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Crocus species are mainly distributed in North Africa, Southern and Central Europe, and Western Asia, used in gardens and parks
as ornamental plants, while Crocus sativus L. (saffron) is the only species that is cultivated for edible purpose. The use of saffron is
very ancient; besides the use as a spice, saffron has long been known also for its medical and coloring qualities. Due to its
distinctive flavor and color, it is used as a spice, which imparts food preservative activity owing to its antimicrobial and
antioxidant activity. This updated review discusses the biological properties of Crocus sativus L. and its phytoconstituents, their
pharmacological activities, signaling pathways, and molecular targets, therefore highlighting it as a potential herbal medicine.
Clinical studies regarding its pharmacologic potential in clinical therapeutics and toxicity studies were also reviewed. For this
updated review, a search was performed in the PubMed, Science, and Google Scholar databases using keywords related to
Crocus sativus L. and the biological properties of its phytoconstituents. From this search, only the relevant works were selected.
The phytochemistry of the most important bioactive compounds in Crocus sativus L. such as crocin, crocetin, picrocrocin, and
safranal and also dozens of other compounds was studied and identified by various physicochemical methods. Isolated
compounds and various extracts have proven their pharmacological efficacy at the molecular level and signaling pathways both
in vitro and in vivo. In addition, toxicity studies and clinical trials were analyzed. The research results highlighted the various
pharmacological potentials such as antimicrobial, antioxidant, cytotoxic, cardioprotective, neuroprotective, antidepressant,
hypolipidemic, and antihyperglycemic properties and protector of retinal lesions. Due to its antioxidant and antimicrobial
properties, saffron has proven effective as a natural food preservative. Starting from the traditional uses for the treatment of
several diseases, the bioactive compounds of Crocus sativus L. have proven their effectiveness in modern pharmacological
research. However, pharmacological studies are needed in the future to identify new mechanisms of action, pharmacokinetic
studies, new pharmaceutical formulations for target transport, and possible interaction with allopathic drugs.

1. Introduction

The genus Crocus is a member of the Iridaceae (subfamily
Crocoideae) and consists of about 100 species that occur in
the wild. These are mainly found in central-southern Europe
(Balkan Peninsula), North Africa, and Western Asia [1]. Sev-
eral species of this genus are currently used in gardens and
parks as ornamental plants for their colorful flowers, while
Crocus sativus L. (saffron) is the only species that is cultivated
for the edible purpose [2]. The use of saffron is very ancient: its
earliest representation appeared approximately 4000 years ago
in some paintings and ceramics of the Minoan civilization in
the region of Crete [3, 4]. The stigmas from flowers are tradi-
tionally handpicked at dawn to preserve all the aroma and
organoleptic characteristics. Then the stigmas are dried in
the shade and finally powdered [5]. Due to its distinctive flavor
and yellow-orange color, it has an ancient use as spice in Arab,
European, Indian, and Persian cuisine. It is also used in
liquors, candies, food supplements [5, 6], andmedical and col-
oring qualities [7–9].

Among the phytoconstituents, there have been described
several compounds that are thought to be the chemical
determinants of the bitterness, scent, and color of saffron
[10]. These are formally terpenoids or thought to be derived
from terpenoid precursors. In particular, these are the apoc-
arotenoids such as trans-crocetin and its glycosylated forms
(crocins), especially trans-crocetin di-(β-D-gentiobiosyl)
ester and trans-crocetin (β-D-gentiobiosyl)-(β-D-glucosyl)
ester, together with picrocrocin and safranal (Figure 1), for-
merly a monoterpene glycoside and a monoterpene, respec-
tively, and believed to be degradation products of
zeaxanthin. As minor components, which also contribute
to the spice color and biological effects, there are a series of
glycosidic derivatives of kaempferol (Figure 1) [11] and
quercetin [12]. Other minor components that contribute to

the peculiar aroma of saffron are volatile compounds related
to isophorone [13, 14].

Obviously, several of the medicinal and health-
promoting properties attributed to saffron are due to the
presence of these compounds. For example, safranal, in
addition to its antioxidant and radical-scavenger properties,
is useful as an anticonvulsant and antidepressant in preclin-
ical models [15–18]. Due to the high added value of saffron
as a spice and of its chemical constituents mainly related to
the healthy properties, the studies on saffron and its plant
source (C. sativus) are in the limelight, especially concerning
the analytical methods used to evaluate the quality and to
identify marker compounds related to the country of origin.

In this updated review, the following aspects of Crocus
plants are considered: traditional uses, phytochemical com-
position, pharmacological properties with mechanisms evi-
denced from in vitro and in vivo studies, clinical studies,
toxicological data, and upcoming clinical perspectives.

2. Methodology

An extensive search of the PubMed, Science, and Google
Scholar databases was conducted to select the most impor-
tant information for this updated review. The main search
keywords were: “Crocus plant,” “Crocus sativus,” “ethno-
pharmacology,” “phytoconstituents,” “chemical com-
pounds,” “pharmacological activity,” “pharmacological
mechanisms,” “human clinical studies,” “toxicity,” and “food
preservatives.”

Inclusion criteria are as follows: only extenso articles
written in English that included data on Crocus sativus L.
analyzed, chemical compounds isolated from each genus,
pharmacological molecular research for each of the studied
plants, types of in vitro/in vivo pharmacological studies, con-
centration and dose at which the chemical compounds
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studied were pharmacologically active, clinical trials, and
toxicological data. The chemical names were validated with
PubChem and SciFinder, and the plant names were in accor-
dance with The Plant List [19, 20]. The most important data
have been summarized in the tables and figures presented in
this article.

Exclusion criteria are as follows: abstracts, letters to the
editor, papers in languages other than English, studies that
did not have dose-effect correlations, studies that did not
have proven pharmacological activity, and studies that
included homeopathic preparations.

3. Traditional Medicine Use of Crocus Plants

The folklore knowledge and extensive traditional use of
medicinal Crocus sativus L. have a long history worldwide
[21, 22]. The cultivation of Crocus species for culinary and
therapeutic purposes has been known from ancient times,
first taking place in Greece and Iran. Later, the utilization
of these plants was spread through the Mediterranean region
to Eastern Europe and South Asia and China [1]. Although
C. sativus was the most popular medicinal plant in European
and Asian countries for ages, among medically significant
herbs from this genus are also Crocus caspius Fisch. &
C.A.Mey. ex Hohen, Crocus heuffelianus Herb., Crocus hye-
malis Boiss. & Blanche, and Crocus vernus (L.) Hill. Their
ethnobotanical importance is reflected through traditional
use against various ailments and health disorders [23–27].

The traditional application of C. sativus is very diverse
from diet and cosmetics to essential roles in medicine. It is
a reputable plant owing to the specific aroma, flavor, and
color of the stiles. As a valuable medicinal plant, it is a part

of many alternative therapies and folklore medicines [4,
22]. It is documented that saffron was applied for the treat-
ment of about 90 health disorders by different cultures [28].

In some Asian countries, traditional knowledge on saf-
fron healing effects dates from prehistoric periods [8, 29].
The first records about its medical application date from
the 12th century BC [30]. Saffron was recognized by differ-
ent nations in the Middle East and South Asia as a health-
promoting drug and medicine to fight various diseases. It
is believed that the people of ancient Persia were the first
to cultivate this species for their traditional needs. In Persian
traditional medicine, saffron was used as a tonic for the
strength and meaning of the organism, especially the vascu-
lar and nervous system (NS). Additionally, it is an ingredient
of recipes for the treatment of depression, insomnia, mea-
sles, and dysentery [8]. Concerning this, C. sativus remains
one of the most important medicinal drugs in traditional
Iranian medicine [4, 30].

It was an important curative herb in ancient Greece,
Rome, and Egypt, South and Central Asia (Unani), Hindu
(Ayurveda), and Chinese medicine [21, 31, 32]. Also, C. sati-
vus has been utilized as a medicinal spice by the Moroccan
people [30] and some locals in Jordan [23].

The ancient Romans added this plant to wines to pre-
vent hangovers and intoxication. Also, it was used in
ancient Egypt and Greece as a herbal remedy to fight
ulcers on the skin or mucous membranes to reduce eye
health problems such as pain, infection, or cataracts and
to heal some urinary and menstrual disorders [30]. In
Unani medicine, this spice is also recognized as a remedy
for urinary and kidney infections, and it is used as a part
of the mixtures against menstrual disorders. Besides, it is

Phytoconstituents

Pharmacological properties

Antioxidant

Antioxidant

Antidiabetic Anticonvulsant Antidepressant

Antischizophrenia Antiinflammatory

Immunomodulatory

AntyhiperglicemicChemopreventive Neuroprotective

Antinociceptive

Figure 1: The main phytoconstituents of Crocus sativus L. and their pharmacological properties.
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considered stomachic, while in combination with honey, it
is useful as a diuretic [31].

In Ayurveda medicine, saffron has many purposes as
well. It is recommended against skin problems, asthma,
arthritis, and kidney and digestive disorders. In powdered
form, the herb is useful for external application on wounds,
swellings, or major bleedings [30]. Powdered saffron is also
advised for the treatment of poor vision, cataracts, and
blindness [8]. This herb acts against diabetes when com-
bined with ghee. Among its most famous roles in Ayurveda,
the system is in the reduction of the enlargement of the
spleen and the liver. [21, 28, 31].

In general, C. sativus is advised as a strengthening tonic
that stimulates the immune defense, and it is a common
ingredient of restorative preparations recommended for the
general improvement of the physical and mental health of
the body [30]. As an antiseptic and anti-inflammatory drug,
it heals bacterial and fungal infections, inflammations, insect
bites, and also apoplexy, alcoholism, arthritis, and diabe-
tes [30].

Saffron’s stigmas are extensively applied as an indige-
nous medicine across India. It serves as an antiseptic, analge-
sic, and expectorant agent as a nerve sedative and stimulator
for immunity, blood flow, and menstruation. Also, it is effec-
tive against smallpox and a wide range of stomach problems.
In lower doses, this spice can stimulate the contraction of the
uterus in pregnancy, while in more significant amounts, it
can cause general spasm and constriction [8]. It is a popular
natural cosmetic in Iranian and Indian medicine for
improvement of skin complexion, and as a part of folk phy-
topreparation, it brightens the skin of the body [33].

In the cosmetic practice, this spice showed to be effective
against acne, erysipelas, skin, wounds, and similar skin dis-
eases, while in China, it is recommended for purpura,
eczema, and measles [8, 30].

The aqueous extract of saffron, in combination with
other medicinal drugs, is useful for the treatment of painful
and dislocated joints, sprains, or fractured bones [29, 34].
Some nations use saffron to treat migraines or mental disor-
ders such as depression and dementia. For example, in Iran,
insomnia, severe headaches, and obstructions in the area of
the head and the neck are cured with boiled water prepara-
tion of saffron, while in India, it is applied against depression
and similar mental disorders [1, 30]. Crocus sativus acts as
an improving mood and calming anxiety agent [29]. The
essential oil of saffron can be used as a sedative in combina-
tion with olive or sesame oil (as a medicine, the mixture of
oils is left for five days with periodically stirring then filtered
afterwards) [30]. The flowers of C. sativus are used as a part
of alternative therapy for Alzheimer’s disease [26].

Saffron is regarded as a stomachic and carminative drug,
helpful for the liver, spleen, and stomach irregularities [29].
Also, it demonstrates emetic activity and can relieve prob-
lems with dyspepsia and to decrease appetite [30]. It helps
with obesity-related metabolic disorders like hyperlipidemia
and diabetes. Regarding this, the role of saffron in action
against obesity was later confirmed [34]. Considering the
cardiovascular system, C. sativus is used for many purposes.
As cardiotonic, it affects the heart and speeds the circulation.

As a result of better blood flow, other medicaments reach the
targeted organs more quickly. Saffron is used in England
with the purpose to strengthen and stimulate the heart by
better nutrition caused by faster blood flow. Besides these
functions, the drug is applied in China against anemia and
to prevent coagulation by breaking the blood clots [29, 34].
In both Western and Eastern parts of the world, it is used
as a medicine for problems with the respiratory system
[30]. The saffron essential oil quickens the lung’s function,
relaxes the breathing, and is recognized as an expectorant.
It is known to combat coughs and colds, partly by its specific
odor, as well as asthma, pleurisy, and diaphragmatic [32].
Additionally, the plant helps with urinary infections. Tradi-
tionally, it is used as a herbal antispasmodic remedy that
prevents obstructed urination.

The diuretic combination of saffron and honey helps to
release kidney stones [30]. Crocus sativus is a folk medica-
ment advised for irregularities in the menstrual cycle, which
expresses many beneficial roles in the female reproductive
system. It alleviates dysmenorrhea and has an emmenagogue
application. Saffron relieves the pain in the uterus when
combined with other drugs. Also, it can be used against
uterus ulcers when applied with wax or yolk and olive oil.
Crocus sativus is an aphrodisiac drug recognized for treat-
ment of impotence. It has a traditional role in sperm activa-
tion. As already mentioned, it demonstrates abortive activity
in larger amounts which can cause the uterus spasm and
abortion in the pregnancy. Also, it is popularly used as a
postlabour antiseptic in cows [29, 30, 35].

According to literature data, other Crocus species are
also utilized as natural phytotherapeutics. It is claimed in
Iranian natural medicine that the endemic species C. caspius
is medicinally effective against microbial infections [24]. The
infusion of C. hyemalis aerial parts and stigma’s filaments is
recommended as an antitussive and antiasthmatic remedy
and as a medicine for respiratory problems [23]. Further-
more, the significance of C. vernus in mountainous areas of
Italy is expressed through the use of its flowers or entire
flowering plant as an antiseptic, while the flower buds are
advised externally against lice [27]. It was cited in traditional
books that the mixture of C. sativus, Cyperus rotundus L.,
honey, and currant refreshes the memory and reduces for-
getfulness and distraction [26].

Many beneficial properties of Crocus species are mainly
related to a variety of carotenoids and their crocetin-type
derivatives [1, 27]. The most important findings on the
health-promoting effects of saffron are confirmed for cardio-
vascular ailments like blood pressure (BP), atherosclerosis,
and coronary artery diseases. Furthermore, studies have con-
firmed that it impacts ocular blood flow, retinal function,
and learning behavior, and it demonstrates anti-inflamma-
tory, cytotoxic, and contraceptive activities [31].

4. Phytochemical Composition

Because of its wide range of pharmacological uses, saffron
has undergone extensive biochemical and phytochemical
studies (Supplementary material (available here), Tables 1
and 2), and several biologically active compounds have been
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isolated. Each of these bioactive compounds has characteris-
tic inherent properties (Figure 1).

Saffron showed antimicrobial effects and can protect
foods from microbial attack. Saffron flower petals are rich
in phenolic compounds showing antimicrobial and antioxi-
dant activity. Crocin is the most powerful antibacterial agent
in saffron, particularly against Gram-negative bacteria like
Escherichia coli. The high antibacterial activity of crocin is
attributed to the alcoholic groups (-OH) in its structure.

The peculiar quality and sensory properties in terms of
aroma and taste have been attributed to three main bioactive
compounds, crocin, picrocrocin, and safranal [36–38]. It
also contains many nonvolatile components like lycopene,
α- and β-carotene, and zeaxanthin [39].

The crocins, hydrophilic compounds, are considered the
main active constituents that give saffron the golden yellow-
orange color [40–42]. Picrocrocin is responsible for the bit-
ter taste (the bitter glucoside) [43, 44]. Safranal, a monoter-
pene aldehyde, produces the characteristic odor and aroma.
[45–47].

These bioactive compounds are the degradation prod-
ucts of carotenoids, i.e., derived from oxidative cleavage zea-
xanthin carotenoid, and are known as apocarotenoids [48,
49]. Additional bioactive compounds that are present
include carbohydrates, flavonoids, gum, minerals, proteins,
sugars, and vitamins, which have been isolated and reported
from the saffron stigma [47, 50, 51].

5. Pharmacological Activities

Traditional and alternative medicine has a significant impact
on the current trends in preclinical and clinical research of
medicinal plants [52–54]. Since saffron is a popular folk
remedy in many countries, recent preclinical studies verified
its wide application and the use of related Crocus species for
medical purposes.

5.1. In Vitro studies

5.1.1. Cytotoxic Activity. Cancer is a term used to describe
malignancies in which abnormal cells multiply in an uncon-
trolled and continuous manner and can invade the sur-
rounding healthy tissues [53–55]. Abnormal cells come
from any tissue in the human body and can occur anywhere
in the body [56, 57]. The malignancies caused by this uncon-
trolled multiplication are numerous and difficult to control
therapeutically [58, 59].

Antitumor effects of Crocus plant derivatives have been
highlighted in a wide variety of isolated cell study models.
The viability of healthy cells remained unaffected under
treatment, while compared to malignant cells, including
human cancer cells, saffron develops selective cytotoxic
effects at micromolar doses.

Aqueous extract of saffron used in different concentra-
tions (100, 200, 400, and 800μg/mL) exhibited cytotoxic
and proapoptotic effects when investigated on lung cancer
cell line A549. It was found that saffron reduced the prolifer-
ation of the A549 cells in a dose-dependent manner. In addi-
tion, it induced morphological changes, reduced the number

of viable cells, and induced apoptosis. The IC50 against A549
cells was 380 and 170μg/mL after 48 and 72 hours, as
reported by Samarghandian et al. [60].

Another study conducted by Vali et al. [61] on a breast
cancer cell line (MCF-7), a synergistic effect was found
between combinations of crocin with gamma radiation or
paclitaxel in increasing apoptosis and decreasing survival
rate of the cells. The MTT assay was used to determine the
IC50 (3.5mg/mL) of crocin after 48-hour treatment. Also,
the treatment of MCF-7 with crocin at different time inter-
vals increased apoptosis of the cells as detected by flow
cytometry, where the combined therapy of crocin and pacli-
taxel increased apoptosis significantly over single therapy.
On the other hand, the combined therapy caused an increase
in the expression of caspase-7, caspase-9, P53, and poly
(ADP-ribose) polymerase (PARP) [61].

Another approach was taken Mousavi et al. [62] on the
MCF-7 cell line treated with aqueous saffron extract (100,
200, 400, and 800μg/mL) using the trypan blue assay to
investigate the morphological changes of cells under an
inverted microscope as well as gene expression of matrix
metalloproteinase (MMP). The treatment groups showed a
significant reduction in MMP gene levels compared to the
control group. Since MMPs regulate the signaling pathway
that controls cell growth, inflammation, or angiogenesis,
MMPs may be a target in cancer treatment and metastasis
inhibition.

An earlier study was performed in which HeLa cells were
treated with an ethanolic extract of saffron and its com-
pounds. The IC50 for the ethanolic extract was 2.3mg/mL,
3mM for crocin and picrocrocin, separately, and 0.8mM
for safranal. Crocin, safranal, and picrocrocin showed a
dose-dependent inhibition of cell growth, while crocetin
did not show any effect on cell proliferation [63].

Sun et al. [64] examined the effect of crocin on human
promyelocytic leukaemia cells and HL-60 cells in vitro where
they found that crocin (0.625-10mg/mL) significantly inhib-
ited HL-60 cell proliferation dose-dependently and induced
cell cycle arrest at G0-G1 phase in HL-60 by flow cytometry
using propidium iodide staining.

Another study was performed by Tuberoso et al. [65] in
which cytotoxicity of saffron juice was evaluated by MTT
assay on Caco-2 colon cancer cell line; the cell viability was
30% at 48 h treatment with saffron juice (10μL/mL), while
at 24 h treatment, cell viability was 32% but only at a higher
concentration (50μL/mL).

5.1.2. Antimicrobial Activity. Bacterial infections can trigger
various diseases such as pneumonia, otitis, diarrhea, and
skin infections and are the result of severe infections with
germs difficult to treat such as bacteria in the category of
Gram-negative germs Enterobacteriaceae, Streptococci,
Escherichia coli, or Salmonella [66, 67]. The main method
of fighting bacterial infections is antibiotic treatment [68].
Although they are effective in most cases, their widespread
use has led to antibiotic resistance. This phenomenon con-
sists in the adaptation of bacteria and, consequently, to diffi-
culties in treating infections. Due to the use of antibiotics,
the saprophytic microbial flora is destroyed, the flora that
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Table 1: In vitro biological activities of Crocus plants.

Extract/compound Tested cell lines/methods of analysis Effect/mechanisms Ref.

Cytotoxic activity

Saffron/aqueous extract

A549 lung cancer cells
MTT

Morphological change: inverted
microscope

Apoptosis: flow cytometry

IC50 = 390μg/mL
Inhibition and shrinkage of cancer cells

↑percentage of early and late apoptotic cells
[60]

Crocin/aqueous extract

MCF-7 breast cancer cells
MTT

Apoptosis: flow cytometry
Caspase-7, caspase-9, P53, and PARP:

western blot

IC50 = 3:5mg/mL
Crocin and paclitaxel: ↑apoptosis, ↑caspase-7,

↑caspase-9, ↑p53, and ↑PARP
[61]

Saffron and its derivatives/ethanolic
extract

HeLa human cervical epithelioid
carcinoma cells

Cytotoxicity assay
Morphological change: microscopy

IC50 = 2:3mg/mL for saffron, IC50 = 3mM for
crocin, IC50 = 0:8mM for safranal, and IC50 = 3

mM for picrocrocin
↑cytotoxicity

[63]

Saffron
HeLa human cervical epithelioid
carcinoma cells colony formation

inhibitory assay

↓tumor cell growth
Trans-crocin 3: inhibitory effect

[90]

Crocin
HL-60 leukaemia cells

Apoptosis: flow cytometry
MTT

IC50 = 0:625 − 10mg/mL
↓cell proliferation dose-dependently
↑cell cycle arrest at the G0-G1 phase

[64]

Saffron juice
Caco-2 colon cancer cells

MTT
IC50 = 50μL/m
↓cell viability

[65]

Saffron/aqueous extract
MCF-7 breast cancer cells gene

expression level of MMP using RT PCR
trypan blue test

↓MMP gene expression [62]

Antimicrobial activity

Crocus sativus/petroleum ether,
methanolic extracts

Agar well diffusion

Petroleum ether extract: effective against Proteus
vulgaris, Bacillus subtilis, Pseudomonas

aeruginosa methanolic extract: ↓development of
S. aureus, E. coli

[69]

Crocus sativus/two extracts one
contained the aglycon part of flavonoids
the other contained flavonoids
glycosides

Agar well diffusion
The extract that contained the glycosidic part of
flavonoids exhibited weak antimicrobial activity

[70]

Saffron/aqueous extract Modified well plate test
↓growth inhibition zone tested pathogens: E. coli,

S. aureus, and S. faecalis
[72]

Antioxidant activity

Crocus chrysanthus (Herb.)/ethyl
acetate, methanol, and water extracts

DPPH reductive potentials, metal
chelating phosphomolybdenum

method

The water extract showed the most powerful
antioxidant activity

[81]

Crocin, saffron/ethanolic extract
Antihemolysis activity

DPPH, lipid peroxidation
Phosphomolybdenum method

The saffron extract exhibited 107mg α-
tocopherol/g DPPH radical-scavenging activity
and 98.3, 90.8, and 33.1mg α-tocopherol/g,

respectively, for crocin-1, crocin-2, and crocin-3

[82]

Saffron/ethanolic, methanolic extract
DPPH ferric reducing antioxidant

power
Methanolic extract 300μg/mL: ↑↑antioxidant

activity
[83]

Saffron/corms, tepals, and leaves
β-Carotene/linoleate model system,
reducing power, DPPH, NO, radical
scavenging, iron, and copper chelation

The best antioxidant activity: leaves and tepal
extract, the least antioxidant activity: corms

[84]

Saffron/aqueous extract Bronchial epithelial cells
↓NO, ↓iNOS, and ↓peroxynitrite ion generation

↓cytochrome c release
[86]

Antidiabetic

Crocus chrysanthus (Herb.)/ethyl
acetate, methanol, and aqueous extracts

α-Glucosidase inhibition
α-Amylase inhibition

α-Glucosidase inhibition: 14.8-1.89mmol
acarbose equivalent/g according to different

[81]
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facilitates digestion and supports the immune system. Thus,
side effects such as gastrointestinal disorders, diarrhea, and
allergic reactions occur. Therefore, alternative natural treat-
ments with proven antibacterial effects are an important
antimicrobial alternative.

Antimicrobial activity of C. sativus extracts (500, 750,
and 1,000μg/disc) was evaluated by the presence or absence
of inhibition zone and zone diameter [69]. Maximum zone
inhibition of the petroleum ether extract was shown against
Proteus vulgaris, Bacillus subtilis, and Pseudomonas aerugi-
nosa, whereas the methanolic extract showed maximum
zone inhibition against S. aureus and E. coli, as demon-
strated by Muzaffar et al. [69].

Kakouri et al. [70] investigated the antimicrobial activity
of two extracts of C. sativus tepals. One extract contained the
aglycon part of flavonoids and the other contained flavo-
noids glycosides. The antimicrobial activity of the extracts
was evaluated against six bacterial species by well diffusion
assay, where the extract that contained the glycosidic part
of flavonoids exhibited weak antimicrobial activity. The best
antimicrobial capacity was presented by tepal extract con-
taining aglycons. Results from a study conducted by Hussein
et al. [71] indicated strong antibacterial activity of the saf-
fron extract against E. coli and Staphylococcus aureus at a
concentration of 100μg/mL. They claimed that the metha-
nolic extract of crocin possesses the highest antibacterial
activity against E. coli and S. aureus compared to other saf-
fron pigments. They found that the antibacterial effect of
crocin is approximately equal to chloramphenicol and cipro-
floxacin (known as standard antibiotics) at 100μg/mL con-
centration [71].

Another study was performed to assess the antimicrobial
activity of aqueous extract of C. sativus collected from differ-
ent areas in Iran using 3 different bacteria by a modified well
plate test where different concentrations of extract were
done and evaluated based on growth inhibition zone in
which some of them had antimicrobial (S. aureus and E. fae-
calis) activity while others had no detectable activity (E. coli)
[72].

5.1.3. Antioxidant Activity. Oxidative stress is the term used
for diseases caused by reactive oxygen species (ROS) called
free radicals [73, 74] and is defined as the imbalance between
oxidants and antioxidants, in favor of oxidants, with
destructive and pathogenetic potential [75, 76]. Depending
on the intensity, oxidative stress can occur intra- or extracel-
lularly [77]. Intracellular oxidative stress can cause cell
necrosis or more or less marked cell disorganization, with
catastrophic effects in the case of a cell that cannot repro-
duce. Extracellular oxidative stress is also cytotoxic [78, 79]

(Figure 2). Among the saffron constituents, crocetin has
stronger antioxidant activity (DPPH (2,2-diphenyl-1-
picryl-hydrazyl-hydrate)) than safranal, and the potential
of crocetin was equivalent to that of Trolox and butyl
hydroxyl toluene (BHT) [80].

Crocin, ethanolic extract of saffron, and different
extracts of C. chrysanthus were evaluated by different
in vitro assays: antihemolysis, DPPH free radical-
scavenging assay, in vitro lipid peroxidation, ferric reducing
antioxidant power, phosphomolybdenum method, metal
chelating, and reductive potentials [81–83]. The studied
extracts and isolates from saffron exhibited significant anti-
oxidant activity (Table 3); however, this activity is affected
by the type of solvent used that is why they may be involved
in the treatment of various diseases via free radical
scavengers.

Another study was done to evaluate the antioxidant
activity of corms, tepals, and leaves of saffron to increase
the profitability of this crop in which the leaf extract showed
the best antioxidant activity via total inhibition of the β-car-
otene oxidation at 10μg/mL and a DPPH scavenger activity
higher (up to 32 times) than those reported for traditional
sources of antioxidants; a similar effect was shown with tepal
extract, but in contrast, corm extract was a weak antioxi-
dant [84].

Crocin had the stronger antioxidant capacity on rat
pheochromocytoma (PC-12) cells than the standard antiox-
idant agent α-tocopherol so that it could reverse the results
of the cell membrane damage and enhanced superoxide dis-
mutase (SOD) level in oxidatively stressed neurons [85].
Bukhari et al. [86] investigated in stressed bronchial epithe-
lial cells by cytokine combination the effects of C. sativus.
Saffron treatment and its constituents (safranal and crocin)
decreased nitric oxide of (NO), induced nitric oxide synthase
(iNOS) levels, and peroxynitrite ion generation and pre-
vented cytochrome c release.

Saffron constituents reduced lipid peroxidation [87] and
prevented the increase of oxidative stress markers induced
by diazinon through free radical-scavenging activity [88].
Moreover, a mitochondrial and lipid peroxidation protec-
tion against 3-nitropropionic acid toxin has also been
reported in striatal synaptosomes isolated from rat
brain [89].

A summarized scheme with the most representative
antioxidant mechanisms of phytocompounds of Crocus sati-
vus L. is shown in Figure 2.

5.2. In Vivo studies, cellular, and molecular pharmacology

5.2.1. Effects on Cardiovascular System

Table 1: Continued.

Extract/compound Tested cell lines/methods of analysis Effect/mechanisms Ref.

extracts
α-Amylase inhibition: 0.8-0.15mmol acarbose

equivalent/g
Abbreviations and symbols: ↑ increased, ↓ decreased, 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), induced nitric oxide synthase (iNOS), nitric oxide
(NO), and poly (ADP-ribose) polymerase (PARP).
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Table 2: In vivo evaluation of the pharmacological properties of Crocus plant.

Plant/compound/extract Doses Route Model Main pharmacological effect Ref.

Crocetin 100mg/kg Oral
Rats stroke-prone

spontaneously hypertensive rats
high-oxidative stress model

Antioxidant
↓oxidative stress, ↓ROS in rats brain

[95]

Crocus sativus L./aqueous
extract

10, 20, and
40mg/kg

i.p.
Rats

STZ-induced diabetes

Antihyperglycemic
↓blood glucose, ↓MDA, ↓NO, ↓lipids, ↓TG,
↓cholesterol, ↑glutathione level, ↑CAT,

↑SOD ↓inflammatory cytokines

[180]

Crocus sativus L./aqueous,
ethanol extracts

500mg/kg i.v. Rats, guinea pigs
Antihypertensive

↓blood pressure in a dose-dependent
manner

[100]

Crocetin 20mg/kg Oral
Lung cancer-bearing mice
benzo(a)pyrene- (B(a)p-)
induced lung carcinoma

Antitumor
↑activities of enzymatic antioxidants
↑glutathione metabolizing enzymes

[203]

Crocetin 50mg/kg i.p.
Mice

Benzopyrene-induced lung
cancer model

Antitumor
↓proliferating cells

[204]

Zhejiang saffron 100mg/kg Oral
Mice

Xenograft tumor

Antitumor
↓tumor size via caspase-3, caspase-8,

caspase-9, and ↑apoptosis
[205]

Saffron/aqueous infusion
50-

500mg/kg
Oral

Mice
DMBA-induced skin

carcinogenesis

Antitumor
↓papilloma cells formation

[206]

Saffron/aqueous extract 100mg/kg Topical

Mice
DMBA, croton oil-induced skin
carcinogenesis, MCA-induced

soft tissue sarcomas

Antitumor
↓tumor formation

[207]

Saffron
400,

800mg/kg
Oral

Rats
PTZ-induced seizures

Anticonvulsant
↓seizures frequency in a dose-dependent

manner
[128]

Safranal
0.15,

0.35mL/
kg

i.p.
Mice

PTZ-induced seizures

Anticonvulsant
↓seizures duration, delayed the onset of

tonic convulsions
[16]

Safranal
72.75,

145.5, and
290mg/kg

i.p.
Rats

PTZ-induced seizures
Anticonvulsant
↓MCS, ↓GTCS

[17]

Crocin 200mg/kg i.p.
Mice

PTZ-induced seizures
It did not show anticonvulsant activity [16]

C. sativus L./hydroethanolic
extract

50mg/kg Oral
Meriones shawi

Pb-intoxicated (25mg/kg bw,
i.p.)

Neuroprotective
↑TH in SNC, VTA, LC, DS, and MFB

↑locomotor activity, ↓dysfunction in Pb-
intoxicated meriones

[141]

Crocetin
25, 50,
75 μg/kg

i.p.

Rats
6-Hydroxydopamine (10 μg

intrastriatal)
Induced Parkinson’s disease

Neuroprotective
↓dopamine utilization by tissues

[145]

Saffron 0.01% w/v Oral
BALB-c mice

MPTP-induced Parkinson’s
disease

Neuroprotective
↓ROS, ↑antioxidant effect → protect

dopaminergic cells
[146]

C. sativus L./stigma extract 100mg/kg Oral
Rats

Induction of cerebral ischemia
MCAO

Neuroprotective
↓SOD, ↓CAT, ↓Na+, and K+-ATPase

activities
↓glutamate, ↓aspartate induced by ischemia

[164]

Saffron/honey syrup
200,

500mg/kg
Oral

Mice
Aluminum chloride-induced

neurotoxicity

Neuroprotective
↓neurotoxicity

[208]
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Table 2: Continued.

Plant/compound/extract Doses Route Model Main pharmacological effect Ref.

Saffron/aqueous extract
50, 100,

200mg/kg
Oral

Rats
Diazinon- (20mg/kg) induced

neurotoxicity

Neuroprotective
↓inflammation, ↓oxidative stress, and

↓neuronal damage
[88]

Crocin
30, 60,

120mg/kg
Oral

Rats
Ischemia/reperfusion injury

model of stroke

Neuroprotective
Crocin 60mg/kg → ↓brain oedema

[158]

Crocetin 50mg/kg Oral
Rats

Induced cerebral contusion

Neuroprotective
↑neurological function, ↓neuronal apoptosis

↑VEGFR-2, ↑SRF
[155]

Crocin
25, 50mg/

kg
i.p.

Rats
Retinal damage induced by

↑intraocular pressure

Retinal damage protection
↑RGCs, ↓apoptosis, and ↑PI3K/AKT

[197]

Crocetin 100mg/kg Oral
Mice

N-Methyl-d-aspartate in the
murine retina

Retinal damage protection
↓NMDA, ↓GCL cell number, ↓TUNEL-

positive cells, ↓b-wave amplitude, ↑caspase-
3/7, and ↑caspase-3 in the GCL

[195]

Saffron/aqueous extract
50, 100,
150, and
250mg/kg

i.p. Rats

Effect on brain neurotransmitters
↑dopamine, ↑glutamate in a dose-dependent

manner
No effect on brain serotonin,

norepinephrine

[209]

Saffron/aqueous, ethanolic
extracts

80–320,
400–

800mg/kg
i.p.

Mice
Naloxone-induced model

Effect on opioid system
↓morphine withdrawal signs

↓locomotor activity (open-field test)
[171]

Saffron/ethanolic extract
safranal

10, 50, and
100mg/kg
1, 5, and
10mg/kg

i.p. Mice
Effect on opioid system

↓acquisition, ↓expression of morphine
conditioning place preference

[210]

Crocin
400,

600mg/kg
i.p. Mice

Effect on opioid system
↓acquisition, ↓reinstatement of morphine-
induced conditioning place preference

[211]

Crocus sativus L./ethanolic
extract from stigma

5, 10μg/
kg

Intra-
accumbal

Rats

Effect on opioid system
↓time spent on the drug paired side,

↓expression of morphine conditioning place
preference

[212]

Crocus sativus L./aqueous,
ethanolic extracts from
stigma safranal crocin

Extracts
0.2-0.8 g/

kg
Safranal
0.15-

0.5mL/kg
Crocin 50-
600mg/kg

i.p.
Mice

Forced open-field swimming
test

Antidepressant
Extracts, safranal, crocin: ↓immobility time,

↑stereotypic activities
Safranal: ↑swimming time

Safranal and crocin: ↑climbing time
Crocin: ↑dopamine, ↑norepinephrine

Safranal: ↑serotonin

[18]

Crocus sativus L./aqueous
extract

30mg/kg ICV
Rats

STZ-ICV Alzheimer’s disease
model

Anti-Alzheimer
↓cognitive deficits

↑learning, ↑memory via metabolism/
enzyme mechanisms, no anatomical

structural repair involved

[136]

Saffron 60mg/kg i.p. BALB-c mice adult and aged

Cognitive enhancing effect
↑learning, ↑memory (passive avoidance

behavior test)
↓AChE in adult mice

No effect on AChE activity on aged mice

[213]

Crocin 30mg/kg ICV
Rats

STZ-ICV Alzheimer’s disease
model

Anti-Alzheimer
↑memory (passive avoidance test)
↑spatial cognition (Y-maze task)

[137]
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(1) Antihypertensive Effect. High BP is a major cardiovascu-
lar risk factor with a growing incidence [75]. High BP can be
controlled with medication, but natural remedies with
proven antihypertensive effects are also used as adjuvant
therapy [91].

Crocus sativus extract and safranal were reported to stim-
ulate β2-adrenoreceptors [92, 93]. Also, safranal can act as a

muscarinic receptor blocker, and C. sativus has an inhibitory
or even antagonistic effect on histamine (H1) receptors [93].

Crocetin has been reported to lower the BP [94].
Yoshino et al. [95] observed the antioxidant potential of cro-
cetin in stroke-prone spontaneously hypertensive rats and a
significant inhibition of hydroxyl radical generation.

Crocin and safranal have BP-modulating features, but
the mechanism of action is still under investigation [96].

Table 2: Continued.

Plant/compound/extract Doses Route Model Main pharmacological effect Ref.

Crocin
25-

100mg/kg
Oral

Rats
Diet-induced hyperlipidemia

Hypolipidemic
↑faecal excretion of fat and cholesterol

Not influence the elimination of bile acids
↓pancreatic lipase as a competitive inhibitor

[175]

Crocin safranal

25, 50, and
100mg/kg
0.5, 1, and
2mg/kg

i.p.l.

Rats
Local inflammation induced by
i.p.l. injection of carrageenan

(100 μL, 2%)

Anti-inflammatory
↓oedema, ↓inflammatory pain responses

↓neutrophils
[214]

Crocus sativus L./ethanolic
extract from stigma

20, 40, and
80mg/kg

Oral
Rats

Alloxan-induced diabetes
Antihyperglycemic

40mg/kg: ↓blood glucose, ↑serum insulin
[182]

Safranal
0.2, 0.5,
0.75mL/

kg
Aerosol

Guinea pigs’ citric acid aerosol
for 10min

Antitussive
↓cough count significantly as compared to

the saline-treated group
[189]

Abbreviations and symbols: ↑ increase, ↓ decrease, body weight (bw), catalase (CAT), dimethylbenzene [a] anthracene (DMBA), dorsal striatum (DS),
generalized tonic-clonic seizures (GTCS), intracerebroventricular (ICV), intraperitoneal (i.p.), intraplantar (i.p.l.), intravenously (i.v.), locus coeruleus (LC),
20-methylcholanthrene (MCA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), malondialdehyde (MDA), medial forebrain bundle (MFB), middle
cerebral artery occlusion (MCAO), minimal clonic seizures (MCS), nitric oxide (NO), pentylenetetrazole (PTZ), phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (AKT), reactive oxygen species (ROS), retinal ganglion cells (RGCs), serum response factor (SRF), substantia nigra compacta (SNc),
superoxide dismutase (SOD), streptozotocin (STZ), triglycerides (TG), tyrosine hydroxylase (TH), ventral tegmental area (VTA), and vascular endothelial
growth factor receptor-2 (VEGFR-2).

Saffron
crocetin
crocin

Saffron
crocin

Saffron
crocin

Saffron

External
factors

Internal factors
O2
Incomplete resuction

Nucleic acid damages

–

Mithocondria

H2O2
SOD

NO•

OH•

ONOO–

NO2–

H2O+O2

CAT

H2O

GSSG
GPx
GSH

Fe2+/Cu+O2 ROS
Safranal
crocin

Lipid peroxidation

Cardiovascular
diseases

Liver
diseases

Neurotoxicity

MDA
Oxidative stress

Chronic diseases

Structural protein damages

Figure 2: Illustrative scheme with different pathways of ROS formation and their impact on health. Bioactive compounds of Crocus sativus
L. interfere with these mechanisms showing the beneficial effects for human health. Abbreviations and symbols: ↑ (increase, stimulate), ꓕ
(decrease, inhibition), CAT (catalase), NO (nitric oxide), MDA (malondialdehyde), ROS (reactive oxidative species), glutathione
peroxidase (GPx), GSSG (oxidized glutathione), GSH (reduced glutathione), O2

- (superoxide), H2O2 (hydrogen peroxide), OH●

(hydroxyl ions), and NO (nitric oxide).
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Crocin and safranal showed a hypotensive effect in a dose-
dependent manner, being safranal more potent [97].

In addition, the cardioprotective role of saffron and its
constituents has been reported [98]. The aqueous extract of
saffron stigmas was reported to have an antihypertensive
and normalizing effect on the BP of normotensive and deso-
xycorticosterone acetate (DOCA) salt-induced hypertensive
rats [99]. Aqueous extract of saffron petals (500mg/kg)
reduced BP through its direct effect on the heart itself or
the total peripheral resistance or both [100]. In rats’ isolated
vas deferens, contractile responses to electrical field stimula-
tion were decreased by the petal extracts [100]; this effect
was mediated by cotransmitter noradrenaline and ATP
released from sympathetic nerves. Another study suggested
that saffron exerted a significant cardioprotective effect by
preserving hemodynamics and left ventricular func-
tions [101].

(2) Antiarrhythmic effect. Saffron plays an important role in
the electrophysiological remodeling of the atrioventricular
(AV) node during atrial fibrillation [102]. Boskabady et al.
[103] observed a potent inhibitory effect of saffron aqueous
extract on the noradrenaline of the guinea pig’s isolated
heart. In patients with ischemic heart disease, crocin also
can be utilized for the prevention or treatment of arrhyth-
mias [104]. Crocin was tested against cardiac reperfusion-
induced arrhythmia, where it showed a defensive role in car-
diac reperfusion arrhythmias, through amplification of anti-
oxidant systems [104].

Myocardial damage and arrhythmia are associated with
increased malondialdehyde (MDA) level, decreased activity
of antioxidant enzymes, accumulation of free radicals, and
the effect on ion Ca2+ channels [105]. Inhibition of ADP

and collagen-induced platelet aggregation by crocetin via
inhibition of Ca2+ elevation in stimulated platelets have also
been reported in a dose-dependent manner [106]. The sug-
gested cardioprotective effect of saffron mechanism is anti-
oxidant activity, recovery, and upregulation of antioxidant
enzymes [107], e.g., glutathione peroxidase (GPx), by inhibi-
tion of cardiac calcium channels.

(3) Effect on Myocardial Ischemia. In isoproterenol- (ISO-)
induced myocardial infarction rat model, Goyal et al. [108]
observed a dose-dependent preventive effect of saffron
through histopathological and ultrastructural examinations.
In addition, intravenous crocin reduced myocardial injury
and lactate dehydrogenase (LDH) and creatine kinase (CK)
level [109]. Orally administration did not show the same
effects, possibly because of the inefficient absorption.

(4) Antiatherosclerotic Effect in Cardiovascular Diseases. In
bovine aortic endothelial cells, crocin regulated redox status
in a dose-dependent pattern and exhibits regression and
inhibition of atherosclerosis via apoptosis by increasing Bcl
2/Bax ratio expression [109]. Antiatherosclerotic effects of
saffron were observed mainly because of crocetin that
decreased the level of cardiac markers, e.g., LDH, CK, and
MDA, besides increasing the mitochondrial potential in
noradrenaline-treated cardiac myocytes [110].

Crocetin administration significantly decreased total
cholesterol (TC) deposits in aorta, atheroma, foam cells,
and atherosclerotic lesions in the crocetin fed animals
[110]. A possible mechanism involved is due to suppression
of nuclear factor- (NF-) κB, which in turn decreases the vas-
cular cell adhesion molecule-1 (VCAM-1) expression [111].
This antiatherosclerotic effect of crocetin has been also

Table 3: Clinical studies.

Type of extract Type of study
Dose/
period

Effect References

Saffron extract
Randomized double-blind

clinical trial

30mg/
day
Six

weeks

Saffron supplements statistically improved the mood
of subjects compared to the placebo group based on
the Hamilton depression rating scale (HAM-D)

[222]

Saffron extract
Randomized double-blind

clinical trial

30mg/
day for
six weeks

Treatment of mild to moderate depression
↓clinical signs

[215]

Hydroalcoholic extract of
Crocus sativus L.
coadministered with
fluoxetine

Randomized double-blind
clinical trial

(40 or
80mg)
(30mg/
day)
Six

weeks

C. sativus 80mg plus fluoxetine was more effective in
the treatment of mild to moderate depressive

disorders
[223]

Crocin/aqueous extract Clinical trial
15mg
twice
daily

Well tolerated by schizophrenic patients with no
severe side effects

[221]

Saffron extract (Affron®)
Randomized, double-blind,
placebo-controlled study,
youth aged 12–16 years

14mg
twice
daily

8 weeks

Improved anxiety and depressive symptoms [218]
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attributed to its antioxidant activity that decreases ROS-
induced MDA levels [101]. In another study, crocetin
decreased the TC level in the blood and thus reduced the risk
of atherosclerosis and heart attacks. This effect may be due
to the reinforcement of blood circulation [112]. Hemmati
et al. [113] compared the antiatherogenic effects of three
medicinal plants C. sativus, Beta vulgaris L., and Ziziphus
jujuba Mill. in diabetic rat models, where the three extracts
possessed antiatherogenic activity, which is probably associ-
ated with the antioxidant capacities of the extracts.

5.2.2. Antiproliferative and Cytotoxic Activities. Saffron and
its carotenoid constituents are chemopreventive in the
growth of human malignant cells and animal models. Cher-
mahini et al. [114] reported that saffron and its constituents
could inhibit the synthesis of cellular DNA and RNA with
no effect on protein synthesis in tumor cells. The antitumor
effect of saffron and its ingredients is due to the free radical-
scavenging effect, together with the interaction with topo-
isomerase II [114, 115].

Saffron exerted a protective effect against the toxicity of
cisplatin when applied with the cysteine and vitamin E
[116, 117]. Saffron can potentiate the effect of other antican-
cer agents through the inhibition of colony formation and
nucleic acid synthesis [116]. Saffron aqueous extract also
reduced the dimethylnitrosamine- (DEN-) induced hepatic
cancer through induction of apoptosis, inhibition of cell pro-
liferation, oxidative stress, and inflammation [118]. Premku-
mar et al. [119] showed the antimutagenic and antioxidant
potential of aqueous extract of saffron.

In mice, an aqueous extract of saffron has been found to
prevent specific drugs (cisplatin, urethane, cyclophospha-
mide, and mitomycin C) that induced genotoxicity and oxi-
dative stress besides increasing hepatic enzymes such as
SOD, catalase (CAT), and nonenzymatic antioxidants
[120]. The authors suggest that its chemopreventive role is
observed because of its antioxidant activity and modulatory
property during lipid peroxidation and detoxification.

5.2.3. Neuroprotective Effects

(1) Anticonvulsant Activity. In pentylenetetrazole- (PTZ-)
and maximal electroshock seizure- (MES-) induced seizures
in mice, Hosseinzadeh and Khosravan [121] indicated an
anticonvulsant activity of aqueous and ethanolic extracts of
C. sativus. Similar anticonvulsant activity was shown by
safranal, contrary to that of crocin, which did not show
any effect [16]. It is suggested that the anticonvulsant effect
of safranal is mediated partly through GABA (A)-benzodiaz-
epine receptor complex [122–126]. In addition, it is assumed
that saffron’s anticonvulsant and analgesic properties and its
effects on morphine withdrawal might be due to an interac-
tion between saffron, GABA, and opioid system [127]. Saf-
fron did not significantly suppress PTZ-induced seizures at
a dose of 200mg/kg in rats [128].

(2) Neuroprotection in Neurodegenerative Diseases. Neuro-
degenerative diseases, such as Alzheimer’s and Parkinson’s
diseases, are characterized by the presence of protein aggre-

gates, inflammation, and oxidative stress in the central ner-
vous system (CNS) [129]. A number of factors are
involved in the onset of neurodegenerative diseases, which
lead to the gradual deterioration of the health of the nervous
system, with serious consequences on the quality of life of
the patient with such a disease [130]. Although there are still
no treatment solutions to restore nerve function in neurode-
generative diseases, more and more studies insist on several
natural formulas that have been shown to have the effect of
reducing symptoms and improving the quality of life of
patients with neurodegenerative diseases. Alzheimer’s dis-
ease is a neurodegenerative disease that causes disorders of
memory, thinking, and behavior [131].

Saffron has been reported to inhibit the aggregation and
deposition of amyloid β (Aβ) and thus prevent the short-
term memory problems characteristic of mild to moderate
Alzheimer’s disease. Inhibition of Aβ fibrillogenesis by
methanol and water extract of C. sativus stigmas is dose-
and time-dependent [132–134]. Crocin was found more
effective in preventing the toxic amyloid structures accumu-
lation due to its amphiphilic properties [132]. On the other
hand, trans-crocin 4 was more effective in Alzheimer’s dis-
ease than dimethyl crocetin in inhibiting Aβ fibrillogenesis
through oxidation of the amyloid β-peptide fibrils [135].
Treatment with saffron extract could improve cognitive def-
icits induced by intracerebroventricular (ICV) injection of
STZ in rats [136]. However, Khalili and Hamzeh [137]
reported that the main component of saffron, crocin, is
responsible for antagonizing the cognitive deficits caused
by STZ-ICV in rats and can be used for treating the neuro-
degenerative diseases. Saffron had shown about 30% inhibi-
tory effect on acetylcholinesterase (AChE) activity, which
can be another mechanism for treating Alzheimer’s disease
[138, 139].

Parkinson’s disease is related to dopamine deficiency
due to genetic factors or Pb intoxication and is character-
ized by the degeneration of neurons in the substantia nigra
[140]. The accumulation of lead (Pb) in the environment
causes intoxication of the body, mainly affecting the CNS
as it leads to structural and functional disruption of the
CNS, and it may also develop Parkinson’s disease. In a
study performed by Tamegart et al. [141], the intraperito-
neal injection of Pb caused a neurotoxic effect on the
dopaminergic system and locomotor performance in Mer-
iones shawi rats. The oral gavage of C. sativus (50mg/kg
body weight) prevented Pb-induced damages. Polyphenols
such as quercetin and catechin have demonstrated Fe and
Zn chelation activities. Thus, saffron may have a neuro-
protective activity for neurodegenerative disorders, imply-
ing dopaminergic and noradrenergic injuries, especially
heavy metal-induced Parkinson’s disease.

Oxidative stress in the CNS is related with neurodegen-
erative diseases [142–144]. Crocetin could strengthen the
antioxidant system and reduce thiobarbituric acid (TBARS),
therefore inhibiting the effect of 6-hydroxydopamine, which
is involved in inducing Parkinson’s disease, and also
decreased the utilization of dopamine [145]. In mice, saffron
also showed effectiveness against MPTP- (1-methyl-4-
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phenyl-1,2,3,6-tetrahydropyridine-) induced Parkinson’s
disease, as pretreatment with saffron protected the dopami-
nergic cells in the substantia nigra pars compacta and ret-
ina [146].

(3) Antidepressant Effect. Saffron and its components possess
antidepressant and anxiolytic effects [132]. Crocin (50–
600mg/kg) reduced immobility time in rats in the forced
swimming test, with the increase in climbing time [18].
Wang et al. [147] demonstrated that the petroleum ether
and dichloromethane fractions C. cerebral sativus L. corms
have an antidepressant effect.

The aqueous and ethanolic extracts of C. sativus petal
and stigma [148], as well as safranal and crocin, had shown
antidepressant activity in mice [18]. In addition, kaempferol,
a constituent of C. sativus petals, also reduced immobility
behaviors in mice at 100 and 200mg/kg and rats at a dose
of 50mg/kg [149]. The reduced time of immobility in rats
and mice is usually due to the selective serotonin reuptake
inhibitors such as fluoxetine, and this may be the mecha-
nism by which C. sativus exerts its antidepressant
effects [150].

(4) The Effects on Neurotoxicity and Neuronal Oxidative
Damages. Neurotoxicity refers to disturbances or damage
to the CNS by toxic substances and toxins that affect the ner-
vous system are called neurotoxins [52, 151].

Safranal has neuroprotective effects on oxidative damage
markers in hippocampal tissue in ischemic rats [152] and in
hippocampal tissue in rats treated with quinolinic acid [153].
Safranal decreases extracellular content of the excitatory
amino acids, glutamate, and aspartate in the hippocampus
of anaesthetized rats treated with kainic acid [154].

Crocetin can inhibit early stages of apoptosis and induce
angiogenesis at the subacute stage as depicted by vascular
endothelial growth factor receptor-2 (VEGFR-2) and serum
response factor (SRF) expression levels, so it exerts in vivo
neuroprotective effects the brain [155]. It has been demon-
strated that crocetin could potentiate the antioxidant capac-
ity in the brain and prevents 6-hydroxydopamine-induced
neurotoxicity [145].

Crocin has a unique, protective effect on ethanol-
induced impairment of learning and memory [134].

Sahraeil et al. [156] reported that saffron ethanolic
extract and crocin are effective against chronic stress-
induced Wistar rats, through interaction with hormonal,
metabolic, and behavioral changes induced by electric shock
stress in rats. Saffron extract and crocin also improved spa-
tial cognitive abilities following chronic cerebral hypoperfu-
sion, most probably due to their antioxidant potential [157].

Crocin also potentiated SOD and GPx activity and
decreased MDA concentration in the cortex of the ischemic
stroke rat model [158]. In an ischemic stroke rat model, crocin
increased antioxidant enzyme activity of SOD, CAT, and GPx
and reduced MDA levels and lipid peroxidation [89]. In cere-
bral ischemia, crocin inhibited oxidizing reactions in mice
microvessels in addition to modulating the ultrastructure of

cortical microvascular endothelial cells (CMEC) [159]. Crocin
and crocetin can inhibit the activated microglia by the repres-
sion of the NF-κB transcriptional activity [160].

Both saffron extract and crocin may improve learning
and memory [161, 162] as both can prevent oxidative stress
in the hippocampus [138]. The enhancing effect of saffron
on memory is mediated by its effect on the cholinergic sys-
tem [162, 163].

Saffron and its derivatives act as curative agents in focal
ischemia [164], autoimmune encephalomyelitis in C57BL/6
mice, cerebral ischemia [158], hippocampal ischemia [165],
and renal ischemia/reperfusion [166]. In the whole brain
and cerebellum, saffron extract reversed aluminum-
induced changes in monoamine oxidase A and B activity
and lipid peroxidation levels [167]. The antioxidant poten-
tial of saffron may be responsible for attenuation in cerebral
ischemia-induced oxidative damage in the rat hippocampus
[152]. Ghazavi et al. [123] investigated ethanolic extracts of
saffron in mice and observed an increase of antioxidant
potential, increased level of glutathione and its dependent
enzyme, and a suppression of the increased levels of MDA,
glutamate, and aspartate.

(5) Effect on Brain Receptors. Saffron was reported to have a
similar effect to N-methyl-D-aspartate (NMDA) receptor
antagonists on conditioning place preference induced by
morphine [168]. Furthermore, saffron analgesic effect may
be reduced by NMDA receptor antagonists, which suggested
an interaction of saffron with the glutamatergic system [169].

Crocin (200 and 600mg/kg) could inhibit the morphine
withdrawal symptoms with no effect on the locomotor sys-
tem [170, 171]. The saffron extract reduced morphine-
induced memory impairment [125] and prevented
morphine-induced inhibition of spatial learning and mem-
ory in rats [172].

5.2.4. Effects on Metabolisms

(1) Hypolipidemic Effect. Premkumar et al. [173] showed that
saffron and its constituents decreased triglycerides (TGs),
TC, alkaline phosphatase (ALP), aspartate transaminase
(AST), alanine aminotransferase (ALT), MDA, and GPx,
reduced glutathione (GSH) and oxidized glutathione (GSSG)
levels in serum, and provoked an increasing effect on SOD,
CAT, fluorescence recovery after photobleaching (FRAP),
and GSH values in the liver tissue. Saffron was more effective
than its constituents to quench free radicals and ameliorate
the damages of hyperlipidemia [174].

In diet-induced hyperlipidemic rats, crocin showed
hypolipidemic effect by reducing serum TG, TC, and low-
density lipoprotein (LDL), and very-low-density lipoprotein
(VLDL) levels [175]. Hypoglyceridemic and hypocholestero-
lemic effects of crocin are also reported in quails kept on a
hyperlipidemic diet [110, 176]. Crocin selectively inhibits
pancreatic lipase through competitive inhibition and pro-
vokes lipid decrease [175].
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In quails, the reduction of serum TC, LDL, and TG was
also prominent in treatment with crocetin [110]. Cousins
and Miller [177] reported that intraperitoneal injection of
crocetin was more effective in showing hypolipidemic effect
compared to that of the subcutaneous injection. In hypolip-
idemic rats, crocetin, along with crocin, showed an inhibi-
tory effect on the increased serum TG, TC, and LDL levels
[110, 176].

(2) Antihyperglycemic Effect. Diabetes is the most common
disease of the endocrine system and is triggered when the
amount of insulin secreted in the body is not optimal or
when peripheral cells do not respond to its action (insulin
is a hormone that lowers blood glucose) [178, 179].

Crocus sativus aqueous extract has also been reported to
have an effect on streptozotocin- (STZ-) induced diabetic
rats [180]. Diabetic rats treated with aqueous saffron extract
showed reduced expression of inflammatory cytokines in the
abdominal aorta. Thus, saffron can be useful also in treating
diabetes mellitus and its vascular complications.

Saffron, crocin, and safranal have shown antihyperglyce-
mic activity in the alloxan-diabetic rats through increasing
blood insulin levels and caused the renewal of β-cells in
alloxan-diabetic rats with neither liver nor kidney toxicities
[181–183]. Crocetin was able to increase insulin sensitivity,
improving impaired glucose tolerance, hypertension due to
a high-fructose diet, and dexamethasone injection in rats
[82, 175, 184]. Also, crocetin reduced the palmitate-
induced insulin sensitivity in the rat adipocytes [185]. Cro-
cetin could also prevent diabetes-related vascular complica-
tions [186, 187].

5.3. Other Pharmacological Activities. Saffron and safranal
extract show preventive effects in lung pathology during
lung inflammation of sensitized guinea pigs [188]. Safranal
was shown to significantly reduce the cough count in citric
acid aerosol-induced irritation in guinea pigs [189]. This
effect may be due to competitive antagonistic activity to his-
tamine H1 receptors [190]. Safranal was tested on the
murine model of asthma, where it increased airway hyperre-
sponsiveness and, in lungs, reduced iNOS production, bron-
chial epithelial cell apoptosis, and Th2-type cytokine
production [86].

Saffron showed an important role as a curative agent in
visual impairment due its antioxidant potential [191]. Saf-
fron as a dietary supplement prevents the effects of continu-
ous light exposure that may cause photoreceptor and retinal
stress in albino rats, besides maintaining both morphology
and function by acting as an apoptotic regulator [192,
193]. In ischemic retinopathy, crocin facilitates the recovery
of retina functioning [194]. In murine retina, oral adminis-
tration of crocetin prevents NMDA-induced retinal damage
by inhibiting the caspase pathway [195], and trans-crocetin
showed an antagonistic effect of C. sativus extract on NMDA
receptors [196]. Crocin (50mg/kg) inhibits retinal ganglion
cell (RGC) apoptosis after retinal ischemia/reperfusion
injury via phosphatidylinositol 3-kinase/AKT (PI3K/AKT)
signaling pathway and increasing Bcl − 2/BAX ratio [197].

Crocin (10μM) could suppress tumor necrosis factor-
(TNF-) α-induced expression of proapoptotic mRNA, which
releases cytochrome c from mitochondria [198]. Moreover,
crocetin can inhibit cell death of H2O2-induced RGC-5
and inhibit caspase-3 and caspase-9 activity [199].

Crocin analogues increased the blood flow in the retina
and choroid and facilitated retinal function recovery [194].

Hosseinzadeh and Younesi [200] have shown that the
ethanolic and aqueous extracts of saffron stigma could
inhibit the acetic acid-induced writhing reflex in vivo and
also had a curative effect on many complications such as
the injury of the skeletal muscle of the lower limb [201]
and reepithelialization of burn wounds [202].

The most relevant in vivo pharmacological studies with
the major findings are shown in Table 2 and Figure 3.

6. Clinical Studies

Saffron extract (30mg/kg for six weeks) had been reported to
possess an antidepressant effect on patients similar to the
effects of fluoxetine [215] and imipramine 100mg/day [15]
(Table 3). Saffron extract at this dose was equally effective
to fluoxetine (40mg/day) in improving depression symp-
toms in patients who were suffering from major depressive
disorder (MDD) after undergoing percutaneous coronary
intervention [216]. Basti et al. [217] also suggested its effec-
tiveness in treating mild to moderate depression.

Lopresti et al. [218] designed a randomized, double-
blind, placebo-controlled study for 8 weeks on patients with
12–16 years of age, with mild to moderate anxiety or depres-
sive symptoms. Tablets containing saffron extract (Affron®,
14mg b.i.d.) were used. The treatment improved anxiety
and depressive symptoms in youth with mild to moderate
symptoms, at least from the perspective of the adolescent.
However, these beneficial effects were not corroborated by
parents.

Administration of saffron, 30mg/day, divided as 15mg
two times daily, in subjects of 55 years and more, was as
effective as donepezil for the treatment of mild to moderate
Alzheimer’s disease [219]. The saffron extract had similar
side effects to those of donepezil but with less vomiting
[219]. Another study performed on 46 patients with mild
to moderate Alzheimer’s disease had shown that saffron
improved the cognitive functions [220].

In another study, C. sativus extract administration for 3
months significantly increased white blood cell count in
patients who had normal white blood cell count compared
to crocin or placebo. No significant change was observed
in hematologic factors during the study [221].

7. Safety and Toxicity Studies of Crocus Plants

The analysis of medicinal plants for toxicity is fundamental
for their reliable and safe use among consumers [224]. Sev-
eral investigations should be carried out to assure the safety
of bioactive compounds. Indeed, preclinical studies based on
animal toxicity are fundamental steps to determine the tox-
icity of drugs. In this step, studies focused on the determina-
tion of lethal dose (LD50) and the toxicity against several
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organs (vital organs). Moreover, teratogenicity should also
be evaluated in preclinical studies.

Preclinical toxicological studies of C. sativus and its bio-
active cells were investigated by several studies in various
animal models and different modes of administration.

Stigma and petal extracts of saffron exhibited moderated
toxicological effects in mice using intraperitoneal adminis-
tration. The LD50 values are 1.6 and 6 g/kg for stigma and
petal extracts, respectively [225]. However, the oral adminis-
tration in mice of total saffron showed an LD50 of 4120mg/
kg [225] (Table 4).

The ethanolic extract of saffron (stigma) showed signifi-
cant effects using subacute doses in rats of the ethanolic
extract (0.35, 0.7, and 1.05 g/kg i.p., for 2 weeks) that caused
significant reductions in the hemoglobin (Hb) and hemato-
crit (HCT) levels and total red blood cell (RBC) count
[226]. Moreover, the total white blood cell (WBC) count
showed significant dose-dependent increases in extract-
treated rats. The ethanolic extract has also exhibited neces-
sary increases of AST, ALT, urea, uric acid, and creatinine
levels, which were dose-dependent. It was also shown that
an ethanolic extract increased the levels of some enzymes
involved in liver injury, in particular, ALT and AST [226].
Moreover, the histopathological findings reported that etha-
nolic extract induced mild to severe hepatic and renal inju-
ries, thus supporting the biochemical analysis [226].

In another study also carried out by Mohajeri et al. [227],
a total extract of saffron administered in rats (0.35, 0.70, and
1.05 g/kg i.p., for 2 weeks) showed some toxicity in the given
doses and caused major hepatic and renal tissue damages.
The aqueous extract of saffron administered intraperitone-
ally at 25-100mg/kg increased survival in rats so that no
mortality was observed at a dose of 10mg/kg [228]. In

another subacute study carried out by Karimi et al. [229],
the aqueous extract of the petal (1.2, 2.4, and 3.6 g/kg) and
stigma (0.16, 0.32, and 0.48 g/kg) of saffron administered
intraperitoneally showed a significant decrease of body
weight in rats. The biochemical analysis revealed that both
extracts reduced the levels of Hb, HCT, and RBC counts.
Moreover, both extracts produced anemia [229]. In another
study, Khayatnouri et al. [230] have evaluated the effect of
saffron on the spermatogenesis index in rats. The authors
showed that saffron administered at 200mg/kg of saffron
for 28 days exhibited significantly decreased spermatogene-
sis index, including such indicators as repopulation index,
tubular differentiation index, and spermatogenesis
index [230].

The subchronic toxicity of saffron was also evaluated in
several additional studies [231–235]. Modaghegh et al.
[232] have tested the subchronic toxicity of saffron tablets
on rats at 200 and 400mg per day for 1 week. The results
showed that saffron might change some hematological and
biochemical parameters. However, these adverse effects were
within normal ranges because they had not altered clinical
parameters [232]. Bahmani et al. [236] have tested the toxic-
ity of the aqueous extract of saffron administered orally at
500, 1000, or 2000mg/kg/day for three weeks to adult mice
and neonates during lactation. The results did not show
important toxicity (LD50 = 4120mg/kg) in mice. In addition,
the histological analysis indicated that the aqueous extract of
saffron did not have any toxic effects. The administration of
saffron to BALB-c mice at 4000 and 5000mg/kg following
five weeks exposure significantly decreased RBC and WBC
counts and Hb level [231]. Moreover, saffron caused kidney
dysfunction revealed by the increase of blood urea nitrogen
(BUN) and creatinine levels treated in animals.
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Figure 3: The role of Crocus plants’ phytoconstituents in the pharmacotherapeutic management of various disorders and the possible
molecular mechanisms of action. Abbreviations and symbols: ↑ increased, ↓ decreased, acetylcholinesterase (AChE), alkaline phosphatase
(ALP), aspartate transaminase (AST), catalase (CAT), creatine kinase (CK), glutathione (GSH), lactate dehydrogenase (LDH),
noradrenaline (NA), poly (ADP-ribose) polymerase (PARP), reactive oxygen species (ROS), serum response factor (SRF), superoxide
dismutase (SOD), tumor protein P53 (p53), tyrosine hydroxylase (TH), vascular endothelial growth factor receptor-2 (VEGFR-2), and
very-low-density lipoprotein (VLDL).
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Table 4: Toxicological studies of Crocus sativus L.

Extract/
compound

Doses
In vitro/
in vivo

Route of
administration

Model Adverse effects Ref.

Aqueous
extract

1.2-2 g/bw In vivo Intraperitoneal Mice Nausea, vomiting, diarrhea, bleeding [234]

Aqueous
extract

4 g/bw daily In vivo Oral Mice Nontoxic [235]

Aqueous
extract

IC50 = 50 − 400mg/mL
In vitro
cytotoxic
assay

—
CCD-18Lu

Human normal
lung cells

Noncytotoxic [90]

Aqueous
extract

500, 1000, and 2000mg/kg
daily saffron, three weeks

In vivo Oral
Mice

Neonates mice
during lactation

LD50 = 4120mg/kg
↑morphological changes in the kidney

of neonates
[236]

Aqueous
extract

50, 100, and 200mg/kg In vivo Intraperitoneal
Rats

Diazinon-
induced toxicity

Prevented the toxicity induced by
diazinon in rats

[238]

Ethanol
extract
stigmas

0.35, 0.70, 1.05 g/kg daily In vivo Intraperitoneal
Rats

Subacute
toxicity

↓Hb, ↓HCT, ↓RBC
↑AST, ↑ALT, ↑urea, ↑uric acid

↑creatinine ↑hepatic and renal tissue
injuries, dose-dependent

[227]

Ethanol
extract

2mg/kg of cisplatin In vivo Oral
Mice

Cisplatin-
induced toxicity

↑life span of cisplatin-treated mice
almost threefold

[250]

Aqueous
extract

25-100mg/kg In vivo Intraperitoneal

Rats
Acute and
subacute
toxicity

↑survival
No mortality at dose 10 mg/kg

[228]

Aqueous
extract

Several doses In vivo Oral Rats 21.42mL/kg

[251]

Aqueous
extract

Several doses In vivo Intraperitoneal Rats 1.48mL/kg

Aqueous
extract

Several doses In vivo Oral Mice 5.53mL/kg

Aqueous
extract

Several doses In vivo Intraperitoneal Mice 3500mg/kg

Total
extract

0.35, 0.70, and 1.05 g/kg In vivo Intraperitoneal Rats
Hepatic, renal tissue damages anemia

↓Hb, ↓HCT, ↓RBC
[226]

Crocetin
10, 25, 50, 100, and

200mM
In vitro —

Frog (Xenopus)
embryos

Crocetin is a teratogen, but less potent
than ATRA

[252]

Safranal 0.1, 0.5, 1mL/kg In vivo Intraperitoneal
Rats

Immunotoxin
effect

Showed important toxicity than other
active constituents in saffron stigma

[247]

Safranal 1.2mL/kg In vivo Intraperitoneal
Rats

Acute, subacute
toxicity

↓cytotoxicity [228]

Safranal 1.2mL/kg In vivo Intraperitoneal Mice LD50 = 1:48mL/kg

[225]

Safranal 1.2mL/kg In vivo Intraperitoneal Mice LD50 = 1:88mL/kg
Safranal 1.2mL/kg In vivo Intraperitoneal Rats LD50 = 1:50mL/kg
Safranal 1.2mL/kg In vivo Oral Mice LD50 = 21:42mL/kg in
Safranal 1.2mL/kg In vivo Oral Mice LD50 = 11:42mL/kg
Safranal 1.2mL/kg In vivo Oral Rats LD50 = 5:53mL/kg

Crocin 150-210 g In vivo
Oral,

intraperitoneal
Mice
Rats

↑platelets, ↑creatinine
↓food intake

[242]

Abbreviations and symbols: ↑ increase, ↓ decrease, ALT (alanine aminotransferase), AST (aspartate transaminase), ATRA (all-trans retinoic acid), Hb
(hemoglobin), HCT (hematocrit), and RBC (red blood cell).
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Another study carried out by Amin et al. [237] showed that
the aqueous saffron extract at lower doses (25, 50, and 100mg/
kg/day, administered intraperitoneally for 30 days) showed no
toxicity on treated animals. Moreover, at these doses, this
extract protects against ethylene glycol-induced calcium oxalate
(CaOx) nephrolithiasis in rats [237]. These findings indicate
that saffron extracts possess toxicity at higher doses, while they
could present protective effects at lower doses.

In a recent study carried out by Hosseinzadeh et al.
[233], an aqueous extract of saffron stigmas, administered
intraperitoneally at 20 and 80mg/kg, showed an important
decrease of methyl methanesulfonate-induced DNA damage
in mouse organs [233]. A study carried out by Hariri et al.
[238] showed that aqueous extract administered intraperito-
neally at 50, 100, and 200mg/kg prevented toxicity induced
by diazinon in rats.

The teratogenic effect of aqueous extracts of saffron was
investigated inmice by Zeynali et al. [239]. The administration
of this extract at 0.8, 0.4, and 0.2% significantly reduced the tail
length, biparietal diameter, placental diameter, and weight of
the fetus during the gestational period. Moreover, the mortal-
ity rate and themean number of the resorbed fetus were signif-
icantly increased in a dose-dependent manner [239]. Edamula
et al. [240] have evaluated the prenatal developmental toxicity
of saffron in male Wistar rats. The administration of the saf-
fron extract at 1000, 250, and 50mg/kg had no effects on
gravid uterine weight, early and late resorptions, corpora lutea
and implantation counts, and food intake [240]. Moreover,
skeletal examinations have confirmed the absence of any mal-
formation and biochemical examinations did not show effects
in biochemical parameters [240].

Crocin is a major compound of saffron extract that has
shown important pharmacological properties. The toxicity
evaluation of this component was reported in some studies
[241–244]. The acute toxicity of crocin on rats and mice
was tested by Hosseinzadeh et al. [242]. The results showed
that oral and intraperitoneally administration of crocin at
3 g/kg over 2 days did not cause mortality. Moreover, bio-
chemical, hematological, and pathological investigations
revealed that crocin did not cause damage to any major
organ in the body [242]. Indeed, at 180mg/kg/day for 21
days, the intraperitoneal administration of crocin increased
platelets and creatinine levels. Moreover, the same dose
reduced weight, food intake, and alveolar size. Besides, at
90mg/kg, crocin decreased the levels of albumin and ALP
with a significant increase in LDL level [242].

On the other hand, it was previously reported by Wang
et al. [241] that crocin induced important black pigmenta-
tion of the liver and acute hepatic damage associated with
discoloration. These damages were observed only at a higher
dosage (100mg/kg for 2 weeks). However, crocin at 50mg/
kg/day (for 8 days) did not affect hepatic function [241].
Subacute toxicity of crocin on rats was examined in another
study by Taheri et al. [243]. The results showed that the
administration of crocin at 50, 100, and 200mg/kg did not
show negative effects on biochemical parameters such as
ALT, AST, ALP, urea, uric acid, creatinine, MDA, and
GSH. Moreover, no significant toxicity was observed using
histopathological investigations [243].

On the other hand, the teratogenic effect of crocin was
investigated by Moallem et al. [244] in mice. In this work,
the intraperitoneal administration of crocin at 200mg/kg
and 600mg/kg showed a disruption in skeletal formation.
Moreover, at the same doses, crocin affected weight, length,
growth, mandible, and calvaria of fetuses indicated by the
examination of maternal and fetal factors [244].

The acute toxicity of safranal (main compound of saf-
fron) was evaluated in male mice, female mice, and male
Wistar rats. The intraperitoneal administration of safranal
showed significant toxicity in male mice
(LD50 = 1:48mL/kg), female mice (LD50 = 1:88mL/kg), and
male Wistar rats (LD50 = 1:50mL/kg). However, in oral
administration of safranal, LD50 values were 21.42, 11.42,
and 5.53mL/kg in male mice, female mice, and male rats,
respectively [225]. In this study, the authors suggested that
the significant difference in LD50 values after intraperitoneal
and oral administration is due to first-pass metabolism and
lower absorption after oral exposure [225].

In another study, the subacute toxicity was evaluated in
mice and rats. Safranal was administered orally at 0.1, 0.25,
and 0.5mL/kg/day over 21 days [245]. Safranal induced sig-
nificant decreases in several hematological parameters such
as RBC counts, HCT, Hb, and platelets. Moreover, safranal
reduced some biochemical factors, including TC, TG, and
ALP. Also, no noticeable heart, liver, or spleen lesions were
observed after pathological examinations [246]. On the
other hand, Riahi-Zanjani et al. [247] have tested the immu-
notoxic effect of safranal on cellular and humoral cells of the
immune system in mice. The results of this work showed
that the intraperitoneal administration of safranal at 0.1,
0.5, and 1mL/kg within 3 weeks days (5 days/week) did
not show any significant toxicity on immune system cells
[247]. In other studies carried out by Moallem et al. [244],
safranal administered at 0.075 and 0.225mL/kg dysregulated
skeletal formation and affected maternal and fetal factors
such as weight, length, and growth [244].

The clinical investigations of saffron and its derivatives
have also been reported [232, 248, 249]. The examination
of saffron safety in healthy volunteers at 200 and 400mg
within 7 days by Modaghegh et al. [232] showed a decrease
in arterial pressures, and standing systolic BPs were
decreased in persons who received 400mg [232]. Moreover,
at the same concentrations (200 and 400mg), saffron was
found to be a safe drug on the coagulation system [248].
Mohamadpour et al. [249] also investigated the clinical tox-
icity of crocin in healthy volunteers. In this study, crocin was
examined at 20mg using a randomized, double-blind,
placebo-controlled trial. Administrations of crocin tablets
partially decreased thromboplastin time, amylase, and mixed
WBC (monocytes, basophils, and eosinophils), which
showed that crocin is a relatively safe product [249].

8. Discussion

Crocus plants have been traditionally used for several pur-
poses (e.g., reduce bruises, promote blood circulation, anxi-
olytic, antitumor, antihyperglycemic, etc.) [147, 181,
253–256]. Crocus sativus is listed in the pharmacopoeias of
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several realms such as Europe, the United Kingdom, Japan,
and China [253, 257–259], as well as in other national or
local standards.

Crocus plants have undergone comprehensive validation,
including phytochemical profiling and determination of tar-
geted biological activities. Saffron is a valuable plant whose
main components include safranal, crocetin, crocin, and
picrocrocin.

It has been shown in bioavailability tests that when
administered orally, crocins are not resorbed as such, but
only after an intestinal deglycosylation, after which they
reach the bloodstream, being able to cross the blood-brain
barrier. This is also the reason why a process for concentrat-
ing hydroalcoholic extracts has been developed, when a
product with more than 90% crocin 1 is finally obtained,
which, being subjected to an enzymatic transformation
treatment with β-glucosidase, provides the active metabolite,
trans-crocetin, with a concentration of 70% [260].

Both in vivo and in vitro studies have shown that much
of the biological effectiveness of saffron can be attributed
to its antioxidant potential resulting from the synergistic
antioxidant capacity of its bioactive ingredients [261]. The
antioxidant activity of C. sativus is mainly attributable to
its antioxidant active constituents such as safranal, crocin,
and crocetin [83].

The radical-scavenging activity of Crocus plant extracts
is associated with its anti-inflammatory activity. Crocin
and safranal showed anti-inflammatory and antinociceptive
effects in the carrageenan model of inflammation with com-
parable effect to diclofenac [214]. The saffron extract was
reported to possess a more significant radical-scavenging
activity than carrot and tomato extracts [135]. Crocin and
safranal mediate their antioxidant activities by modulating
redox status in human plasma [87], mice [204], and primary
hepatocytes of rats [262]. Saffron and crocin ameliorate the
effects of Vipera russelli venom-induced oxidative stress
and hematological alterations in adult mice [173, 263].

Crocetin, as a strong antioxidant compound, was dem-
onstrated to inhibit lipid peroxidation, increase the activity
of glutathione S-transferase (GST), GPx, CAT, and SOD,
decrease damage marker enzymes such as aryl hydrocarbon
hydroxylase (AHH), LDH, γ-glutamyl transferase (GGT),
and adenosine deaminase (ADA) in rat liver tissues, inhibit
proliferation of lung cancer cells [174, 264], reduce ROS-
induced lipid peroxidation in primary hepatocytes of rats
[262], and reduce the levels of oxidized LDL [111]. Crocetin
decreased the expression of TNF-α, interleukin-1β, and
induced iNOS in the liver of the hemorrhagic shock model
[265]. Crocetin also decreased the indomethacin-induced
rise in glutathione in nondiabetic and diabetic rats [266]
and reduced ROS generated by BαP in mice [204] and
angiotensin II-induced ROS [126].

Crocetin was found to be more effective than dimethyl
crocetin and safranal as an anticancer and chemopreventive
agent [264]. This may be due to the free hydroxyl moiety of
the carboxylic group in crocetin that makes it potent for pro-
ton donor, thus more reactive to free radicals [203]. Saffron
extracts administered orally or topically reduced the in vivo
incidence of induced cancers, inhibiting tumor growth rate

and prolonging the life of test animals. Furthermore, the tox-
icity of cytostatic drugs (i.e., cisplatin) has been reduced in
experimental models in animals.

The cardioprotective effect of crocetin against norepi-
nephrine- (NE-) induced cardiac hypertrophy has been
related with its modulation effects of endogenous antioxi-
dant enzymatic activities [267]. However, the synergism
between all these bioactive components significantly potenti-
ates the antioxidant capacity of saffron [264].

Aqueous and ethanolic saffron extracts were tested,
along with saffron and crocin, for antidepressant effects in
mice using the forced swimming test. All proved to have
antidepressant action, and the saffron and crocin content
of the extracts administered is reflected in the recorded
result. Crocin probably works by inhibiting dopamine and
NE reuptake, while safranal inhibits serotonin reuptake at
the synapse.

Saffron plays an important role in the food industry and
home cooking, both as a preservative and a dye for foods
and beverages [268].

The antibacterial activity of aqueous extracts of saffron
stigmas was observed against S. aureus, Enterococcus faecalis,
and E. coli by Cenci-Goga et al. [72]. It was concluded that
stigmas of C. sativus have enough antimicrobial agents to
exhibit preservative function in foods depending on its com-
patibility with the product [72]. Saffron, which contains
carotenoids (mainly crocin), shows antiseptic activity as its
alcoholic compounds can easily alter the cell protein nature
and impair the permeability of the cell membranes [71]. In
one more study, it was reported that the presence of antimi-
crobial agents in saffron stigma suppressed microbial
growth. Cosano et al. [269], who considered several saffron
products from different producing countries (Spain, Iran,
Italy, Greece, and Morocco), showed saffron to be a safe
additive having neither microbial load nor health risk to
foods after addition when there are no other food-
preservation methods [269]. A research carried out by Pin-
tado et al. [270] introduced safranal and crocin as biologi-
cally active compounds responsible for bacterial growth
inhibition. They reported that safranal and crocin could sig-
nificantly preserve foods against Salmonella, E. coli, and S.
aureus when added to foodstuff [270]. Abbasvali et al.
[271] reported that an aqueous extract of saffron petals at
a concentration of 5mg/mL had strong antibacterial effects
against S. aureus. They studied the preservation effects of
petal extracts on the shelf life of shrimp and observed that
aqueous petal extracts prolonged the shelf life of shrimp
from 3 to 9 days. The influence of phenolic components
on bacterial cell walls as well as chelation of metal ions nec-
essary for microbial growth was deemed to be the main
food-preservation factor. They concluded that aqueous saf-
fron petal extracts contain significantly more phenolic com-
pounds compared to either ethanolic or methanolic extracts
and consequently showed stronger antimicrobial effects.

Another example of using saffron extract as a food pre-
servative was reported by Aktypis et al. [272] in which saf-
fron was added to ovine cheese. They found that saffron,
as a natural additive, owed a mild reduction in bacterial
growth over a month (30 days) after production weight n
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is being kept at 4°C. Saffron not only made the food func-
tional but also imparted a pleasant flavor to the product
[272]. Phenolics, especially flavonoids, usually have strong
antioxidant capacities, and thus, herbs rich in them are fre-
quently used as antioxidant food supplements [138, 261].
Cosano et al. [269], who considered several saffron products
from different producing countries (Spain, Iran, Italy,
Greece, and Morocco), showed saffron to be a safe additive
having neither microbial load nor health risk to foods after
addition when there are no other food-preservation
methods [269].

The limitations are represented by the toxicological eval-
uation of Crocus species which has not been widely studied,
and the majority of toxicity tests have focused mainly on C.
sativus and its major compounds. Toxicological investiga-
tions of saffron were carried out only in several studies
[225, 227, 228, 232, 236, 238, 251]. The toxicological findings
for saffron are not uniform and have some variability
depending on plant parts used and experimental models.

To summarize, saffron is a valuable additive containing
biologically active compounds which can add functional
properties to food products. Saffron powder as well as
extract can dramatically influence microbial growth when
added to foods and served to preserve foods from spoilage.
It should be noted that using saffron does have some limita-
tions, such as an unacceptable flavor of food when used in
large enough quantities to ensure high levels of preservation.
Combination of saffron with other preservatives (e.g., salt
and acid) or merging with other food-preservation methods
(freezing, thermal processing) has been proposed to solve
this limitation.

9. Overall Conclusions and Future Perspectives

Saffron has been used in several traditional medicinal sys-
tems against several diseases, including asthma, cardiovascu-
lar disease, depression, digestive ailments, and insomnia.

The Crocus plants, C. sativus being the most studied,
comprise a matrix of phytochemicals promising for biotech-
nological and pharmaceutical purposes. The pharmaceutical
and biotechnological industries are continuously searching
for potential functional components in the plant kingdom,
and there is excellent economic interest if it is determined
to be more economical to obtain these compounds by
extracting them from the plants as opposed to their chemical
synthesis. In the case of saffron, the extraction of its phyto-
components may be limited by economic aspects. However,
the study of the phytochemical profile of saffron and the
study of the biological activities of these components may
lead to the discovery of new mimetics of these compounds
or improvements in the laboratory syntheses. Advances in
plant research have been realized to develop saffron with
better profiles for the food industry but not for pharmaceu-
tical and biotechnological industries. Crocins, picrocrocin,
and safranal are relevant in terms of aroma and taste, but
as it has been exposed in this review, these components also
possess interesting biological properties. A small number of
clinical trials have been performed using saffron as a poten-
tial agent for anti-Alzheimer’s, antidepressant, and anti-

schizophrenia effects. Further efforts are needed to study
the other biological effects shown in in vitro and in vivo
studies in well-designed trials in humans.
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The genus Papaver is highly esteemed in the pharmacy industry, in the culinary field, and as ornamental plants. These plants are
also valued in traditional medicine. Among all Papaver species, Papaver somniferum L. (opium poppy) is the most important
species in supplying phytochemicals for the formulation of drugs, mainly alkaloids like morphine, codeine, rhoeadine,
thebaine, and papaverine. In addition, Papaver plants present other types of phytochemicals, which altogether are responsible
for its biological activities. Therefore, this review covers the phytochemical composition of Papaver plants, including alkaloids,
phenolic compounds, and essential oils. The traditional uses are reviewed along with their pharmacological activities.
Moreover, safety aspects are reported to provide a deep overview of the pharmacology potential of this genus. An updated
search was carried out in databases such as Google Scholar, ScienceDirect, and PubMed to retrieve the information. Overall,
this genus is a rich source of alkaloids of different types and also contains interesting phenolic compounds, such as
anthocyanins, flavonols, and the characteristic indole derivatives nudicaulins. Among other pharmacological properties,
numerous preclinical studies have been published about the analgesic, anticancer, antimicrobial, antioxidant, and antidiabetic
activities of Papaver plants. Although it highlights the significant impact of this genus for the treatment of a variety of diseases
and conditions, as a future prospect, characterization works accompanying preclinical studies are required along with clinical
and toxicology studies to establish a correlation between the scientific and traditional knowledge.

1. Introduction

Many plants are naturally rich sources of phytochemicals
with valuable biological properties, which could have signif-
icant impact for the treatment of a variety of diseases and
conditions and as potential alternative options for synthetic
drugs. This is also the case of the genus Papaver (family
Papaveraceae), which is known for its medicinal properties
attributed to their phytochemical composition ([1]; [180].

This genus belongs to the family Papaveraceae, which is
a cosmopolitan family growing from tropical to alpine eco-
systems [1], mainly in the northern hemisphere [2]. The
flowers have no style, but on the top of the ovary, a stig-
matic tissue is arranged radially on a sessile stigmatic disc.
Their similar characteristics in their flower shapes, colors,
and fruits complicate the identification based only on mor-
phological characteristics [2], and different number of spe-
cies is given in literature. For example, it consists of ~80–
100 species, including annual, biennial, and perennial herbs
[1, 3]. As the family, the genus Papaver is widely natural
distributed, especially in regions with Mediterranean cli-
mate [1, 4]. In the case of Papaver somniferum L. (opium
poppy), the most important species and due to its narcotic
properties, it is highly produced in countries such as
Afghanistan, Myanmar, Mexico, and Lao PDR (or Laos)
[5], but illegally [6]. Alternatively, Turkey is one of the main
legal manufacturers of the poppy plant [7], along with
Czechia, Spain, etc. Figure 1 shows the world production
of poppy seeds in the last twenty years according to the data
available from the Food and Agriculture Organization of the
United Nations [8].

Other commonly cultivated species of the genus Papaver
are Papaver bracteatum Lindl. (Iranian poppy), Papaver
rhoeas L. (common poppy or corn poppy), Papaver dubium
L., Papaver pseudo-orientaleMedw., and Papaver orientale L.
P. bracteatum that grow wild in high altitudes in north and
northwest of Iran, in Russia and Caucasia regions [9]. P.
rhoeas is an important competitive plant in winter cereals
in southern Europe under Mediterranean climate [10] and
thus called corn poppy. P. dubium is also called long-head

poppy. P. dubium is widespread throughout Europe and
America and is an important weed in western Iran [11]. P.
orientale and P. pseudo-orientale are distributed into the
Caucasus area [12].

Concerning the natural product field, P. somniferum was
the first source of natural drugs with the obtainment of anal-
gesic morphine drugs [13], including codeine, morphine,
and a variety of semisynthetic derivatives, mainly derived
from thebaine, such as oxycodone and buprenorphine [14].
These compounds belong to the opiate family that has anal-
gesic properties mainly by binding to the mu-opioid recep-
tor within the central nervous system (CNS) and the
peripheral nervous system. It leads to an overall reduction
of the nociceptive transmission [15]. However, the latex of
the opium poppy is not only used for the treatment of severe
pain, but it is also subjected to opioid abuse and drug traf-
ficking due to the narcotic properties of these compounds.
Therefore, their production is regulated internationally.

P. bracteatum has high content of thebaine as the main
alkaloid, which has been utilized in the production of
codeine [16]. Besides these compounds, the nonnarcotic
papaverine is another economically important alkaloid with
vasodilator properties [1, 17].

Apart from the alkaloids, poppy plant is a rich source of
phenolic compounds, such as anthocyanins, flavonols, and
the characteristic indole derivatives nudicaulins, and essen-
tial oil volatiles, which altogether are responsible for its
pharmacological activities.

Moreover, Papaver seeds are esteemed in the food sec-
tor, e.g., to be used in bakery and desserts and to produce
oil. For example, P. somniferum seeds are used in some
Central Eastern European countries (European Food Safety
Authority, [18]). In this context, poppy can be classified
into three main categories depending on the use: industrial
poppy intended for alkaloid extraction from the capsule of
the plant; culinary poppy when it is grown to obtain seeds
and oil; both industrial and culinary poppy [19]. P. rhoeas
is also used as garniture in salad in some regions [20], and
the seeds of P. bracteatum are used in foods in Central
Anatolia [21].
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Other different use is as ornamental plants like P. orien-
tale and P. pseudo-orientale [2].

Moreover, besides the aforementioned applications for
the main important alkaloids, the bioactive properties of
the genus Papaver are wide. Antioxidant, antimicrobial, anti-
cancer, anti-inflammation, neuroprotection, and mainte-
nance of fertility are some of the important bioactivities of
the Papaver genus plant extracts, as depicted in the following.
In this context, this review describes the traditional uses of
Papaver species, their phytochemical composition, and bio-
active properties, describing preclinical and clinical studies.
Moreover, safety aspects are well discussed with important
case studies. The overall components and pharmacological
activities of the review are well illustrated in Figure S1.

2. Databases, e-Resources, and Keyword Search

Various search engines for the survey of the literature were
used to compile the scientific information included in the
current review. In particular, Google Scholar, ScienceDirect,
PubMed, and SpringerLink were used. Literature was
retrieved from the books and international journals of highly
cited publishers, including Elsevier, Springer, Frontiers,
Wiley, and Taylor and Francis. Very few information was
derived from national journals with no information of the
ranking on the basis of citations. The keywords “Papaver”,
“Papaver somniferum”, “opium poppy”, “opium”, “tradi-
tional uses”, “ethnopharmacology”, “bioactivities”, “biologi-
cal activities”, “phytochemical profile”, and combinations
of these words were used for deriving the particular informa-
tion about the Papaver genus. Any article in the English lan-
guage mentioning these keywords was included in the review
article. The research articles, which were exclusively related
to the agronomic traits of the Papaver genus, were excluded
for compiling the information of the current review. More-
over, ChemBioDraw Ultra 12.0 (CambridgeSoft, Cambridge,
MA, USA) was used to draw the chemical structures of the
phytochemical compounds from the Papaver genus.

3. Ethnobotanical Uses of the Papaver Genus in
Different Human Cultures

The traditional and medicinal properties of this genus have
been documented since 3000BC. The main analgesic com-
pound “morphine” was isolated from P. somniferum L. by
a German pharmacist “Sertüner” in 1905 [22]. The genus
Papaver is not popular for traditional medicine due to nar-
cotic and other side effects. Nevertheless, there are several
uses such as anti-inflammatory, antidiabetic, analgesic, and
remedy for cough and lung infection as described in tradi-
tional medicine and detailed in Table 1. This includes the
use of the flowers, buds, seeds, fruits, and leaves or aerial
parts of the most popular species of Papaver in different
countries and cultures.

4. Phytoconstituents

The identification of the phytochemical composition of
medicinal plants is highly important to provide a best
known of the active compounds. It involves complex mix-
tures of natural compounds with different organic structures
and varies depending on the plant source [48].

Papaver species contain alkaloids, phenolic compounds,
and essential oil volatiles, among other components [49].
These classes found in different parts of the Papaver plants
are discussed in the following subsections.

4.1. Alkaloids. As other phytochemicals, the production of
alkaloids in poppy plants is induced by environmental stress
conditions, but the details about regulatory processes are not
well known and subjected of ongoing studies [50]. More-
over, the alkaloid composition varies even within the same
species [51]. This makes that the Papaver genus yields more
than 170 alkaloids [52, 53]. As an example, Figure 2 summa-
rizes the type of alkaloids found in the genus Papaver with
their chemical structures.

In particular, P. somniferum presents interesting benzyli-
soquinoline alkaloids, such as papaverine, and the morphi-
nanes morphine, codeine, and thebaine (Table 2, Figure 2),
as mentioned in Section 1. Since P. somniferum has been
extensively utilized illegally, its cultivation is strictly regu-
lated by the International Narcotics Control Board [54,
55]. The latex of the opium poppy, which surrounds the seed
capsule [56], may contain up to 80 alkaloids, but the latter
compounds, morphine, codeine, and thebaine, along with
narcotine and narceine are generally the main alkaloids
[17, 18].

P. bracteatum is also a source of the alkaloid thebaine,
the precursor of the opiate analgesics codeine, buprenor-
phine, oxymorphone, and oxycodone [14, 57, 58]. The plant
capsule of this species shows high concentrations of mor-
phine and oripavine (another morphinan) as compared to
the stem tissues. It seems that the origin and even the lati-
tude affect the thebaine, morphine, and oripavine [59]. This
makes that it has intraspecies variation. For example,
another study found that the major alkaloids in this species
were salutaridine (promorphinan) and thebaine [53].
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Figure 1: World production of poppy seeds in 1999, 2009, 2017,
and 2019 according to FAOSTAT [8].
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Concerning P. rhoeas, phytochemical composition has
showed rhoeadine alkaloids as major compounds, including
rhoeadine and rhoeagenine [60, 61]. Recent trends based on
mass spectrometry (MS) analysis enabled the identification
of a high number of phytochemicals from Papaver samples.
For alkaloid profiling, electrospray ionization in the positive
ionization modes generally leads to richer and complex
chromatographic profiles with more intense signals for elu-
cidation purposes [62]. Using this technique, for example,
55 alkaloids were characterized in the aerial parts of P.
rhoeas and P. somniferum. This included benzophenanthri-
dine, protoberberine, benzylisoquinoline, aporphine, and
rhoeadine-type alkaloids (see examples, in Figure 2). The
most characteristic feature was that rhoeadine alkaloids were
observed only in P. rhoeas samples, and codeine and mor-
phine were tentatively identified in P. somniferum [180]
(Table 2).

In the latter work, different solvents were tested for
extraction including ethyl ether with 10% ammonia, pure
ethanol, and methanol, as well as aqueous-methanol 50%
and 80%. Among them, ethanol can be applied to extract
the aerial parts of P. rhoeas and P. somniferum, with advan-
tages due to its high extraction efficiency [181] and as its low
toxicity. Similarly, four Papaver species (Papaver Lacerum
Popov, Papaver syriacum Boiss. & Blanche, Papaver glaucum
Boiss. & Hausskn., and P. rhoeas) were collected from differ-
ent sites in Turkey and the aerial parts were extracted using
methanol. By using LC-tandem MS, two alkaloids, pronuci-
ferine (proaporphine type) and roemerine (aporphine type),
were determined in the selected species [63]. The latter com-
pound was the major one in some P. rhoeas samples [64].
Recent studies showed that both alkaloids increase brain-
derived neurotrophic factor (BDNF) protein expression in
hippocampal SH-SY5Y cells demonstrating that besides the

Table 1: Traditional medical usage of Papaver species.

Papaver species Country Internal/external usage References

P. argemone L. Iran Flower (headache, coughs) Naghibi et al. [23]

P. bracteatum Lindl. Iran
Flowers, leaves, seeds (hypnotic and sedative, respiratory

tract infections, sore throat, food digestion, eyelid
inflammation, spasm, rheumatism pains)

Farouji and Khodayari [24]

P. dubium L. Turkey Flower (colds, cough)
Altundaga and Ozturkb [25];

Çakılcıoğlu et al. [26]

P. lacerum Popov Turkey Buds (goiter) Altundaga and Ozturkb [25]

P. lateritium K. Koch Turkey Flower (sedative, antitussive, bronchial, hypnotic) Akbulut and Bayramoglu [27]

P. macrostomum
Boiss. & A.Huet

Turkey Flower (cough) Altundaga and Ozturkb [25]

P. orientale L. Turkey Seed (laxative); leaf (asthma) Altundaga & Ozturkb [25]

P. rhoeas L.

Turkey
Herb (sedative); fruit, seed (gastrointestinal diseases)

External usage: aerial part (red spots on body);
fruit (burns); seed (dermal diseases, wound)

Altundaga and Ozturkb [25];
Çakılcıoğlu et al. [26]; Polat and

Satıl [28]; Ugulu [29];
Yipel et al. [30]

Italy
Fruit, young shoot (sedative, hypnotic); young

aerial part (depurative); leaf, flower (mental-nervous,
hypnotic, mild sedative for child, cough)

González-Tejero et al. [31];
Mattalia et al. [32]; Naghibi et al.

[23]; Pieroni, [33];
Pieroni and Quave [34];

Scherrer et al. [35];
Vitalin et al. [36];

Algeria Aerial part (respiratory diseases) Gonzalez-Tejero et al. [31]

Cyprus Aerial part (nervous/mental conditions, digestive) Gonzalez-Tejero et al. [31]

Spain Aerial part (respiratory diseases) Gonzalez-Tejero et al. [31]

Iran Seed, capsule (antidiabetic); flower (addiction, sedative, hypnotic)
Bahmani et al. [37];
Nadaf et al. [38]

P. somniferum L.

Turkey Fruit, seed (gastrointestinal, nervous and respiratory diseases) Yipel et al. [30]

Italy Fruit, seed (tranquiliser, toothaches) Pieroni and Quave [34]

India
Seed (demulcent, spasmolytic, muscle catch, tonic);

fruit (cough, diarrhea)
External usage: leaf (swelling)

Jadnav [39]; Dar et al. [40];
Goyal [41]; Tayade

and Patil [42]

Pakistan
Herb (narcotic, stimulant, to increase performance, cough
suppressant); fruit, leaf (analgesic, narcotics); seed (narcotic,
analgesic, sedative, increases excitement and physical vigor)

Adnan et al., [43];
Alamgeer et al. [44];
Irfan et al. [45];
Ullah et al. [46]

Korea External usage: fruit, latex, stem (furuncle) Kim and Song [47]
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common poppy alkaloids, the former alkaloids could also be
interesting [65]. Other compounds identified were salutari-
dine (promorphinan type), coulteropine (protopine type),
and rhoeadine derivatives (epiglaucamine, glaudine, and
rhoeagenine) [64]. Furthermore, using a combination of
LC-MS and molecular networking, isoquinoline alkaloids
in Papaver nudicaule L. and P. rhoeas aerial parts were clus-
tered. 42 and 16 compounds were characterized, respec-
tively, and a variation was observed depending on the
color of the flowers [66].

P. macrostomum, which is widely distributed in Turkey,
contains alkaloids such as protopine (protopine), benzyliso-
quinoline (macrostomine, dehydromacrostomine, sevanine),
rhoeadine (rhoeadine, papaverrubine A-E), aporphine (iso-

corydine), isopavine (amurensine, amurensinine), protober-
berine (cheilantifoline), proaporphine (mecambrine), and
benzyl tetrahydroisoquinoline (laudanosine) types [67].
Moreover, the major alkaloids of P. orientale were oripavine
(morphinan type) and mecambridine (protoberberine type)
and of P. pseudo-orientale were also mecambridine and iso-
thebaine (aporphine type) and orientalidine (protoberberine
type). Main compounds of Papaver duvium L. are berberine
and thalifendine, while roemerine is present in P. lacerum.
The presence of isocorydine, stylopine (tetrahydroprotober-
berine type) and tetrahydropseudocoptisine, roemerine,
mecambrine, and allocryptopine depends on the subspecies
[68]. The alkaloid composition of other less known Papaver
species was described by Sariyar [53].
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Table 2: Alkaloids characterized in Papaver rhoeas L. and Papaver somniferum L. by mass spectrometry in different locations. Adapted
from [181].

Name Formula Mass (Da) MS/MS fragments (m/z) Alkaloid type PR (R) PR (SK) PS

DL-Demethylcoclaurine∗ C16H17NO3 271.12 107.05, 255.10, 161.06, 143.05 Benzylsioquinoline + + +

Coclaurine∗ C17H19NO3 285.14 107.05, 269.12, 175.07, 237.09 Benzylsioquinoline + + +

Tetrahydropapaverine∗ C20H25NO4 343.18 192.10, 189.09, 151.08, 327.16 Benzylsioquinoline - - +

Reticuline∗ C19H23NO4 329.16 192.10, 137.06, 143.05, 175.07 Benzylsioquinoline + + +

Corytuberine∗ C19H21NO4 327.15 265.09, 237.09, 297.11, 205.06 Aporphine + + +

Tetrahydrocolumbamine∗ C20H23NO4 341.16 178.09, 163.06, 176.07
Protoberberine

(THPB)
- - +

Scoulerine∗ C19H21NO4 327.15 237.09, 207.04, 211.08, 239.07
Protoberberine

(THPB)
- - +

L-Tetrahydropalmatine∗ C21H25NO4 355.18 192.10, 165.09, 176.07
Protoberberine

(THPB)
+ - +

Tetrahydroberberine (canadine)∗ C20H21NO4 339.15 176.07, 149.06, 174.05
Protoberberine

(THPB)
+ - +

Berberine∗ C20H18NO4 336.12
320.09, 292.10, 321.10,

306.08, 278.08
Protoberberine + + +

Stylopine∗ C19H17NO4 323.12 176.07, 149.06
Protoberberine

(THPB)
+ + +

Dihydrosanguinarine∗ C20H15NO4 333.10 318.08, 319.08, 304.10, 276.10 Benzophenanthridine + + +

Sanguinarine C20H14NO4 332.09 317.07, 274.09, 304.10 Benzophenanthridine + - -

Protopine∗ C20H19NO5 353.13 188.07, 189.08, 149.06 Protopine + + +

Allocryptopine∗ C21H23NO5 369.16 188.07, 189.08, 290.09 Protopine + - -

Morphine C17H19NO3 285.14 201.09, 229.08, 185.06, 211.07 Morphinan - - +

Mecambrine C18H17NO3 295.12 202.09, 171.07, 280.10 Proaporphine - - +

Codeine C18H21NO3 299.15 215.11, 243.10, 225.09, 199.07 Morphinan - - +

(S)-N-Methylcoclaurine C18H21NO3 299.15 269.12, 107.05, 271.13 Benzylisoquinoline + + +

Armepavine C19H23NO3 313.17
107.05, 58.07, 269.12,

271.13, 298.11
Benzylisoquinoline + + +

(S)-3′-Hydroxy-N
-methylcoclaurine

C18H21NO4 315.15 192.10, 123.04, 285.11, 300.12 Benzylisoquinoline + + +

(S)-Cheilanthifoline C19H19NO4 325.13 178.09, 190.09, 163.06 Protoberberine + + +

Papaverine C20H21NO4 339.15 202.09, 324.12, 296.13, 171.07 Benzylisoquinoline - - +

Cryptopine C21H23NO5 369.16 352.12, 205.11, 165.09, 190.09 Protopine + + +

Noscapine C22H23NO7 413.15 220.10, 353.10, 365.10, 179.07
Phthalide

isoquinoline
+ - +

Codeinone C18H19NO3 297.14 283.12, 282.11, 254.12, 266.12 Morphinan + - -

Morphine N-oxide C17H19NO4 301.13 284.13, 241.09 Morphinan - - +

Flavinantine C19H21NO4 327.15 178.09, 163.06 Morphinandienone - - +

8,14-Dihydroflavinantine
(or salutaridinol)

C19H23NO4 329.16 285.11, 123.04, 58.07, 143.05 Morphinan + + +

(S)-cis-N-Methylstylopine C20H20NO4 338.14 191.09, 190.09, 149.06 Protoberberine + + -

Isocorydine C20H23NO4 341.16 297.11, 265.09, 237.09 Aporphine + + +

Pseudoprotopine C20H19NO5 353.13 188.07, 189.08, 149.06 Protopine + + -

Amurensinine N-oxide A
(or amurensinine N-oxide B)

C20H21NO5 355.14 190.06, 191.09, 277.09, 151.08 Isopavine + + +

Rheagenine (or isorheagenine) C20H19NO6 369.12 352.12, 340.13, 324.12 Rhoeadine + + -

Rhoeadine (or isorhoeadine) C21H21NO6 383.14 321.08, 303.06, 291.07, 366.13 Rhoeadine + + -

Glaucamine (or isoglaucamine) C21H23NO6 385.15 368.15, 338.10 Rhoeadine + + -

Coptisine C19H14NO4 320.09
292.10, 277.07, 290.08,

318.08, 262.09
Protoberberine + + +

PR: Papaver rhoeas; PS: Papaver somniferum; THPB: tetrahydroprotoberberine; RS: Russia; SK: South Korea; ∗univocally identified through comparison with
standards.
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Rhoeadine is another group of alkaloids which is very
common and widespread in the genus Papaver and contains
at least 25 types. Particularly, alpinigenine, alpinine, and
epialpinine were isolated from the Papaver alpinum L.,
whereas epiglaudine was isolated from the P. glaucum. Other
rhoeadine-type alkaloids include glaucamine, glaudine, iso-
rhoeadine, isorhoeagenine, isorhoeagenine-D-glucoside, N-
methylporphyroxigenine, oreodine, oreogenine, papaverru-
bines A, B, C, D, E, F, G, H, rhoeadine, and rhoeagenine
which are extracted from different species of Papaver. In
general, all rhoeadines are characterized by a benzazepine
system fused with six-membered acetal or hemiacetal moie-
ties [69].

4.2. Phenolic Compounds. Phenolic compounds are natural
antioxidants and other interesting phytochemicals found in
Papaver plants. For example, petals of P. rhoeas flowers pres-
ent flavonoids, which are responsible for their color, includ-
ing white, yellow orange, white, and red colors. Particularly,
the red flowers of this species contain anthocyanins [70].
This agreed with the results obtained by Soulimani et al.
[71], who showed that a lyophilized ethanolic aqueous
extract of P. rhoeas petals has anthocyanins, whereas no
alkaloids were detected. Anthocyanins such as pelargonidin
glycosides have been detected in red and orange petals of
the plant [72].

In P. nudicaule cultivars, the flavonoid-derived indole
alkaloids, nudicaulins, along with pelargonidin glycosides
(anthocyanin), and kaempferol and gossypetin glycosides (fla-
vonols) have been reported in the apical petals (Figure 3) [73,
74]. Other flavonoids such as gossypetin glycosides are present
in the basal spot of all cultivars whereas carotenoids are pres-
ent in yellow-colored stamens [73]. Another study found
nudicaulins, gossypetin 7-O-glucoside (gossypitrin), and seven
kaempferol glycosides in yellow petals of this plant [75].More-
over, Papaver alpinum L. also accommodates some of these
compounds [74].

Among the solvents, water, ethanol, and aqueous ethanol
can be applied to extract high amounts of phenolics, but
among them, the water extract showed the highest phenolic
content. It was found that the aqueous extract of P. somni-
ferum stalk contains high amount of phenolics, including
flavonoids. The methanol and aqueous extracts presented
considerable amounts of the flavanol (−)-epicatechin and
the benzoic acid syringic acid [76]. Moreover, the aerial parts
of P. macrostomum had the flavone luteolin (Figure 3) [67].

4.3. Essential Oils and Other Components. Dilek et al. [77]
evaluated the essential oil composition of P. somniferum
flowers after extraction by the hydrodistillation method. It
mainly included n-nonadecane (9.0%), heneicosane
(10.8%), n-pentacosane (7.9%), palmitic acid (7.3%), and 1-
nonadecanol (16.3%) [77] (Figure 3). In another work, Krist
et al. [78] identified the main volatile compounds in P.
somniferum seed oil samples were 1-pentanol (3.3–4.9%),
1-hexanal (10.9–30.9%), 1-hexanol (5.3–33.7%), 2-
pentylfuran (7.2–10.0%), and caproic acid (2.9–11.5%). It
seems that the plant part could determine the composition

of the volatile constituents, but little work has been done to
investigate it.

The essential oil of the aerial parts of P. rhoeas that was
gathered from the Elazig region in Turkey was obtained by
hydrodistillation and analyzed using gas chromatography.
Twenty-one constituents comprised the 98.6% of the total
essential oil volatiles extracted from the plant. The major ones
were phytol (52.8%), tricosane (7.8%), 2-pentadecanone (6%),
and heneicosane (5.3%) (Figure 3); some of them are in com-
mon with P. somniferum [79]. Among them, the diterpene
phytol is another interesting bioactive compound [80].

Moreover, the triglyceride composition of P. somniferum
seed oil has been analyzed by matrix-assisted laser desorp-
tion/ionization-time-of-flight-MS and electrospray ioniza-
tion ion trap-MS/MS. It enables the determination of the
major triglyceride components, which were composed of
linoleic, oleic, and palmitic acid, comprising approximately
70% of the oil [78]. The presence of high amount of unsatu-
rated fatty acids makes the poppy seed oil suitable for its
application in foods for maintaining the cardiovascular
health.

4.4. Phytochemical Variation. The type of phytochemical
and its content mainly depend on the part used and solvent
applied for the extraction, as it was discussed in the previous
sections. Also, intraspecific variation occurs [51, 59], for
example, due to different locations [59], growth stage, and
conditions [181]. This is extremely important for standardi-
zation or to choose those plants with strong enough potency
to be applied to obtain functional ingredients.

For example, in a relevant study, empty poppy capsules
(poppy straw) of 15 cultivars of P. somniferum were studied
for the phytochemical profile. The seeds were raised in
randomised block design with 3 replications during three con-
secutive years in 2007, 2008, and 2009. The extracts from the
poppy straw were prepared using 5% acetic acid under sonica-
tion and then analyzed using liquid chromatography-MS. The
overall results showed that the ratio of the alkaloids, mor-
phine, codeine, narcotine, papaverine, and thebaine was
highly variable in the selected 15 poppy cultivars, more than
the difference found between the years [81].

5. Biological Activities of the Papaver Genus

Papaver forms part of the traditional system of medicines
that plays an important role in providing health care to large
section of the world population. Therefore, in this section,
we discuss the updated snapshot of the bioactivities and
therapeutic applications of Papaver genus, some of them
related to its traditional use (Table 1).

5.1. Analgesic Activities. Few studies have already recognized
that the treatment addressed to the immune systemmodulates
the analgesic effect of the opiates isolated from poppy plant. It
seems that during illness, the inhibition of morphine analgesia
is due not only to the offsetting of analgesia by enhanced pain
sensitivity but the action of endogenous antianalgesic mech-
anisms can be implied. The role of N-methyl-D-aspartate
and central opioid receptors was established by Johnston
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and Westbrook [82], as well as the glial activation in the spi-
nal cord. Other Papaver species have revealed some analgesia
properties. Ibrar and group [83] reported the analgesic activ-
ity of the Papaver pavoninum C.A. Mey. extract. The study

was completed on a mouse model, and the results demon-
strated that plant extract significantly reduced pain in mice
at all the three doses (50, 100, and 150mg/kg body weight),
as indicated by reduction in number of writhes as 36.91,
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Figure 3: Phenolic compounds structures and main volatile compounds identified in Papaver plants.
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57.01, and 68.39%, respectively. The reduction in pain was
dose dependent; hence, the 150mg/kg dose proved to be
most effective than the standard analgesic drug. Similarly,
the ethanolic extract from the aerial parts of Papaver libano-
ticum Boiss., an endemic plant to Lebanon, exhibited a
potent dose-dependent analgesic activity, which involved
activation of opioid receptors in the central nervous system.
This activity could be attributed due to the presence of alka-
loids, different to morphine or its derivatives, and phenolic
compounds [178].

Alternatively, besides to have mild opioid activity [178],
Shams et al. [84] tested the effect of the administration of a
hydroalcoholic extract from P. rhoeas to mice to evaluate
the analgesic tolerance induced by morphine (1–10mg/kg)
using the tail-flick method. The results indicated that the
extract of P. rhoeas showed no effects on analgesia at 25–
100mg/kg. However, treated animals with different doses
of the extract (25–100mg/kg) before the administration of
morphine were effective to decrease the analgesic tolerance
promoted by morphine.

5.2. Cytotoxicity Studies and Anticancer Activity. Several
studies have shown that Papaver genus, including P. somni-
ferum, P. rhoeas, Papaver lacerum Popov, and P. nudicaule,
can provide anticancer compounds, but most studies were
performed in vitro or in silico ([85, 86]; [179]; [87–89]), as
shown in Table 3. Their efficacy depends again on the part
and solvent used [88]. Moreover, among the studied com-
pounds, alkaloids have shown anticancer properties [86,
87]. Nonetheless, the most active alkaloids were berberine
and macranthine; importantly, they demonstrated low toxic-
ity against the Vero cell line, a noncancerous model. P. som-
niferum-based nanoparticles (PbO and Fe2O3) have shown
cytotoxicity in HepG2 cell lines in order to treat hepatic car-
cinoma [87]. PbO-based nanoparticles demonstrated higher
cytotoxicity (~79% inhibition) owing to more penetration
due to its smaller size as compared to Fe2O3 nanoparticles
(61% inhibition).

In another work, the chemical extracts from the petals of
P. rhoeas have recently been tested for potential in the pre-
vention of skin cancer. Sublethal UVB-mediated lesions at
both DNA and RNA levels in human keratinocytes were
observed, and thus, derived sunscreen based on the extracts
of Papaver petals could be promising [90]. As commented
before, petals can have phenolic compounds, other potential
active compounds.

The lethality to brine shrimp can be applied as prescreen
to existing cytotoxicity and antitumor assays [91]. In this
context, other studies have tested Papaver extracts in brine
shrimp eggs [91, 92]. It was established that the most active
extract was obtained from P. pavoninum whole plant
extracted with ethanol (lethal concentration 50% or LC50 =
2:54μg/mL) compared to P. rhoeas seed extracts obtained
with dichloromethane (LC50 = 24 μg/mL) and methanol
(LC50 = 26μg/mL) [83, 92]. Since the latter LC50 values were
lower than 30μg/mL, these extracts displayed significant
cytotoxicity, according to Khalighi-Sigaroodi et al. [91],
who tested extracts from other 23 plant species of the Legu-
minosae family.

Concerning in vivo studies, cytotoxicity has been mainly
focused on concrete alkaloids and also the mechanisms of
action studied in cancerous cell lines. Besides the aforemen-
tioned studies, the nonnarcotic alkaloids noscapine and
papaverine have been found as potent anticancer agents
against different human cancers such as breast, liver, bone,
prostate, colorectal, and fibrosarcoma by inhibiting the cell
proliferation, inducing apoptotic cell death, and causing cell
cycle arrest [93].

Noscapine has been found to suppress the cell prolifera-
tion, migration, and invasion as well as also induce apopto-
sis. The supplementation of noscapine at the rate of 320μM
concentration to human skin cancer cell line (A-431)
induced 80% cell death and induced the structural change
in human serum albumin protein [94, 95]. Noscapine also
presents strong anticancer potential against human epithe-
lial ovarian and prostate cancers via inducing apoptosis in
a receptor-dependent but radical oxygen species- (ROS-)
independent manner [96]. Noscapine has anticancer activity
against two LNCaP and PC-3 human prostate cancer cell
lines, but it was combined with paclitaxel. This combination
produced significantly lowering the mRNA expression of B-
cell CLL/lymphoma (Bcl-2) and increasing the mRNA
expression of Bcl-2-associated X protein (Bax), and Bax/
Bcl-2 ratio, among other effects [97]. In this regard, the apo-
ptosis of cancerous cells is regulated by the members of the
Bcl-2 family (Bax, Bcl-2). Bcl-2 factors inhibit the apoptosis
whereas Bax factors promote it; hence, the ratio of both the
factors decides the fate of cancerous cells. Noscapine also
improved its therapeutic anticancer potential in colon can-
cer SW480 cells through inducing apoptotic cell death by
blocking the liver-intestine cadherin (CDH17) gene. It also
shows a significant effect on the levels of proteins related
to apoptosis (Cyt-c, Bax, Bcl-2, and Bcl-xL) [98]. In human
SW480 colon cancer cells, noscapine markedly decreased
the colony-forming ratio and cell viability, up-regulated the
expression levels of cleaved-poly (ADP-ribose) polymerase
and cleaved-caspase-3, inhibited cell proliferation, and pro-
moted cell apoptosis [99]. Alternatively, another study
proved that noscapine has been found effectively to inhibit
proliferation and invasion of MG63 cell line by suppressing
the phosphorylation of epidermal growth factor receptor
(EGFR) gene and its downstream pathway [100].

There are also numerous studies on the anticancer effects
of papaverine in cells. For example, papaverine exhibited
anticancer activity on human glioblastoma (GBM) temozo-
lomide (TMZ; as a first-line anticancer medicine)-sensitive
U87MG and TMZ-resistant T98G cells via preventing tumor
cell growth, suppressed cell migration, and significantly
inhibited the cell proliferation. It was also reported that
papaverine has a dose-dependent cytotoxic effect on human
prostate cancer cells (PC-3) through inducing early and late
apoptosis along with inducing sub-G1 cell cycle arrest, low-
ering the expression levels of Bcl-2 proteins, increasing the
Bax protein levels, reducing the NF-κB levels, and downreg-
ulating the PI3K and phospho-Akt expression [101, 102].
This observation is in line with Antonarakis et al. [103]
who also reported other mechanisms such as an enhance-
ment in the expression levels of Bax protein, the release of
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Table 3: Cytotoxicity of the Papaver genus.

Species/extract name Design/model Key effects Countries References

P. somniferum L.
Lead and iron oxide nanoparticles

In vitro study
HepG2 cell lines

(i) PbO NPs showed higher cytotoxicity
(20.9%) as compared to Fe2O3 NPs (38.5%)
(ii) The cytotoxicity of whole plant extract

(57.6%) was lower than both NPs

Pakistan [102]

P. Lacerum Popov
In vitro study
HeLa cell line
In silico study

(i) Two compounds, namely, tyrosol-1-O-β-
xylopyranosyl-(1→6)-O-β-glucopyranoside)
(I) and 5-O-(6-O-α-rhamnopyronosyl-β-
glucopyronosyl) mevalonic acid (II), were

isolated from this species
(ii) Both compounds exhibited modest

cytotoxic effect, IC50 = 66:4 μM and 54μM,
respectively

(iii) In silico study showed that protein-
tyrosine kinase Syk and aldo-keto reductase

family-1 were the targets, respectively

Turkey [85]

P. nudicaule L.
(nudicaulin and derivatives)
Methanol–water

In vitro study
HeLa, HUVEC
and K-562 cell

lines

(i) Synthetic nudicaulin derivatives 6–11
showed high antiproliferative activity against

HUVEC and K-562 cells
(ii) Derivative compounds showed significant

cytotoxic activity against HeLa cells

Germany [86]

P. rhoeas L.
Ethanol extract

In vitro study
HCT116, MCF7,
HaCaT, and
NCM460 cell

lines

(i) The compounds stylopine, canadine,
sinactine, berberine, and epiberberine and the

raw extract showed a dose-dependent
inhibitory effect. The highest activity was
found for compound berberine against all
cell lines (HCT116: IC50 = 90μM; MCF7: I

C50 = 15μM; HaCaT: IC50 = 50μM; NCM460:
IC50 ≥ 200 μM)

Lebanon [179]

Papaver alkaloids (amurine,
armepavine, berberine, isocorydine,
isothebaine, macranthine, mecambrine,
mecambridine, narkotine, orientalidine,
oripavine, salutaridine, and thebaine)

In vitro study
HeLa, and Vero

cell lines

(i) Berberine and macranthine were the most
active alkaloids in all 13 compounds

(ii) Dose-dependent studies were applied and
revealed IC50 values of 12.08 μg/mL (HeLa)
and 71.14μg/mL (Vero) for berberine, and
24.16μg/mL (HeLa) and IC50 of >300μg/mL

(Vero) for macranthine

Turkey [87]

P. somniferum L.
Hexane, methanol,
and ethyl acetate

In vitro study
HT29, HeLa, C6
cells, and Vero

cell lines

(i) The inhibitory effects of the leaf, root,
stem, and capsule extracts were shown on

cancer cell lines
(ii) The extracts were able to destroy cellular

membrane in tumor cell lines at high
concentrations

(iii) Stem ethyl acetate extract exhibited strong
anticancer activity on all cell lines, with IC50

values ranged from 119 to 391μg/mL),
depending on the plant part and solvent

Turkey [88]

P. rhoeas L.
Methanol extract

In vitro study
TK6 cell lines

(i) The highest inhibition of cell growth
was observed at the concentrations of

5mg/mL and 25mg/mL after the treatment
with plant extract

Slovakia [89]

P. pavoninum Fisch & Mey.
Ethanol extract

In vitro study
Brine shrimp

eggs

(i) The plant extract was found to produce
outstanding dose-dependent cytotoxicity in

terms of LC50 = 2:54 μg/mL
(ii) The dose concentration of 100 and
1000 μg/mL produced high cytotoxicity
as 83.3% and 96.7% lethality, respectively

Pakistan [83]
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cytochrome C into the cytoplasm, reduction in the expres-
sion levels of X-linked inhibitor of apoptosis protein, and
induction of apoptosis. Papaverine was also found effective
against hepatic carcinoma by inhibiting the telomerase
through downregulation of telomerase reverse transcriptase
in humans in HepG-2 cells [104]. Likewise, noscapine and
papaverine have an anticancer effect on human MCF-7
and MDA-MB-231 cell lines via enhancing apoptosis, caus-
ing cell cycle at G2/M phase, and arresting cell cycle at G0/
G1 phase [105].

Moreover, papaverine in combination with low-
frequency ultrasound improved the blood-brain barrier,
which is involved in the maintenance of brain homeostasis
and compromised in brain tumors [106, 107]. This combi-
nation was able to reduce the expression levels of zonula
occluden-1, occludin, and claudin-5, enhancing the perme-
ability of blood-tumor barrier. This can be a strategy for
selective crossing this barrier by chemotherapeutic drugs
[107]. Another in vivo study showed that papaverine also
markedly delayed the tumor growth in a U87MG xenograft
mouse model [108, 109].

Besides the latter compounds, sanguinarine is another
promising anticancer compound effective against a variety
of multidrug-resistant cancers and combined with chemo-
therapeutic agents to synergistically enhance their sensitivity
[110]. Also, berberine has shown anticancer potential in cells
([87]; [179], among others, as Table 3 shows.

5.3. Antimicrobial Activity and Antiviral Activities. The anti-
microbial activity of several extracts from Papaver plants is
shown in Table 4. Among these studies, P. somniferum seed
extracts, containing alkaloids and phenolic compounds,
among other components, have shown the highest antimi-
crobial activity for the methanol extract against Staphylococ-
cus aureus and Aspergillus species [111], whereas the
aqueous and ethanolic extracts against root rot fungi at 5%
[112]. In another work, AMA of P. somniferum in nanosys-
tem was evaluated when it was used for the green synthesis
of nanoparticles based on lead oxide (PbO) and iron oxide
(Fe2O3). Both the nanoparticles resulted in effective antimi-
crobial activity against all the pathogenic microbial strains
(Bacillus subtilis, Staphylococcus epidermidis, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Fusarium solani,
Aspergillus flavus, Aspergillus fumigates, and Aspergillus
niger) in a dose-dependent manner (4 to 10mg/mL concen-
tration) [102]. However, Papaver-based fabrication of PbO
nanoparticles resulted in higher antibacterial property due
to its small size than Fe2O3-based nanoparticles.

In a comparison study performed by Ünsal and
coworkers [113], the antimicrobial extracts obtained with

various solvents from the aerial parts of P. argemone, P.
dubium, P. rhoeas, and Papaver clavatum Boiss. & Hausskn.
ex Boiss. were recently investigated. Among the solvent
tested, P. dubium extracted by petroleum ether and diethyl
ether showed a higher effectiveness against S. aureus, with
a minimum inhibitory concentration (MIC) of 9.76 and
19.52μg/mL, respectively, compared to chloroform, ethanol,
and acetone. Even, lower values have been reported for the
tertiary alkaloids obtained from the aerial parts of P. rhoeas
when it was tested against six bacterial species (S. aureus, S.
epidermidis, Escherichia coli, K. pneumoniae, P. aeruginosa,
and Proteus mirabilis), and three Candida strains (C. albi-
cans, C. parapsilosis, and C. tropicalis) were studied using a
microbroth dilution method. In this study, the plant samples
were collected from 11 different sites, obtaining the best
antimicrobial activity against S. aureus and C. albicans with
an MIC value of 1.22 and 2.42μg/mL in the site with the
higher content of roemerine alkaloid [64]. Additionally,
Table 4 displays the antimicrobial activity of other Papaver
species. Among them, the results of Papaver pseudocanes-
cens M. Pop extracts as an antiviral agent seem promis-
ing [114].

In a similar way, the antiviral activities of active com-
pounds of P. rhoeas pollen against influenza H1N1, H3N2,
and H5N1 viruses have been evidenced. Total, six flavo-
noids, including kaempferol derivatives and luteolin, and
one alkaloid, chelianthifoline, were isolated and revealed
neuraminidase inhibitory activities, reducing the ability of
the virus to spread. The concentration required for 50%
inhibition (IC50) ranged from 10.7 to 100.5μM for H1N1,
25.6 to 143.2μM for H3N2, and 12.6 to 151.1μM for
H5N1. Among all tested compounds, luteolin was found to
be the most active [115]. The antimicrobial activity of nudi-
caulin derivatives (synthesized in vitro and in vivo in P.
nudicaule) has also been evaluated, but only one derivative
(17-methyl-5,7,11,3′,4′-penta-O-methylnudicaulin) was
slightly active [86].

5.4. Antioxidant Activity. The in vitro antioxidant activity of
P. somniferum has been reported by using different methods,
including the 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2′
-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS), and
chelating assays [119] (Table 5). Zhang and coworkers from
China described the antioxidant activity of the powdered
poppy capsule extractive by using DPPH assay and its rela-
tionship with quantitative fingerprinting. Morphine and
codeine were among the components that have a positive
influence in this bioactivity [120]. This agreed with the
results obtained by other authors [121]. Moreover, a recent
study evaluating different parts of the plant suggests that

Table 3: Continued.

Species/extract name Design/model Key effects Countries References

P. rhoeas L.
n-Hexane, dichloromethane,
and methanol

In vitro study
Brine shrimp

eggs

(i) Dichloromethane and methanol extracts
showed significant toxicity activity in brine
shrimp lethality assay in terms of LC50 24

and 26 μg/mL, respectively

United
Kingdom

[92]

IC50: 50% inhibitory concentration; LC50: lethal concentration 50%; NPs: nanoparticles.
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Table 4: Antimicrobial activity of Papaver plants.

Species/extract name Microbial strains Key results Assay Country References

P. somniferum L.
Hexane, methanol, ethanol,
and ethyl acetate extract

Bacillus cereus MTCC 430 0.14mm ZOI

Disc-diffusion India [111]

Staphylococcus aureus MTCC 3160 2.00mm ZOI

Escherichia coli MTCC 40 0.10mm ZOI

Salmonella typhi MTCC 3224 0.13mm ZOI

Aspergillus niger MTCC 281 3.00mm ZOI

Aspergillus oryzae MTCC 624 3.00mm ZOI

Aspergillus flavus MTCC 227 1.50mm ZOI

Penicillium chrysogenum MTCC 6795 2.00mm ZOI

P. pseudocanescens M. Pop
Ethanol extract

Poliovirus type 1 (LSc-2ab) 21.4-49.7 μM IC50

— Bulgaria [114]Human rhinovirus type 14
(HRV-14)

65-199μM IC50

P. rhoeas L.
Methanol, ethanol, water,
and alcoholic-water extract

Bacillus subtilis ATCC 6633 —

Disc-diffusion Serbia [70]

Staphylococcus aureus ATCC 6538 12-18mm ZOI

Escherichia coli ATCC 8739 17-24mm ZOI

Pseudomonas aeruginosa ATCC 9027 11-20mm ZOI

Salmonella abony NCTC 6017 —

Aspergillus niger ATCC 16404 13-26mm ZOI

Candida albicans ATCC 10231 —

P. somniferum L. bee pollen
Ethanol extract

Penicillium citrininum 4-5mm ZOI

Disc-diffusion Slovak [116]

Penicillium crustosum 4-9mm ZOI

Penicillium expansum 1-4mm ZOI

Penicillium brevicompactum 1-3mm ZOI

Penicillium chrysogenium —

Enterobacteriaceae 6-7mm ZOI

Staphylococcus sp. 5-6mm ZOI

P. argemone L. subsp. davisii
Petroleum ether, diethyl ether,
chloroform, acetone, and
ethanol extract

Staphylococcus aureus ATCC 65538 39-625 (μg/mL) MIC

Microbroth
dilutions

Turkey [113]

Staphylococcus epidermidis
ATCC 12228

312-1250 (μg/mL) MIC

Escherichia coli ATCC 25922 1250 (μg/mL) MIC

Klebsiella pneumonia ATCC 4352 1250 (μg/mL) MIC

Pseudomonas aeruginosa ATCC 27853 625-1250 (μg/mL) MIC

Proteus mirabilis ATCC 14153 1250 (μg/mL) MIC

Candida albicans ATCC 10231 312-625 (μg/mL) MIC

P. clavatum Boiss. &
Hausskn. ex Boiss
Petroleum ether, diethyl ether,
chloroform, acetone and
ethanol extract

Staphylococcus aureus ATCC 65538 78-156 (μg/mL) MIC

Microbroth
dilutions

Turkey [113]

Staphylococcus epidermidis ATCC 12228 312-625 (μg/mL) MIC

Escherichia coli ATCC 25922 312-625 (μg/mL) MIC

Klebsiella pneumonia ATCC 4352 —

Pseudomonas aeruginosa ATCC 27853 —

Proteus mirabilis ATCC 14153 625 (μg/mL) MIC

Candida albicans ATCC 10231 625 (μg/mL) MIC
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the flower extract (rich in anthocyanins) and leaves showed
the highest antioxidant activity depending on the antioxi-
dant assay. Although it correlated with the phenolic content,
the alkaloid extract showed the highest antioxidant values,

with inhibitory concentration (IC50) of 7.4 and 8.1μg/mL
in the DPPH and ABTS radical scavenging activity assays
[122]. In another context, the antioxidant activity of PbO
and Fe2O3 nanoparticles synthesized using P. somniferum

Table 4: Continued.

Species/extract name Microbial strains Key results Assay Country References

P. dubium subsp. lecoqii
var. lecoqii
Petroleum ether, diethyl ether,
chloroform, acetone, and
ethanol extract

Staphylococcus aureus ATCC 65538 9-1250 (μg/mL) MIC

Microbroth
dilutions

Turkey [113]

Staphylococcus epidermidis ATCC 12228 312-625 (μg/mL) MIC

Escherichia coli ATCC 25922 1250 (μg/mL) MIC

Klebsiella pneumonia ATCC 4352 625-1250 (μg/mL) MIC

Pseudomonas aeruginosa
ATCC 27853

625-1250 (μg/mL) MIC

Proteus mirabilis ATCC 14153 625-1250 (μg/mL) MIC

Candida albicans ATCC 10231 625 (μg/mL) MIC

P. rhoeas L.
Petroleum ether, diethyl ether,
chloroform, acetone and
ethanol extract

Staphylococcus aureus ATCC 65538 39-156 (μg/mL) MIC

Microbroth
dilutions

Turkey [113]

Staphylococcus epidermidis ATCC 12228 156-625 (μg/mL) MIC

Escherichia coli ATCC 25922 625-1250 (μg/mL) MIC

Klebsiella pneumonia ATCC 4352 —

Pseudomonas aeruginosa ATCC 27853 —

Proteus mirabilis ATCC 14153 625 (μg/mL) MIC

Candida albicans ATCC 10231 625 (μg/mL) MIC

P. somniferum L.
Aqueous and ethanol extract

Fusarium solani 13-20mm ZOI

Paper disc

Pakistan [112]

Rhizoctonia solani 15-24mm ZOI

Macrophomina phaseolina 15-22mm ZOI

Fusarium solani 18-25mm ZOI

Well methodRhizoctonia solani 15-24mm ZOI

Macrophomina phaseolina 21-29mm ZOI

P. macrostomum Boiss.
& A.Huet
Petroleum ether, diethyl ether,
chloroform, acetone, and
ethanol extract

Staphylococcus aureus ATCC 6538 1-14mm ZOI

Disc-diffusion Turkey [67]

Staphylococcus epidermidis ATCC 12228 5-32mm ZOI

Escherichia coli ATCC 11229 1-7mm ZOI

Pseudomonas aeruginosa ATCC 1539 2-9mm ZOI

Proteus mirabilis ATCC 14153 1-16mm ZOI

Klebsiella pneumoniae ATCC 4352 1-6mm ZOI

Candida albicans ATCC 10231 3-6mm ZOI

Candida glabrata ATCC 90030 5mm ZOI

Candida guilliermondii KUEN 998 6mm ZOI

Candida tropicalis KUEN 1021 2-4mm ZOI

Candida pseudotropicalis KUEN 1012 5mm ZOI

Candida krusei ATCC 6258 1-4mm ZOI

P. decaisnei Hochst.
& Steud. ex Elkan
Methanol extract

Bacillus subtilis ATCC 6633 Non-significant

Microbroth
dilutions

Iran [117]

Candida albicans ATCC 10231 -

Escherichia coli ATCC 10536 Non-significant

Klebsiella pneumoniae ATCC 10031 -

Morganella morganii PTCC 1078 -

Pseudomonas aeruginosa ATCC 4027 Non-significant

Salmonella typhi PTCC 1185 -

Staphylococcus aureus ATCC 29737 -

P. rhoeas L.
Ethyl alcohol extract

Bacillus subtilis ATCC 6633 +
Microbroth
dilutions

India [118]Escherichia coli ATCC 10536 +

Saccharomyces cerevisiae ATCC 9763 +

IC50: inhibitory concentration at 50%; MIC: minimum inhibitory concentration; ZOI: zone of inhibition; -: not active; +: active.
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was evaluated. Using free radical scavenging assay (FRS),
total reducing power assay (TRP), and total antioxidant
capacity assay (TAC), it was observed that both the nanopar-
ticles of P. somniferum exhibited concentration-dependent
activity. PbO nanoparticles revealed the significant antioxi-
dant activity in terms of FRS (54%), TRP (16.8mg ascorbic
acid equivalents/mg), and TAC (106.1mg ascorbic acid
equivalents/mg) while Fe2O3 nanoparticles showed 52%
FRS activity, 16.8mg ascorbic acid equivalents/mg TRP,
and 131.1 ascorbic acid equivalents/mg TAC, respec-
tively [102].

The antioxidant activity in vivo of P. somniferum has
been also evaluated through the seed oil administered to rats,
observing limited oxidative damage [123]. Concerning other
species, the antioxidant activity of P. rhoeas has also been
reported by three methods: DPPH, ABTS, and ferric reduc-
ing antioxidant power (FRAP) assays. The results clearly
indicated that leaf extract demonstrated significant antioxi-
dant activity with a half-maximal effective concentration
(EC50) 28.72mg/100 g dry weight in DPPH, 185.29mM
Fe2+/100 g DW in FRAP, and 12.07mM Trolox equivalents
(TE)/100 g dry weight in ABTS [124]. The water extract of
this plant has also been evaluated for antioxidant potential
using DPPH and superoxide anions assays. The IC50 value
of P. rhoeas was 4.81mg/mL for DPPH assay, and it was
the highest antioxidant activity in the anti-ROS assay
[125]. Moreover, the hydrophilic and lipophilic antioxidant
activity of P. rhoeas was studied by using the TEAC assay.
The leaves of wild P. rhoeas displayed the highest total anti-
oxidant activity (1326 μmol TE/100 g fresh weight) among
other assessed plant species, which correlated with their total
phenolic and flavonoid content [126].

The antioxidant action of Papaver plants depends on the
genotype as shown by Krošlák and coworkers. Their results
suggested that there were differences in the antioxidant
activity of P. somniferum seeds by using DPPH, ABTS,
FRAP, and reducing power (RP) assays. The genotype major
displayed the best antioxidant activity in all the assays,
namely, DPPH (126.29), ABTS (31.05), FRAP (31.61), and
RP (146.56) mg of TE. Alternatively, the genotype MS-423
showed the high inhibition against trypsin, thrombin, and
collagenase enzymes [127]. Other important factor is the sol-
vent used for extraction. The results by Selen Isbilir & Sagir-
oglu [20] indicated that water extract (WE) of P. rhoeas was
the most effective compared to ethanol (EE), and acetone
extracts (AE); total antioxidant activity of all the extracts
was recorded to be 96.01% (WE), 94.98% (EE), and 89.07%
(AE), respectively. The TRP of extracts was as follows: WE
> EE > AE [20]. Other studies on antioxidant potential of
Papaver genus are presented in Table 5, showing the selected
solvent for extraction. Although it is difficult to compare all
the solvents due to the use of different assays and units, it
seems that the methanolic extract was higher in antioxidant
activity compared to other solvents for the aerial parts of P.
bracteatum.

From the aforementioned studies and Tables 4 and 5, it
can be summarized that the bioactivity of the alkaloids
derived from the Papaver genus depends on the extraction
conditions, as the phytochemical composition. Extraction

condition may include the type of the solvent, extraction
time, temperature, and other input factors. In addition,
Papaver alkaloids or phytochemical extracts demonstrated
more effective bioactivities in the nanoforms. Smaller nano-
particles penetrate more easily into the bacterial membrane
and dissociate into respective ions causing oxidative stress,
membrane leakage, and killing bacterial cells with more
perfection. The use of well-established alkaloids for the treat-
ment of various ailments in the human body may be utilized
as nanoformulation to enhance the efficacy of the drug.
There is further need to develop the field of nanotechnology
with respect to Papaver-based drug formulations. In addi-
tion, testing other isolated compounds is required to assess
the antimicrobial activity and antioxidant potential and their
contribution in order to select most active plant extracts.

5.5. Antidiabetic Activity. It is well known that α-amylase
and α-glucosidase are key enzymes for the catabolism of
complex carbohydrates into glucose and thus target to
explore antidiabetic drugs. In this sense, the α-glucosidase
inhibitory activity of P. somniferum seeds (aqueous and eth-
anol extracts) was also demonstrated. It was found that both
the extracts showed less than 5% inhibitory activity [132].
Also, the α-amylase enzyme inhibition activity using P. som-
niferum pod-based PbO and Fe2O3 nanoparticles showed
insignificant inhibition as 3% and 25%, respectively [102].

Apart from this, large number of researchers docu-
mented the antidiabetic potential of this genus in literature
through traditional medicine knowledge [133–136]. Most
of these studies referred to P. rhoeas and particularly to the
seeds. For example, boiled seeds capsule of P. rhoeas were
used by the communities with 22.85% frequency based on
the information collected by 35 healers in Iran [37]. Alterna-
tively, the antidiabetic effects of opium were low in experi-
mental diabetic animals at an oral dose of 10mg/kg body
weight for 90 days, as reported by Ahmed and group.
Although opium increased serum insulin and decreased
serum glucose, the effect was not significant; this was due
to metabolic disorders in diabetic animals. In addition, it is
suggested that opium consumption in diabetic patient is
not useful [137]. Similarly, Sadeghian et al. [138] reported
the effects of available opium substance on glucose and lipid
metabolism in streptozotocin-induced-diabetic rats by test-
ing opium contained in the juice of the seed capsule of the
P. somnniferum. The test rats were treated with normal
opium (20mg), starting on the fifth day after induction of
diabetes for 30 days. The results demonstrated that glycae-
mia levels in the rats treated with opium (544.8mg/dl) were
similar to the levels determined in the control rats
(524.6mg/dL). In addition, the level of other parameters
was similar: serum, total cholesterol, high-density lipopro-
tein, and triglyceride. Indeed, more studies are needed to
clarify the role of Papaver, specifically, P. rhoeas, in the anti-
diabetic action and the active chemical components.

5.6. Properties in Fertility. The role of P. rhoeas extract
(dried petals macerated with 50% ethanol) on fertility has
also been investigated in mouse oocytes [139]. The
cumulus-oocyte complexes were cultured in a maturation
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medium supplemented with different concentrations (low: 10-
25μg/mL; high: 50-200μg/mL) of P. rhoeas extract. Low con-
centrations of extract showed moderate effects; however,
higher concentration (100μg/mL) significantly improved the
rate of oocyte maturation and embryo development in mouse
oocyte maturation medium [139]. In another study, similar
findings were obtained while working on sheep oocytes
[140]. The results demonstrated that plant extract displayed
dose-dependent activity in a maturation medium. The con-
centration of 50μg/mL was effective and improved the sheep
oocyte maturation rate when the extract was supplemented
in a maturation medium [140]. Flavonoids, including antho-
cyanins, have been associated with these effects, which can
protect intracellular glutathione levels in oocytes [141].

5.7. Neurological/Mental Effects. Supplementation of P.
rhoeas hydroalcoholic extract reduced depression and
increased the neurotransmitters involved in depression,
including dopamine, serotonin, and norepinephrine [142].
Depression is also linked with stress and increases glucocor-
ticoid secretion into the blood. Nonetheless, the administra-
tion of a hydroalcoholic extract of P. rhoeas (15-60mg/kg in
male mice) enhanced the secretion of glucocorticoids, but it
could reduce the side effects of stress [143]. In other work, P.
rhoeas distillate decreased anorexia and improved learning
ability, but it again increased the corticosterone levels
[144]. These positive neurological/mental effects agreed with
recent results that suggest that P. rhoeas hydroalcoholic
extract has a reducing effect on depression in mice after
short-term administration. In this sense, the antidepressant
effect of P. rhoeas may not be due to the inhibition of the
hypothalamic-pituitary-adrenal stress system, while it could
be caused, at least in part, by the inhibition of glutamate or
through antiopioid and anticholinergic effects [145].

Furthermore, sedative effects of P. rhoeas aqueous and
alcoholic extracts have also been observed, being more
marked when 10% ethanol was used as solvent for extrac-
tion [71].

5.8. Other Bioactivities. The antiulcerogenic activity of P.
rhoeas root extract was assessed by using the ethanol-
induced ulcerogenesis model in rats. The plant extract
(670mg/kg) exhibited statistically significant (95.6%) gastro-
protective effects. In addition, histopathological studies con-
firmed the positive results of the extract in vivo [146]. The
anti-inflammatory activity of extracts from P. nudicaule
aerial parts and its mode of action in RAW264.7 macro-
phage cells have been also tested. Interestingly, in this work,
the aerial parts were selected according to different colors
(white, orange, yellow, scarlet, and pink) and under two dif-
ferent growth stages (after 60 and 90 days). All of the
extracts of P. nudicaule displayed significant effects in reduc-
ing lipopolysaccharide- (LPS-) induced nitric oxide; the
white flower extract-90 showed the best results. This extract
also decreased the LPS-induced nitric oxide synthase 2 and
cyclooxygenase 2. It inhibited the LPS-induced activation
of nuclear factor-κB and signal transducer and the activator
of transcription 3 signalling pathway [147]. As commented
before, the phenolic composition depends on the color and
the white ones have petals rich in kaempferol glycosides,
but with a lack of pelargonidin glycosides and nudicaulins
[73]. Moreover, P. rhoeas extracts prevented pain and
inflammation due to their potential activity on opioid, gluta-
mate, and nitric oxide systems, as well as elevated the plasma
corticosterone concentration [148]. Furthermore, P. somni-
ferum seeds have inhibitory activities against trypsin, throm-
bin, and collagenase, suggesting more vast pharmacological
possibilities [127].

Table 5: Antioxidant activity of Papaver plants.

Species and type of extract Assay Key results Countries References

P. rhoeas L.
Methanolic extract

DPPH IC50 = 1:4mg/mL Slovakia [89]

P. somniferum L.
Ethanolic extract

Total reducing power 3592.56mg/mL Serbia [116]

P. rhoeas L.
Ethanolic extract

DPPH 81.47–89.71% Serbia [70]

P. rhoeas L.
Methanolic extract

CUPRAC
ABTS/persulfate

FRAP

0.13mmol TR/g
0.15mmol TR/g
0.07mmol TR/g

Turkey [128]

P. somniferum L.
Methanolic extract

Linoleic acid peroxidation 49.75 IC50 (μg/mL) Iran [129]

P. bracteatum Lindl
Methanolic extract

Linoleic acid peroxidation IC50 = 3:51 μg/mL Iran [130]

P. rhoeas L.
Aqueous methanol extract

DPPH
H2O2

Fe2+

EC50 = 63:01 (μg/mL)
10.57–52.70%

86.85%
Turkey [131]

ABTS: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; CUPRAC: cupric reducing antioxidant capacity; DPPH: 2,2-diphenyl-1-picrylhydrazyl; EC50:
half-maximal effective concentration; EC50: half-maximal effective concentration; FRAP: ferric-reducing antioxidant power; TR: Trolox.

15Oxidative Medicine and Cellular Longevity



6. Safety and Adverse Effects

An undesired harmful effect resulting from a medication or
other intervention such as surgery is known as an adverse
effect. It may be termed a “side effect,” when considered to
be secondary to the therapeutic effect [149]. In contrast, dan-
gerous, unintended reactions of medicines that occur at doses
normally used for treatment are called adverse drug reactions
(ADRs), even can lead to death in many countries [149]. In
the case of morphine alkaloids, the pharmacologic properties
of these compounds differ widely and their medicinal appli-
cations have some safety and adverse effects [150].

Various wanted and unwanted effects of opium con-
sumption are discussed in the encyclopedia Canon of Medi-
cine by Avicenna (980-1037AD). Avicenna has mentioned
on the mechanism of opioid-related respiratory depression,
due to respiratory muscle spasm for respiratory failure. Sim-
ilarly, it is mentioned in Canon of Medicine that opium can
cause abnormal and difficult breathing, which can lead to
death. A respiratory suppression side effect was observed
with patients suffering from fever associated with tuberculo-
sis due to the use of the topical opioid application on the
chest. Constipation and painful bowel obstruction were other
adverse effects of opium-based [177]. Avicenna has also
mentioned poisoning, sluggishness, sedation, and abdominal
contractions. Opium has highly addictive qualities and is
reported to cause memory and reasoning dysfunction [177].

Remarkably, modern studies have confirmed the adverse
effect of morphine alkaloids described by Avicenna
[151–153]. Some of them are related to the binding to μ-
and κ-opioid receptors, the accumulation of neuroexcitatory
opioid metabolites, etc. One of the side effects of opioid-
based pain relievers, including morphine and its derivatives,
is severe constipation [154]. Kohberg et al. [155] and Rocker
et al. [156] also reported constipation as the most frequent
adverse effect. Moreover, other effects of morphine are on
the CNS mediated by its high affinity to the μ-opioid recep-
tor, such as nausea, vomiting, sedation, euphoria, miosis,
respiratory depression, drowsiness, and obstipation [157].
Additional adverse effects are endocrinopathies and sleep
disorders. Furthermore, long-term use of opioid can lead
opioid tolerance (increased dose needed for analgesia) and
hyperalgesia (paradoxical increase in pain with opioid
administration) that involves μ-opioid receptor signalling
pathways [158–160]. Wound healing can also be delayed
by chronic morphine intake by inhibiting immune cell
recruitment followed by wounding [161].

As codeine is a precursor of morphine, they share some
pharmacological features with also direct activity at the opioid
receptors, but the former has much lower potency. The most
frequent side effects of codeine are constipation and nausea,
and addition potential. Nevertheless, in some paediatric
patients, the genotype predisposing to ultrarapid metabolism
of codeine into morphine by the isoenzyme CYP2D6 can
occur [157]. Codeine and morphine can be distributed into
breast milk with complications for breastfed infants of
mothers receiving codeine [162], even a case of severe neona-
tal toxicity in a breastfed infant has been reported [163]. In the
case of noscapine, it is used as a centrally acting antitussive

compound and no toxicological properties have been charac-
terized, but it can present headache and dizziness [157].

Poppy seeds from P. somniferum are commercially avail-
able in some countries and widely used as ingredients for
various kinds of food, especially in Eastern Europe [164].
Poppy seeds for food uses are generally obtained from culti-
vars bred to accumulate lower amounts of opium alkaloids
[56] and normally contain low levels (2-251μg/g of mor-
phine and 0.4-57μg/g of codeine) [165]. The opioid concen-
trations come primarily from the alkaloid residue retained
on the seeds [166]. Therefore, although the consumption
of poppy seeds in foods is really in small amounts, EFSA
set a general safe level of 10μg per kilogram of body weight
based on the morphine content of poppy seeds [157]. In this
sense, only a rare case of death has been published consum-
ing between 64 and 587 times the volume of poppy seeds
(around 900 g). This extremely high ingest led to death due
to complications of a bowel obstruction, but it did not cause
lethal opiate toxicity [165].

Alternatively, extracts or infusions concentrated in
opium alkaloids from poppy seeds can have adverse effects
[56, 165], but there are few reports on this topic [166]. In
any case, some authors have attempted the reduction of
the content of opium alkaloids in the seeds using different
treatments. For example, while the levels of opium alkaloids
were not affected by baking or steam application, a high
reduction of these compounds can be obtained by water
washing or extended thermal treatment [56].

In another context, immunoglobulin E-mediated sensiti-
zation to poppy seeds is rare, but if it occurs, the clinical
symptoms can be severe, e.g., due to cross-sensitizations
events [167, 168].

Concerning other Papaver species, some case studies in
humans suggest that unconscious ingestion of P. rhoeas can
cause acute liver toxicity [169] and intoxication with different
effects (nausea, restlessness, dyspnoea, contractions uncon-
sciousness, numbness, etc.) [170]. Alternatively, an in vivo
study performed by Soulimani and coworkers [71] suggests
that extracts from P. rhoeas petals (without the presence of
alkaloids) showed a lethal dose (LD50) of 4000mg/kg and thus
very low toxicity. However, sedative effects were observed. A
study in vitro showed that P. rhoeas leaf extract also showed
promising antimutagen/anticlastogen activity [171] and thus
suggesting low toxicity. Therefore, although Papaver extracts
can have some beneficial effects, toxicity studies are further
required to establish dosage and side effects. Nonetheless,
the culinary use of some parts and Papaver plants indicates
that the safety issues are controversial or the dosage is a pre-
requisite. This includes P. somniferum seeds, with the afore-
mentioned exceptions [56, 165]; the shoots of P. rhoeas, the
aerial parts of this species, and Papaver strictum Boiss. &
Balansa are added to salads, minestra, etc. [32, 35, 172].
Additionally, in Turkey, poppy flowers are used as food col-
orant and for enhancing the flavour of herbal teas [64].

7. Clinical Trials

Besides the aforementioned case reports studies, there are a
very limited number of clinical studies reporting the health
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beneficial effects of Papaver plants, as far as we know. One of
them tested the iodized poppy-seed oil as vehicle of the drug
epirubicin against hepatocellular carcinoma [173, 174], but
the anticancer effects of poppy have not been evidenced in
humans. In the ClinicalTrials.gov database, there are two
studies based on the administration of California poppy
(Eschscholzia californica Cham.) (NCT03364101) but only
one refers to the Papaver genus. In this work, ground poppy
seeds were baked into a bran muffin and administered to
evaluate the effect on postprandial blood glucose response,
vascular, appetite, and sensory parameters (NCT01579656),
but the results have still not been posted. Furthermore, a
recent study on P. rhoeas combined with other herbs in
syrup has improved sexual experience of men following con-
sumption of this mixture with no drug-related serious
adverse events. Therefore, the authors suggest that this aph-
rodisiac syrup can be applied alternatively to other chemical
sexual drive enhancers with complicated side effects [175].

8. Conclusions and Future Perspectives

Besides the pharmacological interest of P. somniferum, the
traditional use of different Papaver plants is widely estab-
lished in different cultures and countries. This fact makes
this genus attractive as a source of pharmacoactive extracts
and compounds (alkaloids, phenolic compounds, and essen-
tial oil). These compounds are responsible for the multifac-
eted biological activities of the Papaver genus including
anticancer, antioxidant, antimicrobial, and analgesic. The
finding from different studies also demonstrated that these
useful compounds are present throughout the plant includ-
ing agro-residue generated from the Papaver plants. None-
theless, pharmacological studies on extracts from these
plants should be reinforced with characterization studies to
know the active molecules, or if synergism exists that makes
more interesting the use of the whole extracts. For that,
bioassay-guided fractionation or even chemometrics with
MS-based methodologies and HPLC with MS/MS can be
applied to identify the overall profile of the Papaver plant
extracts. This is especially important since the phytochemi-
cal composition and content as well as the bioactivity
depend on several factors, including the genotype, the
growth stage, and even the color of the flower. The phyto-
chemical profile also depends on the method of extraction,
input factors used for the extraction, and also on the style
of preparation of the sample for analysis. Moreover, little is
known about the bioactivity of the essential oil from these
plants, even though some authors suggest the presence of
phytol. This compound is valuable as a fragrance and
exhibits a broad range of bioactivities [80].

Moreover, applications of this genus in nanotechnology
seem promising, for example, to synthesize nanoparticles
for different pharmacological purposes but further work is
required, including more toxicity studies. In this sense, the
use of plant extracts is increasing in green synthesis and
the type of compounds present on these extracts can modu-
late the nanoparticle shape (Vijayaraghavan et al., [176]) and
probably its functionality. Finally, although some preclinical
results are promising, more clinical studies are needed to

provide scientific evidence of the traditional use of Papaver
plants before consumption and to avoid intoxication events.
Overall, these studies along with a better known of the active
molecules through comprehensive characterization and bio-
guided fractionation studies should be undertaken in future
research.
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Osteoarthritis (OA) is a disease caused by joint degeneration with massive cartilage loss, and obesity is among the risk factors for
its onset, though the pathophysiological mechanisms underlying the disease and better therapeutic approach still remain to be
assessed. In recent years, several nutraceutical interventions have been investigated in order to define better solutions for
preventing and treating OA. Among them, polyunsaturated fatty acids (n-3 PUFAs) appear to represent potential candidates in
counteracting OA and its consequences, due to their anti-inflammatory, antioxidant, and chondroinductive effects. PUFAs
have been found to counteract the onset and progression of OA by reducing bone and cartilage destruction, inhibiting
proinflammatory cytokine release, reactive oxygen species (ROS) generation, and the NF-κB pathway’s activation. Moreover, a diet
rich in n-3 PUFAs and their derivatives (maresins and resolvins) demonstrates beneficial effects on associated pain reduction.
Finally, it has been shown that together with the anti-inflammatory and antioxidant properties of eicosapentaenoic (EPA) and
docosahexaenoic (DHA) acids, their antiapoptotic and antiangiogenic effects contribute in reducing OA development. The present
review is aimed at assessing evidence suggesting the potential benefit of nutraceutical supplementation with PUFAs in OA
management according to their efficacy in targeting relevant pathophysiological mechanisms responsible for inflammation and
joint destruction processes, and this may represent a novel and potentially useful approach in OA prevention and treatment. For
that purpose, a PubMed literature survey was conducted with a focus on some in vitro and in vivo studies and clinical trials from
2015 to 2020.

1. Introduction

Osteoarthritis (OA) is a degenerative joint disease associated
with massive cartilage loss [1–3], affecting approximately
15% of the total population, and 60% of the elderly popula-
tion [4]. Normal articular cartilage is made up of connective
tissue and covers the load-bearing surfaces at the ends of
long bones [5]. The only cells in cartilage are chondrocytes,
which constitute the cartilage extracellular matrix (ECM)
through a balance between synthesis and degradation. The
ECM is basically made up of collagen type II (COL2A1)
and proteoglycans, such as aggrecan. This composition guar-

antees structural integrity and the absence of friction during
joint movement [5, 6]. Below the cartilage in the joint is a
dense formation: the subchondral bone plate and trabecular
bone in the epiphysis, the function of which is to support the
loads applied to the joint. There are numerous vessels in the
trabecular portion that provide nourishment to the cartilage.
Bone formation is attributable to osteoblasts, while osteo-
clasts’ function is bone resorption. In order to perform their
functions, these cells need a continuous supply of adenosine
triphosphate (ATP); therefore, they are metabolically very
active. Articular joints also contain synovial tissue, which is
subdivided into intima (the inner layer) and subintima.
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The synovial intimal cells are fibroblast-like synoviocytes
(FLS) and macrophage-like synoviocytes (MLS); the former
is responsible for synovial fluid viscosity, while the latter is
tissue-resident macrophages. Moreover, menisci, ligaments,
tendons, and adipose depots are all responsible for biome-
chanical stability and joint function [5]. Hands, knees, and
hips are particularly affected by OA, and more specifically,
the articular bodies, capsules, bursae, cartilage menisci, liga-
ments, and muscles [1, 4, 7]. The osteochondral unit consists
of cartilage, subchondral bone, and calcified cartilage. This
unit, essential for load distribution and joint movement, is
modified as OA progresses [1, 2, 4]. In the early stages of dis-
ease onset, the cortical plate and subchondral bone undergo
rapid bone remodeling, with concomitant bone loss and
increased porosity. Changes in calcified cartilage and tide-
mark destruction are related to the improper passage of
substances and vessel generation. Modification of the
osteochondral unit leads to unbalanced load distribution
with consequent cartilage destruction, which, over time,
determines OA onset and progression [1, 2]. Furthermore,
alterations in subchondral bone are responsible for the differ-
ent crosstalks between chondrocytes and bone cells, which
contribute to cartilage destruction [1]. Chondrocytes,
responsible for bone formation, are damaged by proinflam-
matory action of interleukins and metalloproteinases [1, 7].
Furthermore, chondrocytes express molecules such as VEGF
(vascular endothelial growth factor), MMP-13 (matrix metal-
lopeptidase 13), and RUNX2 (runt-related transcription fac-
tor 2), implicated in hypertrophy and differentiation [1, 2, 7].
Hypertrophy and the surrounding calcified extracellular
matrix alter the tidemark on the osteochondral interface,
causing microcracks and thinning of the cartilage [1, 2].
OA onset is characterized by greater bone remodeling, with
simultaneous bone reduction under articular cartilage.
Decreased remodeling and subchondral densification occur
during disease progression, together with synovial inflamma-
tion and increased inflammatory and catabolic responses [1,
2, 8, 9]. In light of this, intervening on subchondral bone
remodeling and maintaining osteochondral unit structural
integrity could represent a therapeutic strategy in preventing
the onset and progression of OA [1].

2. Role of Inflammation and Oxidative
Stress in OA

The structural changes characterizing OA are determined by
a series of factors, the most important of which is inflamma-
tion [10]. From a clinical point of view, joint inflammation
in OA is characterized by joint swelling, warmth, and pain
[2, 10]. In particular, inflammation of the synovial mem-
brane, known as synovitis, occurs as a result of interaction
between degraded cartilage fragments and the immune sys-
tem, which generates a protective inflammatory response
via synoviocytes [10]. The cartilage fragments are identified
as foreign bodies, and therefore, trigger a response from both
the innate and adaptive immune systems. Consequently, the
inflammatory response is generated through the activation
of inflammatory signaling pathways, such as the NF-κB
(nuclear factor-κB) pathway [7, 10]. This change is closely

related to aging and also occurs in the absence of other con-
ditions, such as obesity and metabolic syndrome [7]. The
most studied inflammatory mediators of OA are cytokines
that amplify low-grade inflammation, further compromising
cartilage [10, 11]. However, obesity is one of the most
important risk factors in the onset of OA [5]. It has been
shown that the onset of posttraumatic OA is more linked
to biomechanical factors, while metabolic OA arises follow-
ing chronic inflammation and an unbalanced diet; condi-
tions characteristic of obesity [5, 12]. In fact, chronic
inflammation, characterized by the increased synthesis of
proinflammatory cytokines, such as IL- (interleukin-) 1β
and TNF- (tumor necrosis factor-) α, determines greater
osteoclast activation, which is responsible for bone resorp-
tion [5]. Furthermore, hormones such as leptin and visfatin,
which are associated with obesity, are also involved in OA
onset and progression. It has been shown that knee osteoar-
thritis is the most common form among obese people and,
in particular, among aging adults [12]. Therefore, damage
to joints is not only determined by increased body weight
but is also mainly due to a greater synthesis of matrix metal-
loproteinases (MMPs), such as MMP-1, −3, −9, and −13,
disintegrin, and metalloproteinase with thrombospondin
motifs (ADAMTS), such as ADAMTS-4 and −5, the pres-
ence of which is related to ECM degradation, synovitis,
and cartilage and bone injuries [3, 5–7, 13]. IL-1β induces
the upregulation of these enzymes in addition to other cata-
bolic factors, including inflammatory mediators, nitric oxide
(NO), prostaglandin E2 (PGE2), cyclooxygenase-2 (COX-2),
and reactive oxygen species (ROS) [6, 14–16]. Additionally,
oxidative stress can trigger joint inflammation and pain in
response to cellular senescence or obesity-related systemic
inflammation. In fact, ROS production is deeply involved
in OA triggering the inflammation cycles and catabolism,
leading to a reduction of glycosaminoglycans and collagen
modifications, causing chondrocyte homeostasis alteration
and irreversible cartilage matrix degradation with OA devel-
opment [5–8]. Joint aging and dysfunction are also related to
impaired autophagy, which results in chondrocytes losing
the ability to maintain homeostasis and survive in patholog-
ical conditions. Indeed, in aged cartilage and in mouse joints
with surgically induced OA, autophagic protein expression is
downregulated [7, 17]. In OA inflammation, NO plays an
important pathological role. NO is synthesized in chondro-
cytes by inducible NO synthase (iNOS), and its high produc-
tion rate generates an inflammatory state that contributes to
cartilage destruction and cell damage [7, 10]. Studies con-
ducted in OA patients have shown greater NO concentration
and iNOS expression in chondrocytes compared to the (still
high) levels present at the synovial level. Therefore, NO pro-
duced at the cartilage level contributes to OA pathogenesis.
In particular, a higher iNOS expression has been demon-
strated in the superficial area of OA cartilage, which thus
pinpoints the commencement of OA damage, i.e., the dam-
aged cartilage is responsible for the greater NO production.
The latter causes cartilage destruction, as it increases
chondrocyte-mediated matrix degradation, increases MMPs
activity and, at the same time, inhibits the synthesis of
matrix components, such as COL2A1 and aggrecan. NO

2 Oxidative Medicine and Cellular Longevity



contributes to OA pathogenesis by triggering the inflamma-
tory response, along with increased synthesis of PGE2 and
inflammatory cytokines [16]. Furthermore, NO can also be
involved in mechanisms related to oxidative damage and
chondrocyte death by apoptosis. Therefore, iNOS modula-
tion represents a possible target for OA therapy; in fact,
the chondroprotective effects of many molecules of plant
origin, such as pomegranate extract, have been demon-
strated [10].

3. Therapies in OA

OA is a disabling joint disease with a multifactorial mecha-
nism, causing major impairment to quality of life, as well
as pain, limitation of movement, and disability [2, 4, 10,
17]. To date, there are no effective therapies for OA; just
therapies that confer symptomatic relief or a definitive treat-
ment, such as joint arthroplasty [2, 10, 17]. Treatment such
as joint arthroplasty still has a high postsurgical chronic pain
incidence that ranges between 20% and 40% [18]. Osteoar-
thritis pain after prosthesis implantation is one of the most
severe secondary syndromes, depending not only on surgery
but also on organic changes before and after joints replace-
ment [2, 10, 17]. Opioid employment could influence post-
surgical pain and lead to tolerance or addiction. It is well
known that the involvement in hypersensibility of the
immune system, the nervous system, and the peptidergic
ones is connected due to the opioid receptors on immune
cells surface. Recently, it has been shown that the percentage
of Mu-positive B cells is statistically lower in OA patients,
and this data could be used as a biological marker for
an objective diagnosis of chronic pain [19]. Therefore, in
order to be effective, OA therapies must be applied either
in a preventive manner, or in the initial stages of disease
onset. Chronic joint pain is the main symptom of OA,
and strategies to relieve it are necessary to improving the
quality of life in patients with OA [14, 20]. In fact, the
drugs used in OA patients are analgesic and/or nonsteroidal
anti-inflammatories (NSAIDs), which only counteract symp-
toms without acting on OA progression and pathophysiology
[7, 9, 21]. Additionally, in long-term therapy, NSAIDs have
side effects at the gastrointestinal, renal, and cardiovascular
levels; they also manifest liver toxicity, hemorrhaging, and
negative effects on chondrocytes and cartilage matrix forma-
tion [7, 9, 22]. Consequently, in recent years, alternative solu-
tions with fewer side effects have been sought by the scientific
community, such as treatment with natural compounds. In
fact, nutritional treatments for the prophylaxis and therapy
of other diseases, including heart disease, hepatic steatosis,
and metabolic syndrome, are all considered viable therapeu-
tic alternatives [23–32]. Therefore, such compounds are
believed to be important in the prevention and management
of articular cartilage structural damage in OA [2, 3, 33]. The
data obtained from in vitro and in vivo preclinical studies
confirm the anti-inflammatory and antioxidant effects of
the natural compounds used in counteracting both the pro-
gression and symptoms in OA [7]. Additionally, human clin-
ical trials have demonstrated the effectiveness of natural
compounds for the management and relief of OA pain; this

is likely attributable to their anti-inflammatory and antioxi-
dant properties [20]. Thus, although nutraceutical supple-
mentation with natural compounds has been widely used in
the past decades to find better solutions to counteract OA
development, the benefit of such an approach is not well
defined and further studies are required to understand the
potential for nutraceutical supplementation in OA treatment.
Recently, evidence has been collected showing that polyun-
saturated fatty acids (PUFAs) may represent right candidates
for nutraceutical supplementation in treating OA, alongside
with traditional pharmacological approach. In particular, it
has been suggested that their selective anti-inflammatory
and antioxidant properties may significantly produce chon-
droprotective thereby attenuating cartilage loss. In this
review, we aim to summarize scientific data demonstrating
the effectiveness of PUFAs in OA management and their
potential role in nutraceutical supplementation in OA-
related pathophysiological mechanisms. The interest in these
nutraceuticals is linked to the fact that they represent impor-
tant components of the Mediterranean diet.

4. Polyunsaturated Fatty Acids (PUFAs)

Polyunsaturated fatty acids (PUFAs), and all unsaturated
fatty acids (FAs) in general, are lipids consisting of a long
hydrocarbon chain with a carboxyl group (-COOH) at the
polar hydrophilic end and a nonpolar hydrophobic methyl
group (-CH3) at the opposite end [34]. Two classes of
PUFAs, n-3 and n-6, are defined as “essential,” as they must
be taken in via the diet because humans do not have the
Δ12- and Δ15-desaturases that catalyze double bond forma-
tion in positions n-3 and n-6 of the FA carbon chain. In par-
ticular, the n-3 PUFAs have their first double bond between
the third and fourth carbon atoms, while n-6 PUFAs have it
between the sixth and seventh carbon atoms, counting from
the methyl end of the FAs [35]. Linoleic acid (LA, 18 : 2,
omega-6) and α-linolenic acid (ALA, 18 : 3, omega-3) are
essential PUFAs as they must be taken in via the diet [36].
The main products of LA metabolism are n-6 PUFA, γ-lino-
lenic, and arachidonic acid, while n-3 PUFAs, such as eico-
sapentaenoic acid (EPA, 20 : 5 n-3) and docosahexaenoic
acid (DHA, 22 : 6 n-3), derive from ALA [36, 37]. The vege-
table dietary sources of LA are safflower, soy, and corn oils.
ALA, on the other hand, is present in flax seeds, beans, nuts,
and the leaves of some green plants. The levels of EPA and
DHA obtained by the liver from α-linolenic acid are mini-
mal, and most of their content in the body derives from
the diet. In particular, EPA and DHA are abundant in the
flesh of both lean and fatty marine fish, as well as in fish
oil and algal-derived supplements, although they can also
be found in lower quantities in many other foods of animal
origin. Therefore, including them in our daily diet in the cor-
rect proportions is highly recommended [34–37].

4.1. Role of n-3 and n-6 PUFAs. Western diets (WD) usually
have a higher content of n-6 PUFAs than n-3 PUFAs; the n-
6/n-3 ratio is usually higher than 15 : 1. The recommended
daily intake is around 4 : 15. This unbalanced ratio, in favor
of n-6 PUFAs, favors proinflammatory eicosanoid synthesis,
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causing the onset of inflammatory and autoimmune diseases
[38]. EPA and DHA are incorporated into cellular phospho-
lipid membranes, but are also precursors of immune-
inflammatory signaling modulators. In particular, EPA and
DHA generate prostaglandins, leukotrienes, and D- and E-
series resolvins, which have potent anti-inflammatory effects
through COX and lipoxygenase (LOX) activity [39, 40].
Conversely, n-6 PUFAs perform proinflammatory roles, reg-
ulating various inflammatory processes and genes. Further-
more, arachidonic acid is a precursor to proinflammatory
mediating prostaglandins, thromboxanes, and leukotrienes,
while linoleic acid causes more severe inflammatory
responses [37]. Given the opposite effects of n-3 and n-6
PUFAs on the inflammatory response, their ratio is funda-
mental to the regulation of inflammatory signaling homeo-
stasis [40]. Numerous epidemiological studies correlate n-3
PUFAs intake with long-term beneficial effects on human
health. In fact, the efficacy of n-3 PUFAs in the prevention
and treatment of various pathologies, such as cerebral ische-
mia, non-alcoholic fatty liver disease (NAFLD), cardiovascu-
lar diseases, and neurodegenerative diseases, is well known
[26, 27, 41–44]. Importantly, several evidences have shown
that PUFAs play an important role in OA.

4.2. PUFAs and OA

4.2.1. DHA, Bone Remodeling, and Angiogenesis. To better
investigate the role of the osteochondral unit in OA onset
and progression, an in vivo study was conducted in an
ACLT-induced rat model, and an in vitro one in
RAW264.7 (mouse mononuclear macrophage leukemia
cells) and HUVECs (human umbilical vein endothelial cells)
[1]. In the in vivo model, DHA’s effect on bone remodeling
and vessel formation in the osteochondral unit was investi-
gated. Microcomputed tomography (micro-CT) images of
subchondral bone revealed DHA’s positive effect on the
bone surface to bone volume (BS/BV) and bone volume to
tissue volume (BV/TV) ratios, indicating that DHA protects
the microstructure of subchondral bone in the initial phase
of OA. The reported study showed that DHA inhibits osteo-
clast differentiation, reducing areas of bone resorption and
confirming osteoclasts’ role in OA. DHA has been shown
to inhibit mRNA and the protein expression of osteoclast
markers TRAP (tartrate-resistant acid phosphatase) and
CTSK (Cathepsin K), which are involved in bone turnover.
Therefore, by inhibiting these protein expressions, DHA
inhibits osteoclast differentiation and bone remodeling,
along with bone mass preservation. RANKL (receptor acti-
vator of nuclear factor kappa-Β ligand) is also involved in
this process, as its expression is downregulated by the
presence of DHA, both in ACLT rats and in cells, thus,
preventing cartilage degradation. Furthermore, NFATc1
(nuclear factor of activated T-cells, cytoplasmic 1) is also
involved in the terminal osteoclast differentiation process.
It is known that NFATc1 and RANKL signaling pathways
can perform their functions either in synergy or indepen-
dently. The study’s results for RAW264.7 cells treated with
RANKL demonstrate that DHA presence reduces the
levels of NFATc1 expression, influencing osteoclast differ-

entiation. Similar results were recorded for the DHA regu-
lation of MITF (microphthalmia-associated transcription
factor) expression, a member of the MIT family that is
involved in the differentiation process that regulates TRAP
mRNA expression levels. In this way, DHA suppresses
osteoclast differentiation. In addition, an increase in angio-
genesis was found in OA development. It was also shown
that DHA slows OA progression by reducing angiogenesis
at the interface between subchondral bone and calcified
cartilage, inhibiting the proliferation and migration of
HUVECs. DHA blocks the VEGF–VEGFR2 signaling
pathway, responsible for blood vessel formation, which is
particularly active in OA models. Therefore, DHA slows
down cartilage degeneration.

4.2.2. The n-6/n-3 PUFA Ratio and MMP-13 Expression.
Since MMP-13 expression increases in OA chondrocytes,
the effects of different n-6/n-3 PUFAs ratios were studied
both in vitro (in inflammatory human chondrocytes) and
in Sprague-Dawley rats with arthritis induced by Freund’s
complete adjuvant, treated for six weeks [45]. In particular,
the effects of LA/ALA ratios ranging from 1 : 1 to 10 : 1 were
tested. The results obtained in vitro and in vivo studies
showed no variation in cell proliferation, but an LA/ALA
ratio of 1 : 1 is more effective in reducing mRNA and
MMP-13 protein levels. In particular, the serum MMP-13
and IL-1 levels are lower when treated with LA/ALA ratios
of 1 : 1 and 2 : 1. The same LA/ALA ratios reduced the paw
swelling rate, and the histological analysis reported less car-
tilage damage. Therefore, this study demonstrates that an
equal ratio of n-6 and n-3 PUFAs is the most effective in
inhibiting MMP-13 expression and induced arthritis in rats,
thus, representing a good approach for the treatment of OA
symptoms. It is also known that MMP-13 is responsible for
COL2A1 degradation and destruction, a condition that leads
to OA onset and progression. COL2A1 synthesis is also
inhibited by IL-1β, which is responsible for the upregulation
of cartilage degradation mediated by MMPs.

4.2.3. DHA and MMP-13 Expression. In light of these data
and DHA’s anti-inflammatory action, Wang et al. conducted
a study on the effects of IL-1β on human chondrosarcoma
SW1353 cells and on a rat model of adjuvant-induced arthri-
tis (AIA), in order to test for DHA’s possible protective
effects on OA [46]. First, using flow cytometry and an
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay, DHA concentrations <50 μg/mL were
established as being safe for cell treatment. The mRNA and
protein expressions were evaluated by RT-qPCR, ELISA,
and Western blotting. Studies conducted on SW1353 cells
treated with increasing DHA concentrations reported that
DHA inhibits both MMP-13 mRNA expression and IL-1β-
enhanced MMP-13 protein expression in a dose-dependent
manner, with a maximal effect at a DHA concentration
equal to 50μg/mL. The mechanism underlying this inhibi-
tory effect was also evaluated, concluding that DHA has no
effect on JNK or ERK1/2 activation. On the contrary, DHA
inhibits IL-1β-induced p38 activation, and particularly, p-
38 phosphorylation. In vivo studies in an AIA rat model
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confirmed the results obtained in cells pertaining to MMP-
13 expression. In particular, histological and immunohisto-
chemistry analyses have shown that the treatment of AIA
rats with DHA increases the thickness of articular cartilage,
reducing its destruction by inhibiting MMP-13 expression
in the cartilage matrix. Many in vitro and in vivo studies
have demonstrated the positive effects of n-3 PUFAs on car-
tilage repair, but these need to be confirmed by further clin-
ical trials [47].

4.2.4. DHA, EPA, and Apoptosis. OA is also characterized by
joint marginal osteophyte generation accompanied by syno-
vitis. Therefore, OA was induced in the human chondrosar-
coma cell line SW1353 by inflammatory factor IL-1β
stimulation, and the effect of DHA on cell apoptosis was
evaluated [48]. By determining B-cell lymphoma-2 (Bcl-2),
Bcl-2-associated X protein (Bax), and cleaved caspase-3
expression, in addition to ERK, JNK, and p38 MAPK, in
both the presence and absence of DHA, it was established
that DHA has an inhibitory effect on IL-1β and reduces apo-
ptosis by inhibiting the activation of the MAPK signaling
pathway. In addition, EPA, injected intra-articularly into a
mouse model of OA showed an antiapoptotic effect on
chondrocytes in the presence of oxidative stress [7].

4.2.5. Controlled-Release EPA. A new therapeutic strategy for
OA was investigated, in which patients could be treated with
controlled-release EPA [49]. The study model was that of
male mice exhibiting destabilization of the medial meniscus
(DMM), treated with either a single injection of EPA (3mg/
mL) or with gelatin hydrogels containing EPA (3mg/mL).
Histological evaluation was carried out at 1 week and 8
weeks after DMM surgery. Gelatin hydrogels represent a safe
drug delivery system through which a physiologically active
substance, such as EPA, is gradually released in less than
three weeks. Moreover, in this study, immunohistochemical
analyses showed that EPA, incorporated into the gelatin
hydrogel and released slowly over time, improved MMP-3-
, MMP-13-, IL-1β-, and p-IKK α/β-positive cell ratios more
effectively than a single injection of EPA, thereby grounding
a more effective response to OA progression. This could rep-
resent an innovative and more efficient treatment for OA
patients.

4.3. OA, Obesity, and PUFAs. Although obesity is considered
one of the risk factors for knee OA given the increased load
on bearing joints, it is also associated with OA in low-load-
bearing joints, such as hand joints. Therefore, it has been
shown that excess adipose tissue has not only a biomechan-
ical action but also alters cartilage metabolism through the
release of cytokines and adipokines. In this process, elevated
leptin levels appear to play a particularly important role
[50–52]. Furthermore, lipid-lowering drugs may modify
the lipid profile and OA progression [50]. It is known, in
fact, that in obesity, a diet richer in saturated fatty acids
(SFA) and n-6 PUFAs determines an increase in systemic
inflammation; while a higher n-3 PUFAs intake reduces
joint degeneration with a strong anti-inflammatory and anti-
oxidant effect [51, 53]. In particular, in a study conducted on

porcine cartilage explant and human articular chondrocytes
(HACs), it was shown that a leptin concentration equal to
10μg/mL, alone or in combination with IL-1β, determines
cartilage destruction, with NF-κB, ERK, JNK, and p38 acti-
vation and consequent MMP3, MMP13, and ADAMTS4
secretion [52]. Treatment with EPA and DHA had protec-
tive effects; it inhibited cartilage damage following reduced
ADAMTS4 secretion due to lower NF-κB and JNK
activation.

4.3.1. PUFAs and Posttraumatic Osteoarthritis (PTOA). The
fact that n-6 and n-3 PUFAs’ contents in the diet influence
OA onset in obesity has also been verified in posttraumatic
osteoarthritis (PTOA) [54]. This is typically a disease that
arises following trauma to the joints, and it presents obesity
and metabolic syndrome as risk factors. Using the fat-1
transgenic mouse model, the n-6/n-3 PUFAs ratio was
genetically altered through the n-3 fatty-acid desaturase
enzyme, encoded by fat-1 gene, the function of which is
dehydrogenating n-6 to n-3 PUFAs. In particular, male
and female fat-1 and wild-type (WT) mice with PTOA
induced by DMM surgery were fed a diet rich in n-6 PUFAs.
The results obtained demonstrate that the increased serum
content of n-3 PUFAs in obese fat-1 mice reduced OA and
synovitis, despite their having a similar body weight to that
of WT mice. Furthermore, this reduction is sex- and diet-
dependent. In fat-1 mice, a reduction in systemic inflamma-
tion was also recorded; in fact, the greater presence of n-3
PUFAs in serum is related to a decrease in proinflammatory
cytokines, such as interferon-γ (IFN-γ), TNF-α, and mono-
cyte chemoattractant protein-1(MCP-1), and an increase in
the anti-inflammatory response. Therefore, OA severity
under obese conditions is more related to serum fatty acid
levels and composition than to body weight. This study
demonstrates that joint damage can be reduced in obese sub-
jects given the greater presence of circulating n-3 PUFAs
compared to n-6.

4.3.2. Lipid Profile and OA. A different balance between the
FAs taken with the diet can alter the phospholipid layer that
covers the cartilage surface [53]. This layer offers protection
during joint loading, and therefore, protection against OA
onset and severity. In order to evaluate the serum and syno-
vial fluid lipid composition under OA conditions, a study
was conducted on male mice fed for 24 weeks on a low-fat
control diet and a high-fat diet (HFD) rich in SFA, n-3
PUFAs, or n-6 PUFAs. OA was induced following surgery
for DMM. The results obtained show that mice fed a diet
rich in n-3 PUFAs have a more stable lipid composition in
the synovial fluid than mice fed a diet rich in SFAs and n-
6 PUFAs. Furthermore, in serum, n-3 PUFAs negatively cor-
relate with OA severity and positively correlate with adipo-
nectin, which triggers an anti-inflammatory response. A
contrary condition is associated with n-6 PUFAs, which also
have a positive correlation with inflammatory adipokines. In
addition, in serum, a high n-3/n-6 PUFA ratio corresponds
to a less severe OA condition, with a lower presence of
inflammatory adipokines. In contrast, the lipid profile in
the synovial fluid of the joints was evaluated in a study
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conducted on patients with end-stage knee OA and non-
symptomatic controls [50]. Mass spectrometry was used to
measure SFAs, monounsaturated fatty acids (MUFAs), and
n-6 and n-3 PUFA concentrations; the n-6/n-3 ratio was also
defined. In the synovial fluid of subjects with OA, the SFA
concentrations, in particular tetracosadienoic acid, and the
MUFA concentrations, in particular nervonic acid, were
higher than in nonsymptomatic subjects. In contrast, the
n-6 concentration, especially arachidonic acid, was lower in
OA patient fluid than in the control, while the n-3 concen-
tration was comparable. Therefore, the PUFA profiles in
the two groups show a lower n-6/n-3 ratio in the OA group
compared to the control. The results obtained in this study
appear to contrast with other research, in which OA patients
showed a higher content of n-6 PUFAs and a consequently
higher n-6/n-3 ratio, explained by the proinflammatory
properties of n-6 PUFAs and their derivatives. The contrast
between the results of this study and those of previous ones
can be attributed to the different OA phenotypes considered
in this study, and the lower number of patients (only 29),
whose lifestyle and pharmacological history were not
known. Additionally, in this study, patients had end-stage
knee OA with total knee replacement. In this condition,
synovitis and inflammation may be replaced by a more pro-
fibrotic phase, in accordance with a lower content of n-6
PUFAs, the concentration of which may be a little higher
in the initial stages of OA. A 48-month study was conducted
on 2092 subjects with knee OA [55]. The intake effects of
total fat, SFAs, MUFAs, and PUFAs on knee OA progression
were assessed annually. In particular, OA progression was
monitored by evaluating over time the reduction in quanti-
tative joint space width (JSW) between the medial femur
and tibia of the knee, depending on the intake of the various
types of fat. This study depends on the knowledge that a diet
rich in fat, and the consequent overweight condition, deter-
mines variations in joint loading and changes in cartilage,
highlighting a strong correlation between diet and OA path-
ogenesis. Therefore, it was established that total fat and SFAs
are associated with a JSW loss, and thus, with greater knee
OA structural progression. In contrast, subjects on a diet
rich in MUFAs and PUFAs display lower JSW loss with
slower knee OA progression. All this demonstrates that die-
tary fat is closely associated with knee OA structural
progression.

4.3.3. n-3 PUFAs and GPR 120. It is known that OA onset
and progression in obesity are more related to lipid metabo-
lism homeostasis and circulating adipokines than to adipos-
ity and body weight. In obesity, oxidative stress determines
adipocyte lipolysis, with the consequent release into circula-
tion of free fatty acids, which can generate pro- or anti-
inflammatory molecules [56]. For example, binding between
n-3 PUFAs and G-protein coupled receptor 120 (GPR 120)
leads to the synthesis of protectins and resolvins, thereby
mediating anti-inflammatory effects in different cell types
[5, 56]. In this regard, a study was conducted to define
GPR120 involvement in OA [56]. GPR120 and its agonist
DHA are already known to confer protection in obesity-
associated type 2 diabetes. GPR120’s involvement in carti-

lage degeneration during OA progression was confirmed
by studies conducted in GPR120 knockout mice with OA
surgically induced by ACLT. In the same study, the anti-
inflammatory effect of GPR120 activation with DHA was
reported in vitro in human chondrocytes. Furthermore,
in vivo studies on OA have shown that n-3-GPR120 signal-
ing inhibition leads to alterations in bone remodeling and
osteophyte formation of the subchondral bone.

4.4. Pain in OA and PUFAs. Furthermore, n-3 PUFA supple-
mentation in humans also causes a reduction in pain and
structural damage associated with increased function [57].
Some clinical studies have been performed on patients with
active OA whose daily diet was supplemented with fish oil
[38]. The trials ranged in duration from 12 to 104 weeks,
and the number of patients enrolled ranged from 81 to
202. In these trials, WOMAC (Western Ontario and
McMaster Universities Arthritis Index) scores were found
to be lower, accompanied by a reduction in pain and a lower
use of NSAID/analgesic. Importantly, none of these studies
had any adverse effects related to the use of fish oil.

4.4.1. n-6:n-3 PUFA Ratio, Pain, and Psychosocial Distress.
Knee OA is known to be characterized not only by joint-
specific inflammation but also by systemic inflammation
[58]. Additionally, people with OA present chronic pain,
functional limitations, and psychosocial suffering. Therefore,
a study was conducted on 167 patients with knee OA in
order to verify the possible effects of PUFAs on various
OA aspects. In particular, a pilot study was conducted on
the n-6:n-3 PUFA ratio in OA, taking into account the
known anti-inflammatory, antinociceptive, and psychosocial
distress ameliorative effects of n-3 PUFAs, compared to the
opposite effects of n-6 PUFAs. To do this, the participants’
plasma was collected, and the n-6:n-3 PUFAs ratio was mea-
sured. The data obtained were also evaluated on the basis of
the clinical and functional importance of the n-6:n-3 PUFA
ratio, the recommended value of which varies from 2 : 1 to
5 : 1. The group with a low n-6:n-3 ratio suffered less knee
pain and had better physical functioning and less psychoso-
cial distress.

4.4.2. EPA, L-Serine, and Pain. Additionally, a randomized,
double-blind, placebo-controlled, parallel group study was
recently conducted to evaluate the effect of EPA and L-
Serine on lower-back and knee pain [59]. The study was
conducted on 120 adult participants with lower-back and
knee pain for at least three months, divided into a placebo
group and a group given 594mg of L-Serine and 149mg of
EPA daily for eight weeks. In the following four weeks of
observation, an improvement in lumbar and knee pain was
recorded in subjects treated with the combination of L-Ser-
ine, which acts on nerve function, and EPA, which exerts
an anti-inflammatory effect. The results obtained here will
be further verified in future clinical studies.

4.5. Maresins and Resolvins in OA Treatment

4.5.1. Anti-Inflammatory Effect of Maresin-1. In order to ver-
ify the possible anti-inflammatory therapeutic effect of
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Table 1: Effects of PUFAs and derivatives in OA.

First author,
year

References Treatment Properties In vitro/in vivo models Clinical trials

Xie et al.,
2019

[1] DHA

↓ bone mass loss
↓ osteoclast differentiation
↓expression of TRAP and

CTSK
↓ osteoclasts differentiation

and bone remodeling
↓ RANKL

↓ levels of NFATc1 and
MITF

↓ angiogenesis
↓ VEGF–VEGFR2 signaling

pathway

ACLT rat OA model;
RAW264.7 cells;
HUVECs cells

Yu et al., 2015 [45] LA/ALA
↓ MMP-13 and IL-1

↓ paw swelling rate and
cartilage damage

Inflammatory human
chondrocytes;

Sprague-Dawley rats with
arthritis

induced by Freund’s complete
adjuvant

Wang et al.,
2016

[46] DHA

↓ MMP-13
↓ IL-1β-induced p38

activation
↑ thickness of articular

cartilage

Human chondrosarcoma
SW1353 cells; rat model of AIA

Xu et al., 2019 [48] DHA
↓ apoptosis

↓ activation of the MAPK
signaling pathway

Human chondrosarcoma
SW1353 cells

D’Adamo
et al., 2020

[7] EPA
↓ apoptosis in the presence

of oxidative stress
Mouse model of OA

Phitak et al.,
2018

[52] EPA and DHA
↓ cartilage damage

↓ ADAMTS4 secretion
↓ NF-κB and JNK activation

Porcine cartilage explant and
HACs

Kimmerling
et al., 2020

[54] n-6 PUFAs

↑ serum content of n-3
PUFAs

↓ OA and synovitis
↑ body weight

↓ IFN-γ, TNF-α, and MCP-1
↑ anti-inflammatory response

Fat-1 transgenic mouse
model with PTOA induced

by
DMM surgery

Wu et al.,
2017

[53]
HFD rich in SFA, n-3
PUFAs, or n-6 PUFAs.

↑ n-3 PUFAs, ↓ OA severity,
↑ anti-inflammatory response

Mouse model of OA induced
by DMM surgery

Lu et al., 2017 [55]
Diet rich in total fat, SFAs,

MUFAs, and PUFAs

↑ total fat and SFAs ↓ JSW
↑ knee OA progression

↑ MUFAs and PUFAs ↑ JSW
↓ knee OA progression

Subjects with
knee OA

Chen et al.,
2018

[56] DHA
↑ GPR120 activation

↑ anti-inflammatory effects

GPR120 knockout mice
with OA induced by ACLT;

human chondrocytes
OA patients

Akbar et al.,
2017

[38]
Diet supplemented

with fish oil

↓ WOMAC scores
↓ pain

↓ use of NSAIDs/analgesic
OA patients
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maresin-1, a metabolite of DHA, a study was conducted in
rats with OA, whereby endogenous maresin-1 was mea-
sured in the intra-articular lavage fluid (IALF) of rats in
single-session treadmill experiments [60]. In another group
of rats, OA was induced by monosodium iodoacetate (MIA)
in the presence of exogenous maresin-1. Finally, the possi-
ble action mechanisms of maresin-1 were examined in IL-
1β-induced rat FLSs. ELISA showed that 4 hours after
exercise, the maresin-1 levels in IALF were higher, while
in the MIA model of OA, there was an increase in
COL2A1 in the cartilage and a reduction in MMP-13 in
the synovium. In vitro experiments also recorded MMP-
13 reductions, indicating PI3k/Akt (phosphatidylinositol
3-kinase/protein kinase B) signaling pathway activation

and NF-κB p65 signaling pathway inhibition as action
mechanism of maresin-1.

4.5.2. Anti-Inflammatory, Antiapoptotic, and Antioxidant
Role of RvD1. D resolvins (RvD) are other DHA derivatives
[61]. In particular, RvD1’s anti-inflammatory, anticatabolic,
and antiapoptotic properties were tested in human OA
chondrocytes treated with IL-1β or HNE (4-hydroxynone-
nal). It is known from previous dog OA experiments that
the level of RvD1 increases in the synovial fluids of dogs to
resolve inflammatory conditions, but it has also been shown
that RvD1 can regulate signaling pathways involved in oxi-
dative stress and cell death. Research on OA chondrocytes
has shown that RvD1 inhibits both mRNA transcription

Table 1: Continued.

First author,
year

References Treatment Properties In vitro/in vivo models Clinical trials

Sasahara
et al., 2020

[59] L-serine and EPA ↓ lumbar and knee pain
Patients with
lower-back

and knee pain

Lu et al., 2020 [60] Maresin-1

↑ COL2A1
↓ MMP-13

↑ PI3k/Akt signaling pathway
activation

↓ NF-κB p65 signaling
pathway

Rat model of OA
induced by MIA;

IL-1β -induced rat FLSs

Benabdoune
et al., 2016

[61] RvD1

↓ COX-2, iNOS, MMP-13
↓ p38/MAPK, JNK 1/2,

and NF-κB p65
signaling pathways
↓ PGE2 and NO

↓ pain
↓ activation of caspase-3

and -9
↓ LDH release
↑ Bcl2 and AKT
↑ GSH pool

↓ oxidative stress-induced
apoptosis

Human OA chondrocytes
treated with IL-1β or HNE

Sun et al.,
2019

[62] RvD1

↑ macrophages’ gene
expression

from a proinflammatory
condition

to an anti-inflammatory state
↓ cartilage degradation

Obese mice model with
PTOA induced by
DMM surgery

↑ increase, ↓ decrease. DHA: docosahexaenoic acid; ACLT: anterior cruciate ligament transection; OA: osteoarthritis; RAW264.7: mouse mononuclear
macrophage leukemia cells; HUVECs: human umbilical vein endothelial cells; TRAP: tartrate-resistant acid phosphatase; CTSK: cathepsin K; RANKL:
receptor activator of nuclear factor kappa-Β ligand; NFATc1: nuclear factor of activated T-cells, cytoplasmic 1; MITF: microphthalmia-associated
transcription factor; VEGF: vascular endothelial growth factor; VEGFR2: VEGF receptor 2; LA: linoleic acid; ALA: α-linolenic acid; MMP-13: matrix
metalloproteinase-13; IL-1β: interleukin-1β; AIA: adjuvant-induced arthritis; MAPK: mitogen activated protein kinase; EPA: eicosapentaenoic acid;
ADAMTS4: disintegrin and metalloproteinase with thrombospondin motifs-4; NF-κB: nuclear factor-κB; JNK: c-Jun N-terminal kinases; HACs: human
articular chondrocytes; n-6,-3 PUFAs: n-6,-3 polyunsaturated fatty acids; IFN-γ: interferon-γ; TNF-α: tumor necrosis factor-α; MCP-1: monocyte
chemoattractant protein-1; PTOA: posttraumatic osteoarthritis; DMM: destabilization of the medial meniscus; HFD: high-fat diet; SFA: saturated fatty
acids; MUFAs: monounsaturated fatty acids; JSW: joint space width; GPR120: G-protein coupled receptor 120; WOMAC: western Ontario and McMaster
universities arthritis index; NSAIDs: nonsteroidal anti-inflammatory drugs; COL2A1: type II collagen; PI3K/Akt: phosphatidylinositol 3-kinase/protein
kinase B; MIA: monosodium iodoacetate; FLSs: fibroblast-like synoviocytes; RvD1: resolvin D1; COX-2: cyclooxygenase-2; iNOS: inducible nitric oxide
synthase; p38/MAPK: p38/mitogen activated protein kinase; NF-κB p65: nuclear factor-κB p65 subunit; PGE2: prostaglandin E2; NO: nitric oxide; HNE:
4-hydroxynonenal; LDH: lactate dehydrogenase; Bcl-2: B-cell lymphoma-2; GSH: glutathione.
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and COX-2, iNOS, and MMP-13 protein expression. It has
been demonstrated that RvD1 deactivates the p38/MAPK,
JNK 1/2, and NF-κB p65 signaling pathways, reducing IL-
1β-induced inflammation in OA. Furthermore, the synthesis
of PGE2 and NO is reduced, the accumulation of which is
involved in OA progression and pain. In this experimental
model, the involvement of apoptosis and oxidative stress in
OA and RvD1’s possible protective role was also investi-
gated. Thus, apoptosis was induced by HNE treatment in
OA chondrocytes pretreated with RvD1. The reported
results confirm RvD1’s antiapoptotic function, which would
prevent damage to cartilage. In fact, RvD1 inhibited the
HNE-induced activation of caspase-3 and -9, as well as
LDH (lactate dehydrogenase) release, but it also increased
antiapoptotic protein Bcl2 expression and reactivated Akt.
The antioxidative role of RvD1 was demonstrated as the
GSH (glutathione) pool was increased in OA chondrocytes.
Therefore, supplementation with RvD1 can improve lesions
and cartilage degradation, not only reducing the inflamma-
tory state in OA but also preventing oxidative stress-
induced apoptosis in OA chondrocytes, as RvD1 is able to
restore redox status.

4.5.3. Association between Macrophages and RvD1. Addi-
tionally, in studying the relationship between OA, metabolic
syndrome, and obesity, the roles of macrophage infiltration
in the joint synovium and of RvD1 were investigated [62,
63]. The association between macrophages and RvD1
derives from the fact that, in inflamed tissues, resolvins
mediate the transition of macrophages from a proinflamma-
tory (M1) to an anti-inflammatory (M2) state; it also derives
from the role that macrophage polarization plays in obesity-
induced OA [62]. RvD1 could reduce this pathology by
changing the macrophage proinflammatory condition. In
order to verify this, C57Bl/6 mice were fed an HFD, and
PTOA was induced by surgical destabilization of the
meniscus. Under these conditions, it has been established
that an HFD diet alone does not worsen cartilage degrada-
tion, whereas posttraumatic OA does. However, it has
been found that an HFD worsens OA synovitis, resulting
in greater macrophage infiltration, even in the absence of
a posttraumatic event. Inflammation induced by obesity

under OA conditions is determined by both the migration
and the local proliferation of synovial macrophages. Under
these conditions, the role of macrophages has been con-
firmed by the intra-articular injection of clodronate lipo-
somes, whose function is to analyze the effects of these
cells. The resulting macrophage depletion improves syno-
vitis and cartilage destruction in the obese mice model
with PTOA. Once the role of macrophages in obesity-
induced OA progression was verified, the effect of treat-
ment with RvD1 was evaluated. RvD1’s presence improves
synovium thickening, as it changes the macrophages’ gene
expression from a proinflammatory condition to an anti-
inflammatory state. Furthermore, under obese conditions,
intra-articular RvD1 administration limits cartilage degra-
dation by polarizing M2 macrophages. Moreover, random-
ized clinical trials have demonstrated a reduction in
musculoskeletal pain in the presence of n-3 PUFAs, both
in subjects with knee OA and in subjects with exercise-
induced pain [64]. The effects of n-3 PUFAs on pain are
attributable to cartilage degradation reduction and the
increase in resolvins in synovial fluids.

5. Discussion and Conclusions

OA, considered by the Osteoarthritis Research Society Inter-
national (OARSI) a disease characterized by molecular, ana-
tomical, and physiological alterations, needs effective
treatment with fewer side effects than current therapies
[65]. Therefore, it has been shown that dietary interventions
can yield positive results in preventing and slowing the dis-
ease. In this context, for example, polyphenols, thanks to
their antioxidant and anti-inflammatory properties, are
effective. In particular, Valsamidou et al. reported preclinical
and clinical studies attesting the positive role of combined
polyphenols in the OA treatment [65]. In this review, how-
ever, we wanted to focus on the latest research related to
the treatment of OA with other components of the diet,
PUFAs. In vitro and in vivo studies, as well as studies on
patients, have shown that nutraceuticals such as n-3 PUFAs
can prevent and counteract joint degeneration and cartilage
loss in OA. Their efficacy is demonstrated at various molec-
ular levels, but their anti-inflammatory and antioxidant
properties seem to have a greater chondroprotective role.
In addition, clinical trials have also reported their positive
effect on the reduction of pain associated with OA, which
is very important as it could improve patients’ quality of life
(Table 1) (Figure 1).
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Hyperuricemia (HUA) is a metabolic disease, closely related to oxidative stress and inflammatory responses, caused by
reduced excretion or increased production of uric acid. However, the existing therapeutic drugs have many side effects. It
is imperative to find a drug or an alternative medicine to effectively control HUA. It was reported that Gardenia
jasminoides and Poria cocos could reduce the level of uric acid in hyperuricemic rats through the inhibition of xanthine
oxidase (XOD) activity. But there were few studies on its mechanism. Therefore, the effective ingredients in G. jasminoides
and P. cocoa extracts (GPE), the active target sites, and the further potential mechanisms were studied by LC-/MS/MS,
molecular docking, and network pharmacology, combined with the validation of animal experiments. These results proved
that GPE could significantly improve HUA induced by potassium oxazine with the characteristics of multicomponent,
multitarget, and multichannel overall regulation. In general, GPE could reduce the level of uric acid and alleviate liver and
kidney injury caused by inflammatory response and oxidative stress. The mechanism might be related to the TNF-α and
IL-7 signaling pathway.

1. Introduction

Hyperuricemia (HUA) is the biochemical basis of gout,
mainly caused by the decreased excretion or increased pro-
duction of uric acid or both. In recent years, the number of
patients with HUA has increased significantly, and it has
shown a development trend of rejuvenation [1]. Uric acid
is produced by xanthine oxidase (XOD), which could pro-
mote the activation of reduced coenzyme II (NAPDH) and

the release of reactive oxygen species (ROS), causing renal
oxidative stress [2, 3]. Uric acid at normal concentrations
exerts antioxidant effects in vivo but above normal physio-
logical levels can act as a prooxidant to expand the body’s
oxidative stress damage [4–6]. While oxidative stress
responses can activate inflammatory factors in kidney cells
and induce innate immune responses in vivo, the activation
of related proinflammatory factors induces the development
of inflammation [7–9]. Hyperuricemia has been reported to
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be closely related to oxidative stress and inflammatory
responses [10]. At present, the drugs for the treatment of
HUA in clinical practice including allopurinol, benzbromar-
one, and sodium bicarbonate can control the level of uric
acid, but they have a series of toxic side effects such as liver
and kidney function injury and hematopoietic dysfunction
[11, 12]. Therefore, it is a hotspot to find the low-toxic and
efficient antigout drugs from traditional Chinese medicine.

The fruit of Gardenia jasminoides is a traditional Chi-
nese medicine which is commonly used to cure fever, red
swelling, and pain [13]. Poria cocos could promote diuresis
and dampness, strengthen the spleen, and calm the heart
and is mainly used for the treatment of edema and diuretic
detumescence medicine [14, 15]. G. jasminoides extracts
can reduce uric acid levels in hyperuricemic mice by inhibit-
ing XOD activity [16], but there are few studies on its
mechanism.

Network pharmacology is a new method that integrates
chemoinformatics, bioinformatics, traditional pharmacol-
ogy, biological networks, and network analysis. Based on
network pharmacology, the comprehensive network con-
struction of medicinal components-active targets-disease
targets of Chinese medicine can make the generalization of
the pharmacological characteristics of Chinese medicine
more comprehensive. In this study, the network pharmacol-
ogy method combined with molecular docking was used,
and the active ingredients in G. jasminoides and P. cocoa
extracts (GPE) were used as the research objects to explore
the efficacious ingredients, active targets, and potential
mechanisms of GPE to reduce the high uric acid. Further-
more, animal experiments were carried out to verify the
pharmacological effects of GPE.

2. Materials and Methods

2.1. Materials and Reagents

2.1.1. Instrument. Ultraperformance liquid chromatograph
was purchased from Waters (Massachusetts, USA). High-
resolution mass spectrometer (Q Exactive) was purchased
from Thermo Fisher Scientific (Massachusetts, USA).
Hypersil GOLD aQ column (100mm × 2:1mm, 1.9μm)
was purchased from Thermo Fisher Scientific (Massachu-
setts, USA). A low-temperature high-speed centrifuge (Cen-
trifuge 5430) was purchased from Eppendorf (Hamburg,
Germany). A vortex finder (QL-901) was purchased from
Qilinbeier Instrument Manufacturing Co., Ltd. (Haimen,
China). A pure water meter (Milli-Q) was purchased from
Integral Millipore Corporation (Massachusetts, USA).

2.1.2. Reagent. d3-Leucine,
13C9-phenylalanine, d5-trypto-

phan, and 13C3-progesterone were used as internal standard.
Methanol (A454-4) and acetonitrile (A996-4) were both
chromatographic reagents, which were purchased from
Thermo Fisher Scientific (Massachusetts, USA). Ammo-
nium formate (17843–250G) was obtained from Honeywell
Fluka (New Jersey, USA). Formic acid (50144–50mL) was
obtained from DIMKA (Los Angeles, USA).

2.1.3. Materials. Gardenia jasminoides Ellis (1 kg) and Poria
cocos (Schw.) Wolf (1 kg) were purchased from the Yuzhou
Medicinal Material Market (Yuzhou, China) and identified
as Gardenia jasminoides Ellis (Rubiaceae) and Poria cocos
(Schw.) by Professor Changqin Li at Henan University (Kai-
feng, China). The voucher specimen (20200718) was depos-
ited in the National Research and Development Center of
Edible Fungi Processing Technology, Henan University.

2.1.4. Preparation of Sample. The dried fruits of G. jasmi-
noides and the dried sclerotia of P. cocos (1 : 1) were soaked
in 15L of water and decocted for 60min and then filtered.
The filter residues were decocted in 10 L of water for
30min and filtered. The two filtrates were combined and
freeze-dried to obtain GPE with a yield of 11%.

2.2. Chromatographic Methods

2.2.1. Chromatographic Conditions. Hypersil GOLD aQ col-
umn (100mm × 2:1mm, 1.9μm) was used. The mobile
phase was 0.1% formic acid-water (liquid A) and 0.1% for-
mic acid-acetonitrile (liquid B) with the sequence as 0–
2min 5% B; 2–22min 5–95% B; 22–27min 95% B; 27.1–
30min 5% B. The flow rate was 0.3mL/min, the column
temperature was 40°C, and the injection volume was 5μL
[17].

2.2.2. Mass Spectrometry Conditions. The mass range was set
at 150–1500 daltons, the MS resolution was 70000, the AGC
was 1e6, and the maximum injection time was 100ms.
According to the strength of the MS ions, the top 3 peaks
were selected for fragmentation. The MS2 resolution was
35000, AGC is 2e5, the maximum injection time was
50ms, and the fragmentation energy was set as 20, 40, and
60 eV. Ion source (ESI) parameter settings are as follows:
sheath gas flow rate was 40 arb, aux gas flow rate was
10 arb, spray voltage of positive ion mode was 3.80 kV, spray
voltage of negative ion mode was 3.20 kV, ion capillary temp
was 320°C, and aux gas heater temp was 350°C [17].

2.2.3. Data Analysis. UPLC-MS/MS technology was used to
systematically analyze the chemical constituents of GPE with
positive and negative ion modes, respectively. The com-
pounds were identified by comparing the retention time,
accurate molecular weight, and MS2 data with standard
databases such as MZVault, MZCloud, and BGI Library
(self-built standard Library by BGI Co., Ltd.).

2.3. Screening and Target Prediction of Active Compounds in
GPE. The effective ingredients of GPE were screened by
TCMSP database and LC-MS-MS identification results.
The screening condition is oral bioavailability ðOBÞ ≥ 30%.
Drug likeness (DL) is greater than ≥0.18. At the same time,
the target prediction of the Swiss target prediction platform
is used. UniProt is used to standardize the names of the
screened target proteins.

2.4. Acquisition of HUA Disease Targets. “High uric acid” as
a keyword was used to search and screen databases such as
GeneCards, Online Mendelian Inheritance in Man (OMIM),
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PharmGkb, TTD, and DrugBank. Venny 2.1.0 was used to
draw a Venn diagram to obtain HUA disease target.

2.5. Construction and Analysis of Protein Interaction
Network. Venny 2.1.0 was used to draw a Venn diagram
and to obtain the intersection of GPE and the effective ingre-
dients with the hyperuricemia target, which was the possible
target of GPE in the treatment of hyperuricemia, and the
intersection would be the target. A PPI protein interaction
network was established in the database of the biomolecular
functional annotation system STRING (https://string-db
.org/), and the analysis was performed based on the results.

2.6. Topological Analysis of Protein Interaction Network
(CytoNCA). The PPI protein interaction files was imported
and obtained from the STRING (https://string-db.org/)
database into Bisogenet of Cytoscape to construct the PPI
protein interaction network. CytoNCA in Cytoscape was
used to perform topological analysis on the interaction net-
work. The core network and key proteins for the treatment
of HUA were obtained.

2.7. GO and KEGG Enrichment Analysis. Gene Ontology
(GO) was used to mainly analyze the gene and protein func-
tions of various species from the three aspects: biological
process (BP), cellular component (CC), and molecular func-
tion (MF). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis is commonly used to
clarify the role of target proteins in signaling pathways. In
this study, the clusterProfiler program package in R language
was used to perform GO enrichment analysis and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway anal-
ysis on shared targets. The corresponding target proteins in
the GPE were directly mapped on the pathway where the
drug target is enriched as the pathway for drug therapy,
and a bubble chart is drawn for visualization.

2.8. Molecular Docking. The 3D structure of the compound
in GPE was obtained from PubChem (https://pubchem
.ncbi.nlm.nih.gov/) and screened from the RCSB PDB
(http://www.rcsb.org/) database. The water molecules and
small ligand molecules of the core target protein from the
crystal structure were removed, and the structure of the
potential protein isolated. The genetic algorithm in the
SYBYL-X software was used for semiflexible docking. The
center coordinates and size of the box were set according
to the position of the active site of the protein molecule
and the area where it might have an effect on the small mol-
ecule of the ligand. The remaining parameters remained as
default. The target protein was subjected to molecular dock-
ing analysis.

2.9. Animal Experiments

2.9.1. Materials and Reagents. Potassium oxonate was pur-
chased from Yuanye Biological Co., Ltd. (Shanghai, China).
Benzbromarone was purchased from Heumann Pharma
GmbH (Kunshan, China). CMC-Na was purchased from
Shanghai Chemical Reagent Station Branch Factory (Shang-
hai, China). Uric acid (UA) content detection kit and XOD

activity detection kit were purchased from Solaibao Biotech-
nology Co., Ltd. (Beijing, China). Total superoxide dismut-
ase (SOD), catalase (CAT), malondialdehyde (MDA),
glutathione peroxidase (GSH-Px), total antioxidant capacity
(T-AOC), blood urea nitrogen (BUN), creatinine (Cr), inter-
leukin-1β (IL-1β), interleukin-6 (IL-6), interleukin (IL-2),
interleukin-4 (IL-4), and tumor necrosis factor-α (TNF-α)
detection kits were purchased from Nanjing Jiancheng Bio-
technology Co., Ltd. (Nanjing, China). NADPH oxidase
(NADPH-OX) kit, reactive oxygen species (ROS) kit, and
β2 microglobulin (β2-MG) kit were purchased from Shang-
hai Jining Biotechnology Co., Ltd. (Shanghai, China).

2.9.2. Animals and Experimental Design

(1) Animals. Forty Specific Pathogen-Free (SPF) Sprague-
Dawley (SD) male rats were provided by the Henan Labora-
tory Animal Center (laboratory animal license number:
SCXK (Yu) 2017-0001). The rats were adapted for one week
(temperature 25 ± 2°C, light circle 12 h/d, humidity 40 to
45%) before the experiment and fed with a standard diet
with free access to water.

2.9.3. Experimental Grouping and Administration. Thirty-six
rats were randomly divided into six groups: blank control
(BC) group, model control (MC) group, positive control
(PC) group, GPE high-dose group (GPE-HD, 1000mg/kg),
medium-dose group (GPE-MD, 500mg/kg), and low-dose
group (GPE-LD, 250mg/kg). The dosage of benzbromarone
for the PC group was 8mg/kg, and it was suspended with an
appropriate amount of 0.5% CMC-Na. The BC group was
administered with the same volume of 0.5% CMC-Na with-
out benzbromarone.

2.9.4. Establishment of Hyperuricemic Rat Model. Animal
groups of GPE-HD, GPE-MD, and GPE-LD were adminis-
tered for 15 d. Except for the blank group, the other groups
were intraperitoneally injected with 300mg/kg potassium
oxonate 1 h before the last oral administration, and the blank
group was injected with an equal volume of 0.5% CMC-Na.
Two hours after the last administration, blood was collected
from the abdominal aorta and centrifuged. The supernatant
was collected by centrifugation at 3500 g for 10min. The tis-
sues of the liver and kidney were collected and frozen in a
-80°C freezer.

2.9.5. Determination of Inflammatory Factors in Rat Plasma.
The contents of IL-2, IL-6, TNF-α, IL-4, and IL-1β in plasma
were measured according to the ELISA kit instructions.

2.9.6. Determination of Antioxidative Stress Ability in Rats.
The liver tissues were collected to make tissue homogenates
at the corresponding concentrations, and the activities of
XOD, SOD, NADPH-OX, ROS, GSH-PX, T-AOC, CAT,
and MDA in plasma and tissues were measured, respec-
tively, according to the kit instructions.

2.9.7. Effects of Samples on Liver and Kidney Function Injury.
The contents of BUN, Cr, β2-MG, and XOD in plasma were
determined in strict accordance with the kit instructions.
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Table 1: The compounds identified from GPE by LC-MS-MS in positive model.

RT (min) Adducts Formula Measured value Molecular weight Name

0.871 [M+H]+ C10H14N5O7P 347.06293 348.07007 Adenosine 5′-monophosphate

1.012 [M+H]+ C6H14O6 182.07906 183.08633 Galactitol

1.115 [M+H]+ C9H11NO3 181.07413 182.08142 L-tyrosine

1.12 [M+H]+ C10H13NO4 267.09656 268.1037 Adenosine

3.05 [M+H]+ C11H9NO2 187.06352 188.0708 Indole-3-acrylic acid

3.834 [M+H]+ C16H26O8 346.16224 347.17001 Jasminoside B

3.978 [M+H]+ C10H12N2 160.10024 161.10744 Tryptamine

4.18 [M+H]+ C10H14O 150.1046 151.11189 Carvone

4.607 [M+H]+ C14H14N2O5 290.09014 291.09741 Indole-3-acetyl-l-aspartic acid

5.912 [M+H]+ C15H22O2 234.16208 235.16927 Artemisinic acid

6.153 [M+H]+ C33H40O19 740.21617 741.22345 Mauritianin

6.216 [M+H]+ C10H10O4 194.05802 195.06546 Isoferulic acid

6.274 [M+H]+ C10H16O 152.12026 153.12759 α-Pinene-2-oxide

6.295 [M+H]+ C27H30O16 610.15294 611.16016 Rutin

6.357 [M+H]+ C27H30O16 610.15294 611.15985 Rutin

6.514 [M+H]+ C10H12O2 164.08388 165.09126 4-Phenylbutyric acid

6.526 [M+H]+ C21H20O12 464.09551 465.10303 Isoquercitrin

6.531 [M+H]+ C15H10O7 302.04238 303.04974 Quercetin

6.84 [M+H]+ C27H30O15 594.1591 595.16565 Kaempferol-3-O-rutinoside

7.252 [M+H]+ C9H8O3 164.04749 165.05476 3-Hydroxycinnamic acid

7.407 [M+H-H2O]
+ C10H10O4 194.058 177.05469 Ferulic acid

10.436 [M+H]+ C12H17NO 191.13118 192.13846 DEET

10.839 [M+H]+ C21H32O2 316.24007 317.24747 Pregnenolone

11.096 [M+H]+ C15H18O2 230.13068 231.13805 Dehydrocostus lactone

12.931 [M+H]+ C24H30O6 414.20437 415.21176 Bis(4-ethylbenzylidene)sorbitol

13.036 [M+H]+ C20H34O2 306.25575 307.26303 11(z),14(z),17(z)-Eicosatrienoic acid

14.969 [M+H]+ C18H30O2 278.22439 279.23169 Α-Eleostearic acid

15.833 [M+H]+ C18H30O3 294.21933 295.22665 9-Oxo-10(e),12(e)-octadecadienoic acid

16.83 [M+H]+ C22H32O2 328.24016 329.24728 Docosahexaenoic acid

17.661 [M+H]+ C21H38O4 354.27686 355.28418 1-Linoleoyl glycerol

17.749 [M+H]+ C20H34O2 306.25572 307.26303 Γ-Linolenic acid ethyl ester

17.775 [M+H-H2O]
+ C33H52O5 528.3822 529.38953 Pachymic acid

18.518 [M+H]+ C16H30O2 254.2246 255.23183 Palmitoleic acid

18.577 [M+H-H2O]
+ C30H48O3 456.36039 457.36777 Ursolic acid

18.601 [M+H]+ C18H37NO2 299.28224 300.28952 Palmitoylethanolamide

18.962 [M+H]+ C21H40O4 356.29248 357.29977 Monoolein

19.038 [M+H-H2O]
+ C30H46O3 454.34482 455.35299 Dehydrotrametenolic acid

19.74 [M+H]+ C18H35NO 281.27173 282.27899 Oleamide

20.128 [M+H]+ C16H33NO 255.25618 256.26346 Hexadecanamide

20.812 [M+H]+ C20H34O2 306.25572 307.26303 Linolenic acid ethyl ester

22.464 [M+H]+ C18H37NO 283.2874 284.29468 Stearamide

23.556 [M+H]+ C22H43NO 337.3344 338.34174 Erucamide
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2.9.8. Pathological Changes of Liver and Kidney Tissues. Two
hours after the last oral administration, the liver and kidney
tissues were collected, washed with cold saline, fixed in 4%
(wt/vol) paraformaldehyde solution for 24 h, rinsed in PBS
for 6 h, dehydrated and embedded, then sliced into 5μm sec-
tions by a microtome, stained with H&E, and observed and
photographed under a microscope.

2.9.9. Detection of Uric Acid Levels in Rat Plasma. The con-
tent of UA in plasma was measured within 15-20min in
strict accordance with the kit instructions.

2.9.10. Statistical Processing. SPSS 19.0 software was used to
process statistical data. Differences of data were analyzed by
one-way ANOVA. Results were expressed as mean ±

Table 2: The compounds identified from GPE by LC-MS-MS in negative model.

RT (min) Adducts Formula Measured value Molecular weight Name

0.769 [M-H]- C17H27N3O17P2 607.08107 606.07379 UDP-n-Acetylglucosamine

0.943 [M-H]- C6H12O7 196.05816 195.05075 Gluconic acid

0.945 [M-H]- C12H22O11 342.11583 341.10855 α,α-Trehalose

0.946 [M-H]- C6H12O6 180.06327 179.05606 L-Sorbose

0.999 [M-H]- C4H6O5 134.02147 133.01421 DL-Malic acid

1.113 [M-H]- C6H8O7 192.02686 191.01958 Citric acid

1.154 [M-H]- C4H6O4 118.02666 117.01942 Succinic acid

1.358 [M-H]- C7H6O5 170.02148 169.01421 Gallic acid

1.87 [2M-H]- C16H24O11 392.13228 391.12427 Shanzhiside

2.756 [M-H]- C16H18O9 354.0948 353.08759 Neochlorogenic acid

3.056 [M-H]- C16H24O10 376.13649 375.12929 Mussaenosidic acid

4.441 [M-H]- C16H24O10 376.13663 375.12943 Loganic acid

4.454 [M-H]- C16H18O9 354.0948 353.08762 Cryptochlorogenic acid

4.529 [M-H]- C9H6O4 178.02656 177.01924 Esculetin

4.554 [M+FA-H]- C23H34O15 550.18934 549.18079 Genipin 1-O-β-D-gentiobioside

4.663 [M-H]- C9H8O4 180.04225 179.03493 Caffeic acid

4.902 [M-H]- C16H18O9 354.0948 353.08762 Chlorogenic acid

5.028 [M+FA-H]- C17H24O10 388.13649 387.12878 Geniposide

5.69 [M-H]- C7H8O2 124.05246 123.04516 4-Hydroxybenzyl alcohol

5.734 [M-H]- C9H8O3 164.04736 163.04008 3-Coumaric acid

5.847 [M-H]- C8H14O4 174.08906 173.08179 Suberic acid

6.356 [M-H]- C11H12O5 224.06829 223.06102 Sinapic acid

6.384 [M-H]- C27H30O16 610.15473 609.14746 Rutin

6.556 [M-H]- C21H20O12 464.09505 643.08768 Isoquercitrin

6.729 [M-H]- C25H24O12 516.12591 515.11871 Isochlorogenic acid B

6.869 [M-H]- C27H30O15 594.1583 593.15118 Kaempferol-3-O-rutinoside

6.884 [M-H]- C25H24O12 516.12587 515.11884 3,5-Dicaffeoylquinic acid

7.057 [M-H]- C21H20O11 448.10017 447.0929 Astragalin

7.234 [M+cl]- C25H24O12 516.12591 551.0954 4,5-Dicaffeoylquinic

8.104 [M-H]- C15H20O4 264.13576 263.12848 (±)-Abscisic acid
8.451 [M-H]- C15H10O7 302.0424 301.03513 Morin

8.516 [M-H]- C15H10O6 286.04741 285.04013 Luteolin

10.273 [M-H]- C12H14O4 222.0889 221.08162 Monobutyl phthalate

11.813 [M-H]- C16H12O5 284.06801 283.06064 Acacetin

12.754 [M-H]- C18H34O4 314.24519 313.23782 (+/-)12(13)-Dihome

15.249 [M-H]- C31H46O5 498.33362 497.32639 Poricoic acid A

17.272 [M-H]- C32H50O5 514.36476 513.35754 3-O-Acetyl-1α-hydroxytrametenolic acid, pachymic acid

17.806 [M-H]- C33H52O5 528.38028 527.37286 Oleic acid alkyne

17.917 [M-H]- C18H30O2 278.2242 277.21689 Ursolic acid

18.595 [M-H]- C30H48O3 456.3596 455.35211 Ursolic acid
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Table 3: Effective ingredients in GPE.

MOL ID Compound name Source
Target
no.

MOL000273 16α-Hydroxydehydrotrametenolic acid P. cocos 2

MOL000275 Trametenolic acid P. cocos 1

MOL000276 7,9(11)-Dehydropachymic acid P. cocos 0

MOL000279 Cerevisterol P. cocos 1

MOL000280
(2R)-2-[(3S,5R,10S,13R,14R,16R,17R)-3,16-Dihydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17-

octahydro-1H-cyclopenta[a]phenanthren-17-yl]-5-isopropyl-hex-5-enoic acid
P. cocos 0

MOL000282 Ergosta-7,22E-dien-3beta-ol P. cocos 1

MOL000283 Ergosterol peroxide P. cocos 1

MOL000285
(2R)-2-[(5R,10S,13R,14R,16R,17R)-16-Hydroxy-3-keto-4,4,10,13,14-pentamethyl-1,2,5,6,12,15,16,17-

octahydrocyclopenta[a]phenanthren-17-yl]-5-isopropyl-hex-5-enoic acid
P. cocos 0

MOL000287 Eburicoic acid P. cocos 0

MOL000289 Poricoic acid P. cocos 0

MOL000290 Poricoic acid A P. cocos 0

MOL000291 Poricoic acid B P. cocos 0

MOL000292 Poricoic acid C P. cocos 0

MOL000296 Hederagenin P. cocos 23

MOL000300 Dehydroeburicoic acid P. cocos 0

MOL001406 Crocetin
G.

jasminoides
14

MOL001663 3-Epioleanolic acid
G.

jasminoides
0

MOL001941 Ammidin
G.

jasminoides
8

MOL004561 Sudan III
G.

jasminoides
13

MOL000098 Quercetin
G.

jasminoides
153

MOL000358 Beta-sitosterol
G.

jasminoides
37

MOL000422 Kaempferol
G.

jasminoides
72

MOL000449 Stigmasterol
G.

jasminoides
34

MOL001494 Mandenol
G.

jasminoides
3

MOL001506 Supraene
G.

jasminoides
0

MOL001942 Isoimperatorin
G.

jasminoides
1

MOL002883 Ethyl oleate (NF)
G.

jasminoides
1

MOL003095 5-Hydroxy-7-methoxy-2-(3,4,5-trimethoxyphenyl)chromone
G.

jasminoides
26

MOL007245 3-Methylkempferol
G.

jasminoides
11

MOL009038 GBGB
G.

jasminoides
0
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standard deviation (SD). P < 0:05 was considered signifi-
cantly different.

3. Results and Analysis

3.1. Effective Ingredient Screening and Target Prediction in
GPE. Based on TCMSP database and LC-MS-MS identifica-
tion results, the effective ingredients and target prediction
data of GPE were selected (in Tables 1 and 2), and 30 effec-
tive compounds and corresponding gene targets of the GPE
were obtained. The specific effective ingredients from GPE
are illustrated in Table 3.

3.2. Intersection Analysis of the Effective Ingredient Targets of
GPE and the Targets of HUA. The 631 hyperuricemia-related
targets were searched (Figure 1(a)) from GeneCards, Online
Mendelian Inheritance in Man (OMIM), PharmGkb, TTD,

DrugBank, and other databases. There were 183 targets of
GPE intersected with the disease targets, and 40 common
targets of GPE and HUA were mapped as the Venn diagram
(in Figure 1(b)).

3.3. GPE Effective Ingredient-Disease Target Regulatory
Network. Twelve effective ingredients and 40 related targets
of GPE were introduced into Cytoscape 3.7.0 to obtain
the “effective ingredient-target” regulatory network dia-
gram (Figure 1(c)). In Figure 1(c), there were 52 nodes
(12 ingredients, 40 targets) and 70 edges; round nodes
represent active ingredients, square nodes represent corre-
sponding targets, and black edges represent the relation-
ship between active ingredients and HUA targets. The
results showed that 58.3% (7) of the effective ingredients
in GPE could act on multiple gene targets. Among them,
quercetin, kaempferol, β-sitosterol, and hederagenin had

Genecards OMIM

TTD
590

9

28

3

1

Drugbank

(a)

Drug Disease

143 59140

(b)
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Figure 1: (a) HUA disease targets; (b) intersection of active component targets of GPE and hyperuricemic acid target; (c) regulation network
of active components of GPE.
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many targets and played the important role in the regula-
tion process. The same target could also be regulated by
multiple effective ingredients. Thirteen targets (32.5%)
were corresponding to more than two effective ingredients,
indicating the complex and diverse action mechanism
characteristics of GPE components.

3.4. Results of Core Target Screening and PPI Network
Construction. The intersection target was imported into the
STRING database, and the species was set as “Homo sapi-
ens” to analyze protein interaction (Figure 2(a)). The rele-
vant files were imported into the Cytoscape software to
build a PPI network diagram; one node represented one
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Figure 2: PPI protein interaction network of GPE in treatment of HUA targets (a) and CytoNCA Core Network Analysis (b, c).
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target, and the TCMSP edge represented the target. We click
on the interaction relationship and finally get the protein
interaction network analysis diagram (Figure 2(a)). The net-
work contained 15 key gene targets, i.e., IL-1B, IL-6,
MAPK1, MAPK8, AKT1, MYC, VEGFA, CASP3, CASP8,
CASP9, BCL2L1, FOS, CCND1, CDKN1A, and CCL2,
which were the components of the core network
(Figures 2(b) and 2(c)).

3.5. The Results of GO Function Enrichment Analysis. GO
describes the biological process (BP) of gene products (pro-
tein or RNA), molecular function (MF), and cellular compo-
nent (CC) and organizes the functional concepts with
different thicknesses into atlases for analysis and sorting
according to P value (Figure 3(a)). In Figure 3(a), the
abscissa represents the number of enriched genes and the
color of the bar represents the size of the P value. When
the color changed from blue to red, the P value changed to
small. The process was mainly concentrated in the biological
process, and there were 1591 enrichment results which were
mainly involved in the reaction of oxidative stress, lipids,

bacteria-derived molecules, and chemical substances. In
molecular functions, there were 57 results which were
related to cell death, cytokine receptors, and other enzyme
activities. There were 27 enriched results for cell composi-
tion, which had the relationship with the cyclin-dependent
protein kinase holoenzyme complex, transcription regula-
tion complex, and mitochondrial outer membrane.

3.6. The Results of KEGG Pathway Enrichment Analysis. The
corresponding target protein of GPE was mapped to the
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Figure 3: GO biological function enrichment bar chart (a) and KEGG pathway enrichment analysis bubble diagram (b).

Table 4: Binding energy of effective ingredients in GPE with
potential HUA targets.

Compounds
Binding energy (kcal/mol)

AKT1 VEGFA MAPK1 IL-6

Quercetin -8.1 -6.9 -9.1 -9.4

Kaempferol -8.1 -5.5 -7.5 -5.9

Hederagenin -6.5 -7
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pathway by KEGG to analyze the activity, target, and path-
way of drug. The signaling pathways mainly included the
inflammatory signaling pathways of TNF and IL-7, apopto-
sis, tumors such as small cell lung cancer, and AGE-RAGE
signaling pathway in diabetic complications. There were
139 pathways by the KEGG enrichment pathway analysis,
and the top 20 pathways are shown in Figure 3(b).

3.7. Docking Prediction of Effective Ingredients and Core
Target Molecules. The core targets of IL-6, AKT1, MYC,
VEGFA, and MAPK1 protein with higher node degree

values and the best effective ingredients, quercetin, kaemp-
ferol, and hederagenin, in GPE were selected for molecular
docking in the PPI protein interaction network (Table 4,
Figure 4).

3.8. Verification of Animal Experiment

3.8.1. Effects on Plasma Uric Acid Levels of Hyperuricemic
Rats. In Table 5 and Figure 5, the levels of uric acid in the
model group were significantly increased compared with
the blank group (P < 0:001), which indicated that the

(a) (b)

(c) (d)

(e) (f)

Figure 4: Molecular binding map of effective ingredients in GPE with HUA potential target: (a) hederagenin AKT1; (b) hederagenin
VEGFA; (c) kaempferol AKT1; (d) kaempferol MAPK1; (e) quercetin IL-6; (f) quercetin MAPK1.
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hyperuricemic rat model was established. Compared with
the MC, GPE-HD, GPE-MD, and GPE-LD could effectively
reduce the levels of uric acid (P < 0:05). GPE-LD showed
significant difference (P < 0:001), and there was no signifi-
cant difference compared with the PC (P > 0:05).

3.8.2. Effect on Antioxidative Stress Ability of Hyperuricemic
Rats. In Figures 6(b), 6(f), and 6(g), compared with BC,
the contents of GSH-PX, T-AOC, and SOD in the plasma
of MC were significantly decreased (P < 0:001), and the con-
tents of CAT in the liver homogenate were significantly
decreased (P < 0:001). In Figures 6(a), 6(c), 6(d), and 6(e),
compared with BC, the contents of ROS, MDA, and
NADPH in the plasma of MC were significantly increased
(P < 0:01, P < 0:001, and P < 0:01, respectively); compared
with MC, the levels of GSH-PX, T-AOC, and SOD in plasma
of GPE-HD, GPE-MD, and GPE-LD were significantly
increased (P < 0:05), and the contents of CAT in the liver
homogenate of rats were significantly increased (P < 0:05).
The contents of ROS, MDA, and NADPH in the plasma of
GPE-HD, GPE-MD, and GPE-LD were significantly
decreased (P < 0:05), indicating that GPE could improve
oxidative stress produced by hyperuricemia.

3.8.3. Effect on Liver and Kidney Function in Hyperuricemic
Rats. In Figure 7, compared with the BC, the contents of

BUN, CRE, β2-MG, and XOD in the MC were significantly
increased (P < 0:05); compared with the MC, the GPE-HD,
GPE-MD, and GPE-LD could significantly reduce the
BUN, CRE, β2-MG, and XOD in the plasma of rats
(P < 0:05). Among them, the contents of β2-MG in the
plasma of rats in the GPE-MD and GPE-HD were extremely
significantly decreased (P < 0:001). It indicated that GPE
could reduce uric acid in the plasma of hyperuricemic rats
by reducing XOD activity and could improve liver and kid-
ney damage produced by HUA.

3.8.4. Determination of Inflammatory Factors in Rat Plasma.
In Figure 8, the expression levels of IL-1β, IL-2, IL-6, and
TNF-α in the plasma in the MC were significantly increased
compared with the BC (P < 0:001). The contents of IL-2, IL-
6, and TNF-α in the plasma of the GPE-HD, GPE-MD, and
GPE-LD were significantly decreased compared with those
of the MC (P < 0:05), and the contents of IL-1β and IL-6
in the GPE-MD and GPE-HD were significantly decreased
(P < 0:001). The contents of IL-4 in the plasma in the MC
were significantly decreased compared with the those in
the BC (P < 0:001). Compared with the MC, the IL-4 con-
tent in the plasma of the GPE-HD, GPE-MD, and GPE-LD
was significantly increased (P < 0:001). The results showed
that the GPE could improve the inflammatory level of
hyperuricemia and also had an anti-inflammatory effect.

3.8.5. Pathological Changes of Renal Tissue in Rats. In
Figure 9, the renal structure of BC was normal without
inflammatory cell infiltration. In the MC group of rats, there
were disorganized renal tubules, inflammatory factor infil-
tration in renal interstitial part, renal cortical edema, mas-
sive accumulation of lymphocytes, and inflammatory cell
infiltration around glomeruli. The number of lymphocytes
was relatively reduced in LD compared with MC, but there
was still inflammatory cell infiltration, and tubular arrange-
ment was scattered, which was not significant in GPE-MD
compared with MC. The glomerular morphological struc-
ture of GPE-HD was basically normal with regular tubular
arrangement.

3.8.6. Pathological Changes of Liver Tissue in Rats. In
Figure 10, compared with BC, the hepatocytes of rats in
MC were significantly swollen, tiny round fat vacuoles were
observed in the cytoplasm, and the swelling of hepatocytes
was alleviated to varying degrees in each group without
other obvious abnormalities. The swelling of hepatocytes
was most significantly alleviated in LD, indicating that
GPE could protect the liver from damage.

4. Discussion

In recent years, the incidence of gout has increased exponen-
tially. There are two main reasons for excessive uric acid in
the body: (i) the excessive production of UA due to abnor-
mal activity of XOD or excessive intake of exogenous
purines and (ii) the accumulation of UA in the body due
to the decrease of UA excretion [18]. Despite the current
drugs that inhibit XOD having a good effect on reducing
UA, there are severe adverse reactions such as renal injury

Table 5: Effect of GPE on plasma uric acid levels in hyperuricemic
rats (μg/mL, �x ± s) (n = 6).

Groups UA

BC 3:37 ± 0:14
MC 5:56 ± 0:41∗∗∗

PC 3:69 ± 0:06###

GPE-HD 4:64 ± 0:70#

GPE-MD 4:83 ± 0:25#

GPE-LD 3:70 ± 0:28###

Note: compared with BC, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; compared
with MC, #P < 0:05, ##P < 0:01, ### P < 0:001.
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Figure 5: Effect of GPE on UA levels in hyperuricemic rats.
Compared with BC, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; compared
with MC, #P < 0:05, ##P < 0:01, ###P < 0:001.
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and myelosuppression [19]. Gardenia has the effect of purg-
ing fire and removing annoyance, clearing heat and damp-
ness, and cooling blood and detoxification. Besides, it is
often used in diseases such as fever, swelling and pain,
astringent pain of gonorrhea, and hematemesis. Poria cocos
has the effects of promoting diuresis and dampness, invigo-
rating the spleen, and calming the heart [20]. Thus, this

study discussed the potential mechanism of GPE in the
treatment of HUA based on network pharmacology to
understand the pharmacological mechanism of GPE.

Forty core targets of GPE in the treatment of HUA were
screened in this study. Further analysis of the compound-
disease-target regulatory network showed that quercetin, β-
sitosterol, kaempferol, hederagenin, and other active
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Figure 6: Effect of GPE on the levels of CAT (a), GSH-PX (b), MDA (c), NADPH (d), ROS (e), SOD (f), and T-AOC (g) in hyperuricemic
rats. Compared with BC, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; compared with MC, #P < 0:05, ## P < 0:01, ### P < 0:001.

12 Oxidative Medicine and Cellular Longevity



ingredients could act on multiple targets in the network.
Besides, the same target could also be regulated by multiple
effective ingredients. Thirteen targets (32.5%) corresponded
to more than two effective ingredients, indicating that there
was the complex composition of GPE and the action mech-
anism of various targets. Quercetin can inhibit monosodium
urate- (MSU-) induced mechanical hyperalgesia, leukocyte
recruitment, the production of TNF-α and IL-1β, the pro-
duction of superoxide anion, the activation of inflammatory
reaction, the decrease of antioxidant level, the activation of
NF-κB, and the expression of the inflammatory component
mRNA [21]. β-Sitosterol can improve nephrotoxicity and
kidney disease and adjust the activity of NRF-2 antioxidant
enzymes to reduce nephrotoxic mouse creatinine and the
expression of uric acid, urea, and iNOS to normal levels,
and excessive peroxides and internal and external toxicants
in the body are eliminated [22]. Hederagenin has antibacte-
rial and anti-inflammatory pharmacological effects, and pre-
vious studies have shown that hederagenin can block the
NF-κB signaling pathway to reduce the release of inflamma-
tory factors such as IL-6, IFN-γ, TNF-α, and NO [23]. Some
studies have shown that kaempferol may be a potential XOD
inhibitor, because it can block the entry of the substrate by
inserting the hydrophobic active site of XOD and inhibiting
the activity of XOD by competing sites. Moreover, it can
reduce the level of serum UA in hyperuricemia rat [24,
25]. PPI network also confirmed that there was a close rela-
tionship between GPE and HUA targets, and the results
were reliable and of great reference value.

It is preliminarily predicted that GPE plays a role in the
treatment of HUA through cell death, cytokine receptor and

other enzyme activity pathways, TNF signal pathway, IL-7
signal pathway, and others through the GO functional
enrichment analysis and KEGG pathway enrichment analy-
sis of the core targets. During the pathological process of
HUA, UA is an important endogenous antioxidant [26].
Under normal circumstances, the ROS generated are neu-
tralized by the endogenous antioxidants, and there is an
equilibrium between the ROS generated and the antioxi-
dants present, but the continuous increase of the UA level
will enhance the oxidative stress reaction in vivo [27]. The
increase of the UA level in the blood can destroy the
oxidation-reduction balance of the body through various
ways, enabling the body to produce a mass of reactive oxy-
gen species (ROS), damaging tissue cells, thus reducing the
antioxidant capacity of the body and at last leading to the
occurrence of oxidative stress damage [28–30]. NADPH oxi-
dases (Nox) are one of many sources of ROS. Its catalytic
product ROS participates in body defense and information
transmission. The high level of ROS caused by excessive acti-
vation of NADPH will lead to tissue inflammation and fur-
ther pathological damage of tissues and organs [31].
NADPH oxidase and its ROS products play a key role in
the occurrence and development of acute kidney injury
[32, 33]. The body scavenges reactive oxygen radicals
through active enzymes such as superoxide dismutase
(SOD), total antioxidant capacity (T-AOC), and peroxidase
GSH-Px, thus reducing cell damage [34, 35]. Studies have
shown that TNF-α can induce oxidative stress and inflam-
mation. Besides, the increase of ROS production mainly
comes from the intracellular NADPH oxidase pathway.
TNF-α increases the level of oxidative stress mainly by
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Figure 7: Effects of GPE on BUN (a), CRE (b), β2-MG (c), and XOD (d) levels in hyperuricemic rats. Compared with BC, ∗P < 0:05, ∗∗
P < 0:01, ∗∗∗P < 0:001; compared with MC, #P < 0:05, ##P < 0:01, ###P < 0:001.
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upregulating the expression of NOX2 and its related sub-
units [36, 37]. IL-7 is a multifunctional cytokine, which
can act on a variety of cells. The main function is to promote
the development, antiapoptosis, and proliferation of imma-
ture B and T cells and to participate in the differentiation
and maturation of thymocytes [38, 39]. The biological effect
of IL-7 is mainly achieved through the binding of IL-7 to the
IL-7 receptor (IL-7R). IL-7 activates the IL-7R signal path-
way, upregulates the antiapoptotic protein, inhibits differen-
tiated and activated T cell apoptosis, and downregulates the
proapoptotic protein to prevent T cell apoptosis after bind-
ing to IL-7R. IL-7 has a strong immunomodulatory effect.
As a consequence, IL-7 plays an important role in maintain-
ing the homeostasis of immune function in vivo [40, 41].

High uric acid environment can cause oxidative stress,
which is closely related to inflammation. Oxidative stress
will promote the expression of inflammatory mediators such
as TNF-α and IL-6 [42]. At the same time, inflammatory

cells generate more reactive oxygen species after activation,
resulting in an increase of oxidative stress level after inflam-
matory lesions. Another major cause of the creation of
hyperuricemia is the reduction of uric acid excretion.
Around 70% of uric acid in the body is excreted by the kid-
ney. Uric acid is finally excreted with urine in the form of
urate after glomerular filtration, renal tubular reabsorption,
renal tubular secretion, and reabsorption after secretion
[43]. β2-Microglobulin (β2-MG) is a small molecule globu-
lin produced by lymphocytes, platelets and polymorphonu-
clear leukocytes. The excretion of β2-MG is extremely low
under normal conditions, but its excretion increases when
renal tubules are damaged or filtration function of glomeru-
lar decreases [44, 45]. Blood urea nitrogen (BUN) is one of
the indicators of renal function, and it is the final product
of human protein metabolism. When glomerular filtration
ability decreased to a certain degree, BUN level tends to
increase [46]. Serum creatinine (SCr) is an endogenous
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Figure 8: Effect of GPE on the contents of IL-1β (a), IL-2 (b), IL-4 (c), IL-6 (d), and TNF-α (e) levels in hyperuricemic rats. Compared with
BC, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; compared with MC, #P < 0:05, ##P < 0:01, ###P < 0:001.
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creatinine filtered by glomerulus. Like BUN, the change of
SCr content is also an important indicator of renal function
[47]. When renal function is damaged, the level of SCr will
increase [48]. In the clinic, the degree of renal function
injury of patients is often judged by the detection of SCr
index. Some studies have shown that hyperuricemia can
damage rats’ kidneys through inflammatory reaction and
the oxidative stress pathway [49–51].

The model of hyperuricemia rats was established to
demonstrate the results of network pharmacological analy-
sis. The results showed that compared with the model group,
the GPE group could significantly increase the activities of
SOD, CAT, GSH-Px, and T-AOC in the plasma and liver tis-
sue and decrease the levels of ROS, MDA, and NADPH in
the plasma. It is suggested that GPE has the effect of antiox-
idant stress. The secretion of IL-4 was significantly increased
after treatment with GPE. However, the contents of IL-6, IL-
2, IL-1β, and TNF-α in the renal tissue of hyperuricemia rats
were significantly decreased, indicating that GPE can
enhance the secretion of IL-4 in hyperuricemia rats and

reduce the inflammatory level of hyperuricemia rats, which
has a certain anti-inflammatory effect. Compared with the
blank group, the levels of β2-MG, BUN, and SCr in the
model group were significantly higher, indicating that the
kidney of hyperuricemia rats was damaged. The sections of
rat renal tissue in the model group showed that the renal
tubules were messy, and the renal interstitium was infiltrated
with inflammatory factors. It also indicated that the kidney
in the model group was damaged, which led to the decline
of renal function in hyperuricemia rats. These renal injuries
can reduce the renal excretion of UA, thus increasing the
level of uric acid in the body. Compared with the model
group, the levels of β2-MG, BUN, and Cr in the GPE group
decreased significantly, indicating that the GPE can protect
and improve renal function. It is speculated that GPE pro-
motes the excretion of UA by improving the renal function
damage caused by oxidative stress, thus reducing the level
of UA. Besides, it can inhibit inflammatory reaction and
antioxidant stress in order to achieve the purpose of treat-
ment. Generally speaking, GPE has the characteristics of
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multicomponents, multitargets, and multipathways in the
treatment of HUA. It mainly plays a role in controlling the
development of HUA through cell death, cytokine receptor,
and other enzyme activity pathways, such as TNF α, IL-7,
and other signaling pathways. Further animal experiments
confirmed that GPE can reduce the level of oxidative stress
in HUA model rats. In addition, regulating the expression
of inflammatory factors such as TNF-α in renal tissue may
be one of its mechanisms.

5. Conclusion

GPE has the characteristics of multicomponents, multitar-
gets, and multipathways in the treatment of HUA. It mainly
plays a role in controlling the development of HUA through
cell death, cytokine receptor, and other enzyme activity
pathways, such as TNF-α and IL-7 signaling pathways. Fur-
ther animal experiments confirmed that GPE can reduce the
level of oxidative stress in HUA model rats. In addition, reg-
ulating the expression of inflammatory factors such as TNF-
α in renal tissue may be one of its mechanisms.
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Solubility of phytochemicals is a major concern for drug delivery, permeability, and their biological response. However,
advancements in the novel formulation technologies have been helping to overcome these challenges. The applications of these
newer technologies are easy for commercialization and high therapeutic outcomes compared to conventional formulations.
Considering these facts, the present study is aimed to prepare a silymarin-loaded eutectic mixture with three different ratios of
Polyvinylpyrrolidone K30 (PVP K30) and evaluating their anti-inflammatory, and hepatoprotective effects. The preliminary
phytochemical and characterization of silymarin, physical mixture, and solid dispersions suggested and successfully confirmed
the formation of solid dispersion of silymarin with PVP K30. It was found that the solubility of silymarin was increased by 5-
fold compared to pure silymarin. Moreover, the in vitro dissolution displayed that 83% of silymarin released within 2 h with
2.8-fold increase in dissolution rate compared to pure silymarin. Also, the in vivo study suggested that the formulation
significantly reduced the carbon tetrachloride- (0:8620±0:05034∗∗ for 1 : 3 ratio), paracetamol- (0:7300±0:01517∗∗ for 1 : 3
ratio), and ethanol- (0:8100±0:04037∗∗ for 1 : 3 ratio) induced hepatotoxicity in rats. Silymarin solid dispersion was prepared
using homogenization methods that have prominent anti-inflammatory effect (0:6520±0:008602∗∗ with 8.33%) in carrageenan-
induced rat paw model.

1. Introduction

Solid solution is an interchangeable solution state while sol-
ute interacting strongly in the form of eutectics. Solid disper-
sion method maximizes interaction with water and
profoundly incorporates hydrogen bonds. Furthermore, it

allows the intercalation of the lipophilic substance centrally
giving the odor of hydrophilic monolayer polymer. Solid dis-
persion is widely used and a well-explored technique for the
enhancement of solubility at both laboratory and commer-
cial scale [1]. But macerates of plants or animal displayed
the limited solubility in aqueous environment, and recent
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literature showed that the organic extracts have better ther-
apeutic potential as compared to the aqueous extracts. The
possibility behind this is it may be due to the hydrophobic
nature of most of the active constituents. These formulation
challenges, mainly low solubility and poor bioavailability,
limit the scope and commercial availability of phytochemi-
cals [2, 3]. The formulation development of large number
of phytoconstituents is also problematic. The different
observations were noted while developing the formulation
of phytoconstituents, mainly incompatibility with solvents,
precipitation, phase separation, aggregation, etc. This creates
an opportunity for the researchers to come up with different
strategies for the enhancement of characterization of phyto-
constituent extracts. For enhancing the bioavailability of
phytoconstituents, novel solubility enhancement tech-
niques like solid dispersion, complexation, nanocrystals,
ultrasonication, and eutectic mixtures provide an alterna-
tive approach [4–8]. Silymarin (SL) is the active constitu-
ent of Silybum marianum L. Gaertn. (Family Asteraceae)
traditionally used in the treatment of the liver, and it is
regarded as a highly potent hepatoprotective agent [6, 9].
The major constituent of silymarin is silibinin (A and B),
and it is found to be about 70–80% responsible for major
therapeutic activity. The other flavanolignan components
like silydianin, silycrystin, and isosilybin (A and B) also
showed 10%, 20%, and 0.5% useful pharmacological
activity, respectively. SL is an important class of phyto-
pharmaceuticals having wide therapeutic applications as
anticancer, antiviral, antifibrotic, etc. [10–12]. Despite this,
it showed limited therapeutic outcome because of its poor
solubility and limited bioavailability after oral administra-
tion. Furthermore, it undergoes first pass effect providing
only 20–40% of therapeutic benefit. Orally administered
silybin has not been detected in plasma due to poor solu-
bility characteristics and oral absorption. Oral administra-
tion and first pass effect lead to very less bioavailability
(approximately 0.95%) [13]. Various formulations of SL
have been tried to enhance the solubility and bioavailabil-
ity, but the significant results are still lacking. Overall,
these factor forms the basis of present study, i.e., formula-
tion of eutectic solid of silymarin. Many active pharma-
ceutical ingredients, including phytochemicals, have poor
solubility and bioavailability. A group of researchers is
actively working on the solubility enhancement techniques,
including a new mechanism of solute–solvent or solute–
solute interaction. In order to enhance the dissolution pat-
tern of poorly soluble drug, the solid dispersion technique
is widely employed [14, 15]. Moreover, this system is asso-
ciated with formation of polymer conjugation of poorly
soluble drugs through amorphization of drug in the pres-
ence of polymeric carrier [16, 17]. Polyvinylpyrrolidone
K30(PVP K30), a derivatized longer chain, water-soluble,
hydrophilic polymer, was used for making silymarin eutec-
tic. Due to its nonirritant, nontoxic, biocompatible, and
biodegradable characteristics of PVP K30, it is widely
employed in drug delivery carrier. Furthermore, PVP
K30 is a linear nonionic polymer which has wide range
of pharmaceutical applications like solubility enhancement,
protection of crystalline drug during processing, and deliv-

ery of drug [18, 19]. Also, Polyvinylpyrrolidone (PVP) not
only forms complexes with the drug molecules, but also
exhibits strong solute-solute interaction like hydrogen
bonding, Van der Waals weak attraction, or London
forces. For preparation of solid dispersion, the PVP is con-
sidered as a good candidate for enhancing solubility of
drug that imparts protection to drug from loss due to
external environment [19, 20]. The present study was
aimed at enhancing the solubility and thereby bioavailabil-
ity of SL by solid dispersion technique. The solid disper-
sion was prepared using appropriate proportions of PVP
K30 and SL to be processed at optimum temperature.
The silymarin solid dispersion (SDD) was conjugated with
hydroxypropyl methylcellulose (HPMC) carrierto modu-
late long-term release. In the presence of PVP K30, solu-
bility and dissolution characteristics of SL were set to be
increased. In vivo pharmacokinetic study suggested that
prepared silymarin solid dispersion has proven to have
antioxidant and anti-inflammatory activity and hepatopro-
tective effect.

2. Experimental

2.1. Materials. Silymarin (SL) was received as a gift sample
from BioXpert Innovations Pvt. Ltd., India. Polyvinylpyrrol-
idone K30 (PVP K30) and hydroxypropyl methylcellulose
(HPMC) were made available from Loba Chemie Ltd.,
Mumbai, India. The remaining chemicals belong to analyti-
cal grade and are used as received unless it is specified.

2.2. Methods

2.2.1. Preparation of Silymarin-Encapsulated Solid Dispersion.
The phytochemical has limited solubility and thereby, limits
the therapeutic response. For enhancement of solubility,
phytoconstituents are mixed with either surfactant or poly-
meric blend [21]. Variable ratios of SL and PVP K30 were
taken for improving the solubility. In order to prepare the
SL-based solid dispersion (SSD), the solvent evaporation
technique was employed. Different concentrations of PVP
K30 were used along with SL to verify the solubility charac-
teristics. Methanol was used as common volatile solvent for
the preparation containing SL and PVP K30. The concentra-
tion ratios (1 : 1, 1 : 2, and 1 : 3) were taken with respect to SL
and PVP K30. For further experimentation, concentration
ratios of SL to PVP K30 (1 : 1, 1 : 2, and 1 : 3) were used to
notify as silymarin solid dispersion (SSD1, SSD2, and
SSD3), respectively. PVP K30 and SL were dissolved in meth-
anol (15mL). The solution was ultrasonicated for 15 min to
remove traces of aggregates. The methanolic solution con-
taining PVP K30 and SL was added dropwise in 50mL water
containing PEG 4000 (0.2%). The whole mixture was
homogenized (IKA Homogenizer T25) for 40min at
10000 rpm. The methanol was evaporated in the Rota evapo-
rator at a reduced temperature. The remaining aqueous solu-
tion was lyophilized at -40°C, and dry powder was collected
for analysis.

2.3. Characterization. Preliminary characterization of SL,
PVP K30, solid dispersion, and physical mixture was done

2 Oxidative Medicine and Cellular Longevity



using sophisticated analytical instruments. The preliminary
identification of SL was done using a UV-visible double-
beam spectrophotometer (JASCO V630) and a Fourier
transform infrared (FTIR) spectrophotometer with diffused
reflectance assembly (JASCO 4100S) [22]. The stock solu-
tion containing SL was dissolved into 0.1N HCl. The UV-
visible spectra were recorded by scanning 200–400nm. The
maximum absorbance (λmax) from the spectrum was identi-
fied and used in further evaluations like drug content or
drug release. The preliminary identification of SL, PVP
K30, physical mixture (SL+PVP K30), and SSD was evalu-
ated using FTIR spectroscopy. The individual solid compo-
nent was mixed with predried KBr in 1 : 100 ratio
(solid : KBr) and analyzed using an FTIR spectrophotometer.
The vibrational intensities of obtained spectra were com-
pared with standards. Solubility analysis of pure SL and solid
dispersion was performed using the shake flask method, and
concentration was estimated after 48 h period of time using
UV-visible spectrophotometric absorbance. The absorbance
was correlated with calibration curve plotted in the respec-
tive solution state with linearity (R2) 0.998.

2.4. In Vivo Pharmacological Study

2.4.1. Animals. The male albino Wistar rats weighing 180-
200 g used were procured from the animal house, Laxmi Bio-
farm, Alephata, Pune. The different grouping of rats was
done and kept in polyacrylic cages (38 cm × 23 cm × 10 cm)
and maintained under standard laboratory conditions (tem-
perature ð25 ± 3Þ°C) with dark and light cycle (12/12 h). The
rats were allowed free access to a standard pellet diet and
reversed osmosis water ad libitum. Before the initiation of
the experiment, the period of one week was followed for
the acclimatization of selected rats. In vivo pharmacological
screening was conducted for pharmacological activity.

2.4.2. In Vivo Anti-Inflammatory Activity (Carrageenan-
Induced Paw Edema in Rats). To induce acute inflammation
in the paw of rats, 1% suspension of carrageenan in normal
saline was prepared, and 0.1mL subplantar injection was
given to the right hind paw of rats. The digital plethysm-
ometer (Orchid Scientific, Nashik) was used to measure
paw volume to indicate acute inflammation at different time
intervals like 0, 30, 60, 90, 120, and 180min after carra-
geenan injection. The average foot swellings among the test
and standard groups were regarded as a function of edema.
The variations among the two readings were considered as
the volume of edema. Moreover, the % inhibition of paw
edema as a marker of anti-inflammatory activity by SSD
was calculated by using.

%Edema = C0 − Cr

C0
× 100, ð1Þ

where Cr is the average paw volume of the treated group and
C0 is the average paw volume of the control group. The ani-
mals were grouped as follows: Group 1: control group,
Group 2: standard drug treated (containing 1.16% diclofenac
sodium) [23], Group 3: administered with SSD (1 : 1)

100mg/kg, p.o., Group 4: administered with SSD (1 : 2)
100mg/kg, p.o., and Group 5: administered with SSD
(1 : 3) 100mg/kg, p.o.

2.4.3. In Vivo Hepatoprotective Activity. For hepatoprotec-
tive activity, 30 healthy albino Wistar rats of either sex were
divided into 6 groups. Hepatoprotective activity was com-
paratively assessed using three different methods, such as
carbon tetrachloride (CCl4) method, ethanol method, and
paracetamol method. During study, each group consists of
6 rats, and dosing was done frequently as mentioned in the
individual model.

(1) Carbon Tetrachloride- (CCl4-) Induced Hepatotoxicity in
Rats. For the screening of in vivo hepatoprotective activity
of SSD in CCl4-induced hepatotoxicity in rats, the animals
were grouped as follows.

Group 1: the rats were administered with sodium car-
boxymethylcellulose (NaCMC 0.5%, p.o.) as a vehicle for
six days.

Group 2: the rats were administered with vehicle
(NaCMC 0.5%, p.o.) for six days, and on day 7, they were
treated with CCl4, 1.5mL/kg, p.o. [24].

Group 3: the rats were treated with standard drug, sily-
marin 100mg/kg, p.o. [10], for six days, and on day 7, they
were treated with CCl4, 1.5mL/kg, p.o.

Groups 4, 5, and 6: the rats were treated with SSD (1 : 1,
1 : 2, and 1 : 3) 100mg/kg, p.o., for six days, and on day 7,
these were treated with CCl4, 1.5mL/kg, p.o., respectively.

(2) Ethanol-Induced Hepatotoxicity in Rats. The animals
were divided into different groups to screen in vivo hepato-
protective activity of SSD in ethanol-induced hepatotoxicity
model.

Group 1: the rats were administered with 2% gum acacia
(0.1 g/200 g b.w.) for 6 days.

Group 2: the rats were administered with vehicle and 2%
gum acacia (0.1 g/200 g b.w.) for six days, and on day 7, they
were treated with 3.76 g/kg b.w. ethanol (20%), p.o.

Group 3: the rats were treated with standard drug, sily-
marin 100mg/kg b.w., p.o., respectively, for six days, and on
day 7, they were treated with 3.76 g/kg b.w. ethanol (20%), p.o.

Groups 4, 5, and 6: the rats were treated with SSD (1 : 1,
1 : 2, and 1 : 3) 100mg/kg, p.o., for six days, and on day 7,
they were treated with 3.76 g/kg b.w. ethanol (20%), p.o.,
respectively [25].

(3) Paracetamol-Induced Hepatotoxicity in Rats. In the con-
text of in vivo paracetamol-induced hepatotoxicity, the ani-
mals were divided into different groups.

Group 1: the rats were administered with 1% sodium-
carboxymethylcellulose (NaCMC) 1mL/kg b.w., p.o. for 6
days.

Group 2: the rats were administered with vehicle 1%
NaCMC 1mL/kg b.w., p.o., for six days, and on day 7, they
were treated with 500mg/kg b.w. paracetamol, p.o.
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Group 3: the rats were treated with standard drug, sily-
marin 100mg/kg b.w., p.o., respectively, for six days, and
on day 7, they were treated with 500mg/kg paracetamol, p.o.

Groups 4, 5, and 6: the rats were treated with SSD
(1 : 1, 1 : 2, and 1 : 3) 100mg/kg, p.o., for six days, and on
day 7, they were treated with 500mg/kg paracetamol, p.o.,
respectively [23].

Hepatoprotective activity was biochemically evaluated
for each model, such as alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphate (ALP),
and total bilirubin.

After 48h of administration of each hepatotoxic agent
into a separate group of animals, blood samples were col-
lected from the retro-orbital plexus. The blood was trans-
ferred into previously labelled centrifuge tube and allowed
to clot for 30 min at room temperature. The tubes were cen-
trifuged at 2500 rpm for 10min, and serum was separated.
The separated serum was analyzed using standard biochem-
ical kits for the estimation of ALT, AST, ALP, and total
bilirubin.

2.5. Statistical Analysis. The data were presented as the
mean ± SEM. The data were analyzed by GraphPad Prism
(version 5.0) using one-way ANOVA, followed by Dunnett’s
test.

3. Results and Discussion

3.1. Phytochemical Investigation. Phytochemical investiga-
tion suggested the presence of different types of primary
phytoconstituents in the mixture like flavonoids, terpenoids,
phenol, tannins, and reducing sugar. The generalized tested
protocols cited in the text were used for superficial screening
of SL extract. The phytochemical investigation suggested the
presence of impurities and adulterants within an extract. In
the present attempt, the phytochemical analysis is presented
in Table 1, which shows supplied SL extract was pure and
did not contain any impurities. The phytochemical inves-
tigation suggested the presence or absence of primary or
secondary metabolites having prominent pharmacological
activity. The chemical composition of SL was established
by phytochemical investigation. The preliminary phyto-
chemical investigation was in accordance with reported
literature [26].

3.2. Fourier Transform Infrared Spectroscopy (FTIR). An
FTIR spectrum was helpful for preliminary identification
of SL and comparative evaluation of vibrational frequen-
cies. The stretching and bending vibrational frequencies
emerge from SL was depicted in Figure 1(a). Intermolecu-
lar interaction in physical mixture between solids was ana-
lyzed by vibrational changes during FTIR analysis. The
frequencies can be served as probe for identification of
surface functional groups and their interactions [29]. The
broad intense peak that appeared at 3457 cm-1 was specif-
ically due to oxygen-containing functionality of SL. The
broad peak represented –OH stretching vibration mode.
The distinct peaks observed at 2942 cm-1 and 2880 cm-1

were due to the presence of CH-CH stretching vibration.

The reactive flavonolignon ketone showed strong intense
peak at 1639 cm-1. A small intense peak at 1365 cm-1 and
1278 cm-1 was due to –OH bending and C-O-C stretching,
respectively. Two conjugated peaks emerged at 1509 cm-1

and 1467 cm-1 representing aromatic ring stretching vibra-
tions [21]. An intense peak appeared at 1731 cm-1 showed
the presence of C-O stretch from aromatic ring structure.
The in-plane vibration stretching of –C-H was observed
at 1085 cm-1 corresponding to flavonolignans, while the
peaks that appear at 996 cm-1 were due to benzopyran ring
[30]. The SL primarily reveals the presence of polypheno-
lic moiety and confirms its structural vibrational frequen-
cies from FTIR spectra [4].

FTIR spectra of PVP K30 are depicted in Figure 1(b). A
broad spectrum at 3457 cm-1 and 1639 cm-1 was observed
due to the presence of –OH stretching and carbonyl stretch-
ing vibrations, respectively, while two conjugative peaks at
2977 cm-1 and 2878 cm-1 are designated for CH-CH stretch-
ing from polymeric chain. A sharp peak at 1670 cm-1 was
observed due to C=O stretching vibration mode [31]. Three
conjugative sharp peaks around1470–1437 cm-1 were due to
the presence of C-H bending. A strong band at 1290 cm-1

was observed due to the in-plane OH bending vibration
and interestingly involved in the interaction. The interaction
may drop the crystallinity of phytoconstituent [32]. A small
band at 1072 cm-1 emerges due to C-O stretching vibration.
All the reported vibrational frequency confirmed the struc-
tural conformity of PVP K30 [33]. Physical interaction of
SL and PVP K30 was analyzed using FTIR spectroscopy,
and spectral elucidation is represented in Figure 1(c). Char-
acteristic vibrational frequencies of both components were
found to be superimposed in physical mixture that indicated
no interaction between SL and PVP K30. Intensity of peaks
increased or decreased simultaneously based on overlapping
structure available. The physical mixture did not show any
types of interaction between SL and PVP K30 [31]. The
overlapping hydroxyl stretch was observed at 3624 cm-1 with
decreasing CH-CH stretching at 2945 cm-1 and 2874 cm-1.
The C-O stretching at 1638 cm-1 was elongated, and a sharp
peak was observed. A prominent peak was shown at
1274 cm-1 that represents C-N stretching. The decrease in
peak intensity may be due to overlapping bands having sim-
ilar functional groups [21]. FTIR spectrum of SSD3 is repre-
sented in Figure 1(d), which displayed distinct vibration
intensity describing the successful formation of solid disper-
sion. The spectral intensity slightly increases, which may
possibly be due to the weak Van der Waals interaction or
hydrogen bonding between water molecule and PVP K30-
encapsulating SL [31, 34]. A broad peak appeared at
3628 cm-1, which showed strong interaction between SL
and PVP K30 representing hydroxyl stretching. Two strong
peaks observed at 2952 cm-1 and 2880 cm-1 showed CH2-
CH2 stretching vibration; intensity slightly decreased after
interaction. A strong peak observed at 1670 cm-1 was due
to C=O stretching, which may be emerged from both SL
and PVP K30. The small peak was observed at 1508 cm-1

represents N binding due to the presence of C-N in the
structure of PVP K30 [34]. Two new peaks formed at
1423 cm-1 and 1374 cm-1 represent C-H bending were
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emerged due to physical interaction. A strong peak at
1290 cm-1 was emerged due to C-O bending vibration pre-
served from the PVP K30 [21, 31].

3.3. X-Ray Diffraction. Powdered XRD distinctively analyzes
crystalline and amorphous transition in pharmaceutical
products and processes. The X-ray diffraction spectrum of
pure SL is depicted in Figure 2. Strong crystalline intense
peaks were observed about 10.67°, 14.95°, 16.33°, 17.71°,
20.09°, 22.85°, 24.93°, 27.18°, and 29.73° at 2θ angle [21].
The intense peaks represented the complete crystalline
structure of SL at following Miller indices, etc. Similarly,
PVP K30 was amorphous in nature, but due to the hygro-
scopic nature of PVP, few intense peaks were observed

during analysis. The slight crystallinity was observed at
10.32°, 14.35°, 15.95°, 17.2°, 19.53°, 22.25°, 24.28°, 26.48°,
and 28.95° at 2θ angle. The intense peaks assigned for
respective miller indices confirm the crystalline nature
[34]. The resultant solid dispersion formed by solvent evap-
oration methods can be able to successfully convert into
amorphous form. The increased diffraction width in the dif-
fraction angle suggested the decrease in crystallite size. In
Figure 2 representing SSD, the crystalline bands at 11.25°,
20°, 27.43°, and 32.83° have broadened area which suggested
that the small silymarin crystallites were encapsulated inside
the polymeric structure [35]. In terms of solubility charac-
teristics, the decrease in peak intensity or broadening of peak
was preferably observed in amorphous forms and responsi-
ble for enhancement of solubility [21].

3.4. Solubility and Percentage Drug Content. Saturated solu-
bility analysis of pure SL and prepared SSD is depicted in
Figure 3. Aqueous solubility of SL was determined by shake
flask method and observed to be 5 ± 0:5 μg/mL. The solubil-
ity of SL in aqueous media was found concentration depen-
dent. Increase in concentration of PVP K30 leads to increase
in solubility of SL. The SSD3 having a concentration ratio of
1 : 3 showed more than 5-fold increase in solubility, while
SSD1 and SSD2 had lower concentration that varied within
20–24μg/mL, respectively. The solubility study described
that SSD successfully enhanced in the presence of PVP
K30 [21]. Figure 3 also represents percent of silymarin avail-
able in SSD1, SSD2, and SSD3. The percentage of drug was
determined by UV-Vis spectrophotometric study and used
for drug release as well as pharmacological evaluation. The
percentage of SL loaded in solid dispersions was found to
be 16.31, 19.3, and 28.3% with different batches, SSD1,
SSD2, and SSD 3, respectively. SL loading efficiency was
increased with increasing concentration of PVP K30 [35].

Table 1: Phytochemical evaluation of silymarin extract.

Sr. no. Phytochemical test Observation Inference

1 Mayer’s test No precipitate observed Alkaloid absent

2 Dragendorff’s test Absence of orange color Alkaloid absent

3 Wagner’s test Absence of reddish-brown precipitate Alkaloid absent

4 Extract+aluminium chloride solution Yellow-colored solution Flavonoids present

5 Extract+Aq. NaOH Yellow-orange color solution, disappears after addition of HCl Flavonoid present

6 Extract+Conc. H2SO4 Orange-colored solution Flavonoid present

7 Extract+Aq. ferric chloride (10%) Deep blue-colored solution Phenol present

8 Extract+ferric chloride (5%) Green black-colored solution Tannins presents

9 DW+extract+shake vigorously Absence of foam layer Saponins absent

10 Salkowski test Reddish brown color at the interface Terpenoids present

11 Extract+Conc. HCl Yellow-colored precipitate not observed Quinins absent

12 Extract+2M NaOH Blue green color not formed Anthocyanin absent

13 Ninhydrin test Purple color not observed in solution Protein absent

14 Benedict’s test Red precipitate forms Reducing sugar present

15 Iodine test Purple color not formed after addition of iodine Polysaccharide absent

16 Extract+2% HCl No color change Anthraquinones absent
∗∗Note: the entire phytochemical test conducted as per protocol mentioned in [27, 28] without modification.

(a)

(b)

(c)

(d)

4001000200030004000
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Figure 1: (a) FTIR spectra of silymarin, (b) PVP K30, (c) physical
mixture, and (d) SSD3.
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3.5. In Vitro Drug Release. Comparative drug release of pure
SL and solid dispersion is depicted in Figure 4. Pure SL was
released up to 24.86% within 2 h, while the solid dispersion
with variable ratios released the maximum amount of SL
into the dissolution medium. At 1 : 1 ratio (SSD1) release
44.1% of SL within 2 h enhanced the dissolution rate by
1.77-folds compared to pure SL. The interaction between
PVP K30 and SL was stronger that led to increase in the sat-
uration solubility almost by 5-folds as depicted in Figure 4.
This helped to evaluate the dissolution rate of prepared
SSD with increasing dissolution in the presence of PVP
K30. The release of SL from the inner cores of PVP K30
was specifically by erosion as up to 25% of SL was released
instantly within the first 15min. Furthermore, increasing
PVP K30 increased the dissolution and release of SL into

dissolution media as verified from Figure 4. SSD3 showed
enhanced dissolution rate up to 2.8-fold increment com-
pared to pure SL. SSD3 released more than 83% of SL within
2 h [36].

3.6. In Vivo Pharmacological Activity

3.6.1. Anti-Inflammatory Activity. The various stimuli like
trauma, immunogenic reactions, and infection of microor-
ganism initiate the inflammatory response as indication of
physiological response among the individuals [25]. Funda-
mentally, the inflammatory response is characterized by
enzymatic stimulation of arachidonic acid pathway and
synthesis and release of eicosanoids like prostaglandins,
thromboxanes, and leukotrienes by cyclooxygenase and 5-
lipoxygenase enzymes [37]. Moreover, the drugs with central
antipyretic and anti-inflammatory action cause downregula-
tion of fever and inflammation, although the role of the anti-
oxidant mechanism pathway in mediating the action of such
agents has not yet been elucidated. Considerably, there are
two phases of inflammation like early and delayed. The
phase is associated with the synthesis of histamine, 5-hydro-
xytryptamin, bradykinin, and cyclooxygenase, whereas
delayed phase is associated with infiltration of neutrophils
and continuous production of metabolites of arachidonic
acid [39].

(1) Carrageenan-Induced Rat Paw Edema. Figure 5 and
Table 2 show carrageenan-induced rat paw edema anti-
inflammatory response of prepared SSD in rats at variable
interval of time. The SSD showed promising inhibition
activity against carrageenan-induced rat paw edema. The
solubility and dissolution were enhanced in the presence of
PVP K30, which also provided permeability characteristics
through the skin surface. After preparation of SSD in vari-
able concentration ratios between SL and PVP K30, it signif-
icantly inhibited the edema produced by carrageenan. The
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Figure 2: X-ray spectra of pure silymarin, PVP K30, and silymarin
solid dispersion.
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wide variety of chemicals is successfully screened with the
help of carrageenan-induced rat paw edema for their poten-
tial anti-inflammatory effects. The carrageenan-induced rat
paw edema develops the biphasic response of inflammation
[40]. The initial phase last for about 1 h and is thought to
be mediated through release of various chemical mediators
like histamine and serotonin. On the other hand, the later

phase is brought about by the release of substances like pros-
taglandins. Based on this, the second phase may be
explained by an inhibition of cyclooxygenase or develop-
ment of antioxidative properties [38, 39].

From Figure 5, statistical significance in comparison to
standard SL, SSD has higher percentage. The different time
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Figure 5: In vivo anti-inflammatory activity of silymarin solid dispersion. Carrageenan-induced animal model shows response
measurement time points at 30min, 60min, 120min, and 360min, respectively. Statistical control: ∗bp < 0:05 compared with control; ∗∗a

p < 0:001 compared with control.

Table 2: In vivo anti-inflammatory activity of SSD in rats. In vivo carrageenan-induced paw edema in rats (n = 6).

Name of group
Edema value (mL) and % of inhibition

30 60 120 360

Control 0:8521 ± 0:006241 0:8754 ± 0:004578 0:8625 ± 0:005924 0:8425 ± 0:004231
Carrageenan treated 0:5120 ± 0:005831∗∗∗# 0:5740 ± 0:006782∗∗# 0:5940 ± 0:005099∗∗# 0:6040 ± 0:002449∗#

Std. diclofenac
sodium (10mg/kg)

0:6860 ± 0:005099∗b
(33.46%)

0:6260 ± 0:005099
(10.52%)

0:6100 ± 0:003162
(3.38%)

0:6020 ± 0:003742
(0.33%)

SSD 1 : 1
0:8600 ± 0:07785∗∗a

(67.31%)
0:8280 ± 0:07297∗∗a

(45.61%)
0:8060 ± 0:06794∗∗a

(35.59%)
0:7760 ± 0:06990∗∗a

(26.22%)

SSD 1 : 2
0:8140 ± 0:01939∗∗a

(58.36%)
0:7820 ± 0:01881∗∗a

(36.84%)
0:7600 ± 0:01643∗∗a

(28.81%)
0:7360 ± 0:01749∗b

(21.31%)

SSD 1 : 3
0:7340 ± 0:008124∗∗a

(42.80%)
0:6920 ± 0:007348

(21.05%)
0:6800 ± 0:009129

(13.55%)
0:6520 ± 0:008602∗∗

(8.33%)

The data is presented as mean ± SEM. ∗bp < 0:05 compared with control; ∗∗ap < 0:001 compared with control.

7Oxidative Medicine and Cellular Longevity



points recorded during experiment such as 30, 60, 120, and
360min provide longer time effects. The positive control
diclofenac showed the highest inhibition rate up to 0.33%
after 360min, while SSD (1 : 3) inhibited up to 8.33%. Ini-
tially, after 30min of administration of SSD, % inhibition
of edema was decreased from 67.31% (SSD1), 58.36%
(SSD2), to 42.80% (SSD3) with respect to concentration of
PVP K30 increased. At 360min, the percent inhibition low-
ered to the values of 26.22% (SSD1), 21.31% (SSD2), and
8.33% (SSD3), respectively.

3.6.2. In Vivo Hepatoprotective Activity

(1) Carbon Tetrachloride Model. Despite its mild analgesic
and antipyretic effect [40, 41], the oxymetabolite of carbon
tetrachloride (CCl4) has potential to cause liver toxicity
through the depletion of GSH-Px level. Also, these metabo-
lites cause lipid peroxidation and induce death of liver cells
resulting in an elevation of serum enzyme AST, ALT, and
ALP [24]. CCl4 starts peroxidation in adipose tissue that
results in loss of integrity of lipid membrane and starts

Table 3: In vivo hepatoprotective study by CCL4 model in various biochemical parameters (n = 6).

Name of group AST (IU/L) ALT (IU/L) ALP (IU/L) Total bilirubin (mg/dL)

Normal group 54:92 ± 4:170 58:62 ± 4:284 142:9 ± 2:466 0:4740 ± 0:04501
CCl4 group 151:2 ± 4:910∗∗∗# 187:8 ± 3:545∗∗∗# 267:0 ± 20:09∗∗∗# 1:530 ± 0:03742∗∗∗#

Silymarin treated 85:40 ± 3:103∗∗a 99:59 ± 1:263∗∗a 156:7 ± 4:358∗∗a 0:6640 ± 0:03816∗∗a

SSD (1 : 1) 138:1 ± 0:9782∗b 174:6 ± 1:705∗b 227:9 ± 4:450∗b 1:222 ± 0:07915∗∗a

SSD (1 : 2) 135:7 ± 2:565∗∗a 161:0 ± 1:669∗∗a 208:4 ± 2:632∗∗a 1:064 ± 0:03415∗∗a

SSD (1 : 3) 102:5 ± 1:176∗∗a 118:2 ± 4:564∗∗a 181:5 ± 4:432∗∗a 0:8620 ± 0:05034∗∗a

Values are expressed as mean ± SEM. ∗∗∗#p < 0:0001 compared with control by the Student unpaired “t”-test; ∗bp < 0:05 compared with CCl4;
∗∗ap < 0:001

compared with CCl4.
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Figure 6: Carbon tetrachloride- (CCL4-) induced hepatotoxicity assessment on silymarin and prepared SSD: effect on SGOT (AST), effect
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∗∗ap < 0:001 compared with CCL4.
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damaging hepatic tissue. The sequential liver damage was
reflected by reduction in protein synthesis, metabolic
enzyme inactivation, etc. Hepatocellular injury was mea-
sured by quantifying levels of bilirubin and other proteins
and enzymes by biochemical test [42, 43], and the values
are displayed in Table 3.

The mechanism of SL acts by maintaining the integrity
of hepatocellular membrane and prevents permeation of
toxins into the interior section of the liver to avoid further
cellular damage. SL enhances ribosomal protein synthesis
by activating nucleolar polymerase A (NPA). The NPA helps
to start synthesis of hepatocytes and regenerating potential
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Figure 7: Ethanol-induced hepatotoxicity assessment of silymarin and prepared SSD: effect on SGOT/AST, effect on SGPT/ALT, effect on
ALP, and effect on total bilirubin concentration, respectively. Statistical control: ∗∗∗#p < 0:0001 compared with control by the Student
unpaired “t”-test; ∗∗bp < 0:05 compared with ethanol; ∗∗ap < 0:001 compared with ethanol.

Table 4: In vivo hepatoprotective study by ethanol model on various biochemical parameters.

Name of group AST (IU/L) ALT (IU/L) ALP (IU/L) Total bilirubin (mg/dL)

Normal 49:04 ± 1:872 63:02 ± 1:286 130:0 ± 1:450 0:5420 ± 0:009165
Ethanol treated 143:5 ± 2:665∗∗∗# 179:1 ± 2:207∗∗∗# 262:8 ± 4:046∗∗∗# 1:596 ± 0:02638∗∗∗#

Silymarin-treated group 83:90 ± 1:672∗∗a 71:34 ± 2:970∗∗a 136:5 ± 2:970∗∗a 0:6140 ± 0:02786∗∗a

SSD (1 : 1) 134:9 ± 1:434∗b 132:3 ± 6:644∗∗a 188:6 ± 6:259∗∗a 1:086 ± 0:05750∗∗a

SSD (1 : 2) 122:7 ± 2:338∗∗a 110:5 ± 2:478∗∗a 163:9 ± 2:492∗∗a 0:9820 ± 0:003742∗∗a

SSD (1 : 3) 98:87 ± 0:9379∗∗a 82:74 ± 3:654∗∗a 142:5 ± 7:257∗∗a 0:8100 ± 0:04037∗∗a

Values are expressed as mean ± SEM. ∗∗∗#p < 0:0001 compared with control by the Student unpaired “t”-test; ∗bp < 0:05 compared with ethanol; ∗∗ap < 0:001
compared with ethanol.
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of the liver [44]. SSD has significantly reduced the levels of
serum SGOT/AST, SGPT/ALT, ALP, and total bilirubin as
represented in Figure 6. The enhanced solubility in the pres-
ence of PVP K30 at variable concentration significantly
increased the bioavailability and permeability characteristics

compared to pure SL. The CCL4 administration elevated the
level of these biomarkers and started reducing efficiency of
the liver. The SSD provided a stronger therapeutic potential
by reducing the inflammatory response by preventing penetra-
tion of toxins like trichloromethyl and trichloromethylperoxy.

Table 5: In vivo hepatoprotective study by paracetamol model on various biochemical parameters.

Name of group AST (IU/L) ALT (IU/L) ALP (IU/L) Total bilirubin (mg/dL)

Normal 64:90 ± 2:941 43:87 ± 2:496 150:3 ± 5:004 0:5580 ± 0:03441
Paracetamol-treated group 139:7 ± 1:732∗∗∗# 95:93 ± 8:108∗∗∗# 294:0 ± 13:55∗∗∗# 1:490 ± 0:04012∗∗∗#

Silymarin treated 89:01 ± 1:790∗∗a 45:27 ± 4:737∗∗a 171:8 ± 1:743∗∗a 0:6440 ± 0:03092∗∗a

SSD (1 : 1) 133:2 ± 1:132∗∗b 76:01 ± 2:843∗b 256:7 ± 3:839∗∗a 0:9800 ± 0:005477∗∗a

SSD (1 : 2) 119:1 ± 1:870∗∗a 66:87 ± 3:418∗∗a 245:7 ± 7:042∗∗a 0:9060 ± 0:02839∗∗a

SSD (1 : 3) 97:14 ± 0:8002∗∗a 54:79 ± 3:859∗∗a 196:6 ± 1:886∗∗a 0:7300 ± 0:01517∗∗a

Values are expressed as mean ± SEM. ∗∗∗#p < 0:0001 compared with control by the Student unpaired “t”-test; ∗bp < 0:05 compared with paracetamol; ∗∗ap
< 0:001 compared with paracetamol.
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Figure 8: Paracetamol-induced hepatotoxicity assessment of silymarin and prepared SSD: effect on SGOT, effect on SGPT, effect on ALP,
and effect on total bilirubin against paracetamol, respectively. Statistical control: ∗∗∗#p < 0:0001 compared with control by the Student
unpaired “t”-test; ∗bp < 0:05 compared with paracetamol; ∗∗ap < 0:001 compared with paracetamol.
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Comparatively, SSD (1 : 3) showed maximum reduction in
the level of serum biomarkers. Protective ability of silymarin
was enhanced after encapsulating with PVP K30.

(2) Ethanol-Induced Hepatotoxicity in Rats. Generally, the
liver plays a vital role in carrying out enzyme-mediated dif-
ferent metabolic reactions in the body. According to exten-
sive literature, it was observed that ingestion of ethanol
causes damage of hepatic cells. The possible underlying
mechanism involves the elevation of serum AST, ALT,
ALP, and total bilirubin in rats and further structural and
functional modulation of liver cells [45, 46]. Ethanol-based
hepatotoxicity models were continuously evaluated due to
multiple toxic reports available frequently in hospitals. The
number of patients is increasing with liver toxicity due to
higher consumption of alcohol. Phytomedicines are more
effective in the management of liver toxicities. The recovery
rate is higher comparative to chemotherapeutic agents. The
effects of pretreatment with three SSD in the ratio of 1 : 1,
1 : 2, and 1 : 3 on the ethanol-induced elevation of serum
AST, ALT, ALP, and total bilirubin are depicted in
Figure 7. There was proportionate reduction in the elevated
levels of serum AST, ALT, ALP, and total bilirubin with
respect to PVP K30 concentration in the formulations. The
SSD (1 : 3) showed higher reduction response due to the
enhanced solubility of SL. The biomarker level proportion-
ally decreased as solubility increased with composition ratio
ranging from SSD 1 : 1 to 1 : 3. SSD with PVP in the ratio of
1 : 1 (p < 0:05), 1 : 2 (p < 0:01), and 1 : 3 (p < 0:01) signifi-
cantly prevented the elevated level of serum AST, ALT,
ALP, and total bilirubin. Our studies on the ethanol-
induced hepatic damage were in accordance with previous
reports [47]. This study demonstrated that pretreatment
with three SSD in the ratio of 1 : 1, 1 : 2, and 1 : 3 had signif-
icantly reduced levels of serum AST, ALT, ALP, and total
bilirubin, which were elevated by ethanol administration as
shown in Figure 7 and Table 4.

(3) Paracetamol-Induced Hepatotoxicity in Rats. Paraceta-
mol is one of the most important hepatotoxic agents
reported in the treatment of pediatric patients. Many adverse
events and dose dumping complications in the treatment of
paracetamol were reported specifically related to toxicity.
The biomarkers like SGPT, SGOT, ALT, and serum bilirubin
were identified to assess the toxicity level of paracetamol in
patients undergoing treatment. Generally, liver toxicity is
induced by ingestion of paracetamol and it is routinely
employed in the screening of wide range of chemicals for
their hepatoprotective activity in rodents. The increased pro-
duction of serum enzymes in blood stream was associated
with central/submissive necrosis of the liver, which caused
severe hepatic injury as shown in Figure 8 and Table 5.

4. Conclusion

SL is a natural lipophilic molecule, and it has an aqueous sol-
ubility of 5μg/mL. Due to its low aqueous solubility, it has
low oral bioavailability (23-47%), and after oral administra-
tion, it leads to poor therapeutic application. An attempt was

tried to increase the solubility and bioavailability of sily-
marin by solid dispersion technique using PVP-K30. PVP
K30 inhibited the crystallization of SL and produced amor-
phous solid eutectic mixture for therapeutic applications.
The solubility was increased maximum up to 5-fold after
encapsulation inside the PVP K30. A variable ratio pertain-
ing to PVP K30 and SL was intact within the solution phase
and forms a homogenous mixture. The stronger interactions
were highly dissociated in the presence of dissolution
medium and enhanced the release of SL from the inner com-
partment. The dissolution rate was increased by 2.8-fold
compared to pure SL. The wettability characteristics and
favourable interaction with the solvent molecules helped to
dissociate silymarin instantly from the eutectic complex. In
the presence of aqueous environment, thereby erosion of
PVP K30 took place and released about 23% SL within the
first 15min. The drug release characteristics were increased
with an enhanced bioavailability verified by anti-inflammatory
and hepatoprotective activities. The local solubilisation effect
was prominent and verified by anti-inflammatory response
using carrageenan-induced inflammation in rats. All three
hepatoprotective models showed reduction in the biomarker
response that shows good bioavailability of silymarin in the
presence of PVP K30.
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Solidago chilensisMeyen (Compositae) is a species native to South America (Brazil) popularly known as arnica. In Brazilian popular
medicine, inflorescences and rhizomes of this plant have been used since the end of the 19th century to replace the exogenous and
hepatotoxic Arnica montana L. in the treatment of edema and inflammatory pathologies. Although the anti-inflammatory activity
of S. chilensis is evidenced in the literature, there is a lack of studies with enriched fractions or compounds isolated from it. The
objective of the current study was to characterize phytochemically and to evaluate the pharmacological action in vivo and
in vitro of the crude extract and the different fractions (hexane, dichloromethane, acetal, butanolic, and aqueous) isolated from
the inflorescence of S. chilensis. The inflorescence crude extract (ScIE) and fractions were administered by intraperitoneal route
to mice at different doses. In an LPS-induced pleurisy model, inhibition of leukocyte influx was observed for the ScIE and all
fractions tested, as compared to controls. Dichloromethane (ScDicF), butanolic (ScButF), and aqueous (ScAquF) were selected
for further analysis as they showed the best inhibitory effects in leukocyte migration and inflammatory cytokine and chemokine
production: TNF-α, CXCL1/KC, CXCL2/MIP-2, and CCL11/eotaxin-1. In LPS-stimulated J774A.1 cell line, ScIE and the ScDicF
exhibited an inhibitory effect on nitric oxide (NO) production and downmodulated the COX-2 expression; ScAquF failed to
modulate NO production and COX-2 expression. In phytochemical analysis, HPLC-UV-DAD chromatograms of ScDicF and
ScAquF showed the main peaks with UV spectrum characteristics of flavonoids; chlorogenic acid and isoquercetin were the
most present phytochemicals identified in the ScAquF, and a high number of n-alkanes was found in ScHexF. Our study
was the first to address biological effects and correlate them to phytochemically characterized fractions from inflorescences of
S. chilensis.

1. Introduction

Solidago chilensis Meyen (= Solidago microglossa) is a
member of the Compositae family widely used in Brazilian
folk medicine, as well as in other South American coun-
tries such as Chile, Argentina, Bolivia, and Paraguay. S.

chilensis, popularly known as “Brazilian arnica,” can exert
multiple biological effects and is used as an antidepressant,
gastroprotective, diuretic, burn treatment, skin diseases, anti-
cancer, antiedematogenic, and anti-inflammatory [1–9].

In addition to the popular uses, some reports have
emphasized the anti-inflammatory activity of S. chilensis,
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where several types of extracts obtained, mainly from their
rhizomes and leaves, were tested. In experimental models
of inflammation, the modulation of these extracts in the
inhibition of different inflammatory events, such as edema
formation, mast cell degranulation, leukocyte recruitment,
and inflammatory mediators’ production (e.g., nitric oxide,
interleukin-1β, and tumor necrosis factor-α), was observed
[10–12]. These activities are related to the presence of flavo-
noid quercetrin, caffeoylquinic acid derivates, and flavonoid
rutin [11, 12]; additionally, our recent investigation points to
the presence of flavonoids derived from quercetin and
kaempferol; and labdane diterpenes are partly responsible
for these biological activities [13].

S. chilensis is part of the Brazilian National List of
Medicinal Plants of Interest to Unified National Health
System, and extracts obtained from rhizomes and inflores-
cences have been produced for anti-inflammatory use [13].
Although the activity of S. chilensis is evidenced in the lit-
erature, there are few studies with enriched/characterized
fractions or isolated compounds, especially concerning
extracts obtained from the inflorescences, relating them to
the anti-inflammatory and antinociceptive activities already
well described in this plant species [9, 14]. The generation
of this knowledge can help in the identification of phyto-
chemical markers that can be used in the future in the quality
control of S. chilensis-based products.

In the present work, we evaluated, focusing on anti-
inflammatory activity, the modulatory properties of different
fractions obtained from the S. chilensis inflorescence crude
extract. Based on the obtained results, we explored some
mechanism of action of those fractions that presented
greater biological activity and, in addition, we chemically
characterized these fractions, in order to determine the main
active compounds involved in the anti-inflammatory activity
of S. chilensis.

2. Materials and Methods

2.1. Materials. Alamar Blue cell viability reagent was pur-
chased from Invitrogen (Massachusetts, USA). Dexametha-
sone, diclofenac sodium, dimethyl sulfoxide (DMSO),
Dulbecco’s Modified Eagle Medium (DMEM), ethylenedi-
aminetetraacetic acid (EDTA), fetal bovine serum (FBS),
Laemmli sample buffer, lipopolysaccharide (LPS),
phosphate-buffered saline (PBS), and protease inhibitor
cocktail were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ether, ethanol, ethyl acetate, dichloromethane,
methanol, n-butanol, and n-hexane were purchased from
Tedia Way (Fairfield, OH, USA). Nitrocellulose membranes
were purchased from Amersham Pharmacia Biotech (San
Francisco, CA, USA). The chromatographic solvents (aceto-
nitrile, acetic acid, and trifluoroacetic acid) were purchased
from Merck (Darmstadt, Germany). Monoclonal antibodies
anti-COX-2, anti-goat IgG biotin-conjugated antibody, and
streptavidin-conjugated horseradish peroxidase were pur-
chased from Santa Cruz Biotechnology (Texas, USA). The
CXCL2/MIP-2, CXCL1/KC, CCL11/eotaxin-1, and TNF-α
enzyme-linked immunosorbent assay (ELISA) kit were pur-
chased from R&D Systems (Minneapolis, MN, USA). The

colorimetric kit used for the May-Grunwald-Giemsa method
was purchased from Laborclin (Pinhais, PR, BR).

2.2. Plant Material. Solidago chilensis Meyen was cultivated
at Phytomedicine Agroecological Platform (PAF), FIO-
CRUZ, Rio de Janeiro city, RJ, Brazil (22°93′52.74″S;
43°39′89.16″W). Their inflorescences were collected in
the summer, between December and March, when they
are produced due to increased sunlight. The central stems
were collected from the same producers of inflorescence
plants. The species identification was performed by Mari-
ana Reis de Brito, Botany Herbarium of the Department
of the Institute of Biology/UFRJ, and a voucher specimen
was deposited under the code 32689/RFA. The study of
the plant material was conducted under the register of
Brazilian System for Management Genetic of Heritage
and Associated Traditional Knowledge (SISGEN) (Process
number AF96E16).

2.3. Ether-Ethanolic Crude Extract and Their Fraction
Preparation. The inflorescences of the plant material sup-
plied were oven-dried 35-40°C and pulverized in a knife
mil. 200 grams of material was weighed and submitted to
dynamic maceration with ether : ethanol (1 : 1-3 L) for 6
hours [15]. After this period, the ether : ethanol extract was
filtered, evaporated under reduced pressure (in a rotary
evaporator Büchi R-124®), lyophilized, and weighed (200 g;
4.94% yield). The material was referred to as the Solidago
chilensis inflorescence crude extract (ScIE) and was stored
at room temperature until use.

A part of the ScIE was separated for the pharmacolog-
ical assays, and another portion was used to successive
liquid : liquid partition with solvents of increasing polarity
(n-hexane, dichloromethane, ethyl acetate, and n-butanol)
to obtain the fractions. The ScIE was resuspended with
water :methanol (4 : 1v/v, 500 mL), and then, the organic
phase was evaporated. The aqueous portion was added with
500mL of n-hexane and separated in a glass separatory fun-
nel. This process was carried out five times, totaling the use of
2.5 L of solvent. The organic phase was evaporated, and a
0.46% yield of the hexane fraction (ScHexF) was obtained.
Likewise, the remaining aqueous portion was added with
500mL of dichloromethane, four times, totaling the use of
2 L of solvent. The organic phase was evaporated, and
0.42% yield of the dichloromethane fraction (ScDicF) was
obtained. Always adding 500mL of solvent to the aqueous
portion at a time, the partition was carried out with the
solvents ethyl acetate (ten times, using 5 L of solvent in total)
and n-butanol (once), obtaining a yield of 1.08% for the
acetalic fraction (ScAceF) and 2.26% for the butanolic frac-
tion (ScButF). The remaining aqueous fraction (ScAquF)
showed 2.84% yield.

2.4. Characterization and Identification of Ether-Ethanolic
Crude Extract and Their Fractions. The high-performance
liquid chromatography, coupled with ultraviolet spectros-
copy, a diode-array detector (HPLC-UV-DAD) analysis,
was carried out through two different methodologies, one
developed to characterize flavonoids and phenolic compounds
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in S. canadensis [16] and another developed to characterize
labdane diterpenes, such as solidagenone, commonly found
in S. chilensis [15]. The first one was used in ScIE, ScDicF,
and ScAquF. E the second one was used only in ScDicF.

The characterization through a HPLC-UV-DAD for
flavonoids and phenolic compounds was performed with
LiChrospher 100 RP-18 column (Merck™) for analytical
scale with 250mm length, 4mm in diameter, and 5μm
particle size, using C18 as stationary phase and DAD
detector, type SPDM20A. A binary mixture was used as
the eluent system, composed of acetic acid : water (1 : 40)
and acetonitrile [16]. For the terpenes’ investigation, a
binary mixture with an isocratic eluent system, consisting
of 0.05% trifluoroacetic acid and acetonitrile, was used [15].
Samples were diluted in the ratio of 10mg/mL, and 10μL
aliquots were injected. An analysis was performed at 25°C
with a flow rate of 1.0mL·min-1. The eluted compounds were
analyzed for their absorption in UV at 310nm for flavonoids
and between 210 and 400 nm for terpenoids (solidagenone)
[16, 17]. The analysis by HPLC-UV-DAD allowed the char-
acterization of flavonoids and phenolic compounds through
monitoring by internal normalization, coinjection of querce-
tin, and analysis of UV spectra, since all derivatives observed
in the extract of S. chilensis have spectra in the UV character-
istics of its aglycone (quercetin or kaempferol) in addition to
chlorogenic acid, identified through its retention time in the
methodology used, literature data, and UV spectrum, all also
already rescribed for the genus Solidago [6, 16, 18–21]. The
ScHexF was characterized through the Agilent 5973 GC-
MS system (Agilent Technologies, USA). Helium was used
as mobile phase and flow rate of 2mL/min. The heating ramp
followed the following schedule: 60°C (10min); 60-120°C
(60°C/min); 120-290°C (15°C/min); 290°C (17min). The ion-
ization voltage and temperature of injector and ion source
were 70 eV and 260 and 300°C, respectively. The identifica-
tion of organic compounds was performed using the MSD
ChemStation E. 02.021431–Wiley 7N–1989-2011 software
(Agilent Technologies, USA), which was used for data acqui-
sition, library searching, and compound characterization.

2.5. Cell Culture.Murine macrophage cell line J774A.1 (ATCC
TIB-67™) was maintained at Dulbecco’s minimal essential
medium (DMEM)with 10% FBS, and antibioticmixture (pen-
icillin, streptomycin, and ampicillin 100 units/mL), under
predefined conditions of temperature at 37°C, 95% humidity,
and 5% CO2.

2.6. Cytotoxicity Assay. The J774.A1 cell line was plated in
a 96-well microplate (1 × 105 cells/well, in quadruplicate)
and cultured in the presence of ScIE and the five fractions
at concentrations of 1, 10, 50, 100, and 200μg/mL for 48
hours (in 5% CO2, at 37

°C). Cells cultured only with medium
or culture medium containing 0.5% DMSO (extract diluent)
were used as positive controls of cell viability. After 44 hours,
10% Alamar Blue was added to the wells. After 4 hours of
incubation, the fluorescence signal was monitored in a
microplate reader (Molecular Devices), Ex: 530-560 nm;
Em: 590nm [13].

2.7. Nitric Oxide Production. Macrophages J774.A1, incu-
bated with ScIE and the five fractions or dexamethasone
(20 pg/mL) for 1 hour, were plated in a 96-well microplate
in a final concentration of 2:5 × 105 cells/well, in quadrupli-
cate (in 5% CO2 at 37

°C). Macrophages were stimulated with
LPS (1μg/mL), and after 24 hours, nitrite levels were deter-
mined in supernatants with Griess’ reagent. Absorbance was
read at 540nm using a microplate reader (Molecular
Devices). The concentration of nitrite was calculated from
a sodium nitrite standard curve (range 6.5–100μM) [13].

2.8. Western Immunoblot Analysis. J774A.1 cells (1 × 106
cells), pretreated with ScIE, hexane, dichloromethane, and
aqueous fraction (10μg/mL) or dexamethasone (20 pg/mL)
for 1 hour and stimulated with LPS (1μg/mL), were lysed
in buffer (50mM Tris, 150mM NaCl, pH8.0, 1% NP-40)
containing protease inhibitor cocktail (1 : 1000). After
15min of incubation on ice, nuclear proteins were collected
(supernatant after centrifugation at 14.000 × g for 10min at
4°C). The total protein content in the nuclear extracts was
determined by the Lowry method (Bio-Rad, San Diego,
CA, USA). The cell lysates were denatured in Laemmli
sample buffer (1% sodium dodecyl sulfate (SDS); 5% 2-
mercaptoethanol; 10% glycerol and 0.001% bromophenol
blue) and heated at 95°C for 3min. The samples (10μg of
total protein) were resolved by 12% SDS-polyacrylamide gel
electrophoresis (PAGE), and the proteins were transferred
to nitrocellulose membranes. The membranes were blocked
with Tween-PBS (0.5% Tween-20) containing 2% BSA and
probed with the specific primary monoclonal antibodies
anti-COX-2 (1 : 10000). After extensive washing in Tween-
PBS, the nitrocellulose membranes were incubated with an
anti-goat IgG biotin-conjugated antibody (1 : 20000) for 1
hour, followed by streptavidin-conjugated horseradish
peroxidase (1 : 5000). Immunoreactive proteins were visual-
ized by DAB staining. The bands were quantified by densi-
tometry, using ImageJ (public domain) software programs
[22–24].

2.9. Animals. Male Swiss Webster mice (20-25 g) were
obtained from the Oswaldo Cruz Foundation Breeding Unit
(Fiocruz, Rio de Janeiro, Brazil). Mice were kept in plastic
cages with free access to food and fresh water in a room with
controlled temperature (22 ± 2°C) and light (12 h/12 h light/-
dark cycle) at the experimental animal facility until use. All
experimental procedures were performed according to The
Committee on Ethical Use of Laboratory Animals of
Oswaldo Cruz Foundation, under license P17/13-5.

2.10. Pleurisy. For induction of pleurisy, the animals
received intrathoracic (i.t.) administration of 100μL of
LPS (12.5 ng/animal) diluted in sterile PBS. Sensitized mice
challenged with vehicle alone (saline) were used as the
negative control group [25]. The animals were treated by
intraperitoneal (i.p.) route, 1 hour before challenge with
LPS, with ScIE at different doses (0.01, 0.1, 1, and 10mg/kg),
and in a second assay with ScIE and different fractions at a
single dose of 10mg/kg. In trials, the dexamethasone
(5mg/kg) and diclofenac sodium (50mg/kg) groups were
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used as a positive control, and the group was not treated
as a negative control. All treatments were given in the
final volume of 200μL per animal by intraperitoneal
(i.p.) route. For evaluation of pleurisy, the animals were
euthanized 24 hours postchallenge and their chest cavities
were washed with 1000μL PBS containing EDTA (10μM).
The total leukocyte count was performed through a Neu-
bauer chamber with dilution of the sample in Turk’s dye,
and differential leukocyte counting was performed using
May-Grunwald-Giemsa-stained cytospins under bright-
field microscopes (1000x magnification), and values are
expressed as numbers of cells per cavity [22]. The washes
were centrifuged (20,000 rpm-10min), and the supernatant
was collected and stored in a -70°C freezer for further
analysis.

2.11. Determination of Proinflammatory Mediators.
CXCL2/MIP-2, CXCL1/KC, CCL11/eotaxin-1, and TNF-α
levels were measured in cell-free pleural washes recovered
from mice 24 hours after LPS stimulation using a commercial
ELISA kit purchased from R&D Systems (Minneapolis, MN,
USA). The results are expressed as ng/mL based on a standard
curve [22].

2.12. Statistical Analysis. Results are reported as the mean
± standard error of the mean (SEM) and were statistically

analyzed by means of analysis of variance (ANOVA)
followed by the Newman-Keuls-Student test or Student’s
t-test. Values of p ≤ 0:05 were regarded as significant.

3. Results

3.1. Effect of S. chilensis Inflorescence Crude Extract on LPS-
Induced Pleurisy. To verify the anti-inflammatory activity of
the S. chilensis inflorescence crude extract (ScIE), mice were
previously treated with dexamethasone (5mg/kg, by intra-
peritoneal (i.p.) route) or with different doses of the ScIE
(0.1, 1, 10, and 100mg/kg, i.p.), and after 1 hour challenged
with LPS (12.5 ng/cavity, i.t.). After 24 hours, the pleural
inflammation induced by LPS is characterized by an intense
leukocyte accumulation, with a marked increase in neutro-
phil and eosinophil numbers in the untreated group (LPS)
when compared to the untreated and nonstimulated group
(saline), as observed in Figure 1. Previous treatment with
dexamethasone reduced basal levels of the leukocyte infil-
trate including the polymorphonuclear cells (Figure 1).
As for the ScIE, from the 10mg/kg dose, a significant
reduction in the total number of leukocytes was observed
(Figure 1(a)). Mononuclear cell influx is inhibited by doses
of 10 and 100mg/kg of the extract (Figure 1(b)), and in
the neutrophil and eosinophil populations, doses from 1
to 100mg/kg of the extract were effective in reducing the
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Figure 1: Effects of S. chilensis crude extract pretreatment (0.1, 1, 10, and 100mg/kg) on pleural accumulation of total leukocytes (a),
mononuclear cells (b), neutrophil (c), and eosinophil (d) populations in the pleural cavity of mice (n = 6) challenged with LPS
(12.5 ng/animal). Dexamethasone was used as the reference drug. Mice were treated 1 hour before the challenge. Data represent mean ±
standard error of the mean (SEM) (n = 6). Representative of two independent experiments performed. #p < 0:05 stimulated group (LPS)
vs. nonstimulated group (saline); ∗p < 0:05 treated vs. untreated group.
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migration, compared to the untreated group (Figures 1(c)
and 1(d)). As the results between the 10 and 100mg/kg
doses of ScIE were not discrepant in all parameters, the
10mg/kg dose was chosen for the assay with the S. chilen-
sis fractions.

3.2. Effect of S. chilensis Fractions on LPS-Induced Pleurisy. A
second pleurisy trial was performed to determine whether
there would be differentiated anti-inflammatory activity
between the S. chilensis fractions at the predetermined dose
of 10mg/kg. Swiss Webster mice, previously treated with
dexamethasone, diclofenac sodium, ScIE, and the different
fractions obtained from S. chilensis (10mg/kg), were stimu-
lated with LPS (i.t.) after 1 h.

Similar to the reference drug-treated groups, both the
ScIE and the fractions significantly reduced the influx of
total leukocytes at the site of the induced inflammation
(Figure 2(a)). By analyzing neutrophil recruitment, the refer-
ence drug, dexamethasone, reduced almost to baseline levels
when compared to the untreated group (Figure 2(b)). Diclo-
fenac sodium, as well as the S. chilensis butanolic fraction

(ScButF), presented approximately 19% reduction. The ScIE
and the dichloromethane (ScDicF) and aqueous fractions
(ScAquF) reduced the recruitment by around 24%, while
the hexane fraction (ScHexF) presented better results with
28% inhibition (Figure 2(b)). There was no significant
reduction for the group treated with the acetalic fraction
(ScAceF) (Figure 2(b)).

The ScIE and ScAquF reduced by approximately 52%
eosinophil accumulation, while the ScHexF and ScDicF
showed a better inhibition profile with a 79% of reduction.
On the other hand, ScAceF and ScButF, although presenting
a tendency, did not obtain statistically significant differences
from the LPS group (Figure 2(c)). Given the results, ScHexF,
ScDicF, and ScAquF were selected to continue the studies.

3.3. Effect of S. chilensis Fractions on the Production of
Chemotactic Inflammatory Mediators. LPS stimulus induces
the production of several inflammatory mediators, including
cytokines and chemokines [25, 26]. To assess the difference
in reducing the in vivo migration of leukocytes by the differ-
ent S. chilensis fractions, we evaluated the production of
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Figure 2: In vivo effect of the crude extract and different fractions of S. chilensis (10mg/kg) on the recruitment of total leukocytes (a) and
neutrophil (b) and eosinophil (c) populations in the pleural cavity of Swiss Webster mice stimulated (i.t.) with LPS (12.5 ng/per cavity).
Dexamethasone (5mg/kg, i.p.) and diclofenac sodium (10mg/kg) were used as reference drugs. Mice were treated 1 hour before the
challenge. Data represent mean ± standard error of the mean (SEM) (n = 6). Representative of three independent experiments performed.
#p < 0:05 stimulated group (LPS) vs. nonstimulated group (saline); ∗p < 0:05 treated vs. untreated group.
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TNF-α, CXCL1/KC, CXCL2/MIP-2, and CCL11/eotaxin-1
in pleural washes after the LPS (i.t.) challenge.

After 24 hours of LPS stimulation, a significant
increase in the inflammatory mediator’s production in
the untreated was observed and stimulated with the LPS
group when compared to the untreated and unstimulated
group (saline) (Figure 3). In relation to the production
of TNF-α mediator, a reduction was observed in all the
treated groups when compared to the untreated LPS
group. The dexamethasone and ScHexF groups had the
best inhibition profiles, at approximately 89% and 86%,
respectively (Figure 3(a)). When CXCL1/KC chemokine
levels were determined, only dexamethasone and ScHexF
were able to significantly attenuate this cytokine produc-
tion (Figure 3(b)). CXCL2/MIP-2 level determination
demonstrated that all treated groups showed inhibition of
this chemokine release (Figure 3(c)). The inhibition of
CXCL2/MIP-2 production is in line with the neutrophil
recruitment reduction observed in Figure 2(b). As shown in
Figure 3(d), there was a reduction of CCL11/eotaxin-1 pro-

duction in the dexamethasone-treated group. The ScIE and
the ScDicF had a similar inhibitory profile, while the ScHexF
showed a more pronounced reduction (91% of inhibition)
(Figure 3(d)). These results corroborate with the inhibition
of eosinophil recruitment observed in Figure 2(c). The
groups treated with diclofenac or ScAquF did not inhibit
CCL11/eotaxin-1 production (Figure 3d). It is noteworthy
that the ScHexF was the only S. chilensis fraction that reduce
all the cytokine/chemokine production analyzed by this
study (Figure 3).

3.4. Cytotoxic Effect of the S. chilensis Crude Extract and
Fractions in Cell Line J774A.1. In order to verify whether
the ScIE or their fractions have any cytotoxic effect that
would impair the cell population used throughout the
in vitro study, a cell viability analysis was performed with
the J744A.1 murine macrophage cell line. As observed in
the ScIE, most fractions were cytotoxic to almost 100% of
the cell population at concentrations of 100 and 200μg/mL
(Table 1). The exception was for the ScAquF, which even
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Figure 3: In vivo effect of crude extract and different fractions of S. chilensis (10mg/kg) on the production of TNF-α (a), CXCL1/KC (b),
CXCL2/MIP-2 (c), and CCL11/eotaxin-1 (d) mediators in the pleural lavage of Swiss Webster mice (n = 6) challenged with LPS
(12.5 ng/animal, i.t.). Dexamethasone (5mg/kg, i.p.) and diclofenac sodium (10mg/kg, i.p.) were used as reference drugs. Data represent
mean ± standard error of the mean (SEM) (n = 6). One representative ELISA from two independent experiments performed. #p < 0:05
stimulated group (LPS) vs. nonstimulated group (saline); ∗p < 0:05 treated vs. untreated stimulated group (LPS).
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at the highest concentrations maintained around 80% of the
viable cell population. The ScDicF and ScAceF at the con-
centrations of 50μg/mL were cytotoxic to 37.5% and 70.4%
of the population, respectively. Because of these results, the
concentration of 10μg/mL was chosen for the following
experiments.

3.5. Evaluation of the Inhibitory Capacity of S. chilensis
Fractions in the NO Production and COX-2 Expression In
Vitro. We previously demonstrated that the 10μg/mL con-
centration of the ScIE significantly reduced nitric oxide
(NO) production in the LPS-stimulated J774.A1 cell line
[13]. Therefore, we indirectly quantify the NO production
in LPS-stimulated J744A.1 cells previously treated with
ScHexF, ScDicF, and ScAquF (10μg/mL) (Figure 4(a)). After
24 hours of stimulation, there was a significant increase in
the production of the stable metabolite of NO (nitrite) in
the LPS-stimulated cells when compared to the untreated
and unstimulated group (medium) (Figure 4(a)). Dexameth-
asone, ScIE, and ScHexF presented a percentage of approxi-
mately 30% of inhibition of the NO mediator production,
while the SCDicF obtained the best reduction profile with
59% of inhibitory capacity. However, the ScAquF did not
show any inhibitory activity in J744A.1 cell NO production
(Figure 4(a)). In addition, ScIE and ScDicF inhibited the
COX-2 expression in stimulated cells (Figures 4(b) and
4(c)). Differently, ScHexF and ScAquF failed to inhibit
COX-2 expression.

3.6. Phytochemical Constituents of the S. chilensis Crude
Extract and Fractions. Based on the findings of biological
activity presented by the fractions, we performed a phyto-
constituent investigation in ScIE and their fractions (ScDicF,
ScHexF, and ScAquF). Our group previously showed that
ScIE contains 13.8% of flavonoids derived from quercetin
and kaempferol, and 23.1% of diterpenes, probably furan
labdanes [13].

The HPLC-UV-DAD chromatograms of ScDicF and
ScAquF (Figure 5) showed the main peaks with UV spectrum
characteristics of flavonoids. ScDicF contains afzelin (17%),
quercetin (7.2%), chlorogenic acid (2.1%), isoquercetin
(0.8%), quercitrin (0.4%), and an unknown flavonoid
(10.4%) at 11.98min retention time (Figure 5(a)). The ScA-
quF contains chlorogenic acid (58.2%), isoquercetin (4.1%),
and an unknown flavonoid (25.1%) at 12.76min retention
time (Figure 5(b)). The flavonoid identification was carried
out by comparison of the reference flavonoids, as quercetin
coinjection, and by comparing retention time in the method-
ology used (UV spectrum) and literature data.

Through the HPLC-UV-DAD method, the presence of
the labdanic diterpene solidagenone was not found in
ScDicF, which has a retention time between 71 and 72min
(in the absorbance range of 254 nm). However, we observed
a great diversity of signs suggestive of terpenes, as well as a
great sign of a substance still not identified by us with 26%
of the area, in the retention time of 53.71min (Figure 6). This
substance will be isolated for further identification.

The GC-MS chromatogram analysis showed a high num-
ber (35.4%) of n-alkanes (paraffins) in the ScHexF; in addi-

tion, the labdanic diterpene (solidagenone; 2.2%), ex bornyl
acetate (0.5%), guaiene (0.42%), and Stigmasta-7,25-dien-
3β-ol (0.58%) were also identified.

4. Discussion

Solidago chilensis is a plant species used in Brazilian popular
medicine for the treatment, mainly of inflammatory pathol-
ogies, but there is little scientific evidence associating its
therapeutic effect with the present metabolites [15, 27].
Although the literature has already described effective doses

Table 1: Cytotoxic effect of crude extract and hexane,
dichloromethane, acetalic, butanolic, and aqueous fractions from S.
chilensis in murine macrophages J774A.1 (1 × 105 cells/well; n = 4,
one representative assay of two independent experiments) expressed
as a percentage of viable cells (%).

Sample Dose (μg/mL) Viability (%)

Control — 100

DMSO — 100

SclE

1 100

10 100

50 90.7

100 6.8

200 0

ScHexF

1 100

10 100

50 88.9

100 0.6

200 0

ScDicF

1 82

10 85.6

50 37.5

100 0

200 0

ScAceF

1 83.9

10 88.1

50 70.4

100 6.9

200 0

ScButF

1 100

10 100

50 85.1

100 0

200 0

ScAquF

1 83.4

10 83.6

50 88.9

100 81.6

200 83.5
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for the anti-inflammatory activity of S. chilensis extracts in
animal experimentation models, these studies were based
on extractions made from rhizomes or aerial parts, or from
the aqueous extract of inflorescences [10–12], which differs

from the proposal of this work, where only inflorescences
were used in extraction with solvents of different polarities.

Among the doses tested in our study, the dose of
10mg/kg was chosen because it was efficient in the proposed
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Figure 4: (a) The NO production was determined by the Griess reagent through the supernatant collected 24 h after the LPS simulation in
treated cells with S. chilensis fractions (10 μg/mL). Dexamethasone (20 pg/mL) was used as the reference drug. (b, c) Effect of S. chilensis
fractions in COX-2 expression in LPS-induced J774A.1 cells. Data represent mean ± standard error of the mean (SEM) (n = 4).
Representative of two independent experiments performed. #p < 0:05 stimulated group (LPS) vs. nonstimulated group (medium); ∗p <
0:05 treated vs. untreated stimulated group (LPS).
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model, corroborating the results found by Goulart et al. [10].
Although all fractions, as well as ScIE, modulated the total
leukocyte infiltrate, the ScAceF and ScButF were not able
to significantly inhibit the migration of polymorphonuclear
cells. The fact that some fractions do not have the same
pharmacological effect as ScIE can be explained by the fact
that the phytocomponents responsible for the effects found
in the ScIE were separated according to the affinity of sec-
ondary metabolites to from the solvents used (due to the
polarity), or by the loss of the synergistic effect between these
compounds during the liquid-liquid partition [28].

TNF-α is responsible for endothelial cell activation
increasing the expression of adhesion molecules in the
vascular endothelium, allowing leukocyte transmigration to
the inflammation site. This cytokine is a potent neutrophil
activator, mediating chemotaxis, adherence, degranulation,
and respiratory burst, being produced not only by lympho-
cytes, macrophages, and active neutrophils but also by
vascular endothelial, natural killer, and mast cells [29]. The
data presented in this work show that the ScIE and the three
tested fractions of S. chilensis significantly reduced the TNF-
α values. It has already been seen that S. chilensis can mod-
ulate the levels of TNF-α, as well as the inhibition of the
cytokine IL-1β in mouse experimentation models, with
extracts from the rhizomes [10, 11]. It is suggested that the
downmodulation of TNF-α and IL-1β attributes an anti-
inflammatory mechanism via inhibition of the activation of
adhesion molecules, and blocking the release of specific
cytokines in cell recruitment, such as chemokines of the C-
X-C family [10, 11, 30].

Neutrophils are essential effector cells of the immune
system and are considered the first line of defense against
infections from fungi and bacteria. These cells, however,
can contribute to tissue damage in diseases of acute pro-
cesses, such as acute lung injury, and in the acute phase of
chronic diseases such as rheumatoid arthritis. The destruc-
tive potential of neutrophils depends directly on the control
of their recruitment to tissues [31]. The chemokines KC
and MIP-2 are potent chemoattractants, and activators of
neutrophils are known to have a crucial role in the migration
of these cells from blood vessels to the sites of inflamma-
tion [32].

According to Filippo et al. [33], the KC and MIP-2 che-
mokines are produced by the activation of Toll-like recep-
tors (TLRs), mainly in macrophages residing in the tissue.
Both proteins are produced via MyD88, but MIP-2 is also
synthesized via TRIF. In this work, a reduction of MIP-2
in ScIE and all tested fractions was observed, when com-
pared to the group that did not receive treatment; however,
the ScHexF was the only one that modulated KC production.
The ScHexF may be the only one capable of interfering in
the recruitment of neutrophils via the MyD88 pathway.
Once maximum neutrophil infiltration occurs when both
chemokines are concomitantly expressed, and inhibition of
both at the same time prevents leukocyte recruitment [33].
Thus, the ScHexF would have the best antichemotactic effect
of neutrophils, among all the fractions studied.

Eosinophils are leukocytes of multiple functionalities,
acting in the pathogenesis of innumerable inflammatory

processes, being more prominent in allergic processes
and helminth infections [34]. Among the many molecules
involved in the chemotaxis of this cell population, eotaxin-
1, secreted mainly by cells of the bronchial epithelium,
endothelial cells, and the eosinophil itself, acts as a potent
chemoattractant, being just enough for local eosinophilic
recruitment [35, 36]. The inhibition of eosinophilic popu-
lations in the washings of animals treated with some spe-
cific fractions (ScIE and ScHexF, ScDicF and ScAquF, the
latter in lesser quantities) was an unprecedented fact of
this study since the experimental models adopted in other
studies involved the stimulation of the inflammatory process
via carrageenan, a substance that generates inflammatory
polymorphonuclear infiltrates with the majority presence of
neutrophils [10–12]. Therefore, these groups were assessed
for modulation of eotaxin-1 levels. Modulation of eotaxin-1
was possible in groups of mice previously treated with ScIE
and the ScHexF and ScDicF, indicating that S. chilensis may
have antiallergic activity, which has not been previously stud-
ied, but which is not uncommon in the Compositae family
[27, 37]. Although the ScAquF was effective in modulating
the migration of eosinophils, the levels of eotaxin-1 did not
decrease significantly; therefore, it is necessary to investigate
other modulation mediators and pathways, such as prosta-
glandins and leukotriene.

Our group evaluated the safety of this extract and frac-
tions in vitro, and except for ScAquF, which maintained a
cell viability profile greater than 80% in all concentrations
tested, the other fractions, as well as the ScIE, showed high
toxicity at doses of 100 and 200μg/mL, with almost 100%
of cell death. The ScDicF was the only one that at a con-
centration of 50μg/mL made more than half of the cell
population unviable. In order to use cells previously treated
with the S. chilensis fractions, which maintained a cell viabil-
ity profile equal to or greater than 70%, the concentration of
10μg/mL was chosen as the maximum working concentra-
tion. The results obtained in this work can be associated with
the findings of Barros et al. [2], where the concentration of
10μg/mL of the methanolic extract of the leaves of S. chilensis
did not show a cytotoxic effect in an L929 murine fibroblast
strain [2].

NO is an important molecule in the defense system,
acting as a vasodilator and cytotoxic agent mediated by
macrophages in infectious processes [38, 39]. Although
the literature has already described the ability of S. chilen-
sis to modulate NO [10, 11], our group analyzed the mod-
ulation in vitro using a murine macrophage cell lineage
treated with ScIE and different fractions obtained from inflo-
rescences. Like the in vivo assay, a dose-response curve was
constructed with ScIE. The data presented showed that only
the ScAquF failed to inhibit the production of NO.

COX-2 is an enzyme produced by resident cells involved
in the inflammatory process (macrophages, mast cells, and
others) and is responsible for the synthesis of prostaglandins
and thromboxanes, through stimulation with IL-1β, TNF-α,
endotoxins, and others [40]. We observed for the first time
that components present in the ScIE and dichloromethane
fraction of S. chilensis have the property of significantly
modulating the expression of COX-2. The reduction of
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COX-2 expression leads to the belief that there is some inhib-
itory activity via the gene pathway, where the protein is not
being synthesized [41]. However, that does not rule out the
fact that ScIE and fractions, even ScHexF or ScAquF that
did not show an indication of reduced expression, cannot
be inhibiting the functionality of the enzyme, as occurs in
the case of nonsteroidal anti-inflammatory drugs, such as
aspirin, or some selective for COX-2 such as celecoxib [40].
This evidence requires new tests to obtain more conclusive
results, but given all the data presented, it can be suggested
that a large part of the pharmacological activity is found in
phytocomponents present in the dichloromethane fraction,
with the main effect may be the inhibitory expression of
COX-2 at the molecular level.

To identify the compounds that could be involved in the
pharmacological effects found in this work, the ScIE, hexane,
dichloromethane, and aqueous fractions were subjected to
chromatographic analyses for the investigation of phyto-
chemicals. The analysis by HPLC-UV-DAD showed that
both the ScIE and the dichloromethane fraction are consti-
tuted by a large number of flavonoids derived from querce-
tin and kaempferol, between aglycone and glycosides, since
the absorbance observed in UV is characteristic only of the
aglycone. As for the aqueous fraction, in the same methodol-
ogy, the presence of the isoquercitrin flavonoid and a large
amount of chlorogenic acid were identified.

Although the majority of compounds have not been fully
identified, most have quercetin as a flavonoid skeleton with
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Figure 5: HPLC-UV-DAD of the ScDicF (a) and ScAquF (b) for flavonoid characterization. The chromatogram A showed the main peaks
with UV spectrum characteristics of chlorogenic acid (1), isoquercetin (4), quercitrin (8), afzelin (1), and quercetin (15). And the
chromatogram B showed the main peaks with UV spectrum characteristics of chlorogenic acid (1) and isoquercetin (5).
Chromatographic conditions: temperature = 250°C; flow rate = 1:0mLmin-1; ʎ = 360 nm; Inj:V: = 10μL. Mobile phase : acetonitrile (eluent
A) and acetic acid : water (1 : 40) (eluent B). In the first 15min, 14% of the A eluent and 84% of the B eluent were used. 35% of the
eluent A in the following 30min and 100% of eluent A in the last 2 minutes.
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strong antioxidant activity represented there, and already
well described in the literature [42]. This antioxidant
capacity of the flavonoids could explain the modulation
of NO levels found in ScIE, and the ScDicF. Barros et al.
[2] demonstrated the antioxidant potential of quercitrin
and afzelin isolated from S. chilensis in a DPPH trial, as
well as the ability of flavonoid quercitrin gallate (derived
from quercetin) to modulate NO levels through inhibition
of production, at the level of gene transcription, of the
enzyme responsible for its synthesis (iNOS) in a lineage
of RAW 264.7 macrophages [43].

Rao-Manjeet and Ghosh [44] demonstrated the poten-
tial of quercetin in modulating the levels of TNF-α in a
lineage of RAW 264.7 macrophages, going according to
the findings of this study in the ScIE and the dichloro-
methane fraction. Quercetin is already described for having
anti-inflammatory activity through the reduction of leukotri-
ene B4, prostaglandin E2 (PGE2), chemokines KC, MIP-2,
RANTES, and CXCL8, all with chemoattractive properties
of leukocytes [42, 45, 46]. Part of this activity is attributed
to the ability of quercetin to inhibit the formation of the
NF-κB transcription complex and to interrupt signaling
between TLR4 and MyD88 [47]. Chlorogenic acid, found in
large amounts in the aqueous fraction, also has anti-
inflammatory activity attributed to the ability to suppress
the production of NO, iNOS, and PGE2, also by blocking
NF-κB [48, 49].

The labagenic diterpene solidagenone has been described
as the main constituent of rhizomes of S. chilensis, and it has
already been attributed some pharmacological effects such as
antiulcer, gastroprotective, and immunomodulator [15, 50].
Using the methodology validated by Valverde et al. [15]
for the identification, mainly, of ketone or lactonic groups
through HPLC-UV-DAD, the presence of solidagenone in
the ScIE and the ScDicF was investigated. Our results con-
verge with those of the literature, where the ether-ethanolic

extract of the inflorescences presented a considerable amount
of solidagenone [15]. On the other hand, the ScDicF analysis
was negative for the presence of solidagenone.

In the hexane fraction, in addition to a large amount
of grease found, characteristics of the waxes found on
the surfaces of flowers, the presence of solidagenone, exa-
bornyl acetate, and guaiene were identified by GC-MS.
The literature describes little about the pharmacological
activities of these compounds. Bornyl acetate has been
described as having analgesic and anti-inflammatory activity
[51], but it is not guaranteed that the low percentage of this
substance in the studied fraction is responsible for the phar-
macological activity observed in this work. The same is true
with solidagenone.

According to our analysis, quercetin and its derivatives
would be excellent biomarkers of anti-inflammatory activity
for extracts from the inflorescences of Solidago chilensis. It
was found in the ScIE and the ScDicF in good proportions,
and its anti-inflammatory and antioxidant properties are
well described in the literature [42]. Although the ScHexF
has shown good results in immunopharmacological tests,
new analyses for the investigation of phytochemicals must
be performed to improve the understanding of its effects.
Solidagenone, despite being found in good proportions in
the ScIE, needs further studies in more detail and in an iso-
lated way about its pharmacological activities, as it is a
metabolite little investigated in the literature, being a possi-
ble target of future studies.

5. Conclusion

The inflorescence crude extract and different fractions
obtained from the ether-ethanolic extract of S. chilensis
showed a differentiated anti-inflammatory effect in the pro-
posed methodologies for evaluating in vivo and in vitro
parameters. After phytochemical investigation, it is concluded
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Figure 6: HPLC-UV-DAD of the ScDicF for the characterization of terpenes. The presence of the labdanic diterpene solidagenone was
not found (retention time 71-72min), but a great diversity of signs suggestive of terpenes can be observed, as well as a great sign (1) of
a substance still not identified (26% of the area, retention time = 53:71 min). Chromatographic conditions: temperature = 300°C; flow
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that quercetin (and its derivates) could be used as biomarkers
for quality control of the anti-inflammatory activity of this
species. More studies should be carried out to improve the
understanding of the mechanism of action of the anti-
inflammatory property of S. chilensis, as well as to confirm,
and further explore, a possible antiallergic effect seen in this
work, which had not been reported in the literature.
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Breast cancer (BCa) is the leading cause of women’s death worldwide; among them, triple-negative breast cancer (TNBC) is one of
the most troublesome subtypes with easy recurrence and great aggressive properties. Spatholobus suberectus Dunn has been used
in the clinic of Chinese society for hundreds of years. Shreds of evidence showed that Spatholobus suberectus Dunn has a favorable
outcome in the management of cancer. However, the anti-TNBC efficacy of Spatholobus suberectus Dunn percolation extract
(SSP) and its underlying mechanisms have not been fully elucidated. Hence, the present study is aimed at evaluating the anti-
TNBC potential of SSP both in vitro and in vivo, through the cell viability, morphological analysis of MDA-MB-231, LDH
release assay, ROS assay, and the tests of GSH aborted pyroptotic noninflammasome signaling pathway. Survival analysis using
the KM Plotter and TNM plot database exhibited the inhibition of transcription levels of caspase-4 and 9 related to low
relapse-free survival in patients with BCa. Based on the findings, SSP possesses anti-TNBC efficacy that relies on ROS-induced
noncanonical inflammasome pyroptosis in cancer cells. In this study, our preclinical evidence is complementary to the
preceding clinic of Chinese society; studies on the active principles of SPP remain underway in our laboratory.

1. Introduction

There are seldom chemotherapeutic medications that can gain
moderate success in triple-negative breast cancer (TNBC)
management. Breast cancer (BCa) is the leading cause of
women’s death worldwide. Among them, TNBC accounts
for almost 10-15% of all BCs, which refers to the absence of
estrogen and progesterone receptors and overexpression of
human epidermal growth receptor 2 [1, 2]. It is one of the

most troublesome subtypes of BCa because of its easy recur-
rence and highly aggressive properties. Although some basic
investigations related to immunotherapy and targeted therapy
have shown great potential to inhibit the development of can-
cer [3, 4], they still seldom chemotherapeutic drugs, which can
offer positive pathologic complete response for the manage-
ment of TNBC in the clinic [5].

Spatholobus suberectus Dunn (SSD, Leguminosae), doc-
umented as a traditional Chinese medicine (TCM) named
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“Ji Xue Teng,” has been used in the clinic of Chinese society
for hundreds of years in hematopoiesis and applied to treat
rheumatism, anemia, and menoxenia [6]. SSD has widely
been used in conventional medicines that possess various
pharmacological activities, viz., antioxidant, antimutagenic,
antiplatelet, immunomodulatory, antibacterial, antiviral,
neuroprotection, and blood circulation improvement
[7–12]. SSD comprises several bioactive compounds in
which flavonoids are predominant, including 3′,4′,7-trihy-
droxyflavone, 3′-hydroxy-8-methoxyvestitol, butin, calyco-
sin, dihydrokaempferol, dihydroquercetin, eriodictyol,
liquiritigenin, plathymenin, and prunetin, and many of them
exert anticancer properties [11, 13, 14]. Furthermore,
numerous experimental pieces of evidence have been shown
that crude extracts of SSD produce a favorable outcome in
the management of cancer [15–17] and coronary heart dis-
eases [18]. SSD has been used in the clinic of TCM as a
potential drug to treat BCa patients and accounts for excel-
lent response [19]. SSD has potent anticancer effects on
BCa with the capacity of causing apoptosis and obstructing
cell cycle, LDH, and BCa migration via the MAPK
PI3K/AKT pathway [20, 21]. However, the anti-TNBC effi-
cacy of SSP and its underlying mechanism has not been fully
elucidated.

Earlier researchers paid great attention to investigating
programmed cell death: apoptosis, which is believed not to
trigger inflammation [22]. It is considered an essential com-
ponent of several processes such as normal cell turnover,
growth, the function of the immune system, embryonic
development, and chemical-induced cell death [23].
Recently, pyroptosis is another kind of programmed cell
death, which is varied in the mechanisms of apoptosis, and
proved to be crucial for clearing dangerous infections [24,
25]. Pyroptosis is generally lytic cell demise accompanied
by rapid cell membrane rupture [26], in which pores are ini-
tially formed in the membrane of the cell, causing water
influx and cell swelling, causing cell-membrane damage.
Hence, pyroptosis is believed to be more inflammatory and
immunogenic than apoptosis [27]. Several pilot studies have
also clarified that pyroptosis may trigger inflammation and
recruit immune cells to the pyroptotic area [28, 29]. Cur-
rently, mounting research related to pyroptosis is extensively
studied in cancer.

The relationship between ROS and tumor cell pyroptosis
has been well established [30]. Low doses of ROS normally
stimulate cell proliferation in a wide variety of cancer cell
types [31, 32]. However, elevated ROS triggers tumor cell
pyroptosis-dependent caspases [33]. Some chemotherapeu-
tic drugs are addressed to induce tumor cell pyroptosis
dependent on caspase-3 [34, 35]. Mechanistically, there are
two different kinds of signaling pathways involved in pyrop-
tosis. The first one is the caspase-1-dependent process,
named “canonical” inflammasome activation, which is
mediated by a dynamic mediator, gasdermin D (GSDMD)
[36]. The dynamic caspases-1, -4, -5, and -11 generally
cleave GSDMD within a linker between the domains of
amino and carboxy-terminal. After the breakdown, the N-
terminal generates pores in the cell wall to cause pyroptosis
resulting in transmembrane ion flux, cytoplasmic swelling,

and osmotic lysis [37]. Secondly, a “noncanonical” inflam-
masome activation has been termed as a pathway that is
ROS/caspases axis-dependent, which is also mediated by
GSDMD or/and gasdermin E (GSDME) [38–41]. Neverthe-
less, there are seldom reports on TCM that can trigger pyr-
optosis in cancer management. Therefore, the present
study is aimed at evaluating the anti-TNBC efficacy of SSP
on TNBC cell lines by analyzing cellular characteristics
including cell viability, cell morphology changes, LDH
release assay, ROS assay, and glutathione (GSH) aborted
pyroptotic noninflammasome signaling pathway.

2. Materials and Methods

2.1. Preparation of Spatholobus suberectus Percolation (SSP)
Extract. SSP extract was prepared in accordance with EMA
guidelines as described previously with some modifications
[42]. Briefly, dried SSD stems, which were provided by
Guangdong Kangmei Pharmaceutical Co., Ltd. (Guangdong
Province, China), were ground into coarse powder, and it
was extracted using a percolating device with 10 times vol-
ume (v/w) of 60% ethanol. The filtrate was then concen-
trated under reduced pressure by a rotary evaporator (IKA
RV 10, IKA- Werke GmbH & Co. KG, Darmstadt, Ger-
many). The obtained percolation powder was then freeze-
dried (percent yield 20%) and stored at 4°C for further use.

2.2. UHPLC Analysis. The ultra high-pressure liquid chro-
matography (UHPLC) analysis was conducted with an Ulti-
mate 3000 system (Thermo Scientific, MA, U.S.A.) equipped
with a quaternary pump, a vacuum degasser, an auto-sam-
pler, and a DAD UV-Vis detector. The gradient elution
was composed of solvent A (water: 0.3% formic acid, v/v)
and solvent B (acetonitrile). A reverse-phase packing C18
column (100mm × 2:1mm, 4μm, ACE, UK) was used in
this experiment. The mobile phase condition was performed
as follows: 0min, 2% (B); 2min, 2% (B); 5min, 10% (B);
12min, 10% (B); 20min, 20% (B); 25min, 20% (B); 26min,
25% (B); 32min, 35% (B); and 37min, 40% (B). The flow
rate was 0.4ml/min, and the injection volume was 5μL.
The experiment was operated at 30°C, and the detection
wavelength was 280nm. All solutions were prepared with
0.22μm filtration (Sigma-Aldrich, St. Louis, MO, USA)
for the samples. The mobile phase was purged before
injection of UHPLC. Catechin (Sigma-Aldrich), procyani-
din B2 (Sigma-Aldrich), epicatechin (Sigma-Aldrich),
genistein (Sigma-Aldrich), formononetin (Sigma-Aldrich),
and SSP were accurately weighed and then dissolved in
methanol. Identification was achieved by comparing reten-
tion times (RT).

2.3. Cell Culture and Treatment. MDA-MB-231, 4T1, and
BT 549 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). All cells were
maintained in Roswell Park Memorial Institute (RPMI)
1640 (Gibco, Grand Island, NY, USA.) or glucose-
containing (4.5 g/L) Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Grand Island, NY, USA) according to the
protocol of ATCC, which were supplemented with fetal

2 Oxidative Medicine and Cellular Longevity



bovine serum (FBS, 10% v/v, Gibco, Grand Island, NY,
USA), penicillin (Sigma-Aldrich, St. Louis, MO, USA,
100U/ml), and streptomycin (Sigma-Aldrich, St. Louis,
MO, USA, 100μg/ml) in a humidified atmosphere of 5%
CO2 at 37°C. Cells were seeded onto 96-well plates at the
density of 3 − 5 × 103/well. After undergoing serum starva-
tion for 24 h, they were treated with different concentrations
of SSP (200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56μg/ml) or doce-
taxel (Beijing Aosaikang Pharmaceutical Co., Ltd, Jiangsu,
China; 500, 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91μg/ml).
The tumor cell growth inhibitory effect of SSP or docetaxel
on MDA-MB-231 and BT 549 was tested the cell viability
and proliferation using CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay containing 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) kit (Promega, Wiscon-
sin, U.S.A.) as per the manufacturer’s protocol. The IC50
values of drugs for different cell lines were calculated by lin-
ear or nonlinear regression.

2.4. Determination of Intracellular ROS. For the determina-
tion of intracellular ROS, a chloromethyl derivative of 2′,7′
-dichlorofluorescein (CM-H2DCFDA, Cat# C6827, Sigma-
Aldrich, St. Louis, MO, USA) and Dihydroethidium (Cat#
D11347, Sigma-Aldrich, St. Louis, MO, USA) staining were
used to determine hydroxyl, peroxyl, and other cellular
ROS activities. 2′,7′-dichlorofluorescein and dihydroethi-
dium were used to determine the generation of cell cytosolic
hydrogen peroxide and superoxide, respectively, which were
analyzed according to the manufacturer’s protocol. Briefly,
MDA-MB-231 cells (2 × 105 cells/ml) were treated with var-
ious concentrations of SSP (25, 50, 100μg/ml) for 24h,
followed by staining with CM-H2DCFDA, and dihydroethi-
dium (20μM) was kept at room temperature for 45 minutes.
Then, the cells were visualized under fluorescence
microscopy.

2.5. Lactate Dehydrogenase Release Assay. Lactate dehydro-
genase (LDH) is a cytoplasmic enzyme that discharges into
the culture medium during the cell getting rupture. The
release of cytoplasmic enzymes is generally taking place
due to inflammation (pyroptosis), recognized as an indicator
of cell membrane damage. The leakage of the enzyme was
determined in the culture medium using a CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit (Promega, Wiscon-
sin, U.S.A) as per the manufacturer’s instructions. Absor-
bance at 490 nm was measured using a BioTek Synergy 2
microplate reader (BioTek, Winooski, VT, USA). The LDH
release levels were calculated according to the formula:

LDH release level = 100% ×
Test OD − Blank OD

Vehicle control OD − Blank OD

� �

ð1Þ

2.6. Morphological Analysis by Scanning Electron
Microscopy. Morphological analysis was performed as
described earlier [30]. Cells were treated with SSP
(100μg/ml) for 24 h and were fixed with 2.5% glutaralde-

hyde (Sigma-Aldrich, St. Louis, MO, USA) overnight. The
cells were rinsed thrice using phosphate buffer saline, and
the critical point of the drying procedure was carried out.
Samples were dehydrated through a graded series of ethanol
(30, 50, 70, 95, and 100%) and dried in a Critical Point Dryer
using liquid carbon dioxide. The dried specimens were
mounted on specimen holders (aluminium stubs) for scan-
ning electron microscopy (SEM), using double-sided adhe-
sive tape, glue, colloidal silver, or colloidal carbon. Then, a
thin layer (100-200Å) of the metallic film was coated on
the specimen surface for electrical conduction using either
a sputter coater or a vacuum evaporator. Gold, gold-palla-
dium, platinum, aluminium, or carbon was commonly used
for the preparation of the thin conducting film. Image with a
Hitachi S-3400N scanning electron microscope was oper-
ated for the present study at 20 kV.

2.7. Animals. Female (BALB/c) nude mice (6-7 weeks old)
were purchased from Harlan Laboratories, Indianapolis,
IN, USA, that were housed and maintained in Laboratory
Animal Unit, the University of Hong Kong, a specific
pathogen-free and climate-controlled room (22 ± 2°C, 50 ±
10% relative humidity) with a 12 h light/dark cycle and pro-
vided with diet and water ad libitum. The xenograft assay
was performed as described before with some modifications
[43, 44]. MDA-MB-231 cells (2 × 106/site) were implanted
subcutaneously into the bilateral flank of each mouse. Palpa-
ble and measurable tumors were initially found 10 days after
cell injection. Then, the animals were randomly assigned
into four groups that were receiving the following treat-
ments: the vehicle control group (n = 5) received Milli-Q
water; the SSP-L group (n = 5) received SSP (0.4 g/kg/p.o,
daily); the SSP-H (n = 5) group received SSP (0.8 g/kg/p.o,
daily); the DTX group (n = 5) received docetaxel
(5mg/kg/i.p. week). The tumor size was calculated using
the formula: 0:5 × length × width2. All experiments were
approved by the Institutional guidelines of Laboratory Ani-
mal Care and Committee on the Use of Live Animals in
Teaching and Research (CULATR No.: 4484-17).

2.8. Acute Toxicity Study. Acute toxicity studies were per-
formed to determine the short-term adverse effects of a drug
when administered in a single dose or multiple doses during
24 hours in two rodent species. The acute oral toxicity study
was evaluated as per OECD guidelines. The studies were car-
ried out in BALB/c mice (20–30 g) and Sprague-Dawley rats
(150-180 g), respectively, using a single dose or multiple
doses, which were treated orally. Thirty animals, divided
into respective 5 groups, were designed for the study of acute
toxicity via the oral route. Each group contains 6 animals (3
males and 3 females) receiving a single oral dose of 2, 4, 8,
and 10 g/kg body weight of SSP extract, while the control
group was administrated with distilled water. The general
behavior of the animal and signs of toxicity were observed
continuously for 1 h after the oral administration and then
intermittently for 4 h and thereafter for 24h. The animals
were further observed once a day up to 14 days following
treatment for behavioral changes and signs of toxicity and/or
death and the latency of death. The LD50 value was
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determined according to the method described by Kharch-
oufa et al. [45].

2.9. Western Blot Analysis. Western blot assay was con-
ducted as previously described [17]. The proteins from the
cell were lysed in RIPA buffer (pH = 7:4) comprised of pro-
tease inhibitors cocktail (10μg/ml, Cat# 5872S, Cell Signal-
ing Technology, MA, U.S.A.). The contents were
centrifuged at 12,000 g at 4°C for 20min, and the concentra-
tion of protein in the supernatants was determined using
Bradford reagent (BioRad) with bovine serum albumin
(BSA, Sigma Aldrich, St. Louis, MO, U.S.A.) as the standard.
The protein samples were separated by electrophoresis on
SDS-PAGE 10% or 12.5% gels. After blocked in 3% BSA,
the membrane was incubated with primary antibodies,
GAPDH (Cat# 2118 s, Cell Signaling Technology), caspase-
1 (Cat# sc-56036, Santa Cruz Biotechnology, U.S.A.),
GSDMD (Cat# 93709 s, Cell Signaling Technology),
JNK1/2/3 (Cat# YT2440, Immunoway, TX, U.S.A.),
caspase-3 (Cat# sc-7148, Santa Cruz Biotechnology),
caspase-9 (Cat# 9502, CST), caspase-4 (Cat# ab238124,
Abcam, Cambridge, United Kingdom), cleaved caspase-3
(Cat# 9661 s, Cell Signaling Technology), and GSDME
(Cat# ab215191, Abcam) as needed. For secondary antibod-
ies, antibodies to mouse (Cat# 7076, Cell Signaling Technol-

ogy) and rabbit (Cat# 7074, Cell Signaling Technology) were
used. To visualize protein bands, a chemiluminescence
(ECL) system (Cat# WBLUF0500, Millipore, MA, U.S.A.)
was used.

2.10. Collection and Analysis of Biological Information. The
association between caspase-4, caspase-9, and overall sur-
vival was performed by the online tool KM plot (http://
kmplot.com/) [46] with the Affymetrix ID: 213596_at and
237451_x_at, respectively. Differential gene expression anal-
yses of the tumor, normal, and metastatic tissues were con-
ducted by the online tool TNMplot (https://www.tnmplot
.com/) with the genes’ symbols based on RNA-Seq data
offered by the database [47].

2.11. Statistical Analysis. Nonlinear regression was operated
with GraphPad Prism 7 (GraphPad Software, San Diego,
CA, USA) choosing log(inhibitor) vs. response—variable
slope (four parameters) as the equation. All data were
expressed as mean ± standard deviation. Tukey’s multiple
comparison test was carried out on data from at least three
independent experiments. The differences between the two
groups were performed using two-tailed Student’s t-test,
and significance was established at p ≤ 0:05.
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Figure 1: Identification of active constituents from SSP by UHPLC analysis.
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3. Results

3.1. UHPLC Analysis of SSP. A simple and speedy UHPLC
method was used to determine the major constituents (cate-
chin, procyanidin B2, epicatechin, genistein, and formono-
netin) that appeared in SSP. The constituents were
separated on reverse-phase-C18 column developing a mobile
phase comprised of formic acid (0.05%) in acetonitrile in the
gradient elution mode. Under these conditions, flavonoids
and isoflavones were separated in a 45min run. The stan-
dard peaks 1-5 were identified as catechin (RT, 7.503min),
procyanidin B2 (RT, 8.690min), epicatechin (RT,
9.727min), genistein (RT, 29.527min), and formononetin
(RT, 32.773min) (Figure 1) according to the retention time
(RT) and UV-Vis spectra of the standards. The outcomes
demonstrated that SSP contained five compounds
(Figure 2). The analyses were repeated thrice and verified
the constituents.

3.2. Growth Inhibitory Efficacy of SSP on Cancer Cell Lines.
The growth inhibitory efficacy (IC50) of SSP was tested in
the cell lines of MDA-MB-231 and BT 549 cells with the
positive control (DTX) in vitro. The cells were treated with
different concentrations of SSP (200, 100, 50, 25, 12.5, 6.25,
3.13, 1.56μg/ml) or DTX (500, 250, 125, 62.5, 31.25, 15.63,
7.81, 3.91 nmoles), and growth inhibition curves were pre-
sented in Figures 3(a)–3(d). Through nonlinear regression,
the IC50(s) of SSP and DTX were prepared. For MDA-MB-
231 cells, IC50 of DTX and SSP was 2.91 nmoles and

52.58μg/ml, respectively. Similarly, for BT 549 cells, IC50
of DTX and SSP was 4.832 nmoles and 10.89μg/ml, respec-
tively. SSP and DTX exerted significant growth inhibition
effects (IC50) based on the increasing concentration exhib-
ited in both cancer cell lines. The growth inhibition efficacy
of SSP occurred significantly at lower concentrations in BT
549 and higher concentrations in MDA-MB-231. Moreover,
DTX had growth inhibitory effects at minimum concentra-
tions in MDA-MB-231 and maximum concentration in BT
549 (Figures 3(a)–3(d)).

3.3. Determination of Growth Inhibitory Efficacy of SSP in
Xenograft Animals. Subcutaneous injections of MDA-MB-
231 (2 × 106 cells/0.1ml) into the bilateral flank of each
mouse were provided. Bodyweight, tumor growth, and
tumor volume were monitored at 2 days intervals for 22
days. On day 22, the mice were sacrificed and measured their
tumor volume at the endpoint (Figure 4(e)). There were sig-
nificant body weight changes in the treated groups during
the study period (Figure 4(b)). And treatment of SSP-L,
SSP-H (0.4 and 0.8 g/kg/p.o, daily), and DTX
(5mg/kg/i.p. week) significantly inhibited the growth of
tumors in the animals when compared to the vehicle group
(Figures 4(c) and 4(e)). At the endpoint, tumor volume
was significantly different (∗p = 0:0151) between the SSP-
H-treated group and the vehicle group. In addition, DTX-
treated animals were also significantly (∗p = 0:0435) reduc-
ing the growth of tumors (Figure 4(c)).
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Figure 3: (a–d) Growth inhibitory efficacy of SSP and DTX on MDA-MB-231 and BT 549 cell lines.
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Figure 4: Effect of SSP on human TNBC cell line, MDA-MB-231, in the xenograft model. SSP played a positive role against MDA-MB-231.
(a) Representative pictures of mice xenograft with different treatments for 22 days, (b) bodyweight curve, (c) tumor volume curve, and (d)
analysis for the bodyweight of each group at an endpoint. Data were shown as mean ± SD (n = 5). (e) Analysis of tumor volume of each
group at an endpoint. Data were shown as mean ± SE (n = 5). ∗p ðvehicle vs:DTXÞ = 0:0435, ∗p ðvehicle vs:SSP −HÞ = 0:0151.

6 Oxidative Medicine and Cellular Longevity



3.4. Evaluation of Acute Toxicity. The acute toxicity study
was conducted to determine the harmful effects of SSP to
the animals administered as a single or short-term exposure.
This investigation assessed the changes in the behavior, sign,
body weight, mortality, and other changes in the overall
well-being of the animals. In the present study, the acute
toxicity evaluation showed that the oral LD50 value of SSP
was 10 g/kg b.w. (Table 1).

3.5. Generation of Intracellular ROS by Treatment with SSP
in MDA-MB-231 Cell Lines. To determine the effect of SSP
on ROS generation, ROS was detected using CM-
H2DCFDA for general oxygen species and dihydroethidium
staining, which facilitated to show the expression levels of

superoxide and hydrogen peroxide. As shown in Figure 5,
the Generation of ROS, specifically superoxide and hydro-
gen peroxide, were measured in a 24 h cultured plate con-
taining MDA-MB-231 cells, which was shown in a dose-
dependent manner of SSP (25, 50, and 100μg/ml). The out-
comes showed that SSP treatment upregulated ROS genera-
tion in which the number of cells was stained using CM-
H2DCFDA and dihydroethidium in MDA-MB-231 cells.

3.6. SSP Triggers Pyroptotic Cell Death in TNBC Cells. The
vehicle showed normal architecture of the MDA-MB-231
cells, which was observed under bright field by phase-
contrast microscopy and SEM (Figures 6(a) and 6(c)). The
treatment of SSP promoted pyroptotic cell death in 24h

Table 1: Mortality and clinical signs of acute toxicity of SSP.

Animals Dose of SSP (g/kg b.w. p.o) Mortality latency (h) Toxic symptoms LD50 (g/kg b.w. p.o.)

BALB/c mice

0 — None

10

2.0 — None

4.0 — None

8.0 — None

10.0 <1 h Anorexia, hypoactivity

Sprague-Dawley rats

0 — None

>10
2.0 — None

4.0 — None

8.0 — None

10.0 — None

Animals were divided into respective 5 groups and 6 animals (3 males and 3 females) each. Each group receiving a single oral dose of 2, 4, 8, and 10 g/kg body
weight of SSP extract, while the control group was administrated with distilled water. The general behavior, signs of toxicity and/or death, and the latency of
death were observed continuously for 1 h after the oral administration and then intermittently for 4 h and thereafter for 24 h. The LD50 value was determined
according to the method described by Kharchoufa et al. [45].
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Figure 5: SSP upregulated ROS generation in MDA-MB-231 cells. The detection of intracellular ROS was based on CM-H2DCFDA and
dihydroethidium staining of MDA-MB-231 cells after treatment with different doses of SSP (25, 50, and 100μg/ml) for 24 h. Scale bar,
100μm.
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cultures of MDA-MB-231 cells, which showed flattened cells
with the cabbage or fried egg-like morphology in which the
cell nuclei located in the center or above the main plane of
the cell body (Figures 6(b) and 6(d)). The observations were
well documented in the SSP-treated groups with noticeable
pyroptotic features in the cell. During the pyroptotic mech-
anism, the activation of caspases causes the loss of mem-
brane integrity and release of cytosolic LDH, resulting in
inflammatory cell death. LDH with other cellular contents
was discharged during pyroptotic blebs of cellular demise.
The leakage of the LDH was determined in the culture
medium using a commercial assay kit. Figures 6(e) and 6(f
) exhibit the release levels of LDH in BT-549 and MDA-

MB-231 cells after 24 h treatment with SSP (100μg/ml).
The western blot analysis of inflammasome protein showed
caspase-4 cleaved GSDME that permeabilized into the cell
membrane and might trigger pyroptosis, a form of inflam-
matory programmed cell death (Figure 7). The full-length
GSDME (F-GSDME) degraded into an N-terminal frag-
ment of GSDME (N-GSDME) by caspase-4 that trans-
ported into the cell membrane and lysed the cells (Non-
canonical pathway). Moreover, caspase-1 did not involve
in the cleaving of GSDMD in which there were no prod-
ucts of GSDMD-N and therefore, this mechanism of the
inflammasome was a ROS-dependent noncanonical path-
way (Figure 7).
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Figure 6: SSP promoted pyroptotic cell death in MDA-MB-231 cells. Bright field microscopic observation of (a, c) vehicle showed normal
architecture of the cells. SEM observation (b, d) of SSP (100 μg/ml) in MDA-MB-231 cells exhibited flattened cells with the cabbage or fried
egg-like the cell nucleus located in the center. Arrowhead indicated the bubbling of pyroptotic cells. Scale bar, 100μm. (e, f) The release of
LDH levels in BT-549 and MDA-MB-231 cell culture after 24 h treatment with SSP, respectively (100 μg/ml).
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3.7. GSH Blocked SSP-Induced Pyroptosis in TNBC Cells.
Glutathione (GSH) is an inhibitor of ROS, which markedly
attenuates the SSP-induced ROS elevation in the cell and
thus rescues pyroptotic cell death. BT-549 and MDA-MB-
231 cells were pretreated with or without GSH (2 mmoles)
for 2 h, followed by the treatment of SSP (100μg/ml) or
vehicle (Milli-Q water) for 24 h. The pretreatment of GSH
improved the cell viability and demolished the LDH release
in SSP-treated MDA-MB-231 and 4T1 cell lines due to its
ROS scavenging potential (Figures 8(a) and 9(a)). Similarly,
phase-contrast microscopic observation demonstrated that
MDA-MB-231 and 4T1 cells treated with GSH followed by
the administration of SSP showed less pyroptotic features,
whereas SSP treatment showed flattened cells with fried
egg-like morphology (Figures 8(b) and 9(b)). Western blot
assay revealed GSH aborted pyroptotic signaling upon SSP

treatment. Cleaved caspase-3, caspase-4, and GSDME were
involved in the inflammasome signaling pathway
(Figures 8(c) and 9(c)).

3.8. The Relationship between Caspase-4/9 and Overall
Survival of the Patients. Confirming prognostic or projecting
candidate genes in suitably powered BCa cohorts is of great-
est interest nowadays. Based on the online Kaplan-Meier
plotter tool, we drew survival plots, which were used to
assess the relevant expression levels of caspase-4 and
caspase-9 genes on the clinical outcome of BCs individuals.
Using the selected parameters, the analysis was operated
on caspase-4 (Affy ID: 233596, 3951 patients) and
caspase-9 (Affy ID: 237451_x, 1751 patients). Based on
the median of participants, the relevant expression levels
were demonstrated at the lower or higher risks of 1978
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Figure 7: SSP triggered inflammatory cell death in MDA-MB-231 cells. Representative Western blot assay was involved in the pyroptotic
signaling pathway in MDA-MB-231 cells that were connected with the treatment of SPP (25, 50, 100μg/ml). The expression of caspase-4
cleaved GSDME that triggers pyroptosis. The full-length GSDME (GSDME-F) degraded into N-terminal fragment of GSDME (N-
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mechanism was a ROS-dependent noncanonical pathway. Data were shown as mean ± SD (n = 3). ∗∗p = 0:0031, ∗∗∗p < 0:001.
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and 1973, respectively. The hazardous ratio of caspase-4
was 0.69 (p value 1.5e-15) with the median months’ sur-
vival of the respective low and high expression cohorts of
38 and 68.75. Similarly, caspase-9 was exhibited at lower
and higher risks of 896 and 868, respectively. The haz-
ardous ratio of caspase-9 was 0.55 (p value 4.3e-14) with
the median months’ survival of the respective low and
high expression cohorts of 25.2 and 57. The high levels
of the caspase-4 and caspase-9 expression in BCa
patients were associated with better survival
(Figures 10(a) and 10(b)).

3.9. Differential Gene Expression Analysis of GSDME and
Caspase-4 in Tumor, Normal, and Metastatic Tissues. Genes
generally show differential expression in either tumor or
metastatic tissues, which can be beneficial to envisage tumor
formation and to facilitate cancer management as a bio-
marker. Using the TNM plot tool, based on an integrated
dataset that was documented in the RNA sequencing data
of normal (n = 113), tumor (n = 1097), and metastatic
(n = 07) tissues, we compared the differential expression
levels of selected genes in normal, tumor, and metastatic tis-
sues. The expression of caspase-4 and GSDME was signifi-
cantly inhibited in the tumor tissues. The fold changes of
caspase-4 from tumor to normal and from metastasis to
the tumor were about 0.76 and 1.41, respectively
(Figure 10(c)). The analysis of GSDME exhibited fold
changes from tumor to normal (0.61) and from metastasis
to tumor (1.14) (Figure 10(d)).

4. Discussion

SSD is a traditional medicinal plant normally used in China
for its hematopoietic and antiviral properties [48, 49].
Mounting research has been conducted in vitro and in vivo
of SSD showing as a promising traditional medicinal drug
in the management of various cancers [15, 17, 20, 21]. Pres-
ently, physicians from TCM have utilized SSD as a potential
therapy for BCa patients and accomplished greater positive
outcomes [19]. Studies have further suggested that SSD
directly suppresses various molecular signaling pathways,
upregulates apoptotic signaling, inhibiting LDH and arrest-
ing the cell cycle, and is thereby proved as a potential anti-
cancer compound [19, 21, 50]. In addition, SSD protects
against various effects of oxidative stress, cerebral ischemia,
radiation, and diabetic complications [51–53]. However,
the anticancer efficacy of SSP and its protective mechanism
against the most fetal and invasive subtype of BCa, TNBC
have not been completely revealed.

Earlier, several studies were reported that SSD comprised
of various bioactive compounds, viz., (-)-sativan, formono-
netin, isoliquiritigenin, genistein, naringenin, medicarpin,
prestegane, naringenin, blumenol A, protocatechuic acid,
liquiritigenin, 7,4′-dihydroxy-8-methoxy-isoflavone, proto-
catechuic acid, glycyroside, and dulcisflavan that possesses
cytotoxicity, anticancer, and antimutagenic properties [7, 8,
13, 14, 19]. The present study is also exhibited five distin-
guished bioactive compounds, viz., catechin, procyanidin
B2, epicatechin, genistein, and formononetin, and all of
them have greater antitumor, antimutagenic, and potential
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Figure 8: GSH blocked SSP-induced pyroptotic signaling pathways in TNBC cells. (a) Representative outcomes of the cell viability and LDH
release assay in MDA-MB-231 and BT-549 cells upon the cotreatment of GSH and SSP. ∗∗∗∗p < 0:0001, ∗p = 0:0493. Data were shown as
means ± SD (n = 6). (b) Representative phase-contrast microscopy of MDA-MB-231 cells upon the cotreatment of GSH and SSP. (c)
Representative western blot assay for the detection of SSP induced pyroptotic inflammasome signaling pathways and GSH rescue
experiment.
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genotoxic effects [31, 32, 54–59]. Some of these major com-
pound(s) is/are responsible for the anti-TNBC efficacy of
SSP, which is being studied in our laboratory. The outcome
of acute toxicity indicated that the oral LD50 value of SSP
was about 10 g/kg, and this extract is considered as low toxic
to the animals. These findings offer preliminary data on the
toxic profile of SSP. Hence, further studies (genotoxicity,
subchronic toxicity, reproductive toxicity, etc.) are needed
to validate the clinical studies of the plant.

In this study, SSP was investigated on three different
TNBC cells: MDA-MB-231, 4T1, and BT 549 cell lines.
SSP had significant cytotoxic and growth inhibitory effects
on all cell lines in a dose-dependent manner. These effects
can be mediated by the generation of ROS [60]. Previously,
SSD treatment significantly increased cytotoxic effects
through the generation of ROS in U266 and U937 cells
[15]. ROS plays a critical role in multiple tumor chemother-

apy and involves cytotoxicity, autophagy, and apoptosis
[61]. There were significant differences in the SSP-treated
groups (bodyweight-15.35 g and tumor volume-415.4mm3)
and vehicle group (bodyweight-18.04 g and tumor volume-
937.4mm3), which showed about 55.69% tumor growth
inhibition at the endpoint. Thus, SSP inhibits the growth
of MDA-MB-231 human TNBC in a xenograft-bearing
mouse model. This study was consistent with the earlier
study upon the treatment of resveratrol inhibited the gain-
ing of body weight and tumor growth in the animal
models [62, 63].

In our study, we detected ROS generation upon SSP
treatment, which was consistent with earlier investigations
[15, 17]. The detection of intracellular ROS was based on
the presence of CM-H2DCFDA and dihydroethidium stain-
ing of MDA-MB-231 cells upon the treatment of SSP (25,
50, and 100μg/ml), and this ROS generation was
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Figure 9: GSH blocked the efficacy of SSP and the pyroptotic signaling pathways in TNBC cells. (a) Representative result for cell viability
detection of 4T1 cells after different treatments, ∗∗p < 0:01. Data are shown as means ± SD (n = 3). (b) Representative result of LDH release
assay in 4T1 cells after different treatments, ∗∗∗∗p < 0:0001. Data are shown as means ± SD (n = 3). (b) Representative phase-contrast
microscopy of 4T1 cells after different treatments. (c) Representative western blot assay for the detection of pyroptotic signaling
pathways in GSH rescue experiment. BT-549 cells were pretreated with or without GSH (2mM) for 2 h, followed by SSP (100 μg/ml) or
vehicle treatment for 24 h, respectively, as specifically indicated.
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significantly greater in MDA-MB-231 cells when treated
with the higher concentrations of SSP (100μg/ml). For
TNBC management, to date, there is no promising medica-
tion. Hence, there is urgent to find novel anti-TNBC strate-
gies or molecular targets. Natural compounds like SSP, in
this setting, have many advantages, especially in the clinical
practices of TCM or in preclinical research. In our study,
SSP could inhibit the growth of TNBC both in vitro and
in vivo, and this mechanism has been elucidated through
noncanonical pyroptotic pathways. The expression of cas-
pase-4, cleaved caspase-9, GSDME, and the N-fragment
of GSDME was upregulated upon SSP administration in
TNBC cells.

Earlier, researchers believed only SSD treatment could
induce apoptosis [15, 17]. However, in the present study,
SSP promotes pyroptotic cell death in TNBC cells. Pyropto-
sis is a process of programmed cell death, mediated by the
key factors, GSDMD or GSDME, which can be activated
by caspase-4 and/or caspase-3 [64–66]. Several caspases
can cleave GSDMD or GSDME into the N and C-terminal
domain of GSDMD or GSDME, in which the N-terminal
fragments have the ability of pore-forming activity in the

plasma membrane [37, 67]. The significant difference
between apoptosis and pyroptosis is the microscopy and cel-
lular osmotic features. The morphological analysis of SSP-
treated TNBC cells is of pyroptotic features. The cells are
exhibited flattened cells with the “cabbage” or “fried egg”-
like, and the cell nucleus located in the center. The activation
of GSDME causes a loss of membrane integrity and release/-
discharge of cytosolic LDH, resulting in inflammatory cell
death. LDH with other cellular contents is also discharged
during the pyroptotic blebs of cellular demise [68]. Interest-
ingly, SSP-treated TNBC cells have neither altered the
expression of cleaved GSDMD nor cleaved caspase-1. This
activation is performed through the activation of caspase-4
and caspase-3. The complex of N-GSDMEs inserts into the
plasma membrane as pores resulting in cell lysis. In this pro-
cess, canonical inflammasomes are not involved. Thus, the
process was regarded as a noncanonical inflammasome pyr-
optotic signaling pathway.

The mechanisms underlying the events of the noncanon-
ical inflammasome are still being described. Caspase-3, -8,
-9, -7, -4, -5, and -11 trigger its activation, as they are recog-
nized as molecular switches or effectors for pyroptotic cells
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Figure 10: (a, b) The high expression of caspase-4/9 was connected with overall better survival of the BCa patients. (c, d) Analysis of
GSDME and caspase-4 expression in normal, tumor, and metastatic states in BCa.
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[34, 65, 69–72]. These activated caspases then generate
GSDME and biologically active executioners, impacting pyr-
optotic cell death [64]. GSH is an inhibitor of ROS that
attenuates SSP-induced ROS generation in the cell and
hence rescues pyroptotic cell death. SSP treatment alone
could cause pyroptosis through the activation of caspase-4
and caspase-9. These findings indicated that SSP-induced
pyroptotic death is ROS-dependent. The present investiga-
tion validated that SSP promotes ROS generation in TNBC
cells which triggers noncanonical pyroptosis and involves a
novel anti-TNBC-based intervention strategy for the treat-
ment of BCa.

Noncanonical inflammasome-associated pyroptosis has
been reported to play in both pro-and anti-tumor develop-
ment. The tumor microenvironment is shaped by a chronic
inflammation in which polarized macrophages and stromal
components promote tumor development [73–75]. Thus,
non-canonical inflammasome activation and regulation
have been vital especially in cancer and other disease man-
agement. Non-canonical pro-pyroptotic agents like SSP
induce an acute inflammatory immune response that war-
rants further investigation in a clinical setting. Furthermore,
our bioinformatic analysis of caspase -4, -9, and GSDME are
well-established as cancer markers that are also involving in
non-canonical pyroptotic mechanisms.

Bioinformatic tools are extensively used to evaluate gene
expression levels and to explore their possible implications
in the development of various cancers [76–78]. In the pres-
ent study, survival analysis using the KM Plotter revealed
that the low transcription levels of caspase-4 and 9 are
related to low relapse-free survival in BCa. This study was
consistent with earlier investigations in which researchers
concluded that the caspase family is operated as new prog-
nostic indicators in various cancers, including breast [79],
gastric [80], ovary [81], and renal [82]. TNM plot analysis
showed that the expression of caspase-4 and GSDME was
significantly inhibited in clinical tissues in normal (113),
tumor (1097), and metastatic (07) states, which was consis-
tent with the earlier investigation [47]. Based on the study,
the ROS-induced pyroptotic pathway which is associated
with caspase-4/9 and GSDME that are potential targets of
precision therapy for patients with TNBC.

5. Conclusions

TNBC is one of the most problematic classes of BCa with
easy recurrence and considerably assertive type. SSD has
been used in the clinic of TCM as a potential therapeutic
agent to heal BCa individuals, which accounts for relatively
positive responses. However, the anti-TNBC potential of
SSP and its evidence-based in vitro and preclinical studies
is still deficient. Hence, the present study was evaluated the
anti-TNBC potential of SSP through various in vitro and
in vivo studies. SSP showed significant growth inhibitory
efficacy in both TNBC cell lines and xenograft animal
models. Western blot analysis was also encouraged that
SSP elevated inflammasome proteins such as caspase-4 and
9, which cleaved GSDME triggering pyroptosis and permea-
bilizing the cell membrane. Furthermore, cotreatment of

GSH and SSP markedly attenuates the SSP-induced ROS
generation in the cell and validated the rescuing pyroptotic
cell death. Survival analysis using the KM Plotter and
TNM plot database exhibited the curved transcription levels
of caspase-4 and 9 related to low relapse-free survival in
patients with BCa. SSP is comprised of catechin, procyanidin
B2, epicatechin, genistein, and formononetin that are recog-
nized as anticancer agents. All findings strongly suggest that
SSP possesses anti-TNBC efficacy and continues to be an
inspiring and dynamic research niche in the upcoming days
with evident antitumorigenesis effects and targets of eradi-
cating BCa cells. However, well-controlled future clinical
studies are quite required to advance an understanding of
the pharmacological functions of SSP. Such information
could be used to categorize effective preventive strategies tar-
geting specific components of TNBC.
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Suaeda vermiculata, a halophyte consumed by livestock, is also used by Bedouins to manage liver disorders. The aqueous-ethanolic
extract of S. vermiculata, its subsequent fractions, and pure compounds, i.e., pheophytin-A (1), isorhamnetin-3-O-rutinoside (2),
and quercetin (3), were evaluated for their hepatoprotective efficacy. The male mice were daily fed with either silymarin, plant
aq.-ethanolic extract, fractions, pure isolated compounds, or carboxyl methylcellulose (CMC) for 7 days (n = 6/group, p.o.). On
the day 7th of the administrations, all, except the intact animal groups, were induced with hepatotoxicity using paracetamol
(PCM, 300mg/kg). The anesthetized animals were euthanized after 24 h; blood and liver tissues were collected and analysed.
The serum aspartate transaminase (AST) and alanine transaminase (ALT) levels decreased significantly for all the S. vermiculata
aq.-ethanolic extract, fraction, and compound-treated groups when equated with the PCM group (p < 0:0001). The antioxidant,
superoxide dismutase (SOD), increased significantly (p < 0:05) for the silymarin-, n-hexane-, and quercetin-fed groups.
Similarly, the catalase (CAT) enzyme level significantly increased for all the groups, except for the compound 2-treated group as
compared to the CMC group. Also, the glutathione reductase (GR) levels were significantly increased for the n-butanol treated
group than for the PCM group. The oxidative stress biomarkers, lipid peroxide (LP) and nitric oxide (NO), the inflammatory
markers, IL-6 and TNF-α, and the kidney’s functional biomarker parameters remained unchanged and did not differ
significantly for the treated groups in comparison to the PCM-induced toxicity bearing animals. All the treated groups
demonstrated significant decreases in cholesterol levels as compared to the PCM group, indicating hepatoprotective and
antioxidant effects. The quercetin-treated group demonstrated significant improvement in triglyceride level. The S. vermiculata
aq.-ethanolic extract, fractions, and the isolated compounds demonstrated their hepatoprotective and antioxidant effects,
confirming the claimed traditional use of the herb as a liver protectant.
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1. Introduction

Liver disorders inflict people on a larger scale, and millions
suffer worldwide. Various indigenous systems of medicine
recommend a plethora of herbs and other botanical-based
medicaments for treating various types of liver disorders.
Several symptomatic and clinical indications are related to
malfunctioning of the liver, which generally are grouped as
nonalcoholic liver disorders. Primarily, oxidative stress,
hepatic inflammation, and liver steatosis are considered
prime causes [1]. Synthetic products, herbs, and herbal
admixtures with strong antioxidant activity have been shown
to reduce the sufferings and symptoms thereby exerting
hepatoprotective activity [2]. However, clear-cut pieces of
evidence for the hepatoprotection efficacy of the majority of
the herbs are seldom and sparse.

Nonetheless, the liver protective-activity-established
herbs and natural products including silymarin, glycyrrhizin,
and other plant-based products have been effectively utilized
as herbal concoctions and drinks [3]. The need for the bioac-
tivity confirmation, dose, and administering frequency stan-
dardizations, together with investigations of any predictive
and speculative side-effects owing to the herbs’ quality, dose,
administration frequency, and mechanism of action are
imperative. Consequent to the exponential increments in
the use of complementary and alternative medicines, espe-
cially the herbals, also among the patients with liver disorders
[4], the bioactivity standardization and safety evaluation
exercises of the frequently used formulations are needed to
be accelerated and well-established. In this regard, animal
model-based studies have shown anti-inflammatory and
antioxidation-based positive effects on the liver [5] which
contributes to the improvement in the liver’s functioning.
The investigations of liver biochemistry of the oxidative,
antilipid-peroxidative, and inflammatory marker manifesta-
tions in the hepatic tissue have been widely used as a compar-
ative standard for confirming proper/normal functioning of
the liver [6]. The toxicity controls and prevention and the
botanicals and other herbal-related liver toxicity generation
products’ investigational studies play an important part in
finding safe uses of the plant-based products [7]. Objectively
defined bioactivity testing endpoints defined by the standard-
ized parametric levels of biomarkers and other biochemical,
physiological, and histological observations for the standard-
ized herbal extracts and isolated pure compounds are
indispensable to verify the hepatoprotective actions of the
traditional herbal medicament with ample confidence. Defin-
itive histopathological evidence as liver’s functional and bio-
logic improvements is a step further towards activity levels
and toxicological safety determinations of the products.
Mechanistically, the stimulated uptake of glucose reduced
serum triglycerides and hepatic cholesterol increased mito-
chondrial activity and ATP production, along with the
reduced catabolic reactions, leading to cholesterol, bile acids,
and plasma membrane’s lipid level reductions, as well as the
compromised immunomodulation, have been part of the pri-
mary indicators in hepatoprotective investigations milieu [8].

The halophytic herb, Suaeda vermiculata Forssk, a mem-
ber of the plant family Amaranthaceae, grows in central

Saudi Arabia and other Mediterranean regions. The plant
belongs to the desert halophyte category and is used by
nomads as a liver-protecting agent [9–11]. Antimicrobial,
antioxidant, and cytotoxic activities of S. vermiculata extract,
fractions, and their isolated compounds are reported. The
major porphyrin-class product of the plant, pheophytin-A,
has been isolated and evaluated for its antioxidant and cyto-
toxic effects [9, 12–14].

Recently, dose-dependent hepatoprotective action of S.
vermiculata aqueous- (aq.-) ethanolic extract in the carbon
tetrachloride- (CCl4-) induced hepatotoxicity using rat
models was demonstrated by us [14]. For the current study,
the prophylactic action of the S. vermiculata aq.-ethanolic
extract, its fractions, and isolated compounds on the para-
cetamol- (PCM-) induced liver toxicity in mice is investi-
gated. The major constituents of the n-butanol (n-BuOH),
ethyl acetate (EtOAc), and chloroform (CHCl3) fractions
were isolated-purified, characterized, and bioactivity evalu-
ated. Paracetamol (PCM), also known as acetaminophen, a
widely used nonprescription analgesic and antipyretic drug,
that does not demonstrate liver toxicity at therapeutic doses
but at elevated doses causes hepatic and renal toxicity in
humans and experimental animals. PCM was used experi-
mentally to induce liver toxicity in animal models during
the current study [15]. The PCM toxicity is responsible for
50% of the acute liver failure cases in western countries
[16]. A single (over) dose of PCM is known to rapidly
induce hepatotoxicity [17–19] in mice, which is biomecha-
nistically similar to the effects in humans, and is regarded
clinically as a robust model [20]. Hence, mice were the pre-
ferred model compared to rats which were highly resistant
to PCM-induced hepatotoxicity [18]. In this context, the
current study sets out to confirm the traditionally claimed
hepatoprotective activity of the plant-based tea, decoctions,
and other crude formulations on the PCM-induced liver
toxicity in the animal models. The current study also evalu-
ated the safety of the plant materials’ uses at usually the
higher doses as practiced by the herbalists, including Bed-
ouins and the locals. The plant, S. vermiculata, extract’s
effects on the kidneys, liver, blood sugar, and lipid levels in
addition to the antioxidant and anti-inflammation actions
in the PCM-induced toxicity-bearing animal models were
investigated. During our previous study [14], only aq.-etha-
nolic extract’s activity was evaluated in the CCl4-induced
hepatotoxic conditions using rat models, while the current
study investigates the PCM-induced hepatotoxicity protec-
tion by the aq.-ethanolic and its subsequent fractions, i.e.,
n-hexane, chloroform, ethyl acetate, and n-butanol, together
with the compounds isolated from these fractions. The study
demonstrated the hepatoprotective efficacy of these isolated
compounds, i.e., pheophytin-A, quercetin, and isorhamne-
tin-3-O-rutinoside, from CHCl3, EtOAc, and n-BuOH frac-
tions of the plant, respectively. In addition to the liver
biomarkers, antioxidants, superoxide dismutase (SOD), cat-
alase (CAT), and glutathione reductase (GR), as well as oxi-
dative stress markers, i.e., lipid peroxide (LP) and nitric
oxide (NO), and inflammatory biomarkers (i.e., IL6 and
TNF-α levels), were also investigated in in vivo experimental
conditions.
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2. Materials and Methods

2.1. Chemicals and Reagents. All chemicals were of analytical
grade. Methanol (HPLC grade) and formic acid were pur-
chased from Sigma-Aldrich, USA. Pure paracetamol was
obtained from Dr. Amin Dervish, Department of Pharma-
ceutics, College of Pharmacy, Qassim University, Kingdom
of Saudi Arabia; locally available silymarin tablets (Micro
Labs Limited, Mumbai, India) were used as obtained.

2.2. Plant Materials, Extraction, Fractionation, and Column
Chromatographic Separations of the Major Constituents.
The plants’ whole herbs were collected in October 2019 from
Buraydah, Qassim, KSA, and identified by Prof. Dr. Ahmed
El-Oglah, Department of Biological Sciences, Yarmouk Uni-
versity, Irbid, Jordan. The plant material was compared to the
authentic sample available in the herbarium of the College of
Pharmacy, Qassim University, under the herbarium deposit
# 78. The plant material (1.5 kg) was dried in shade and
grinded to a coarse powder, which was exhaustively extracted
three times with 70% aqueous-ethanol (3 L × 3) using the
cold maceration technique under stirring for 24 h for each
cycle. The hydroalcoholic extract was filtered and evaporated
to dryness under reduced pressure at a temperature< 40°C,
yielding 86.3 g of the dried extract. Approximately, 50 g of
the dried extract was suspended in 1 L of distilled water and
fractionated between n-hexane, CHCl3, EtOAc, and n-
BuOH, in sequence, which resulted in 6.5 g, 4.5 g, 7 g, and
11 g of n-hexane, CHCl3, EtOAc, and n-BuOH fractions,
respectively. About 1.0 g of the CHCl3 fraction was chroma-
tographed over Sigel column chromatography (Sigel CC)
eluted with n-hexane : ethyl acetate (100 : 0 to 70 : 30) to give
five subfractions of A to E. Subfraction A (250mg) was fur-
ther purified on sephadex LH-20 using methanol as eluent
to give compound 1 (120mg). About 2.0 g of the n-BuOH
fraction was subjected to Sigel CC using CHCl3 :MeOH
(90 : 10 to 60 : 40) as eluent to give three major fractions A,
B, and C. Fraction B (780mg) was subjected to sephadex
LH-20 gel filtration chromatography, followed by Sigel CC
to give seven fractions (BA-BG). Fraction BD (300mg) was
subjected to RP-C18 CC (Starta® C18-E50g/150ml, Giga,
USA) eluted with 40-80% methanol, followed by preparative
TLC (CHCl3 :MeOH :H2O (80 : 20 : 2)) to yield compound 2
(170mg) as a yellow amorphous powder. A part of the EtOAc
fraction (2.0 g) was subjected to several Sigel CC and sepha-
dex LH-20 filtration to yield compound 3 (135mg) (Scheme
1, Supplementary file). The isolated compounds were sub-
jected to 1H and 13C-NMR and HR-MS spectroscopic analy-
ses to confirm their identities (Spectral data available in the
Supplementary file).

2.3. Acute Toxicity Studies and Sample Size. Acute toxicity
was performed according to the OECD guidelines [21, 22].
In brief, 12-weeks-old male mice (n = 25), weighing 20 ± 5 g
and overnight fasted, were randomly given single 4 g/kg dose
of either aq.-ethanol extract, or n-hexane, CHCl3, EtOAc,
and n-BuOH fractions (n = 5/group) through oral (p.o.)
route. Mice were monitored for abnormal conduct and
movements during the first three days while any deaths were

followed up to 2 weeks [22]. The experiments’ required
sample size was established by the mean ± SEM and AST
values of the PCM-induced hepatotoxic and PCM-induced
hepatotoxicity-treated animal groups, as reported earlier
[23]. A two-tail option provided effect size d as 4.27 on G
Power V.3.1.9.4 software [24], while to obtain the statistical
power (1-β err prob) of 80% and a specific α error probability
of 0.05, the least animal size per group was n > 3.

2.4. Experimental Animal Groups. The study was conducted
as per the Animal Research: Reporting In vivo Experiments
(ARRIVE) statement [25].

2.4.1. Hepatoprotective Effect of S. vermiculata Aqueous-
Ethanolic Extract, Fractions, and Isolated Compounds in
PCM-Induced Liver Toxicity. Male, 8-weeks-old, naïve
C57BL/6 mice (n = 66), weighing 20 ± 5 g, were obtained
from the animal house facility, College of Pharmacy, Qassim
University, Saudi Arabia, with 3 mice/cage, one week before
the beginning of the animal studies. The animals were
maintained at 25°C with a relative humidity of ~65%. The
institutional Research Ethics Committee approved the exper-
imental procedure and the animal care (Approval ID 2019-
CP-8), as per the Guidelines for the Care and Use of Labora-
tory Animals. Mice were distributed at random into nine
groups (n = 6/group). The intact mice (group I) was not
treated, while the other mouse groups received p.o. once daily
with 0.5% carboxyl methylcellulose (CMC, negative control,
group II), 100mg/kg silymarin (positive control, group III),
100mg/kg pheophytin-A (group IV), 100mg/kg isorhamne-
tin-3-O-rutinoside (group V), 100mg/kg quercetin (group
VI), or 400mg/kg aq.-ethanolic extract, 400mg/kg n-butanol
fraction, 400mg/kg ethyl acetate fraction, 400mg/kg chloro-
form fraction, and 400mg/kg n-hexane fraction (groups VII-
XI), for 7 days, followed by the induction of hepatotoxicity in
the overnight fasted animals [26] using single intraperitoneal
(i.p.) dose of the PCM (300mg/kg) [17–19, 26] that was dis-
solved in warm normal saline (i). Twenty-four hours after
PCM administration, blood [27] and tissue samples were col-
lected from the sacrificed animals [17, 28].

Percentage hepatotoxic protection was determined using
the formula below [29]:

Hepatoprotection% = a − b
a − c

� �
× 100, ð1Þ

where a, b, and c are the mean ± SEM of hepatotoxin, toxin
treated with the tested sample, and control, respectively.

The liver tissues were homogenized, and the supernatant
was obtained for measuring oxidant, antioxidant, and
inflammatory markers.

2.5. Estimation of Serum Levels of AST, ALT, TP, and
Creatinine. The concentration of ALT, AST, TP, and creat-
inine (Crescent Diagnostics, KSA; #CZ902L for ALT,
#CZ904L for AST, and # 604 for creatinine) in plasma
samples was estimated as described earlier [14].

2.6. Determination of Serum Levels of Glucose, Cholesterol,
and Triglycerides. Glucose, cholesterol, and triglyceride levels

3Oxidative Medicine and Cellular Longevity



(Crescent Diagnostics Company; #605, #603, and #611) were
measured according to the method described earlier [14].

2.7. Determination of Oxidants and Antioxidant Levels. The
CAT enzymatic activity was assayed in serum by the colori-
metric method wherein the catalase reacted with the known
amount of excess hydrogen peroxide. The remaining hydro-
gen peroxide reacts with 3,5-dichloro-2-hydroxybenzene
sulfonic acid and 4-aminophenazone forming a chromo-
phore that gave color at 520 nm [30]. The SOD levels in the
liver tissue were assayed also using a colorimetric method
which depended upon the enzyme’s potency in inhibiting
the phenazine methosulfate-mediated reduction of the nitro
blue tetrazolium dye. The absorbances were measured at
560nm for 5 minutes for control and tissue samples [31].
The GR was assayed in liver-tissue samples by another color-
imetric method based on reducing the dithio-bis-2-nitroben-
zene acid with reduced glutathione, producing a yellow color
that was checked at 405 nm [32]. Lipid peroxide (malondial-
dehyde) levels were determined in serum samples by the
colorimetric method, where the reaction between the malon-
dialdehyde and thiobarbituric acid under acidic conditions at
95°C for 30 minutes produced thiobarbituric acid-based pink
products, which were assayed at 534 nm [33]. Serum NO was
also measured by colorimetric determination that repre-
sented one of the final products of the NO in vivo conditions,
in addition to the nitrate. The addition of Griess reagents
converted nitrite into a deep purple azo compound that was
measured at 540 nm [34]. All the oxidant and antioxidant
reagents were provided by the Biodiagnostic Company,
Cairo, Egypt.

2.8. Determination of Interleukin 6 (IL6) and Tumor Necrosis
Factor-Alpha (TNF-α). IL6 and TNF-α were assayed in liver
tissue homogenates by ELISA (enzyme-linked immunosor-
bent assay) kits (Cloud Clone Corp Company, USA). The
microplate’s measurements were at 450 nm (Microplate
Reader, BioTek Instruments, Inc., Winooski, VT, USA).

2.9. Statistical Analysis. Data are represented as the mean
± standard error of themean (SEM). Two-way ANOVA
followed by a post hoc Tukeymultigroup comparison assessed
variations among the groups, and p < 0:05 was considered
significant on GraphPad Prism 8.0.2. [35]. Normality of the
data was obtained using the Kolmogorov–Smirnov test.

3. Results and Discussion

3.1. Isolation and Structure Elucidation of Major Constituents.
The whole plant, S. vermiculata, was used for aq.-ethanolic
extraction, followed by further fractionations of the aq.-etha-
nolic extract into different solvent-based fractions. The major
constituents were isolated by repetitive column chromato-
graphic (CC) purification techniques involving silica gel-
based normal, and reverse-phase (RP) silica gel-based CCs,
preparative TLC (Thin Layer Chromatography), and finally
gel filtration (Sephadex LH-20) techniques. The compounds,
pheophytin-A (1), isorhamnetin-3-O-rutinoside (2), and
quercetin (3), isolated from various fractions, were fully char-
acterized by their 1H and 13C NMR spectral data and the HR-

MS analyses and their comparison with the reported values.
The isolation and characterization of compound 1, pheophy-
tin-A, followed the previously reported method [9]. Com-
pound 2 was isolated in a pure form as yellow amorphous
powder from the n-BuOH fraction. The 1H NMR spectrum
of compound 2 showed the proton signal pattern for the
C3-glycosylated flavonols by exhibiting two single protons
at δH 6.21 and 6.41 assigned for the C6 and C8 protons of
the flavonol structure, respectively. The ABX system of pro-
tons resonating at δH 7.95 (br s), δH 7.64 (d, J=8.5Hz), and
δH 6.94 (dd, J = 2:0 and 8.5Hz) showed their presence at
C2′, C5′, and C6′, respectively. The 1H NMR spectrum also
exhibited two proton doublets at δH 5.22 (J = 7:2Hz) and δH
4.54 (J = 1:5Hz), assigned to the glucose and rhamnose
anomeric protons, respectively. The 13C NMR spectrum of
compound 2 resembled the carbon signal pattern of the gly-
cosylated flavonol based upon comparison with literature
data. In addition, HR-MS analyses of compound 2 showed
a molecular ion peak (M+.) as [M-H]- at m/z 623.16113
(C28H32O16); therefore, the compound was identified as a fla-
vonol glycoside; isorhamnetin-3-O-rutinoside (2) [36, 37].
Compound (3) was isolated from the EtOAc fraction as a yel-
lowish powder. The 1H and 13C NMR spectral data were typ-
ically identical to the reported values for quercetin [38]. HR-
MS analysis confirmed the compound’s identity, which
showed the molecular ion peak at m/z 303.04924 [M+H]+,
compatible with the molecular formula of quercetin. The
presence of compounds 1-3 (Figure 1) has been confirmed
by the previous LC-MS analysis of the S. vermiculata aq.-
ethanolic extract. The relatively higher occurrences of these
compounds (1, 2, and 3) as confirmed by the LC-MS in the
aq.-ethanolic extract were at 23.69, 4.37, and 12.45%, respec-
tively [14].

3.2. Acute Toxicity and Dose Selection. Among all the animal
groups, 2 EtOAc and 1 n-hexane fraction-fed mice died on
days 2 and 3 of the dose administrations, respectively, during
oral drug administrations. The acute toxicity results con-
ducted for 2 weeks were similar to the previously reported
[14]. The results indicated safety at the administered dose.
Corresponding to Hedge and Sterner scale, 10% (400mg/kg)
of the given dose was chosen for further experiments [39].

3.3. Hepatoprotective Activity of the S. vermiculata Aqueous-
Ethanolic Extract, Fractions, and Isolated Compounds. For
the hepatoprotective experiments, the AST and ALT bio-
markers, the negative control group was significantly ele-
vated (p < 0:0001) compared to the intact group (Table 1).
The increased ALT and AST enzymatic levels were attributed
to hepatic cell damage and necrosis due to the liver toxicity
induced by the PCM, as also reported in previous studies.
Also, the PCM toxicity led to reactive oxygen species (ROS)
and LP releases causing oxidative stress [40, 41]. All the S.
vermiculata aq.-ethanolic extract and fraction-fed groups
showed a significant decrease in both the ALT and AST enzy-
matic activities as compared with the PCM alone group.
Similarly,the isolated compounds; pheophytin-A, isorham-
netin-3-O-rutinoside, and quercetin fed-groups demon-
strated significant reductions in ALT and AST levels than
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the PCM-fed group demonstrated significant reductions in
ALT and AST levels than the PCM-fed group. The adminis-
trations of these materials demonstrated hepatoprotective
effects as indicated by the improvements in liver functions,
and a significant decrease (p < 0:05) in liver-enzyme activi-
ties, as compared to the PCM-fed injury group, was
observed. The protective effects of the aq.-ethanolic extract
and fractions may be attributed to their antioxidative as well
as anti-inflammatory effects. The renal biomarkers, i.e.,
urea, and creatinine levels remained unchanged. The TP
(total proteins), creatinine, and glucose level values also
remained nearly unchanged in S. vermiculata aq.-ethanolic
extract and fraction-fed groups or the isolated compounds,
i.e., pheophytin-A (1), isorhamnetin-3-O-rutinoside (2),
and quercetin (3), in comparison to the negative group, as
competitively maintained near the referral standard prod-
uct, silymarin, a well-known liver-protecting natural prod-
uct (Tables 1 and 2).

The PCM-fed group demonstrated significantly
increased cholesterol and decreased triglyceride levels as
compared with the intact group. The PCM toxicity caused
oxidative stress and lipid peroxidation, leading to increased
cholesterol levels. These results are in conformity with the
previously reported study [42]. All the treated groups dem-
onstrated decreased cholesterol levels than the PCM-
induced toxic animal group, thereby indicating the hepato-
protective and antioxidative effects of the plant materials.

The quercetin-treated group demonstrated significant
improvement in triglyceride level compared to the PCM-
fed group. The silymarin, aq.-ethanolic extract, and the
isorhamnetin-3-O-rutinoside groups also demonstrated
improvements in triglyceride levels, but these were not signif-
icant. The improvements in lipid profile in the quercetin-
treated group were attributed to its hepatoprotective and
antioxidant effects, as also mentioned by a similar study
reported earlier [43].

The total hepatoprotective percentage for the liver
markers was also determined. The PCM-induced negative
control animals’ group (CMC (carboxyl methylcellulose))
was considered at 0% protection, while the intact group
was considered to have 100% hepatoprotection. The hepato-
protection percentage was observed by measuring various
biomarkers according to their maintained levels and com-
pared with the controls (Figure 2). There is maintenance of
the percent levels of the biomarkers in the aq.-ethanolic
extract, fractions, and the isolated product-fed groups, as
compared to the referral standard, silymarin. It confirmed
the hepatoprotective properties of the aq.-ethanolic extract,
fractions, and isolated products of the plant, S. vermiculata,
which is in full consonant with the traditionally claimed
hepatoprotective effects of the plant, including from the pre-
vious study that demonstrated the hepatoprotection using S.
vermiculata ethanolic extract in CCl4-induced liver injury
models [14].

Table 1: Effects of S. vermiculata aq.-ethanolic extract, fractions, and isolated compounds on liver functions of the PCM-induced liver
toxicity in the experimental mice∗.

Animal groups AST IU/L ALT IU/L TP g/dL

I. Intact control (no CMC, no extract/no fractions, no PCM) 64:11 ± 2:59C 55:53 ± 11:82B 5:07 ± 0:68A

II. Negative control (vehicle CMC 0.5%)+PCM 293:05 ± 52:28A 407:05 ± 105:06A 4:96 ± 0:19A

III. Silymarin 100mg/kg+PCM 108:26 ± 10:40B,C 39:14 ± 7:44B 5:08 ± 0:40A

IV. Pheophytin-A 100mg/kg+PCM 133:28 ± 7:66B,C 77:44 ± 15:73B 4:99 ± 0:26A

V. Isorhamnetin-3-O-rutinoside 100mg/kg+PCM 112:54 ± 14:51BC 40:75 ± 4:49B 5:20 ± 0:35A

VI. Quercetin 100mg/kg+PCM 129:44 ± 4:15B,C 76:09 ± 13:41B 5:70 ± 0:21A

VII. Aqueous-ethanolic extract 400mg/kg+PCM 131:19 ± 8:90B,C 49:61 ± 5:64B 6:76 ± 1:18A

VIII. n-Butanol fraction 400mg/kg+PCM 138:27 ± 4:58C 84:88 ± 3:59B 5:00 ± 0:76A

IX. Ethyl acetate fraction 400mg/kg+PCM 119:63 ± 7:35B,C 60:10 ± 4:15B 5:72 ± 0:60A

X. Chloroform fraction 400mg/kg+PCM 107:50 ± 13:56B,C 44:35 ± 2:71B 4:93 ± 0:30A

X1. n-Hexane fraction 400mg/kg+PCM 164:52 ± 7:95B 66:29 ± 10:96B 4:30 ± 0:32A
∗Values denoted are the mean ± SEM. AST: aspartate transaminase; ALT: alanine transaminase; TP: total protein; CMC: carboxyl methylcellulose; PCM:
paracetamol. Mean ± SEM not sharing the letters (A–C) in the respective column (AST, ALT, and TP) are significantly different (p < 0:0001). Raw data is
available in the Supplementary file (Table S1).
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3.4. Antioxidant Activity of S. vermiculata Aqueous-Ethanolic
Extract, Fractions, and Isolated Compounds. Oxidative stress
is considered to play significant roles in PCM-induced liver
and renal damages in experimental animals [44, 45]. The
oxidative stress is mitigated using endogenous antioxidants,
or free radical scavengers, e.g., plant extracts, and flavo-
noids [46]. As compared to the intact group, the PCM-
administered group demonstrated significantly lowered
antioxidant SOD and CAT enzymatic activity levels, which
are crucial in ROS elimination. The significant decreases in
the SOD and CAT activities demonstrated depleted antiox-
idant potentials in the PCM group which was attributed to
the consumption of SOD and CAT during ROS detoxifica-
tion [47]. The isolated compounds, quercetin (3) of S. ver-
miculata, silymarin, and n-hexane fraction, demonstrated
significantly higher SOD values than the PCM group. Sim-
ilarly, isolated compounds (1 and 3), aq.-ethanolic extract,
all fractions, and silymarin-fed groups demonstrated signif-
icantly increased CAT enzymatic activity as compared to
the PCM group. The quercetin’s increased SOD and CAT
enzymatic activity levels were in agreement with the previ-
ous study confirming its antioxidant role [47]. According to
the previous study, the PCM-administered group demon-
strated significantly reduced GR levels, as compared to the
intact group [48]. The aq.-ethanolic extract and n-butanol
fraction-treated groups demonstrated a significant increase
in the GR levels, as compared to the PCM-fed group, while
the remaining groups, including silymarin, did not improve
the GR levels, as compared to the PCM-fed group. The NO
is reported to demonstrate a peak value 24 hr after the PCM
administration [45], and the current NO data is in confor-
mity with the previous data demonstrating a significant
increase in the PCM group when equated to the intact

Table 2: Effects of S. vermiculata aq.-ethanolic extract, fractions, and isolated compounds on kidney functions, blood glucose, triglycerides,
and cholesterol of the PCM-induced liver toxicity in mice∗.

Animal groups
Creatinine
mg/dL

Urea mg/dL Glucose mg/dL Cholesterol mg/dL Triglycerides mg/dL

I. Intact control (no CMC, no
extract/no fractions, no PCM)

0:62 ± 0:03B 48:83 ± 2:47BC 61:53 ± 5:25B 106:30 ± 7:65B 101:63 ± 19:62A

II. Negative control (vehicle
CMC 0.5%)+PCM

0:67 ± 0:03A,B 55:01 ± 2:31A,B,C 67:26 ± 4:55A,B 148:44 ± 13:23A 55:14 ± 6:41B,C,D

III. Silymarin 100mg/kg+PCM 0:86 ± 0:07A,B 85:39 ± 17:38A,B 44:27 ± 3:56A,B 93:50 ± 3:97B,C 79:98 ± 18:75A,B,C,D

IV. Pheophytin-A 100mg/kg+PCM 0:78 ± 0:02A,B 92:73 ± 19:39A 50:24 ± 5:29B 90:80 ± 6:31B,C 54:52 ± 3:64B,C,D

V. Isorhamnetin-3-O-rutinoside
100mg/kg+PCM

0:86 ± 0:03A,B 52:46 ± 1:56A,B,C 62:56 ± 7:10A,B 88:35 ± 3:30B,C 94:01 ± 11:75A,B,C

VI. Quercetin 100mg/kg+PCM 0:84 ± 0:06A,B 51:57 ± 1:60A,B,C 67:26 ± 4:55A,B 148:90 ± 8:97A 105:55 ± 5:54B

VII. Aqueous-ethanolic extract
400mg/kg+PCM

0:67 ± 0:19A,B 59:44 ± 4:50A,B,C 64:15 ± 4:59B 68:01 ± 5:74C,D 91:69 ± 12:23A,B,C

VIII. n-Butanol fraction 400mg/kg+PCM 0:90 ± 0:07A 47:87 ± 1:95B,C 99:14 ± 13:23A 50:03 ± 2:01D 50:09 ± 1:21C,D

IX. Ethyl acetate fraction
400mg/kg+PCM

1:03 ± 0:23A 40:15 ± 2:33C 63:74 ± 10:56A,B 99:15 ± 6:39B,C 58:16 ± 3:58A,B,C,D

X. Chloroform fraction 400mg/kg+PCM 0:94 ± 0:06A 50:08 ± 4:50B,C 54:27 ± 3:88B 96:82 ± 11:47B,C 40:07 ± 2:08D

X1. n-Hexane fraction 400mg/kg+PCM 0:92 ± 0:04A 72:74 ± 9:08A,B,C 43:25 ± 7:53A,B 87:02 ± 5:89B,C 40:76 ± 1:10D
∗Values denoted are the mean ± SEM. Mean ± SEM not sharing the letters (A–D) in the respective column are significantly different (p < 0:05). Raw data is
available in the Supplementary file (Table S2).
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Figure 2: Percentage protection after PCM-induced elevations of
AST and ALT enzyme levels in the negative and intact groups at
0 and 100% protection, respectively, and thus are not included
in the above graph. Values denoted are the mean ± SEM and
∗∗∗∗P < 0:001 for the groups when equated to the negative group.
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group. All the tested and treated groups did not demon-
strate any significant difference in NO as compared to
PCM. The LP which triggers cellular injury through mem-
brane enzyme and receptor deactivation, including protein
cross-linking and fragmentation [49], was statistically not
different among all the studied groups (Table 3). The previ-
ous study reported by us also showed the antioxidant
effects of the S. vermiculata ethanolic extract through
in vitro free radical scavenging parameter [14], while the
current result demonstrated the in vivo antioxidant effects
of the plant aq.-ethanolic extract, fractions, and the isolated
compounds. The antioxidant effects of S. vermiculata were
also previously reported [50], and the extracts’ antioxidant
effect was attributed to the high contents of flavonoids
and related polyphenols [51]. Similarly, the antioxidant
activity of quercetin was also detected in both the in vivo

and in vitro PCM-induced liver toxicity models [43]. None-
theless, the elevated NO levels lead to deleterious reaction
with superoxide anion (O2

-) thereby generating peroxyni-
trite radical (ONOO−). The simultaneous production of
NO and O2

- is expected during the inflammation and other
pathological conditions, while ONOO−, being a potent oxi-
dant, attacks multiple biological targets [52]. The NO scav-
enging effects on O2

- are suggested to be a mechanism by
which the host tissues are protected from the deleterious
effects of O2

- and O2
--derived ROS [53].

3.5. Effect of S. vermiculata on Inflammatory Markers. The
inflammatory cytokines, IL6 and TNF-α, respectively, are
vital to the β-cell functional regulation. Their increased levels
are associated with the elicitation of various diseases [54]. For
the PCM-induced liver toxicity model, the levels of these

Table 3: Effects of S. vermiculata aq.-ethanolic extract, fractions, and isolated compounds on antioxidant activity in PCM-induced liver
toxicity in experimental mice∗.

Groups CAT U/g SOD U/g GR mg/g LP nmol/g NO μmol/g

I. Intact control (no CMC, no extract/no
fractions, no PCM)

993:17 ± 21:42A,B 210:60 ± 5:07A 0:37 ± 0:02A 6:85 ± 0:56A 0:45 ± 0:05C

II. Negative control (vehicle CMC 0.5%)+PCM 638:59 ± 13:89C 118:75 ± 4:18C,D,E 0:12 ± 0:02C,D 5:82 ± 1:25A 0:95 ± 0:05A,B

III. Silymarin 100mg/kg+PCM 862:72 ± 12:51A,B 190:40 ± 13:39A,B 0:07 ± 0:02D,E 5:94 ± 0:35A N.D.

IV. Pheophytin-A 100mg/kg+PCM 829:29 ± 26:27B 134:84 ± 2:28C,D 0:03 ± 0:01E 8:06 ± 0:21A 1:31 ± 0:05A

V. Isorhamnetin-3-O-rutinoside 100mg/kg+PCM 449:34 ± 18:93D 143:92 ± 10:04C 0:04 ± 0:00E 5:51 ± 0:95A 1:30 ± 0:15A

VI. Quercetin 100mg/kg+PCM 1020:50 ± 17:92A,B 212:52 ± 3:12A 0:03 ± 0:00E 7:33 ± 0:31A N.D.

VII. Aqueous-ethanolic extract 400mg/kg+PCM 895:42 ± 77:53A,B 96:57 ± 10:32D,E 0:05 ± 0:00D,E 7:97 ± 0:21A 0:94 ± 0:05B

VIII. n-Butanol fraction 400mg/kg+PCM 946:61 ± 33:64A,B 156:72 ± 9:13B,C 0:26 ± 0:03B 8:35 ± 0:16A N.D.

IX. Ethyl acetate fraction 400mg/kg+PCM 949:17 ± 7:05A,B 115:31 ± 9:76C,D,E 0:16 ± 0:01C 8:31 ± 1:02A N.D.

X. Chloroform fraction 400mg/kg+PCM 961:10 ± 28:83A,B 87:67 ± 3:58E 0:05 ± 0:01D,E 7:09 ± 0:73A N.D.

X1. n-Hexane fraction 400mg/kg+PCM 848:19 ± 72:40A,B 206:39 ± 16:84A 0:06 ± 0:01D,E 7:08 ± 0:46A N.D.
∗Values denoted are themean ± SEM. CMC: carboxyl methylcellulose; PCM: paracetamol; CAT: catalase; LP: lipid peroxide; SOD: superoxide dismutase; NO:
nitric oxide; GR: glutathione reductase; N.D.: not determined. Mean ± SEM not sharing the letters (A–E) in the respective column (CAT, LP, SOD, NO, and
GR) are significantly different (p < 0:05). Raw data is available in the Supplementary file (Table S3).

Table 4: Effects of S. vermiculata aq.-ethanolic extract, fractions, and isolated compounds on inflammatory markers in PCM-induced liver
toxicity in experimental mice∗.

Groups IL-6 pg/g TNF-α pg/g

I. Intact control (no CMC, no extract/no fractions, no PCM) 6117:63 ± 33:57A 7570:44 ± 34:82A

II. Negative control (vehicle CMC 0.5%)+PCM 5919:70 ± 86:77A,B 7108:14 ± 32:36B

III. Silymarin 100mg/kg+PCM 6031:83 ± 33:25A,B 7306:10 ± 77:72A,B

IV. Pheophytin-A 100mg/kg+PCM 5852:54 ± 71:40B 7152:60 ± 21:56B

V. Isorhamnetin-3-O-rutinoside 100mg/kg+PCM 5995:02 ± 80:45A,B 7304:19 ± 43:91A,B

VI. Quercetin 100mg/kg+PCM 5956:74 ± 54:92A,B 7366:28 ± 96:33A,B

VII. Aqueous-ethanolic extract 400mg/kg+PCM 6167:27 ± 23:56A 7329:63 ± 86:92A,B

VIII. n-Butanol fraction 400mg/kg+PCM 5877:38 ± 18:22B 7138:10 ± 45:15B

IX. Ethyl acetate fraction 400mg/kg+PCM 5903:53 ± 33:53A,B 7071:76 ± 24:95B

X. Chloroform fraction 400mg/kg+PCM 6070:63 ± 87:33A,B 7344:04 ± 101:51A,B

X1. n-Hexane fraction 400mg/kg+PCM 6015:82 ± 28:20A,B 7324:78 ± 59:08A,B
∗Values denoted are the mean ± SEM. CMC: carboxyl methylcellulose; PCM: paracetamol; IL6: interleukin-6; TNF-α: tumor necrosis factor-alpha. Mean ±
SEM not sharing the letters (A–B) in the respective column (IL-6, TNF-α) are significantly different (p < 0:05). Raw data is available in the Supplementary
file (Table S4).
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cytokines are reported to increase, indicating the advance-
ment of liver damages [55]. During the current study, the
TNF-α values decreased significantly in the PCM-fed group
than in the intact group, while all the treated groups, includ-
ing silymarin, demonstrated no change in its levels when
compared to the PCM-fed group. The IL-6 did not demon-
strate any significant difference among all the groups as com-
pared to the PCM-fed group (Table 4). As observed earlier,
the administration of ethanolic extract of S. vermiculata in
a carrageenan-induced paw edema inflammation model
decreased the inflammation [14, 56]. In contrast, in the cur-
rent study, the inflammatory marker IL6 and TNF-α levels
remained insignificant for the aq.-ethanolic extract as well
as other fractions in addition to the 3 isolated compounds
from the S. vermiculata.

Previous studies have demonstrated that one-week pre-
administration of the extract before the PCM-induced liver
toxicity does not interfere with the P450 activity required
for acetaminophen metabolism [57]. In our previous study,
the effect of aq.-ethanolic extract after one-week administra-
tion on normal animals did not demonstrate any significant
changes in the liver, kidney, and cardiac markers as com-
pared to the intact animals [14]. There are no studies avail-
able that demonstrate hepatoprotection from PCM-induced
liver toxicity using pheophytin-A and the flavonol glycoside,
isorhamnetin-3-O-rutinoside in mice. This is the first report
in this connection. However, quercetin has previously been
demonstrated to improve liver markers, antioxidant activi-
ties, and reduction of LP and inflammatory markers in liver
toxicity [47, 58, 59]. The current study also reiterates the
quercetin role in liver protection.

4. Conclusion

The paracetamol (PCM) overdose induced liver injury and
caused hepatic cell damage through elevations of AST and
ALT enzymatic activities as compared to the intact group
observed. The PCM group also increased the oxidative stress
by elevating the nitric oxide (nitrite) levels and decreasing the
antioxidant SOD, CAT, and GR levels as compared with the
control. The TNF-α values also decreased significantly in the
PCM-induced toxicity group when compared to the intact
group. Thus, the current study demonstrated the hepatopro-
tective potency of the S. vermiculata aq.-ethanolic extract,
fractions, and their major constituents, i.e., pheophytin-A, a
flavonol glycoside, isorhamnetin-3-O-rutinoside, and quer-
cetin. The aq.-ethanolic extract, fraction, and the isolated
compound, protective effects were confirmed by significant
reductions in AST and ALT enzymatic activities as equated
to the PCM-fed toxicity-bearing mice. The aq.-ethanolic
extract, fraction, and the isolated compound treatments also
decreased the oxidative stress induced by the PCM-generated
toxicity through the elevation of antioxidant enzymatic activ-
ities of SOD and CAT. Also, the improvement of lipid profile
with no adverse effects on the liver, kidney, and glucose
markers was observed. The ongoing data on the potentials
of the antioxidants, levels of biomarkers, and comparable
liver-protective effects, equated to the referral standard, sily-
marin, confirmed the plant’s role in hepatoprotection. The

safety of the extract and fractions, at higher doses, also con-
firmed the plant materials to be safe. Therefore, the plant
materials’ consumption by locals can be considered nontoxic
within the tested dose level.
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Palmatine is a naturally occurring isoquinoline alkaloid that has been reported to display neuroprotective effects against amyloid-
β- (Aβ-) induced neurotoxicity. However, the mechanisms underlying the neuroprotective activities of palmatine remain poorly
characterized in vivo. We employed transgenic Caenorhabditis elegans models containing human Aβ1-42 to investigate the effects
and possible mechanisms of palmatine-mediated neuroprotection. Treatment with palmatine significantly delayed the paralytic
process and reduced the elevated reactive oxygen species levels in Aβ-transgenic C. elegans. In addition, it increased oxidative
stress resistance without affecting the lifespan of wild-type C. elegans. Pathway analysis suggested that the differentially
expressed genes were related mainly to aging, detoxification, and lipid metabolism. Real-time PCR indicated that resistance-
related genes such as sod-3 and shsp were significantly upregulated, while the lipid metabolism-related gene fat-5 was
downregulated. Further studies demonstrated that the inhibitory effects of palmatine on Aβ toxicity were attributable to the
free radical-scavenging capacity and that the upregulated expression of resistance-related genes, especially shsp, whose
expression was regulated by HSF-1, played crucial roles in protecting cells from Aβ-induced toxicity. The research showed that
there were significantly fewer Aβ deposits in transgenic CL2006 nematodes treated with palmatine than in control nematodes.
In addition, our study found that Aβ-induced toxicity was accompanied by dysregulation of lipid metabolism, leading to
excessive fat accumulation in Aβ-transgenic CL4176 nematodes. The alleviation of lipid disorder by palmatine should be
attributed not only to the reduction in fat synthesis but also to the inhibition of Aβ aggregation and toxicity, which jointly
maintained metabolic homeostasis. This study provides new insights into the in vivo neuroprotective effects of palmatine
against Aβ aggregation and toxicity and provides valuable targets for the prevention and treatment of AD.

1. Introduction

Once there is an imbalance between the production and
clearance of amyloid-β peptide (Aβ), the accumulation of
Aβ initiates self-assembly and the self-assembled Aβ then
turns into toxic oligomers, large Aβ fibrils, and plaques asso-
ciated with the onset and progression of Alzheimer’s disease
(AD) [1, 2]. Considerable research evidence suggests that
oxidative stress is an early event in the development of
AD, preceding the classic formation of fibrils that are even-

tually deposited as insoluble Aβ plaques and neurofibrillary
tangles [3, 4]. Meanwhile, the aggregation and deposition of
Aβ further increase oxidative stress and aggravate the
inflammatory response, thereby causing progressive damage
to neurons [5]. Therefore, the complex pathological mecha-
nisms of AD include the aggregation of monomeric Aβ into
oligomers or fibrils and Aβ-mediated oxidative stress. Pre-
vention of these processes requires the regulation of signal-
ing pathways to inhibit Aβ aggregation and excessive free
radical release in order to maintain cellular homeostasis.
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Heat shock factor 1 (HSF-1) is an essential regulator of both
proteotoxicity and aging [6]. Small heat shock proteins
(sHSP), which constitute one type of HSP regulated by
HSF-1, act as the front line of defense for preventing or
reversing abnormal protein aggregation [7, 8]. More impor-
tantly, some of them have been found to exert neuroprotec-
tive functions. Specifically, they interact with misfolded and
damaging protein aggregates, such as Aβ, in AD to reduce
the accumulation of misfolded proteins, block oxidative
stress, and attenuate neuroinflammation and neuronal apo-
ptosis; thus, they hold great potential as promising therapeu-
tic agents in neurodegenerative diseases [9, 10]. Oxidative
damage is a common and prominent feature of various neu-
rodegenerative diseases and is implicated in the pathogenesis
of AD [11]. Studies have shown that AD and other neurode-
generative diseases are associated with elevated levels of oxi-
dative stress biomarkers and impaired antioxidant defense
systems in the brain and peripheral tissues [12]. Active com-
pounds with antioxidant properties exert neuroprotective
effects by augmenting antioxidant defense and inhibiting
Aβ-induced toxicity, which can normalize biomarkers
related to oxidant/antioxidant imbalance [13–15].

Although organisms can respond to endogenous and
exogenous stressors continuously and attempt to maintain
homeostasis, they need externally supplied active substances,
particularly when they are facing persistent and overwhelm-
ing stress, to adjust the molecular network in order to
rebuild a steady state [16]. Otherwise, diseases can occur.
Natural products, such as alkaloids, polyphenols, and sapo-
nins, have a variety of pharmacological activities [17, 18].
The neuroprotective activity of natural products that can
inhibit Aβ aggregation and toxicity by inducing antioxidant
and anti-inflammatory responses, regulating stress-related
signaling, and modulating Aβ production and clearance
has been extensively studied and used in the prevention
and treatment of AD [19]. Alkaloids, which form a class of
natural nitrogen-containing secondary metabolites, are
important active components in Chinese Herbal Medicines.
These compounds exert neuroprotective effects through sup-
pression of oxidative stress, neuroinflammation, and apopto-
sis; reduction of Aβ aggregation; and enhancement of Aβ
clearance. Through these effects, the compounds improve
functional outcomes in AD [20–23]. Thus, they have great
application value for the development of therapeutic agents
for the treatment of AD. Although studies have confirmed that
many alkaloids potentially exhibit anti-AD effects in vitro and
in vivo, the molecular mechanisms responsible for these effects
still need further study.

Palmatine, an isoquinoline alkaloid, has been reported
to possess extensive biological functions, such as antioxi-
dant, anti-inflammatory, neuroprotective, and blood lipid-
regulating functions [21, 24]. In particular, studies have
shown that palmatine might display anti-AD effects by inhi-
biting the activity of cholinesterase, decreasing Aβ aggrega-
tion, reducing the generation of high levels of reactive
oxygen species (ROS), and attenuating oxidative damage
[24–27]. Nevertheless, little is known about the inhibitory
effects of palmatine on Aβ aggregation and toxicity in vivo
and the signaling pathways that exert the neuroprotective

effects of palmatine are also not well understood. Due to
advantageous features such as a short lifespan, rapid genera-
tion time, tractable genetic manipulation, and fully sequenced
genome [28], the model species Caenorhabditis elegans has
been widely used to study aging and aging-related neurode-
generative diseases and was therefore employed to investigate
the action mechanisms of palmatine-mediated neuroprotec-
tive effects. The experiments indicated that palmatine inhibits
Aβ aggregation and toxicity by enhancing antioxidant defense
and sHSP expression to maintain homeostasis in C. elegans.
This study provides insights into the neuroprotective effects
of palmatine in vivo and provides valuable targets for the pre-
vention and treatment of AD.

2. Materials and Methods

2.1. Chemical and Materials. The isopropyl-beta-d-thio-
galactopyranoside (IPTG), 2′,7′-dichlorofluorescein diace-
tate (DCFH-DA), 5-fluoro-2′-deoxyuridine (FUDR),
cholesterol, and 1,1′-dimethyl-4,4′-bipyridinium dichloride
(Paraquat or PQ) were purchased from Sigma Chemical
Corp. (St. Louis, MO, USA). The detection assay kits of
SOD and CAT enzyme activity and protein quantification
(Bicinchoninic acid (BCA)) were acquired from Beyotime
(Shanghai, China). The palmatine, Oil red O, Sudan black
B, and Thioflavin S (ThS) were obtained from Aladdin
(Shanghai, China). We bought the RNA extraction reagent
(TRIzol) from Invitrogen (Carlsbad, CA, USA). The DNase
I, restriction enzymes XbaI and KpnI, plasmid preparation,
reverse transcription, and real-time PCR kits were provided
by TaKaRa (Dalian, China). Other chemical reagents used in
this study were supplied by Tianjin Damao Chemical
Reagent Factory (Tianjin, China).

2.2. C. elegans and Culture. There are several worm strains
involved in our work: the wild-type N2, the Aβ-transgenic
CL2006 {dvIs2 [pCL12(unc-54/human Abeta(1-42) minige-
ne)+ rol-6(su1006)]} and CL4176 {dvIs27 [myo-3p::Abeta(1-
42)::let-851 3 ′ UTR)+ rol-6(su1006)]}, the transgenic
CF1553 containing sod-3p::GFP {muIs84 [(pAD76) sod-
3p::GFP+ rol-6(su1006)]}, and CL2070 containing hsp-
16.2p::GFP {dvIs70 [hsp-16.2p::GFP+ rol-6(su1006)]}. This
work was approved by the experimental animal ethics com-
mittee of Guangdong Pharmaceutical University with the
approval number gdpulac2019015. Escherichia coli, such as
OP50, NA22, and HT115 strains, were selected to feed
worms based on different experimental conditions. All C. ele-
gans were provided by the Caenorhabditis Genetics Center.
The Aβ-transgenic CL2006 and CL4176 worms and the
wild-type N2, CF1553, and CL2070 worms were cultured
and maintained on nematode-growing medium (NGM)
plates at 15°C and 20°C, respectively. The synchronous pop-
ulation was prepared by treatment of gravid adults with alka-
line hypochlorite and hatched overnight.

2.3. Food Clearance and Body Length Assays. To select the
suitable concentration range of palmatine, the wild-type
nematodes were used to conduct food clearance and body
length assays. In food clearance, 20μL of S medium
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containing approximately 20 L1-stage worms was put into
80μL of S medium including NA22 and palmatine with
indicated concentration (0.05, 0.1, 0.2, and 0.4mM) in a
96-well microplate and cultured at 20°C. Absorbance value
(570 nm) was measured every 24 h and continued for six
days. For the body length, L1-stage worms were placed on
a NGM plate fed with OP50 containing different concentra-
tions of palmatine (0.05, 0.1, 0.2, and 0.4 mM) and cultured
at 20°C for two days. The worm images (approximately 100
per group) were acquired and analyzed using a Mshot MF52
inverted microscope (Mingmei, Guangzhou, China) with
digital software.

2.4. Paralytic Assays. Using Aβ-transgenic CL2006 and
CL4176 strains, we preliminarily detected the effect of pal-
matine for inhibiting Aβ-toxicity according to previously
described [29]. The L1-stage CL2006 worms were fed on
NGM solid plates including OP50 and different concentra-
tions of palmatine (0.1 and 0.2 mM), which were placed at
15°C for 45 h and shifted to the new NGM solid plates
(approximately 100 per group) containing OP50 with FUDR
(75μg/mL) and different concentrations of palmatine (0.1
and 0.2mM) at 20°C for inducing Aβ peptide expression.
Paralyzed worms were counted every day until all were pal-
sied. For the CL4176 strain, the L1-stage worms were cul-
tured at 15°C for 36 h on NGM plates containing different
concentrations of palmatine (0.1 and 0.2mM) and shifted
to 23°C for inducing Aβ peptide expression. The amount
of paralyzed worms was counted every 2 h until all palsied.

2.5. Measurement of the ROS Level. The ROS level in worms
was evaluated through the DCFH-DA method as described
previously [30]. L1-stage CL4176 worms were cultured at
15°C for 36h on a NGM solid plate with or without palma-
tine (0.2mM) and shifted to 23°C for another 36h. Approx-
imately 2000 worms in each group were lysed in PBST buffer
(PBS containing 0.1% Tween 20) and used to collect the
supernatant by centrifugation at 10000 g for 5min. The pro-
tein content was determined by a BCA protein assay kit. A
total volume of 50μL DCFH-DA (100mM) was placed into
a black 96-well microplate containing 50μL supernatant.
The intensity of DCF was calculated with the Synergy H1
Microplate Reader (BioTek, Dallas, TX, USA) at 488nm of
excitation and 525 nm of emission.

2.6. Oxidative Survival and Lifespan Assays. Oxidative stress
caused by paraquat was performed with the wild-type
worms as reported previously [31]. L1-stage worms were
incubated in S medium fed with NA22 at 20°C until the L4
stage and put into a 96-well microplate containing NA22,
ampicillin (100μg/mL), and FUDR (75μg/mL). The worms
were further cultured with or without palmatine (0.2mM)
for one day at 20°C and then exposed to paraquat
(75mM). The survival was counted every 12 h until all were
dead (approximately 100 worms per group). For the lifespan
assay, L4-stage wild-type worms were put into a 96-well
microplate at the density of 15–20 individuals per well in
100μL of culture medium (approximately 100 worms per
group) and treated with or without palmatine (0.2mM).
The part of worms alive was counted every two days until
all were dead.

2.7. Transcriptome Analysis and Real-Time PCR Verification.
L1-stage wild-type worms were cultured on NGM plates fed
OP50 with or without palmatine (0.2mM) for two days at
20°C, and then, the worms were collected. Total RNA was
prepared from the worms by using TRIzol, and further puri-
fied mRNA was used for Illumina sequencing at Shanghai
Majorbio Bio-pharm Technology Co. Ltd. (China). A
threshold false discovery rate (FDR) (≤ 0.05) and fold
change (≥2.0) were used as criteria to screen differentially
expressed genes (DEGs), which were categorized on the
basis of Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis. At the same time, samples were prepared
for real-time PCR detection as described above and the
primer sequences are listed in Table 1.

2.8. Measurement of sod-3 and hsp-16.2 Expressions. Trans-
genic CF1553 and CL2070 worms containing sod-3p::GFP
and hsp-16.2p::GFP reporters were used to determine the
expression of the sod-3 and hsp-16.2 genes. Transgenic
worms were cultured with or without palmatine (0.2mM)
on NGM plates at 20°C for two days and anesthetized on
microscope slides for observation and determination of
sod-3p::GFP and hsp-16.2p::GFP expression. Images were
captured by using an Mshot MF52 inverted fluorescence
microscope coupled with digital software, and the expression
of the respective genes was ascertained by assessing the GFP
signal using ImageJ software.

Table 1: The primer sequences for real-time PCR and RNAi analyses.

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′) Application

β-Actin CCACGAGACTTCTTACAACTCCATC CTTCATGGTTGATGGGGCAAGAG Real-time PCR

sod-3 GAGCTGATGGACACTATTAAGCG GCACAGGTGGCGATCTTCAAG Real-time PCR

hsp-16.11 CTCCATCTGAATCTTCTGAGATTG CTTCGGGTAGAAGAATAACACGAG Real-time PCR

hsp-16.2 CTCCATCTGAGTCTTCTGAGATTGT CTCCTTGGATTGATAGCGTACGA Real-time PCR

hsp-16.49 TCCGACAATATTGGAGAGATTG GATCGTTTCGAGTATCCATGCT Real-time PCR

fat-5 GTGCTGATGTTCCAGAGGAAGAAC ATGTAGCGTGGAGGGTGAAGCA Real-time PCR

Fat-7 CCAGAGAAAGCACTATTTCCCAC CACCAAGTGGCGTGAAGTGT Real-time PCR

hsf-1a TGCTCTAGACTGTCCCAAGGTGGTCTAACTC CGGGGTACCTCCCGAATAGTCTTGTTGC RNAi
aUnderlines indicate the restriction sites of XbaI (TCTAGA) and KpnI (GGTACC).
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2.9. Detection of SOD and CAT Activity Levels. The wild-type
strain was synchronized as described above, and L1-stage
worms were cultured at 20°C for two days on NGM solid
plates with or without palmatine (0.2mM). Approximately
2000 worms were gathered and lysed in PBST buffer. The
activity levels of SOD and CAT were detected with SOD
and CAT assay kits, respectively, and a BCA protein assay
kit was used to determine the protein concentration.

2.10. RNA Interference. In an RNAi-mediated gene knock-
down experiment, E. coli HT115 was chosen as a food source
for the worms as previously described with some changes
[30]. An RNAi plasmid was built by partially cloning the
hsf-1 cDNA sequence into the L4440 empty vector. The
primer sequences with restriction sites for XbaI (TCTA
GA) and KpnI (GGTACC) are displayed in Table 1. L1-
stage CL2006 worms were cultured with or without palma-
tine at 15°C on NGM solid plates seeded with HT115 con-
taining the L4440 empty plasmid or the hsf-1 recombinant
plasmid for 45h. The worms (approximately 100 per group)
were then transferred to NGM plates and fed HT115 (con-
taining the L4440 empty plasmid or the hsf-1 recombinant
plasmid) in the presence of 5-FUdR (75μg/mL) and palma-
tine (0.2mM) at 20°C to induce Aβ peptide expression.
Worm paralysis was observed, and the paralyzed worms
were counted microscopically every day until all worms were
palsied.

2.11. ThS Staining Assay. The wild-type and Aβ-transgenic
CL2006 strains were used for the assay as described previ-
ously [32]. Here, wild-type worms were stained as negative
control. L1-stage Aβ-transgenic CL2006 worms were cul-
tured at 20°C for 90 h on NGM plates with or without pal-
matine (0.2mM). In another group, CL2006 worms were
continuously cultured at 15°C for 90 h and used for compar-
ative analysis. All worms were collected and fixed at 4°C for
one day in 4% paraformaldehyde (PFA). After PFA fixation,
the worms were incubated at 37°C for one day in perme-
abilization solution including β-mercaptoethanol (5%), Tri-
ton X-100 (1%), and Tris−HCl (125mM). The worms were
washed and soaked in ThS solution (containing 0.125%
ThS and 50% ethanol) at ambient temperature for 2min
and then decolorized with 50% ethanol until the staining
agent in the solution completely disappeared. Images of the
anterior pharyngeal bulb were acquired by using an Mshot
MF52 inverted microscope.

2.12. Fat Staining. Fat staining was performed by using Oil
Red O and Sudan black B as previously described [33, 34].
Briefly, L1-stage N2 and CL4176 strains were cultured on
solid NGM plates seeded with OP50 with or without palma-
tine (0.2mM). The N2 worms were cultured at 20°C for
three days, while the CL4176 worms were cultured at 15°C
for 36 h and shifted to 23°C for another 36 h. The worms
used for Oil Red O staining were fixed at 4°C for 30min in
4% PFA and subjected to three freeze-thaw cycles. The worms
were dehydrated for 15min in 60% isopropanol and stained
for 6h in an Oil Red O staining solution containing 40% water
and 60%Oil Red O stock solution. For Sudan black B staining,

the worms were first fixed in 4% PFA, subjected to 3 freeze-
thaw cycles, dehydrated in 25, 50, and 70% ethanol, and then
dyed for 12h in a 50% saturated Sudan Black B solution (70%
ethanol). The images were obtained by using an Mshot MF52
inverted microscope, and ImageJ software was used for quan-
titative analysis.

2.13. Statistical Analysis. The data were analyzed by using
GraphPad Prism version 7.0 for Windows (San Diego, Cali-
fornia, USA). The t-test and one-way analysis of variance
(ANOVA) were selected as the analytical methods. The sur-
vival and lifespan curves were created with the Kaplan-Meier
method, and a log-rank test was selected to evaluate the sta-
tistical significance. The primers were designed by using
Primer 3 version 0.4.0 software, and β-actin was used as
the reference gene. All experiments were carried out at least
three times, and a p value of <0.05 was considered to indi-
cate statistical significance.

3. Results

3.1. Inhibition of Aβ Toxicity by Palmatine in Aβ-transgenic
Nematodes. C. elegans is a powerful model organism with
which to research the molecular mechanisms of neurode-
generative diseases and screen effective neuroprotective
drugs [28]. In this work, we studied the neuroprotective
effects of palmatine in the Aβ-transgenic C. elegans
CL2006 and CL4176 strains (Figure 1(a)), which express
human Aβ1-42 in constitutive and inducible manners and
show progressive and rapid paralytic phenotypes, respec-
tively. The concentration of palmatine was confirmed
through food clearance and body length assays, which indi-
cated that a concentration of ≤0.2mM was suitable in wild-
type worms (Figures 1(b) and 1(c)). Therefore, according to
the experimental design in Figure 1(d), we preliminarily
tested the effects of palmatine against Aβ toxicity at con-
centrations of 0.1 and 0.2mM. As shown in Figure 1(e),
palmatine at 0.1 and 0.2mM effectively protected against
Aβ toxicity in progressively paralyzed CL2006 nematodes.
A beneficial effect of palmatine was also observed in rap-
idly paralyzed CL4176 nematodes (Figure 1(f)). It is worth
noting that palmatine at 0.2mM showed a more effective
protective effect against Aβ toxicity than palmatine at
0.1mM and significantly delayed the paralytic process. In
summary, these results suggest that palmatine exhibits neu-
roprotective activity against Aβ toxicity in Aβ-transgenic
nematode models.

3.2. Alleviation of Oxidative Stress Rather Than Prolongation
of Lifespan. There is considerable evidence to suggest that
Aβ toxicity increases oxidative stress and free radical forma-
tion, which are closely associated with the progression of AD
[11]. Since palmatine inhibited Aβ toxicity in vivo, as demon-
strated above, we investigated the effects of palmatine on the
oxidative status using transgenic CL4176 nematodes. As
shown in Figure 2(a), the ROS level was significantly higher
in the homogenate of Aβ-induced worms at 23°C than in the
homogenate of the control worms at 15°C. However, the
ROS level was significantly lower in the homogenate of worms
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treated with palmatine at 23°C than in the homogenate of the
untreated worms. These data suggest that palmatine plays a
positive role in ROS scavenging and improves stress tolerance
in Aβ-transgenic CL4176 worms. Next, we detected the pro-
tective effects of palmatine against oxidative stress through
the assessment of paraquat-induced oxidative damage in
wild-type nematodes. In Figure 2(b), the survival of the worms
treated with palmatine prior to paraquat damage was signifi-
cantly higher than that of the control worms, indicating the
antioxidative stress activity of palmatine. However, as shown
in Figure 2(c), palmatine did not significantly change the life-
span of the worms. Taken together, these findings show that
the ROS-reducing capability of palmatine may contribute to
its protection against Aβ toxicity.

3.3. Transcriptome-Based Discovery of Genes and Pathways
Related to the Effects of Palmatine against Aβ Toxicity.
Gene expression profiles can be used as signatures to
search for the signaling pathways and downstream target
genes of active compounds [35]. To understand the tran-
scriptomic responses to palmatine, transcriptome sequencing
was carried out on the Illumina MiSeq platform for wild-type
nematodes treated with or without palmatine (0.2mM) for
48 h. The raw RNA-Seq reads reported in this paper are
found in the NCBI Sequence Read Archive (accession num-
ber PRJNA667515). Principal component analysis (PCA)

was used to assess the clustering of the samples, which man-
ifested an obvious distinction between the control and
palmatine-treated groups (Figure 3(a)). After treatment with
palmatine, 602 DEGs were detected, including 522 upregu-
lated genes and 80 downregulated genes. In Figure 3(b), the
patterns of the changes in transcript abundance are shown
in the heatmap of the DEGs, which were identified using an
FDR cutoff of 0.05 and a fold change threshold of 2. To
retrieve the functional information on the DEGs in the
experimental group, coregulated genes were further classified
into different categories, including lipid metabolism, bio-
degradation and detoxification, signal transduction, trans-
port and catabolism, and aging of the endocrine system
(Figure 3(c)). Furthermore, in pathway enrichment analysis
(Figure 3(d)), the genes regulated by palmatine treatment
were associated mainly with the aging regulation pathway,
detoxification, and fatty acid degradation.

3.4. Validation of Gene Expression Levels by Real-time PCR.
Among the RNA-sequencing data, we focused on the data
for some signaling pathways related to stress resistance, such
as aging, detoxification, and lipid metabolism pathways. To
further validate the gene expression profiles, the gene
expression levels of six representative candidate genes were
analyzed via real-time PCR. The regulation patterns for the
selected genes, including sod-3, hsp-16.11, hsp-16.2, hsp-
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Figure 1: Inhibition of Aβ-toxicity of palmatine in transgenic C. elegans. (a) Chemical structure of palmatine. (b) Food clearance.
Synchronized wild-type worms were cultured at 20°C in a 96-well plate with or without palmatine at different concentrations. The
absorbance (at 570 nm) was detected daily for six days using a microplate reader. The results were displayed as mean ± SD from 5
parallel wells. (c) Body length. Synchronized wild-type worms were cultured at 20°C in NGM plates with or without palmatine at
different concentrations for two days. The results were displayed as mean ± SD of approximately 100 worms. Statistical analysis was
carried out with a one-way ANOVA. ns: no significant difference; ∗p < 0:05. (d) The experimental flowchart in Aβ-transgenic CL2006
and CL4176 nematodes. (e) The paralytic assay of CL2006 nematodes. Synchronized L1-stage worms were cultured with or without
palmatine for 45 h at 15°C and upshifted to 20°C for inducing Aβ peptide expression. The fraction of paralytic worms was counted every
day until all were palsied. (f) The paralytic assay of CL4176 nematodes. Synchronized L1-stage worms were cultured for 36 h at 15°C in
NGM plates with or without palmatine and upshifted to 23°C for inducing Aβ peptide expression. The fraction of paralytic worms was
counted every 2 h until all were palsied. The results were displayed as Kaplan-Meier survival curves and analyzed by using a log-rank test.
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16.49, and fat-5, were consistent with the RNA-sequencing
data; only marginal differences in the relative fold changes
were observed. However, the fat-7 gene did not show statis-
tically significant differences among the control and
palmatine-treated groups. As shown in Figure 4, special
attention should be given to the shsp genes, which were sig-
nificantly upregulated in the worms treated with palmatine
compared with the normal control worms. Overall, the find-

ings show that palmatine treatment can activate resistance-
related genes to inhibit Aβ toxicity.

3.5. Enhancement of sod-3p::GFP Expression and SOD and
CAT Activity Levels. Since SOD is a key antioxidant enzyme
for ROS scavenging, we employed the CF1553 strain con-
taining a sod-3p::GFP transgenic reporter to explore the
effects of palmatine on the transcriptional change of the
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Figure 2: The effects of palmatine on the ROS level, oxidative stress, and lifespan. (a) The effects of palmatine on ROS in the AD model
CL4176 strain. Synchronized L1-stage CL4176 worms were cultured with or without palmatine (0.2mM) for 36 h at 15°C and then
cultured at 23°C for another 36 h. These worms were collected and homogenized, and then, the lysate was used for detection of the ROS
level. The curve is from a single experiment (values are means ± SD, n = 3). (b) Oxidative survival assay in wild-type nematodes. L4-stage
wild-type nematodes (approximately 100 for each group) were pretreated with or without palmatine at 20°C for 24 h and then treated
with 75mM paraquat, and the fraction of survival was scored every 12 h until all dead. (c) Lifespan assay in wild-type nematodes. L4-
stage wild-type worms were put into a 96-well plate at the density of 15–20 individuals/well in 100 μL of culture medium (≈100
worms/group) and administered with or without palmatine (0.2mM). The fraction of alive worms was counted every two days until all
deaths. The results were displayed as Kaplan-Meier survival curves and analyzed by using a log-rank test.
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Figure 3: Transcriptome analysis of C. elegans treated with palmatine. (a) Principal component analysis (PCA) analysis. (b) The heatmap
analysis of DEGs. (c) The annotation of DEGs in the palmatine-treated group classified on the basis of KEGG pathway analysis. (d) The
significantly enriched DEG pathway. Synchronized L1-stage wild-type worms were cultured at 20 °C for two days with or without
palmatine (0.2mM) on NGM plates seeded with OP50, and three independent biological replicates for each group were collected for
transcriptome sequencing.
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sod-3 gene. When treated with palmatine for two days, the
fluorescence level of sod-3p::GFP in the worms fed palmatine
was markedly higher than that in the normal control worms,
indicating that palmatine has the ability to enhance the
expression of sod-3 in this nematode strain (Figures 5(a)–
5(c)). In addition, we measured the enzyme activity of
SOD in wild-type worms fed with or without palmatine
(0.2mM). As shown in Figure 5(d), the level of the SOD
enzyme was significantly higher in the worms fed palmatine
than in the normal control worms, further demonstrating
that palmatine upregulated SOD expression. In addition,
CAT is an essential antioxidant enzyme that can prevent
cells from being poisoned by H2O2; we further examined
the enzyme activity of CAT in wild-type worms fed palma-
tine (0.2mM). As presented in Figure 5(e), the level of the
CAT enzyme was significantly higher in the worms fed pal-
matine than in the normal control worms. In summary,
these results indicate that palmatine has the ability to
enhance antioxidant defense against oxidative stress caused
by endogenous or exogenous stressors.

3.6. Involvement of the HSF-1 Transcription Factor in the
Inhibition of Aβ Toxicity by Palmatine. There is abundant
evidence that the enhancement of protein folding and antia-
poptotic capacity induced by elevations in HSP levels has the
potential to improve therapeutic efficacy in neurodegenera-
tive diseases [36, 37]. As shown by the transcriptome-
based discovery of genes and pathways, the induced expres-
sion of sHSP may play the most important role in the inhi-
bition of Aβ toxicity by palmatine. Therefore, we used the
transgenic CL2070 strain expressing an hsp-16.2p::GFP
transgenic reporter to explore the effects of palmatine on

the transcriptional change of the hsp-16.2 gene. After treat-
ment with palmatine for two days, the fluorescence level of
hsp-16.2p::GFP in the worms fed palmatine was significantly
higher than that in the normal control worms, indicating
that palmatine enhanced the expression of hsp-16.2 in this
worm model (Figures 6(a)–6(c)). It is well known that the
transcription factor HSF-1 coordinately activates the expres-
sion of shsp genes [36]. Thus, we further determined the pro-
tective effects of palmatine in C. elegans after hsf-1 RNAi to
assess whether its inhibition of Aβ toxicity involved HSF-1.
As presented in Figure 6(d), palmatine significantly allevi-
ated the toxicity induced by Aβ when HT115 bacteria trans-
formed with the empty vector L4440 were used, yet the
alleviation of Aβ-induced toxicity disappeared when recom-
binant hsf-1 RNAi bacteria were used, indicating that the
inhibition of Aβ toxicity by palmatine was mainly depen-
dent on HSF-1. In summary, these results suggest that
palmatine-mediated suppression of Aβ-induced toxicity
relies on the regulator HSF-1 and subsequent upregulation
of the expression of its target genes, such as hsp-12.11, hsp-
16.2, and hsp-16.49.

3.7. Reductions in Aβ Deposits. To investigate the inhibitory
effects of palmatine on Aβ aggregation, ThS staining was
performed in transgenic CL2006 nematodes to detect Aβ
deposition, and then, the Aβ deposits in the worm head
region were counted. Consistent with previous findings
[32], the wild-type nematodes, used as negative controls,
lacked ThS fluorescence because of the lack of Aβ deposition
(Figure 7(a)). When Aβ-transgenic CL2006 worms were
continuously cultured at 15°C, small amounts of Aβ deposits
were formed due to the constitutive expression of the Aβ
peptide in this strain (Figure 7(b)). After the worms were
shifted to 20°C to induce Aβ peptide expression, the number
of Aβ deposits per nematode was significantly increased
compared to that in the worms incubated at 15°C, suggesting
that elevated temperature can significantly enhance the
expression of the Aβ peptide (Figure 7(c)). Compared to
that in untreated CL2006 nematodes, Aβ deposition in
nematodes treated with palmatine was obviously inhibited
in the Aβ-transgenic worms (Figure 7(d)). The quantifica-
tion of Aβ deposits also revealed significantly fewer deposits
in palmatine-treated worms than in untreated worms
(Figure 7(e)). Combined with the above experimental results
indicating that palmatine can effectively delay the paralytic
process of the CL2006 strain, these results indicate that pal-
matine can effectively inhibit Aβ aggregation and alleviate
Aβ-induced toxicity.

3.8. Mitigation of the Aβ-mediated Lipid Metabolism
Disorder. Since transcriptome analysis suggested that lipid
synthesis was obviously repressed by palmatine treatment,
we used Oil Red O and Sudan Black B staining to detect
the fat content in intestinal and hypodermal cells in wild-
type and transgenic CL4176 nematodes (Figures 8(a)–8(d),
staining with Oil Red O; Figure S1(a), S1(b), S1(c) and
S1(d), staining with Sudan Black B) [33, 34]. Surprisingly,
the content of lipid droplets was significantly increased
after Aβ peptide expression was induced in transgenic
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Figure 4: The verification of indicated target genes from RNA-Seq
analysis by qPCR. L1-stage wild-type worms were cultured at 20°C
for 48 h on NGM plates with or without palmatine (0.2mM). Three
independent biological replicates for each group were collected for
real-time PCR. The result is presented as mean ± SD, and the
statistical analysis was carried out with unpaired t-test. ns: no
significant difference; ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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CL4176 worms compared with normal wild-type worms
(Figure 8(e), staining with Oil Red O; Figure S1(e), staining
with Sudan Black B), suggesting that Aβ aggregation and
toxicity were accompanied by dysregulated lipid metabolism
that caused excessive fat accumulation in Aβ-transgenic
CL4176 nematodes. In addition, the effects of palmatine on
fat accumulation in wild-type and transgenic CL4176 strains
were evaluated. The palmatine-treated nematodes exhibited a
lower lipid content than the wild-type nematodes (Figure 8(f),
staining with Oil Red O; Figure S1(f), staining with
Sudan Black B). Supplementation with palmatine in Aβ-
transgenic CL4176 nematodes also significantly decreased
the lipid content, as revealed by Oil Red O and Sudan Black
B staining (Figure 8(g) and Figure S1(g)). These results
indicate that palmatine reduces fat synthesis in wild-type
nematodes and effectively inhibits lipid metabolism disorder

induced by Aβ aggregation and toxicity in transgenic
CL4176 nematodes.

4. Discussion

Although there is continuing debate about the Aβ hypoth-
esis, the accumulated evidence supports the idea that
steady-state imbalance between the production and clear-
ance of Aβ is one of the important initiating events in the
development of AD [38]. Elevated levels of Aβ oligomers
have been found to drive the development of oxidative
stress, neuroinflammation, synaptic loss, and nerve cell
death [4]. Therefore, there is considerable interest in find-
ing active compounds that can reduce Aβ aggregation and
alleviate Aβ-induced toxicity [19, 21, 39]. Alkaloids are a large
group of structurally complex natural products that exhibit a
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Figure 5: The effects of palmatine on sod-3p::GFP expression, SOD, and CAT activities. (a, b) The images of sod-3p::GFP treated with or
without palmatine (0.2mM). (c) Quantification of sod-3p::GFP fluorescence intensity. The transgenic CF1553 strain was cultured at 20°C
for two days on NGM plates with or without palmatine (0.2mM). The images were obtained by using a Mshot MF52 inverted
fluorescence microscope. Quantified sod-3p::GFP intensity was done by ImageJ software. The result was displayed as mean ± SD (n = 20–
25), and the statistical analysis was carried out with unpaired t-test. ∗∗∗p < 0:001. (d) The effect of palmatine on the enzyme activity of
SOD in wild-type worms. (e) The effect of palmatine on the enzyme activity of CAT in wild-type worms. Wild-type worms were
cultured from L1- to L4-stage at 20°C on NGM plates with or without palmatine (0.2mM), and then, the worms were lysed to detect the
enzyme activities of SOD and CAT. The result was displayed as mean ± SD, and the statistical analysis was done by unpaired t-test. ∗p <
0:05; ∗∗p < 0:01.
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wide range of biological effects, including antioxidant and
anti-inflammatory effects and Aβ production- and
clearance-regulated effects [40–42]. In the present study, we
confirmed that palmatine, a naturally occurring isoquinoline
alkaloid, significantly suppressed Aβ-induced paralysis and
displayed neuroprotective effects in the Aβ-transgenic
CL2006 and CL4176 strains. The inhibition of the paralytic
process was related to a reduction in Aβ oligomerization and
alleviation of Aβ-induced toxicity [32]. Therefore, if there
are similar mechanisms in humans and other species, the pro-
tective effects of palmatine against Aβ aggregation and toxicity
may provide a rationale for its beneficial effects in humans.

The hallmarks of AD, such as Aβ oligomerization and
neurofibrillary tangle formation, are intertwined with exces-
sive ROS levels and elevated oxidative stress, which are con-
sidered to be the common effectors of the cascade of
degenerative events [14, 43]. Previous research has shown
that palmatine has the potential to inhibit oxidative stress
by scavenging free radicals [27, 42]. In our study, palmatine
reduced the elevated ROS levels derived from Aβ toxicity in
the CL4176 strain. It is known that abiotic stresses, such as
exposure to paraquat, often cause oxidative stress damage
in organisms via overproduction of ROS [30, 31]. In the
paraquat-induced oxidative damage model, we further
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Figure 6: The effects of palmatine on hsp-16.2p::GFP expression and HSF-1 signaling pathway. (a, b) The images of hsp-16.2p::GFP in
control and palmatine-treated groups. (c) Quantification of hsp-16.2p::GFP fluorescence intensity. The transgenic CL2070 strain was
cultured at 20°C for two days on NGM plates with or without palmatine (0.2mM). The images were obtained by using a Mshot MF52
inverted fluorescence microscope. Quantified hsp-16.2p::GFP intensity was done by ImageJ software. The result was displayed as mean ±
SD (n = 20–25), and the statistical analysis was carried out with unpaired t-test. ∗∗∗p < 0:001. (d) RNAi analysis of the change in
inhibition of Aβ-toxicity by palmatine. L1-stage CL2006 strain was treated with or without palmatine (0.2mM) at 15°C on NGM plates
containing HT115 with L4440 empty plasmid or hsf-1 recombinant plasmid for 45 h and upshifted to 20°C for inducing Aβ peptide
expression. The fraction of paralytic worm was counted every day until all were palsied. The result was displayed as the Kaplan-Meier
survival curve and analyzed by using a log-rank test.
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Figure 7: The effects of palmatine on Aβ deposits. (a) The image of wild-type nematodes. The worms were cultured at 20°C for 90 h and
stained by ThS as negative control. (b) The images of Aβ-transgenic CL2006 nematodes at 15°C. The nematodes were continuously cultured
at 15°C for 90 h and used for comparative analysis. (c, d) The images of Aβ-transgenic CL2006 nematodes treated with or without palmatine.
The nematodes were incubated with or without palmatine (0.2mM) at 20°C for 90 h. (d) Quantification of Aβ deposits. All the worms were
collected and stained by ThS staining, and the fluorescence images were obtained by using a Mshot MF52 inverted fluorescence microscope.
The depositions of Aβ were quantified after counting the ThS-positive deposits in the anterior pharyngeal bulb in each worm. The result was
displayed as mean± SD, and the statistical analysis was done by using a one-way ANOVA. ∗∗p < 0:05; ∗∗∗p < 0:001.
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Figure 8: The effects of palmatine on fat accumulation. (a, b) The optical images upon Oil Red O staining in wild-type worms treated with
or without palmatine (0.2mM). (c, d) The optical images upon Oil Red O staining in CL4176 worms treated with or without palmatine
(0.2mM). (e) Comparative analysis of the Oil Red O intensity in wild-type and CL4176 worms treated with or without palmatine
(0.2mM). (f) Quantitative analysis of the Oil Red O intensity in wild-type worms treated with or without palmatine (0.2mM). (g)
Quantitative analysis of the Oil Red O intensity in CL4176 worms treated with or without palmatine (0.2mM). L1-stage wild-type strain
was cultured at 20°C for three days on NGM plates with or without palmatine (0.2mM). Meanwhile, L1-stage CL4176 strain was
cultured at 15°C for 36 h on NGM plates containing with or without palmatine (0.2mM) and then placed at 23°C for another 36 h. The
wild-type and CL4176 worms were collected and used for Oil Red O staining, respectively. The images were obtained by using a Mshot
MF52 inverted fluorescence microscope. Quantified intensities were performed using ImageJ software. The results were displayed as
mean ± SD (n = 30), and the statistical analyses were done by using an unpaired t-test. ∗p < 0:05; ∗∗∗p < 0:001.
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demonstrated that palmatine treatment enhances resistance
to oxidative stress. These results suggest that palmatine has
an antioxidant effect against Aβ toxicity by reducing ROS
production. However, palmatine did not affect the lifespan
of wild-type nematodes, indicating that the protective mech-
anisms against oxidative stress may be distinct from mecha-
nisms that delay senescence.

By transcriptome sequencing, we obtained candidate
pathways and genes related to the effects of palmatine,
including genes/pathways related to aging, detoxification,
and lipid metabolism. In particular, the results highlighted
that the expression of shsp was significantly upregulated
by palmatine. These genes play important roles in modu-
lating Aβ aggregation and toxicity [9, 10]. In addition,
antioxidant-related genes, such as sod-3, were also activated,
which may have enhanced antioxidant defense to protect
cells from oxidative damage [44]. Palmatine has been shown
to reduce the ROS level in the transgenic CL4176 strain and
alleviate the oxidative damage caused by paraquat-induced
oxidative stress. The elimination of excessive ROS is medi-
ated by a range of antioxidant defense systems, which require
the participation of antioxidant enzymes such as SOD and
CAT [44, 45]. Our study confirmed that palmatine increases
the fluorescence intensity of sod-3p::GFP in transgenic
CF1553 nematodes and the activities of SOD and CAT in
wild-type nematodes. These results agree with previous
findings that alkaloids might activate the cellular antioxi-
dant defense system against oxidative insults [20, 46, 47].
Together, these studies suggest that palmatine reduces the
oxidative stress caused by Aβ toxicity by eliminating ROS
and indicate a correlation between the enhancement of anti-
oxidant defense and the alleviation of Aβ toxicity in trans-
genic nematodes.

Protein aggregation is one of the important characteris-
tics of neurodegenerative diseases such as AD [43, 48].
HSP family members are the key cellular components that
maintain protein homeostasis under unfavorable conditions,
which might effectively block the formation of protein
aggregates and prevent the occurrence and development of
neurodegenerative diseases [10, 49]. Studies have indicated
that a lack of sHSP aggravates the AD phenotype, whereas
increased expression improves the symptoms of AD [50].
In the present study, palmatine upregulated the expression
of shsp genes, including hsp-16.11, hsp-16.2, and hsp-16.49,
in wild-type nematodes and enhanced the hsp-16.2p::GFP
fluorescence intensity in transgenic CL2070 nematodes. As
such, it is possible that the increased expression of sHSP
suppressed protein aggregation and alleviated Aβ toxicity,
suggesting that sHSP plays important roles in the neuropro-
tective effects of palmatine. It is known that the expression of
sHSP is primarily determined by the transcription factor
HSF-1, while decreased activity of HSF-1 has been shown
to be a key part of the deleterious cascade in neurodegener-
ative disease [36, 37]. Our study showed that knockdown of
hsf-1 using RNAi not only significantly accelerated the pro-
cess of paralysis but also completely abolished palmatine-
induced inhibition of Aβ toxicity in transgenic CL2006 nem-
atodes. These results are in accordance with previous studies
showing that HSF-1 participates in the inhibition of Aβ tox-

icity [6, 37] and suggest that the increased resistance of
worms treated with palmatine is closely related to HSF-1.
Therefore, palmatine-mediated inhibition of Aβ toxicity
involves the regulator HSF-1 and regulation of the expres-
sion of its target genes, such as hsp-16.11, hsp-16.2, and
hsp-16.49.

Research has indicated that alkaloids have the potential
to inhibit and prevent AD through both cholinesterase and
Aβ pathways and through improvement of antioxidant
capacity [20–23, 42]. It is worth noting that unlike the acti-
vation of antioxidant defense to alleviate Aβ-induced oxida-
tive stress, the palmatine-induced upregulation of sHSP is
associated with the inhibition of Aβ aggregation and break-
down of toxic oligomers [37, 51]. Research has shown the
occurrence of a series of morphological transitions of aggre-
gation, including the assembly of Aβ monomers into oligo-
mers and fibrils and the eventual formation of extracellular
Aβ plaque deposits [52]. Among the aggregates, Aβ oligo-
mers have been identified as potent cytotoxins that initiate
pathological events in AD [5]. Active substances, such as
Ginkgo biloba extract EGb 761 and ginkgolide A, may con-
vert toxic Aβ oligomers into nontoxic Aβ monomers to
delay the paralysis of Aβ-transgenic nematodes [32]. It
has been reported that palmatine chloride treatment
in vitro can suppress the aggregation of tau and break down
preformed tau aggregates [53]. In this work, palmatine
delayed the process of paralysis and reduced Aβ deposition
in transgenic CL2006 nematodes, suggesting that its neuro-
protective effects in vivo may be achieved via effects on the
early stages of the linear pathway, especially the formation
of toxic Aβ oligomers.

Palmatine is reported to have the ability to regulate lipid
metabolism and to exert anti-obesity effects [24, 27]. In this
work, our study found that the aggregation of Aβ in trans-
genic CL4176 nematodes not only led to a paralytic pheno-
type but also accompanied excessive fat accumulation
caused by Aβ toxicity-induced lipid metabolism disorder.
Notably, palmatine markedly decreased the fat content both
in the wild-type worms and in the Aβ-transgenic worms
with high fat accumulation. A previous study has indicated
that oleic acid is the substrate for the production of triacyl-
glycerol and cholesteryl ester and that inhibiting the conver-
sion of saturated stearic acid to oleic acid can contribute to
reducing the fat content [54]. The current research showed
that palmatine downregulated the expression of a stearoyl-
CoA desaturase, fat-5, in wild-type worms, which is believed
to play a critical role in the transformation of stearic acid
into oleic acid [55]. However, overall, considering the mod-
ulation of antioxidant defense and sHSP expression, the alle-
viation of lipid disorder by palmatine is likely attributable
not only to the reduction in fat synthesis but also to the inhi-
bition of Aβ aggregation and toxicity, which jointly maintain
metabolic homeostasis in transgenic CL4176 nematodes.

5. Conclusion

In the present study, palmatine suppressed Aβ-induced
paralysis and reduced the elevated ROS levels in Aβ-trans-
genic nematodes, thus exhibiting neuroprotective effects
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against Aβ toxicity. Based on DEG analysis, real-time PCR,
and verification in transgenic CF1553 and CL2070 strains,
our study demonstrated that the inhibition of Aβ toxicity
by palmatine was attributable to the free radical-scavenging
capacity and to the upregulation of the expression of
resistance-related genes such as sod-3 and shsp. In particular,
the expression of shsp, which requires the involvement of
the transcription factor HSF-1, played important roles in
protecting cells from Aβ toxicity. In addition, we found
that palmatine reduced Aβ deposition and mitigated exces-
sive fat accumulation in the Aβ-transgenic CL2006 and
CL4176 strains, respectively. In summary, these studies sug-
gest that palmatine exerts neuroprotective effects through
the modulation of antioxidant defense and sHSP expression
to support homeostasis in Aβ-transgenic nematodes. The
findings provide valuable targets for the prevention and
treatment of AD.
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Alzheimer’s disease (AD) is the most common form of dementia with a growing incidence rate primarily among the elderly. It is a
neurodegenerative, progressive disorder leading to significant cognitive loss. Despite numerous pieces of research, no cure for
halting the disease has been discovered yet. Phytoestrogens are nonestradiol compounds classified as one of the endocrine-
disrupting chemicals (EDCs), meaning that they can potentially disrupt hormonal balance and result in developmental and
reproductive abnormalities. Importantly, phytoestrogens are structurally, chemically, and functionally akin to estrogens, which
undoubtedly has the potential to be detrimental to the organism. What is intriguing, although classified as EDCs,
phytoestrogens seem to have a beneficial influence on Alzheimer’s disease symptoms and neuropathologies. They have been
observed to act as antioxidants, improve visual-spatial memory, lower amyloid-beta production, and increase the growth,
survival, and plasticity of brain cells. This review article is aimed at contributing to the collective understanding of the role of
phytoestrogens in the prevention and treatment of Alzheimer’s disease. Importantly, it underlines the fact that despite being
EDCs, phytoestrogens and their use can be beneficial in the prevention of Alzheimer’s disease.

1. Alzheimer’s Disease

1.1. Introduction. Nowadays, dementia is estimated to affect
over 45 million people worldwide and is believed to reach up
to 115 million by 2050 [1]. Alzheimer’s disease (AD) is a
complex, neurodegenerative disorder of the central nervous
system (CNS), which accounts for up to 70% of dementias
[2]. Dementia can also be caused by other factors, such as
brain injuries, vascular disorders, and numerous other dis-
eases, e.g., Parkinson’s disease (PD), Huntington’s disease
(HD), or Creutzfeldt-Jakob disease (CJD).

Alzheimer’s disease was first identified more than a cen-
tury ago by Alois Alzheimer, a German psychiatrist. In 1906,
he described a case of dementia observed in a 50-year-old
woman. He continued to track the progress of her disease

until 1906 when she died [3]. He found at autopsy of her
brain characteristic pathological microscopic changes,
known today as visible gliosis around numerous senile pla-
ques (SP) and abundant neurofibrillary tangles (NFT) [4].
Currently, about 35 million patients in the world are suffer-
ing from Alzheimer’s disease.

The etiology and pathogenesis of Alzheimer’s disease are
complex and despite the efforts of researchers, the mecha-
nisms are still not transparent. Much is yet to be discovered
when it comes to precise biological processes. The major
challenges include reasons why the disease progresses faster
in some patients and slower in others, and finally, how to
prevent, stop, or at least slow down the progression of AD
[5]. The majority of AD patients (>95%) have sporadic
onset, and less than 5% of the cases are related to dominant
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gene mutations, including APP, PS1, or PS2 genes [3]. Nota-
bly, AD is a disease that begins much earlier before its symp-
toms arise, and according to Alzheimer’s Association [5], it
can be even up to 20 years earlier. Thus, early detection
seems to be crucial for intervention in coping with the
disease.

1.2. Symptoms and Stages of Alzheimer’s Disease. Alzhei-
mer’s disease causes both cognitive and noncognitive symp-
toms and signs. Importantly, the symptoms and progress of
AD vary among individuals. This heterogeneity is particu-
larly challenging to patients, their families, and clinicians,
considering the difficulty in forecast and recognition func-
tional impairment and other upcoming symptoms [6].
Importantly, AD is characterized by neuronal degeneration
in selective brain regions involved in cognition (hippocam-
pus, entorhinal, and frontal cortices) and emotional behav-
iors (amygdala, prefrontal cortex, and hypothalamus).
Current research identifies three stages of AD: preclinical
Alzheimer’s disease, mild cognitive impairment (MCI) due
to Alzheimer’s disease, and dementia due to Alzheimer’s dis-
ease. Symptoms and signs of the disease are present in the
last two stages, but importantly with a varying degree [7].

Preclinical AD is a stage in which patients have measur-
able and significant structural changes in the brain, compo-
sition of cerebrospinal fluid (CSF), and presence of blood
biomarkers. On the other hand, symptoms such as memory
loss are not developed at this point. Importantly, not all indi-
viduals with raised Alzheimer’s biomarkers progress to
develop dementia or mild cognitive decline, but most of
them do [8]. Because of no perceptible symptoms, this stage
of the disease is notably hard to detect.

MCI due to AD is a stage in which biomarkers such as
elevated levels of beta-amyloid protein or neurofilament
light chain (NFL) in CSF are raised. Moreover, an individual
in this stage of the disease shows cognitive decline much
greater than the one expected for her/his age. Importantly,
the decline does not always impede patients’ everyday
activities.

Dementia due to AD is a stage in which prominent
thinking, memory, and behavioral impairment affect an
individual’s daily life. Additionally, evidence of AD-related
brain changes is also observed. Patients suffering from the
mild stage of Alzheimer’s dementia are frequently able to
function autonomously in many areas, such as participating
in their favorite activities, driving, and working. However,
they should be assisted with some tasks to maximize their
safety. In the next stage, the moderate stage of Alzheimer’s
dementia, individuals may find it hard to communicate
and conduct their daily tasks, such as taking a shower, dress-
ing up, or brushing their teeth. In this stage, visible changes
in their behavior and personality are observed. For instance,
they may get irritated easily, become anxious, fearful, or
overly suspicious. The last stage of AD is the severe stage
of Alzheimer’s dementia. Patients suffering from this stage
of the disease need help in every area of their lives and are
likely to require around-the-clock care. Unambiguous AD
diagnosis is classically made postmortem, once neuropathol-
ogy has confirmed the specific senile plaque and fibrillary

tangle deposition in an individual with clinical diagnostic
symptoms observed during life.

1.3. Hypotheses of the Onset. There are numerous hypotheses
when and how it comes to the induction and the beginning
of AD. The ones which are considered to be crucial are the
inflammation hypothesis, cholinergic hypothesis, tau
hypothesis, amyloid β (Aβ) cascade hypothesis, and oxida-
tive stress hypothesis.

1.3.1. Inflammation Hypothesis. The inflammation hypothe-
sis suggests that reactive gliosis with coexisting neuroinflam-
mation should be considered crucial in AD pathology. The
theory assumes that reactive microglia and astrocytes which
surround amyloid plaques secrete numerous proinflamma-
tory cytokines. Thus, they are regarded as an early, prime
mover in AD advancement [9].

1.3.2. Cholinergic Hypothesis. In turn, the cholinergic
hypothesis is drawn from observations of noticeable cholin-
ergic neuronal cell loss in AD postmortem brains [10].
Besides, neuroscientists confirm the significance of choliner-
gic neurotransmission in cognitive function, especially in
attention and memory encoding [11]. Thus, this hypothesis
procured the successful approval of cholinesterase inhibitors
in clinical practice [12].

1.3.3. Tau Hypothesis. The tau hypothesis is related to a
microtubule-associated protein, tau, which works as a rein-
forcement for a cytoskeleton in an axon. Under pathological
conditions, such as Alzheimer’s disease, tau proteins tend to
aggregate forming intracellular NFT, thus weakening the
cytoskeleton. As a result, not only the structure of the cell
is deformed but also the intracellular transport of neuro-
transmitters encapsulated in vesicles is severely impaired.
The aforementioned processes inevitably lead to neurode-
generation [13].

1.3.4. Amyloid β Hypothesis. Another important hypothesis
concerns the Aβ protein as the main trigger of AD develop-
ment. Amyloid-beta is produced by endoproteolysis of amy-
loid precursor protein (APP), encoded by the APP gene.
Depending on enzymes that take part in the process, the
processing of APP can be divided into two pathways, the
nonamyloidogenic pathway and the amyloidogenic pathway
[14]. The first pathway, also called the α pathway, is con-
ducted by two main enzymes α-secretase and γ-secretase.
As a result, soluble APP (sAPP) is produced, which is not
harmful to the organism. The second pathway is called the
β pathway. In this process, APP is hydrolyzed by β-secretase
(BACE1) and then by γ-secretase, and in consequence,
insoluble and toxic Aβ is created. Under normal conditions,
Aβ protein is formatted in a very small quantity, since APP
cleavage is mainly based on the α pathway. Importantly, a
limited amount of APP is processed via the second pathway
but the Aβ form is efficiently eliminated by the immune sys-
tem. In unusual conditions, i.e., some mutations of APP
gene, such as the Lys670Asn/Met671Leu (Swedish muta-
tion), APP is prone to be processed by the β pathway, result-
ing in an excessive accumulation of insoluble Aβ and
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eventually the development of senile plaques [15]. Impor-
tantly, Aβ has been the primary target for disease-
modifying AD therapies for decades, but so far, Aβ-focused
approaches have produced disappointing results in clinical
experiments.

1.3.5. Oxidative Stress Hypothesis. Undoubtedly, oxidative
stress plays an important role in the pathogenesis of AD.
The brain exploits more oxygen than any other organ, and
mitochondrial respiration is essential for neurons. Neverthe-
less, the high demand for oxygen increases the threat of reac-
tive oxygen species (ROS) generation. Numerous researches
support the concept that oxidative stress and nitrosative
stress have a causative role in the pathogenesis of AD leading
to the damage of fundamental cellular elements such as
nucleic acids, lipids, and proteins [16]. Additionally, elevated
levels of Aβ have been reported to be associated with
increased concentrations of oxidation products formed from
the aforementioned substances. By contrast, brain regions
with low Aβ levels (e.g., cerebellum) did not show any
increase in oxidative stress markers [17]. Oxidative stress
(OS) refers to a circumstance in which ROS production
overwhelms the cellular antioxidant defense systems that
consist of antioxidant enzymes, such as superoxide dismut-
ase (SOD), glutathione peroxidase (GPx), catalase, glutare-
doxins, and thioredoxins, and also of nonenzymatic
antioxidant factors [18]. Importantly, reduction or loss of
function of the antioxidant enzymes, as denoted by
decreased specific activity, has been reported in AD [19].

1.3.6. Mitochondria Hypothesis. When discussing the impact
of OS on AD, it is worth mentioning the role of mitochon-
dria and their dysfunction, through the production of ROS,
as an important factor involved in the pathogenesis of AD.
Growing evidence, such as documentation of disease staging
generated by Alzheimer’s Disease Neuroimaging Initiative,
supports the notion that AD is not a linear downstream con-
sequence of Aβ or SP deposition alone, but rather should be
considered as a multifactorial disease [20, 21]. Some
researchers insist that mitochondrial dysfunction is a domi-
nant insult driving the most common, sporadic late-onset
AD pathophysiology and refer to this pathology as a “mito-
chondrial cascade hypothesis” [22].

2. Alzheimer’s-Like Diseases

Numerous important observations regarding AD and other
related dementias have been made in animal studies.
Although none of the existing models entirely exhibits the
complete spectrum of this insidious human disease, critical
aspects of AD pathology and disease process can be effort-
lessly outlined. Such diseases in animals are oftentimes
called Alzheimer’s-like diseases (ALD). Interestingly, there
is only one group of animals, dogs, which has their own
ALD named, and it is called canine cognitive dysfunction
(CCD). What is worth highlighting, the vast majority of
the transgenic animal models of ALD represent the familial
form of Alzheimer’s disease. Moreover, there are only a
few studies regarding the sporadic form of AD in living ani-

mals other than companion animals. The reason for this is
surprisingly simple as wild animals suffering from ALD are
not able to be studied as neatly as domestic animals are.

Interestingly, many domestic animals exhibit several
behavioral changes in their elderly years, e.g., they tend to
display spatial disorientation, change relationships with their
owners, change their day-night pattern, lose cognition, or
simply exhibit inappropriate vocalization [14]. Importantly,
except for behavioral symptoms, there are also numerous
neuropathological manifestations found in animals that are
similar or the same as in AD including Aβ oligomers, senile
plaques, neuronal degradation and loss, AD biomarkers
found in CSF, vascular amyloid, dysfunction in neurotrans-
mitter systems, decreased neurogenesis, increased oxidative
stress, and oxidative damage [23–27].

3. Endocrine Disruptors

Notably, scientists presume that AD is mostly caused by a
combination of genetic, lifestyle, and environmental factors
that affect the brain over time. Many studies point to envi-
ronmental chemicals as an important component of neuro-
logical diseases’ onset [28] Synthetic chemicals have
become an inseparable part of people’s lives, and some of
these chemicals have been identified as endocrine disruptor
chemicals (EDCs) or endocrine disruptors (EDs).

Endocrine disruptors are exogenous substances, mixtures
of chemicals, or nonchemical exogenous factors that interfere
with the human endocrine system, leading to adverse effects
on hormonally controlled functions [29, 30]. Even though it
is facile to automatically assume that EDCs are synthetic sub-
stances only, in fact, they are heterogeneous and vary from
synthetic to natural chemicals. The best-known synthetic
EDCs are polychlorinated biphenyls (PCB), plasticizers, pesti-
cides, fungicides, and pharmaceutical agents. The most popu-
lar natural EDCs are phytoestrogens, predominantly found in
food and drinks. There are also additional examples of natural
EDCs, such as nicotine or, surprisingly, light [31]. Impor-
tantly, all of the aforementioned chemicals are widespread in
the environment. EDCs interfere with hormone activities by
mimicking hormones, promoting responses at improper
times, or by halting hormone action, thus leading to alter-
ations in the hormonal and homeostatic systems, and interfer-
ing with the ability of the body for communicating and
responding to the environmental stimuli. EDCs tend to have
a low binding affinity for hormone receptors, and their ability
to activate or block hormone receptors may vary. Although it
is generally difficult to define a negative effect, some
researchers consider any biological response to an endocrine
disruptor to be an adverse event [32].

Endocrine disruptors can be found in food, consumer
products, water, soil, wildlife, and in people who were
exposed to EDs through ingestion, inhalation, dermal con-
tact, or injection. Endocrine disruptors can be divided into
two large groups: chemicals and nonchemical exogenous
factors. Subsequently, chemical EDs can be categorized into
three primary groups: pesticides (e.g., glyphosate, dichloro-
diphenyltrichloroethane (DDT)), chemicals in consumer
products (e.g., parabens and heavy metals), and food contact
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materials (e.g., bisphenol A (BPA) and phthalates) [33].
When it comes to nonchemical EDCs, a good example could
be light [34].

Detrimental properties of EDs are well known to scien-
tists, and importantly, there is a growing awareness regard-
ing them in society. These substances are called disruptors
not without a reason: exposure to EDs leads to increased
incidence and prevalence of cancer; they are associated with
the development of learning disabilities, deformations,
impairing sexual development; and they can be highly tera-
togenic [35, 36]. Notably, endocrine disruptors have been
linked to numerous diseases, e.g., attention-deficit hyperac-
tivity disorder (ADHD), PD, diabetes mellitus, cardiovascu-
lar diseases, obesity, early puberty, infertility and other
reproductive disorders, children and adult cancers, and AD
[37]. Curiously, EDCs may lead to alterations in microbiota
residing in the gut, which in turn may lead to neurobehav-
ioral disorders like autism spectrum disorders [38].

A critical group of endocrine disruptors seems to be the
dietary endocrine disruptors. Undeniably, food is essential
for human life, and it plays a crucial role in determining the
health and well-being of the consumer. Since food is the
source of energy for humans, it is also one of the most signif-
icant sources of endocrine disruptors in our organisms.
Importantly, dietary endocrine disruptors are not originated
from food exclusively. Surely, there are numerous EDCs of
animal or plant sources just like phytoestrogens, but it is worth
mentioning that endocrine disruptors found in food are also
pesticides (e.g., endosulfan or carbaryl), metals (e.g., alumi-
num or antimony), or plasticizers (e.g., bisphenol A or phtha-
lates). When the term endocrine disruptors was used for the
first time, scientists used it mainly to discuss the adverse effect
of a certain substance on the endocrine system. Oral intake of
EDCs was described to result in reduced fertility in men and
women; breast, endometrial, and testicular cancer; birth
defects of reproductive organs; and changes in the onset of
puberty [39]. Nowadays, scientists are aware that the intake
of dietary EDCs may lead to numerous diverse side effects.
Polychlorinated biphenyls, for example, due to their lipophilic
nature, remain global contaminants in the human body. They
are proven to have neurotoxic, carcinogenic, immunotoxic,
hepatotoxic, nephrotoxic, and cytotoxic effects in numerous
experimental models and human studies [40]. Pesticides like
carbaryl or endosulfan, in turn, have confirmed influence on
developing obesity and metabolic disorders, deteriorating thy-
roid homeostasis and hypothalamo-pituitary axis, and causing
hormone-sensitive cancers [41]. Plasticizers, which eagerly
migrate from plastic packaging to food, are known to have
serious neurotoxic effects, especially in children and pregnant
women [42]. Similarly, the harmful impact has been denoted
in the case of metals, which have a potential diabetogenic role
and are denoted as EDCs inducing severe testicular dam-
age [43].

Despite their bad fame, endocrine disruptors are increas-
ingly described to have numerous positive side effects, and
importantly, many of them are already confirmed by studies.
Since AD is still a bit of a riddle for scientists, we decided to
shed new light on some well-known EDs and EDCs and
their presumed or confirmed roles in AD.

4. Phytoestrogens

Phytoestrogens are nonsteroidal, plant-derived compounds
that may mimic or interact with estrogen hormones in
mammals. They exhibit natural structural similarity to
17β-estradiol (E2), which is the most abundant circulating
estrogen and the primary female sex hormone at the same
time. Thus, phytoestrogens can easily interplay with estro-
gen receptors (ERs) and mediate estrogenic responses. Curi-
ously, among two currently known forms of estrogen
receptors (ERα and ERβ), phytoestrogens have a slightly
higher relative binding affinity for ERβ [44]. Importantly,
estrogen receptors’ subtype distribution varies across tissues
and cell types. Moreover, it changes over the lifespan and is
sexually dimorphic [45]. When bound to estrogen receptors,
phytoestrogens can commence either transcription or rapid,
nongenomic actions via numerous mechanisms and
pathways.

Transcription induced by phytoestrogens can be initi-
ated through interactions with the estrogen response ele-
ment or by binding early immediate genes, such as Jun
and Fos [46]. When it comes to the nongenomic actions
of phytoestrogens, it is believed that this kind of activity
develops at the extracellular surface of the cell membrane,
which means that a potential endocrine disruptor does
not have to enter the cell in order to be active. The binding
of phytoestrogens to ERs activates second messenger path-
ways, leading to such cellular responses as the rise of intra-
cellular cAMP (cyclic adenosine monophosphate) or
calcium levels, or promotion of nitric oxide release contrib-
uting to the stimulation of signal transduction pathways
crucial, e.g., neuronal signaling or neuronal differentiation
[47]. Importantly, a growing number of papers point out
that phytoestrogens have an epigenetic activity being able
to modify the action of DNA and histone methyltransfer-
ases, NAD-dependent histone deacetylases, and other mod-
ifiers of chromatin structure [48, 49]. Another molecular
mechanism of phytoestrogen’s activity is its ability to inter-
fere with certain enzymes required for steroid biosynthesis
and/or their degradation. For example, phytoestrogens can
inhibit 11β-hydroxysteroid dehydrogenase type 1, an
enzyme that takes a part in the synthesis of bioactive gluco-
corticoids from their inactive precursors [50]. Notably, phy-
toestrogens are also able to affect sex hormone-binding
globulin synthesis in the liver and thus affecting sex hor-
mones bioavailability. For example, soya containing a large
amount of phytoestrogens is known to lower the risk of
some cancers due to heightening sex hormone-binding
globulin levels [50, 51].

Phytoestrogens can be divided into six main classes: fla-
vonoids, pterocarpans, enterolignans, coumestans, myco-
toxins, and stilbenes, depending on their chemical
structure [52]. Importantly, flavonoids have numerous sub-
classes, e.g., flavones, flavanones, flavonols, isoflavones, and
isoflavanes. The main phytoestrogens derived from the diet
are genistein, daidzein, and glycitein, which belong to isofla-
vones [53]. You can find a graphical classification of phy-
toestrogens with a focus on phytoestrogens described in
the article in Figure 1.
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Soy seems to be the richest source of plant estrogens.
Interestingly, studies have shown great variability in isofla-
vone content and composition in soybeans, depending not
only on the variety of soy but also on the environmental
conditions [54]. Importantly, soybean is prevalently used
in the food industry, including milk and meat substitutes,
and has become increasingly widespread over the past 20
years. Even the pet-food industry uses heaps of soybeans
and soybean-related products in their search. Back in 1998,
Setchell suggested that the fertility problems of captive chee-
tahs could be related to the presence of soy isoflavone phy-
toestrogens in the standard animal diet [55].

Numerous studies indicate that phytoestrogens can exert
adverse effects, especially on reproduction and fertility.
Meena et al. performed a study in which pregnant rats
received intraperitoneal injections of genistein at a dose level
of 2, 20, or 100mg/kg body weight for 7 days. The results
indicated that male rats exposed to phytoestrogens in their
mothers’ wombs have impaired fertility and altered both
spermatogenesis and steroidogenesis [56]. Consistent obser-
vations were made in humans in a population-based case-
control study by Russo et al., who showed that high con-
sumption of phytoestrogens was associated with a higher
occurrence of prostate cancer [57]. Interestingly, even the
widely known beneficial effects of soy intake for women with
breast cancer are controversial, as in vitro studies showed
that some phytoestrogens, namely, genistein and daidzein,
even in the low concentrations were able to stimulate the
proliferation of MCF-7 human estrogen-receptor alpha pos-
itive (ERα+) breast cancer cells. [58].

4.1. Cognitive Function. Importantly, phytoestrogens can
also have an impact on the nervous system and behavior.
Interestingly, in contrast to the aforementioned systems

and organs, the vast majority of the effects of phytoestrogens
exerted on cognitive functioning turns out to be
advantageous.

4.1.1. Cognitive Function: Human Studies. A meta-analysis
of 10 placebo-controlled suitable randomized controlled tri-
als conducted by Cheng et al. in 2015 revealed that supple-
mentation with soy isoflavones indeed improves cognitive
function and visual memory in postmenopausal women
[59]. What is worth mentioning, researchers underline the
importance of geographic features and treatment duration
as important factors influencing the effect. A prominent
study named SOPHIA was conducted on postmenopausal
women [60]. Isoflavones were supplemented to women
(110mg/day), and after 12 weeks of daily supplementation,
their cognitive function was assessed. It turned out that the
treatment significantly improved performance in the recall
of pictures and sustained attention and planning tasks [61].

Sekikawa et al., who proved that equol, a derivative of
daidzein, is antiatherogenic and can improve arterial stiff-
ness, stated that equol may help to prevent cognitive impair-
ment or/and dementia [62].

Interestingly, very few studies included males and
assessed their reaction to phytoestrogens supplementation.
However, these studies provided truly captivating results. A
case-control study by File et al. [63] indicated that dietary
isoflavone supplementation improved cognitive function in
men. Individuals received 100mg of isoflavones per day for
10 weeks. The isoflavones varied depending on the meal
served. Importantly, the diet contained a wide range of
soya-containing foods, such as soya milk drinks or puddings,
soya flour, or simply soya beans. Young, healthy adults
exhibited a significant improvement in both short-term
and long-term memory, and additionally, the mental
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flexibility of studied subjects was improved. Li et al. [64],
in turn, pointed out that a diet rich with phytoestrogens
affected boys’ brains more likely than girls’. In their study,
they examined infants fed exclusively with soy formula
from the first weeks of their life throughout the first year
of life. The study also suggested that a soy-based diet
may influence later life brain anatomy and function; how-
ever, the changes were modest, and therefore, the results
cannot lead to any clinically relevant deficits or abnormal
outcomes. Additionally, Thorp et al. [65] showed that oral
isoflavone supplementation (capsules with 116mg of iso-
flavone equivalents daily: 68mg of daidzein, 12mg of
genistein, 36mg of glycitin for six weeks) significantly
enhanced spatial memory in men.

4.1.2. Cognitive Function: Animal Studies. Unquestionably,
the vast majority of studies regarding the impact of phytoes-
trogens on the cognitive system have been conducted on
animals.

In 2020, Li et al. indicated that genistein has plenty of
beneficial effects in diabetes mellitus-induced brain damage
[66]. The authors revealed that this phytoestrogen not only
improves brain insulin signaling but also increases neuro-
trophic support and alleviates AD-related pathologies, such
as Aβ deposition and the level of hyperphosphorylated tau
protein. As a result, cell growth and survival, synaptic plas-
ticity, and cognitive function of such animals are signifi-
cantly improved. Consistent results were reported by Park
et al. [67]. They showed that genistein exerts a protective
effect against neurodegeneration in mice [68].

Interestingly, as genistein has intrinsically low oral bio-
availability, not only oral delivery of phytoestrogens has
been investigated. Rassu et al. suggested that intranasal sup-
plementation of genistein as nanoparticles may be consid-
ered to act as a potential preventive system against
neurodegenerative disorders [69].

Due to the fact that phytoestrogens are widespread and
commonly found in food and drinks, scientists have carried
out studies regarding specific fares, dishes, and recipes. A
study conducted on mice indicated that a Korean traditional
fermented soybean paste named Doenjang alleviates neuro-
inflammation and neurodegeneration [70]. Another
research showed that a diet containing high amounts of phy-
toestrogens not only reduces aggression in mice but also has
a strong negative impact on the sociability of the ani-
mals [71].

Phytoestrogens, acting as estrogen agonists, can posi-
tively affect the synthesis of brain-derived neurotrophic fac-
tor (BDNF) and nerve growth factor (NGF). This hypothesis
was confirmed back in 1999 by Pan et al., who showed the
mRNA levels of BDNF in the frontal cortex were signifi-
cantly higher in rats receiving soy isoflavones compared to
those fed without any phytoestrogens [72]. NGF, in turn,
increases the mRNA of choline acetyltransferase and
increases its activities, thus promoting the release of acetyl-
choline. Importantly, NGF has an outcome principally on
cholinergic neurons, which are the most prone to neurode-
generation in AD. Moreover, certain studies pointed out that
NGF can be crucial in slowing the progression of AD since it

impedes cholinergic basal forebrain atrophy. As a result,
phytoestrogens, due to their ability to promote NGF and
NGF receptor expression, are more and more often believed
to be potential preventative treatment against AD [73].

4.2. Nervous System

4.2.1. In Vitro Neuroprotection. Numerous studies have
already indicated that phytoestrogens have neuroprotective
effects against varied kinds of damage. This fact has been
proven using a wide range of in vitro models.

Phytoestrogen isoflavones, principally biochanin A
(BCA), significantly increase the expression of glutamate
oxaloacetate transaminase (GOT), an enzyme that can
metabolize neurotoxic glutamate, in mouse hippocampal
HT4 neural cells [74]. A consistent result was confirmed
by Tan et al., who indicated that BCA had strong neuropro-
tective effects against β-amyloid-induced neurotoxicity in
PC12 cells [75]. This effect is exerted via a mitochondria-
dependent intrinsic apoptotic pathway. Another widely
known isoflavone, apigenin, was found to give an antiapop-
totic effect in murine HT22 hippocampal neuronal cells as
well as in human SH-SY5Y neuroblastoma cells [76, 77].
Additionally, apigenin can reduce glutamate-induced Ca2+

signaling in cultured murine cortical neurons [78]. Com-
bined results indicate that this isoflavone possesses strong
neuroprotective properties.

Equol (EQL), a metabolite of dietary daidzein (DAI),
may mitigate the activation of BV-2 microglia. It also
enhanced the neuroprotection of C6 astrocytes and N2a
(Neuro2a) neuroblastoma cells [79]. One of the most recent
studies regarding in vitro effects of EQL showed that this
metabolite also had a neuroprotective effect against
neurotoxins-induced toxicity in SH-SY5Y human neuro-
blastoma cells [80].

Quercetin is a well-known plant-derived antioxidant. It
is one of the predominant flavonoids found in our daily diet.
It has been revealed that quercetin decreased the maturation
of APP, which in turn alters Aβ secretion and aggregation
[81]. Additionally, quercetin glycosides have confirmed neu-
roprotective effects in such diseases as AD and PD. Magalin-
gam et al. conducted an experiment, in which PC-12 cells
pretreated with isoquercitrin and rutin were later exposed
to 6-hydroxydopamine (6-OHDA), a synthetic, neurotoxic
compound [82]. Cells exposed to glycosides markedly atten-
uated the expression of proapoptotic genes, such as Casp1,
Casp3, and Casp7, when compared to the control cells.

Consistent research was carried out by Kim et al., in
which quercetin and kaempferol demonstrated their neuro-
protective effects by downregulating the expression of proa-
poptotic proteins in human SH-SY5Y cells [83].
Additionally, the aforementioned phytoestrogens signifi-
cantly increased the viability of cells treated with Aβ.

Importantly, phytoestrogens showed a beneficial impact
on cells not only in cellular models of AD. Abbruzzese
et al. experimented with a startling outcome: genistein and
BCA played dual roles in the regulation of autophagy [84].
Depending on whether autophagy is a neuroprotective and
prosurvival mechanism or prodeath mechanism, they acted
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either as autophagy initiation enhancers or as autophagy ini-
tiation inhibitors. The experiment was conducted on cortical
neurons of Wistar rats in the model of ischemia that is a cru-
cial process in many neurodegenerative diseases.

Flavonoid agathisflavone (FAB) is a phytoestrogen
derived from the plant Poincianella pyramidalis. FAB signif-
icantly ameliorated neuroinflammation induced by LPS
(lipopolysaccharide) and proinflammatory cytokines in
cocultures of glia and neurons. This finding undoubtedly
indicates that FAB has not only neuroprotective but also
anti-inflammatory effects in vitro, which, in turn, may be
considered as an ancillary for the treatment against numer-
ous neurodegenerative diseases [85].

4.2.2. In Vivo Neuroprotection. Neuroprotective effects of
phytoestrogens have been proven multiple times in in vivo
models of AD. Ipriflavone (IPRI) is a nonhormonal isofla-
vone used in some countries as a treatment and prevention
against osteoporosis caused by menopause. In a study by
Hafez et al. on a rat model, IPRI turned out to play a great
role in AChE inhibition, alleviated oxidative stress, reverted
memory impairment, and, importantly, significantly
increased the expression of two putative α-secretase
enzymes: ADAM10 and ADAM17 [86]. Additionally, IPRI
increased the expression of pERK1/22 (phosphorylated
extracellular signal-regulated kinase 1, 2), a serine-
threonine kinase that plays a crucial role in decreasing the
BACE expression in the hippocampus. What is promising,
IPRI significantly reduced tau and Aβ pathologies.

Apigenin is a flavonoid widely spread among fruits and
vegetables, such as parsley, oranges, or onions. It has anti-
inflammatory, antioxygenic, antitumorigenic, and antimuta-
genic effects on numerous cell types [76, 87]. Importantly,
apigenin plays also an important role in AD. Scientists have
reported that apigenin inhibited oxidative stress in APP/PS1
double transgenic mice. Additionally, apigenin ameliorated
AD-associated memory impairment in mice and reduced
the spread of Aβ plaques [88].

Quercetin is another phytoestrogen with strong anti-AD
potential studied in vivo. In a study by Sabogal-Guaqueta
et al., quercetin was administrated every 48 hours for three
months on aged (21-24 months old), triple-transgenic AD
model mice (3xTg-AD). Quercetin decreased not only extra-
cellular β-amyloidosis but also microgliosis, astrogliosis, and
tauopathy in the hippocampus and amygdala. Additionally,
a visible reduction in β-amyloid 1-40 and β-amyloid 1-42
levels was observed. However, not only histological changes
were observed but also quercetin had an enhancing effect on
learning spatial memory tasks and improved risk-assessment
behavior [89]. A similar conclusion was carried out by Shveta
et al., who also confirmed the neuroprotective role of querce-
tin, but this time, the experiments were conducted on
rats [90].

Numerous papers indicated that less-known phytoestro-
gens have also neuroprotective effects; however, these sub-
stances are still not studied sufficiently. A good example of
this group could be naringin, a flavonoid found in citrus
fruits, which weakens oxidative stress and neuroinflamma-
tion in vivo [91]. Some other phytoestrogens which have

confirmed neuroprotective impact in vivo and are not as
widely known as aforementioned compounds are luteolin
(LUT), commonly found in spices like parsley or thyme
[92]; chrysin (CHR), a flavonoid that interacts with TTR
protein (transthyretin) and thus TTR can play its role and
take a part in Aβ clearance [93; 94]; epigallocatechin gallate
(EGCG), which is the major polyphenol component of green
tea, has confirmed neuroprotective effect in vivo not only in
AD but also in amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), and PD. EGCG, just like CHR, can bind to
TTR and at the same time suppress β-amyloid fibril forma-
tion [93]. Neuroprotective effects in vivo were also observed
with γ-mangostin (γ-M), originally isolated from Garcinia
mangostana tree [94] and glabridin (GLA) isolated from
the roots of Glycyrrhiza glabra L. [95–97].

Naturally, phytoestrogens have neuroprotective effects not
only in ADmodels but also in a plethora of other neurodegen-
erative diseases. A study by Ohgomori et al. [98] showed that
genistein alleviated the demyelination of mature mice oligo-
dendrocytes induced by cuprizone (CPZ), and thus, phytoes-
trogens are considered to have therapeutic potential for
treating patients with multiple sclerosis or those suffering
from mental health disorders. Khanna et al. conducted an
experiment on C57BL/6 mice, which were intraperitoneally
injected with biochanin A for 4 weeks and afterward subjected
to ischemic stroke injury [74]. It turned out that BCA treat-
ment in mice induced GOT expression, attenuated stroke
lesion volume, and improved sensorimotor functions. Fur-
thermore, in the rat model of PD, BCA decreased the levels
of proinflammatory cytokines such as IL-6, IL-1β, and TNFα
and at the same time inhibited the generation of reactive oxy-
gen species. In this study, male Sprague-Dawley rats were
treated with BCA for 21 days [99]. Another study by Wang
et al. [99] revealed that BCA attenuated behavioral deficits
and dopamine depletion induced by the combined effect of
iron and rotenone in Sprague-Dawley rats. Equol was con-
firmed to have neuroprotective possibilities against neurotox-
icity induced by 1-methyl-4-phenylpyridinium (MPP+) using
in vivo model of PD including Caenorhabditis elegans (C. ele-
gans). Importantly, EQ prolonged the survival of C. elegans
exposed to MPP+ from 72 to 108hrs [80].

4.3. Cerebral Ischemia Injury. There is a growing number of
data indicating the relationship between brain ischemia and
Alzheimer’s disease [100]. Besides, several studies revealed
epidemiological and neuropathological factors linking ische-
mic brain neurodegeneration with the genotype and pheno-
type of Alzheimer’s disease. Furthermore, Alzheimer’s
disease is a risk factor for stroke, and conversely, stroke
enhances the risk of AD. Finally, dysregulation of Alzheimer’s
disease-associated genes including amyloid protein precursor,
α-secretase, β-secretase, presenilin 1, presenilin 2, and tau pro-
tein occurs in a course of postischemic neurodegeneration
[100]. Oxidative stress (OS) and neuroinflammation are cru-
cial mechanisms in the progression of cerebral ischemia
injury. Importantly, they both are components in the etiology
of neurodegenerative diseases. Thus, maintaining physiologi-
cal blood flow, halting OS, and limiting neuroinflammation
are essential in the prevention of brain injuries [101].
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Ever since it was denoted that men have a higher inci-
dence of stroke compared with premenopausal women
[102], estrogens are claimed to possess neuroprotective
properties. This finding along with the widespread use of
estrogens as hormone-replacement therapy (HRT) for
amending postmenopausal syndromes caused a large num-
ber of reports insisting that estrogens may have neuropro-
tective effects on brain stroke. However, the results of
numerous in vivo and in vitro studies are ambiguous as some
confirm this hypothesis, whereas others claim that estrogens
can be simply detrimental for postmenopausal women
because of the potential deleterious side effects of hormone
replacement therapy, such as increased cancer and stroke
risk [103]. Thus, a lot of expectations are held concerning
phytoestrogens, which seem to be the best and the safest
alternative to estrogens.

Several phytoestrogens have been shown to strengthen
endogenous antioxidant defenses. Some of them activate
NRF2 (nuclear factor erythroid 2-related factor 2) and its
gene targets, which are regulated by ARE (antioxidant
response element) DNA sequence. Activation of the NRF-
2/ARE pathway provokes the production of antioxidant
enzymes, such as heme oxygenase-1 (HO-1) or NAD(P)H
dehydrogenase (quinone 1) (NQO1). The examples of phy-
toestrogens that can activate the pathway in neurons are
quercetin, curcumin, resveratrol, sulforaphane, epigallocate-
chin gallate, piceatannol, or brazilin [104, 105]. Some of the
aforementioned phytoestrogens, like quercetin or curcumin,
can additionally increase the expression of protein chaper-
ones, involving heat-shock proteins and numerous growth
factors such as BDNF, IGF (insulin-like growth factor), or
FGF (fibroblast growth factor) [106]. Protein chaperones
bind to other proteins, protect them, and mediate the
unfolded protein response in the endoplasmic reticulum
which ensues in neurons during ischemic stroke. Impor-
tantly, heat-shock protein response is a well-known and very
important process of defense against ischemic stroke-
induced stress conditions [107]. Heat shock proteins take a
part in protein folding and protection and removal of aggre-
gated proteins, and they could inhibit apoptotic cell death
cascade [108].

5. Hormone Replacement Therapy

Some researches indicate that the risk of AD incidence and
the severity of the disease differ indispensably between
men and women. It is estimated that women suffer from
the disease even twice as often as men. Although this dis-
crepancy could be partially explained by differences in mean
length of life, other mechanisms cannot be omitted. Accord-
ing to recent findings, a decrease in estrogen levels in the
menopause period could be connected with AD-related
brain changes [109]. Additionally, premature menopause
also increases the risk of AD onset or development [110].

A question could be raised why estrogen depletion is so
harmful to cognition processes. From the physiological point
of view, estrogens act through a wide network of receptors.
Two types of receptors could be distinguished, estrogen
receptor alpha (ER-α) and estrogen receptor beta (ER-β).

ER-α acts as a neuroprotective element against AD by main-
taining intracellular signaling cascades [111]. ER-β is a
potent regulator of the innate immune response as well as
is involved in the regulation of neuronal mitochondrial
function [112]. Besides, reduced expression of ER-α has
been found in hippocampal neurons of AD subjects. Fur-
thermore, lower expression of ER-β was related to abnormal
mitochondrial function and enhanced OS markers [111] A
midlife change in neurohormonal activity in females is called
the menopause transition. In this particular phase of
women’s life, there is a decline in the production and secre-
tion of estrogens, mainly estradiol, from the ovaries. As an
effect of the decrease of estrogen concentration, several
changes in the brain are observed. Among them, there is a
low estrogen-related metabolic dysfunction leading to the
hypometabolic state [113].

Since data suggest that perimenopause increases a
patient’s vulnerability to developing not only AD but also
other neurological diseases like PD, it may be a promising
way to use hormonal replacement therapy for favorable
effects on female cognitive function [114]. The coherent
conclusion was also conferred by the group from Mayo
Clinic. According to them, women who underwent bilateral
or unilateral oophorectomy before the onset of natural men-
opause had a lifelong increased risk of cognitive impairment
and dementia [115, 116].

Numerous research reviews, meta-analyses, and in vivo
and in vitro experiments were conducted to examine the link
between estrogen replacement therapy (HRT) and its effect
on AD. In general, the results were promising. Imtiaz et al.
[117] showed in their cohort study that long-term HRT
was associated with a reduced risk of AD. The consistent
result was presented by Song et al. in their meta-analysis
[114]. These authors confirmed that estrogen replacement
therapy decreases the risk of onset and/or development of
not only AD but also PD. What is worth mentioning, recent
reviews indicate that the positive outcome of HRT use in the
case of AD may depend on such factors as the length of hor-
mone administration, duration of treatment, and an individ-
ual’s risk of developing cancer or/and stroke [118].

Of note, an interesting study was performed by Luoto
et al., who assessed the impact of HRT on women’s health
and lifestyle. It turned out that 28% of HRT users had higher
education, lived in the capital city’s area, had a significantly
higher healthy diet factor score, and were leaner than nonu-
sers of HRT. Importantly, the use of HRT remained a signif-
icant determinant of body mass index, waist/hip ratio, and
body fat percentage [119]. In addition, a recently published
meta-analysis indicated that higher levels of education were
connected with false negatives of the MMSE (the MiniMen-
tal State Examination), whereas lower levels of education
were associated with false positives [120].

However, except for the optimistic results, some findings
put in doubt the use of estrogens not only in the prevention
of AD but also, if not primary, in hormone replacement
therapy. Savolainen-Peltonen et al. [121] in their case-
control study indicated that for women who initiated hor-
mone replacement therapy before the age of 60, the use of
HRT was associated with a 17% increase in the risk of AD.
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The percentage was even higher in women who initiated
HRT after the age of 60, and it reached up to 38%. Besides,
not only an enhanced risk of AD and PD was observed in
elderly women treated with estrogens but also increased
mortality was indicated [119]. However, it should be
highlighted that there is a critical period of effective estrogen
treatment following menopause. The duration of this advan-
tageous time depends on the depletion of estradiol receptors,
the switch to a ketogenic metabolism by neuronal mitochon-
dria, and a decrease of acetylcholine accompanying estradiol
deficiency [122].

Interestingly, the side effects of HRT did not affect the
nervous system only. For years, it was almost a dogma that
any cardiovascular disease was prevented in women under-
going HRT. However, the Women’s Health Initiative
(WHI) trial of conjugated equine estrogens (CEE) and
medroxyprogesterone acetate (MPA) showed in 2002 that
HRT resulted in a significantly increased incidence of stroke
and venous thromboembolism [123–125]. Because of the
WHI results and other side effects of HRT, a lot of effort
nowadays is put into finding a less harmful, but still efficient
alternative to estrogens. Thus, phytoestrogens seem to be a
very promising alternative. Importantly, phytoestrogens
have an exceptional ability to act as estrogen agonists with-
out any currently known detrimental effects. They could be
the perfect solution and reconcilement between the positive
impact of estrogens on AD and their harmful effects on
health. The enthusiasm about the use of phytoestrogens
emerged from epidemiologic studies indicating that PEs
lower the risk of breast cancer and osteoporosis and mitigate
the symptoms of menopause in women from countries with
high phytoestrogens consumption [128, 129]. Additionally,
some of the phytoestrogens own antioxidant properties
in vitro through hydrogen/electron donation via hydroxyl
groups; hence, they act as free radical scavengers and can
suppress the progression of coronary heart disease and some
types of cancer [126]. PEs are also able to upregulate the
expression of manganese superoxide dismutase (MnSOD)
and catalase, which enhances their antioxidant effect [125,
127]. In Table 1, you can find the summary of processes
and organs affected by phytoestrogens and articles cited in
the article regarding them.

There are two mechanisms by which phytoestrogens
exert their impact: estrogen-mediated and nonestrogen-
mediated. The nonestrogen-mediated mechanisms are
inclusive of any reaction in which phytoestrogen plays a

unique role. This means that phytoestrogens do not compete
with estrogens but simply do their “own job.” They protect
neurons against OS and prevent the damage it causes
[128]. The estrogen-mediated mechanisms, in turn, are
inclusive of all reactions in which estrogen is a factor [73].
Substantially, in these mechanisms, phytoestrogens substi-
tute estrogens when they are in low concentrations by sim-
ply binding to estrogen receptors. Examples of such
mechanisms are reduction of tau protein phosphorylation,
reduction of Aβ, promotion of Ca+ outflow, or enhancing
acetylcholine release [129].

5.1. Nonestrogen-Mediated Mechanisms

5.1.1. Antioxidant Properties and Effects on Neurons. Certain
amyloid-beta peptides are known for having toxic proper-
ties. Phytoestrogens, in turn, often act as their functional
antagonists [134].

Aβ is among the factors that stimulate lipid peroxidation
in the neuronal cell membrane, the process that leads to the
production of reactive oxygen species and respiratory burst.
Subsequently, membrane proteins can be impaired and the
homeostasis of ion distribution could be broken. As a conse-
quence, the neuronal membrane depolarizes resulting in
Ca2+ inflow via the N-methyl-D-aspartate (NMDA) receptor
channels. As a result of such phenomena, the damage of
lipids and DNA aggravates even more, eventually leading
to neuronal death.

Auspiciously, numerous researches indicate that estra-
diol (and in turn phytoestrogens) is a natural antioxidant
for membrane lipid peroxidation, and it mitigates Aβ toxic-
ity against neurons [135–138]. Importantly, phytoestrogens
significantly improve cerebral blood circulation and, there-
fore, increase oxygen and nutrient supply to the brain
cells [139].

5.2. Estrogen-Mediated Mechanisms

5.2.1. Decrease in Aβ Production. What should be under-
lined once more is that not all APPs are detrimental to
health. A large number of APPs is, in fact, advantageous.
They are essential for synapses’ formation, neuronal plastic-
ity, or iron export. APPs may sustain cognitive functioning
in patients with AD and ALD [73]. However, some APPs
are precursors for neurotoxic Aβ.

Estrogens are known to regulate the metabolism of APP.
They can promote the release of APPs in cortical neurons via

Table 1: Summary of systems and processes influenced by phytoestrogens mentioned in the publication (with responding references).

Process/organ influenced by phytoestrogens Specification Reference number

Cognitive function
Human studies [59–65]

Animal studies [66, 67, 68, 69, 70, 71, 72, 73]

Nervous system
In vivo [74, 76, 80, 86–99, 130, 131]

In vitro [74–85]

Cerebral ischemia injury — [100–108]

Hormone replacement therapy — [73, 109–129, 132, 133]
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the protein kinase C pathway. Phytoestrogens, in turn, may
act as an alternative if the concentration of estrogens is not
high enough, resulting in the same outcome. Regarding their
ability to stimulate the excessive formation of APP in elderly
individuals, phytoestrogens change the ratio between APP
and Aβ in favor of APPs. Eventually, the Aβ production is
reduced and serves antagonistic to the progression of AD
[140, 141].

5.2.2. Decrease of Tau Protein Phosphorylation. Tau phos-
phorylation is one of the hallmarks of AD and ALDs. Once
tau protein gets phosphorylated and converts to NFT, it
destabilizes the structure of cell’s cytoskeleton and impairs
the functioning of a neuron and eventually leads to its death.

Estrogens are known for their anti-tau-phosphorylation
features. So are phytoestrogens, exerting their effects by
enhancing dephosphorylation in the proline-rich region of
the tau molecule [142, 143]. It has been observed that phy-
toestrogens can significantly inhibit tau phosphorylation
and fibrillation and the associated cytotoxicity [144]. Addi-
tionally, according to findings of numerous in vivo and
in vitro studies, inhibition of tau phosphorylation prevents
endoplasmic reticulum stress-mediated neurodegeneration
[145–147].

5.2.3. Enhancing Acetylcholine Release. Since phytoestrogens
act as estrogens’ agonists, they similarly can affect processes
that involve estrogens, such as promoting axon pruning,
synaptic growth, or the expression of numerous factors,
e.g., NGF. NGF plays an important role in the maintenance
of cholinergic neuron integrity and function, both during
development and adulthood. Importantly, NGF induces the
expression and activity of acetylcholine esterase (AChE), a
key enzyme to degrade acetylcholine in cholinergic synapses
[148]. As a result, the release of acetylcholine is promoted. It

is important to note that cholinergic neurons are the target
neurons for deterioration in AD and ALDs.

Many pieces of research showed that NGF plays an
important role in delaying or even stopping the progression
of AD as it fights cholinergic basal forebrain atrophy [149,
150]. Thus, more and more reports nowadays suggest that
NGF, NGF receptor (NGF-R), and phytoestrogens promot-
ing expression of NGF and NGF-R should be concerned as
a potential preventative agent or, hopefully, even as a prom-
ising treatment against AD [151, 152].

5.2.4. Promotion of Ca2+ Outflow. Phytoestrogens like estro-
gens can inhibit the elevation of intracellular Ca2+ concen-
tration and reverse the disequilibrium of calcium
homeostasis often caused by Aβ. They achieve these results
through the release of the intracellular Ca2+ via nongenomic
signaling events, which are not influenced by extracellular
Ca2+ concentration [73, 153, 154].

Appropriate calcium homeostasis is crucial among
individuals suffering from AD. Curiously, it is prevalent
among this group of patients since the imbalance of
Ca2+ is caused by Aβ peptides. When the homeostasis is
unbalanced, numerous adverse effects can occur: calcium
channels may be activated, there may be changes in the
release of neurotransmitters, the neurilemma can be
altered, and eventually, the apoptotic signaling cascade
can be induced [71, 155].

Nowadays, phytoestrogens are widely studied in terms of
their calcium-equilibrating properties, and the results are
truly satisfactory. A lot of attention in these terms is
attracted by genistein and other flavonoids, suggesting the
importance of adequate nutrition for humans and animals
[155, 156]. You can see estrogen- and nonestrogen-
mediated mechanisms exerted by phytoestrogens on neu-
rons in Figure 2.

Antioxidant 
properties and

effects on neurons

Decrease of TAU 
phosphorylation

Enhancement of 
acetylocholine release

Estrogen-mediated
pathways

Non-estrogen-
mediated pathwaysPHYTOESTROGENS

Decrease in
A𝛽 production
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P
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Figure 2: Estrogen- and nonestrogen-mediated mechanisms exerted by phytoestrogens on neurons.
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6. Conclusions

AD is a progressive, irreversible neurodegenerative disease
affecting a growing cohort of patients. Alzheimer’s-like dis-
eases (ALDs), in turn, are group of disorders, closely related
to AD, from which our friends and life companions, ani-
mals, suffer frequently [14]. Even though numerous
researches, regarding the diseases, are published daily and
the knowledge about AD and ALDs is constantly growing,
there is still no discovered nor invented drug, which would
reverse or ultimately inhibit the development of the disease.
Moreover, the medications that are already in use provide
symptomatic treatment only. Besides, many of them tend
to lower their effectiveness over time [157]. Furthermore,
drugs that are broadly used nowadays, like rivastigmine,
donepezil, or memantine, have multiple side effects imped-
ing the everyday life and functioning of patients. Therefore,
undoubtedly, a new approach should be concerned in terms
of fighting against AD and ALDs.

Although phytoestrogens are commonly known as
endocrine disruptors and by definition could have a neg-
ative impact on the endocrine system, they also have an
enormous potential to influence cognition and brain
functioning beneficially. Numerous in vitro and in vivo
studies confirm that they do have neuroprotective and
antioxidant effects and indeed mitigate the progression
of AD in humans as well as ALDs in animals. Together
with their widespread availability, multifariousness, and
their positive impact on other disorders and ailments,
phytoestrogens appear to be a promising medicament in
the proximate future. Needless to say, more research is
needed to provide indisputable confirmation of phytoes-
trogens’ role not only in AD and ALDs but also in other
aspects of well-being.

After all, an ancient proverb says “The enemy of my
enemy is my friend”. Hence, perhaps we should stop consid-
ering phytoestrogens as disruptors only, and focus on “our”
evident, mutual opponents, such as Alzheimer’s and
Alzheimer’s-like diseases.
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The original Laminaria polysaccharide (LP0) was sulfated using the sulfur trioxide-pyridine method, and four sulfated Laminaria
polysaccharides (SLPs) were obtained, namely, SLP1, SLP2, SLP3, and SLP4. The sulfated (–OSO3

–) contents were 8.58%, 15.1%,
22.8%, and 31.3%, respectively. The structures of the polysaccharides were characterized using a Fourier transform infrared (FT-
IR) spectrometer and nuclear magnetic resonance (NMR) techniques. SLPs showed better antioxidant activity than LP0, increased
the concentration of soluble Ca2+ in the solution, reduced the amount of CaOx precipitation and degree of CaOx crystal
aggregation, induced COD crystal formation, and protected HK-2 cells from damage caused by nanometer calcium oxalate
crystals. These effects can inhibit the formation of CaOx kidney stones. The biological activity of the polysaccharides increased
with the content of –OSO3

−, that is, the biological activities of the polysaccharides had the following order:
LP0< SLP1< SLP2< SLP3< SLP4. These results reveal that SLPs with high –OSO3

− contents are potential drugs for effectively
inhibiting the formation of CaOx stones.

1. Introduction

The prevalence and incidence of kidney stones are on the
rise globally, and no effective drug to treat or prevent the
disease is currently available [1]. Calcium oxalate (CaOx)
is the main inorganic component of kidney stones,
accounting for about 70%–80% [2]. CaOx in kidney stones
mainly exists in the form of calcium oxalate monohydrate
(COM) and calcium oxalate dihydrate (COD) [3]. COM is
the most stable phase of thermodynamics and the most
common form of stones. The incidence of stones caused
by COM is twice that caused by COD [4]. Compared with
COD, COM has a greater affinity for renal tubular cells [5]
and is more difficult to be excreted in the urine. Therefore,
COM in the body is more likely to induce kidney stone
formation than COD crystals.

Oxidative stress-induced damage to renal tubular epithe-
lial cells and decrease in inhibitor molecules in urine or in
their activities are the important reasons for the formation
of CaOx stones [6, 7]. Increasing the concentrations and/or
activities of inhibitors in the urine, removing excess free rad-
icals in the body, and protecting renal tubular epithelial cells
from oxidative damage may inhibit the formation and recur-
rence of kidney stones.

The chemical structures of plant polysaccharides are
very similar to the structure of CaOx crystal growth inhibi-
tor glucosamine (GAGs), which is commonly found in
urine. Plant polysaccharides contain a large number of
anionic groups, such as sulfate groups (–OSO3

–) and car-
boxyl groups (–COO–), and can thus be used to inhibit the
formation of CaOx kidney stones. Huang et al. [8] showed
that plant polysaccharides can inhibit the growth and
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aggregation of COM and induce the formation of COD.
Gangu et al. [9] found that Gum Arabic (GA) can regulate
the phase and morphology of CaOx, promote the formation
of COD crystals, and inhibit the growth of COM crystals.

High concentrations of oxalic acid and CaOx or CaP
crystals activate NADPH oxidase, produce excessive reactive
oxygen species (ROS), and induce the inflammation and oxi-
dative damage of renal epithelial cells, leading to the death of
renal epithelial cells [10]. Tubular epithelial cell injury can
induce the high expression of cell surface adhesion mole-
cules, such as hyaluronic acid, osteopontin (OPN), and
CD44, resulting in the accumulation of CaOx crystals in
the kidney [11, 12]. Xi et al. [13] showed that high concen-
trations of calcium stimulate the attachment of CaOx crys-
tals to rat renal tubular epithelial cells by inducing OPN
expression, leading to the deposition of crystals in the kidney
and the formation of CaOx stones. Plant polysaccharides can
protect renal epithelial cells from oxidative damage by inhi-
biting the adhesion of CaOx crystals to cells. For example,
Zhao et al. [14] found that tea polysaccharides can effectively
protect HK-2 cells from COM damage, thus increasing cell
viability, restoring cell morphology, increasing lysosome
integrity, and reducing crystal adhesion. These features
inhibit the production of kidney stones.

Plant polysaccharides not only effectively remove super-
oxide and various free radicals, such as hydroxyl, DPPH, and
ABTS, but also reduce the level of lipid peroxidation, are less
toxic, and have a lower number of side effects on the body.
The biological activity of plant polysaccharides is not only
related to its monosaccharide composition and molecular
weight but also closely related to the content of active groups
(such as –OSO3

− and –COOH) in polysaccharide molecules.
These active groups reduce the rate of negative charge loss
on cell surfaces and repair the charge barrier. Chen et al.
[15] obtained three types of sulfated polysaccharides with a
sulfated contents of 9.11%, 10.33%, and 21.44% from Gano-
derma atrum. The scavenging ability of these components
on DPPH free radicals is positively correlated with their –
OSO3

– contents, that is, polysaccharides with high –OSO3
−

contents are more resistant to oxidation. Chen et al. [16]
modified Momordica charantia polysaccharide (MCP) by
sulfation to obtain sulfated Momordica charantia polysac-
charide (S-MCP) with a substitution degree of 0.45. S-
MCP has a greater scavenging ability for superoxide anions
than MCP. Lu et al. [17] modified chitooligosaccharides
(COS) through sulfation to prepare COS-SI and COS-SII
with substitution degrees of 0.8 and 1.9, respectively. Their
protective effects on H2O2-induced MIN6 cell damage had
the order COS-SII>COS-SI>COS, indicating that increas-
ing the substitution degree of –OSO3

− in polysaccharides
prevent H2O2-induced oxidative damage in MIN6 cells.

Laminaria is an important economic seaweed and is
widely found in the seas of China, Japan, and Korea. It is also
the favorite food of some Asians. In the past thousand years,
the Chinese has used it as a traditional medicine to treat
edema disease [18]. Laminaria polysaccharide (LP) is the
main active component of Laminaria. The antioxidant activ-
ity of LP was positively correlated with the –OSO3

– content
of polysaccharide. For example, Wang et al. [19] obtained

F1, F2, and F3 components with –OSO3
− contents of

23.3%, 36.41%, and 36.67% from Laminaria. The scavenging
ability of the components on superoxide radicals had the fol-
lowing order: F3>F2>F1, which indicates that the strength
of the antioxidant activity of the polysaccharides increases
with –OSO3

– content. Wang et al. [20] extracted fucoidan
(FPS) with a –OSO3

– content of 27.56% from Laminaria
and sulfated FPS to obtain SO3-FPS with a –OSO3

– content
of 36.63%. The scavenging ability of SO3-FPS on hydroxyl
radicals was significantly stronger than that of FPS.

However, the –OSO3
– content of polysaccharide has a

great relationship with its producing area and extraction
method [21–23]. For example, Yoon et al. [21] extracted
three polysaccharide components (S1, S2, and S3) from
Laminaria cichorioides in the East Sea of Korea, and the –
OSO3

– content in S1, S2, and S3 were 0.09%, 2.19%, and
1.38%, respectively. Cui et al. [22] extracted Laminaria
japonica polysaccharide (LJPA-P) from Laminaria japonica
collected from Qingdao, Shandong, China, by a joint extrac-
tion of hot water and citric acid, and the –OSO3

– content of
LJPA-P was 4%. However, the polysaccharides isolated and
purified by LJPA-P (LJPA-P1 and LJPA-P2) could not even
detect the –OSO3

– content. Saha et al. [23] collected crude
Laminaria angustata polysaccharide (WEP) from the Okha
coast of Gujarat, India. The –OSO3

– content of WEP was
3% and purified Laminaria angustata polysaccharide (F2)
with a –OSO3

– content of 4.2%. These polysaccharides with
low –OSO3

– content need to be sulfated to enhance their
biological activity.

In this study, LP0 was sulfated to different degrees, and
four kinds of SLPs (SLP1–SLP4) with –OSO3

− contents of
8.58%, 15.1%, 22.8%, and 31.3% were obtained. The antiox-
idant activities, the ability to regulate CaOx crystals growth,
and protective effects on renal epithelial cells of these SLPs
were studied. The SLPs offer development prospects for
drugs used in preventing and treating CaOx kidney stones.

2. Materials and Methods

2.1. Reagents and Apparatus. Reagents. Deuterium oxide
(D2O, 99.9%, sigma) was purchased from Macklin. Dimethyl
sulfoxide (AR, >99%), formamide (ACS grade, ≥99.5%),
potassium bromide (KBr, AR, 99.0%), and sulfur trioxide-
pyridine complex (97%) were all purchased from Aladdin.
Hydrogen peroxide 30% (H2O2), sodium oxalate (Na2Ox),
and calcium chloride dihydrate (CaCl2•2H2O) were all pur-
chased from Guangzhou Chemical Reagent Factory of China
(Guangzhou, China). The experimental water is double-
distilled water.

DMEM/F-12 culture medium and fetal bovine serum
were purchased from Gibco company. Cell counting kit
(CCK-8) was purchased from Dojindo Laboratory (Kuma-
moto, Japan). 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) was purchased from Shanghai Beyotime Bio-
Tech Co., Ltd. (Shanghai, China). Human kidney proximal
tubular epithelial (HK-2) cells were purchased from Shang-
hai Cell bank of Chinese Academy of Sciences.

Apparatus. Nuclear Magnetic Resonance Analyzer (Var-
ian Bruker-600MHz, Germany); Multifunctional Microplate
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Reader (SafireZ, Tecan, Switzerland); Fourier Transform
Infrared Absorption Spectrometer (EQUINOX55, Bruker,
Germany); Constant temperature water bath (Ningbo Saifu
Experimental Instrument Factory); D/max2400 X-ray pow-
der diffractometer (Rigaku, Japan); X-L type environmental
scanning electron microscope (ESEM, Philips, Eindhoven,
Netherlands); OPTIMA-2000DV inductively coupled
plasma emission spectrometer (ICP-AES, USA PE com-
pany); Nanoparticle sizer (Nano-ZS, Malvem, UK); Inverted
fluorescence microscope (OLYMPUS, U-HGLGPS, Japan);
Optical microscope (OLYMPUS, TH4-200, Japan); Gas
chromatography-mass spectrometer (Agilent, USA).

2.2. Preparation of Laminaria Polysaccharide (LP0). Samples
of Laminaria were collected from the Guangdong of China
from August to September 2019. The material was sorted,
washed, and dried immediately by forced air circulation at
50–60°C. A hot water-extracted polysaccharide was obtained
from the algal powder of Laminaria (diameter, 100-200μm)
with 90-fold volumes of distilled water for 5 h at 90°C. After
centrifugation to remove residues (7000 rpm, 10min), the
supernatant was concentrated to one-third of the volume
in a vacuum rotary evaporator. The concentrated solution
was then precipitated with 3 volumes of the absolute ethanol
overnight at 4°C. The precipitates were collected by centrifu-
gation (3500 g, 10min) and, then, resolved in warm water.
Proteins were removed using the Sevag method. The super-
natant of polysaccharides was dialyzed (Mw of cutoff
500Da, Regenerated Cellulose) in distilled water for 72 h
and vacuum freeze-dried.

2.3. Measurement of LP0 Average Molecular Weight and
Monosaccharide Composition

2.3.1. LP0 Average Molecular Weight. The molecular weight
of LP0 was determined by the Ubbelohde viscosity method
at 25 ± 0:2°C. After measuring the fall time of polysaccharide
solution in the viscometer, specific (ηsp) and relative (ηr) vis-
cosity was calculated according to the formulas ηr = T i/T0
and ηsp = ηr − 1, where Ti and T0 were the falling time of
LP0 solution and deionized water, respectively. Using the
one-point method formula, the intrinsic viscosity ½η� =
½2ðηsp − ln ηrÞ�1/2/c is obtained, where c is the concentration
of the polysaccharide solution to be tested. The molecular
weight of LP0 (M) was calculated through its ½η� value.
Because the relationship between the intrinsic viscosity ½η�
of the polymer solution and its molecular weight M can be
expressed by the Mark-Houwink empirical equation, that
is: ½η� = κMα, where κ and α are the two parameters of the
empirical equation. For LP0: κ = 8:21 × 10−3, α = 0:782. Take
the average of 3 parallel experiments.

2.3.2. LP0 Monosaccharide Composition by GC-MS. The
monosaccharide component of LP0 was detected by GC-
MS according to our previous study [24]. The details are as
follows: 10mg of LP0 polysaccharide was added to a 121°C
sealed container containing 2.5mol/L trifluoroacetic acid
(TFA, 2mL) for 90min. The solution was concentrated to
dryness under reduced pressure; then, the TFA was removed

with MeOH to a neutral solution and concentrated to dry-
ness under reduced pressure. The residue was dissolved in
2mol/L NH4OH (1mL) and 1mol/L fresh NaBD4 (1mL).
The reaction was carried out at room temperature for 2.5 h
and stirring at room temperature. Then, two drops of acetic
acid were added to decompose excess NaBD4 until no bub-
bles producing. The solution was concentrated to dryness
under reduced pressure. The filtrate was added MeOH to
remove boric acid and dried in vacuo. Add 1mL acetic anhy-
dride and acetylate at 100°C for 2.5 h.

The acetylated product was extracted with dichloro-
methane. The organic layer was washed with distilled water,
dried, and analyzed by GC-MS. The HP-5MS capillary col-
umn (15m × 250 μm× 0:25 μm) was programmed and the
temperature was raised from 135°C to 180°C at 0.5°C/min,
then to 190°C at 10°C/min and up to 310°C at 40°C/min.
Helium acts as carrier gas, column flow rate 0.6mL/min.
The acetylated product was identified by debris ions in
GC-MS and relative retention times in GC. The structure
is identified by peaks and assessed by peak area. Standard
monosaccharides (rhamnose, arabinose, fucose, sucrose,
maltose, glucose, raffinose, fructose, and galactose) are used
as references.

2.4. Sulfation and Characterization of LP0

2.4.1. Sulfation of LP0. According to the reference [25, 26],
the specific steps are as follows: accurately weigh 500mg of
LP0 into a 250mL Erlenmeyer flask, add 30mL of dimethyl
sulfoxide, and stir at room temperature for 1 hour to
completely dissolve the polysaccharide. Refer to Table 1 to
add sulfur trioxide pyridine complex and 5mL of formamide
(sulfur trioxide-pyridine complex was dissolved in formam-
ide in advance to make it transparent), and reacted for a cer-
tain period of time (0.5, 2, and 8h) in a water bath. After the
reaction, the sample was cooled to room temperature with
ice water, neutralized to pH = 7:0 with 2.0mol/L NaOH
solution, and then transferred to a dialysis bag
(Mw = 500Da) for dialysis for 4 days, until the solution in
the dialysis bag changed from light yellow to transparent.
After dialysis, it is evaporated and concentrated to 3mL at
50°C. The polysaccharide is precipitated with absolute etha-
nol. After standing overnight, it is centrifuged and dried to
obtain sulfated polysaccharides SLP1, SLP2, SLP3, and
SLP4 containing different -OSO3

- content.

2.4.2. Detection of -OSO3
- Content in Polysaccharides. The

BaCl2-gelatin turbidimetric method was used to determine
the -OSO3

- content of each SLPs [27], and K2SO4 was used
as a standard to draw a standard working curve. The regres-
sion equation was as follows: Y = 4:72803X + 0:01723, R2

= 0:99498, n = 11.

2.4.3. FT-IR Spectrum of SLPs. Take 2.0mg dried polysac-
charide sample and 200mg KBr, grind it to powder with
an agate mortar, press the tablet, and scan in the wave num-
ber range of 4000-400 cm-1.

2.4.4. 1H NMR and 13C NMR Spectra of SLPs. According to
the reference [28], weigh 20mg dried polysaccharide sample,
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dissolve it in a nuclear magnetic tube containing 0.55mL of
deuterium oxide (D2O). After being completely dissolved, it
was placed in the magnetic field of a nuclear magnetic reso-
nance spectrometer for detection.

2.5. The Regulation Effect of Different SLPs on the Growth of
CaOx Crystals

(1) CaOx Crystal Synthesis. Add 20mL CaCl2 solution
with a concentration of 22mmol/L to a set of bea-
kers, then add a certain amount of SLPs with differ-
ent sulfation degrees, and add distilled water to make
up to 24mL. It is placed in a 37°C constant temper-
ature water bath and magnetically stir for 5 minutes.
Add 20mL of 22mmol/L Na2Ox solution to make
the final volume of the system 44mL. At this time,
cðCa2+Þ = cðOx2−Þ = 10mmol/L in the solution, and
the final polysaccharide concentration is 0.4 g/L,
0.8 g/L, 1.2 g/L, 1.6 g/L, and 2.4 g/L. The solution
was stirred in a constant temperature water bath
for 10min, then transferred to a constant tempera-
ture water bath at 37°C and allowed to stand for
2 h, and centrifuged. The bottom CaOx precipitate
obtained after centrifugation is dried in an oven.
The soluble Ca2+ ions concentration in the superna-
tant of the solution is measured by the ICP method.
The bottom CaOx precipitate is dried in a dryer and
weighed. After weighing, XRD, FT-IR, Zeta poten-
tial, and SEM tests are performed

(2) XRD Detection. Take a certain amount of crystals
and grind them into powder in a mortar for detec-
tion. The relative percentages of COM and COD in
CaOx are calculated by the K value method accord-
ing to the XRD spectrum

COD% = ICOD
ICOM + ICOD

× 100: ð1Þ

In the formula, ICOM and ICOD are the intensities of the
main diffraction peak (�101) crystal plane (d = 0:593 nm) of
COM and the main diffraction peak (200) crystal plane
(d = 0:618 nm) of COD, respectively.

(3) FT-IR Detection. Take 2.0mg sample and 200mg
KBr mixed, grind it to powder in an agate mortar,
press the tablet, and scan in the wave number range
of 4000~400 cm-1

(4) Observation by SEM.Weigh 1.0mg sample, ultrason-
ically disperse it in 5mL absolute ethanol at low
power, spot the sample on a 10mm × 10mm glass
slide, and dry at room temperature. After spraying
gold on the sample, observe the crystal morphology
under SEM

(5) Zeta Potential Measurement. Weigh 1.0mg sample,
ultrasonically disperse it in 3mL pure water, and
measure with a nanoparticle sizer under a constant
temperature of 25°C

2.6. Antioxidant Activity of Different SLPs. The hydroxyl
radical (•OH) scavenging and DPPH free radical scavenging
capabilities of polysaccharides in vitro were detected by the
H2O2/Fe

2+ system method and DPPH reagent method,
respectively. Parallel three times and take the average.

2.7. Cell Experiment

2.7.1. Cell Viability Detection. Inoculate the cell suspension
(density 1:0 × 105 cells/mL) in a 96-well plate, 100μL per
well, and incubate for 24 h in an incubator at 37°C, 5%
CO2, and saturated humidity to make the cells converge into
a monolayer. The cells were divided into four groups: (a)
cell-free culture medium group; (b) normal control group:
only serum-free medium was added; (c) crystal damage
group: 200μg/mL COD crystals prepared with serum-free
medium was added; (d) polysaccharide protection group:
20, 40, and 80μg/mL Laminaria polysaccharide solution
with -OSO3

- content of 0.73% (LP0), 8.58% (SLP1), 15.1%
(SLP2), 22.8% (SLP3), and 31.3% (SLP4) was added to react
with 200μg/mL COD for 15min; then, it was added to nor-
mal cells and incubated for 12 h. After reaching the action
time, add 10μL of CCK-8 reagent to each well, incubate
for 2 h at 37°C, measure the absorbance (A) at 450nm with
a microplate reader, and measure the cells under each condi-
tion in parallel in 5 replicate wells. Calculate the average
value of A to test the protective ability of polysaccharides.

The concentration of polysaccharide in cell experiment
was controlled by the following methods: serum-free
medium was used to prepare a polysaccharide solution with
a higher concentration (500μg/mL), and then, a certain vol-
ume of the above polysaccharide solution is taken according
to the target concentration (such as 20, 40, or 80μg/mL) of
the experiment, combined with the amount of other reagents
added in the experiment, and finally diluted to the same vol-
ume with serum-free medium.

2.7.2. Cytotoxicity Detection of Polysaccharides. Inoculate the
cell suspension (density 1:0 × 105 cells/mL) in a 96-well
plate, 100μL per well, and incubate for 24 h in an incubator
at 37°C, 5% CO2, and saturated humidity to make the cells
converge into a monolayer. The cells were divided into two
groups: (a) normal control group: only serum-free medium

Table 1: Sulfation conditions of five SLPs with different -OSO3
-

content.

SLPs

Sulfation conditions
–OSO3

–

content/%
Reaction
time/h

Sulfur trioxide-
pyridine complex/

g

Reaction
temperature/°C

LP0 — — — 0.73

SLP1 0.5 1 40 8.58

SLP2 0.5 2 40 15.1

SLP3 2 5 60 22.8

SLP4 8 5 60 31.3
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was added; (b) polysaccharide group: 20, 40, and 80μg/mL
Laminaria polysaccharide solution were added to normal
cells for 24 h. After 24h of incubation, add 10μL of CCK-8
reagent to each well, incubate at 37°C for 2 h, measure the
absorbance (A) at 450 nm with a microplate reader, and
measure the cells under each condition in parallel in 5 repli-
cate wells. The average value of A is used to detect the toxic-
ity of polysaccharides.

2.7.3. Detection of Reactive Oxygen Species (ROS) Levels.
Inoculate the cell suspension with a concentration of 1:0 ×
105 cells/mL in a 6-well culture plate with a volume of
2mL/well. After incubating for 24h, aspirate the culture
solution and wash the cells twice with PBS. The experimen-
tal model is divided into three groups: (a) normal control
group: only serum-free medium was added; (b) crystal dam-
age group: 200μg/mL COD crystals prepared with serum-
free medium was added; (c) polysaccharide protection
group: 80μg/mL Laminaria polysaccharide solution with
-OSO3

- content of 0.73% (LP0), 8.58% (SLP1), 15.1%
(SLP2), 22.8% (SLP3), and 31.3% (SLP4) was added to react
with 200μg/mL COD for 15min; then, it was added to nor-
mal cells and incubated for 12h. After reaching the action
time, aspirate the supernatant in the 6-well plate, add
500μL DCFH-DA dilution to each well, incubate in a 37°C
incubator for 30min, wash the cells three times with PBS,
and observe under a fluorescence microscope. The ImageJ
software was used for semiquantitative analysis of ROS
fluorescence.

2.7.4. Cell Morphology Observation. Inoculate the cell sus-
pension with a concentration of 1:0 × 105 cells/mL in a 6-
well culture plate with a volume of 2mL/well. After incubat-
ing for 24 h, aspirate the culture solution and wash the cells
twice with PBS. The experimental model is divided into
three groups: (a) normal control group: only serum-free
medium was added; (b) crystal damage group: 200μg/mL
COD crystals prepared with serum-free medium was added;
(c) polysaccharide protection group: 80μg/mL Laminaria
polysaccharide solution with -OSO3

- content of 0.73%
(LP0), 8.58% (SLP1), 15.1% (SLP2), 22.8% (SLP3), and
31.3% (SLP4) was added to react with 200μg/mL COD for
15min; then, it was added to normal cells and incubated
for 12 h. After reaching the action time, observe the cell mor-
phology under a microscope.

2.8. Statistical Analysis. Experimental data were expressed by
mean ± standard deviation (�x ± SD). The experimental
results were statistically analyzed by the IBM SPSS Statistics
26 software, and the differences between the means of each
experimental group and the control group were analyzed
by Tukey. P < 0:05 indicates a significant difference; P <
0:01 indicates a very significant difference. P > 0:05 indicates
no significant difference.

3. Results

3.1. Measurement of LP0 Average Molecular Weight and
Monosaccharide Composition. The average molecular weight
of LP0 is determined to be 1788 ± 78Da by the Ubbelohde

viscosity method. Figures 1(a) and 1(b) present the GC-MS
results of standard monosaccharides and LP0. The majority
of LP0 is composed of maltose and glucose with traces of
sucrose, fructose, and raffinose. The mass ratio of maltose
to glucose to raffinose to fructose to sucrose is
12.49 : 1.42 : 0.09 : 0.08 : 0.03.

3.2. Sulfation and Characterization of LP0

3.2.1. Sulfation of LP0. LP0 was sulfated using the sulfur
trioxide-pyridine method [25, 26]. By controlling reaction
time, the concentration of the reactant (sulfur trioxide pyri-
dine) and temperature, four SLPs, namely, SLP1, SLP2,
SLP3, and SLP4 with sulfate groups (–OSO3

–) content of
8.58%, 15.1%, 22.8%, and 31.3%, respectively, were obtained
(Table 1).

As shown in Table 1, the –OSO3
– contents of the poly-

saccharides increase with reaction time, reactant concentra-
tion, and reaction temperature. However, SLP4 with an –
OSO3

– content of as high as 31.3% can be prepared only
by comprehensively controlling the three reaction
conditions.

3.2.2. FT-IR Spectrum Analysis of Different SLPs. Figure 1(c)
shows the FT-IR spectra of SLPs with different –OSO3

– con-
tents. The broad absorption peak around 3385 cm−1 is the
stretching vibration of O–H. The peak at 2931 cm−1 is the
–CH stretching vibration of the –CH3 or –CH2 group. The
peak at 1640 cm−1 is the symmetric or asymmetric stretching
vibration of C=O. The peak at 1024 cm−1 is the stretching
vibration of C–O. The infrared characteristic absorption
peaks of SLPs with different –OSO3

– contents are shown in
Table 2.

Compared with LP0, SLPs have two new peaks at 1259
and 820 cm−1, which are the asymmetric stretching vibration
of S=O and stretching vibration of C–O–S, respectively [29].
The intensities of the two peaks gradually increase with –
OSO3

– content in the polysaccharides (Figure 1(d)), that is,
LP0< SLP1< SLP2< SLP3< SLP4. This result indicates suc-
cessful sulfation modification.

3.2.3. 1H NMR Spectrum Analysis. Figures 1(e) and 1(f) are
the 1H NMR spectra of LP0 and SLP2, respectively. The
D2O solvent peak is around the chemical shift (δ) of
4.71 ppm. The signal peak of the ring proton (H2–H5) is
3.6–4.7 ppm, and the methyl proton H-6 is approximately
1.3 ppm [30].

In the 1H NMR spectrum of LP0, δ 5.33, 4.90, 4.67, 3.68,
3.57, and 1.12 ppm are attributable to the chemical shift from
H-1 to H-6 of (1→ 2,4)-β-D-Malp; δ 5.30, 3.96, 3.58, 3.62,
3.20, and 1.10 ppm are attributable to the chemical shifts
from H-1 to H-6 of (1→ 6)-α-D-Malp; δ 5.15, 3.51, 3.78,
3.37, 4.11, and 3.82 ppm correspond to the chemical shifts
from H-1 to H-6 of (1→ 4)-α-D-Glcp; δ 4.59, 3.35, 3.70,
3.89, 3.91, and 3.87 ppm are attributable to the chemical
shifts from H-1 to H-6 of (1→ 6)-β-D-Glcp (Table 3) [31].

A new strong signal peak at δ 4.22 ppm was detected in
the 1H NMR spectrum of SLP2 after sulfation modification.
The appearance of the peak is attributable to the change of
chemical shift caused by the introduction of the –OSO3

–
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group after sulfation [32]. The signal peak at δ 3.96 ppm
shifts to δ 4.22 ppm, indicating that the hydroxyl group of
SLP2 is sulfated. The signal peak of SLP2 at δ 1.10 ppm is
significantly enhanced because of the substitution of the
hydroxyl group by the –OSO3

– group after the sulfation of
the polysaccharide.

3.2.4. 13C NMR Spectrum Analysis. The 13C NMR spectra of
LP0 and SLP2 are shown in Figures 1(g) and 1(h). Multiple
strong signal peaks were detected in the anomeric proton (δ
93–106 ppm) and high field (δ 16.5–18.5 ppm) regions [33].
The peaks at δ 99.99, 76.68, 80.45, 57.41, 69.30, and
16.77 ppm belong to the signal peaks from C-1 to C-6 of
(1→ 2,4)-β-D-Malp. The peaks at δ 99.60, 74.55, 70.36,
60.71, 62.67, and 16.65 ppm are attributable to the signal
peaks from C-1 to C-6 of (1→ 6)-α-D-Malp. The peaks at
δ 95.75, 71.51, 72.69, 72.85, 71.71, and 60.45 ppm are,
respectively, attributable to the signal peaks from C-1 to C-
6 of (1→ 4)-α-D-Glcp. The peaks at δ 100.27, 76.54, 78.70,

79.84, 73.33, and 71.17 ppm correspond to the signal peaks
from C-1 to C-6 of (1→ 6)-β-D-Glcp (Table 3) [31].

The 13C NMR spectrum of SLP2 has the following
changes relative to that of LP0:

(1) The high field signal peak of SLP2 at δ 71.46 ppm is
weakened, and a new peak appears at δ 76.20 ppm.
The reason is the movement of carbon directly
attached to the electron-withdrawing group (–
OSO3

– group) after sulfation to a lower field position
[34]. This movement indicates that the hydroxyl
group at C-2 is sulfated

(2) SLP2 shows signal peak splitting at δ 95–100 ppm.
The functionalization of the –OH group on C-2
causes the signal peak of C-1 to split, and this split
has a good correlation with the substitution degree
of the C-2 atom [35], which further shows that the
hydroxyl group on C-2 is sulfated

100 80 60 40 20
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(g)

100 80 60 40 20

ppm

(h)

OH

OH

OH
OH OH

OH

OHOH
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O O O
O O
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-O3SO -O3SO
-O3SO
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n n

CH2OH CH2OHSurfur trioxide-pyridine OSO3
-

OSO3
-

(i)

Figure 1: Characterization of SLPs with different -OSO3
- content. (a, b) GC-MS analysis. (c) FT-IR spectrum. (d) The absorption peak

intensity of S=O asymmetric stretching vibration and C-O-S stretching vibration varies with the -OSO3
- content of polysaccharides. (e)

1H NMR spectrum of LP0. (f) 1H NMR spectrum of SLP2. (g) 13C NMR spectrum of LP0. (h) 13C NMR spectrum of SLP2. (i) LP0
sulfation reaction equation.

Table 2: FT-IR characteristic absorption peaks of SLPs with different –OSO3
- content.

SLPs –OSO3
–content/%

Characteristic absorption peak/cm-1

O-H -CH2- C=O C-O
–OSO3

–

S=O C-O-S

LP0 0.73 3385 2931 1640 1024 / /

SLP1 8.58 3416 2932 1636 1024 1252 817

SLP2 15.1 3418 2932 1640 1022 1254 820

SLP3 22.8 3424 2953 1642 1007 1258 821.5

SLP4 31.3 3424 2957 1640 1008 1259 822

7Oxidative Medicine and Cellular Longevity



(3) The signal peaks of SLP2 at δ 60.72 and 57.42 ppm
are enhanced possibly because of the substitution of
the hydroxyl group on C-4 by –OSO3

–

(4) The new signal peak of SLP2 at δ 66.93 ppm is
attributable to O-6 substituted carbon, indicating
that O-6 is sulfated [36]. The peak of SLP2 at δ
16.77 ppm is significantly enhanced, indicating that
the hydroxyl group at the C-6 position in the SLPs
is replaced by –OSO3

–

According to the above analysis and reference [37], the –
OH on C2, C4, and C6 of the original LP0 are replaced by –
OSO3

– after the sulfation reaction (Figure 1(i)).

3.3. SLPs Regulate CaOx Crystallization

3.3.1. XRD Analysis of CaOx Crystal. Figures 2(a)–2(e) are
the XRD spectra of CaOx crystals induced by LP0 and four
SLPs with different sulfation degrees. The diffraction peaks
at interplanar spacing (d) values of 0.591, 0.364, 0.296, and
0.235 nm are attributed to the (�101), (020), (�202), and
(130) crystal planes of COM, respectively. The diffraction
peaks at d values of 0.617, 0.441, 0.277, and 0.224 nm are
attributed to the (200), (211), (411), and (213) crystal planes
of COD, respectively.

(1) In LP0 and SLP1, no COD diffraction peak appears
at all concentration ranges (0.40–2.40 g/L), indicat-
ing that they only form COM crystals

(2) In SLP2 and SLP3, when the concentration is low
(0.4 g/L), only COM crystals form (Figures 2(c) and
2(d)). When the concentration of SLP2 increases to
1.6 g/L, COD crystals form. When the concentration
of SLP3 increases to 0.8 g/L, COD crystals appear. As
the concentration of polysaccharides continues to
increase, the percentage of COD in the crystals grad-
ually increases. When the concentration of SLP3
increases to 1.6 g/L, 100% COD crystals are induced
(Figure 2(f)). In the SLP4 with the highest –OSO3

–

content, 41.2% COD formation is induced at
0.4 g/L, and 100% COD formation is induced at
1.2 g/L

(3) At a concentration of 1.20 g/L, LP0, SLP1, SLP2,
SLP3, and SLP4 induce 0, 0, 0, 81.0%, and 100%
COD crystals, respectively. At a concentration of
2.40 g/L, the percentages of COD are 0, 0, 48.3%,
100%, and 100%, respectively

3.3.2. FT-IR Spectrum. Figure 3 shows the FT-IR spectra of
CaOx crystals induced by SLPs at different concentrations.
In LP0 and SLP1, the absorption peaks of induced crystals in
all concentration ranges (0.4–1.6 g/L) are similar
(Figures 3(a) and 3(b)), and five stretching vibration peaks at
3000–3600cm−1 belong to the O–H bond of COM crystal
water. The asymmetric stretching vibration νas(COO

−) and
the symmetric stretching vibration νs(COO

−) of the carboxyl
group are near 1619 and 1322cm−1, respectively (Table 4),
indicating that only the COM crystal is formed [38, 39].

SLP2, SLP3, and SLP4 mainly induce the formation of
COM at low concentrations and also induce COD crystal
formation at high concentrations. The FT-IR spectrum of
COD differs from that of COM. COD crystal has only one
strong and broad absorption peak in the 3000–3600 cm−1

region, and νas(COO
−) and νs(COO

−) are at 1646 and
1330 cm−1, respectively (Table 4) [38, 39].

Comprehensive XRD and FT-IR results show that the
ability of SLPs to induce COD is positively correlated with
the –OSO3

− content of polysaccharides. Increase in the –
OSO3

− content or concentration of polysaccharides inhibits
the formation of COM and induces the formation of COD.

3.3.3. SEM Observation of CaOx Crystal. Figure 4(a) shows
the SEM images of each SLP that induces the formation of
CaOx crystals at 1.6 g/L. The crystals formed in the blank
group have a strong three-dimensional effect, and serious
aggregation phenomena occur. Compared with the crystals
in the blank group, the crystals regulated by LP0 and SLP1
gradually transform into lamellae, but the degree of aggrega-
tion is weakened. XRD results show that the crystals formed
in the blank, LP0, and SLP1 groups are COM crystals.

COD crystals appear in SLP2-regulated crystals (approx-
imately 27.7%, Figure 2(f)). Crystal size regulated by SLP3
and SLP4 is further reduced, the degree of aggregation
between the crystals is further reduced, and the percentage
of tetragonal bipyramid COD crystals is significantly

Table 3: Chemical shifts in 1H NMR and 13C NMR spectra of LP0 and SLP2 (δ).

SLPs Sugar residue
Chemical shift (ppm)

H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6/C-6

LP0

(1→ 2,4)-β-D-Malp 5.33/99.99 4.90/76.68 4.67/80.45 3.68/57.41 3.57/69.30 1.12/16.77

(1→ 6)-α-D-Malp 5.30/99.60 3.96/74.55 3.58/70.36 3.62/60.71 3.20/62.67 1.10/16.65

(1→ 4)-α-D-Glcp 5.15/95.75 3.51/71.51 3.78/72.69 3.37/72.85 4.11/71.71 3.82/60.45

(1→ 6)-β-D-Glcp 4.59/100.27 3.35/76.54 3.70/78.70 3.89/79.84 3.91/73.33 3.87/71.17

SLP2

(1→ 2,4)-β-D-Malp 5.33/99.64 4.90/76.65 4.68/82.69 3.69/57.42 3.57/69.31 1.11/16.77

(1→ 6)-α-D- Malp 5.34/99.60 4.22/74.55 3.58/70.32 3.62/60.72 3.20/63.03 1.10/16.65

(1→ 4)-α-D-Glcp 5.15/95.75 3.56/71.46 3.78/72.67 3.36/72.85 4.11/71.65 3.82/60.46

(1→ 6)-β-D-Glcp 4.57/100.10 3.34/76.20 3.70/76.85 3.89/79.75 3.91/73.33 3.84/71.14
∗Malp: maltose; Glcp: glucose.
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Figure 2: XRD spectra of CaOx crystals induced by SLPs at different concentrations. (a) LP0. (b) SLP1. (c) SLP2. (d) SLP3. (e) SLP4. (f) The
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increased. That is, an increase in –OSO3
− content of polysac-

charide reduces the size and aggregation degree of CaOx
crystals and induces the formation of COD crystals.

3.3.4. Detection of Soluble Ca2+ Ion Concentration and CaOx
Precipitation in the System. The soluble Ca2+ ion concentra-
tion in each SLPs system at 1.6 g/L was detected by ICP, and

the mass of each CaOx crystal formed was weighed. As the –
OSO3

– contents of the SLPs increase, the concentration of
soluble Ca2+ ions in the supernatant gradually increases
(Figure 4(b)), whereas the amount of CaOx precipitates
gradually decreases (Figure 4(c)).

For example, the masses of CaOx precipitates induced
by LP0 and SLP4 are 63.5 and 66.5mg, respectively, and
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Figure 3: FT-IR spectra of CaOx crystals induced by SLPs at different concentrations. (a) LP0. (b) SLP1. (c) SLP2. (d) SLP3. (e) SLP4. In
Figs. (a) 0.4; (b) 0.8; (c) 1.2; (d) 1.6 g/L.
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the corresponding substance amounts are 434.6 and
405.2μmol. Soluble Ca2+ concentrations in the supernatant
are 0.53 and 101.7mg/L, and the substance amounts are
0.16 and 27.26μmol, respectively. This is because COD
has one more water molecule than COM, which increases
its relative molecular mass, so the mass of the precipitate
increases with the same amount of substance (Table 5).

3.3.5. Zeta Potential of CaOx Crystal. Zeta potential can be
used in measuring the amount of repulsive force between
crystals. When the absolute value of the zeta potential
increases, the strength of the repulsive force between crystals
and the dispersion of crystals in a solution increases, and the
aggregation of crystals is inhibited [40].

Figure 4(d) shows the absolute value of the Zeta potential
of CaOx crystals produced by the regulation of five different
SLPs with different –OSO3

− contents. The absolute value of
the zeta potential of the CaOx crystals produced by the regula-
tion gradually increases. At the same concentration, as the –
OSO3

− content of polysaccharide increases, the absolute value
of the crystal’s Zeta potential gradually increases. For example,
when the polysaccharide concentration is 2.4 g/L, the absolute
values of the zeta potential of the CaOx crystals generated have
the following order: LP0 (4.67mV)<SLP1 (11.2mV)<SLP2
(15.1mV)<SLP3 (17.1mV)<SLP4 (26.5mV).

3.4. In Vitro Antioxidant Capacity of SLPs with Different –
OSO3

− Content. On the basis of the tested ability of SLPs

with different –OSO3
– contents to scavenge hydroxyl

(•OH) free radicals and DPPH free radicals, their in vitro
antioxidant activities were compared. The –OSO3

– group
in SLPs can inhibit the generation of hydroxyl radicals by
chelating Fe2+ [41]. In addition, when SLPs interact with
DPPH, they transfer electrons or hydrogen atoms to DPPH,
thereby neutralizing its free radicals [42].

Figures 5(a) and 5(b) shows the ability of SLPs with dif-
ferent –OSO3

– content to scavenge •OH radicals and DPPH
radicals and their concentration effects. As the concentration
of polysaccharides increases, the ability to scavenge •OH free
radicals and DPPH free radicals increases, that is, the antiox-
idant capacities of polysaccharides are concentration depen-
dent. Notably, a polysaccharide concentration of 1.0mg/mL
is a turning point for improving the speed of scavenging free
radicals. When the polysaccharide concentration is less than
1.0mg/mL, the ability of polysaccharides to scavenge free
radicals increases rapidly with polysaccharide concentration.
When the polysaccharide concentration is greater than
1.0mg/mL, the ability of polysaccharides to scavenge free
radicals increases slowly with increasing polysaccharide
concentration.

At the same concentration, as the –OSO3
– contents of

polysaccharides increase, the ability of the polysaccharides
to scavenge free radicals increases, that is, the antioxidant
capacities of SLPs are positively correlated with the content
of –OSO3

– in SLPs. In •OH free radicals, SLP3 and SLP4
have a significantly stronger free radical scavenging ability

Table 4: Infrared characteristic absorption peaks of CaOx crystals regulated by different concentrations of SLPs.

SLPs
c(SLPs)/g/

L
COD/
%

νas(COO
-)/

cm-1
νas(COO

-)/
cm-1

νs(COO
-)/

cm-1
COM/cm-

1
COM/cm-

1
COM/cm-

1
COM/cm-

1
COD
/cm-1

COD
/cm-1

Blank 0 0 1619 1319 950 882 785 668

LP0

0.4 0 1619 1319 950 882 785 668

0.8 0 1620 1319 950 882 785 668

1.2 0 1620 1319 951 882 785 668

1.6 0 1619 1319 951 883 785 663

SLP1

0.4 0 1619 1319 952 882 785 664

0.8 0 1619 1320 881 785 664

1.2 0 1619 1320 948 881 785 667

1.6 0 1619 1320 950 882 785 668

SLP2

0.4 0 1619 1320 951 883 785 662

0.8 0 1619 1320 952 881 785 665

1.2 0 1620 1320 951 883 785 668

1.6 27.7 1621 1321 952 882 785 660

SLP3

0.4 0 1623 1320 950 882 784 665

0.8 66.1 1623 1323 948 881 784 664 617

1.2 81.0 1645 1328 784 915 618

1.6 100 1646 1329 917 619

SLP4

0.4 41.2 1625 1322 881 784 668

0.8 74.6 1645 1324 784 914 620

1.2 100 1646 1330 913 621

1.6 100 1646 1330 919 619
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than other polysaccharides. For DPPH free radicals, SLP4
with a high –OSO3

– content has a significantly stronger free
radical scavenging ability than other polysaccharides.

3.5. Comparison of the Ability of SLPs with Different -OSO3
-

Content to Protect HK-2 Cells from Oxidative Damage

3.5.1. Cell Viability. After HK-2 cells are damaged by
200μg/mL nano-COD crystals for 12 h, cell viability

decreases from 100:00% ± 1:27% to 54:84% ± 0:85%, indi-
cating that COD crystals have obvious damage to cells, and
this damage was moderate, which was convenient to carry
out the protection experiment of polysaccharide [14, 43].
The five polysaccharides used three concentrations of 20,
40, and 80μg/mL to protect HK-2 cells. Cell viability test
results show that cell viability increases compared with that
in the nano-COD damage group because of the protection
of HK-2 cells by the polysaccharides at each concentration,
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Figure 4: (a) SEM images of CaOx crystals, (b) soluble Ca2+ ions concentration in the supernatant, and (c) CaOx precipitate amount in the
presence of SLPs at 1.6 g/L. (d) The influence of SLPs on the Zeta potential of CaOx crystals formed. Compared with the blank group, ∗

P < 0:05; ∗∗P < 0:01.

Table 5: The crystal phase of calcium oxalate crystals, the amount of precipitation and the concentration of soluble Ca2+ ions in the
supernatant formed in the presence of 1.6 g/L SLPs.

SLPs c(SLPs)/g/L COD/% c(Ca2+)/mg/L n(Ca2+)/μmol
m(CaOx)

/mg
n(CaOx)/μmol n(total Ca2+)/μmol

Blank — 0 0.35 0.11 63.7 436.0 436.1

LP0 (0.73%) 1.6 0 0.53 0.16 63.5 434.6 434.8

SLP1 (8.58%) 1.6 0 3.47 1.05 63.4 433.9 435.0

SLP2 (15.1%) 1.6 27.7 12.84 3.74 65.2 431.5 435.2

SLP3 (22.8%) 1.6 100 95.58 25.90 66.7 406.5 432.4

SLP4(31.3%) 1.6 100 101.7 27.26 66.5 405.2 432.5
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Figure 5: In vitro antioxidant capacity of SLPs. (a) Scavenging •OH free radicals; (b) Scavenging DPPH free radicals. Comparison of the
ability of SLPs to protect HK-2 cells from oxidative damage. (c) Cell viability was detected by the CCK-8 method. Compared with the
COD group, ∗P < 0:05; ∗∗P < 0:01. (d) Cell cytotoxicity was detected by the CCK-8 method. Compared with the NC group, ∗P < 0:05;
∗∗P < 0:01. (e) The relationship between cell viability and the –OSO3

- content of polysaccharide. NC: normal control; COD concentration:
200μg/mL; damage time: 12 h; protection time: 12 h.
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and each polysaccharide had the best protective effect at
80μg/mL.

The protective effect of each SLP on HK-2 cells was com-
pared at the same concentration (Figure 5(c)), and the
results show that the degree of protection against nano-
COD crystal damage in the HK-2 cells increases with the
polysaccharide –OSO3

– content. At the best protective con-
centration (80μg/mL), the cell viability of the five polysac-
charide protection groups is 61.24% (LP0), 61.54% (SLP1),
67.87% (SLP2), 91.30% (SLP3), and 95.31% (SLP4).

3.5.2. Cytotoxicity of Polysaccharides. As shown in
Figure 5(d), different concentrations of SLPs interact with
cells for 24h. Cell viability is greater than the normal group
(100%), indicating that the polysaccharides are not toxic to
cells at 20–80μg/mL and can promote cell growth. SLP4
with the highest –OSO3

– content has the strongest effect
on HK-2 cell proliferation.

3.5.3. Reactive Oxygen Species (ROS) Level. A large amount
of ROS is produced in damaged cells, resulting in abnormal
cell function and even cell death [44]. Figure 6(a) shows the
ROS fluorescence intensity of each group of cells. The inten-
sities were detected using the DCFH-DA fluorescent probe
method. The ROS fluorescence intensity in the normal
group is the lowest. The ROS fluorescence intensity increases
significantly after normal cells are damaged by 200nm COD.
After the addition of four kinds of polysaccharides, ROS
fluorescence intensity decreases. As the –OSO3

– content of
polysaccharide increases, the ROS fluorescence intensity
gradually decreases. The highest degree decrease in ROS
fluorescence intensity was observed after the addition of
SLP4 (Figure 6(b)), owing to the protective effect of the poly-
saccharide. This result shows that SLPs can protect cells
from damage caused by nano-COD crystals, and the protec-
tive ability of polysaccharides is positively correlated with
the –OSO3

– contents of polysaccharides.

3.5.4. Cell Morphology. As shown in Figure 6(c), the cell in
the normal group is evenly distributed, the cell morphology
is full, and the cells are tightly connected. After the normal
cells are damaged by 200nm COD, the number of cells is
significantly reduced, cell shape shrinks, and the connections
between cells are destroyed. After the addition of various
polysaccharides, the degree of damage caused by COD on
the cells is reduced, the number of cells in the protection
groups is higher than that in the damage group, the connec-
tion between cells is gradually restored, and the cell mor-
phology is significantly improved. The ability of the
polysaccharides to protect HK-2 cells from COD damage
increases with –OSO3

– content of polysaccharide. The cell
morphology of SLP4 with the highest –OSO3

– content is
closest to the normal group.

4. Discussion

4.1. Sulfation and Structural Analysis of SLPs. Sulfation of
polysaccharides can change the biological activity and func-
tion of natural products [45]. The sulfur trioxide-pyridine
method is a common sulfation method. This paper uses this

method to sulfate LP0 with an initial –OSO3
– content of

0.73%. By controlling the reaction time, reactant (sulfur
trioxide-pyridine complex) concentration, and reaction tem-
perature, four kinds of modified polysaccharides were
obtained. The –OSO3

– contents are 8.58% (SLP1), 15.1%
(SLP2), 22.8% (SLP3), and 31.3% (SLP4). The results of
FT-IR, 1H NMR, and 13C NMR spectroscopy show that sul-
fation causes no change in the monosaccharide composition
of polysaccharides. They are all composed of maltose and
glucose with traces of sucrose, fructose and raffinose
(Figures 1(a) and 1(b)). The main sugar residues are
(1→ 2,4)-β-D-Malp, (1→ 6)-α-D-Malp, (1→ 4)-α-D-Glcp,
and (1→ 6)-β-D-Glcp unit.

4.2. Enhanced Antioxidant Capacities of Sulfated SLPs. Com-
pared with LP0, sulfated SLPs have a better scavenging abil-
ity for •OH and DPPH radicals. The reason is that the
introduction of –OSO3

– groups weakens the dissociation
energy of O–H bonds in polysaccharide molecules [45] and
improves the hydrogen supply capacities of polysaccharide
derivatives. Hydrogen atoms provided by polysaccharides
combine with free radicals to form stable free radicals and
terminates free radical chain reaction, thereby increasing
antioxidant activity [46, 47]. For example, after polysaccha-
rides donate hydrogen atoms or single electrons to DPPH,
nonradical compounds DPPH-H are generated [48]. Huang
et al. [49] modified Mesona chinensis Benth polysaccharide
through sulfation to obtain SMP. The scavenging rates of
the two on DPPH free radicals are 75.11% and 86.95%,
respectively, indicating that increase in the –OSO3

– contents
of polysaccharides improve antioxidant activity. Hu et al.
[50] modified Acanthopanax leucorrhizus polysaccharide
(ALP) by sulfation to obtain S-ALP1 and S-ALP2 compo-
nents with the substitution degrees of 0.48 and 0.73, respec-
tively. The scavenging ability of the three on hydroxyl
radicals is S-ALP2> S-ALP1>ALP, indicating that the anti-
oxidant activity is positively correlated with the –OSO3

–

content of polysaccharide, that is, the higher the –OSO3
–

content of the polysaccharide, the stronger the antioxidant
activity.

4.3. Sulfated SLPs Have a Stronger Ability to Regulate CaOx
Crystallization. Compared with the original LP0, the sulfated
SLPs can better inhibit the formation of CaOx crystals
(Figures 2–4), due to the following reasons.

First, the sulfated SLPs are rich in acidic –OSO3
– groups,

which can better combine with the free Ca2+ ions in the
solution to form soluble complexes, increase the soluble
Ca2+ ion concentration in the system (Figure 4(b)), and
reduce the amount of Ca2+ ions combined with Ox2-,
thereby reducing the amount of CaOx precipitation, which
inhibit the formation of CaOx stones [51].

Second, SLPs form polyanions in the solution and are
adsorbed on the surfaces of CaOx crystals, causing defects
in crystal growth, preventing free particles from entering,
and inhibiting the growth of CaOx crystals. Melo et al.
[52] extracted four sulfated polysaccharide components
from the marine alga Dictyopteris justii. Their –OSO3

– con-
tent was 3.9%, 4.3%, 6.8%, and 7.5%, respectively. Among
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them, the component with the highest -OSO3
− content has

the best effect on inhibiting CaOx crystallization.
Third, SLPs with a high –OSO3

– content induce COD
crystal formation. The reason is as follows: SLPs rich in

acidic –OSO3
– groups can adsorb a large amount of Ca2+

ions through electrostatic attraction, enriching the Ca2+ ions
on and near the polysaccharide surfaces and increasing
[Ca2+]/[Ox2-] molar ratio. Additionally, the energy
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Figure 6: ROS level and cell morphology were detected before and after SLPs protect HK-2 cells. (a) ROS fluorescence microscope images.
(b) Quantitative histogram of ROS fluorescence intensity. (c) Cell morphology. NC: normal control; polysaccharide concentration:
80μg/mL; COD concentration: 200 μg/mL; damage time: 12 h; protection time: 12 h. Scale bars: 50μm. Compared with the COD group,
∗P < 0:05; ∗∗P < 0:01.
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interfaces of the polysaccharide molecule surfaces increase.
The ratio of adsorbed Ca2+ ions leads to an increase in the
energy state of free Ca2+ ions. The high-energy interface
and high-energy state Ca2+ ions promote the formation of
thermodynamic metastable COD [53]. Figure 7 shows the
mechanism of SLPs inhibiting kidney stones formation.

Notably, SLP3 with –OSO3
– content of 22.8% is a turn-

ing point in the mutation of a polysaccharide effect, that is,
the ability of SLP3 and SLP4 to regulate the formation of
COD crystals and their antioxidant activity and ability to
protect cells from COD crystals are significantly greater than
those of LP0, SLP1, and SLP2.

Compared with COD, COM crystals are difficult to
excrete from the body because of their stronger adhesion
to damaged renal epithelial cells. Therefore, sulfated SLPs
that induce COD crystals are more useful in inhibiting the
formation of CaOx stones than the original LP0.

SLPs with high –OSO3
– contents can inhibit the aggrega-

tion of CaOx crystals (Figure 4(a)). Aggregated crystals are
not only difficult to excrete from the body but also cause
considerable damage to renal epithelial cells [54, 55], thereby
increasing the risk of kidney stone formation. Figure 4(d)
shows that the absolute value of the zeta potential of CaOx
crystals generated by the regulation of sulfated SLPs is much
higher than that of the original polysaccharide LP0. The sur-
face charge density of a crystal and the amount of repulsive
force between crystals increase with the absolute value of the
zeta potential on the crystal surface, and the aggregation of
crystals is inhibited [56].

4.4. Sulfated SLPs Have a Strong Ability to Protect HK-2 Cells
from Crystal Damage. The biological activity of sulfated
polysaccharides is closely related to their –OSO3

– content.

Compared with LP0, sulfated SLPs can better protect HK-2
cells from the damage of nano-COD crystals. The results
of this paper show that the ability of SLPs to protect cells
from crystals damage is positively correlated with their –
OSO3

– content (Figure 5(e)). As the –OSO3
– content of SLPs

increases, cell viability gradually increases (Figure 5(c)), ROS
levels decrease (Figure 6(a)), and cell morphology gradually
recovers (Figure 6(c)). The ability of SLP3 and SLP4 to pro-
tect cells from COD crystal damage is significantly greater
than that of LP0, SLP1, and SLP2.

Jin et al. [57] found that sulfation modification can
improve the antioxidant activity of polysaccharides and
can better protect cells from oxidative damage and apoptosis
induced by H2O2. Wang et al. [58] showed that compared
with the original Cyclocarya paliurus polysaccharides, sul-
fated polysaccharides have a better protective effect on oxi-
dative stress caused by H2O2. Moreover, Wang et al. [59]
proved that sulfation modification can enhance the immune
activity of Lycium barbarum polysaccharide.

5. Conclusions

In this study, the original LP0 was sulfated using the sulfur
trioxide-pyridine method, and four kinds of sulfated poly-
saccharide SLPs with the –OSO3

− contents of 8.58%,
15.1%, 22.8%, and 31.3% were obtained. As the -OSO3

- con-
tent of polysaccharides increases, its regulating effect on the
growth of CaOx crystals is enhanced. As a result, the con-
centration of soluble Ca2+ in the solution increases, the
amount of CaOx crystal precipitation is reduced, the degree
of CaOx crystal aggregation is significantly reduced, and the
percentage of induced COD crystals increases. These effects
can effectively inhibit the formation of CaOx kidney stones.
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The in vitro antioxidant activity of SLPs is positively corre-
lated with their –OSO3

− content. SLPs are not toxic to
HK-2 cells. The level of their ability to protect cells from
damage by nano-COD crystals increases with –OSO3

− con-
tent. Sulfation modification can improve the biological activ-
ities of polysaccharides, providing a good prospect for
finding and developing effective drugs for treating kidney
stones.
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Inflammatory reactions mediated by the NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome contributes
to non-small-cell lung cancer (NSCLC) progression, particularly in patients with bacterial infections. Salidroside (SAL) has recently
been shown to suppress lipopolysaccharide- (LPS-) induced NSCLC proliferation and migration, but its mechanism of action
remains unclear. It has been shown that SAL improves metabolic inflammation in diabetic rodents through AMP-activated protein
kinase- (AMPK-) dependent inhibition of the NLRP3 inflammasome. However, whether the NLRP3 inflammasome is regulated by
SAL in NSCLC cells and how its underlying mechanism(s) can be determined require clarification. In this study, human lung
alveolar basal carcinoma epithelial (A549) cells were treated with LPS, and the effects of SAL on cell proliferation, migration,
AMPK activity, reactive oxygen species (ROS) production, and NLRP3 inflammasome activation were investigated. We found that
LPS induction increases the proliferation and migration of A549 cells which was suppressed by SAL. Moreover, SAL protected
A549 cells against LPS-induced AMPK inhibition, ROS production, and NLRP3 inflammasome activation. Blocking AMPK using
Compound C almost completely suppressed the beneficial effects of SAL. In summary, these results indicate that SAL suppresses
the proliferation and migration of human lung cancer cells through AMPK-dependent NLRP3 inflammasome regulation.

1. Introduction

Lung cancer is now the most fatal tumor globally, with esti-
mates that by 2035, the disease will afflict more than 3 million
individuals worldwide [1]. Approximately 85% of lung cancer
cases are classified as non-small-cell lung cancer (NSCLC),
including adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma [2]. Owing to the limitations in curative
options, the current outcome of NSCLC is poor, with more
advanced stages remaining incurable [3]. Thus, understanding
the onset and development of NSCLC and finding more effec-
tive treatments are urgently needed.

Emerging evidence suggests that systemic inflammation
contributes to tumorigenesis [4–6], including NSCLC [7].

In patients with lung cancer, concurrent bacterial infections
enhance tumor progression [8] and increase mortality [9].
As the major pathogen in these cases, gram-negative bacteria
negatively influence NSCLC through their effects on toll-like
receptor- (TLR-) mediated inflammatory reactions, through
the production of lipopolysaccharides (LPS) [8–10]. More-
over, the LPS-stimulated production of proinflammatory
cytokines in NSCLC can predict the clinical outcome in
metastatic NSCLC patients [11]. Accordingly, therapies that
target LPS-induced inflammation can effectively ameliorate
the adhesion and migration of NSCLC cells in vivo [10].

The NLRP3 inflammasome is the most well-characterized
inflammatory mediator, and it is composed of NACHT, LRR,
and PYD domain-containing protein 3 (NLRP3); apoptosis-
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associated speck-like protein containing a CARD; and
caspase-1 [12]. The NLRP3 inflammasome is activated by
pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs), resulting in
caspase-1 cleavage and the production of mature interleukin-
1β (IL-1β) [6]. The NLRP3 inflammasome can also be acti-
vated by LPS under PAMPs which subsequently aggravates
NSCLC [13]. Similarly, direct treatment of human lung alveo-
lar basal carcinoma epithelial (A549) cells with IL-1β exhibits
tumor-promoting effects in vitro [14].

Redox homeostasis plays an essential role in cellular
functions and is also involved in the progress of cancer
[15]. An imbalance in the production of reactive oxygen
species (ROS) activates the NLRP3 inflammasome through
either PAMPs or DAPMs. The overproduction of ROS
causes the thioredoxin- (TRX-) interacting protein (TXNIP)
to dissociate from TRX, inducing the NLRP3 inflammasome
activation through TXNIP-NLRP3 interactions [16].

Natural products have historically made a major contri-
bution to pharmacotherapy for cancer, and interest in natu-
ral products as drug leads provides a basis for making
contributions to human health [17, 18]. Salidroside (SAL)
is the main active ingredient of Rhodiola rosea and has been
shown to exert therapeutic effects on diabetes and cardiovas-
cular disease through its antioxidation and anti-
inflammatory effects [19]. Studies suggest that SAL inhibits
the growth of a range of human cancer cells including
human mammary adenocarcinoma (MCF-7) [20], human
mammary carcinoma (MDA-MB-231) [21], human hepato-
cellular carcinoma (HHCC), A549 [22], human malignant
glioma (BT-325), and human gastric cancer (SGC-7901)

[23]. Wang et al. recently reported that SAL decreased prolif-
eration and induced apoptosis in A549 cells through its ability
to inhibit oxidative stress and p38 [24]. In our recent study, we
found that SAL improves insulin resistance in high-glucose-
incubated hepatocytes through AMP-activated protein kinase-
(AMPK-) mediated inhibition of the NLRP3 inflammasome
[25]. However, whether the NLRP3 inflammasome is regu-
lated by SAL in NSCLC cells remains unclear.

In this study, we investigated the effects of SAL on the
LPS-induced proliferation and migration of A549 cells. We
further explored the effects of SAL on ROS production and
NLRP3 inflammasome activation to define its mechanism(s)
of action. We herein report the ability of SAL to suppress the
proliferation and migration of human lung cancer cells
through AMPK-dependent NLRP3 inflammasome regulation.

2. Materials and Methods

2.1. Cell Culture. A549 cells were obtained from the China
Center for Type Culture Collection (Wuhan, China). Cells were
cultured in high glucose DMEM containing 10% fetal bovine
serum (#04-001-1ACS, Biological Industries, Kibbutz Beit
Haemek, Israel), 100 IU/ml penicillin G, and 100μg/ml strepto-
mycin (#SV30010, HyClone, Logan, Utah, USA) at 37°C in a
5% CO2 atmosphere. The medium was changed every two
days. Cells were digested when confluency reached 80~90%.
Cell monolayers were harvested in 0.25% trypsin-EDTA solu-
tion (#25200-056, Invitrogen, Grand Island, NY, USA).

2.2. Cell Treatment. After culturing in 96-well plates, 6-well
plates, or 35mm dishes for 24 h, A549 cells were treated with
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Figure 1: Effects of salidroside (SAL) on the proliferation of LPS-treated A549 cells. A549 cells were treated with the indicated
concentrations of LPS (0.1, 1, and 10 μg/ml) for either 24 h (a) or 48 h (b). Cell viabilities were then measured using CCK-8 assays. A549
cells were treated with 10μg/ml LPS in the presence or absence of SAL for either 24 h (c) or 48 h (d). Cell viabilities were then
determined as described above. ∗p < 0:05 and ∗∗p < 0:01 vs. treatment without LPS; #p < 0:05 and ##p < 0:01 vs. treatment with LPS
alone. Values are means ± s:e:m: (n = 4).
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various concentrations of LPS (#L2880, Sigma-Aldrich, St.
Louis, MO, USA) or SAL (#10338-51-9, purity > 98%, Tauto
Biotech, Shanghai, China) for the indicated time periods. To
inhibit AMPK activity, A549 cells were cotreated with 2μM
Compound C (#S7306, Selleck Chemicals, Houston, TX,
USA) following treatment with LPS or SAL. Recombinant
human IL-1β was purchased from PeproTech (#200-01B,
Cranbury, NJ, USA) and added to cells at a concentration
of 15ng/ml as previously described [14].

2.3. Cell Viability Assay. For the assessment of cell viability,
A549 cells were treated with the Cell Counting Kit-8
(CCK-8, #CK04, Dojindo Laboratories, Kumamoto, Japan)
reagent according to the manufacturer’s instructions.

2.4. Cell Migration Assay. Cell migration was examined
using scratch assays as previously described [13]. Briefly,

A549 cells were seeded to 100% confluence, and three
scratches were introduced onto the cell layer using a sterile
pipette tip. Cells were then washed in PBS three times and
subsequently treated as indicated. Images were captured on
a Leica DMi8 microscope (Leica Microsystems, Wetzlar,
Germany) at the start of the experiment and at 24 or 48h
posttreatment. Wound healing areas were analyzed using
ImageJ2x software (Wayne Rasband, National Institutes of
Health, USA).

2.5. Oxidative Stress Measurement. A549 cells in 96-well
plates were treated as described, and intracellular ROS levels
were assessed using DCFH-DA (#S0033, Beyotime Institute
of Biotechnology, Shanghai, China) according to the manu-
facturer’s instructions. After loading with the probes for
20min, plates were washed 3 times by PBS, and medium
containing DCFH-DA was readded for detection.
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Figure 2: Effects of salidroside (SAL) on the migration of LPS-treated A549 cells. After exposure to 10 μg/ml LPS and cotreatment with
vehicle or SAL (10, 20, and 40 μM) for either 24 h (a, c) or 48 h (b, d), cell migration was determined through wound healing assays.
Scale bar = 200μm. ∗p < 0:05 and ∗∗p < 0:01 vs. treatment without LPS; #p < 0:05 and ##p < 0:01 vs. treatment with LPS alone. Values are
means ± s:e:m: (n = 5).
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Fluorescent intensities were measured using a Tecan Infinite
200 PRO microplate reader (Tecan Group Ltd., Mannedorf,
Switzerland) at excitation and emission wavelengths of 488
and 525nm, respectively.

2.6. Protein Sample Preparation. Protein samples from
A549 cells were extracted using a RIPA buffer (#P0013B,

Beyotime Institute of Biotechnology) according to the
manufacturer’s instructions. Briefly, A549 cells were
washed in ice-cold PBS and lysed in a RIPA buffer supple-
mented with a protease inhibitor cocktail (#04693132001,
Roche, Basel, Switzerland) and phosphatase inhibitor
cocktail (#04906845001, Roche) for 15min. Cell lysates
were collected and centrifuged at 4°C at 14,000 rpm for
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Figure 3: Effects of salidroside (SAL) on AMPK activity and NLRP3 inflammasome activation in A549 cells exposed to LPS. (a) A549 cells
were treated with 10 μg/ml LPS for 4, 6, 8, 12, 24, and 48 h, and the levels of phosphorylated-AMPK, total-AMPK, NLRP3, caspase-1, and
IL-1β in the cell lysates were determined by immunoblotting. (b) A549 cells were cotreated with 10μg/ml LPS and various concentrations of
SAL (10, 20, and 40 μM) for 12 h. The levels of phosphorylated-AMPK, total-AMPK, NLRP3, caspase-1, and IL-1β in the cell lysates were
then determined by immunoblotting. ∗p < 0:05 and ∗∗p < 0:01 vs. treatment without LPS; #p < 0:05 and ##p < 0:01 vs. treatment with LPS
alone. Values are means ± s:e:m: (n = 3).

4 Oxidative Medicine and Cellular Longevity



15min. Protein concentrations of the collected superna-
tants were determined through BCA assays (#23225,
Thermo Scientific, Rockford, IL, USA). Samples were
denatured in a loading buffer, boiled for 5min, and stored
at -20°C for immunoblot analysis.

2.7. Immunoblot Analysis. Equal amounts of proteins
(~40μg) were separated on 9-11% SDS-PAGE gels and
transferred to PVDF membranes. After blocking in 5%
skimmed milk, membranes were probed overnight at 4°C
with primary antibodies including anti-AMPK (#2532, Cell
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Figure 4: Coincubation with IL-1β abolishes the effects of salidroside (SAL) on cell proliferation and migration in LPS-exposed A549 cells.
A549 cells were exposed to 10μg/ml LPS in the presence of SAL (40 μM) and/or IL-1β (15 ng/ml) for 48 h. Cell viabilities were then
measured using CCK-8 assays (a). After A549 cells were treated as described for 24 h (b) or 48 h (c), cell migration was determined
through wound healing assays. Scale bar = 200μm. ∗p < 0:05 and ∗∗p < 0:01 vs. no LPS treatment; #p < 0:05 and ##p < 0:01 vs. cells
treated with LPS alone; &p < 0:05 and &&p < 0:01 vs. cells treated with LPS plus SAL. Values are means ± s:e:m: (n = 4).
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Signaling Technology, Beverly, MA, USA), anti-phospho-
AMPK (#2535, Cell Signaling Technology), anti-NLRP3
(#15101, Cell Signaling Technology), anti-caspase-1
(#22915-1-AP, Proteintech, Chicago, IL, USA), anti-IL-1β
(#sc-12742, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and anti-β-actin (#A01010, Abbkine, Redlands, CA,
USA). Membranes were washed 3 times in Tris-buffered
saline with 0.1% Tween 20 and subsequently labeled with
the HRP-conjugated goat anti-rabbit IgG (#A21020, Abb-
kine), goat anti-mouse IgG (#A21010, Abbkine), or mouse
anti-Armenian hamster IgG (#sc-2789, Santa Cruz Biotech-
nology) at a dilution of 1 : 10000. Blots were imaged on a
Tanon 5200 Chemiluminescent Imaging System (Tanon,
Shanghai, China) and analyzed using ImageJ2x software.

2.8. Statistical Analysis. All data are expressed as the
means ± SEM from at least three independent experiments.

SPSS 13.0 was used for all statistical analysis. An unpaired
Student t-test was used to compare individual groups.
Multiple-group comparisons were performed using a
one-way ANOVA with post hoc testing. p < 0:05 were
considered statistically significant.

3. Results

3.1. SAL Suppresses the LPS-Induced Proliferation of A549
Cells. The viability of A549 cells following their exposure
to LPS (0.1, 1, and 10μg/ml) was assessed. The results
showed that LPS treatment for either 24 or 48 h increased
cell viability compared to vehicle controls (Figures 1(a) and
1(b)). However, coincubation with SAL (0.1, 1, 10, 20, and
40μM) for 24 and 48 h suppressed the LPS-induced increase
in A549 cell proliferation in a concentration-dependent
manner (Figures 1(c) and 1(d)).
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Figure 5: Effects of AMPK inhibition on ROS production and NLRP3 inflammasome activation in salidroside- (SAL-) treated A549 cells
exposed to LPS. (a) In A549 cells exposed to 10μg/ml LPS for the indicated times, cellular ROS levels were determined using DCFH-
DA. (b) In A549 cells exposed to 10 μg/ml LPS in the presence of SAL at 10, 20, or 40μM for 6 h, ROS levels were measured as above.
(c) In A549 cells exposed to 10μg/ml LPS in the presence of 40 μM SAL or 2 μM Compound C for 6 h, ROS levels were measured as
described. (d) In A549 cells exposed to 10μg/ml LPS in the presence of 40 μM SAL or 2μM Compound C for 12 h, the levels of
phosphorylated-AMPK, total-AMPK, NLRP3, caspase-1, and IL-1β in the cell lysates were determined by immunoblotting. ∗p < 0:05 and
∗∗p < 0:01 vs. no LPS treatment; #p < 0:05 and ##p < 0:01 vs. treatment with LPS alone; &p < 0:05 and &&p < 0:01 vs. treatment with LPS
plus SAL. Values are means ± s:e:m: (n = 3).
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3.2. SAL Inhibits the LPS-Induced Migration of A549 Cells.
As shown in Figures 2(a) and 2(b), after exposure to
10μg/ml LPS for 24 or 48 h, the migration of A549 cells
was markedly enhanced. In contrast, A549 cells treated with
SAL at concentrations of 10, 20, and 40μM following LPS-
induction showed lower levels of migration compared to
cells exposed to LPS alone.

3.3. SAL Restores the LPS-Induced Decrease in AMPK
Activity and Prevents Activation of the NLRP3
Inflammasome in A549 Cells. Since LPS-induced NLRP3
inflammasome activation plays a critical role in the tumori-
genesis of NSCLC [10, 13], we investigated the effects of SAL
on the NLRP3 inflammasome in LPS-treated A549 cells. As
shown in Figure 3(a), compared to untreated cells, A549
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Figure 6: Influence of AMPK inhibition on the salidroside- (SAL-) mediated suppression of proliferation and migration in LPS-treated
A549 cells. A549 cells were exposed to 10μg/ml LPS in the presence of 40μM SAL or 2 μM Compound C for 48 h. Cell viabilities were
then measured using CCK-8 assays (a). After A549 cells were treated as described for 24 h (b) or 48 h (c), cell migration was determined
through wound healing assays. Scale bar = 200μm. ∗p < 0:05 and ∗∗p < 0:01 vs. treatment without LPS; #p < 0:05 and ##p < 0:01 vs.
treatment with LPS alone; &p < 0:05 and &&p < 0:01 vs. treatment with LPS plus SAL. Values are means ± s:e:m: (n = 3).
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cells exposed to LPS for 4-24 h showed lower levels of AMPK
phosphorylation and higher levels of NLRP3, caspase-1, and
IL-1β. These results indicated that LPS-treated A549 cells
exhibit impaired AMPK activity and enhanced NLRP3 inflam-
masome activation. In contrast, cells treated with SAL following
LPS-induction showed higher levels of phosphorylated-AMPK.
Moreover, cells treated with LPS+SAL showed significantly
lower levels of NLRP3 inflammasome activation compared to
those treated with LPS alone (Figure 3(b)).

3.4. SAL Mediates Its Effects on Cell Proliferation and
Migration through the Inhibition of the NLRP3
Inflammasome. We next investigated the role of the NLRP3
inflammasome activation in the proliferation and migration
of A549 cells in response to SAL. In cells treated with either
LPS or LPS+IL-1β, significantly higher levels of cell prolifer-
ation (Figure 4(a)) and migration (Figures 4(b) and 4(c))
were observed. These results confirmed that dysregulated
NLRP3 inflammasome activation in A549 cells occurs fol-
lowing LPS stimulation, leading to abnormalities in cell pro-
liferation and migration. However, the cotreatment of A549
cells with SAL suppressed the LPS-induced increase in A549
cell proliferation and migration (Figures 4(a)–4(c)). Con-
versely, cotreatment with IL-1β suppressed the effects of
SAL on cell proliferation and migration in LPS-stimulated
A549 cells. Taken together, these data suggest that the inhib-
itory effects of SAL on the NLRP3 inflammasome are neces-
sary for its suppression on LPS-induced proliferation and
migration of A549 cells.

3.5. SAL Decreases ROS Production and Suppresses the
NLRP3 Inflammasome in an AMPK-Dependent Manner.
Excessive ROS production is a known cause of NLRP3
inflammasome activation [6, 16]. We therefore investigated
the levels of cellular ROS in LPS-treated A549 cells using
DCFH-DA. As shown in Figure 5(a), ROS production
increased following 2-12h of LPS exposure. However,
cotreatment with SAL at a concentration of 40μM signifi-
cantly suppressed ROS generation (Figure 5(b)). SAL has

been shown to relieve oxidative stress through its effects on
AMPK activation [19, 25, 26]. To investigate the role of
AMPK, cells were treated with the AMPK inhibitor
Compound C to confirm its requirement for the regulatory
activity of SAL on ROS production and the NLRP3 inflam-
masome activation. The results showed that the inhibition
of AMPK significantly increased ROS production compared
to LPS and SAL cotreated A549 cells (Figure 5(c)). In addi-
tion, Compound C treatment in LPS and SAL cotreated cells
decreased the phosphorylation of AMPK and increased the
levels of NLRP3, pro-caspase-1, caspase-1, pro-IL-1β, and
IL-1β (Figure 5(d)). These results suggest that SAL
suppresses LPS-induced activation of the ROS/NLRP3 inflam-
masome axis in A549 cells through its effects on AMPK.

3.6. AMPK Inhibition Alleviates the Effects of SAL on LPS-
Induced Proliferation and Migration. We next investigated
the effects of AMPK inhibition on the proliferation and
migration of LPS- and SAL-treated A549 cells. The inhibi-
tion of AMPK by Compound C almost completely alleviated
the beneficial effects of SAL, evidenced by the decrease in
both cell proliferation and migration following exposure to
LPS+SAL (Figures 6(a)–6(c)). Together, these data suggest
that SAL activates AMPK to suppress LPS-induced A549 cell
proliferation and migration.

4. Discussion

In this study, we show that the inhibitory effects of SAL on
the proliferation and migration of LPS-treated A549 cells
are mediated through its ability to activate AMPK and
subsequently suppress the activation of the NLRP3 inflam-
masome. Details are summarized in Figure 7.

Inflammatory reaction contributes to tumor develop-
ment and progression [27]. Accumulating evidence suggests
that in NSCLC, patients with concurrent bacterial infections
display more serious inflammatory reactions [9, 10]. Gram-
negative bacteria are found in up to ~68% of NSCLC cases
[9]. TLR4 signaling is activated by the LPS produced by
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Figure 7: Schematic diagram highlighting the mechanism(s) of action of salidroside in NSCLC cells.
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these bacteria leading to inflammatory responses. Chow
et al. reported that TLR4 signaling is activated following
the treatment of either murine or human NSCLC cells with
heat-inactivated E. coli, a gram-negative bacteria, and these
cells also showed enhanced adhesion and migratory pheno-
types [10]. It has also been reported that in NSCLC patients
with gram-negative bacterial infections, the excessive activa-
tion of the TLR4/IL-33 axis promotes tumor progression [8].
In patients with metastatic NSCLC, the ex vivo stimulation
of blood cells with LPS increased the levels of IL-6 and IL-
18, which correlated to the clinical outcome of the patients
[11]. These findings suggest that inflammatory signaling
represents a therapeutic target for the treatment of NSCLC.

The NRLP3 inflammasome mediates the LPS-elicited
inflammatory reactions that occur in response to PAMPs.
Wang et al. showed that in A549 cells treated with LPS
+ATP, the enhanced activation of the NLRP3 inflamma-
some and increased cell proliferation and migration could
be reversed with siRNA targeting NLRP3 or caspase-1 inhi-
bition [13]. These results indicated that the deregulated
activation of the NLRP3 inflammasome induced by PAMPs
mediates the progression of NSCLC.

The NLRP3 inflammasome contributes to the progres-
sion of a range of human cancers. For example, the activa-
tion of the NLRP3 inflammasome in macrophages that
surround colorectal cancer tissue can drive cancer cell
metastasis to the liver [28]. A heterozygous NLRP3
(Q705K) mutation has also been shown to be associated with
a poor outcome in patients with advanced colorectal cancer
[29]. Moreover, inflammatory reactions caused by the
NLRP3 inflammasome in fibroblasts leads to breast cancer
progression and metastasis to both the liver and lung tissue
[30, 31]. Furthermore, mycoplasma hyorhinis-induced acti-
vation of the NLRP3 inflammasome has been shown to pro-
mote gastric cancer metastasis [32].

Targeting the NLPR3 inflammasome is an effective
approach for cancer treatment. Zou et al. reported that poly-
datin can suppress the proliferation and migration of A549
and H1299 cells through inhibition of the NLRP3 inflamma-
some [33]. Suppressing the activation of the NLRP3 inflam-
masome can also prevent the outgrowth and spontaneous
metastasis of triple-negative breast cancer cells [34]. Inter-
estingly, Dumont et al. found that 5-fluorouracil- (5-FU-)
induced NLRP3 inflammasome activation is a critical factor
limiting its anticancer efficacy. However, the suppression of
the NLRP3 inflammasome decreased 5-FU-induced IL-1β
secretion and caspase-1 activation, enhancing its curative
effects [35]. Moreover, modulation of the tumor microenvi-
ronment through the inhibition of the NLRP3 inflamma-
some could suppress the migration and invasion of
melanoma cells [36]. GL-V9, a small-molecule AMPK acti-
vator, could prevent colitis-associated cancer through the
induction of mitophagy-mediated NLRP3 inflammasome
inhibition [37] or through triggering autophagy-mediated
NLRP3 inflammasome degradation [38].

Accumulating evidence suggests that SAL possesses anti-
inflammatory effects through its ability to inhibit the NLRP3
inflammasome. In mice with acute liver injury induced by
carbon tetrachloride, treatment with SAL effectively inhib-

ited the activation of the NLRP3 inflammasome and allevi-
ated liver damage [39]. Similarly, SAL administration
improved mechanical ventilation-induced lung injury in
mice through the Sirt1-dependent inhibition of the NLRP3
inflammasome [40]. In dextran sulfate sodium-induced
ulcerative colitis models, the protective effects of SAL were
in part dependent on its inhibitory effects on the NLRP3
inflammasome [41]. Moreover, SAL has been shown to reg-
ulate the NLRP3 inflammasome through the TXNIP-NLRP3
pathway, providing protection against high glucose expo-
sure, due to the accumulation of the extracellular matrix in
glomerular mesangial cells [42] or through insulin resistance
in hepatocytes [25]. Zhang et al. also demonstrated that SAL
can alleviate Parkinson’s disease through its ability to
suppress pyroptosis in dopaminergic neurons, mediated by
its inhibition of the NLRP3 inflammasome [43].

Wang et al. recently reported that SAL inhibits A549 cell
proliferation, cell cycle progression, and metastasis and
induces apoptosis through its regulatory effects on ROS
generation and p38 MAPK signaling [24]. Additionally,
SAL was shown to reduce the survival, migration, and inva-
sion of A549 cells through the inhibition of Akt and
MEK/ERK signaling through the upregulation of miR-195
expression [44]. In agreement with these findings, SAL could
suppress the proliferation and migration of LPS-treated
A549 cells. We further observed that in A549 cells treated
with SAL, both the LPS-induced activation of the NLRP3
inflammasome and AMPK inhibition were effectively cor-
rected. The inhibition of AMPK by its inhibitor Compound
C almost completely alleviated the beneficial effects of SAL
on A549 cell proliferation, migration, ROS production, and
NLRP3 inflammasome activation. These results verify that
the AMPK-signaling axis is key to the beneficial effects of
SAL, not only during the pathological processes of insulin
resistance and atherosclerosis [19, 45] but also during
tumorigenesis. In a previous study, Wang et al. found that
the expression level of epithelial-mesenchymal transition
(EMT) marker snail remains unchanged in salidroside-
treated A549 cells [24]. Lee et al. reported that farnesol
inhibited the tumor growth of a xenograft mouse lung
cancer model and abrogated the EMT process through regu-
lating the Akt/mTOR pathway [46]. However, many previ-
ous findings have reported of entirely different actions of
salidroside on Akt/mTOR signaling in human colorectal
cancer cells [47] and human gastric cancer AGS cells [48].
Thus, whether EMT can be affected by salidroside and how
its underlying mechanisms can be determined need to be
further investigated.

Previous studies have shown that the abnormal activa-
tion of the NLRP3 inflammasome leads to an array of
disease pathologies, including allergic airway disease,
chronic obstructive pulmonary disease, and asbestosis [5,
49]. These findings highlight the NLRP3 inflammasome as a
target for the prevention and/or treatment of lung disease.
We speculate that the SAL-mediated regulation of the NLRP3
inflammasome may also improve these lung diseases, which
now warrants further investigation in future studies.

In conclusion, we demonstrate that SAL suppresses the
proliferation and migration of human NSCLC cells through
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the AMPK-dependent regulation of the NLRP3 inflamma-
some. This highlights the therapeutic benefits of SAL for
the treatment of NSCLC, particularly in cases that are
accompanied by bacterial infections.
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The anti-cancer, anti-aging, anti-inflammatory, antioxidant, and anti-diabetic effects of zinc oxide nanoparticles (ZnO-NPs)
produced from aqueous leaf extract of Aquilegia pubiflora were evaluated in this study. Several methods were used to
characterize ZnO-NPs, including SEM, FTIR, XRD, DLS, PL, Raman, and HPLC. The nanoparticles that had a size of 34.23 nm
as well as a strong aqueous dispersion potential were highly pure, spherical or elliptical in form, and had a mean size of
34.23 nm. According to FTIR and HPLC studies, the flavonoids and hydroxycinnamic acid derivatives were successfully capped.
Synthesized ZnO-NPs in water have a zeta potential of -18.4mV, showing that they are stable solutions. The ZnO-NPs proved
to be highly toxic for the HepG2 cell line and showed a reduced cell viability of 23:68 ± 2:1% after 24 hours of ZnO-NP
treatment. ZnO-NPs also showed excellent inhibitory potential against the enzymes acetylcholinesterase (IC50: 102μg/mL) and
butyrylcholinesterase (IC50: 125μg/mL) which are involved in Alzheimer’s disease. Overall, the enzymes involved in aging,
diabetes, and inflammation showed a moderate inhibitory response to ZnO-NPs. Given these findings, these biosynthesized
ZnO-NPs could be a good option for the cure of deadly diseases such as cancer, diabetes, Alzheimer’s, and other inflammatory
diseases due to their strong anticancer potential and efficient antioxidant properties.

1. Introduction

Nanotechnology is an interdisciplinary science that encom-
passes several disciplines, including electronics, biomaterials,
and medicine. A number of techniques, including physical,
chemical, and biological processes, can be used to create nano-
materials with useful characteristics as tiny as 10–100nm in
size [1, 2]. Because of their large surface area, small size, ther-
mal conductivity, shape, surface morphology, charge, zeta
potential, and crystal structure [3], nanoscale materials have
piqued the interest of scientists, allowing them to be integrated

into biotechnological and biomedical sectors, particularly
for the cure of deadly diseases, i.e., cancer and Alzheimer’s
[4, 5]. Traditional methods (chemical and physical) for pro-
ducing nanoparticles have numerous limitations [6], includ-
ing long-term processing, high prices, tedious procedures,
hazardous by-products, and in particular the usage of poi-
sonous chemicals [7]. However, due of its cost effectiveness,
environmental friendliness, biocompatibility, convenience of
use, and quick synthesis procedures, green synthesis is a
favored technique for nanoparticle production [8, 9]. NPs
can be biosynthesized by a variety of biological entities,
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including cyanobacteria, fungus, actinomycetes, bacteria,
algae, and plants. Green-synthesized nanoparticles offer a
new perspective as a delivery vehicle, for specific and safer
drug delivery, a promising alternative to cancer drugs. Sev-
eral NPs have been synthesized by green synthesis, such as
Ag, Cu, Au, ZnO, Se, and CuO, and many others that have
unique biological activities [10–13].

Due to its multiple uses in several technical sectors, metal
oxide NPs have been actively investigated during the last
decade. ZnO-NPs are an interesting inorganic material with
a varied series of uses in a variety of fields, including semi-
conductors, energy conservation, textiles, cosmetics, elec-
tronics, health care, catalysis, and chemical sensors [14–16].
ZnO-NPs are nontoxic, biocompatible, and cheap and have
a wide range of biological uses, including targeted drug deliv-
ery, anti-inflammatory, wound healing, antimicrobial agents,
anti-cancer, and bioimaging [17]. ZnO-NPs are also utilized
in beauty care products and sunscreens due to their effective
UV absorption capabilities [18]. The use of ZnO-NPs as
additives in nutritional products was certified a few years
ago to increase growth performance, improve antioxidant
properties, and boost the quality of eggs and chickens [19].

Metal oxide (MNPs) may be produced in a variety of
ways (chemical, physical, and biosynthetic) and have a
diverse set of characteristics and uses. Green synthesis covers
the synthesis from algae, fungus, plants, bacteria, and other
microorganisms. They enable the large-scale manufacturing
of ZnO-NPs devoid of contaminants [20]. Plant parts includ-
ing the leaf, stem, root, fruit, and seed have been utilized to
generate ZnO-NPs because of the specific phytochemicals
they produce. Natural extracts of plant components offer a
low-cost and environmentally beneficial alternative to using
intermediary base groups [21]. Secondary plant compounds
found in plant extracts function as both reducing agents
and capping or stabilizing agents. Metal ions or metal oxides
are reduced to zero valence metal NPs in bioreduction with
the aid of plant-secreted phytochemicals such as polypheno-
lic compounds, alkaloids, polysaccharides, amino acids, vita-
mins, and terpenoids [20]. Plants of the Lamiaceae family
such as Vitex negundo, Plectranthus amboinicus, and Aniso-
chilus carnosus have been extensively researched, revealing
NP production in a variety of sizes and forms, including
rod-shaped, hexagonal, quasispherical, and spherical with
agglomerates. The results clearly showed that the size of pro-
duced NPs reduces as the content of a plant extract increases.
For the most part, the leaves of A. indica of the Meliaceae
family have been utilized in the synthesis of ZnO-NPs. All
tests revealed NPs with spherical and hexagonal disc shapes,
as verified by XRD and TEM analyses. Alkane, amide, car-
bonate, alcohol, amine, and carboxylic acid were shown to
be effective capping agents in these investigations. Further-
more, these synthesized NPs were also proved efficient in
various biomedical applications like antimicrobial, anti-can-
cer, anti-diabetic, and antioxidants [20].

Aquilegia pubiflora is a medicinally valuable herb, which
belongs to the Ranunculaceae family and is widespread in the
Himalayas of India, northern Pakistan, and Afghanistan.
This herbaceous plant is commonly called as hairy flowered
columbine or Himalayan columbine but known locally as

Thandi buti or Domba [22]. This species possesses many
important pharmacological and medicinal properties includ-
ing astringent, dyspepsia, cardiotonic, antiasthmatic, antipy-
retic, stimulant, and antijaundice. This plant’s dried roots
have been used to cure eye disorders, snakebites, homeopa-
thy, inflammation, and toothaches and particularly for the
nervous system [23]. A recent study found that the methano-
lic extract of Aquilegia pubiflora exhibits effective erythroid
induction activity, indicating that this plant might be a source
of fetal hemoglobin producing phytocompounds and could
be utilized to treat β-thalassemia [24]. Moreover, Aquilegia
pubiflora was mainly used for the treatment of influenza, skin
burns, wound healing, jaundice, and gynecology, circulatory,
and cardiovascular disease [25].

Here, we disclose the bio-assisted synthesis of ZnO-NPs
through an ecofriendly approach using aqueous extracts of
Aquilegia pubiflora as an efficient oxidizing/reducing and
capping agent. The biosynthesis of ZnO-NPs has already
been reported; however, their diverse biological properties
including anti-Alzheimer’s, antidiabetic, antiaging, and anti-
cancer activities have been less exposed. The aim of the pres-
ent study is therefore to investigate the biological effects of
synthesized ZnO-NPs [7]. HPLC, FTIR, XRD, SEM, DLS,
Raman, and PL were used to characterize the ZnO-NPs as
we previously reported [26, 27]. The well-characterized
ZnO-NPs were examined for their biological activities,
including anti-inflammatory activity, anti-aging, anti-dia-
betic, and antioxidant activities. The anti-Alzheimer and
anti-diabetic effects of ZnO-NPs were also screened, and
the in vitro cytotoxic potential against cancer cell was exam-
ined for their possible application in the biomedical field.

2. Materials and Methods

2.1. Plant Identification and Extraction. The leaves of Aquile-
gia pubiflora were collected in the Swat area of Pakistan and
determined to be disease-free and healthy. Plant identifica-
tion and verification were carried out by Professor Mushtaq
Ahmad of the Herbarium of the Department of Plant Sci-
ences at Quaid-i-Azam University in Pakistan. The collected
leaves were cut into tiny bits and properly washed with tap
water to remove contaminants and dust spores. The cleaned
leaves were stored in a closed room (at 25°C) for around 7
days to dry. In a sterile Willy mill, the dried leaves were
crushed into a fine powder. To prepare the extract, 30 g of
fine powder was mixed with 200mL distilled water in a
500mL flask, sonicated for 10 minutes, and maintained in a
shaking incubator at 200 rpm and 37°C for two days. To get
rid of any leftovers, the extract was filtered twice with nylon
paper and then three times with Whatman No. 1 filter paper.

2.2. Biosynthesis of ZnO Nanoparticles. For the green synthe-
sis of ZnO-NPs, the conventional process from Thema et al.
was followed, with slight modifications to the extract and salt
concentrations [28]. Before and after dissolving the aqueous
extract with the precursor salt, UV and pH were monitored.
100mL of extract was mixed with 6.0 g of zinc acetate dihy-
drate salt and swirled for 2 hours at 60°C on a magnetic stir-
rer. Only after reaction occurs, the temperature is lowered for
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10 minutes at 25°C upon being centrifuged at 10,000 rpm
(HERMLE Z326 K). The solution was separated, and the left-
over pellet was rinsed multiple times with sterile water before
being placed on a clean Petri plate and dried in the oven at
80°C. The dried materials were ground to a powdered form
in a clean grinder and pulverized at 500°C for 2 hours to
remove any impurities. For eventual physical characteriza-
tion and biomedical uses, the annealed powder was put in a
sealed sample vial, labeled, and stored.

2.3. Characterization of Biosynthesized ZnO-NPs. As previ-
ously reported, the morphological, structural, and vibrational
physiognomies of obtained ZnO-NPs were investigated uti-
lizing a variety of characterization methods such as HPLC,
FTIR, XRD, SEM, DLS, Raman, and PL [27]. HPLC and Fou-
rier transform infrared spectroscopy (FTIR) (400–4000 cm-1)
were used to identify phytochemicals and associated func-
tional groups on ZnO-NPs. XRD was used to verify the good
crystallinity, phase recognition, and homogeneity of ZnO-
NPs (Model-D8 Advance, Germany). To test the stability of
ZnO-NPs after processing, the dispersal sustainability of the
particles in purified water with various pH values was visually
analyzed. SEM was used to investigate the morphological
characteristics of particles. DLS was used to identify the opti-
mum charge and stability of ZnO-NPs. Photoluminescence
(PL) and Raman spectroscopy were used to identify oxygen
vacancies and vibrational modes [27].

2.4. Antidiabetic Assays. To explore the anti-diabetic ability
of biosynthesized ZnO-NPs, both α-glucosidase inhibition
and α-amylase bioassays were performed.

2.4.1. α-Amylase Inhibition Assay. The α-amylase inhibiting
action of ZnO-NPs was evaluated using the methodology of
Zohra et al. with minor variations in NP concentrations
[29]. For this test, a 96-well microplate was utilized, and
10 L of ZnO-NPs was added to each well, followed by 15 L
of sodium phosphate buffer (pH 6.9), 25mL of alpha-amy-
lase, and 40mL of starch solution. After 30 minutes of incu-
bation at 50°C, the reaction was halted by adding 20mL of
1M HCl and 90L of iodine solution. Like a control treat-
ment, acarbose was utilized, while DMSO is being used as a
negative control. A microplate reader was used to detect
absorbance at 540nm. The % inhibition of alpha-amylase
by samples was determined using the following formula.
The experiment was carried out in triplicate and twice.

%Enzyme inhibition

=
Abs Sample −Abs negative control
Abs blank −Abs negative control

� �
× 100:

ð1Þ

2.4.2. α-Glucosidase Inhibition Assay. The anti-diabetic
potential of ZnO-NPs was additionally evaluated utilizing
previously reported protocol by Saratale et al. with minor
changes in sample concentration [30, 31]. At pH 6.8,
50mL of phosphate buffer and p-nitrophenyl alpha-D-
glucopyranoside substrate solution was produced, and
100mg of BSA was added. 10mL of ZnO-NPs was prein-
cubated with 250 L α-glucosidase (0.15 units/mL) at 37°C

for 5 minutes. The master mixture was kept at 37°C for
15 minutes. After simply adding 2mL of 200mM Na2CO3
solution, the process was stopped. The absorbance of p-
nitrophenol generated was measured at 400 nm using a
UV-Vis spectrophotometer. Using the formula below, the
% inhibition of α-glucosidase by samples was calculated.
In the experiment, acarbose was used as a positive control
and carried out in triplicate and repeated twice.

%Enzyme inhibition

=
Abs Sample −Abs negative control
Abs blank −Abs negative control

� �
× 100:

ð2Þ

2.5. Antioxidant Assays

2.5.1. Total Antioxidant Capacity (TAC) Determination. The
TAC potential of ZnO-NPs was calculated by a previously
described methodology by Shah et al., with slight modifica-
tions in applied concentration [31, 32]. Using a micropipette,
100 L of ZnO-NPs was added to the Eppendorf tubes. There-
after, Eppendorf tubes comprising ZnO-NPs received
900mL of TAC reagent (0.6M sulfuric acid, 28mM sodium
phosphate, and 4mM ammonium molybdate in 50mL
dH20). The solution was allowed to cool to room temperature
after 2.5 hours in a water bath at 90°C. A spectrophotometer
reader was used to quantify the reagent absorbance at
630 nm. The amount of ascorbic acid equivalent (AAE) per
milligram of analyte was used to calculate TAC. The test
was repeated three times in total.

2.5.2. Total Reducing Power (TRP) Determination. The total
reduction power of ZnO-NPs was tested using the approach
outlined by Nazir et al. [32, 33]. 100mL of ZnO-NPs was
combined with 400mL of C6N6FeK3 and 0.2 molar phos-
phate buffer (pH 6.6) in Eppendorf tubes and maintained
for 30 minutes at 55°C in a water bath. The solution was cen-
trifuged for 8 minutes at 1200 rpm with 400mL of C2HCl3O2
added to each Eppendorf tube. The supernatant (140mL)
from each combination was poured into the wells of a 96-
well plate containing 60mL ferric cyanide solution. A spec-
trophotometer reader was used to quantify the reagent
absorbance at 630nm. The amount of ascorbic acid equiva-
lent (AAE) per milligram of analyte was used to calculate
TRP. The test was repeated three times in total.

2.5.3. Free Radical Scavenging Assay (FRSA). The established
protocol of Ahmed et al. evaluated the potential free radical
scavenging capability of ZnO-NPs using a previously
reported protocol [34, 35]. To assess the antioxidant capacity
of test samples, DPPH reagents at concentrations ranging
from 12.5mL to 400mL were employed. A 96-well plate
was filled with 10mL of ZnO-NPs, and 90mL of DPPH
reagent was applied to each well containing ZnO-NPs. The
positive control was ascorbic acid, while the negative control
was DMSO. A microplate detector was used to measure the
absorbance of the reaction mixture at 515 nm.

2.5.4. ABTS Assay. The ABTS test, commonly identified as
the Trolox antioxidant assay, was performed using the
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procedure of Faisal et al. with minor changes in applied con-
centrations [33, 36]. An ABTS solution for the reaction was
made by combining 2.45mM potassium per sulphate with
7mM of ABTS chemical, subsequently 16 hours in the dark
incubation. Upon mixing with test sample, the resulting
tubes were incubated in the darkness for 15 minutes at
25°C. The absorbance of the test sample was measured at
734nm using the Microplate Reader (BioTek ELX800). Neg-
ative and positive controls were employed, respectively, with
DMSO and Trolox. The antioxidant potential of the samples
was measured in TEAC, and the experiment was repeated
three times.

2.6. Anti-Alzheimer’s Activity. Inhibiting the enzymes butyr-
ylcholinesterase (BChE) and acetylcholinesterase (AChE) is a
possible therapeutic target for Alzheimer’s disease. The
inhibitory ability of ZnO-NPs against AChE and BChE
enzymes was evaluated using a slightly modified Elman’s
technique in terms of NP concentration and dosages, as pre-
viously published by Imran et al. [37, 38]. From the test sam-
ple, a concentration scale ranging from 12.5μg/mL to
200μg/mL was used. In brief, ZnO-NPs are distributed in a
phosphate-buffered saline solution (PBS). The ultimate
enzyme concentration for AChE was 0.03U/mL, and for
BChE, it was 0.01U/mL. The reaction mixture was supple-
mented with DTNB (0.00022M), acetylcholine iodide
(ATchI; 0.0005M), and butyrylcholine iodide (BTchI;
0.0005M) produced in filtered water at 8°C. Galantamine
hydrobromide (Sigma; GI660) produced in methanol was
employed as a positive control in the experiment, and the
reaction mixture stripped of the test sample was used as a
negative control. The anticholinesterase activity is estab-
lished on the splitting of ATchI into AChE and BTchI into
BChE, which results in the production of the yellow-
colored products. Using a spectrophotometer, the absor-
bance was eventually measured at 412 nm. Galantamine
and ZnO-NPs have estimations for percent enzyme activity
and percent enzyme inhibition with a temporal shift in the
absorption rate. The following formulae were used to com-
pute the percent enzyme inhibition.

V = ΔAbs
Δt

,

Inhibition %ð Þ = 100 – Enzyme activity %ð Þ,

Enzyme activity %ð Þ = V
Vmax

� �
× 100:

ð3Þ

2.7. Anti-Inflammatory Activities

2.7.1. Against COX-1 and COX-2. ZnO-NPs were evaluated
for their ability to inhibit COX-1 (Ovine Kit 701050) and
COX-2 (Human Kit 701050). As a positive control, ibuprofen
10M was used, and arachidonic (1.1mM) was used as a sub-
strate. Both COX peroxidase components were measured in
accordance with the kit’s manufacturer’s instructions. The
test was carried out on a 96-well plate in triplicate and was
repeated twice.

2.7.2. Against 15-LOX. ZnO-NPs were tested for their ability
to inhibit 15-LOX (760700 kit, Cayman France). 100M
NDGA was employed as a positive control, whereas 10M
C20H32O2 was used as a substrate. Hydroperoxides are
formed as a result of lipooxygenation, and their concentra-
tion was measured using a 15-lipooxygenase standard in
10mM Tris-HCl buffer at 7.4 pH filter supplied with the
kit. In a 96-well plate, ZnO-NPs and enzyme are mixed
together and incubated for 5 minutes. The 5-minute incuba-
tion was followed by 15-minute incubation after the addition
of the substrate and a 5-minute incubation period after the
addition of the chromogen. Using a Synergy II reader, the
absorbance was measured at 590nm (BioTek Instruments,
Colmar, France).

2.7.3. Against Secretory Phospholipase A2 (sPLA2). An assay
kit (10004883, Cayman Chem., France) was used to test the
inhibitory ability of ZnO-NPs against sPLA2. 1.44mM
diheptanoyl thio-PC was used as a positive control, while
100M thiotheramide-PC was used as a substrate. The cleav-
age of the diheptanoyl thio-PC ester produces free thiols,
which were detected using DTNB at 420 nm in a 96-well
microplate.

2.8. Antiaging Assay

2.8.1. Anti-AGE Formation Activity. The previously reported
protocol of Kaewseejan et al. was used to assess the inhibitory
potential of vesperlysine AGEs and pentosidine AGE pro-
duction [39]. 0.5M glucose solution and 0.1M PBS contain-
ing 0.02 percent (w/v) sodium azide were used to make BSA
solution. ZnO-NPs were mixed with a 20mg/mL BSA solu-
tion. The reaction mixture was kept at 37°C for five days in
the dark. The fluorescence was estimated and quantified
using a Versa Fluor fluorometer from Bio-Rad in France,
with a 410 nm emission wavelength and a 330 nm excitation
wavelength.

2.8.2. Tyrosinase Assay. The tyrosinase test was performed
using 5mM L-DOPA, as previously described by Chai et al.
[40]. L-DOPA diphenolase substrate was combined with
10mL ZnO-NPs and sodium phosphate buffer (50mM, pH
6.8). The final volume of the reaction mixture was raised to
200mL by adding 0.2mg/mL mushroom tyrosinase solution.
As a control, extraction solvent in place of the tested ZnO-
NPs was employed. At 475 nm, a microplate machine was
used to track the reaction activities. The tyrosinase impact
on ZnO-NPs was reported as % inhibition compared with
matching control.

2.8.3. Elastase Assay. Porcine pancreatic elastase was used in
the elastase inhibition test (Sigma-Aldrich). The substrate
used in the test was N(AAAVPN). The relative conversion
of substrate into p-nitroaniline release at 410nm was used
to quantify the reaction traces using a microplate reader, fol-
lowing the approach of Wittenauer et al. [41].

2.8.4. Hyaluronidase Assay. The potential of ZnO-NPs to
inhibit hyaluronidase was tested using a technique estab-
lished by Kolakul et al. [42]. A solution containing 0.03
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percent (w/v) hyaluronic acid and 1.5 units of hyaluronidase
was employed as a substrate. The undigested form of hya-
luronic acid precipitated in an acid albumin solution (0.1
percent (w/v) BSA). The optical density (OD) at 600 nm
was measured using a spectrophotometer. In contrast to the
control, the antihyaluronidase potential was expressed as a
percentage inhibition.

2.8.5. Collagenase Assay. The procedure from Wittenauer
et al. was used, with a small change in applied concentration
[41]. FALGPA obtained from Sigma-Aldrich functioned as a
substrate. The reduction in FALGPA absorbance was mea-
sured at 335nm using a microplate reader over a period of
20 minutes. The trial was conducted in triplicates, and antic-
ollagenase activity was expressed as a percentage inhibition
compared to the control.

2.9. Cytotoxicity against the HepG2 Cell Line. HepG2 cells
(ATCC HB-8065) were grown in DME medium with
100 g/mL streptomycin, 10% FCS, 100U/mL penicillin, and
2mM L-glutamine and incubated at 37°C in a humidified
CO2 incubator with 5% humidity. 0.5mM trypsin/EDTA
was used to harvest the cells at 80-90 percent confluence.
The cytotoxic potential of ZnO-NPs against HepG2 cells
was determined using MTT tetrazolium dye. Preseeded
HepG2 cells (>90% viability; 1 × 104 cells/well) were treated
for 24 hours in a 96-well plate with 200μg/mL test samples
and incubated in a 5 percent humidified CO2 incubator.
After a 24h incubation period, 10mL of MTT dye (5mg/mL)
was added to each well and incubated for 3 h. After that, the
insoluble formazan was dissolved in a 10% acidified SDS
solution. The cells were then incubated overnight. The plates
were examined at 570nm using a microplate reader (Platos R
496, AMP). As a control, we utilized untreated HepG2 cells
(NTC) and doxorubicin.

%Viability

=
Absorbance of sample −Absorbance of sample control

Absorbance of NTC −Absorbance of media
× 100:

ð4Þ

Optical density of treated samples and NTC was
measured at 570 nm.

3. Results and Discussion

3.1. Synthesis and HPLC Analysis of Green ZnO-NPs. Aquile-
gia pubiflora leaf extract has been employed as a reducing
and stabilizing agent in the production of multifunctional
ZnO-NPs in recent study. The genus Aquilegia is a member
of the Ranunculaceae family, which comprises around 60
plant species used for a variety of medicinal purposes across
the world, mostly in South Asia. Among the medicinally
important phytochemicals identified in these plants are feru-
lic acid, β-sitosterol, apigenin, aquilegiolide, magnoflorine,
berberine, caffeic acid, p-coumaric acid, genkwanin, glochi-
dionolactone A, and resorcylic acid [27, 43]. These phyto-
chemicals, such as phenolics and flavonoids, may have
played an important role in the formation of stable nanopar-

ticles. HPLC was used to produce and quantify the funda-
mental phytochemicals responsible for the reduction and
effective capping of synthesized NPs. Eight constituents were
identified and measured, including four hydroxycinnamic
acid derivatives (sinapic acid, ferulic acid, chlorogenic acid,
and p-coumaric acid) and four flavonoids (orientin, vitexin,
isoorientin, and isovitexin). Hydroxycinnamic acids and
flavonoids are phenolics that are produced through the shi-
kimic acid pathway and are involved in a range of biological
processes in plants [27, 31]. Orientin and chlorogenic acid
both protect plants against stresses and have a wide range
of biological activities, including antifungal, anticancer, anti-
diabetic, antibacterial, antioxidant, anti-inflammatory, and
hepatoprotective effects [44, 45]. According to the findings
of earlier studies, flavonoids and hydroxycinnamic acid
derivatives can be found on the surface of nanoparticles
[27, 32, 46]. These plant active chemicals have a role in
ZnO-NP capping. White ZnO-NP powder was produced
after washing, drying, grinding, and calcination operations.
The fine powder was collected and kept as ZnO-NPs in an
airtight glass container before being employed for physico-
chemical and morphological evaluation, as well as biological
applications [27].

3.2. Physicochemical and Morphological Characterization.
The XRD pattern of synthesized ZnO-NPs showed the pres-
ence of pure and crystalline nanoparticles, with high diffrac-
tion peaks observed at various stages, i.e., 69.47°, 68.23°,
66.83°, 62.68°, 56.31°, 47.39°, 36.36°, 34.34°, and 36.36°, refer-
ring to different Miller indices, respectively (201), (212),
(200), (103), (102), (101), (002), and (100) as shown in
Figure 1S(A). The indexing of ZnO with a mean size of
19.58 nm supports the normal hexagonal wurtzite structure
(JCPDF file no. 00-036-1451) [47, 48]. The FTIR spectra of
the synthesized nanoparticles were estimated in the spectral
range of 400–4000 cm-1 as shown in Figure 1S(B). The
main absorption peaks were identified in the range of lower
wavenumbers. The broad band observed at 3100 cm-1

corresponds to the O-H stretching mode of the hydroxyl
group. The highest strength at 1459-1 in the protein amide
connection indicated amine (-NH) vibration stretch. The
prominent bands detected at 1028 cm-1 and 1384 cm-1

represented alcohols, phenolic compounds, and C-N
stretching vibrations of aromatic amines in biomolecules.
Zn-O refers to a distinct band that can be seen at 863 cm-1

[49–51]. The surface shape and particle size of green-
synthesized ZnO-NPs are determined by scanning electron
microscopy, as illustrated in Figures 2S(A) and 2S(B). The
micrograph showed that, with some degree of aggregation,
the particles exhibit a spherical structure. In previous
research, such morphologies have also been identified.
Furthermore, using the ImageJ program, the average
particle size of the nanoparticles was 34.23 nm [52, 53]. The
dispersion power of ZnO-NPs in deionized water at pH 2,
pH 7, and pH 12 was investigated. It was noted that even
after 24 h of sonication, ZnO-NPs demonstrated excellent
dispersion at neutral pH. Moreover, at neutral pH, the
dispersion effect was also enhanced by a highly negative
zeta potential value [54]. The zeta potential and particle size
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distribution were investigated using the Malvern Zetasizer, as
shown in Figures 3S(A) and 3S(B). The colloidal stability of
particles is determined by the zeta potential ∣ζ ∣ , which is a
common estimate of the surface load. Suspensions featuring
∣ζ ∣ 15mV are normally graded as stable colloids. The
calculation also improves the stable dispersion potential of
biogenic ZnO-NPs at pH 7 in distilled water. The negative
surface charge on particles provides particle dispersion
stability and prevents aggregation due to the high binding
affinity of the extract compounds on metallic ions. In
addition, calculations of the size distribution showed the
average particle size to be 131nm. The larger ZnO-NPs
detected by DLS are due to the technique’s bias against
measuring larger particles (even aggregate) [54, 55].
Photoluminescence (PL) analysis of engineered
nanomaterials is significant because it gives important
information on the quality of the synthesized materials.
Excitation wavelengths ranging from 500 nm to 900nm
were used to measure the PL. Characteristic peaks, referred
to as trap state or deep state emission, were found at
510nm, 552nm, and 690nm, as shown in Figure 4S(A).
There are three possible charge states for oxygen vacancies
in ZnO: neutral, single ionized, and double ionized. While
the presence of oxygen is responsible for green oxygen
emissions from ZnO-NPs, the rise in oxygen vacancies is
linked to high PL emissions [56, 57]. Figure 4S(B) shows
the Raman spectra of biosynthesized nanoparticles, which
revealed typical peaks at 435 cm-1 and 572 cm-1 [27, 58].

3.3. Antidiabetic Activity. Diabetes mellitus (DM) is a meta-
bolic condition characterized by hyperglycemia that persists.
It is caused by a lack of insulin synthesis or a lack of insulin
sensitivity in the body’s cells [59]. The International Diabetes
Federation (IDF) study (2017) estimated that 425 million
adults have diabetes, with that number expected to rise to
629 million by 2045 [60]. Lowering postprandial hyperglyce-
mia is one of the important clinical approaches to diabetes
care. This can be accomplished by inhibiting two essential
digestive tract enzymes that hydrolyze carbohydrates, i.e.,
alpha-amylase and alpha-glucosidase [59]. Various doses of
ZnO-NPs ranging from 12.5μg/mL to 200μg/mL were tested
in the assay for α-amylase and α-glucosidase inhibition. Our
findings suggest that ZnO-NPs have a mild inhibitory effect
on α-amylase and α-glucosidase activity, which is consistent
with previous research (Table 1) [61]. At the highest concen-
tration of 200μg/mL, the maximum inhibition of α-amylase
was determined to be 310.24, whereas the maximum inhibi-
tion of α-glucosidase was calculated to be 22.691.23. Overall,
both enzymes’ % inhibition increased in a dose-dependent
manner; however, α-amylase showed considerably greater
inhibition as compared to α-glycosidase, while considering

the comparable inhibitory effect of both enzymes. Hence,
ZnO-NPs synthesized from Aquilegia pubiflora have moder-
ate antidiabetic properties; this could be due to the presence
of some active compounds that inhibit diabetes-related
enzymes.

∗∗∗Highly significant, ∗∗slightly significant, and ∗non-
significant difference from control at P < 0:05 by one-way
ANOVA in the column. The values represent the mean ±
SD of three replicates.

3.4. Antioxidant Activity. A variety of test methods have been
devised and employed due to the relevance of antioxidants in
protecting natural and man-made materials. Methods based
on inhibited autoxidation, oxygen consumption kinetics, or
the formation of hydroperoxides and primary oxidation
products are among them. Secondary oxidation products
(e.g., carbonyl compounds) were also determined analytically
[62]. However, most test methods do not involve substrate
autoxidation. For this purpose, we have used four different
antioxidant assays to gain a better understanding of test sam-
ples’ antioxidant potential in terms of secondary oxidation
products, primary oxidation products, and oxygen consump-
tion kinetics [63]. Because the radical is stable and does not
need to be generated as in other scavenging assays, the DPPH
method is the most valid, easy, accurate, sensitive, and cost-
effective method for evaluating the scavenging activity of
antioxidants in fruits, vegetables, juices, extracts, and
extract-mediated nanomaterials [62]. The results are very
repeatable and comparable to ABTS, TAC, ORAC, and
FRAC, as well as other scavenging methods. Another strat-
egy, which considers the antioxidant concentration and reac-
tion time to reach the scavenging reaction plateau, has been
found to be superior to other methods (considering only
antioxidant concentration) [63].

For these assays, five separate concentrations, i.e., 200,
100, 50, 25, and 12.5μg/mL, were used and the results dem-
onstrated that antioxidant potential of the ZnO-NPs was
highly significantly upregulated shown in Table 2. Since
aqueous extracts of A. pubiflora are available in this sample,
it may be concluded that some of the phenolic compounds
involved in capping of ZnO-NPs can quench the reactive
oxygen species by acting as reducing/oxidizing agents. The
test material’s total antioxidant potential (TAC) is predicated
on its conversion from Mo (VI) to Mo (V), and the greenish
Mo (V)-phosphate complex had the fastest absorption at
695 nm. TAC assay reveals the quenching ability of the mea-
sured material compared to ROS species [64]. At a higher
concentration of 200μg/mL ZnO-NP concentration, moder-
ate (71:66 ± 1:14) TAC activity was observed while at lower
concentration of NPs (12.5μg/mL) TAC activity was further
decreased as 26:78 ± 1:22. The antioxidant potential of ZnO-

Table 1: α-Amylase and α-glycosidase potential at various concentrations.

Enzymes
Concentrations (μg/mL)

+ Control 12.5 25 50 100 200

α-Amylase 88:63 ± 3:79 18:91 ± 0:73∗∗∗ 22:49 ± 0:54∗∗ 27:19 ± 0:63∗∗ 28:36 ± 0:69∗∗ 31 ± 0:24∗

α-Glucosidase 88:63 ± 3:79 16:31 ± 0:44∗∗∗ 18:66 ± 0:59∗∗ 21:43 ± 1:06∗ 21:91 ± 1:19∗ 22:69 ± 1:23∗
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NPs was further determined by engineered power reduction
test (TRP). Redox-possessing agent can neutralize and
absorb free radicals by transferring the ion from Fe+3 to
Fe+2. ZnO-NPs with reducing strength are capable to reduce
ferrous ions from ferric ions [65]. Reductants have the ability
to reduce free radicals by splitting their chains and donating a
hydrogen atom, and this reduction capacity is linked to anti-
oxidant capacity [66].

TRP experiment indicated the maximum antioxidant
potential (111:32 ± 1:24 μg AAE/mg) for the 200μg/mL
ZnO-NP tested concentration in terms of ascorbic acid
equivalents in antioxidant activities. However, from overall
antioxidant assays performed (TRP, TAC, DPPH, and
ABTS) using different concentrations of ZnO-NPs, the
highest antioxidant activity was noted for ABTS assay
(178:45 ± 2:64) at 200μg/mL ZnO-NP tested concentration.
The reducing strength of the ZnO-NPs in the performed
assays (TRP, TAC, DPPH, and ABTS) was shown to be
gradually decreased with the decrease of tested concentra-
tions of NPs. The highest reduction capacity for TRP assay
was revealed at 200μg/mL ZnO-NP concentration as 111:3
± 2:44 μg AAE/mg, and the least reduction potential was
noted at 12.5μg/mL as 19:11 ± 2:6 μg AAE/mg. Both spec-
trophotometric approaches, DPPH free radical scavenging
and ABTS assays, are based on the quenching of stable-
colored DPPH and ABTS radicals, indicating the ability to
scavenge of antioxidants [67]. At a concentration of
200μg/mL ZnO-NPs, medium (23:5 ± 2:4) DPPH radical
scavenging activity was observed while low radical scaveng-
ing potential (6:37 ± 1:82) was observed at 12.5μg/mL. Sim-
ilarly, the highest ABTS activity (178:45 ± 2:64) was recorded
at 200μg/mL ZnO-NP concentration and the lowest
(45:73 ± 1:91) at 12.5μg/mL. Some of the antioxidant chemi-
cals involved in the reduction and stabilization of ZnO-NPs
throughout the manufacturing process could also be respon-
sible for imparting antioxidant capabilities to ZnO-NPs,
according to the findings.

∗∗∗Highly significant, ∗∗slightly significant, and ∗non-
significant difference from control at P < 0:05 by one-way
ANOVA in the column. Values are mean ± SD of triplicate.

3.5. In Vitro Anti-Alzheimer’s Activity. Alzheimer’s disease
(AD) is a chronic neurological disease that accounts for
60% to 80% of dementia cases worldwide. The condition is
characterized by a gradual decline in cognitive functions such
as memory, executive and visual spatial functioning, person-
ality, and vocabulary. In the United States alone, one person
develops Alzheimer’s disease every 65 seconds, which is

alarming [68]. Cholinesterase inhibitors are new AD medi-
cines accessible for people with any stage of the disease. For
the successful inhibition of cholinesterase enzymes, a variety
of synthetic and natural substances have been described. In
tissue synapses or neuromuscular junctions, the enzymes cat-
alyze the hydrolysis of acetyl choline (a neurotransmitter)
into choline and acetic acid. Nanotechnology, a diverse field,
is a potential hotspot for identifying various therapeutic
strategies, including drug delivery across the blood-brain
barrier in Alzheimer’s disease. Efficient disintegration of
mature fibrils and remarkable inhibition of the β-amyloid
fibrillation mechanism have been suggested by Terminalia
arjuna-dependent gold nanoparticles. In addition, gold
nanoparticles have also been reported to be successful in
inhibiting cholinesterase enzymes, suggesting that gold nano-
particles are neuroprotective [69]. Trehalose-functionalized
gold nanoparticles disintegrate matured fibrils and inhibit
protein aggregation [70]. Bacopa monnieri-based platinum
nanoparticles commendably eradicate reactive oxygen spe-
cies which tends to drop the ROS level in Parkinson disorder
[71]. Selenium and other metal oxide nanoparticles are also
used effectively for AD on in vivo and in vitro basis [72].
The decrease in acetyl choline levels leads to the development
of Alzheimer’s disease. The inhibitory reaction of two cholin-
esterase enzymes, butyrylcholinesterase (BChE) and acetyl-
cholinesterase (AChE), was investigated using different
biogenic ZnO-NP concentrations (AChE) [73]. The inhibi-
tory response for both esterases was dose dependent, which
was surprising. The most active concentration of ZnO-NPs
was 200μg/mL, which inhibited AChE by 64:76 ± 1:69 and
BChE by 67:49 ± 0:60. At 12.5μg/mL ZnO-NP concentra-
tion, the inhibitory response was 35:76 ± 1:01 for AChE
and 27:51 ± 0:84 for BChE, respectively. Furthermore, no
significant difference in percent inhibition was recorded
against both enzymes at 25μg/mL and 50μg/mL concentra-
tions of ZnO-NPs, with inhibition responses of 38:02 ± 1:03
at 25μg/mL and 40:02 ± 0:09 at 50μg/mL for AChE and
29:01 ± 0:94 at 25μg/mL and 30:01 ± 0:08 at 50μg/mL for
BChE, respectively. Overall, ZnO-NPs were found to be
highly active against both enzymes as indicated by their
IC50 values of 102μg/mL and 125μg/mL for AChE and
BChE. Overall results exhibited that biosynthesized ZnO-
NPs have efficient anti-Alzheimer’s activity and as shown
by significant % inhibition at 200μg/mL concentration,
against both enzymes, respective to control as shown in
Table 3. The results of the present study exhibited that A.
pubiflora-mediated ZnO-NPs have effective anti-
Alzheimer’s activity when applied in high concentrations,

Table 2: Antioxidant potential of A. pubiflora-synthesized ZnO-NPs.

Conc. (μg/mL) TAC (μg AAE/mg) TRP (μg AAE/mg) ABTS (TEAC) DPPH (% FRSA) Ascorbic acid

200 71:66 ± 1:14∗∗ 111:32 ± 1:24∗∗ 178:45 ± 2:64∗ 23:5 ± 1:38∗∗∗ 210:29 ± 4:72

100 53:71 ± 1:32∗∗ 86:71 ± 0:98∗∗ 124:32 ± 1:99∗ 18:11 ± 1:2∗∗∗ 186:31 ± 4:19

50 42:43 ± 0:84∗∗ 54:23 ± 0:92∗∗ 92:63 ± 2:25∗ 13:32 ± 1:74∗∗∗ 132:20 ± 4:03

25 31:72 ± 0:71∗∗ 32:87 ± 0:95∗∗ 68:54 ± 2:21∗ 7:0 ± 0:97∗∗∗ 119:18 ± 2:83

12.5 26:78 ± 1:22∗ 19:23 ± 1:13∗∗ 45:73 ± 1:91∗ 6:37 ± 1:82∗∗∗ 84:71 ± 2:51
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as shown by >65% inhibition against both enzymes. A previ-
ous study by Khalil et al. (2019) showed inhibition of several
metallic NPs against AChE and BChE enzymes. Concentra-
tions of biogenic metal oxide nanoparticles ranging from
1000mg/mL to 62.5mg/mL were examined. Surprisingly,
both enzymes’ responses to inhibition were found to be dose
dependent. At 1000mg/mL, biogenic lead oxide (PbO) nano-
particles were one of the most active samples, suppressing
cholinesterases by 71% (AChE) and 67% (BChE). This was
followed by cobalt oxide nanoparticles, which suppressed
AChE and BChE by 70% and 68%, respectively. With IC50
values of 160.81mg/mL and 261.67mg/mL for AChE and
BChE, respectively, biogenic iron oxide nanoparticles were
the least effective [73].

∗∗∗Highly significant, ∗∗slightly significant, and ∗non-
significant difference from control at P < 0:05 by one-way
ANOVA in the column. Values are mean ± SD of triplicate.

3.6. In Vitro Anti-Inflammatory Activity. Inflammation is an
automated response exhibited by the body’s immune system,
against various bacteria, irritants, damaged cells, and adverse
stimuli. Anti-inflammatory activities have been documented
both in vivo and in vitro for different metallic NPs and for
many secondary metabolites. ZnO-NP HPLC analysis shows
good capping of flavonoids such as orientin, isoorientin,
vitexin, and isovitexin. These flavonoids can exert anti-
inflammatory stress in numerous ways, such as cyclooxygen-
ase inhibition with often selective activity on COX-1 vs.
COX-2, phospholipase A2, and lipoxygenases (enzymes
developing eicosanoids), thus reducing the concentration of
leukotrienes and prostanoids that plays a main role in devel-
oping inflammation [74]. In certain types of inflammatory
disorders, existing therapies are currently ineffective to treat
and mitigate the progression of the condition or even to erad-
icate the signs and symptoms of inflammation [75]. For
example, we know that NPs have an exceptional capacity to
penetrate the microbial membrane, so this issue can be solved
by increasing drug penetration into the active site of micro-
bial infection. The aim of recent science for developing NPs
is to avoid and manage inflammatory and contaminated sites
for identification [76–78]. So, to check the anti-inflammatory
potential of A. pubiflora-mediated ZnO-NPs, various in vitro
pathways such as COX-1, COX-2, sPLA2, and 15-LOX inhi-
bitions were tested. All the pathways produced the most pro-
ductive outcomes for the inhibitory activity of all
experiments conducted. sPLA2 was found to have the highest
inhibitory activity (32:90 ± 0:99%), followed by 15-LOX
(24:57 ± 0:79%), COX-1 (18:41 ± 0:54%), and COX-2
(18:23 ± 0:57%), respectively, as shown in Figure 1(a). Over-
all results described that A. pubiflora-mediated ZnO-NPs

have showed efficient inhibition of two enzymes, sPLA2
and 15-LOX, of inflammatory processes.

3.7. In Vitro Antiaging Activity. This assay comprised a
screening of A. pubiflora-mediated ZnO-NPs for anti-aging
potential. A test sample (ZnO-NPs) at a fixed concentration
of 200μg/mL was utilized to assess their in vitro potential
to inhibit enzymes such as tyrosinase, elastase, collagenase,
hyaluronidase, and AGEs. Collagenase, hyaluronidase, and
elastase-like enzymes are responsible for the destruction of
extracellular matrix components in enzymes. Deep wrinkles,
skin tonus, and skin resilience losses are all caused by these
enzymes [79–81]. Tyrosinase disorders are caused by the
phenomenon of aging and are the main causative agents of
malignant melanoma and freckles or melasma, such as pig-
ment disorders [82]. Advanced glycation end products
(AGEs) have been linked to aging and age-related disorders
as a result of oxidative stress [83, 84]. Certain compounds
that can deter these enzymatic processes or pathways are
desirable and useful in cosmetic industries. According to sev-
eral studies, SIRT-1 (a class III deacetylase) and radical aging
theory have emerged as potent survival and oxidative stress
management agents [85, 86]. In our recent study, ZnO-NPs
produced with some phytochemicals have shown that these
NPs are capable of being used as antiaging agents. Significant
inhibitory activities of ZnO-NPs against pentosidine AGEs
(up to 44:63 ± 1:26%) have been observed, followed by
vesperlysine AGEs (up to 37:13 ± 1:99%). For collagenase
(17:83 ± 0:81%) and tyrosinase (14:56 ± 0:89), ZnO-NPs
had intermediate inhibitory effect. The lowest observed pro-
nounced inhibitory effects observed for elastase and hyal-
uronidase were 7:51 ± 0:31 and 8:73 ± 0:37, respectively,
shown in Figure 1(b). It has been explained from the above
findings that ZnO-NPs have a good inhibitory capacity
against two enzymes, AGEs of pentosidine and vesperlysine.
Previous research has shown that ZnO may absorb UV radi-
ation and protect the skin from additional damage, making it
a potential antiaging agent. When coupled with TiO2, ZnO-
NPs and green tea polyphenols show synergistic photopro-
tective effects on the skin, significantly reducing erythema
[87]. ZnO is claimed to be an antiaging element in cosmetics
and sunscreens since it is an active UVA/UVB-reflecting
sunscreen ingredient that provides UVB protection of 75%.
The anti-aging potential of ZnO-NPs and TiO2-NPs in sun-
screens is owing to their capacity to form complexes with
proteins and cause the creation of free radicals, hence trigger-
ing ROS and inhibiting many proteins involved in aging [88].

3.8. Anticancer Activity against the HepG2 Cell Line. Plant-
derived compounds are a promising treatment option for

Table 3: Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibition by ZnO-NPs at different concentrations.

Enzymes
Concentrations (μg/mL)

12.5 25 50 100 200

AChE 35:76 ± 1:01∗ 37:54 ± 0:54∗∗ 40:89 ± 0:63∗∗ 52:44 ± 0:69∗∗ 64:76 ± 1:69∗

BChE 27:51 ± 0:84∗∗ 27:69 ± 0:59∗∗ 36:81 ± 1:06∗ 49:73 ± 1:19∗∗ 67:49 ± 0:60∗

+ Control 52:41 ± 2:19 58:72 ± 2:11 62:79 ± 2:44 81:83 ± 2:68 86:20 ± 2:91
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hepatocellular carcinoma [89]. In our research, FTIR and
HPLC analyses reported the presence of alcohols, phenolic
groups, and C-N stretching vibrations of aromatic amines
of biomolecules, on the surface of synthesized ZnO-NPs;
these groups are considered physiologically significant
towards treatment of various pathogenic diseases including
cancer [90]. A scientific hotspot for cancer therapy is pro-
vided by the toxic nature of NPs, having effective anti-
cancer potential [55, 90]. In this study, the cytotoxicity of
ZnO-NPs against human hepatocytes (HepG2 cell line) has
been examined. HepG2 cells showed reduced cell viability
of 23:68 ± 2:1% after 24 h ZnO-NP treatment, as compared
to respective controls as shown in Figure 2. Moreover, the
phase-contrast microscopic images of HepG2 cells treated
with ZnO-NPs showed prominent apoptosis of cells after

for 24 h treatment. These results indicated the highly toxic
effect of ZnO-NPs against human hepatocytes, as shown in
Table 4. The three primary mechanisms responsible for the
cytotoxic effect of ZnO-NPs include the breakdown of
ZnO-NPs into Zn+2, reactive oxygen species (ROS) forma-
tion, and DNA damage [91–93]. Moreover, physical proper-
ties such as size, surface chemistry, and dose dictate the
overall uptake, elimination, and antitumor properties of the
ZnO-NPs [93]. Various studies have showed the anticancer
and antiproliferative effect of ZnO-NPs, via upregulating
the tumor suppressor genes and apoptotic genes, downregu-
lating the antiapoptotic genes, inducing DNA fragmentation,
ROS production, and caspase-3 enzyme in HepG2 cells
[94–96]. Our results are also consistent with these previ-
ously published studies regarding anticancer potential of
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Figure 1: (a) Anti-inflammatory potential of synthesized ZnO-NPs with respect to their control value (68:39 ± 3:17). (b) Antiaging potential
of ZnO-NPs with respect to their control value (74:83 ± 3:92). ∗∗∗Highly significant, ∗∗slightly significant, and ∗nonsignificant difference
from control at P < 0:05 by one-way ANOVA in the column. Values are mean ± SD of triplicate.

(a) (b)

Figure 2: (a) Characteristic pictures of nontreated cells. (b) ZnO-NP-treated cells.
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Au-NPs against HepG2 cells. Plant-derived Au-NPs typi-
cally cause cellular death by causing reactive oxygen species
(ROS). ROS disrupts signal transduction pathways while
also increasing cellular death [97, 98]. The CeO2-NP anti-
proliferative activities were also shown to successfully
reduce the viability of the HepG2 cell line, with inhibition
of 26.78%. The positive control doxorubicin and the nega-
tive control DMSO inhibited the HepG2 cells by 94.24%
and 4.24%, respectively, as compared to the CeO2-NPs
[46]. Hence, the marked anti-tumor activity against HepG2
cells showed an exciting potential of biosynthesized ZnO-
NPs as promising anti-cancer agents. Figure 3 shows the
proposed mechanism of ZnO-NP-mediated cytotoxicity in
cancerous cell; when ZnO-NPs get entry into the cancerous
cell, they produced ROS species, disturbed mitochondrial
membrane depolarization, and damaged DNA; all these
events eventually leads to apoptosis or death of cancer cell.

Values are mean ± SD of triplicate.

4. Conclusion

This research work is the ongoing portion of the previously
biosynthesized ZnO-NPs using aqueous extract of Aquilegia
pubiflora, a well-known plant for its medicinal importance.
The crystalline structure of the synthesized NPs has been

confirmed by XRD analysis. The presence of phytochemicals
in converting metallic ions to nanoparticles was investigated
by FTIR and HPLC testing. SEM and Raman spectra deter-
mined morphology and vibrational modes, while apparent
charge and steadiness were determined by DLS. The
produced ZnO-NPs have shown good antioxidant and anti-
Alzheimer capabilities. ZnO-NPs have also revealed a
moderate inhibitory ability against alpha-amylase and
alpha-glucosidase enzymes. Biosynthesized ZnO-NPs have
shown an effective anti-Alzheimer’s activity at a higher con-
centration and showed >65% inhibition against both AChE
and BChE enzymes. It has been observed that biogenic
ZnO-NPs are highly toxic to HepG2 cell lines as indicated
by reduced cell viability of the HepG2 cell line after contact
to ZnO-NPs. Moreover, ZnO-NPs have a good anti-aging
property as demonstrated by their inhibitory capacity against
two enzymes, AGEs of pentosidine and vesperlysine. Fur-
thermore, A. pubiflora-mediated ZnO-NPs have showed
efficient anti-inflammatory capacity as depicted by inhibition
of sPLA2 and 15-LOX enzymes responsible for inducing
inflammation. Our results concluded that the abovemen-
tioned ZnO-NPs could be considered for application in
cosmetics, owing to their good anti-aging effect, and in treat-
ment of various diseases including cancer, diabetes, Alzhei-
mer’s, and other inflammatory diseases, owing to their
strong anti-cancer potential and efficient antioxidant proper-
ties. To explore its biomedical capabilities at both in vitro and
in vivo levels, further research on ZnO-NPs is required.
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The biologically active phytochemicals are sourced from edible and medicinally important plants and are important molecules
being used for the formulation of thousands of drugs. These phytochemicals have great benefits against many ailments
particularly the inflammatory diseases or oxidative stress-mediated chronic diseases. Eugenol (EUG) is a versatile naturally
occurring molecule as phenolic monoterpenoid and frequently found in essential oils in a wide range of plant species. EUG
bears huge industrial applications particularly in pharmaceutics, dentistry, flavoring of foods, agriculture, and cosmeceutics. It is
being focused recently due to its great potential in preventing several chronic conditions. The World Health Organization
(WHO) has declared EUG as a nonmutant and generally recognized as safe (GRAS) molecule. The available literature about
pharmacological activities of EUG shows remarkable anti-inflammatory, antioxidant, analgesic, and antimicrobial properties
and has a significant effect on human health. The current manuscript summarizes the pharmacological characteristics of EUG
and its potential health benefits.

1. Introduction

Eugenol (EUG) or 4-allyl-2-methoxyphenol is a phenyl-
propanoid having an allyl chain-substituted guaiacol
(Figure 1). EUG, a naturally occurring compound, has been
reported to be present in several plant families including
Holy basil or tulsi leaves (Lamiaceae), Eugenia caryophyllata
(clove), Zingiber officinale (ginger), bark and leaves of Cinna-
momum verum (cinnamon), Curcuma longa (turmeric), and
peppers (Solanaceae) [1], as well as various aromatic plants
such as Cinnamomum verum (true cinnamon), Ocimum
basilicum (basil), Myristica fragrans Houtt. (nutmeg), and
Cinnamomum loureirii Nees. (Saigon cinnamon). The major

natural sources of EUG are Eugenia caryophyllata (syn Syzy-
gium aromaticum) which comprises 45-90% [2], and cinna-
mon has 20-50% of EUG, but the commercial level
extraction of EUG is quite expensive with longer cultivation
times, while ginger, tulsi, and bay can be used instead of cin-
namon and clove as cheaper source [1].

EUG can be prepared synthetically by guaiacol allylation
with allyl chloride or produced through biotransformation
process that involves microorganisms like Escherichia coli,
Corynebacterium sp., and Bacillus cereus [3]. The pharma-
cological properties of EUG are numerous including anti-
microbial, anti-inflammatory, analgesic, neuroprotective,
antidiabetic, and antitumor activities that make it a
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versatile natural ingredient that helps in the prevention
and cure of several disorders. The WHO declared EUG
generally recognized as safe (GRAS) and a nonmutagenic
substance. This naturally occurring molecule also has a
large utilization in perfumery industry and food industry
[4]. The antiseptic property made its use in mouthwashes as
a disinfectant and also complexed with tooth fillers due to its
pain relieving, antiseptic, and analgesic properties [5, 6]. In
agricultural practices, EUG have extensively been used as an
insect attractant and even in pesticide production. At com-
mercial scale, EUG proven itself a versatile compound mainly
due to its structure, complex formation, and an excellent sub-
strate for carrying out biotranformations [7, 8].

Medicinally important plant species are a good source of
active and potent drugs bearing extensive pharmacological
properties. There is a huge list of pharmacological activities
and bioactivities of EUG along with industrial utilization.
In spite of its strong antioxidant properties, EUG protects
neuron cells and recues the chances of the oxidative stress-
oriented diseases as well as inflammatory diseases. Moreover,
EUG is also used in local anesthesia to check the multiple
pathological pains other than its wide utilization in dental
clinics. Keeping in view the broad-spectrum utilization of
EUG, the current review is aimed at highlighting and sum-
marizing the recent advancements using EUG and exploring
its pharmacological properties in a broader way. Moreover,
this review will also discuss the roles of EUG in inflammatory
and chronic diseases, in its antioxidant potential, and in
neuroprotection.

2. Pharmacological Properties of EUG

The mechanism behind the therapeutic potential of EUG has
been explained in huge literature. EUG is effective against a
number of diseases such as reproductive disorders, nervous
system disorders, blood glucose and cholesterol irregularities,
microbial infections, tumorigenesis, hypertension, inflamma-
tions, and digestive complications [9]. Herein, the potential
of EUG in combating severe illnesses and the mechanisms
linked with health-promoting actions have been illustrated
in detail [1].

2.1. Anticancer Activities. Cancer usually forms tumors by
accumulation of cells and involves uncontrolled cell division.
It is the second major cause of death worldwide, with a 6 mil-
lion fatality rate annually [10, 11]. Cellular aggregation can
be a consequence of inflammation because of inappropriate
performance of signaling pathways [11]. Chemotherapy is
mostly employed to destroy cancer cells, but in addition to
targeting the diseased cells, it also causes division of normal
cells of hair follicles, bone marrow, etc. Therefore, chemopre-
ventive natural agents, like EUG, are preferred for tumor

therapy. These drugs, even at high dose, show no cytotoxic
effect on healthy cells [12–14]. EUG has been declared non-
mutagenic and noncarcinogenic by the US Food and Drug
Administration (FDA) [15–17] (Figure 2).

Different studies on EUG demonstrated its strong poten-
tial in combating colon cancer, prostate cancer, skin tumors,
and gastric cancers [11, 18–20]. Therapeutic drugs undergo
apoptosis as a therapy for cancer and many other diseases.
Apoptosis is programmed cell death which causes plasma
membrane shrinkage, blebbing, fragmentation in chromo-
somal DNA, production of membrane-bound small apopto-
tic bodies which are phagocytozed by nearby surrounding
cells, and chromatin condensation [10, 21]. Apoptosis is a
vital function of the human body without which there is
surely a great risk of many disorders like cancers, acquired
immune deficiency syndrome (AIDS), etc. [10, 11, 22].

Drug combination therapies are mostly used in combat-
ing cancer [23]. EUG shows a synergistic effect when used
with some chemoinhibitory drug leading to a great reduction
in drug toxicity on healthy cells [24]. In an in vitro study, use
of little quantity of EUG in combination with gemcitabine
potentiates the effects of the drug with no side effects on
healthy cells [1, 11, 25].

Breast cancer is ranked second among most common
cancers in women, and it is classified as the fourth common
cause of cancer-linked deaths worldwide [1]. Mammary epi-
thelial cells in women are regulated by maintaining a balance
among the process of their proliferation and apoptosis [26].
Disturbance in this balance leads to a rise in mammary epi-
thelial cells finally causing breast cancer [26]. Vidhya and
Devaraj [27] proved that breast cancer cells (MCF-7) experi-
ence strong antimutagenic activity of EUG. EUG is both time
and dose dependent when suppressing proliferation of MCF-
7 cells [17, 27]. Pisano and colleagues [28] also explained the
antiproliferative action of EUG-associated biphenyl (S)-6,60-
dibromo-dehydrodieugenol, by initiating apoptosis.

Melanoma or malignant melanoma develops from mela-
nocytes and is a sort of skin cancer [29]. Among all skin can-
cers, melanoma accounts for 4% only. However, it has a high
mortality rate with over 80% of death toll from skin cancer
[30]. The antiproliferative effect of EUG against melanocytes
was studied by Pisano and coworkers [28]. EUG seize cell
cycle and promote apoptosis. This effect of EUG has also
been studied in a B16 xenograft model by Miyazawa and
Hisama [31]. EUG acts by synthesis of ROS [17] which
causes inhibition of DNA synthesis thus delaying tumor
growth. 40% reduction was reported in tumor size by the
action of EUG [2, 32]. Another study was conducted by con-
sidering the anticancer activity of EUG on human melanoma
cells (WM1205Lu). The results indicated apoptosis and cell
cycle arrest at S-phase [2]. Ghosh and coworkers [33] exam-
ined EUG and isoeugenol for antimelanoma activity. They
inferred that EUG, but not isoeugenol (isomer of EUG),
showed anticancer activity against melanocytes [17].

Cervical cancer arises from the cervix. In 2002, cervical
cancer resulted in 274,000 deaths [34]. More than 90% of
cervical cancer cases are caused by human papillomavirus
infection; most people who have had HPV infections, how-
ever, do not develop cervical cancer [35, 36]. Experiments
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Figure 1: Structure of EUG.
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were conducted for studying the action of methyl EUG and
cisplatin against cervical cancer cells (HeLa cells). The drugs
were used separately and in combination. Methyl-EUG com-
bined to cisplatin enhanced the anticancer effect by inducing
apoptosis and destroying HeLa cells compared to the ample
drug effects. Number of cells in G0/G1 phase, caspase-3
activity, and mitochondrial membrane potential loss were
much enhanced in combination treatment in contrast to sin-
gle drug exposure [23]. EUG showed a dose-dependent effect
on HeLa cells [11].

2.2. Antioxidant Potential. Antioxidants protect body from
the harms of free radicals by eliminating ROS or scavenging
free radicals [37–39]. Unnecessary groups of free radicals
are responsible for multiple human diseases like AIDS, can-
cer, and Parkinson’s disease [1]. For a healthy body system,
free radical production must be depressed [40]. Phenolic
groups play a vital role in antioxidant action [41]. Availability
of electrons for neutralizing free radicals is the basic principle
of antioxidant action. Increasing the number of hydroxyl
groups in phenol ring increases the capability to behave as
hydrogen donor and prohibits oxidation [40]. Oxidative
stress is an imbalance in antioxidant defense and ROS pro-
duction [42, 43]. Due to the disturbance in equilibrium
between prooxidants and antioxidants, ROS production
enhances leading oxidative stress which is concerned with
inhibition of normal body functions [40]. Moreover, EUG
has been reported to pose both prooxidant and antioxidant
effects when applied to the cancer cells in a concentration-
dependent fashion [44] (Figure 3). It was shown by electron
spin resonance that the scavenging effect of EUG is due to
the allyl group in its structure [39, 45]. It hinders in lipid per-
oxidation leading to free radical destruction [46]. The EUG
have great inhibitory effects on hexanal oxidation [47],
copper-dependent LDL oxidation, iron-mediated lipid per-
oxidation [39], and nonenzymatic peroxidation in liver mito-
chondria [46] and hinder the onset of oxidative stress-
mediated diseases. EUG has an extraordinary reducing abil-
ity [48] and donates phenolic hydroxyl groups that can react
with free radicals, diminishing oxidative stress thus a desir-
ous antioxidant. Moreover, the antioxidant behaviour of
EUG is greater than most of the known or standard antioxi-
dants such as Trolox [40].

EUG shows dual properties, i.e., antioxidant as well as
prooxidant actions, and later is the cause of cytotoxicity
[49]. EUG behaves as an antioxidant at lower concentrations
by minimizing ROS-mediated oxidative stress, but on the
contrary, EUG at higher concentrations acts as a prooxidant
to enhance the production of the ROS [16, 43, 50, 51]. Few
studies showed that EUG eliminated free radicals through
ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
(76.9%) and DPPH (89.9%) in L-ascorbic acid [52]. Kaur
and coworkers pretreated male Swiss albino mice with EUG
and found a reduction in lipid peroxidation (LPO) and an
inhibited depletion of antioxidant enzymes.

2.3. Cardiovascular Protection. Hyperlipidemia is the most
common social issue in common people and causes cardio-
vascular diseases (CVDs) and lipid-related diseases [53].
CVDs and hyperlipidemic disorders are caused by less phys-
ical activity and high fatty acid intake [1]. High low-density
lipoprotein cholesterol (LDL-c) leads to toxicity in vascular
tissues and atherosclerosis/atherogenesis eventually causing
diabetes; obesity; hypertension; inappropriate working of
main body organs such as the kidneys, heart, and liver; and
atherosclerosis [54].

CVD death and disease rate can be eradicated by less
intake of lipids in the diet [55]. Reduced LDL-c concentra-
tions also support in diminishing CVDs and improve athero-
sclerotic state [56, 57]. ROS causes an increase or imbalance
in oxidative stress homeostasis which results in enhancing a
number of chronic diseases like coronary heart disease
(CHD). Increased ROS production causes oxidative damage
due to the disturbance in cellular antioxidant status [58].

Dyslipidemia is another example which is linked with
oxidative stress and causes disregulation in working of cellu-
lar antioxidant stress response system [59]. Rice bran is
widely used since decades because of its cholesterol-lowering,
free radical scavenging, and antiatherogenic actions [60].

However, it is preferable to use natural and safer drugs in
as minimum quantities as possible. EUG has a great antihy-
percholesterolemic and antiatherogenic potential. Venkades-
waran et al. [61] reported hypolipidemic effects of EUG in
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intraperitoneally injected Triton WR-1339 (300mg/kg per
B.W.) induced hyperlipidemic Wister male rats. EUG was
more effective against high lipid and cholesterol content in
comparison to a lipid-lowering drug (lovastatin). It caused
a 55.88% reduction in total cholesterol; also, LDL-C
(79.48%) and triglycerides (64.30%) were reduced.

EUG undergoes dose- and endothelium-dependent
reversible vasodilator responses [20]. In hypersensitive rats,
EUG showed a hyposensitive behaviour by inducing vascular
relaxation [62]. The smooth muscle relaxant action of EUG is
due to its blocking action on receptor-operated and voltage-
sensitive channels. Vascular relaxation is done via
endothelial-generated nitric oxide (NO) [63]. The hypocho-
lesterolemic action of EUG was well explained by a recent
study using a hyperlipidemic zebra fish model, where EUG
caused a great reduction in triglyceride (80%) and cholesterol
(68%) levels in serum samples [64].

Hypercholesterolemia also causes an imbalance in the
serum concentration of malondialdehyde (MDA, increased)
and superoxide dismutase (SOD, decreased). This effect was
studied by Munisa et al. [65], by the application of EUG
against MDA and SOD in rats with high cholesterol level.
They concluded that EUG regressed the concentrations to
their normal ranges. Eugenol exerted negative inotropic
effects in guinea pig heart muscles [66]. According to
Choudhary et al. [67] EUG hinders isoproterenol-induced
cardiac hypertrophy. The study was conducted on male Wis-
ter rats against EUG. They concluded that apoptosis,
isoproterenol-induced oxidative stress, and calcineurin
action in serum were suppressed [20].

2.4. Antidiabetic Activity. Hyperglycemia is a condition after
which there is an outbreak of a degenerative disease called
diabetes mellitus caused by abnormalities in glucose metabo-
lism. Studies have shown that EUG is capable of curing several
metabolic illnesses owing to its various pharmacological activ-
ities. EUG is a strong antidiabetic bioactive substance [1].
According to Anuj and Sanjay [39], EUG principally dimin-
ishes α-glucosidases after which it intercepts the development
of advanced glycation end (AGE) products [68]. In the pres-
ence of inhibitory α-glycosidase compounds like EUG, dietetic
complex carbohydrates do not undergo liberation of absorb-
able monosaccharides. The inhibitors prevent any drastic rise
in meal-induced glucose level in blood by delaying the absorp-
tion of glucose into the bloodstream [69].

EUG enhances the activities of carbohydrate metabolism
enzymes like glucose-6-phosphate dehydrogenase (31.05%)
and instance hexokinase (62.25%). Studies show that a
diminishing effect has also been observed by the application
of EUG on creatine kinase (38.57%), glucose-6-phosphatase
(24.45%), blood urea nitrogen (34.01%), and fructose-1,6-
bisphosphatase [70].

Tahir et al. [68] demonstrated the antidiabetic potential
of S. aromaticum and Cuminum cyminum (C. cyminum) fol-
lowing the α-amylase enzyme assay method. Starch is con-
verted to simple sugars by α-amylase which is a human
enzyme and is involved in causing diabetes. The rate at which
glucose absorbs into the blood stream can be reduced by the
application of inhibition of α-amylase enzyme. The enzyme

retards the digestion of carbohydrates ultimately causing a
decrease in blood glucose level. The antidiabetic activity is
dose dependent. S. aromaticum depicted more antidiabetic
potential than C. cyminum, as S. aromaticum is chiefly com-
posed of EUG (18.7%) while the main constituent of C. cym-
inum is composed of á-pinene (18.8%) [68]; the antidiabetic
potential of S. aromaticum was found to be 95.30% which is
greater than 83.09% of C. cyminum. These results proved that
EUG has a great antidiabetic potential compared with many
related essential oils [68].

Srinivasan et al. experimented male diabetic rats by
inducing streptozotocin drug (40mg/kg per B.W.) in them.
The activity of major enzymes taking part in the glucose
metabolism was studied to examine efficacy of EUG. In con-
trast, only a 10mg/kg per B.W. dosage of EUG greatly
enhanced hepatic glycogen and insulin in plasma (46.15%)
samples with a reduction in glycosylated haemoglobin
(25.70%) and blood glucose (70%) [70].

2.5. Antiparasite Activity. The majority of human parasites
are a key cause of increased mortalities compared with rest
of the issues excluding tuberculosis (TB) and AIDS [71]. Cer-
tain drastic effects of EUG have been reported on morphol-
ogy and growth of various parasites like Trypanosoma
cruzi, Giardia lamblia, and Leishmania donovani [72]. Schis-
tosomiasis is a parasitic helminthic infection in about 78 dif-
ferent countries caused by parasitic flatworms or blood fluke
schistosomes (S. haematobium, S. mansoni, S. japonicum,
and S. mansoni) and also familiar as bilharzia or snail fever
which is somewhat a neglected tropical disease [72–75].
Schistosomiasis gets settled in intestinal venules to affect
the gut, urinary tract, and liver which results in retardation
of growth, anemia, enlarged liver, and even liver fibrosis
[72]. EUG can be used as an antiparasitic agent with least side
effects than other chemotherapeutics in curing various para-
sitic diseases, and overdose of EUG shows antileishmanial,
antimalarial, and antihelmintic potentials. In an in vivo study
using mouse models, the drug-resistant parasite Schistosoma
mansoni showed a great reduction (19.2%) following a syner-
gistic effect of EUG in combination with conventional drugs
[72]. Moreover, it is further noticed that EUG had no effect
on egg development of worms owing to the fact that the
oogram patterns of the treated group of mice and nontreated
group of mice were similar, but the egg density in the walls of
the intestines of mice was greatly reduced by the application
of EUG [76]. Protozoans like Leishmania are the major cause
of leishmaniasis in humans, and the pathogens are being
transferred through the bite of infected phlebotomine female
sandflies [77]. Leishmaniasis can be mucosal, visceral, or
cutaneous and if it gets combined with human immunodefi-
ciency virus may cause a serious condition [39]. Most of the
pathogenic parasites have developed resistance with course
of time against standard drugs; thus, use of natural phyto-
chemicals like EUG is preferred [78]. Following a 60min treat-
ment of EUG in combination with essential oils showed
absolute (100%) destruction of L. amazonensis parasites [79]
primarily by the increased production of EUG-mediated nitric
oxide (NO) which is an antileishmanial oxidant involved in
triggering the killing of leishmania species [39, 79].
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2.6. Antibacterial and Antiviral Activities. EUG have been
well known for its antimicrobial potential and uses. Majority
of food-borne diseases are attributed to the microorganisms
and are an escalating health issue of global public. About
one-third of the population in industrial countries are facing
food-borne diseases issues. In the US, 31 notable pathogens
give rise to approximately 9.4 million cases of food-borne
diseases per annum [80]. EUG can be bactericidal (bacterial
killing) or bacteriostatic (inhibiting bacterial growth)
depending on the MIC (minimum inhibitory concentration)
and MBC (minimum bactericidal concentration) [81] and
have antivirus and antifungal effects at the same time. EUG
shows dynamic antibacterial ability against a variety of
strains of gram-negative (Pseudomonas aeruginosa, Salmo-
nella choleraesuis, Yersinia enterocolitica, Helicobacter pylori,
and E. coli) and gram-positive (Streptococcus pneumonia, S.
aureus, Enterococcus faecalis, and Streptococcus pyogenes)
bacterial strains. EUG has proven to be active against several
bacterial enzymes like histidine, amylase, ATPase, and prote-
ases [82, 83]. The presence of a free hydroxyl group in the
EUG molecule is the main cause of its great antimicrobial
activity [84]. EUG extracted from clove oil adversely disrupts
the cell wall and cell membrane of bacteria, and this lysis
leads to an enhanced fluidity and permeability of cell
membrane [85, 86] followed by membrane expansion,
leakage of intracellular fluids accompanied by proteins
and lipids release, respiration inhibition, alteration of ion
transport patterns of bacteria [81, 83], and disturbance of
membrane-embedded proteins, consequently leading to the
cell death [87]. Catherine et al. [88] tested the antibacterial
potential of EUG in combating (MIC 0.15-0.25%) food-
borne bacteria E. coli, Yersinia enterocolitica, S. aureus, and
Bacillus cereus and proven that gram-negative bacteria are
more resistant than its counterpart gram positive [88]. The
combination therapy by making fusion of plants is quite
effective for the treatment of critical bacterial infections
[2, 89]. The antibacterial activity of EUG was amplified
when combined with vancomycin, where the half of the
bacterial membranes are damaged due to EUG and hence
facilitate the vancomycin penetration into the membrane
[2, 90]. The combined effect of EUG with gentamicin or
ampicillin resulted in a much higher killing rate in an hour
time than EUG applied alone [2, 91].

Herpes simplex virus (HSV) infects persons 50 years and
is a frequent sexually transmitted infection [92]. The medic-
inal plants are a rich source of EUG that retards the replica-
tion of HSV by neutralizing and inactivating the viral
infections [93, 94]. The mechanism behind antiviral actions
of EUG is the upregulation of the expression of HSV-1-
glycoprotein B that checks HSV replication [95], while some
studies confirmed that EUG inhibits the replication of the
HSV-1 and HSV-2 DNA molecules, as well as damages the
outer envelope of newly synthesized virions [96–98]. The
benefits of using combination chemotherapy includes
enhanced antiviral activity, reduced dosage of toxic sub-
stances, and lessened development of drug resistance [99].
In in vivo study involving mouse models, Eugenia caryophyl-
lus extracts rich in EUG which were applied in combination
with acyclovir (ACV) showed an anti-HSV-1 potential in

the brain and skins of mice [97, 100]. In this ACV-EUG ther-
apy, ACV specifically targets DNAmolecules and inhibits the
replication process [101]. In HSV-1-infected mice, EUG
therapy delayed the production of herpetic keratitis in the
cornea [39] which shows a close association of EUG on the
ocular herpetic infections [93]. EUG disintegrates the lipidic
envelope of the HSV virus and also induces glutathione S-
transferase (GST) expression in liver cells of rats, eventually
blocking replication process.

2.7. Antifungal Activity. EUG has shown lethal effects on the
growth of different strains of fungi such as Fusarium grami-
nearum, F. moniliforme, Tricophyton rubrum, Penicillium
citrinum, Candida tropicalis, C. krusei, and Aspergillus ochra-
ceus . EUG either causes cell cycle arrest or affects fungal cell
membrane integrity by disruption [102]. Owing to the lipo-
philic nature of the EUG, it gets accumulated in the phospho-
lipid bilayer of fungal cells, altering the functions of vital
membrane-bounded enzymes, affecting permeability, fluidity
of membrane, and envelope morphogenesis [103, 104].
Another recent study claimed that by the addition of the
methyl radical in the EUG, it may amplify its antifungal
potent to many folds [105]. Combination therapies are often
employed for better results. A synergistic interaction of EUG
or isoeugenol with that of fluconazole (EUG/isoeugenol-flu-
conazole/amphotericin B) was applied against multidrug-
resistant strain C. albicans and found extraordinary effective-
ness [2]. Furthermore, EUG have been reported to affect the
morphology of the fungal strains especially the hyphae of B.
cinerea which showed much irregular structural features
such as broken or shriveled hyphae, large vesicles, and leaked
intracellular contents. In addition to morphological alter-
ations, EUG induces the accumulation of ROS especially
hydrogen peroxide (H2O2) in the fungal cells to generate oxi-
dative stress which ultimately bursts the fungal hyphae [103].

2.8. Anti-Inflammatory Activity. Inflammation is called as
the body’s adaptive immunity response, triggered by noxious
stimuli, tissue infection, and injury [106]. It can be chronic or
acute [107], and anti-inflammatory drugs used nowadays
have adverse effects [108]. EUG, with no side effects, has a
tremendous anti-inflammatory potential (Figure 4). EUG
can be used in the protection of damage resulting from oxida-
tive stress [52]. The ROS-mediated oxidative stress results in
cellular damage and LPO [109]. Saraiva et al. [108] showed
that oxidative stress and inflammation are interlinked mech-
anisms. In a study, male Swiss albino mice when treated with
EUG have undergone reduced LOP and in expression levels
of inflammatory markers, viz., COX-2, iNOS, and cytokine
tumor necrosis factor α (TNF-α), and antioxidant enzymes
[19]. Generally, EUG pretreatment reduces inflammations
(as a result of the action of LPS on lungs) in cells.

Biswas et al. [110] studied pulmonary inflammation in
mouse and action of EUG as an antiagent. It was concluded
that EUG causes significant reduction in the much higher
levels of neutrophils and TNF-α and also maintained the pro-
inflammatory mediators. Magalhães et al. [111] investigated
anti-inflammatory properties of EUG in lipopolysaccharide-
induced lung injury for 6h in vivo. A decrease of
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proinflammatory cytokines like TNF-α, NF-κB-mediated sig-
nalizing pathway, and macrophage infiltration were reported,
eventually leading to an improvement in the function and
structure of the lungs due to a decrease in inflammation
[52]. EUG inhibits TNF-α and cyclooxygenase-2 (COX-2)
expression [112]. Its anti-inflammatory action is attributed
to macrophage chemotaxis and prostaglandin synthesis. In a
study, it was revealed that EUG suppresses the activation of
NF-κB-stimulating macrophages mainly due to TNF-α and
COX-2 actions. COX-2 effect is enhanced by lipopolysaccha-
rides (LPS) [113]. The expression of antioxidant enzymes like
glutathione peroxidase (GPX) and superoxide dismutase
(SOD) is significantly enhanced by EUG (Figure 4).

2.9. Antipyretic Activity. The antipyretic efficacy of EUG was
examined by Feng and coworkers [114], where they found an
antipyretic effect of EUG against a well-known antipyretic
acetaminophen in rabbits made febrile by IL-1β. It shows a
significant antifever action than acetaminophen when
induced intragastrically, centrally, and intravenously. When
given intragastrically, EUG in addition to treating fever,
induces slight hypothermia unlike acetaminophen. Acet-
aminophen reduced fever by 68% at a dose of 1.3mM/kg
while EUG reduced 68% fever at a much less dosage. When
given peripherally, it shows marked results in inhibiting
fever. When given intravenously, respiration of rabbits and
vasodilation in ears were increased. Increased respiration
depicts that EUG have a positive action on the central ner-
vous system (CNS). If prostaglandins and sodium archido-
nate mediate fever in the CNS, acetaminophen and EUG
can inhibit fever by retardation of prostaglandin R and
sodium archidonate synthesis. Both these drugs show the
same antipyretic mechanism but EUG shows more potent
behaviour as compared to acetaminophen [115].

2.10. Antinociceptive Activity (Analgesic). EUG is signifi-
cantly efficient in relieving pain by reducing the responses
that are linked with pain. It suppresses several responses to
histamine, norepinephrine, and stimulation of periarterial
sympathetic nerves [116] and inhibits prostaglandin synthe-
sis [117]. It is mostly used as a dental analgesic and antiseptic

agent [118]. Its analgesic effect is linked to suppress Na+, K+,
and Ca2+ voltage-dependent channels [119, 120]. The high-
voltage-activated Ca2+ channel (HVACC) inhibition by
EUG plays an important role in pain-relieving effect. It inhib-
ited HVACC currents in both capsaicin-insensitive and
capsaicin-sensitive dental primary afferent neurons [121].
TRPV-1 receptors are involved in pain stimulation. A study
revealed that EUG inhibited TRPV-1 by suppressing
voltage-activated Na+ and Ca2+ channels [2, 122].

EUG is an antagonist towards NMDA (N-methyl-D-
aspartate) and gamma-aminobutyric acid (GABA); both are
involved in pain transmission [123, 124]. It inhibits Ca2+-
dependent release of neurotransmitters and also retards
interleukin (IL-)1β and PGE2 synthesis [39]. Park et al.
[125] studied the analgesic action of EUG in the orofacial
part and reported its inhibitory action on VGSCs in trigemi-
nal ganglion (TG) neurons.

Ferland et al. [126] performed experiments on a
monoiodoacetate-induced rat model of osteoarthritis to find
the effects of EUG. The affected limb showed marked
improvement when administered with EUG for two days
after osteoarthritis induction. Also, calcitonin gene-related
peptide (CGRP) which is associated with spinal cord pain
was reduced. The antinociceptive potential of EUG was
investigated by Daniel et al. [127] in mice using acetic-acid-
induced abdominal writhing process. EUG showed a signif-
icant result in decreasing the pain. The effect of EUG in
several experimental pain models using mice was studied
such as acetic acid-mediated abdominal constrictions,
formalin-mediated hyperalgesia, and thermal pains, and
92.73%, 70.33%, and mild inhibitions in pain were found,
respectively [128].

2.11. Effects on the Central Nervous System (CNS),
Neuroprotection, and Antistress Activity. EUG in addition
to acting on the periphery also performs actions in the central
nervous system (Figure 5). The hydrophobic property of
EUG makes it efficient in penetrating the blood-brain barrier
for its entry into the brain and performs its action in vivo
[129]. EUG guards neuronal cells against N-methyl-D-aspar-
tate- (NDMA-) induced oxidative and excitotoxic injury
[39]. EUG shows a neuroprotective potential on hippocam-
pal tissues owing to its power reduce brain-derived neuro-
trophic factor (BDNF), and retardation of amyloid-β
peptide (A-β) induced cell death through the abnormal
blockage of Ca2+ (resulted from A-β) [130]. Its ability to
restrict antioxidant and excitotoxicity effects also contributes
in neuroprotection. In cell models, EUG improves actions of
few glutathione-related proteins and shields essential neuro-
nal cells from oxidative and excitotoxic effects [131]. The
inhibitory action of EUG has been reported on 5-lipoxygen-
ase, in addition to an improved action in response to excito-
toxic and ROS-injured neuron cells [132].

Depression, a neurodegenerative disorder, causes com-
mon psychological disorders, and 10-20% of the general
population suffer through it. EUG showed a marked effect
as an antidepressant in force swimming test (FST) and tail
suspension test (TST) comparable to an antistress drug
imipramine [39]. The mechanism of action of these two
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drugs is different. Real-time PCR (RT-PCR) showed that
metallothionein-III (MT-III) was found to be linked with
the antidepressive effect of EUG quite different from imipra-
mine. This forms the basis of an alternative treatment if the
patients develop resistance to typical drugs. EUG exhibits
antiepileptic potential. It performs its action by blocking
long-term potentiating and synaptic transmission in neurons
[133]. Sen et al. [134] reported the antistress activity of EUG.
EUG acts at a central level to pose neuroprotective effects
against ischemia, excitotoxicity, and amyloid-β peptide. In
experimental diabetes, EUG improves vascular and neuronal
complications and suppresses the transmission of action
potential in sciatic nerves [39]. It also elongates the kalli-
krein- and bradykinin-induced tranquilization [135]. EUG
is a good medicine for Alzheimer’s disease (AD) and depres-
sion. Moreover, the expression of the BDNF gene in the
hippocampus is also controlled by EUG. It also retards
monoamine oxidase A (MAO-A) and sometimes reverts
back monoamines that are reduced in the brains of depressed
patients [129]. EUG has been proved useful against stress-
induced irritable bowel syndrome (IBS) [136].

Regulation of release of neurotransmitters by EUG even-
tually moderates different brain functions. Rats with 4 h
restraint stress model were studied by Garabadu et al.
[137], and antistress potential of EUG was observed. It was
concluded that EUG administration enhanced ulcer index
and corticosterone and norepinephrine levels. EUG also
brought alteration in serotonin (5-HT) levels in almost all
parts of the brain. This study elaborates the antistress actions
of EUG that are ascribed with the modulation of hypotha-
lamic pituitary adrenal (HPA) as well as brain monoaminer-
gic systems (BMS). Under stress situations, sympathoadrenal
(SA) and BMS and HPA regulate several physiological and
psychological responses [137].

The neuroprotective efficacy of EUG and isoeugenol in
response to acrylamide-mediated neuropathy in male albino
rats was studied by Prasad [138], where it was found that
both the drugs increase the behavioral index gait level and
reduce the oxidative stress-linked markers like NO and
ROS. Dopamine, acetylcholinesterase activity, and cytosolic

Ca2+ levels are also diminished in the brain. It is further dem-
onstrated that EUG and isoeugenol potentially restrict
acrylamide-mediated neuropathic condition in rats and due
to this factor, they can be directly used through diet to soothe
different neuropathic conditions in humans [138].

2.12. Neurodegenerative Disorders. Neurological disorders
include a number of conditions whose inception results from
subsequent degradation of normal function and morphology
of neurons, mainly in the CNS [139]. Globally, 20 million
people are suffering from only these three disorders [140].
Neural disorders have been ranked by the WHO as the sec-
ond (12%) most reason of mortalities worldwide. Disorders
linked with neurodegeneration include Parkinson’s disease
(PD), AD, prion diseases, ischemia, hydrocephalus, Hunting-
ton’s disease, head and brain malformations, and spongiform
encephalopathies [141]. Among the neurodegenerative dis-
eases, AD, PD, and motor neuron disease (MND) are most
common. Natural agents are frequently employed for the
treatment of various neurological disorders (Figure 5). It
was demonstrated by ancient Chinese researchers that a
number of herbs used in treatment of AD consists of Rhi-
zoma acori graminei extracts enriched with EUG [39].

The neurodegenerative disorder AD is described charac-
terized by the loss of neurotransmitters and neurons and is
accompanied by depression and PD [129]. Neuronal degen-
eration in the CNS involves various mechanisms including
apoptosis, protein accumulation, ageing, and oxidative stress,
which are contributing to neurodegenerative disorders
(Figure 5). The most common among these is the aggregation
of misfolded proteins, which display amyloid characteristic
(formation of β-pleated sheets), calling this group of illness
called as brain amyloidosis [140].

2.13. The Enhancement in Skin Permeation. The stratum cor-
neum of the skin is composed in a way to control the passive
movement of substances across the skin. A common way for
enhancing drug permeation through the skin is the transder-
mal drug delivery. Use of small electric charge for the trans-
port of a substance (drug) across the skin is called
iontophoresis and is used to compensate for impermeability
of the skin, in addition to chemical permeation enhancers
like essential oils [142, 143]. Anuj and Sanjay [39] investi-
gated the permeation enhancer ability of EUG in the absorp-
tion of tamoxifen. EUG increased the permeability of
tamoxifen across porcine epidermis as compared to 50%
ethanol. Furthermore, EUG and acetyl-eugenol were also
seen for transdermal delivery of ibuprofen in rabbits and
noted to enhance permeation with great 7.3 enhancement
ratio [144].

2.14. Toxicity. EUG toxic behaviour has been studied in mul-
tiple in vivo studies. However, little or no information is
available in humans [39]. EUG toxic behaviour depends
mainly on its concentration; i.e., its effects are dose depen-
dent [52]. The prooxidant effect of EUG leads to its toxicity
[43], and Medeiros et al., [145] reported that toxicity of
EUG is attributed to protein inactivation due to the binding
of EUG at the lysine residues. Cytotoxicity of EUG is possibly

Neuroprotection

Long and health life span• Aging related disorders
AD, PD, MND, etc.

•

Inflammations•

Oxidative stress•

Damaged cells•

Healthy cells•

Antioxidant defence system•

Antioxidants
e.g., eugenol

Figure 5: The role of EUG in neuroprotection and
neurodegenerative diseases in the CNS involves various
mechanisms including oxidative stress, damaged/unrepaired cells,
and inflammations.
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due to its metabolic reactions. The reactive metabolites then
react further with DNA, forming adducts that can destroy
nuclear genetic material. EUG has been proved as a contact
allergen in dentistry [39] and makes its entry into the
bloodstream by penetrating dental pulp tissue, causing
chromosomal aberrations (CAs) in dental pulp cells in
humans [146].

2.15. Wide Application of EUG in Dentistry. EUG, due to its
antioxidant, anti-inflammatory, anesthetic, and analgesic
potentials, is used extensively in dentistry at low dosage. In
dental emergencies, it is used as an anodyne [147]. It is used
as a cementing material in dentistry [118], and the first type
of EUG cement was developed earlier back in 1933 which
comprises of EUG liquid and ZnO powder, forming a paste.
In tooth preparation, EUG owing to its sedative potential
provides soothing action for assisting in pulp relaxation after
contusion [148]. ZnO EUG cement is presently being used in
dentistry in root canal sealing; temporary fillings and indirect
pulp capping are the widespread uses of ZnO+EUG cement
(ZOE) [147]. Park et al. [125] studied the action of EUG on
pain behaviors in the orofacial region and the retardation of
voltage-gated sodium channels (VGSCs) in trigeminal gan-
glion (TG) neuron cells.

2.16. Miscellaneous. At high concentrations, EUG has also
been reported to provide anesthetic effects during a pharma-
cokinetic study using male Sprague-Dawley rats [149].
Tajuddin et al. [150] observed an improved sexual behaviour
of male Swiss mice after EUG administration. It also shows
antiulcerogenic effects. Furthermore, two ulcerogenic agents
induced gastric ulcer which was diminished by treatment
with EUG. The gravity of lesions was also decreased by
EUG [151]. The antiulcer action of EUG is brought about
by its free radical scavenging activity, less acid-pepsin secre-
tion, inhibition of a great rise in NO level, and opening of
ATP-sensitive potassium (KATP) channels [53]. In vivo
examination finds that diarrhea caused by castor oil was
reduced by EUG. Also, the intestinal aggregation of fluid
induced by PGE2, the rate of intestinal transit, and the tone
of isolated gut muscle and myometrium were also suppressed
[152]. Karmakar et al. [153] reported an ovariectomised
(OVX) model of rats induced with osteoporosis against
EUG and its derivatives. The drug showed a marked effect
on the efficiency of bone preservation.

3. Conclusion

The current review summarized the potential health benefits
and effectiveness of EUG as a therapeutic agent which can be
used in medicines and food for the treatment of inflamma-
tory and oxidative stress-oriented disorders. The antioxidant,
anti-inflammatory, antipyretic, analgesic, antiparasite, and
antimicrobial properties of EUG are well described. It has a
great role in neuroprotection, enhances skin permeability,
relieves pains, and has a role in temporary dental filler forma-
tion (ZnO+EUG). EUG has no known toxicity in smaller
quantities, but at higher concentrations, it behaves as proox-
idant; hence, a strong anticancer activity is shown by this

molecule. Furthermore, diverse applications of EUG such as
its pharmacological importance in regulating blood choles-
terol and lipid levels are also discussed. Future studies involv-
ing a specified dose range of EUG to cure different ailments
are recommended to highlight this molecule for the develop-
ment of drugs.
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The Jiang Tang Xiao Ke (JTXK) granule is a classic Chinese herbal formula that has been put into clinical use in the treatment of
type 2 diabetes mellitus for decades. However, whether its ability to ameliorate skeletal muscle insulin resistance (IR) is through
modulation of the AMPK/SIRT1/PGC-1α signaling pathway remains unknown. Therefore, we aimed to investigate the effects of
JTXK granules on IR in skeletal muscle of high-fat diet-induced diabetic mice and C2C12 cells and analyze the underlying
mechanisms. In the present study, we showed that JTXK granules attenuated body weight gain, reduced body fat mass,
improved body lean mass, and enhanced muscle performance of diabetic mice. JTXK granules also improved glucose
metabolism and skeletal muscle insulin sensitivity and partially reversed abnormal serum lipid levels, which might be related to
the regulation of the AMPK/SIRT1/PGC-1α pathway, both in skeletal muscle tissue of diabetic mice and in C2C12 cells.
Furthermore, drug-containing serum of JTXK granules was capable of enhancing glucose uptake and mitochondrial respiration
in C2C12 cells, and AMPKα was proven to be closely involved in this process. Taken together, these results suggest that the
JTXK granule ameliorates skeletal muscle IR through activation of the AMPK/SIRT1/PGC-1α signaling pathway, which offers a
novel perspective of this formula to combat IR-related metabolic diseases.

1. Introduction

Insulin resistance (IR) is a heterogeneous metabolic defect
that primarily refers to the abnormality of insulin-
mediated glucose disposal [1]. IR is not only the main
characteristic of obesity or type 2 diabetes mellitus
(T2DM) but also the promoter of these metabolic diseases
[2]. Skeletal muscle, accounting for the largest portion of
insulin-mediated glucose uptake, utilization, and storage,
is crucial in metabolic disorders [3, 4]. Enormous evidence

has shown that mitochondrial dysfunction in skeletal mus-
cle tissue plays an essential role in impaired insulin signal-
ing. A reduced rate of mitochondrial ATP synthesis was
observed in skeletal muscle of obese patients, prediabetic
patients, and offspring of diabetic patients [5, 6]. Long-
term hyperglycemia and hyperlipidemia lead to mitochon-
drial impairment [7], and mitochondrial dysfunction in
turn will aggravate glucolipid metabolic disorder [8].
Therefore, maintaining the functional integrity of skeletal
muscle mitochondria is considered an important approach
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to improve insulin sensitivity and glucolipid metabolism
[9, 10].

Activation of adenosine monophosphate-activated pro-
tein kinase (AMPK) in response to insulin can boost the
translocation of GLUT4 from the cytoplasm to the mem-
brane and promote glucose uptake, transportation, and utili-
zation [11]. Besides that, AMPK activation can also improve
fatty acid oxidation, reduce ectopic lipid deposition in skele-
tal muscle cells, and thus increase insulin sensitivity [12]. In
addition, AMPK promotes mitochondrial synthesis by
directly phosphorylating peroxisome proliferator-activated
receptor coactivator 1 α (PGC-1α). PGC-1α is known to
increase gene expressions that are related to long-chain fatty
acid oxidation, mitochondrial DNA replication, and cellular
oxidative metabolism [13]. Meanwhile, sirtuin 1 (SIRT1) is
an important energy metabolism monitor with NAD+-
dependent deacetylase activity, and it has been proven to
interact with PGC-1α [14]. By activating the AMPK/-
SIRT1/PGC-1α axis, mitochondrial synthesis and oxidative
phosphorylation can be promoted, and high-fat diet-
(HFD) induced obesity and IR thus can be retarded.

The Jiang Tang Xiao Ke (JTXK) granule, composed of
Rehmannia glutinosa (Gaertn.) DC. (Dihuang), Panax gin-
seng C.A.Mey. (Renshen), Coptis chinensis Franch. (Huan-
glian), Salvia miltiorrhiza Bunge (Danshen), and so on, is a
classic formula from traditional Chinese medicine. Our pre-
vious studies have shown that JTXK granules exhibited an
overt therapeutic effect in the management of diabetes
through the improvement of glucolipid metabolism, protec-
tion of islet ßeta-cells, and inhibition of oxidative stress and
inflammatory reactions in various organs and tissues [15–
18]. There are studies supporting that the main active ingre-
dients from this herbal formula, for example, berberine and
ginsenoside Rb1, are capable of activating AMPK signaling
[19, 20]. However, whether and how JTXK granule amelio-
rates skeletal muscle IR is still not clear. Therefore, we
attempted to investigate the role of JTXK granules in the con-
trol of skeletal muscle IR in HFD-induced diabetic mice and
C2C12 cells, as well as their influence on the AMPK/-
SIRT1/PGC-1α signaling pathway.

2. Materials and Methods

2.1. Reagents and Equipment. JTXK granule was produced
and quality-controlled as previously reported [17]. The fin-
gerprint of this granule that illustrated the main ingredients
is shown in Supplementary Figure 1 (S1). C2C12 cells were
obtained from the National Infrastructure of Cell Line
Resource (Beijing, China). The blood lipid kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Equipment used in the study includes the
NMR animal body composition analyzer from Shanghai
Newmai Electronic Technology Co., Ltd. (Shanghai, China),
as well as the Hitachi 7080 automatic biochemical analyzer
(Tokyo, Japan). Antibodies against AMPKα, SIRT1, PGC-
1α, PPARα, and UCP3 (Cat #: ab32047, ab110304, ab54481,
ab215270, and ab180643) were purchased from Abcam
(Cambridge, UK); antibodies against CPT1 and Na,K-
ATPase (ab12252; 3010S) were from Cell Signaling Technol-

ogy (Danvers, USA); and antibodies against GLUT4 and
Lamin B1 (66846-1-lg; 66095-1-lg) were from Proteintech
(Rosemont, USA). All other materials are commercially
available.

2.2. Animal Models and Experimental Design. Male 8-week-
old C57BL6/J mice were purchased from Beijing Sibeifu Ani-
mal Technology Co., Ltd. (Beijing, China). Mice were kept on
an ad libitum basis and allowed free access to tap water and
feed. All the mice were housed in the animal laboratory with
a barrier environment in Beijing University of Chinese Med-
icine (certification number SCXK (Jing) 2016-0002) with a
temperature of 25°C and humidity of 55 ± 5%. The protocols
were approved by the Animal Care Committee of Beijing
University of Chinese Medicine (Beijing, China).

After one week of adaptive feeding, mice were randomly
divided into the normal group (NC group, n = 8) and HFD-
fed group (n = 32). Mice in the normal group were fed the
standard chow diet (AIN-96G feed from Sibeifu Bioscience
Co., Ltd., Beijing, China), while their counterparts received
HFD feeding, of which 45% of calories are from fat
(MD12032, Jiangsu Hengrui Medicine Co., Ltd., Jiangsu,
China) during the entire experiment. The diabetic model
induction process lasted 12 weeks. After 12 weeks of feeding,
mice whose body weight gain was 20% heavier than the aver-
age weight of the normal group with fasting blood glucose
higher than 7.0mmol/L were considered diabetic mice [21].
Then, the eligible diabetic mice were randomly divided into
the model group (DM group), metformin group (Met group),
and JTXK group with 8 mice in each. Mice in the metformin
group were administrated with metformin (100mg/kg) by
gavage; mice in the JTXK group were given JTXK granules
dissolved in sterilized water (1.75 g/kg); mice in the normal
and DM groups received the same amount of sterile water.
During the treatment, body weight and food intake were
recorded once a week. After 8 weeks of intervention, the body
composition of all mice was assessed by the NMR animal
body composition analyzer. Then, all mice were sacrificed
after anesthesia with 4% formaldehyde with their blood sam-
ple and skeletal muscle tissue collected for further analysis.
The experimental design is shown in Figure 1(a).

2.3. Glucose and Insulin Tolerance Test. The oral glucose tol-
erance test (OGTT) was performed after the mice were fasted
for 8 h from 7:00 a.m. to 3:00 p.m. Blood glucose levels were
assessed before and 30, 60, 90, and 120min after intragastric
administration of glucose (2 g/kg) to the mice. For the insulin
tolerance test (ITT), mice were firstly fasted for 5 h from 8:00
a.m. to 1:00 p.m., then were injected intraperitoneally with
insulin (0.5U/kg). Blood glucose levels were measured before
and 30, 60, 90, and 120min after injection.

2.4. Treadmill Test.A treadmill test was used to evaluate exer-
cise capacity and endurance. Before the formal test, mice in
each group received a 6-day treadmill adaption training,
which was to set the speed to 10m/min and the running plat-
form to 5° and allow mice to run for 5min. When the formal
test was performed, set the treadmill to 5° and the speed to 20
m/min [20]. The exhaustion standard included the following:
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Figure 1: Continued.
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continuous drop into the powder grip with shock, resting in
the abdomen position, being always in the last third of the
runway, being short of breath, and unable to run on the
treadmill for 10 s despite mechanical prodding. The exhaus-
tion time of each mouse was recorded for analysis.

2.5. Biochemical Analysis. Serum triglyceride (TG), total cho-
lesterol (TC), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) were determined using the com-
mercial assay kits from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). All the assays were conducted in
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Figure 1: Effect of JTXK granules on HFD-fed diabetic mice. (a) Experimental design of the present study. (b) Food intake of mice in each
group. (c, d) Body weight alteration. (e) Body fat rate and (f) body lean rate of mice after the intervention. (g) H&E staining and (h) electron
microscopy of skeletal muscle tissue. (i) Treadmill test results of the mice in each group. NC, DM, Met, and JTXK mean the normal control,
diabetes, metformin, and Jiang Tang Xiao Ke granule groups, respectively. Data were presented asmean ± SD. n = 8 in each group. ∗P < 0:05,
compared with the NC group. #P < 0:05, compared with the DM group.
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accordance with the manufacturer’s instructions. Absor-
bance values of these measurements were detected by the
automatic biochemical analyzer.

2.6. Skeletal Muscle Tissue Hematoxylin and Eosin Staining.
The skeletal muscles were exposed, and then the gastrocne-
mius muscles from the hind limb were collected. The skeletal
muscle tissue was fixed in a 4% neutral formaldehyde buffer
for 24h and then embedded in paraffin. Next, the embedded
paraffin blocks were cut into 4μm sections and stained with
hematoxylin and eosin according to the set routine. The opti-
cal microscope (Olympus, Japan) was used to observe the
histopathological changes in muscular tissue.

2.7. Transmission Electron Microscopy (TEM). Skeletal tissue
was immediately rinsed in PBS after removing from the mice.
The tissue was diced into 2mm cubes and fixed with 4% glu-
taraldehyde and 0.2% tannic acid in PBS overnight. Samples
were washed with PBS and postfixed in 1% osmium tetroxide
for 2 h. Samples were then dehydrated through a graded
series of acetone and embedded in SPI-Pon 812 resin (SPI
Co., USA) 24 h at 36°C, 48°C, and 60°C, respectively. Embed-
ded tissue was cut into 70nm sections and stained with ura-
nyl acetate (30min), followed by 0.2% lead citrate (30min).
Images were photographed under an electron microscope
(Hitachi H-7650, Japan).

2.8. Cell Culture and Experimental Design. C2C12 cells were
cultured in DMEM containing 10% fetal bovine serum
(FBS). All the cells were cultured at 37°C with 95% humidity
and 5% CO2. Cells were passaged every 2-3 days. When cells
grew to 80% confluence, the medium was replaced by high-
glucose (25mM) DMEM containing 2% horse serum to
induce differentiation. Differentiation media were replen-
ished every other day by removing 75% of the cell medium,
followed by adding the fresh medium. Then, the differenti-
ated C2C12 myotubes were treated with DMEM containing
0.4mmol/L of palmitic acid and 1% FBS for 24 h to induce
IR. For the treatment, the C2C12 myotube cells were incu-
bated in the medium containing DCS of JTXK or control
serum for 48 h.

2.9. Preparation of Drug-Containing Serum of JTXK. The
drug-containing serum (DCS) of JTXK was obtained follow-
ing our previous procedures [22]. Specifically, we adminis-
trated JTXK granules to rats (10.7 g/kg BW) by gavage for 3
consecutive days. And on the third day, rats were sacrificed
and blood samples were taken and centrifuged for collecting
the DCS. The control rats were given the same amount of
water to provide control serum.

2.10. Construction of the AMPKα Knockdown Cell Line. Gen-
eration of the AMPKα knockdown cell line was accom-
plished by Genloci Biotechnologies, Inc. (Jiangsu, China).
The sequence of the siRNA oligo specific for AMPKα (Gene
ID: 105787) was GTTGGATTTCCGTAGTATTAT. Cells
were suspended in a sterile tube, centrifuged at 1000 rpm
for 4min, and added with DPBS. And then, 30μg of
pEGFP-N1 plasmid with siRNA was added to the system
and delivered to the cells by electroporation at 600V (30

ms, 1 pulse). The transfected cells were cultured in DMEM
for 48 h and then transferred into a medium containing 2
μg/mL Puro. Then, limiting dilution analysis was applied to
screen out positive clones and RT-PCR was conducted to
confirm the transfection rate.

2.11. Glucose Consumption Assay. The glucose oxidase
method was used to examine the glucose levels in the culture
medium of the C2C12 cells. According to the manufacturer’s
instructions, 5μL of the supernatant or different concentra-
tions of the glucose standard solution were added into a
195μL working solution. The absorbance was determined
at 570nm after incubation for 20min at 37°C. The glucose
consumption was calculated by the glucose concentration
of blank wells subtracted from that of cell-plated wells.

2.12. Mitochondrial Function Evaluation. Mitochondrial
function was evaluated by measuring the oxygen consump-
tion rate on the Seahorse XF Extracellular Flux Analyzer
(Seahorse Bioscience, USA) according to the manufacturer’s
protocol. The C2C12 cells were treated with the JTXK
drug-containing serum or control vehicle in XF24 analyzer
microplates. 48 h later, the medium was changed to an XF
basic medium supplemented with 11mM glucose, 4mM glu-
tamine, and 2mM pyruvate. Then, the cells were incubated
with the sequential addition of 1μM oligomycin, 5μM car-
bonyl cyanide-(trifluoromethoxy)phenylhydrazone, and 0.5
μM rotenone/antimycin A. The mitochondrial respiratory
parameters, such as basal respiration, ATP production, max-
imum respiration, and spare respiratory capacity, were
calculated.

2.13. Western Blotting. Proteins were extracted from skeletal
muscle tissue and C2C12 cells with a precool RIPA lysis
buffer containing 1% PMSF. After centrifugation, the total
protein was extracted and the concentration was measured
according to the BCA kit. Equal amounts of total protein
per sample were subjected via SDS-PAGE separation gel
and concentration gel and transferred to polyvinylidene fluo-
ride (PVDF) membranes using a wet blotting system (Bio-
Rad Laboratories, Inc., USA). Membranes were blocked with
5% skim milk dissolved in Tris-buffered saline and incubated
with diluted AMPKα, CPT1, PGC-1α, PPARα, SIRT1, UCP3,
and GLUT4 (1 : 1000, 5% skimmilk diluted) at 4°C overnight.
On the following day, the membrane was incubated for 1.5 h
with the horseradish peroxidase- (HRP-) conjugated second-
ary antibody (1 : 5000 diluted) at room temperature. Then,
the membranes were incubated with high-sensitivity ECL
luminous liquid (Proteintech Biotechnology, USA), and
images were captured with Azure Biosystems, Inc., USA.
Densitometry analyses of immunoblots were performed with
the ImageJ software package.

2.14. Real-Time PCR (RT-PCR). Total RNAwas isolated from
skeletal muscle and C2C12 cells with the TRIzol reagent
according to the manufacturer’s instructions. cDNAwas syn-
thesized using a RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, USA). RT-PCR was performed
on a StepOne™ RT-PCR System (Applied Biosystems,
USA) using the SYBR Green Master Mix (Invitrogen,
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USA). The amplification conditions were set as follows: pre-
denaturation at 95°C for 10min, followed by 40 cycles of
amplification (95°C for 15 s, 60°C for 60 s). For each sample,
PCR reactions were run in triplicate. And for each group,
there were six samples. The gene-specific primers are shown
in Table 1. Calculations were performed by a comparative
method (such as 2-ΔΔCT).

2.15. Statistical Analysis. All data were presented as mean ±
standard deviation ðSDÞ. Datasets with more than two
groups to be compared were analyzed using one-way analysis
of variance (ANOVA) and Tukey’s post hoc multiple com-
parison test. For statistical analyses of groups comparing
two variables, two-way ANOVA was conducted, followed
by Tukey’s post hoc multiple comparison test. P < 0:05 was
considered statistically significant. All the figures and statisti-
cal analyses were generated on GraphPad Prism 7 (GraphPad
Software, USA).

3. Results

3.1. JTXK Granules Attenuated Body Weight Gain and
Improved Skeletal Muscle Content and Performance. Twelve
weeks of HFD feeding caused significant overeating of obese
diabetic mice, while treatment with metformin or JTXK sig-
nificantly reduced food intake (Figure 1(b)). As a conse-
quence, mice in the metformin and JTXK groups exhibited
significant weight loss compared with DM group mice after
corresponding treatment (Figures 1(c) and 1(d)). The results
of body composition showed that after 8 weeks of treatment,
mice in the DM group showed a significantly higher body fat
rate and less body lean mass than mice in the normal control
group. Body fat rates of mice in the Met and JTXK groups,
which were 19.50% and 20.29%, respectively, were signifi-
cantly lower than that of DM mice (30.46%) (Figure 1(e), P
< 0:05). Meanwhile, in comparison with DM mice, metfor-
min and JTXK granules both improved the body lean mass
of diabetic mice (Figure 1(f), P < 0:05). Moreover, according
to results from the treadmill test, a higher body fat rate and
less body lean mass accompanied impaired skeletal muscle
performance, while treatment with metformin and JTXK

granules prevented this alteration (Figure 1(i), P < 0:05).
Next, we performed H&E staining and electron microscopy
of skeletal muscle tissue (Figures 1(g) and 1(h)). Skeletal
muscle fibers of diabetic mice were arranged irregularly with
inflammatory infiltration observed. There were lipid droplets
and swelling mitochondria in the skeletal muscle tissue, while
these pathological changes were ameliorated in Met and
JTXK groups. Thus, we concluded from the above results that
JTXK granules attenuated body weight gain, reduced body fat
mass, improved body lean mass, and enhanced muscle per-
formance of diabetic mice.

3.2. JTXK Granules Improved Glucose Tolerance and Insulin
Sensitivity and Decreased Lipid Content of Diabetic Mice.
To investigate the effect of JTXK granules on glucose toler-
ance and insulin sensitivity, OGTT and ITT were conducted
after 8 weeks of treatment. Blood samples were collected for
detection of serum glucose, insulin levels, and lipid contents.
Compared with normal mice, mice in the DM group showed
evidently impaired glucose tolerance with obvious hypergly-
cemia before and after oral administration of glucose
(Figure 2(a), P < 0:05). The area under the curve (AUC)
among groups was 14:28 ± 4:17 (NC), 27:57 ± 8:19 (DM),
14:57 ± 2:45 (Met), and 14:53 ± 3:96 (JTXK), which indi-
cated that treatment with metformin and JTXK granules
improved glucose tolerance significantly (Figure 2(b), P <
0:05). Consistent with OGTT, results from serum glucose
also revealed that diabetic mice exhibited apparent hypergly-
cemia, while metformin and JTXK granules could improve
glucose metabolism (Figure 2(c), P < 0:05). In addition,
long-time HFD feeding also leads to reduced insulin sensitiv-
ity. The results of ITT showed that the blood glucose level of
diabetic mice was still higher than that of the other mice 30,
60, 90, and 120min after insulin injection intraperitoneally.
And AUC of ITT in the DM group (700:90 ± 61:85) was evi-
dently increased when compared with that in the NC group
(403:50 ± 28:43). Notably, metformin and JTXK granule
treatment decreased blood glucose levels at 30, 60, 90, and
120min and decreased AUC of ITT significantly
(Figures 2(d) and 2(e), P < 0:05). Moreover, treatment with
metformin and JTXK granules also attenuated the HFD-
induced hyperinsulinemia and abnormal HOMA-IR index
markedly (Figures 2(f) and 2(g), P < 0:05). As for blood lipid
profiles, long-time HFD feeding caused dyslipidemia in dia-
betic mice, represented by the ascended FFA, TC, TG, and
LDL-C level and descended HDL-C level (Figures 2(h)–2(l),
P < 0:05). Aside from HDL-C, metformin and JTXK granule
treatment markedly attenuated these alterations
(Figures 2(h)–2(k), P < 0:05). Compared with diabetic mice,
JTXK mice also exhibited a higher level of serum HDL-C
(Figure 2(l), P < 0:05). In brief, JTXK granule treatment
improved glucose metabolism and insulin sensitivity and
partly reversed abnormal serum lipid levels.

3.3. JTXK Granules Activated AMPK/SIRT1/PGC-1α
Signaling in Skeletal Muscle of Diabetic Mice. To explore the
underlying mechanism of JTXK granules in ameliorating
skeletal muscle IR of diabetic mice, we analyzed the expres-
sion of important proteins and genes in the

Table 1: Sequences of RT-PCR primers.

Gene Primer sequences (5′-3′)

AMPKα
F: AAACCCACAGAAATCCAAACAC

R: CCTTCCATTCATAGTCCAACTG

PGC-1α
F: CCCTGCCATTGTTAAGACC

R: TGCTGCTGTTCCTGCTCCT

SIRT1
F: TTGTGAAGCTGTTCGTGGAG

R: GGCGTGGAGGTTTTTCAGTA

PPARα
F: AGGAAGCCGTTCTGTGACAT

R: TTGAAGGAGCTTTGGGAAGA

CPT1
F: AGAACCACCAAAGCGGAAA

R: TCCCACAGGAGACAGAAACC

UCP3
F: CCCTGACTCCTTCCTCCCTG

R: GCACTGCAGCCTGTTTTGCTGA
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Figure 2: Continued.
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AMPK/SIRT1/PGC-1α signaling pathway. As shown in
Figures 3(a)–3(h), the protein expressions of AMPKα,
SIRT1, PGC-1α, PPARα (both in cytosolic and in nuclear),
CPT1, and UCP3 in skeletal muscle of diabetic mice were evi-
dently lower than that of normal mice (P < 0:05). After 8
weeks of intervention with metformin or JTXK granules,
expressions of those proteins in these two groups were signif-
icantly increased in comparison with that in diabetic mice
(P < 0:05). Diabetic mice also exhibited reduction of GLUT4
membrane translocation, while treatment with metformin
and JTXK granules increased GLUT4 translocation
(Figure 3(i), P < 0:05). As shown in Figures 3(j)–3(o), the
mRNA expressions of AMPKα, SIRT1, and UCP3 in skeletal
muscle of diabetic mice were lower than that of normal mice
(P < 0:05), while treatment with metformin or JTXK granules
markedly increased these gene expressions by approximately
2-fold (P < 0:05). Compared with the DM group, metformin
or JTXK granules also increased PGC-1α, PPARα, and SIRT1
expression significantly (P < 0:05). The above results indi-
cated it is possible that JTXK granules ameliorated skeletal
muscle IR through modulation of the AMPK/SIRT1/PGC-
1α pathway.

3.4. JTXK Granules Improved Glucose Uptake and
Mitochondrial Respiration in C2C12 Cells via Activation of
AMPKα. To further verify the effect of JTXK granules

through in vitro experiment, we analyzed the glucose uptake
ability and mitochondrial respiration in C2C12 cells after
intervening with DCS of JTXK or metformin. As shown in
Figures 4(a) and 4(b), for normal differentiated C2C12 cells,
intervention with metformin or DCS did not affect their glu-
cose uptake ability (P > 0:05). Next, we induced C2C12 cell
insulin resistance by exposing them to 0.4M palmitic acid
for 24h. According to the results, IR C2C12 cells exhibited
impaired glucose uptake capacity, while treatment with met-
formin or DCS for 24 or 48 h significantly improved the glu-
cose consumption of IR C2C12 cells (Figures 4(c) and 4(d),
P < 0:05). In the in vivo experiment, obvious alteration in
the AMPK/SIRT1/PGC-1α pathway was observed, so we
assumed that JTXK probably acts through this signaling
pathway. Therefore, we next analyzed the glucose uptake
ability in the AMPKα knockdown C2C12 cell line (A-KD
group in the figure). As shown in Figures 4(e) and 4(f), after
24 and 48 h of intervention with metformin or DCS, glucose
consumption in these two groups was apparently enhanced
(P < 0:05).

As AMPK is the pivot regulator in energy metabolism, we
further investigated the effects of JTXK on mitochondrial
energy metabolism (Figure 5(a)). Compared with the control
group, DCS of JTXK granules increased the basal respiration
(Figure 5(b)), ATP-linked respiration (Figure 5(c)), maxi-
mum respiration (Figure 5(d)), and spare respiratory
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Figure 2: JTXK granules improved glucose tolerance, insulin sensitivity, and lipid profiles in diabetic mice. (a) OGTT test results and (b) area
under the curve. (c) Fasting blood glucose. (d) ITT test and (e) area under the curve. (f) Fasting serum insulin level. (g) Homeostasis model
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#P < 0:05, compared with the DM group.
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Figure 3: Continued.
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Figure 3: Effect of JTXK granules on AMPK/SIRT1/PGC-1α signaling in skeletal muscle of HFD-induced diabetic mice. The relative protein
expression levels of AMPKα, SIRT1, PGC-1α, CPT1, UCP3, and PPARα (both in cytosolic and in nuclear) in the skeletal muscle (a–h) and
GLUT4 membrane translocation (i) were determined by western blotting. Gene expressions of AMPKα, CPT1, PGC-1α, PPARα, SIRT1, and
UCP3 (j–o) were determined by RT-PCR. NC, DM, Met, and JTXK refer to the normal control, diabetes, metformin, and Jiang Tang Xiao Ke
granule groups, respectively. Data were presented as mean ± SD. n = 6 in each group. ∗P < 0:05, compared with the NC group. #P < 0:05,
compared with the DM group.
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capacity (Figure 5(e)) of C2C12 cells with statistical signifi-
cance (P < 0:05). For the AMPKα knockdown C2C12 cell
line (A-KD group), compared with C2C12 cells, the basal res-
piration, ATP-linked respiration, maximum respiration, and
spare respiratory capacity of C2C12 cells were significantly
decreased (P < 0:05). As expected, the impaired mitochon-

drial respiration of AMPKα knockdown C2C12 cells was
restored by intervention with DCS (P < 0:05). Furthermore,
the effect of DCS on A-KD C2C12 cells was weaker than that
on C2C12 cells, indicating that the effect of DCS on improv-
ing mitochondrial energy metabolism of C2C12 cells is
closely related to the regulation of AMPKα. Thus, we
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Figure 4: Effect of JTXK granule drug-containing serum on glucose uptake of C2C12 cells. Glucose uptake ability after intervention with
drug-containing serum of JTXK granules in (a, b) normal C2C12 cells, (c, d) IR C2C12 cells, and (e, f) AMPKα knockdown C2C12 cells.
A-KD indicates AMPKα knockdown. PA, Met, and DCS mean palmitic acid, metformin, and drug-containing serum of Jiang Tang Xiao
Ke granules, respectively. Data were presented as mean ± SD. ∗P < 0:05, compared with the blank control.
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concluded that AMPKα was closely involved in the effect of
JTXK on enhancing glucose uptake and mitochondrial respi-
ration in C2C12 cells.

3.5. JTXK Granules Promoted AMPK/SIRT1/PGC-1α
Signaling in IR C2C12 Cells. Next, we further investigated

whether DCS of JTXK could affect AMPK/SIRT1/PGC-1α
signaling in C2C12 cells. As shown in Figures 6(a)–6(g),
DCS of JTXK markedly upregulated the protein expressions
of AMPKα, SIRT1, PGC-1α, PPARα, UCP3, and CPT1
(P < 0:05). Consistent with results of western blotting, DCS
of JTXK increased AMPKα, SIRT1, PGC-1α, PPARα,
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Figure 5: Effect of drug-containing serum of JTXK granules on mitochondrial respiration of C2C12 cells. (a) Oxygen consumption rate, (b)
basal respiration, (c) ATP-linked respiration, (d) maximum respiration, and (e) spare respiratory capacity measured by Seahorse. A-KD and
DCS indicate AMPKα knockdown and drug-containing serum of Jiang Tang Xiao Ke granules, respectively. Data were presented as mean
± SD. ∗P < 0:05, compared with the C2C12 group. #P < 0:05, compared with the A-KD group.

12 Oxidative Medicine and Cellular Longevity



Con

PGC-1𝛼

PPAR𝛼

SIRT1

UCP3

CPT1

AMPK𝛼

𝛽-Actin

Met DCS

(a)

Con

PG
C-

1𝛼
/𝛽

-a
ct

in
(r

el
at

iv
e r

at
io

)

0.0

0.5

1.0

1.5

2.0

Met DCS

⁎⁎

(b)

Con

PP
A

R𝛼
/𝛽

-a
ct

in
(r

el
at

iv
e r

at
io

)

0.0

0.5

1.0

1.5

Met DCS

⁎
⁎

(c)

Con

SI
RT

1/
𝛽

-a
ct

in
(r

el
at

iv
e r

at
io

)

0.0

0.5

1.0

1.5

Met DCS

⁎⁎

(d)

Con

CP
T1

/𝛽
-a

ct
in

(r
el

at
iv

e r
at

io
)

0.0

0.5

1.0

1.5

Met DCS

⁎⁎

(e)

Con

CP
T1

/𝛽
-a

ct
in

(r
el

at
iv

e r
at

io
)

0.0

0.5

1.0

1.5

Met DCS

⁎⁎

(f)

Figure 6: Continued.
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Figure 6: Effect of JTXK granule drug-containing serum on AMPK/SIRT1/PGC-1α signaling in IR C2C12 cells. (a–g) Protein expressions of
AMPKα, SIRT1, PGC-1α, PPARα, UCP3, and CPT1measured by western blotting. (h–m) Relative gene expressions of AMPKα, SIRT1, PGC-
1α, PPARα, UCP3, and CPT1 measured by RT-PCR. Con, Met, and DCS mean the control, metformin, and drug-containing serum of Jiang
Tang Xiao Ke granules, respectively. Data were presented as mean ± SD. ∗P < 0:05, compared with the Con group.
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UCP3, and CPT1 mRNA expressions by 1.87-, 2.09-, 2.17-,
2.03-, 2.19-, and 2.62-fold (P < 0:05, Figures 6(h)–6(m)).
Therefore, it is reasonable to postulate that JTXK granules
could promote AMPK/SIRT1/PGC-1α signaling in IR
C2C12 cells.

4. Discussion

The present study demonstrated the following. (1) JTXK
granules attenuated body weight gain, reduced body fat mass,
improved body lean mass, and enhanced muscle perfor-
mance of diabetic mice. (2) JTXK granules improved glucose
metabolism and insulin sensitivity and partly reversed abnor-
mal serum lipid levels. (3) JTXK granules increased the gene
as well as protein expression of important molecules in the
AMPK/SIRT1/PGC-1α pathway, both in skeletal muscle tis-
sue of HFD-fed mice and in C2C12 cells. (4) The JTXK gran-
ule was capable of enhancing glucose uptake and
mitochondrial respiration in C2C12 cells, and AMPKα was
proven to be closely involved in this process.

In the last decades, significant investigation break-
throughs have been witnessed in the study of traditional Chi-
nese medicine. Among these, herbal medicine stands in a
critical position in traditional Chinese medicine practice.
The JTXK granule is an effective herbal formula derived from
rich clinical practice and exhibits a satisfying therapeutic
effect in the management of IR-related metabolic disorders,
including obesity, prediabetes, and overt diabetes. This for-
mula is composed of Rehmannia glutinosa (Gaertn.) DC.
(Dihuang), Panax ginseng C.A.Mey. (Renshen), Salvia mil-
tiorrhiza Bunge (Danshen), Cornus officinalis Siebold &
Zucc. (Shanzhuyu), Coptis chinensis Franch. (Huanglian),
Pueraria montana var. lobata (Gegen), and so on. To better
understand the essential and substantial basis of this formula,
the fingerprint technique was applied to illustrate the main
ingredients (Fig S1). According to our previous studies, JTXK
granules ameliorated IR in diabetic mice by regulating
PI3K/Akt signaling in skeletal muscles [17]. Besides, we also
found that ginsenoside Rb1, one of the ingredients recog-
nized in JTXK granules, exerts a beneficial effect on increas-
ing insulin sensitivity in skeletal muscle of obese mice. And
the mechanism is through upregulating AMPKα expression
and increasing AMPK phosphorylation [20]. Here, we
proved a novel mechanism of JTXK granules in mitigation
of skeletal muscle IR through activation and modulation of
AMPK/SIRT1/PGC-1α signaling concerning mitochondrial
respiration.

Western diet and sedentary lifestyle have made metabolic
disorders such as diabetes, obesity, and metabolic syndrome
become an important disease spectrum threatening human
health. Among metabolic disorders, IR is a common phe-
nomenon as well as the main pathological factor. Therefore,
investigating effective drug candidates for IR has been a hot
topic in this research field. In the present study, we chose
metformin, the first-line drug for diabetes, as the positive
control to compare the effect of JTXK granules on skeletal
muscle IR. In line with our previous results, JTXK granules
exhibited a favorable effect on attenuating body weight gain
and reducing food intake. In addition, JTXK granules also

helped to regulate body composition, ameliorate pathological
changes in skeletal muscle, and enhance muscle perfor-
mance. In the skeletal muscle of diabetic mice, we also
observed lipid droplets and swelling mitochondria, and JTXK
granule intervention obviously relieved these changes. Stud-
ies have shown that compared with insulin-sensitive individ-
uals, the mitochondrial DNA copy number in leukocytes of
obese people was 6.9-fold lower, and the number of mito-
chondria was positively correlated with glucose utilization
and oxidation while negatively correlated with BMI and
serum FFA levels [5, 23]. Moreover, overnutrition (e.g.,
HFD) results in an elevated lipid burden (e.g., FFA) as well
as mitochondrial oxidative stress, which will lead to the accu-
mulation of incomplete fatty acid oxidation and reactive oxy-
gen species (ROS). Both incomplete fatty acid oxidation and
ROS contribute to impairment in insulin action and are con-
sidered closely related to the development of IR [24].

Although the exact mechanism that leads to the develop-
ment of IR in skeletal muscle is not yet fully understood,
accumulation of glucose and FFA have been shown to play
a primary role [25, 26]. In the current study, we observed
impaired glucose tolerance and abnormal lipid profiles in
diabetic mice. After 8 weeks of treatment with JTXK gran-
ules, fasting blood glucose and insulin levels were signifi-
cantly decreased, along with improved glucose tolerance
and insulin sensitivity. JTXK granule intervention also
reduced serum FFA, TC, TG, and LDL-C contents and
increased HDL-C content significantly. As mentioned before,
elevated glucose and FFA levels were the main cause of gluco-
lipotoxicity [27]. And the consequences of glucolipotoxicity
involve mitochondrial dysfunction, ROS production, and
endoplasmic reticulum stress, of which all contribute to the
progression of metabolic disorders [28]. This raises the pos-
sibility that JTXK granules might act through the signaling
pathway that is related to mitochondrial biogenesis or
metabolism.

In the present study, we claimed that JTXK granules
enhanced expression levels of proteins and genes related to
mitochondrial energy metabolism, including AMPKα,
PGC-1α, SIRT1, PPARα, UCP3, and CPT1. JTXK granules
also enhanced GLUT4 membrane translocation, which is
considered a primary mediator of glucose removal from the
blood circulation as well as an essential regulator of whole-
body glucose homeostasis [29]. PGC-1α emerged as a key
transcriptional coactivator in understanding how nuclear
regulatory signals are linked to the biogenesis of mitochon-
dria, antioxidant defense, and inflammatory response in skel-
etal muscle [30]. Accumulating studies have shown that HFD
induces downregulation of PGC-1α, while its overexpression
prevents HFD-induced reduction of mitochondrial respira-
tion in hepatocytes and promotes exercise-induced autoph-
agy in skeletal muscle [31, 32]. As the most prominent and
extensively studied member of sirtuins, SIRT1 plays a critical
role in the regulation of PGC-1α by deacetylation [33].
Besides, SIRT1 and PPARs both trigger mitochondrial bio-
genesis, so activation of PGC-1α/PPARs might offer a novel
strategy in the treatment of mitochondrial-related diseases
[34]. AMPK and SIRT1 are both upstream regulatory factors
of PGC-1α. There may be an internal relationship between
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them, which plays a significant role in energy metabolism.
After AMPK activation, it acts on the downstream SIRT1
by affecting the NAD+ level, which enhances mitochondrial
oxidative phosphorylation capacity and ATP production
through the SIRT1/PGC-1α signaling pathway [35]. So it is
clear that the AMPK/SIRT1/PGC-1α network is a critical
energy-sensing signaling pathway and that AMPK activation
will induce the concurrent deacetylation and phosphoryla-
tion of its downstream targets and relieve the susceptibility
to IR-associated metabolic disorders [36]. It reveals that
AMPK activation helps prevent diabetic disorders in many
tissues and organs, including skeletal muscle, hepatic tissue,
and renal podocytes, by suppressing apoptosis and reducing
oxidative stress [37–39]. To the best of our expectation,
AMPKα knockdown C2C12 cells exhibited apparent
impaired mitochondrial respiration capacity, indicating the
essential position of AMPKα in mitochondrial metabolism.
JTXK granules restored mitochondrial respiration capacity
in IR C2C12 cells but were less effective on A-KD C2C12
cells, which proved that AMPKα regulation was closely
involved in the therapeutic mechanisms of JTXK granules.
Taken together, our findings provide us a novel image that
the JTXK granule ameliorates skeletal muscle IR through
activation of AMPKα and modulation of the AMPK/-
SIRT1/PGC-1α signaling network.

5. Conclusions

In sum, we demonstrate that JTXK granules could improve
glucose and lipid metabolism and ameliorate skeletal muscle
IR, which are associated with activation of the AMPK/-
SIRT1/PGC-1α signaling pathway (Fig S2). Our results indi-
cate that the JTXK granule is a promising formula to be
promoted in clinical use for the treatment of obesity,
T2DM, and other IR-related metabolic disorders. However,
further strictly designed clinical trials for the clinical promo-
tion of JTXK are still necessary. And caution must be taken
when considering the study duration, intervention methods,
dosage and drug forms, inclusion criteria, and so on, for
every single element counts when evaluating the therapeutic
effect of the Chinese herbal medicine formula.

Data Availability

The original data will be available upon request.

Additional Points

Highlights. JTXK granules attenuated body weight gain and
improved glucolipid metabolism of diabetic mice. JTXK
granules improved skeletal muscle insulin sensitivity of dia-
betic mice. JTXK granules improved glucose uptake and
mitochondrial respiration via activation of AMPKα. JTXK
granules ameliorated diabetes through activating AMPK/-
SIRT1/PGC-1α signaling.
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The study indicates inflammation and autophagy are closely related to neural apoptosis in the pathology of ischemic stroke. In the
study, we investigate the effects and mechanisms of the extracts of Angelica sinensis and Cinnamomum cassia (AC) from oriental
medicinal foods on inflammatory and autophagic pathways in rat permanent middle cerebral artery occlusion model. Three doses
of AC extract were, respectively, administered for 7 days. It suggests that AC extract treatment ameliorated scores of motor and
sensory functions and ratio of glucose utilization in thalamic lesions in a dose-dependent manner. Expression of Iba1 was
decreased and CD206 was increased by immunofluorescence staining, western blotting results showed expressions of TLR4,
phosphorylated-IKKβ and IκBα, nuclear P65, NLRP3, ASC, and Caspase-1 were downregulated, and Beclin 1 and LC3 II were
upregulated. Low concentrations of TNF-α, IL-1β, and IL-6 were presented by ELISA assay. Additionally, caspase 8 and cleaved
caspase-3 expressions and the number of TUNEL positive cells in ipsilateral hemisphere were decreased, while the ratio of Bcl-
2/Bax was increased. Simultaneously, in LPS-induced BV2 cells, it showed nuclear P65 translocation and secretion of
proinflammatory cytokines were suppressed by AC extract-contained cerebrospinal fluid, and its intervened effects were similar
to TLR4 siRNA treatment. Our study demonstrates that AC extract treatment attenuates inflammatory response and elevates
autophagy against neural apoptosis, which contributes to the improvement of neurological function poststroke. Therefore, AC
extract may be a novel neuroprotective agent by regulation of inflammatory and autophagic pathways for ischemic stroke
treatment.

1. Introduction

Stroke has been a top-ranked cause of mortality and disabil-
ity in both the 50–74-year and 75-years-and-older age
groups, globally [1]. Prevalent data of stroke show that
84.4% of the total number belongs to ischemic stroke [2].
Numerous literatures have indicated that neuroinflamma-
tory response plays an essential role in the propagation of
brain damage after stroke [3]. Due to cerebral vascular occlu-

sion by thrombosis at the onset of ischemic stroke, regional
cerebral blood flow (CBF) instantaneously decreases and
stagnates, which induces shear stress on endothelial cells
(ECs) and platelets resulting in excessive adhesion molecules
secretion, contributing to circulating leukocytes recruitment
and binding onto ECs. It exacerbates coagulation cascades
and initiates the earliest inflammatory response [4]. Follow-
ing the disruption of blood-brain barrier (BBB), circulating
leukocytes are apt to infiltrate into brain parenchyma.
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Leukocyte infiltration combined with danger-/damage-asso-
ciated molecular patterns (DAMPs) from injured and dying
neurons triggers a cerebral inflammatory cascade as a marker
of activation of microglia and astrocytes [5]. DAMPs activate
Toll-like receptors (TLRs) of subfamilies of pattern recogni-
tion receptors (PRRs) on microglia, astrocytes, and oligoden-
drocytes and activated TLRs, like TLR4, interacting with the
myeloid differentiation primary-response protein 88
(MyD88) upregulates nuclear factor-kappa B (NF-κB) signal-
ing [6, 7]. As another subfamilies of PRRs, Nod-Like recep-
tors (NLRs) located in the cytoplasm primarily involved in
the formation of NLR proteins (NLRPs) inflammasome
which exerts important action in the neurovascular unit
and has been a novel target on vascular diseases [8]. NLRP3
inflammasome, as the most featured member of the NLR
family, participates in neuronal apoptosis after ischemic
stroke [9]. Presently, NF-κB signaling has been demonstrated
to involve in the activations of NLRP1 and NLRP3 inflamma-
somes, and inhibition of the pathway not only decreases
interleukin- (IL-) 1β, IL-18, tumor necrosis factor- (TNF-)
α, and IL-6 but also attenuates apoptotic cells in cerebral tis-
sue after cerebral ischemia [10, 11]. Therefore, the inhibition
of neuroinflammatory pathways is a crucial target for cere-
bral protection poststroke.

Recent research reports that moderate autophagy rescues
injured cells by removing damaged tissues and proteins [12,
13]. Autophagy has closed interaction with apoptosis by mul-
tiple mechanistic overlaps. Evidence illustrates that
mitochondria-dependent intrinsic apoptotic pathway acti-
vating caspase-3 not only arouses apoptotic cell death but
also inhibits autophagy in ischemic stroke resulting from
antiapoptotic protein Bcl-2 binding to Beclin-1 [13], so sup-
pressed apoptosis and increased autophagy contributed to
the recovery of hippocampus injury in cerebral ischemia/re-
perfusion rats [14]. Although mechanisms between autoph-
agy and inflammation are not clear at present, it indicates
that autophagy negatively regulates inflammasome activation
against inflammation, whose efficacies mainly embody that
the phagocytic actions of autophagy advance apoptotic
corpse clearance as well as autophagy transports inflamma-
some components into lysosomes for degradation and
sequesters IL-1β [15, 16]. It is necessary to develop innova-
tive pharmacological agents targeting inflammatory and
autophagic pathways in ischemic stroke.

Chinese herbs begin to systematically treat stroke
before 1800 years and have accumulated abundant clinical
experiences and effective prescriptions. Emerging studies
suggest that compounds extracted from Chinese herbs
exert significant neuroprotective effects via multiple
approaches [17]. Angelica sinensis (Oliv.) Diels, root and
rhizome, and Cinnamomum cassia (L.) J. Presl, stem bark,
as oriental herbs from medicinal foods, their combination
had been reported to be used to treat stroke in Chinese
medicinal literature before 300 years [18]. They are widely
used as either traditional medicines or functional foods in
East and South-East Asia countries such as Korea, Japan,
India, Thailand, Vietnam, and Indonesia [19, 20]. In the
study, we investigate neuroprotective effects of the extracts
of Angelica sinensis and Cinnamomum cassia (AC) on

cerebral tissue and hypothesize the mechanisms might be
related to the regulation of inflammatory and autophagic
pathways following cerebral ischemia.

2. Materials and Methods

2.1. The Extracted Method and Quality Control. The root and
rhizome of Angelica sinensis (Oliv.) Diels and stem bark of
Cinnamomum cassia (L.) J. Presl, were purchased from
Guangzhou Zisun Pharmaceutical Co., Ltd., China, which
are accordant with the standards of Chinese Pharmacopoeia
(2015 edition) by confirmation of Professor Quan Zhu. We
performed the method of steam distillation for the extracts
of AC (1 : 1 of two herbal medicine weight ratio), and detailed
procedures refer to our previous article [21]. The extracts
(yield: 25%) were obtained by lyophilizing the concentrated
sample with a Virtis Freeze Dryer (The Virtis Company,
New York, USA). 5mg of AC extract was dissolved in 5ml
of 30% methanol and filtered, which was directly subjected
to ACQUITY UPLC system on PAD λe detector
(λ = 200 – 400 nm), autosampler, in-line degasser, Waters
ACQUITY-UPLC CLASS system (Waters Corp., Milford,
USA) on an ACQUITY UPLC HSS T3 column
(150mm × 2:1mm, 1.8μm). Reference compounds are feru-
lic acid (t R = 2:59 min, purity HPLC > 98%), Senkyunolide I
(t R = 4:42 min, purity HPLC > 98%), and Trans-Cinnamic
acid (t R = 6:32 min, purity HPLC > 98%), which were pur-
chased from Chengdu Chroma-Biotechnology Co., Ltd.,
China.

2.2. Middle Cerebral Artery Occlusion Model and Group
Division. Male Sprague-Dawley (SD) rats weighing 220-250
g were provided by Kunming Medical University Laboratory
Animal Services Center. All animal operations conformed to
the NIH Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 85–23, revised
in 1985), and University of Macau ethical committee
approved the experimental protocol. Permanent middle cere-
bral artery occlusion (MCAo) model was established accord-
ing to our previous report [21]. Briefly, 2% pentobarbital
sodium (4mL/kg) was used to anesthetize SD rats by intra-
peritoneal injection, and subsequently, middle cerebral artery
was occluded by inserting 4-0 surgical nylon suture coated
with polylysine. Simultaneously, rats in the sham group were
subject to the same administered procedure except for suture
occlusion. All operated rats were put on animal heating pads
to maintain their rectal temperature at 37°C, and only MCAo
rats with a score of 2 assessed by 5-point scale neurological
deficit score [22] were randomly divided into four groups
after they recovered consciousness.

Treatment groups include low dosage of AC extract
(Low) group, middle dosage of AC extract (Middle) group,
and high dosage of AC extract (High) group, and 1.6 g/kg,
3.2 g/kg, and 6.4 g/kg of AC extract solved in distilled water
were, respectively, administered to rats by gavage once daily
for 3 days before operation and continuing to 7 days after
MCAo surgery. Rats in MCAo and Sham groups were given
the same volume of distilled water.
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2.3. The Harvest of Cerebrospinal Fluid. At day 7, rats (n = 6)
in sham,MCAo, and high dose of AC extract groups were intra-
peritoneally injected into 2% pentobarbital sodium (4mL/kg)
for deep anesthetization, and then 1mL injector was slowly
inserted into posterior atlantooccipital membrane avoiding
arteria spinalis dorsalis to harvest 30μL CSF from each rat. Col-
lections of CSF in each group were, respectively, termed sham
group’s, MCAo group’s, and high dose group’s CSF.

2.4. MicroPET/CT Imaging and Neurological Functional
Assessment. 18F-FDG-PET/CT imaging was performed to eval-
uate glucose uptake of rats (n = 5) in ipsilateral hemisphere at
days 1, 3, and 7. The detailed performance procedure was
described in our previous article [23]. Briefly, rats in each group
were anesthetized with isoflurane (3.0% in air) asphyxiation,
then, intravenously administered with 37MBq (∼1mCi) of
18F-FDG. After 60min later, microPET/CT images and CT
images were, respectively, acquired for 30min using a FLEX
X-PET and X-O small animal imaging system (TriFoil) and
with 256 projections over 2min for attenuation correction
and anatomy landmarks. Commercial software (Visage Imag-
ing) with 72μm isotropic CT spatial resolution and 2mm for
PET imaging was used for the coregistered images of PET
and CT. For quantitative analysis, volume of interests (VOIs)
were, respectively, drawn on six regions (Amygdala, Caudate
Putamen, Cortex Motor, Cortex Somatosensory, Hypothala-
mus and Thalamus Whole) of contralateral and ipsilateral
hemispheres. Percent-injected dose of 18F-FDG per c.c. of brain
tissue (%ID/cm3) was obtained from each VOI.Metabolic ratio
of each region was calculated with the following formula:
ratio =%ID/c:c:of lesion region/%ID/c:c:of contralateral side.

Additionally, we invited a colleague who was unknown to
the experimental group division to evaluate the amelioration
of neurological function in rats poststroke. At day 7 after
ischemia, assessment of motor recovery (n = 6) including
spontaneous activity, symmetry in the movement of four
limbs, forepaw outstretching, and climbing, and test of sen-
sory recovery (n = 6) including body proprioception and
response to vibrissae touch [24] were performed.

2.5. TLR4 siRNA Transfection in BV2 Microglial Cells. BV2
microglial cell lines purchased from China Center for Type
Culture Collection were seeded at a density of 2:5 × 105
cells/ml into 6-well dishes and cultured with Dulbecco’s
modified Eagle’s medium (Gibco; Thermo Fisher Scientific,
Inc., USA) supplemented with 10% fetal bovine serum at
37°C with 5% CO2. Cells were transfected with siRNA against
TLR4, when they presented logarithmic growth to 70% con-
fluent. According to manufacturer’s protocol, BV2 microglial
cells were transfected with TLR4 siRNA consisting of three
target-specific 19-25 nt siRNAs to knock down gene expres-
sion using siRNA Transfection Reagent (CAT#: sc-40261,
Santa Cruz Biotechnology, Inc.). Negative control of TLR4
siRNA transfection contained a scrambled sequence that
did not cause specific degradation of any known cellular
mRNA (CAT#: sc-37007, Santa Cruz Biotechnology, Inc.).

2.6. Lipopolysaccharide-Stimulated BV2 Microglial Cells
Incubated with CSF. Before lipopolysaccharide- (LPS-) stim-

ulated BV2, 15% high dose group’s CSF was, respectively,
added into BV2 and TLR4 siRNA-transfected BV2. Simulta-
neously, 15% MCAo group’s CSF was, respectively, added
into BV2, TLR4 siRNA, and negative TLR4 siRNA-
transfected BV2. 15% Sham group’s CSF added into BV2
was used to be as normal control. Subsequently, 100 ng/mL
of LPS derived from Escherichia coli O111:B4 (Sigma-
Aldrich, Inc. Cat#: L4391) was employed to stimulate these
BV2 cells for 24 hours based on preliminary experiments
and other reports [25], except BV2 in the normal group. Ulti-
mately, LPS+ high dose group’s CSF (High), LPS+TLR4
siRNA+High, LPS, LPS+TLR4 siRNA, and LPS+negative
TLR4 siRNA groups were formed.

2.7. Western Blotting. At day 7, rats (n = 3) in five groups
were sacrificed by excessive anesthesia and transcardially
perfused with 4°C sterile saline. Total proteins were extracted
from the ipsilateral hemisphere of each group as well as dif-
ferent processed BV2 in vitro, and nuclear/cytoplasmic pro-
teins were isolated using NE-PER Nuclear and Cytoplasmic
Extraction Kit (Thermo Scientific™ 78833, USA). Protein
concentration was determined by a bicinchoninic acid pro-
tein assay kit (Beyotime Institute of Biotechnology, Shanghai,
China). Equal amounts of proteins were separated on 10%
sulfate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes. Subsequently, mem-
branes were blocked in 5% (w/v) skimmed dried milk for 1
h at room temperature and incubated with primary antibod-
ies for anti-TLR4 (1 : 2000, Signalway Antibody), anti-IKKβ
(1 : 2000, CST), anti-p-IKKβ (1 : 1500, CST), anti-IκBα (1 :
1500, CST), anti-p-IκBα (1 : 1500, CST), anti-P65 (1 : 2000,
CST), anti-NLRP3(1 : 2000, Signalway Antibody), anti-ASC
(1 : 2000, Signalway Antibody), anti-Caspase1(1 : 2000,
CST), anti-cleaved Caspase 3,8 (1 : 2000, CST), anti-Bcl-2
(1 : 2000, CST), anti-Bax (1 : 2000, CST), anti-Beclin 1 (1 :
2000, SAB), anti-LC3 (1 : 2000, CST), β-actin (1μg/mL,
Abcam), and Lamin B1 (1 : 1000, sc-374015, Santa Cruz Bio-
technology, Inc., USA) at 4°C overnight. The membranes
were gently washed with TBST [50mM Tris-HCl (pH7.4;
Acros Organics BVBA, Geel, Belgium), 150mM NaCl,
0.05% Tween 20 (Acros Organics BVBA)] three times and
incubated with goat anti-rabbit IgG (H &L) or goat anti-
mouse IgG (H &L) secondary antibodies (1 : 5000; Thermo
Fisher Scientific, USA) at room temperature for 1 h. Signals
of reactive bands were visualized by fluorescence scanner
(LI-COR, Lincoln, Nebraska, USA), and quantitative analysis
of targeted proteins was by ratio of corresponding proteins to
β-actin or Lamin B1 (nuclear internal control), and phos-
phorylated levels of IKKβ and IκBα were analyzed by total
levels of corresponding proteins. Western blots were dupli-
cated three independent times.

2.8. TUNEL Assay. Rats (n = 3) were sacrificed at day 7, and
their brain tissues were fixed with fresh 4% paraformalde-
hyde solution. Fresh frozen coronal sections of 8μm thick-
ness were cut by a cryostat microtome (Shandon Cryotome
FSE, Thermo Fisher Scientific, USA). Subsequently, slices
were fixed again for half an hour in 4% paraformaldehyde.
After washing with PBS for three times, slices were incubated
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with 0.3% Triton X-100 at 4°C for 15min. TUNEL assay
(MA0224, MeiLunBio®, CHA) was performed according to
the manufacturer’s recommendations.

2.9. Immunofluorescence Staining. Every fifth slice of a total
section was used to detect activations of microglia in ipsilat-
eral hemisphere by incubation with primary antibody against
Iba1 (1 : 200, Abcam, UK) and anti-CD206 (1 : 500, Abcam,
UK) at 4°C for overnight. BV2 cells in six groups seeded on
slides were fixed with 4% paraformaldehyde for 30min at
4°C, permeabilized with 0.3% Triton X-100 for 15min, and
incubated with anti-P65 (1 : 500, CST) overnight. Both brain
tissue and cell slides were washed with PBS and, respectively,
incubated with the bs-0294D-FITC (1 : 200, Beijing Biosyn-
thesis Biotechnology Co., Ltd., CHA) and Alexa Fluor® 488
goat anti-rabbit immunoglobulin (1 : 200, Life Technologies)
secondary antibodies for 1 h at room temperature. Nuclei
were stained with 4′, 6-diamidino-2-phenylindole (DAPI;
Sigma). The number of BV2 with positive signal of nuclear
P65 was calculated in five randomly selected microscopic
fields at 400× magnification. Fluorescent labeling of Iba1,
CD206, and TUNEL were observed with the Leica TCS SP8
laser scanning confocal microscope (Leica Microsystems
Inc., Buffalo Grove, USA), and five nonoverlapping fields of
one slice in the penumbral cortex were measured. Image-
Pro Plus software (Media Cybernetics, Rockville, MD,
USA) was used for quantitative analysis.

2.10. ELISA Assay. TNF-α, IL-1β, and IL-6 in serum of
peripheral blood, CSF, ipsilateral hemisphere, and conditional
mediums from BV2 were measured using ELISA assay. At day
7, 5ml blood was extracted from the abdominal aorta in
deeply anesthetized rats (n = 3) after 2 hours of the last gavage
and placed it in tubes at room temperature for 1~2 hours
before it became condensation at 4°C. Finally, blood sample

was centrifuged at 4°C 2000 rpm for 20min to separate the
serum. Ipsilateral hemisphere was homogenized in PBS using
a tissue homogenizer, followed by incubated with the addition
of 200μL of radioimmunoprecipitation assay buffer on ice for
10min. Then, samples were centrifuged at 12500× g for 5min
at 4°C, and supernatant was obtained. Conditional mediums
were collected at time point after BV2 incubated with different
CSF for 24 hours. TNF-α (Cat No: RTA00), IL-1β (Cat No:
RLB00), and IL-6 (Cat No: R6000B) ELISA kits (R&D Sys-
tems, USA) were performed according to manufacturer’s
instructions. Optical density (OD) was measured at a mean
wavelength of 570nm by using SpectraMax Paradigm Multi-
Mode Microplate Reader (San Jose, CA, USA).

2.11. Statistical Analysis. Continuous variables were pre-
sented based on the average ± standard deviation, and
GraphPad Prism 5.0 (GraphPad Software, Inc.) was applied
to the statistical analysis. One-way ANOVA was used to
compare two means from two independent groups followed
by Tukey’s multiple comparisons test. A value of p < 0:05
was considered statistical significance in all analyses.

3. Results

3.1. Quality Control Results of AC Extract. Quality control
results by HPLC analysis indicated that the content of ferulic
acid was 0:042 ± 0:001%, the content of Senkyunolide I was
0:021 ± 0:001%, the content of Trans-Cinnamic acid is
0.026% in AC extract, and the chromatographic peaks of
ferulic acid, Senkyunolide I, and Trans-Cinnamic acid in
AC extract, as well as the peak of reference solution were
shown in Figure 1.

3.2. AC Extract Treatment Ameliorated Cerebral Glucose
Utilization and Neurological Outcome. As shown in

1.5e-2

1.0e-2 1

A
U

2

3

5.0e-3

0.0
–0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

(a)

A
U

6.0e-3

1 2

34.0e-3

2.0e-3

0.0
–0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Time

(b)

Figure 1: Quality control of AC extract by HPLC. Representative HPLC chromatogram of mixed standard solution (a) and AC extracts (b)
with ferulic acid (1), Senkyunolide I (2), and Trans-Cinnamic acid (3); UV detection λ = 203 nm.
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Figure 2(a), AC extract treatment improved glucose utiliza-
tion in six ipsilateral lesion regions in a dose-dependent man-
ner. Especially in Thalamus Whole region, the ratio in high
dose group was obviously higher than that in MCAo group
at day 3 (p < 0:05). Outcomes of neurobehaviors test at day
7 in Figure 2(b) suggested that motor function in high dose
group was the most significant amelioration among three
therapeutic groups (p < 0:05 vs. middle dose, p < 0:001 vs.
low dose). Simultaneously, sensory functional outcome also
suggested the same improved trend, and attenuated sensory
deficiency in high dose group was more obvious than that
in low dose group (p < 0:05).

3.3. AC Extract Treatment Suppressed Proinflammatory
Microglial Phenotype. As classic biomarkers of microglia,

increasing Iba1 expression represents microglial activation,
and CD206 is regarded as an anti-inflammatory marker of
microglia. As shown in Figure 3(a), the images of immu-
nofluorescence staining showed that positive signals of
Iba1 (red) and CD206 (green) widely distributed in ipsilat-
eral hemisphere, and there existed sporadic overlapping
signals (yellow). Quantitative analysis indicated that Iba1
expression in MCAo group was distinctly ascended
(p < 0:001, vs. middle-high dose groups), while treatment
with AC extract reversed the results in a dose-dependent
manner at day 7 (Figure 3(b)). Simultaneously, expressions
of CD206 in three dose groups suggested a significantly
increasing trend compared with that in MCAo group
(p < 0:001, Figure 3(c)). The results illustrated that AC
extract treatment inhibited activated microglial cells and
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Figure 2: Cerebral glucose utilization and neurological function assessment. (a) Metabolic ratio of 18F-FDG in 6 regions of brain was
presented. (b) Evaluation of motor and sensory function scores. Data presented as mean ± standard deviation. ∗p < 0:05, ∗∗∗p < 0:001 vs.
Sham; #p < 0:05, ###p < 0:001 vs. MCAo; &p < 0:05, &&&p < 0:001 vs. low; §p < 0:05 vs. middle.
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facilitated them to transform to anti-inflammatory pheno-
type after ischemic stroke.

3.4. AC Extract Treatment Inhibited TLR4/NF-κB Pathway,
NLRP3 Inflammasome Assembly, and TNF-α, IL-1β, and
IL-6 Secretion. Western blotting results showed that treat-

ment with a high dose of AC extract not only notably sup-
pressed TLR4 expression but also inhibited
phosphorylation of IKKβ and IκBα compared with low-
middle dose treatment (p < 0:05, Figures 4(a) and 4(b)).
Nuclear P65 expressions in tree treatment groups indicated
dose-dependent response to descend compared with that in
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Figure 3: Microglial inflammatory phenotypes in ischemic boundary zone after stroke. (a) Immunofluorescence staining images of Iba1 (red)
and CD206 (green) were presented (magnification, ×400). (b and c) Relative expressions of Iba1 and CD206 in ischemic cortex zone were
analyzed. Scale bar 50 μm. Data presented as mean ± standard deviation. ∗∗∗p < 0:001 vs. sham; ###p < 0:001 vs. MCAo; &&&p < 0:001 vs.
low; §§§p < 0:001 vs. middle.
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Figure 4: Continued.
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MCAo group (p < 0:001, Figures 4(c) and 4(d)), and the
expression of P65 in cytoplasm had no obvious alteration
among five groups. As shown in Figure 4(e), expressions of
NLRP3, ASC, and cleaved caspase-1 obviously elevated in
MCAo group at day 7, suggesting stroke stress-activated
NLRP3 inflammasome assembly. Quantitative analysis
showed that AC extract treatment prevented assembly of
NLRP3 inflammasome by reducing NLRP3, ASC, and
caspase-1 expressions, and high dose of AC extract presented
the most predominantly inhibited action among three doses
groups (p < 0:05, vs. low-middle dose group, Figure 4(f)).

Quantitative analysis suggested that the amount of TNF-
α in CSF and supernatant of ipsilateral hemispheric homog-
enizer was more than 8~ 10 folds in MCAo group as much as
that in sham group, and its amount in serum of peripheral
blood was 4 folds higher than that in the sham group. In
the MCAo group, changed trends of IL-1β and IL-6 were
parallel with that of TNF-α in CSF, brain parenchyma, and
serum. The results showed that concentrations of TNF-α,
IL-1β, and IL-6 in the brain were notably ascended compared
with those in peripheral blood poststroke. High dose of AC
extract group distinctly reduced TNF-α, IL-1β, and IL-6 con-
centrations whatever in CSF or brain parenchyma and serum
of peripheral blood in comparison with low dose group
(p < 0:05, Figure 4(g)).

3.5. AC Extract Treatment Decreased Nuclear P65
Translocation and TNF-α, IL-1β, and IL-6 Concentrations

via Targeting TLR4 in LPS-Stimulated Microglial Cells. It
indicated that TLR4 expression and the number of BV2 with
nuclear P65 positive signal in LPS+High group were obvi-
ously decreased compared with those in LPS and LPS+neg-
ative TLR4 siRNA groups (p < 0:001, Figures 5(a) and
5(b)). Furthermore, combination treatment of TLR4 siRNA
and high dose group’s CSF did not further reduce the number
of BV2 with nuclear P65 positive signal, showing AC extract
should target TLR4 against nuclear P65 translocation in LPS-
stimulated microglial cells.

In vitro, quantitative analysis in Figure 5(c) indicated
concentrations of TNF-α, IL-1β, and IL-6 were high in LPS
and LPS+negative TLR4 siRNA groups, but this inflamma-
tory cytokine production was inhibited in LPS+High and
LPS+TLR4 siRNA groups. Simultaneously, TLR4 siRNA
plus high dose group’s CSF treatment failed to further down-
regulate concentrations of TNF-α, IL-1β, and IL-6, suggest-
ing AC extract treatment decreased inflammatory cytokines
secretion via antagonizing TLR4.

3.6. AC Extract Treatment Facilitated Autophagy in
Ipsilateral Hemisphere. Evidence showed that cytosolic form
of LC3 (LC3-I) is conjugated to phosphatidylethanolamine
(PE) to become an LC3-PE conjugate (LC3-II), which is
required for the formation of autophagosomal membranes,
and Beclin 1 is important for the localization of autophagic
proteins to a preautophagosomal structure [13, 26]. As
shown in Figure 6, we found expressions of LC3-II and Beclin
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Figure 4: TLR4/NF-κB pathway, NLRP3 inflammasome, and inflammatory cytokines poststroke. (a, c, and e) Representative western blot
belts for TLR4, phosphorylated IKKβ and IκBα, nuclear and cytoplasmic P65, NLRP3, ASC, and caspase-1 in each group’s ipsilateral
hemisphere. (b, d, and f) Quantitative analysis of TLR4/NF-κB pathway and NLRP3 inflammasome. (g) ELISA assay of TNF-α, IL-1β,
and IL-6 in serum of peripheral blood, CSF, and ipsilateral hemisphere. Data presented as mean ± standard deviation. ∗∗p < 0:01, ∗∗∗p <
0:001 vs. sham; #p < 0:05, ##p < 0:01, ###p < 0:001 vs. MCAo; &p < 0:05, &&p < 0:01, &&&p < 0:001 vs. low; §p < 0:05, §§§p < 0:001 vs. middle.
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Figure 5: TLR4 and nuclear P65 expressions and inflammatory cytokines concentrations in LPS-stimulated BV2 microglial cells. (a)
Schematic diagram of LPS-stimulated BV2 microglial cells incubated with CSF and transfected with TLR4 siRNA, as well as TLR4
expression by western blotting. (b) Immunofluorescence staining with nuclear p65 (green) was presented in LPS-induced BV2 microglial
cells (magnification, ×400) and positive signal analysis. (c) ELISA assay of TNF-α, IL-1β, and IL-6 in conditional culture medium. Data
presented as mean ± standard deviation. ∗∗∗p < 0:001 vs. LPS; ###p < 0:001 vs. LPS + negative TLR4 siRNA. Scale bar 50μm.
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1 obviously elevated in MCAo group compared with sham
group (p < 0:001), showing stroke triggered autophagy.
Three dose groups further enhanced expressions of LC3-II
and Beclin 1, especially high dose group was the most signif-
icant (p < 0:05, vs. low-middle dose group), which indicated
that AC extract treatment enhanced autophagy in a dose-
dependent manner poststroke.

3.7. AC Extract Treatment Attenuated Apoptosis in Ipsilateral
Hemisphere. As shown in Figure 7(a), cells with red TUNEL
signal distributed in ischemic boundary zone, and quantita-
tive analysis indicated that TUNEL expression was markedly
ascended in MCAo group and yet three doses of AC extract
groups dose-dependently attenuated TUNEL signals
(p < 0:05). Moreover, western blotting results in
Figures 6(b) and 6(c) indicated Bcl-2/Bax ratio gradually rose
from low to high dose of AC extract groups compared with
MCAo group (p < 0:001), and expressions of Caspase 8 and
cleaved Caspase 3 in high dose group were lower than those
in MCAo group (p < 0:05), which contributed to attenuation
of apoptotic pathway.

4. Discussion

Evidence suggests that inflammation and autophagy are
closely associated with cerebral ischemic injury [27]. Our
study firstly demonstrates that combination treatment of
Angelica sinensis and Cinnamomum cassia is able to suppress
neuroinflammatory response via inhibiting TLR4/NF-κB
pathway and NLRP3 inflammasome assembly and advance

autophagy by elevating LC3-II and Beclin 1 expressions, as
well as attenuate apoptosis by increasing Bcl-2/Bax ratio
and decreasing caspase 8 and cleaved caspase-3 expressions,
which is beneficial to exerting neuroprotective effect flowing
cerebral ischemia (Figure 8).

Due to CBF interruption after stroke, several DAMPs
(e.g., high mobility group box 1, heat-shock proteins, and
nucleic acids) are derived from injured and necrotic cells
release, and simultaneously, BBB disruption is implicated in
leukocyte infiltration into the brain parenchyma, both of
which contribute to the initiation of postischemic inflamma-
tion [6, 25]. Following ischemic progression, microglia can
switch from an early anti-inflammatory phenotype to a pro-
inflammatory phenotype, especially LPS and inflammatory
cytokines can facilitate microglial transformation into proin-
flammatory phenotype [28]. In the current study, AC extract
treatment can notably decrease Iba1 positive signal and
increase CD206 positive signal, suggesting its inhibited pro-
inflammatory efficacy on microglial cells after ischemic
stroke.

On the membrane of microglia, there exist TLRs acti-
vated not only by DAMPs but also by pathogen-associated
molecular patterns, e.g., LPS [29]. It is reported that TLR2
and TLR4 involve in inflammatory injury and subsequent
ischemic damage poststroke, and TLR4-deficient mice pres-
ent distinctly decreased infarcted volume, positive microglial
number, and NF-κB’s p65 subunit after focal ischemic stroke
[25, 29]. In the present study, we demonstrate that AC extract
treatment notably reduces TLR4 expression whatever in ipsi-
lateral hemisphere or in LPS-stimulated BV2 microglial cells
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Figure 6: Upregulation of autophagy after ischemic stroke. (a) Representative western blotting belts for LC3-II and Beclin 1 and (b)
quantitative analysis were presented. Data presented as mean ± standard deviation. ∗∗∗p < 0:001 vs. Sham; #p < 0:05, ##p < 0:01,
###p < 0:001 vs. MCAo; &p < 0:05, &&&p < 0:001 vs. low; §p < 0:05, §§§p < 0:001 vs. middle.
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by western blotting, and its efficacy on inhibition of TLR4 is
similar to TLR4 siRNA’s in vitro, showing AC extract can
antagonize TLR4 activation.

The activated NF-κB transcriptional pathway not only
plays a predominant role in inflammatory aspects but also
is critical to the regulation of apoptosis [30]. TLRs, NLRs,
proinflammatory cytokines, and chemokine family, and so
on, as “molecular switch” function of NF-κB, phosphorylate
IκBα by the IκB kinase (IKK) complex is composed of IKKα,
IKKβ, and regulatory IKKγ. Moreover, in IKK complex, it is
reported that IKKβ has higher capacities for IKK activation
and NF-κB induction than IKKα [31, 32]. Phosphorylation
of IκBα allows for NF-κB nuclear translocation and DNA
binding. Amount of literature show that suppression of
TLR4/NF-κB pathway attenuates brain edema and infarction
volume and enhances antiapoptotic ability in MCAo model
of rats [33]. In the present study, it suggests that treatment
with AC extract obviously reduces phosphorylated IKKβ
and IκBα, as well as nuclear P65 expression in a dose-
dependent manner, contributing to inhibition of nuclear
transcriptional activity of NF-κB. Interestingly, in vitro, the
number of LPS-stimulated BV2 microglial cells with nuclear
P65 positive signal was not further altered after combining

TLR4 siRNA with high dose group’s CSF, suggesting AC
extract mainly targets TLR4 instead of other targets in NF-
κB pathway.

TLRs and NLRs exert stepwise effects on the production
of IL-1β, which suggests that TLR signaling yields pro-IL-
1β and subsequently caspase-1 activated by NLRPs inflam-
masome cleaves it into IL-1β [6]. Recent reports evidence
that NLRP3 inflammasome plays important mediating roles
in inflammation and innate immunity response in central
nervous system diseases [34]. In animal models of stroke,
high NLRP3-inflammasome assembly and IL-1β expression
occur, while NLRP3 deficiency improves neurovascular dam-
age [35]. In the present study, it shows that treatment with
AC extract downregulates expressions of NLRP3, ASC, and
caspase-1 in a dose-dependent manner poststroke, which
contributes to directly reducing the level of IL-1β, as well as
other proinflammatory cytokine concentrations.

The study has indicated that TNF-α, IL-1β, and IL-6
secreted by activated microglia involve in neuronal cell apo-
ptosis at stroke onset [36]. Hotter and colleagues [37] found
IL-6 was an inflammatory marker of cerebral parenchymal
damage. By ELISA assay, we discover there exists an interest-
ing phenomenon on TNF-α, IL-1β, and IL-6 concentrations
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Figure 7: TUNEL staining and apoptotic pathway in ischemic penumbra. (a) Immunofluorescence staining with TUNEL (red) was presented
(magnification, ×400) and quantitative analysis of TUNEL fluorescence. (b and c) Representative western blot belts for Bcl-2, Bax, Caspase-8,
and cleaved-Caspase-3 and quantitative analysis. Data presented as mean ± standard deviation. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001 vs. Sham;
#p < 0:05, ##p < 0:01, ###p < 0:001 vs. MCAo; &&&p < 0:001 vs. low; §§§p < 0:001 vs. middle. Scale bar 25μm.
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between in peripheral blood and brain parenchyma. In CSF
and supernatant of ipsilateral hemispheric homogenizer,
concentration of these inflammatory cytokines is obviously
higher than that in serum. It reported that inflammasome
proteins quickly diffuse into CSF after traumatic brain injury,
so the quantity of inflammasome proteins in CSF may be
used as biomarkers to predict long-term outcome or guide
therapeutic interventions with the goal of lowering inflam-
masome protein concentrations [6]. Similar to the result,
we hypothesize that alterations of TNF-α, IL-1β, and IL-6
concentrations in CSF are more suitable to represent inflam-
matory response after ischemic stroke. In the current study,
AC extract treatment notably decreases TNF-α, IL-1β, and
IL-6 concentrations in CSF, ipsilateral hemisphere, and
peripheral blood, suggesting the ability of attenuating inflam-
matory cytokines. Moreover, in vitro, we found that treat-
ment of high dose group’s CSF plus TLR4 siRNA reduced
TNF-α, IL-1β, and IL-6 concentrations in LPS-stimulated
BV2, while it failed to further aggravate the attenuation
compared with therapy alone. It once again demonstrates
that AC extract treatment acts on inhibition of TLR4
followed by deactivating its downstream pathways.

Evidence indicates that upregulations of LC3-II and
Beclin-1 expressions, as activated autophagy-related signals,
play important roles in the formation of autophagosomes
[13]. Our western blot results indicated that LC3-II and
Beclin-1 expressions significantly elevated after AC extract
treatment, which should contribute to the initiation of
autophagy. The study discovers Bcl-2 binding to Beclin-1
after the onset of apoptosis inhibits autophagy, while
activated autophagy conduces to injured neuronal cells to
survive against apoptosis in rat MCAomodel [13, 38]. There-
fore, we hypothesize that upregulation of autophagy by AC
extract treatment might contribute to appropriate degrada-

tion and digestion of integral cellular components, as well
as isolation between Bcl-2 and Beclin-1. As a primary apo-
ptotic pathway, Bax binding competition with Bcl-2 and
other members of the Bcl-2 family in mitochondria mem-
brane triggers activation of mitochondrial pathway following
focal ischemia, which also directly releases apoptosis-
inducing factor into nucleus resulting in chromatin conden-
sation and large scale DNA fragmentation [39]. Additionally,
after cerebral ischemia, Fas-associated death domain protein
binding to procaspase-8 triggers activation of caspase 8; sub-
sequently, caspase-3 is activated and causes caspase 3-
dependent cell death [40]. Our result show AC extract treat-
ment obviously increases the Bcl-2/Bax ratio and decreases
caspase8/3 expressions, which contributes to antiapoptosis.

Caspase-1 activity, IL-1β, TNF-α, and NLRP3 have been
demonstrated to be associated with modulation of apoptosis
after stroke [9, 41, 42], causing activation of caspase-
dependent pathways of cell death. In MCAo/reperfusion
model, activated autophagic pathway attenuates NLRP3
inflammasome might be related to phagocytic actions and
transportation into lysosomes [15, 16, 43], and TLR4-
modulated NF-κB pathway has a negative effect on autoph-
agy regulation [27]. In the present study, elevated autophagy
and suppressed TLR4-modulated NF-κB pathway by AC
extract treatment contribute to decreasing caspase-1, IL-1β,
TNF-α, and NLRP3 expressions, which might be beneficial
to attenuation of caspase-dependent pathways of apoptosis
and explanation of relationship among inflammation,
autophagy, and apoptosis, embodying multiple therapeutic
advantages of AC extract on ischemic stroke. Of course, pre-
cise mechanisms need to be explored in the next study.
Whatever these therapeutic effects ameliorate neurological
functional outcomes after ischemia. Literature suggest that
neurons in the infarct area can release damage signal to distal

DAMP

Stroke

extracts
Angelica sinensis Cinnamomum cassia

Microglia

TLR4

IL-6
Bax

Bcl-2 Beclin 1

Caspase8

Caspase3

Apoptosis

Phagophore

LC3-II

LC3-I

Autophagosome

NLRP3

TNF-𝛼

IL-1𝛽

IKK𝛽

I𝜅Ba

P

P

P65

Figure 8: The schematic diagram of mechanisms of AC extract against neural injury by regulation of inflammatory and autophagic pathways
after ischemic stroke.
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brain regions (e.g., thalamus) to trigger microglia-related sec-
ondary neurodegeneration [44]. Disruption of thalamic cir-
cuitry severely affects motor recovery [45]. Our results
indicated that AC extract treatment significantly enhanced
glucose utilization in thalamic lesion region, as well as ele-
vated anti-inflammatory microglial phenotype, autophagy,
and antiapoptosis, which contributes to the improvement of
motor recovery due to integrity of thalamic circuitry
poststroke.

Additionally, accumulating literature demonstrate active
compounds extracted from Angelica sinensis and Cinnamo-
mum cassia exert significant neuroprotective action by anti-
inflammation or autophagy poststroke. Trans-
cinnamaldehyde decreases iNOS, COX-2 expression, and
NF-κB signaling pathway against neuroinflammation in
ischemia/reperfusion model [46], and cinnamaldehyde
inhibits expressions of TLR4, TNF-receptor-associated factor
6, and nuclear translocation of NF-κB in permanent MCAo
model [47]. Angelica sinensis and its compounds have signif-
icant effects of anti-inflammation and antioxidative stress
[48], and as a main active compound of Angelica sinensis,
ferulic acid pretreatment exerted neuroprotective effects
against apoptosis through activating 70 kDa heat shock pro-
tein (HSP70)/Bcl-2- and HSP70/autophagy-induced signal-
ing pathways after focal cerebral ischemia [49]. In our
study, we hypothesize these compounds from Angelica sinen-
sis and Cinnamomum cassia play the main pharmacological
role in neuroprotection. Precise pharmacodynamic research
needs to be investigated in further study.

5. Conclusions

In summary, our study demonstrates that the extracts of
Angelica sinensis and Cinnamomum cassia from oriental
medicinal foods have significant capacities of inhibiting neu-
roinflammation, advancing autophagy, and antiapoptosis,
which contributes to the improvement of neurological func-
tional outcome. The mechanisms are associated with sup-
pressing TLR4/NF-κB pathway and NLRP3 inflammasome
and enhancing LC3-II and Beclin-1 expressions after ische-
mic stroke. Therefore, we think AC extract is a novel neuro-
protective agent of regulation of inflammatory and
autophagic pathways for stroke treatment.
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Inflammatory bowel diseases (IBD) are prevalent and debilitating diseases; their clinical remedy is desperately unmet. Mesenchymal
stem cells (MSCs) are pluripotent stem cells with multiple immunomodulatory effects, which are attributed to their efficacy in the IBD
rodent model. Optimization of MSC regimes in IBD is a crucial step for their further clinical application. Wogonin is a flavonoid-like
compound, which showed extensive immunomodulatory and adjuvant effects. This research is aimed at investigating whether and
how Wogonin boosted the therapeutic efficiency of MSCs on DSS-induced colitis. Our results showed that the MSC treatment
with Wogonin significantly alleviated the intestinal inflammation in IBD mice by increased IL-10 expression. In vitro experiments,
Wogonin obviously raised the IL-10 production and ROS levels of MSCs in a dose-dependent manner. Meanwhile, western blot
data suggested Wogonin improves the IL-10 production by inducing transcript factor HIF-1α expression via AKT/GSK3β signal
pathway. Finally, the favorable effects of Wogonin on MSCs were confirmed by IL-10 blockade experiment in vivo. Together, our
results suggested that Wogonin significantly increased the IL-10 production and enhanced the therapeutic effects of MSCs in DSS-
induced colitis. This work suggested Wogonin as a novel optimal strategy for MSC clinical application.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic, relapsing-
remitting, inflammatory gastrointestinal disease with a rising
incidence worldwide in the past two decades [1]. However,
current therapeutic options are far from satisfactory. Recently,
cell therapies have been explored in IBD, including mesenchy-
mal stem cells (MSCs) [2]. MSCs are pluripotent stem cells,
possessing self-renew ability andmultidifferentiation potential
function [3]. MSCs showed therapeutic features including
angiogenesis, tissue repair, and immunomodulation, among
which IL-10 was an important effector molecule [4]. Several
researches supported that IL-10 is highly relevant to IBD,
and IL-10−/− mice would spontaneously develop colitis [5].

In humans, polymorphisms in IL-10 [6] have been found to
be correlated with very early onset of colitis. Our previous
studies on rodent models of IBD also showed that MSC
administration could significantly improve intestinal inflam-
mation via IL-10 [7, 8]. Consistently, some strategies have
been proposed to improve the therapeutic efficiency of MSC,
and engineering IL-10 overexpressing MSCs have achieved
better therapeutic efficacy in immune relative diseases [9–11].

Accumulating researches indicated the extracts of herbal
plants have diverse biological activities [12]. Scutellaria
baicalensis is widely used as Chinese herbal medicine, and
Wogonin is one of its major bioactive compounds [13].
Wogonin is a flavonoid-like compound which possesses anti-
cancer and immunomodulatory effects [14]. Although
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there is evidence that both MSCs and Wogonin could alle-
viate IBD [15–20], it is still unclear whether combining
MSCs with Wogonin be more superior to either therapy
alone.

In this research, we demonstrated that Wogonin extended
the therapeutic efficiency of MSCs on DSS-induced murine
colitis in vivo. It was due to the increased IL-10 expression
in the intestinal tissue and peritoneal cavity. Mechanistic
studies suggested that Wogonin enhanced IL-10 production
and ROS levels in MSCs via AKT/GSK3β signal pathway.
Furthermore, in vivo, the data exhibited that neutralizing
anti-IL-10 antibody can abrogate the therapeutic effects of a
combination of MSCs and Wogonin on colitis.

2. Material and Methods

2.1. Animals.Male C57BL/6 mice aged 8-12 weeks were pur-
chased from the Nanjing Model Experimental Animal Cen-
ter and housed in pathogen-free conditions at Sun Yat-sen
University. The age- and weight-matched of mice were
applied for all mouse-related experiments. All animal studies
were approved by the Zhongshan School of Experimental Ani-
mal Ethics Committee, Sun Yat-sen University, Guangzhou,
China, and in strict compliance with the corresponding
guidelines.

2.2. Reagents and Antibodies. Reactive Oxygen Species Detec-
tion Assay Kit was purchased from BioVision (San Francisco,
CA, USA). Wogonin was purchased from MedChemExpress
(Israel Shekel), and LPS was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The following antibodies were used
for cell surface staining: CD34-PE, CD44-FITC, CD29-PE-
Cy7, Sca-1-AF700, CD45-AF700, and CD49e-APC are all
from BioLegend and Mouse IL-10 ELISA Set and Zombie
Green™ Fixable Viability Kit were purchased from BD Bio-
sciences. Mouse IL-10 MAb was purchased from R&D
Systems.

2.3. Induction and Assessment of Colitis. Dextran sulfate
sodium salt (DSS) was purchased from MP Biomedicals
(United States) which was used to induce acute colitis in
mice. 3% (w/v) DSS was dissolved in sterile water and sup-
plied to the mice in drink water for 7 days, followed by regu-

lar drinking water until day 8. Mice were randomly divided
into five groups, and there were 6 mice in each group: the
mice were fed regular water as the control group, were
exposed to 3% DSS water as the IBD group, were adminis-
trated 1 × 106 MSCs via peritoneal injection as the MSC
group, and were injected 10mg/kg Wogonin via i.p. as the
Wogonin group, and the combination of MSC and Wogonin
group received both 1 × 106 MSCs and 10mg/kg Wogonin.
Meanwhile, body weights of animals were scaled and
recorded daily. Eight days later, the animals were sacrificed,
and the length of the colon from the cecocolic junction to
the anal verge was measured. Severity of the disease was
assessed by weight loss, colon length, and histopathology
scores of the colon. Colon tissues were processed for histo-
logical analysis by hematoxylin and eosin (H&E) stain. His-
tology was used to evaluate the inflammation (I) (0, none;
1, slight; 2, moderate; 3, severe), extent (E) (0, none; 1,
mucosa; 2, mucosa and submucosa; 3, transmural), regener-
ation (R) (4, no tissue repair; 3, surface epithelium not intact;
2, regeneration with crypt’s depletion; 1, almost complete
regeneration; 0, complete regeneration or normal tissue),
crypt damage (C) (0, none; 1, basal 1/3 damaged; 2, basal
2/3 damaged; 3, only surface epithelium intact; 4, entire crypt
and epithelium lost), and percentage involvement (P) (1, 1%–
25%; 2, 26%–50%; 3, 51%–75%; 4, 76%–100%) according to
previous reports [21]. The division animal groups and the
histological scoring system are listed in Table 1.

2.4. HE Staining. Colon tissue was removed and then
immersed in 4% paraformaldehyde. After dewaxing with
dehydrated alcohol gradient, the tissue was embedded in par-
affin and stained with hematoxylin and eosin (H&E).

2.5. MSC Differentiation Assays.MSCs were isolated from the
bone marrow of 6-8 weeks C57BL/6 mice, according to the
improved low-density culture method [22]. The StemPro™
Osteogenesis Differentiation Kit (Thermo Fisher Scientific)
and StemPro™ Adipogenesis Differentiation Kit (Thermo
Fisher Scientific) were used for osteogenic and adipogenic
differentiation in vitro, according to the manufacturer’s rec-
ommended procedures. All cells at 6-8 passage were used in
this study.

Table 1: The division animal groups and the histological scoring system.

Animal groups
Tissue

inflammation
Extent Regeneration Crypt damage

Percentage
involvement

Histological
score

Control/ None None
Complete regeneration

or normal tissue
None — 0

IBD/ Slight Mucosa
Almost complete
regeneration

Basal 1/3
damaged

1%–25% 1

MSCs/ Moderate
Mucosa and
submucosa

Regeneration with
crypt’s depletion

Basal 2/3
damaged

26%–50% 2

Wogonin/ Severe Transmural Surface epithelium not intact
Only surface

epithelium intact
51%–75% 3

Wogonin+MSCs — — No tissue repair
Entire crypt and
epithelium lost

76%–100% 4
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2.6. ELISA. Supernatants of cultured cells and mouse perito-
neal lavage fluid samples were collected for detection of
mouse IL-10 by enzyme-linked immunosorbent assay
(ELISA Kit IL-10 from BD Biosciences, San Jose, CA,
USA). The sensitivities of ELISA kits were 31.2 pg/ml for
IL-10. ELISA assays were performed according to the manu-
facturer’s instructions.

2.7. RNA-seq. After 24 h Wogonin treatment, RNA was
extracted from both untreated MSCs and treated MSCs using
Trizol (Invitrogen, Carlsbad, CA). RNA-seq data were nor-
malized through the DESeq2 pipeline, and gene heat map
was fulfilled with packages pheatmap under R 4.0.2. The gene
ontology analysis was performed based on clusterProfiler
written by Yu et al. [23].
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Figure 1: A combination of MSCs and Wogonin possessed optimal therapeutic effects on DSS-induced colitis. Mice were administered 3%
DSS in drinking water for 7 days, followed by regular drinking water. On the 2nd day, mice received MSC treatment, Wogonin treatment, or a
combined treatment, respectively. Then, mice were euthanized on day 8. (a) Body weights were monitored daily, and the values were
expressed as percentage weight loss. (b, c) Colon length of five groups of mice was measured and recorded on day 8. (d) Representative
H&E staining of the distal colon. Scale bar = 100 micros. Magnification, 40x and 100x. (e) Colonic histopathological scores of all mice
were evaluated on day 8. Data represent mean values ± SEM. The statistical significance of difference between two means was calculated
with an unpaired. A one-way ANOVA was performed, ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001. n = 6/group.
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2.8. Western Blot. Cells or homogenized tissue were lysed in
ice-cold RIPA buffer (50mM Tris-HCl pH8.0, 150mM
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 2mM EDTA containing 1x
protease inhibitor cocktail, and phosphatase inhibitor
(Roche)). Equivalent total protein extracts were separated
by SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulose membrane (GE Healthcare Life
Sciences, Germany). After that, membranes were blocked
with 5% bovine serum albumin (BSA) for 1 h at room tem-
perature. Primary antibodies were incubated, and a horserad-
ish peroxidase-conjugated secondary antibody was followed.

The primary antibodies used were as follows: antibodies for
TNF-α antibodies (#11948T), HIF-1α antibodies (#4914S),
p-GSK3β (#9323T), GSK3β (#9315S), p-AKT (#4060S),
AKT (#4691S), p-Stat3 (#9145S), Stat3 (#9404S), p-JNK
(#4671), JNK (#9258), and GAPDH (#2118) were obtained
from Cell Signaling Technology; all those antibodies were
diluted with antibody solution and used at a dilution of
1 : 2000. IL-10 (sc-365858) was obtained from Santa Cruz
and employed in a 1 : 500 dilution. The secondary antibodies
were used at dilution 1 : 5000. All proteins were visualized by
Chemiluminescent HRP Substrate (Millipore, WBKLS0500),
and chemical luminescence of membranes was detected by
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Figure 2: MSCs and Wogonin increased IL-10 levels in both colon tissue and peritoneal lavage fluid. Mice were administered 3% DSS in
drinking water for 7 days, followed by regular drinking water. On the 2nd day, mice received MSCs, Wogonin, or a combined treatment,
respectively. The colon tissue and peritoneal lavage fluid were collected on 8 d. (a) The expression of TNF-α and IL-10 in the colon was
detected by western blot, and the results represented three independent experiments. (b) TNF-α and (c) IL-10 expressions were calculated
separately. (d) The IL-10 levels of peritoneal lavage fluid were measured by ELISA. Data represent mean values ± SEM. The statistical
significance of difference between two means was calculated with an unpaired. n = 6/group. A one-way ANOVA was performed, ∗P < 0:05;
∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001; ns: no significance.
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Figure 3: Continued.
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the Bio-Rad luminescent imaging system. The gray value of
each protein bands was quantified by Image J software.

2.9. Flow Cytometry. For cell surface marker staining, the
cells were washed with PBS buffer containing 0.1% BSA
and 0.05% sodium azide and labeled with surface markers
and dead/live streaming antibodies for 30min at 4°C in
dark, then washed twice with PBS buffer containing 0.1%
BSA and 0.05% sodium azide. All the above stained cells
were assayed by FACS Aria II (Becton Dickinson, San Jose,
USA), and the data were analyzed by FlowJo software
(TreeStar, San Carlos, USA).

For ROS detection, CS&T beads (BD, 661414) were used
for machine calibration and performance tracking. BD
rainbow beads were for PMT voltage optimization (BD,
559123). MSCs were treated with Wogonin (0, 12.5, 25, and
50μM) in the presence of LPS. After 24 h, cells were incu-
bated with 20μMDCF-DA at 37°C for 20min, then detected
by flow cytometry. Fluorescence minus one (FMO) was
applied for positive cell gating. Anti-rat Igk negative control
compensation particle set (BD, 552845) was used for fluoro-
chrome compensation.

2.10. IL-10 Blockade Experiment In Vivo. Eight to twelve
weeks C57BL/6 male mice were exposed to 3% DSS water
for 7 days, then fed the regular water. On the 2nd day, all
mice were peritoneal injected 1 × 106 MSCs and 10mg/kg
Wogonin. Three of them additionally received neutralizing
anti-mouse IL-10 antibody (R&D Systems) at a dose of
100μg/mouse via peritoneal injection. On day 8, the colonic
length and pathological lesions of the colon were detected.

2.11. Statistical Analysis. All statistical tests were performed
with GraphPad Prism 7 (GraphPad Software Inc., San Diego,
USA). Significant differences between data sets were per-
formed with either the unpaired Student’s t test when com-
paring two groups, one-way ANOVA for more than two

groups, or two-way ANOVA for two variables (GraphPad
Software Inc., San Diego, CA, USA). Data were repre-
sented as mean or mean ± SEM. ∗∗∗∗P < 0:0001; ∗∗∗P <
0:001; ∗∗P < 0:01; ∗P < 0:05; and P > 0:05, not significant,
as stated in figure legends.

3. Results

3.1. Wogonin Enhanced the Therapeutic Effects of MSCs on
DSS-Induced Colitis via Increasing IL-10. To explore the
influence of Wogonin on the therapeutic effects of MSCs,
we compared the effect of MSCs or Wogonin alone, and the
effect when combined. From day 5, weight loss was observed
in all mice except the control mice. As shown in Figure 1(a),
the IBD mice lost most weight, but the combination of MSC
and Wogonin group had the least weight loss. In this study,
colon length was also recorded as an index of mouse colitis.
On the 8th day, all colon tissues were collected andmeasured.
The results indicated that the length of colon tissues from all
mice exposed to DSS was shorter than those from the control
groups. Interestingly, the colons from the combination group
were significantly longer than those from the Wogonin or
MSC groups (Figures 1(b) and 1(c)). This implied that a
combination of Wogonin and MSCs possessed better thera-
peutic effects on murine colitis than using them separately.
Meanwhile, colon histopathological examination consis-
tently showed less intestinal inflammation in the combina-
tion group comparing to the other treatment groups
(Figure 1(d)). The pathological score of the combination of
MSCs and Wogonin-treated mice was the lowest in all
treated mice (Figure 1(e)).

To investigate the possible therapeutic mechanisms, the
expression of TNF-α and IL-10 in colon was determined by
western blot. The data suggested that DSS administration
significantly enhanced the expression of proinflammatory
cytokine TNF-α and reduced the expression of anti-
inflammatory cytokine IL-10 in the colon tissue. No matter
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Figure 3: Transcriptome analysis of Wogonin-treated MSCs. (a) The heat map showed the transcriptome changes of Wogonin-treated MSCs
and untreated MSCs. (b) Gene ontology analysis on two different groups. (c) Heat map gene expression of cytokine and chemokines in MSCs,
each gene expression was scaled based on heat map packages.
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whether MSCs andWogonin are used together or alone, they
could significantly reduce local TNF-α and increased local
IL-10 (Figures 2(a)–2(c)). To further inspect the change of
cytokines, the levels of TNF-α and IL-10 in peritoneal lavage
fluids were detected by ELISA. However, the level of TNF-α
was too low to be detected. In line with western blot data,
IL-10 significantly increased in peritoneal lavage fluids from

the combination group comparing to the MSC or Wogonin
groups. This result suggests that IL-10 may be the key factor
for Wogonin strengthening the therapeutic effect of MSC
(Figure 2(d)).

3.2. Wogonin Promoted IL-10 Production of MSCs. To under-
stand how Wogonin strengthened the therapeutic effects of
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Figure 4: Wogonin increased the IL-10 production of MSCs. (a) MSCs were stimulated by Wogonin at a different dose (12.5, 25, and 50 μM)
in the presence of LPS. 24 h later, the IL-10 level in supernatant was detected by ELISA. Data represent mean values ± SEM of three
independent experiments. The statistical significance of difference between two means was calculated with an unpaired. A one-way
ANOVA was performed, ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001. (b) After 24 h stimulation of 25μM Wogonin, the surface markers of both
untreated MSCs and Wogonin-treated MSCs were analyzed by flow cytometry. (c) The osteogenic differentiation was showed by Alizarin
red S staining. (d) The adipogenic differentiation was shown by Oil O staining.
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MSCs, we compared the difference of gene expression pro-
files between untreated MSCs and Wogonin-treated MSCs
in the presence of LPS. After 24 h stimulation, untreated
MSCs and Wogonin-treated MSCs were collected, and the
transcriptome analysis was performed. The transcriptome
analysis identified the upregulation of 1000 genes and
downregulation of 2000 genes in Wogonin-treated MSCs
(Figure 3(a)). GO analysis indicated that the upregulated
genes were highly enriched in the cell cycle (Figure 3(b)).

Furthermore, RNA-seq analysis also revealed that
Wogonin enhances the expression of various chemokines
and IL-10 in MSCs (Figure 3(c)).

To further verify the influence of Wogonin on the IL-10
production of MSCs, we activated MSCs with different
concentrations of Wogonin in the presence of LPS in vitro.
After 24h stimulation, the supernatant was collected, and
the IL-10 level was detected by ELISA. As shown in
Figure 4(a), the IL-10 secretion from MSCs gradually
increased in a dose-dependent manner, reached the peak
at 25μM, then decreased when continuously increasing
Wogonin dosage. It was illustrated that 25μMwas the optimal
dose of Wogonin to increase the IL-10 production in MSCs.

To clarify whether Wogonin affects the characteristics of
MSCs, we firstly analyzed surface markers of untreated MSCs
and 25μMWogonin-treated MSCs. Comparing to untreated
MSCs, MSCs expressed the same panel of surface markers
after Wogonin treatment, including CD29, CD44, CD49e,
and Sca-1, and did not express the hematopoietic stem cell
markers CD34 or CD45 (Figure 4(b)). Additionally, osteo-
genic differentiation and adipogenic differentiation were
tested. As confirmed by Alizarin red S staining and Oil O
staining, respectively, Wogonin-treated MSCs showed no
change in mesodermal differentiation capacity compared
with untreated MSCs (Figures 4(c) and 4(d)).

3.3. Wogonin Increased ROS Level in MSCs. To investigate
the effects of Wogonin on ROS level in MSCs, different doses
of Wogonin were used to stimulate MSCs in vitro, and the
ROS levels of MSCs were detected by DCFDA staining and
analyzed by flow cytometry. The results showed thatWogonin
treatment obviously increased the ROS level ofMSCs in a dose-
dependent manner, being greatest at 25μM (Figures 5(a) and
5(b)). When Wogonin dose was increased to 50μM, ROS
level decreased instead, which was consistent with the IL-10
expression of MSCs (Figures 3(a) and 3(b)). These data
implied that Wogonin treatment regulated the ROS level
of MSCs.

3.4. Effect of Wogonin on the GSK3β/AKT Signaling Pathway
of MSCs. To elucidate the potential signaling pathways of
Wogonin increasing IL-10 production in MSCs after
Wogonin treatment, we tested protein expression level IL-10
of MSCs that were cultured with LPS in the absence or
presence of Wogonin at different dose firstly. A role for tran-
script factor HIF-1α involved in IL-10 expression was well
established; therefore, the expression of HIF-1α was also
detected. Consistent with IL-10 inMSC supernatant, we found
that HIF-1α and IL-10 gently upregulated in the presence of
Wogonin treatment, significantly on 25μM dose, but
decreased on 50μMdose (Figures 6(a) and 6(b)). Next, signal-
ing pathways involved in IL-10 production were assessed, and
western blot analysis showed a remarkable increase of phos-
phorylation of glycogen synthase kinase 3β (GSK3β) and
phosphorylation of AKT in the presence of Wogonin with
25μM, while total GSK3β and AKT changed slightly
(Figures 6(a), 6(c), and 6(d)). Phosphorylation of Stat3 signal-
ing kept intact onWogonin treatment (Figures 6(a) and 6(e)).
These results suggested that Wogonin upregulates the IL-10
production involved in GSK3β/AKT signaling pathways.
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Figure 5: Wogonin upregulated ROS level of MSCs. MSCs were stimulated by Wogonin at a different dose (12.5, 25, and 50μM) in the
presence of LPS. 24 h later, the ROS level in MSCs was detected by flow cytometry. (a) Representative histogram of ROS levels of MSCs.
(b) The results represented three independent experiments for quantification of ROS levels in MSCs. Values are means ± SEM. The
statistical significance of difference between two means was calculated with an unpaired. A one-way ANOVA was performed, ∗P < 0:05;
∗∗P < 0:01; ∗∗∗P < 0:001.
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Figure 6: Continued.
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Figure 6: Wogonin improves the IL-10 production inMSCs via GSK3β/AKT pathway. MSCs were stimulated byWogonin at a different dose
(12.5, 25, and 50 μM) in the presence of LPS. After 24 h stimulation, western blot was performed. The cell extract probed with antibodies as
indicated, and GAPDH as loading control. Relative protein expression was calculated, respectively. (a) The representatives of the protein
expression of HIF-1α, IL-10 as well as GSK3β, AKT, and Stat3 and their phosphorylated forms (p-GSK3β, p-AKT, and p-Stat3). The
effects of Wogonin on the expression of HIF-1α and IL-10. (b) The effects of Wogonin on GSK3β. (c) AKT (d) and Stat3 (e) signaling
pathways. All the western blotting experiments were repeated three times. Values are means ± SEM. The statistical significance of
difference between two means was calculated with two-way ANOVA followed by multiple comparisons with t test and Bonferroni
correction, ∗P < 0:05.
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3.5. IL-10 Blockade Abrogated the Therapeutic Effects of a
Combination of MSCs and Wogonin on Colitis. To confirm
the crucial role of IL-10 on ameliorating mouse colitis, neu-
tralizing IL-10 antibody was used for the combination of
MSCs andWogonin mice. As shown in Figure 7, IL-10 block-
ade abolished the improvement of the combination on
murine intestinal inflammation. After IL-10 neutralization,
the shorter colon length was observed, compared with the
no neutralization mice (Figure 7(a)). HE staining data also
suggested that more serious intestinal epithelial structure
damage and more inflammatory cell infiltration were
observed in the colon tissues from the IL-10 neutralization
mice than those from no IL-10 neutralization mice
(Figure 7(b)). These results further demonstrated that the
increased production of IL-10 in MSCs is a key factor for

Wogonin to improve the therapeutic efficacy of MSC on
DSS-induced colitis.

4. Discussion

Ulcerative colitis (UC), along with Crohn’s disease (CD), is
chronic and debilitating inflammatory bowel disease (IBD).
IBD has been reported to have high prevalence with increas-
ing trends in the rate of incidence [24]. The hygiene hypoth-
esis is the most popular explanation for this growing
incidence; meanwhile, the particular etiological factors were
still enigma [25]. The impairment of colonmucus layer barrier
and epithelium and change of luminal microbial diversity
(dysbiosis) were commonly observed in the pathogenesis of
UC. TNF-α and multitude of Th2-derived cytokines were

Co
nt

ro
l

IB
D

W
og

on
in

+M
SC

s

W
og

on
in

+M
SC

s
+I

L-
10

N
A

(a)

Control IBD Wogonin+MSCs
Wogonin+

MSCs+IL-10NA

100𝜇m 100𝜇m 100𝜇m 100𝜇m

100𝜇m 100𝜇m 100𝜇m 100𝜇m

(b)

Figure 7: IL-10 blockade abrogated the therapeutic effects of a combination of MSCs andWogonin on colitis. On day 2 after exposing to 3.0%
DSS water, mice received a combination of MSCs and Wogonin or additionally add neutralizing anti-IL-10 antibody, respectively. The colon
length and histological analysis were performed on day 8. (a) Representative of colon length from the different groups. (b) Representative
images of H&E staining slides. Magnification, 40x and 100x. Three independent experiments showed similar results.
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reported to be involved in this process [26]. The lack of a cure
or effective long-term treatment options has resulted in sub-
stantial morbidity of IBD [27], which highlighted the urgent
demand of investigation of a new therapeutic regime.

Mesenchymal stem cells (MSCs) are multipotent stromal
cells which can differentiate into different cell types accord-
ing to their residential niches. The cells sprinted into the
clinic stage center due to their features of versatile develop-
ment potential, self-renewal, allogenic compatibility, and
immunomodulatory effects. MSCs are currently being widely
tested as a cellular therapy in chronic intestinal diseases,
including IBD, and showed promising clinical outcomes with
unmet optimization and improvement [28–30], such as
in vivo low level of MSC recruitment, and persistence
decreased their therapeutic efficacy [31].

To overcome these hurdles, IFN-γ, TGF-β, IGF-1C, IL-
1β, and PGE2 were applied to precondition MSCs before
they were administered onto different experimental models,
and pretreated MSCs showed an enhanced therapeutic effect,
with different limitations [32–36]. All of these promising
explorations encouraged us to search further alternatives.

Wogonin is a natural flavonoid component extracted
from the dried root of Scutellaria baicalensis. Various stud-
ies showed its direct anti-inflammatory effects and immuno-
regulation on immune cells [37]. Interestingly, Wogonin
was proved as a particular therapeutic adjuvant for anti-
inflammation [14], which inspired our explorations of the
potential role of Wogonin in MSC medication on IBD.

On our solid and highly repeatable DSS-induced mouse
colitis model, MSCs and Wogonin showed an additive or
synergetic effect on the mitigation of colitis. As expected,
TNF-α amount in inflammatory colon tissue was decreased
by MSCs, Wogonin alone, and their combinations. This
was consistent with the alleviated intestinal inflammation
by pathology score, which echoed by previous reports.

As another key player of inflammation, IL-10 is an anti-
inflammatory factor, playing a critical role in the suppression
of autoimmune reactivity and in termination of the inflam-
matory response. IL-10 from T cell have been established
an anti-inflammatory effect in IBD [38], and IL-10 secreted
from MSCs have been proved to attenuate inflammation in
mice [9–11, 39, 40]. Our recent report showed Wogonin reg-
ulated IL-10 production [41]. Hence, it is interesting to study
the effect of Wogonin on IL-10 production from MSC in our
mouse model.

Strikingly, IL-10 amount in peritoneal lavage fluid was
increased by Wogonin and MSCs additively, which did not
show in intestinal tissues. Comparably, TNF-α amount in
peritoneum was under detectable range. This indicated that
Wogonin might directly alter peritoneal MSCs on-site.

To verify this hypothesis and examine the full profile of
the effect of Wogonin on MSCs from a different level, LPS-
activated MSCs cocultured with/without Wogonin in vitro.

Firstly, Wogonin enhanced abundant proliferation-
associated gene expression in MSCs, but not those
development-associated genes. This was consistent with
no surface, and differentiation markers were changed by
Wogonin culture. Meanwhile, both TNF-α and IL-10 mRNA
amounts were augmented along with the activation of

numerous chemokine genes. This echoed with the increased
protein amount of peritoneal IL-10.

Secondly, there is a clear dose-effect of Wogonin enhanc-
ing IL-10 production from MSCs. 25μM Wogonin showed
optimal augment effect, and higher concentration suppressed
further IL-10 secretion. Reactive oxygen species (ROS) gen-
eration by NADPH oxidase has been shown to interact with
IL-10 production in macrophages [42, 43]. Hence, it is not
surprising to repeat this on MSCs. All these results indicated
the adjuvant feature of Wogonin on MSC activation.

To further investigate the molecular machinery of
Wogonin on MSCs, TLR4 signaling pathways were explored.
Strikingly, the TLR4/AKT/GSK3β pathway was triggered by
Wogonin. It is still difficult to pinpoint the target receptor
on MSCs due to the herb derivative, and their discovery of
this machinery on MSCs suggested the new strategy in IBD
therapy [44]. Our in vivo IL-10 neutralization data reinforced
this concept.

To our knowledge, our study firstly showed Wogonin
enhanced IL-10 production from MSCs directly, which
restrained DSS-induced colitis. This implied new therapeutic
strategy for IBD.

5. Conclusions

Although MSCs show promising therapeutic potential in
treating inflammatory bowel disease (IBD), their efficacy is
influenced by multiple factors. Wogonin, a bioactive com-
pound from Scutellaria baicalensis, has diverse immunoregu-
latory effects. Our present study demonstrated that Wogonin
extended the therapeutic efficiency of MSCs on DSS-induced
murine colitis in vivo, which was due to the increased IL-10
expression in the intestinal tissue and peritoneal cavity.
RNA sequencing analysis suggested Wogonin enhanced IL-
10 expression, which was confirmed via in vitro experiments.
Furthermore, western blot data implied that Wogonin upre-
gulates transcript factor HIF-1α in MSCs via AKT/GSK3β
signal pathway. Summarily, our study found that combining
MSCs with Wogonin was superior to MSC therapy alone,
which provides a novel strategy for MSC clinical application
on IBD.
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Ischemic stroke is a challenging disease with high mortality and disability rates, causing a great economic and social burden
worldwide. During ischemic stroke, ionic imbalance and excitotoxicity, oxidative stress, and inflammation are developed in a
relatively certain order, which then activate the cell death pathways directly or indirectly via the promotion of organelle
dysfunction. Neuroprotection, a therapy that is aimed at inhibiting this damaging cascade, is therefore an important therapeutic
strategy for ischemic stroke. Notably, phytochemicals showed great neuroprotective potential in preclinical research via various
strategies including modulation of calcium levels and antiexcitotoxicity, antioxidation, anti-inflammation and BBB protection,
mitochondrial protection and antiapoptosis, autophagy/mitophagy regulation, and regulation of neurotrophin release. In this
review, we summarize the research works that report the neuroprotective activity of phytochemicals in the past 10 years and
discuss the neuroprotective mechanisms and potential clinical applications of 148 phytochemicals that belong to the categories
of flavonoids, stilbenoids, other phenols, terpenoids, and alkaloids. Among them, scutellarin, pinocembrin, puerarin,
hydroxysafflor yellow A, salvianolic acids, rosmarinic acid, borneol, bilobalide, ginkgolides, ginsenoside Rd, and vinpocetine
show great potential in clinical ischemic stroke treatment. This review will serve as a powerful reference for the screening of
phytochemicals with potential clinical applications in ischemic stroke or the synthesis of new neuroprotective agents that take
phytochemicals as leading compounds.

1. Introduction: Ischemic Stroke

Stroke occurs when the blood supply to the brain tissue is
interrupted or reduced. Generally, stroke can be divided
into two major categories: ischemic stroke and hemorrhagic
stroke, according to how the blood flow is disrupted. Ische-
mic stroke is caused by the occlusion of cerebral arteries by
thrombi or embolisms, blocking the blood flow to one part
of the brain. Hemorrhagic stroke results from the ruptures
of a weakened blood vessel, leading to the accumulation of
blood in the surrounding brain tissue [1]. Of the two, ische-
mic stroke is the primary type, accounting for about 80% of
all strokes [2]. Stroke ranks second in the cause of death
worldwide, and about 5.5 million people die from stroke

each year (WHO health statistics). Besides, stroke has a
high disability rate, resulting in permanent disability for
around 50% of its survivors [3]. Many risk factors are asso-
ciated with stroke, such as age, hypertension, obesity,
hyperlipidemia, diabetes, smoking, and alcohol consump-
tion. With the great increase in the aging population, the
occurrence of stroke is predicted to continue rising, and
the mortality of stroke may exceed 12% by 2030 [4]. Hence,
stroke is a challenging disease that greatly increases the
worldwide economic and social burden.

1.1. Pathophysiology of Ischemic Stroke. When ischemic
stroke occurs, blood flow to the specific territory of the brain
that is supplied by the occluded artery is reduced. Generally,
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the ischemic area of the brain can be divided into the infarct
core and the ischemic penumbra according to the severity of
the blood flow reduction. The infarct core is characterized by
a rapid decrease in ATP levels and energy stores and severe
ionic disruption, which result in cell death within a few
minutes. Surrounding the core area is the ischemic penum-
bra. In this area, blood flow reduction is less severe due to
perfusion from collateral blood vessels. Hence, the insult to
the ischemic penumbra is much milder than that to the
infarct core. As a result, multiple milder cell death mecha-
nisms occur in this area such as inflammation and apoptosis,
providing promising therapeutic targets for ischemic stroke
[5]. Notably, the ischemic penumbra is dynamic, in which
the infarct core expands at the cost of the penumbra during
cerebral ischemia. Hereby, early reperfusion is the most effec-
tive manner to reduce the cerebral infarction of ischemic
stroke patients [6].

Ischemic stroke injuries include two parts: ischemic
injury and reperfusion injury. The cell death mechanisms
of the ischemic brain are redundant, and at least three
dominant mechanisms are involved: ionic imbalance and
excitotoxicity, oxidative/nitrosative stress, and inflamma-
tion. Notably, those mechanisms are developed in a rela-
tively certain order and become the dominant events at
different stages of ischemic stroke. Generally, ionic imbal-
ance and excitotoxicity play a critical role in the ischemic
phase, and oxidative/nitrosative stress peaks at the begin-
ning phase of reperfusion, while inflammation lasts for
several days or weeks after reperfusion. After activation,
those mechanisms affect the function of cell membranes
and organelles such as the mitochondria, endoplasmic retic-
ulum (ER), lysosomes, and nuclei. Consequently, different
cell death pathways are activated, including apoptosis and
necrosis [5]. Autophagy/mitophagy is also activated in ische-
mic stroke, but whether it promotes or decreases the cerebral
ischemia-reperfusion (I/R) injuries has not been agreed upon
at present. Studies suggested that apoptosis and cytoprotec-
tive autophagy/mitophagy tended to be induced by moderate
cerebral I/R injuries, while necrosis or destructive autopha-
gy/mitophagy was activated during severe I/R damage [7].
The major mechanisms of cell death in ischemic stroke are
illustrated in Figure 1.

1.2. Major Pharmacological Therapies for Ischemic Stroke.
Major approaches to treat ischemic stroke can be divided into
two types: recanalization and neuroprotection. Recanaliza-
tion is aimed at restoring the blood flow with thrombolytic
agents or accessory devices in the acute phase of ischemic
stroke (from minutes to hours) or preventing the reoccur-
rence of stroke with antiplatelet and anticoagulant agents,
while neuroprotection is aimed at protecting neurons from
the different pathological factors of ischemic stroke [8].
Recently, researchers also pronounced the theory of promot-
ing brain neurogenesis to achieve long-term recovery after
ischemic stroke. Several compounds are found to enhance
neurogenesis in experimental stroke models, such as
epigallocatechin-3-gallate (EGCG), curcumin, and ginkgo-
lide K [9–11]. Yet, no agents are clinically approved for this
therapy at present.

1.2.1. Thrombolysis. Intravenous (IV) thrombolysis with
recombination tissue plasminogen activator (r-tPA, alte-
plase) is the only US Food and Drug Administration-
(FDA-) approved pharmacological treatment for acute
ischemic stroke [12]. tPA promotes the conversion of plas-
minogen to plasmin, an active proteolytic enzyme that
cleaves the cross-linkages between fibrin molecules of clots
[13]. Notably, r-tPA has a very short therapeutic window
and is best when administrated within 3 h after symptom
onset. Patients can still benefit from r-tPA when it is admin-
istrated between 3 and 4.5 h after cerebral ischemia. How-
ever, r-tPA is not recommended for patients whose
treatment cannot be initiated within 4.5 h because it will
greatly increase the rate of intracranial hemorrhage and neu-
ronal excitotoxicity [14]. Clinically, the short therapeutic
window drastically limits the eligible patients and only about
15% of the hospitalized patients are treated with r-tPA [14].

1.2.2. Antiplatelets and Anticoagulants. Antiplatelet and anti-
coagulant therapies are aimed at preventing the reoccurrence
of stroke via the prevention of clot formation. Antiplatelets
inhibit platelet activation or aggregation, while anticoagu-
lants suppress the functions of clot-forming factors such as
factors II, VII, and X. The common antiplatelet agents
include aspirin, clopidogrel, dipyridamole, tirofiban, and
eptifibatide. Clinical studies show that the risk of early recur-
rent stroke is decreased by aspirin administration within 48 h
of ischemic stroke onset [15]. As for anticoagulants such as
heparin, warfarin, dabigatran, rivaroxaban, and apixaban, it
is found that urgent therapeutic anticoagulation benefits
high-risk cardioembolic stroke patients. Yet, the use of anti-
coagulants may lead to symptomatic intracranial hemor-
rhage in unselected ischemic stroke patients [13].

1.2.3. Neuroprotection. Neuroprotective agents could reduce
ischemic brain injuries via the promotion of neuronal
survival, neuroplasticity, synaptogenesis, and neurogenesis.
Hence, neuroprotection therapy could be combined with
thrombolytic agents to reduce the second injuries of reperfu-
sion [16]. Over the past two decades, over 1000 potential
neuroprotective agents were found in experimental ischemic
stroke, with nearly 200 agents having undergone clinical
trials [17]. Particularly, edaravone and Dl-3-n-butylphtha-
lide show great efficacy in clinical treatment and have been
approved for ischemic stroke treatment in Japan and China,
respectively.

Edaravone, with the trade name Radicut/Radicava, is a
medication developed by Mitsubishi Tanabe Pharma of
Japan. Edaravone is a free radical scavenger that targets
peroxyl radicals. It was approved for the treatment of
ischemic stroke in 2001 and amyotrophic lateral sclerosis
(ALS) in 2017 [18]. Edaravone is widely applied in Japan,
China, and other Asian countries, and nearly half of ischemic
stroke patients receive edaravone treatment in Japan [19].
Clinical studies show that the combination of edaravone
and intravenous thrombolysis therapy improves the neuro-
logical outcome of ischemic stroke patients [19, 20]. Besides,
edaravone is also found to reduce in-hospital mortality and
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intracranial hemorrhage when combined with endovascular
thrombolysis therapy [21].

Dl-3-n-butylphthalide (NBP) is a neuroprotective drug
developed by CSPC Pharmaceutical Group Limited. NBP
is originally extracted from the seeds of Apium graveolens;
synthesized NBP was later approved for ischemic stroke
treatment in 2002. Clinically, NBP soft capsules and injec-
tions have been used to treat mild to moderate ischemic
stroke patients in China. NBP is a multitargeted agent,
exerting neuroprotection in ischemic stroke via antioxida-
tion, anti-inflammation, antiapoptosis, and mitochondrial
protection [22]. Clinical studies indicate that NBP improves
neurological deficits such as waking, speaking, sense,
thought, and memory impairments, promoting long-term
recovery of ischemic stroke patients [23].

1.3. Common Models for Experimental Ischemic
Stroke Research

1.3.1. Middle Cerebral Artery Occlusion Model. Most ische-
mic strokes occur in the middle cerebral artery (MCA) terri-
tory of the human brain, so animal models are developed to
induce ischemia in this area to mimic the clinical situation.
There are several ways to occlude the MCA in experimental
ischemic stroke research, and the most commonly used one
is the intraluminal suture MCA occlusion (MCAO) model.
In this model, a monofilament is inserted into the internal
carotid artery (ICA) and advanced to the origin of MCA to
block the blood flow. The monofilament can be left in the
blood vessel to mimic the permanent ischemia (pMCAO)
or pulled out to achieve reperfusion as a model of transient
focal cerebral ischemia (tMCAO/R). Normally, 60-120min
of ischemia is commonly used in rats to induce neuronal
death and cerebral infarction. In addition, MCA can also be
occluded directly by clipping, ligation, or hooks through the
craniectomy [2]. Robinson et al. firstly report an approach
that can achieve direct occlusion of the distal MCA

Ionic imbalance and excitotoxicity: develop
within few minutes and peak at ischemic phase.

Oxidative stress: develop in hours and
peak at the phase of reperfusion.

Inflammation: last for several
days or weeks a�er reperfusion.
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Figure 1: Dominant cell death mechanisms in ischemic stroke. Ionic imbalance and excitotoxicity, oxidative stress, and inflammation
are major causes that lead to brain cell death in ischemic stroke. Ionic imbalance and excitotoxicity are developed within few
minutes after ischemia and are the leading cause of cell death during the ischemic phase. Oxidative stress peaks at the beginning
phase of reperfusion due to the sharply increased ROS production after oxygen restoration, while inflammation can last for several
days or weeks after reperfusion contributing to the delayed cell death after ischemic stroke. Generally, these mechanisms can activate
various cell death pathways such as necrosis, apoptosis, and autophagy/mitophagy directly or indirectly by promoting the
dysfunction of organelles such as the mitochondria and endoplasmic reticulum.
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(dMCAO) through ligation in Sprague-Dawley rats. The
dMCAO model is more reproducible than the suture MCAO
model, but it may induce skull trauma, resulting in cortical
inflammation and spreading depression [24, 25].

1.3.2. Photothrombotic Model. The photothrombotic stroke
model is induced by the intravascular photooxidation of a
photosensitive dye (e.g., Rose Bengal). For stroke induc-
tion, the photosensitive dye is intravenously or intraperito-
neally injected, after which the targeted cerebral vessel is
illuminated with a light beam of a specific wavelength
through the intact skull to activate the dye. The activated
dye then promotes endothelial injuries and platelet aggre-
gation via the formation of superoxides. Notably, the
application of stereotactic coordinates during illumination
makes it possible to induce infarction at the desired corti-
cal brain region. Due to its high reproducibility and low
mortality, this model is often used to study the long-
term functional outcomes after stroke. Yet, the photo-
thrombotic model has fundamental discrepancies with
the pathophysiology of human ischemic stroke because of
the lack of the ischemic penumbra and collateral blood
flow [25–27].

1.3.3. Thromboembolic Clot Model. The thromboembolic
model involves the application of prepared blood clots to
achieve focal cerebral vascular occlusion. The clots are usu-
ally formed spontaneously or induced by thrombin from
autologous blood. Besides, injection of thrombin directly to
the MCA or intracranial segment of ICA is also a common
method to induce clots. This model has a high similarity to
the mechanism of vascular occlusion in human ischemic
stroke, so it is often used to study thrombolysis or mechanical
reperfusion-related strategies [28]. For example, Ma et al.
reported the effect of pinocembrin in extending the therapeu-
tic window of r-tPA with this model [29]. However, the
infarct location and size induced by the thromboembolic
model are variable due to differences in the size and elasticity
of clots. Hence, this model is less reproducible than the
MCAO model [25].

1.3.4. Global Cerebral Ischemia Model. Global cerebral ische-
mia is aimed at blocking all the blood flow to the brain, caus-
ing neuronal injuries to the selectively vulnerable brain areas
such as the CA1 pyramidal neurons of the hippocampus and
neocortex. There are many ways to achieve global cerebral
ischemia including decapitation, neck tourniquet, ventricular
fibrillation, and occlusion of ICAs and vertebral vessels. Cur-
rently, the most used method is bilateral ICA occlusion,
namely, the two-vessel occlusion (2-VO) model. Notably,
the 2-VO model induces cerebral injuries in the vulnerable
brain areas with a very short ischemia period. It is found that
damage can be observed in the hippocampus of animals that
only suffer from 2min of bilateral ICA occlusion. Although
the global cerebral ischemia model is not fully compliant with
the pathogenesis of human ischemic stroke, it still has advan-
tages in studying the poststroke cognitive and neurological
outcomes due to its selective damage to the vulnerable hippo-
campus [30].

2. Neuroprotective Strategies of
Phytochemicals in Experimental
Ischemic Stroke

Dominant mechanisms that lead to cell death in ischemic
stroke include ionic imbalance and excitotoxicity, oxidative
stress, and inflammation. After initiation, these events then
activate various cell death pathways, including necrosis, apo-
ptosis, and autophagy/mitophagy, directly or indirectly by
causing the dysfunction of organelles, such as mitochondria
and ER. Theoretically, all the events in this damaging cascade
could be modulated to achieve potential neuroprotection in
ischemic stroke. Notably, several strategies have been proved
to be effective in experimental ischemic stroke, and the major
strategies that are modulated by phytochemicals are reviewed
in this section.

2.1. Calcium Modulation and Antiexcitotoxicity. Glucose and
oxygen deprivation disrupts the electron transport chain
(ETC), limiting the production of ATP in mitochondria.
ATP depletion then enhances the anaerobic metabolism,
inducing disorder of Na+/K+-ATPase and Ca2+/H+-ATPase
pumps. As a result, the intracellular H+, Na+, and Ca2+ levels
are greatly elevated, causing neuronal cell membrane depo-
larization and acidosis [5]. Membrane depolarization mark-
edly elevates the release of excitatory amino acids such as
glutamate. Meanwhile, the reuptake of those excitatory
amino acids is impaired due to energy failure. Hence, gluta-
mate is excessively accumulated in the extracellular space,
leading to the activation of two glutamate-dependent Ca2+

ion channels: NMDA (N-methyl-D-aspartate) and AMPA
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors [31]. Consequently, intracellular Ca2+ is dramati-
cally elevated, activating many Ca2+-dependent enzymes to
promote necrotic and apoptotic cell death [32]. Accordingly,
inhibition of intracellular Ca2+ accumulation or extracellular
glutamate levels would reduce neuronal damage. In addition,
ionic imbalance and excitotoxicity peak at the end of ische-
mia, so agents that target this strategy should be adminis-
trated as early as possible. Late administration could lead to
ineffectiveness or even damage to brain tissues. Detailed
strategies for calcium modulation and antiexcitotoxicity
include enhancing the reuptake of glutamate, upregulating
the inhibitory amino acid systems, modulating the activity
of NMDA receptors, and regulating the non-glutamate-
dependent calcium-permeable cation channels.

2.1.1. Enhancing the Reuptake of Glutamate. Reuptake of glu-
tamate is mediated by the excitatory amino acid transporters
(EAATs) in astrocytes and neurons. Three types of EAATs
are found in the central nervous system (CNS) of rodents,
including GLAST (glutamate/aspartate transporter), GLT-1
(glutamate transporter-1), and EAAC1. Under ischemia con-
ditions, functions of EAATs are suppressed due to ionic
imbalance and ATP depletion, enhancing the neurotoxicity
of glutamate. Hence, upregulation of the expression or activ-
ity of EAATs helps to reduce excitotoxicity in ischemic stroke
[33]. Notably, the effectiveness of EAAT modulation has
been indicated by many in vitro and in vivo studies. Several
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EAAT activators such as ginsenoside Rb1 and harmine have
been found to possess neuroprotective activities in experi-
mental ischemic stroke [34, 35].

2.1.2. Upregulating the Inhibitory Amino Acid Systems.
Inhibitory amino acids could bind to their corresponding
receptors and inhibit the postsynaptic excitatory response,
and the major inhibitory amino acid in the CNS is gamma-
aminobutyric acid (GABA). Cerebral ischemia not only
disrupts the balance between glutamate and GABA release
but also suppresses the activity of GABA receptors. As a
result, the inhibitory effect of GABA is markedly inhibited
in ischemic stroke. Hereby, improving the glutamate and
GABA balance or upregulating GABA receptors contributes
to brain repair. As evidence, the GABA receptor agonist clo-
methiazole was reported to exert neuroprotection in animal
models [36]. Besides, EGCG and ginkgolide B, two natural
products that mediated neuroprotection, were found to
be achieved partially by improving the balance of excita-
tory/inhibitory amino acids [37, 38].

2.1.3. Modulating the Activity of NMDA Receptors. NMDA
receptors consist of four subunits: two GluN1 and two
GluN2 (glutamate-binding). Early studies regarded the
NMDA receptor as a vital regulator for glutamate-mediated
neurotoxicity in ischemic stroke. Hence, numerous NMDA
receptor antagonists were tested to evaluate their neuropro-
tective activities. However, researchers found that the toxic-
ities of NMDA receptor antagonists were high, limiting
their further application. Recently, studies indicated that
the high toxicity of NMDA receptor antagonists might be
attributed to the dual function of NMDA receptors in ische-
mic stroke. It is found that the functions of NMDA receptors
depend on their locations and the subunit types. Generally,
the GluN2 subunit greatly affects the function of NMDA
receptors. GluN2A is mainly expressed at the synapse and
promotes cell survival by activating prosurvival pathways
such as PI3K (phosphoinositide 3-kinase)/Akt (protein
kinase B) and CREB (cyclic AMP response element-binding
protein). On the contrary, GluN2B is highly expressed in
extrasynaptic sites and activates prodeath pathways such as
nNOS (neuronal nitric oxide synthases). During cerebral
ischemia, GluN2B is the primary activated NMDA receptor,
contributing to cerebral I/R injuries. Hence, selectively inhi-
biting GluN2B or its downstream prodeath pathways would
be a neuroprotective strategy [36, 39]. For example, Tat-
NR2B9c, a peptide that inhibited GluN2B-mediated pro-
death pathways, was found to protect neurons in MCAO
models [40]. In addition, upregulation of GluN2A was
reported to contribute to neuronal survival. As evidence, gen-
iposide enhanced the expression of GluN2A and reduced
brain damage in tMCAO/R rats [41].

2.1.4. Regulating the Non-Glutamate-Dependent Calcium-
Permeable Cation Channels. The influx of Ca2+ is also
modulated via non-glutamate-dependent cation channels,
including TRP (transient receptor potential) channels and
ASICs (acid-sensing ion channels) [42]. TRP channels
can be divided into six subgroups, with TRPC6, TRPM7,

and TRPV1 being extensively studied in ischemic stroke.
The roles of TRPs in ischemic stroke are different. TRPM7
and TRPV1 promote neuronal death by elevating the intra-
cellular Ca2+ level. Yet, TRPC6 contributes to neuronal
survival via activation of CaMK (calmodulin-dependent pro-
tein kinase) and CREB signaling pathways. Notably, cerebral
ischemia promotes the expression of TRPM7 and TRPV1
and enhances the degradation of TRPC6. Hereby, upregula-
tion of TRPC6 or downregulation of TRPM7/TRPV1 would
decrease cerebral I/R-induced injuries [42–44]. As an exam-
ple, TRPC6 was activated by resveratrol and calycosin in
MCAO models [43, 45], while inhibition of TRPM7 and
TRPV1 was observed in carvacrol- and capsaicin-mediated
neuroprotection, respectively [46, 47].

ASICs, especially ASIC1a and ASIC2a, are found to
mediate cerebral I/R-induced injuries. Among them, ASIC1a
promotes Ca2+ influx and neuronal injuries after being acti-
vated by the increased acidosis during ischemia, while
ASIC2a reduces brain damage as observed in a transient
global ischemia model [48, 49]. Modulation of ASICs was
observed in ginsenoside Rd-mediated neuroprotection,
which inhibited ASIC1a and enhanced ASIC2a expression
in MCAO/R rats.

2.2. Antioxidation. Free radicals start to be produced during
ischemia, surging in the reperfusion period, in which the free
radical production systems such as mitochondrial ETC and
enzymatic conversion systems are greatly promoted after
oxygen restoration. In mitochondria, excessive Ca2+ accumu-
lation during ischemia leads to the dephosphorylation of the
oxidative phosphorylation (OxPhos) complexes, hyperacti-
vating the ETC system. After reperfusion, the hyperactive
ETC markedly promotes the generation of reactive oxygen
species (ROS) with the supply of sufficient oxygen and glu-
cose [50]. The enzymatic systems mainly include xanthine
oxidase and NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase. Similarly, those enzymes are also hyper-
activated during ischemia via accumulation, phosphoryla-
tion, or uncoupling, so ROS production in enzymatic
systems is markedly enhanced after reperfusion [7].

Oxidative stress plays a critical role in reperfusion inju-
ries. Firstly, oxidative stress directly destroys the cellular
membrane system and DNA, leading to necrotic and apopto-
tic cell death. Secondly, oxidative stress enhances the opening
of mPTP (mitochondrial permeability transition pore) in
mitochondria, increasing the release of many proapoptotic
factors such as cytochrome c and AIF (apoptosis-inducing
factor). Thirdly, oxidative stress increases the permeability
of the blood-brain barrier (BBB) by activating matrix metal-
loproteases (MMPs), thus elevating the incidence of cerebral
hemorrhage, brain edema, and leukocyte infiltration [51, 52].
Finally, oxidative stress interacts with the cascade of inflam-
mation, further deteriorating reperfusion injuries. Accord-
ingly, antioxidation would be an important strategy to
reduce cerebral I/R injuries.

Methods to modulate the oxidative stress in ischemic
stroke are relatively uncomplicated, mainly including reduc-
ing NADPH oxidase-mediated ROS production and enhanc-
ing the antioxidant defense by activating the Nrf2 (nuclear
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factor erythroid 2-related factor 2) pathway. Yet, this strategy
is found to be modulated by numerous neuroprotective
agents including some phytochemicals.

2.2.1. Reducing NADPH Oxidase-Mediated ROS Production.
NADPH oxidase (NOX) is regarded as the primary target
to modulate ROS production in ischemic stroke, in which
it is relatively hard to pharmacologically inhibit the ETC.
NOXs have several homologs, with NOX2 and NOX4 play-
ing critical roles in ischemic stroke. After ischemia, NOX4
expression in neurons is markedly increased, while NOX2
upregulation is mainly found in endothelial cells. Elevated
NOX promotes the generation of ROS, so inhibition of
NOX would help to reduce cerebral I/R-induced oxidative
stress. The effectiveness of NOX inhibition is reported in
animal models. To illustrate, NOX inhibitors, such as iso-
quercetin, ginsenoside Rb1, picroside II, and andrographo-
lide, were all found to protect brain tissues from cerebral
I/R damage [53–57].

2.2.2. Enhancing the Antioxidant Defense via the Nrf2
Pathway. Normally, ROS could be scavenged by the intracel-
lular antioxidant defenses, including enzymatic antioxidants
(e.g., SOD and catalase) and nonenzymatic antioxidants
(e.g., ascorbic acid) to maintain redox homeostasis [58].
However, cerebral I/R injuries greatly promote ROS pro-
duction, overburdening the antioxidant defense systems.
Hereby, strengthening the antioxidant defense is a critical
strategy to reduce oxidative stress in ischemic stroke.
Nrf2 is the major transcriptional factor that regulates the
intracellular antioxidant defense, especially under stress
conditions. Once activated, Nrf2 enhances the expression
of various antioxidant enzymes such as GCL (glutamate-
cysteine ligase), HO-1 (heme oxygenase-1), and NQO1
(NAD(P)H dehydrogenase [quinone] 1). Overwhelming
evidence indicates that Nrf2 reduces cerebral I/R-induced
oxidative stress. Nrf2 activators such as sulforaphane,
tert-butylhydroquinone, nobiletin, naringenin, astragalo-
side IV, and neferine were all reported to exert neuropro-
tection in experimental ischemic stroke [59–63].

2.3. Anti-Inflammation and BBB Protection. Inflammation is
the primary poststroke damage that produces the delayed
progression of cell death after ischemic stroke, developing
and lasting for several days or weeks after reperfusion.
Inflammation is jointly mediated by the infiltrated leukocytes
and brain resident immune cells: microglia/macrophages and
astrocytes. Under cerebral I/R conditions, microglia are acti-
vated rapidly and display two phenotypes: the proinflamma-
tory phenotype (M1) and the anti-inflammatory phenotype
(M2). M1 microglia contribute to neuronal cell death via
secreting the proinflammatory cytokines, such as IL-1β, IL-
6, and TNF-α. Yet, M2 microglia promote the recovery of
the injured brain via anti-inflammatory mediators, such as
IL-4, IL-10, and neurotrophins [64]. Astrocytes are activated
after microglia and release multiple proinflammatory cyto-
kines and inducible NOS (iNOS) after activation [65]. Then,
the activated microglia and astrocytes promote the expres-
sion of adhesion molecules such as ICAM-1 (intercellular

adhesion molecule 1) and induce the leukocyte infiltration
into the ischemic brain, triggering a stronger cascade of
inflammation. Worse even, the elevated level of proinflam-
matory factors activates MMPs and increases the BBB per-
meability. As a result, leukocyte infiltration is further
elevated, creating a vicious cycle [66].

The inflammation cascade involves multiple regulators,
so many targets could be modulated during this process.
Methods to achieve anti-inflammation in experimental
ischemic stroke mainly include regulation of microglial/as-
trocyte activation and leukocyte infiltration, inhibition of
arachidonic acid release and metabolism, modulation of the
transcriptional factors related to inflammation, and suppres-
sion of the TLR signaling pathway.

2.3.1. Regulation of Microglial/Astrocyte Activation and
Leukocyte Infiltration. As discussed above, the activated
microglia/astrocytes and infiltrated leukocytes greatly pro-
moted the release of various proinflammatory factors, such
as TNF-α, IL-6, IL-1β, MCP-1 (monocyte chemoattractant
protein-1), ICAM-1, and iNOS, so inhibition of microglia-
l/astrocyte activation and leukocyte infiltration would
contribute to neuroprotection. Accordingly, numerous
neuroprotective agents were reported to modulate this
strategy in ischemic stroke. To illustrate, scutellarin, epi-
catechin, fisetin, and calycosin were found to inhibit
microglial activation in animal models of ischemic stroke,
with epicatechin and fisetin also suppressing leukocyte
infiltration [67–70]. Besides, salidroside-, ginkgolide B-,
and celastrol-mediated neuroprotection were associated
with the promotion of M2 microglial polarization, that
is, transferring proinflammatory M1 microglia to anti-
inflammatory M2 microglia [71–73]. Furthermore, berber-
ine, harmine, and tanshinone IIA exerted neuroprotection
via inhibition of astrocyte activation [35, 74, 75].

2.3.2. Inhibition of Arachidonic Acid Release and Metabolism.
Arachidonic acid (AA), a polyunsaturated fatty acid, is stored
in the phospholipid membrane in the form of glycerol under
normal conditions. Yet, elevated free radicals during ische-
mic stroke initiate the hydrolysis of phospholipid via activa-
tion of the phospholipases (PL, mainly PLA2 in the case of
ischemic stroke). As a result, AA is released to the intracellu-
lar space and then degraded to produce several proinflamma-
tory metabolites [76]. The degradation of AA is mediated by
three independent enzymes: cyclooxygenases (COX) to form
prostaglandins (PG), lipoxygenases (LOX) to form leukotri-
enes, and cytochrome P450 epoxygenases to form epoxyeico-
satrienoic acids (EETs), respectively. Among them, COX-2
and 5-LOX are well studied in cerebral I/R-induced inflam-
mation. It is shown that expressions of COX-2 and 5-LOX
are increased after cerebral ischemia, and inhibition of
COX-2 or 5-LOX by their corresponding inhibitors reduces
brain damage in animal models. In addition, 12/15-LOX is
also reported to promote cerebral ischemic injuries, as evi-
denced by few recent studies. Hence, many targets can be
modulated in the metabolism of AA including PLA2, COX-
2, 5-LOX, and 12/15-LOX [65]. For instance, apigenin-,
chrysin-, and picroside II-mediated neuroprotection were
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related to the suppression of COX-2 [77–79]. Besides, the 5-
LOX inhibitors caffeic acid and boswellic acid and 12/15-
LOX inhibitors baicalein and oxymatrine were reported to
reduce cerebral damage in MCAO models [80–83].

2.3.3. Modulation of the Transcriptional Factors Related to
Inflammation. A series of transcriptional factors partici-
pate in the cascade of inflammation, such as STAT3 (sig-
nal transducer and activator of transcription 3), NF-κB
(nuclear factor-κB), PPARα (peroxisome proliferator-
activated receptor α), and PPARγ. These transcriptional
factors target diverse genes and eventually exert different
functions in inflammation [84]. NF-κB is a well-known pro-
inflammatory transcriptional factor. After activation, NF-κB
promotes the expressions of various proinflammatory fac-
tors, such as iNOS, 5-LOX, COX-2, TNF-α, and IL-6.
Accordingly, inhibition of the activity of NF-κB is found to
reduce the cerebral infarction of MCAO rodents [84]. As
an example, the neuroprotective activities of nobiletin and
naringenin were mediated by inhibition of NF-κB [60, 85].

JAK2 (Janus kinase 2) is a receptor of proinflammatory
cytokines, such as IL-6. Once activated, JAK2 promotes the
phosphorylation and nuclear translocation of STAT3, initiat-
ing the expression of its target genes. The JAK2/STAT3 path-
way is found to play dual roles in ischemic stroke. Some
studies reported that the JAK2/STAT3 pathway contributes
to brain recovery by promoting neuronal survival and neuro-
genesis. Yet, JAK2/STAT3 is also found to promote inflam-
mation, especially when activated in the microglia [84].
Hence, several agents, such as atractylenolide III and sinome-
nine, were reported to suppress inflammation and reduce
brain injuries via inhibition of the JAK2/STAT3 pathway in
preclinical studies [86, 87].

PPARs are the major regulator of cellular glucose and
lipid metabolism. Recent studies found that PPARα/γ ago-
nists exhibit anti-inflammatory activities, indicating that
PPARα/γ might also mediate the inflammatory response.
PPARα/γ are reported to suppress the inflammation cascade
in ischemic stroke [84]. Accordingly, a PPARγ activator,
malibatol A, and a PPARα/γ activator, icariin, were found
to decrease cerebral damage in tMCAO/R models [88, 89].

2.3.4. Suppression of the TLR Signaling Pathway. TLR
(Toll-like receptor), a transmembrane protein, can initiate
inflammation in response to exogenous or endogenous
stress. TLRs have several homologs, and TLR2/4 are
reported to be involved in the inflammation cascade of ische-
mic stroke. The activation of TLR2/4 requires endogenous
ligands, such as HMGB1 (high mobility group box 1), HSPs
(heat shock proteins), hyaluronic acid, and fibronectin. After
combination with ligands, the configuration of TLRs is chan-
ged, leading to the recruitment of its adaptors such as MyD88
(myeloid differentiation primary response 88) and TRIF
(TIR-domain-containing adapter-inducing interferon-β).
The recruited adaptors then promote inflammation via
activation of NF-κB [90]. Hence, inhibition of the
HMGB1/TLR/MyD88/NF-κB pathway could be a potential
neuroprotective strategy. Many neuroprotective com-
pounds are reported to modulate this pathway. For

instance, glycyrrhizin and berberine inhibited the
HMGB1/TLR4 pathway, and vinpocetine suppressed the
TLR4/MyD88/NF-κB signaling [91–93]. Beyond that, bai-
calin-, luteolin-, and curcumin-mediated neuroprotection
were also found to be associated with the inhibition of
TLRs [94–96].

2.4. Mitochondrial Protection and Antiapoptosis. It is known
that mitochondria play a vital role in reperfusion-induced
injury via the generation of excessive ROS [50]. Elevated
intracellular ROS and Ca2+ levels lead to the opening of
mPTP, a complicated complex existing in the mitochondrial
membrane. As a result, the permeability of mitochondria is
enhanced and many mitochondrial proapoptotic factors are
released such as cytochrome c and AIF [97]. Cytochrome c
is a central regulator in caspase-dependent apoptosis.
Released cytochrome c promotes the cascade of apoptosis
via activation of caspase-9 and caspase-3. AIF is found to
mainly mediate caspase-independent apoptosis. After
release, AIF is translocated to the nucleus, binds to DNA,
and promotes the chromatin condensation and annexin
staining, initiating the apoptotic cascade [6].

Since the opening of mPTP is the major initiator for
apoptosis, inhibition of the mPTP opening would be an
effective neuroprotective strategy. Accordingly, hydroxysaf-
flor yellow A-, gallic acid-, and picroside II-mediated neu-
roprotection were all found to be related to the inhibition
of mPTP [98–100]. In addition, some regulators can mod-
ulate the opening of mPTP such as Bcl-2 family proteins
and cyclophilin D. Bcl-2 proteins consist of proapoptotic
proteins (e.g., Bax, Bad) and antiapoptotic proteins (e.g.,
Bcl-2, Bcl-xl). It is found that Bax promotes mPTP forma-
tion, while Bcl-2 could combine with Bax to inhibit its
function. Hence, the ratio of Bcl-2/Bax is regarded as an
important indicator of the mPTP opening, and many neu-
roprotective agents are found to regulate Bcl-2/Bax [97]. As
an example, the ratio of Bcl-2/Bax was increased in
galangin-treated pMCAO rats [101]. As for the other regu-
lator, cyclophilin D promotes mPTP formation via binding
to one of its components, the VDAC (voltage-dependent
anion channel). Hereby, inhibition of cyclophilin D was
also observed in the neuroprotective activities of some
agents such as cyclosporin A and gallic acid [99]. The
PI3K/Akt signaling pathway is a critical regulator of apo-
ptosis. It is found that Akt promotes the phosphorylation
of Bad, an inhibitor of Bcl-2. After phosphorylation, Bad
separates from Bcl-2 and promotes the binding of Bcl-2
with mitochondria, suppressing the mPTP opening and
subsequent cytochrome c release [102]. Since the PI3K/Akt
signaling pathway is fundamental in cerebral I/R-induced
apoptosis, it is modulated by most of the antiapoptotic
agents in experimental ischemic stroke. For example, puer-
arin- and silibinin (silybin)-mediated neuroprotection were
associated with the upregulation of the PI3K/Akt signaling
pathway [103, 104].

2.5. Autophagy/Mitophagy Regulation. Autophagy is a com-
plicated process that transports the cytoplasmic proteins or
organelles to lysosomes for degradation. The process of
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autophagy can be divided into four main steps: initiation,
prolongation, fusion, and degradation. Initiation is aimed at
forming the phagophore via the ULK1-initiated cascades.
Prolongation is extending and closing of the phagophore to
form a matured autophagosome that contains the targeted
proteins or organelles. This process is mediated by the
ATG12 and LC3 ubiquitin-like conjugation systems, in
which LC3 II plays central roles. The mature autophagosome
is then fused with the lysosome and degraded by lysosomal
enzymes [105, 106]. Autophagy is initially regarded as a non-
selective process, but now it is widely accepted that autoph-
agy can also be induced by a selective manner, such as
through selective degradation of damaged mitochondria
(mitophagy). The mitophagy cascade is similar to autophagy,
except that it needs to detect the damaged mitochondria first.
Generally, mitochondria which possess a decreased mito-
chondrial membrane potential (Δψm) are identified and
divided into two parts: healthy mitochondria and depolar-
ized mitochondria. The depolarized mitochondria then initi-
ate the mitophagy cascade and eventually are degraded.
Notably, it is found that mitophagy is initiated after mito-
chondrial fission; that is, inhibition of mitochondrial fission
will accordingly suppress the mitophagy [107].

Overwhelming evidence shows that autophagy/mito-
phagy is activated in various ischemic stroke models. Yet,
the role of autophagy/mitophagy in cerebral I/R-induced
injuries is still controversial at present. Several studies regard
autophagy/mitophagy as a type of cell death, playing a detri-
mental role in ischemic stroke. Those studies indicate that
neuronal death or brain damage is reduced after blocking
the autophagy/mitophagy cascades via administration of
3-methyladenine (3-MA, an autophagosome formation
inhibitor) or after knockdown of Beclin1 and Atg7, two
critical regulators in the autophagy cascade in various
in vitro and in vivo models [108]. Accordingly, inhibition
of autophagy/mitophagy confers the neuroprotection of
several agents, such as baicalein, calycosin, and puerarin
[70, 109, 110].

On the contrary, autophagy/mitophagy is also found to
play an important role in maintaining cellular homeostasis
via degradation of defective or aggregated proteins and
organelles [111]. The protective effects of autophagy/mito-
phagy in ischemic stroke are indicated by many investiga-
tions. For instance, Rami reported that inhibition of
autophagy/mitophagy by 3-MA (3-methyladenine) or Atg7
knockdown in the reperfusion phase enhanced cytochrome
c release and apoptosis both in vitro and in vivo [112]. In
addition, many neuroprotective agents are reported to
enhance the autophagy/mitophagy cascade in experimental
ischemic stroke. To illustrate, the neuroprotective effects of
triptolide, astragaloside IV, and ginsenoside Rb1 were found
to be mediated by enhanced autophagy [113–115]. Besides,
elevated mitophagy contributed to the neuroprotection of
rapamycin, methylene blue, melatonin, and ginsenoside
Rg1 in MCAO models [116, 117].

The controversial results are attributed to the differ-
ences in drug administration time points, doses, or routes
[111]. Although no consensus has been reached at present,
autophagy/mitophagy modulation is still considered to be

a promising neuroprotective strategy due to its extensive
interactions with the other cell death pathways such as
necrosis and apoptosis. Yet, more studies are needed to
further clarify its role in ischemic stroke.

2.6. Regulation of Neurotrophin Release. Neurotrophins are
critical regulators of neuronal survival, development, func-
tion, and regeneration. There are many types of neurotro-
phins in the mammalian CNS, with NGF (nerve growth
factor) and BDNF (brain-derived neurotrophic factor) being
intensively studied in ischemic stroke. NGF is abundantly
expressed in both the hippocampus and the cortex. After
release, it binds to the TrkA (tropomyosin-related kinase A)
receptor and triggers the activation of the Erk (extracellular
signal-regulated kinase)/CREB pathway to improve neuronal
recovery. BDNF is the most abundant neurotrophin in the
mammalian CNS. BDNF binds to the TrkB receptor, activat-
ing several prosurvival pathways including PI3K/Akt signal-
ing and MAPKs (mitogen-activated protein kinases). As one
of the self-rescuing mechanisms for neurons, the expression
of NGF/TrkA and BDNF/TrkB is upregulated after ischemic
stroke [118, 119]. Hence, the promotion of this process
would contribute to neuronal survival and recovery. For
instance, rutin and astaxanthin were found to upregulate
the expression of NGF or BDNF and reduced cerebral infarc-
tion and neurological deficits in MCAOmodels [119, 120]. In
addition, some studies also evaluated the effects of exogenous
neurotrophins in ischemic stroke. It is found that administra-
tion of exogenous neurotrophins exerted neuroprotection in
animal models but failed to do the same in the clinical trials
due to their low BBB permeability [121].

3. Phytochemicals That Exert
Neuroprotection in Experimental
Ischemic Stroke

Phytochemicals are the secondary metabolites of plants, such
as vegetables, fruits, and herbs. Generally, phytochemicals
can be divided into several chemical groups, including phe-
nolics, terpenoids, and alkaloids. Phenolics are a class of
compounds that possess at least one aromatic ring, with
one or more hydroxyl groups attached. They can be further
classified as flavonoids, stilbenes, phenolic acids, phenolic
alcohols, and lignans. Terpenoids refer to the compounds
that have the isoprene unit as their basic component, while
alkaloids possess one or more nitrogen atoms in the het-
erocyclic ring [122]. Phytochemicals are famous for their
antioxidative and anti-inflammatory activities, and some
phytochemicals can usually act on more than one target
to regulate cellular function. Chen et al. recently proposed
a theory that the one-drug-multitarget strategy is more
effective for ischemic stroke treatment when considering
the complexity of stroke pathophysiology [123]. Hence,
phytochemicals may have great potential in ischemic
stroke treatment. In this section, we review the recent 10
years of research that reported the neuroprotective effects
of phytochemicals in ischemic stroke. Only the phyto-
chemicals that were tested on animal models of ischemic
stroke are listed, and the ones that were studied
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extensively or possessed great translational potential are
further discussed.

3.1. Flavonoids. Flavonoids include six major subgroups: fla-
vones, flavanones, flavanols, flavonols, isoflavones, and
anthocyanidins. In addition, flavonoids also largely exist in
plants as glucoside derivatives, with the O-glycosidic bonds
formed with different carbohydrates such as D-glucose, D-
glucuronic acid, and D-galactose [124]. Totally, 46 kinds of
neuroprotective flavonoids were found after searching the
recent 10 years of studies in PubMed with keywords “Flavo-
noids, Stroke, Neuroprotection.” The neuroprotective flavo-
noids and their functional mechanisms are listed in Table 1,
and the chemical structures of the extensively studied flavo-
noids are shown in Table 2.

3.1.1. Flavones. Neuroprotective flavones include apigenin
[77, 125], apigenin-7-O-β-D-(-6″-p-coumaroyl)-glucopyra-
noside (APG) [126], vitexin [127], baicalein [82, 109], baica-
lin [94, 128–131], chrysin [78, 132, 133], diosmin [134],
ginkgetin [135], hispidulin [136], luteolin [95, 137, 138],
luteoloside [139], orientin [140], nobiletin [60, 141–143],
scutellarin [67, 144–147], and tricin 7-glucoside [148].

Scutellaria baicalensis is a traditional Chinese medicine
that has long been used to treat ischemic stroke and cerebral
edema [128]. Baicalein and baicalin are two principal compo-
nents extracted from its roots. Baicalein was reported to
improve cerebral infarction, brain edema, and neurobehav-
ioral deficits in both the transient and permanent MCAO
models [82, 109]. The neuroprotective strategies of baicalein
mainly involve anti-inflammation, antiapoptosis, and antiau-
tophagy. Cui et al. found that baicalein inhibited the 12/15-
LOX/p38/cPLA2 pathway and thus reduced arachidonic acid
release to inhibit inflammation [82]. Besides, baicalein also
suppressed the activation of NF-κB, providing another target
for its anti-inflammatory activity [109]. Baicalin is also exten-
sively studied in experimental ischemic stroke and found to
improve cerebral infarction and poststroke cognitive impair-
ments in different animal models. The most reported neuro-
protective mechanism of baicalin was anti-inflammation,
which was achieved via inhibition of the TLR2/4/NF-κB
pathway [94, 129]. In addition, baicalin-mediated neuropro-
tection was also related to its antioxidant effect. Xu et al.
reported that baicalin possessed a marked ability to scavenge
peroxynitrite and reduce peroxynitrite-induced neuronal
injuries [128]. Furthermore, baicalin was observed to show
neuroprotection in a diabetic MCAO/R rat model via activa-
tion of AMPKα- (5′ AMP-activated protein kinase α-) medi-
ated mitochondrial protection [130]. Notably, baicalin had
the ability to cross the BBB, reaching its peak concentration
of 344μg/L in cerebrospinal fluid (CSF) after 30min of
administration (24mg/kg, i.v.) [149]. To conclude, baicalin
showed great neuroprotective efficacy and BBB permeability
in experimental ischemic stroke, with great potential for clin-
ical application [150].

Nobiletin, a polymethoxylated flavone, is mainly isolated
from the peel of Citrus fruits. Nobiletin was found to reduce
cerebral infarction, improve motor functional deficit, and
enhance BBB integrity in MCAO models [60, 141–143].

Two major strategies for nobiletin-mediated neuroprotection
were inhibition of the TLR4/NF-κB pathway to reduce
inflammation and upregulation of Nrf2/HO-1-mediated
antioxidation [60, 141, 142]. In addition, nobiletin was also
found to promote neuronal survival by activating cytoprotec-
tive pathways such as the BDNF/Akt/CREB pathway and the
Akt/mTOR (mammalian target of rapamycin) pathway [141,
143]. Most importantly, nobiletin might be able to cross the
BBB during cerebral I/R according to a study performed by
Yasuda et al. They reported that nobiletin could be rapidly
accumulated in the damaged region of the ischemic brain
after being administrated (i.v.) with a dosage of 15mg/kg
after reperfusion onset [142].

Scutellarin (scutellarein-7-O-glucuronide) is one of the
major active components of the herb Erigeron breviscapus.
Its neuroprotection in ischemic stroke has been extensively
studied with various animal models. A study found that scu-
tellarin had stronger efficacy than edaravone for reducing the
infarct volume and inflammation of pMCAO rats, implying
the great potential of scutellarin in clinical application
[144]. Recently, the Dengzhanxixin injection (approval num-
ber Z53021569), which uses scutellarin as one of the major
components, was applied to clinical ischemic stroke treat-
ment in China. The most studied neuroprotective mecha-
nism of scutellarin was the suppression of microglial
activation and inflammation [144, 147, 151]. Besides, scutel-
larin also promoted microglial-mediated astrogliosis and
enhanced the expression of neurotrophins in astrocytes,
implying an interglial regulation mechanism for scutellarin
[67, 146]. Furthermore, scutellarin was found to improve
cerebral blood flow in the ischemic brain [147]. To conclude,
scutellarin is a key Chinese herbal medicine ingredient that
has been primarily applied to clinical treatment, showing
great potential in ischemic stroke.

3.1.2. Flavanones. Flavanones including eriodictyol [152],
eriodictyol-7-O-glucoside [153], hesperidin [154], narin-
genin [61, 85, 155], naringin [156], neohesperidin [157],
and pinocembrin [29, 158–160] have been reported to be
neuroprotective in ischemic stroke in the past 10 years.

Naringenin naturally exists in Citrus fruits, such as grape-
fruit and orange. Naringenin reduced cerebral infarction and
poststroke neurological deficits in both the permanent and
transient MCAO rats. The neuroprotective strategies of nar-
ingenin were found to inhibit NF-κB to lower inflammation,
reduce BBB dysfunction, and promote Nrf2-mediated anti-
oxidation [61, 85, 155]. Naringin (naringenin-7-O-rhamno-
glucoside), a glucose derivative of naringenin, is also largely
present in the Citrus species. Naringin is famous for its strong
free radical scavenging activity. Feng et al. showed that narin-
gin improved brain damage in tMCAO/R rats by inhibiting
ONOO− (peroxynitrite) and its induced excessive mitophagy
[156]. Yet, naringin might not have good BBB permeability.
It was found that the concentration of naringin in CSF only
reached the peak of 0.95μg/mL after it was administrated
for 15min (120mg/kg, i.v.) [156].

Pinocembrin exists in propolis, honey, ginger roots, and
wild marjoram. It has drawn much attention in ischemic
stroke treatment in the past decade. Pinocembrin exerted
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Table 1: Neuroprotective flavonoids and their functional mechanisms and targetsa.

Compounds Mechanisms and targets Ref.

Flavones (15)

Apigenin
Anti-inflammation: iNOS↓, COX-2↓, p-p38↓, p-JNK↓; histone deacetylases↓;

BDNF/CREB/Syn-1↑
[77, 125]

APG Antioxidation: p-STAT3↑ [126]

Vitexin Antiapoptosis: p-Erk↑, p-JNK↓, p-p38↓ [127]

Baicalein
Anti-inflammation: NF-κB↓, p-MAPKs↓, arachidonic acid release↓: 12/15-
LOX/p38 MAPK/cPLA2↓; antiapoptosis; antiautophagy: PI3K/Akt/mTOR↑

[82, 109]

Baicalin
Antiapoptosis: p-CaMKII↓; antioxidation: peroxynitrite scavenging↑; anti-
inflammation: TLR2/4/NF-κB↓; mitochondrial function↑: Drp-1↓, Mfn2↓,

AMPKα1↑
[94, 128–131]

Chrysin Anti-inflammation: NF-κB↓, COX-2↓, iNOS↓; antioxidation [78, 132, 133]

Diosmin Bcl-2/Bax↑; JAK2/STAT3↑ [134]

Ginkgetin Antioxidation; anti-inflammation: JAK2/STAT3/SIRT1↓ [135]

Hispidulin NLRP3-mediated pyroptosis↓; AMPK/GSK3β↑ [136]

Luteolin Anti-inflammation: TLR4/5/p38/NF-κB↓; antioxidation; antiapoptosis [95, 137, 138]

Luteoloside Anti-inflammation: PPARγ↑/Nrf2↑/NF-κB↓ [139]

Orientin Antioxidation; anti-inflammation: TLR4/NF-κB/TNF-α↓; AQP-4↓ [140]

Nobiletin
Anti-inflammation: TLR4/NF-κB↓; antioxidation: Nrf2/HO-1↑; antiapoptosis:

Akt/mTOR↑; BDNF-Akt/CREB↑; BBB permeability↓
[60, 141–143]

Scutellarin
Anti-inflammation: ACE/Ang II/AT1R↓, microglial activation↓, microglial-

mediated astrogliosis↑, Notch-1/Nestin↑; neurotrophin expression↑:
BDNF/NGF/GDNF-Akt/CREB↑; antioxidation

[67, 144–147]

Tricin 7-glucoside Anti-inflammation: NF-κB activation↓, HMGB1 expression↓ [148]

Flavanones (7)

Eriodictyol Anti-inflammation [152]

Eriodictyol-7-O-glucoside Antioxidation in astrocytes: Nrf2/ARE↑ [153]

Hesperidin Antioxidation: NO pathway↓ [154]

Naringenin
BBB protection: NOD2/RIP2/NF-κB/MMP-9↓; antiapoptosis; anti-inflammation:

NF-κB↓; antioxidation: Nrf2
[61, 85, 155]

Naringin ONOO−-mediated excessive mitophagy↓ [156]

Neohesperidin Antiapoptosis; antioxidation: Akt/Nrf2/HO-1↑ [157]

Pinocembrin
Antiapoptosis; autophagy↑; anti-inflammation: sEH/EETs↓; neuronal loss↓;

astrocyte proliferation↓
[29, 158–160]

Flavanols (3)

(−)-Epicatechin (EC) Anti-inflammation: microglial activation↓; antioxidation: Nrf2/HO-1↑ [68, 163]

(−)-Epigallocatechin-3-Gallate
(EGCG)

Calcium modulation and antiexcitotoxicity: TRPC6
degradation↓/MEK/Erk/CREB↑, balance between the excitatory and inhibitory
amino acids↑; antiapoptosis: PI3K/Akt/eNOS↑; antioxidation: Nrf2/ARE↑; anti-

inflammation: NF-κB↓; BBB protection: MMP-2↓, MMP-9↓; ER stress↓

[37, 164–170]

Procyanidin B2 BBB protection; antioxidation: Nrf2↑ [171]

Flavonols (10)

Fisetin
Anti-inflammation: macrophage infiltration↓, microglial activation↓, JNK/NF-

κB↓
[69]

Galangin
Microenvironment of the neurovascular unit (NVU)↑: Wnt/β-catenin↑, HIF-

1α/VEGF↑; mitochondrial protection and antiapoptosis: Bax/Bcl-2↓
[101, 175]

Icariin HDAC↓/CREB↑; SIRT1/PGC-1α↑; anti-inflammation: PPARα/γ↑, NF-κB↓ [89, 176, 177]

Kaempferol-3-O-rutinoside
(KRS)/glucoside (KGS)

Anti-inflammation: STAT3↓, NF-κB↓ [178]

Kaempferide-7-O-(4″-O-
acetylrhamnosyl)-3-O-
rutinoside

Anti-inflammation; antioxidation; antiapoptosis [179]
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neuroprotection in experimental ischemic stroke via antia-
poptosis, upregulation of autophagy, and anti-inflammation
[158]. Besides, it was shown that pinocembrin inhibited the
activity of soluble epoxide hydrolase (sEH), an enzyme that
degraded EETs (one of the AA metabolites) and lowered its
induced neuronal damage [159]. Furthermore, pinocembrin
was found to improve cognitive and memory impairments
after it was administrated for 14 d in the global ischemia rat
model [160]. Most importantly, in vitro studies found that
pinocembrin could cross the BBB via a P-glycoprotein-
conducted passive transport process [161] and extend the
therapeutic time window of tPA treatment [29]. Zhao et al.
reported that its neuroprotective efficacy was stronger than
that of edaravone [158]. Most importantly, pinocembrin pos-
sessed high bioavailability and BBB permeability due to its
good liposolubility [162]. Recently, pure synthetic pinocem-
brin has been subjected to a phase II clinical trial
(NCT02059785) to evaluate its activity in ischemic stroke.
Hereby, pinocembrin is one of the most potential drug candi-
dates for ischemic stroke, showing great potential for clinical
application.

3.1.3. Flavanols. Three flavanols are found to exert neuropro-
tection in ischemic stroke including (−)-epicatechin (EC)
[68, 163], (−)-epigallocatechin-3-gallate (EGCG) [37, 164–
170], and procyanidin B2 [171].

EGCG is the most abundant catenin in green tea. EGCG
has been reported to be effective in improving various CNS
disorders including ischemic stroke, Alzheimer’s disease,
and Huntington’s disease in animal models. It has been
subjected to clinical trials to evaluate its efficacy in Alzhei-
mer’s disease (NCT00951834) and Huntington’s disease
(NCT01357681). For ischemic stroke, it was found that
EGCG reduced cerebral infarction and promoted post-
stroke recovery in MCAO models. The neuroprotective
strategies of EGCG involved the promotion of Nrf2-
mediated antioxidation [166], suppression of inflammation
via inhibiting microglial activation and NF-κB [167, 172],
antiapoptosis by activating the PI3K/Akt pathway [168],
and decrease of ER stress via upregulation of TRPC6
[169]. Besides, EGCG also inhibited the basal lamina deg-
radation of the BBB by lowering the activity of MMP-9 in
tMCAO/R mice [170]. Clinical studies further indicated

Table 1: Continued.

Compounds Mechanisms and targets Ref.

Quercetin Energy metabolism↑; antioxidation; PP2A subunit B↑; antiapoptosis [180–182]

Rutin
Estrogen receptors↑: BDNF/TrkB/Akt↑ and NGF/TrkA/CREB↑;

BBB protection: MMP-9 activity↓
[119, 183]

Isoquercetin
Antiapoptosis; anti-inflammation and antioxidation: Nrf2↑,

NOX4/ROS/NF-κB↓, MAPK/TLR4/NF-κB↓
[54, 184]

Isorhamnetin Nrf2/HO-1↑; iNOS/NO↓ [185]

Myricetin Anti-inflammation: p38/NF-κB↓; antioxidation; p-Akt↑ [186]

Isoflavones (6)

Calycosin
Anti-inflammation: microglial activation↓; antiapoptosis;

antiautophagy; BDNF/TrkB↑; calcium modulation: TRPC6/CREB
[43, 70, 190, 191]

Calycosin-7-O-β-D-glucoside BBB protection: NO↓/Cav-1↑/MMPs↓ [192]

Formononetin Bax/Bcl-2↓; PI3K/Akt↑ [193]

Genistein
Antioxidation: Nrf2↑; antiapoptosis: PI3K/Akt/mTOR↑; Erk activation↑;

ROS/NF-κB↓; antiplatelet aggregation; vascular protection
[194–199]

Daidzein ROS production↓ [200]

Puerarin
Antiautophagy; anti-inflammation: neutrophil activation↓,

HIF-1α↓, α7nAchR↑; antiapoptosis: PI3K/Akt1/GSK-3β/MCL-1↑;
BDNF secret↑

[70, 109, 110]

Anthocyanidins, chalcones, and flavonolignans (5)

Cyanidin-3-O-glucoside Antiapoptosis: oxidative stress-induced AIF release↓ [211]

Hydroxysafflor yellow A (HSYA)

Antioxidation↓; anti-inflammation: TLR4/MAPK/NF-κB↓;
antiapoptosis: PI3K/Akt/GSK3β↑, mPTP opening↓;

neurotrophin release↑: BDNF↑, GFAP↑, NGF↑; autophagy↑:
Akt↑; mitochondrial function and biogenesis↑; phenylalanine synthesis↓

[98, 106, 212–215]

Xanthohumol Anti-inflammation; antiapoptosis; platelet activation↓ [216]

Silibinin/silybin
Anti-inflammation; antioxidation; antiapoptosis and antiautophagy:

PI3K/Akt/mTOR↑
[104, 217]

Silymarin Antioxidation; antiapoptosis [218]
aNotes: ↑: activation or upregulation; ↓: inhibition or downregulation. Abbreviations do not appear in the text. ACE: angiotensin-converting enzyme; Ang II:
angiotensin II; AT1R: angiotensin type 1 receptor; AQP-4: aquaporin-4; Drp-1: dynamin-related protein 1; GFAP: glial fibrillary acidic protein; Mfn2: mitofusin
2; NOD2: nucleotide oligomerization domain 2; RIP2: receptor-interacting protein kinase 2; Syn-1: synaptophysin-1; VEGF: vascular endothelial growth factor.
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that EGCG decreased the level of MMP-2/9 in the plasma
of ischemic stroke patients [164]. Furthermore, EGCG
promoted long-term learning and memory recovery by
maintaining the balance between the excitatory and inhib-
itory amino acids [37] and enhancing angiogenesis or neu-
rogenesis [9, 173]. Hereby, EGCG showed neuroprotective
activity via regulation of multiple targets in experimental
ischemic stroke. Clinically, EGCG was found to extend
the therapeutic time window of tPA [165]. Previously,
EGCG was considered to possess low bioavailability and
BBB permeability, which disqualify it as a drug candidate
for ischemic stroke treatment. However, Wei et al. recently
reported that BBB permeability was greatly enhanced in
aging rats, so EGCG might have great treatment potential
in aged patients [174].

3.1.4. Flavonols. Neuroprotective flavonols include fisetin
[69], galangin [101, 175], icariin [89, 176, 177], kaemp-
ferol-3-O-rutinoside and kaempferol-3-O-glucoside [178],
kaempferide-7-O-(4″-O-acetylrhamnosyl)-3-O-rutinoside
(A-F-B) [179], quercetin [180–182], rutin [119, 183], isoquer-
cetin [54, 184], isorhamnetin [185], and myricetin [186].

Quercetin is widely distributed in fruits, vegetables, and
grains, especially in apples and onions. Quercetin is often
used as a dietary supplement due to its good antioxidant
and anti-inflammatory activities. In experimental ischemic
stroke studies, quercetin was found to reduce the brain inju-
ries of pMCAO rats via multiple mechanisms, including anti-
apoptosis, promotion of autophagy, regulation of energy
metabolism, and upregulation of PP2A (protein phosphatase
2) [180–182, 187]. Recently, quercetin was subjected to a
clinical trial to evaluate its effect on improving the cerebral
blood flow in the aged population (NCT01376011). How-
ever, it was found that quercetin possessed low oral bioavail-
ability (<2%) and weak BBB permeability, limiting its
pharmacological application in ischemic stroke [188]. Rutin
(quercetin-3-rhamnosyl glucoside), a glycoside of quercetin,
abundantly exists in buckwheat, passionflower, and apple.
It was found that rutin (10mg/kg) exerted similar neuropro-
tective efficacy as quercetin (50mg/kg) in MCAO/R rats,
with much lower effective doses [189]. However, a direct
comparison of the efficacy of quercetin and rutin should
be carried out. Rutin also inhibited the activity of MMP-
9 and exerted BBB protective activity in a photothrombo-
tic ischemic stroke model [183]. Furthermore, Liu et al.
reported that rutin was a positive modulator of estrogen
receptors. It enhanced the expression of estrogen receptors
to upregulate the neurotrophin-mediated prosurvival path-
ways, such as the NGF/TrkA/CREB pathway and the
BDNF/TrkB/Akt pathway in ovariectomized tMCAO/R rats
[119]. Isoquercetin (quercetin-3-O-glucoside), another gly-
coside of quercetin, also possessed neuroprotective activity.
The neuroprotective strategies of isoquercetin were found
to be antioxidation mediated by Nrf2, inhibition of neuroin-
flammation via downregulating the TLR4/NF-κB pathway,
and antiapoptosis [54, 184].

3.1.5. Isoflavones. In total, 6 isoflavones are found to possess
neuroprotective activity in ischemic stroke, that is, calycosin

[43, 70, 190, 191], calycosin-7-O-β-D-glucoside [192], for-
mononetin [193], genistein [194–199], daidzein [200], and
puerarin [103, 110, 201–203].

Genistein and daidzein, two major isoflavones in soybean
and soy products, are described as phytoestrogens due to
their structural similarity to human estrogen. Phytoestrogens
can bind to the estrogen receptors and mimic the gene tran-
scription of estrogen. However, few studies have reported the
direct reaction of genistein or daidzein with estrogen recep-
tors in ischemic stroke [204]. Instead, most of the studies
focused on their antioxidant and antiapoptotic activities. It
was reported that genistein or daidzein could improve neuro-
logical outcomes and reduce cerebral infarction regardless of
whether it was administrated before or after MCAO via anti-
oxidation and antiapoptosis [194, 195, 200, 205]. Besides,
genistein also inhibited platelet aggregation and kept vascular
reactivity in theMCAO rats, which might help to prevent clot
formation [196]. Notably, genistein and daidzein played
unique roles in treating postmenopausal cerebral ischemia,
with several studies reporting the neuroprotective activity
of genistein and daidzein in ovariectomized MCAO models.
It was found that genistein pretreatment markedly decreased
the neurological deficits and infarct volumes of ovariecto-
mized MCAO rodents. The mechanisms involved the pro-
motion of Nrf2-mediated antioxidation and inhibition of
apoptosis by activating the PI3K/Akt/mTOR pathway [197–
199]. Besides, equol, a metabolite of daidzein, was found to
exert neuroprotection in the ovariectomized MCAO/R rats
by enhancing the antioxidant defense [206]. Moreover, both
genistein and daidzein could cross BBB to some extent. The
efficiency of genistein was found to be below 10%, while the
penetration index (AUCCSF/AUCplasma) of daidzein was
about 11.96% in SD rats [207, 208].

Puerarin (daidzein-8-C-glucoside) is the major bioactive
component in Radix Puerariae (kudzu root). Puerarin
showed marked neuroprotection in experimental ischemic
stroke. It was reported that puerarin reduced the brain inju-
ries of tMCAO/R rats by suppression of autophagy, apopto-
sis, and inflammation [110, 201]. The anti-inflammatory
activity of puerarin was achieved via upregulation of the cho-
linergic anti-inflammatory pathway, that is, promotion of
α7nAchR (alpha7 nicotinic acetylcholine receptor) to inhibit
the JAK2/NF-κB pathway [202]. In addition, puerarin
enhanced the BDNF/PI3K/Akt pathway to promote neuro-
nal survival and poststroke recovery [103, 203]. Besides, the
AUCCSF/AUCplasma of puerarin in rats was found to be about
9.29%, implying its BBB permeability [208]. Notably, puer-
arin had shown the primary neuroprotective effect against
ischemic stroke in clinical trials. For example, puerarin injec-
tion was subjected to a clinical trial, in which ischemic stroke
patients were treated with conventional therapies plus an
additional puerarin injection (400mg/d) for one month.
Results showed that puerarin injection significantly
improved blood viscosity, neurological damage, and lan-
guage function of ischemic stroke patients [209]. Besides, a
meta-analysis of randomized controlled trials concluded that
puerarin injection was effective and safe for clinical acute
ischemic stroke treatment [210]. Hence, puerarin possessed
great potential for clinical ischemic stroke treatment.
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3.1.6. Anthocyanidins, Chalcones, and Flavonolignans. Cya-
nidin-3-O-glucoside (anthocyanidin) [211], hydroxysafflor
yellow A (chalcone) [98, 106, 212–215], xanthohumol (chal-
cone) [216], silybin (flavonolignan) [104, 217], and silymarin
(flavonolignan) [218] are neuroprotective in experimental
ischemic stroke.

Hydroxysafflor yellow A (HSYA), a chalcone, is extracted
from Carthamus tinctorius (safflower), a Chinese medicine
that is widely used in treating cerebrovascular diseases
[219]. Safflower yellow for injection (approval number
Z20050146) uses HSYA as the major bioactive ingredient
and has been approved in China for the treatment of cerebro-
vascular diseases including ischemic stroke. HSYA was found
to improve cerebral infarction and cognitive impairment in
animal models. The neuroprotective strategies of HSYA were
multiple, including antioxidation, anti-inflammation, antia-
poptosis, antiexcitotoxicity, autophagy modulation, and
mitochondrial protection [98, 106, 212–215, 220]. Lv et al.
reported that HSYA targeted TLR4 to inhibit the NF-κB acti-
vation and subsequent cascade of inflammation [212, 214].
Besides, HSYA promoted the activation of the PI3K/Akt
pathway to promote cytoprotective autophagy and inhibit
apoptosis in MCAO rats [106, 213]. As for mitochondrial
protection, HSYA was found to improve mitochondrial func-
tion, reduce the mPTP opening, and promote mitochondrial
biogenesis by inhibiting the production of phenylalanine [98,
215]. Notably, a single dose of 2mg/kg (i.v.) HSYA was found
to exert neuroprotection in tMCAO/R mice, implying its
high bioavailability [212]. In addition, He reported that
HSYA was detected in the brain tissue homogenate of the
ischemic hemisphere in MCAO rats, with the peak concen-
tration at 90min after HSYA administration (i.v.), indicating
the BBB permeability of HSYA [221]. Hereby, HSYA had
marked neuroprotective efficacy and high bioavailability
and BBB permeability, so it might be a good drug candidate
for ischemic stroke.

3.1.7. Summary of Flavonoids. From the current studies, bai-
calein and baicalin, scutellarin, pinocembrin, puerarin, and
hydroxysafflor yellow A exerted great neuroprotective effi-
cacy and high bioactivity and BBB permeability in experi-
mental ischemic stroke. Besides, plant extracts/concentrates
containing scutellarin, puerarin, and hydroxysafflor yellow
A have been primarily applied in the clinical treatment of
ischemic stroke due to their great neuroprotective effects.
However, only pinocembrin as a single pure compound is
on a phase II clinical trial at present.

3.2. Stilbenoids. Stilbenoids refer to a class of compounds that
have two aromatic rings connected by an ethene bridge.
Stilbenoids possess both the cis and trans forms, and the
trans form is found to be more bioactive and stable
[222]. In total, 7 stilbenoids are reported in the past 10
years for their neuroprotective activity in ischemic stroke,
that is, resveratrol [45, 223–235], polydatin (resveratrol-
3-β-D-glucoside) [236, 237], malibatol A (a resveratrol
oligomer) [88, 238], oxyresveratrol [239], mulberroside A
(oxyresveratrol-3,4′-diglycopyranoside) [240], pterostilbene
[241], and 2,3,5,4′-tetrahydroxystilbene-2-O-β-D-glucoside
[242]. Their neuroprotective mechanisms are explained in
Table 3, and the chemical structures of the extensively
studied stilbenoids are shown in Table 4.

Resveratrol, the most famous stilbenoid, is widely distrib-
uted in plants, such as grapes. The neuroprotective effect of
resveratrol in ischemic stroke has been studied extensively,
and dozens of related research articles were found. It was
found that resveratrol administration, especially precondi-
tioning, improved cerebral infarction, neurological deficits,
poststroke depression, and ischemic tolerance in various ani-
mal models [223]. The neuroprotective strategies of resvera-
trol were multiple, including the common mechanisms such
as anti-inflammation, promotion of Nrf2-mediated antioxi-
dation, antiapoptosis, and BBB protection [224–227]. In

Table 3: Neuroprotective stilbenoids and their functional mechanisms and targetsb.

Compounds Mechanisms and targets Ref.

Stilbenoids (7)

Resveratrol

Anti-inflammation: T regulatory cells (Treg)↑, intestinal flora-mediated immune cell
balance↑; calcium modulation: TRPC6/MEK/CREB↑, TRPC6/CaMKIV/CREB↑, NMDA
receptor↓; BDNF↑; modulating energy metabolism and extending the cerebral ischemic

tolerance: glycolysis↑, mitochondrial respiration efficiency↑, phosphodiesterase↓,
cAMP/AMPK/SIRT1↑, UCP2↓; antioxidation: Nrf2/HO-1; antiapoptosis; synaptic
transmission efficiency↑; BBB protection: MMP-9/TIMP-1 balance↑; regulation of

hypothalamus-pituitary-adrenal axis function; hedgehog signaling pathway↑; estrogen
receptor↑; cellular stress proteins↑

[45, 223–235]

Polydatin
BBB protection; sonic hedgehog pathway↑; anti-inflammation: NF-κB↓; antioxidation;

antiapoptosis
[236, 237]

Malibatol A Mitochondrial dysfunction↓; anti-inflammation: microglial M2 polarization↑, PPARγ↑ [88, 238]

Oxyresveratrol Antiapoptosis [239]

Mulberroside A Anti-inflammation: MAPK/NF-κB↓ [240]

Pterostilbene Antioxidation; antiapoptosis [241]

2,3,5,4′-Tetrahydroxystilbene-
2-O-β-D-glucoside

Angiogenesis↑ [242]

bNotes: ↑: activation or upregulation; ↓: inhibition or downregulation. Abbreviation does not appear in the text. UCP2: uncoupling protein 2.
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addition, resveratrol was also reported to modulate the
energy metabolism of the ischemic brain. It was found that
resveratrol enhanced bioenergetic efficiency such as improv-
ing glycolysis and mitochondrial respiration efficiency to
extend the window of ischemic tolerance, especially in elderly
individuals [228–232]. Further studies revealed that this pro-
cess was achieved by activating AMPK and SIRT1, an NAD+-
dependent deacetylase that can induce adaptive responses
under energy depletion conditions [228–232]. Furthermore,
resveratrol maintained intracellular calcium homeostasis via
the promotion of the TRPC6/CREB pathway and inhibition
of the NMDA receptor [45] and activated sonic hedgehog
signaling, a pathway that contributes to neurogenesis and
neurological recovery [233, 234]. Notably, a novel study that
focused on the gut-brain axis indicated that resveratrol inhib-
ited inflammation via modulating the intestinal flora-
mediated immune cell balance such as the Th1/Th2 balance
and Treg/Th17 balance in the lamina propria of the small
intestine, proposing an original hypothesis for resveratrol-
mediated neuroprotection [235].

In summary, resveratrol possessed marked neuroprotec-
tive activity in experimental ischemic stroke and might have
great potential in improving the ischemic tolerance when
administrated before cerebral ischemia occurs.

3.3. Other Phenols. Other phenols refer to the phenolic com-
pounds apart from flavonoids and stilbenoids, such as phe-
nolic alcohols, phenolic acids, and lignans. In total, 20 other
types of phenols are found to possess neuroprotection in
ischemic stroke, including creosol [243], curcumin [10, 96,
244–249], cannabidiol [250–252], hydroxytyrosol [253],
acteoside [254], hydroquinone [255], lyciumamide A [256],
oleuropein [257, 258], salidroside [71, 259–264], 6-shogaol
[265], 4-hydroxybenzyl alcohol [266], 4-methoxy benzyl
alcohol [267], cinnamophilin [268], hyperforin [269], puni-
calagin [270, 271], caffeic acid [80, 272], ferulic acid [273],
gallic acid [99, 274], rosmarinic acid [275, 276], and salviano-
lic acid A [277]. Their neuroprotective mechanisms are clar-
ified in Table 5, and the chemical structures of the extensively
studied ones are shown in Table 4.

Table 5: Neuroprotective activity of other phenols and their mechanisms and targetsc.

Compounds Mechanisms and targets Ref.

Other phenols (20)

Creosol Antiexcitotoxicity; Ca2+ influx↓ [243]

Curcumin

Antiautophagy: PI3K/Akt/mTOR↑; anti-inflammation: TLR4/p38/MAPK↓;
antiapoptosis; GLUT1 and GLUT3↑; neurogenesis: Notch signaling
pathway↑; antioxidation: Akt/Nrf2↑; mitochondrial protection:

SIRT1↑; BBB protection

[10, 96, 244–249]

Cannabidiol
BBB protection; anti-inflammation; Na+/Ca2+ exchangers↑;
antiapoptosis; antiexcitotoxicity; metabolic derangement↓

[250–252]

Hydroxytyrosol Anti-inflammation; BDNF↑ [253]

Acteoside Antioxidation; antiapoptosis [254]

Hydroquinone BBB protection: SMI-71↑, GLUT-1↑, ZO-1↓, occludin degradation↓ [255]

Lyciumamide A Antioxidation: PKCε/Nrf2/HO-1↑; antiapoptosis [256]

Oleuropein Antiapoptosis: Bcl-2/Bax↑, Akt↑/GSK3β↓ [257, 258]

Salidroside
Anti-inflammation: microglial M2 polarization↑, PI3K↑/PKB↑/Nrf2↑/NF-κB↓,

PI3K/Akt/HIFα↑; antiapoptosis: BDNF/PI3K/Akt↑;
complement C3 activation↓; Egrs expression↑

[71, 259–264]

6-Shogaol Anti-inflammation: CysLT1R↓, MAPK↓ [265]

4-Hydroxybenzyl
alcohol

Antioxidation [266]

4-Methoxy benzyl
alcohol

BBB protection: NOS pathway↓, AQP-4↓, tight junction↑ [267]

Cinnamophilin Gray and white matter damage↓ [268]

Hyperforin TRPC6/MEK/Erk/CREB↑; TRPC6/CaMKIV/CREB↑ [269]

Punicalagin Antioxidation; anti-inflammation; antiapoptosis [270, 271]

Caffeic acid
Antioxidation; anti-inflammation: 5-LOX↓; loss of neuronal cells↓; synaptic density and

plasticity↑
[80, 272]

Ferulic acid Peroxiredoxin-2↑; thioredoxin↑ [273]

Gallic acid Antiapoptosis and mitochondrial protection: Erk↑/cyclophilin D↓/mPTP↓ [99, 274]

Rosmarinic acid Anti-inflammation: HMGB1/NF-κB↓; synaptogenic activity↑; BDNF↑; BBB protection [275, 276]

Salvianolic acid A Antioxidation; anti-inflammation; metabolic dysfunction↓ [277]
cNotes: ↑: activation or upregulation; ↓: inhibition or downregulation. Abbreviations do not appear in the text. CysLT1R: cysteinyl leukotriene receptor 1; ZO-1:
zonula occludens 1.
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Curcumin is extracted from the root of Curcuma longa
(turmeric), a common spice plant in Asian countries [278].
It was found that curcumin reduced cerebral infarction,
neurological deficits, and brain edema in tMCAO models
regarding preconditioning or postconditioning. Curcumin
is a pleiotropic agent for neuroprotection, modulating
multiple mechanisms including antiapoptosis, inhibition
of inflammation by downregulating TLR4, promotion of
Akt/Nrf2-mediated antioxidation, suppression of autoph-
agy by activating the PI3K/Akt/mTOR pathway, protection
of mitochondria via upregulating SIRT1, the decrease of
ER stress, and BBB protection [96, 244–248, 279]. In addi-
tion, curcumin promoted neurogenesis via activation of
the Notch signaling pathway that improves poststroke recov-
ery [10]. Xia et al. reported that curcumin also showed
neuroprotection in a diabetic stroke model. The mechanism
involved antiapoptosis and promotion of glucose uptake by
activating GLUT1/3 (glucose transporter 1/3) [249]. Curcu-
min is one of the most popular phytochemicals in pharmaco-
logical research, with numerous clinical trials conducted for
various clinical disorders including CNS diseases. As an
example, curcumin has been subjected to several clinical tri-
als for Alzheimer’s disease (NCT00164749, NCT00099710,
and NCT01001637). Yet, those clinical trials failed due to
limited bioavailability and the BBB permeability of curcu-
min, limiting its clinical application in ischemic stroke.
Recently, researchers were trying to enhance the bioavailabil-
ity of curcumin via modulation of its chemical structure or
use of the solid lipid particle method. To illustrate, Wicha
et al. found that hexahydrocurcumin exerted neuroprotec-
tion with lower doses, showing better bioavailability than
curcumin [280].

Cannabidiol (CBD), a phytocannabinoid from Cannabis
sativa, is found to be nonpsychoactive and possesses cytopro-
tective activities. Cannabidiol has been studied in various
therapeutic uses, especially for CNS disorders [281]. For
ischemic stroke, cannabidiol was reported to exert neuropro-
tection with relatively low effective doses (single dose of
5mg/kg, i.p.) in MCAOmodels [250–252]. The neuroprotec-
tive strategies of cannabidiol included antiapoptosis, antiex-
citotoxicity, anti-inflammation, BBB protection, Ca2+

modulation, and metabolism regulation [250–252]. In addi-
tion, a meta-analysis that reviewed 34 publications of
cannabidiol-mediated ischemic stroke indicated that canna-
bidiol markedly reduced cerebral I/R-induced infarction
[282]. Most importantly, cannabidiol was highly lipophilic
and could easily cross BBB, reaching a relatively high concen-
tration quickly after administration [283]. Notably, more
than 100 clinical trials related to the therapeutic application
of cannabidiol are being conducted or are completed at pres-
ent, with several trials for CNS disorders. For example, two
phase II clinical trials are being conducted to evaluate the effi-
cacy of cannabidiol on motor and tremor symptom improve-
ment in Parkinson’s disease (NCT03582137, NCT02818777).

Salidroside is the main bioactive component of Rhodiola
rosea L. [284] and showed neuroprotection for ischemic
stroke in various MCAO models. The major neuroprotective
strategies of salidroside involved anti-inflammation and anti-
apoptosis. Liu et al. found that salidroside suppressed inflam-

mation by promoting microglial M2 polarization [71]. Other
studies showed that salidroside inhibited NF-κB and acti-
vated HIFα (hypoxia-inducible factors) via upregulation of
the PI3K/Akt pathway, providing another mechanism for
its anti-inflammatory activity [261, 263, 264]. In addition,
Zhang et al. reported that the antiapoptotic effect of salidro-
side was achieved via activation of the BDNF/PI3K/Akt path-
way in tMCAO/R mice [262]. Furthermore, salidroside
upregulated the cytoprotective transcriptional factor Egrs
(early growth response genes) to improve neuronal activity
and synaptic plasticity [259, 260]. However, the concentra-
tion of salidroside in the brain is extremely low after admin-
istration (15mg/kg, i.v.), indicating that salidroside might
have difficulty crossing BBB [285].

Salvianolic acids are the bioactive compounds extracted
from the roots of Salvia metrorrhagia (Danshen), a tradi-
tional Chinese medicine for treating cardiovascular disease
[286]. Salvianolic acid A was reported to improve brain dam-
age in MCAO/R rats by its antioxidant, anti-inflammatory,
and metabolism regulatory activities [277]. Salvianolic acids
for injection (SAFI), a commercially available Chinese herb
medicine developed by Tianjin Tably Pride Pharmaceutical
Company, has been approved for the treatment of ischemic
stroke in the recovery phase in China. SAFI is composed of
five natural phenolic acids: salvianolic acid B (68.31%),
salvianolic acid D (3.7%), salvianolic acid Y (5.1%), alkannic
acid (3.86%), and rosmarinic acid (2.68%) [287]. In experi-
mental ischemic stroke, SAFI was found to promote post-
stroke recovery through two major mechanisms: promotion
of neurogenesis via activation of the sonic hedgehog pathway
and via upregulation of neurotrophins such as BDNF and
NGF [288]. Besides, SAFI also reduced brain damage in the
acute phase of ischemic stroke. The mechanisms involved
anti-inflammation via inhibition of microglial activation, as
well as maintaining mitochondrial permeability in astrocytes
through activation of the PI3K/Akt/mtCx43 (mitochondrial
connexin 43) pathway [286, 287].

Caffeic acid is widely present in dietary plants such as
fruits, vegetables, coffee, and olive oils. It was found that
caffeic acid reduced cerebral infarction and improved post-
stroke learning, memory, and spatial deficits in global ische-
mia or pMCAO models [80, 272]. The mechanisms involved
suppression of oxidative stress, inhibition of 5-LOX-induced
inflammation, and reduction of synaptic dysfunction by
upregulation of synaptophysin, a biomarker for synaptic
density and plasticity [80, 272]. Rosmarinic acid, an ester of
caffeic acid, exists in plants of the Lamiaceae family such
as rosemary and perilla. Rosmarinic acid attenuated brain
damage and memory deficits by promoting synaptogenic
activity, suppressing inflammation, and upregulating BDNF
in pMCAO mice. In addition, rosmarinic acid also exerted
neuroprotection in a diabetic ischemic stroke model by
promoting BBB function and inhibiting inflammation. As
mentioned above, rosmarinic acid is one of the components
of SAFI, accounting for 2.68% of the injection.

In summary, salvianolic acids and rosmarinic acid have
been primarily applied as key ingredients in a Chinese herbal
medicine for clinical ischemic stroke treatment. Yet, there is
no clinical data to prove their individual effectiveness at
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Table 6: Neuroprotective terpenoids and their functional mechanisms and targetsd.

Compounds Mechanisms and targets Ref.

Monoterpenoids (14)

Borneol Antiapoptosis; anti-inflammation; neurovascular unit function↑ [289, 290]

Carvacrol
Ferroptosis↓; antioxidation; GPx4↑; TRPM7↓; antiapoptosis: Bcl-2/Bax↑,

PI3K/Akt↑; anti-inflammation: NF-κB↓
[46, 291–293]

Catalpol Angiogenesis↑; JAK2/STAT3↑; ATPase activity↑; excitatory amino acid toxicity↓ [294, 295]

Cornin Mitochondrial protection; antioxidation [296]

Genipin Antiapoptosis; UCP2/SIRT3↓ [297]

Geniposide Antiapoptosis; BBB protection; GluN2A/Akt/Erk↑ [41]

Linalool Phospholipid homeostasis↑ [298]

β-Myrcene Antioxidation: free radical scavenging [299]

Paeoniflorin
Calcium modulation: Ca2+↓/CaMKII↑/CREB↑; anti-inflammation:

MAPK/NF-κB↓; antiapoptosis
[300–302]

Perillaldehyde Anti-inflammation: JNK↓; antiapoptosis: Akt↑ [303]

Perillyl alcohol Anti-inflammation; antioxidation [304]

α-Pinene Antioxidation; anti-inflammation [305]

Picroside II
Antioxidation: Rac-1/NOX2↓; antiapoptosis: mPTP permeability↓;

anti-inflammation: MEK/Erk1/2/COX-2↓; BBB protection:
ROCK/MLCK/MMP-2↓/claudin-5↑

[56, 79, 100,
306, 307]

Safranal Antioxidation [308]

Sesquiterpenoids (8)

Alantolactone Anti-inflammation: MAPK/NF-κB↓ [312]

Atractylenolide III Anti-inflammation: mitochondrial fission in microglia↓, JAK2/STAT3/Drp-1↓ [86]

Bakkenolide IIIa Antioxidation; anti-inflammation: Erk↓, Akt/NF-κB↓ [313]

Bilobalide
Mitochondrial protection: complex I function↑; antiexcitotoxicity; anti-inflammation:
JNK1/2↓, p38 MAPK↓; antiautophagy; antiapoptosis; angiogenesis↑: Akt/eNOS↑

[314–317]

(−)-α-Bisabolol Anti-inflammation [318]

Parthenolide BBB permeability↓; caspase-1/p38/NF-κB↓ [319]

Patchouli alcohol Anti-inflammation [320]

β-Caryophyllene Anti-inflammation: microglial M2 polarization↑, TLR4↓ [321]

Diterpenoids (11)

Andrographolide
Anti-inflammation: microglial activation↓, PI3K/Akt-NF-κB/HIF-1α↓,

astrocyte activation↓, iNOS; BBB permeability↓; antioxidation:
p38/Nrf2/HO-1↑, gp91phox/NOX2↓; BDNF/TrkB↑

[57, 325–328]

Erinacine A Anti-inflammation: iNOS, p38, and CHOP↓ [329]

Ginkgolide B
Anti-inflammation: microglial M2 polarization↑, NF-κB↓;

PAF receptor↓; antiapoptosis; antiexcitotoxicity: imbalance of
excitatory and inhibitory amino acids↓; BBB permeability↓

[38, 72, 330,
331]

Ginkgolide K Antioxidation; neurogenesis: JAK2/STAT3↑ [11, 332]

Pseudopterosin A Antioxidation; anti-inflammation; antiapoptosis: Akt↑ [333]

Salvinorin A Mitochondrial function↑: AMPK/Mfn2↑, kappa opioid receptor↑ [334]

Tanshinone I Neuronal death↓; anti-inflammation [335]

Tanshinone IIA
Antiapoptosis: PI3K/Akt↑; anti-inflammation: HMGB1/NF-κB↓,

MIF/NF-κB↓, astrocyte activation, MAPKs↓, PPARγ↑;
antioxidation; TORC1↑; BDNF/CREB↑

[75, 336–343]

Totarol Antioxidation: Akt/HO-1↑ [344]

Triptolide BBB permeability↓; anti-inflammation: p38/NF-κB↓; autophagy↑; antiapoptosis
[113, 345,

346]

(1S,2E,4R,6R,-7E,11E)-2,7,11-
Cembratriene-4,6-diol

Antiapoptosis: PI3K/Akt↑; ICAM-1↓ [347]
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present. Cannabidiol showed good neuroprotective efficacy
and high BBB permeability, so it was a good candidate for
ischemic stroke drug development. Although curcumin and
salidroside showed high neuroprotective efficacy, the poor
bioavailability and BBB permeability might limit their further
clinical applications.

3.4. Terpenoids. Terpenoids are a class of compounds that
have an isoprene unit as their basic component. Depending
on the number of isoprene units, terpenoids can be divided
into monoterpenoids (two units), sesquiterpenoids (three
units), diterpenoids (four units), triterpenoids (six units),
and tetraterpenoids (eight units). In total, 56 terpenoids were
found to possess neuroprotective activity for ischemic stroke

after searching the recent 10 years of studies in PubMed with
keywords “Terpenoids, Stroke, Neuroprotection.” The neu-
roprotective terpenoids and their functional mechanisms
are listed in Table 6, and the chemical structures of the exten-
sively studied ones are shown in Table 7.

3.4.1. Monoterpenoids. The neuroprotective monoterpenoids
include borneol [289, 290], carvacrol [46, 291–293], catalpol
[294, 295], cornin [296], genipin [297], geniposide [41],
linalool [298], β-myrcene [299], paeoniflorin [300–302],
perillaldehyde [303], perillyl alcohol [304], α-pinene [305],
picroside II [56, 79, 100, 306, 307], and safranal [308].

Borneol is present in the plants of Artemisia and Dipter-
ocarpaceae and has been used in traditional Chinese

Table 6: Continued.

Compounds Mechanisms and targets Ref.

Triterpenoids (20)

Arjunolic acid Antioxidation [357]

Asiatic acid Antiapoptosis and mitochondrial protection: cytochrome c and AIF release↓; MMP-9↓ [358, 359]

Acetyl-11-keto-β-boswellic acid Antioxidation: Nrf2/HO-1↑; anti-inflammation: 5-LOX, NF-κB↓ [81, 360, 361]

11-Keto-β-boswellic acid Antioxidation: Nrf2/HO-1↑
Ding et al.
(2015)

28-O-Caffeoyl betulin Anti-inflammation; hypothermic effects [362]

Celastrol Anti-inflammation: microglial M2 polarization↑, IL-33/ST2↓, JNK/c-Jun/NF-κB↓ [73, 363]

Echinocystic acid Antiapoptosis; anti-inflammation: JNK↓ [364]

18β-Glycyrrhetinic acid Antioxidation; antiapoptosis [365]

Maslinic acid Synaptogenesis↑: axonal regeneration↑, Akt/GSK-3β↑ [366]

Ursolic acid Anti-inflammation; antioxidation: Nrf2↑ [367]

Madecassoside Antioxidation; antiapoptosis; anti-inflammation [368]

Astragaloside IV
Antiapoptosis: P62-LC3-autophagy↑; antioxidation: Nrf2↑;

mitochondrial protection: Akt/hexokinase-II↑; anti-inflammation
[62, 114, 369,

370]

Glycyrrhizin
Anti-inflammation: HMGB1/TLR4/IL-17A↓; antioxidation;

antiexcitotoxicity; antiapoptosis
[91, 371–373]

Diammonium glycyrrhizinate Anti-inflammation [374]

Ginsenoside Rb1
BBB protection; anti-inflammation; antioxidation: NOX4-derived ROS
production↓; abnormal microenvironment↓: glutamate toxicity↓, Ca2+

accumulation↓, GLT-1↑, NMDAR↓; autophagy↑; neurogenesis↑; BDNF↑; caspase-3↓

[34, 55, 115,
375, 376]

Ginsenoside Rd

Anti-inflammation: microglial proteasome-mediated NF-κB activation↓, PARP-1↓;
antioxidation: free radical scavenging; antiapoptosis; mitochondrial protection; energy

restoration; Ca2+ modulation: TRPM7↓, ASIC1 a↓, ASIC2 a↑; DNA damage↓:
NEIL1/3↑

[49, 377–383]

Ginsenoside Rg1
Anti-inflammation: microglial proteasome-mediated NF-κB activation↓; BDNF↑;
excitatory amino acid↓; antioxidation: miR-144↓/Nrf2↑/ARE↑; angiogenesis↑:

PI3K/Akt/mTOR↑; BBB permeability↓: aquaporin-4↓, PAR-1↓
[384–389]

20(R)-Ginsenoside Rg3 Antiapoptosis: calpain I↓, caspase-3↓ [390]

Pseudoginsenoside F11 Antiapoptosis; autophagic/lysosomal defects↓; Ca2+ overload↓ [391, 392]

Notoginsenoside R1 Antiapoptosis; mitochondrial protection; estrogen receptor-Akt/Nrf2↑ [393]

Tetraterpenoids (3)

Astaxanthin Antioxidation; antiapoptosis; neurogenesis↑; neurotrophin expression: BDNF↑, NGF↑
[120, 400,

401]

Fucoxanthin Antioxidation: Nrf2/HO-1↑ [402]

Lutein Antiapoptosis; antioxidation; anti-inflammation [403]
dNotes: ↑: activation or upregulation; ↓: inhibition or downregulation. Abbreviations do not appear in the text. CHOP: C/EBP homologous protein; GPx4:
glutathione peroxidase 4; MLCK: myosin light chain kinase; PAR-1: protease-activated receptors; ROCK: Rho-associated kinase.
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medicine to restore consciousness after stroke, coma, or
other brain injuries for more than 1500 years [309]. There
are three types of borneols naturally existing in the herbs:
(−)-borneol, (+)-borneol, and isoborneol. Dong et al. com-
pared the neuroprotective effect of these three borneols in
pMCAO rats, finding that (−)-borneol possessed the stron-
gest protective efficacy in reducing cerebral infarction,
neurological deficits, and brain edema. The mechanism
of (−)-borneol included antiapoptosis, anti-inflammation,
and protection of the neurovascular units [289]. Notably,
the most attractive property of borneol was its strong BBB
permeability. Hereby, borneol was usually used as an “assis-
tant” drug in traditional Chinese medicine to deliver neuro-
protective medications into the brain, enhancing their
therapeutic efficacy [310]. Notably, (+)-borneol possessed
synergistic effects with edaravone. It was found that (+)-bor-
neol enhanced the neuroprotective efficacy of edaravone,
promoted edaravone-mediated long-term recovery, and
extended its therapeutic window in the MCAO model
[290]. Accordingly, a sublingual tablet consisting of edara-
vone and borneol was subjected to a phase I clinical trial to
test its safety, tolerability, and pharmacokinetics
(NCT03495206). Recently, the edaravone and dexborneol
concentrated solution for injection (approval number
H20200007), developed by Simcere Pharmacological Com-
pany, was approved in China in 2020. Hence, borneol has
great potential to be used as an upper ushering drug in ische-
mic stroke.

Carvacrol is one of the major ingredients in the essential
oil of oregano and thyme and is widely used as a food addi-
tive. Studies showed that it was lipophilic and able to cross
BBB [311]. Carvacrol was found to reduce cerebral infarction
and neurological deficits in MCAO models [46, 291–293].
Neuroprotective strategies of carvacrol involved anti-
inflammation via inhibition of NF-κB and antiapoptosis via
suppression of TRPM7 and promotion of the PI3K/Akt path-
way [46, 292]. Besides, carvacrol also improved poststroke
learning and memory recovery in the global ischemia gerbil
model via antioxidation and inhibition of ferroptosis, a pro-
grammed cell death pathway induced by iron ions and ROS
[291]. Notably, carvacrol possessed an extended therapeutic
window, exerting protective effects even when administrated
(i.c.v.) at 6 h after reperfusion [293].

3.4.2. Sesquiterpenoids. In total, 8 sesquiterpenoids are found
to exhibit neuroprotection in ischemic stroke, including
alantolactone [312], atractylenolide III [86], bakkenolide
IIIa [313], bilobalide [314–317], (−)-α-bisabolol [318],
parthenolide [319], patchouli alcohol [320], and β-caryo-
phyllene [321].

The Ginkgo biloba leaf extract EGb761, consisting of fla-
vonol glycosides (24%) and terpene lactones (6%), has been
reported to exhibit neuroprotection in different CNS disor-
ders such as stroke and Alzheimer’s disease [322]. Bilobalide,
one of the major bioactive terpenoids in EGb761 (accounting
for 3% of EGb761), is widely studied in ischemic stroke. It
was found that bilobalide showed neuroprotection in
tMCAO/R models regardless of whether it was administrated
before or after ischemia [314–317]. The neuroprotective

mechanisms of bilobalide are multiple. It was found that bilo-
balide restored the energy supply via protection of complex I
in mitochondria and reduced the damage induced by energy
depletion such as glutamate release, intracellular Ca2+ accu-
mulation, and mitochondrial swelling [315, 316]. Besides,
bilobalide also possessed antioxidant and anti-inflammatory
activities by upregulation of JNK1/2 and p38 [314, 323]. Fur-
thermore, bilobalide promoted angiogenesis and inhibited
apoptosis and autophagy via activation of the Akt/eNOS
pathway inMCAO/R rats [317]. As for the BBB permeability,
it was found that a significant level of bilobalide could be
detected in the rat brain after administration of a single dose
(8mg/kg, i.v.), indicating the brain uptake of bilobalide [324].

3.4.3. Diterpenoids. Neuroprotective diterpenoids include
andrographolide [57, 325–328], erinacine A [329], ginkgolide
B [38, 72, 330, 331], ginkgolide K [11, 332], pseudopterosin A
[333], salvinorin A [334], tanshinone I [335], tanshinone IIA
[75, 336–343], totarol [344], triptolide [113, 345, 346], and
(1S,2E,4R,6R,-7E,11E)-2,7,11-cembratriene-4,6-diol [347].

Andrographolide is the primary bioactive compound in
Andrographis paniculata, a traditional Chinese medicine that
possesses anti-inflammatory, antiviral, and antibacterial
activities [348]. Pharmacodynamic studies have shown that
andrographolide could cross the BBB, so it was extensively
studied in various CNS disorders such as ischemic stroke,
Alzheimer’s disease, and multiple sclerosis [349]. Recently,
andrographolide was subjected to a phase II clinical trial
(NCT02280876) to evaluate its efficacy in multiple sclerosis.
For ischemic stroke, andrographolide was reported to reduce
cerebral infarction and neurological deficits in both the tran-
sient and permanent MCAO models. The neuroprotective
strategies of andrographolide mainly involved anti-
inflammation via inhibition of NF-κB and HIF-1α, antioxi-
dation via upregulation of Nrf2/HO-1 and suppression of
NOX2, and BBB protection [57, 325–327]. Besides, andro-
grapholide also promoted long-term cognitive recovery in a
global ischemia model by enhancing the BDNF/TrkB path-
way [328]. Notably, andrographolide was able to cross BBB
and possessed relatively low toxicity and high bioavailability,
as only a single dose of 10μg/kg (i.v.) was needed to exert
neuroprotective activity against tMCAO/R injuries in rats
[327]. Hereby, andrographolide might be a great candidate
for ischemic stroke treatment.

Ginkgolides, another group of major terpenoids in
EGb761, are diterpenoids and have been applied to clinical
ischemic stroke treatment in China for a decade. Two
intravenous injections that contain ginkgolides as active
ingredients are approved as Chinese herbal medicine to
treat mild to moderate cerebral infarction in China: gink-
golide injection and ginkgolide meglumine injection. Gink-
golide injection (approval number Z20110035), containing
bilobalide, ginkgolide A, ginkgolide B, and ginkgolide C,
has been manufactured by Chengdu Baiyu Pharmaceutical
Co., Ltd., since 2012. Ginkgolide meglumine injection
(GMI, approval number Z20120024), produced by Jiangsu
Kanion Pharmaceutical Co., Ltd., excludes bilobalide and
only contains ginkgolide A (1.6mg/mL), ginkgolide B
(2.9mg/mL), and ginkgolide K (0.19mg/mL) as active
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ingredients [350]. Recently, several studies reported the
neuroprotective mechanism of GMI in animal models.
To illustrate, Geng et al. reported that GMI improved
energy metabolism, reduced oxidative stress, and main-
tained cerebral homeostasis using a metabolomic profiling
method [350]. Another study revealed that GMI targeted
the PI3K/Akt pathway to activate cytoprotective transcrip-
tional factors such as Nrf2 and CREB [351]. Notably, the
neuroprotective efficacy of GMI was found to be as strong
as edaravone [351]. Apart from the injections, some pure
ginkgolides were also extensively studied in ischemic
stroke. For example, ginkgolide B was found to be a natu-
ral platelet-activating factor (PAF) receptor antagonist and
inhibited the microglial activation via inhibition of the
PAF receptor in tMCAO/R mice [72]. Besides, ginkgolide
B also possessed multiple neuroprotective strategies includ-
ing anti-inflammation via suppression of NF-κB, antiapop-
tosis, antiexcitotoxicity, and BBB protection [38, 330, 331].
In addition, ginkgolide K was also reported to exert neuropro-
tection in MCAO models. The neuroprotective mechanisms
of ginkgolide K involved antioxidation, mitochondrial pro-
tection, elevation of autophagy via upregulation of the
AMPK/mTOR/ULK1 signaling pathway, and promotion of
neurogenesis by activating JAK2/STAT3 [11, 332, 352,
353]. A study compared the neuroprotective efficacy of
ginkgolides (A, B, and K) and bilobalide and indicated that
ginkgolide B exerted the strongest activities to reduce cere-
bral infarction and oxidative stress via the promotion of the
Akt/Nrf2 pathway [354]. To conclude, ginkgolides and bilo-
balide have been primarily applied to clinical treatment,
showing great potential in ischemic stroke.

Tanshinones are the major components in the root or
rhizome of Salvia miltiorrhiza (Danshen), a Chinese medi-
cine that is traditionally used to treat cardiovascular diseases.
More than 40 tanshinones were found in the Danshen
extract, with tanshinone I and tanshinone IIA being widely
studied in the ischemic stroke area [355]. Tanshinone I was
found to reduce neuronal death via anti-inflammation in
global cerebral ischemic gerbils [335]. Tanshinone IIA was
found to improve cerebral infarction and poststroke recovery
regardless of administration before or after ischemia. The
major mechanisms for tanshinone IIA-mediated neuropro-
tection were anti-inflammation and antiapoptosis. Anti-
inflammatory activity of tanshinone IIA was achieved via
suppression of the proinflammatory cytokines HMGB1 and
MIF, which then downregulated the MAPKs, upregulated
the PPARγ, and inhibited the astrocyte activation [75, 337,
339, 340, 342, 343]. Tanshinone IIA-mediated antiapoptosis
was reported to be regulated by activation of the PI3K/Akt
pathway [336, 341]. In addition, tanshinone IIA improved
neuronal survival and synaptic plasticity by promotion of
the BDNF/CREB pathway and elevation of TORC1 (trans-
ducers of regulated CREB), a CREB coactivator [338].
Hereby, tanshinone IIA showed marked neuroprotective
activity in experimental ischemic stroke. However, tanshi-
none IIA possessed poor solubility and half-life, limiting its
BBB permeability. Accordingly, various methods were devel-
oped to enhance its bioavailability. As an example, Liu et al.
developed a drug delivery system for tanshinone IIA, called

cationic bovine serum albumin-conjugated tanshinone IIA
PEGylated nanoparticles (CBSA-PEG-NPs). They indicated
that CBSA-PEG-NPs increased the brain delivery efficiency
of tanshinone IIA and thus enhanced its neuroprotective
activity in ischemic stroke [339, 340].

Triptolide, a major bioactive diterpenoid in Triptery-
gium wilfordii, is famous for its anti-inflammatory and
immunosuppressive activities. Studies showed that tripto-
lide possessed good neuroprotective efficacy with very
low effective doses (single dose of 0.2mg/kg, i.p.) in
tMCAO/R rats [345]. The major neuroprotective strategy
of triptolide was anti-inflammation via inhibition of the
p38/NF-κB pathway [345, 346]. Besides, triptolide also
lowered BBB permeability, suppressed apoptosis, and
enhanced autophagy in the MCAO rats [113, 346]. Yet,
triptolide exhibited high toxicity on the liver and the heart,
limiting its clinical application [356].

3.4.4. Triterpenoids. Triterpenoids are the most popular
group of terpenoids and the major constituents of decoction
and the extracts of many medical plants. Triterpenoid sapo-
nins, the glycosides of triterpenoids, are an important form
of the bioactive triterpenoids. In total, 20 triterpenoids are
found to exhibit neuroprotection in ischemic stroke includ-
ing arjunolic acid [357], asiatic acid [358, 359], boswellic
acids [81, 360, 361], 28-O-caffeoyl betulin [362], celastrol
[73, 363], echinocystic acid [364], 18β-glycyrrhetinic acid
[365], maslinic acid [366], ursolic acid [367], and triterpe-
noid glycosides: madecassoside [368], astragaloside IV [62,
114, 369, 370], glycyrrhizin [91, 371–373], diammonium gly-
cyrrhizinate [374], ginsenoside Rb1 [34, 55, 115, 375, 376],
ginsenoside Rd [49, 377–383], ginsenoside Rg1 [384–389],
ginsenoside Rg3 [390], pseudoginsenoside F11 [391, 392],
and notoginsenoside R1 [393].

Boswellic acids are present in the gum resin of the herb
Boswellia serrata. Several types of boswellic acids are found
in B. serrata, and two of them, namely, acetyl-11-keto-β-bos-
wellic acid (AKBA) and 11-keto-β-boswellic acid (KBA),
were reported to exert neuroprotection in ischemic stroke
[394]. The major neuroprotective strategies of AKBA
involved anti-inflammation via inhibition of 5-LOX and pro-
motion of Nrf2/HO-1-mediated antioxidation [81, 360].
Similar to AKBA, the activation of the Nrf2/HO-1 pathway
was also observed in KBA-mediated neuroprotection [361].
Yet, boswellic acids were reported to have poor solubility
and half-time, largely restricting their pharmacological appli-
cations. Efforts were made to develop high-efficiency delivery
systems for boswellic acids. For example, Ding et al. reported
an AKBA-loaded O-carboxymethyl chitosan nanoparticle
system and found that this system enhanced the neuropro-
tective efficacy of AKBA [81].

Celastrol is another major bioactive terpenoid in the root
of Tripterygium wilfordii, in addition to the diterpenoid trip-
tolide. Celastrol exerted neuroprotection in ischemic stroke
mainly via its anti-inflammatory activity. It is reported that
celastrol promoted the polarization of microglia/macro-
phages from the proinflammatory M1 phase to the anti-
inflammatory M2 phase by decreasing proinflammatory
cytokine IL-33 and its corresponding receptor ST2 (growth
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stimulation expressed gene 2) in pMCAO rats [73]. Besides,
celastrol also inhibited the JNK/NF-κB pathway to suppress
the inflammatory cascade in the ischemic brain [363]. The
neuroprotective efficacy of celastrol was relatively high,
improving cerebral infarction and neurological deficits with
low effective doses (1-3mg/kg, i.p.). Yet, similar to triptolide,
celastrol also had high toxicity and poor solubility problems,
which limited its pharmacological applications [356].

Astragaloside IV is a saponin abundant in the dry root
of Astragalus membranaceus (Huangqi), a Chinese herbal
medicine that has been used to treat ischemic stroke in
China for a long time [395]. Notably, astragaloside IV is
usually regarded as a quality control marker of Huangqi.
A meta-analysis study revealed that astragaloside IV reduced
cerebral infarction, improved neurological impairments,
decreased brain edema, and enhanced BBB integrity in
experimental ischemic stroke [395]. The neuroprotective
mechanisms of astragaloside IV were multiple including
antioxidation, antiapoptosis, anti-inflammation, autophagy
modulation, and mitochondrial protection [62, 114, 369,
370]. Hexokinase-II (HK-II), an enzyme for glycolysis, inhib-
ited the mPTP opening after binding to mitochondria. Astra-
galoside IV was found to enhance the activity of HK-II and
promote its binding to mitochondria, thus inhibiting mito-
chondrial dysfunction and mitochondrial apoptosis, as well
as improving glycolysis to alleviate energy depletion [369].
Besides, astragaloside IV also activated the Nrf2 pathway to
reduce oxidative stress and BBB permeability in an LPS-
injured mouse model [62].

Ginseng, the roots of Panax ginseng, has been widely used
in East Asian countries as a medication for thousands of
years. Studies showed that ginsenosides are the major bioac-
tive ingredients that contribute to the numerous therapeutic
effects of ginseng. There are more than 180 kinds of ginseno-
sides extracted from ginseng. Generally, they can be divided
into two groups: the protopanaxadiol group, including Rb1,
Rb2, Rd, and Rg3, and the protopanaxatriol group, including
Rg1, Rf, and Re. Among them, ginsenosides Rb1, Rd, Rg1,
and Rg3 were reported to exert neuroprotective activities in
ischemic stroke [396].

Ginsenoside Rb1 (GS-Rb1) is the most abundant ginse-
noside in ginseng, accounting for about 31% of all ginseno-
sides in Chinese/Korean ginseng. Wang et al. found that
GS-Rb1 improved the abnormal microenvironment of the
hippocampus in the photothrombotic cerebral ischemia
model, as evidenced by the reduced excitotoxicity, intracellu-
lar Ca2+ level, and apoptosis, and improved regional cerebral
blood flow. The mechanisms for those improvements are
reported to be upregulation of GLT-1 and inhibition of
NMDA receptors and cytochrome c release [34]. Besides,
GS-Rb1 inhibited the NOX4-mediated ROS production and
thus reduced BBB permeability due to downregulated
MMP-9 activation [55]. Furthermore, GS-Rb1 was found to
enhance cytoprotective autophagy, neurogenesis, and BDNF
release in MCAO models [115, 376]. Notably, Dong et al.
showed that GS-Rb1 also exerted neuroprotective activity in
aged mice [375].

Ginsenoside Rd (GS-Rd) has been regarded as one of the
important markers for the quality of ginseng. GS-Rd showed

marked neuroprotective activity in animal models regardless
of preconditioning or postconditioning. Besides, GS-Rd has a
relatively wide therapeutic window. Ye et al. found that GS-
Rd improved cerebral infarction and neurological outcomes
even when administrated after 4 h of ischemia in MCAO rats
[383]. The neuroprotective mechanisms of GS-Rd were
multiple including anti-inflammation, antioxidation, and
antimitochondrial apoptosis via inhibition of PARP-1
(poly(ADP-ribose) polymerase 1) [377, 379–382]. Besides,
GS-Rd also inhibited DNA damage via upregulation of
NEIL1/3 (human endonuclease VIII-like proteins) and
reduced intracellular Ca2+ accumulation by suppression of
TRPM7 and ASIC [49, 378]. Most importantly, GS-Rd could
effectively cross the intact BBB and was reported to have
much stronger neuroprotective efficacy than edaravone
[383]. Hereby, GS-Rd might possess great potential for
clinical ischemic stroke treatment. Accordingly, GS-Rd was
subjected to clinical trials, including a phase II trial
(NCT00591084) and a phase III trial (NCT00815763). In
total, 190 ischemic stroke patients in phase II and 390
patients in phase III were recruited. They were intravenously
injected with GS-Rd (10, 20mg) within 72h after ischemic
stroke onset for 14 d [382]. Clinical results showed that GS-
Rd improved the NIHSS (National Institutes of Health
Stroke Scale) at 15 d, with no significantly elevated mortality
or adverse effects [397]. Hence, GS-Rd is one of the most
potential drug candidates for ischemic stroke treatment.

Ginsenoside Rg1 (GS-Rg1) accounts for about 23% of
all ginseng-derived ginsenosides in Chinese/Korean gin-
seng. It was indicated that GS-Rg1 possessed equivalent
neuroprotective efficacy to GS-Rb1 in tMCAO/R rats
[398]. The neuroprotective strategies of GS-Rg1 included
anti-inflammation, antiexcitotoxicity, antioxidation via inhibi-
tion of miR-144, promotion of angiogenesis via activation of
the PI3K/Akt/mTOR pathway, and upregulation of BDNF
[384–386, 388]. In addition, GS-Rg1 also protected BBB
integrity and reduced brain edema by inhibiting aquapo-
rin-4, a water channel protein highly expressed in the astro-
cyte foot [387, 389]. Yet, the bioavailability, BBB
permeability, and half-time of GS-Rg1 were poor, limiting
its clinical application [399].

3.4.5. Tetraterpenoids. In total, 3 tetraterpenoids are reported
to be neuroprotective in ischemic stroke, including astax-
anthin [120, 400, 401], fucoxanthin [402], and lutein [403].
Notably, they all belong to the xanthophyll type of
carotenoids.

Astaxanthin, a well-known antioxidant, exists abun-
dantly in algal species, such as Haematococcus pluvialis, and
crustaceans. As the only carotenoid that could cross the
BBB according to the present studies, astaxanthin has
received much attention in ischemic stroke research [404].
It was found that pretreatment with astaxanthin decreased
cerebral infarction and neurological deficits in tMCAO/R
rats via antioxidation and antiapoptosis [120, 400, 401].
Besides, astaxanthin also promoted neurogenesis and the
release of neurotrophins such as BDNF and NGF [120,
401]. Notably, a clinical trial (NCT03945526) was conducted
to test the effect of astaxanthin supplementation (2 × 8mg for
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7 d) on plasma MDA levels and neurological deficits of ische-
mic stroke patients.

3.4.6. Summary of Terpenoids. From the present studies, bor-
neol, bilobalide, ginkgolides, and ginsenoside Rd have been
preliminarily applied to clinical ischemic stroke treatment,
and the effectiveness of ginsenoside Rd was further indicated
by the clinical data. Besides, carvacrol, andrographolide, and
astaxanthin were also great candidates for ischemic stroke
treatment due to their high bioavailability and BBB perme-
ability in rodent models. In addition, triptolide and celastrol
showed marked neuroprotective efficacy and high bioavail-
ability in experimental ischemic stroke. Yet, they possessed
high toxicity, limiting their further clinical application. Gen-
erally, terpenoids exhibit strong neuroprotective activity in
experimental ischemic stroke. However, the solubility and
BBB permeability of terpenoids such as tanshinones, boswel-
lic acids, and celastrol are poor. Although several strategies,
such as the development of the nanoparticle delivery systems,
have been tried to solve this limitation, no effective strategies
have been officially approved at present.

3.5. Alkaloids.Alkaloids refer to a class of natural compounds
that have one or more nitrogen atoms in the heterocyclic
ring. Alkaloids can be produced in many species of plants,
especially flowering plants, in the form of organic acids,
esters, or binding with sugars and tannins rather than free
bases. Totally, 19 natural alkaloids were found to exert
neuroprotection after searching the research of the past
10 years, including berberine [74, 92, 405–409], boldine
[410], capsaicin [47, 411], dihydrocapsaicin [44, 412–
414], harmine [35], higenamine [415], neferine [63], nico-
tine [416], levo-tetrahydropalmatine [417], oxymatrine [83,
418], oxysophoridine [419], piperine [420], rhynchophyl-
line [421], sinomenine [87, 422, 423], solasodine [424],
sophoridine [425, 426], tetrandrine [427], trigonelline
[428], and vinpocetine [93, 429]. Their neuroprotective
mechanisms are explained in Table 8, and the chemical
structures of the extensively studied alkaloids are shown
in Table 7.

Berberine is an isoquinoline alkaloid present in the
Chinese medicine Rhizoma coptidis (Huanglian). It was
found that berberine could cross the BBB and accumulate
in the brain tissue, so it has been extensively studied in
CNS disorders including ischemic stroke [409]. Berberine
exerted neuroprotection in both the global and transient
cerebral ischemia models via two major mechanisms: anti-
apoptosis and anti-inflammation. The antiapoptosis strat-
egy was mainly achieved by activating the PI3K/Akt
pathway [74, 405, 407]. Yang et al. found that berberine
enhanced the expression of BDNF and its receptor TrkB
to promote the activation of the PI3K/Akt pathway
[407]. Other studies further indicated that berberine could
promote the activity of the PI3K p55γ subunit and
enhance Akt-mediated GSK activation to suppress neuro-
nal apoptosis [405, 408]. As for the anti-inflammatory
strategy, it was found that berberine reduced microglial
and astrocyte activation and enhanced AMPK-dependent
microglial M2 polarization [406, 409]. Besides, the

HMGB1/TLR4 pathway was also involved in inhibiting
the activation of NF-κB and the subsequent inflammatory
cascade [92, 408]. In addition, Zhu et al. also reported the
role of berberine in promoting angiogenesis in tMCAO/R
mice [409]. Hereby, berberine showed marked neuropro-
tection in experimental ischemic stroke and possessed
great potential for clinical application in ischemic stroke.

Capsaicin and dihydrocapsaicin are the main capsaici-
noids that contribute to the pungency of chili peppers.
Capsaicin and dihydrocapsaicin are famous TRPV1 antag-
onists, possessing desensitizing effects on TRPV1 [47].
Hence, capsaicin- and dihydrocapsaicin-mediated neuropro-
tection were mainly attributed to the inhibition of TRPV1.
To illustrate, capsaicin was found to reduce neuronal and
neurovascular damage via inhibition of TRPV1-induced
excitotoxicity [47, 411]. Besides, inhibition of TRPV1 also
led to hypothermia, a state that has been proved to have neu-
roprotective effects in experimental ischemic stroke [413].
Hereby, dihydrocapsaicin has been shown to possess marked
neuroprotection via pharmacological induction of hypother-
mia in MCAO/R models [44, 413]. It was reported that
dihydrocapsaicin-induced hypothermia protected the ische-
mic brain through multiple mechanisms, including antia-
poptosis via activation of the PI3K/Akt pathway and
promotion of Nrf2-mediated antioxidation and anti-
inflammation [412–414]. Yet, it was indicated that the bio-
availability and half-time of capsaicin and dihydrocapsaicin
were low, limiting their clinical application. Hence,
researchers are searching for the proper delivery system for
capsaicin and dihydrocapsaicin.

Sinomenine is the major bioactive ingredient in the herb
Sinomenium acutum. Sinomenine is known for its immuno-
suppressive activity and has been used to treat rheumatoid
arthritis in China [87]. For neuroprotection, sinomenine
was found to reduce cerebral infarction, neurological deficits,
and brain edema in tMCAO/R rodents via its anti-
inflammatory activity [87, 422, 423]. Qiu et al. reported that
sinomenine upregulated AMPK to inhibit the activation of
the NLRP3 (NOD-like receptor pyrin 3) inflammasome,
an activator for the release of proinflammatory cytokines
[422]. Besides, it was shown that sinomenine also pro-
moted the activation of DRD2 (astrocytic dopamine D2
receptor), an anti-inflammatory factor in astrocytes, and
the expression and nuclear translocation of CRYAB (αB-
crystallin), a heat shock protein that is regulated by
DRD2 [87]. Furthermore, sinomenine inhibited cerebral
I/R-induced acidosis and intracellular Ca2+ accumulation
in tMCAO/R rats by suppressing ASIC1a and L-type cal-
cium channels [423, 430]. Notably, sinomenine was able
to cross the BBB as indicated by Wu et al. that 0.11μg/g
was accumulated in the rat brain after 0.5 h administration
of sinomenine (10mg/kg, i.p.) [430].

Vinpocetine is naturally present in the periwinkle plant
and has been investigated at length for its effect against
ischemic stroke. The neuroprotective strategy of vinpoce-
tine in ischemic stroke mainly involved anti-inflammation
via inhibition of the TLR4/MyD88 pathway [93, 429].
Notably, vinpocetine also showed a neuroprotective effect
in a phase II clinical trial (NCT02878772), in which 60
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ischemic stroke patients were divided into two groups: half
of the patients only received standard treatment, while the
other half of the patients received 30mg/d (i.v. for 14 d)
vinpocetine treatment plus standard treatment [431].
Results showed that vinpocetine reduced the secondary
infarction enlargement and NF-κB-mediated inflammation
and improved poststroke neurological functional recovery
[431]. More importantly, vinpocetine had high BBB
permeability, greatly enhancing its bioavailability in CNS
disorders [431]. Accordingly, vinpocetine might be one
of the most promising candidates for ischemic stroke
treatment.

In summary, vinpocetine and berberine had high BBB
permeability and showed great neuroprotective efficacy in
experimental ischemic stroke. Besides, vinpocetine also
showed neuroprotective activity in the phase II clinical
trial. Hence, vinpocetine and berberine might possess great
potential in clinical ischemic stroke treatment. As for cap-
saicin and dihydrocapsaicin, although they showed good
neuroprotective efficacy in experimental ischemic stroke,
their poor bioavailability and BBB permeability might limit
their further clinical applications.

4. Conclusion

Phytochemicals have been well studied in experimental
ischemic stroke due to their marked neuroprotective activi-
ties. In this review, we listed 148 phytochemicals that were
reported to exhibit neuroprotection in various animal models
of ischemic stroke, including flavonoids (46), stilbenoids (7),
other phenols (20), terpenoids (56), and alkaloids (19). Nota-
bly, several phytochemicals have been primarily applied in
clinical ischemic stroke treatment or have shown neuropro-
tective activities in clinical trials. Those phytochemicals
include scutellarin, pinocembrin, puerarin, hydroxysafflor
yellow A, salvianolic acids, rosmarinic acid, borneol, biloba-
lide, ginkgolides, ginsenoside Rd, and vinpocetine. However,
the clinical application was mainly carried out in China with
purified/concentrated plant extracts or a mixture of several
compounds. In addition, many phytochemicals, such as
baicalein and baicalin, CBD, carvacrol, andrographolide,
astaxanthin, and berberine, showed great neuroprotective
efficacy and high BBB permeability and bioavailability in
experimental ischemic stroke research. Hence, they also pos-
sessed great potential for clinical application. However, other

Table 8: Neuroprotective alkaloids and their functional mechanisms and targetse.

Compounds Mechanisms and targets Ref.

Alkaloids (19)

Berberine

Antiapoptosis: BDNF-TrkB-PI3K/Akt↑, PI3K p55γ activity↑, Akt/GSK↑;
angiogenesis↑; claudin-5↑; anti-inflammation: microglial and astrocyte

activation↓, AMPK-dependent microglial M2 polarization↑,
HMGB1/TLR4/NF-κB↓

[74, 92, 405–409]

Boldine Anti-inflammation [410]

Capsaicin
Antiexcitotoxicity: TRPV1-dependent inhibition of NMDA receptors↑;

neurovascular protection
[47, 411]

Dihydrocapsaicin
Hypothermia: TRPV1↓; PI3K/Akt↑; BBB protection; antioxidation;

anti-inflammation
[44, 412–414]

Harmine GLT-1↑; astrocyte activation↓ [35]

Higenamine HMGB1↓; PI3K/Akt/Nrf2/HO-1↑ [415]

Neferine Mitochondrial protection: Nrf2 pathway↑ [63]

Nicotine Anti-inflammation: microglial proliferation↓, α7nAchR↑ [416]

Levo-tetrahydropalmatine Antiapoptosis: c-Abl↓ [417]

Oxymatrine
Anti-inflammation: arachidonic acid release↓, 12/15-LOX/p38

MAPK/cPLA2↓; Nrf2/HO-1↑
[83, 418]

Oxysophoridine Antiapoptosis [419]

Sophoridine Antiapoptosis; ASIC1↓; TRAF6↓/Erk1/2↑ [425, 426]

Piperine Anti-inflammation [420]

Rhynchophylline PI3K/Akt/mTOR↑ [421]

Sinomenine
Anti-inflammation: NLRP3 inflammasomes↓, DRD2↑/CRYAB↑/STAT3↓;

AMPK↑; acidosis↓: ASIC1a↓
[87, 422, 423]

Solasodine Antioxidation [424]

Tetrandrine GRP78 and HYOU1↓; DJ-1↑ [427]

Trigonelline Glutathione-mediated myeloperoxidase expression↓ [428]

Vinpocetine Anti-inflammation: TLR4/MyD88/NF-κB↓ [93, 429]
eNotes: ↑: activation or upregulation; ↓: inhibition or downregulation. Abbreviations do not appear in the text. c-Abl: nonreceptor Abelson tyrosine kinase; DJ-
1: PARK7, Parkinsonism associated deglycase; GRP78: glucose-regulated protein of 78 kDa; HYOU1: hypoxia upregulated protein 1.
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agents such as naringenin, curcumin, EGCG, capsaicin,
dihydrocapsaicin, and tanshinone IIA exhibited marked
neuroprotective efficacy in experimental ischemic stroke
but had poor solubility and BBB permeability. For those
phytochemicals, modification of their chemical structures
or development of efficient drug delivery systems is needed
to enhance their BBB permeability.
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