and coverslips were mounted on slides. Confocal
imaging was acquired by a Nikon A1 confocal laser scanning microscope (Nikon Instruments, Japan).
2.8. Measurement of Intracellular ROS Level. B1647 cells were
treated with 5 or 10 μM SFN for 24 h and, when speciﬁed,
with 1 μM plumbagin for 30 min. To evaluate intracellular
ROS level, 1 × 106 cells/mL were washed twice in HBSS and
incubated for 20 min with 5 μM DCFH-DA at 37°C.
DCFH-DA is a small, nonpolar, and nonﬂuorescent
molecule that passes through the cell membrane into the
cells by diﬀusion; in the cytosol, it is enzymatically deacetylated by intracellular esterases to a polar nonﬂuorescent
compound, which is oxidised by intracellular ROS to the
highly green ﬂuorescent 2,7-dichloroﬂuorescein (DCF).
DCF ﬂuorescence was measured using a multiwell plate
reader (Wallac Victor2, PerkinElmer). Excitation wavelength was 485 nm, and emission wavelength was 535 nm.
Fluorescence values were reported as the percentage of intracellular ROS in respect to controls.
2.9. Immunoprecipitation. Control or SFN-treated B1647
cells (1 × 106 cells/mL) were lysed as described above. Lysates
containing equal protein amounts were incubated overnight
with anti-AQP8 antibody. Then, samples were incubated
with protein G-agarose for 1.5 h at 4°C and pelleted at
12,000 x g for 30 min. Pellets were washed 5 times with buﬀer
(pH = 8) and centrifuged at 12,000 x g for 5 min. Samples
were subjected to SDS-PAGE and Western blotting analysis
with anti-Nox2 as described above. Bands were acquired
with a CCD imager (ChemiDoc™ MP System, Bio-Rad
Laboratories), and relative densitometric analysis were performed by using Image Lab analysis software (Bio-Rad
Laboratories).
2.10. Statistical Analysis. Each experiment was performed at
least three times, and all values are represented as means
± SD. One-way ANOVA was used to compare diﬀerences
among groups followed by Bonferroni’s test (Prism 5; GraphPad Software). Values of p < 0 05 were considered as statistically signiﬁcant.

3. Results
It has been reported that SFN is able to selectively exert cytotoxic eﬀects in many human cancer cells without aﬀecting
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Figure 1: Eﬀect of SFN on the viability of transformed and nontransformed human cells. B1647 cells, human lymphocytes or ﬁbroblasts were
incubated for 24 h with increasing SFN concentrations. Viability was evaluated by MTT test, as reported in Materials and Methods section.
Results are expressed as means ± SD of three independent experiments. Statistical analysis was performed by Bonferroni multiple comparison
test following one-way ANOVA. ∗ p < 0 05, signiﬁcantly diﬀerent from control cells.

normal cells [8]. On these bases, leukemia B1647 cells and
human lymphocytes or ﬁbroblasts, chosen as model of nontransformed cells, were incubated with increasing SFN concentrations, and cell viability was evaluated by MTT assay
(Figure 1). Both 10 and 30 μM SFN showed cytotoxic eﬀects
in B1647, as cell viability was signiﬁcantly lower compared to
control cells. In human lymphocytes and ﬁbroblasts, 30 μM
SFN signiﬁcantly reduced cell viability; meanwhile, 10 μM
SFN did not show any cytotoxic eﬀect. Therefore, SFN concentrations below or at least the same as 10 μM were used
in the subsequent experiments.
To investigate the mechanism underpinning the
observed cytotoxic eﬀect of SFN in B1647 cells, we evaluated
AQP8 expression after SFN treatment, as we hypothesized
that SFN could impair the cellular redox status aﬀecting
H2O2 transport through AQP8 channel. In order to verify
this hypothesis, B1647 cells were treated with diﬀerent SFN
concentrations for 24 h, and the expression of AQP8 was
evaluated by RT-PCR (Figure 2(a)) and Western blot
(Figure 2(b)) analyses.
Results show that AQP8 was signiﬁcantly decreased both
at transcriptional and protein level upon cell treatment with
10 μM SFN, whereas 1 or 5 μM SFN did not cause any significant change.
To corroborate these ﬁndings, B1647 cells were treated
with 10 μM SFN, then AQP8 content in plasma membrane

was evaluated using an immune-ﬂuorescence technique and
visualized through confocal microscopy (Figure 3).
As expected, SFN treatment strongly reduced green ﬂuorescence in B1647 plasma membrane, conﬁrming the ability
of SFN to reduce AQP8 level, in agreement with RT-PCR
and Western blot data.
Since SFN decreases AQP8 level, it is reasonable that a
smaller amount of H2O2 is transported into the cell. To
investigate this aspect, B1647 cells were incubated for 24 h
with increasing SFN concentrations and then assayed for
ROS level by using the ﬂuorescent DCF probe. Results in
Figure 4 show that only 10 μM SFN treatment causes a significant decrease of ROS intracellular levels in respect to control
cells, according to previous observations.
To better elucidate the mechanisms behind SFN ability to
reduce ROS intracellular level, we investigated SFN inﬂuence
on the sources of H2O2 present in B1647 cells. To this regard,
we have previously demonstrated that the main sources of
H2O2 in B1647 cell line are Nox2 and Nox4 isoforms [19].
Nox-derived ROS are involved in early signalling events,
such as the auto-phosphorylation of VEGFR-2 leading to
downstream events, including the maintenance of the active
phosphorylated form of Akt [20]. Therefore, the possible
eﬀect of SFN on Nox isoforms expression and the phosphorylation level of VEGFR-2 and Akt were investigated in B1647
cell line (Figure 5).
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Figure 2: Eﬀect of SFN on AQP8 expression in B1647 cell line. B1647 cells were incubated for 24 h with diﬀerent SFN concentrations and (a)
RNA was extracted from the cells and samples subjected to RT-PCR analysis using speciﬁc primers as described in Materials and Methods
section. Normalized expression levels were calculated relative to control cells according to the 2-ΔΔCq method; (b) proteins were extracted,
separated by SDS-PAGE, transferred to nitrocellulose membrane, and immunoassayed using anti-AQP8 and anti-β-actin antibodies as
reported in Materials and Methods section. Immunoblot is the representative of three independent experiments, and densitometric
analysis, normalized to β-actin, is expressed as fold decrease with respect to control. ∗ p < 0 05, signiﬁcantly diﬀerent from control cells.
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Figure 3: Eﬀect of SFN on AQP8 content in plasma membrane of
B1647 cell line. Representative confocal images of B1647 cells
treated (SFN) or not (CTRL) with 10 μM sulforaphane for 24 h
and labelled with DAPI (blue) and anti-aquaporin 8, AQP8,
(green). Cells were not permeabilized in order to exclude
intracellular signals. Scale bar = 10 μm. Triple magniﬁcation of
representative superimposed 3 central slices is shown in white
squares. Images were acquired by Nikon A1 confocal laser
scanning microscope (Nikon Instruments, Japan). The results are
the representative of two independent experiments.

Western blot analysis reveals that, when treated with
10 μM SFN, B1647 cells express Nox2 to a lesser extent than
controls and exhibit a diminished phosphorylation level of
both VEGFR-2 and Akt. On the other hand, the amount of

5 휇M SFN

10 휇M SFN

Figure 4: Eﬀect of SFN on intracellular ROS level in B1647 cell line.
B1647 cells were incubated for 24 h with diﬀerent SFN
concentrations. Intracellular ROS level was evaluated as DCF
ﬂuorescence as reported in Materials and Methods section. Data
are expressed as % of control and represent means ± SD of at least
three independent experiments. Data were analysed by one-way
ANOVA followed by Bonferroni’s test. ∗∗ p < 0 01, signiﬁcantly
diﬀerent from control cells.

Nox4 was signiﬁcantly increased. This result could explain
the slight decrease in the level of intracellular ROS observed
upon SFN treatment. To better appreciate SFN eﬀect on
Nox2, Nox4 isoform was inhibited by plumbagin, a Nox4
inhibitor [31], or by silencing with siRNA against Nox4.
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4. Discussion
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Figure 5: Eﬀect of SFN on Nox2 and Nox4 expression and
phosphorylation level of VEGFR-2 and Akt in B1647 cell line.
B1647 cells were incubated for 24 h with diﬀerent SFN
concentrations. At the end of incubation, cells were lysed, and
proteins were separated by SDS-PAGE, transferred to
nitrocellulose membrane, and immunoassayed using speciﬁc
antibodies as reported in Materials and Methods section.
Immunoblots are the representative of three independent
experiments, and densitometric analysis, normalized to β-actin, is
expressed as fold decrease with respect to control. ∗ p < 0 05,
signiﬁcantly diﬀerent from control cells.

Figure 6 shows the evaluation of intracellular ROS level in the
presence of plumbagin (Figure 6(a)) or after speciﬁc Nox4
silencing (Figure 6(b)). Interestingly, SFN treatment led to a
more pronounced reduction of intracellular ROS content
when Nox4 was inhibited or silenced.
It has been recently reported that aquaporins can have
protein interaction partners [31]; therefore, the possible
interaction between AQP8 and Nox2, the main ROS source
in B1647 cells, was investigated by immunoprecipitation
technique. Results in Figure 7 show that Nox2 coprecipitates
with AQP8, indicating a strong link between these two proteins. As expected, upon the 10 μM SFN treatment, the band
corresponding to Nox2 signiﬁcantly lost intensity, according
to the decreasing SFN eﬀect on AQP8 and Nox2 expression.
To corroborate this result, the “vice-versa” immunoprecipitation was performed, i.e., IP for Nox2 and WB for AQP8, and
also, in this case, the coprecipitation of the two proteins was
observed (not shown).
Peroxiredoxins (Prxs) have catalytic cysteines exhibiting
great susceptibility to oxidation by hydrogen peroxide [32];
therefore, they are important regulators of peroxidedependent signalling pathways. Furthermore, Prxs have been
found to be elevated in many human cancer cells and tissues,
where they enhance the aggressive survival phenotype and
confer increased resistance to chemo- and radio-therapy
[33]. In order to ascertain whether SFN could aﬀect Prx-1
expression, B1647 cells were incubated with SFN for 24 h,
then subjected to Western blot analysis, as reported in
Figure 8.

In a previous study carried out in B1647 cell line, we have
demonstrated that AQP8 expression modulates the amplitude of the downstream VEGF signalling, which proceeds
through the involvement of Nox-produced H2O2 as a second
messenger [25]. Thus, this AQP isoform has gained an
important role as a ﬁne level regulator in the transduction
of the redox signal. It has been reported that living cells can
regulate the permeability of AQP8 to H2O2 and water
through a temporary modiﬁcation of functional cysteines,
particularly during cell stress conditions [34, 35]. It seems
of great interest the identiﬁcation of molecules able to modulate the activity and/or expression of AQP8 isoform in order
to inﬂuence the cellular response. In particular, the attention
points toward the identiﬁcation of natural products or foodderived molecules to be used as chemopreventive agents. On
these premises, we investigated the potential eﬀect of the
isothiocyanate SFN on the modulation of AQP8 and Nox
expression in the leukemic B1647 cell line. As a result of
many in vivo and in vitro studies, it was stated that SFN is
able to selectively exert cytotoxic eﬀects in various human
cancer cells, while having no cytotoxic eﬀects, or being even
cytoprotective in normal cells [5, 8]. The treatment of HL60 cells with increasing concentrations of SFN (0–100 μM)
was reported to induce a dose-dependent decrease in cell viability, with a IC50 value determined as 49.5 μM [36]; in pre-B
ALL (acute lymphoblastic leukemia) and T-ALL cell lines, it
was observed that SFN induce cytotoxicity at concentration
ranging from 4 to 10 μM in contrast to 90 μM for nonleukemic controls [37]. These data evidence that high SFN concentrations are needed to exert cytotoxic eﬀects on normal cells,
whereas low concentrations provoke a selective eﬀect on
transformed cells. Our data show that 30 μM SFN signiﬁcantly reduced the viability of both leukemic and normal
cells, while 10 μM exerted a cytotoxic eﬀect only in cancer
cells. Therefore, SFN concentrations below or equal to
10 μM were used in all the experiments. Interestingly, concentrations of similar order of magnitude can be really
achieved in human plasma through dietary intake of cruciferous vegetables. Since it has been estimated that 40 g of fresh
broccoli sprouts yield a transient serum level of SFN of about
2 μmol/L [38], a serving of 200 g of broccoli can provide the
desired SFN plasma level of about 10 μmol/L.
As our results show that SFN is able to downregulate
AQP8 expression, we can speculate that the lower level of
intracellular ROS we measured by DCFH-DA is due to a
smaller amount of H2O2 transported into the cell. DCFHDA is not speciﬁc for H2O2 but reacts with all oxidants present in biological systems [39, 40]. However, in a previous
paper of us, reporting data performed in the same leukemic
cell line, i.e., B1647, we measured the intracellular ROS level
with both DCFH-DA and PF1, a boronate dye more selective
for H2O2 than DCFH-DA, obtaining similar results [24].
Furthermore, in the subsequent paper, we detected the intracellular thiol redox state of B1647 cells with a dimedone
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Figure 6: Eﬀect of SFN on intracellular ROS level in B1647 cell line after Nox4 inhibition or silencing. (a) B1647 cells were incubated for 24 h
with diﬀerent SFN concentrations, then treated or not with 1 μM plumbagin for 30 min. (b) B1647 cells were transfected with speciﬁc siRNA
against Nox4 or a random RNA sequence (scrambled) as negative control, C (Scr). 24 h after transfection with siRNA, B1647 cells were
incubated for 24 h with diﬀerent SFN concentrations. Intracellular ROS level was then evaluated as DCF ﬂuorescence as reported in
Materials and Methods section. Data are expressed as % of control and represent means ± SD of three independent experiments. Data
were analysed by one-way ANOVA followed by Bonferroni’s test. ∗∗∗ p < 0 001; ∗∗ p < 0 01; ∗ p < 0 05, signiﬁcantly diﬀerent from relative
control cells. §p < 0 05, signiﬁcantly diﬀerent from the corresponding bars in the absence of plumbagin (a) or in Nox4-silenced cells (b).
(c) B1647 cells were transfected by electroporation with siRNA against Nox4 or a random RNA sequence (scrambled) as negative control.
Eﬀect of RNA interference of Nox4 was conﬁrmed by Western blot analysis with speciﬁc antibodies against Nox4.
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Figure 7: Eﬀect of SFN on the interaction between AQP8 and
Nox2 in B1647 cell line. B1647 cells were incubated for 24 h with
diﬀerent SFN concentrations. At the end of incubation, cells were
subjected to immunoprecipitation with anti-AQP8. Proteins were
then extracted, separated by SDS-PAGE, immunoblotted, and
revealed for anti-Nox2 as described in Materials and Methods
section. Immunoblot is the representative of three independent
experiments, and densitometric analysis is expressed as fold
decrease with respect to control. ∗ p < 0 05, signiﬁcantly diﬀerent
from control cells.

method, which is able to react with cysteine sulfenic acid,
which is formed upon H2O2 action as a signalling molecule.
We observed a linear correlation between the protein thiol
redox state and the applied stimulus, i.e., H2O2 10–100 μM.
This technique allowed us to demonstrate that the amplitude
of intracellular cysteine oxidation is dependent on AQP8
expression level, which modulates the amount of H2O2 that
is able to reach its intracellular targets [25].
The decrease of Nox2 expression observed in this study
is, in part, counterbalanced by a signiﬁcant increase in
Nox4 expression. Indeed, we have previously demonstrated
that B1647 cell line expresses Nox2 and the constitutively
active Nox4, but not other isoforms [19]. It could be argued
that cell undergoing SFN treatment might deploy mechanisms to counteract the limited H2O2 production (by
Nox2) and transport (by AQP8) through the strengthening
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Figure 8: Eﬀect of SFN on peroxiredoxin-1 (Prx-1) in B1647 cell
line. B1647 cells were incubated with 5 or 10 μM SFN for 24 h. At
the end of incubation, cells were lysed, and proteins were
separated by SDS-PAGE, immunoblotted, and revealed for antiPrx-1 as reported in Materials and Methods section. Immunoblot
is the representative of three independent experiments, and
densitometric analysis, normalized to β-actin, is expressed as fold
decrease with respect to control. ∗ p < 0 05, signiﬁcantly diﬀerent
from control cells.

of Nox4 expression. Blocking Nox4 activity by the inhibitor
plumbagin or knocking down this isoform by speciﬁc Nox4
silencing led to a more pronounced SFN eﬀect on intracellular ROS content (Figure 6). In this condition, Nox2
remains the main ROS source in B1647 cells, and SFN
eﬀect can be better appreciated. Although it was reported
that 10 μM plumbagin greatly inhibited Nox4 activity in
HEK293 and LN229 cells [41], in our conditions, this
plumbagin concentration markedly decreased B1647 cell
viability (data not shown), and therefore, we used 1 μM
plumbagin, according to Guida and coworkers [42].
By using a coimmunoprecipitation technique, we also
demonstrated that Nox2 and AQP8 are linked to each other,
conﬁrming the existence of a Nox2-AQP8 axis in B1647 cell
line. The evidence of the interaction between AQP8 and
Nox2 supports the importance of these two partners in the
redox signalling cascade. The activity of Nox2-AQP8 axis
is also a determinant in B cell activation and diﬀerentiation
[27]. Many isoforms of aquaporins have protein-protein
interactions, speciﬁcally found for AQP0, AQP2, AQP4,
and AQP5 [31]. The characteristics of these interaction partners are strikingly diﬀerent, but they generally inﬂuence the
translocation, traﬃcking, internalization, or phosphorylation of AQP isoforms. B1647 is a self-producing VEGF cell
line, which is subjected to continuous VEGF signalling;
therefore, the axis Nox2-AQP8 has a central role in modulating the downstream events supporting their viability and
proliferation. This distinctive feature of these cells could
explain the observed SFN-induced intracellular ROS
decrease. Although other reports, obtained in diﬀerent cell
types, demonstrate a SFN-induced ROS increase [43–45], it
has been shown that SFN inhibits VEGF expression [8, 9],
which is strictly linked to Nox activation. Therefore, VEGF
inhibition coupled with SFN-induced decrease of both
Nox2 and AQP8 expression may contribute to the observed
decrease in intracellular ROS level in B1647 cell line. Moreover, SFN is known to induce changes in the intracellular
redox state, and, depending on its concentration, exposure

time, or cell type, it may promote antioxidant or prooxidant
response. From the data of the literature, it can be summarized that a predominantly antioxidant response has been
reported at low SFN concentration, i.e., up to 5 μM SFN
for up to 24 h, which is close to our conditions, whereas
higher SFN concentrations and long-lasting exposure
periods produce a prooxidant eﬀect [45, 46].
The ability of SFN to interfere with the redox signalling is conﬁrmed also by its eﬀect on VEGFR-2 and Akt
phosphorylation status, which is signiﬁcantly reduced in
SFN-treated cells. The decreased amount of p-VEGFR-2
was an expected result, since ROS source involved in
VEGFR-2 activation has been identiﬁed in Nox activity
[20]. The smaller amount of p-Akt observed in SFNtreated cells indicates that this isothiocyanate exerts its
action also on the downstream H2O2 targets, among which
Akt represents a key enzyme controlling many hallmarks
of cancer. Indeed, the active phosphorylated form of this
enzyme plays a pivotal role in tumour cell survival, proliferation, and invasiveness [47].
Prxs are abundant thiol-dependent peroxidases highly
eﬃcient at reducing hydrogen peroxide, peroxynitrite, and
other hydroperoxides [48]. Due to their high reactivity and
abundance, Prxs will be the major targets of intracellular
hydrogen peroxide [49] and, therefore, important regulators
of peroxide-dependent signalling pathways [50]. Besides
their antioxidant activity, recently, evidence indicates that
Prxs have a signiﬁcant inﬂuence on the development and
progression of cancer. Prx-knock-out mice often exhibit
increased carcinogenesis, whereas elevated Prx expression is
commonly observed in human tumours [49]. In leukemia
cells, Prxs display variable expression, suggesting diﬀerence
in functional signiﬁcance depending on the cellular context
[51]. In particular, a proteomic analysis has demonstrated
that Prxs are signiﬁcantly increased in almost all acute
myeloid leukemia (AML) subtypes; thus, they were proposed
as potential targets for AML patients [52]. Our results show
that B1647 cell line expresses Prx-1, which is signiﬁcantly
reduced upon SFN treatment, indicating an additional protective role of this isothiocyanate against malignancy. However, further studies are needed to elucidate a deﬁnitive role
for Prx family in leukemia.

5. Conclusions
The data reported here show that SFN downregulates AQP8
and Nox2 expression in B1647 cell line, limiting both H2O2
production and entry into the cells. Consequently, the
amount of hydrogen peroxide able to reach its intracellular
targets is decreased, and leukemia cell viability signiﬁcantly
reduced. Indeed, by decreasing the eﬀect of Nox2-AQP8
axis, SFN causes profound eﬀects on the transduction of
the redox signalling and, consequently, on cell survival and
proliferation, opening the way to unforeseen opportunities
in the ﬁghting of acute myeloid leukemia. Of note, SFN concentrations able to trigger these eﬀects are comparable to
plasma concentrations measured after cruciferous vegetables
dietary intake.
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The aim of this study was to identify and characterize the bioactive compounds of Coriandrum sativum responsible for the
treatment of hypertension and to explore their mechanism of action as angiotensin-converting enzyme (ACE) inhibitors.
Bioactive fractions like alkaloids, ﬂavonoids, steroids, and tannins were extracted and evaluated for their ACE inhibition
potential. Among them, only ﬂavonoid-rich fraction showed high ACE inhibition potential with IC50 value of 28.91 ± 13.42 μg/
mL. The ﬂavonoids were characterized through LC-ESI-MS/MS. Seventeen ﬂavonoids were identiﬁed in this fraction of
Coriandrum sativum in negative ionization mode which includes pinocembrin, apigenin, pseudobaptigenin, galangin-5-methyl
ether, quercetin, baicalein trimethyl ether, kaempferol dimethyl ether, pinobanksin-5-methylether-3-O-acetate, pinobanksin-3O-pentenoate, pinobanksin-3-O-phenylpropionate, pinobanksin-3-O-pentanoate, apigenin-7-O-glucuronoide, quercetin-3-Oglucoside, apigenin-3-O-rutinoside, rutin, isorhamnetin-3-O-rutinoside, and quercetin dimethyl ether-3-O-rutinoside, while six
ﬂavonoids including daidzein, luteolin, pectolinarigenin, apigenin-C-glucoside, kaempferol-3-7-dimethyl ether-3-O-glucoside,
and apigenin-7-O-(6-methyl-beta-D-glucoside) were identiﬁed in positive ionization mode. The results of this study revealed
that Coriandrum sativum is a valuable functional food that possesses a number of therapeutic ﬂavonoids with ACE inhibition
potential that can manage blood pressure very eﬃciently.

1. Introduction
Hypertension is a dominant risk factor for chronic diseases,
including cardiovascular disorders, stroke, renal diseases,
and diabetes. Hypertension is the second leading cause of
disability around the world, and its prevalence has doubled
in the last 5 years in all social strata of Pakistan. Globally,
the overall prevalence of hypertension is approximately
40% in adults. Among them, almost 57% of human papulation is well aware about their blood pressure, from which
about 40.6% have access to antihypertensive medicines. Still,
there is a huge gap between the number of hypertensive
patients and the availability of treatment facilities. The
health facilities for the management of hypertension is more
alarming in the middle and low income countries as more
than 80% of deaths due to cardiovascular diseases occur in

these countries [1]. The prevalence of hypertension in
Pakistan is very high and is considered as a top alarming
physiological disorder in the community [2]. Not to speak
of Pakistan, hypertension has become a health menace all
over the world. Owing to the high prevalence and increased
mortality and morbidity due to hypertension and associated
complications, there is a dire need to explore the alternatives
including food components for the management of this
health menace.
Bioactive phytoconstituents, available as natural components in foods and medicinal plants, provide preventive and
curative health beneﬁts to improve cardiovascular health.
Functionalities of bioactives from green resources including
inhibition of activity of enzymes or form complexes with
metals, which catalyse the oxidation reaction and the capacity to modulate metabolic processes, may result in the
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eradication and management of cardiovascular diseases [3].
Angiotensin I-converting enzyme (ACE) plays a fundamental role in the management of hypertension as it coverts
angiotensin I to the potent angiotensin II which is vasoconstrictor. Moreover, it inactivates the vasodilator bradykinin.
By inhibiting these processes, synthetic ACE inhibitors have
long been used as antihypertensive agents. However, the
unwanted side eﬀects of these drugs are taking their toll in
the form of side eﬀects with high rate. Bioactive food
components like alkaloids, peptides ﬂavonoids, ﬂavanols,
anthocyanins, phenolic acids, polyphenols, tannins, resveratrol, polysaccharides, and sterol have been identiﬁed as green
ACE inhibitors [4]. These nutritional components have
received considerable attention for their eﬀectiveness in both
the prevention and the treatment of hypertension. The
recent research emphasis is on the characterization of the
bioactive constituent of foods and identiﬁcation of their
molecular mechanism of action for the development of
drugs from green natural resources. Flavonoids are
reported to exhibit the capacity to inhibit diﬀerent zinc
metalloproteinases, including ACE. Indeed, the micromolar concentrations of various ﬂavonoids, such as anthocyanins, ﬂavones, ﬂavonols, and ﬂavanols, have been reported
to exhibit more than 50% of ACE inhibition potential.
Therefore, diﬀerent bioactive ﬂavonoids, including catechin,
epicatechin, rutin, myricetin, luteolin, apigenin, and
naringenin, were identiﬁed from the leaves of Mentha spicata
[5]. 2-(3,4-dihydroxy-5-methoxy-phenyl) and 3,5-dihydroxy-6,7-dimethoxychromen-4-one were extracted from
the leaves of Euphorbia neriifolia. Epicatechin, (-)-(2S)-6Methoxy-[2″,3″: 7,8]-furanoﬂavanone, kaempferol-3-O-sulphate-7-O-c-arabinopyranoside, vidalenolone, (2S)-7, 8,
bi’s-3′, 4′-(2,2-dimethyl-chromano)-5-hydroxy ﬂavanone,
3,7-dihydroxy-4′,8-dimethoxy ﬂavone, 14-Hydroxy artonin
E, and kaempferol were extracted from the leaves and ﬂowers
of Cassia angustifolia [6]. Rutin and kaempferol were also
extracted from Ficus carica and evaluated for their therapeutic
potential [4, 7, 8]. Many ﬂavonoids of Coriander sativum with
known ACE inhibition mode of action were explored for the
ﬁrst time in this study.
Coriandrum sativum L. belonged to the family Apiaceae
(Umbelliferae) and mainly cultivated throughout the year.
It is an important functional food that is traditionally used
as nutrition and taste enhancer with additional medicinal
beneﬁts including antioxidant, antihypertensive, lipid lowering, and analgesic [9]. Coriandrum sativum, being a treasure
of bioactive compounds, may contribute its exceptional
pharmaceutical potential to combat cardiovascular diseases
[10]. Therefore, Coriandrum sativum was explored for the
identiﬁcation and characterization of more bioactive compounds with known ACE inhibition mechanism of action
against hypertension.

Oxidative Medicine and Cellular Longevity
Coriandrum sativum (fresh leaves) was purchased from
the local market and identiﬁed from a taxonomist of
Department of Botany, University of Agriculture Faisalabad (voucher no. 227-4-2016).
2.1. Extraction of Bioactive Fractions of Phytochemicals. Four
bioactive fractions of phytoconstituents were extracted from
Coriandrum sativum.
2.1.1. Extraction of Flavonoids. The extraction of partially
puriﬁed ﬂavonoid fraction was made through Soxhlet apparatus by using multiple solvents from least to most polar with
the order of n-hexane, chloroform, ethyl acetate, and methanol (500 mL of each). Each fraction was examined for the
presence of ﬂavonoid with the appearance of orange-pink
color through Shibata reaction [11, 12]. Flavonoid positive
ethyl acetate fraction was dried by evaporating solvent
through rotary evaporator (BUCHI Rotavapor II) at 50°C
to obtain brownish mass. About 1 mg of brownish mass
was dissolved in 10 mL of distilled water and used for the
evaluation of ACE inhibition potential of ﬂavonoids.
2.1.2. Extraction of Tannins. Defatted plant material was
shaked for four days at ambient temperature with mixture
of acetone and water (70 : 30 V/V) in a capped ﬂask. Acetone
was evaporated by using rotary evaporator, and remaining
aqueous extract was further partitioned with dichloromethane (2 × 50 mL) and diethyl acetate (4 × 50 mL) separately.
The organic layers were dried by evaporating the solvent
under reduced pressure at 50°C, and the presence of tannins
were conﬁrmed with the formation of greenish-black precipitate by adding 5% ferric chloride [11].
2.1.3. Extraction of Alkaloids. Dried powder of Coriandrum
sativum (20 g) was extracted with benzene for 6 hours.
This benzene extract was shaked with three successive portions of 5% sulphuric acid (25 cm3) and decolorized with
activated charcoal. The hot solution was ﬁltered. The pH
of the ﬁltrate was maintained at 8.5 with ammonia solution. Filtrate was transferred into a separatory funnel and
extracted with three successive portions of chloroform
(20 cm3). All three portions were combined, and chloroform layer was distilled oﬀ to get alkaloids. The presence
of alkaloids was conﬁrmed by the appearance of reddish
precipitate with Dragendorﬀ’s reagent [11].
2.1.4. Extraction of Steroids. The grinded plant material (40 g)
was soaked in 200 mL of ethanol for 7 days, and the gummy
material was obtained after ethanol evaporation under
reduced pressure at 40°C by using rotary evaporator. This
gummy material was redissolved in 90% ethanol and partitioned successively with n-hexane, chloroform, and ethyl
acetate through Soxhlet apparatus. All three fractions were
tested for presence of steroids by adding acetic anhydride
and H2SO4 [13]. The ethyl acetate fraction showed positive
results for presence of steroid.

2. Materials and Method

2.2. Evaluation of ACE Inhibition Potential

All analytical grade chemicals and reagents were purchased from Sigma-Aldrich, USA, and Merck, Germany.

2.2.1. Preparation of Lung Acetone Powder. The lungs, separated from freshly slaughtered rabbits, were washed with
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0.8% saline solution and centrifuged at 4000 rpm for 10
minutes with phosphate saline buﬀer. The supernatant was
removed, and the residue was washed with acetone with continuous stirring on a magnetic stirrer. After overnight drying,
this material was grinded to ﬁne powder and stored at 4°C as
lung acetone powder [14].
2.2.2. Extraction of ACE from Lung Acetone Powder. The
extraction of enzyme was carried out by mixing lung acetone
powder (0.5 g) and 10 mL of borate buﬀer (100 mM, pH 8.3)
with continuous overnight stirring. Then this mixture was
centrifuged at 4000 rpm for 45 minutes. Supernatant was dialyzed with borate buﬀer by using dialyzing membrane (pore
size 20 A°). The ACE enzyme, collected after lyophilization,
was stored at −20°C [15].
2.2.3. ACE Activity Assay. ACE activity was determined by
the following method of Belovic et al. [16] with some modiﬁcations. The solution of angiotensin-converting enzyme
(50 μL of 100 mU/mL) was incubated with 50 μL borate
buﬀer at 37°C for 10 minutes and was reincubated for 80
minutes at 37°C after adding substrate, Hip-His-Leu
(150 μL, 8.3 mM in borate buﬀer). The reaction was stopped
with 250 μL of 1 M HCl. The resulting hippuric acid was
extracted with 1500 μL of ethyl acetate after centrifugation
at 3000 rpm for 15 minutes. Supernatant (750 μL) was dried
under air ﬂow at 7°C. In this dried powder, 1 mL of distilled
water was mixed, and the absorption of hippuric acid
released after action of ACE was measured at 228 nm by
using UV/Visible double beam spectrophotometer. The reaction blank was prepared with the same procedure except the
addition of HCl before adding substrate.
2.2.4. ACE Inhibition Potential of Partially Puriﬁed Bioactive
Fractions. The inhibition percentages were determined by the
same modiﬁed enzyme assays only by replacing 50 μL of
buﬀer with the same volume and concentration of partially
puriﬁed bioactive fractions (100 μg/mL) and standard captopril (100 μg/mL). The decrease in concentration of hippuric
acid in test sample as compared to control was expressed in
terms of percentage ACE inhibition.
ACE inhibition was calculated according to the following
equation: %IACE = 100 A − B − C − D / A − B , where A
represents absorbance in the presence of ACE, B absorbance
of reaction blank, C absorbance in the presence of ACE and
inhibitors, and D absorbance of sample blank.
2.3. LC-ESI-MS/MS Analysis of Secondary Metabolites.
Secondary metabolites of Coriandrum sativum with the highest ACE inhibition activity were subjected to chemical
characterization by LC-ESI-MS/MS analysis to ﬁnd out the
bioactive compounds actually involved in ACE inhibition
potential. This analysis was carried out on liquid chromatography coupled with electrospray ionization (Linear Ion Trap,
LTQ XL) mass spectrometer (ESI-LC/MS) (Thermo Fisher
Scientiﬁc, San Jose, CA, USA).
In order to get chromatographic separations, 5 μL of
each sample was injected via auto sampler (Surveyor Autosampler Plus) into the HPLC system (Surveyor) equipped
with Luna reverse phase C-18 column (250× 4.6 mm, 5 μm
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particle size) (Phenomenex, USA). The elution of sample
from column was carried out at a ﬂow rate of 0.5 mL/min
using gradient elution.
Solvent A and B were prepared by mixing water, acetonitrile, and triﬂuoroacetic acid (TFA) with a ratio of
90 : 10 : 0.1% (v/v) and 10 : 90 : 0.06% (v/v), respectively, for
positive ionization mode. Solvent A and B were prepared
by mixing water, acetonitrile, and formic acid with a ratio
of 90 : 10 : 0.1% (v/v) and 10 : 90 : 0.06% (v/v), respectively,
for negative ionization mode. Gradient elution was
programmed as follows: from 10% to 25% A and 90 to 75%
B from 0 to 05 min followed by 25 to 50% A and 75 to 50%
B in the next 10 min. This ﬂow was maintained till the end
of analysis. A photodiode array was used as the detector,
and prominent peaks were further analyzed by mass spectrometer. The compounds corresponding to these peaks were
ionized using atmospheric pressure electrospray ionization
(ESI) probe at negative and positive ionization mode. ESI
MS/MS conditions were selected as sheath gas ﬂow rate 45
(arb) or 9 liter/min, auxiliary gas ﬂow rate 10 (arb) or 2
liter/min. APCI vaporization temperature was maintained
at 300°C, corona source voltage 4.5 KV, source current
4.10 μA, ion transfer capillary temperature 275°C, capillary
voltage 45 V, and tube lens voltage110 V.
The identiﬁcation of ﬂavonoids was performed under full
scan mode at diﬀerent ranges of m/z. MS2 analysis for each
parent ion peak at diﬀerent collision-induced dissociation
(CID) powers. Xcalibur 1.4 software was applied for calibration of MS data [17–21].
Qualitative analysis was performed by comparing the
retention time of identical peaks in LC-ESI-MS/MS
chromatogram of present analysis with those of reference
standards, literature reports, and library. The chemical nature
of the compounds was proposed on the basis of MS and MS2
analysis fragmentation data. The fragmentation pattern gave
tentative conﬁrmation about the presence of a compound.
2.4. Statistical Analysis. The results were presented as mean
± SE of three concordant readings. The means were analyzed
by one-way ANOVA followed by Tukey’s test. IC50 values for
% ACE inhibition of diﬀerent extracts were calculated using
linear regression analysis.

3. Results
3.1. Extraction of Bioactive Fractions and Evaluation of Their
ACE Inhibition Potential. Four bioactive fractions including
ﬂavonoids, tannins, alkaloids, and steroids were extracted
from Coriandrum sativum and evaluated for ACE inhibition potential, and the results have been presented in
Table 1. Flavonoid fraction of Coriandrum sativum
showed 81.4 ± 0.48% inhibition of ACE, while the potential
of tannin fraction (2.3 ± 0.64%) to inhibit the ACE was
very small. Alkaloid and steroid fractions of Coriandrum
sativum have not revealed any ACE inhibitory activity.
This high ACE inhibition potential of ﬂavonoid fraction
of Coriandrum sativum certiﬁes that no other phytoconstituents including tannins, alkaloids, and steroids but only
the ﬂavonoids of this plant may manage hypertension
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Table 1: ACE inhibition potential of bioactive compounds
extracted from Coriandrum sativum.
Treatments (100 μg/mL)

ACE inhibition (%)
−0.9 ± 1.47C
−32.79 ± 1.97D
81.4 ± 0.48A
2.3 ± 0.64B

Steroids fraction
Alkaloids fraction
Flavonoids fraction
Tannins fraction

Means sharing diﬀerent letter are statistically signiﬁcant (P > 0 05).
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Figure 1: ACE inhibition (%) of ﬂavonoids fraction of Coriandrum
sativum and captopril at diﬀerent concentrations.
Table 2: IC50 values of ﬂavonoid fraction of Coriandrum sativum
and captopril.
Sr. no.
1
2

Extracts

IC50 (μg/mL)

Flavonoid fraction
Captopril

28.91 ± 13.42
4.68 ± 15.42

through ACE inhibition mode of action. The studies
reported the antihypertensive potential of tannins and
alkaloids of some other plants may be due to the mode
of action other than ACE inhibition, like calcium channel
blocker or beta blockers [22].
Therefore, only the ﬂavonoid fraction was further
evaluated at its various concentrations to ﬁnd its dosedependent response and IC50 of ACE inhibition. Standard
synthetic drug captopril was also evaluated for ACE inhibition at diﬀerent concentrations (Figure 1). The results
revealed that the ACE inhibition potential of ﬂavonoid
fractions was increased with the increase of its concentration. The partially puriﬁed fraction of ﬂavonoid and captopril exhibited almost equal ACE inhibition potential at
50 μg/mL, but ﬂavonoids depicted higher ACE inhibition
potential at all other studied concentrations than the
standard synthetic drug.
As for as IC50 values are concerned, the studied
ﬂavonoid-rich fraction of Coriandrum sativum showed
higher IC50 value as compared to the captopril (Table 2).

3.2. LC-ESI-MS/MS Analysis of Flavonoid Fraction of
Coriandrum sativum. In order to identify the speciﬁc compounds, the ﬂavonoid fraction of Coriandrum sativum was
further characterized through LC-ESI-MS/MS in both negative and positive ionization mode. Identiﬁcation of the ﬂavonoids was conﬁrmed by comparing retention times and mass
spectra with authentic standards available in the literature. In
case of unavailability of any standards, the compounds were
identiﬁed on the basis of accurate mass data of [M−H]− and
[M + H]+ ions.
Seventeen ﬂavonoid compounds were identiﬁed in
negative ionization mode of LC-ESI-MS/MS (Figures 2
and 3). MS spectrum showed peak at 255.33 [M-H]−. This
peak was identiﬁed as pinocembrin (C15H12O4) (Figure 2),
which showed MS/MS fragment ion peaks at m/z 237.17
with the elimination of [M-H-OH]−, at m/z 213.17 after
elimination of [M-H-C2H2O−]−, and at m/z 211.17 with
the removal of [M-H-CO2]− from the molecular ion
(Table 3). Similar fragment ion peaks for pinocembrin have
also been reported by Falcão et al. [23] and Falcão et al.
[24] in the earlier literature.
A molecular ion peak at m/z 269.25 was identiﬁed as apigenin (C15H10O5) in mass spectrum (Figure 2). Apigenin
produced fragment ion peaks in the MS2 spectrum at m/z
153.08 correspond to the removal of [M-H-116 amu]− and
at m/z 119.17 attributed to the loss of [M-H-150 amu]−
(Table 3). The fragment ions identiﬁed for apigenin in this
study are in good harmony with fragment ions observed by
Aldini et al. [25] in another study.
Peak at m/z 281.25 [M-H]− (C16H10O5) in mass spectrum
was proposed as pseudobaptigenin. MS/MS spectrum
showed a fragment ion peak at m/z 263.25 that corresponds
to the loss of a water molecule and at m/z 237.17 produced
by the loss of CO2.
The precursor ion showed peak at m/z 283.33 [M-H]−
(C16H12O5) identiﬁed as galangin-5-methylether [M-H]−
(C16H12O5) in mass spectrum (Figure 2). MS/MS spectrum
showed fragment ion peaks at m/z 268.08 by the loss of
methyl radical [M-H-⋅CH3]−, at m/z 239.25 that corresponds to the loss of [M-H-CO2]−, and at m/z 211.17 by
the elimination of [M-H-72]− (Table 3). These fragment
ion peaks are in good agreement with previously identiﬁed
peaks by Pellati et al. [26].
Peak at m/z 301.33 in mass spectrum (Figure 2) was identiﬁed as quercetin [M-H]− (C15H10O7). Quercetin was
further conﬁrmed through its speciﬁc fragmentation pattern
in the MS/MS spectrum. The MS/MS spectrum of quercetin
showed fragment ion peaks at m/z 273 by the loss of [M-HCO]−, at m/z 257.25 with the elimination of [M-H-CO2]−,
and at m/z 151.17 found after the elimination of [M-H150 amu]− (Table 3).
Peak at m/z 311.25 [M-H]− (C18H16O5) in mass spectrum (Figure 2) was identiﬁed as baicalein trimethyl ether,
which showed fragment ion peaks in the MS/MS spectrum
at m/z 257.17 that corresponds to the loss of [M-H-CO2]−,
at m/z 249.25 due to the loss of [M-H-CH3OH]−, and at
m/z 153.00 by the loss of [M-H-B&C ring]− (Table 3).
Peak at m/z 313.75 in mass spectrum (Figure 2) was identiﬁed as kaempferol dimethyl ether [M-H]− (C17H14O6),
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Figure 2: LC-MS/MS spectrum (m/z 120–400) of ﬂavonoid fraction of Coriandrum sativum generated through negative ionization mode.
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Figure 3: LC-MS/MS spectrum (m/z 400–900) of ﬂavonoid fraction of Coriandrum sativum generated through negative ionization mode.

which showed MS2 fragment ion peaks at m/z 298.08 with the
elimination of [M-H-⋅CH3]− (Table 3). Similar fragment ion
peaks for kaempferol dimethyl ether were also previously
reported by Falcão et al. [23] and Falcão et al. [24].
Peak related to m/z 327.33 [M-H]− (C18H16O6) in mass
spectrum (Figure 2) was identiﬁed as pinobanksin-5-methyl
ether-3-O-acetate, which was further conﬁrmed by MS2 fragment ion peaks at m/z 285.33 [M-H-CH3CHO−], at m/z
267.08 that corresponds to the loss of [M-H-CH3COOH]−,
and at m/z 239.25 that corresponds to the loss of [M-HCH3COOH-CO]− (Table 3), as peaks identiﬁed for
pinobanksin-5-methyl ether-3-O-acetate is in good agreement with the peaks described by Gardana et al. [27] and
Falcão et al. [24] in previous data.
In the mass spectrum, peak that corresponds to m/z
353.25 [M-H]− (C20H18O6) was identiﬁed as pinobanksin3-O-pentenoate. The molecular ion peak of pinobanksin-3O-pentenoate was conﬁrmed through MS/MS fragment ion
peaks at m/z 271.33 by the loss of [M-H-pentenal] and at
m/z 253.08 by the loss of [M-H-pentenioc acid]− (Table 3).

These peaks are in harmony with peaks previously
mentioned by Falcão et al. [28] and Falcão et al. [29].
Peak at m/z 355.17 [M-H]− (C20H20O6) in the same mass
spectrum was identiﬁed as pinobanksin-3-O-pentanoate,
which was further conﬁrmed by MS/MS fragment ion peak
at m/z 271.33 by the loss of [M-H-pentanal]− and at m/z
253.08 by the loss of [M-H-pentanioc acid]− (Table 3). This
fragmentation pattern showed harmony with earlier reported
data by Falcão et al. [23] and Falcão et al. [24].
Peak at m/z 403.25 [M-H]− (C24H20O6) in mass spectrum
(Figure 3) was identiﬁed as pinobanksin-3-O-phenyl propionate. The molecular ion peak exhibited MS/MS fragment ion
peaks at m/z 271.25 by the loss of [M-H- phenyl propanol]−
and at m/z 253.17 by the loss of [M-H-phenyl propanoic
acid]− (Table 3). The similar pattern of fragments ions also
described in some other studies reported by Gardana et al.
[27] and Falcão et al. [23].
A precursor ion at m/z 445.17 [M-H]− (C21H18O11) in
mass spectrum (Figure 3) was identiﬁed as apigenin-7-Oglucuronide. The MS/MS spectrum of this ion showed a
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Table 3: Name and structure of ﬂavonoids identiﬁed from the ﬂavonoid fraction of Coriandrum sativum through LC-MS in negative
ionization mode.
Name of compounds

MW

Rt(Min)

λ max (nm)

HPLC/ESI-MS
m/z [M-H]−

HPLC/ESI-MS/MS
m/z [M-H]−

Pinocembrin
Apigenin
Pseudobaptigenin
Glangin-5-methyl ether
Quercetin
Baicalein trimethyl ether
Kaempferol dimethyl ether
Pinobanksin-5-methyl ether-3-O-acetate
Pinobanksin-3-O-pentenoate
Pinobanksin-3-O-pentanoate
Pinobanksin-3-O-phenyl propionate
Apigenin-7-O-glucuronide
Quercetin-3-O-glucoside
Apigenin-3-O-rutinoside
Rutin
Isorhamnetin-3-O-rutinoside
Quercetin dimethyl ether-3-O-rutinoside

256.25
270.24
282.24
284.27
302.24
312.32
314.29
328
354.11
356.11
404.25
446
464
578
612
624
638

6.20
7.39
7.56
7.60
7.69
7.75
7.79
7.84
7.98
8.02
8.36
8.42
8.49
8.96
9.29
9.46
9.60

288
325
—
259,350
256
—
339
292
291
292
292
325
256,354
325
256,353
253,346
253,349

255.25
269.33
281.25
283.33
301.33
311.17
313.75
327.33
353.25
355.42
403.25
445.17
463.17
577.33
611.40
623.50
637.25

237.17, 213.17, 211.17
153.08
263.25, 237.17
268.08, 239.25, 211.17
273.25, 257.25, 151.17
257.17, 249.25, 153
298.08
285.33, 267.08, 239.05
271.33, 253.08
271.33, 253.08
325.17, 253.17
269.08, 175.17
301.17, 300.17
559.33, 269.33
609.25, 301.17
315.00, 300.33
301.17

Sr. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

SAMPLE-3-TFcs-02-10-15 RT: 0.00 AV: 1
T: ITMS + p ESI Full ms [50.00-200.00]
201.08
100

NL: 2.89E5

Pectolinarigenin

Relative abundance

90

Kaempferol-3,7 dimethyl
ether-3-0-glucose

80
70

Luteolin

60

Daidzein

159.08

50
30
10

Vitixin

136.08
125.08

413.33

243.17
255.17 287.17
217.08

169.17

Apigenin 7-0-(6-malonylbeta-D-glucoside)
477.25

268.17

40
20

315.08

327.25
331.25 355.25

409.25

519.33

433.25
451.33

493.33
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Figure 4: LC-MS/MS spectrum (m/z 100–500) of ﬂavonoid fraction of Coriandrum sativum generated through positive ionization mode.

product ion peak at m/z 269.08 that was corresponding to
the loss of [M-H-glucuronide]− and product ion at m/z
175.17 that corresponds to the loss of [M-H-glucuronideC ring]− (Table 3). Jeyadevi et al. [30] was also reported
the fragment ion peaks at m/z 269 and m/z 175 for apigenin-7-O-glucuronide.
The same mass spectrum (Figure 3) showed that a
precursor ion peak at m/z 463.25 [M-H]− (C21H20O12)
was led to the identiﬁcation of quercetin-3-O-glucoside
which was further collaborated by comparison of MS/MS
fragmentation of the precursor ion at m/z 301.17 resulted
due to the loss of [M-H-glucoside]− and at m/z 300.17
produced by the elimination of [M-H-glucoside radical]−
(Table 3). The fragmentation pattern for quercetin-3-O-

glucoside identiﬁed in this study is in good agreement
with some other studies presented by Falcão et al. [23]
and Falcão et al. [24].
Peak at m/z 577.33 [M-H]− (C27H30O14) in mass spectrum (Figure 3) was identiﬁed as apigenin-O-rutinoside,
which was further conﬁrmed by MS/MS fragment ion
peaks at m/z 559.33 that corresponds to the elimination
of [M-H-H2O]− and at m/z 269.33 due to the elimination
of [M-H-rutinoside]− (Table 3).
A precursor ion at m/z 609.33 [M-H]− (C27H30O15) in
the negative ionization mode of mass spectrum (Figure 3)
and its MS/MS spectrum showed fragment ion peak at m/z
301.17, characteristic peak of rutin, formed after the loss of
hexose residue (162 amu) or the direct loss of rutinoside
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Table 4: Name and structure of ﬂavonoids identiﬁed from the ﬂavonoid fraction of Coriandrum sativum through LC-MS in positive
ionization mode.
Sr. no.
1
2
3
4
5
6

Name of compounds

MW

Rt(Min)

λ max (nm)

HPLC/ESI-MS
m/z [M-H]−

HPLC/ESI-MS/MS
m/z [M-H]−

Daidzein
Luteolin
Pectolinarigenin
Apigenin-C-glucoside
Kaempferol-3,7-dimethyl ether-3-O-glucoside
Apigenin 7-O-(6-malonyl-beta-d-glucoside)

254
286
314
432
476
518

0.75
0.91
1.23
1.72
1.98
2.39

—
253,350
—
268, 325
265,346
325

255.17
287.17
315.08
433.25
477.17
519.33

237.17, 227.17
153.08
297.17, 243.08
415.25, 271.08
315.17
271.08

residue [M-H-rutinoside]−. Therefore, these data and comparison with the literature produced by Cuyckens and
Claeys, [31] led to the identiﬁcation of peak as quercetin-3O-rutinoside (rutin). The peak at m/z 301 for rutin was also
reported by Ibrahim et al. [32].
A peak at m/z 623.50 [M-H]− (C28H32O16) in mass spectrum (Figure 3) was identiﬁed as isorhamnetin-3-O-rutinoside, which showed MS/MS fragmentation ion peaks at m/z
315 by the elimination of [M-H-rutinoside]− and at m/z
300.33 by the loss of [M-H-rutinoside-⋅CH3]− (Table 3). The
fragment ion peaks identiﬁed in this study resembled the previous data reported by Falcão et al. [23] and Falcão et al. [24].
A peak at m/z 637.42 in mass spectrum (Figure 3) was
identiﬁed as quercetin dimethyl ether-3-O-rutinoside, which
showed MS/MS fragment ion peak at m/z 301.17 [M-H-2
CH3-rutinoside]− (Table 3). The present ﬁnding is in good
agreement with the previously described fragment ions of
quercetin dimethyl ether-3-O-rutinoside by Falcão et al.
[23] and Falcão et al. [24].
Six ﬂavonoids including daidzein, luteolin, pectolinarigenin, apigenin-C-glucoside, kaempferol-3-7-dimethyl
ether-3-O-glucoside, and apigenin-7-O-(6-methyl-beta-Dglucoside) were identiﬁed in the bioactive fraction of Coriander sativum when analyzed through positive ionization mode
of LC-ESI-MS/MS. The fragmentation pattern of these ﬂavonoids presented with their MS2 spectra was comparable with
previously reported literature [33, 34]. Precursor ion peak at
m/z 255.17 [M + H]+ (C15H10O4) in the mass spectrum
(Figure 4) was identiﬁed as daidzein which produced fragment ion peaks at m/z 237.17 that corresponds to the loss of
[M + H-OH]+ and at m/z 227.17 by the loss of [M + H-CO]+
in MS/MS spectrum speciﬁc for daidzein molecule (Table 4).
Luteolin (C15H10O6) produced precursor ion peak at m/z
287.17 [M + H]+ in mass spectrum (Figure 4) and further
conﬁrmed from MS/MS fragment ion peaks at m/z 269.08
after the elimination of [M + H-H2O]+ and at m/z 259.17
after the removal of [M + H-CO]+ (Table 4). The fragment
ion peaks were in agreement with the fragment ion peaks of
luteolin described by Santos et al. [34] and Ibrahim et al. [32].
The precursor ion peak at m/z 315.08 [M + H]+
(C17H14O6) in mass spectrum (Figure 4) was detected as pectolinarigenin. This peak was further conﬁrmed through MS/
MS fragment ion peaks produced at m/z 297.17 by the loss of
[M + H-H2O]+ and at m/z 243.08 by the elimination of [M
+ H − C3H4O2]+ (Table 4).

A precursor ion at m/z 433.25 [M + H]+ (C21H20O10)
was identiﬁed as apigenin-8-C-glycoside (apigenin-C-glucoside) in mass spectrum (Figure 4). The main product
ion peaks in the MS/MS spectrum during positive ionization mode produced at m/z 415.25 due to dehydrations
[M + H − H2O]+ and at m/z 271.08 due to the cleavage of
the sugar ring [M + H-glucoside]. These product ion peaks
were also resembled to the peaks of apigenin-C-glucoside
described in another study by Abad-Garcia et al. [33]
(Table 4). The peak at m/z 477.25 [M + H]+ (C23H24O11)
corresponds to kaempferol 3,7-dimethyl ether-3-O-glucoside in mass spectrum (Figure 4), which was further conﬁrmed through the fragment ion peaks produced at m/z
315.17 by the loss of glucoside unit [M + H − glucoside]+
in the MS/MS spectrum (Table 4). A molecular ion peak
at m/z 519.33 [M + H]+ (C24H22O13) was identiﬁed as apigenin-7-O-(6-malonyl-beta-d-glucoside) in mass spectrum
(Figure 4), which produced fragment ion peaks at m/z
271.08 after the removal of [M + H-malonyl-glucoside]+
in the MS/MS spectrum (Table 4).

4. Discussion
In the present study, four secondary metabolites including
ﬂavonoids, tannins, alkaloids, and steroids were fractionated
from Coriandrum sativum and evaluated for ACE inhibition
potential to ﬁnd out the actual bioactive compounds responsible for ACE inhibition. Extraction and isolation of desired
components from the plants is not only necessary for puriﬁcation and characterization purpose but also important for
the identiﬁcation of particular bioactive compounds used
as ACE inhibitors. The ACE inhibition potential of the
ﬂavonoid-rich fraction of Coriandrum sativum was higher
than all other studied fractions. Higher ACE inhibition
potential of only ﬂavonoid might be due to the presence of
ACE inhibitor bioactive compounds in this fraction. The
leaves of Coriandrum sativum possess a signiﬁcant ACE
inhibition potential, while the seeds of this plant did not
show any ACE inhibition potential [8]. The high ACE inhibition potential of fresh leaves than the seeds of Coriandrum
sativum is because of variation in nature and concentration
of bioactive compounds in diﬀerent parts of the same plant.
Moreover, the frequency distribution of variety of phytoconstituents in various parts of the plants may be diﬀerent due
to species and geonetical variations [35–37].
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Peptides and ﬂavonoids are the most investigated classes
of phytochemicals for their ACE inhibition potential. Plant
peptides commonly have IC50 values in the range of 16–
310 μg/mL [28, 38, 39]. The ﬂavonoid fraction extracted
from Coriandrum sativum showed IC50 value 28.91 μg/mL
which conﬁrmed that ACE inhibition potential of ﬂavonoid
fraction of Coriandrum sativum is comparable to ACE inhibition potential of peptides of other plants.
Flavonoids are considered as chief antioxidants in the
medicinal plants and can play a pivotal role in the prevention of cardiovascular and other oxidative stress-related disorders. Other than combating free radicals, ﬂavonoids are
also having antihypertensive, antihistamine, antimicrobial,
memory enhancing, and even mood-boosting properties. A
large number of experimental studies have been available
to prove the use of ﬂavonoid-rich food, supplements, or
herbal preparation for the protection and treatment of atherosclerosis and cardiovascular diseases [29, 40–44]. Natural
ﬂavonoids, including hesperidin, rutin, and diosmetin, are
utilized as basic ingredient in more than hundred herbal
medicines that are being sold throughout the world [45].
Remedial properties of ﬂavonoids have been attributed to
their ability to act as antioxidants, free radical scavengers,
and chelators of divalent cations. The biological mechanisms
of ﬂavonoids to control vascular function and hypertension
seem to be concomitant with the accomplishment of nitric
oxide (NO). Although the mechanism involved in increased
in production of NO is not fully understood, but it is
expected that NO production might be controlled by the
regulation of the renin angiotensin aldosterone system in
endothelial cells. ACE, being a key regulator of the reninangiotensin-aldosterone system (RAAS), is if inhibited with
ﬂavonoids, can easily manage the blood pressure and related
cardiovascular disorders. ACE has been reported for exhibiting three active sites: a zinc ion, carboxylate-binding functionality, and a pocket that chelates a hydrophobic side
chain of C-terminal amino acid residues. ACE binds to the
substrate through coordination with zinc ion present in
the structure of the substrate; as a result of this binding,
the carbonyl group becomes polarized and facilitate the
nucleophilic attack. Therefore, some ﬂavonoids were
reported to show in vitro ACE inhibition activity through
chelation with zinc ion present on the active site of ACE.
Free hydroxyl groups of ﬂavonoids have also been
reported for the formation of chelate with zinc ions present on ACE [46]. Possibly, ﬂavonoids have functional
groups which are able to form hydrogen bridges with the
amino acids near at the active site [47–49].
Quercetin, rutin, apigenin, and luteolin have already
been identiﬁed in Coriandrum sativum [50–52], and
many others have been identiﬁed through this study.
Furthermore, the leaves of Coriandrum sativum as a
source of important therapeutical ﬂavonoids particularly
with ACE inhibition mechanism to combat with various
cardiovascular diseases were explored for the ﬁrst time
in this study.
The ACE inhibition potential of diﬀerent ﬂavonoids is
based on three principle structural features which include
the presence of the double bond between C2 and C3 at C-
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ring, the presence of OH group at position 3′, 4′ of B ring
[53, 54], and the carbonyl (CO) group on the C4 carbon in
the C-ring [55] (Scheme 1).
The presence of a double bond between C2 and C3 is
essential to maintain the planner structure of ﬂavonoids
responsible for inhibition of ACE. The presence of the different hydroxyl groups also has prominent importance for
the establishment of ACE inhibition potential of ﬂavonoids [53]. The exact position and number of the hydroxyl
and carbonyl functional groups are key factors for ACE
inhibition potential [56, 57]. All the identiﬁed ﬂavonoids
of Coriandrum sativum possess the essential structural features required for the activity to regulate the ACE to ultimate control and manage blood pressure and other related
cardiovascular diseases.
Some of the ﬂavonoid including pinocembrin, apigenin,
quercetin, and rutin have already been reported as ACE inhibitors [5, 58], while many other important ﬂavonoids were
explored in this study including pseudobaptigenin, galangin5-methyl ether, baicalein trimethyl ether, kaempferol
dimethyl ether, pinobanksin-5-methylether-3-O-acetate,
pinobanksin-3-O-pentenoate, pinobanksin-3-O-phenylpropionate, pinobanksin-3-O-pentanoate, apigenin-7-O-glucuronoide, quercetin-3-O-glucoside, apigenin-3-O-rutinoside,
isorhamnetin-3-O-rutinoside, quercetin dimethyl ether-3O-rutinoside, daidzein, luteolin, pectolinarigenin, apigeninC-glucoside, kaempferol-3-7-dimethyl ether-3-O-glucoside,
and apigenin-7-O-(6-methyl-beta-D-glucoside) that have
never been evidenced earlier as ACE inhibitors. All the ﬂavonoids identiﬁed in Coriandrum sativum except pinocembrin,
pinobanksin-5-methylether-3-O-acetate, pinobanksin-3-Opentenoate, pinobanksin-3-O-phenylpropionate, and pinobanksin-3-O-pentanoate exhibited key structural features
required for structural activity relationship to act as
ACE inhibitors [58].

5. Conclusion
In addition to some already reporting ﬂavonoids, many other
new ﬂavonoids like pseudobaptigenin, galangin-5-methyl
ether, baicalein trimethyl ether, kaempferol dimethyl ether,
apigenin-7-O-glucuronoide, quercetin-3-O-glucoside, apigenin-3-O-rutinoside, isorhamnetin-3-O-rutinoside, quercetin dimethyl ether-3-O-rutinoside, daidzein, luteolin,
pectolinarigenin, apigenin-C-glucoside, kaempferol-3-7dimethyl ether-3-O-glucoside, and apigenin-7-O-(6-methylbeta-D-glucoside) identiﬁed in the leaves of Coriandrum
sativum exhibited such structural features which are essential
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to inhibit the activity of angiotensin-converting enzyme.
Therefore, the leaves of Coriandrum sativum, as a source
of therapeutic ﬂavonoids, can manage blood pressure very
eﬃciently. Coriandrum sativum, a common functional
food, if used in an appropriate way, can prevent and even
combat a variety of cardiovascular disorders.
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The Mediterranean diet, rich in olive oil, is beneﬁcial, reducing the risk of cardiovascular diseases and cancer. Olive oil is mostly
composed of the monounsaturated fatty acid omega-9. We showed omega-9 protects septic mice modulating lipid metabolism.
Sepsis is initiated by the host response to infection with organ damage, increased plasma free fatty acids, high levels of cortisol,
massive cytokine production, leukocyte activation, and endothelial dysfunction. We aimed to analyze the eﬀect of omega-9
supplementation on corticosteroid unbalance, inﬂammation, bacterial elimination, and peroxisome proliferator-activated
receptor (PPAR) gamma expression, an omega-9 receptor and inﬂammatory modulator. We treated mice for 14 days with
omega-9 and induced sepsis by cecal ligation and puncture (CLP). We measured systemic corticosterone levels, cytokine
production, leukocyte and bacterial counts in the peritoneum, and the expression of PPAR gamma in both liver and adipose
tissues during experimental sepsis. We further studied omega-9 eﬀects on leukocyte rolling in mouse cremaster muscle-inﬂamed
postcapillary venules and in the cerebral microcirculation of septic mice. Here, we demonstrate that omega-9 treatment is
associated with increased levels of the anti-inﬂammatory cytokine IL-10 and decreased levels of the proinﬂammatory cytokines
TNF-α and IL-1β in peritoneal lavage ﬂuid of mice with sepsis. Omega-9 treatment also decreased systemic corticosterone
levels. Neutrophil migration from circulation to the peritoneal cavity and leukocyte rolling on the endothelium were decreased
by omega-9 treatment. Omega-9 also decreased bacterial load in the peritoneal lavage and restored liver and adipose tissue
PPAR gamma expression in septic animals. Our data suggest a beneﬁcial anti-inﬂammatory role of omega-9 in sepsis, mitigating
leukocyte rolling and leukocyte inﬂux, balancing cytokine production, and controlling bacterial growth possibly through a PPAR
gamma expression-dependent mechanism. The signiﬁcant reduction of inﬂammation detected after omega-9 enteral injection
can further contribute to the already known beneﬁcial properties facilitated by unsaturated fatty acid-enriched diets.
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1. Introduction
Sepsis is a cause of morbidity and mortality in intensive
care units and associated with increased hospital-related
costs [1, 2]. According to the Third International Consensus deﬁnitions, sepsis is a life-threatening organ dysfunction caused by unbalanced host response to infection [3].
Diﬀerent strategies for the treatment of sepsis have
emerged in the last few years, but none of them has proven
to be beneﬁcial in clinical trials [4]. Lipids can modulate leukocyte function and therefore the immune response [5]. The
Mediterranean diet, characterized by high ingestion of olive
oil, is associated to a reduction in the mortality of vascular
diseases and cancer [6–8]. Oleic acid, a ω-9 monounsaturated
fatty acid, is the main constituent of olive oil [9, 10]. We have
previously shown that mice fed with chow rich in olive oil
had increased survival rates, decreased neutrophil accumulation, lowered plasma TNF-α, prostaglandin E2, and leukotriene B4 levels in the peritoneal cavity after LPS-induced
endotoxic shock [11].
Omega-9 is a natural agonist of peroxisome proliferatoractivated receptor (PPAR) [12]. Three PPAR isotypes were
described so far: PPAR alpha, PPAR gamma, and PPAR
delta/beta. PPARs modulate metabolism, inﬂammation, and
infection [13–15]. PPAR gamma ligands had been demonstrated to protect septic animals against microvascular dysfunction [16] and enhance bacterial elimination through
neutrophil extracellular trap formation [17]. Furthermore,
we showed that omega-9 decreased nonesteriﬁed fatty acids
in mice after enteric injection [18] and pretreatment with
omega-9 improved lipid metabolism acting on PPAR target
genes with increasing survival of septic mice [19].
Here, we investigated the eﬀect of omega-9 on systemic
corticosterone levels, inﬂammatory markers, cell migration,
bacterial clearance, and nuclear receptor PPAR gamma
expression in both liver and adipose tissues during experimental sepsis. We also studied omega-9 eﬀects on leukocyte
rolling in vivo.

2. Materials and Methods
2.1. Animals. Male Swiss mice weighing between 18 and 20 g
were obtained from FIOCRUZ (Rio de Janeiro, Brazil) and
were purchased from Janvier Lab (Saint Berthevin, France).
The animals were accommodated in a room at 22°C, with free
access to water and food and alternating light/dark cycle of
12 h. All experiments were approved by the Oswaldo Cruz
Foundation Animal Welfare Committee under license
number LW-36/10 and L-015/2015 and by the Regierung
von Oberbayern, 002-08. The weight of the animals was measured on days 1, 7, and 14, and the food intake was quantiﬁed
for each cage. We divided the amount of chow that was consumed by the number of animals in each cage, and then, we
estimate the food intake per animal.
2.2. Omega-9 or Palmitic Acid Treatment. Mice were given a
daily dose of omega-9 (oleic acid, 18 : 1 (n-9), Sigma) or palmitic acid (16 : 0, Sigma) for 14 days before CLP. For the
intravital microscopy experiments, the animals received
omega-9 for 8 days. We prepared oleate solution by water
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addition according to previous works [20–22]. Brieﬂy, we
added NaOH to reach pH 12.0 and sonicated; after oleate solubilization, we adjusted the pH to 7.6 with HCl. We gave by
gavage 0.28 mg of omega-9 (100 μL) or 0.26 mg of palmitic
acid (100 μL) per day. Control mice received 100 μL of saline.
2.3. Cecal Ligation and Puncture (CLP). Mice received
omega-9 or saline for 14 days orally. On the 15th day, we
induced polymicrobial sepsis by CLP, as we previously
described [19]. Brieﬂy, we anesthetized mice through intraperitoneal injection of ketamine (100 mg/kg) (Cristália) and
xylazine (10 mg/kg) (Syntec). We made an incision through
the linea alba; the cecum was exposed, ligated with sterile
3-0 silk, and perforated through and through twice with
an 18 gauge needle. We extruded a small amount of fecal
material through the hole, and the cecum was softly
pushed into the abdomen. We sutured the area with nylon
3-0 (Shalon) in two layers. All mice received 1 mL of sterile 0.9% saline subcutaneously. For 24 h experiments, six
hours after CLP, we treated mice with antibiotic imipenem
(10 mg/kg) intraperitoneally. We submitted sham mice to
the same procedures described above, but the cecum was
not ligated nor punctured.
2.4. Peritoneal Lavage. Mice were submitted to euthanasia
with isoﬂurane (Cristália) 6 h or 24 h after surgery. The
peritoneal cavity was washed with saline (3 mL) under sterile
conditions. Aliquots from the peritoneal washes were plated
in tryptic soy for count of colony forming units (CFU) and
used for total cell count in Turk solution (2% acetic acid),
in Neubauer chambers. Diﬀerential leukocyte count was
done in cytocentrifuged smears stained with panoptic
(Laborclin). The remaining peritoneal wash was centrifuged,
and the supernatant was collected and stored at −20°C for
further cytokine quantiﬁcation. We also counted total leukocytes in blood samples taken from a tail vein and analyzed
diﬀerential leukocyte counts in blood smears.
2.5. Cytokine Analysis. TNF-α, IL-10, and IL-1β were
detected by enzyme-linked immunosorbent assay (ELISA,
DuoSet kit, R&D systems, Minneapolis, MN, USA) according to the instructions of the manufacturer.
2.6. Western Blot Analysis. Detection of PPAR gamma was
performed as previously described [22] with minor modiﬁcations. Brieﬂy, we perfused organs with 20 mM ethylenediaminetetraacetic acid (EDTA) pH 7.4. We cut liver tissues
into small pieces and mixed with lysis buﬀer (with a cocktail
of protease inhibitors) at 4°C in (Complete, Roche AG, Basel,
Switzerland). We lysed periepididymal adipose tissues at 4°C
in RIPA buﬀer with protease inhibitors (Roche AG, Basel,
Switzerland) and phosphatase inhibitor cocktail (Roche).
We stored tissues at −20°C for further protein quantiﬁcation
by BCA. Western blot analysis was done with whole liver
and adipose tissue lysates (40 μg of proteins) using antiPPAR gamma (1 : 1000, Santa Cruz) and anti-β-actin
(1 : 15000 dilution, Sigma), and detection was performed
with the “SuperSignal Chemiluminescence” kit (Pierce),
after exposing the membrane to an autoradiograph ﬁlm

Oxidative Medicine and Cellular Longevity

2.9. Intravital Microscopy of Brain Microcirculation. The
cerebral microcirculation in mice was assessed as previously
described [16]. Brieﬂy, we anesthetized the animals with
ketamine (75 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and
ﬁxed in a stereotaxic frame. Then, the left parietal bone was
exposed by a midline skin incision; a cranial window overlying the right parietal bone (1–5 mm lateral, between the
coronal suture and the lambdoid suture) was created with a
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2.8. Intravital Microscopy of the Cremaster Muscle. Intravital
microscopy of the mouse cremaster muscle postcapillary
venules was used to study leukocyte rolling under diﬀerent
inﬂammatory conditions as previously described [25].
Brieﬂy, we anesthetized the animals with intraperitoneal
injection of ketamine (125 mg/kg, Ketanest®, Pﬁzer GmbH,
Karlsruhe, Germany) and xylazine (12.5 mg/kg; Rompun®,
Bayer, Leverkusen, Germany). Afterward, they were transferred the animals to a heating pad to keep temperature at
37°C. After surgical insertion of a tracheal tube, the carotid
artery was cannulated to take the blood sample and for
systemic application of antibodies. We used the P-selectinblocking mAb RB40.34 and the E-selectin-blocking mAb
9A9 which were generous gifts from Dietmar Vestweber
(MPI Münster) and Barry Wolitzky (MitoKor, San Diego),
respectively. The scrotum was surgically opened, to exteriorize the cremaster muscle. After longitudinal incision and
distribution of the muscle over a cover glass, the cremaster
muscle was superfused with 35°C bicarbonate-buﬀered
saline. We observed cremaster muscle postcapillary venules
via an upright microscope (Olympus BX51) with an objective (×40/0.8 NA). We measured venular centerline red
blood cell velocity during the experiment via an online
cross-correlation program (CircuSoft Instrumentation,
Hockessin, Delaware, USA). We recorded the experiments
via a CCD camera system (model CF8/1; Kappa, Gleichen,
Germany) on a Panasonic S-VHS recorder and performed
oﬄine the analysis of experiments using the used videotapes.
We measured diameter and segment length of postcapillary
venules using a digital image processing system [26]. Postcapillary venules were recorded to calculate rolling ﬂux
fraction (percentage of rolling leukocytes relative to the
number of leukocytes passing the vessel). Leukocytes with
a displacement of >15 μm were tracked by using ImageJ
(National Institutes of Health, Bethesda, MD). In some
experiments, TNF-α (500 ng) was injected intrascrotally
2.5 h before intravital imaging.

800

Sham

2.7. Corticosterone Levels. Animals were euthanized using an
overdose of isoﬂurane (Cristália), during the nadir (08:00 h)
of the circadian rhythm [23, 24], and blood was straightway
collected through cardiac puncture with saline with heparin
(400 U/mL). Plasma was obtained after sample centrifugation for 10 min at 1000 ×g and stored at −20°C until use.
Corticosterone plasma levels were evaluated using radioimmunoassay (MP Biomedicals, Solon, OH, USA) following
the guidelines of the manufacturer.

⁎

1000
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(GE Healthcare). Bands were digitalized and quantiﬁed by
the ImageMaster 2D Elite program.
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Figure 1: Omega-9 decreased cortisol levels in septic mouse plasma.
Animals were treated with omega-9 for 14 days. On the 15th day,
CLP was performed, and 24 h after, the plasma was collected for
the quantiﬁcation corticosterone. Each bar represents the
mean ± SEM of at least 7 animals. ∗ and + p < 0 05 compared to
sham and sham + omega-9, respectively, and # compared to CLP.

high-speed drill, and the dura mater and the arachnoid membranes were excised and withdrawn to expose the cerebral
microcirculation. The cranial window was suﬀused with artiﬁcial cerebrospinal ﬂuid (in mmol: KCl, 2.95; NaCl, 132,
CaCl2, 1.71; MgCl2, 0.64; NaHCO3, 24.6; dextrose, 3.71; and
urea, 6.7; at 37°C, pH 7.4). Animals were then placed under
an upright ﬁxed-stage intravital microscope equipped with
a LED lamp (Zeiss, model Axio Scope) coupled to a Zeiss
Axiocam and processed using ZEN software (Zeiss). Water
immersion objective 20x were used in the experiments and
produced total magniﬁcations of 200x.
The visualization of brain microvascular surface was
facilitated by intravenous administration of 0.1 mL 2% ﬂuorescein isothiocyanate- (FITC-) labeled dextran (molecular
weight 150,000) and by epi-illumination at 460–490 nm
using a 520 nm emission ﬁlter. Leukocytes were labeled using
the ﬂuorescent dye rhodamine 6G (0.3 mg/kg) and visualized
by epi-illumination at 536–556 nm excitation using a 615 nm
emission wavelength. Analysis of leukocyte-endothelium
interactions was carried out by analyzing four randomly
selected venular segments (30 to 100 mm in diameter) in
each preparation. Rolling leukocytes were counted as the
number of cells crossing the venular segment at speed less
than the red blood cells for 1 minute. Adherent leukocytes
were deﬁned as the total number of leukocytes that were
ﬁrmly attached to the endothelium and did not change position during 1 minute of observation and expressed as a number of cells/mm2/100 μm.
2.10. Statistical Analysis. Results were analyzed by “one-way”
ANOVA followed by Newman-Keuls using GraphPad
Prism 5.0. Values of p < 0 05 were considered signiﬁcant.
Data are presented as mean ± SEM or individual values
with a median.
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Figure 2: Omega-9 reduced proinﬂammatory cytokines but increases the level of the anti-inﬂammatory cytokine IL-10 in the peritoneal
lavage of mice submitted to CLP. Animals were treated with omega-9 for 14 days. On the 15th day, CLP was performed, and 24 h after, the
peritoneal lavage was collected for the quantiﬁcation of TNF-α (a), IL-1β (b), and IL-10 (c). Each bar represents the mean ± SEM of at
least 7 animals. ∗ and + p < 0 05 compared to sham and sham + omega-9, respectively, and # compared to CLP.

3. Results
3.1. Omega-9 Treatment Decreased Corticosterone Serum
Levels in Septic Mice. We previously demonstrated that
omega-9 treatment increased survival and ameliorated
clinical scores after CLP-induced sepsis [19]. In the present
work, we continue to investigate the mechanisms behind
the protective eﬀects of omega-9.
High cortisol levels (a 10-fold increase compared to
health voluntaries) [27] are linked to disease severity and
hyperinﬂammation during sepsis. Here, we observed high
levels of corticosterone in septic mice. Omega-9 treatment
prevented the increase in plasma corticosterone levels
(Figure 1), reinforcing our previous data where omega-9
pretreatment decreased biochemical markers of organ
dysfunction [19].
3.2. Omega-9 Reduced IL-1β and TNF-α and Increased IL-10
Production in Septic Mice. Monocytes and neutrophils

produce IL-1β, tumor necrosis factor-α (TNF-α), and IL10, cytokines constituting the storm during sepsis [27–29].
Septic mice had higher levels of TNF-α, IL-β, and IL-10 in
the peritoneal lavage compared to the control
(Figures 2(a)–2(c)) while omega-9 pretreatment strongly
decreased the levels of TNF-α (Figure 2(a)) and IL-1β
(Figure 2(b)) in septic mice. Interestingly, IL-10 increased
in the peritoneal lavage of septic mice receiving omega-9
(Figure 2(c)).
3.3. Omega-9 Decreased Neutrophil Migration in the
Peritoneum of Septic Mice. One of the main steps of the
immune response during inﬂammation is the recruitment of
myeloid cells into inﬂamed tissue. We evaluated the eﬀect of
omega-9 pretreatment on cell migration and accumulation
into the peritoneal cavity of septic mice. Septic mice
presented higher leukocyte numbers in the peritoneal cavity,
characterized by an increase in neutrophil numbers when
compared to sham animals in both time points analyzed, 6 h

Oxidative Medicine and Cellular Longevity

5
8

⁎
Neutrophils ×10−6/mm3

3

2

1

6

4

2

0

0
(a)

(b)

8
⁎

⁎

30

20

#

10

Neutrophils ×10−6/mm3

6

4

2

Omega-9 + CLP

Omega-9 + CLP

CLP

Omega-9 + sham

Sham

(c)

Omega-9 + sham

0

0

Sham

Neutrophils (×10−6/peritoneum)

40

CLP

Neutrophils (×10−6/peritoneum)

4

(d)

Figure 3: Omega-9 reduced leukocyte migration to the peritoneal cavity in septic mice. Animals were treated with omega-9 for 14 days. On
the 15th day, CLP was performed; 6 h and 24 h after, the peritoneal lavage was collected for the leukocyte counts. Counts of peritoneal
neutrophils (a) and systemic neutrophils (b) 6 h after CLP and counts of peritoneal neutrophils (c) and systemic neutrophils (d). Control
groups received the same volume of saline. Results are mean ± SEM from at least 7 animals. ∗ and + p < 0 05 compared to sham and
sham + omega-9, respectively, and # compared to CLP.

and 24 h after CLP (Figures 3(a) and 3(c)). Neutrophil accumulation in the peritoneal cavity was reduced in septic mice
treated with omega-9 only 24 h after CLP (Figure 3(c)), showing no signiﬁcant eﬀect at an earlier time point (Figure 3(a)).
3.4. Omega-9 Impaired Leukocyte Rolling in Inﬂamed
Microvessels In Vivo. To analyze the role of omega-9 in leukocyte rolling in vivo, we used intravital microscopy in surgically prepared mouse cremaster muscle postcapillary venules
[30, 31]. Leukocyte rolling is induced by the surgery of the
cremaster and is exclusively dependent on P-selectin
(<45 min after surgery) [32–35]. We showed a decrease in
rolling in omega-9-treated mice compared to the control
(Figure 4(a) and Supplemental Movies 2 and 1, respectively).
Systemic injection of P-selectin-blocking antibody RB40.34
abolished leukocyte rolling (Figure 4(a)) endorsing the
dependence of P-selectin on rolling in the trauma model.
Next, we used TNF-α stimulation of the mouse cremaster
muscle in Swiss mice pretreated with omega-9 to study
leukocyte rolling. In TNF-α-stimulated mice, leukocyte rolling

is P- and E-selectin dependent [35]. We found that rolling ﬂux
fraction was signiﬁcantly diminished in omega-9-treated animals compared to that in controls (Figure 4(b)). There was
no alteration in neutrophil blood counts comparing omega9-treated and untreated animals (data not shown). Microvascular injection of anti-P-selectin and anti-E-selectin-blocking
antibodies Rb40.34 and 9A9, respectively, abolished rolling
completely demonstrating that rolling in this model is indeed
dependent on P- and E-selectins, as shown previously [35].
Hemodynamic conditions were alike between the diﬀerent
treatment groups (Supplemental Table 1).
3.5. Omega-9 Impaired Leukocyte Rolling in Septic Mice.
Figure 5 illustrates the leukocyte-endothelium interaction in
cerebral venules of mice subjected to sham or CLP with
(omega-9 + CLP) or without (CLP) omega-9 treatment. Rolling leukocytes in the CLP group were signiﬁcantly increased
when compared to the sham group. Pretreatment with
omega-9 signiﬁcantly attenuated the CLP-induced leukocyte
rolling in the cerebral microcirculation compared with the
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Figure 4: Omega-9 reduced rolling ﬂux fraction in cremaster in trauma and TNF models. We treated the animals with omega-9 for 8 days
prior to the experiments. On the day 9, we analyzed rolling in postcapillary venules of mouse cremaster muscle in two models: trauma (a) and
TNF (b) models. We also treated animals of the trauma model with anti-P-selectin and of the TNF model with anti-P- and E-selectins. Rolling
ﬂux fraction was analyzed. Each bar is mean from at least 5 animals. ∗ and + p < 0 05 compared to sham and sham + omega-9, respectively,
and # compared to CLP.
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Figure 5: Omega-9 reduced leukocyte rolling in mice submitted to CLP. Fluorescent intravital microscopy images showing leukocyteendothelium interaction in the cerebral postcapillary venules after 24 h of sepsis in mice (a). Animals were treated with vehicle (CLP) or
omega-9 (omega-9 + CLP) compared to sham operated pretreated with vehicle (sham) or omega-9 (omega-9 + sham) mice. Rolling of
leukocytes in the microvasculature was expressed as number of cells per minute (b). Data indicate mean ± SEM, 5 mice per group. ∗ p <
0 001 versus the sham group; # p < 0 05 versus the CLP group.

CLP-untreated group. Omega-9 pretreatment did not induce
any eﬀect in cerebral venules of sham mice.
3.6. Omega-9 Increased Bacterial Killing in the Mouse
Peritoneal Cavity after CLP. Because omega-9 treatment
modulated cytokine response and neutrophil accumulation
in the peritoneal cavity, we decided to evaluate the impact
of omega-9 treatment on the bacterial load after CLP. We
observed that despite decreasing neutrophil accumulation
in the peritoneal cavity, omega-9 pretreatment did not

impair the bacterial elimination by the innate immune
response. To our surprise, omega-9 pretreatment increased
bacterial clearance in the peritoneum (Figure 6).
3.7. Omega-9 Restored PPAR Gamma Expression in the Liver
and Adipose Tissue in Septic Mice. Omega-9 is a PPAR ligand
and the treatment displayed an anti-inﬂammatory proﬁle, so
we investigate the levels of PPAR gamma in the liver and adipose tissues. We conﬁrmed the reduction of PPAR gamma
expression in both liver and adipose tissues from septic mice.
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Figure 6: Omega-9 improved bacterial clearance in Swiss mice submitted to CLP. Animals were treated with omega-9 for 14 days. On the 15th
day, CLP was performed, and 6 h (b) and 24 h (c) after, the peritoneal lavage was collected and plated on TSA-coated plates for CFU counts.
Results are represented as individual values and median from at least 7 animals. In (a), there are representative photos of the exposed graph
(c). ∗ and + compared to sham and sham + omega-9, respectively, and # compared to CLP.

In contrast, omega-9-pretreated animals maintained PPAR
gamma expression levels similar to sham mice in the liver
(Figure 7), and it was even higher in adipose tissue (Figure 8).

4. Discussion
Mortality from sepsis varies from 30 to 50%, and incidences
are rising due to a rising elderly population and an increased
number of patients with immunosuppression [36–39]. The
number of patients with sepsis rose from 387,330 to 1.1
million from 1996 to 2011 and probably will reach 2 million
by 2020 in the US [40]. Sepsis mortality is similar to heart
attacks and exceeds stroke deaths. Therapeutic procedures
are urgently needed [41]. Hence, infections leading to
damage in the microcirculation can compromise the multiple
organ function, including the lungs, heart, liver, gut, kidneys,
and brain, causing hypotension and myocardial dysfunction,

microvascular leak, thrombocytopenia, disseminated intravascular coagulation (DIC), acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), and acute brain
injury [42–45].
Therapies with anti-Toll-like receptor 4, anti-TNF-α,
and activated protein C failed in clinical trials, requiring
a rethinking of sepsis pathophysiology [29, 46–51]. Food
intake can inﬂuence the immune response [52–57]. The
Mediterranean diet, composed of olive oil as the main
source of fat, is an example of how lipids can inﬂuence
the inﬂammatory response [7, 58]. This diet has been linked
with a reduced risk of cancer and vascular illnesses and also
with a decreased chronic disease incidence, such as Parkinson [6, 8, 59]. Omega-9 is a monounsaturated fatty acid,
the main olive oil component [9, 10]. Omega-9 protects
from insulin resistance and prevents endothelial dysfunction in response to proinﬂammatory signals. Omega-9 also
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Figure 7: Omega-9 treatment restored the expression of PPAR
gamma in the liver of CLP mice. Animals were treated with
omega-9 for 14 days. On the 15th day, CLP was performed, and
liver was removed from animals 24 h after CLP. Graphics in this
ﬁgure represent the rate between densitometric analyses of PPAR
gamma and β-actin bands. ∗ and + p < 0 05 compared to sham
and sham + omega-9, respectively, and # compared to CLP.

reduces vascular smooth muscle cell proliferation and apoptosis, suggesting a beneﬁcial role in atherosclerosis [60].
Furthermore, omega-9 decreases the release of cytokines,
increases the killing ability of neutrophils, and improves
bacterial elimination [61].
We previously have shown that omega-9 prevents organ
dysfunction and increases survival during sepsis [19]. Some
reports associated kidney and liver dysfunction during sepsis
with an increase in plasma cortisol levels and decreased ability to metabolize cortisol. Both the adrenal gland activation
to produce glucocorticoid and catecholamine and the diminished ability to break down cortisol by suppressed expression
and impaired cortisol-metabolizing enzyme activity are characteristic of host innate reaction to aggression [62, 63]. Here,
we showed that septic animals had increased corticosterone
plasma levels which could be decreased by omega-9 treatment. We suggest that omega-9 protective eﬀect on organ
dysfunction may be at least partially related to its eﬀect on
normalizing corticosterone levels in our animal model.
Neutrophils are the highest leukocyte population in the
blood of humans (50–70% of leukocytes). They can be
quickly mobilized from bone marrow into the circulation
after immune activation and physical exercise or caused by
the release of corticoids and adrenaline [64]. Reservoir
organs may contribute to fast mobilization during inﬂammatory processes. Recruitment of neutrophil to the inﬂammatory site is a process that comprehends tethering, rolling,
adhesion, crawling, and extravasation. A spatial and temporal expression and adhesion molecule interaction on neutrophils (i.e., L-selectin, PSGL-1, LFA-1, and Mac-1) and their
ligands on endothelial cells (i.e., E- and P-selectin, and
ICAM-I) are crucial for eﬀective extravasation of neutrophils
into the tissues [65]. Negatively modulating the expression of

these adhesion molecules, in turn, will inﬂuence leukocyte
migration into the inﬂamed tissue.
Ingestion of the monounsaturated fatty acid-rich diet
decreased the expression of ICAM-I [66]. Human embryonic
endothelial cells (HUVECs) treated with omega-9 had
diminished expression of LPS-stimulated VCAM-I, E-selectin, and ICAM-I [67]. Mice fed with chow rich in olive oil
decreased neutrophil accumulation in the peritoneal cavity
24 h after LPS injection [11]. Our data add to this as they
showed a decrease of neutrophil inﬂux into the peritoneum
in omega-9-treated animals, preventing exacerbated inﬂammation. Interestingly, just the treatment with unsaturated
fatty acid was eﬀective in controlling neutrophil inﬂux,
because supplementation with a saturated fatty acid palmitic
acid did not aﬀect neutrophil accumulation in septic mice
(Supplemental Figure 1). Using the trauma model, where
rolling depends on P-selectin, omega-9-treated animals
showed a decrease in rolling that could be conﬁrmed in the
TNF model suggesting that omega-9 regulates selectindependent rolling in vivo. Omega-9 eﬀect reducing leukocyte
rolling extended to septic animals. In the sepsis model,
omega-9 was also very eﬀective in inhibiting rolling of leukocytes on endothelial cells of septic mice.
Neutrophils ﬁght and destroy invading microorganisms
by diverse mechanisms such as phagocytosis, production of
ROS, and formation of neutrophil extracellular trap (NET)
[68]. Neutrophils produce proinﬂammatory cytokines and
release nitric oxide and ROS [69], and the excess of these
mediators can increase vascular permeability leading to
organ damage [70, 71]. By attenuating the accumulation of
neutrophils in the peritoneum, there is a decrease in organ
damage caused by the excessive overactivated neutrophil
numbers. Interestingly, we also detected increased bacterial
clearance in the peritoneal lavage in omega-9-treated septic
animals. Similar results have been obtained recently by our
group using low dose dasatinib treatment in septic mice
[72]. Neutrophils increase their ability to produce ROS after
treatment with omega-9 [73]. Supplementation for only 5
days is enough for omega-9 to incorporate into neutrophil
membranes [74]. Also, omega-9 enhanced phagocytosis by
neutrophils 30 min after incubation and improved the microorganism elimination in vitro [75]. These eﬀects are not
achieved using omega 3 or 6 [65]. Our results showed that
omega-9 was eﬀective in increasing the bacterial elimination
by the host during sepsis. Intake of omega-3 daily for 14 days
alters gut ﬂora decreasing species diversity, but several
butyrate-producing bacteria increased [76]. Similarly, a
decrease in Faecalibacterium, often linked to an increase in
the Bacteroidetes and butyrate-producing bacteria belonging
to the Lachnospiraceae, has been observed following omega3 supplementation [77]. Accordingly, a study suggests that
PUFA supplementation improves gut function and microbiome composition [78]. Concerning infection models, neutrophils treated with omega-3 showed enhanced antiparasitic
activity against Plasmodium falciparum [79] and dietary
omega-3 decreased bacterial load and increased the survival
rate in septic mice [80]. In our sepsis model, it is possible that
although there were fewer neutrophils in the peritoneum,
they are still able to ﬁght the infection eﬃciently, actively
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Figure 8: Omega-9 treatment restored PPAR gamma expression in the adipose tissue of CLP mice. Animals were treated with omega-9 for 14
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killing bacteria without causing excessive tissue damage.
Omega-9 just prevented excessive neutrophil inﬂux, because
it did not aﬀect early neutrophil migration to the peritoneal
cavity but inhibited exacerbated neutrophil inﬂux 24 h after
CLP. CFU counts corroborate because bacterial elimination was eﬀective even in earlier time point in omega-9treated septic animals. We do not exclude the macrophage
role on bacterial killing. So far, our data only allow us to
conclude that omega-9 has not altered mononuclear cell
counts (data not shown).
Omega-9 can bind to PPAR, known as lipid sensors [12].
PPAR are ligand-activated transcription factors with an
important role in the inﬂammation and lipid and glucose
metabolism [13, 14]. PPAR gamma activation diminished
inﬂammatory response, increased survival, and attenuated
neutrophil migration in diﬀerent models of inﬂammation
[81–84]. Moreover, we have shown that mice fed with
omega-9 and submitted to sepsis produced less proinﬂammatory cytokines and more IL-10, which agrees with studies
showing the activation of PPAR gamma-enhanced production of the anti-inﬂammatory cytokine IL-10 [17, 85, 86].
We showed that PPAR gamma decreases rolling and adhesion in brain microcirculation of septic mice [16].
Literature shows endothelial PPAR gamma downregulates
P-selectin expression decreasing leukocyte-endothelial interactions [87]. Omega-9 binding to PPAR gamma may modulate P-selectin expression on leukocytes, decreasing their
ability to roll. PPAR also increases bacterial elimination. Lack
of PPAR alpha is linked with a high bacterial load in septic
mice [88]. We showed that PPAR gamma rosiglitazone leads
to increased bacterial clearance in septic mice. Leukocytes
from PPAR gamma agonist-treated septic animals are activated; they increased intracellular ROS and increased the
capacity of killing bacteria by NET formation [17].
PPAR gamma expression is decreased in many organs
like lung, liver, and adipose tissue during endotoxemia and

sepsis [81, 89]. Interestingly, endotoxin decreased PPAR
gamma through the increase of TNF release [90]. Based on
the ﬁndings by Zhou et al. and our own results, we suggested
the correlation between TNF production and decreased
PPAR gamma expression. Studies with phytochemical
curcumin have related its anti-inﬂammatory potential and
mortality protection to increased PPAR gamma expression
in the liver [91]. Our data showed that PPAR gamma expression in the liver decreases in septic animals and omega-9
treatment increases it, suggesting that PPAR gamma liver
expression may be involved in omega-9-protective eﬀects
during sepsis.
Adipose tissue plays an essential role on the inﬂammatory response regulation in many metabolic diseases, including metabolic syndrome, obesity, diabetes, and sepsis [92,
93]. PPAR gamma controls adipocyte diﬀerentiation and
function. LPS or TNF alpha decreased PPAR gamma expression in adipose tissue [94], as seen in our model of sepsis.
The capacity of maintaining the anti-inﬂammatory grade
of visceral adipose tissue by the PPAR gamma agonist is
associated with the prevention of lung injury observed during sepsis. The PPAR gamma agonist pioglitazone decreased
mortality of septic mice because it diminished inﬂammatory
cytokine production in omental tissue, controlling visceral
adipose tissue inﬂammation [93]. We reinforce the role of
adipose tissue in negative modulation of exacerbated inﬂammation during sepsis. PPAR gamma expression in adipose
tissue may be relevant because it was lower in septic animals
and it was restored by omega-9 treatment. PPAR gamma
expression is induced by its ligands (Frygiel-Górniak,
2014). Although omega-9 has other targets, we believe that
omega-9 binding to PPAR gamma would restore PPAR
gamma protein expression and account, at least partially,
for omega-9-modulatory eﬀect during sepsis.
In our previous report, we showed that omega-9 improves
lipid metabolism in septic mice increasing their survival by
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activating PPAR-regulated genes [19]. Accordingly, herein,
we showed that omega-9 treatment dampens inﬂammation
and increases bacterial clearance in septic mice possibly
involving PPAR gamma. Therefore, omega-9 treatment has
dual eﬀect regulating lipid metabolism and inﬂammation.
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Supplementary Materials
Supplementary 1. Supplemental videos from intravital
microscopy in surgically prepared mouse cremaster muscle
postcapillary venules in the trauma model are available.
Video 1 was recorded from untreated animals and video 2
from the omega-9-treated group. Figure 4 shows the data.

4.1. Conclusion and Consideration. Omega-9 modulated the
immune response in septic mice. Omega-9 decreased the
production of proinﬂammatory cytokines, increased IL-10
production, reduced neutrophil migration and accumulation
in the site of infection, and also improved bacterial clearance.
Omega-9 treatment aﬀected leukocyte traﬃcking in septic
animals and in inﬂamed cremaster muscle postcapillary
venules by decreasing selectin-dependent leukocyte rolling
in vivo. Those eﬀects controlling inﬂammation and increasing bacterial clearance likely contribute to the better outcome
of sepsis. Therefore, omega-9-enriched diet, particularly olive
oil, as supplemental food, may be advisable in patients with
infections and might sum up with the other beneﬁts of the
ingestion of diets composed of unsaturated fatty acids.

Supplementary 3. Supplemental Figure 1: palmitic acid eﬀect
on neutrophil accumulation in the peritoneal cavity in septic
mice. Animals were treated with palmitic acid for 14 days. On
the 15th day, CLP was performed, and 24 h after, the peritoneal lavage was collected for the neutrophil counts. Control
groups received saline. Results are mean ± SEM from at least
6 animals. The experiment was repeated twice. ∗ p < 0 05
compared to sham and sham + palmitic acid.
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Sepsis is a complex disease and is the cause of many deaths worldwide. Sepsis pathogenesis involves a dysregulated inﬂammatory
response with consequent production of inﬂammatory mediators and reactive species. The production and excessive release of
these substances into the systemic circulation trigger various cellular and metabolic alterations that are observed during the
disease evolution. Thus, more studies have been carried out to investigate the therapeutic potential of plants such as Morus
nigra L., popularly known as black mulberry. Studies have shown that plants belonging to the Morus genus are rich in
secondary metabolites such as ﬂavonoids which are associated with important biological activities as antioxidant and antiinﬂammatory actions. Based on this context, the objective of our study was to evaluate the anti-inﬂammatory and antioxidant
properties of Morus nigra L. in a sepsis model induced by LPS. Male C57BL/6 mice were distributed in four groups: control,
sepsis, sepsis treated with leaf extract of mulberry, and sepsis treated with mulberry pulp. The animals were treated with 100 μL
of their respective treatments for twenty-one days. Sepsis was induced at the 21st day with lipopolysaccharide (LPS) by
intraperitoneal injection. The animals were euthanized 24 hours after receiving the LPS injection. The data obtained were
analyzed in GraphPad Prism 6.0 software. Our results showed that treatment with either extract signiﬁcantly decreased the
number of leukocytes in the bronchoalveolar lavage ﬂuid and serum levels of TNF in septic animals. Regarding the redox status,
the treatments signiﬁcantly decreased the antioxidant activity of the enzyme glutathione peroxidase. Regarding
metalloproteinase type 2, it was observed that the treatment with black mulberry pulp was able to signiﬁcantly reduce the
activity of this enzyme concerning the sepsis group. Finally, these results together promoted an increase in the animal’s survival
that received the black mulberry leaf or pulp extract.
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1. Introduction
Sepsis is an organ dysfunction that results from a dysregulated host response to infection [1]. The liver plays an important role in sepsis, being essential for microorganism and
toxin clearance (such as endoxins) [2]. Endotoxin, as lipopolysaccharide (LPS), a component of the outer membrane
of Gram-negative bacteria, interacts with speciﬁc receptors
on the host eﬀector cells and induces the synthesis of a large
number of proinﬂammatory cytokines. The overproduction
of these cytokines can lead to an unregulated inﬂammatory
reaction [3]. However, liver defense responses represent a
double-edged sword which can contribute to the destruction
and elimination of microbial products and can also lead to
liver injury [2].
It is known that there is an interrelation between redox
processes and inﬂammation and that reactive species can
activate inﬂammatory signaling pathways and that inﬂammatory cells can produce more reactive species, resulting in
a vicious cycle leading to a redox and inﬂammatory disequilibrium [4], and thus may be a determining factor in the sepsis outcome. Thus, the interaction between redox processes
and inﬂammation would be a determining factor for the antioxidant selection with therapeutic potential to minimize systemic damage and improve the septic animal survival.
Antioxidant therapies are widely used in diseases that have
as main pathogenesis the redox imbalance and inﬂammatory
processes. In this regard, many medicinal plants have an ability to protect the liver due to their antioxidant and antiinﬂammatory eﬀects [5].
Morus nigra L. (Moraceae family), known as black mulberry, is a tree distributed worldwide [6], including in different regions of Brazil and stands out for its medicinal
properties [7]. Many studies have found that black mulberry is rich in polyphenols, ﬂavonoids, and anthocyanins,
which are responsible for their antioxidant [8, 9] and antiinﬂammatory activities [10, 11]. Based on the fact that the
fruits and leaves of Morus nigra have anti-inﬂammatory and
antioxidant potential as well as on the fact that due to
being a good therapeutic candidate to minimize systemic
complications due to sepsis, it should contain both antiinﬂammatory and antioxidant characteristics, the objective
herein was to verify the potential of the leaf and pulp of
Morus nigra in preventing or minimizing redox and
inﬂammatory imbalance induced by sepsis.

2. Materials and Methods
2.1. Botanical Material. The aerial parts of Morus nigra were
collected in the city of Ouro Preto, Minas Gerais, Brazil, in
the year 2012. The specimen was identiﬁed by the number
OUPR 27087 and deposited in the herbarium José Badini of
the Federal University of Ouro Preto (UFOP).
2.2. Preparation of the Pulp and Hydroethanolic Leaf Extracts
of Morus nigra. The ripe fruits were collected in September
2015, and the black mulberry extract was obtained after the
fruits were pressed and subjected to ﬁltration. The ﬁltrate
was stored in a freezer at −80°C. The black mulberry leaves
were dehydrated in a drying oven at 37°C and then crushed.
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The extraction was performed with a hydroalcoholic solution
in a ratio of 1 : 1 by percolation for 24 hours at room temperature. The ﬁltrate was concentrated in a rotary evaporator.
The dried residue was dissolved in ﬁltered water to the ﬁnal
concentration of 150 mg∙mL−1.
2.3. RP-UPLC-DAD-ESI-MS Analyses. Chemical characterization of the ﬂuid extract of fruits and the hydroalcoholic
extract of Morus nigra leaves was performed by ultra performance liquid chromatography (UPLC) coupled to a
diode arrangement detector and mass spectrometry. The
hydroethanolic extract was resuspended in a 98 : 2 (methanol : water) solution and then ﬁltered through a 0.20 μm
PVDF syringe ﬁlter. Subsequently, it was injected into
the liquid chromatograph. Chromatographic separation
was performed in ACQUITY UPLC BEH RP-18 (1.7 μm,
50 × 2 mm i.d.) (Waters). The mobile phase consisted of
water 0.1% formic acid (solvent A) and acetonitrile 0.1% formic acid (solvent B). The elution protocol was 0–11 min and
linear gradient was ranging from 5% to 95% B. The ﬂow
rate was 0.3 mL∙min−1, and the sample injection volume
was 4.0 μL. Analyses were performed using an ACQUITY
UPLC (Waters) ion trap mass spectrometer in the following
conditions: positive and negative ion mode; capillary voltage,
3500 V; capillary temperature, 320°C; source voltage, 5 kV;
vaporizer temperature, 320°C; corona needle current, 5 mA;
and sheath gas, nitrogen, 27 psi. Analyses were run in
the full scan mode (100–2000 Da). The ESI-MS/MS analyses were additionally performed in an ACQUITY UPLC
(Waters) with argon as the collision gas, and the collision
energy was set at 30 eV. The UV spectra were registered
from 190 to 450 nm.
2.4. Animal Protocol. Male C57BL6 mice were separated into
4 experimental groups: control group (C), sepsis group (S),
sepsis group treated with leaf extract of Morus nigra (SL),
and sepsis group treated with pulp of Morus nigra (SP). During 21 days, groups C and S received 100 μL of water per
gavage and the SL and SP groups received 100 μL at a dose
of 500 mg∙kg−1 of leaf extract and pulp extract, respectively,
of Morus nigra [12, 13]. At the last day of the test, the animals
received the treatments and 1 hour after the controls received
intraperitoneal injection with saline solution and the other
groups received LPS injection at a dose of 10 mg∙kg−1
(0111: B4, Sigma). The animals were euthanized 24 hours
after sepsis induction, and through the trachea cannulation,
the animals’ lungs were perfused with saline solution (0.9%
NaCl) to collect bronchoalveolar lavage. Blood and liver
samples were collected and stored in the freezer at −80°C
for further analysis, and the mortality rate was measured.
2.5. Biochemical Parameters. Serum glucose was obtained
from blood samples taken from the animals’ tail vein
moments before their euthanasia using the Accu-Check® glycosimeter. Platelet quantiﬁcation was obtained from a hemogram performed in an automated equipment.
2.6. Expression of Inﬂammatory Mediators. The real-time
quantitative RT-PCR assay (RT-PCR) technique was used
to evaluate the cytokine expression in liver samples. RNA
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extraction was performed using the SV Total RNA Isolation
System Kit (Promega Corporation, catalog # Z3100). The
concentration and purity of RNA in the samples subjected
to extraction were evaluated by tests in NanoVue (GE
Healthcare, UK) using the A260/280 ratio. The cDNA molecule was formed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, catalog # 4368814) and
oligo (dT) which is capable of converting 1 μg of RNA to
cDNA. Primers for IL-1β, IL-6, and IL-10 were constructed
from the Primer-BLAST program. DNA ampliﬁcation,
detection, and quantiﬁcation reactions occurred at 50°C for
2 min, 95°C for 10 min in 40 cycles at 95°C for 15 sec, and
60°C for 1 min using the ABI Prism 7300 Sequence Detector
(Applied Biosystems, CA, USA). Data were analyzed by comparative CT method. Target gene expression was determined
relative to the expression of β-actin gene. All analyses were
performed in triplicate.

reduction is directly proportional to the tripeptide concentration in the assessed tissue since reduced glutathione
(GSH) is the cofactor of this reaction. To determine oxidized
glutathione (GSSG) concentration, homogenate derivatization with 2,2′,2′′-nitrilotriethanol, tris(2-hydroxyethyl)amine (TEA), and vinylpyridine was performed. The
concentrations of GSHt and GSSH were obtained by a standard curve performed for each of these assays. The GSH concentration was obtained by subtracting the oxidized
glutathione value from the total glutathione concentration.

2.7. Analysis of Cytokine Level. The serum cytokine concentrations and also in hepatic tissue were determined using
enzyme-linked immunosorbent assay kits ((PeproTech),
Murine IL-6 Standard ABTS ELISA Development Kit (catalog # 900-K50), Murine TNF-α Standard ABTS ELISA
Development Kit (catalog # 900-K54), Murine IL-1β Mini
ABTS ELISA Development Kit (catalog # 900-M47), and
Murine IL-6 Mini ABTS ELISA Development Kit (catalog
#900-M50)), according to the manufacturer’s instructions.

2.8.5. Glutathione Peroxidase Activity. The activity of the
enzyme glutathione peroxidase was determined using the
Glutathione Peroxidase Activity Kit (Assay Designs Inc., catalog # 900-158). The assay is based on the oxidation of GSH
to GSSG by the enzymatic action of glutathione peroxidase
coupled to the recycling of GSSG to GSH by glutathione
reductase. The absorbance decay caused by the oxidation of
the reduced coenzyme NADPH to NADP is measured at
340 nm being indicative of the activity of glutathione peroxidase since this enzyme is a limiting step of this reaction.

2.8.4. Glutathione Reductase Activity. The activity of the glutathione reductase enzyme was measured by the Glutathione
Reductase Assay Kit (Abcam, catalog # ab83461). The assay
is based on the glutathione reduction by NADPH in the
presence of glutathione reductase. The reading is carried
out at 412 nm.

2.8. Analyses of Antioxidant Defenses
2.8.1. Catalase Activity. The hepatic tissue (100 mg) was fractionated and homogenized with 1000 μL of phosphate buﬀer
(0.1 M, pH 7.2) and subsequently centrifuged at 10.000 rpm
for 10 minutes. For the assay, 10 μL of the obtained supernatant and 990 μL of peroxide solution (6%) were mixed. Reading was performed in a spectrophotometer at 240 nm, and
enzyme activity was measured by decaying the absorbances
every 30 seconds during 3 minutes of reading as described
previously by Aebi [14]. Hydrolysis of 1 μmol of H2O2 per
min was equivalent to one unit (U) of catalase.
2.8.2. Superoxide Dismutase Activity. The superoxide dismutase enzyme (SOD) activity was measured indirectly. As
described previously by Marklund and Marklund [15],
pyrogallol undergoes autoxidation producing the superoxide anion (O•−). The SOD enzyme is able to compete for
the superoxide anion by decreasing the MTT reduction
([3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide]) and consequently the formazan crystal formation. The reading was performed in a spectrophotometer
at 570 nm. The results were expressed as U SOD/mg of
protein, where one unit of SOD is deﬁned as the amount
of enzyme required for 50% inhibition of MTT reduction.
2.8.3. Total Glutathione, Oxidized Glutathione, and Reduced
Glutathione. Total glutathione content (GSHt) was determined by a kinetic assay using a protocol adapted from
the commercial sigma kit (Sigma, catalog # CS0260). In
this assay, DTNB [5,5′-dithiobis (2-nitrobenzoic acid)] is
reduced to TNB (2-nitro-5-thiobenzoate) and this

2.9. Gelatin Zymography. The activity of types 2 and 9 metalloproteinases was evaluated by electrophoresis in 8% polyacrylamide gel containing 2 mg∙mL−1 of porcine gelatin
(Sigma Chem. Co., St. Louis, USA). Samples of hepatic
extract at the concentration of 30 μg of protein were applied
to the gels, and the electrophoresis was performed for 120
minutes at 100 V. After the run, the gels were washed with
10% Triton-X solution and incubated in buﬀer composed
of 50 mM of tris, 150 mM of NaCl, 5 mM of CaCl2, and
0.05% of NaN3 (pH 7.5) for 36 h at 37°C. After incubation,
the gels were stained with 0.05% coomassie brilliant blue G250 for 3 h and decolorized with methanol and acetic acid
solution (4%–8%) as previously described by Sung et al. [16].
2.10. Histological Analysis. Fragments of the animal livers
were ﬁxed in 4% buﬀered formalin, and for the preparation
of slides, they were subjected to serial dehydration with alcohols of decreasing concentrations and were subsequently
immersed in paraﬃn. The paraﬃn sections of approximately
4 μm were obtained in microtome, assembled, and stained by
the hematoxylin and eosin (H&E) technique, to visualize the
tissue structure. The photomicrographs were obtained using
a Leica optical microscope coupled to the DM5000 digital
camera using a 40x objective lens, and the morphometric
analyzes were performed in the Leica Application Suite
(Germany) analysis software.
2.11. Statistical Analysis. The normality of the distribution of
each variable was assessed by means of the KolmogorovSmirnov test. Data that presented a normal distribution were
analyzed through univariate analysis of variance (ANOVA-
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Figure 1: Proﬁle of the leaf extract of Morus nigra L. 1: 3-O-Caﬀeoylquinic acid; 2: 4-O-caﬀeoylquinic acid; 3: 5-O-caﬀeoylquinic acid;
4: 6-hydroxy-luteolin-7-O-rutenoside; 5: quercetin-3-O-furanosyl-2-ramosil; 6: quercetin-3-O-rutenoside; 7: quercetin 3-O-glycoside.

one way), followed by Bonferroni’s posttest to determine the
diﬀerences among the C, SL, and SP groups in relation to the
S group. Data were expressed as mean ± standard error. Differences were considered signiﬁcant when p < 0 05. All tests
were performed on GraphPad Prism 6.0 software for Windows (San Diego, California, USA).

3. Results
3.1. RP-UPLC-DAD-ESI-MS Analyses. The results presented
in Figures 1 and 2 and Tables 1 and 2 show the phenolic substances which have been identiﬁed in pulp extract and leaf
extract, respectively, of Morus nigra including the glycosides
of ﬂavonoids. The mass spectra obtained were compared
with the results described in the literature. The searches were
performed on the data basis available for the m/z ratio
obtained in the spectra.
3.2. Eﬀect of Morus nigra on Survival and Biochemistry
Parameters in Septic Mice. It is possible to observe that the
animals pretreated with pulp and leaf extracts had a longer
survival (78.5% and 71.4%, respectively) than the animals
that did not receive treatment (Figure 3(a)). In addition, it
was observed that the sepsis animal group showed a decrease
in the total number of platelets (Figure 3(d)) and hypoglycemia (Figure 3(c)), in addition to an increase in the number of
total leucocytes in the bronchoalveolar lavage ﬂuid (BLF)
(Figure 3(b)), being all of these manifestations characteristic
of sepsis. Extracts from Morus nigra leaves as well as fruit
pulp were able to decrease the number of inﬂammatory cells.
3.3. Eﬀect of Morus nigra on the Inﬂammatory Proﬁle in the
Sepsis. Regarding the regulation of the expression of inﬂammatory mediators in the liver, no signiﬁcant changes were
observed in gene expression of IL-1β (Figure 4(a)) and IL-6

(Figure 4(c)) in any of the experimental groups; however, a
signiﬁcant decrease was observed in hepatic levels of IL-1 β
(Figure 4(b)) and IL-6 (Figure 4(c)) in septic animals. Concerning IL-10, an increase in the gene expression of this cytokine was observed in the sepsis group compared to the
control as well as an increase in the expression of this gene
in the group treated with pulp of black mulberry in relation
to the sepsis group (Figure 4(e)); however, a decrease was
observed in hepatic levels of IL-10 in septic animals compared to the control (Figure 4(f)). No alterations were
observed in the levels of TNF and CCL2 in any of the experimental groups (Figures 4(g) and 4(h), respectively).
In relation to the systemic proﬁle, a signiﬁcant increase
was observed in the levels of TNF, IL-6, and IL-10 in animals
of the sepsis group compared to the control (Figures 5(a),
5(c), and 5(d), respectively). The treatment with the extracts
of leaves and pulp reduced the levels of TNF in relation to the
septic group without treatment (Figure 5(a)).
No signiﬁcant alterations were observed in the level of
IL-1β in any of the experimental groups (Figure 5(b)).
3.4. Eﬀect of Morus nigra on the Redox Status in the Sepsis
Model. The results in this study show that animals with sepsis
showed an increase in the superoxide dismutase (SOD) activity (Figure 6(a)) and a decrease in the catalase (CAT) activity
(Figure 6(b)), which resulted in an increase in SOD/CAT
(Figure 6(c)). No signiﬁcant change was observed regarding
the groups treated with the extract of leaves and pulp of
black mulberry.
Concerning the glutathione metabolism, a reduction was
observed in the total glutathione content (Figure 7(a)) and in
the reduced fraction (Figure 7(b)), in addition to a signiﬁcant
increase in GPx activity (Figure 7(d)) and a decrease in the
GR activity (Figure 7(e)) in the sepsis group when compared
to the control group. The treatment with the black mulberry
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Figure 2: Proﬁle of Morus nigra L. pulp. 1: 3-O-Caﬀeoylquinic acid; 2: 4-O-caﬀeoylquinic acid; 3: delphinidin 3-O-rutinoside; 4: 5-Ocaﬀeoylquinic acid; 5: delphinidin 7-O-rutinoside; 6: delphinidin-3-O-glucoside; 7: cyanidin 3-O-glucoside; 8: delphinidin 7-O-glycoside;
9: cyanidin-O-glycosyl-aminosulfonate; 10: quercetin 3-O-rutinoside; 11: quercetin 3-O-glycoside/quercetin 7-O-glycoside; 12: quercetin
7-O-glycoside/quercetin 3-O-glycoside.
Table 1: Substances identiﬁed in the pulp of Morus nigra by LC-DAD-ESI-MS.
Compound

RT (min)

UV (nm)

LC-MS M − H − (m/z)

LC–MS M + H + (m/z)

1.76
1.88
1.99
2.17

323.1
321.1
323.1
265.3; 327.8

353.3 (191.2; 179.3; 134.8)
353.4 (191.3; 179.2; 135.1)
353.5 (190.6; 179.2; 135.4)
609.5 (301.1)

355.4
355.7
355.9
611.5

5

3-O-Caﬀeoylquinic acid
4-O-Caﬀeoylquinic acid
5-O-Caﬀeoylquinic acid
6-Hydroxy-luteolin-7-O-rutenoside
Quercetin-3-O-furanosyl-2″-ramnosyl

2.53

264.1; 357.8

579.2 (433.6; 301.0; 277.3)

581.7

6
7

Quercetin-3-O-rutenoside
Quercetin 3-O-glucoside

2.70
2.86

255.3; 353.2
255.2; 355.3

609.2 (301.0; 161.2)
463.1 (301.3)

611.2
465.2

Peak
1
2
3
4

TR (min): retention time in minutes; UV (nm): ultra violet in nanometers; LC-MS M − H − (m/z): liquid chromatography coupled to negative-mode mass
spectrometry; LC-MS M + H + (m/z): liquid chromatography coupled to mass spectrometry in positive, mass/charge ratio.

Table 2: Substances identiﬁed in the extract of Morus nigra by LC-DAD-ESI-MS.
Peak
1
2
3
4
5
6
7
8
9
10
11
12

Compound

RT (min)

UV (nm)

LC-MS M − H − (m/z)

LC-MS M + H + (m/z)

3-O-Caﬀeoylquinic acid
4-O-Caﬀeoylquinic acid
Delphinidin 3-O-rutinoside
5-O-Caﬀeoylquinic acid
Delphinidin 7-O-rutinoside
Delphinidin 3-O-glucoside
Cyanidin 3-O-glucoside
Delphinidin 7-O-glucoside
Cyanidin 3-O-glucosyl-ramnoside
Quercetin 3-O-rutinoside
Quercetin 3-O-glucoside/Quercetin 7-O-glucoside
Quercetin 7-O-glucoside/Quercetin 3-O-glucoside

1.46
1.74
1.88
1.93
1.98
1.97
1.99
2.05
2.10
2.70
2.71
2.82

323.1
321.1
280.4
323.1
281.1
280.4
280.1
281.4
281.1
255.4; 354.4
255.1; 359.1
254.1; 358.1

353.4 (191.1; 179.0; 134.8)
353.4 (191.1; 179.0; 135.2)
611.3 (285.0; 302.8; 474.8)
353.4 (190.8; 179.0; 135.0)
611.3 (285.0; 302.8; 474.8)
465.3 (285.2; 301.3; 329.2)
447.3
465.3 (285.2; 301.3; 329.3)
593.2
609.8 (301.3; 163.1)
463.5 (301.1)
463.2 (301.0)

355.39
355.72
611.3
355.92
611.3
465.34
449.38 (287.0)
465.35
595.42 (449.1; 287.1)
611.60
465.35 (303.2)
465.48 (303.4)

TR (min): retention time in minutes; UV (nm): ultra violet in nanometers; LC-MS M − H − (m/z): liquid chromatography coupled to negative-mode mass
spectrometry; LC-MS M + H + (m/z): liquid chromatography coupled to mass spectrometry in positive, mass/charge ratio.
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Figure 3: Eﬀect of treatments with a pulp or leaf extract of Morus nigra on sepsis-induced percent survival (a) in C57BL/6 mice after 24 hours
of LPS injection, inﬂux cellular in bronchoalveolar lavage (b), serum glucose (c), and platelets (d). All data are shown as mean ± SEM.
∗
P < 0 05 indicates a signiﬁcant diﬀerence between group S (sepsis) and group C (control). # P < 0 05 indicates a signiﬁcant diﬀerence
between S, SL (sepsis + leaf extract of mulberry), and SP (sepsis + mulberry pulp) groups.

pulp was able to restore the GSH levels to levels close to the
control. In addition, a reduction was observed in the activity
of GPx in the SL and SP groups. No signiﬁcant diﬀerences
were also observed among groups C, SL, and SP in relation
to the activities of GR and GSSG levels (Figure 7(c)).
3.5. Eﬀect of Morus nigra on the Liver Damage in the Sepsis
Model. The results of Figure 8 show a decrease in the
MMP2 activity in the sepsis animal group treated with pulp
of black mulberry in relation to the nontreated sepsis group.
In addition, it is possible to observe an increase in the MPP9
activity of septic animals compared to the control and no
change was observed in animals treated with Morus nigra.
It was observed that there was no signiﬁcant change in
the liver histoarchitecture tissue in all the experimental
groups (Figure 9(a)); however, a signiﬁcant increase of
inﬂammatory cells in the sepsis animal group and a reduction of 21% of inﬂammatory cells in the sepsis animal group
treated with the pulp were observed, although this diﬀerence
is not signiﬁcant (Figure 9(b)).

4. Discussion
The present study demonstrated that pretreatment with
black mulberry extracts was important to reduce the imbalance in the inﬂammatory and redox status of animals with
sepsis induced by LPS, which could be seen through the
reduction in the number of inﬂammatory cells present in
the bronchoalveolar lavage, by the decrease in serum levels
of TNF, GPx, and MMP2 activities and in the restoring of
the GSH levels. These results analyzed in conjunction may
justify the higher survival rate of animals that were pretreated
with Morus nigra, suggesting that this plant presents a therapeutic potential to minimize the damage caused by sepsis.
It is known that leaves and fruits of Morus nigra exhibit a
wide spectrum of biological activities, such as antimicrobial,
antioxidant, and immunoregulatory properties [17, 18], due
to the fact that they contain high levels of phenolic compounds [19]. Previous results from our research group demonstrated that M. nigra leaves present a higher content of
phenolic compounds and antioxidant activity measured by
the ability to neutralize the DPPH radical when compared
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Figure 4: Eﬀects of pulp and leaf extracts on expression and concentration of cytokines and interleukins in the liver samples from the C, S, SL,
and SP groups. (a) IL-1β expression, (b) IL-1β levels, (c) IL-6 expression, (d) IL-6 levels, (e) IL-10 expression, (f) IL-10 levels, (g) TNF levels,
and (h) CCL2 levels. All data are shown as mean ± SEM. ∗ P < 0 05 indicates a signiﬁcant diﬀerence between group S (sepsis) and group C
(control). # P < 0 05 indicates a signiﬁcant diﬀerence between S, SL (sepsis + leaf extract of mulberry), and SP (sepsis + mulberry pulp) groups.

to its fruits, besides a distinct chromatographic proﬁle
between the extract of leaves and that of pulp of black mulberry [12]. In this study, a distinct chromatographic proﬁle
was also observed between the two preparations, being that
in the fruit samples, the ﬂavonoids delphinidin and cyanidin
were observed. Delphinidin is derived from catechin and epicatechin [20], and it is widely found in plant-based food [21].

Its anti-inﬂammatory activities are well reported [22]. Cyanidin is an anthocyanin that has been extensively studied due
to its antioxidant protection through the modulation of the
Nrf2 transcription factor [23]. Although the berry production is more common in the Northern Hemisphere, the chromatographic proﬁle observed in this study is in agreement
with other studies of berries grown in Brazil [24].
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Figure 6: Eﬀects of pulp and leaf extracts on the liver antioxidant enzymes. (a) SOD activity, (b) CAT activity, and (c) SOD/CAT ratio. All
data are shown as mean ± SEM. ∗ P < 0 05 indicates a signiﬁcant diﬀerence between group S (sepsis) and group C (control). # P < 0 05
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It is known that the anti-inﬂammatory and antioxidant
properties of Morus nigra can be a determinant factor in
the inﬂammatory processes and redox modulation induced

by sepsis. The inﬂammatory mediator activation in sepsis
results in a metabolic imbalance [25]. Hypoglycemia observed
in our study of a group of septic animals has also been observed
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Figure 7: Eﬀects of pulp and leaf extracts on hepatic glutathione metabolism. (a) Total glutathione (GSHt), (b) reduced glutathione (GSH),
(c) oxidated glutathione (GSSG), (d) glutathione peroxidase activity (GPx), and (e) glutathione reductase activity (GR). All data are shown as
mean ± SEM. ∗ P < 0 05 indicates a signiﬁcant diﬀerence between group S (sepsis) and group C (control). # P < 0 05 indicates a signiﬁcant
diﬀerence between S, SL (sepsis + leaf extract of mulberry), and SP (sepsis + mulberry pulp) groups.

in other studies [26, 27]. It is known that LPS is responsible to
inhibit hepatic gluconeogenesis [28, 29]. In the same way,
platelets are recognized to play an important role in innate
and adaptive immunity [30], protecting against LPS-induced
sepsis [31]. The treatment with Morus nigra did not alter the
hypoglycemia and thrombocytopenia observed in septic animals. However, another well-studied parameter in sepsis is
the inﬂammatory cell inﬁltration into the lungs. LPS induces
lung microvascular injury, including leukocyte accumulation
in the lung tissue, which plays an important role in the sepsis
severity [32]. The results of this study show that the treatment
with Morus nigra was able to reduce the inﬂammatory inﬁltrate in the lung. The presence and manifestations of immune
activation are not uniform across the body spaces and organs.
Thus, it is likely that a focus of infection at one site can produce
organ damage at a distant site [33]. Based on this, levels of proand anti-inﬂammatory cytokines in the serum and the liver

were evaluated. The liver has an important role in bacterial
and toxin clearance in sepsis [34]. Moreover, a major mechanism of sepsis immunosuppression is in liver desensitization,
where the production of proinﬂammatory cytokines involves
the concomitant induction of anti-inﬂammatory mediators,
such as IL-10, in an attempt to protect the liver from injury
[35]. The results showed an increase in the gene expression
of IL-10 and a decrease in hepatic levels of IL-10, IL-6, and
IL-1β in septic animals when compared to the control, and
the treatment with Morus nigra did not alter either the gene
expression or the hepatic levels of cytokines. Analyzing these
results, it is possible to infer that there was no association
between the gene expression of cytokines and their hepatic
levels, suggesting that posttranscriptional modiﬁcation may
be responsible for determining the levels of cytokines in the
liver. Another point to be considered is that the host response
to infection is a time- and space-compartmentalized process
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Figure 9: (a) Representative photomicrograph of hepatic tissue showing increased inﬂux of leukocytes in septic mice (H&E × 40). (b) Eﬀect of
pulp extract and leaf extract on the number of leukocytes in the hepatic tissue of septic mice. All data are shown as mean ± SEM. ∗ P < 0 05
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that involves the inﬂammatory cytokine release that causes
organ damage, being that the balance between proinﬂammatory and anti-inﬂammatory responses is a vital process in the
liver during sepsis [35].
The events underlying the inﬂammatory response to
lipopolysaccharide include the LPS detection by pattern
recognition receptors, followed by the coordinated expression of proinﬂammatory cytokines (TNF, IL-1β, and IL6)
[36]. Regarding the serum levels of cytokines, an increase of
TNF, IL-1β, and IL6 was observed and both treatments were
eﬃcient to reduce the serum levels of TNF. TNF-α is key sepsis mediator [37] and is increased in circulation following

LPS administration [38]; thus, the serum decrease of TNF
can have an important role in the sepsis outcome.
The antioxidant proﬁle in the animals’ liver was
assessed as a means of evaluating the redox imbalance
caused by sepsis and the eﬀects of Morus nigra on the antioxidant defenses. Analyzing the ratio between the superoxide dismutase and catalase activities, it was observed that it
remained signiﬁcantly increased in animals belonging to
the septic groups. This demonstrates that the increase in
the SOD activity was not followed by an increase in the
CAT activity. In this condition, the SOD activity does not
usually protect the cell from a possible redox imbalance;
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on the contrary, its activation results in an increase in
hydrogen peroxide production that can mediate damage
to the membranes and other biomolecules [39]. The glutathione system is another important component of the cellular antioxidant defense. Therefore, the enzyme glutathione
peroxidase (GPx) has been proved to be an important oxidative stress biomarker in septic patients playing a critical
role in the vital organ and tissue protection against oxidative damage. The increase in the SOD enzyme activity in
all septic groups and the consequent increase in the hydrogen peroxide production were not followed by an increase
in the catalase enzyme which is responsible for catalyzing
the hydrolysis of this hydrogen peroxide into water and
oxygen molecules. Thus, the accumulated peroxide may
have been diverted to the glutathione system by the action
of the enzyme glutathione peroxidase. This would justify
the increase in the activity of this enzyme in septic animals.
Many studies have already shown that LPS can raise the
antioxidant enzyme activity as a response to the increase
of reactive species caused by this substance [40, 41]. On
the other hand, the activity of this enzyme in animals that
received the treatments may have been reduced by the
direct antioxidant action of phenolic compounds present
in the two preparations of Morus nigra which were used
in this study, in which the polyphenols are capable of reacting with the reactive species neutralizing their oxidant
action in the organism [42].
It is known that LPS is able to induce the increase in
the activity of several matrix metalloproteinases (MMPs),
mainly MMP-2 and MMP-9 [43]. MMPs are a family of
calcium- and zinc-dependent endopeptidases responsible
for remodeling and degradation of extracellular matrix of
basal membrane [44]. Our results show an increase in the
MMP9 activity without a change in the MMP2 activity in
the animals’ liver of the sepsis group. It is known that
MMP-2 is a constitutive expression enzyme, slightly responsive to the majority of stimuli, whereas MMP-9 is inducible,
being considered a marker of systemic inﬂammation in animals [45]. Thus, it is possible to infer that the pretreatment
with Morus nigra is able to inhibit the MMP2 constitutive
expression without changing the MMP9 activity.
Concerning the liver histological analysis, a signiﬁcant
increase was observed in the inﬂux of leukocytes in this tissue
in septic animals when compared to control animals. It was
also observed that the treatments were not capable of changing this parameter. The analysis of the liver tissue architecture revealed an apparent increase of sinusoidal capillaries
in septic animals that can be explained by the inﬂux of leukocytes in the organ. Sakurai et al. (2017) [46] also observed
dilatation and congestion of the sinusoidal capillaries in septic animals in an experimental model of sepsis induced with
LPS in the ﬁrst hours after induction.
The results of this study made evident the complexity of
sepsis, showing that this is a disease capable of compromising
the function of several organs, especially the liver. This study
also showed that the treatment with the extracts of leaves and
the pulp of Morus nigra produced beneﬁcial eﬀects on the
modulation of important parameters that are normally
altered in sepsis. This shows that the chemical compounds
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present in both preparations can modulate, at least in part,
the damage caused by sepsis.
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Beta-cell loss is a major cause of the pathogenesis of diabetes. Elevated levels of free fatty acids may contribute to the loss of β-cells.
Using a transgenic zebraﬁsh, we screened ~50 seaweed crude extracts to identify materials that protect β-cells from free fatty acid
damage. We found that an extract of the red seaweed Polysiphonia japonica (PJE) had a β-cell protective eﬀect. We examined the
protective eﬀect of PJE on palmitate-induced damage in β-cells. PJE was found to preserve cell viability and glucose-induced insulin
secretion in a pancreatic β-cell line, Ins-1, treated with palmitate. Additionally, PJE prevented palmitate-induced insulin secretion
dysfunction in zebraﬁsh embryos and mouse primary islets and improved insulin secretion in β-cells against palmitate treatment.
These ﬁndings suggest that PJE protects pancreatic β-cells from palmitate-induced damage. PJE may be a potential therapeutic
functional food for diabetes.

1. Introduction
It was estimated that 415 million people had diabetes mellitus
(DM) in 2015, and this number is projected to increase to 642
million by 2040 (IDF diabetes atlas, 7th edition). DM is a
group of chronic metabolic disorders characterized by a deﬁciency in circulating insulin levels, which results in high
blood sugar levels over a prolonged period. Insulin deﬁciency
is caused by a reduction in the number of insulin-producing
β-cells in both type 1 and type 2 diabetes [1].
In type 2 diabetes, pancreatic β-cells are required to
secrete increasing amounts of insulin to compensate for
increasing insulin resistance. This places β-cells under
increasing metabolic stress, eventually deteriorating their
function and numbers [2–4]. Thus, it is important to preserve the health of β-cells. Preventing β-cell degeneration is
an essential approach for treating DM.
Phytochemicals are regarded as an important source for
treating human health problems, including DM. Seaweeds

are composed of a variety of bioactive substances such as polysaccharides, pigments, minerals, peptides, and polyphenols,
which have valuable pharmaceutical and biomedical potential
[5–10]. Numerous studies have demonstrated the beneﬁcial
eﬀects of seaweeds for managing DM in animal models of
diabetes and human patients [11–16].
Polysiphonia japonica is a red seaweed, and some members of its family were shown to have antioxidant [17, 18],
antimycobacterial [19], and anticolon cancer [20] activities.
However, no studies have examined the eﬀect of P. japonica
on β-cell mass and function. Therefore, in this study, we
evaluated whether PJE prevents palmitate-induced β-cell
dysfunction following exposure to high levels of fatty acids
such as those observed in DM.

2. Materials and Methods
2.1. Polysiphonia japonica Extract (PJE). Polysiphonia japonica was collected, rinsed with freshwater to remove the salt,

2
epiphytes, and sand, and stored at −75°C. The frozen samples
were lyophilized and ﬁnely ground. To prepare the extract,
1 g (dry weight) of the alga was solubilized in 100 mL of
80% methanol for 24 h under continuous shaking at 20°C,
and then the extracts were ﬁltered and concentrated under
a vacuum in a rotary evaporator (EYELA, Tokyo, Japan)
at 40°C.
2.2. Cell Culture. The rat pancreatic β-cell line Ins-1 was cultured in RPMI 1640 supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and
55 μM β-mercaptoethanol and was maintained in a humidiﬁed incubator with 5% CO2.
2.3. Isolation of Islets. Islets were isolated from 10-week-old
male C57BL/6 mice (Orient Bio, Kyunggi-do, Korea) using
the liberase digestion method as described previously [21].
Brieﬂy, after injection of liberase (Roche, Basel, Switzerland)
into the bile duct, the swollen pancreas was excised and incubated at 37°C for 20 min. The islets were then separated by
Ficoll (Sigma, St. Louis, MO, USA) gradient centrifugation
at 2000 × g for 10 min. Size-matched healthy islets were
hand-picked under a stereomicroscope and maintained in
RPMI 1640 containing 5.5 mM glucose supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL
streptomycin for 24 h.
2.4. Assessment of Cell Viability. Cell viability was estimated using a cell counting kit (CCK-8; Dojindo Laboratories, Kumamoto, Japan), which measures mitochondrial
dehydrogenase activity. For the CCK-8 assay, Ins-1 cells
(5 × 104 cells/well) were seeded into 96-well plates. After
16 h, the cells were incubated with 1 or 2 μg/mL PJE or 0.1,
0.2, 0.4, or 0.8 mM palmitate for 24 h to check the toxicity.
To examine the protective eﬀect of PJE, the cells were pretreated with 2 μg/mL PJE for 1 h and then incubated with
or without 0.2 mM palmitate (Sigma, St. Louis, MO, USA)
for 24 h at 37°C. CCK-8 solution was then added to the wells
to a total reaction volume of 110 μL. After 2 h of incubation,
the absorbance was measured at a wavelength of 450 nm. The
optical density of the formazan generated in the control cells
was considered to represent 100% viability.
2.5. Measurement of Insulin Secretion. Ins-1 cells (1 × 105
cells/well) or isolated islets (5 or 8 islets) were plated into
24-well plates for insulin secretion measurements as previously described [22]. Brieﬂy, the cells were incubated with
KRB buﬀer containing 3 or 17 mM glucose for 2 h at 37°C.
The supernatants were collected, and released insulin was
measured using an enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s protocol
(ALPCO, Salem, NH, USA). Insulin content was normalized
to DNA (for islets) or protein (for Ins-1 cells) levels, which
was determined using a DC™ protein assay kit (Bio-Rad,
Hercules, CA, USA).
2.6. Treatment of Zebraﬁsh Embryos with PJE and Palmitate.
Transgenic zebraﬁsh expressing enhanced green ﬂuorescent
protein under control of the insulin promoter Tg(ins-egfp)
were obtained from Korean Zebraﬁsh Organogenesis Mutant
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Bank and used in the experiment. Approximately 3 days
postfertilization (dpf), embryos (n = 6–8) were transferred
into a 24-well plate and maintained in 1 mL of embryo
media. To determine the eﬀect of PJE on insulin expression,
embryos were incubated with or without PJE for 1 day. For
palmitate treatment, embryos were incubated in the presence
of PJE for 1 h prior to adding palmitate (0.2 mM) for 24 h.
Next, the embryos were further incubated with basal glucose
(3 mM) or stimulatory glucose (20 mM) for 3.5 h. The
embryos were rinsed in embryo media and anesthetized with
2-phenoxyethanol (Sigma) to observe phase and ﬂuorescence
images (Leica, Wetzlar, Germany). For confocal microscopy,
the embryos were ﬁxed in 4% paraformaldehyde overnight at
4°C and washed with phosphate-buﬀered saline for 5 min
at room temperature. After washing several times with
phosphate-buﬀered saline, the pancreata were isolated from
the embryos, stained with DAPI (Invitrogen, Carlsbad, CA,
USA) for 5 min, mounted on slides with Vectashield (Vector
Laboratories, Burlingame, CA, USA), and observed with a
confocal microscope (Zeiss, Oberkochen, Germany). ImageJ
software (NIH, Bethesda, MD, USA) was used to quantify
the ﬂuorescence and number of cells in the zebraﬁsh. Zebraﬁsh embryos were handled in accordance with the guidelines
of Gachon University.
2.7. Measurement of Heart Rates. Zebraﬁsh embryos were
incubated with 10 μg/mL PJE from 3 to 4 dpf, and heart rates
were measured as an indicator of possible PJE toxicity [23].
Counting and recording of atrial and ventricular contractions
were performed for 3 min under a microscope, and the results
were presented as the average heart rate per minute.
2.8. Polyphenol, Carbohydrate, Lipid, and Protein Analysis.
To quantify the polyphenol content of PJE, the total phenolic
content was estimated using the Folin-Ciocalteu phenol
method [24]. The total carbohydrate content of PJE was
quantiﬁed using the phenol-sulfuric acid method [25]. The
lipid content of PJE was determined using a colorimetric
sulfo-phospho-vanillin method [26]. The protein concentration of PJE was measured using a DC protein assay kit
(Bio-Rad, Hercules, CA).
2.9. High-Performance Liquid Chromatography (HPLC)
Analysis. Liquid chromatography analysis of PJE was performed on a Waters HPLC system HPLC analysis. A Sunﬁre
C18 ODS 4.6 × 150 mm column (Waters Corporation,
Milford, MA, USA) was employed for reverse-phase separations. The mobile phases were 0.1% v/v formic acid in water
and 0.1% v/v formic acid in acetonitrile at a ﬂow rate of
1 mL/min. The elution gradient for the Sunﬁre C18 ODS
condition was programed as an increasing percentage from
5% to 100% over 60 min, holding at 100% for 10 min, and
ﬁnally reequilibrating the column at 5% for 10 min. A standard solution containing DMH1 (Tocris, Bristol, UK) was
prepared by dissolving DMH1 in distilled water (5 mg/mL).
The solution was ﬁltered through a 0.45 μm membrane ﬁlter,
after which HPLC was performed.
2.10. Statistical Analysis. All measurements were carried
out in triplicate, and all values are represented as the
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Figure 1: Polysiphonia japonica extract (PJE) protects against palmitate-induced lipotoxicity and dysfunction in Ins-1 cells. (a) Ins-1 cells
were incubated with the indicated concentrations of PJE for 24 h. (b) Ins-1 cells were incubated with the indicated concentrations of
palmitate (PA) for 24 h. (c) Ins-1 cells were incubated with 0.2 mM PA for the indicated times. (d) Ins-1 cells were incubated with 2 μg/mL
PJE for 1 h and then further incubated with or without 0.2 mM PA for 24 h. CCK-8 assays were subsequently performed. (e) Ins-1 cells were
incubated with 2 μg/mL PJE in 5 mM glucose media for 1 h and then further incubated with or without 0.2 mM palmitate (PA) for 24 h.
Thereafter, the cells were starved in 0.2 mM glucose-containing KRB buﬀer for 2 h. Insulin release was measured after 2 h of incubation in
either 3 mM glucose or 17 mM glucose. ELISA assays for insulin were subsequently performed. Data are expressed as the fold change from
untreated cells in 3 mM glucose. Experiments were performed in triplicate. ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001. n.s.: no signiﬁcance.

mean ± S.E. The results were subjected to an analysis of
variance with the two-way and Tukey tests to analyze
the diﬀerences (more than three samples), or Student’s t-test
(two samples) was applied. Values of p < 0 05 were considered
signiﬁcant.

3. Results
3.1. PJE Attenuates Palmitate-Induced Lipotoxicity in Ins-1
Cells. In order to ﬁnd substances that increase insulin secretion, over 50 seaweed crude extracts were screened. Among
them, PJE was the most prominent to insulin secretion.
First, to determine whether PJE protects against
palmitate-induced cytotoxicity, Ins-1 cells were treated with
either PJE or palmitate alone or were preincubated with
PJE for 1 h and then further incubated with palmitate
for various doses and times. PJE alone showed no cytotoxicity towards Ins-1 cells in the concentration range tested
(1–2 μg/mL) (Figure 1(a)). Signiﬁcantly lower cell viability

was observed in Ins-1 cells treated with palmitate in doseand time-dependent manners (Figures 1(b) and 1(c)). Pretreatment with 2 μg/mL PJE increased the cell viability to
approximately 85% in the presence of 0.2 mM palmitate
for 24 h compared to that in the presence of 0.2 mM
palmitate alone (Figure 1(d)), indicating that PJE has
cytoprotective eﬀects against palmitate-induced damage in
Ins-1 cells.
3.2. PJE Protects against Palmitate-Induced β-Cell
Dysfunction in Ins-1 Cells. To investigate whether PJE
protects against palmitate-induced β-cell dysfunction, we
measured insulin secretion from PJE-treated Ins-1 cells in
the presence of palmitate. Although palmitate had no eﬀect
on basal insulin secretion (3 mM glucose), insulin secretion
stimulated by a high glucose concentration (17 mM) was
inhibited by treatment with palmitate. When Ins-1 cells were
preincubated with 2 μg/mL PJE prior to palmitate treatment,
the suppressed insulin secretion was restored to normal levels
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Figure 2: Polysiphonia japonica extract (PJE) promotes insulin secretion in zebraﬁsh. Zebraﬁsh were incubated with 10 μg/mL PJE from 3 to
4 days postfertilization. (a) Heart rates of embryos were measured for 3 min. (b) Phase contrast images of zebraﬁsh and ﬂuorescence and
confocal microscopy images of the β-cell mass of zebraﬁsh. Scale bar: 200 μm. (c) Relative EGFP ﬂuorescence levels from (b). (d) Number
of β-cells per embryo from (b). n = 17–24. ∗ p < 0 05; n.s.: no signiﬁcance.
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Figure 3: Polysiphonia japonica extract (PJE) protects against palmitate-induced β-cell dysfunction in zebraﬁsh. (a) Zebraﬁsh were
incubated with 10 μg/mL PJE and 0.2 mM palmitate (PA) from 3 to 4 days postfertilization (dpf). PJE was added 1 h prior to PA
treatment. Thereafter, the zebraﬁsh incubated with 3 or 20 mM glucose for 3.5 h. (b) Confocal microscopy images of the pancreas of
zebraﬁsh. Scale bar: 100 μm. (c) Relative EGFP ﬂuorescence levels from (b). (d) Number of β-cells per embryo from (b). n = 4–6. ∗ p < 0 05
and ∗∗∗ p < 0 001. n.s.: no signiﬁcance.

(Figure 1(e)), suggesting that the PJE has protective eﬀects on
the inhibition of insulin secretion in the presence of palmitate
in Ins-1 cells.

3.3. PJE Promotes Insulin Secretion, but Not β-Cell
Proliferation, in Zebraﬁsh. To determine whether PJE directly
aﬀects insulin secretion in vivo, we used transgenic zebraﬁsh
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Table 1: Proximate composition of Polysiphonia japonica extract
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⁎⁎⁎

3

⁎⁎

2

Total phenols

⁎⁎

⁎

1

0
5 휇g/ml PJE
0.2 mM PA

5

−
−

−
+

−
+

Lipid

Protein

38.0 ± 2.1 mg/g 20.3 ± 1.8 mg/g 2.9 ± 0.4 mg/g 26.5 ± 1.4 mg/g

n.s.

−
−

Total
carbohydrates

Data are the mean values of triplicate measurements and expressed as the
mean ± standard deviation.

+
+

+
+

3 mM glucose
17 mM glucose

Figure 4: Polysiphonia japonica extract (PJE) protects against
palmitate-induced β-cell dysfunction in mouse primary islets.
Islets were incubated with the 5 μg/mL PJE for 1 h and then
further incubated with or without 0.2 mM palmitate (PA) for 24 h.
Thereafter, the islets were starved in 0.2 mM glucose-containing
KRB buﬀer for 2 h. Insulin release was measured after further
incubation with 3 mM glucose or 17 mM glucose by ELISA.
Experiments were performed in triplicate. ∗ p < 0 05, ∗∗ p < 0 01,
and ∗∗∗ p < 0 001; n.s.: no signiﬁcance.

expressing enhanced green ﬂuorescent protein (EGFP) under
control of the insulin promoter. Incubation of embryos with
10 μg/mL PJE for 24 h showed no toxic eﬀects, as determined
by heart rate measurements (Figure 2(a)). A signiﬁcantly
increased intensity of EGFP was observed in PJE-treated zebraﬁsh embryos (Figures 2(b) and 2(c)). Interestingly, PJE
treatment did not alter the number of EGFP-positive β-cells
(Figure 2(d)). These data suggest that PJE promotes insulin
secretion in zebraﬁsh embryos.
3.4. PJE Protects against Palmitate-Induced β-Cell
Dysfunction in Zebraﬁsh. Next, we examined whether PJE
has a protective eﬀect against palmitate in zebraﬁsh embryos.
Embryos were preincubated with 10 μg/mL PJE for 1 h, further incubated with 0.2 mM palmitate for 24 h, and stimulated
with 3 or 20 mM glucose for 3.5 h (Figure 3(a)). We found that
EGFP-expressing β-cells were reduced by palmitate treatment, whereas higher expression of EGFP was observed in
PJE-pretreated embryos (Figure 3(b)). Palmitate-treatment
decreased both basal insulin secretion (3 mM glucose) and
insulin secretion after stimulation with high glucose concentrations (20 mM), while insulin secretion was recovered by
PJE pretreatment in zebraﬁsh embryos (Figure 3(c)), suggesting that PJE protects against palmitate-induced insulin secretion dysfunction in zebraﬁsh embryos. Similarly, the number
of EGFP-positive (insulin secreting) β-cells was reduced by
palmitate treatment, and these numbers were recovered by
PJE pretreatment under both the 3 and 20 mM glucose conditions (Figure 3(d)).
3.5. PJE Protects against Palmitate-Induced β-Cell
Dysfunction in Mouse Primary Islets. As PJE protected against
palmitate-induced insulin secretion dysfunction in both the
cell line and zebraﬁsh, we next investigated whether PJE
protects mouse primary islets. As expected, insulin secretion
was decreased by treatment with palmitate, whereas 5 μg/mL

PJE pretreatment signiﬁcantly rescued insulin secretion in
palmitate-treated islets (Figure 4). These data suggest that
PJE has protective eﬀects on palmitate-induced β-cell dysfunction in primary islets.
3.6. Chemical Components, Chromatogram, and DMH1
Composition in PJE. We determined the levels of chemical
components including polyphenol, carbohydrate, lipid, and
protein contents of PJE. As shown in Table 1, the proximate
composition of PJE was 38.0 ± 2.1 mg/g total phenols, 20.3 ±
1.8 mg/g carbohydrate, 2.9 ± 0.4 mg/g lipid, and 26.5 ±
1.4 mg/g protein. To identify the functional components in
PJE, we targeted 4-[6-(4-isopropoxyphenyl)pyrazolo[1,5-a]
pyrimidin-3-yl]quinolone (DMH1), a bone morphogenetic
protein (BMP) receptor inhibitor [27], as inhibition of
BMP has been suggested to aﬀect insulin-secreting β-cell
growth and function [28]. Thus, we examined whether
DMH1 is present in the PJE (5 mg/mL). PJE was evaluated
by HPLC, and DMH 1 was separated and eluted at 44 min
(Figure 5).

4. Discussion
Natural products have been used as alternative treatments for diabetes in many countries [29–34]. Additionally, constituents of seaweeds show antidiabetic potential
[35, 36], speciﬁcally inhibition of protein tyrosine phosphatase, α-glucosidase, and aldose reductase. However, it is
unknown whether P. japonica, an edible seaweed, can be used
to treat diabetic-related diseases at all. In the present study,
ﬁrst, we investigated the protective eﬀects of PJE on
palmitate-induced β-cell dysfunction.
Increased levels of free fatty acids (FFAs), alone or with
hyperglycemia, have been shown to trigger the loss of β-cells
in both type 1 and type 2 diabetes [37, 38]. In addition, lipotoxicity induced by prolonged elevated FFAs, particularly
saturated FFAs such as palmitate, leads to β-cell apoptosis
and dysfunction [39, 40]. In agreement with previous studies
[41, 42], our results showed that exposure to palmitateinduced signiﬁcant cell death of Ins-1 cells. In addition,
palmitate treatment reduced insulin secretion in Ins-1 cells,
zebraﬁsh β-cells, and isolated mouse islets. In this study, we
provide evidence that PJE can prevent β-cell death in Ins-1
cells and zebraﬁsh β-cells, as well as preserve the dysfunction
of insulin secretion both in vitro and in vivo after exposure
to palmitate.
Saturated fatty acids such as palmitate can induce adverse
eﬀects, including reduced glucose-stimulated insulin release,
suppressed proinsulin biosynthesis, and consequently
apoptotic β-cell death [39, 43–46]. Several intracellular
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Figure 5: DMH1 was present in Polysiphonia japonica extract (PJE).

mediators of fatty acid-induced lipotoxicity have been
reported. Palmitate-induced lipotoxicity increases oxidative
stress due to intracellular reactive oxygen species accumulation [47–49]. Therefore, PJE may contain components with
antioxidative eﬀects, contributing to the prevention of
palmitate-induced β-cell death and dysfunction. Another
possible mechanism is that inhibition of BMP signaling by
components in PJE such as DMH1 aﬀects the increase in
insulin secretion, as BMP inhibitor is known to improve βcell function [28]. Another possibility is that the increase in
or stimulation of glucagon-like peptide-1 receptor by PJE
protects against palmitate-induced β-cell death and function.
Glucagon-like peptide-1 receptor agonists such as exendin-4
are known to prevent palmitate- or H2O2-induced β-cell
dysfunction [50, 51]. Further studies are required to clarify the mechanisms for these beneﬁcial eﬀects of PJE on
β-cell damage.
In conclusion, we found that PJE can eﬀectively protect
insulin-secreting β-cells from toxicity induced by palmitate.
Moreover, PJE improves insulin secretion in Ins-1 cells, zebraﬁsh, and mouse primary islets against palmitate treatment.
These results suggest that PJE can be added to functional
foods for DM patients and may be useful as a pharmaceutical
agent for treating DM.
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Alzheimer’s disease (AD) is a progressive neurodegenerative disease, which is characterized by extracellular senile plaque deposits,
intracellular neuroﬁbrillary tangles, and neuronal apoptosis. Amyloid-β (Aβ) plays a critical role in AD that may cause oxidative
stress and downregulation of CREB/BDNF signaling. Anti-Aβ eﬀect has been discussed as a potential therapeutic strategy for AD.
This study aimed to identify the amelioration of procyanidins extracted from lotus seedpod (LSPC) on Aβ-induced damage with
associated pathways for AD treatment. Rat pheochromocytoma (PC12) cells incubated with Aβ25–35 serve as an Aβ damage model
to evaluate the eﬀect of LSPC in vitro. Our ﬁndings illustrated that LSPC maintained the cellular morphology from deformation and
reduced apoptosis rates of cells induced by Aβ25–35. The mechanisms of LSPC to protect cells from Aβ-induced damage were based
on its regulation of oxidation index and activation of CREB/BDNF signaling, including brain-derived neurotrophic factor (BDNF)
and phosphorylation of cAMP-responsive element-binding (CREB), protein kinase B (also known as AKT), and the extracellular
signal-regulated kinase (ERK). Of note, by high-performance liquid chromatography-tandem mass spectroscopy (LC-MS/MS),
several metabolites were detected to accumulate in vivo, part of which could take primary responsibility for the amelioration of
Aβ-induced damage on PC12 cells. Taken together, our research elucidated the eﬀect of LSPC on neuroprotection through
anti-Aβ, indicating it as a potential pretreatment for Alzheimer’s disease.

1. Introduction
Alzheimer’s disease (AD), a progressive neurodegenerative
disease, is characterized by extracellular senile plaque
deposits, intracellular neuroﬁbrillary tangles, and neuronal
apoptosis. Progressive loss of memory and other cognitive
functions are typical symptoms in AD [1]. According to
the amyloid hypothesis, amyloid-β- (Aβ-) related toxicity
and imbalance are cardinal reasons that contribute to synaptic dysfunction and subsequent neurodegeneration in AD
[2, 3]. Aβ has been, therefore, suggested as a potential therapeutic target for AD treatment [4].

As similar to other age-related diseases, exorbitant oxidative stress is the fundamental feature of AD since Aβ may
lead to oxidative stress and macroautophagy [5]. Oxidative
stress induced by Aβ may disorder the membrane ion function and glutamate transporters of synapses, resulting in their
dysfunction and degeneration [5]. Antioxidant compounds
hence may have a positive eﬀect on the mitigation of
Aβ-induced damages. AKT (also known as protein kinase B)
and extracellular signal-regulated kinase (ERK) are two key
kinases in modulating brain-derived neurotrophic factor
(BDNF) transcription by activating phosphorylation of
cAMP-responsive element-binding (CREB) [6, 7], both of
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which could be attenuated by Aβ [8, 9]. BDNF, a pivotal role in
learning and memory [10, 11], is downregulated by Aβ in AD
[12]. The underlying mechanism of Aβ on CREB/BDNF signaling is possible that Aβ inhibits the activation of AKT and
ERK, resulting in decreasing phosphorylation of CREB, the
upstream of BDNF [13], and then, attenuating both transcriptions of BDNF mRNA and expression of BDNF protein
[14]. Therefore, simulating CREB/BDNF signaling against
Aβ-induced damage is a promising therapeutic tactic for
AD. CREB activators, BDNF imitators, or ﬂavonoid-high
dietary habit have been identiﬁed to ameliorate AD [15–17].
BDNF and oxidative stress also have an interactive inﬂuence
in vivo [18, 19] so nature compounds are beneﬁcial for
AD treatment, which can modulate oxidative stress and
CREB/BDNF signaling.
Lotus has been usually used as a Chinese traditional medicine, including its leaf, embryo loti, and seedpod [20, 21].
Procyanidins, as ﬂavonoids, are highly correlated to learning
and memory improvement [22, 23] and exhibit the potential
for AD treatment [16, 24]. Procyanidins extracted from the
lotus seedpod (LSPC) is the fresh and abundant resource of
ﬂavonoids [25]. In age-related mice, LSPC has been reported
to enhance the abilities of learning and memory [26, 27].
Consequently, we put forward the assumption that LSPC
might display the property of anti-Aβ in AD while there
was no deﬁnitive evidence for its anti-Aβ toxicity function
and its main pathways. LSPC, as a complex mixture, is
composed of oligomeric procyanidins and polymeric procyanidins such as epicatechin, procyanidins dimers, and quercetin glucuronide [25] while it was insuﬃcient in research
exploring its distribution in vivo, which might be conducive
to expound its impact.
In this study, we aimed to verify its anti-Aβ eﬀects and
protective mechanisms as a promising nature production
for AD treatment. We evaluated amelioration of LSPC
in Aβ25–35-induced damage on rat pheochromocytoma
(PC12) cells. CREB/BDNF signaling and antioxidant activity
were studied as possible pathways. We used LC-MS/MS to
analyze its distribution in vivo.

2. Materials and Methods
2.1. Cells and Reagents. PC12 cells were from Tongji
Medical College, Huazhong Science and Technology
University. LSPC was provided by Huazhong Agriculture
University (China). Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Japan); anti-BDNF antibody was
purchased from Elabscience (China); anti-CREB antibody,
anti-phospho-CREB (Ser133) antibody, anti-AKT antibody,
anti-phospho-AKT (Ser473) antibody, anti-ERK1/2 antibody, anti-phospho-ERK1/2 (Thr202/Tyr204) antibody, and
anti-GAPDH antibody were purchased from cell signaling;
LY294002 inhibitor for PI3K and PD98059 inhibitor for
ERK1/2 were purchased from Selleckchem; lactate dehydrogenase (LDH), superoxide dismutase (SOD), and malonialdehyde (MDA) were from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China); gallic acid was purchased from
DRE; procyanidin dimer B (PDB) was purchased from Fluka
Co.; epigallocatechin gallate (ECG) was purchased from
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Chromadex; Annexin V-FITC for ﬂow cytometry was purchased from BestBio; Hoechst staining for apoptosis analysis,
BCA protein assay kit, and RIPA lysis solution was purchased from Beyotime; all other reagents were purchased
from Sigma.
2.2. Cells Culture and Dosages of Aβ25–35 and LSPC. PC12
cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium with 10% fetal bovine serum in an
atmosphere containing 5% CO2 at 37°C. To decide an
intervention dose of Aβ25–35, we added diﬀerent doses of
Aβ25–35 (0, 5, 10, 20, and 40 μM) into cells and incubated
for six periods of time (6, 12, 24, 48, and 72 h), respectively.
Aβ25–35 was prepared by dissolved in sterile PBS and aggregated through incubation at 37°C for 4 days. In order to
choose an intervention dose of LSPC, we added six dosages
of LSPC (1, 2.5, 5, 10, 20, and 40 μg/mL) into 96-well plates
30 minutes before incubation with Aβ25–35 for 24 h or without Aβ25–35 for 24 h. Dosages for both Aβ25–35 and LSPC
were determined through measuring cell viability by CCK-8
according to the instruction. In brief, 10 μL CCK-8 was
added to each sample (100 μL) with 2 h incubation under
37°C, and absorbance value of each sample was measured
by an enzyme immunoassay analyzer (Bio-Tek, USA) at
570 nm.
2.3. PC12 Cells Imaging. After determination of Aβ25–35 and
LSPC doses, cells were cultured as three groups (PC12 cells,
PC12 cells with 20 μM Aβ25–35, and PC12 cells with 20 μM
Aβ25–35 and 10 μg/mL LSPC), which were seeded on 6-well
plates at a density of 1 × 106 cells/mL. Cells after treatment
were ﬁxed by paraformaldehyde and observed morphology
under a microscope (Olympus Corporation, Japan).
2.4. Hoechst Staining. Cells were seeded on 6-well plates. After
intervention as three groups, each group was washed with PBS
twice before 800 μL staining buﬀer was added and subsequently stained with Hoechst staining solution (5 μL) for
30 min in the dark. Cells were imaged on a ﬂuorescence
microscope (Olympus Corporation, Japan). Hoechst staining
was executed according to the instructions (Beyotime, China).
2.5. Flow Cytometry. Cells seeded on 6-well plates were washed
with cold PBS twice. The number of cells was kept closing
to 1 × 106/mL in each sample and 400 μL 1 × Annexin V was
provided. Each sample was incubated with 5 μL Annexin
V-FITC staining for 5 min at 4°C. Then 10 μL propidium
iodide (PI) staining was added for 5 min at 4°C. Samples
were detected by a ﬂow cytometry (Becton Dickinson,
USA) and analyzed by FlowJo software (version 7.6). All
procedures were consistent with the instructions (BestBio,
China). Cells containing Annexin V-positive staining merely
were deﬁned to be in early apoptosis (EA), whereas cells
stained with both Annexin V and PI were deﬁned to be
in late apoptosis (LA). Total apoptosis (TA) consisted of
EA and LA.
2.6. Determination of Antioxidant Activity. Cells were
divided into six groups (PC12 cells, PC12 cells with 20 μM
Aβ25–35, PC12 cells with 20 μM Aβ25–35 and 5 μg/mL LSPC,
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Figure 1: Determination for both Aβ25–35 and LSPC through measuring survival rates of cells by CCK-8. (a) Survival rate of cells under
variable dosage of Aβ25–35 with diﬀerent intervene time (x ± SEM, n = 6, %). (b) Survival rates of cells under diﬀerent dosages of LSPC
with 20 μM Aβ25–35 (black) and without Aβ25–35 (gray) (x ± SEM, n = 6, %). 0 μg/mL LSPC, PC12 cells with 20 μM Aβ25–35 group, and
without Aβ25–35; 1 μg/mL LSPC, PC12 cells with 1 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group, and without
Aβ25–35; 2.5 μg/mL LSPC, PC12 cells with 2.5 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group, and without
Aβ25–35; 5 μg/mL LSPC, PC12 cells with 5 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group, and without Aβ25–35;
10 μg/mL LSPC, PC12 cells with 10 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group, and without Aβ25–35;
20 μg/mL LSPC, PC12 cells with 20 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group and without Aβ25–35;
40 μg/mL LSPC, PC12 cells with 40 μg/mL LSPC for 30 minutes before incubation with 20 μM Aβ25–35 group and without Aβ25–35;
∗
P < 0 05 for groups vs PC12 cells without Aβ25–35 and LSPC; # P < 0 05 for groups vs PC12 cells with Aβ25–35 but without LSPC.
All the results above are the representative of the three independent experiments.

PC12 cells with 20 μM Aβ25–35 and 10 μg/mL LSPC, and
PC12 cells with 20 μM Aβ25–35 and 20 μg/mL LSPC). The
levels of LDH, T-SOD, and MDA were measured depending
on the methods [28] and instructions recommended by
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
LDH activity of each sample was detected by an enzyme
immunoassay analyzer (Bio-Tek, USA) at 450 nm, and the
values were expressed as units per liter. For T-SOD, a BCA
protein assay kit (Beyotime, China) was applied to determine
the values of proteins expression. The absorbance value of
each sample was measured at 570 nm, and the values of
T-SOD activity was calculated as units per mg protein.
Quantiﬁcation of MDA was stated as nanomoles per mg
protein by testing absorbance values at 532 nm.
2.7. Western Blot. Cells were cultured as seven groups
(PC12 cells, PC12 cells with 20 μM Aβ25–35, PC12 cells
added with 10 μg/mL LSPC 30 minutes before incubation
with 20 μM Aβ25–35, PC12 cells with 10 μM LY294002,
PC12 cells added 10 μg/mL LSPC 30 minutes before incubation with 10 μM LY294002, PC12 cells with 30 μM PD98059,
and PC12 cells added with 10 μg/mL LSPC 30 minutes before
incubation with 30 μM PD98059). After intervention, cells
were washed three times using cold PBS. After centrifugation
(14000 × rpm, 5 min), each sample was collected excluding
the supernatant and lysed in 300 μL lysis buﬀer for 2 h,
following centrifugation for 10 min at 14000 × rpm. The
proteins in the supernatant were quantiﬁed using the BCA

method as above. For blot analysis, samples (20 μL, each)
were boiled, separated on 7.5%–12% SDS-PAGE, and
transferred to polyvinylidene diﬂuoride (PVDF) membranes. The membranes were hybridized with various antibodies overnight at 4°C, including anti-BDNF antibody
(1 : 1000), anti-CREB antibody (1 : 1000), anti-phosphoCREB (Ser133) antibody (1 : 1000), anti-AKT antibody
(1 : 1000), anti-phospho-AKT (Ser473) antibody (1 : 1000),
anti-ERK1/2 antibody (1 : 1000), anti-phospho-ERK1/2
(Thr202/Tyr204) antibody (1 : 1000), and anti-GAPDH antibody (1 : 3000) as internal standard and then incubated with
secondary antibodies for 1 h at room temperature. The images
were obtained through a Fluorescence Chemical Imaging
Analysis System (Syngene, British). The intensities of the
bands were analyzed by the ImageJ software.
2.8. Quantitative Real-Time PCR (qRT-PCR). Total RNA was
isolated from cells via RNAiso Plus (TaKaRa, China), and
cRNA was extracted using the PrimeScript™ RT reagent Kit
(TaKaRa, China), all of which were based on the instructions.
qRT-PCR was carried out using the SYBR® Premix Ex Taq™
(TaKaRa, China) with an ABI 7900HT real-time thermocycler (Applied Biosystems, CA), as previously described
[29]. The correlated expressions of genes were calculated
by 2–△△CT methods. Primers of speciﬁc genes, including
BDNF (forward: 5′-AGCAGGCTCTGGAATGATGT-3′;
reverse:
5′-GGATTTGAGTGTGGTTCTCCA-3′)
and
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Figure 2: The eﬀect of LSPC against Aβ25–35-induced apoptosis on PC12 cells. (a–f) Cellular morphology of diﬀerent groups under an
electron microscope. (a) Control (200×); (b) control (400×); (c) Aβ (200×); (d) Aβ (400×); (e) LSPC (200×); (f) LSPC (400×). Control,
PC12 cells; Aβ, PC12 cells with 20 μM Aβ25–35; LSPC, PC12 cells added into 10 μg/mL LSPC 30 minutes before incubation with 20 μM
Aβ25–35. In the electron microscope, PC12 cells with 10 μg/mL LSPC and 20 μM Aβ25–35 (e, f) showed the approximate number of cells
and identical cellular morphology as a control group (a, b), while Aβ group (c, d) illustrated the reduction of cells number and abnormal
morphology. (g) Hoechst staining reﬂects the apoptosis of cells in each group; apoptosis cells are pointed out by white arrows. (h and i)
Flow cytometry calculates apoptosis rates of diﬀerent groups after Annexin V/PI staining. Apoptosis rate of each group are mean ± SEM;
∗
P < 0 05 for groups vs control; # P < 0 05 for groups vs Aβ25–35 group. Control, PC12 cells; Aβ, PC12 cells with 20 μM Aβ25–35; LSPC,
PC12 cells added into 10 μg/mL LSPC 30 minutes before incubation with 20 μM Aβ25–35. All the results above are the representative of
the three independent experiments run in quadruplicate.

GAPDH (forward: 5′-GCCCAGCAAGGATACTGAGA-3′;
reverse: 5′-GGATGGAATTGTGAGGGAGA-3′) as control,
were synthesized by Sangon Corp. (Sangon Biotech Co.,
Ltd., China).
2.9. Animals. Fourteen male Sprague-Dawley rats (226 ± 35 g,
obtained from the Experimental Animal Center of Tongji
Medical College, Huazhong Science and Technology
University) with two or three per cage were kept in a

controlled temperature (23 ± 1°C) under a 12 h dark-light
cycle. All rats were free access to deionized water and diet
for 1 week. All procedures were in accordance with the guidelines of Tongji Medical College Council on Animal Care
Committee, Huazhong Science and Technology University
(IACUC number: S407, approval date was 28 March 2015).
2.10. LSPC Treatment. Prior to administration of LSPC, rats
were randomly divided into two groups (n = 7 per group)
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Figure 3: Oxidative index of diﬀerent groups (x ± SEM, n = 6, %). (a–c) The LDH concentration, T-SOD activity, and MDA concentration of
diﬀerent groups, respectively. Control, PC12 cells; Aβ, PC12 cells with 20 μM Aβ25–35; 5 μg/mL LSPC + Aβ, PC12 cells added into 5 μg/mL
LSPC 30 minutes before incubation with 20 μM Aβ25–35; 10 μg/mL LSPC + Aβ, PC12 cells added into 10 μg/mL LSPC 30 minutes before
incubation with 20 μM Aβ25–35; 20 μg/mL LSPC + Aβ, PC12 cells added into 20 μg/mL LSPC 30 minutes before incubation with 20 μM
Aβ25–35. All data are mean ± SEM. ∗ P < 0 05 for groups vs control; # P < 0 05 for groups vs Aβ group; △ P < 0 05 for groups vs 5 μg/mL
LSPC+20 μM Aβ25–35; o P < 0 05 for groups vs 10 μg/mL LSPC+20 μM Aβ25–35. All the results above are the representative of the three
independent experiments.

and fasted for 12 h but had access to deionized water. For the
control group, physiological saline was given by oral gavage
daily; for LSPC group, LSPC (a brownish red power) was dissolved in physiological saline (20 mg/mL) and administered
to rats at a dose of 200 mg/kg body weight by oral gavage
daily for two weeks. Body weights were measured every two
days. Rats were sacriﬁced two hours later after a ﬁnal dose.
Tissues (brain, cardiac, liver, kidney, spleen, and pancreas),
intestine content, and plasma were harvested and stored
at −80°C until analysis.
2.11. LC-MS/MS. For the extraction of LSPC and its metabolites, tissues (60 mg) were homogenized with 300 μL mixture
(50 μL 1% (w/v) aqueous ascorbic solution and 250 μL
0.1% formic acid). Ethyl gallate was an internal standard.
Each sample was hydrolyzed with a β-glucuronidase/sulfatase type H1 (1500 U/mL) from H. pomatia (Sigma, USA)
for two hours at 37°C. Then, methanol (200 μL) was
added to each sample followed by vibration (30 s) and
centrifugation (12000 rpm, 10 min, 4°C), and the supernatant was collected. The extraction was repeated once. The
combined supernatants were evaporated to dryness under
vacuum at 35°C. The residue was reconstituted in 50 μL of
solvent (methanol/water, 1 : 1, v/v) for LC-MS/MS analysis.
The analysis was performed on a high-performance liquid chromatography-tandem mass spectroscopy (LC-MS/
MS, AB Sciex QTrap 4500, Applied Biosystems, Foster City,
CA, USA). This method was in accordance with the reported
studies [30–32]. Brieﬂy, 5 μL samples were injected for
LC-MS/MS, and the analytes were separated by BETASIL
Phenyl Column (2.1 mm × 150 mm, 3 μm; Thermo Scientiﬁc,
USA) at 35°C. The mobile phases composed (a) water with
0.2% acetic acid and (b) methanol with 0.2% acetic acid.
Ionization was carried out by electrospray in the negative
mode. The calibration curves of respective standards were
utilized to quantify compounds. Transition ions, retention

times, and mass-spectrometry parameters for all compounds
were shown in Table S1; chemical structures of all
compounds were exhibited in Figure S1.
2.12. Statistical Analysis. The data are presented as mean
values ± standard error of the mean (SEM) and analyzed by
ANOVA with Student-Newman-Keuls (SNK) or student
t-test on SPSS software version 19.0. The level of signiﬁcance
was set for P value < 0.05.

3. Results
3.1. Dosages of Aβ25–35 and LSPC. Figure 1(a) demonstrated
that 20 μM Aβ25–35 had a signiﬁcant eﬀect on the survival
rate of PC12 cells after 24 h intervention that was consistent
with the previous report [33]. Thus, we chose the dosage of
20 μM Aβ25–35 with the intervention period of 24 h on
PC12 cells for further study. In order to testify a dosedependent manner of LSPC, we added 1, 2.5, 5, 10, 20, and
40 μg/mL LSPC into PC12 cells before Aβ25–35 intervention,
respectively. As shown in Figure 1(b), the survival rates of
PC12 cells under the damage of 20 μM Aβ25–35 were gradually improved following the increasing dosages of LSPC until
it reached 10 μg/mL. Moreover, there was no toxicity in vitro
for any dosage of LSPC. 10 μg/mL LSPC was chosen for further study since it exhibited the strongest protection on PC12
cells against the damage harvested from 20 μM Aβ25–35.
3.2. LSPC Inhibit Aβ25–35-Induced Morphology Changes and
Apoptosis on PC12 Cells. Cells were cultured in three
groups: control group, PC12 cells with 20 μM Aβ25–35,
and PC12 cells were added 10 μg/mL LSPC 30 minutes
before incubation with 20 μM Aβ25–35. In electron microscope (Figures 2(a)–2(f)), PC12 cells with 10 μg/mL LSPC
and 20 μM Aβ25–35 showed the approximate number of
cells and identical cellular morphology as control group,
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Figure 4: CREB/BDNF proteins expressions and mRNA expressions of intracellular BDNF in three groups (% of control, n = 4). (a) CREB/
BDNF proteins expressions by Western blotting; (b) p-CREB/CREB proteins expressions by Western blotting in (a) (each group vs control, %);
(c) BDNF protein expressions by Western blotting in (a) (each group vs control, %). Control, PC cells; Aβ, PC12 cells with 20 μM Aβ25–35 group;
LSPC, PC12 cells with 10 μg/mL LSPC and 20 μM Aβ25–35 group. All data are mean ± SEM. ∗ P < 0 05 for groups vs control group; # P < 0 05 for
groups vs Aβ groups. (d) mRNA expression of intracellular BDNF in each group by qRT-PCR analysis. Cells were cultured as three groups as
above, including control, Aβ, and LSPC. All data are mean ± SEM. ∗ P < 0 05 for groups vs control groups; # P < 0 05 for groups vs Aβ groups.
All the results above are the representative of the three independent experiments.
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Figure 5: p-AKT/AKT and p-ERK/ERK proteins in each group (% of control, n = 4). (a) p-AKT/AKT proteins expressions by Western
blotting; (b) p-ERK/ERK proteins expressions by Western blotting; (c) p-AKT/AKT proteins expressions by western blotting in (a) (each
group vs control, %); (d) p-ERK/ERK proteins expressions by Western blotting in (b) (each group vs control, %). Control, PC cells; Aβ,
PC12 cells with 20 μM Aβ25–35 group; LSPC, PC12 cells with 10 μg/mL LSPC and 20 μM Aβ25–35 group. All data are mean ± SEM.
∗
P < 0 05 for groups vs control groups; # P < 0 05 for groups vs Aβ groups. All the results above are the representative of the three
independent experiments.

while PC12 cells with 20 μM Aβ25–35 exhibited decreased cells
number as well as abnormal morphology that PC12 cells
shortened and shrank. As Hoechst staining (Figure 2(g))

demonstrated, PC12 cells in 20 μM Aβ25–35 group suggested
conspicuous karyopyknosis and cell apoptosis compared to
control group while addition of 10 μg/mL LSPC prevented
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Figure 6: CREB/BDNF proteins expressions and mRNA expression of intracellular BDNF in ﬁve groups (% of control, n = 4). (a) CREB/
BDNF proteins expressions by Western blotting; (b) p-CREB/CREB proteins expressions by Western blotting in (a) (each group vs
control, %); (c) BDNF protein expressions by Western blotting in (a) (each group vs control, %). Control, PC cells; LY, PC12 cells with
10 μM LY294002; LSPC + LY, PC12 cells with 10 μg/mL LSPC and 10 μM LY294002; PD, PC12 cells with 30 μM PD98059; LSPC+PD,
PC12 cells with 10 μg/mL LSPC and 30 μM PD98059. All data are mean ± SEM. ∗ P < 0 05 for groups vs control groups; # P < 0 05 for
groups vs LY groups; △ P < 0 05 for groups vs PD groups. (d) mRNA expression of intracellular BDNF in each group by qRT-PCR
analysis. Cells were cultured as ﬁve groups as above, including control, LY, LSPC + LY, PD, and LSP + PD. All data are mean ± SEM.
∗
P < 0 05 for groups vs control group; # P < 0 05 for groups vs LY groups; △ P < 0 05 for groups vs PD groups. All the results above
are the representative of the three independent experiments.

the damage from Aβ25–35 remarkably. In ﬂow cytometry
analysis (Figures 2(h) and 2(i)), we further validated that the
apoptosis rates of PC12 cells with 20 μM Aβ25–35, including
early apoptosis rates (AE), later apoptosis rates (LA), and total
apoptosis rates (TA), were higher than that in the control
(P < 0.05), and addition of 10 μg/mL LSPC signiﬁcantly
lessened apoptosis rates augmented by Aβ25–35 (P < 0 05).
3.3. LSPC Protect PC12 Cells from Aβ25–35-Induced
Oxidative Stress. The antioxidant activity of LSPC against
the Aβ25–35-induced damage on PC12 cells was determined
by evaluating levels of LDH, MDA, and T-SOD. As shown
in Figures 3(a)–3(c), compared to control group, PC12 cells
with 20 μM Aβ25–35 had higher levels of intracellular MDA
(P < 0 05) and extracellular LDH (P < 0 05) and a lower
enzyme activity of T-SOD (P < 0 05). 5, 10, and 20 μg/mL
LSPC all exhibited antioxidant activity. 10 μg/mL LSPC signiﬁcantly reduced the levels of MDA and LDH among all
groups and improved the activity of T-SOD on PC12 cells.
3.4. LSPC Ameliorate Aβ25–35-Induced Downregulation of
CREB/BDNF Signaling in PC12 Cells. To substantiate the
alleviation eﬀect by LSPC on Aβ25–35-induced damage via
CREB/BDNF signaling, we employed three groups: control

group, PC12 cells with 20 μM Aβ25–35 (Aβ group), and PC12
cells with 20 μM Aβ25–35 after incubation with 10 μg/mL
LSPC for 30 minutes (LSPC group). There was a signiﬁcant discrepancy in p-CREB/CREB and BDNF expressions
between the control group and Aβ group (P < 0.05)
(Figure 4). LSPC promoted phosphorylation of CREB
(Figures 4(a) and 4(b)) and augmented BDNF expression
(Figures 4(a) and 4(c)), indicating that LSPC could mitigate Aβ25–35-induced diminishment of CREB phosphorylation and BDNF expression. qRT-PCR analysis of BDNF
mRNA (Figure 4(d)) demonstrated that Aβ25–35 signiﬁcantly attenuated BDNF mRNA expression compared with
control group (P < 0 05) while LSPC counteracted the
eﬀect of Aβ25–35 on BDNF mRNA expression.
Upstream signaling of CREB/BDNF including PI3K/
AKT and Raf/ERK1/2 were analyzed through Western blotting (Figure 5). Both AKT and ERK phosphorylation were
diminished after Aβ25–35 treatment. LSPC could conspicuously reverse the eﬀects induced by Aβ (P < 0 05).
To further identify CREB/BDNF signaling in neuroprotection of LSPC, we applied LY294002, an inhibitor of the
PI3K/AKT pathway, and PD98059, an inhibitor of the ERK
pathway. Cells were cultured as ﬁve groups: PC12 cells,
PC12 cells with 10 μM LY294002, PC12 cells with 10 μg/mL
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(d)

Figure 7: p-AKT/AKT and p-ERK/ERK proteins in each group (% of control, n = 4). (a) p-AKT/AKT proteins expressions by Western
blotting; (b) p-ERK/ERK proteins expressions by Western blotting; (c) p-AKT/AKT proteins expressions by Western blotting in (a) (each
group vs control, %); (d) p-ERK/ERK proteins expressions by western blotting in (b) (each group vs control, %). Control, PC cells; LY,
PC12 cells with 10 μM LY294002; LSPC + LY, PC12 cells with 10 μg/mL LSPC and 10 μM LY294002; PD, PC12 cells with 30 μM
PD98059; LSPC + PD, PC12 cells with 10 μg/mL LSPC and 30 μM PD98059. All data are mean ± SEM. ∗ P < 0 05 for groups vs control
groups; # P < 0 05 for groups vs LY or PD groups. All the results above are the representative of the three independent experiments.

LSPC for 30 minutes before incubation with 10 μM
LY294002, PC12 cells with 30 μM PD98059, PC12 cells with
10 μg/mL LSPC for 30 minutes before incubation with 30 μM
PD98059. In Figures 6(a)–6(c), LY294002 and PD98059
inhibited the expression of phosphorylation of CREB and
BDNF while LSPC reversed the inhibition of LY294002 and
PD98059 signiﬁcantly (P < 0 05). In a qRT-PCR analysis of
BDNF mRNA (Figure 6(d)), LY294002 and PD98059 notably lessened BDNF mRNA expression and LSPC enhanced
BDNF mRNA expression in PC12 cells. Additionally, LSPC
counteracted the reduction of AKT and ERK phosphorylation after LY294002 or PD98059 intervention (Figure 7).
3.5. Distribution of LSPC and Its Metabolites in Rat Tissues.
As Tables 1(a) and 1(b), and 2 illustrated, after two weeks
of consecutive LSPC administration, the quantities and formations of compounds varied in rat tissues and plasma.
Summarily, PDB, epigallocatechin (EGC), and ECG were
not detected in any rat tissues; syringic acid (1.98 ± 0.34)
was slightly presented in plasma. After enzyme incubation,
there were statistically signiﬁcant diﬀerences (P < 0 05) about
ferulic acid in pancreas and plasma, m-coumaric acid in the
brain tissue, pancreas, and plasma, and protocatechuic acid
(PCC) in the brain tissue and plasma.
In brain (Table 1(a) and 1(b)), the quantities of quercetin,
epicatechin, gallic acid, vanillic acid, m-coumaric acid, protocatechuic, 3-hydroxyphenylacetic acid (3-HPAA), and
pyrocatechol signiﬁcantly accrued in LSPC group. The
enhancement of four compounds was veriﬁed after enzyme
preprocess with LSPC intervention, these being quercetin,
epicatechin, caﬀeic acid, and 3-HPAA, in both cardiac
and liver. Besides, catechin accumulated in the cardiac

tissues due to LSPC treatment; in the liver, homovanillic acid
(HVA), gallic acid, and 3-hydroxybenzoic acid (3-HBA)
increased markedly. Diverse compounds in the kidney
(Table 1(a) and 1(b)) indicated signiﬁcant diﬀerences
between control and LSPC groups after enzyme disposal,
including quercetin, catechin, epicatechin, HVA, caﬀeic acid,
vanillic acid, 3,4-dihydroxyphenylacetic acid (3, 4-DHPA),
3-HBA, and pyrocatechol. In the pancreas (Table 1(a)
and 1(b)), there was a remarkable increase in quercetin, ferulic acid, gallic acid, and m-coumaric acid, resulting from
LSPC treatment. Apart from quercetin, 3, 4-DHPA alone
in the spleen was conﬁrmed to be signiﬁcantly accrued
after enzymolysis. LSPC administration contributed to the
accumulations of quercetin, epicatechin, ferulic acid, HVA,
caﬀeic acid, vanillic acid, 3-HBA, syringic acid, p-HPPA,
m-coumaric, PCC, and pyrocatechol in plasma (Table 2).
There was no signiﬁcant diﬀerence in body weight
between the control group and LSPC group after LSPC
treatment (Figure S2). Catechin and epicatechin were
distinguished by LC-MS/MS according to distinctive
retention time and transition ions.

4. Discussion
Recently, there has been an increasing interest in the discovery of potential ﬂavonoids for preventing dementia or AD;
nevertheless, the complexity and diversity of ﬂavonoids
restrict the understanding of their value on AD treatment.
This study comprehensively veriﬁed its anti-Aβ neurotoxicity in vitro that could alleviate AD-related symptoms.
In AD, Aβ may contribute to oxidative stress in the brain
[1, 34] while the antioxidant activity is an outstanding feature
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Table 1: Quantities of compounds in rat tissues of control and LSPC groups.
(a)
Brain
Compound (ng/g)
PDB
ECG
EGC

Control
Mean ± SEM

LSPC
Mean ± SEM

ND
ND
ND

Quercetin

35.84 ± 2.63

ND
ND
ND
46.72 ± 2.57∗

Catechin

ND

ND
82.36 ± 7.79

Cardiac
Control
LSPC
Mean ± SEM
Mean ± SEM
ND
ND
ND

∗∗∗

29.29 ± 1.54

27.71 ± 1.45

ND

7.96 ± 3.47∗

ND

7.59 ± 6.59

ND

66.36 ± 31.51

ND

55.50 ± 9.13∗∗∗

ND
ND

Syringic acid
Ferulic acid

ND
54.21 ± 3.81

ND
84.45 ± 8.96

ND
ND

ND
ND

142.07 ± 12.50

236.36 ± 63.98

ND

ND

109.07 ± 3.95

120.93 ± 5.73
∗∗∗

ND
ND
ND

ND
ND
ND
49.12 ± 3.63∗∗∗

ND

Caﬀeic acid

LSPC
Mean ± SEM

ND
ND
ND
40.96 ± 2.54∗∗

Epicatechin

HVA

Liver
Control
Mean ± SEM

1.52 ± 0.94

ND
ND
19.36 ± 2.53∗∗∗

86.50 ± 1.70

∗

96.00 ± 3.57

79.50 ± 1.70

92.50 ± 4.98∗

12.44 ± 1.44

20.48 ± 3.30

17.74 ± 3.15

30.13 ± 4.09∗

Gallic acid

39.88 ± 2.83

69.36 ± 4.72

Vanillic acid

67.92 ± 11.19

122.50 ± 17.15∗

ND

ND

ND

ND

3,4-DHPA
p-HPPA

154.21 ± 22.81
14.29 ± 2.75

361.71 ± 162.66
22.29 ± 3.66
13.20 ± 0.97∗

18.64 ± 1.92
22.31 ± 13.30

21.89 ± 2.08
9.43 ± 3.24

ND
8.99 ± 6.41

ND
28.09 ± 7.20

ND

ND

ND

ND

m-Coumaric acid

9.26 ± 0.98

∗

183.64 ± 11.80

231.29 ± 16.06

211.21 ± 12.03

279.43 ± 40.98

112.14 ± 6.73

152.93 ± 19.14

3-HPAA

16.03 ± 1.16

25.47 ± 2.65∗∗

18.81 ± 0.77

26.89 ± 3.00∗

104.00 ± 9.17

170.86 ± 13.76∗∗

3-HBA

58.11 ± 12.87

83.49 ± 38.02

10.53 ± 4.37

8.26 ± 1.81

ND

4.13 ± 0.73∗∗

Pyrocatechol

94.21 ± 5.88

124.79 ± 9.49∗

54.54 ± 2.66

63.49 ± 5.27

13.46 ± 1.94

21.16 ± 2.92

Pancreas
Control
LSPC
Mean ± SEM
Mean ± SEM

PCC

(b)
Kidney
Compound (ng/g)
PDB
ECG
EGC
Quercetin

Spleen

Control
Mean ± SEM

LSPC
Mean ± SEM

Control
Mean ± SEM

LSPC
Mean ± SEM

ND
ND
ND

ND
ND
ND
49.55 ± 2.99∗∗∗

ND
ND
ND

ND
ND
ND
38.49 ± 3.66∗

17.55 ± 6.23

ND
ND
ND
50.78 ± 3.15∗∗∗

20.40 ± 1.27

7.01 ± 1.66

∗∗

29.13 ± 1.56

ND
ND
ND

Catechin

ND

ND

ND

ND

ND

Epicatechin

ND

32.40 ± 4.37∗∗∗

ND

33.71 ± 21.76

ND

ND

Syringic acid

ND

ND

ND

ND

ND

Ferulic acid

ND

ND

ND

ND

18.49 ± 7.86

ND
41.51 ± 3.58∗

14.46 ± 3.31

73.71 ± 9.05∗∗∗

ND

ND

ND

ND

Caﬀeic acid

71.00 ± 2.25

101.50 ± 5.90∗∗

51.88 ± 2.60

52.31 ± 2.93

114.43 ± 6.23

126.86 ± 7.82

Gallic acid

25.64 ± 1.35

51.12 ± 17.29

22.47 ± 1.69

26.72 ± 1.16

30.32 ± 5.58

47.08 ± 1.43∗

ND

21.83 ± 7.41∗

ND

ND

23.72 ± 6.33

44.05 ± 7.34

9.34 ± 1.83

20.89 ± 2.45∗∗

9.19 ± 2.48

19.31 ± 1.24∗∗

ND

ND

85.69 ± 61.94

279.71 ± 67.66

5.65 ± 2.74

12.77 ± 3.75

ND

ND

20.05 ± 13.39

ND

ND

17.88 ± 3.71

ND
36.21 ± 4.51∗∗

118.43 ± 10.88
15.31 ± 1.37

134.29 ± 8.74
21.62 ± 3.21

145.71 ± 16.17
2.82 ± 1.11

152.14 ± 17.77
2.14 ± 0.73

216.86 ± 17.69
40.83 ± 3.56

229.21 ± 12.45
49.78 ± 4.52

HVA

Vanillic acid
3,4-DHPA
p-HPPA
m-Coumaric acid
PCC
3-HPAA
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Table 1: Continued.
Kidney

Compound (ng/g)

Spleen
Control
Mean ± SEM

LSPC
Mean ± SEM

Pancreas
Control
LSPC
Mean ± SEM
Mean ± SEM

Control
Mean ± SEM

LSPC
Mean ± SEM

3-HBA

5.40 ± 0.68

26.16 ± 2.60∗∗∗

3.12 ± 0.87

4.29 ± 0.99

ND

ND

Pyrocatechol

19.98 ± 1.67

33.25 ± 3.60∗∗

16.56 ± 2.84

16.81 ± 3.78

69.26 ± 5.06

70.64 ± 3.89

Note: control and LSPC represent diﬀerent intervention groups, respectively. PDB, ECG, EGC, HVA, 3,4-DHPA, p-HPPA, PCC, 3-HPAA, and 3-HBA stand
for procyanidin dimer B, epicatechin gallate, epigallocatechin, homovanillic acid, 3,4-dihydroxyphenylacetic acid, 3-(4-hydroxyphenyl)propionic acid,
protocatechuic acid, 3-hydroxyphenylacetic acid, and 3-hydroxybenzoic acid, respectively. Values represent the concentrations of metabolites in diﬀerent rat
tissues, and they were all presented as the means ± SEM (n = 7); ND = not detected; ∗ , ∗∗ , ∗∗∗ indicates signiﬁcant diﬀerences between two groups with or
without LSPC (p < 0 05, p < 0 01, and p < 0 001), respectively.

Table 2: Quantities of compounds in rat plasma of control and
LSPC groups.
Plasma
Compound (ng/mL)
PDB
ECG
EGC

Control
Mean ± SEM

LSPC
Mean ± SEM

ND
ND
ND

ND
ND
ND
7.70 ± 0.73∗

Quercetin

5.83 ± 0.31

Catechin

ND

Epicatechin

ND

ND
9.38 ± 3.45∗

Syringic acid

ND

1.98 ± 0.34∗∗∗

Ferulic acid

8.95 ± 3.59

31.77 ± 4.24∗∗

HVA

6.64 ± 0.40

29.59 ± 3.63∗∗∗

Caﬀeic acid

10.36 ± 1.48

40.44 ± 9.68∗∗

Gallic acid

ND

ND
86.96 ± 7.60∗∗∗

Vanillic acid
3,4-DHPA

39.97 ± 2.52
23.22 ± 16.84

ND
122.97 ± 10.64∗∗∗

m-Coumaric acid

7.86 ± 5.63

24.90 ± 3.00∗

PCC

2.21 ± 0.36

10.95 ± 2.55∗∗

3-HPAA

4.63 ± 0.41

3-HBA

4.10 ± 0.26

6.77 ± 0.94
13.86 ± 0.90∗∗∗

Pyrocatechol

1.27 ± 0.47

4.73 ± 0.68∗∗

p-HPPA

ND

Note: control and LSPC represent diﬀerent intervention groups,
respectively. PDB, ECG, EGC, HVA, 3,4-DHPA, p-HPPA, PCC, 3-HPAA,
and 3-HBA stand for procyanidin dimer B, epicatechin gallate,
epigallocatechin, homovanillic acid, 3,4-dihydroxyphenylacetic acid, 3-(4hydroxyphenyl)propionic acid, protocatechuic acid, 3-hydroxyphenylacetic
acid, and 3-hydroxybenzoic acid, respectively. Values represent the
concentrations of metabolites in diﬀerent rat tissues, and they were all
presented as the means ± SEM (n = 7); ND = not detected; ∗ , ∗∗ , ∗∗∗
indicates signiﬁcant diﬀerences between two groups with or without LSPC
(p < 0 05, p < 0 01, and p < 0 001), respectively.

of ﬂavonoids. PC12 cells with Aβ25–35, as an AD-like model,
were performed to testify the abilities about anti-Aβ neurotoxicity of LSPC [35, 36]. LSPC has no toxicity in vitro and
in vivo that coincided with previous studies [27, 37]. LSPC
has exhibited its antioxidation eﬀect in vitro that was consistent with Xu et al. [27]. Interestingly, a higher concentration

of LSPC (20 mg/L) seemed to be less eﬃcient in the decrease
of MDA and LDH, and a dose-response could be seen
regarding the SOD activity. This result could be partly due
to the diﬀerence in antioxidant activity associated with doses
of procyanidins, cell type, and time of exposure [38]. The
inconsistency of diﬀerent antioxidant enzymes activities has
been reported by Puiggròs et al. [39]. Antioxidant reactions
of ﬂavonoids, as illustrated by many studies, may beneﬁt
the treatment and precaution of cancer [40], cardiovascular
diseases [41, 42], type 2 diabetes [41, 42], and neurodegenerative diseases [43]. Since periphery anti-Aβ has been proposed as potential approaches to ameliorate impairment of
Aβ [44, 45] in the central nervous system that the liver and
kidney have been tightly related to it [44, 46], it is a high possibility that antioxidant eﬀect of LSPC could contribute to
alleviate Aβ toxicity in this pathway.
Not only oxidative stress is attributed to accumulation
and neurotoxicity of Aβ in AD but also downregulation of
CREB/BDNF signaling [5, 12–14]. Several studies have shed
the light on anti-Aβ eﬀect of ﬂavonoids [47–49]. Lin et al.
have reported that Aβ could induce the death of cells [50],
and in AD, it is a major damage resulted from Aβ aggregation [51]. According to Hoechst staining and ﬂow cytometry
in the present study, LSPC kept cellular morphology from
deformation and suppressed the apoptosis of cells induced
by Aβ. In addition, Aβ can reduce the expression of BDNF
in AD [52], and CREB can mediate Aβ-induced BDNF
downregulation [53] that are in accordance with our results.
CREB/BDNF signaling was downregulated by Aβ but upregulated by LSPC. Through targeting phosphorylation of
CREB, AKT, and ERK, the upstream of CREB/BDNF signaling can aﬀect BDNF transcription [6, 7]. Activations of both
AKT and ERK were restrained by Aβ [8, 9] but increased
with treatment of LSPC in our study. CREB/BDNF signaling
plays a vital role in neuron survival, and BDNF-based synaptic repair is proposed as a therapeutic strategy for AD [54].
LSPC could hence ameliorate Aβ-induced damage in AD
through CREB/BDNF signaling. Notably, an interaction
between CREB/BDNF signaling and oxidative stress has
been conﬁrmed [18, 19]. Valvassori et al. have reported that
increased BDNF in the brain can modulate oxidative stress
[55]. Taken together, LSPC has both antioxidative eﬀects
and the ability to regulate CREB/BDNF signaling as a
potential AD pretreatment. Several researches focusing on
lotus also support that compounds from lotus may show
neuroprotection [20].
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Figure 8: Schematic diagram shows anti-Aβ eﬀects of LSPC on PC12 cells. CREB/BDNF signaling plays a signiﬁcant role in neuronal growth,
survival, and synaptic plasticity. Aβ can increase the apoptosis rates of cells and deform the cellular morphology since Aβ may lead to
downregulation of CREB phosphorylation and BDNF expression. LSPC can reverse the eﬀect of Aβ that it can improve the survival rates
of cells and maintain the cellular morphology. LSPC may promote the upstream signaling of CREB/BDNF, including AKT and ERK
phosphorylation, which can enhance CREB phosphorylation and BDNF expression. Additionally, Aβ may contribute to higher levels of
MDA and LDH and the lower activity of T-SOD. LSPC can mitigate Aβ-induced damage through reducing the level of MDA and LDH
and improving the activity of T-SOD. LSPC, procyanidins extracted from the lotus seedpod; Aβ, amyloid-β; PC12, rat
pheochromocytoma cells; BDNF, brain-derived neurotrophic factor; CREB, cAMP-responsive element-binding; LDH, lactate
dehydrogenase; SOD, superoxide dismutase; MDA, malonialdehyde.

By LC-MS/MS, we found several detectable compositions
accumulated in vivo and quantities of them were varied in rat
tissues and plasma after consecutive LSPC administration. As
reported, Aβ can aggravate in both central and periphery tissues and the relationship between AD and the peripheral system is indivisible [56, 57]. AD has been called as “type 3
diabetes”, concerning its association with insulin resistance
[58]; it also has been related to the gut-brain axis [59]. The
distribution of LSPC was only measured in rat urine before
so it was profound to conﬁrm the distribution of it in vivo.
In the LSPC group, epicatechin and quercetin, resulted from
quercetin-3-O-glucuronide in LSPC [25], were found to
accumulate in the brain. Wang et al. [16] have reported 3’-Omethyl-epicatechin-5-O-β-glucuronide, the major metabolites of epicatechin in the brain, may promote long-term
potentiation (LTP) through CREB signaling. Quercetin-3-Oglucuronide has been reported to cross the blood-brain barrier
and accumulate in the brain [60, 61]; deconjugation of it may
contribute to the appearance of quercetin in tissues [61]. Quercetin-3-O-glucuronide has also been identiﬁed to inhibit Aβ
aggregation [60] and reduce oxidative stress [61, 62]. The
increment of BDNF protein and AKT phosphorylation in the
rat by quercetin-3-O-glucuronide has been observed by Baral
et al. [63]. Serra et al. [64] have discussed the distribution
of procyanidins from hazelnut extract after treatment
once, reporting only p-HPPA is signiﬁcantly increased in
the brain. Conversely, our results showed that LSPC could
lead to the accumulation of quercetin, epicatechin, gallic acid,
vanillic acid, m-coumaric acid, protocatechuic, 3-HPAA,
and pyrocatechol. This inconsistency could be ascribed to
the diﬀerence between LSPC and hazelnut extract and
intervention time.
Other compounds in the brain detected to increase in
LSPC group, including gallic acid [65], vanillic acid [66],
and protocatechuic acid [67], have been discussed to antiAβ neurotoxicity through multifarious pathways. Gallic
acid could inhibit Aβ neurotoxicity through suppressing

neuroinﬂammation [65]; vanillic acid is found to attenuate
oxidative stress induced by Aβ [66]; protocatechuic acid
may also minimize inﬂammatory response [67]. But evidences about these materials are insuﬃcient. Further studies
are required to discern and compare the eﬀects of diﬀerent
compounds after LSPC treatment as an integral or as
separated components.

5. Conclusion
Our research ﬁrstly aﬃrmed anti-Aβ eﬀectiveness of LSPC
that indicated it as a promising pretreatment for AD and
expounded LSPC distribution in vivo. Through cell experiments, our study not only proved anti-Aβ eﬀects of LSPC
through evaluation of cell viability and cellular morphology
but also identiﬁed the antioxidant eﬀect of LSPC and
BDNF/CREB signaling in its anti-Aβ mechanisms
(Figure 8). We also applied LC-MS/MS in the detection of
LSPC in vivo that contributed to explain its eﬀect. Future
studies still need to enrich our scientiﬁc recognition of LSPC
and then establish the novel therapeutic strategies for AD.
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The work presents the results of an investigation into the molecular background of the activity of Cotoneaster fruits, providing a
detailed description of their phytochemical composition and some of the mechanisms of their anti-inﬂammatory and antioxidant
eﬀects. GS-FID-MS and UHPLC-PDA-ESI-MS3 methods were applied to identify the potentially health-beneﬁcial constituents of
lipophilic and hydrophilic fractions, leading to the identiﬁcation of fourteen unsaturated fatty acids (with dominant linoleic acid,
375.4–1690.2 mg/100 g dw), three phytosterols (with dominant β-sitosterol, 132.2–463.3 mg/100 g), two triterpenoid acids
(10.9–54.5 mg/100 g), and twenty-six polyphenols (26.0–43.5 mg GAE/g dw). The most promising polyphenolic fractions
exhibited dose-dependent anti-inﬂammatory activity in in vitro tests of lipoxygenase (IC50 in the range of 7.7–24.9 μg/U) and
hyaluronidase (IC50 in the range of 16.4–29.3 μg/U) inhibition. They were also demonstrated to be a source of eﬀective
antioxidants, both in in vitro chemical tests (DPPH, FRAP, and TBARS) and in a biological model, in which at in vivo-relevant
levels (1–5 μg/mL) they normalized/enhanced the nonenzymatic antioxidant capacity of human plasma and eﬃciently protected
protein and lipid components of plasma against peroxynitrite-induced oxidative/nitrative damage. Moreover, the investigated
extracts did not exhibit cytotoxicity towards human PMBCs. Among the nine Cotoneaster species tested, C. hjelmqvistii, C.
zabelii, C. splendens, and C. bullatus possess the highest bioactive potential and might be recommended as dietary and
functional food products.

1. Introduction
Edible fruits are widely recognized as a valuable source of
structurally diverse phytochemicals with a broad spectrum
of health-promoting properties. Decreased cholesterol levels,
lower blood pressure, better mental health, and protection

against cancer are only a few of the many beneﬁts associated
with the regular intake of fruit products, as indicated by
numerous epidemiological studies [1]. Among the diﬀerent
fruit-bearing families, the Rosaceae seems to be of special
importance. With over 3000 species, the family provides
numerous types and varieties of fruits, some of which, such
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(a)
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Figure 1: The fruits of C. bullatus (a) and C. splendens (b).

as apples, pears, strawberries and cherries, have great
economic and dietary importance, and are frequently and
willingly consumed due to their excellent ﬂavors and proven
nutritional value [2]. Many other taxa (e.g., Aronia sp.,
Sorbus sp., Pyracantha sp., and Prunus spinosa L.) produce
fruits, that while less attractive in taste and appearance, are,
nonetheless, distinguished by especially high quantities of
bioactive constituents, which makes them perfect candidates
for more specialized food applications, for example, as functional food products or food additives [3–6].
The chemical diversity of health-beneﬁcial phytochemicals contained in rosaceous plant materials is immense and
ranges from highly lipophilic to strongly polar constituents.
Unsaturated fatty acids of almond oil, the cholesterolregulating phytosterols of Prunus africana (Hook.f.) Kalkman,
and the pentacyclic triterpenes, ubiquitous throughout the
Rosaceae, with proven anti-inﬂammatory activity are some
examples of the possible structures from the hydrophobic
end of the spectrum [7, 8]. On the other hand, the hydrophilic
fractions often contain an abundance of highly-valued polyphenol antioxidants belonging to numerous chemical classes,
such as ﬂavonoids, phenolic acids, and tannins. The bioactive
potential of Rosaceae fruits is, therefore, associated not with a
single fraction but rather is an eﬀect of the presence of a range
of phytochemicals.
The genus Cotoneaster Medikus is one of the largest
genera of the Rosaceae family (subfamily Spiraeoideae, tribe
Pyreae) comprising about 500 species of shrubs or small
trees. Its members are native to the Palearctic region
(temperate Asia, Europe, north Africa) but are often cultivated throughout Europe as ornamental plants due to their
decorative bright red fruits (Figure 1). The center of diversity
of the taxon are the mountains of southwestern China and
the Himalayas [9, 10], where the fruits have been used for
culinary purposes by the local communities. The nutritional
value of the fruits as a source of vitamins and minerals has
been conﬁrmed [11, 12] and additional beneﬁcial health
eﬀects of the fruit consumption have been also reported in
the traditional medicine for the treatment of diabetes mellitus, cardiovascular diseases, nasal hemorrhage, excessive
menstruation, fever, and cough [9, 10]. The phytochemical
research on the subject is scarce, but the available data indicate the tendency of the fruits to accumulate a wide range
of active metabolites. In particular, the fruits of Cotoneaster
pannosus Franch. are a source of linoleic acid, those of

Cotoneaster microphylla Wall ex Lindl contain pentacyclic
triterpenoids, and the polyphenolic fractions of C. pannosus
and Cotoneaster integerrimus Medik. fruits are rich in epicatechin, shikimic acid, and chlorogenic acid [9, 11, 12].
However, broader generalization of their properties is troublesome, and the possible wider application of the fruits, for
example, as functional food products, is hindered by a lack
of systematic studies. Similarly limited is the information
on the activity of Cotoneaster fruits. Preliminary studies
have been performed on the fruits of C. integerrimus and
C. pannosus with regard to their antioxidant, anticholinesterase, antityrosinase, antiamylase, and antiglucosidase properties, and their free radical-scavenging potential was proven to
be the most promising [9, 12]. Still, the research was carried
out using only simple in vitro chemical tests and did not
cover in vivo-relevant antioxidant mechanisms.
The aim of this study was, therefore, to provide a more
detailed insight into the chemical composition and activity
of Cotoneaster fruits. To this end, the fruits from nine species
of Cotoneaster cultivated in Poland were analyzed for a range
of lipophilic and hydrophilic (polyphenolic) constituents
with acknowledged health-promoting properties using a
combination of chromatographic and spectroscopic methods
(GC-FID-MS, UHPLC-PDA-ESI-MS3, and UV-Vis spectrophotometry). The most promising polyphenolic fractions
were then subjected to an analysis of antioxidant activity
comprising eight complementary in vitro tests (both chemical
and biological plasma models) covering some of the mechanisms crucial for reducing the level of oxidative damage in
the human organism, that is, scavenging of free radicals,
enhancement of the nonenzymatic antioxidant capacity of
blood plasma, and protection of its lipid and protein components against oxidative/nitrative changes. Additionally, the
inhibitory eﬀects of the fruit extracts on the proinﬂammatory
enzymes, that is, lipoxygenase and hyaluronidase, were also
measured. Finally, the cellular safety of the extracts was evaluated in cytotoxicity tests employing human peripheral blood
mononuclear cells (PMBCs).

2. Materials and Methods
2.1. Plant Material. The fruit samples of nine selected
Cotoneaster Medik. species, that is, C. lucidus Schltdl. (AR),
C. divaricatus Rehder et E.H. Wilson (BG), C. horizontalis
Decne. (BG), C. nanshan Mottet (BG), C. hjelmqvistii Flinck
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et B. Hylmö (BG), C. dielsianus E. Pritz. (BG), C. splendens
Flinck et B. Hylmö (BG), C. bullatus Bois (BG), and C. zabelii
C.K. Schneid. (BG) were collected in September 2013, in the
Botanical Garden (BG; 51°45′N 19°24′E) in Lodz (Poland)
and in the Arboretum (AR; 51°49′N 19°53′E), Forestry
Experimental Station of Warsaw University of Life Sciences
(SGGW) in Rogow (Poland). The voucher specimens were
deposited in the Herbarium of the Department of Pharmacognosy, Medical University of Lodz (Poland). The raw
materials were powdered with an electric grinder, sieved
through a 0.315 mm sieve, and stored in airtight containers
until use.
2.2. General. Reagents and standards of analytical or
HPLC grade such as 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,4,6-tris-(2-pyridyl)-s-triazine (TPTZ), 2,2′-azobis-(2amidinopropane)-dihydrochloride (AAPH), linoleic acid,
2-thiobarbituric acid, Tween® 40, 5,5′-dithiobis-(2-nitrobenzoic acid) (DNTB), xylenol orange disodium salt,
Histopaque®-1077 medium N,O-bis-(trimethylsilyl)-triﬂuoroacetamide with 1% 1-trimethylchlorosilane (BSTFA +
TMCS), boron triﬂuoride, bovine testis hyaluronidase, lipoxygenase from soybean, reference standards of fatty acid
methyl esters (FAMEs), ethyl oleate, 5-α-cholesterol, (±)-6hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid
(Trolox®), butylated hydroxyanisole (BHA), 2,6-di-tertbutyl-4-methylphenol (BHT), gallic acid monohydrate,
quercetin dehydrate, chlorogenic acid hemihydrate (5-Ocaﬀeoylquinic acid), 3-O- and 4-O-caﬀeoylquinic acids,
hyperoside semihydrate, isoquercitrin, rutin trihydrate, procyanidins B-2 and C-1, (−)-epicatechin, and indomethacin
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The standards of quercetin 3-O-β-D-(2″-O-β-D-xylosyl)galactoside and quercitrin (quercetin 3-O-α-L-rhamnoside)
have previously been isolated in our laboratory from C.
bullatus and C. zabelii leaves with at least 95% HPLC purity
(unpublished results). A (Ca2+ and Mg2+)-free phosphate
buﬀered saline (PBS) was purchased from Biomed (Lublin,
Poland). Peroxynitrite was synthesized according to Pryor
et al. [13]. Anti-3-nitrotyrosine polyclonal antibody, biotinconjugated secondary antibody, and streptavidin/HRP were
purchased from Abcam (Cambridge, UK). HPLC grade solvents such as acetonitrile and formic acid were from Avantor
Performance Materials (Gliwice, Poland). For chemical tests,
the samples were incubated at a constant temperature using a
BD 23 incubator (BINDER, Tuttlingen, Germany) and measured using a UV-1601 Rayleigh spectrophotometer (Beijing,
China). Activity tests in blood plasma models and enzyme
inhibitory assays were performed using 96-well plates and
monitored using a SPECTROStar Nano microplate reader
(BMG LABTECH, Ortenberg, Germany).
2.3. Phytochemical Proﬁling
2.3.1. Extraction and Derivatization of Lipophilic
Phytochemicals. The fruit samples (7.0 g) were exhaustively
extracted in a Soxhlet apparatus with chloroform (150 mL,
24 h), to give lipid extracts (288–467 mg dw), which were
then subjected to quantiﬁcation of lipophilic compounds.
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Fatty acids were assayed as fatty acid methyl esters (FAMEs)
prepared according to a method described earlier [14].
Phytosterols and triterpenes were assayed after their transformation to trimethylsilyl ethers (TMSs) according to Thanh
et al. [15]. The FAME and TMS mixtures were independently
analyzed by GC-FID-MS.
2.3.2. GC-FID-MS Analysis. The analyses of lipophilic fractions were performed on a Trace GC Ultra instrument
coupled with a DSQII mass spectrometer (Thermo Electron,
Waltham, MA, USA) and a MS-FID splitter (SGE Analytical
Science, Trajan Scientiﬁc Americas, Austin, TX, USA). The
applied mass range was 33–550 amu, ion source-heating
was 200°C, and ionization energy was 70 eV. The conditions
for FAMEs were as follows: capillary column: TG-WaxMS
(30 m × 0.25 mm i.d., ﬁlm thickness 0.25 μm; Thermo Fisher
Scientiﬁc, Waltham, MA, USA); temperature program:
3–30 min: 50–240°C at 4°C/min; and injector and detector
temperatures: 250°C and 260°C, respectively. The conditions for TMSs were as follows: capillary column: HP-5
(30 m × 0.25 mm i.d., ﬁlm thickness 0.25 μm; Agilent Technologies, Santa Clara, CA, USA); temperature program:
1–15 min: 100–250°C, at 10°C/min; 15–30 min: 250–300°C,
at 4°C/min; and injector and detector temperatures: 310°C
and 300°C, respectively. In all cases, the carrier gas was
helium (constant pressure: 300 kPa). The lipophilic analytes
were identiﬁed by comparison of their MS proﬁles with those
stored in the libraries NIST 2012 and Wiley Registry of Mass
Spectral Data (10th and 11th eds). Retention times (t R ) of
FAMEs were also compared with those of the commercial
FAME mixture. The analyte levels were expressed as
mg/100 g fruit dry weight (dw), calculated using the internal
standards of ethyl oleate and 5-α-cholesterol (for the fatty
acids as well as phytosterols and triterpenoids, respectively)
and it was recalculated to the content in the plant material
taking into account the extraction yield.
2.3.3. Extraction of Polyphenolic Compounds. The fruit samples (100–500 mg) were ﬁrst defatted by preextraction with
chloroform (20 mL, 15 min; the chloroform extracts were discarded), then reﬂuxed for 30 min with 30 mL of 70% (v/v)
aqueous methanol, and twice for 15 min with 20 mL of the
same solvent. The combined extracts were diluted with the
extractant to 100 mL. Each sample was extracted in triplicate
to give the test extracts, which were analyzed for their total
phenolic contents (TPCs) and antioxidant activity in chemical models. For UHPLC analyses and antioxidant activity
evaluation in the human plasma models, the test extracts
were evaporated in vacuo and lyophilized using an Alpha
1-2/LDplus freeze dryer (Christ, Osterode am Harz, Germany)
before weighing.
2.3.4. UHPLC-PDA-ESI-MS3 Analysis. Metabolite proﬁling
was performed on an UltiMate 3000 RS UHPLC system
(Dionex, Dreieich, Germany) with PDA detector scanning
in the wavelength range of 220–450 nm and an amaZon
SL ion trap mass spectrometer with ESI interface (Bruker
Daltonics, Bremen, Germany). Separations were carried
out on a Kinetex XB-C18 column (150 × 2.1 mm, 1.7 μm;
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Phenomenex Inc., Torrance, CA, USA). The mobile phase
consisted of solvent A (water-formic acid, 100 : 0.1, v/v)
and solvent B (acetonitrile-formic acid, 100 : 0.1, v/v) with
the following elution proﬁle: 0–45 min, 6–26% (v/v) B;
45–55 min, 26–95% B; 55–60 min, 95% B; and 60–63 min,
95–6% B. The ﬂow rate was 0.3 mL/min. The column
temperature was 25°C. Before injections, samples of dry
extracts (15 mg) were dissolved in 1.5 mL of 70% aqueous
methanol, ﬁltered through PTFE syringe ﬁlters (25 mm,
0.2 μm, Vitrum, Czech Republic) and injected (3 μL) into
the UHPLC system. UV-Vis spectra were recorded over
a range of 200–600 nm, and chromatograms were acquired
at 280, 325, and 350 nm. The LC eluate was introduced
directly into the ESI interface without splitting and analyzed
in a negative ion mode using a scan from m/z 70 to 2200. The
MS2 and MS3 fragmentations were obtained in Auto MS/MS
mode for the most abundant ions at the time. The nebulizer
pressure was 40 psi, dry gas ﬂow was 9 L/min, dry temperature was 300°C, and capillary voltage was 4.5 kV.
2.3.5. Determination of Total Phenolic Content (TPC). The
TPC levels were determined according to the FolinCiocalteu method as described previously [16]. The results
were expressed as mg of gallic acid equivalents (GAE) per g
of dry weight of the plant material (mg GAE/g dw).
2.4. Lipoxygenase (LOX) and Hyaluronidase (HYAL)
Inhibition Tests. The ability of the fruit extracts to inhibit
lipoxygenase (LOX) and hyaluronidase (HYAL) was evaluated according to the method optimized earlier [17]. The
results of both tests were expressed as IC50 values (μg/mL)
from concentration-inhibition curves.
2.5. Antioxidant Activity in Chemical Models. The DPPH
free-radical scavenging activity was determined according
to a previously optimized method [16] and expressed as
normalized EC50 values calculated from concentrationinhibition curves. The FRAP (ferric reducing antioxidant
power) was determined according to [16] and expressed in
μmol of ferrous ions (Fe2+) produced by 1 g of the dry extract
or standard, which was calculated from the calibration curve
of ferrous sulfate. The ability of the extracts to inhibit AAPHinduced peroxidation of linoleic acid was assayed as
described previously [18] with peroxidation monitored by
quantiﬁcation of thiobarbituric acid-reactive substances
(TBARS) according to a previously optimized method [19],
and the antioxidant activity was expressed as IC50 values calculated from concentration-inhibition curves. Additionally,
the activity parameters in all of the assays were also expressed
as μmol Trolox® equivalents (TE) per g of dry weight of the
plant material (μmol TE/g dw).
2.6. Antioxidant Activity in Human Plasma Models
2.6.1. Isolation of Blood Plasma and Sample Preparation.
Blood (buﬀy coat units) from eight healthy volunteers,
received from the Regional Centre of Blood Donation and
Blood Treatment in Lodz (Poland), was centrifuged to obtain
plasma [20]. All experiments were approved by the committee on the Ethics of Research at the Medical University of
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Lodz RNN/347/17/KE. Plasma samples, diluted with 0.01 M
Tris/HCl pH 7.4 (1 : 4 v/v), were preincubated for 15 min at
37°C with the examined extracts, added to the ﬁnal concentration range of 1–50 μg/mL, and then exposed to 100 or
150 μM peroxynitrite (ONOO−). Control samples were prepared with plasma untreated with the extracts and/or peroxynitrite. To eliminate the possibility of direct interactions of
the extracts with plasma proteins and lipids, several experiments with blood plasma and the extracts only (without
adding ONOO−) were also performed and no prooxidative
eﬀect was found.
2.6.2. Determination of 3-Nitrotyrosine and Thiols in
Human Plasma Proteins. The peroxynitrite-induced protein
damage in blood plasma was determined by the use of
3-nitrotyrosine and protein thiol levels (−SH) as biomarkers
of oxidative stress. Immunodetection of 3-nitrotyrosinecontaining proteins by the competitive ELISA (C-ELISA)
method in plasma samples (control or antioxidants and
100 μM ONOO−-treated plasma) was performed according
to [20]. The nitroﬁbrinogen (3NT-Fg, at a concentration of
0.5 μg/mL and 3–6 mol nitrotyrosine/mol protein) was prepared for use in the standard curve. The concentrations of
nitrated proteins that inhibit antinitrotyrosine antibody
binding were estimated from the standard curve and are
expressed as the 3NT-Fg equivalents (in nmol/mg of
plasma protein). The concentration of free thiol groups
(−SH) in plasma samples (control or antioxidants and
100 μM ONOO−-treated plasma) was measured spectrophotometrically according to Ellman’s method [20]. The free
thiol group concentration was calculated from the standard
curve of glutathione (GSH) and expressed as umol/mL of
plasma.
2.6.3. Determination of Lipid Hydroperoxides and TBARS in
Human Blood Plasma. The peroxynitrite-induced lipid peroxidation in blood plasma was determined spectrophotometrically by evaluation of the level of lipid hydroperoxides and
TBARS. The concentration of hydroperoxides in plasma
samples (control or antioxidants and 100 μM ONOO−treated plasma) was determined by a ferric-xylenol orange
(FOX-1) protocol with a later modiﬁcation [20]. The amount
of lipid hydroperoxides was calculated from the standard
curve of hydrogen peroxide and expressed in nmol/mg of
plasma proteins. Determination of TBARS in plasma samples (control or antioxidants and 100 μM ONOO−-treated
plasma) was performed according to [20]. The TBARS values
were expressed in μmol TBARS/mL of plasma.
2.6.4. Ferric Reducing Ability of Human Blood Plasma
(FRAP). The inﬂuence of the extracts on the nonenzymatic
antioxidant status of plasma was conducted by measurements of their ability to reduce ferric ions (Fe3+) to ferrous
ions (Fe2+). The experiments were performed according to
Benzie and Strain [21] and modiﬁed by KolodziejczykCzepas et al. [20]. The FRAP values of plasma samples
(control or antioxidants and 150 μM ONOO−-treated
plasma) were expressed in mM Fe2+ in plasma as calculated
from the calibration curve of ferrous sulphate.
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3. Results and Discussion

are in accordance with previous reports for the fruits of
C. pannosus from Italy, as well as the branches of C. horizontalis Decke. of Egyptian origin and the seeds of C. bullatus,
C. dielsianus, C. francheti Bois, C. moupinensis Franch., and
C. simonsii Baker cultivated in Germany, in which linoleic
and palmitic acids were also detected as the major fatty acid
components [9, 22, 23].
The unsaturated fatty acids are known factors associated
with the prevention of various chronic and acute diseases,
such as cardiovascular diseases, osteoporosis, immune disorders, and cancer [7]. Linoleic acid, the representative of the
omega-6 fatty acid family (essential fatty acids (EFA)), is considered a vital constituent of a healthy human diet, due to its
contribution to cholesterol metabolism (regulation of plasma
total cholesterol and low-density lipoprotein cholesterol
levels and HDL-LDL ratio) and its association with a lower
risk of atherosclerosis [24]. Main sources of this compound
are plant oils, derived, inter alia, from the seeds of saﬄower,
sunﬂower, grape, pumpkin, and corn. The available literature
data [25, 26] indicate that whole fruits of some Rosaceae members, such as Crataegus monogyna Jacq., Prunus spinosa L.,
and Rubus ulmifolius Schott., might be considered as abundant in linoleic acid, constituting over 10% of their lipophilic
fraction [26]. Our present results indicate that the analyzed
Cotoneaster fruits also deserve more attention as rich sources
of this compound.

3.1. GC-FID-MS Analysis of Fatty Acids. The fatty acid
proﬁles of the lipophilic fractions in the chloroform extracts
of the Cotoneaster fruits were determined by GC-FID-MS
analysis of methyl ester derivatives (FAMEs). As shown in
Table 1 and Figure 2, fourteen fatty acids were identiﬁed,
including saturated, mono-, and polyunsaturated acids with
chain lengths ranging from 6 to 22 carbon atoms. Their total
content (TFA) varied among the Cotoneaster species from
902.5 to 2683.8 mg/100 g of fruit dry weight (dw) with the
highest levels noted for C. zabelii (2683.8 mg/100 g dw) and
C. splendens (2024.1 mg/100 g dw). All analyzed fruits contained primarily poly- and monounsaturated acids, constituting 41.6–66.8% and 18.6–29.6% of TFA, respectively.
The major component in each sample was linoleic acid
C18 : 2 Δ9,12, the sole representative of the polyunsaturated
acids. Its content varied among species from 375.4 to
1690.2 mg/100 g fruit dw with the highest amounts (above
10 mg/g dw) recorded for the fruits of C. zabelii, C. splendens,
C. hjelmqvistii, and C. horizontalis. Relatively high levels of
oleic acid C18 : 1 Δ9, a monounsaturated acid, were also
noted, especially for the C. zabelii and C. splendens (649.7
and 473.7 mg/100 g dw, respectively). Regarding saturated
acids, they accounted for only 12.3–28.8% of TFA. The
highest content of this group was observed in the fruits
of C. zabelii, C. splendens, and C. nanshan, with palmitic
acid C16 : 0 being the dominant compound (226.5, 212.6
and 168.7 mg/100 g dw, respectively).
The present work is the ﬁrst comparison of several
Cotoneaster fruits in terms of their fatty acid proﬁle.
Despite some quantitative diﬀerences observed between the
investigated fruits, a high level of consistency can be noticed
in the qualitative composition of this fraction. The results

3.2. GC-FID-MS Analysis of Phytosterols and Triterpenoids.
Apart from fatty acids, three phytosterols (campesterol,
β-sitosterol, and stigmasterol) and four triterpenes (α- and
β-amyrins, ursolic and oleanolic acids) were identiﬁed in
the chloroform extracts of the Cotoneaster fruits, based on
GC-FID-MS analysis of their trimethylsilyl ether derivatives
(TMSs). As reported in Table 2 and Figure 2, the total
content of sterols and triterpenoids, depending on the tested
species, was in the range of 154.6–515.6 mg/100 g of fruit
(dw) with the highest levels observed for C. splendens
(515.6 mg/100 g dw) and C. nanshan (438.0 mg/100 g dw).
The dominant compound in all samples was β-sitosterol,
with the levels ranging from 132.2 to 463.3 mg/100 g dw
(76.5–89.3% of the total sterols and triterpenes). The highest
content of β-sitosterol was observed for the fruit of C. splendens (463.3 mg/100 g dw) followed by those of C. nanshan
(391.3 mg/100 g dw) and C. horizontalis (316.3 mg/100 g dw).
Other individual components were observed at much lower
concentrations, reaching at most 42 mg/100 g dw.
Regarding the phytosterol and triterpenoid proﬁle, the
present results are generally similar to the data obtained
previously for diﬀerent organs of Cotoneaster species,
although some diﬀerences can be noticed in relative proportions of particular compounds. Among the sterols and
triterpenoids identiﬁed earlier for the C. horizontalis
branches collected in Egypt, α-amyrin was the dominant
compound, constituting 14.4% of the total lipophilic constituents, followed by β-sitosterol (8.5%) and stigmasterol
(1.1%) [23]. The ursolic acid was isolated previously from
C. simonsii twigs [27], C. racemiﬂora Desf. twigs [28], and
C. microphylla fruits [11], but the present work is the ﬁrst
to describe its quantitative levels in the Cotoneaster plants.

2.7. Cellular Safety Testing. The cytotoxicity of the examined
extracts was conducted in an experimental system of peripheral blood mononuclear cells (PBMCs). PBMCs were isolated
from fresh human blood using the Histopaque®-1077
medium, according to a procedure described in our previous
work [19]. Then, the cells (1 × 106 PBMCs/mL, suspended in
PBS) were incubated with Cotoneaster fruit extracts at the
ﬁnal concentrations of 5, 25, and 50 μg/mL. Measurements
of cell viability were executed after two, four, and six hours
of incubation (at 37°C) in a routine dye excluding test, based
on a staining with 0.4% Trypan blue. The procedure was carried out according to the manufacturer’s protocol using a
microchip-type automatic cell counter Bio-Rad (Hercules,
CA, USA).
2.8. Statistical and Data Analysis. The statistical analysis was
performed using STATISTICA 13Pl software for Windows
(StatSoft Inc., Krakow, Poland). The results were reported
as means ± standard deviation (SD) or ±standard error (SE)
for the indicated number of experiments. The signiﬁcance
of diﬀerences between the samples and controls were analyzed by one-way ANOVA, followed by the post hoc Tukey’s
test for multiple comparison. A level of p < 0 05 was accepted
as statistically signiﬁcant.
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Table 1: Content of fatty acids (mg/100 g dw) in the Cotoneaster fruits.a
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Figure 2: Variability of the measured quantitative and activity parameters among the investigated Cotoneaster fruits. (a) FA, total fatty acids;
PS + TR, sum of phytosterols and tritrepenes; TPC, total phenolic content, expressed in gallic acid equivalents (GAE). (b) DPPH, radical
scavenging activity expressed as EC50 value; FRAP, ferric reducing antioxidant power; TBARS, inhibition of linoleic acid peroxidation;
TE, Trolox® equivalent antioxidant activity.
Table 2: Content of phytosterols and triterpenes (mg/100 g dw) in the Cotoneaster fruits.a
Fruit sample

Campesterol

β-Sitosterol

C. lucidus
C. divaricatus
C. horizontalis
C. nanshan
C. hjelmqvistii
C. dielsianus
C. splendens
C. bullatus
C. zabelii

6.83 ± 0.30
9.06 ± 0.31E
6.04 ± 0.22B,C
8.94 ± 0.40E
4.31 ± 0.12A
5.38 ± 0.21B
13.11 ± 0.56F
7.98 ± 0.31D
6.77 ± 0.30C

195.31 ± 5.31
132.19 ± 4.23A
316.31 ± 15.03D
391.26 ± 17.02E
211.99 ± 10.13B
181.96 ± 5.22B
463.26 ± 15.10F
274.47 ± 12.15C
273.25 ± 10.22C

C

Stigmasterol
B

nd
nd
nd
nd
nd
tr
nd
2.70 ± 0.07B
1.00 ± 0.01A

β-Amyrin

α-Amyrin

Ursolic acid

Oleanolic acid

nd
nd
nd
nd
1.17 ± 0.05A
2.12 ± 0.10B
nd
0.88 ± 0.04A
nd

1.05 ± 0.05
2.48 ± 0.07B
0.88 ± 0.02A
5.26 ± 0.21C
14.37 ± 0.61F
6.32 ± 0.24D
8.79 ± 0.30E
14.15 ± 0.50F
14.89 ± 0.22F

6.61 ± 0.30
2.21 ± 0.04A
25.45 ± 1.10F
6.04 ± 0.22B
27.03 ± 0.98F
10.49 ± 0.35C
13.42 ± 0.45D
41.45 ± 1.50G
20.70 ± 1.03E

15.52 ± 0.53D
8.65 ± 0.32A,B
17.24 ± 0.50E
26.52 ± 1.05F
18.41 ± 0.50E
7.30 ± 0.18A
17.05 ± 0.45D,E
13.05 ± 0.52C
9.27 ± 0.36B

A

B

a
Values presented as means ± SD calculated per dw of the plant material (n = 3); tr—trace, the content less than 0.5 mg/100 g dw; nd—not detected; diﬀerent
capital letters within the same row indicate signiﬁcant diﬀerences at α = 0 05 in HSD Tukey’s test.

On the other hand, betulinic acid, reported earlier for
C. microphylla fruits [11], was not detected during the present study in any fruit sample.
Phytosterols (β-sitosterol, stigmasterol, and their analogues) are important dietary components which help regulate serum lipid proﬁle, reduce total- and LDL-cholesterol
levels, and increase HDL/LDL ratio. In addition, plant sterols
possess anticancer, anti-inﬂammatory, and moderate antioxidant activities [29]. For instance, β-sitosterol, the most
abundant plant sterol in the human diet, displays signiﬁcant eﬀects on reducing the symptoms of benign prostatic
hyperplasia and prostate cancer. Moreover, this compound
has been associated with antidiabetic, immunomodulatory,
and analgesic properties [30]. Phytosterols are found
abundantly in nonpolar fractions of plants, and their daily
consumption is estimated in the range of 200–400 mg with
the main dietary sources being vegetable oils, nuts, cereal

products, vegetables, fruits, and berries [30]. They are also
known to be present in abundance in the fruits derived
from numerous genera of Rosaceae, including Prunus,
Crataegus, and Rosa [25]. In the lipid fraction of rosaceous
fruits, β-sitosterol was often identiﬁed as the predominant
lipophilic compound, constituting usually more than 60%
of the total sterols. As the daily intake of phytosterols
(1.5–2.4 g) required for beneﬁcial health eﬀects, especially
for cardiovascular and antiatherogenic protection, is usually higher than consumed with the common diet [30],
dietary supplementation is a rational solution, and new plant
sources of these biomolecules, such as the Cotoneaster fruits,
oﬀer promise in this aspect.
3.3. Polyphenolic Proﬁling of Fruit Extracts. LC-MS analysis
of the hydrophilic (70% aqueous methanolic) extracts of the
Cotoneaster fruits revealed the presence of a number of
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Cotoneaster hjelmqvistii O_RB2_01_945.d: UV chromatogram, 280 nm
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Figure 3: Representative UHPLC-UV chromatograms of the C. bullatus, C. splendens, and C. hjelmqvistii fruit polar extracts (λ = 280 nm).
The peak numbers refer to those applied in Table 3.

polyphenols (UHPLC peaks 1–26, Figure 3, Table 3) that
were fully or tentatively identiﬁed by comparison of their
chromatographic behavior and ESI-MS3 fragmentation pattern with authentic standards or literature values. Three
major groups of polyphenols were recognized, including phenolic acids (3, 7, and 8) and their derivatives (1, 4, 5, and 11),
ﬂavan-3-ols including proanthocyanidins (9, 10, 12–16, 18,
and 24), and ﬂavonoids (17, 20, 21–23, 25, and 26). The
recorded UHPLC ﬁngerprints (Table 3) indicate that the
phenolic proﬁles of all nine Cotoneaster fruits were qualitatively similar. However, noticeable diﬀerences were found
in the proportions of individual polyphenols, which allowed
the subgroups of species to be distinguished depending on
the prevalent phenolic class. A distinctive feature of most
Cotoneaster samples, especially C. divaricatus, C. horizontalis, and C. nanshan, was the predominance of phenolic acid
derivatives (1, 3–5, 7, 8, and 11), mainly caﬀeoylquinic acids,
with the dominant peak being chlorogenic acid (7). On the
other hand, C. zabelii, C. bullatus, and C. hjelmqvistii
contained relatively high amounts of ﬂavan-3-ols and
proanthocyanidins (9, 10, 12–16, 18, and 24), with dominating (−)-epicatechin (12). The contribution of ﬂavonoids
(17, 20, 21–23, 25, and 26) to the overall phenolic fraction
was generally the lowest, but C. splendens was distinguished by a particularly large proportion of quercetin
3-(2″-xylosyl)-galactoside (17), and C. dielsianus contained
a relatively higher level of hyperoside (21).
This report is the ﬁrst comprehensive study of the
LC-MS characteristics of the Cotoneaster fruits; the previous
studies on C. integerrimus and C. pannosus have focused
only on a selected aspect (HPLC-PDA) of their polyphenolic proﬁles [9, 12]. In contrast to the present results,

the occurrence of low-molecular phenolic acids, including shikimic, p-coumaric, and benzoic acids, has been previously reported, and this phenomenon may be explained by
the individual attributes of the tested samples or by diﬀerences in the methodology employed for the structural identiﬁcation. On the other hand, the reported high level of
(−)-epicatechin in the fruits of C. integerrimus [12] indicates its similarity to those of C. zabelii and C. bullatus
analyzed in the present study.
The total phenolic content (TPC) of the 70% aqueous
methanolic extracts of the Cotoneaster fruits was determined
by the Folin-Ciocalteu photometric assay, commonly used to
estimate phenolic metabolites as gallic acid equivalents
(GAE). As shown in Table 4 and Figure 2, the TPC values
in the analyzed fruits varied from 26.0 to 43.5 mg GAE/g of
fruit dw. The highest phenolic content was found for the fruits
of C. hjelmqvistii and C. zabelii (43.5 and 43.0 mg/g dw,
respectively), followed by those of C. splendens and C. bullatus
(38.5 and 37.3 mg/g dw, respectively). The level of phenolics
in these species is comparable with those observed for other
Rosaceae fruits reported in the literature as rich sources
of natural polyphenols, for example, Aronia melanocarpa
(Michx.) Elliott (34.4–78.5 mg GAE/g dw; [3]) and Sorbus
species (22.4–29.8 mg GAE/g dw; [16]).
The presence of polyphenolic compounds in fruits and
vegetables is strongly linked with the beneﬁcial eﬀects of
these food products for human health, and the inﬂuence of
polyphenols on closely intertwined processes of inﬂammation and oxidative stress is recognized as the most feasible
mode of this action. As free radical scavengers, metal chelators, prooxidant and proinﬂammatory enzyme inhibitors,
and modiﬁers of cell signaling pathways, polyphenols are
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Table 3: UHPLC-PDA-ESI-MS3 data of polyphenols identiﬁed in the polar extracts from Cotoneaster fruits.
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a

Identiﬁed with the corresponding standards; brelative contribution based on peak area on the UHPLC chromatograms (λ = 280 nm) recorded at the extract concentration of 10 mg/mL and injection volume of 3 μL;
nd—not detected; the values are means (n = 3); with RSD ≤ 5%. CL, C. lucidus; CDV, C. divaricatus; CHR, C. horizontalis; CN, C. nanshan; CH, C. hjelmqvistii; CDL, C. dielsianus; CS, C. splendens; CB, C. bullatus;
CZ, C. zabelii.
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Table 4: Total phenolic content (TPC) and antioxidant activity (DPPH, FRAP, and TBARS tests) of the Cotoneaster fruits and standard
antioxidants.

Fruit sample/
standard

TPCa
(mg GAE/g)

C. lucidus
C. divaricatus
C. horizontalis
C. nanshan
C. hjelmqvistii
C. dielsianus
C. splendens
C. bullatus
C. zabelii
QU
BHA
BHT
TX

28.70 ± 1.01B
29.71 ± 0.91B
30.50 ± 0.72B
26.02 ± 0.74A
43.50 ± 1.21D
31.02 ± 1.02B
38.51 ± 0.81C
37.31 ± 0.80C
43.02 ± 1.11D
—
—
—
—

Radical scavenging activity
DPPHb
EC50
TE
(μg/mL)
(μmol TE/g)
123.41 ± 1.70E
91.47 ± 2.01C
93.32 ± 1.90C
178.35 ± 2.81F
64.51 ± 0.84B
117.10 ± 2.40D
67.15 ± 1.80B
66.31 ± 1.70B
62.93 ± 1.91B
1.70 ± 0.11A
2.90 ± 0.15A
6.50 ± 0.13A
3.80 ± 0.20A

Reducing powerc
FRAP
(mmol Fe2+/g)

TE
(μmol TE/g)

122.75 ± 1.69C 0.70 ± 0.01B
257.22 ± 4.96B,C
D
C
165.58 ± 3.62
0.76 ± 0.01
281.61 ± 4.43C
162.38 ± 3.31D 0.85 ± 0.01D
322.75 ± 4.06D
B
A
84.91 ± 1.33
0.61 ± 0.01
213.41 ± 4.42A
E,F
F
234.84 ± 2.91
1.05 ± 0.02
414.38 ± 11.14F,G
C
B
129.37 ± 2.65
0.67 ± 0.03
240.90 ± 13.83A,B
225.49 ± 6.04E
0.98 ± 0.01E
383.06 ± 6.24E,F
E
E
228.54 ± 5.86
0.97 ± 0.01
378.87 ± 2.90E
F
G
240.93 ± 7.28
1.09 ± 0.04
434.27 ± 20.50G
A
K
8.96 ± 0.58
31.20 ± 0.98 11878.15 ± 15.20J
5.24 ± 0.27A
16.14 ± 0.77I 7726.31 ± 10.52H
A
2.34 ± 0.05
18.89 ± 0.45J 9247.66 ± 12.30I
—
9.34 ± 0.35H
—

LA-peroxidation TBARSd
IC50
(μg/mL)

TE
(μmol TE/g)

108.70 ± 4.11F
83.16 ± 0.58D
84.89 ± 2.11D
165.76 ± 3.74G
62.96 ± 1.10C
103.72 ± 2.58E
66.21 ± 2.94C
64.99 ± 1.55C
62.54 ± 1.32C
1.85 ± 0.12A
3.16 ± 0.22A
9.31 ± 0.16B
8.47 ± 0.45B

314.84 ± 6.03C
406.94 ± 1.43D
401.23 ± 5.03D
205.30 ± 2.33B
532.92 ± 4.63E,F
322.66 ± 3.98C
518.18 ± 11.79E
523.90 ± 6.30E,F
543.86 ± 5.76F
18.37 ± 1.69A
10.76 ± 1.06A
3.64 ± 0.09A
—

Results expressed as means ± SD calculated per dw of the plant material (n = 3); diﬀerent capital letters within the same row indicate signiﬁcant diﬀerences at
α = 0 05 in HSD Tukey’s test. aTotal phenolic content (TPC), expressed in gallic acid equivalents (GAE). bScavenging eﬃciency in the DPPH test, the amount of
the plant materials or standards required for 50% reduction of the initial DPPH concentration expressed as EC50, eﬀective concentration. cFerric reducing
antioxidant power. dAbility to inhibit linoleic acid (LA) peroxidation monitored by TBARS test and expressed as IC50, concentration of plant materials or
standards needed to decrease the LA-peroxidation by 50%; TE, Trolox® equivalent antioxidant activity. Standards: QU, quercetin; BHA, butylated
hydroxyanisole; BHT, 2,6-di-tert-butyl-4-methylphenol; TX, Trolox®.
a–d

eﬀective agents preventing damages related to the oxidative
stress and inﬂammation implicated in the etiology and
progression of numerous chronic diseases, including cardiovascular diseases, diabetes mellitus, neurodegenerative disorders, and cancer [31–33]. The occurrence of polyphenolic
compounds in the investigated fruits might thus largely
deﬁne their bioactivity, especially that Cotoneaster-derived
polyphenols have been previously linked with strong antioxidant capacity in our earlier study regarding the leaves [34].
3.4. Biological Activity. The above presented phytochemical
studies proved that fruits of Cotoneaster species are indeed
a rich source of diverse phytochemicals with a wide spectrum
of recognized biological properties. However, based on the
results of the quantitative studies, the polyphenolic fraction with the highest content would appear to have the
greatest beneﬁcial health eﬀects of the fruits in a human
organism. Thus, further studies were focused on providing
a more detailed insight into potential mechanisms of the
activity of the hydrophilic components, that is, their antiinﬂammatory and antioxidant eﬀects.
3.4.1. Inhibitory Eﬀects on Two Enzymes Involved in
Inﬂammation. Inﬂammation is a complex process that constitutes a part of the immune system defense against harmful
stimuli, but may lead to negative eﬀects if uncontrolled. The
inﬂammatory response is regulated by numerous enzymes
and mediators and thus can be intercepted at diﬀerent points,
and several of these key enzymes, including lipoxygenases
(LOX) and hyaluronidases (HYAL), are most often used
to determine the anti-inﬂammatory potential of natural

products [35]. LOX catalyze the diooxygenation of arachidonic acid to form hydroperoxides, the ﬁrst step in the
biosynthesis of several proinﬂammatory mediators [36].
HYAL, on the other hand, are highly speciﬁc hydrolases
that degrade hyaluronic acid, an important component of
the extracellular matrix, thus increasing the permeability
of the tissues and facilitating the spread of inﬂammation
[37]. Our present ﬁndings indicate that all fruit extracts
inhibit the activity of LOX and HYAL in a dosedependent manner (Table 5). The strongest inhibitory eﬀect
towards LOX was demonstrated by the leaf extracts of
C. hjelmqvistii and C. zabelii (IC50 = 7.70 and 9.97 μg/U,
respectively), while the activity of HYAL was most strongly
hindered by the leaf extract of C. lucidus (IC50 = 16.44 μg/U).
The activity of the extracts was weaker in comparison to
indomethacin (IC50 = 1.89 μg/U for LOX and 5.60 μg/U
for HYAL), but after recalculating the results to adjust
for the actual polyphenol content (which gives IC50 values
in the range of 0.33–0.77 μg/U for LOX and 0.47–1.93 μg/
U for HYAL inhibition), the activity of the extracts looks
quite advantageous in comparison to the positive standard.
The anti-inﬂammatory potential of Cotoneaster polyphenols
is further conﬁrmed by the high activity of (−)-epicatechin,
quercetin, and chlorogenic acid, the main constituents of
the investigated leaf extracts.
3.4.2. Antioxidant Activity in Chemical Models. The basic
antioxidant mechanism of Cotoneaster polyphenols was veriﬁed in chemical models using three complementary in vitro
assays: DPPH and FRAP tests, two of the most frequently
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Table 5: Inhibitory eﬀects of Cotoneaster fruit extracts and standards towards lipoxygenase (LOX) and hyaluronidase (HYAL).
LOX

Fruit sample/standard
C. lucidus
C. divaricatus
C. horizontalis
C. nanshan
C. hjelmqvistii
C. dielsianus
C. splendens
C. bullatus
C. zabelii
QU
ECA
CHA
IND

HYAL

IC50a
(μg/mL)

IC50b
(μg/U)

IC50a
(μg/mL)

IC50b
(μg/U)

487.75 ± 6.57F
479.98 ± 12.79F
421.85 ± 5.78E
626.16 ± 5.04H
290 ± 2.75C
914.97 ± 2.15J
734.25 ± 5.86I
585.43 ± 16.14G
375.87 ± 9.89D
69.60 ± 2.62A
124.38 ± 1.56B
151.71 ± 7.52B
90.12 ± 0.40A

13.29 ± 0.18F
13.08 ± 0.35F
11.50 ± 0.16E
17.07 ± 0.14H
7.70 ± 0.07C
24.94 ± 0.06J
20.01 ± 0.16I
15.96 ± 0.44G
9.97 ± 0.26D
2.46 ± 0.01A
3.39 ± 0.04B
4.14 ± 0.21B
1.89 ± 0.10A

25.65 ± 0.95C
34.22 ± 1.48D
40.51 ± 2.11E,F,G
45.64 ± 0.76G
44.44 ± 1.72F,G
35.07 ± 2.60D,E
34.36 ± 0.11D
39.04 ± 0.82D,E,F
33.33 ± 2.12D
21.04 ± 1.03C
18.51 ± 0.50B
20.35 ± 0.36B
8.61 ± 0.22A

16.44 ± 0.61C
21.93 ± 0.95D
25.97 ± 1.35E,F,G
29.25 ± 0.49G
28.48 ± 1.10F,G
22.48 ± 1.66D,E
22.03 ± 0.07D
25.03 ± 0.53D,E,F
21.37 ± 1.36D
13.87 ± 0.06C
11.87 ± 0.32B
13.05 ± 0.23B
5.60 ± 0.07A

Results expressed as means ± SD calculated per dry weight (dw) of the extracts; diﬀerent capital letters within the same row indicate signiﬁcant diﬀerences at
α = 0 05 in HSD Tukey’s test. Standards: QU, quercetin; ECA, (−)-epicatechin; CHA, chlorogenic acid; IND, indomethacin. Ability to inhibit lipoxygenase
(LOX) and hyaluronidase (HYAL) calculated as the amount of analyte needed for 50% inhibition of enzyme activity was expressed as follows: aμg of the dry
extracts or standards/mL of the enzyme solution and bμg of the extracts/enzyme units (U).

employed SET (single electron transfer) type methods, and
the inhibition of AAPH-induced linoleic acid peroxidation
test (monitored by TBARS assay), a more physiologically relevant system which involves the HAT (hydrogen atom transfer) mechanism. In all of the applied tests, the investigated
fruits displayed concentration-dependent activity with the
capacity parameters (expressed in μmol TE/g dw) of a similar
order of magnitude, which shows that Cotoneaster antioxidants can eﬀectively act via both basic mechanisms. The
highest activity in comparison to the natural (quercetin)
and synthetic standards (BHA and BHT) were observed in
the FRAP and TBARS assays for all fruits (Table 4 and
Figure 2). In all tests, the fruits of C. zabelii, C. hjelmqvistii,
C. bullatus, and C. splendens, indicated in the present
study as the richest sources of polyphenols, displayed the
highest antioxidant eﬃciency, with the activity parameters
varying in the narrow range of 225.5–240.9 μmol TE/g dw
(DPPH), 378.9–434.3 μmol TE/g (FRAP), and 518.2–
543.9 μmol TE/g (TBARS), respectively. Interestingly, these
were the species that also exhibited the relatively largest
proportions of proanthocyanidins/ﬂavan-3-ols (C. zabelii,
C. bullatus, C. splendens) or quercetin 3-(2″-xylosyl)-glucoside (C. hjelmqvistii), which suggest that these polyphenols
play a signiﬁcant role in the activity of fruits. Additionally,
the close connection between the phenolic levels and antioxidant parameters was also evidenced by statistically signiﬁcant linear correlations between TPCs and the results
of the DPPH (∣r∣ = 0 9352, p < 0 001), FRAP (∣r∣ = 0 9491,
p < 0 001), and TBARS (∣r∣ = 0 9116, p < 0 001) tests.
3.4.3. Protective Eﬀects on Human Plasma Components
Exposed to Oxidative Stress. To provide a more detailed
insight into the antioxidant eﬀects of Cotoneaster polyphenols, the four most promising species (C. zabelii, C. bullatus,

C. splendens, and C. hjelmqvistii) were selected for further
studies in a biological model. Since according to traditional
application and our present results, Cotoneaster fruits appear
to be promising sources of phytochemicals with properties
especially advantageous for the circulatory system (i.e., linoleic acid and β-sitosterol), a human plasma model was
selected to evaluate their additional beneﬁts for cardiovascular health, this time mediated by polyphenols. This approach
allowed for the in vitro monitoring of the protective eﬀects of
the extracts towards human plasma components under
oxidative stress conditions. The peroxynitrite (ONOO−) used
for inducing oxidative stress is a known in vivo-operating
oxidant, responsible for structural changes in plasma proteins and lipids and implicated in numerous oxidative
stress-related disorders [38]. The concentrations of ONOO−
(100 and 150 μM) selected for the study enabled quantitative
measurements of the resulting modiﬁcations in plasma components, but may be also regarded as physiologically-relevant
as they can be reached in vivo in local compartments, for
example, during a serious inﬂammation of blood vessels [39].
The addition of ONOO− to the plasma samples resulted
in an overall decrease (p < 0 001) in the nonenzymatic antioxidant capacity of the plasma, measured as the FRAP
parameter, and in oxidative and nitrative alterations of its
protein and lipid components, which was evidenced by a
signiﬁcant increase (p < 0 001) in lipid peroxidation biomarkers (lipid hydroperoxides and TBARS), a noticeable rise
(p < 0 001) in 3-nitrotyrosine level (marker of protein nitration), and a decrease (p < 0 001) in the level of thiol groups
(marker of protein oxidation). On the other hand, in the
plasma samples incubated with ONOO− in the presence of
Cotoneaster extracts (1–50 μg/mL), the extent of oxidative/
nitrative damage to both proteins and lipids was noticeably
limited (p < 0 05), regardless of the tested species and the
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Figure 4: Eﬀects of the Cotoneaster fruit extracts on human plasma exposed to oxidative stress: (a) eﬀects on the nitration of tyrosine residues in
plasma proteins and formation of 3-nitrotyrosine (3-NT-Fg); (b) eﬀects on the oxidation of free thiol groups (−SH); eﬀects on the peroxidation of
plasma lipids including (c) formation of lipid hydroperoxides (LOOH), and (d) thiobarbituric acid-reactive substances (TBARS); (e) eﬀects on
ferric reducing ability of blood plasma (FRAP). Results expressed as means ± SE (n = 8) for repeated measures: ### p < 0 001, for ONOO−-treated
plasma (without the extracts) versus control plasma, and ∗∗∗ p < 0 001 for plasma treated with ONOO− in the presence of the investigated extracts
(1–50 μg/mL) or the standards (5 μg/mL). CB, C. bullatus; CH, C. hjelmqvistii; CS, C. splendens; CZ, C. zabelii. Standards: CHA, chlorogenic
acid; RT, rutin; TX, Trolox®; ECA, (−)-epicatechin.

extract concentration. As shown in Figures 4(a) and 4(b),
even at the lowest concentrations of 1 μg/mL, the extracts
were able to reduce tyrosine nitration by about 29–42%
and thiol group oxidation by about 24–26%, while at the

concentration of 50 μg/mL the eﬀectiveness rose to 46–55%
and 29–32%, respectively. Moreover, as demonstrated in
Figures 4(c) and 4(d), all fruit samples inhibited the generation of plasma lipid hydroperoxides by 40–50% and reduced
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TBARS levels by 19–35%. All extract-treated samples, apart
from those fortiﬁed with 1 μg/mL of C. bullatus extract, demonstrated a statistically signiﬁcant (p < 0 001) improvement
in the nonenzymatic antioxidant capacity of blood plasma
of up to 44% in comparison to the samples not protected
by the extracts (Figure 4(e)). In most cases, little diﬀerence
was observed in the activity between the tested fruits;
however, the inhibition of tyrosine nitration assay found
C. bullatus and C. zabelii displaying stronger activity than the
other two extracts at all concentrations tested (p < 0 05). A
dose dependency was noticeable for C. bullatus and C.
splendens in antinitrative activity (Figure 4(a)) and for most
Cotoneaster species in the TBARS test, with the exception
of C. zabelii (Figure 4(d)). Some signiﬁcant correlations were
also found, between the TPCs and the activity parameters.
The most prominent was the relationship for the FRAP assay
(∣r∣ = 0 7587, p < 0 01). In the tests for protein protection, the
correlation between the percentage inhibition of tyrosine
nitration and phenolic level was stronger (∣r∣ = 0 6774,
p < 0 05) than the analogous relationship for the reduction
of thiol group oxidation (∣r∣ = 0 4885, p < 0 05). Contrastingly, the correlations in the lipid peroxidation assays were
not statistically signiﬁcant (p > 0 05).
The eﬀectiveness of the extracts was further supported by
the fact that in all of the tests, the observed antioxidant eﬀects
of the fruit extracts at the corresponding concentration levels
(5 μg/mL) were similar or higher to that of Trolox®, a synthetic analog of vitamin E often used as a positive standard
in antioxidant studies. Moreover, the signiﬁcant activity of
rutin, chlorogenic acid, and, especially, (−)-epicatechin conﬁrm the important role of polyphenols in the capacity of
the extracts.
The wide range of the extract concentrations tested
(1–50 μg/mL) was in accordance with the general practice
of in vitro studies [20] and allowed for the study of diﬀerent
interactions in the system. Additionally, the lower levels
(1–5 μg/mL) might be considered physiologically-relevant
as they correspond to the levels of phenolics attainable
in vivo after consumption of polyphenol-rich plant materials. For example, according to the accumulated research
[40, 41], the maximal achievable concentration of plant
phenolics in blood plasma can reach up to 5–10 μM,
which generally corresponds to less than 5 μg/mL. Taking
into account the TPC levels evaluated for Cotoneaster
fruits in the present study and the extraction eﬃciency
(15–30%, depending on the species), the levels of phenolics corresponding to the applied extract concentration of
1–5 μg/mL are about 0.13–1.25 μg/mL: well within the
obtainable plasma range. This suggests that the protective
activity of the Cotoneaster extracts towards ONOO−induced changes observed in vitro may translate to their
positive in vivo eﬀects.
The harmful inﬂuence of ONOO− is often associated with
serious pathological consequences in many organs and systems of the human body. The nitration/oxidation of biomolecules such as enzymes, receptors, lipoproteins, fatty acids, or
nucleic acids changes their function and may impair cellular
signalization pathways, induce inﬂammatory responses, or
even promote cell apoptosis [38, 39]. In the case of the
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circulatory system, the negative eﬀects of ONOO− result in
a higher risk of cardiovascular disorders, such as stroke, myocardial infarction, or chronic heart failure [38], and are connected with the direct modiﬁcations of plasma proteins and
lipids. For instance, the formation of 3-nitrotyrosine in
ﬁbrinogen might contribute to prothrombotic events in
the blood coagulation cascade and ﬁbrinolysis process
[42], while thiol oxidation in platelet proteins leads to the
inhibition of platelet function [43]. Additionally, oxidation
of low-molecular-weight thiols, such as reduced glutathione, diminishes the endogenous antioxidant capacity of
plasma and primes further oxidative damage in the system
[38]. Similarly, lipid peroxidation initiated by ONOO− may
propagate platelet aggregation [44], while peroxynitritemodiﬁed LDL binds with high aﬃnity to macrophage
scavenger receptors leading to foam cell formation, which
represent a key early event in atherogenesis [38, 45]. The
prevention of these processes partially explains the beneﬁcial
eﬀects of Cotoneaster fruits reported by traditional medicine
and might be regarded as a good strategy in prophylaxis of
various cardiovascular complaints.
3.5. Cellular Safety. Due to its long tradition of consumption
and application in folk medicine, the Cotoneaster fruits might
be regarded as nontoxic. However, in the case of the concentrated extracts, a more detailed evaluation of their safety is
required. Therefore, the next step of our research was a viability test on PMBCs which assessed the cytotoxicity of the
extracts. After two, four, and six-hour incubation periods
with the plant extracts at concentrations of 5, 25, and
50 μg/mL, the viability of the extract-treated cells constituted
97.3–101.7% of that of the control (non-treated cells) and no
statistically signiﬁcant diﬀerences were found (p > 0 05)
between the two values (Figure 5). These ﬁndings suggest
that the Cotoneaster extracts do not have cytotoxic eﬀects at
these concentrations.

4. Conclusion
The current paper presents the ﬁrst comprehensive phytochemical and activity study of Cotoneaster fruits. The fruits
were found to possess distinct lipophilic and phenolic proﬁles, signiﬁcant antioxidant activity in both chemical and
biological models, noticeable inhibitory eﬀects on the proinﬂammatory enzymes, and cellular safety. Hence, Cotoneaster
fruits appear to be promising candidates for the production
of pharma- and nutraceuticals associated with preventing
and treating oxidative stress and inﬂammatory-related
chronic diseases; they may also contribute to a balanced
and varied diet comprising food rich in bioactive compounds.
Furthermore, the protective eﬀects against ONOO−-induced
modiﬁcations in the plasma components, demonstrated by
the polyphenolic fractions from the fruits of C. hjelmqvistii,
C. zabelii, C. splendens, and C. bullatus at in vivo-relevant
levels, may be considered as a molecular basis for the beneﬁcial eﬀects of Cotoneaster fruits within the cardiovascular system reported by traditional medicine. The biological activity
demonstrated in the present study might therefore be a starting point of more extensive investigation on the nutritional
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value and bioactivity of Cotoneaster fruits, including their
eﬀects in in vivo systems.
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The bioactive compounds found in foods and medicinal plants are attractive molecules for the development of new drugs with
action against several diseases, such as those associated with inﬂammatory processes, which are commonly related to oxidative
stress. Many of these compounds have an appreciable inhibitory eﬀect on oxidative stress and inﬂammatory response, and may
contribute in a preventive way to improve the quality of life through the use of a diet rich in these compounds. Eugenol is a
natural compound that has several pharmacological activities, action on the redox status, and applications in the food and
pharmaceutical industry. Considering the importance of this compound, the present review discusses its anti-inﬂammatory
and antioxidant properties, demonstrating its mechanisms of action and therapeutic potential for the treatment of
inﬂammatory diseases.

1. Introduction
Eugenol (4-allyl-2-methoxyphenol) is a phenolic compound
from the class of phenylpropanoids and the main component
of clove (Syzygium aromaticum (L.) Merr. & L. M. Perry.). It
consists of 45–90% of its essential oil [1]. It is used in the food
industry as a preservative, mainly due to its antioxidant property [2], and as a ﬂavoring agent for foods and cosmetics [3].
It can also be found in soybean (Glycine max (L.) Merr.),
beans [4], coﬀee [5], cinnamon (Cinnamomum verum J.
Presl), basil (Ocimum basilicum L.) [6], “canelinha” (Croton
zehntneri Pax et Hoﬀm) [7], banana [8, 9], bay laurel (Laurus
nobilis L.), and other foods [10]. Among the plants that contain eugenol, soybeans, cloves, beans, and cinnamon also
present the antioxidant activity, possibly performed by this
compound and other constituents [11–14]. In addition, clove
is also known by anti-inﬂammatory activity [15], which may
be related to anti-inﬂammatory action of eugenol (Figure 1).

Inﬂammation is a complex protective response of the
body against harmful agents, such as microorganisms or
damaged cells [16, 17], which the biological system objective
to remove harmful stimuli from the body and promote healing. However, this response needs to be controlled and last
for a short period; otherwise, it may provide the appearance
of pathological disorders related to the immune system [18].
Classically, inﬂammation can be classiﬁed in acute and
chronic. The acute inﬂammation is an initial response,
which is characterized by resident cell activation, with liberation of proinﬂammatory cytokines and chemokines,
culminating in the recruitment of polymorphonuclear, primarily neutrophils, from the innate immune system to the
injury site. This response complex act to promote cardinal
signs of inﬂammation, such as pain, edema, and heat [19].
On the other hand, chronic inﬂammation is a prolonged
response characterized by a gradual change in the cells type
found at the inﬂammatory site, which over time cause both
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eﬀect, allergy, antiallergic eﬀect, inﬂammation, anti-inﬂammatory, immune response, lymphocytes, cytokines, immunoglobulins, immunoregulatory, and antioxidant. Table 1
shows the studies reported for this review and summarizes
the results obtained, indicating the dose/concentration of
eugenol administered, experimental model, parameters
evaluated, and biological eﬀect.

OCH3
OH

Figure 1: Chemical structure of eugenol.

permanent damage and healing of the tissue. In both types
of inﬂammation occur increased local blood ﬂow, vasodilation, ﬂuid extravasation, and liberation of proinﬂammatory
mediators [17, 20].
The nuclear factor-kappa B (NF-κB) signaling pathway is
a key part of the immune response. It is essential to inﬂammatory processes due to its importance in the transcription
of cytokines, such as tumor necrosis factor-α (TNF-α),
interleukin-1β (IL-1β), interleukin-6 (IL-6), and nitric oxide
(NO). Like eugenol, substances that inhibit this pathway are
of interest to the pharmaceutical industry [21–23]. In
general, patients with inﬂammatory disorders use clinically
glucocorticoids or nonsteroidal anti-inﬂammatory drugs
(NSAIDs). However, these drugs are associated with critical
side eﬀects (i.e., gastrointestinal ulcers and bleeding) and
limited therapeutic eﬃcacy, which often leads patients to
abandon the treatment [24]. In this context, the pharmaceutical industry has directed eﬀorts in the attempt to ﬁnd new
bioactive molecules.
Medicinal plants have been important sources of constituents with pharmacological activities. Phenylpropanoids are
considered a group of secondary compounds found in a
variety of plants and usually in the oxidized form, presenting
a hydroxyl at the aromatic ring [25]. Studies recently demonstrated that phenylpropanoids and their synthetic derivatives
have a variety of pharmacologic activities, including antiinﬂammatory action [26, 27].
Several pharmacological activities have been reported to
eugenol: anti-inﬂammatory [28], antitumor [29], antibacterial [30], antifungal [31, 32], antipyretic [33], anesthetic
[34], and analgesic activities [35]. Considering the importance of eugenol as bioactive molecule and its presence in
various foods and medicinal plants, this review discusses its
role in the inﬂammatory response in experimental models,
including animals and cell culture tests, demonstrating its
antioxidant proﬁle and potential therapeutical application
against inﬂammatory diseases.

2. Methodology
The present review was based on the data search performed in the scientiﬁc literature database PubMed, using
the publication from January 2008 to January 2018, using
the following keywords: eugenol, asthma, antiasthmatic

3. Results and Discussion
3.1. Antioxidant Action of Eugenol. The free radical scavenger
eﬀect of diphenyl-1-picrylhydrazyl (DPPH) is due to the
ability of certain substances to donate hydrogen, especially
those with a phenolic group in their structure. Thus, eugenol’s ability to sequester free radicals in the DPPH assay
(IC50 = 11.7 μg/mL), as well as to inhibit reactive oxygen
species (ROS) (IC50 = 1.6 μg/mL), H2O2 (IC50 = 22.6 μg/mL
and 27.1 μg/mL), and NO (IC50< 50.0 μg/mL) [36]. These
data corroborate with other studies in which eugenol demonstrated DPPH sequestering activity with EC50 of 22.6 μg/mL
[37]. In another study, it was able to eliminate about 81%
of the DPPH radicals and reduce the potency of the radicals
when the concentration decreased from 1.0 μM/mL to
0.1 μM/mL [38]. Similar data were described in the study
by Kim et al., in which eugenol performed the elimination
of ABTS free radicals (76.9% at a dose of 20 μg/mL) and
DPPH (90.8% at a dose of 20 μg/mL) in L-ascorbic acid in
76.9% and 89.9%, respectively [14].
In a comparative study of the antioxidant activity of clove
and eugenol, both showed similar activities, with values of
sequestering radicals DPPH and ABTS, respectively,
IC50 = 0.3257 and 0.1595 mg/mL for the clove and of
IC50 = 0.1967 and 0.1492 mg/mL for eugenol. Therefore, the
antioxidant properties of this essential oil are related to the
antioxidant action of its chemical constituent, which is
eugenol [13]. The biochemical proﬁle of this compound
was conﬁrmed in a study in which the antioxidant activity
of eugenol was associated with anti-inﬂammatory activity.
In this approach, Yogalakshmi et al. showed that pretreatment with eugenol (10.7 mg/kg.bw/day) in rats for 15 days
resulted in a decrease in lipid peroxidation indices, protein
oxidation, and inﬂammatory markers (reduction in the
expression of COX-2, TNF-α, and IL-6) and by improving
antioxidant status by maintaining antioxidants such as glutathione peroxidase (GPx), superoxide dismutase (SOD),
catalase (CAT), and glutathione-S-transferase (GST) [39].
Conﬁrming these ﬁndings, a study by Kaur et al. showed that
pretreatment with eugenol in male Swiss albino mice inhibited the expression of inﬂammatory markers such as iNOS
and COX-2 and the cytokines IL-6, TNF-α, and PGE2, as
well as prevented the depletion of antioxidant enzymes and
reduced lipid peroxidation (LPO), acting both as antiinﬂammatory and antioxidant agents [40]. In fact, eugenol
pretreatment, in addition to reducing inﬂammation caused
by lung exposure to LPS, was also able to signiﬁcantly
improve the levels of SOD1, CAT, Gpx1, and GST. Thus,
eugenol can be used as an anti-inﬂammatory agent, as well
as protecting the damage caused by oxidative stress [41].
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Table 1: Modulation of inﬂammatory response mediated by eugenol.
Experimental model

Dose or
Animal and/
concentration
or cells lines
of eugenol

Inﬂammatory parameters
evaluated

Biological eﬀect

References

In vitro and in vivo
leukocyte migration
induced by fMLP,
LTB4, and
carrageenan

0.5, 1, 3, 9, or
27 μg/mL
BALB/c mice
62.5, 125, or
250 mg/kg

Leukocyte migration

Decreased the number of
leukocytes that rolled, adhered, and
migrated to perivascular tissue

[50]

10 or 20 mg/
kg

Cytokines (IL-4 and IL-5) levels,
histological assessment, and
VDUP1/NF-κB signaling pathways

Model of allergic
asthma

BALB/c mice

LPS-induced
inﬂammatory
reaction in acute
lung injury

Activities of antioxidant enzymes
(CAT, SOD, GPx, and GST) and
BALB/c mice 5 or 10 mg/kg inﬂammatory markers (MPO, IL-6,
and TNF-α) and inﬂammatory cells
recruitment

LPS-induced lung
injury

BALB/c mice

160 mg/kg
body

Inﬂammatory cells, TNF-α, and
NF-κB levels

Diesel exhaust
particles induced
pulmonary damage

BALB/c mice

164 mg/kg

Amounts of polymorpho (PMN)
and mononuclear cells, apoptosis,
and oxidative stress

Ischemia/
reperfusion (I/R)
injury

Wistar rats

10 or 100 mg/
kg

Isoproterenolinduced myocardial
infarction

Wistar rats

100 mg/kg

LPS-induced
inﬂammatory
signalizing

Macrophage
RAW 264.7

1, 10, 50, or
100 μM

LPS-activated
peritoneal
macrophages

BALB/c mice

0.31, 0.62,
1.24, or
2.48 μg/mL

RANKL-induced
osteoclast formation

RAW264.7
murine
macrophages

50, 100, or
200 μM

Alveolar bone
deformities in an
ovariectomized
(OVX) rodent model

Wistar rats

LPS-induced
inﬂammation

Human
dental pulp
ﬁbroblasts

13 μM

Cutaneous chemical
carcinogenesis

Swiss mice

15% (v/v)

Inhibited OVA-induced
eosinophilia, recovered IL-4 and
IL-5 levels, inhibited P-IκBα, NFκBP65, and p-NF-κBP65 protein
levels, and increased VDUP1 and
IκBα protein levels.
Reduced the IL-6 and TNF-α
expression, suppressed NF-κB
signaling, decreased the leukocyte
recruitment, and increased the
protein levels (SOD, CAT, GPx,
and GST)
Reduced the neutrophil
recruitment, macrophages, TNF-α,
and NF-κB expression
Prevented the PMN inﬁltration,
reduced apoptosis through caspase3 cleavage, but limited the eﬀects on
oxidative stress
Reduced MPO, TNF-α, NF-κB, and
MDA. Eugenol also increased GSH
levels.
Reduction of inﬂammatory cells
inﬁltration and mediators proteins,
increased SOD, GPx, and GSH,
with reduction of TBARS

Inﬂammatory markers (MPO,
TNF-α, and NF-κB p65) and
oxidative stress (GSH and MDA)
Cells inﬂammatory inﬁltration,
oxidative stress, and protein
biomarker (α1, α2, β1, β2, and γ
globulin)
Inﬂammatory markers (NO, TNFReduced NO, TNF-α, IL-1β, NFα, IL-1β, and NF-κB), regulatory
κB, and iNOS expression. Eugenol
enzymes (iNOS), and signal
also decreased the ERK1/2 and p38
transduction (Akt, ERK1/2, JNK,
MAPK signaling pathways
and p38 MAPK)
COX-2, NF-κB, and TNF-α
Promoted hypoexpression of TNFexpression in resting macrophages
α, but not COX-2 or NF-κB
Degradation of IkBα and NF-κB,
MAPK activation

Histopathology and inﬂammatory
2.5 or 5 mg/kg mediators (IL-1β, IL-6, and TNFα)

[41]

[52]

[53]

[54]

[55]

[57]

[58]

Attenuated the degradation of
IkBa, activation of NF-κB and
MAPK pathways

[5]

Reduced the inﬂammatory cell
inﬁltrate, IL-1β, IL-6, and TNF-α
levels

[60]

Inhibition of TNF-α expression and
NF-κB signaling pathway, but not
IL-1β levels
Reduced the IL-6, TNF-α, PGE2,
Inﬂammatory markers (IL-6, TNF- COX, and iNOS levels. Eugenol
α, PGE2, COX-2, and iNOS) and also decreased the MDA levels and
oxidative stress (MDA, GSH, GPx,
increased the GSH content and
GR, CAT, and GST)
activities of GR, CAT, GPx, and
GST
Genes expression (NF-κB, IL-1β,
and TNF-α)

[51]

[62]

[40]
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Table 1: Continued.

Experimental model

Dose or
Animal and/
concentration
or cells lines
of eugenol

Inﬂammatory parameters
evaluated

Biological eﬀect

References

Ability to interfere
with cell growth

HeLa cells

300 μM

Genes expression (COX-2 and IL1β)

Reduced the COX-2 and IL-1β
expression

[63]

Cisplatin-mediated
toxicity

MDA-MB231, MDAMB-468, and
BT-20 cells

0.25, 0.50,
0.75, 1.0, or
1.5 μM

Gene expression (NF-κB, IL-1β,
and TNF-α)

Reduced NF-κB, IL-1β, and TNF-α
expression

[23]

Postoperative
alveolar osteitis in
patients having third
molars extracted
Carrageenaninduced paw edema

Human

Rats

0.2%
Reduced the incidence of alveolar
chlorhexidine Postoperative pain, inﬂammation,
osteitis, pain, inﬂammation,
gel, a eugenolinfection, and wound healing
infection, and better wound healing
based paste
compared to control group
Inhibited the inﬂammation,
1, 2, or 4%
Paw edema
reducing the edema

3.2. Can Eugenol Reduce the Inﬂammatory Response via Its
Antioxidant Action? Oxidative stress is a condition that
reﬂect an imbalance between biological defensive and aggressive system, mediated by excessive production of reactive
oxygen species (ROS), e.g., O2− (superoxide radical), ⋅OH
(hydroxyl radical), and H2O2 (hydrogen peroxide), in which
there is an inability of the antioxidant mechanisms to
neutralize them [42]. This process results in toxic eﬀects
and alterations of the normal redox state, which is associated
with cellular damage and lipid peroxidation [43].
Studies have shown that inﬂammation and oxidative
stress are interconnected phenomena, which are involved
in pathological conditions as cardiovascular [44], kidney
[45], liver disease [46], and cancer [47]. In this way,
during inﬂammatory events occur exacerbated production
of ROS in the damaged inﬂammatory tissue, which can
stimulate and had a critical role in the signaling pathway
for inﬂammatory mediators production, such as proinﬂammatory cytokines and chemokines, resulting in inﬂammatory cell migration [48].
Thus, compounds capable of modulating oxidative stress
may contribute to reduce critical mediators in inﬂammatory
events act as anti-inﬂammatory agents, even by indirect way.
So, several research groups have demonstrated that eugenol
has anti-inﬂammatory and antioxidant capacity, and therefore, be more eﬀective in reducing inﬂammation.
3.3. Eugenol Reduces the Inﬂammatory Response and
Ameliorate the Function of Speciﬁc Organ. The antiinﬂammatory eﬀect of eugenol has been investigated in the
leukocytes migration using diﬀerent stimuli, such as N-formyl-methionyl-leucyl-phenylalanine (fMLP), leukotriene
B4 (LTB4), and carrageenan. Polymorphonuclear (PMN)
recruitment to the inﬂammatory site occurs dependent on
a complex response involving the endothelium-leukocyte
interactions and subsequent extravasation to the inﬂamed
site [49]. In this background, Estevão-Silva and colleagues
[50] demonstrated that eugenol signiﬁcantly decreased the
in vitro and in vivo leukocytes migration in response to chemotactic factors by the modulation of rolling and adherence
to perivascular tissue. In addition, the authors showed that

[65]

[64]

eugenol did not induce changes in cell viability, which
suggest absence of toxic eﬀect [50].
Additionally, Pan and Dong [51], using an experimental model of allergic asthma induced by ovalbumin (OVA),
demonstrated that eugenol administration inhibited the
OVA-induced eosinophilia in the lung tissue, prevented
the increased of IL-4 and IL-5 levels, and reduced the
NF-κB signalizing pathways. According to the authors,
the inﬂammatory response reduction had a pivot role in
the antiasthmatic eﬀect of eugenol, resulting in the
decrease of airway resistance (AWR) [51]. This data suggests that eugenol can be a therapeutic and strategic agent
in patients with asthma.
Eugenol also has anti-inﬂammatory activity on lipopolysaccharide- (LPS-) induced acute lung injury. Pretreatment
with eugenol inhibited the inﬂammatory response and leukocyte recruitment into the lung tissue by the downregulation
of proinﬂammatory cytokines (IL-6 and TNF-α) expression
and NF-κB signaling. In addition, eugenol also increased
the superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and glutathione-S-transferase (GST),
which are important antioxidative enzymes [41]. Similarly,
Magalhães and colleagues [52], using an animal model of
LPS-induced lung injury for 6 hours, demonstrated that
eugenol signiﬁcantly reduced neutrophil inﬁltration, TNFα, and the NF-κB-mediated signalizing pathway, decreasing
the lung inﬂammation, resulting in an improved lung structure and function, which suggest an important drug to treat
disorders of lung inﬂammatory diseases [52].
So, eugenol reduces the inﬂammatory response in
animal model pulmonary damage caused by diesel exhaust
particles. Eugenol administration reduced the pulmonary
inﬂammation by inhibiting the PMN inﬁltration and
apoptosis through caspase-3 cleavage but limited the eﬀects
against oxidative stress. This resulted in the improvement
of airspace collapse and pulmonary mechanics, which are
evaluated by pneumotachography and altered by diesel
particles [53]. These data demonstrated the potential of
eugenol as an agent to treat the damage eﬀects of air pollutant exposure, by mechanisms mediated, at the last in part, of
its anti-inﬂammatory eﬀects.
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Motteleb and colleagues (2014) conducted a study using
eugenol to assess its eﬃcacy in the prevention of liver damage
in a model of ischemia and reperfusion (I/R). In this work,
eugenol abolished the inﬂammation, reduced myeloperoxidase (MPO) activity, TNF-α levels, and NF-κB expression,
and altered oxidative marker. It also reduced malondialdehyde (MDA) and increased GSH levels. This potent eﬀect
of eugenol resulted in the amelioration of hepatic structural
and functional damage [54]. Thus, eugenol reduced the liver
damage by the reduction of inﬂammatory mediators and
modulation of redox status, suggesting a possible application
against hepatic I/R injury.
Eugenol also was evaluated as preventive agent against
cardiac remodeling following myocardial infarction. This
pathology was induced using isoproterenol, which eugenol
reduced inﬂammatory mediator’s proteins and lipid peroxidation as well as increased antioxidative enzymes markers
(i.e., SOD, GPx, and GSH). In this study, eugenol reduced
cardiac injury biomarkers, such as troponin-T, creatine
kinase-muscle/brain (CK-MB), and LDH, resulting in the
improvement of electrocardiographic and hemodynamic
parameters, and great potential antithrombotic, anti-inﬂammatory, and anti-ischemic activities [55].
3.4. Eugenol Inhibits the Liberation of Inﬂammatory
Mediators from Macrophages. Macrophage is one of the
immune system cells that contribute to the production of
mediators (i.e., proinﬂammatory cytokines and nitric
oxide), which are important to cellular and vascular events
during the installation and progression of inﬂammatory
process [56]. Thus, studies have demonstrated that eugenol
can modulate the macrophage functions and regulates
negatively the inﬂammation.
Yeh and colleagues demonstrated that eugenol inhibits
the inducible nitric oxide synthase (iNOS) expression from
macrophages in response to LPS, culminating in the
reduction of NO levels. Additionally, eugenol also reduced
the TNF-α and IL-1β as well as the NF-κB, ERK1/2, and
p38 MAPK signaling pathways [57]. In other study, de
Paula Porto and colleagues [58] also reported that eugenol
promotes the downregulation of TNF-α in LPS-activated
macrophages, which are associated with antigenotoxic
activity when DNA damage was induced with doxorubicin
(DXR) [58]. Thus, this data suggests that the molecular
mechanisms to anti-inﬂammatory eﬀects of eugenol are
mediated by the regulation of inﬂammatory mediators
production from macrophages.
3.5. Anti-inﬂammatory Eﬀect of Eugenol Modulates the Bone
Remodeling. Several research groups have described the eﬀect
of eugenol as anti-inﬂammatory agent and its role modulator
on bone remodeling. Deepak and colleagues [59], using cell
culture preexposed to RANKL (a receptor activator of NFκB ligand), demonstrated that eugenol prevented the osteoclast diﬀerentiation in a dose-dependent manner. Among
the molecular mechanisms involved, the authors emphasized
the downregulation of NF-κB and MAPKs signaling pathways, which suggest its use in bone remodeling disorders,
such as osteoporosis [59]. A recent study demonstrated that

5
eugenol administration for twelve weeks attenuated the alveolar bone loss and remodeling associated with estrogen insufﬁciency using an ovariectomized (OVX) rat model, which is
similar to what occurs after menopause in humans. The
authors suggested that anti-inﬂammatory eﬀect of eugenol
had primary importance, since it was accompanied by the
reduction of IL-1β, IL-6, and TNF-α levels resulting in the
reduction of inﬂammatory cell [60].
Additionally, the eﬀects of eugenol against inﬂammatory
response also have been investigated in dental pulp ﬁbroblasts from extracted third molars. During permanent teeth
extractions arise postoperative complications, such as alveolar osteitis, an inﬂammatory condition with delayed healing
and persistent pain [61]. In this context, Martínez-Herrera
and colleagues [62] reported that eugenol inhibited TNF-α
expression and NF-κB signaling pathway, but not IL-1β,
when ﬁbroblasts was exposed to LPS, conﬁrming its antiinﬂammatory property in bone disorders. Curiously, eugenol
also induced inﬂammatory gene mild expression in ﬁbroblasts absence of previous inﬂammation [62].
3.6. The Antitumor Eﬀect of Eugenol Appears to Be Mediated,
in Part, by Its Anti-inﬂammatory Activity. Kaur and
colleagues [40] demonstrated that eugenol prevents the
7,12-dimethylbenz[a]anthracene- (DMBA-) and 12-O-tetradecanoylphorbol-13-acetate- (TPA-) promoted skin carcinogenesis. According to the authors, the molecular mechanism
of eugenol is related to its anti-inﬂammatory properties,
since reduced proinﬂammatory cytokine levels (i.e., IL-6
and TNF-α) and inﬂammation enzymes marker (COX and
iNOS) are associated with the modulation of redox status
(Figure 2) with reduced MDA and increased antioxidative
enzymes [40]. Thus, these data strongly suggest the chemotherapeutic potential of eugenol against carcinogenesis. In
accordance with these data, studies have evaluated the eﬃcacy of eugenol alone or combined with other agents. Using
HeLa cells, a human cervical cancer line, Hussain and
colleagues [63] demonstrated that eugenol alone promoted
cell growth inhibition and increase the therapeutic eﬃcacy
when combined with gemcitabine (a standard drug). In the
clinical use, it can decrease the side eﬀects promoted by gemcitabine administration. These beneﬁcial eﬀects appear to be
mediated by its antiapoptotic and anti-inﬂammatory eﬀects,
since it were associated with increased caspase-3 activity
and reduction of COX-2 and IL-1β expression, respectively
[63]. Additionally, a recent study reported that eugenol
promotes cytotoxicity against breast cancer cells (TNBC)
and animal model and synergistic chemotherapeutic eﬀects
with cisplatin. A key point in this eﬀect was the inhibition
of the NF-κB signaling pathway, which resulted in the inhibition of the p50 and p65 subunits phosphorylation, and its
consequence migration to the cellular nucleus, reducing IL6 and IL-8 levels [23].
3.7. Eugenol-Based Pharmaceutical Formulation and Its Antiinﬂammatory Eﬀects. From the pharmacological potential of
eugenol in the modulation of inﬂammation, its use has also
been tested in pharmaceutical formulations. Experimentally,
Esmaeili and colleagues [64], using an animal model of
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Eugenol concentration
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inflammatory
response

Antiapoptotic action
Suppression of caspase-3
Lipid peroxidation
Reduction of TBARS

Figure 2: The eﬀect of eugenol in the inﬂammation control.

carrageenan-induced edema, reported that a nano-emulsion
containing 1%, 2%, and 4% of eugenol reduced the edema
formation and has increased eﬃcacy when combinated with
piroxicam, revealing a synergistic anti-inﬂammatory eﬀect.
Additionally, a clinical dental study involving 270
patients having third molars extracted demonstrated that
0.2% chlorhexidine gel, a eugenol-based paste, reduced postoperative alveolar osteitis, pain, and time of wound healing
compared to control group, but with better results when
applied in two interventions [65].
3.8. Toxicity of Eugenol. Eugenol is known for its antioxidant,
anti-inﬂammatory, antimicrobial, and antitumor activities;
however, it may present some toxicity depending on the type
of histological structure exposed to this compound and the
concentration used [66]. Thus, eugenol toxicity was observed
in human dental pulp ﬁbroblasts from deciduous teeth, with
DNA damage at concentrations ranging from 0.06–5.1 μM,
which was not observed at higher interval concentrations of
320 to 818 μM [67]. Eugenol was also able to induce
genotoxicity by inducing DNA damage of mouse peritoneal
macrophages at all concentrations tested (0.62, 1.24, and
2.48 mg/mL). However, it has demonstrated antigenotoxic
potential depending on the treatment protocol, which may
be interlinked with its eﬀect on drug metabolism [58]. Therefore, eugenol can modulate inﬂammatory and oxidizing processes. However, its use must be made according to the
therapeutic safety evidenced in toxicity.

4. Conclusions
This review demonstrates that eugenol exerts a beneﬁcial
action on oxidative stress through the inhibition of enzymes
and oxidative processes, which is related to the antiinﬂammatory drug proﬁle of this compound. The set of pharmacological studies reported evidences of the clinical
potential of eugenol for the treatment of diseases associated
with oxidative stress and inﬂammatory response. Considering the presence of this compound in foods and medicinal
plants, the use of these vegetables can result in health beneﬁts and consequently improvement in the quality of life.

However, advanced investigations are needed to understand
its metabolism in the body and the contribution of metabolites in antioxidant action and possible interactions in
receptors related to inﬂammation.
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Nuclear factor- (erythroid-derived 2) like 2 (Nrf2) is a transcription factor that regulates the expression of a battery of antioxidant,
anti-inﬂammatory, and cytoprotective enzymes including heme oxygenase-1 (Hmox1, Ho-1) and NADPH:quinone
oxidoreductase-1 (Nqo1). The isothiocyanate sulforaphane (SF) is widely understood to be the most eﬀective natural activator of
the Nrf2 pathway. Falcarinol (FA) is a lesser studied natural compound abundant in medicinal plants as well as dietary plants
from the Apiaceae family such as carrot. We evaluated the protective eﬀects of FA and SF (5 mg/kg twice per day in CB57BL/6
mice) pretreatment for one week against acute intestinal and systemic inﬂammation. The phytochemical pretreatment eﬀectively
reduced the magnitude of intestinal proinﬂammatory gene expression (IL-6, Tnfα/Tnfαr, Infγ, STAT3, and IL-10/IL-10r) with
FA showing more potency than SF. FA was also more eﬀective in upregulating Ho-1 at mRNA and protein levels in both the
mouse liver and the intestine. FA but not SF attenuated plasma chemokine eotaxin and white blood cell growth factor GM-CSF,
which are involved in the recruitment and stabilization of ﬁrst-responder immune cells. Phytochemicals generally did not
attenuate plasma proinﬂammatory cytokines. Plasma and intestinal lipid peroxidation was also not signiﬁcantly changed 4 h after
LPS injection; however, FA did reduce basal lipid peroxidation in the mesentery. Both phytochemical pretreatments protected
against LPS-induced reduction in intestinal barrier integrity, but FA additionally reduced inﬂammatory cell inﬁltration even
below negative control.

1. Introduction
The gastrointestinal (GI) tract is the largest interface between
the body and the environment, followed by the lung and the
integument, with ratios of an estimated surface area approximately 150 : 50 : 1. The small intestine is the majority component of the GI tract; its surface was composed of a single
monolayer of intestinal epithelial cells which secrete a glycocalyx matrix and a layer of mucous. This delicate barrier performs the diametric roles of digestion and absorption of
nutrients and protection against pathogenic microorganisms
and innumerable xenobiotic compounds from the environment [1]. In addition, the small intestine is the organ of ﬁrst
pass detoxiﬁcation [2] and provides the milieu for a large
proportion of the immune system [1, 3]. Likely due to this

challenging physiological role, small intestinal epithelial cells
have the highest turnover rates and are replaced every 2–6
days [4]. It is recognized that chronic and degenerative disease is rooted in early deviations from normal homeostasis
that underpin the development of a wide variety of disparate
disease pathologies. For example, unresolved inﬂammation
contributes to cardiovascular disease, type 2 diabetes, metabolic syndrome, and neurodegenerative disease to name only
a few. Intestinal barrier integrity is a lesser appreciated early
deviation from homeostasis that contributes to many intestinal diseases (IBD, IBS, and celiac disease to name a few
[5–7]) but also many other widely divergent pathologies.
Barrier integrity has been implicated in autoimmune diseases,
food allergies, obesity, endotoxemia, and chronic inﬂammation [5, 8, 9]. In fact, intestinal barrier function is very
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Figure 1: Eﬀects of LPS. (1) LPS binding to the toll-like receptor-4 (TLR4) receptor initiates signaling to disrupt the inhibitor protein IKK
association with proinﬂammation transcription factor NFκB. (2) Free NFκB translocates to the nucleus to increase the transcription of
proinﬂammatory cytokines Tnfα, IL-6, IL-1β, etc. (3) LPS causes plasma membrane disruption in red blood cells releasing free heme.
(4) Ho-1 breaks down free heme to equimolar amounts of CO, Fe, and biliverdin which is enzymatically converted to bilirubin, forming a
redox couple.

sensitive to seemingly unrelated traumas such as burn injury
[10–12], hemorrhagic shock [13, 14], and even intense
exercise [15–19].
Intraperitoneal lipopolysaccharide (LPS) is absorbed in
the tissues of the peritoneal space, making its way into
systemic circulation, where it is rapidly cleared from the
bloodstream (minutes to hours [20, 21]) and slowly (over
days [22, 23]) excreted from the organism in bile through
liver metabolism, in the urine through kidney ﬁltration, but
also through the shedding of epithelial cells at the villus tip
in the small intestine. The liver clears two thirds of circulating LPS via sinusoidal endothelial cells and Kuppfer cells
[21], which is then secreted into the intestine via the bile
[24]; in the lumenal environment of the intestine, there is a
high tolerance for LPS due to the constant interaction with
gram-negative bacteria in the microbiome [25, 26] and it
does not trigger inﬂammation [27, 28]. LPS is ultimately
excreted in feces [29, 30]. Some LPS loses occur via urinary
excretion [30]. But another route of excretion is via the small
intestine, where LPS appears ﬁrst in the crypts and then concentrates in the small intestinal epithelial cells of the villus
tips [31, 32], which are ultimately shed contributing another
pool of LPS to fecal excretion. Intraperitoneal LPS causes
shedding of small intestinal epithelial cells in a Tnf receptor(Tnfr-) dependent manner within 1.5 hours at doses as low as
0.125 mg/kg [27]. The rapid manifestation of epithelial shedding, preceded by the crypt appearance of LPS, suggests
transmigration of intraperitoneal LPS across the visceral
peritoneum and not only derived from circulation. The amelioration of splenic injury from the introduction of normal
mesenteric lymph into LPS-treated mice indicates a role for
mesenteric ﬂuids in systemic inﬂammation [33]. Intestinal

clearance of LPS causes intestinal permeability, oxidative
stress, and intestinal mitochondrial damage and increases
lipid peroxidation [34].
As shown in Figure 1, LPS initiates inﬂammation
through toll-like receptor (TLR4) signaling that activates
NFκB-mediated cytokine production including Tnfα, IL-6
and IL-1β [35]. Keap1 is a redox-sensing cytosolic inhibitor
protein for the transcription factor Nrf2 that upregulates
the expression a battery of antioxidant, anti-inﬂammatory,
and DNA repair genes including heme oxygenase-1 (Ho-1)
[36, 37]. In response to increasing intracellular oxidation
status or the binding of other electrophiles, the conformation
of Keap1 is altered, releasing Nrf2 to translocate to the
nucleus, binding the antioxidant response element (ARE) in
the promoter regions of target genes (Figure 2) [38]. Priming
the Keap1-Nrf2-ARE pathway with dietary electrophilic
phytochemicals increases the threshold to the initiation of
inﬂammation and delays the activation of proinﬂammatory
transcription factor NFκB [39–41]. The inhibitory role of
Nrf2 has also been demonstrated in macrophages where it
can bind ARE-independent DNA sequences in the promoter
region of IL-6 and IL-1β, suppressing their transcription
[42]. Additionally, LPS can physically disrupt red blood cell
membranes releasing free heme with prooxidant potential
[43]. In its enzyme role, inducible heme oxygenase-1 (Ho-1)
degrades free heme to equimolar amounts of carbon monoxide (CO), free iron, and biliverdin. Biliverdin is enzymatically
converted to bilirubin which forms an antioxidant redox
couple, while CO is independently anti-inﬂammatory [44].
Upregulating Ho-1 is protective against intestinal inﬂammation and loss of barrier integrity [45–47] and maintains
alternatively activated/M2 macrophage polarization [48–50],
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shifting the polarization of intestinal T cells towards a regulatory phenotype [51–53].
Polyacetylenes are bioactive bisacetylenic phytooxylipins
abundant not only in medicinal plants such as Notopterygium incisum (Qiang Huo) [54], Angelica sinensis (Dong
Quai) [55, 56], and ginseng [57] but also in agricultural crops
from the Apiaceae family [58], the most widely consumed of
which is carrot [59, 60]. Falcarinol (FA) and falcarindiol (FD)
are the most abundant carrot-derived polyacetylenes and
have a demonstrated anti-inﬂammatory eﬀect [60–62], in
part by the suppression of NFκB [63]. FD has been shown
to activate Nrf2 by S-alkylation of its inhibitor protein Keap1
[64]. FD pretreatment upregulated the antioxidant enzymes
NADPH:quinone oxidoreductase (Nqo1) and glutathioneS-transferase (GST), protecting against a later oxidative challenge in both normal liver cells [65] and an in vivo mouse
model examining the activity of these enzymes in the liver,
small intestine, kidney, and lung, in part by reducing lipid
peroxidation [66]. Ginseng-derived panaxynol, structurally
identical to carrot-derived falcarinol, is an anti-inﬂammatory
compound and potent activator of cardiac Nrf2 [57]. In
humans, panaxynol reduces oxidative stress-induced plasma
lipid peroxidation [67]. We set out to evaluate for the ﬁrst
time the protective eﬀect of diet-achievable levels of FA
against intestinal inﬂammation in comparison to sulforaphane (SF)—widely recognized as the most potent natural
compound activator of the Nrf2/ARE pathway.

2. Methods
2.1. Animal Treatment. Three-month-old male CB57BL/6
mice (Charles River, St. Constant, QC, Canada) were

individually housed in a temperature-controlled room on a
reverse (12 : 12) light-dark cycle, fed a standard chow diet
(Harlan Teklad, Mississauga, ON, Canada), with access to
water ad libitum. Phytochemicals were prepared in 100%
ethanol immediately before individual doses were prepared
in peanut butter and allowed to evaporate overnight, refrigerated in a light-proof container. Twice per day for 7 days, 4
groups of mice received peanut butter (166 mg ± 0.01) with
5 mg/kg FA (CAS# 21852-80-2, Quality Phytochemicals
LLC, East Brunswick, NJ, USA) (FA group), 5 mg/kg SF
(CAS# 142825-10-3, Cayman Chemical, Ann Arbour, MI,
USA) (SF group), or ethanol vehicle for the two control
groups: a negative control (NC group) that was salinetreated and a positive control (PC group) that was lipopolysaccharide- (LPS-) treated. The chemical structures of FA
and SF are shown in Figure 3. To elicit an immune response,
the FA, SF, and PC groups of fasted animals (n = 3 per group)
received an intraperitoneal injection of 5 mg/kg LPS on the
eighth day and were sacriﬁced after 4 hours—a time point chosen for maximal intestinal inﬂammatory response [68, 69].
Plasma was collected by cardiac puncture, and tissues were
removed and snap frozen in liquid nitrogen. All of the procedures conducted were approved by the University of Guelph
Animal Care Committee and were in accordance with the
guidelines of the Canadian Council on Animal Care.
2.2. Histological Analysis. Upper duodenal sections were
ﬂushed with saline and ﬁxed in phosphate-buﬀered 10%
formalin solution for 24 hours. Paraﬃn blocks were
embedded, and 5 μm sections in longitudinal orientation
were slide-mounted, and haematoxylin and eosin (H&E)
staining was performed by the Animal Health Laboratory
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at the University of Guelph. Histomorphological evaluation
of H&E-stained slides was scored by a professional veterinary
pathologist (Animal Health Laboratory-Kempville) in a
blinded fashion using the methods outlined by Erben et al.
[70]. Slides were evaluated for the inﬂammatory cell inﬁltrate
score (as per Table 8, Erben et al.), and a number of mitotic
cells were counted in 10 contiguous 400x ﬁelds [70].
2.3. Plasma Cytokines. Plasma cytokines were measured
using a magnetic bead-based sandwich immunoassay
according to the manufacturer’s instructions (Bio-Plex
Pro™ Mouse Cytokine 23-plex Assay, Bio-Rad Laboratories,
Mississauga, Ontario). Antibody-coupled beads were incubated with plasma samples (1 : 3 dilution) in duplicate and
incubated with biotinylated detection antibody to create a
sandwich complex. Samples were subsequently incubated with
streptavidin-phycoerythrin conjugate to serve as a ﬂuorescent
reporter. Beads were washed, and bound molecules were
detected using a Bio-Plex 200 System (Bio-Rad Laboratories,
Mississauga, Ontario).
2.4. PCR. mRNA was extracted from tissues using TRIzol
according to the manufacturer’s instructions (Thermo Fisher
Scientiﬁc). mRNA concentration was evaluated by measuring absorbance using a Nanodrop spectrophotometer
(Nanodrop 2000, Thermo Fisher Scientiﬁc). For each sample,
1 μg of mRNA was incubated with DNase to remove genomic
DNA and used for subsequent cDNA synthesis according to
the manufacturer’s instructions (iScript gDNA Clear cDNA
synthesis kit, Bio-Rad Laboratories, Mississauga, Ontario).
Resulting cDNA was ampliﬁed by real-time RT-PCR (CFX
Connect, Bio-Rad Laboratories, Mississauga, Ontario) with
select primers using PCR reagents according to the manufacturer’s instructions (SsoAdvanced Universal SYBR Green
Supermix, Bio-Rad Laboratories, Mississauga, Ontario). For
each tissue, the geometric mean of 3 reference genes
(Rps29, 18s, and Tbp) was used to calculate the delta Ct for
each gene of interest.
2.5. Immunoblotting. Tissue samples were homogenized in
cell lysis buﬀer (liver) or RIPA buﬀer (intestine) and centrifuged at 15,000 g for 10 minutes at 4° C. Lysate supernatant
was collected, and protein was quantiﬁed by bicinchoninic
acid protein assay (Pierce Thermo Fisher Scientiﬁc) and
measured with a plate reader (Molecular Devices, San Jose,
USA). Protein concentration was standardized, and samples
were separated in a 10% gel and transferred to PVDF
membrane with a semidry electrophoretic transfer system
(Bio-Rad Laboratories, Mississauga, Ontario). Membranes

were incubated overnight with a 1 : 1000 dilution of primary
antibody (Ho-1 and Nqo1, Abcam, Toronto, Canada),
followed by a 1 : 3000 dilution of horseradish peroxidase-link
secondary anti-mouse antibody (Cell Signaling Technology,
Whitby, Canada). Blots were visualized with electrochemiluminescence reagent (Clarity Max, Bio-Rad Laboratories,
Mississauga, Ontario), and images were captured with either
FluorChem HD2 System (Cell Biosciences, San Jose, USA)
or Gel Logic 6000 Pro (Carestream, Rochester, USA). Membranes were quantiﬁed using Image Studio™ Lite software
(LI-COR Biosciences, Lincoln, USA) and normalized to either
β-tubulin (liver) or total protein (intestine).
2.6. Lipid Peroxidation. Tissues were homogenized with 10
volumes of RIPA buﬀer containing protease and phosphatase
inhibitors (Sigma-Aldrich P2714 and P5726, respectively)
and centrifuged at 1600 g for 10 minutes at 4°C. The supernatant was used undiluted in the TBARS assay (Cayman
Chemical, Ann Arbor, USA) according to the manufacturer’s
instructions. Brieﬂy, the sample supernatant was combined
with thiobarbituric acid assay reagents and boiled for 1 hour.
Cooled sample preparations were loaded onto a 96-well plate
and the absorbance read at 535 nm in a microplate reader
(Molecular Devices, San Jose, USA), and lipid peroxides were
interpolated from a malondialdehyde standard curve.
2.7. Statistical Analysis. Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s posttest
method to compare group means (“P” for ANOVA-derived
p values and “p” for those derived from the posttest). All
results with α < 0 05 were accepted as statistically signiﬁcant;
marginally signiﬁcant results (p < 0 1; i.e., α < 0 10) are also
mentioned. Qualitative scoring for intestinal inﬂammation
was analyzed by Kruskal-Wallis one way analysis of variance,
and Dunn’s test was used to evaluate the pairwise mean rank
diﬀerence. All data were analyzed with GraphPad Prism
software (version 7).

3. Results
3.1. Falcarinol Was a Potent Reducer of Intestinal
Inﬂammation. Intestinal proinﬂammatory gene expression
peaks between 4 and 6 hours after LPS injection [71], and
maximal circulating proinﬂammatory cytokines Tnfα, IL-6,
and IL-1 occur closer to 4 hours of postinjection [68, 72],
so we chose the time point of 4 hours to best capture the
acute intestinal and systemic inﬂammatory response. As
shown in Figure 4(a), in the jejunum, both phytochemicals
falcarinol (FA) and sulforaphane (SF) reduced the expression
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Figure 4: Intestinal and hepatic inﬂammatory gene expressions. Gene expression is expressed as mRNA fold change relative to negative
control (NC). (a) Intestinal gene expression and (b) hepatic gene expression. Statistical signiﬁcance is expressed as follows: ∗ p < 0 05,
∗∗
p < 0 01, ∗∗∗ p < 0 001, and ∗∗∗∗ p < 0 0001.

of LPS-induced proinﬂammatory genes, but FA was consistently more eﬀective than SF. IL-6 showed the greatest magnitude of change among the inﬂammatory genes, increasing
103.6-fold for LPS treatment alone (positive control (PC))
and 85.2-fold for SF (p < 0 01 for both), whereas for FA, the
increase was prevented and the expression was not signiﬁcantly diﬀerent from the LPS-untreated negative control
(NC). This pattern repeated for Tnfα, its receptor (Tnfr),
and Ifnγ. Tnfα expression increased by 48.8-fold for PC
(p < 0 0001) and 24.6-fold for SF (p < 0 01), and Tnfr was
increased by 5.1-fold in PC (p < 0 001) and 2.6-fold in SF
(p < 0 01), but for FA-treated mice, the increases were
prevented and not signiﬁcantly diﬀerent from the negative
control group. Ifnγ mRNA increased by 22.3-fold in PC
(p < 0 001), but there was no signiﬁcant increase for either
phytochemical-treated groups. Stat3 increased in all LPStreated groups, increasing by 3.6-fold in PC, 2.8-fold in SF
(both p < 0 0001), and 2-fold in FA (p = 0 0051). Stat3 was
signiﬁcantly lower for FA than both PC and SF (p = 0 0002
and p = 0 0208, respectively). As shown in Figure 5, IL-10
and its receptor (IL-10R) were also signiﬁcantly increased
by LPS treatment and the LPS response was reduced by both
phytochemical treatments. IL-10 expression was increased by
17.7-, 13.1-, and 9.5-fold in PC, SF, and FA, respectively
(P < 0 0001), whereas its receptor increased only for PC
(by 1.6-fold) and decreased with phytochemical treatment
(both to 0.7-fold, P = 0 0176). Altogether, the phytochemical
pretreatment eﬀectively reduced the magnitude of intestinal

proinﬂammatory gene expression with FA showing more
potency than SF.
3.2. Phytochemicals Had a Minor Eﬀect on Hepatic
Inﬂammation. At 4 hours of post LPS injection, the eﬀect
on hepatic inﬂammatory gene expression was more subdued
than in the intestine. As shown in Figure 4(b), the main
inﬂammatory genes (IL-6, Tnfα, and Ifnγ) were all increased
by LPS treatment and the phytochemical pretreatments
showed no reductions in their expression. In fact, IL-6 had
the greatest magnitude of increase for all LPS groups with
the highest increase for SF (p = 0 0172). Tnfr mRNA was
upregulated by 2.4-fold and 2.5-fold for SF and PC, respectively (both p < 0 01), that was presented in the FA group.
Stat3 was signiﬁcantly upregulated in all LPS-treated groups
(P = 0 0002). SF and PC both increased by 4.8-fold (both
p = 0 0003). Diﬀerently from SF, FA caused the most conservative increase in Stat3 (3.8-fold, p = 0 0022), showing
some reducing eﬀects.
3.3. Downregulated Expression of Intestinal Nrf2 Pathway
Genes Was Not Rescued with Pretreatments. We also evaluated the eﬀect of phytochemicals on the expression of Nrf2,
Keap1, and their responsive genes Hmox1 and Nqo1 in
both the intestine and the liver (Figure 6). In the intestine,
the expression of Nrf2 was 3-fold downregulated by LPS
(p < 0 0001) and not rescued by phytochemical pretreatment at 4 hours of postinjection. Keap1 was signiﬁcantly
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upregulated only in PC by 1.6-fold (p = 0 045). We anticipated an increased expression of Nrf2 target genes by both
phytochemical pretreatments but observed that only heme
oxygenase-1 (Hmox1) was signiﬁcantly increased only for
FA by 8.9-fold above control (p = 0 0184). Nqo1 (Figure 6)
and Muc-2 (not shown) gene expression also were not
signiﬁcantly changed by LPS with or without phytochemical
pretreatments.
3.4. Falcarinol but Not Sulforaphane Stimulated Expression of
Hepatic Nrf2 Pathway. In contrast, in the liver, LPS had no
impact on the Nrf2 pathway (Figure 6(b)). In fact, the FA pretreatment resulted in a signiﬁcant increase of Nrf2 mRNA
(p < 0 05), and Keap1 was signiﬁcantly upregulated only in
the SF and PC groups (2.0- and 2.1-fold, respectively; both
p < 0 05). Similarly, Hmox1 was signiﬁcantly increased only

in the FA-treated group (by 6.5-fold, p < 0 05), and there
was no diﬀerence in expression between the SF and PC
groups. Nqo1 expression was not signiﬁcantly aﬀected by
either LPS or phytochemicals in the liver.
3.5. Falcarinol but Not Sulforaphane Increased Intestinal and
Liver Heme Oxygenase-1 Protein. Interestingly, Ho-1 and
Nqo1 proteins followed a similar expression pattern with
respect to mRNA in both the intestine and the liver
(Figure 7). The intestinal Ho-1 protein was signiﬁcantly
increased with FA (1.83-fold, p < 0 05), while there was no
eﬀect of SF or PC on Ho-1 protein. Similarly, the largest
increase in hepatic Ho-1 protein was obtained only with FA
(16.4-fold; p = 0 0806). On the other hand, the intestinal
Nqo1 protein was increased with all treatments but was signiﬁcant only in the LPS PC group (2.18-fold, p < 0 05). There
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was no eﬀect of either phytochemical or LPS treatment on the
liver Nqo1 protein.
3.6. Falcarinol Pretreatment Speciﬁcally Reduced InitialPhase Plasma Cytokines. Eosinophils are the ﬁrst immune
cells to be recruited to the site of injury in response to locally
produced eotaxin, and are followed by more numerous neutrophils and macrophages [73]. As shown in Figure 8, eotaxin
increased 5.4-fold for LPS alone (p < 0 001, PC) and it was
attenuated with FA, which only showed a 4.1-fold increase
(p < 0 01), but not with SF (5.0-fold, p < 0 001) demonstrating that FA was able to show some protective eﬀects in the
initial phases of the LPS response. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) acts to recruit eosinophils and macrophages but is inhibitory to neutrophils [74];
GM-CSF was signiﬁcantly increased only for SF and PC, by
5.6-fold and 6.7-fold, respectively (p < 0 05). IL-12p40 was
signiﬁcantly upregulated only for SF (by 90.2-fold, p < 0 05).
The plasma inﬂammatory cytokines (IL-1α, IL-1β, IL-6,
and Ifnγ) were all signiﬁcantly upregulated by LPS treatment,
but there was no eﬀect of phytochemical pretreatment on the
magnitude of the response seen at the 4-hour time point.
Tnfα was signiﬁcantly increased only in the FA group (by

8.4-fold, p < 0 05). Other inﬂammatory factors IL-13,
MIP-1α, and MIP-1β were signiﬁcantly increased but without a protective eﬀect of phytochemical treatment; similarly,
the regulatory cytokines IL-3, IL-4, and IL-10 were all significantly upregulated by LPS with no eﬀect of phytochemical
pretreatment. All cytokines were increased in the plasma
after LPS injection, with the exception of IL-9 which was
not detectable in all samples. Changes were not signiﬁcant
for IL-2, IL-5, IL-17, KC, MCP-1, RANTES, or IL-12p70.
3.7. Falcarinol Speciﬁcally Reduced Lipid Peroxidation in the
Mesentery. As shown in Figure 8, LPS had no signiﬁcant
eﬀect on lipid peroxidation in the plasma, jejunum, or
mesentery at 4 hours of postinjection; however, TBARS was
signiﬁcantly lower in the mesentery of the FA-treated mice
(p < 0 05).
3.8. Falcarinol Completely Attenuated Inﬂammatory Cell
Inﬁltration and Reduced Epithelial Turnover in the Intestine.
Qualitative scores for inﬂammatory cell inﬁltrate and epithelial damage were moderate 4 h after LPS treatment, ranging
from 0 to 3 on a scale of 8. FA however completely attenuated
LPS-induced inﬂammatory cell inﬁltration in the duodenum
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Figure 8: Plasma cytokines and lipid peroxidation. Circulating plasma cytokines 4 hours after LPS injection are expressed in pg/mL.
(a) Classic inﬂammatory cytokines. (b) Other inﬂammatory cytokines. (c) Regulatory cytokines. (d) Lipid peroxidation measured by TBARS
in the jejunal-associated mesentery, jejunum, and plasma 4 hours after LPS injection. Statistical signiﬁcance is expressed as follows: ∗ p < 0 05,
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p < 0 01, ∗∗∗ p < 0 001, and ∗∗∗∗ p < 0 0001.

(Figure 9). Remarkably, despite LPS treatment, the score for
FA was lower even than saline-treated NC. Both SF and PC
scored similarly to NC; diﬀerences were only signiﬁcant
between FA and SF (mean ranks: 2.5 and 9.0, respectively,
p < 0 05). The number of mitotic cells in the intestinal
epithelium is a marker for the epithelial cell turnover rate
[32, 75]. Results only approached signiﬁcance between NC
and PC (p = 0 0522). The mean numbers of mitotic cells
counted in 10 contiguous 400x ﬁelds were 24, 33, 45, and
63 for NC, FA, SF, and PC, respectively (Figure 9). This study
did not observe shedding directly, but histology revealed the
architecture of PC duodenum to be so poor due to shortened
villi (crypt : villus ratio is ~1 : 3 for PC as compared to 7–12
for the other groups) in which further morphological study
was not possible. This eﬀect was not seen in the LPStreated groups that received phytochemical pretreatment.

4. Discussion
The anticancer eﬀects of FA are its best characterized bioactive property [76–83]. FA also has positive metabolic eﬀects.
In vitro, FA improves insulin signaling in insulin-resistant
porcine myotubes [84] and increases glucose uptake in normal porcine myotubes and adipocytes, as well as inhibiting
adipocyte diﬀerentiation [85]. Interestingly, falcarindiol does
not inhibit adipocyte diﬀerentiation but is a more potent
PPARγ agonist than FA which requires a higher dose to initiate an eﬀect [54, 85]. FA stimulates normal intestinal cell
growth at physiological doses, whereas carotenoids have no
eﬀect [86], and carrot juice has an anti-inﬂammatory eﬀect

in vitro intestinal cells [87]. FA also has anticomplement
activity [88] and modulates GABAA receptor activation [89].
In this study, we observed that the local eﬀect of LPS on
the intestine produced a greater response of inﬂammatory
gene expression than in the liver, which would be expected
to experience a lower dose of LPS derived from systemic circulation as opposed to directly from the intraperitoneal
space. Additionally, the protective eﬀect of the phytochemicals and falcarinol, in particular, was more pronounced in
the intestine than in the liver. Intestinal cells would have been
exposed to the full phytochemical dose over a short amount
of time—a higher eﬀective dose that would be available to
cells relying on systemic circulation for phytochemical exposure such as the liver. The novel ﬁnding in this study is that
falcarinol was more eﬀective than sulforaphane in attenuating inﬂammatory gene expression in the intestine and to a
lesser degree in the liver.
We also examined the eﬀect of phytochemicals on Nrf2activated targets, Ho-1 and Nqo1. Heme oxygenase-1 (Ho-1,
Hmox1) has an emerging role in attenuating intestinal
inﬂammation and protecting intestinal barrier integrity by
upregulating the expression of tight junction proteins [47]
and attenuating inﬂammation-induced intestinal permeability [46]. Prior Ho-1 upregulation protected intestinal barrier
integrity by upregulating tight junction proteins, reducing
apoptosis, activating Nrf2, and reducing NFκB activation
resulting from abdominal surgery in a rat model [90] and
associated oxidative stress [91, 92]. FA, but not SF, signiﬁcantly upregulated Hmox1 in both the liver and intestine,
whereas Nqo1 expression was not aﬀected by phytochemical.
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A unique characteristic of the Nqo1 promoter is the number
of ARE sequences. Rather than rendering Nqo1 more Nrf2sensitive due to the increased number of ARE contributing
to its regulation, it appears that it is more likely that Nqo1
requires more intense Nrf2 exposure to aﬀect transcriptional
activation than Hmox1. We demonstrated that Hmox1 is
more sensitive to Nrf2 activation than Nqo1 in the liver and
intestine which was also reﬂected in protein levels. Nqo1
protein levels were only signiﬁcantly elevated in the intestine
of PC, whereas in the liver, neither LPS nor phytochemical
pretreatment showed an eﬀect. Ho-1 protein levels were
signiﬁcantly increased from NC in both the liver and the
intestine only in FA-treated mice, with no diﬀerence between
the SF and the PC groups. Notably, this eﬀect was only seen
with FA-treated mice and not those treated with SF. This
unique eﬀect of FA is another novel ﬁnding in this study.
FA attenuated circulating eotaxin and GM-CSF (a proinﬂammatory inducer of M1 phenotype [93]) as compared to
other LPS-treated groups, which could potentially translate
to reduced immune cell recruitment, but cell traﬃcking was
not evaluated in this study. Lipid peroxidation was not
increased at 4 hours after LPS injection in any of the plasma,
intestine, or mesentery; however, FA pretreatment reduced
basal lipid peroxidation in the mesentery, which may be a
contributing factor to the surprising reduction of inﬂammatory cell inﬁltration in FA duodena.
Glutathione-S-transferase is a phase II detoxiﬁcation
enzyme that conjugates electrophiles [94]. Sulforaphane is
absorbed into intestinal cells as a glutathione conjugate
[95], an interaction that is promoted by intracellular glutathione transferases [96] or a direct interaction with lumenal

glutathione derived from the diet [97] or bile [98]. It is
known that a portion of absorbed sulforaphane is secreted
back into the intestine as a glutathione conjugate, reducing
its bioavailability to 74% by some estimates [99]. The bioavailability of polyacetylenes has been demonstrated [100, 101],
and they have been shown to bind human serum albumin
for circulatory distribution [102], but we are not aware of
any studies speciﬁc to their uptake mechanisms. Due to the
electrophilicity of polyacetylenes; these mechanisms may be
similar to SF, and possibly diﬀerential uptake eﬃciencies
may contribute to the greater eﬀectiveness of FA in vivo.
Normal epithelial cell loss from the villi tips is replaced by
cells newly diﬀerentiated from crypt stem cells; a balance
between cell loss and regeneration maintains intestinal barrier integrity. Accelerated mitosis in the epithelial layer is
suggestive of shedding since there would be an increased
need for regeneration to replace lost cells at the villus tip.
LPS-treated groups had more mitotic cells than NC
(1.38- and 1.88-fold more for FA and SF, respectively); PC
had the most mitotic cells (2.63-fold more than NC) but
did not reach signiﬁcance (p = 0 0522), demonstrating the
superior eﬀect of FA over SF in protecting intestinal integrity.
While LPS treatment did not substantively increase the qualitative score of inﬂammatory cell inﬁltration (mild to moderate inﬁltration in NC, SF, and PC), remarkably, FA did not
show any inﬁltration despite LPS treatment (score = 0).
While it is possible that FA is a more potent activator
of Nrf2 than sulforaphane, there may be other eﬀects of
FA that are responsible. Endocannabinoid signaling is
involved in maintaining intestinal barrier integrity. Antagonism of cannabinoid type 1 receptor (CB1R) reduced intestinal
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inﬂammation and permeability in a diet-induced obesity
model, attenuating metabolic endotoxemia and adipose
inﬂammation and improving insulin resistance [103]. Pretreatment of the apical but not basolateral side of a Caco-2 cell
monolayer prevented the cytokine-induced increase in intestinal permeability mediated by the antagonism of CB1R [104].
Dietary (apical side exposure) FA is likely protective of the
intestinal epithelium since it is a covalent CB1R antagonist
[105]; we are unaware of any studies directly evaluating sulforaphane for potential CB1R antagonism.
The current study evaluated the anti-inﬂammatory and
antioxidant eﬀects of isolated bioactive compounds available
in the diet and their role in the prevention of inﬂammation
(commonly understood to play an important role in the
development of most chronic diseases) and more speciﬁcally
in the context of intestinal inﬂammation and the maintenance of intestinal barrier integrity. Intestinal inﬂammation
is particularly relevant since it provides the milieu for the
polarization of naive T cells and other immune cells which
have wider implications for the overall immune tone. The
degradation of the intestinal barrier is gaining recognition
as another early deviation from homeostasis contributing to
the development of more serious and widely divergent
diseases including some autoimmune conditions, food allergies, obesity, endotoxemia, chronic inﬂammation, and even
intense exercise. Furthermore, our use of low/diet-achievable
doses (5 mg/kg) as opposed to the commonly used default for
studies of this type (100 mg/kg), which is a pharmaceutical or
supplemental dose, make our ﬁndings all the more relevant
since these eﬀects are seen at dietary levels of exposure.
In conclusion, we have demonstrated the superior eﬀectiveness of FA over SF at attenuating LPS-induced intestinal
gene expression and to a lesser degree in the liver. FA was
uniquely eﬀective at upregulating Nrf2-target Ho-1 in both
the intestine and the liver and attenuating some initial phase
proinﬂammatory cytokines. FA also reduced inﬂammatory
cell inﬁltration in the duodenum below even negative control
and reduced basal mesenteric lipid peroxidation. These
results suggest that the eﬃcacy of FA may be fruitful to
explore for prevention and treatment in inﬂammatory
pathologies of the GI tract and in supporting the maintenance of intestinal barrier integrity due to the superiority of
FA at upregulating Ho-1 to the anti-inﬂammatory and antioxidant eﬀect demonstrated in the current study.
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Pequi (Caryocar brasiliense) is an endemic species from Brazilian Cerrado, and their fruits are widely used in regional cuisine. In
this work, a crude hydroalcoholic extract (CHE) of C. brasiliense leaves and its resulting fractions in hexane (HF), chloroform
(CF), ethyl acetate (EAF), and butanol (BF) were investigated for their antioxidant properties and anticholinesterase activities.
The antioxidant properties were evaluated by free radical scavenging and electroanalytical assays, which were further correlated
with the total phenolic content and LC-MS results. The acetylcholinesterase and butyrylcholinesterase inhibitory activities were
examined using Ellman’s colorimetric method. The LC-MS analysis of EAF revealed the presence of gallic acid and quercetin.
CHE and its fractions, EAF and BF, showed anticholinesterase and antioxidant activities, suggesting the association of both
eﬀects with the phenolic content. In addition, behavioral tests performed with CHE (10, 100, and 300 mg/kg) showed that it
prevented mice memory impairment which resulted from aluminium intake. Moreover, CHE inhibited brain lipid peroxidation
and acetyl and butyryl-cholinesterase activities and the extract’s neuroprotective eﬀect was reﬂected at the microscopic level.
Therefore, the leaves of pequi are a potential source of phenolic antioxidants and can be potentially used in treatments of
memory dysfunctions, such as those associated with neurodegenerative disorders.

1. Introduction
Neurodegenerative disorders, such as Alzheimer’s disease
(AD), present features of memory and cognitive impairment.
Literature reports that AD is characterized by a combined
loss of cholinergic neurons and their projections to the basal
nucleus and associated areas of the brain stream. Given that
neurotransmission is nonetheless sensitive to beta-amyloid
peptide toxicity, the progressive deterioration of cholinergic
innervation leads to signaling impairment, therefore contributing to the cognitive and behavioral dysfunctions seen in
AD [1, 2].

Oxidative damage is known to play an important role in
neuronal damage, due to the neurodegeneration promoted
by highly reactive compounds. Since brain tissue is particularly sensitive to reactive oxygen species- (ROS-) mediated
cell damage, ROS build up may lead to lipid peroxidation.
This process inhibits henceforth neurotransmitter production, such as that of acetylcholine, which is deeply involved
in memory and learning [3, 4].
Considering the overall aspects of AD pathogenesis, the
identiﬁcation of antioxidant bioactive compounds presenting
complementary anticholinesterase (AChE) activities is an
important step to aid neuroprotector treatments, due to the
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possibility of synergistically mopping up ROS and allowing
proper acetylcholine build up in the synaptic cleft. In this
context, Brazilian Cerrado trees are known to possess myriads of antioxidant secondary metabolites which may also
hinder diﬀerent forms of cholinesterase enzymes [5, 6].
Amongst potential neuroprotective phytomedicines is
Caryocar brasiliense (Camb), a Caryocaraceae family member popularly known as “pequi.” This tree plays a signiﬁcant
role in central western Brazilian culture and is a source of
raw material for small- and middle-sized industries. In folk
medicine, the fruit pulp is used as stomachic and for ﬂu treatment, whereas a decoction of the leaves and ﬂowers is used as
energetic, tonic, aphrodisiac, and treatment for liver diseases.
C. brasiliense is also known to be rich in ﬂavonoids which
may display leishmanicidal, antifungal, antioxidant, and
vasorelaxant properties [7–10].
Studies concerning C. brasiliense leaves reported the
presence of antioxidant compounds such as gallic acid,
quinic acid, quercetin, and quercetin 3-o-arabinose [9, 10].
However, literature reports on the extent of neuroprotection
related to C. brasiliense extract ingestion, as well as anticholinesterase activities, are still limited [11].
This study therefore is aimed at evaluating the antioxidant and anticholinesterase activities as well as neuroprotective eﬀects of C. brasiliense leaves, in order to provide
new information on the potential use of this plant against
neurodegenerative disorders.

2. Material and Methods
2.1. Reagents. Bovine serum albumin, gallic acid, rutin and
quercetin, aluminium chloride, acetylcholine, 5,5′-dithiobis(2-nitrobenzoic acid) (DNTB), 1,5-bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51),
tetraisopropyl pyrophosphoramide (iso-OMPA), acetylthiocholine iodide, S-butyrylthiocholine iodide, epinephrine
bitartrate, and eosin were purchased from Sigma.
This work also made use of hydrogen peroxide (CRQ),
trichloroacetic acid (TCA) (Vetec), thiobarbituric acid
(TBA) (TediaBrasil), n-butanol (Synth), glycine (Vetec),
NaH2PO4H2O (Cromoline), Na2HPO4 (Synth), coomassie
brilliant blue (Amresco), ethyl alcohol (Synth), xylene
(Vetec), Paraplast (Merck), and hematoxylin (Merck).
All electrolyte salts, solvents and reagents were of analytical grade. Electrolyte solutions were prepared with double
distilled Milli-Q water (conductivity ≤ 0.1 μS·cm−1) (Millipore S. A., Molsheim, France).
2.2. Animals. Male Swiss mice (25–30 g) from the colony of
the Federal University of Goiás were used in this study. The
animals were housed under a controlled 12 h light/dark cycle
and stable temperature (22-23°C) with free access to food and
water. All experiments were conducted in accordance with
the Sociedade Brasileira de Ciência em Animais de Laboratório (SBCAL) and were approved by the local Ethics in
Research Committee (protocol number: 140/10).
2.3. Extract Preparation. C. brasiliense dried leaves were
collected in September 2010 in Gurupi, Tocantins, Brazil.
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The plant was authenticated by Professor Aristônio Magalhães Teles, and a voucher sample was deposited in the herbarium of the Institute of Biological Sciences of the Federal
University of Goiás under the code 1353 [10].
The extract was prepared focusing on polyphenol extraction; henceforth, CHE was obtained by immersion and sonication of leaf powder in ethanol-water solution (70 : 30) for
1 h. The resulting extract was lyophilized and stored in a dark
container at 4°C.
Organic fractions (OFs) were obtained by fractionation
of crude hydroalcoholic lyophilized extract using organic
solvents with crescent degrees of polarity (hexane—chloroform—ethyl acetate—butanol). Thereafter, solvents were
evaporated under reduced pressure to produce a hexane
fraction (HF), a chloroform fraction (CF), an ethyl acetate
fraction (EAF), and a butanol fraction (BF).
2.4. Determination of In Vitro Anticholinesterase Activity.
Acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) inhibitory activities were measured by the spectrophotometric method developed by Ellman et al. [12]. AChE
and BChE from whole mice brain homogenates were used,
while acetylthiocholine iodide (ATC) and butyrylthiocholine
chloride (BTC) were employed as substrates of the reaction.
In order to distinguish if pequi extracts had preferential
action between AChE and BChE, tests were performed using
ATC as a substrate in the presence of iso-OMPA (an inhibitor of BChE).
DTNB was used for the measurement of anticholinesterase activity. CHE and OFs (1–500 μg/mL) were preincubated with the homogenates for 30 min before addition
of DTNB and ATC or BTC. Neostigmine was used as a reference compound.
2.5. Antioxidant Assays
2.5.1. DPPH Free Radical Scavenging Assay. The free radical
scavenging activity was determined spectrophotometrically
by reaction with 2,2-diphenyl-1-picrylhydrazyl (DPPH), as
described by Blois [13]. CHE and OFs (1–500 μg/mL) were
preincubated for 30 min in the presence of DPPH before
spectrophotometric analysis. Quercetin was used as an antioxidant standard.
2.5.2. Voltammetric Determination of Redox Behavior. The
electroanalytical proﬁle of CHE and OFs was performed
according to the method described by Lino et al. [14]. The
electrochemical analysis was performed in phosphate buﬀer
0.1 M (pH 7.0). Voltammetric experiments were carried out
using a potentiostat/galvanostat μAutolab III® integrated to
the GPES 4.9® software (Eco Chemie, Utrecht, Netherlands).
Measurements were carried out in a 5 mL onecompartment electrochemical cell, using a three-electrode system consisting of a glassy carbon electrode (GCE) (Ø = 2 mm)
as the working electrode, Pt wire as the counter electrode,
and Ag/AgCl (3 mol·L−1 KCl) as the reference electrode.
The experimental conditions for diﬀerential pulse voltammetry (DPV) and square wave voltammetry (SWV) were a
pulse amplitude of 50 mV, pulse width of 0.4 s, and scan
rate of 5 mV·s−1.
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Measurements of pH were carried out in a QUIMIS® pH
meter. All experiments were done at room temperature. All
voltammograms presented were background subtracted and
baseline corrected using the moving average application
with a step window of 2 mV included in the GPES software
herein employed. This mathematical treatment improves
the visualization and the identiﬁcation of peaks over the
baseline without introducing any artifacts, even though the
peak intensity is in some cases reduced (<10%) in relation
to the untreated curve. Nevertheless, this mathematical
treatment was used in the presentation of all experimental
voltammograms for a better and clearer identiﬁcation of
the peaks. The values for the peak current presented in all
plots were determined from the original untreated voltammograms after subtraction of the baseline.
The antioxidant capacity was presented by electrochemical index (EI), obtained by index I pa /Epa , using the mathematical calculation:
EI =

I pan
I pa1
I pa2
+
+⋯+
Epa1 Epa2
Epan

1

2.5.3. Phenolic Content. The total phenolic content was estimated using the Folin-Ciocalteu reaction. Brieﬂy, 2.5 mL of
diluted Folin-Ciocalteu reagent (1/10) was added to a small
volume of sample (usually between 25 and 100 μL), which
was then treated with sodium carbonate solution as described
in Georgé et al. [15]. The absorbance was measured at
760 nm, and the total phenolic content was calculated as a
gallic acid equivalent (GAE) based on a standard curve of gallic acid. All of the experiments were performed in triplicate.
Results were expressed as milligrams of GAE/mL in both
CHE and OFs.
2.6. MS Analysis
2.6.1. Standards and EAF Preparation for LC-MS Analysis.
Stock solutions of gallic acid and quercetin standards
were prepared separately in methanol at concentrations
of 1 mg/mL. All stock solutions were stored under refrigeration at 4°C. Working solutions were obtained from stock
solutions by appropriate dilution in methanol/water solution
(70 : 30 v/v) containing 1 mM ammonium formate to the ﬁnal
concentration of 0.5 μg/mL, 50 μg/mL, and 2 mg/mL of gallic
acid, quercetin standards and EAF solutions, respectively.
All working standard solutions and samples were ﬁltered
through a polyvinylidene ﬂuoride syringe ﬁlter (11 mm
and 0.45 mm; Millipore Millex, Billerica, MA, USA) before
injection into the liquid chromatography coupled to mass
spectrometry (LC-MS).
2.6.2. LC-MS Instrumentation and Conditions. LC-ESI-MS
analysis was performed using an Agilent 1200 RRHT system (Wilmington, NC, USA) that consisted of a G1311A
binary pump, G1379A degasser, and G1316A column
oven. These were connected with a CTC sample manager
(model 2777, Waters, Milford, CT, USA). The system was
coupled to an Applied Biosystems MDS Sciex API 3200 triple
quadrupole mass spectrometer (Toronto, Canada) equipped

with a syringe pump Harvard 22 Dual Model (Harvard
Apparatus, South Natick, MA, USA) and an electrospray ionization (ESI) source. The ESI source was operated in the negative ion mode for quercetin and gallic acid standards
monitoring in the ethyl acetate fraction. For the negative
ion mode, the mobile phase consisted of methanol/water
solution (10 : 90 v/v) (A) and acetonitrile (B) both containing
1 mM ammonium formate. Analyte separations were carried
out according to method established by Oliveira et al. [10].
Chromatographic analysis was performed on an XBridge
C18 150 × 2.1 mm (5 mm particle size) column coupled with
an XBridge C18 10 × 2.1 mm (5 mm particle size) guard
column. The injection volume was 20 μL, and the column
temperature was maintained at 25°C. Data acquisition was
achieved with the MS Workstation by Analyst 1.4 software
(ABI/Sciex). The high-purity nitrogen and zero grade air that
were used as the CUR, GS1, and GS2 gases were produced
by a high-purity nitrogen generator from PEAK Scientiﬁc
Instruments (Chicago, IL, USA).
2.7. Animal Studies
2.7.1. Experimental Design. Animals were segregated in 6
groups (I to VI) (n = 10 each group) and undergone
chronic treatment for 90 days. Treatment solutions were
administered through gavage (0.1 mL/10 g). Treatment I
was designed as a control group (vehicle-distilled water);
therefore, only water was administered, while treatments II
to VI were test groups; henceforth, AlCl3 solution (100 mg/
kg) was administered, on the morning, from day 0 to day
90. After the 45th day, a second treatment was orally administered in the afternoon. The second treatment consisted
of distilled water (groups I and III), quercetin 30 mg/kg (II),
CHE 10 mg/kg (IV), CHE 100 mg/kg (V), and CHE
300 mg/kg (VI). After the treatment period, behavior was
evaluated (memory and locomotor activity) and then the animals were sacriﬁced by cervical dislocation and total brain
was removed and stored at 4°C for biochemical and histopathological assays.
2.7.2. Behavioral Studies. Twenty-four hours after the end of
the treatment period (91° day), in order to assess the neuroprotective properties of CHE against aluminium-induced
neurotoxicity, three behavioral tests were conducted, namely,
the step-down test to evaluate short- and long-term memories [16] and open ﬁeld and chimney tests to evaluate locomotor activity [17, 18].
2.7.3. Biochemical Assays. Twenty-four hours after the last
behavioral test, the animals were anesthetized with isoﬂurane. Subsequently, mice were euthanized by blood extraction through cardiac puncture and the cerebral tissue
was removed. Animal’s whole brains were immersed in
phosphate buﬀer solution pH 7.4 at a proportion of 1 : 5
w/v. Dispersion was homogenized in tissue homogenizer
(Homo Mix). The resulting colloid was centrifuged at
4492 × g for 20 minutes at 4°C, and the supernatant (biological sample) was assessed on its protein content by Bradford method [19]. Thereafter, the supernatant was also
used to assess thiobarbituric acid-reactive species (TBARS)
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Figure 1: Determination of cholinesterase activity (nmol/min/μg protein) in mice brain homogenate using acetylthiocholine 1.5 mM (a) and
butyrylthiocholine 1.5 mM (b) as enzyme substrates and in the presence of iso-OMPA 10 μM (an inhibitor of butyrylcholinesterase) or
BW284c51 10 μM (an inhibitor of acetylcholinesterase). Control samples represent the total cholinesterase activity obtained in the absence
of enzyme inhibitors. Data were obtained as a mean ± epm of 3 diﬀerent samples in triplicate.
Table 1: Values of IC50 for AChE, AChE in the presence of iso-OMPA (10−5 M) and BChE activities, and DPPH free radical formation of
CHE and OFs (HF, CF, EAF, and BF) of C. brasiliense leaves. Values of EI and total phenolic content (GAE) to the samples are listed as well.
AChE (μg/mL)

AChE + iso-OMPA (μg/mL)

BChE (μg/mL)

DPPH (μg/mL)

EI (μA/V)

GAE (mg/mL)

4.6 ± 1.0
25.6 ± 1.5∗∗∗

46.6 ± 3.9
27.3 ± 2.5∗∗

0.6 ± 0.1

76.4 ± 0.4∗∗∗

4.4 ± 0.5∗∗∗

0.1 ± 0.1∗

202.4 ± 7.9

233.6 ± 12.2

204.3 ± 12.4

HF

ND

ND

ND

CF

ND

CHE

EAF
BF

ND
∗∗∗

81.5 ± 14.7

235.9 ± 17.4

128.9 ± 16.8

ND
∗∗∗

118.6 ± 11.3

292.5 ± 22.3

∗∗∗

225.7 ± 15.2
∗

Values are expressed as mean ± SEM of three experiments. P < 0 05,

∗∗

P < 0 01, and

[20], acetylcholinesterase (AChE), and butyrylcholinesterase (BChE) activities [12].
2.7.4. Histopathological Analysis. Animal’s cortices were ﬁxed
in methanol/chloroform/acetic acid solution (6 : 3 : 1) and
then dehydrated with increasing concentrations of ethanol.
The dehydrated material was clariﬁed with xylol and embedded in Paraplast (Histosec, Merck). After inclusion, the material was sectioned at 6 μm and stained by hematoxylin-eosin
method. Histological sections were examined and digitized using a Zeiss Axio Scope A1 light microscope (Zeiss,
Germany). The frontal cortex sections were submitted to
morphometric analysis. We quantiﬁed the number of viable
neurons and the percentage (%) of necrotic eosinophilic neurons per photomicrography (20 ﬁelds/group; 40x objective
magniﬁcation). All analyses were performed using Image
Pro-Plus program version 6.1 (Media Cybernetics Inc., Silver
Spring, MD, USA). Values were presented as arithmetic
mean ± standard deviation of the mean.
2.8. Statistical Analysis. Values of IC50 were expressed as
mean ± the standard error of the mean (SEM) and were
obtained by construction of concentration-eﬀect curves
(1–500 μg/mL) of three experiments in triplicate using linear
regression analysis. Statistical signiﬁcance was determined

∗∗∗

5.9 ± 0.2
9.3 ± 0.6∗

119.8 ± 4.0

∗∗∗

58.1 ± 2.7

1.2 ± 0.3

4.0 ± 0.2∗∗∗
1.9 ± 0.3

P < 0 001 when compared with CHE. ND: not determined.

using Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test, when appropriate. AP value of <0.05 was considered statistically signiﬁcant.
Analyses were performed using GraphPad Prism version
5.00 for Windows (San Diego, CA, USA).

3. Results and Discussion
3.1. In Vitro Anticholinesterase Activity. In order to crosscheck whether all cholinesterase activities are fully blocked,
control tests were performed for the AChE and BChE
activities in mice brain samples incubated with iso-OMPA
(an inhibitor of butyrylcholinesterase) or BW284c51 (an
inhibitor of acetylcholinesterase) and using ATC or BTC as
substrates (Figure 1).
The CHE inhibited the AChE and BChE activities, showing IC50 of 202.4 ± 7.9 μg/mL and 204.3 ± 12.4 μg/mL, respectively. The EAF and BF inhibited the enzymes with IC50
values of 81.5 ± 14.7 μg/mL and 235.9 ± 17.4 μg/mL for AChE
and 118.6 ± 11.3 μg/mL and 225.7 ± 15.2 μg/mL for BChE,
respectively. The HF and CF did not show an in vitro anticholinesterase eﬀect (Table 1).
Considering that BChE hydrolyzes ATC, we performed assays using ATC as substrate in the presence
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Figure 2: Representative ﬁgure of IC50 of crude hydroalcoholic extract (CHE), ethyl acetate fraction (EAF), and butanol fraction (BF)
of Caryocar brasiliense leaves on mice brain acetylcholinesterase and butyrylcholinesterase activities of 3 experiments in triplicate.
∗∗∗
P < 0 001 or ## P < 0 01 when compared to CHE; ++ P < 0 01 or +++ P < 0 001 when compared to EAF.

of iso-OMPA (an inhibitor of BChE) and the results were not
diﬀerent when compared with those without iso-OMPA
(Table 1). Neostigmine, herein used as standard, inhibited
AChE and BChE, with IC50 values of 88 ± 19.7 ng/mL and
752.5 ± 121 ng/mL, respectively.
Acetylcholine is responsible for cholinergic neurotransmission, released by nervous presynaptic terminations, and
it is the agonist of nicotinic and muscarinic receptors.
Normally, AChE rapidly degrades ACh, ending its cellular
action [20, 21]. In addition to AChE, another enzyme related
to ACh degradation is the BChE enzyme [12]. It has been
shown that, in AD, brain BChE activity increases progressively as the severity of dementia progresses, while the AChE
activity decreases [2]. In this study, the results showed that
CHE, EAF, and BF inhibited both in vitro cholinesterase
enzymes, without preferential or selective actions between
these two enzymes. On other hand, EAF showed a better
cholinesterase inhibitory eﬀect, suggesting that this fraction
concentrates the anticholinesterase compounds present in
C. brasiliense leaves (Figure 2).
3.2. Antioxidant Assays
3.2.1. DPPH Assay. CHE inhibited the DPPH oxidation, showing IC50 values of 4.6 ± 1.0 μg/mL. HF, CF, EAF, and BF inhibited radical formation with values of IC50 of 25.6 ± 1.5 μg/mL,
76.4 ± 0.4 μg/mL, 5.9 ± 0.2 μg/mL, and 9.3 ± 0.6 μg/mL, respectively (Table 1). Quercetin inhibited DPPH oxidation, with an
IC50 value of 1.46 ± 0.2 μg/mL.
3.2.2. Voltammetric Determination of Redox Behavior. The EI
values obtained for the samples studied were 46.6 μA/V
(CHE), 27.3 μA/V (HF), 4.4 μA/V (CF), 119.8 μA/V (EAF),
and 58.1 μA/V (BF) (Table 1). The order of EI values

corresponded to EAF > BF > CHE > HF > CF, indicating that
polar fractions showed higher antioxidant potentials. This
result agrees with the DPPH results, where the EAF and BF
were the fractions that showed higher antioxidant activity.
Figure 3(a) shows the DPV voltammograms obtained for
CHE and OFs in a 0.1 M phosphate buﬀer with a pH of 7.0.
The DPV voltammogram shows three consecutive oxidation
peaks: 1a, at Ep1a ≅ +0 26 V; 2a, at Ep2a ≅ +0 59 V; and 3a, at
Ep3a ≅ +0 87 V. These peaks were present in all analyzed
samples. In the case of complex samples, such as plant
extracts, the formation of current peaks can be the result of
contribution of one or more electroactive species in that
redox process occurring at similar potentials. This aﬃrmation is illustrated by the peak 2a observed for CHE, EAF,
and BF or by peak broadening observed for the other fractions (HF and CF).
In order to establish a better correlation between the
aforementioned peaks and the redox proﬁle of potential
phytocompounds to which they could be related, a DP voltammetry was conducted with the same standards used in
MS analysis, namely, quercetin and gallic acid (Figure 3(a),
inset). The peaks 1a at Ep1a ≅ +0 18 V and 2a at Ep2a ≅
+0 5 V present in both quercetin and gallic acid are correlated to the redox process that were also observed in all
extracts (Figure 3(a)), which is correlated to catechol moiety
present in a myriad of natural phenolic compounds with recognized antioxidant performance [18].
Figure 3(b) shows the SWV voltammogram obtained for
CHE in the 0.1 M phosphate buﬀer with a pH of 7.0. The continuous line corresponds to the total current (I t ), which is the
sum of the currents related to the oxidation (I f , forward current) and reduction processes (I b , backward current), represented by dotted lines. The similarity between the 1a and 1c
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Figure 3: (a) DP voltammograms obtained for of EAF, BF, CHE, HF, and CF extracts. Inset: DP voltammetry of quercetin and gallic acid
standards; (b) SWV voltammogram obtained for CHE in pH 7.0 0.1 M phosphate buﬀer total current (I t : solid line), forward current
(I f : dashed line) and backward current (I b : dotted line).
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Figure 5: LC-ESI(-)-MS analysis for ethyl acetate fraction (EAF) from leaves of Caryocar brasiliense. (a) Total ion chromatogram of EAF, (b)
MS spectrum of peak extracted in Rt = 3.8 min, and (c) MS spectrum of peak extracted in Rt = 23.8 min.

peaks indicates the reversibility of the system. In the case of
antioxidants, the reversibility of a redox process is particularly useful as it relates to its stability and ability to restore
the involved species.
3.3. Phenolic Content. The levels of phenols were 1.2 ± 0.3
(CHE), 0.6 ± 0.1 (HF), 0.1 ± 0.1 (CF), 4.0 ± 0.2 (EAF), and
1.9 ± 0.3 (BF), where all units are in mg·GAE/mL (Table 1).
The highest concentrations of phenolic content were in
EAF and BF, fractions that present anticholinesterase and
antioxidant activities. It is well established that phenolic
compounds, such as ﬂavonoids, are antioxidants and some
of them exhibit anticholinesterase activity [13–15]. Therefore, it is possible to suggest that the antioxidant and anticholinesterase activities herein observed are associated, at least in
part, to the phenolic compounds.
Ethyl acetate and butanol are higher polarity solvents and
extract phenolic compounds (i.e., ﬂavonoids), among other

chemical substances [10, 22]. In a previous study, we showed
the presence of gallic acid and quercetin in C. brasiliense
leaves using LC-ESI-MS analysis [10]. In addition to being
a well-known antioxidant agent [23], quercetin shows inhibitory activity against AChE and BChE [14, 24] and it was suggested that it may provide a promising approach for the
treatment of AD and other oxidative stress-related neurodegenerative diseases [25].
Concerning gallic acid, despite it being an antioxidant
agent [26], the anticholinesterase eﬀect is nonsigniﬁcant
[14]. Regarding these approaches, the presence of quercetin
in C. brasiliense leaves can shed light on the anticholinesterase and antioxidant eﬀects of C. brasiliense. However, further
studies should be conducted in order to identify other possible compounds present in the polar OFs of C. brasiliense
leaves that possess both eﬀects. Furthermore, the diﬀerences
between the results of colorimetric (DDPH and ABTS) and
electrochemical methods can be attributed to the higher
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Figure 6: Eﬀect of CHE treatment on locomotor activity (a, b) and memory (c, d) of mice subjected to 90 days of aluminium exposure. (a)
Number of crossings of mice groups as evaluated in the open-ﬁeld test. (b) Time (s) to climb backwards out of the tube within 30 sec for the
examined animals in the chimney test. Latencies of retention time (s) in mice as evaluated in the step-down test at 90 min (c) and 24 h (d) after
shock challenge. Each column represents mean ± SEM of 10 animals. (∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 in comparison to group III). I:
control group; II: quercetin 30 mg/kg; III: aluminium group; IV: CHE 10 mg/kg; V: CHE 100 mg/kg; VI: CHE 300 mg/kg.
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Figure 7: Eﬀect of CHE treatment on malondialdehyde (MDA) concentration in animal whole brains of mice subjected to 90 days of
aluminium exposure and treated with CHE (10, 100, and 300 mg/kg). Each column represents mean ± SEM of 10 animals. (∗ P < 0 05,
∗∗
P < 0 01, and ∗∗∗ P < 0 001 in comparison to group III). I: control group; II: quercetin 30 mg/kg; III: aluminium group; IV: CHE
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Figure 8: (a) Measure of acetylcholinesterase (AChE) and (b) butyrylcholinesterase (BChE) activities in mice whole brain subjected to 90 days
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∗∗
P < 0 01, and ∗∗∗ P < 0 001 in comparison to group III). I: control group; II: quercetin 30 mg/kg; III: aluminium group; IV: CHE 10 mg/
kg; V: CHE 100 mg/kg; VI: CHE 300 mg/kg.

selectivity of electroanalytical-based assays, since the color of
the samples does inﬂuence the readings taken in the spectrophotometer [27, 28].
3.4. LC-ESI-MS Analysis. LC-ESI-MS analysis was performed
in order to conﬁrm the presence of gallic acid and quercetin
in ethyl acetate fraction (EAF) from leaves of C. brasiliense.
Since EAF and BF fractions originated from CHE, the presence of the markers is nonetheless stated to both extracts.
We showed in a previous study the vasorelaxant eﬀects of
BF, which were associated with the presence of polyphenols
such as gallic acid and quercetin in C. brasiliense leaves
[10]. These compounds are also described as antioxidant
agents, and quercetin presents moreover anticholinesterase
eﬀects too. Henceforth, these two compounds were herein
selected for a preliminary chromatographic ﬁngerprint analysis of EAF, because this fraction presented the best in vitro
antioxidant and anticholinesterase eﬀects.
The LC-ESI-MS analysis of EAF was realized in the negative mode to conﬁrm the presence of the gallic acid and quercetin, comparing the results with those obtained from the
spectra of the standard substances under the same analysis
conditions (Figures 4 and 5). The MS spectrum obtained for
total ion chromatogram of the EAF sample shows that Rt
= 3.8 min (Figure 5(a)) and Rt = 23.8 min (Figures 5(b) and
4(c)). These results prove the presence of gallic acid and quercetin (Figures 4(c) and 4(d)) and are consistent with previously data reported in the literature [29]. In addition, the
characteristic of the ion fragment at m/z 125 [M–H − CO2]−,
that results of the fragmentation in ESI source of molecular
ion [M − H]−, m/z 169, was observed for both EAF and gallic
acid standard in MS spectra. Therefore, the presence of these
powerful antioxidants (acid galic and quercetin) in the leaves
of C. brasiliense is irrefutable.
3.5. Behavioral Studies. Owing to the remarkable antioxidant capacity and promising AChE and BChE inhibitor
activities of CHE, FB, and EAF extracts, in vivo

behavioral tests were performed to elucidate the potentialities of this potential herbal candidate to treat memory
impairment disorders.
Although EAF exhibited best in vitro eﬀects, we used
CHE in this step because it was available in the lab in the
amount required to treat the animals in all periods of the
study. Since behavioral studies allow the assessment of
aspects regarding memory retention and locomotor and
exploratory capabilities, tests concerning these parameters
were conducted. Therefore, behavior was studied with stepdown, open ﬁeld, and chimney tests.
Results indicate that CHE promotes memory retention
without impairing locomotion (Figure 6). The aluminiumtreated group presented both short- and long-term memory
impairments, while the control group presented results akin
to the literature. However, both the quercetin- and extracttreated groups (IV to VI) presented better memory retention,
which implies that CHE do indeed promote neuroprotection
and somehow improve murine memory retention. Literature
reports that ﬂavonoids exert neuroprotective activities
mainly due to their ROS scavenging potential, which corroborates to the results seen in both LC-ESI-MS analysis and the
aforementioned tests [22, 23].
3.6. TBAR Evaluation. It is established that aluminium
neurotoxicity involves oxidative stress and neurodegeneration and that polyphenolic compounds, such as quercetin,
attenuate neuronal death against aluminium-induced neurodegeneration [30].
Knowing that lipid peroxidation is one of the main manifestations of oxidative damage, we evaluated the CHE protective eﬀect on mice brain cells measuring thiobarbituric
acid reactive substances. Figure 7 shows the CHE-exerted
protective eﬀect against neuronal damage promoted by
aluminium by minimizing lipid peroxidation. This result is
a clear indicator of the extract antioxidant power, which
promotes ROS reduction and therefore is implicated in
lipid protection against oxidative damage.
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Figure 9: Histological sections of the frontal cerebral cortex stained by hematoxylin-eosin method. I: control group; II: quercetin 30 mg/kg;
III: aluminium group; IV: CHE 10 mg/kg; V: CHE 100 mg/kg; VI: CHE 300 mg/kg. All aluminium-exposed groups presented shrunken
neurons with cytoplasm being intensely eosinophilic (arrows). These necrotic neurons presented pyknotic nucleus with no discernible
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3.7. Determination of Brain AChE and BChE Activities in
Mice Treated with CHE. Considering our previous in vitro
tests showing the inhibitory eﬀect of pequi leaf extracts on
AChE and BChE activities, we aimed to analyze if this eﬀect
would be present in animals treated with CHE. In accordance with results of in vitro tests, we observed the CHE
inhibitory eﬀect on cholinesterase enzymes in brain tissue
of aluminium-intoxicated mice (Figure 8).
Since it is described that the increase of brain acetylcholine levels attenuates memory deﬁcits [31] and, in opposition, aluminium chloride treatment increases the activity
of mouse brain cholinesterase [32], we hypothesize that
the inhibition of cholinesterase activity by CHE is a mechanism involved in the protection against memory impairment
produced by aluminium.

GAE:
GCE:
HF:
Ib:
If:
I pa :
It:
LC-MS:

3.8. Histopathological and Morphometrical Analyses. Morphoquantitative data demonstrated that aluminium decreased the
number of viable neurons in the cerebral cortex, promoting a
high percentage of eosinophilic neuronal necrosis (Figure 9).
CHE (V and VI groups) increased the number of viable neurons and decreased the rate of neuronal death (Figure 9).
These eﬀects may be correlated to the neuroprotection exerted
by phenolic compounds present in CHE, which were nonetheless detected in LC-MS. The results therefore show the potential of pequi leaves in counteracting the damage inﬂicted by
aluminium on mice brain.

All data used to support the ﬁndings of this study are
included within the article.

4. Conclusions
This study reports for the ﬁrst time the anticholinesterase
properties of C. brasiliense. The higher polarity fractions of
C. brasiliense leaves presented high levels of phenols and both
antioxidant and anticholinesterase activities. Behavioral tests
revealed that pequi leaf extract protects against aluminiuminduced memory impairment and inhibits lipid peroxidation
and cholinesterase activity. Further histopathological studies
revealed that pequi attenuates aluminium-induced cell
necrosis, increasing neuronal viability. Taken together, these
results indicate that pequi leaves may represent a new
approach towards treatments to reverse the neuronal death,
in order to slow down the progression of neurodegenerative
diseases such as Alzheimer disease.

Abbreviations
AChE:
AD:
BChE:
BF:
CF:
CHE:
DPPH:
DPV:
DTNB:
EAF:
EI:
Epa :
ESI:

Acetylcholinesterase
Alzheimer’s disease
Butyrylcholinesterase
Butanol fraction
Chloroform fraction
Crude hydroalcoholic extract
2,2-Diphenyl-1-picrylhydrazyl
Diﬀerential pulse voltammetry
5,5′-Dithiobis(2-nitrobenzoic acid)
Ethyl acetate fraction
Electrochemical index
Potentials of anodic peaks
Electrospray ionization

OFs:
ROS:
SEM:
SWV:

Gallic acid equivalent
Glassy carbon electrode
Hexane fraction
Backward current
Forward current
Currents of anodic peaks
Total current
Liquid chromatography coupled to mass
spectrometry
Organic fractions
Reactive oxygen compounds
Standard error of the mean
Square wave voltammetry.

Data Availability

Conflicts of Interest
The authors declare that there is no conﬂict of interest.

Acknowledgments
We thank the Fundação de Amparo à Pesquisa do Estado de
Goiás (FAPEG) for the ﬁnancial support (process number
20090064010955), Conselho Nacional de Desenvolvimento
Cientíﬁco e Tecnológico (Conselho Nacional de Pesquisa),
and Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (Coordenadoria de Aperfeiçoamento Pessoal) for
the conceived scholarships.

References
[1] P. T. Francis, A. M. Palmer, M. Snape, and G. K. Wilcock, “The
cholinergic hypothesis of Alzheimer’s disease: a review of
progress,” Neurology, Neurosurgery & Psychiatry, vol. 66,
no. 2, pp. 137–147, 1999.
[2] R. M. Lane, S. G. Potkin, and A. Enz, “Targeting acetylcholinesterase and butyrylcholinesterase in dementia,” The International Journal of Neuropsychopharmacology, vol. 9, no. 1,
pp. 101–124, 2006.
[3] C. Cheignon, M. Tomas, D. Bonnefont-Rousselot, P. Faller,
C. Hureau, and F. Collin, “Oxidative stress and the amyloid
beta peptide in Alzheimer’s disease,” Redox Biology, vol. 14,
pp. 450–464, 2018.
[4] F. Tang, S. Nag, S. Y. W. Shiu, and S. F. Pang, “The eﬀects of
melatonin and Ginkgo biloba extract on memory loss and choline acetyltransferase activities in the brain of rats infused
intracerebroventricularly with β-amyloid 1-40,” Life Sciences,
vol. 71, no. 22, pp. 2625–2631, 2002.
[5] R. B. Giordani, L. B. Pagliosa, A. T. Henriques, J. A. S.
Zuanazzi, and J. H. A. Dutilh, “Investigação do potencial
antioxidante e anticolinesterásico de Hippeastrum (Amaryllidaceae),” Quimica Nova, vol. 31, no. 8, pp. 2042–2046, 2008.
[6] F. D. de Araujo, “A review of Caryocar brasiliense (Caryocaraceae)—an economically valuable species of the central
Brazilian cerrados,” Economic Botany, vol. 49, no. 1, pp. 40–
48, 1995.

12
[7] K. C. Geőcze, L. C. A. Barbosa, P. H. Fidêncio et al., “Essential
oils from pequi fruits from the Brazilian Cerrado ecosystem,”
Food Research International, vol. 54, no. 1, pp. 1–8, 2013.
[8] W. de Paula-Júnior, F. H. Rocha, L. Donatti, C. M. T.
Fadel-Picheth, and A. M. Weﬀort-Santos, “Leishmanicidal,
antibacterial, and antioxidant activities of Caryocar brasiliense
Cambess leaves hydroethanolic extract,” Revista Brasileira de
Farmacognosia, vol. 16, pp. 625–630, 2006.
[9] C. A. Breda, A. M. Gasperini, V. L. Garcia et al., “Phytochemical analysis and antifungal activity of extracts from leaves and
fruit residues of Brazilian savanna plants aiming its use as safe
fungicides,” Natural Products and Bioprospecting, vol. 6, no. 4,
pp. 195–204, 2016.
[10] L. M. de Oliveira, A. G. Rodrigues, E. F. da Silva et al., “Endothelium-dependent vasorelaxant eﬀect of butanolic fraction
from Caryocar brasiliense Camb. leaves in rat thoracic aorta,”
Evidence-based Complementary and Alternative Medicine,
vol. 2012, Article ID 934142, 9 pages, 2012.
[11] D. P. Leão, A. S. Franca, L. S. Oliveira, R. Bastos, and
M. A. Coimbra, “Physicochemical characterization, antioxidant capacity, total phenolic and proanthocyanidin content
of ﬂours prepared from pequi (Caryocar brasilense Camb.)
fruit by-products,” Food Chemistry, vol. 225, pp. 146–153,
2017.
[12] G. L. Ellman, K. D. Courtney, V. Andres jr., and R. M. Featherstone, “A new and rapid colorimetric determination of acetylcholinesterase activity,” Biochemical Pharmacology, vol. 7,
no. 2, pp. 88–95, 1961.
[13] M. S. Blois, “Antioxidant determinations by the use of a stable
free radical,” Nature, vol. 181, no. 4617, pp. 1199-1200, 1958.
[14] F. M. A. Lino, L. Z. de Sá, I. M. S. Torres et al., “Voltammetric and spectrometric determination of antioxidant
capacity of selected wines,” Electrochimica Acta, vol. 128,
pp. 25–31, 2014.
[15] S. Georgé, P. Brat, P. Alter, and M. J. Amiot, “Rapid determination of polyphenols and vitamin C in plant-derived products,” Journal of Agricultural and Food Chemistry, vol. 53,
no. 5, pp. 1370–1373, 2005.
[16] D. Martí Barros, M. R. Ramirez, E. A. dos Reis, and
I. Izquierdo, “Participation of hippocampal nicotinic receptors
in acquisition, consolidation and retrieval of memory for one
trial inhibitory avoidance in rats,” Neuroscience, vol. 126,
no. 3, pp. 651–656, 2004.
[17] K. C. Montgomery, “The relation between fear induced by
novel stimulation and exploratory behavior,” Journal of Comparative and Physiological Psychology, vol. 48, no. 4, pp. 254–
260, 1955.
[18] I. Groticke, K. Hoﬀmann, and W. Loscher, “Behavioral alterations in the pilocarpine model of temporal lobe epilepsy in
mice,” Experimental Neurology, vol. 207, no. 2, pp. 329–349,
2007.
[19] M. M. Bradford, “A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding,” Analytical Biochemistry, vol. 72,
no. 1-2, pp. 248–254, 1976.
[20] H. Ohkawa, N. Ohishi, and K. Yagi, “Assay for lipid peroxides
in animal-tissues by thiobarbituric acid reaction,” Analytical
Biochemistry, vol. 95, no. 2, pp. 351–358, 1979.
[21] E. R. Weibel, “Principles and methods for the morphometric
study of the lung and other organs,” Laboratory Investigation,
vol. 12, pp. 131–155, 1978.

Oxidative Medicine and Cellular Longevity
[22] V. Kumar and K. D. Gill, “Oxidative stress and mitochondrial
dysfunction in aluminium neurotoxicity and its amelioration:
a review,” Neurotoxicology, vol. 41, pp. 154–166, 2014.
[23] D.-Y. Choi, Y.-J. Lee, J. T. Hong, and W.-J. Lee, “Antioxidant
properties of natural polyphenols and their therapeutic potentials for Alzheimer’s disease,” Brain Research Bulletin, vol. 87,
no. 2-3, pp. 144–153, 2012.
[24] S. Sontadsakul, A. Prakongsantikul, W. Kitphati,
J. Pratuangdejkul, and V. Nukoolkarn, “Quercetin and derivatives as butyrylcholinesterase inhibitors,” Thai Journal of
Pharmaceutical Sciences, vol. 36, pp. 31–34, 2012.
[25] M. A. Ansari, H. M. Abdul, G. Joshi, W. O. Opii, and D. A.
Butterﬁeld, “Protective eﬀect of quercetin in primary neurons
against Aβ (1-42): relevance to Alzheimer’s disease,” The Journal of Nutritional Biochemistry, vol. 20, no. 4, pp. 269–275,
2009.
[26] C. Jayasinghe, N. Gotoh, and S. Wada, “Pro-oxidant/antioxidant behaviours of ascorbic acid, tocopherol, and plant
extracts in n-3 highly unsaturated fatty acid rich oil-in-water
emulsions,” Food Chemistry, vol. 141, no. 3, pp. 3077–3084,
2013.
[27] D. V. Thomaz, K. C. S. Leite, E. K. G. Moreno et al.,
“Electrochemical study of commercial black tea samples,”
International Journal of Electrochemical Science, vol. 13,
pp. 5433–5439, 2018.
[28] K. C. de Siqueira Leite, L. F. Garcia, G. S. Lobón et al., “Antioxidant activity evaluation of dried herbal extracts: an electroanalytical approach,” Revista Brasileira de Farmacognosia,
vol. 28, no. 3, pp. 325–332, 2018.
[29] I. K. Selvi and S. Nagarajan, “Separation of catechins from
green tea (Camellia sinensis L.) by microwave assisted acetylation, evaluation of antioxidant potential of individual components and spectroscopic analysis –electrospray ionization mass
spectrometry,” LWT, vol. 91, pp. 391–397, 2018.
[30] D. R. Sharma, W. Y. Wani, A. Sunkaria et al., “Quercetin attenuates neuronal death against aluminum-induced neurodegeneration in the rat hippocampus,” Neuroscience, vol. 324,
pp. 163–176, 2016.
[31] Z. Batool, S. Sadir, L. Liaquat et al., “Repeated administration
of almonds increases brain acetylcholine levels and enhances
memory function in healthy rats while attenuates memory deficits in animal model of amnesia,” Brain Research Bulletin,
vol. 120, pp. 63–74, 2016.
[32] P. Zatta, M. Ibn-Lkhayat-Idrissi, P. Zambenedetti, M. Kilyen,
and T. Kiss, “In vivo and in vitro eﬀects of aluminum on the
activity of mouse brain acetylcholinesterase,” Brain Research
Bulletin, vol. 59, no. 1, pp. 41–45, 2002.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 3939714, 11 pages
https://doi.org/10.1155/2018/3939714

Research Article
Inhibitory Effects of Momordicine I on High-Glucose-Induced
Cell Proliferation and Collagen Synthesis in Rat
Cardiac Fibroblasts
Po-Yuan Chen ,1 Neng-Lang Shih,2 Wen-Rui Hao,3 Chun-Chao Chen ,3 Ju-Chi Liu ,3,4
and Li-Chin Sung 3,4
1

Department of Biological Science and Technology, College of Biopharmaceutical and Food Sciences, China Medical University,
Taichung 40402, Taiwan
2
Department of Life Sciences, College of Science, National University of Kaohsiung, Kaohsiung 811, Taiwan
3
Division of Cardiology, Department of Internal Medicine, Shuang Ho Hospital, Taipei Medical University,
New Taipei City 23561, Taiwan
4
Department of Internal Medicine, School of Medicine, College of Medicine, Taipei Medical University, Taipei 11031, Taiwan
Correspondence should be addressed to Li-Chin Sung; 10204@s.tmu.edu.tw
Received 2 July 2018; Accepted 2 September 2018; Published 8 October 2018
Guest Editor: Felipe L. de Oliveira
Copyright © 2018 Po-Yuan Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Diabetes-associated cardiac ﬁbrosis is a severe cardiovascular complication. Momordicine I, a bioactive triterpenoid isolated from
bitter melon, has been demonstrated to have antidiabetic properties. This study investigated the eﬀects of momordicine I on highglucose-induced cardiac ﬁbroblast activation. Rat cardiac ﬁbroblasts were cultured in a high-glucose (25 mM) medium in the
absence or presence of momordicine I, and the changes in collagen synthesis, transforming growth factor-β1 (TGF-β1)
production, and related signaling molecules were assessed. Increased oxidative stress plays a critical role in the development of
high-glucose-induced cardiac ﬁbrosis; we further explored momordicine I’s antioxidant activity and its eﬀect on ﬁbroblasts. Our
data revealed that a high-glucose condition promoted ﬁbroblast proliferation and collagen synthesis and these eﬀects were
abolished by momordicine I (0.3 and 1 μM) pretreatment. Furthermore, the inhibitory eﬀect of momordicine I on high-glucoseinduced ﬁbroblast activation may be associated with its activation of nuclear factor erythroid 2-related factor 2 (Nrf2) and the
inhibition of reactive oxygen species formation, TGF-β1 production, and Smad2/3 phosphorylation. The addition of brusatol
(a selective inhibitor of Nrf2) or Nrf2 siRNA signiﬁcantly abolished the inhibitory eﬀect of momordicine I on ﬁbroblast
activation. Our ﬁndings revealed that the antiﬁbrotic eﬀect of momordicine I was mediated, at least partially, by the inhibition
of the TGF-β1/Smad pathway, ﬁbroblast proliferation, and collagen synthesis through Nrf2 activation. Thus, this work provides
crucial insights into the molecular pathways for the clinical application of momordicine I for treating diabetes-associated
cardiac ﬁbrosis.

1. Introduction
The prevalence of diabetes mellitus (DM) is rapidly increasing, and cardiovascular complications are the principal
causes of morbidity and mortality among patients with
DM. The Framingham study reported a 2.4-fold increase in
the incidence of heart failure in diabetic men and a 5-fold
increase in diabetic women [1, 2]. Diabetic cardiomyopathy
(DCM), which was ﬁrst introduced in 1972 by Rubler et al.,

is one of the most severe irreversible complications of DM
[3]. DCM is characterized by myocardial ﬁbrosis, left ventricular hypertrophy, and compromised left ventricular systolic
and diastolic functions [2, 4, 5]. Left ventricular diastolic dysfunction is a major characteristic of DCM, and recent studies
revealed that over 50% of asymptomatic diabetic patients
have diastolic dysfunction [1, 6]. Cardiac ﬁbroblasts are
enmeshed in the myocardium and play a crucial role in
maintaining the integrity and homeostasis of the interstitial
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matrix in the adult heart [7–9]. In patients with diabetes, proﬁbrotic myoﬁbroblasts are mainly diﬀerentiated from cardiac
ﬁbroblasts, resulting in ineﬃciently organized ﬁbrotic matrices, which can lead to myocardial ﬁbrosis, stiﬀness, and diastolic dysfunction [4]. However, the mechanisms involved in
the pathological changes of DCM are not completely understood. Because ﬁbrosis plays a critical role in the pathology of
DCM, we focused on the molecular mechanism involved in
cardiac ﬁbrosis in DM [5, 10].
Oxidative stress may play a fundamental role in inducing
cardiomyopathy in patients with chronic DM [5, 11–14].
Various studies have demonstrated that DM is associated
with increased formation of reactive oxygen species (ROS)
and a decrease in antioxidant potential [14, 15]. An animal
study revealed that ROS could directly induce ﬁbrosis by promoting ﬁbroblast proliferation and collagen synthesis in the
setting of DM [15]. The transcription factor nuclear factor
erythroid 2-related factor 2 (Nrf2), a basic leucine zipper protein, plays a fundamental role in antioxidant response element- (ARE-) dependent heme oxygenase-1 (HO-1) gene
expression. HO-1 is considered a critical endogenous antioxidant and cytoprotective enzyme, which may be upregulated
by Nrf2 [16]. The Nrf2/HO-1 signaling pathway has been
recognized as the most crucial cellular defense mechanism
against oxidative stress [17].
Transforming growth factor-β1 (TGF-β1) is involved
in cardiac ﬁbrosis in DCM [4, 10, 18, 19]. Small mothers
against decapentaplegic (Smad) is an intracellular signal
transduction protein of the TGF-β1 pathway and is involved
in these pathological changes [19]. ROS can induce TGF-β1
activation, thus resulting in cardiac ﬁbrosis. Euler demonstrated a reduction in TGF-β1 levels in patients treated with
N-acetylcysteine (NAC) [20].
Clinical studies have demonstrated that hyperglycemia is
a crucial etiologic factor leading to diabetic complications
[21]. Diastolic dysfunction is correlated with the degree of
hyperglycemia; however, intensive glucose-lowering therapy
does not always reduce the risk of DCM [1, 22]. Oxidative
stress may be a target for intervention. Other than DM drugs,
Momordica charantia (bitter gourd or bitter melon), a member of the Cucurbitaceae family, has been used to manage
hyperglycemia and the early signs of DM since ancient times
in some countries [23–26]. Momordicine I (Figure 1(a)), a
bioactive saponin and cucurbitane-type triterpenoid, has
been isolated from Momordica charantia [27–29]. Momordicine I was reported to be a beneﬁcial natural source of antioxidants [30]. Treatment with momordicine I might have
therapeutic potential in improving diabetic myocardial dysfunction. However, little information is available about the
eﬀect of momordicine I on the cell proliferation and collagen
synthesis of cardiac ﬁbroblasts induced by high glucose.
Thus, we hypothesized that momordicine I is particularly
capable of suppressing high-glucose-induced cell proliferation and collagen synthesis in cardiac ﬁbroblasts and therefore decelerates the progression of DCM. The speciﬁc aims
of this study are to delineate how momordicine I inhibits
high-glucose-induced cardiac ﬁbroblast activation through
the modulation of ROS, Nrf2/HO-1 pathway, and TGF-β1/
Smad pathway.
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2. Material and Methods
2.1. Antibodies and Reagents. Dulbecco’s modiﬁed Eagle’s
medium (DMEM), fetal calf serum, and tissue culture
reagents were obtained from Invitrogen/GIBCO (Grand
Island, NY, USA). Momordicine I (>99% purity, kindly
provided by Dr. Shi-Yie Cheng, Department of Life Sciences,
College of Science, National University of Kaohsiung,
Kaohsiung, Taiwan, ROC) was dissolved in dimethyl sulfoxide (DMSO), and the DMSO content in all groups was
0.1%. Anti-p-Smad2/3, anti-Smad2/3, anti-GAPDH, and
anti-PARP antibodies were purchased from Cell Signaling
Technology (Boston, MA, USA). Anti-HO-1 and anti-Nrf2
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Brusatol, the Nrf2-speciﬁc inhibitor,
and all other reagent-grade chemicals were acquired from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
2.2. Culture of Rat Cardiac Fibroblasts. Primary cultures of
neonatal rat cardiac ﬁbroblasts were isolated from the
hearts of 1-day-old Sprague–Dawley rat pups as previously
described [8]. The investigation conformed to the Guide
for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH publication
no. 85–23, revised 1996) and was approved by the Institutional Animal Care and Use Committee of Taipei Medical
University. Cardiac ﬁbroblasts grown in culture dishes from
the second to fourth passages were used in the experiments
and were >99% positive for vimentin antibodies (SigmaAldrich). Serum-containing medium from the cultured cells
was replaced with serum-free medium, and the cells were
subsequently exposed to the treatments as indicated. For
ﬁbroblast proliferation assay and TGF-β1 secretion assay,
following incubation with momordicine I for 12 h, cardiac
ﬁbroblasts were then exposed to a serum-free normalglucose medium (5.6 mM glucose) or high-glucose medium
(25 mM glucose) for another 24 h before analyses.
2.3.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. MTT assay was used to measure cell
viability. After 24 h incubation with various concentrations
of momordicine I as indicated, MTT (50 μL) was added
and cells were cultured for additional 4 h. Subsequently, cells
were lysed using DMSO and the absorbance was measured
at 490 nm by a spectrophotometer.
2.4. Proliferation Assay. Proliferation was assessed through
quantifying 5-bromo-2′-deoxyuridine (BrdU) incorporation
[7]. Cells were removed from the culture dishes by adding
trypsin and were subsequently centrifuged. Cell proliferation was assessed through the incorporation of BrdU.
BrdU incorporation was determined using a cell proliferation enzyme-linked immunosorbent assay (ELISA) kit
(Roche Diagnostics, Mannheim, Germany) in accordance
with the manufacturer’s instructions.
2.5. 3H-Proline Incorporation Assay. Cardiac ﬁbroblasts were
incubated using 3H-proline (1 mCi/well, L-[2,3,4,5-3H]-proline; Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom) for 24 h; subsequently exogenous
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Figure 1: Eﬀects of momordicine I on high-glucose-induced cell proliferation and collagen synthesis in rat cardiac ﬁbroblasts. (a) Chemical
structure of momordicine I. (b) Eﬀect of momordicine I (0.1, 0.3, 1, 3, and 10 μM) on cell viability in cardiac ﬁbroblasts. Cell viability was
quantiﬁed through MTT assay. Eﬀects of momordicine I on high-glucose-stimulated ﬁbroblast proliferation (c) and collagen synthesis (d)
were assessed through BrdU and 3H-proline incorporation. Rat cardiac ﬁbroblasts were cultured in a serum-free normal-glucose medium
(5.6 mM glucose) or high-glucose medium (25 mM glucose) in the absence or presence of momordicine I (0.1, 0.3, and 1 μM) for 24 h.
Results were presented as mean ± SEM (n = 4). ∗ P < 0 05 versus the control group; # P < 0 05 versus the high-glucose group.
3

H-proline incorporation was determined through scintillation counting.
2.6. Measurement of TGF-β1 Concentrations. TGF-β1 levels
were measured in a culture medium using a commercial
ELISA kit (R&D Systems Inc., Minneapolis, MN, USA) in
accordance with the manufacturer’s protocols. Results were
normalized to cellular protein content in all experiments
and expressed as percentages relative to the control group.
2.7. Western Blot Analysis. Nuclear proteins were prepared
as previously described [31]. Western blot analysis was
performed in accordance with a previously described method
[8]. Whole-cell extracts were obtained in a radioimmunoprecipitation assay buﬀer (Roche Diagnostics GmbH, Germany). Extracts or proteins were separated through sodium
dodecyl sulfate polyacrylamide gel electrophoresis followed
by electrotransfer to polyvinylidene diﬂuoride membranes
and probed with antisera before the introduction of horseradish peroxidase-conjugated secondary antibodies. The
proteins were visualized through chemiluminescence in
accordance with the manufacturer’s instructions (Pierce Biotechnology Inc., Rockford, IL, USA). Images were quantiﬁed
through densitometry. The densitometry for each band of the
phosphorylated form of speciﬁc protein (e.g., Smad2/3), the
total level of speciﬁc protein (e.g., Smad2/3), and loading

control (e.g., GAPDH) were measured separately. The speciﬁc nonphosphorylated total protein (e.g., Smad2/3) was
then normalized against the loading control (e.g., GAPDH)
and used the normalized total protein for normalization of
the speciﬁc phosphoprotein (e.g., Smad2/3). Each control
group’s value was used to normalize the values of the individual groups obtained in the same experiment. Independent
values of control data were normalized on the control mean
value, with the control mean value equal to 1, to generate
control values in the bar graph.
2.8. Flow Cytometric Assay of 2′,7′-Dichlorodihydroﬂuorescein
Oxidation. Intracellular ROS production was determined
based on the oxidation of 2′,7′-dichlorodihydroﬂuorescein
(DCFH) to a ﬂuorescent 2′,7′-dichloroﬂuorescein (DCF)
as previously described [32]. DCFH was added at a ﬁnal
concentration of 10 μM and incubated for 30 min at 37°C.
Cellular ﬂuorescence was determined through ﬂow cytometry (FACS-SCAN, Becton Dickinson, Franklin Lakes, NJ,
USA). Subsequently, the cells were excited using an argon
laser operating at 488 nM and measured at 510–540 nm.
2.9. Nrf2 Short Interfering (Si) RNA Transfection. Cardiac
ﬁbroblasts were transfected with either Nrf2 siRNA or
control siRNA (obtained from Santa Cruz) by using the
Lipofectamine reagent as described previously [31].
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3. Results
3.1. Inhibitory Eﬀect of Momordicine I on High-GlucoseInduced Cell Proliferation and Collagen Synthesis in Rat
Cardiac Fibroblasts. Rat cardiac ﬁbroblasts were treated with
various concentrations of momordicine I, and cell viability
was determined through MTT assay. The eﬀects of momordicine I on cell viability in cultures are presented in
Figure 1(b). Momordicine I had no toxic eﬀect on rat cardiac
ﬁbroblasts at concentrations of 0.1–1 μM, so concentrations
of 0.1, 0.3, and 1 μM momordicine I were used for further
analysis. We subsequently tested the eﬀect of momordicine
I on cardiac ﬁbroblast proliferation and collagen synthesis.
Isolated cardiac ﬁbroblast cells were cultured in normaland high-glucose media. The eﬀects of momordicine I on
high-glucose-stimulated cardiac ﬁbroblast proliferation and
collagen synthesis were assessed by incorporating BrdU and
3
H-proline. Compared with culturing in the normal-glucose
medium, culturing in the high-glucose (25 mM) medium
for 24 h slightly stimulated ﬁbroblast proliferation and collagen synthesis (Figures 1(c) and 1(d)). Pretreatment of cardiac
ﬁbroblasts with momordicine I (0.3 and 1 μM) for 12 h
followed by exposure to a high-glucose medium resulted in
a signiﬁcant decrease in high-glucose-induced cell proliferation and collagen synthesis (Figures 1(c) and 1(d)). These
data demonstrate that momordicine I inhibited highglucose-induced cardiac ﬁbroblast activation.
3.2. Inhibitory Eﬀect of Momordicine I on High-GlucoseInduced TGF-β1 Secretion and Smad2/3 Phosphorylation in
Rat Cardiac Fibroblasts. To investigate whether momordicine I aﬀects TGF-β1 in cardiac ﬁbroblasts exposed to
high-glucose medium, cardiac ﬁbroblasts were treated with
momordicine I under high-glucose conditions. TGF-β1
secretion was determined through ELISA. As depicted in
Figure 2(a), the ELISA results revealed that the cardiac
ﬁbroblasts treated with high-glucose medium exhibited
increased TGF-β1 secretion compared with the cardiac ﬁbroblasts treated with a normal-glucose (5.6 mM) medium.
However, high-glucose medium-induced TGF-β1 secretion
was prevented by treating cardiac ﬁbroblasts with momordicine I (0.3 and 1 μM).
TGF-β receptor activation may increase Smad-2/3 phosphorylation and deploy many of their eﬀects [20]. Therefore,
phosphorylated Smad2/3 was also detected. Following incubation with momordicine I (1 μM) for 12 h, cells were
exposed to a high-glucose medium for 24 h or humanrecombined TGF-β1 (10 ng/mL) for 2 h. After the aforementioned treatment, total cell proteins were extracted and
subjected to Western blotting. As illustrated in Figure 2(b),
levels of total Smad2/3 protein in cardiac ﬁbroblasts
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2.10. Statistical Analysis. Results were expressed as
mean ± standard error of the mean (SEM) for at least
three experiments unless otherwise stated. Statistical analysis
was performed using Student’s t-test or analysis of variance
followed by Tukey’s multiple comparisons using GraphPad
Prism software (GraphPad Software, San Diego, CA, USA).
P < 0 05 was considered statistically signiﬁcant.
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Figure 2: Eﬀects of momordicine I on high-glucose-induced TGFβ1 secretion and Smad2/3 phosphorylation in rat cardiac
ﬁbroblasts. (a) Cardiac ﬁbroblasts treated using a normal-glucose
medium or high-glucose medium in the absence or the presence
of momordicine I (0.1, 0.3, 1 μM) for 24 h and the secretion of
TGF-β1 in cardiac ﬁbroblast supernatants measured through
ELISA. Results are presented as mean ± SEM (n = 5). (b) Eﬀect
of momordicine I on high-glucose- or TGF-β1-induced Smad2/
3 phosphorylation. The protein expression levels of Smad2/3
and p-Smad2/3 were detected using Western blotting following
incubation with momordicine I (1 μM) for 12 h; cardiac
ﬁbroblasts were exposed to high glucose for 24 h or TGF-β1
(10 ng/mL) for 2 h. Representative micrographs of Smad2/3 and
p-Smad2/3 expression in Western blot analysis (upper) and
quantitative results (lower). Results are presented as mean ± SEM
(n = 3). ∗ P < 0 05 versus the control group; # P < 0 05 versus the
high-glucose group.

remained unchanged after exposure to a high-glucose
medium for 24 h or TGF-β1 for 2 h. However, the level of
p-Smad2/3 was notably increased in high-glucose or TGFβ1-treated cardiac ﬁbroblasts as compared to that in cells
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Figure 3: Momordicine I inhibits high-glucose-induced ROS in rat cardiac ﬁbroblasts. (a) Eﬀects of momordicine I on high-glucose-induced
ROS generation. Cardiac ﬁbroblasts were cultured in a normal-glucose medium or high-glucose medium for 30 min or preincubated with
momordicine I (1 μM, for 12 h) or NAC (5 mM, for 30 min) and then stimulated with the high-glucose medium for 30 min. Column bar
graph of mean cell ﬂuorescence for DCF. The ﬂuorescence intensities in the control cells are expressed as 100%. (b) Eﬀects of
momordicine I and NAC on the high-glucose-induced secretion of TGF-β1 in cardiac ﬁbroblasts. Eﬀects of momordicine I and NAC on
high-glucose-induced ﬁbroblast proliferation (c) and collagen synthesis (d). Cardiac ﬁbroblast cells were cultured in the control medium
or high-glucose medium in the absence or presence of momordicine I (1 μM) or NAC (5 mM) for 24 h. Results are presented as
mean ± SEM (n = 4). ∗ P < 0 05 versus the control group; # P < 0 05 versus the high-glucose group.

treated with a normal-glucose medium. Preincubation with
momordicine I (1 μM) partially but signiﬁcantly suppressed
high-glucose-induced phosphorylation of Smad2/3 protein.
However, momordicine I (1 μM) had no signiﬁcant eﬀect
on TGF-β1-induced Smad2/3 phosphorylation. These
observations indicated that momordicine I may inhibit the
high-glucose-mediated ﬁbrotic response by regulating the
TGF-β1/Smad signaling pathway and suggested that
momordicine I was able to suppress high-glucose-induced
cardiac ﬁbroblast activation through inhibition of TGF-β1
secretion, which was independent of its direct eﬀect on the
TGF-β1/Smad signaling pathway.
3.3. Antioxidant Eﬀects of Momordicine I on High-GlucoseInduced ROS Production in Rat Cardiac Fibroblasts.
Increased ROS plays a critical role in the development of
DM-related cardiac ﬁbrosis [4, 5, 11, 14, 15, 19]. We subsequently explored the role of momordicine I’s antioxidant
activity in the inhibition of the high-glucose-induced
collagen synthesis. The ROS levels were detected from the

ﬂuorescence intensity of the ROS, which was analyzed using
DCFH-DA assay and a ﬂow cytometer [32]. Our data
revealed that the ﬂuorescence intensity enhanced by high
glucose was signiﬁcantly reduced by momordicine I (1 μM)
(Figure 3(a)). Notably, pretreatment with NAC (5 mM) for
2 h also substantially alleviated the ROS triggered by the
high-glucose medium. As presented in Figure 3(b), cardiac
ﬁbroblasts treated with a high-glucose medium also exhibited increased TGF-β1 secretion compared with cardiac
ﬁbroblasts in the normal-glucose medium. However, highglucose-induced TGF-β1 secretion was prevented by
preincubation with momordicine I (1 μM) or NAC (5 mM).
Additionally, we analyzed the eﬀect of momordicine I and
NAC on cardiac ﬁbroblast proliferation and collagen synthesis. Compared with the normal-glucose medium, the highglucose medium stimulated ﬁbroblast proliferation, which
was signiﬁcantly blocked by treatment with momordicine
I or NAC (Figure 3(c)). In addition to the inhibition of
the proliferative eﬀect of the high-glucose medium on cardiac ﬁbroblasts, momordicine I or NAC attenuated the
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collagen synthesis induced by the high-glucose-medium
(Figure 3(d)). The eﬀects of momordicine I on the highglucose-induced ROS generation, TGF-β1 secretion, and
ﬁbroblast activation are similar to the eﬀects of NAC,
implicating its possible antioxidant role. These ﬁndings
suggested that the antioxidant eﬀect of momordicine I is
related to the reduced oxidative stress induced by the
high-glucose medium.

3.5. Nrf2 Inhibitor Brusatol or Nrf2 siRNA Abrogated the
Inhibitory Eﬀect of Momordicine I on High-Glucose-Induced
TGF-β1 Secretion, Cell Proliferation, and Collagen Synthesis
in Rat Cardiac Fibroblasts. To further verify the role of
Nrf2 in the antiﬁbrotic eﬀect of momordicine I, brusatol, a
speciﬁc Nrf2 inhibitor [35], was used to determine the role
of Nrf2 in the eﬀects of momordicine I on high-glucose
medium-induced TGF-β1 secretion and cardiac ﬁbroblast
activation. Cells were treated with brusatol (10 nM, 30 min),
followed by 1 μM momordicine I for 12 h, and were subsequently cultured in a high-glucose medium for 24 h. The
levels of TGF-β1 secretion signiﬁcantly increased under
high-glucose conditions compared with the normal-glucose
control group (Figure 5(a)). However, these increases were
inhibited by momordicine I. However, brusatol signiﬁcantly
abolished momordicine I’s inhibitory eﬀect on high-glucoseinduced TGF-β1 secretion. As expected, momordicine I
signiﬁcantly reduced the high-glucose-induced ﬁbroblast
proliferation and collagen synthesis, which was also signiﬁcantly reversed by brusatol (Figures 5(b) and 5(c)). The
role of Nrf2 in the inhibition of high-glucose-induced
TGF-β1 secretion, ﬁbroblast proliferation, and collagen
synthesis by momordicine I was also examined by silencing
of Nrf2 (Figures 5(d)–5(f)). Cardiac ﬁbroblasts transfected
with Nrf2 siRNA (100 nM), followed by treatment with
momordicine I (1 μM) for 12 h, prevented the inhibitory
eﬀect of momordicine I on high-glucose-induced TGF-β1
secretion, ﬁbroblast proliferation, and collagen synthesis. In
contrast, the control siRNA (100 nM) failed to block the
inhibitory eﬀect of momordicine I. Collectively, these data
indicated that momordicine I inhibited TGF-β1 pathway
activation and proliferation and collagen synthesis of cardiac
ﬁbroblasts under a high-glucose condition in an Nrf-2
dependent manner.
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3.4. Activation of the Nrf2 Signaling Pathway by Momordicine
I in Rat Cardiac Fibroblasts. The Nrf2/HO-1 signaling pathway is also associated with antiﬁbrotic actions [33, 34]. To
more thoroughly understand the possible signaling pathways
and mechanisms in the action of momordicine I, we ascertained the expression of Nrf2 and Nrf2 downstream HO-1
in cardiac ﬁbroblasts in high-glucose conditions. Our data
revealed that a high-glucose condition slightly elevated the
translocation of Nrf2 from the cytoplasm to the nucleus
and the enhanced HO-1 expression; however, this modulatory eﬀect was further augmented by momordicine I treatment (Figures 4(a) and 4(b)). These data implicated that
momordicine I can activate the Nrf2/HO-1 signaling pathway in cardiac ﬁbroblasts in vitro.
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Figure 4: Momordicine I increases Nrf2 translocation and HO-1
protein expression in rat cardiac ﬁbroblasts. (a) Eﬀect of
momordicine I on Nrf2 translocation. Cells were treated with or
without momordicine I (1 μM) for 12 h, followed by a normalglucose medium or high-glucose medium for 12 h. N: nuclear
extract. Results are presented as the mean ± SEM (n = 4). (b) HO-1
expression was determined through Western blotting. Cells were
pretreated with momordicine I (1 μM) or not for 12 h, followed by
the control medium or high-glucose medium for 24 h. Results are
presented as the mean ± SEM (n = 3). The relative protein
expression of nuclear Nrf2 to PARP and HO-1 to GAPDH are
presented in the bar graphs. ∗ P < 0 05 versus the control group;
#
P < 0 05 versus the high-glucose group.

4. Discussion
Through a series of in vitro experiments, we determined
that a high-glucose condition led to an increase in cell
proliferation, collagen synthesis, and the expression of
TGF-β1 and Smad2/3 phosphorylation in cardiac ﬁbroblasts.
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Figure 5: Momordicine I inhibits high-glucose-induced TGF-β1 secretion, cell proliferation, and collagen synthesis in rat cardiac ﬁbroblasts
in an Nrf2-dependent manner. (a) The Nrf2 inhibitor brusatol prevents the inhibitory eﬀect of momordicine I on high-glucose-induced TGFβ1 secretion. Results are expressed as means ± SEM (n = 4). (b) Brusatol prevents the inhibitory eﬀect of momordicine I on high-glucoseinduced cell proliferation. Results are expressed as means ± SEM (n = 4). (c) Brusatol prevents the inhibitory eﬀect of momordicine I on
high-glucose-induced collagen synthesis. Cells were treated with brusatol (10 nM) for 30 min, followed by 1 μM momordicine I for 12 h,
and were subsequently cultured in high-glucose medium for 24 h. Results are expressed as means ± SEM (n = 4). (d) Nrf2 siRNA prevents
the inhibitory eﬀect of momordicine I on high-glucose-induced TGF-β1 secretion. Results are expressed as means ± SEM (n = 3). (e) Nrf2
siRNA prevents the inhibitory eﬀect of momordicine I on high-glucose-induced cell proliferation. Results are expressed as means ± SEM
(n = 3). (f) Nrf2 siRNA prevents the inhibitory eﬀect of momordicine I on high-glucose-induced collagen synthesis. Results are expressed
as means ± SEM (n = 3). ∗ P < 0 05 compared with the control group; # P < 0 05 versus the high-glucose group; ‡ P < 0 05 versus
momordicine I treatment in the high-glucose group.
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Figure 6: Schematic illustration of the proposed mechanism for high-glucose-induced rat cardiac ﬁbroblast activation and momordicine
I-inhibited ﬁbrogenesis through the Nrf2-mediated inhibition of oxidative stress and TGF-β1 signaling.

Momordicine I pretreatment signiﬁcantly reduced the
high-glucose-induced ﬁbroblast activation by inhibiting
the TGF-β1-Smad2/3 signaling pathway. We further demonstrated that momordicine I can ameliorate high-glucoseinduced ROS by activating the Nrf2/HO-1 pathway.
Furthermore, brusatol (an Nrf2 inhibitor) or Nrf2 siRNA
abrogated the inhibitory eﬀect of momordicine I on highglucose-induced TGF-β1 secretion. These results suggested
that momordicine I inhibits ﬁbrogenesis through the Nrf2mediated modulation of TGF-β1-Smad2/3 signal transduction (Figures 6).
Consumption of food containing antioxidants has been
revealed to protect against diseases such as cancer, cardiovascular diseases, and DM [25, 36]. Momordica charantia,
commonly known as bitter melon, is a climbing perennial
characterized by an elongated, warty fruit-like gourd and
has been reported to have medicinal qualities in treating
DM [25, 30, 37–39]. A principal therapeutic constituent
of bitter melon known as momordicine has long been used
in traditional Asian medicine [30]. Momordicine I belongs
to cucurbitane-type triterpenoids, the major bioactive components of bitter melon. These have anticancer, antioxidant, antidiabetic, hypoglycemic, and anti-inﬂammatory
properties [27, 30, 39–41]. With literature review and
our study, we suppose that momordicine I may be used

as complementary treatment targeting cardiac ﬁbrosis in
patients with DM.
The pathophysiological mechanisms of DCM are
multifactorial; substantial evidence from both clinical data
and animal models has indicated that increased cardiac
inﬂammation, oxidative stress, and enhanced cardiac ﬁbrosis contribute to the development of DCM [42]. Therefore,
anti-inﬂammatory, antioxidant, and antiﬁbrotic therapeutic
approaches may be beneﬁcial for treating DCM. Fibrogenesis is the most critical factor in the progression of DCM.
However, speciﬁc pharmaceuticals directly targeting ﬁbrosis
are still lacking. In this study, despite clearly acting as an
antiﬁbrotic result, momordicine I has been shown to demonstrate antioxidant eﬀects. Furthermore, extensive evidence
has indicated that oxidative stress mediates the initiation
and development of ﬁbrosis in relation to chronic inﬂammation [18]. Although our main focus was the modiﬁcation of
ROS levels as a mediator of downstream high-glucoseinduced TGF-β1 signaling [20], we discovered that momordicine I alleviated the production of hyperglycemia-induced
ROS and might block the activation of high-glucoseinduced cardiac ﬁbroblast by inhibiting ROS and its downstream TGF-β1 signal. Additionally, studies have indicated
that TGF-β1 increases ROS generation by inducing NADPH
oxidase and suppressing antioxidant enzymes; in turn, ROS
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activates TGF-β1 signaling and mediates several of its
ﬁbrogenic eﬀects, in a vicious cycle [2, 15, 18, 20]. These
results further strengthen the evidence for the antioxidant
properties of momordicine I through its inhibition of ROS.
To conﬁrm the role of oxidative stress in high-glucoseinduced cardiac ﬁbroblast activation, we treated cardiac
ﬁbroblasts with the antioxidant NAC. Similarly, the ROS
scavenger NAC also decreased high-glucose-induced cardiac
ﬁbroblast activation. However, whether any antioxidant
could have the beneﬁcial eﬀects of momordicine I in
decreasing high-glucose-induced cardiac ﬁbroblast activation remains to be examined in future studies.
The TGF-β family of growth factors is the most extensively studied mediator of ﬁbroblast activation, of which
TGF-β1 likely plays a crucial role in pathological ﬁbrosis
[9]. The proﬁbrotic actions of TGF-β1 on cardiac ﬁbroblasts are mediated, at least partially, by Smad3 [20, 43, 44].
Bujak et al. demonstrated that the loss of Smad3 prevents
interstitial ﬁbrosis in the noninfarcted remodeling of the
myocardium [44]. TGF-β1/Smad signaling appears to be
responsible for cardiac ﬁbrosis [20]. The canonical pathway
of TGF-β1 signaling involves the phosphorylation of
Smad2/3, which subsequently binds to Smad4 and translocates to the nucleus. Here, transcriptional reprogramming
is conducted to promote myoﬁbroblast formation and extracellular matrix production, eventually leading to cardiac
ﬁbrosis [9, 20, 45]. Our paper suggests that momordicine I
at nontoxic concentrations (0.1–1 μM) eﬀectively attenuates
the proﬁbrogenic TGF-β1-Smad2/3 signaling pathway and
is thus an eﬀective therapy for diabetes-associated cardiac
ﬁbrosis. Several natural compounds, including matrine,
resveratrol, and tanshinone, also suppressed cardiac ﬁbrosis
by inhibiting the TGF-β/Smad pathway [46–48].
Under normal conditions, Nrf2 is retained within the
cytoplasm, forming a complex with its protein inhibitor
Keap1 [36]. On activation, Keap1 cysteine residues undergo
oxidoreduction resulting in the release of Nrf2, which subsequently translocates into the nucleus where it binds to ARE
and controls the transcription of genes encoding antioxidant
enzymes [49]. Nrf2 governs innate immune, antioxidant, and
cytoprotective responses, and its deregulation is pivotal in the
chronic inﬂammatory status [33]. Nrf2 has long been recognized to resist oxygen-free radicals and reduce ROS in the
alleviation of cardiac ﬁbrosis [34]. A study reported that the
forced expression of Nrf2 in normal ﬁbroblasts resulted in
the abrogated stimulation of collagen synthesis, myoﬁbroblast diﬀerentiation, and ROS generation through the disruption of canonical TGF-β1 signaling [33]. Our study revealed
that momordicine I not only ameliorates high-glucoseinduced ROS but also eﬀectively promotes Nrf2 translocation
to the nucleus, which in turn upregulates HO-1. In this study,
by using a selective Nrf2 inhibitor or Nrf2 knockdown, we
conﬁrmed that the antiﬁbrotic eﬀects of momordicine I on
cardiac ﬁbroblasts under high-glucose conditions were Nrf2
dependent. He et al. investigated the role of Nrf2 in the
development of DCM using Nrf2-knockout mice. There
was an increased level of ROS in the cardiomyocytes of
Nrf2-knockout mice [50]. Notably, Nrf2 attenuated dystrophic muscle ﬁbrosis by inhibiting the TGF-β1/Smad
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pathway [51]. Our study demonstrated that brusatol or
Nrf2 siRNA signiﬁcantly reversed the inhibitory eﬀect of
momordicine I on high-glucose-induced ﬁbroblast activation
and TGF-β1 expression. Thus, momordicine I might reduce
high-glucose-induced TGF-β1 expression, cell proliferation,
and collagen synthesis through the direct antiﬁbrotic eﬀects
of Nrf2 and indirect downregulation of ROS levels. However,
the exact molecular mechanism of Nrf2-mediated gene regulation in cardiac ﬁbroblasts under high-glucose conditions
by momordicine I remains unknown and warrants further
investigation. Moreover, the induction of HO-1 is widely
recognized as an eﬀective cellular strategy to counteract a
variety of cellular damage and inﬂammation. These eﬀects
may be mediated by multiple functions of HO-1. Although
the exact mechanisms involved in the antiﬁbrotic eﬀects of
HO-1 have not been fully elucidated, momordicine I, as
conﬁrmed in this study, can induce the expression of
HO-1 in cardiac ﬁbroblasts; the observed antiﬁbrotic eﬀects
of momordicine I might be mediated, at least in part, by
one or more of HO-1 by-products. However, whether inhibition of HO-1 activity could block momordicine I-induced
antiﬁbrotic action to suggest the role of HO-1 on the antiﬁbrotic eﬀect of momordicine I in cardiac ﬁbroblasts remains
to be elucidated.
A limitation of our study is that the antiﬁbrotic eﬃcacy of
momordicine I was determined using a single TGF-β1dependent in vitro ﬁbrosis model. Furthermore, the momordicine I-reduced high-glucose-induced collagen production
from its inhibitory eﬀect on proliferation cannot be excluded.
The exact mechanism and potential role of momordicine I in
ﬁbroblast collagen synthesis remain to be investigated. The
present in vitro model may not be directly translatable to
clinical investigations of DCM. However, our preliminary
results may encourage further research on determining the
molecular mechanisms underlying high-glucose-induced
ﬁbroblast activation and cardiac ﬁbrosis. While these results
are promising, a lot of work needs to be done in elucidating
the signal pathways involved in the action of momordicine
I on these cells. Moreover, in vivo experiments in animal
models are essential to establish the validity of these in vitro
results in the future.

5. Conclusions
On the basis of this study, we propose that through Nrf2
activation, momordicine I can partially block intracellular
TGF-β1 signal transduction and inhibit the proliferation
and collagen synthesis of cardiac ﬁbroblasts. Through this
activity, momordicine I reduces collagen synthesis and
TGF-β1 expression induced by high-glucose treatment, suggesting its potential for clinical application in preventing and
treating diabetic myocardial ﬁbrosis. Our study demonstrated that momordicine I attenuates high-glucose-induced
ﬁbroblast activation and its antiﬁbrotic eﬀects, at least partially, appear to reduce the expression of the proﬁbrogenic
cytokine TGF-β1 and inhibit TGF-β1-Smad2/3 signaling.
This suggests that momordicine I has therapeutic potential
in treating diabetes-induced cardiac ﬁbrosis.
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The kidney is an important organ in the maintenance of body homeostasis. Dietary compounds, reactive metabolites, obesity, and
metabolic syndrome (MetS) can aﬀect renal ﬁltration and whole body homeostasis, increasing the risk of chronic kidney disease
(CKD) development. Gamma oryzanol (γOz) is a compound with antioxidant and anti-inﬂammatory activity that has shown a
positive action in the treatment of obesity and metabolic diseases. Aim. To evaluate the eﬀect of γOz to recover renal function in
obese animals by high sugar-fat diet by modulation of adiponectin receptor 2/PPAR-α axis Methods. Male Wistar rats were
initially randomly divided into 2 experimental groups: control and high sugar-fat diet (HSF) for 20 weeks. When proteinuria
was detected, HSF animals were allocated to receive γOz or maintain HSF for more than 10 weeks. The following were analyzed:
nutritional and biochemical parameters, systolic blood pressure, and renal function. In the kidney, the following were evaluated:
inﬂammation, oxidative stress, and protein expression by Western blot. Results. After 10 weeks of γOz treatment, γOz was
eﬀective to improve inﬂammation, increase antioxidant enzyme activities, increase the protein expression of adiponectin
receptor 2 and PPAR-α, and recover renal function. Conclusion. These results permit us to conﬁrm that γOz is able to modulate
PPAR-α expression, inﬂammation, and oxidative stress pathways improving obesity-induced renal disease.

1. Introduction
Kidneys exert a central role in the maintenance of body
homeostasis by regulating electrolyte concentrations, blood
pressure, degradation of hormones, lipid metabolism, and
excretion of waste metabolites [1]. Despite many factors
leading to kidney disease, such as age, gender, smoking
status, alcohol use, physical inactivity, diabetes mellitus,
and hypertension, studies reveal that obesity is an independent risk factor for development of CKD [1–3].
The pathways activated by obesity to induce kidney
disease are not fully understood. Studies have identiﬁed
several new injurious pathways in the kidney led by insulin
resistance (IR), chronic inﬂammation (a major contributor

to microvascular remodeling), dyslipidemia and excessive
nutrient availability (both may induce mitochondrial dysfunction and oxidative stress), and adipokine production
unbalance [4–6].
Adiponectin is an adipocyte-derived protein hormone
which plays a role in the suppression of inﬂammationassociated metabolic disorders. Adiponectin receptor 1
(Adipo-R1) and adiponectin receptor 2 (Adipo-R2) are the
two major receptors for adiponectin and appear to be integral
membrane proteins [7], expressed in diﬀerent tissues, among
them the kidney [8]. Kadowaki et al. [7] reported previously
that the receptor expression levels are reduced in obesity,
apparently in correlation with reduced adiponectin sensitivity. Moreover, the authors relate that Adipo-R1 may be more
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tightly linked to activation of AMPK pathways, whereas
Adipo-R2 seems to be associated with the activation of
PPAR-α pathways and the inhibition of inﬂammation. So,
the modulation of these pathways could be important to treat
renal injuries.
Considering this situation, natural compounds have
received attention as a promising pool of substances to treat
diseases [9]. Rice bran is rich in gamma oryzanol (γOz), a
natural compound with antioxidant and anti-inﬂammatory
activities that showed a positive action in the treatment of
hyperlipidemia, hyperglycemia, insulin resistance, and
increased levels of adiponectin [10–14]. So, considering that
obesity, inﬂammation, and oxidative stress are able to induce
renal disease and there are no studies that evaluate the eﬀect
of γOz in renal disease, the aim of this study was to evaluate
the eﬀect of γOz in the recovery of renal function in obese
animals by high sugar-fat diet by modulation of the adiponectin receptor 2/PPAR-α axis.

2. Methods
2.1. Experimental Protocol. All of the experiments and procedures were approved by the Animal Ethics Committee of
Botucatu Medical School (1150/2015) and were performed
in accordance with the National Institute of Health’s Guide
for the Care and Use of Laboratory Animals. Male Wistar
rats (±187 g) were kept in an environmental controlled
room (22°C ± 3°C, 12 h light-dark cycle, and relative humidity of 60 ± 5%) and initially randomly divided into 2 experimental groups (control, n = 15, and high sugar-fat diet
(HSF), n = 30) for 20 weeks. HSF groups also received
water + sucrose (25%). The diets and water were provided
ad libitum. The HSF diet contained soybean meal, sorghum,
soybean peel, dextrin, sucrose, fructose, lard, vitamins, and
minerals, plus 25% sucrose in drinking water; the control diet
contained soybean meal, sorghum, soybean peel, dextrin, soy
oil, vitamins, and minerals. The nutrients and nutritional
composition of each diet was described in our previous study
[15]. At week 20 of this study, when proteinuria was detected
in the HSF groups, animals were divided to begin the treatment with γOz or continue receiving HSF for 10 more weeks
as described below.
2.2. Group Characterization. After 20 weeks of experimental
protocol, a 95% conﬁdence interval (CI) was built for the
protein/creatinine ratio from the HSF and control groups
and was adopted as the separation point (SP) between the
groups, the midpoint between the upper limit of the control
group and the lower limit of the HSF group. The protein/creatinine ratio was adopted since it reﬂects proteinuria and is
considered a marker of kidney function [16]. From this point,
the control animals with a protein/creatinine ratio above of
SP and the HSF animals with a protein/creatinine ratio below
the SP were excluded from the control and HSF groups,
respectively, ensuring the homogeneity of the treated and
control groups. About the remaining animals in the HSF
group, they were randomly divided to receive γOz or only
diet. This criterion was adopted because animals submitted
to diﬀerent diet models do not always present the expected
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response. This fact can lead to erroneous animal classiﬁcation and, consequently, false conclusions. The values for protein/creatinine ratio on the 20th week were 2.5 for the control
group and 3.3 for the HSF group (p = 0 0006).
2.3. Treatment with Gamma Oryzanol. After the characterization on the 20th week, the groups were the following: control diet (control, n = 8), high sugar-fat diet (HSF, n = 8), and
HSF/HSF + gamma oryzanol (HSF/HSF + γOz, n = 8). The
treatment duration was 10 weeks, totaling 30 weeks of experiment. The γOz dose used in this study was added in the
chow (0.5 w/w) according to our previous study [15].
2.4. Body Composition and Caloric Ingestion. The nutritional
proﬁle was evaluated according to the following parameters:
caloric intake, body weight, and adiposity index. Caloric
intake was determined by multiplying the energy value of
each diet (g × kcal) by the daily food consumption. For the
HSF group, caloric intake also included calories from water
(0.25 × 4 × mL consumed). Body weight was measured
weekly. After euthanasia, fat deposits (visceral (VAT), epididymal (EAT), and retroperitoneal (RAT)) were used to calculate the adiposity index (AI) by the following formula:
VAT + EAT + RAT /FBW × 100.
2.5. Metabolic and Hormonal Analysis. After 12 h fasting,
blood was collected and the plasma was used to measure
insulin and biochemical parameters. Glucose concentration
was determined by using a glucometer (Accu-Chek Performa, Roche Diagnostics Brazil Limited); triglycerides
were measured with an automatic enzymatic analyzer system
(Chemistry Analyzer BS-200, Mindray Medical International
Limited, Shenzhen, China). The insulin and adiponectin
levels were measured using enzyme-linked immunosorbent
assay (ELISA) methods using commercial kits (EMD Millipore Corporation, Billerica, MA, USA). The homeostatic
model of insulin resistance (HOMA-IR) was used as an
insulin resistance index, calculated according to the following formula: HOMA-IR = (fasting glucose (mmol/L) × fasting insulin (μU/mL))/22.5.
2.6. Systolic Blood Pressure. Systolic blood pressure (SBP)
evaluation was assessed in conscious rats by the noninvasive
tail-cuﬀ method with a Narco Bio-Systems® electrosphygmomanometer (International Biomedical, Austin, TX, USA).
The animals were kept in a wooden box (50 × 40 cm) between
38 and 40°C for 4-5 minutes to stimulate arterial vasodilation
[17]. After this procedure, a cuﬀ with a pneumatic pulse sensor was attached to the tail of each animal. The cuﬀ was
inﬂated to 200 mmHg pressure and subsequently deﬂated.
The blood pressure values were recorded on a Gould RS
3200 polygraph (Gould Instrumental Valley View, Ohio,
USA). The average of three pressure readings was recorded
for each animal.
2.7. Renal Function. Renal function was evaluated by measurements of plasma and urine. At twenty-four hours,
urine was collected from the metabolic cages to measure
the excretion of creatinine and the total protein. The urea
and creatinine content of the plasma were measured. All
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Figure 1: Nutritional, metabolic, and cardiovascular parameters: (a) caloric intake (kcal/day); (b) adiposity index (%); (c) glucose (mg/dL);
(d) HOMA-IR; (e) triglycerides (mg/dL); (f) systolic blood pressure (mmHg). Data expressed in mean ± standard deviation or median.
Comparison by one-way ANOVA with Tukey post hoc. HSF: high sugar-fat diet; γOz: gamma oryzanol. ∗ indicates p < 0 05; n = 8
animals/group.

analyses were performed with an automatic enzymatic
analyzer system (biochemical analyzer BS-200, Mindray,
China). The glomerular ﬁltration rate (GFR = (urine creatinine × ﬂux)/plasma creatinine) and proteinuria were also
calculated.

2.8. Renal Tissue Analysis
2.8.1. Inﬂammatory Parameters. Renal tissue (±150 mg) was
homogenized (ULTRA-TURRAX® T 25 basic IKA® Werke,
Staufen, Germany) in 1.0 mL of phosphate-buﬀered saline
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Figure 2: Renal function parameters: (a) plasma urea (mg/dL); (b) plasma creatinine (mg/dL); (c) glomerular ﬁltration rate (GFR) (mL/min);
(d) protein/creatinine ratio. Data expressed in mean ± standard deviation or median. Comparison by one-way ANOVA with Tukey post hoc.
∗ indicates p < 0 05; n = 8 animals/group.

(PBS) pH 7.4 cold solution and centrifuged at 800g at 4°C for
10 min. The supernatant (100 μL) was used in analysis.
Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6),
and monocyte chemoattractant protein-1 (MCP-1) levels
were measured using the enzyme-linked immunosorbent
assay (ELISA) method using commercial kits from R&D
System, Minneapolis, USA. The supernatant (100 μL)
was used for analysis, and the results were corrected by the
protein amount.
2.8.2. Hydrophilic Antioxidant Capacity. The hydrophilic
antioxidant capacity in the kidney was in the prepared
supernatant as described in the previous item. It was
determined ﬂuorometrically, using a VICTOR X2 reader
(PerkinElmer, Boston, MA). The antioxidant activity was
quantitated by comparing the area under the curve relating
to the oxidation kinetics of the suspension phosphatidylcholine (PC), which was used as the reference biological matrix.
The peroxyl radical 2′,2′-azobis-(2-amidinopropane) dihydrochloride (AAPH) was used as an initiator of the reaction.
The results represent the percent inhibition (4,4-diﬂuoro-5(4-phenyl 1-3 butadiene)-4-bora-3,4-diaza-s-indacene)
(BODIPY) 581/591 plasma with respect to the control

sample of BODIPY 581/591 PC liposome. All analyses were
performed in triplicate. The results are reported as a percentage of protection [18].
2.8.3. Antioxidant Enzyme Activity. For these analyses, a
100 mg kidney was homogenized (1 : 10 v/v) in KH2PO4
(10 mmol/L)/KCl (120 mmol/L), pH 7.4, and centrifuged at
2.000 ×g for 20 min. Superoxide dismutase (SOD) activity
was measured based on the inhibition of a superoxide radical
reaction with pyrogallol, and the absorbance values were
measured at 420 nm [19]. Catalase activity was evaluated by
following the decrease in the levels of hydrogen peroxide in
240 nm [20]. The activity is expressed as pmol of H2O2
reduced/min/mg protein. Glutathione peroxidase (GP)
activity was measured by following β-nicotinamide adenine dinucleotide phosphate (NADPH) oxidation at 340 nm
as described by Flohé and Günzler [21]. The results were
expressed as μmol hydroperoxide-reduced/min/mg protein.
Protein was quantiﬁed based on Lowry et al.’s method [22]
using bovine serum albumin as the standard. The absorbance values for all analyses were measured in a UV/VIS spectrophotometer (Pharmacia Biotech, Houston, Texas, USA),
and the values are expressed as units per milligram of protein.
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Figure 3: Inﬂammatory parameters in kidney tissue: (a) tumor necrosis factor-alpha (TNF-α; pg/g protein); (b) interleukin-6 (IL-6; pg/g
protein); (c) monocyte chemoattractant protein-1 (MCP-1; pg/g protein). Data expressed in mean ± standard deviation or median.
Comparison by one-way ANOVA with Tukey post hoc. ∗ indicates p < 0 05; n = 8 animals/group.

2.8.4. Western Blot. Renal samples were homogenized in
RIPA buﬀer with a protease and phosphatase cocktail inhibitor. After determination of protein concentration by the
Bradford method [23], samples were diluted in Laemmli
buﬀer and loaded (50 μg of protein) into a 10% SDS–polyacrylamide gel. Transfer to a nitrocellulose membrane was
carried out using Trans-Blot Turbo-Transfer System
(BioRad). Incubation with the primary antibodies was performed overnight at 4°C in Tris-buﬀered saline solution containing Tween 20 (TBS-T) and 3% bovine serum albumin.
Antibody dilutions were 1 : 1000 for Adipo-R1 (ABCAM
ab126611), 1 : 1000 for Adipo-R2 (ABCAM ab77612),
1 : 500 for PPAR-α (ABCAM ab8934), 1 : 1000 for total
AMPK (Cell Signaling #2532), 1 : 1000 for phospho-AMPH
(Thr172) (Cell Signaling #2531), and 1 : 1000 for beta-actin
(ABCAM ab8227). After incubation overnight at 4°C in
TBS-T containing 1% nonfat dried milk with the Abcam
secondary antibodies (dilution 1 : 3000 for anti-goat and
1 : 1000 for anti-rabbit). Protein was revealed using the
chemiluminescence method according to the manufacturer’s
instructions (ECL SuperSignal® West Pico Chemiluminescent Substrate, Thermo Scientiﬁc). Band intensities were
evaluated using ImageQuant TL 1D Version 8.1 (GE Healthcare Life Sciences).

2.9. Statistical Analysis. Data are presented as means ± standard deviation (SD) or median (interquartile range). Diﬀerences among the groups were determined by one-way
analysis of variance. Statistically signiﬁcant variables were
subjected to the Tukey post hoc test to compare all the
groups. Statistical analyses were performed using Sigma
Stat for Windows Version 3.5 (Systat Software Inc., San
Jose, CA, USA). A p value of 0.05 was considered statistically signiﬁcant.

3. Results
Figure 1 shows caloric intake, adiposity index, and cardiometabolic risk factors for kidney disease (glucose, HOMAIR, triglycerides, and systolic blood pressure). It is possible
to verify that both HSF groups presented higher values for
all the parameters. There was no diﬀerence for caloric intake.
Figure 2 shows renal function parameters. Gamma oryzanol was eﬀective for recovery of renal function of the HSF/
HSF + γOz group, characterized by lower proteinuria and
high glomerular ﬁltration rate compared to the HSF group.
Figure 3 shows inﬂammatory parameters in kidney tissue. γOz was eﬀective to reduce the inﬂammatory response
for levels similar to those observed in the control group.
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Figure 4: Redox state parameters in the kidney: (a) hydrophilic antioxidant capacity (% protection/g protein); (b) catalase (pmol/mg protein/
min); (c) glutathione peroxidase (μmol/mg protein/min); (d) superoxide dismutase (U/mg protein/min). Data expressed in mean ± standard
deviation. Comparison by one-way ANOVA with Tukey post hoc. ∗ indicates p < 0 05; n = 6 animals/group.

4. Discussion
The aim of this study was to evaluate the potential of γOz to
recover renal function in obese animals by high sugar-fat
diet consumption. In this study, the animals feeding on a
HSF diet developed obesity and signals of kidney injury,
characterized by proteinuria and decreased glomerular
ﬁltration rate. Obesity, insulin resistance, hypertension,
chronic inﬂammation, dyslipidemia, and oxidative stress are

40,000
Plasma adiponectin (ng/ml)

Figure 4 shows redox state parameters in the kidney. It
is possible to verify a positive action of γOz on the HSF/
HSF + γOz group to increase hydrophilic antioxidant protection, catalase, and superoxide dismutase levels compared
to HSF.
Figure 5 presents plasma adiponectin levels. The HSF
group presented higher levels while the treatment with
gamma oryzanol was able to reduce the levels.
Figure 6 shows protein expression of Adipo-R1, AdipoR2, phosphorylated and total AMPK, and PPAR-α in the kidney. It is possible to note the eﬀect of γOz which increased
the expression of Adipo-R2 and PPAR-α when compared
to HSF.
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Figure 5: Plasma adiponectin levels (ng/mL). Data expressed in
mean ± standard deviation. Comparison by one-way ANOVA with
Tukey post hoc. ∗ indicates p < 0 05; n = 8 animals/group.

considered the major risk factors for renal disease [1, 4, 6].
The HSF group developed all these risk factors, which were
expected considering the diet used in this study, rich in sugar
and fat [15], but the noneﬀect of γOz on these parameters
was observed. In opposition to our results, Wang et al. and
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Figure 6: Relative protein expression in kidney tissue: (a) Adipo-R1; (b) Adipo-R2; (c) phospho-AMPK; (d) PPAR-α. Data expressed in
mean ± standard deviation. Comparison by one-way ANOVA with Tukey post hoc. ∗ indicates p < 0 05; n = 6 animals/group.

Justo et al. found in their studies improvement in some parameters after treatment with γOz [10, 24]. It is important to
emphasize that in these studies, animal models and the
dose of γOz were diﬀerent from ours, which can explain
these opposite results.
Once metabolic disorders are risk factors for renal disease, it would be expected that both HSF groups presented
renal function impairment. However, analyzing the clinical
signals of renal disease (proteinuria, most conveniently performed by estimation of the protein/creatinine ratio and glomerular ﬁltration rate) [25], we can note an improvement in
the treatment group with γOz characterized by lower proteinuria and higher GFR. Therefore, better understanding
of the mechanisms by which γOz acted in this group is very
important to enable novel therapeutic target development.
Oxidative stress is one condition associated with
impaired renal function [8, 26]. Kidney disease progression
is related with a signiﬁcant increase of ROS, which inﬂuences
cell function and damages proteins, lipids, and nucleic acids,

and can also inhibit enzymatic activities of the cellular respiratory chairs. On the other hand, endogenous enzymatic and
nonenzymatic antioxidant mechanisms protect against damaging eﬀects of oxidative products [27]. The ﬁrst line of enzymatic antioxidant defense is SOD, which accelerates the
dismutation rate of oxygen to H2O2, but the catalase reduces
H2O2 to water. Glutathione peroxidase reduces H2O2 and
other organic peroxides to water and oxygen and requires
glutathione as a hydrogen donor which is a scavenger for
H2O2, hydroxyl radicals, and chlorinated oxidants [27]. Usually, patients suﬀering from renal insuﬃciency have diminished antioxidant defense when compared to healthy
controls [28]. In the case of this study, the results showed
an increase of antioxidant capacity, SOD, and catalase activities after treatment with gamma oryzanol, conﬁrming the
potential of the compound to improve the antioxidant
system. But some authors relate diﬃculty in establishing a
pattern of antioxidant status in kidney disease due to assessment by diﬀerent measurement techniques [28]. In this case,
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information associating various parameters can give a better
representation of a patient’s current antioxidant status.
The literature reports that the renoprotection can also
be related to some mechanisms involving improvement
of the endothelial dysfunction, reduction of oxidative stress,
and upregulation of endothelial nitric oxide synthase expression, all eﬀects dependent on adiponectin receptor activation
[29]. In contrast, the dysfunction regulation of adiponectin
and its receptors has been observed in the development of
various diseases, including obesity, insulin resistance, type 1
and type 2 diabetes, and chronic kidney disease [29].
Adiponectin is secreted primarily by adipose tissue and
plays a key role in kidney disease. In obesity, reduced adiponectin levels are also associated with insulin resistance and
cardiovascular disease. However, in conditions of established
chronic kidney disease, adiponectin levels are elevated and
positively predict progression of disease [30, 31]. Corroborating these ﬁndings, the HSF group presented higher levels of
adiponectin associated with reduced GFR which conﬁrms
kidney disease. In opposition, the HSF group that received
the compound showed reduction in the levels, which can be
explained by the amelioration of glomerular ﬁltration rate
by γOz in these animals, since adiponectin is excreted via
kidney glomerular ﬁltration [32].
Adipo-R1 and Adipo-R2 are expressed in many tissues
[8], but in the speciﬁc case of the kidneys, no studies evaluated
the eﬀect of γOz in this pathway and its role on renal function.
The compound showed capacity to upregulate the Adipo-R2/
PPAR-α axis. PPAR-α is highly expressed in tissues that possess high mitochondrial and β-oxidation activity, as the kidney. Decreased renal PPAR-α expression might contribute
to the pathogenesis of kidney injuries [33], whereas its high
expression is associated with metabolic control in the organ
[34]. Moreover, PPAR-α activation can attenuate or inhibit
several mediators of vascular injury involved in renal damage,
such as lipotoxicity, reactive species oxygen (ROS) generation, and inﬂammation [34, 35]. Corroborating this information, our animals of the HSF/HSF + γOz group did not
present inﬂammation in the kidney, showing lower levels of
TNF-α, IL-6, and MCP-1 compared to the HSF group.
In summary, this study introduces very important ﬁndings since γOz was eﬀective in ameliorating renal dysfunction by acting on the Adipo-R2/PPAR-α axis and also by
improving the antioxidant response in the organ. γOz could
be a therapeutic alternative for restoring/ameliorating metabolic dysfunctions, in special renal injuries that are developed
in an obese individual. These results permit us to conﬁrm
that γOz is able to modulate PPAR-α expression, inﬂammation, and oxidative stress pathways improving obesityinduced renal disease.
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Abelmoschus esculentus L. has favorable nutritional/medicinal features. We found the content of total ﬂavonoids in ﬂower extract to
be the highest (788.56 mg/g) of all the diﬀerent parts of A. esculentus; according to high-performance liquid chromatography, the
quercetin-3-O-[β-D-glu-(1 → 6)]-β-D-glucopyranoside content was 122.13 mg/g. Protective eﬀects of an extract of the total
ﬂavonoids of A. esculentus ﬂowers (AFF) on transient cerebral ischemia-reperfusion injury (TCI-RI) were investigated.
Compared with the model group, mice treated with AFF (300 mg/kg) for 7 days showed signiﬁcantly reduced neurologic
deﬁcits, infarct area, and histologic changes in brain tissue, accompanied by increased contents of superoxide dismutase,
whereas contents of nitric oxide and malondialdehyde decreased. AFF upregulated the expression of Nrf2, HO-1, and NQO1.
These data suggest that AFF protects against TCI-RI by scavenging free radicals and activating the Nrf2-ARE pathway.

1. Introduction
Ischemic cardiovascular disease (also known as “ischemic
stroke”) is the third leading cause of death and disability
worldwide [1]. The number of patients suﬀering from cerebral ischemic disease worldwide has increased by 2 million
per year, and the morbidity associated with this disease can
aﬀect young people [2].
At present, several of the synthetic drugs used for the
treatment of transient ischemic attack have side eﬀects.
“Natural” medicines have good curative eﬀects and few
side eﬀects. In addition, cerebral ischemic disease is an
emergency, diﬃcult to predict, and its pathogenesis is complex [3]. During reperfusion after a transient ischemic attack,
a combination of oxidative stress and release of excitatory
neurotransmitters causes irreversible damage, inﬂammation,
and even apoptosis of nerve cells [4, 5]. Therefore, searching

for natural products for protection and treatment of transient
cerebral ischemia-reperfusion injury (TCI-RI) and exploring
their mechanism of action are a rational approach.
Nuclear factor-E2-related factor 2 (Nrf2) is a key regulator of defense against endogenous antioxidants. Most
genes encoding antioxidant enzymes have antioxidant
response element (ARE) sequences in their promoter
regions. Studies have demonstrated that the activation of
the Nrf2-ARE pathway contributes to neuroprotection following ischemic injury [6–8].
Abelmoschus esculentus L. commonly known as “lady’s
ﬁngers,” “okra,” or “bhindi” is an important vegetable crop
cultivated in many countries [9, 10]. The fruits are beneﬁcial
to the digestive and immune systems due to the high content
of glycoproteins and microelements and are used as food
additives because of their antigastric acid, antifatigue, antioxidation, and anti-inﬂammation properties [11]. The seeds of

2
A. esculentus are a good source of many high-quality proteins
and unsaturated fatty acids and have anticancer, antidiabetes mellitus, and antihyperlipidemia properties [12–14].
The ﬂowering period of A. esculentus is long, and the yield
is high, but A. esculentus ﬂowers wither rapidly, so they
tend not to be studied. A. esculentus ﬂowers are good
sources of ﬂavonoids and polysaccharides and are involved
in modulation of the immune system [15]. However, studies
on the protective eﬀects of an extract of the total ﬂavonoids of
A. esculentus ﬂowers (AFF) on TCI-RI and its mechanism of
action are lacking.
Therefore, we explore the protective eﬀect of AFF on
TCI-RI and its potential mechanism.

2. Material and Methods
2.1. Materials. The reference samples of quercetin-3-O-[βD-glu-(1 → 6)]-β-D-glucopyranoside (AFG-1), quercetin3-O-[β-D-xyl-(1 → 2)]-β-D-glucopyranoside (AFG-2), and
quercetin-4″-O-methy-3-O-β-D-glucopyranoside (AFG-3)
at a purity of >98% were separated by our research team
[16]. Rutin reference sample was purchased from China
Pharmaceutical and Biological Products Testing Institute.
A. esculentus ﬂower, fruit, and seed samples were picked
up in vegetable test base of Zhejiang Agricultural and
Forestry University in 2016. Nitric oxide (NO), malondialdehyde (MDA), superoxide dismutase (SOD), and
Coomassie Brilliant Blue kit were purchased from Nanjing
Jiancheng Biological Technology Co. Ltd. Antibodies
against Nrf2, heme oxygenase-1 (HO-1), NAD(P)H:quinone
oxidoreductase-1 (NQO1), and β-actin were purchased
from Wanlei Biological Technology Co. Ltd. Chloral
hydrate was purchased from Zhejiang Academy of Medical
Sciences. All the reagents were of analytical or HPLC grade.
2.2. Extraction and Puriﬁcation of Total Flavonoids from A.
esculentus. Fresh samples of the ﬂowers, fruits, and seeds of
A. esculentus were weighed (10 kg), dried at 40°C, crushed,
and passed through a 60-mesh sieve. These powders were
reextracted by ultrasonication thrice with 70% ethanol : water
at a 1 : 30 ratio (w : v) for 30 min each at room temperature.
The extracts were combined and concentrated into a paste
using a rotary evaporator. Then, the concentrated solution
was extracted with ethyl acetate to remove fat-soluble components. The remaining extract was added to a column with
resin (Diaion HP-20, Mitsubishi, Japan). The resin was
washed with distilled water to remove proteins, polysaccharides, and other water-soluble impurities. Then, the eluate
was collected with 50% methanol and dried by a rotary evaporator at 50°C. Powdered extracts of the total ﬂavonoids of
the ﬂowers (258.8 g), fruits (186.3 g), and seeds (160.6 g) of
A. esculentus were obtained and stored at 4°C.
2.3. Determination of the Composition of Total Flavonoids in
Extracts. Each sample extract (10.0 mg), AFG-1 (31.6 mg),
AFG-2 (3.25 mg), AFG-3 (5.08 mg), and rutin (10.0 mg) were
dissolved in methanol and made up to 10 mL to provide samples and standard solutions. We measured the contents of
total ﬂavonoids using an AlCl3-colorimetric assay [17]. The
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absorbance was measured at 510 nm, and the content was
expressed as milligram rutin equivalent per gram dry weight
(mg RE/g DW). All samples were assayed thrice.
AFG-1, AFG-2, and AFG-3 contents were analyzed on
a high-performance liquid chromatography (HPLC) system (2695; Waters, Milford, MA, USA) with a photodiode
array detector (2996; Waters) under speciﬁc HPLC conditions: SunFire C18 column (4.6 mm × 250 mm, 5.4 μm),
column temperature = 28°C, ﬂow rate = 0.8 mL/min, mobile
phase = methanol (solvent A) : 0.1% phosphoric acid water
(solvent B), and ratio of gradient elution, 47 : 53. These
solutions were determined at an absorbance of 255.6 nm
with sample feeding of 10 μL. Identiﬁcation of unknown
peaks was based on comparison of the retention times
with those of known standards.
2.4. Animal Experiments. All procedures were approved by
the Committee on the Ethics of Animal Experiments at Zhejiang Agriculture and Forestry University (Zhejiang, China).
Male Kunming mice (18–22 g) were purchased from the
Animal Experiment Center of Zhejiang Academy of Medical
Sciences (Zhejiang, China; number SC 2008-3344). Before
experimentation, all mice were maintained in a wellventilated environment (23-24°C; humidity, 56–59%) with a
12 h light-dark cycle and had free access to food and water
for 1 week.
Mice (n = 75) were divided randomly into ﬁve groups,
normal group (sham operation), model group, as well as high
(300 mg/kg), medium (150 mg/kg), and low (75 mg/kg) AFF
dose groups. 300 mg/kg has proven to be safe [18]. Mice in
normal and model groups were given an equal volume of
water, and in the other groups, the corresponding amounts
of AFF were given once daily for 7 days. One hour after the
ﬁnal administration, mice in model and AFF groups were
anesthetized (3.5% chloral hydrate, i.p.) and placed on a
mouse ﬁxator. Creation of the TCI-RI model is shown in
Figure 1. The neck was disinfected with 75% alcohol. A midline incision was made, and skin was separated bluntly to
allow exposure of bilateral common carotid arteries. Using
an arterial clip, blood ﬂow to bilateral common carotid arteries was blocked for 30 min. Subsequently, the arterial clip was
loosened to recover this blood supply and the incision was
sutured. In the normal group, bilateral common carotid
arteries were not blocked and only suturing of the incision
was done. After 24 h of reperfusion, the neurologic damage
was evaluated. Then, 10 survived mice in each group were
sacriﬁced, and their brain tissues were removed rapidly and
stored at 20°C.
2.5. Survival and Neurologic Function Score. After TCI-RI for
24 h, the survival rate in each group was determined as the
ratio of the number of survived mice to the total number of
mice. An evaluator blinded to the treatment protocol
undertook neurologic scoring as described by Longa et al.
[19]. The scoring criteria are the following: 0 = no neurological deﬁcits, 1 = failure to extend contralateral forepaw fully,
2 = circling to paretic side, 3 = falling to contralateral side,
and 4 = did not walk spontaneously and has a depressed level
of consciousness.
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Figure 1: The process of TCI-RI operation. (a) The mouse was narcotized and ﬁxed. (b) The middle neck of the mouse was cut, and the
bilateral carotid artery was tied with thread and clamped with the arterial clip for 30 min. (c) After removal of the arterial clip and the
line, the mouse wound was sutured and the mouse was reperfused for 24 h.

2.6. Evaluation of the Infarct Area. The brain tissues in each
group (n1 = 3) were obtained in a random manner. Then,
the cerebrums were cut into ﬁve coronal sections of
thickness 2 mm. They were incubated immediately in 2%
2,3,5-triphenyltetrazolium chloride (TTC) solution at
37°C for 30 min in the dark and ﬁxed in 10% formalin.
After that, the stained slices were photographed using a
camera (EOS30, Canon, Japan). The infarct area in each
section was calculated using an image analyzer (Image-Pro
Plus 6.0). The percentage of the infarct area was calculated
using the following formula:
Inf arct area % =

total inf arct area
× 100
total section area

1

2.7. Histopathology. The whole brain tissues of each group
(n2 = 3) after reperfusion for 24 h were ﬁxed with 4%

paraformaldehyde for 24 h, stained with hematoxylin and
eosin (H&E), and then observed with an optical microscope (BX20, Olympus, Tokyo, Japan).
2.8. TUNEL Assay. The whole brain tissues of each group
(n2 = 3) after reperfusion for 24 h were ﬁxed with 4%
paraformaldehyde for 24 h, regularly embedded in paraﬃn,
sectioned at a thickness of 4 μm, deparaﬃnized, stained with
terminal deoxynucleotidyl transferase-mediated (dUTP)
nick end labeling (TUNEL) reagents and DAPI solution,
washed, and then photographed using a ﬂuorescence
microscope (Nikon Eclipse C1, Nikon, Japan). The positive
cells (green spots) were identiﬁed and counted by an
investigator blinded to the grouping. Three mice and 10
regions of the ﬂuorescent images were used to obtain the
apoptotic cell data.
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Table 1: Results for the determination of three kinds of ﬂavonoid glycosides and total ﬂavonoids in diﬀerent parts extract of A. esculentus.
Part
Flower
Seed
Fruit

AFG-1
(content/mg/g DW)

AFG-2
(content/mg/g DW)

AFG-3
(content/mg/g DW)

Total ﬂavones
(content/mg/g DW)

Powder yield

122.13
53.16
35.96

9.54
3.01
2.66

16.86
28.06
25.59

788.56
627.04
520.83

2.59%
1.86%
1.61%

2.9. Biochemical Analyses of Brain Tissue. The brain tissues in
each group (n3 = 4) were homogenized with nine-fold physiological saline. The 10% homogenate was centrifuged at
3000 rpm for 10 min at room temperature. The 10% supernatants (100 μL) were made into 2% concentration with cold
physiological saline (400 μL) to determine the protein content with Coomassie Brilliant Blue kit (standard solution:
0.563 g/L embryonic bovine serum BSA). The 10% supernatants were used to determine the contents of nitric oxide
(NO), superoxide dismutase (SOD), and malondialdehyde
(MDA) with the commercially available kits, and their results
were expressed as equivalent per gram protein concentration.

1 content was 122.13 mg/g. Therefore, the potential protective eﬀect of AFF upon TCI-RI was investigated.

3. Results and Discussion

3.2. Eﬀect of AFF on the Survival Rate and Neurologic
Damage. Transient cerebral ischemia is associated with high
mortality and morbidity. Transient cerebral ischemia
changes the cerebral ultrastructure and induces hypoxia
and ischemia in the middle cerebral artery, which damages
the nervous system [6, 21]. Only 52.6% of mice in the
model group survived (Table 2). After AFF treatment,
the survival rate was improved signiﬁcantly depending
on the AFF dose (P < 0 05). According to the observation
of behavior and neurologic scores, mice in the normal
group (which did not suﬀer damage to the nervous
system) could move normally. The score of the model
group was signiﬁcantly diﬀerent from that of the normal
group (P < 0 01); the contralateral forepaw could not be
extended forward or circled around, and athletic ability
was weakened (neurologic score = 2.8 ± 0.79). The neurologic
scores of the AFF (300 and 150 mg/kg) groups were signiﬁcantly higher than those of the model group (P < 0 01), and
mice did not fall to one side or suﬀer dyskinesia.
These results suggested that AFF could protect the nervous system from the eﬀects of cerebral ischemic attack.
Studies have shown that ﬂavonoids have antioxidant functions [22]. Yuan et al. found that the total ﬂavonoid extracts
of ﬂowers, fruits, leaves, and seeds all have free radical scavenging activity and antioxidant capacity and the free radicals
scavenging capacity of AFF is relatively strong in vitro [23].
Neural cells in the brain have been more vulnerable to oxidative stress because they have high oxygen consumption and
contain high levels of unsaturated fatty acids, essential prooxidants for lipid peroxidation, and low levels of antioxidant
defense capacities [24]. Thereby, AFF scavenged free radicals
to protect nerve cells from oxidative damage.

3.1. Contents of Total Flavonoids and Flavonoid Glycosides in
Diﬀerent Parts of A. esculentus. The fruits, seeds, roots, stems,
leaves, and ﬂowers of A. esculentus are used widely as traditional medicines in China because of their anticancer and
anti-inﬂammatory eﬀects [20]. It has been reported that the
ﬂowers, fruits, and seeds of A. esculentus are good sources
of ﬂavonoids and that the total content of ﬂavonoids is diﬀerent in diﬀerent parts of A. esculentus.
The total content of ﬂavonoids in ﬂower extract was
highest in diﬀerent parts of A. esculentus, and the highest
amount was 788.56 mg/g (Table 1). The three ﬂavonoid
glycosides, AFG-1, AFG-2 and AFG-3, the structures of
which are shown in Figure 2, were the main components in
diﬀerent parts of A. esculentus (Figure 2). In AFF, the AFG-

3.3. Eﬀect of AFF on the Cerebral Infarction Area. Transient
cerebral ischemia does not necessarily result in disability or
death if timely return of oxygen and blood supply is initiated.
Most cases of ischemic cardiovascular disease are caused by
more severe reperfusion injury due to prolonged ischemia
or hypoxia in the brain and heart [25, 26]. In patients with
cerebral infarction, the infarct area of the middle cerebral
arterial trunk is 82.12% [27]. Therefore, we used a method
based on occlusion of the internal carotid artery to cause
TCI-RI in mice, which results in symptoms similar to those
of cerebral ischemia in humans.
Brain tissues were stained by TTC (Figures 3(a) and
3(b)), with red regions indicated normal tissue and white
regions representing infarction. Compared with the normal

2.10. Western Blotting. To analyze protein expression, brain
tissue homogenates (n3 = 4) were centrifuged at 14,000 rpm
for 30 min at 4°C to obtain total protein. Protein content
was quantiﬁed using a bicinchoninic acid protein assay kit.
Equal amounts of protein (50 μg per lane) were resolved on
12% polyacrylamide gels, transferred to polyvinylidene
ﬂuoride (PVDF) membranes (Millipore, Marlborough, MA,
USA), and probed with primary antibodies against Nrf2,
HO-1, NQO1, and β-actin. PVDF membranes were
washed thrice for 10 min each and incubated for 2 h at
4°C with horseradish peroxidase-conjugated secondary
antibody (anti-rat). Proteins were visualized using an
enhanced chemiluminescence detection system (Amersham
Pharmacia, Piscataway, NJ, USA).
2.11. Statistical Analysis. Data were analyzed by one-way
ANOVA with Duncan’s test and intergroup comparison
using SPSS statistical software (SPSS 19.0 Inc., Chicago,
IL, USA) and expressed as mean ± standard deviation (SD).
P values below 0.05 were considered statistically signiﬁcant.
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Figure 2: The structures and HPLC chromatogram of AFG-1, AFG-2, and AFG-3 in the ﬂower, fruit, and seed of A. esculentus.
Table 2: Eﬀect of AFF on the survival rate and neurologic score in mice subjected to TCI-RI.
Group

Dose (mg/kg/D)

n

n (survived mice)

Survival rate (%)

Neurologic score

Normal
Model

0
0

10
19

10
10

100
52.6

AFF (300 mg/kg)

300

12

10

83.3

0
2.8 ± 0.79##
1.2 ± 0.63∗∗

AFF (150 mg/kg)

150

16

10

62.5

1.5 ± 0.53∗∗

AFF (75 mg/kg)

75

18

10

55.5

1.9 ± 0.74∗

Values are mean ± SD. ∗ P < 0 05 and ∗∗ P < 0 01 versus the model group; ## P < 0 01 versus the normal group.

group, mice in the model group had obvious cerebral
infarction (39.13% ± 1.49). Pretreatment with AFF (300
and 150 mg/kg) reduced the cerebral infarct area markedly
(P < 0 05). The results suggested a neuroprotective eﬀect of
AFF on TCI-RI mice. After subjection to cerebral ischemia
and reperfusion, aerobic respiration gets compromised and
the imbalance of Ca2+, Na+, and ADP ion homeostasis in
the nerve cells stimulates the excessive production of mitochondrial oxygen radical [28]. Abnormal production of
free radicals increases stress on cellular structures and

damages intracellular macromolecules, such as lipids, proteins, and nucleic acids, leading to inactivation of enzymes,
destruction of cell membranes, and dysfunction and eventually leading to death of brain tissue cells and excitotoxicity to aggravate the cerebral infarction area [29]. Elevated
levels of lipid peroxidation and cytotoxins caused by oxidative stress after ischemia disrupt the tight junctions of endothelial cells, accompanying with increasing permeability of
the blood-brain barrier (BBB) and worsening of the infarct
severity [30]. Members of the ﬂavonoid family have been
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Figure 3: Eﬀect of AFF on infarct areas in mice (n1 = 3) after TCI-RI. (a) Representative brain sections of TTC staining. The infarct areas were
white. (b) Quantitative results of the infarction area. Values are mean ± SD. ∗ P < 0 05 and ∗∗ P < 0 01 versus the model group; ## P < 0 01
versus the normal group.
Normal
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Figure 4: Eﬀects of AFF on cortical area histopathologic changes in the brain of mice (n2 = 3) stained with H&E (×200; ×400). (a) HE-stained
cerebral cortex of TCI-RI brain (×200). (b) HE-stained cerebral cortex of TCI-RI (×400). The arrows showed a gradual improvement on
cellular edema and atrophic nucleolus.

reported to transverse BBB [31]. In AFF treatment groups,
due to disruption of BBB after the TCI-RI event, AFF accumulated in TCI-RI regions improved neurologic function
score and reduced the brain tissue infarct area through antioxidant activity, thereby promoting functional recovery of
nerve cells. He et al. had demonstrated that Danhong injection promotes the recovery of neurological function with
cerebral infarction by its antioxidant activities [32]. The previous study reported that ﬂavonoids can also improve neurological function and protect brain tissue from cerebral
ischemia-reperfusion injury by inhibiting oxidative stress to
reduce the damage of the brain microvascular endothelial cell
barrier and BBB function [6, 33].
3.4. Histopathology. Transient cerebral ischemia and hypoxia
resulted in damage or necrosis of brain tissue accompanied

by complex histopathologic changes [34]. Diﬀerent lesions
were observed according to the duration of ischemic
insult. Upon ischemia for 30 min, the main damage was to
neuronal cells [35]. After the whole brain tissue had been
stained with H&E, histopathologic changes were clearly visible (Figures 4(a) and 4(b)). Compared with the normal group,
cerebral cortical cells in the model group showed edematous
cells, nucleolus atrophy, or cell loss, which were associated
with histopathologic changes. Pretreatment with AFF for 7
days prevented neuronal cells from the damage induced by
TCI-RI, and the high-dose group had the best eﬀect.
3.5. Eﬀect of the AFF on Cellular Apoptosis Detected by
TUNEL Assay. Abnormal formation of reactive oxygen
species after reperfusion is one of the major factors
inducing apoptosis in neuronal cells [36]. TUNEL
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Figure 5: Eﬀects of AFF on cortical area cellular apoptosis in the brain of mice (n2 = 3) with TUNEL assay (×400). (a) TUNEL-stained
cerebral cortex of TCI-RI brain, the green ﬂuorescence represented the apoptotic cells. (b) DAPI-stained cerebral cortex of TCI-RI. (c)
Quantitative data on TUNEL-positive cells in cerebral cortex were obtained. Values are mean ± SD. ## P < 0 01 versus the normal
group; ∗ P < 0 05 and ∗∗ P < 0 01 versus the model group.

(c)

Figure 6: Eﬀects of AFF on NO (a), SOD (b), and MDA (c) content in the brain tissue of mice (n3 = 4) after TCI-RI. Values are mean ± SD.
##
P < 0 01 versus the normal group; ∗∗ P < 0 01 versus the model group.

staining was used to detect apoptotic cells on the basis of
DNA fragmentation. The TUNEL-positive cells emitted
green ﬂuorescence after ﬂuorescein labeling (Figure 5(a)).
The normal group had no TUNEL-positive cells, and apoptotic cells in the model group increased signiﬁcantly
compared with the normal group. After AFF treatment
(150 and 300 mg/kg BW), TUNEL-positive cells had signiﬁcantly reduced when compared with the model group
(Figure 5(c), P < 0 01). AFF had the potential action to
protect the brain from TCI-RI damage by decreasing apoptotic cells. Zhang et al. found that pretreatment of
ﬂavonoid-rich extract from Rosa laevigata Michx fruit
markedly inhibited neuron apoptosis by its antioxidant
properties after TCI-RI [37].
3.6. Eﬀect of AFF on the Contents of Protein, NO, SOD, and
MDA in Brain Tissue. Several studies have shown that TCIRI can cause severe reperfusion injury and produce a series
of cascade reactions: energy depletion, oxidative stress with

release of large amounts of free radicals, activation of
apoptosis-related genes, calcium overload, release of excitatory neurotransmitters, and inﬂammation [38]. Oxidative
stress is a major cause of secondary injury after TCI-RI. If
brain tissue is subjected to ischemic stimulation, oxidative
stress causes an imbalance of oxidants and antioxidants in
tissue cells and produces excess reactive oxygen species
(ROS) [39]. The latter damage the structure and function
and inactivate enzymes within mitochondria, resulting in
reduced production of adenosine monophosphate (ATP)
within them [40]. Intracellular deﬁciency of ATP reduces
the pH, inhibits the activity of Na+/Ca2+ exchange proteins,
increases intracellular levels of Na+ and Ca2+, and reduces
levels of K+. These ion disorders damage brain cell defense
systems, resulting in the apoptosis or death of nerve cells
[6, 28]. Ca2+ overload increases the expression of nitric oxide
synthase (NOS) and Ca2+-dependent proteases. Then, NOS
degrades glutamate to produce the nontraditional neurotransmitter NO. Subsequently, xanthine dehydrogenase is
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transformed to xanthine oxidase, which increases the levels
of NO and oxygen free radicals [39, 41]. NO has complex
roles in many diseases, including inhibition of mitochondrial function, and has toxic responses to induce cell death
[42, 43]. The determination of the protein concentration
in the tissue homogenate supernatant is not of a direct
clinical value and used for the calculation of the relative content of other biochemical parameters [6, 37, 44]. The NO
content increased markedly in mice of the model group compared with those in the normal group, and it was reduced signiﬁcantly in AFF groups (300 and 150 mg/kg) compared with
the model group; these diﬀerences were signiﬁcant
(Figure 6(a), P < 0 05).
The enzyme SOD scavenges superoxide anion radicals
in vivo and can scavenge ROS, including superoxide anion
radicals [45]. Decreased activity of SOD can cause massive
accumulation of free radicals in brain tissue, which induces
the lipid peroxidation of phospholipids and unsaturated fatty
acids in cell membranes [6]. Then, levels of the ﬁnal product
of lipid peroxidation, MDA, increase accordingly, resulting
in destruction of the structure and function of cell membranes and damage to neurons [46, 47]. Due to the scavenging of oxygen free radicals, SOD content is reduced and
MDA content is increased after TCI-RI. Therefore, measuring the content of SOD and MDA can, indirectly,
reﬂect the ability of the body to scavenge free radicals
and the degree of damage caused by these chemicals
[48]. Compared with the normal group, the SOD level in
the brain tissue of mice in the model group was reduced
signiﬁcantly by 59.7% (P < 0 01) whereas the MDA content was increased by 51.9%. Pretreatment with AFF protected mice from TCI-RI, and levels of SOD and MDA

were increased signiﬁcantly and decreased, respectively
(Figures 6(b) and 6(c), P < 0 01).
3.7. Eﬀect of AFF on the Expression of Nrf2, NQO1, and HO-1.
TCI-RI is a very complex pathologic process, so the mechanism is also complex. Several studies have shown that oxidative stress is one of the major causes of TCI-RI. Mechanisms
of antioxidant stress include direct scavenging of free radicals
as well as indirect antioxidant activity through modulation of
the pathways involved in the expression of cytoprotective
enzymes and molecules [7]. Chen et al. [49] reported that
the extent of scavenging of the DPPH radical of ﬂavonoids
in A. esculentus ﬂowers was greater than that of vitamin C
at the same concentration. The inducible Nrf2-ARE pathway
helps to regulate the expression of phase II-detoxifying and
antioxidant enzymes. In a normal physiologic environment,
Nrf2 is in the cytoplasm bound to its “natural restrainer,”
Kelch-like ECH-associated protein 1 (Keap1), which induces
the ubiquitination and constitutive degradation of Nrf2. If
subjected to oxidative stress, Nrf2 dissociates from Keap1
and moves to the nucleus. Here, it binds to small musculoaponeurotic ﬁbrosarcoma (Maf) protein to form a heterodimer and recognizes the appropriate ARE sequence to
promote transcription of the antioxidant genes SOD, HO-1,
and NQO1 [8, 50–52].
Previous studies had demonstrated that total ﬂavonoids have a protective eﬀect on PC12 cells and through
PC12 cells; it can be visually seen that Nrf2 is transferred
from the cytoplasm to the nucleus when exposed to oxidative stress [53]. Huang et al. [54] found that the addition
of HO-1 inhibitors (ZnPP) signiﬁcantly reduces the
protective eﬀect on PC12 cells. Wu et al. [7] showed that
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activated the Nrf2-ARE pathway to enhance the expressions of antioxidase NQO1 and HO-1 and increase SOD content, against oxidative
stress, which signiﬁcantly reduced the content of NO, MDA, and protected TCI-RI.

mice lacking Nrf2 are more susceptible to oxidative stress.
Therefore, we investigated if AFF has a neuroprotective
role by inducing the Nrf2-ARE pathway in TCI-RI
in vivo. Compared with the model group, the expression
of Nrf2, NQO1, and HO-1 in AFF-treated mice was
upregulated signiﬁcantly (Figures 7(a) and 7(b), P < 0 01).
These results corresponded with the study [8]. Hence,
the underlying molecular mechanism of the therapeutic
eﬀects of AFF on cerebral ischemic stroke was its antioxidant activity and modulation of the Nrf2-ARE pathway in
response to oxidative stress (Figure 8). Nrf2 is a promising
therapeutic target for defense against oxidative stress in
stroke, and AFF will be an excellent medicine to protect
against TCI-RI by activating the Nrf2-ARE pathway.

4. Conclusions

functional food and its therapeutic eﬀects on ischemic
cardiovascular diseases.
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Primary osteoporosis is a disease related to excessive bone resorption due to estrogen insuﬃciency that occurs postmenopause.
Protocatechuic acid (PCA), or 3,4-dihydroxybenzoic acid, is a common compound present in numerous plants. Although
numerous biological activities of PCA have been identiﬁed, its antiosteoporotic function has not been well established. In this
study, the antiosteoporotic activity of PCA supplementation was determined in ovariectomized (OVX) female ICR mice at 12
weeks after OVX. The biomechanical properties of a bone were evaluated by microcomputed tomography. The signaling
molecules associated with osteoclast diﬀerentiation were determined in bone marrow cells through immunoblot or RT-PCR.
Oral supplementation with PCA (20 mg/kg/day) signiﬁcantly ameliorated the OVX-mediated stimulation of osteoclast activity
based on decreases in serum levels of receptor activator of nuclear factor κB ligand (RANKL), osteocalcin, and bone alkaline
phosphatase and increase in serum osteoprotegerin (each group, n = 6; p < 0 05). In addition, the OVX-induced decreases in
mRNA expression levels of cathepsin K, calcitonin receptor, nuclear factor of activated T cell cytoplasmic 1 (NFATc1), and
tumor necrosis factor (TNF) receptor-associated factor-6 (TRAF6) in bone marrow cells were signiﬁcantly attenuated (each
group, n = 6; p < 0 05). Finally, the loss of trabecular bone and changes in biomechanical properties of a bone were signiﬁcantly
improved by supplementation with 20 mg/kg PCA (each group, n = 6; p < 0 05). Collectively, our results show that PCA
supplement suppressed trabecular bone loss in OVX mice and therefore might be an eﬀective alternative approach for
preventing the progression of postmenopausal osteoporosis.

1. Introduction
Protocatechuic acid (PCA) is a 3,4-dihydroxybenzoic acid
that occurs in nature and has a similar structure to gallic acid,
caﬀeic acid, and vanillic acid [1]. PCA is a very common
compound that is present in numerous plants, including
Rubus coreanus Miquel, Astragalus membranaceus Bunge,
cinnamon, star anise, medicinal rosemary, and Sorghum
bicolor L, and in fruits and products of plant origin. PCA possesses biological activity against diabetes, infection, ageing,
and inﬂammation, as reviewed elsewhere [1–3]. PCA is

traditionally considered to be nontoxic and a relatively safe
compound for oral administration [1].
Bone is a type of dense connective tissue that is composed
of ~80% cortical bone (outer layer, compact bone) and ~20%
trabecular bone (inner layer, cancellous bone). Based on
porosity and unit microstructure, a bone is basically classiﬁed
as either cortical, which is a compact and dense form, or
trabecular, which is a cancellous or sponge form [4]. A bone
undergoes continuous remodeling through resorption of old
bone and formation of the same amount of newly formed
bone at the same place [5, 6]. Bone mineral density (BMD)

2
has been regarded as a surrogate marker for bone strength
and an important factor in bone quality [7]. In addition to
BMD, bone volume fraction (BV/TV) and bone microstructure are important factors determining bone strength [8].
Osteoporosis is associated with increased risk of a broken
bone due to loss of bone mass and deterioration of bone
microarchitecture, which increase bone fragility and susceptibility to hip and spine fractures [9, 10]. Osteoporosis can
be classiﬁed as either primary or secondary osteoporosis
according to cause, which includes age, sex hormones, medical conditions, and diseases [10, 11]. Primary osteoporosis,
which is classiﬁed as type I (postmenopausal osteoporosis)
and is frequently associated with fenestrated trabecular bone
resorption, occurs between the ages of 50 and 65 years in
postmenopausal women [12]. Estrogen deﬁciency induces
receptor activator of nuclear factor κB ligand (RANKL), the
key molecule required for osteoclast diﬀerentiation, leading
to enhanced osteoclast activation and reduced osteoclast
apoptosis [13–15]. In the bone environment, upregulated
RANKL, RANK, and osteoprotegerin (OPG) expression and
increased RANKL/OPG ratio are important determinants of
bone mass in normal and pathological conditions [16]. In
addition, quantitative analysis of osteoclast-speciﬁc gene
markers such as tartrate-resistant acid phosphatase (TRAP),
cathepsin K, and calcitonin receptor has been an important
and reliable method for identifying osteoclastogenic capability [17–19]. Although hormone replacement therapy (HRT)
is eﬀective in the prevention and treatment of postmenopausal osteoporosis, it is associated with a high risk of blood
clotting, biliary disease, and breast or endometrium cancer.
Therefore, it is important to develop safer compounds with
fewer adverse eﬀects than estrogen mimetics [20].
Several studies have shown that PCA has beneﬁcial eﬀects
on osteoblast and osteoclast cells in vitro [21–23]. In in vitro
experiments, PCA has an inhibitory eﬀect on osteoclast diﬀerentiation [21] and a proliferative eﬀect on osteoblasts [23].
Wu et al. reported that PCA reduced the RANKL-induced
TRAP activity and osteoclast-speciﬁc gene expression such
as TRAP, tumor necrosis factor receptor-associated factor-6
(TRAF6), and cathepsin K in RAW264.7 murine macrophage
cells [21]. In addition, the RANKL-mediated signaling pathways including mitogen-activated protein kinases, nuclear
factor κB, and cyclooygenase-2 could be attenuated by PCA
treatment [21]. Park et al. have shown that PCA inhibits
RANKL-induced osteoclast diﬀerentiation in mouse bone
marrow macrophages and lipopolysaccharide-induced
inﬂammatory bone loss in mice [24]. In contrast, RiveraPiza et al. suggested in 2017 that PCA might enhance
osteogenesis in C3H10T1/2 and 3T3-L1 cells [22]. The antiosteoporotic eﬀect of PCA in the ovariectomized state that leads
to estrogen deﬁciency, one of the etiological factors of postmenopausal osteoporosis, has not been conﬁrmed. In the
present study, we investigated the preventive eﬀect of PCA
against deterioration of bone structural architecture in vivo
in an ovariectomized (OVX) mouse model using microcomputed tomography (CT) bone analysis. We also examined
the suppressive eﬀects of PCA on levels of biological markers
involved in activation of osteoclasts, such as bone alkaline
phosphatase (BALP), RANKL, OPG, TRAF6, nuclear factor
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of activated T cell cytoplasmic 1 (NFATc1), cathepsin K,
and calcitonin receptor, in the serum or bone marrow from
experimental groups.

2. Materials and Methods
2.1. Reagents. Protocatechuic acid (PCA), RANKL, and
17β-estradiol (E2) were purchased from Sigma Chemical
Co. (St. Louis, MO). Phosphate-buﬀered saline (PBS) was
purchased from Welgene Inc. (Seoul, Korea). Other chemicals
not speciﬁed were obtained from Sigma. Enzyme-linked
immunosorbent assay (ELISA) kits for RANKL and OPG
were purchased form R&D Systems (Minneapolis, MN).
ELISA kits for osteocalcin and BALP were obtained from
Biomedical Technologies Inc. (Stoughton, MA).
2.2. Experimental Animals. Six-week-old female ICR mice
were purchased from Korea Laboratory Animal Co. (Daejeon, Korea) and acclimatized for 1 week before the experiments. The mice were housed in controlled environments
of temperature (22 ± 2°C) and humidity (53 ± 5°C) under a
12 h light/dark cycle. The mice were provided with sterile
standard mouse chow and water ad libitum during the
acclimation and experimental periods. All animal experiments were performed strictly according to the Guide
for the Humane Use and Care of Laboratory Animals
and in accordance with the current ethical regulations for
animal care and use at Kyung Hee University (KHUASP
(SE)-16-003).
2.3. Experimental Model. The mice underwent either bilateral
laparotomy (sham, n = 6) or bilateral OVX (n = 24) under
anesthesia with tiletamine/zolazepam (Virbac Korea, Seoul,
Korea) and xylazine HCl (Bayer Korea, Kyungkido, Korea)
using a ventral approach at 7 weeks of age. The surgical procedure was performed under aseptic conditions following
ethical regulations for animal care and use. At 1 week after
surgery, the mice were randomly divided into ﬁve groups
(n = 6 per group): (1) sham-operated mice orally administered an equivalent volume of PBS to treatment groups
(sham control); (2) OVX mice with daily oral administration of PBS (OVX); (3) OVX mice with daily oral administration of PCA at 10 mg/kg body weight (b.w.); (4) OVX
mice with daily oral administration of PCA at 20 mg/kg
b.w.; and (5) OVX with intraperitoneal injection (i.p.) of
17β-estradiol (E2) at 0.1 mg/kg b.w./day three times per
week. Body weight was measured weekly, and the PCA
or E2 dose was adjusted accordingly. All experimental
mice received their respective treatment for 12 weeks.
There was no treatment-related mortality during the experimental course.
2.4. Micro-CT Bone Analysis. To determine structural loss of
bone architecture, the proximal and distal parts of the right
tibias were scanned by in vivo microcomputed tomography
(micro-CT, Skyscan1076, Skyscan, Antwerp, Belgium), as
previously reported [25]. The scan conditions were set at an
aluminum ﬁlter of 0.5 mm, X-ray voltage of 50 kV, X-ray
current of 200 mA, and exposure time of 360 ms. During
each scan, the mice were maintained under anesthesia via
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Table 1: Primer sequences used for real-time PCR.
Gene name

Primer sequences

Cathepsin K

5′-CACCCAGTGGGAGCTATGGAA-3′ (forward)
5′-GCCTCCAGGTTATGGGCAGA-3′ (reverse)

Calcitonin receptor
TRAF6 (tumor necrosis factor receptor-associated factor-6)
NFATc1 (nuclear factor of activated T cell cytoplasmic 1)
β-Actin

inhalation of isoﬂurane (Hana Pharm, Seoul, Korea). The
mice were placed in a chamber ﬁlled with 5% carbon dioxide
for 5 min, and then the isoﬂurane was adjusted to 1.5% to
keep the mice anesthetized. The data were digitalized with a
frame grabber, and the resulting images were transmitted to
a computer for analysis using Comprehensive TeX Archive
Network (CTAN) topographic reconstruction software. The
total volume (TV) indicated the inner area of cortical bone.
The trabecular bone volume (BV) indicated the total trabecular bone within the total volume. The bone volume percentage was calculated by dividing the trabecular bone volume by
the total volume. Cortical bone parameters assessed were
bone volume fraction (BV, mm3), mean polar moment of
inertia (MMI, mm4), cross-section thickness (Cs.Th, mm),
and bone mineral density (BMD, g/cm3). Trabecular bone
parameters assessed were bone volume fraction (BV/TV, %),
trabecular thickness (Tb.Th, mm), trabecular separation
(Tb.Sp), trabecular number (Tb.N, 1/mm), trabecular bone
pattern factor (Tb.Pf, mm−1), and speciﬁc bone surface
(BS/BV, 1/mm). Structure model index (SMI), ranging from
0 to 3, characterizes the type of 3D structure of a bone based
on a certain amount of rods and plates [26].
2.5. Enzyme-Linked Immunosorbent Assay. At the end of the
experiment, all animals were fasted for 6 h, and then blood
was collected from the abdominal vena cava under anesthesia
with diethyl ether. The blood was allowed to clot for 30 min at
room temperature, and sera were obtained after centrifugation at 3000 ×g for 10 min at 4°C. The serum levels of RANKL,
osteocalcin, and BALP were determined using commercial
ELISA assay kits according to the manufacturer’s instructions.
2.6. Quantitative Real-Time Polymerase Chain Reaction.
Total RNA was extracted from the bone marrow isolated
from experimental mice using Trizol reagent according to
the manufacturer’s protocols. A total of 1 μg of total RNA
was reverse transcribed in a 20 μl total volume using oligo
(dT) primers with the enzyme and buﬀer supplied in the
PrimeScript® II 1st strand cDNA synthesis kit (Takara,
Japan). Quantitative real-time PCR was conducted with an
MX3005P (Stratagene, USA) using the primers listed in

5′-AGGCAGACCCAAATGCTGTAATG-3′ (forward)
5′-TTGGTGATAGGTTCTTGGTGACCTC-3′ (reverse)
5′-TTAAATGTCGGCATTCTCAGGGTA-3′ (forward)
5′-TTGTGACCGAGACTCTCCCAAG-3′ (reverse)
5′-GCTTCACCCATTTGCTCCAG-3′ (forward)
5′-ATGGTGTGGAAATACGGTTGGTC-3′ (reverse)
5′-TCACCCACACTGTGCCCATCTACGA-3′ (forward)
5′-GGATGCCACAGGATTCCATACCCA-3′ (reverse)

Table 1. For quantitative real-time PCR, SYBR Premix Ex
Taq II (Takara, Japan) was used in a 25 μl reaction mixture
containing 2 μl cDNA template, 1 μl forward and reverse
primer, 12.5 μl master mix, and 8.5 μl sterile distilled water.
The thermal cycling proﬁle consisted of a preincubation
step at 95°C for 10 min, followed by 35 cycles at 95°C for
15 sec and 59°C for 1 min. Relative quantitative mRNA
levels of cathepsin K, calcitonin receptor, TRAF6, NFATc1,
and β-actin were determined by the comparative cycle
threshold method.
2.7. Statistical Analysis. Data are represented as mean ±
standard deviation (SD). Group diﬀerences were assessed
with one-way analysis of variance (ANOVA) followed by a
modiﬁed t-test with Bonferroni correction using SigmaPlot
software (Systat Software Inc., San Jose, CA, USA). A statistical probability of p < 0 05 was considered signiﬁcant.

3. Results
3.1. Eﬀects of PCA on Body, Uterus, and Tissue Weight in
OVX Mice. There were no clinical signs or abnormalities in
behavior during the experiment. The body weight of OVX
mice was higher than that of the sham controls
(Figure 1(a)), but relative uterus weight per body weight
was decreased compared to the sham controls (Figure 1(b)).
The uterus is one of the most estrogen-responsive reproductive tissues and therefore can easily become atrophied in the
absence of estrogen. E2 treatment with 0.1 mg/kg body
weight/day administered i.p. signiﬁcantly increased the relative uterus weight per body weight (n = 6, p < 0 05). In contrast, PCA supplementation at the dose of 10 and 20 mg/kg
body weight/day did not recover the relative uterus weight
(Figure 1(b)). The spleen and thymus, major organs of the
immune system, are also highly susceptible to estrogen insufﬁciency. In the OVX group, the weight of the thymus was signiﬁcantly increased, but that of the spleen was decreased
compared to the sham controls (each group n = 6, p < 0 05;
Table 2). Changes in weight of the spleen and thymus were
signiﬁcantly attenuated by E2 supplementation. A similar
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Figure 1: Eﬀects of PCA on changes of body weight and uterus weight in OVX mice. Sham or OVX mice were orally administered vehicle or
PCA (10 and 20 mg/kg b.w./day) for 12 weeks. As a positive control group, E2 (0.1 mg/kg b.w./day) was administered three times a week for 12
weeks via i.p. injection. Body weight was measured once a week (a). At the end of the experiment, the uterus was removed and weighed (b).
Results are expressed as relative ratio per body weight. Data are mean ± SD (each group, n = 6). # p < 0 05 between the sham and OVX-alone
group. ∗ p < 0 05 among OVX groups with or without interventions. † p < 0 05 among OVX groups with interventions. b.w.: body weight;
i.p.: intraperitoneal; E2: 17β-estradiol; OVX: ovariectomized; PCA: protocatechuic acid.
Table 2: Eﬀects of PCA on weight of the thymus and spleen in OVX mice.
Tissue (mg)

OVX
PCA (mg/kg b.w.)

Sham

—

10

20

E2
(0.1 mg/kg b.w.)

Thymus

47.75 ± 2.06

61.66 ± 5.68#

61.33 ± 18.50

36.0 ± 1.41∗

44.0 ± 2.45∗

Spleen

151.65 ± 0.71

94.42 ± 3.79#

88.08 ± 2.65

117.11 ± 1.41∗

137.14 ± 8.47∗

Data are mean ± SD (each group, n = 6). # p < 0 05 between the sham and OVX-alone group. ∗ p < 0 05 among OVX groups with or without interventions. b.w.:
body weight; E2: 17β-estradiol; OVX: ovariectomized; PCA: protocatechuic acid.

eﬀect was achieved with PCA supplementation at 20 mg/kg
(Table 2).
3.2. Eﬀect of PCA on the Structural Properties of Cortical Bone.
To identify the eﬀect of PCA on structural characteristics of a
bone induced by OVX, we analyzed structural parameters for
the entire cortical bone of the tibia (BV, MMI, Cs.Th, and
BMD) using micro-CT images after scanning the tibia of each
mouse (Figures 2(a) and 3). In the OVX group, the values of
BV (n = 6, p > 0 05), MMI (n = 6, p > 0 05), Cs.Th (n = 6,
p > 0 05), and BMD (n = 6, p > 0 05) did not change compared to those of the sham controls (Figure 3). In addition,
treatment with PCA (10 and 20 mg/kg) or E2 did not induce
any signiﬁcant changes in structural parameters of cortical
bone of the tibia (Figure 3).
3.3. Eﬀects of PCA on the Mechanical Properties of Trabecular
Bone. Alteration of trabecular architecture is considered an
important component of postmenopausal osteoporosis that
inﬂuences bone strength [6, 13]. Unlike cortical bone (shown

in Figure 3), the trabecular bone structure was signiﬁcantly
aﬀected by OVX. The values of BV/TV, Tb.Th, Tb.N, Tb.Pf,
BS/BV, and BMD in trabecular bones were signiﬁcantly
decreased, whereas the values of Tb.Sp and SMI were markedly higher than those of the sham controls (Figures 2(b)
and 4). Osteoporotic trabecular bone shows less connectivity
and thinner rod-like structures than normal trabecular bone,
indicating that the value of SMI is negatively correlated
with trabecular bone strength [27]. The trabecular bone of
PCA- (10 and 20 mg/kg) treated OVX mice had a more
compact trabecular bone structure, with higher bone volume
fraction (Tb. BV/TV) and increased trabecular number
(Tb.N) and thickness (Tb.Th) with less trabecular separation
(Tb.Sp) at both the radius and tibia compared with that of
the untreated OVX group (Figure 4) [28]. When compared
to the OVX group, BV/TV, Tb.Th, Tb.N, BS/BV, and BMD
(Tb) were enhanced, and Tb.Sp and SMI were suppressed
in the PCA- (10 and 20 mg/kg) and E2-treated groups,
whereas Tb.Pf was not signiﬁcantly diﬀerent from that in
the OVX group (Figure 4(e)). In view of improving BV/TV
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regulatory factors involving the tumor necrosis factor
(TNF)/TNF receptor families, RANK, RANKL, and OPG
[14, 15]. In addition, the balance between OPG and RANKL
produced by osteoblasts is important for osteoclast regulation. The antiosteoporotic eﬀect of PCA might be associated
with its suppressive eﬀect on bone resorption. To test this
hypothesis, we examined changes in serum levels of OPG
and RANKL, important regulators of the bone resorption
process, in OVX mice in the presence or absence of PCA
(each group, n = 6). The serum level of RANKL was signiﬁcantly increased in OVX mice (Figure 5(a)), whereas the
OPG level was signiﬁcantly decreased (Figure 5(b)). As a
result, the RANKL/OPG ratio was signiﬁcantly higher
than that of the sham controls (sham versus OVX group,
0.51 ± 0.02 versus 2.78 ± 0.41, p < 0 05). These results indicate
that deterioration of trabecular bones observed in OVX mice
is, at least in part, associated with enhancement of bone
resorption. Like E2, PCA treatment at the dose of 20 mg/kg
not only signiﬁcantly decreased the serum level of RANKL
but also increased the OPG level. Thereby, the RANKL/
OPG ratio was signiﬁcantly decreased compared to that of
OVX mice (Figure 5(c)).

Sham

1 mm

OVX

OVX +
PCA (10 mg/kg)

OVX +
PCA (20 mg/kg)

OVX +
E2 (0.1 mg/kg)

(a)

(b)

Figure 2: Micro-CT analysis of the cortical and trabecular bone. OVX
mice received PBS as a vehicle, PCA (10 mg/kg and 20 mg/kg), or E2
(0.1 mg/kg) for 12 weeks. Vehicle and PCA were delivered orally, and
E2 was given by intraperitoneal injection. The proximal and distal
parts of the right tibias were scanned by in vivo μ-computed
tomography (CT). Representative images of the cortical (a) and
trabecular bone (b) reconstructed using Comprehensive TeX Archive
Network (CTAN) topographic reconstruction software are presented.
E2: 17β-estradiol; OVX: ovariectomized; PCA: protocatechuic acid.

3.5. Eﬀects of PCA on the Expression of TRAF6 and NFATc1
in OVX Mice. During osteoclast diﬀerentiation, binding of
RANKL to its receptor RANK results in recruitment of
TRAF6, leading to activation of downstream signaling molecules such as NFATc1 [15]. As shown in Figure 5(a), PCA
supplementation (20 mg/kg) signiﬁcantly reduced the serum
level of RANKL in OVX mice. We therefore assumed that the
expression level of TRAF6 and NFATc1 would be repressed
in the presence of PCA. Indeed, both TRAF6 and NFATc1
mRNA levels in bone marrow cells of PCA- (20 mg/kg) supplemented OVX mice were signiﬁcantly lower than those in
OVX mice (p < 0 05, Figure 6). Collectively, these data show
that PCA supplement suppressed the signaling pathways
involved in osteoclast diﬀerentiation and thereby reduced
the impairment of trabecular bone architecture in OVX mice
(Figure 4).

(Figure 4(a)), Tb.N (Figure 4(d)), and BMD (Figure 4(h)) of
trabecular bones, PCA treatment at the dose of 20 mg/kg was
better than E2 treatment. These results indicate that PCA
might be preventive against OVX-mediated deterioration of
trabecular bone architecture.

3.6. Eﬀects of PCA on Expression of Cathepsin K and
Calcitonin Receptor in OVX Mice. To further test the suppressive eﬀects of PCA on osteoclast diﬀerentiation, the
expression levels of cathepsin K and calcitonin receptor,
osteoclast-speciﬁc markers in the bone marrow cells, were
determined in OVX mice (each group, n = 6). The OVX mice
showed an approximately 2-fold increase in the mRNA
expression levels of cathepsin K and calcitonin receptor compared to the sham controls (p < 0 05). However, supplementation with PCA at the dose of 20 mg/kg or E2 signiﬁcantly
suppressed the increase in both cathepsin K and calcitonin
receptor (Figure 7).

3.4. Eﬀects of PCA on Serum RANKL, OPG, and RANKL/
OPG Ratio in OVX Mice. Excessive bone resorption would
be ameliorated by inhibiting the activity of osteoclasts and
osteoclast diﬀerentiation. Similar to E2, PCA supplementation eﬀectively attenuated OVX-mediated trabecular bone
destruction (Figure 4). Bone resorption is controlled by

3.7. Eﬀects of PCA on Serum Levels of Osteocalcin and BALP
in OVX Mice. Osteocalcin and BALP, which are synthesized
by osteoblasts, are released into the circulation during the
bone resorption process [10]. Increased levels of osteocalcin
and BALP in serum indirectly reﬂect progression toward
bone resorption. As shown in Figure 8, the levels of both
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Figure 3: Eﬀect of PCA on the cortical bone in OVX mice. After obtaining the three-dimensional image shown in Figure 3(a), changes
in the following parameters of the cortical bone were analyzed: (a) bone volume density (BV), (b) mean polar moment of inertia
(MMI), (c) cross-section thickness (Cs.Th), and (d) bone mineral density (BMD). The results are expressed as mean ± SD (each
group, n = 6). There was no statistical signiﬁcance among the groups. E2: 17β-estradiol; OVX: ovariectomized; PCA: protocatechuic acid.

osteocalcin and BALP were signiﬁcantly increased in the
OVX group, but these eﬀects were signiﬁcantly suppressed
in the presence of PCA (20 mg/kg) and E2 (p < 0 05). The
inhibitory potential of 20 mg/kg PCA against BALP was
comparable to that of E2. These results suggest that PCA
supplementation can suppress bone resorption initiated by
osteoblasts in OVX mice.

4. Discussion
In this study, oral administration of PCA to OVX mice
prevented loss of the tibial bone, preserved trabecular bone
microarchitecture, and improved bone biomechanical properties. In conjunction with this result, administration of
PCA (20 mg/kg body weight) normalized serum levels of
RANKL, OPG, and osteocalcin in OVX mice. The mRNA
expression levels of TRAF6 and NFATc1, which are involved
in the RANKL-RANK signaling pathway, were signiﬁcantly
suppressed by PCA administration. In addition, the mRNA
expression levels of calcitonin receptor and cathepsin K were
also signiﬁcantly suppressed by PCA. Thus, PCA reduced the
bone resorption caused by estrogen deﬁciency through

suppression of signaling pathways involved in the activation
of osteoclasts.
It has been suggested that the degeneration of the uterus
observed in OVX mice represents a model for the bone loss
due to estrogen deﬁciency that occurs in women after menopause [29]. Ovariectomy results in a signiﬁcant decrease in
uterine weight, BMD of trabecular bone, and biomechanical
strength, in part due to estrogen deﬁciency. In our study,
the body weight of mice was increased in the OVX group
(Figure 1(a)), which is consistent with previous reports
[30]. The uterus is one of the most estrogen-responsive
reproductive tissues and predominantly expresses estrogen
receptor (ER) α [31]. In contrast to the increase in body
weight, the OVX mice showed initial atrophy of the uterus
that was recovered by treatment with E2 (Figure 1(b)). Considering that supplementation with PCA had no signiﬁcant
eﬀect on the uterus but could ameliorate the impaired density
and architecture of trabecular bone with similar potential
to E2 supplementation (Figure 4), it is assumed that PCA
has less estrogenic activity or suppresses loss of bone in a
diﬀerent manner.
In the evaluation of bone structure, BV/TV and BMD are
known to be critical parameters for determining the fragility
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Figure 4: Eﬀect of PCA on the trabecular bone in OVX mice. After obtaining the 3-dimensional image shown in Figure 3(b), changes in the
following parameters of the trabecular bone were analyzed: (a) bone volume fraction (BV/TV), (b) trabecular thickness (Tb.Th), (c) trabecular
separation (Tb.Sp), (d) trabecular number (Tb.N), (e) trabecular bone pattern factor (Tb.Pf), (f) speciﬁc bone surface (BS/BV), (g) structure
model index (SMI), and (h) bone mineral density (BMD). The results are expressed as mean ± SD (each group, n = 6). # p < 0 05 between the
sham and OVX-alone group. ∗ p < 0 05 among OVX groups with or without interventions. † p < 0 05 among OVX groups with interventions.
E2: 17β-estradiol; OVX: ovariectomized; PCA: protocatechuic acid.

of trabecular bone [8]. Thus, a lower value of BV/TV not only
indicates fewer trabecular bones but also is associated with
morphological features such as rod-shaped and disconnected
trabecular bones [32]. PCA administration resulted in
increased BV/TV (bone volume ratio), consistent with the
improvement in BMD (Tb). In addition, PCA supplementation restored the trabecular connectivity by increasing Tb.N
(trabecular number) and reducing Tb.Sp (trabecular spacing).

PCA increased both BS/BV (bone surface to volume) and
Tb.Th (trabecular thickness) compared to the OVX group
(Figure 4).
Osteoclasts are specialized cells involved in degradation
of bone matrix. Among more than 24 involved genes or loci,
osteoclast diﬀerentiation and activation are largely regulated
by the action of OPG, RANK, and RANKL [33, 34]. OPG and
RANKL are produced by osteoblastic cells, with a balance
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between membrane-bound RANKL and secreted OPG decoy
receptor. The RANK signaling pathway is negatively regulated by OPG [35]. The diﬀerentiation of osteoclast cell precursors is induced upon the binding of RANKL and RANK,
which promotes the activation of mature osteoclasts. Therefore, RANKL is an essential factor for diﬀerentiation, activation, and survival of osteoclasts in bone remodeling, whereas
OPG is a soluble decoy receptor and inhibitor of RANKL
action. It seems that loss of trabecular bone induced by
OVX or estrogen insuﬃciency might be associated with
signaling pathways involved in the acceleration of bone
resorption. From this view of point, supplementation of
PCA normalized the RANKL/OPG ratio, which is a good
marker of severe osteolysis, by increasing the production
of OPG and downregulating the production of RANKL

(Figure 5). Alternatively, increased levels of osteocalcin and
BALP, which are synthesized by osteoblasts and considered
markers of bone turnover, were signiﬁcantly attenuated by
treatment with PCA or E2 compared to the OVX control
group (Figure 8). It seems that the administration of PCA
might also aﬀect osteoblast activity, although the underlying
mechanisms require further study.
TRAF6 has been shown to be a major adaptor molecule in signal transduction of RANK-RANKL, leading to
activation of NFATc1 [36, 37], which functions as a
major regulator of osteoclastogenesis via upregulation of
osteoclast-speciﬁc genes such as cathepsin K, calcitonin
receptor, osteoclast-associated receptor (OSCAR), and β3
integrin, in concert with transcription factors such as activator protein-1 (AP-1) , PU.1, microphthalmia-associated
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Figure 9: Summary of inhibitory potential of PCA against
osteoclastogenesis in OVX mice. NFATc1: nuclear factor of
activated T cell cytoplasmic 1; OPG: osteoprotegerin; PCA:
protocatechuic acid; RANK: receptor activator of nuclear factor κB;
RANKL: RANK ligand; TRAF6: TNF receptor-associated factor-6;
(+): increase; (-): decrease.

transcription factor [36]. In the present study, the mRNA
expression levels of TRAF6 and NFATc1 were signiﬁcantly
increased in OVX mice, but these increases were suppressed
by administration of PCA (Figure 6). The expression of other
signaling molecules involved in osteoclast diﬀerentiation,
such as cathepsin K and calcitonin receptor, in OVX mice
was signiﬁcantly inhibited by supplementation with PCA
(Figure 7).
In summary, the inhibitory potential of PCA against osteoclastogenesis, which augments bone resorption in OVX or
postmenopausal conditions, was demonstrated in the OVX
mouse model. As summarized in Figure 9, the underlying
mechanism of PCA in the suppression of bone loss in OVX
mice may be associated with the following eﬀects: (1) reduction of serum level of RANKL and increase in OPG; (2) blocking the RANK signaling pathway via downregulation of
TRAF6 and NFATc1 expression; and (3) attenuation of
cathepsin K and calcitonin receptor expression. PCA shows
promise as a starting compound or alternative to estrogenic
constituents in the development of antiosteoporotic compounds with improved safety. The exact signaling target
of PCA involved in the suppression of osteoclastogenesis
and/or improved bone formation mediated by osteoblasts
in OVX mice remains unclear. This issue should be further
investigated in future research to develop new antiosteoporotic compounds based on the action of PCA.
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Tuber melanosporum (TM), a valuable edible fungus, contains 19 types of fatty acid, 17 types of amino acid, 6 vitamins, and 7
minerals. The antidiabetic and antinephritic eﬀects of TM and the underlying mechanisms related to oxidative stress were
investigated in db/db mice. Eight-week oral administration of metformin (Met) at 0.1 g/kg and TM at doses of 0.2 and 0.4 g/kg
decreased body weight, plasma glucose, serum levels of glycated hemoglobin, triglyceride, and total cholesterol and increased
serum levels of high-density lipoprotein cholesterol in the mice, suggesting hypoglycemic and hypolipidemic eﬀects. TM
promoted glucose metabolism by increasing the levels of pyruvate kinase and hepatic glycogen. It also regulated the levels of
inﬂammatory factors and oxidative enzymes in serum and/or the kidneys of the mice. Additionally, TM increased the
expression of nuclear respiratory factor 2 (Nrf2), catalase, heme oxygenase 1, heme oxygenase 2, and manganese superoxide
dismutase 2 and decreased the expression of protein kinase C alpha, phosphor-janus kinase 2, phosphor-signal transducer and
activator of transcription 3, and phosphor-nuclear factor-κB in the kidneys. The results of this study reveal the antidiabetic and
antidiabetic nephritic properties of TM via modulating oxidative stress and inﬂammation-related cytokines through improving
the Nrf2 signaling pathway.

1. Introduction
The incidence of diabetes mellitus (DM), a metabolic disturbance disease characterized by chronic hyperglycemia
[1], has increased rapidly worldwide. Currently, a global
population of 382 million people are diagnosed with DM
and this number is predicted to rise to 592 million by
2035 [2]. Type 2 diabetes mellitus (T2DM), which is associated with β-cell dysfunction and insulin resistance and/or
insulin secretion deﬁciency, is the most common form of
DM [3]. Prolonged hyperglycemia in DM results in various
secondary complications including nephropathy, hepatic
damage, retinopathy, neuropathy, and cardiovascular disease [4–6]. Diabetic nephropathy (DN), a leading cause of
end-stage renal disease, is the most common diabetic microvascular complication with high mortality and morbidity [7].
The progression of DN is associated with hyperglycemia,
hyperlipidemia, and oxidative stress [8]. Renal inﬂammation

resulting from the accumulation of inﬂammatory cells in the
kidney has been reported as a key factor in the development
of DN [9]. Furthermore, mesangial expansion and renal
tubule damage, the major morphological alterations of DN,
are associated with oxidative stress [10]. Hyperglycemia leads
to the overproduction of mitochondrial superoxide, which
causes the accumulation of intracellular reactive oxygen species (ROS) that are responsible for the defective angiogenesis
and inﬂammatory pathway activation [11].
Current antidiabetic therapies have some limitations.
Moreover, DM is a chronic disease with miscellaneous complications that require long-term treatment. Some eﬀective
Western medicines for diabetes are associated with high cost
and adverse eﬀects [12]. Furthermore, many treatments, such
as oral antihyperglycemic agents and insulin injections, only
address blood glucose regulation and β-cell function and
have little therapeutic eﬀect on complications [13]. Therefore, it is necessary to ﬁnd alternative agents for the treatment
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of diabetes and its complications that have lower costs and
fewer side eﬀects.
Edible fungi have been used as folk tonic foods and/or
medicines to prevent and/or treat diseases due to their
eﬃcacy and auxiliary therapeutic eﬀects with few adverse
eﬀects [14, 15]. Tuber melanosporum (TM), an edible fungus
containing many nutritional components [16], has been
shown to exhibit antiviral, antimutagenic, antimicrobial,
and anti-inﬂammatory activities [17]. However, the antidiabetic and antinephritic activities of TM and their underlying
mechanisms have not yet been reported.
In this study, leptin receptor deﬁcient (db/db) mice,
which are systemic mutation mice that develop hyperinsulinemia and insulin resistance at 2 weeks old and then exhibit
β-cell failure and hyperglycemia after 4 weeks [18], were used
as a model to observe the eﬀects of TM on diabetes and
diabetic nephropathy and expose underlying mechanisms
related to oxidative stress. Our results provide the ﬁrst
experimental evidence to support the development of TM
as functional food for adjuvant therapy for diabetes and
diabetic nephropathy.

2. Materials and Methods
2.1. Measurement of the TM Components. A TM fruiting
body (purchased from Senzhong Co. Ltd., Yunnan, China)
was pulverized in a crushing machine and stored in a dryer
for the subsequent experiment.
2.1.1. Main Component Analysis. The quantities of the main
TM components including total sugar, reducing sugar, protein, total ash, crude fat, crude ﬁber, and total polyphenols
were measured using the phenol-sulfuric acid method [19],
direct titration [20], the Kjeldahl method [21], combustion
[22], Soxhlet extraction [23], double diﬀerences method
[24], and the Folin-Ciocalteu method [25], respectively. The
quantities of triterpenoids, mannitol, and vitamins were
measured using high-performance liquid chromatography
(HPLC) [26–28]. Total ﬂavonoids, carotenoids, and sterols
were measured using UV spectrophotometry [29–31].
2.1.2. Fatty Acid Analysis. TM was extracted via reﬂux extraction at 80°C with 2% NaOH in a methanol solution, and then
a 14% BF3 solution was added and the mixture was incubated
for another 10 min. After cooling to room temperature, a saturated solution of NaCl and n-heptane was added. The collected supernatant was mixed with anhydrous sodium
sulfate, and the levels of fatty acids were analyzed using gas
chromatography (GC, Agilent 7890A) [32].
2.1.3. Amino Acid Analysis. TM was hydrolyzed using 6 mol/
L of HCl at 110°C for 24 h. After vacuum drying, the samples
were dissolved in 1 mL hydrochloric acid (HCl) solution
(0.02 mol/L), which was mixed with triethylamine acetonitrile (1 mol/L) and phenyl isothiocyanate (0.1 mol/L) in a
ratio of 2 : 1 : 1 (V : V : V). After the addition of 2 mL nhexane for 10 min, a quantitative analysis of the amino acids
was carried out by HPLC (Agilent 1260; column: Agilent C18
(4.6 × 250 mm × 5 μm); mobile phase A: 0.1 mol/L sodium
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acetate solution/acetonitrile (1 : 1); mobile phase B: acetonitrile/ultrapure water (8 : 2); ﬂow rate: 1.0 mL/min) [33].
2.1.4. Mineral Analysis. After pretreating the TM with hydrogen nitrate for 27 min (3 min at 100°C, 3 min at 140°C, 3 min
at 160°C, 3 min at 180°C, and 15 min at 190°C), the levels of
zinc, iron, manganese, calcium, copper, sodium, and potassium were detected using inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 8000) [34], and
lead, mercury, chromium, arsenic, cadmium, and selenium
were analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientiﬁc ICAPQ) [35].
2.2. Animal Care and Experimental Design. The experimental
animal protocol was approved by the Ethical Committee of
Animal Research of Jilin University (20170301). All eﬀorts
were made to minimize animal suﬀering and reduce the
number of animals used, according to the recommendations
of Laboratory Animal Care and Use. The db/db mice and
wild db/+ littermates (8 weeks, male, SCXK (Su) 20150001) were purchased from the Nanjing Biomedical Research
Institute of Nanjing University, Nanjing, China. The db/db
mice develop hyperinsulinemia and insulin resistance at 2
weeks age and then exhibit β-cell failure and hyperglycemia
after 4 weeks. Therefore, the db/db mice were chosen to be
a common diabetes model to accurately reﬂect the pathophysiology of diabetes [18]. All of the mice were housed
on a 12-h light-dark cycle (lights on 07:00–19:00) and food
available (growth and reproduction fodder of mice) ad libitum in a quiet room at a temperature of 23 ± 1°C and
humidity of 60%.
The drug administration and study protocol are shown in
Figure 1(a). Doses and the administration route were selected
based on preliminary experiments performed in our laboratory. After one week adaptation, the db/+ mice were given
physiological saline by oral administration for eight weeks
and served as the control group (n = 12). The db/db mice
with blood glucose levels > 11.1 mmol/L were randomly
divided into four groups (n = 12/group) and orally administered with physiological saline (model group), Met at 0.1 g/
kg (positive control group), and TM at doses of 0.2 and
0.4 g/kg once a day for eight weeks.
2.3. Oral Glucose Tolerance Test in db/db Mice. The oral glucose tolerance test (OGTT) was performed in overnightfasted db/db mice after the last drug administration. All mice
were orally administered with 2.0 g/kg of glucose. Blood samples were collected from the tail vein at 0, 30, 60, 120, and
240 min and assayed using a fast blood glucose meter [36].
The formula used for determining the area under the blood
glucose curve (AUC) was as follows [37]: AUC = (basal glycemia + glycemia 0.5 h) × 0.25 + (glycemia 0.5 h + glycemia
1 h) × 0.25 + (glycemia 1 h + glycemia 2 h) × 0.5.
2.4. Sample Collection and Parameter Determination. Blood
was sampled via the tail vein before the mice were sacriﬁced.
After centrifugation of the blood samples at 3000 rpm for
10 min, the serum was collected and stored at −80°C for
further use. After sacriﬁce, the kidney and liver tissues were
collected and one part of the tissues was washed in ice-cold
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Figure 1: (a) The drug administration and study protocol. Eight-week TM treatment aﬀected the (b) oral glucose tolerance, (c) AUC, (d) the
serum levels of GHbA1c, (e) the serum levels of PK, and (f) the content of hepatic glycogen in db/db mice compared to db/+ mice. The data
were analyzed using post hoc test of Holm-Sidak, and they are expressed as means ± SEMs (n = 10). # p < 0 05 and ### p < 0 001 versus db/+
mice; ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001 versus nontreated db/db mice. TM: T. melanosporum; AUC: the area under the curve of glucose
of oral glucose tolerance; GHbA1c: glycosylated hemoglobin A1c; PK: pyruvate kinase.

physiological saline solution and then homogenized in
double-distilled water and/or a radioimmunoprecipitation
assay buﬀer (RIPA; Sigma-Aldrich, USA) containing 1%
protease inhibitor cocktail and 2% phenylmethanesulfonyl
ﬂuoride (Sigma-Aldrich, USA).
The levels of interleukins (ILs) IL-2 (cat. number
CK-E20010), IL-6 (cat. number CK-E20012), and IL-10
(cat. number CK-E20005), 6-keto-prostaglandin F1α (6-KPGF1α; cat. number CK-E30144), monocyte chemoattractant protein-5 (MCP-5; cat. number CK-E95264), matrix
metalloproteinase-9 (MMP-9; cat. number CK-E90157),
urine N-acetyl-β-D-glucosidase (NAG; cat. number CKE20276), and ROS (cat. number CK-E91516) in the kidney;
the levels of glycated hemoglobin A1c (GhbA1c; cat. number
CK-E20512), triglyceride (TG; cat. number CK-E91733),

total cholesterol (TC; cat. number CK-E91839), highdensity lipoprotein cholesterol (HDL-C; cat. number CKE93031), low-density lipoprotein cholesterol (LDL-C; cat.
number CK-E93032), and pyruvate kinase (PK; cat. number
CK-E20312) in serum; and the levels of superoxide dismutase
(SOD; cat. number CK-E20348), glutathione peroxidase
(GSH-Px; cat. number CK-E92669), and catalase (CAT; cat.
number CK-E92636) in the kidney and serum were detected
by enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s instructions (Shanghai Yuanye BioTechnology Co. Ltd., Shanghai, China). The concentration
of hepatic glycogen (HG; cat. number A043) was detected
by the procedures provided by the manufacturer of the assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) [38].

4
2.5. Histopathological Observation of the Kidneys. Histologic
assessment of the kidneys was carried out as in a previous
study [39]. Brieﬂy, tissues were ﬁxed with 10% neutral
phosphate-buﬀered formalin for 48 h, embedded in parafﬁn, and sliced into 5 μm thick sections. After staining with
hematoxylin and eosin (H&E) and periodic acid Schiﬀ
(PAS), histopathological examination was carried out using
optical microscopy.
2.6. Western Blot. One part of the collected kidney tissue was
homogenized in RIPA containing 1% protease inhibitor
cocktail and 2% phenylmethanesulfonyl ﬂuoride. Protein
concentrations were determined by the Bradford method,
and 40 μg of protein was separated using 12% SDS-PAGE
gel and electroblotted onto a nitrocellulose membrane
(0.45 μm; Bio Basic Inc., USA). After blocking with 5% BSA
for 4 h, the transferred membranes were incubated with the
following primary antibodies overnight at 4°C at a dilution
of 1 : 2000: phosphor-janus kinase 2 (p-JAK2, ab68268),
total-janus kinase 2 (t-JAK2, ab39636), phosphor-nuclear factor-κB (p-NF-κB, ab86299), total-NF-κB (t-NF-κB, ab32536),
phosphor-signal transducer and activator of transcription 3
(p-STAT3, ab76315), total-STAT3 (t-STAT3, M06-596), catalase (CAT, ab16731), heme oxygenase 1 (HO-1, ab68477),
nuclear respiratory factor 2 (Nrf2, ab137550), manganese
superoxide dismutase 2 (SOD2, ab13533), heme oxygenase
2 (HO-2, ab90492), protein kinase C alpha (PKC-α, ab23513)
(Abcam, Cambridge, USA), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; ABS16) (Merck Millipore, Darmstadt, Germany). After 5 washes with TBST buﬀer, the
transferred membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(sc-3836) (Santa Cruz Biotechnology, Santa Cruz, USA) for
4 h at 4°C. Chemiluminescence was detected using immobilon Western HRP substrate (Millipore Corporation, Billerica,
USA). The intensity of the bands was quantiﬁed by scanning
densitometry using an imaging system (Ultra-Violet Products
Ltd., Cambridge, UK).
2.7. Statistical Analysis. Data were analyzed using SPSS 16.0
software (IBM Corporation, Armonk, USA), and continuous
variables were expressed as mean ± SEM. A homoscedasticity
test was carried out. A post hoc Holm-Sidak test was used to
calculate statistical signiﬁcance. A p value under 0.05 was
considered statistically signiﬁcant.

3. Results
3.1. Composition of TM. The TM contained 35.60% total
sugars, 2.90% reducing sugar, 13.10% protein, 6.60% total
ash, 7.30% crude fat, 5.00% crude ﬁber, 0.59% total ﬂavones,
0.04% total triterpenoids, 1.25% mannitol, 0.67% total polyphenols, 3.20 × 10−4% carotenoids, and 3.58% total sterols
(Table 1). Among the 35 types of fatty acid detected, only
19 were found in the TM sample (Table 2). Among 17 types
of detected amino acid, glutamic acid, aspartic acid, and
lysine were present at higher concentrations than others
(Table 3). Among 9 detected vitamins, the three most common were vitamins C, B3, and D2 (Table 4). The minerals
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Table 1: Main components of TM.
Compounds
Total sugar
Reducing sugar
Protein
Total ash
Crude fat
Crude ﬁber
Total ﬂavones
Total triterpenoids
Mannitol
Total polyphenol
Carotenoid (×10−4)
Total sterol

Contents (%)
35.60
2.90
13.10
6.60
7.30
5.00
0.59
0.04
1.25
0.67
3.20
3.58

TM: T. melanosporum.

Zn, Fe, Mn, Ca, Cu, Na, and K were also detected (Table 5),
and the concentrations of the heavy metals Pb, Hg, Cr, As,
and Cd were lower than the detection limits of traditional
analytical techniques, which indicates the safety of using
TM (Table 5).
3.2. The Hypoglycemic Eﬀect of TM on db/db Mice. Compared
with the db/+ mice, the db/db mice had increased body
weights and plasma glucose levels and reduced organ indexes
of the spleen and kidney (p < 0 001, Table 6). After 8 weeks
oral administration, 0.4 g/kg of TM reduced body weight by
over 11% and plasma glucose by over 30% (p < 0 05,
Table 6). The reduced indexes of the spleen and kidneys of
the db/db mice were strongly improved by 0.4 g/kg of TM
administration (p < 0 05, Table 6).
As a more sensitive indicator of early abnormalities
of glucose regulation than fasting blood glucose, the OGGT
was conducted after 8 weeks administration of TM to conﬁrm its antihyperglycemic capacity [40]. The concentration
of fasting blood glucose in the db/db mice was signiﬁcantly
higher than that of the db/+ mice within 4 h of 2.0 g/kg
glucose administration. Similar to the Met group, the TMtreated db/db mice showed a signiﬁcant reduction in blood
glucose levels from 30 min to 4 h (p < 0 05, Figure 1(b)).
Compared to the db/db mice, a signiﬁcantly low AUC
was noted in the TM and Met-treated mice (p < 0 05,
Figure 1(c)). High serum levels of GHbA1c were observed
in the db/db mice (p < 0 05, Figure 1(d)); 0.1 g/kg of Met
and 0.2 g/kg and 0.4 g/kg of TM reduced GHbA1c levels by
31.2% (p < 0 001), 16.6% (p < 0 05), and 27.2% (p < 0 01),
respectively (Figure 1(d)).
PK can promote carbohydrate metabolism by contributing to the glycolytic pathway [41]. Compared to the nontreated db/db mice, the mice that received 8 weeks TM
administration exhibited a >16.1% increase in serum PK
levels (p < 0 01, Figure 1(e)) and an increase in HG content
of >120% (p < 0 001, Figure 1(f)).
3.3. The Hypolipidemic Eﬀects of TM in db/db Mice. As diabetes mellitus is commonly accompanied by hyperlipidemia
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Table 2: The compositions and percentage content of fatty acids in TM.
Compounds

Contents (%)

Compounds

Contents (%)

Lauric acid (C12:0)
Tridecanoic acide (C13:0)

ND
NDV

Heptadecenoic acid (C17:1)
(×10−2)
Stearic acid (C18:0)
trans-Oleic acid (C18:1n9t)
(×10−2)
Oleic acid (C18:1n9c)
trans-Linoleic acid (C18:2n6t)

Myristic acid (C14:0) (×10−2)

0.40

Linoleic acid (C18:2n6c)

3.85

Myristoleic acid (C14:1)

NDVI

Arachidic acid (C20:0)

0.05

0.10

γ-Linolenic acid (C18:3n6)

NDVIII

NDVII
0.64

Eicosaenoic acid (C20:1n9)
α-Linolenic acid (C18:3n3)
Heneicosanoic acid (C21:0)
(×10−2)

0.03
NDIX

Eicosadienoic acid (C20:2)

0.04

I

Octoic acid (C8:0)

ND

Capric acid (C10:0)

NDII

Undecanoic acid (C11:0)

NDIII

Pentadecanoic acid
(C15:0) (×10−2)
Pentadecenoic acid (C15:1)
Hexadecanoic acid (C16:0)

IV

Palmitoleic acid (C16:1)

0.01

Heptadecanoic acide
(C17:0) (×10−2)

0.70

0.20
0.46
0.20
1.79
NDVII

0.30

Compounds

Contents (%)

Docosanoic acid (C22:0)
(×10−3)
Eicosatrienoic acid (C20:3n6)
Erucic acid (C22:1n9)
(×10−2)
Eicosatrienoic acid (C20:3n3)
Arachidonic acid (C20:4n6)
Tricosanoic acid (C23:0)
(×10−2)
Docosadienoic acid
(C22:2n6)
Eicosapentaenoic acid
(C20:5n3)
Tetracosanoic acid (C24:0)
Nervonic acid (C24:1n9)
Docosahexaenoic acid
(C22:6n3)

0.02
NDX
0.30
NDXI
NDXII
0.40
NDXIII
NDXIV
0.02
0.01
NDXV

ND: not detected; NDI: the detection limit was 4.20 mg/kg; NDII: the detection limit was 3.83 mg/kg; NDIII: the detection limit was 3.54 mg/kg; NDIV: the
detection limit was 2.99 mg/kg; NDV: the detection limit was 2.91 mg/kg; NDVI: the detection limit was 2.82 mg/kg; NDVII: the detection limit was 2.64 mg/
kg; NDVIII: the detection limit was 2.51 mg/kg; NDIX: the detection limit was 2.36 mg/kg; NDX: the detection limit was 2.68 mg/kg; NDXI: the detection limit
was 3.21 mg/kg; NDXII: the detection limit was 4.66 mg/kg; NDXIII: the detection limit was 2.88 mg/kg; NDXIV: the detection limit was 3.31 mg/kg; NDXV:
the detection limit was 4.33 mg/kg.

Table 3: The compositions and percentage content of amino acids in TM.
Compounds

Contents (‰)

Compounds

Contents (‰)

12.69
20.46
5.75
6.45
7.48
3.69
9.94
5.95
7.36

Proline (Pro)
Tyrosine (Tyr)
Valine (Val)
DL-methionine (Met)
Isoleucine (Ile)
Leucine (Leu)
Phenylalanine (Phe)
Lysine (Lys)

5.77
5.53
5.76
1.61
4.38
6.48
4.16
10.48

Aspartic acid (Asp)
Glutamic acid (Glu)
Cystine (Cys)
Serine (Ser)
Glycine (Gly)
Histidine (His)
Arginine (Arg)
L-Threonine (Thr)
Alanine (Ala)
TM: T. melanosporum.

Table 4: The compositions and percentage content of vitamins in
TM.
Compounds Contents (mg/kg) Compounds Contents (mg/kg)
Vitamin A
Vitamin B2
Vitamin B6
Vitamin D2
Vitamin E

0.07
24.62
NDXVI
196.64
NDXVII

Vitamin B1
Vitamin B3
Vitamin C
Vitamin D3

70.43
1533.01
1706.52
NDXVIII

TM: T. melanosporum. NDXVI: the detection limit was 2.92 mg/kg; NDXVII:
the detection limit was 1.32 mg/kg; NDXVIII: the detection limit was
0.084 mg/kg.

Table 5: The compositions and percentage content of minerals
(including heavy metals) in TM.
Compounds
Zinc (Zn)
Iron (Fe)
Manganese (Mn)
Calcium (Ca)
Cupper (Cu)
Sodium (Na)
Potassium (K)

Contents
(‱)
1.04
1.03
0.08
9.67
0.68
0.65
208.10

Compounds

Contents
(μg/kg)

Lead (Pb)
Mercury (Hg)
Chromium (Cr)
Arsenic (As)
Cadmium (Cd)
Selenium (Se)

119.70
219.62
5595.99
75.06
1417.40
NDXIX

TM: T. melanosporum. NDXIX: not detected (the detection limit was 20 μg/kg).
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Table 6: Eﬀects of 8-week TM treatment on the bodyweight, plasma glucose, and organ indices of mice.

Body weights (g)

Plasma glucose (mmol/L)

Organ indexes (%)

Week

db/+

db/db

0.1 g/kg Met

0.2 g/kg TM

0.4 g/kg TM

1
3

20.2 ± 0.4
21.4 ± 0.4

43.2 ± 0.4###
45.0 ± 0.7###

43.3 ± 0.8
46.5 ± 0.8

5

20.9 ± 0.4

48.0 ± 1.1###

42.9 ± 0.8
44.8 ± 0.7
43.9 ± 0.9∗

45.3 ± 1.2

43.6 ± 0.7
44.8 ± 0.7
43.6 ± 0.8∗

7

21.7 ± 0.3

51.7 ± 1.0###

47.5 ± 1.2∗

50.2 ± 1.3

47.6 ± 0.8∗

9

21.1 ± 0.7

55.7 ± 0.9###

52.9 ± 0.4∗

52.8 ± 1.4

49.5 ± 1.2∗∗

1
3
5

5.6 ± 0.4
6.9 ± 0.4
6.5 ± 0.3

19.1 ± 1.4###
19.6 ± 1.5###
18.8 ± 1.2###

7

6.6 ± 0.4

21.7 ± 1.2###

19.6 ± 1.2
18.8 ± 1.8
16.6 ± 1.1
16.8 ± 1.2∗

17.4 ± 0.9
17.2 ± 0.9
15.8 ± 1.0
12.9 ± 1.2∗∗

18.8 ± 2.1
18.8 ± 2.3
16.0 ± 1.5
15.1 ± 1.6∗

9

6.5 ± 0.5

21.3 ± 1.1###

13.8 ± 1.5∗

14.0 ± 1.2∗

13.7 ± 1.7∗

Spleen

0.32 ± 0.06

0.11 ± 0.01###

0.13 ± 0.01∗∗

0.15 ± 0.02∗∗

0.17 ± 0.02∗∗∗

Kidney

1.27 ± 0.07

0.70 ± 0.07###

0.79 ± 0.08∗

0.73 ± 0.07

0.84 ± 0.13∗

The data were analyzed using a one-way ANOVA and they are expressed as means ± SEMs (n = 10). ### p < 0 001 versus db/+ mice; ∗ p < 0 05, ∗∗ p < 0 01, and
∗∗∗
p < 0 001 versus nontreated db/db mice. TM: T. melanosporum.

[42], we determined the levels of serum TG, TC, HDL-C, and
LDL-C to analyze the antihyperlipidemic activities of TM.
Compared to the nontreated db/db mice, except for LDL-C,
TM reduced the levels of TG (p < 0 01, Figure 2(a)) and TC
(p < 0 05, Figure 2(b)) and enhanced the levels of HDL-C
(p < 0 05, Figure 2(c)) in serum.
3.4. Renal Protective Eﬀects of TM in db/db Mice. NAG is a
lysosomal enzyme in proximal tubular cells and serves as
an index of intense tubular damage in the early stages
[43]. Similar to Met treatment, 0.4 g/kg of TM reduced
the levels of NAG in the kidneys of the db/db mice by
37.6% (p < 0 01, Figure 3(a)). 6-keto-PGF1α, MCP-5, and
MMP-9 can also be used as valuable indicators of renal
injury in DN. The 0.4 g/kg of TM treatment caused a 27.6%
reduction in serum levels of 6-keto-PGF1α in the db/db mice
(p < 0 05, Figure 3(b)); 0.2 g/kg of TM treatment led to 50.6%
and 47.6% increases in MCP-5 (p < 0 01, Figure 3(c)) and
MMP-9 (p < 0 001, Figure 3(d)) serum levels in the db/db
mice. Treatment with TM at 0.2 g/kg exhibited better
eﬀects on MCP-5 and MMP-9 levels in the kidney than
did 0.4 g/kg (p < 0 01, Figures 3(c) and 3(d)). H&E and
PAS staining of the kidney further conﬁrmed the renal
protective eﬀect of TM. Many neutrophil inﬁltrations in
the kidney calices and renal papillae were observed in
the db/db mice, which signiﬁcantly improved after TM
and Met administration (Figure 3(e)). The PAS staining
results showed that the thickened basement membrane
of renal tubular epithelial cells and inﬂammatory cell
inﬁltrations in the db/db mice were relieved by Met and
TM (Figure 3(f)).
Typical hyperglycemia and hyperlipidemia of DN always
result in glomerular injury associated with severe inﬂammation [44]. The release of inﬂammatory cytokines in the kidneys of the db/db mice was regulated by the 8-week TM
treatment: 0.2 g/kg of TM strongly reduced the level of IL-2
by 20.2% (p < 0 05, Figure 4(a)) and increased the levels of
IL-6 and IL-10 by 27.9% (p < 0 05, Figure 4(b)) and 74.4%

(p < 0 01, Figure 4(c)), respectively. Only TM at 0.2 g/kg signiﬁcantly improved IL-6 levels in the kidney.
3.5. The Antioxidative Eﬀects of TM in the db/db Mice. Overproduction of ROS and hypoactivities of SOD, GSH-Px, and
CAT were observed in the serum and/or kidneys of the db/db
mice (p < 0 05, Table 7). TM, especially at 0.4 g/kg, increased
serum levels of SOD and CAT by 12.9% and 17.5%, respectively (p < 0 001, Table 7); however, no signiﬁcant inﬂuence
on the serum levels of GSH-Px was noted in the TMtreated db/db mice. Additionally, TM signiﬁcantly reduced
the high levels of ROS in the kidney by 30.1% after 8 weeks
administration (p < 0 05, Table 7).
3.6. Regulation of Nrf2 and NF-κB Signaling by TM in
db/db Mice. To understand the underlying mechanisms of
the antidiabetic and antidiabetic nephritic eﬀects of TM, the
expression levels of proteins related to Nrf2 and NF-κB
signaling in the kidney were assessed by Western blotting.
Compared with the db/db mice, TM visibly upregulated
the expressions of CAT, HO-1, HO-2, SOD2, and Nrf2
(p < 0 001, Figure 5(a)) and downregulated the expressions
of PKC-α (p < 0 01, Figure 5(a)), p-JAK2, p-STAT3, and
p-NF-κB in the kidneys (p < 0 001, Figure 5(b)).

4. Discussion
In the present study, we ﬁrst conﬁrmed the antidiabetic and
antidiabetic nephritic eﬀects of TM in db/db mice and clariﬁed the underlying mechanisms associated with oxidative
stress. Compared with currently used eﬀective medicines
(such as Met), TM contains various nutritional ingredients
including 19 types of fatty acid, 17 types of amino acid, 6 vitamins, and 7 minerals. Its nature as a crude agent suggests that
it has multieﬀective components, which might target many
molecules in the signaling of inﬂammation and oxidative
stress. This “systemic targeting” will eliminate the inﬂammation and oxidative stress in a much more “natural” way, so
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Figure 2: Eight-week TM treatment regulated the levels of the (a) TG, (b) TC, (c) HDL-C, and (d) LDL-C in the serum of db/db mice. The
data were analyzed using post hoc test of Holm-Sidak, and they are expressed as means ± SEMs (n = 10). # p < 0 05, ## p < 0 01, and
###
p < 0 001 versus db/+ mice; ∗ p < 0 05 and ∗∗ p < 0 01 versus nontreated db/db mice. TM: T. melanosporum; TG: triglyceride; TC:
total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol.

fewer adverse side eﬀects are expected. The use of TM as a
folk tonic food has been practiced by Europeans for thousands of years, which further emphasizes its safety and
lack of adverse side eﬀects. The “systemic targeting” may
also explain the nondose-dependent manner by which
TM displayed its antidiabetic and antidiabetic nephritic
eﬀects. A number of natural products are reported to show
various pharmacological activities in a nondose-dependent
manner [45, 46].
TM eﬀectively decreased the body weights and food
intakes of the db/db mice. The hypoglycemic activity of TM
was conﬁrmed by the reduction in blood glucose and the
modulation of the OGTT and GHbA1c levels. TM enhanced
the levels of HG and PK in serum. PK promotes carbohydrate
metabolism via its contribution to the glycolytic pathway and

is a key glycolytic enzyme in glucose homeostasis [47]. As
glycogen is the main intracellular storable form of glucose,
the induction of glycogen accumulation in hepatocytes is an
important antihyperglycemic phenomenon [38]. Furthermore, as a popular type 2 diabetic model, db/db mice develop
insulin resistance, which leads to hyperglycemia and hyperinsulinemia [48]. Although the etiologies of DN are complex,
dyslipidemia, characterized by abnormal lipid proﬁles, has
been reported as a crucial factor in kidney damage [49, 50].
The characteristic features of diabetic lipid proﬁles are high
levels of TG, TC, or LDL-C in serum and tissues [51].
Eight-week TM administration exhibited strongly hypolipidemic eﬀects in db/db mice, suggesting renal protection.
Our data show that TM exerted strong renal protection
by regulating the levels of NAG, 6-keto-PGF1α, MCP-5,
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Figure 3: Eight-week TM treatment aﬀected the levels of the (a) NAG, (b) 6-keto-PGF1α, (c) MCP-5, and (d) MMP-9 in the kidney of db/db
mice. The data were analyzed using post hoc test of Holm-Sidak, and they are expressed as means ± SEMs (n = 10). # p < 0 05 and
###
p < 0 001 versus db/+ mice; ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001 versus nontreated db/db mice. Histopathological analysis in
kidney was shown by (e) H&E staining (scale bar: 20 μm; magniﬁcation: 400x) and (f) PAS staining (scale bar: 20 μm;
magniﬁcation: 400x). TM: T. melanosporum; NAG: n-acetyl-β-d-glucosaminidase; 6-keto-PGF1α: 6-keto prostaglandin F1α; MCP-5:
monocyte chemotactic protein-5; MMP-9: matrix metalloproteinase-9; H&E: Hematoxylin and eosin; PAS: periodic acid Schiﬀ.
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Figure 4: Eight-week TM treatment aﬀected the levels of the (a) IL-2, (b) IL-6, and (c) IL-10 in the kidney of db/db mice. The data were
analyzed using post hoc test of Holm-Sidak, and they are expressed as means ± SEMs (n = 10). # p < 0 05 and ### p < 0 001 versus db/+
mice; ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001 versus nontreated db/db mice. TM: T. melanosporum; IL-2: interleukin-2; IL-6: interleukin-6;
IL-10: interleukin-10.
Table 7: The eﬀects of Tuber melanosporum powder on oxidative stress-related factors in the serum and kidney of mice.

Serum

Kidney

db/+

db/db

0.1 g/kg Met

0.2 g/kg TM

0.4 g/kg TM

SOD (U/mL)

240.3 ± 5.0

193.6 ± 2.5###

245.7 ± 3.9∗∗∗

206.1 ± 3.9∗

218.6 ± 5.5∗∗∗

GSH-Px (U/mL)

304.4 ± 9.5

230.8 ± 3.7###

CAT (U/mL)

54.6 ± 1.3

41.2 ± 0.9###

227.2 ± 6.0
45.2 ± 1. 5∗

248.8 ± 11.6
48.3 ± 1.9∗∗

236.5 ± 5.3
48.4 ± 1.1∗∗∗

ROS (U/mg)

46.1 ± 1.7

62.6 ± 4.1#

42.1 ± 2.1∗∗∗

51.1 ± 0.5

43.3 ± 3.2∗

SOD (U/mg)

34.9 ± 2.8

23.3 ± 1.3##

29.4 ± 2.6∗

37.0 ± 5.0∗

34.1 ± 4.8∗

GSH-Px (mg/mL)

75.7 ± 3.9

42.3 ± 1.3

∗

∗∗

71.6 ± 6.9

67.7 ± 6.4∗∗

CAT (U/mg)

8.7 ± 0.5

8.9 ± 0.4∗∗

9.0 ± 0.3∗∗

###

7.0 ± 0.3#

50.8 ± 3.0

8.8 ± 0.5∗

The data were analyzed using a one-way ANOVA and they are expressed as means ± SEMs (n = 10). # p < 0 05, ## p < 0 01, and ### p < 0 001 versus db/+ mice;
∗
p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001 versus nontreated db/db mice. TM: T. melanosporum.
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Figure 5: Eight-week TM treatment regulated the expressions of (a) CAT, HO-1, HO-2, SOD2, Nrf2, and PKC-α and (b) phosphor-JAK2,
phosphor-NF-κB, and phosphor-STAT3 in the kidney of db/db mice. The data on quantiﬁed protein expressions were normalized to the
levels of GAPDH and related total proteins. The data were analyzed using post hoc test of Holm-Sidak, and they are expressed as
means ± SEMs (n = 10). # p < 0 05, ## p < 0 01, and ### p < 0 001 versus db/+ mice; ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001 versus
nontreated db/db mice. TM: T. melanosporum; CAT: catalase; HO-1: heme oxygenase 1; HO-2: heme oxygenase 2; SOD2: superoxide
dismutase 2; Nrf2: nuclear respiratory factor 2; PKC-α: protein kinase C alpha; JAK2: janus kinase 2; NF-κB: nuclear factor-κB; STAT3:
signal transducers and activators of transcription 3.

and MMP-9. NAG and 6-keto-PGF1α serve as speciﬁc and
sensitive indicators of the extent of oxidative damage and
acute kidney damage [52, 53]. The accumulation of extracellular matrix is a pathological characteristic of DN. MMP-9
protects mice by promoting the decomposition of glomeruli

ﬁbrin caps during glomerulonephritis via ﬁbrinolytic activity
[54]. MCP-5 is reported to be a murine homolog of human
MCP-1, which is secreted by renal tubular epithelial cells
and kidney mesangial cells during the process of inﬂammation and is diﬀerentially expressed in the kidneys [55].
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Cytokines, as small proteins with multipotent biological
features, including interleukins and interferons, show antiinﬂammatory or proinﬂammatory properties [56]. Interleukins play an important role during the development of
inﬂammation. The overproduction of IL-2 activates proinﬂammatory CD4+, which exacerbates glomerular damage
via recruiting macrophages and neutrophils [57]. IL-6 can
enhance basic and insulin-stimulated glucose uptake and
has favorable eﬀects on energy metabolism [58]. As an inhibitor of TNF-α expression, IL-10 is recognized as an eﬃcient
anti-inﬂammatory cytokine, which can ameliorate insulin
resistance and hyperglycemia [59, 60]. Eight-week TM
administration successfully regulated the levels of interleukins in the kidneys of db/db mice, further conﬁrming its
renal protective eﬀects. In diabetes, hyperglycemia activates
protein kinase C (PKC), which increases the expression of
NF-κB and induces both cytokines and chemokines [61],
which contribute to the accumulation of the extracellular
matrix and injury of podocytes in diabetic animals [62].
The JAK/STAT system mediates abnormal kidney diseases,
and suppression of JAK2 expression can relieve DN progression [63]. Phosphorylated JAKs result in the activation of full
STAT activities [63]. It has been reported that NF-κB activates STAT3 on tyrosine residues indirectly [64]. Our data
suggest that TM-mediated renal protection in db/db mice
may be related to its modulation of NF-κB activation.
Oxidative stress, which is related to the overproduction of
ROS, has been identiﬁed as a general pathogenic factor in DN
[62, 65]. In contrast, antioxidant enzymes including SOD,
GSH-Px, and CAT scavenge free radicals and prevent oxidative injury [66]. TM exhibited signiﬁcant antioxidative eﬀects
in db/db mice by reducing ROS levels and increasing SOD,
CAT, and GSH-Px levels in the kidneys and/or serum. Nrf2
is an important inducible transcription factor that protects
redox homeostasis from oxidative injury [67]. Nrf2 combines
with antioxidant response element (ARE) and mediates the
expression of downstream genes HO-1 and SOD-1, which
encode detoxifying and antioxidant enzymes in consort with
relevant proteins [68, 69]. Subsequently, the overproduced
ROS is scavenged via the activation of Nrf2 [70]. The inactivation of Nrf2 signaling is reported to be beneﬁcial for the
overactivation of NF-κB [71].
In summary, we successfully explored the antidiabetic
and antidiabetic nephritic properties of TM in db/db diabetic
mice and found that these eﬀects may be related to the modulation of oxidative stress and inﬂammation-related cytokines via Nrf2 signaling. The eﬀects of TM are similar to
those of Met, a commonly used hyperglycemic drug, which
supports TM as a candidate nutritious natural product for
DN adjunctive therapy.
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