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Natural products, compounds derived from animals, micro-
organisms and, especially, from plants, have been used in
prevention and treatment of various human diseases for
thousands of years. Some of these bioactive compounds,
which have beneficial effects on human health, are also
present in foods and beverages. In recent years, the interest
towards the use of natural compounds and their derivatives
has been renewed, even for the discovery and development
of new drugs [1].

Phytochemicals show positive effects on human health
by a large variety of mechanisms, including epigenetic mod-
ifications, modulation of signal transduction and metabolic
pathways, and regulation of antioxidant enzymes activity [2,
3]. This is the reason why they have been extensively studied
for their anticancer activities, through the potential modu-
lation of cancer initiation and growth, cellular differentia-
tion, apoptosis and autophagy, angiogenesis, and metastatic
dissemination. Moreover, several active herbal compounds
are tested in human clinical trials, used as adjuvants with
conventional anticancer therapies in order to reduce side
effects like nausea and fatigue [4].

Further, phytochemicals are considered today potent and
effective weapons against several human diseases, due to their
mechanism of action that in many cases is against oxidative
stress. In fact, a considerable number of studies reported
the use of natural compounds for their anti-inflammatory

activity, since inflammation is considered the basis of various
disease conditions, including cancer. The use of herbal prepa-
ration in combination with suitable diet represents also one
of the most promising strategies to treat metabolic disorders
like diabetes, obesity, and metabolic syndrome [5]. Moreover,
due to their several biological activities, natural compounds
represent good candidates for preventing and even curing the
effects of neurodegenerative diseases.

The aim of this Special Issue was to provide a contribution
in collecting new findings in the use of natural products
against cancer, inflammation, and oxidative stress. After a
careful peer review process, twenty-one papers were accepted
for publication in this Special Issue, including three review
articles and one clinical study.
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Introduction. HPV infection is a highly infectious disease; about 65% of partners of individuals with genital warts will develop
genital condylomatosis. Only in 20-30% it regresses spontaneously and relapse rates range deeply (9-80%). Echinacea extracts
possess antiviral and immunomodulator activities. The aim of this study was to evaluate the efficacy of the therapy, using a
formulation based on HPVADLI8® (on dry extracts of 200 mg Echinacea Purpurea (EP) roots plus E. Angustifolia (EA)), on the
posttreatment relapse incidence of genital condylomatosis. Materials and Methods. It is a prospective single-arm study. Patients
with a satisfactory and positive vulvoscopy, colposcopy, or peniscopy for genital condylomatosis were divided into two random
groups and subjected to destructive therapy with Co2 Laser. Group A (N=64) immediately after the laser therapy started a 4-month
treatment with oral HPVADLI8®; Group B (N=61) did not undergo any additional therapy. Patients were subjected to a follow-
up after 1, 6, and 12 months. Differences in relapse incidence between the two groups during follow-up controls were evaluated
by x2-test; the groups were stratified by age, gender, and condylomatosis extension degree. Results and Discussion. Gender, age,
and condyloma lesions’ extension degree showed no statistically significant differences between the two trial groups. The relapse
incidence differs statistically between the two studied groups and progressively decreases during the 12 months after treatment
in both groups. Statistically significant reduction of relapse rates has been shown in Group A in patients over 25 years old. This
difference is significant for both men and women. The relapse incidence is superior in case of extended condylomatosis. Conclusions.
In conclusion, the presence of a latent infection causes condylomatosis relapse; in order to reduce the relapse risk an induction
of a protective immune response seems to be essential to allow rapid viral clearance from genital areas surrounding lesion and
treatment zones. Echinacea promotes this process. EP and EA dry root extracts seem to be a valid adjuvant therapy in reducing
relapse incidence of lesions in patients treated for genital condylomatosis.

1. Introduction condylomatosis in males and females (0-2% and 0-7%) [2-4].

In men, compared to women, infections with multiple geno-

HPV infection is one of the most common sexually trans-
mitted infections in the world. More than 50% of sexually
active adults contract the infection during their life. In the
two years after a sexual debut the sexual risk of infection
varies from 40 to 80% depending on the studied population
and the HPV type [1]. There is a similar incidence of genital

types and low-oncogenic risk genotypes are more frequent
[5]. Only 20-30% of the genital condylomatosis regresses
spontaneously. This is a highly infectious disease; about 65%
of partners of individuals with genital warts will develop
genital condylomatosis. The risk of infection and the risk of
progression of HPV-associated lesions are related to several
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factors including number of sexual partners experienced
during the life and early age of the first intercourse; tobacco
smoking; and eating habits [6-8].

It has long since known that the above-ground portion
and the roots of Echinacea Angustifolia (EA) and of E.
Purpurea (EP) possess anti-inflammatory and immunostim-
ulatory properties. Numerous in vitro and in vivo studies have
been recently conducted in an effort to validate some of the
traditional uses of Echinacea extracts [9]. Early studies have
shown that only a few Echinacea extracts possess significant
antiviral activity. In particular, above-ground portions and
roots of EP show a strong antiviral activity, as they have
a virucidal effect against influenza virus, herpes simplex
virus, and coronaviruses [10, 11]. The EP appeared much less
effective against intracellular viruses [12, 13], which could be
resistant to the EP inhibitory effect; on the contrary, viral
particles located in the extracellular fluids appeared to be
vulnerable. Therefore, EP can act during an initial contact
with virus, that is, at the beginning of infection and also
during the transmission of the virus from the infected cells.

Numerous viral and bacterial infections cause an increase
of expression of proinflammatory cytokines, in particular, of
IL-6 and IL-8, which are therefore considered as markers
of an inflammatory state [14, 15]. Any compound or herbal
extract that inhibits or inverts the increase of IL-6/8 can
be considered a potential anti-inflammatory agent. All the
portions of the roots, leaves, stems, and flowers of EP show
this effect [16].

These studies make it evident that Echinacea not exactly
acts as an “immunostimulant” or “immune system booster,”
but more likely has an immunomodulatory action, rather
than a generalized immunostimulatory effect [17-20].

The aim of the present study was to evaluate the efficacy
of the therapy, using a formulation based on 200 mg of
HPVADLI8® (equal to 4 mg polyphenols plus 0.6 mg of
echinacosides), on the post-treatment relapse incidence of
genital condylomatosis.

2. Materials and Methods

Between July 2014 and July 2017, all patients with a genital
condylomatosis diagnosis received in the Colposcopy and
Cervical-Vaginal Pathology Unit of University Federico II,
Naples, were invited to participate in a prospective random-
ized trial.

Patients were properly informed and provided their
written consent to participate in the trial and to undergo
ambulatory diagnostic examinations; afterwards, colposcopy
or peniscopy was conducted and, if appropriate, biopsy
examinations. All procedures performed in the study were
in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards.

The criteria for participation in the trial were as follows:
satisfactory and positive colposcopy / peniscopy for genital
condylomatosis (cervix, vagina, perianal vulva, or perineum
for females and penis, scrotum, or anal region for males) and /
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or histological examination for koilocytosis or condylomato-
sis in case of positive cervical biopsy.

Patients with H-SIL cytological diagnosis, CIN 1-3 his-
tologic diagnosis, or invasive cervical carcinoma, preg-
nant women, immunosuppressed patients, and individu-
als infected with Human Immunodeficiency Virus (HIV-
positive) were not enrolled in the trial.

Colposcopy and peniscopy were conducted after an appli-
cation of 3% acetic acid. Visible acetowhite lesions have been
classified in accordance with the criteria of the International
Federation of Cervical Pathology and Colposcopy [21].

In case of genital condylomatosis, to standardize exten-
sion of the lesions, genitals were divided into 10 genital areas
for women, that is, cervix, left/right vaginal wall, left/right
major labia, left/right minor labia, clitoris, pubis, perineum,
and perianus and into 5 genitals arear for men, that is, pubis,
scrotum, glans, preputial balanus grooves, and penis. Patients
were classified into 3 lesion degrees, according to the number
of genital areas affected by condylomas and the number of the
condylomas:

(1) From1to 5 condylomas on 1-2 genital areas (mild and
localized condylomatosis)

(2) > 5 condylomas on 2-3 genital areas (mild and diffuse
condylomatosis)

(3) > 5 condylomas on > 3 genital areas (extended
condylomatosis).

Patients with low grade (ZTAGI) or high grade (ZTAG2)
cervical lesions were subjected to a targeted biopsy using
a biopsy forceps (CFS CHIMO Schumacher Pliers) with 5-
6 mm jaw in order to obtain 4-5 mm tissue specimens.

Two serial 4 micron sections of the formalin-fixed and
paraffin-embedded sample were stained with hematoxylin
and eosin. The specimens were examined by optical micro-
scope and classified as normal, CIN I, CIN 2, and CIN 3
carcinoma in situ or microinvasive carcinoma according to
the criteria of the World Health Organization.

Patients with low grade (CIN 1) or high grade (CIN2-
3) preneoplastic lesions were excluded from the trial and
carried on all the therapeutic and diagnostic procedures as
recommended by national and international guidelines.

Patients with genital condylomatosis, diagnosed through
colposcopy, vulvoscopy, peniscopy, and/or biopsy examina-
tions, were included in the study. All enrolled individuals
were divided into two random groups and subjected to
destructive therapy with Co2 Laser.

Group A immediately after the laser therapy started a 4-
month treatment with oral immunomodulatory supplements
based on HPVADLI18®; Group B did not undergo any addi-
tional therapy (control group). The medical device adminis-
tered to Group A was composed of 200 mg of HPVADLI8®
(equal to 4 mg polyphenols plus 0.6 mg of echinacosides),
40 mg vitamin C, 5mg of zinc, and 0.5 mg of copper.

Patients were subjected to a follow-up colposcopy after 1,
6, and 12 months. In case the infection persisted and relapse
condyloma lesions occurred, patients were again subjected to
destructive therapy until the full lesion elimination.
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TaBLE 1: Clinical characteristics of the study groups.

Group A Group B
N=64 N=o6l P value'
N (%) N(%)
Age (years)
<25 9 (14.1) 7 (11.5) NS
>25 55 (85.9) 54 (88.5)
Gender
Females 48 (75.0) 41(68.9) NS
Males 16(25.0) 19 (3L1)
Grade’®
1 37 (57.8) 33 (54.1) NS
2 22 (34.4) 22 (36.1)
3 5(78) 6 (9.8)
'X, test.

“Patients were classified into 3 lesion degrees, according to the number of genital areas affected by condylomas and the number of the condylomas: (1) from
1to 5 condylomas on 1-2 genital areas (mild and localized condylomatosis); (2) > 5 condylomas on 2-3 genital areas (mild and diffuse condylomatosis); and

(3) > 5 condylomas on > 3 genital areas (extended condylomatosis).

All colposcopy, peniscopy and biopsy examinations and
therapies were performed by our team.

2.1. Statistical Analysis. Statistical analysis of the data was
executed by SPSS software 20.0 (SPSS Inc., Chicago, IL,
USA). Data with p-values <0.05 were considered statistically
significant.

Demographic and clinical data of the two groups were
compared by Student’s t-test for the data with parametric
distribution (age) and by y2-test for ordinal variables (gender
and condylomatosis extension degree). Differences in relapse
incidence between two groups during follow-up controls
were evaluated by y2-test; the groups were stratified by age,
gender, and condylomatosis extension degree.

3. Results

One hundred and forty women appeared to be suitable for
destructive therapy with Co2 Laser and were divided into
Group A (n=70) and Group B (n =70) at random. Of these, 6
patients did not undergo a required operation and 9 patients
did not undergo a programmed follow-up or interrupted the
therapy before the 4-month period expired.

One hundred and twenty-five patients, 90 (72%) women
and 35 (28%) men, completed the diagnostic-therapeutic
procedure as scheduled by the protocol and were there-
fore included in the analysis. Of the studied population,
64 women (51.2%) underwent Echinacea therapy after the
treatment (Group A) and 61 (48.8%) did not undergo any
additional therapy (Group B, control group). The mean age
of female patients in Group A is 33.0+8.4 years, in Group
B 32.147.3 years (p = N.S.); the mean age of male patients
in Group A is 31.4+72 years, in Group B 34.4+71 years (p
= NS). Table 1 shows epidemiological data and condyloma
lesions’ extension degree for Groups A and B. There were no
statistically significant differences in these data in the two trial

groups. No severe side effects were recorded in Group A. Only
5 (7.8%) patients reported some digestive difficulties.

The relapse incidence differs statistically between the two
studied groups (Table 2, Figure 1) and progressively decreases
during the 12 months after treatment in both groups. Therapy
does not seem to modify the relapse incidence in very young
female patients under the age of 25. Instead, statistically
significant reduction of relapse rates has been shown in
patients over 25 years old. This difference is significant for
both men and women. The relapse incidence is superior
in case of extended condylomatosis (extension degree n.3)
(Table 2, Figure 1).

4. Discussion and Conclusions

Clinical trials conducted on patients with genital condylo-
matosis show quite different relapse rates, depending on the
studies and on the treatment and range from 9% to 80% [22-
25]. Our data show a global relapse rate of about 30%.

Therapy with HPVADLIS is effective in reducing relapse
incidence of lesions in patients treated for genital condylo-
matosis. Our data prove, indeed, that the relapse incidence
of lesion is greater in the control group compared to the
treatment group at the first, second, and third follow-up
controls.

Spontaneous remission of genital condylomatosis is pos-
sible, but not frequent; the percentage of spontaneously
recovered patients varies considerably and ranges from 0%
to 50% [24, 25].

Most commonly used therapy is cryotherapy or diather-
mocoagulation (65% and 28%); drug therapy is much less
frequent (6%). Approximately 50% of patients undergo a
single treatment procedure; the number of patients that
undergo more than one treatment procedures progressively
decreases; 3% of patients undergo 5 or more treatments [26].
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TABLE 2: Posttreatment relapse incidence of genital condylomatosis stratified for age, gender, and grade.

Group A Group B
N=64 N =61 P value'
N (%) N(%)
I-month follow-up
Total group Negative 54 (84.4) 36 (59.0) <.01
Positive 10 (15.6) 25 (41.0)
Age (years)
<25 Negative 6 (66.7) 3(42.9) NS
Positive 3(33.3) 4 (571)
> 25 Negative 48 (873) 33 (611) <.01
Positive 7 (12.7) 21(38.9)
Gender
Females Negative 42 (87.5) 29 (69.0) <.05
Positive 6 (12.5) 13 (31.0)
Males Negative 12 (75.0) 7 (36.8) <.05
Positive 4 (25.0) 12 (63.2)
Grade’
1 Negative 34 (91.9) 25 (75.8) NS
Positive 3(8.1) 8(24.2)
2 Negative 17 (77.3) 11 (50.0) NS
Positive 5(22.7) 11 (50.0)
3 Negative 3(60.0) 0(0) <.05
Positive 2 (40.0) 6 (100)
6-month follow-up
Total Negative 56 (87.5) 37 (60.7) <.001
Positive 8 (12.5) 24 (39.3)
Age (years)
<25 Negative 7 (77.8) 4 (571) NS
Positive 2(222) 3(42.9)
> 25 Negative 49 (89.1) 33 (61.1) <.001
Positive 6 (10.9) 21(38.9)
Gender
Females Negative 43 (89.6) 30 (71.4) <.05
Positive 5(10.4) 12 (28.6)
Males Negative 13 (81.2) 7 (36.8) <.05
Positive 3(18.8) 12 (63.2)
Grade’
1 Negative 35 (94.6) 25 (75.8) <.05
Positive 2 (5.4) 8(24.2)
2 Negative 17 (77.3) 11 (50.0) NS
Positive 5(22.7) 11 (50.0)
3 Negative 4(80.0) 1(16.7) <.05
Positive 1(20.0) 5(83.3)
12-month follow-up
Total Negative 61(95.3) 44 (72.1) <.0001
Positive 3(4.7) 17 (27.9)
Age (years)

<25 Negative 9 (100.0) 5(71.4) NS
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TaBLE 2: Continued.

Group A Group B
N=64 N=6l P value'
N (%) N(%)
Positive 0(0) 2 (28.6)
> 25 Negative 52 (94.5) 39 (72.2) <.005
Positive 3(5.5) 15 (27.8)
Gender
Females Negative 45 (93.8) 32(76.2) <.05
Positive 3(6.2) 10 (23.8) <.05
Males Negative 16 (100) 12 (63.2)
Positive 0(0) 7 (36.8)
Grade®
1 Negative 37 (100) 29 (87.9) <.05
Positive 0(0) 4 (12.1)
2 Negative 19 (86.4) 14 (63.6) NS
Positive 3 (13.6) 8 (36.4)
3 Negative 5(100) 1(16.7) <.05
Positive 0(0) 5(83.3)
1X2 test.

ZPatients were classified into 3 lesion degrees, according to the number of genital areas affected by condylomas and the number of the condylomas: (1) from
1to 5 condylomas on 1-2 genital areas (mild and localized condylomatosis); (2) > 5 condylomas on 2-3 genital areas (mild and diffuse condylomatosis); and
(3) > 5 condylomas on > 3 genital areas (extended condylomatosis).
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FIGURE 1: (a) Posttreatment relapses incidence in both study groups; (b) posttreatment relapses incidence stratified by age; (c) posttreatment
relapses incidence stratified by sex; and (d) posttreatment relapses incidence stratified by lesion extension degree.



This pattern is similar for both sexes and is according to the
anatomical site [26].

In compliance with these data, the difference in relapse
incidence between the two trial groups is statistically signif-
icant even when these are stratified by gender and extension
degree of the lesion.

On the other hand, age appears to be a determinant factor;
in fact, in individuals under the age of 25, the therapy does not
seem to influence significantly the relapse incidence of lesion.
The small numbers of younger age groups, however, cannot
induce us to generalize this data.

Based on these data, it follows that in very young
individuals additional therapy with HPVADLIS8 could be
superfluous. Moreover, individuals under the age of 25 show
greater relapse incidence at the first follow-up.

The relapse incidence decreases progressively in both
groups as the time passes and is related to the extension
degree; in fact, the extension degree 3 of condylomatous
lesions corresponds to a higher relapse incidence than
degrees 1and 2.

The presence of a latent infection causes lesion relapse;
in order to reduce the relapse risk after the treatment of
condyloma lesions, an induction of a protective immune
response seems to be essential to allow rapid viral clearance
from genital areas surrounding lesion and treatment zones.
Introduction of an immunostimulatory substance such as
Echinacea seems to promote this process.

The HPV-induced immune response is both humoral and
cell mediated.

A humoral immune response to HPV capsid protein L1 is
weak during natural infection.

The humoral immune response to the viral capsid can be
detected averagely starting from 6 months after the infection,
though 30-50% of patients with persistent infection will
never present a seroconversion [27]. The seropositivity to the
infectious genotype persists only in 50% of the cases, even
when the initial lesion transformed to a cervical cancer [28].
When viral DNA has been eliminated, specific antibodies can
be detected only in half of cases after 5 years [29].

HPV infection promotes a cellular immune response,
especially in the active phase of the clearance of geni-
tal condylomatosis infection, when a cell infiltration of
macrophages and T cells develops in correspondence to the
lesion [30]. In the blood, an immune response of CD4+ T
cells against E2, E6, and E7 proteins is associated with HPV 16
and HPV 18 infection and occurs in particular in early disease
phases and in case of regressing lesions, less when a persistent
disease takes place.

In individuals with a deficiency of cell-mediated immune
response, HPV infection, genital condylomatosis, or precan-
cerous lesions are destined to persist. Therefore, this type of
response seems to be essential for the viral clearance.

The EP immunomodulatory effect has been widely
demonstrated. EP extract was used for the preventive care and
for the treatment of various viral infections [31].

In vitro studies have shown that EP acts directly on
a number of cell types, including natural killer cells [32],
polymorphonuclear leukocytes [33], and macrophages [34].
EP induces a proliferation of T cells. This has been conferred
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to the activation of macrophages that stimulates a production
of IFN-y and, consequently, a secondary activation of T
lymphocytes [35]. IFN-y is one of the fundamental mediators
for the latency prevention [36]; it has been proven that this
mechanism is responsible for reducing the latency incidence
of herpes virus simplex infection and, consequently, reducing
the relapse risk of HSV lesions [36]. It is possible that an
analogous mechanism induces a cell-mediated response to
HPYV infection, which allows the reduction of the persistence
of infection and, therefore, the lesion relapse.

This study has some limitations: this is a single institution
study with a small number of participants and it lacks placebo
controls. On the other hand, the strengths of this study are
as follows: the rigorous inclusions criteria, the evaluation of
patients at colposcope (so not only grossly visible genital
warts were evaluated and treated but also small lesions), and
the treatment modality with laser CO2 for all patients.

In conclusion, HPVADLI8® seems to be a valid adjuvant
therapy in reducing relapse incidence of lesions in patients
treated for genital condylomatosis.
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Aging is related to a number of functional and morphological changes leading to progressive decline of the biological functions
of an organism. Reactive Oxygen Species (ROS), released by several endogenous and exogenous processes, may cause important
oxidative damage to DNA, proteins, and lipids, leading to important cellular dysfunctions. The imbalance between ROS production
and antioxidant defenses brings to oxidative stress conditions and, related to accumulation of ROS, aging-associated diseases. The
purpose of this review is to provide an overview of the most relevant data reported in literature on the natural compounds, mainly
phytochemicals, with antioxidant activity and their potential protective effects on age-related diseases such as metabolic syndrome,
diabetes, cardiovascular disease, cancer, neurodegenerative disease, and chronic inflammation, and possibly lower side effects, when

compared to other drugs.

1. Introduction

Aging in multicellular organisms is a biological process char-
acterized by the progressive decline of cellular functions and
by diminished tissue renewal capability, leading to a reduced
ability to counteract the environmental stressors. Aging is
controlled by several heterogeneous mechanisms involving
genetic, epigenetic, and environmental factors [I, 2]. As
largely demonstrated by literature data, aging has a strong
relationship with several pathological conditions, including
metabolic syndrome, obesity, cardiovascular diseases (CVD),
cancer, and neurodegenerative diseases [3, 4]. Interestingly,

the age-related pathologies are tightly associated with an
increase in Reactive Oxygen Species (ROS) and subsequent
oxidative stress [4]. In particular, a large number of studies
emphasizes the antioxidant potential of natural compounds
(“phytochemicals”) (Figure 1). Since oxidative stress and
inflammation are closely related to pathophysiological pro-
cesses, here we focused our attention on phytochemicals
with well-known anti-inflammatory effects. Starting from the
large available literature, the most used compounds and with
the strongest evidence-based efficacy were summarized in
Figure 2.
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TABLE 1: Some of the plant metabolites possessing antioxidant and antitumor activities.
Secondary .
. Common dietary sources References

metabolites

Polyphenols Fruit, vegetables, coffee, tea, and cereals [5, 6]

Anthocyanins Sgawbernes, black rice, berries, cherry 7, 8]

Flavones Blueberries, blood orange juice [9]

Flavonols Cherries, chokeberry, elderberries, Goji (9]
berry (wolfberry)

Resveratrol Purple wine, peanuts [10,11]

Theaflavins Black tea [8,12]

Carotenoids Carrots, tomatoes, pumpkins, peppers, [6,13]
among others

Lycopene Tomatoes, watermelon, red peppers, [14, 15]

papaya, apricot, pink grapefruit

SECONDARY METABOLITES

Terpen0|ds (7146)

- B-carotene (1401)
- Lycopene (628)
- Solanine (537)

Polyphenols (2371)

Stilbenes(1/506) \

- Resveratrol (1685)\ Coumarins (482)

Phenolic acids (542)
- Caffeic acid (503)
- Curcumin (1387)

Flavonols (1450)

—/\

Flavons (1674)
- Luteolin (236)

\ Isothiocyanates (708)
Alkaloids (3717)

- Sulphorafan (435)
- Allyl sulfur (45)

Others:
Anthraquinones (149)
- Aloe-emodin (72)
Tannins (600)
Xanthones (136)

Flavonoids (8153)

Flavanols (84)
- Epicatechin (1258)
- Epigallocatechin gallate (579)
Anthocyanidins (671)

- Quercetin (1814) ~APi9eNin (226) 1o 4fiavons (1014)

- Genistein (358)

FIGURE 1: A word-tree-cloud showing the body of published evidence indexed on PubMed up today, regarding the most studied
phytochemicals as related to oxidative stress. Between brackets, the number of published manuscripts containing the name of each
phytochemical and “oxidative stress”, within Title or Abstract, is reported.

2. Plant Secondary Metabolites as Powerful
Antioxidant Agents

Phytochemicals are a powerful group of compounds, belong-
ing to secondary metabolites of plants and including a diverse
range of chemical entities such as polyphenols, flavonoids,
steroidal saponins, organosulphur compounds, and vitamins.
They have important roles in plant development, being part of
relevant physiological process, i.e., reproduction, symbiotic
association, and interactions with other organisms and the
environment. Even though most of these compounds occur
constitutively, their synthesis can be enhanced under stress
conditions, in a manner dependent on the growth conditions
and on stressor [16-18]. In plants, following the exposure
to stressful conditions, an oxidative burst may cause an
imbalance between ROS production and scavenging, leading

to the activation of reactive antioxidant enzymatic and non-
enzymatic responses [16]. The first one includes changes in
the activity of antioxidant enzymes, such as superoxide dis-
mutase, peroxidases, and catalase, while the non-enzymatic
response is related to the synthesis of low molecular (ascorbic
acid, glutathione, carotenoids, phenolic acids, flavonoids, and
others) and high molecular weight antioxidants (tannins).
Many of these plant metabolites have been tested on
animal and human cells, showing very interesting biological
activities (Table 1). They have been shown to be useful in
pharmaceutical applications and in cosmetics, nutrition, and
dietary supplements [19]. Plants have been always considered
as source of food and medical compounds [20]: actually,
up to 200 species are considered as medicinal plants and
about 25% of the medicines have plants origins [21]. Most of
phytochemicals, components of food, beverages, and herbal
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FIGURE 2: Structures of main secondary plant metabolites with demonstrated antioxidant and anti-inflammatory activity summarized in this

review.

products are often reported in literature as “nutraceutical”,
emphasizing their health promoting properties, including
the prevention and treatment of pathologies like cancer,
cardiovascular diseases, neural disorders, and Alzheimer’s
disease [22], as reported in the following paragraphs. Thus
a plethora of information on the effects of phytochemicals
on in vitro and in vivo systems is available in the literature.
It is worthy to underline that the antioxidant activity of
plant metabolites, detected by in vitro assays, does not always
correspond to an effective action in vivo. This may be due to
different metabolic processes that can affect their antioxidant
activity [23] (see also paragraph 3 of this paper); thus some in
vitro data have to be considered with caution.

The first antioxidant molecule discovered is ascorbic acid,
i.e., vitamin C, that is, produced during aerobic metabolism,
and reacts rapidly with O2", singlet oxygen and ozone
(chemically), and H,O, (enzymatically) through ascorbate
peroxidase to neutralize their toxic effects. Besides this,
in plants, such acid is also involved in the regeneration
of carotenoids and vitamin E (tocopherol). The latter can
also act as antioxidant and important liposoluble redox

system, providing protection against lipid peroxidation [24].
Data from in vitro studies have shown that f-carotene can
regenerate tocopherol from the tocopheroxyl radical; then
the resulting carotenoid radical cation may be repaired by
vitamin C [25]. The role of vitamins as potent antioxidants
has been recently reviewed [26]; therefore, we decided to be
more focused on other food-derived phytochemicals.
Carotenoids, responsible for many of the red, orange,
and yellow hues of flowers, leaves, and fruits, are powerful
antioxidants. Readily available due to their large occurrence
in fruits and vegetables (Table 1), their antioxidant activity is
based on the scavenging peroxyl radicals [27]. The number
of conjugated double bonds of these molecules is related
to the efficiency of quenching, i.e., a- and f-carotene, but
also zeaxanthin, cryptoxanthin belong to the group of highly
active quenchers of 'O, [25]. For example, lycopene, an
intermediate in biosynthetic pathway of carotenoids, acts as
scavenger of ROS, lipid peroxyl radicals, and nitric oxide and
may exert protective activity against cancer, atherosclerosis,
diabetes, and diseases related to inflammatory processes [28].
Synergistic effects in scavenging reactive nitrogen species



have been reported for f-carotene and vitamins C and E
[25]. While several data show the antioxidant activity of
carotenoids, controversy exists about their antioxidant poten-
tial in biological systems, since a number of factors may affect
their efficacy and, in some cases, prooxidant effects at high
concentration and oxygen pressure have been reported [29].

The most promising molecules for further health promot-
ing studies are phenolic compounds. These phytochemicals
comprehend a vast range of molecules (about 8000 different
structures), playing important roles in the life of plants [30],
where they are widely distributed. These compounds can
be divided into phenolic acids, lignans, lignins, stilbenes,
tannins, and flavonoids, as schematically summarized in
Figure 1. Even though they are constitutively present, stressful
growth conditions and/or changes of growth medium com-
ponents may further induce their synthesis and can be used
to enhance their production by in vitro plant cultures [31, 32].
In plants, phenolics are involved in H,O, detoxification,
providing protection against UV radiation, also acting as
enzyme modulators and feeding deterrents for herbivores
[33]. The broad spectrum of biological activities of phenolics,
among which antioxidant (i.e., reducing agents, free radical
scavenger, and quenchers of single oxygen formation) and
antitumor properties, is widely acknowledged in several stud-
ies [23, 34]. The presence of at least one phenol ring is impor-
tant for such activity, with hydroxyl, methyl, or acetyl groups
replacing the hydrogen. An increased antioxidant activity has
been related to the enhanced number of free hydroxyls and
conjugation of side chains to aromatic rings [35].

Flavonoids contain the following subclasses: flavonols,
flavones, flavanones, flavan-3-ols, isoflavones, and antho-
cyanidins. They have attracted the attention of the researchers
because of their positive effects on a number of diseases
as reported in this review. For instance, quercetin and
anthocyanins have been reported to be effective in reducing
the growth rate of malignant cells, influencing carcinogen
metabolism, reducing parameters of tissue inflammation, and
inhibiting angiogenesis [7, 36]. According to some authors,
the antitumor activities of phenolic compounds may be
related to apoptosis, scavenging of radicals, antioxidant, and
prooxidant characteristics [37].

Terpenoids represent another very large family of plant
secondary metabolites [38]. In vitro assays showed that
monoterpenes, sesquiterpenes, and diterpenes extracted
from aromatic plants have notable antioxidant activity
[39]. The hypoglycemic and antioxidant activity of the
alkaloid vindoline, vindolidine, vindolicine, and vindolin-
ine, obtained from Catharanthus roseus leaves, have been
reported [40]. Moreover, vindolicine shows the highest
antioxidant effects, and also decreases H,0,-induced oxida-
tive damage to pancreatic cells, suggesting it as a potential
antidiabetic agent.

3. Natural Compounds and Inflammation

It is well known that ROS represent physiologic activators
of transcription factors, such as Activator Protein-1 (AP-
1) or Nuclear Factor kB (NF-xB), which in turn are able
to modulate the transcription of proinflammatory cytokines
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such as Tumor Necrosis Factor a (TNF-«), Interleukin (IL)-
6, IL-8, and IL-1 [41]. In fact, ROS, acting as an intracellu-
lar signaling component, are associated with inflammatory
response and with autoimmune diseases [42]. Therefore,
the use of natural products with antioxidant and anti-
inflammatory activity represents an intriguing strategy for
future clinical applications. These natural compounds have
been shown to interfere with various proinflammatory medi-
ators. Herbal medicines, nutraceuticals, which contain food
or plant-derived constituents, or functional foods with anti-
inflammatory features, can be used as complementary to
anti-inflammatory drugs leading to the reduction in dose
level of such drugs, thereby reducing their side effects.
Phytochemicals with anti-inflammatory activities have been
systematically reviewed [43].

A wide range of flavonoids with various chemical struc-
tures was associated with different anti-inflammatory mech-
anistic effects [44]. Glycosides of apigenin and luteolin
are the most diffuse flavones. Important edible sources of
flavones are parsley, rosemary, and celery [45]. Apigenin
suppresses nitric oxide (NO) and prostaglandin production
via inhibition of inducible nitric oxide synthase (iNOS)
and COX-2, respectively [46]. Luteolin was also proved
to inhibit chronic inflammation by in vitro co-culture of
adipocytes and macrophages and the phosphorylation of JNK
in macrophages [47]. One of the most studied flavonols is
quercetin, which may be found in various vegetables and
fruits, such as apples. Apple flavonoids have been associ-
ated with anti-inflammatory effects. In particular, quercetin
and its glycosides were demonstrated to be potent anti-
inflammatory agents on sarcoidosis patients and in vivo
models of arthritis and allergic airway inflammation [48, 49].

Flavonoids and flavones from fruits of the Citrus spp.
inhibit a range of pro-inflammatory mediators, including
those derived from the arachidonic acid cascade [50].
In fact, Citrus flavanones (e.g., naringenin) mediate anti-
inflammatory effects by modulating neuro-inflammation via
interaction with p38 signaling cascades and STAT-1 [51] or
suppressing the inflammatory response in an animal model
of arthritis when administered orally [52].

Genistein, daidzein, and glycitein are isoflavones found
almost exclusively in leguminous plants like soya (Glycine
max). Genistein may inhibit inflammation inhibiting NF-xB
activation, downregulating TNF-« and IL-6 expression and
secretion, endothelin-1, and vascular cell adhesion molecule-
1 (VCAM-1) expression [53]. In plants, flavanols can occur
as monomers (e.g., catechin and epicatechin) and oligomers
or polymers, described as proanthocyanidins or condensed
tannins. Catechins interfere with the inflammatory processes
that contribute to atherosclerosis progression [54], while,
among the effects of flavan-3-ols, present in dietary plants,
like tea (Camellia sinensis) and cocoa (Theobroma cacao),
inhibition of eicosanoid production, reduction of platelet
activation and modulation of NO-dependent mechanisms,
and modulation of proinflamamtory cytokine production can
beincluded [55]. Anthocyanins exert their anti-inflammatory
effects, particularly via the mitogen-activated protein kinase
(MAPK) pathway [56]. Mechanistic studies report the gly-
cosides of malvidin, delphinidin, cyanidin, petunidin, and
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peonidin to dose-dependently reduce IL-13 -activation of
NF-« B in vitro [57].

Diterpenes from Stevia rebaudiana leaves, used as a
source of natural sweeteners in the food industry, have also
been shown to attenuate proinflammatory cytokines (TNF-«,
IL-18, and IL-6) production via modulation of the Ix-Bex /NF-
«B pathway [58]. Triterpenes from licorice root (Glycyrrhiza
glabra) are glycyrrhizin and glycyrrhetinic acid: they have
several effects, including gastric protection and modulation
of blood pressure through their mineralocorticoid activity
[59], but also anti-inflammatory function acting via the
P13K/Akt/GSK3- 3 pathway to reduce cytokine production,
while 18 -glycyrrhetinic acid also blocks inflammation by
causing dissociation of the glucocorticoid receptor [60].

Curcumin was demonstrated to inhibit LPS-induced
production of TNF-a and IL-1f in a human monocytic
macrophage cell line and, at the same millimolar concentra-
tion, to inhibit LPS-induced activation of NF-«xB and reduce
the biological activity of TNF-« [61].

Stilbenes are found in only low quantities in the human
diet. Resveratrol inhibits TNF-«, IL-13, and IL-6 expression
[62] and its ability to suppress NF-«xB activation, possi-
bly via SIRT-1 activation, is suggested to be important in
counteracting microglial inflammation. Rosmarinic acid is a
phenolic acid occurring in herbs such as rosemary and sage.
Its anti-inflammatory effects were shown by testing its topical
application improving symptoms in atopic dermatitis patients
[63].

Chronic inflammation is the main pathogenetic factor of
many autoimmune diseases whose treatment is based on long
or life-long administration of anti-inflammatory drugs. The
possibility to use safe and effective natural products to reduce
the dosage and side effects of conventional drugs represents
an interesting field of study. Monoclonal antibodies against
TNF-a or TNF-« soluble receptors are among the most effi-
cient biological DMARDs (disease-modifying antirheumatic
drugs) available for the chronic treatment of rheumatoid
arthritis (RA) and other chronic inflammatory diseases.
In nature, many natural compounds have been found to
reduce the levels of TNF-« by interfering with various pro-
inflammatory mediators and upstream targets. Thus, these
compounds may represent alternative or adjunctive means
of treating inflammatory diseases by modulating production,
rather than activity, of TNF-« (reviewed in [64]).

On the other hand, fatty acids and their derivatives were
shown to exert profound suppressive effects on the expression
of iNOS, COX-II, IL-6, and TNF-« via a blockade of the
NF-kB and AP-1 pathways. The strong anti-inflammatory
potential and improved clinical parameters of RA of marine
n-3long-chain PUFA were also reported by Barden et al. [65].

Among flavonoids, luteolin and quercetin were the most
potent TNF-« inhibitors [66]. The anti-inflammatory power
of quercetin was clinically tested in women with RA demon-
strating a significant effect in controlling inflammation and
clinical symptoms [67]. Irrespective of their activity on
the synthesis of TNF-«, green tea extract has also been
proven in recent clinical trials to have anti-inflammatory
and immunomodulatory properties in autoimmune disease
[68].

Therefore, although natural product probably cannot sub-
stitute anti-inflammatory drugs, including DMARDs, they
could significantly contribute to the reduction of dosage, for
a more economic and safer treatment of autoimmune, as well
as many other inflammation-related diseases.

4. Oxidative Stress, Metabolic
Syndrome and Aging

Aging is a series of morphological and functional changes
taking place over the time that can lead to deterioration of
the biological functions of an organism [69]. ROS generated
as byproducts of biological oxidations can induce severe
oxidative damage to macromolecules eventually leading to
cellular dysfunction [70]. Combination of aging, insulin
resistance, and CVD can precipitate into metabolic syndrome
[69, 71]. Although insulin resistance is considered as the
main pathogenic mechanism-underlying onset of metabolic
syndrome, a low-level chronic inflammation and oxidative
stress have received much attention recently [72]. Addi-
tionally, evidences from experimental and clinical studies
have shown that oxidative stress is a pivotal factor for
obesity-associated diabetes, metabolic syndrome, and nonal-
coholic steatohepatitis (NASH) [73, 74]. On the other hand,
metabolic syndrome is the major health challenge of the 21
century that can significantly affect ever-increasing life and
health spans in the developed world. Although the exact
mechanism responsible is largely unknown, it is considered
that metabolic syndrome can significantly advance aging.

Since the ancient times, natural products have always
been suggested to improve longevity of an organism [75].
Epidemiological and experimental data suggest natural prod-
ucts to be powerful antioxidants that can improve stress-
related diseases. Scientific literature also suggests potential
of natural products in improving metabolic syndrome and
aging [76, 77]. Therefore, detailed preclinical evaluation on
underlying mechanism of action and bioactivities of the
natural compounds may provide solid scientific foundation
for clinical applications.

Polyphenols and in particular flavonoids have been
shown to protect from various age-related disease [78].
Several studies have indicated that supplementation with
dietary polyphenols such as (-)-epigallocatechin-3-gallate
(EGCG) and curcumin can improve age-associated cellular
damage by reducing generation of ROS [79]. On the other
hand, resveratrol and pterostilbene are considered excellent
as anti-aging natural compounds that can modulate oxidative
damage, inflammation, and cell senescence; components
associated with aging [80] as well as flavonoids have been
shown to improve aging mainly by controlling metabolic
syndrome [81]. Some of the commonly reported flavonoids
that can tackle one or more components associated with aging
or metabolic syndrome are hesperidin, hesperetin, naringin,
and naringenin [82].

It is noteworthly that the literature on preclinical use
of phytochemicals to treat various conditions associated
with aging is ever expanding. However, a large number of
phytochemicals have been tested successfully in clinical trials



for age-related condition. It is noteworthy that some limita-
tions of pre-clinical studies that can affect their translational
significance are (1) choice of experimental models that is
not clinically relevant, (2) poorly characterized mechanism
of action, and (3) clinically irrelevant dosing/time points for
data interpretation.

5. Natural Compounds and Vascular Diseases

Alteration of vascular function is a key pathogenic process
common to many important and highly diffuse human
pathologies [83]. The morpho-functional integrity of the vas-
cular endothelium is a complex and highly homeostatic pro-
cess involving maintenance of vasorelaxation ability as well
as anti-inflammatory and barrier functions with important
effects on atherogenesis and increased risk of cardiovascular
diseases (CVD) [84, 85].

Aging and chronic inflammatory conditions, such as dia-
betes, alter vascular homeostasis disrupting the “protective”
functions of the vascular endothelium, a mechanism known
as vascular dysfunction [86]. Physiological aging progres-
sively deteriorates vascular function; however, poor life style,
hyperlipidemia, and hyperglycemia associated with oxidative
stress can significantly accelerate these pathologic processes
leading to CVD and macro- and microvascular complications
of diabetes mellitus [87], including ocular pathologies such as
ischemic retinopathies. Crucial to the development of vascu-
lar dysfunction in aging is the induction of oxidative/nitrative
stress [88], which is also involved in the pathogenesis of other
human diseases discussed in this review.

Vascular redox imbalance linked to aging and diabetes
share important common features such as the induction
of the so-called senescence-associated secretory phenotype
(SASP) [89]. According to this emerging concept, aging
and metabolic stress lead to redox imbalance and trigger
enhanced expression of senescence markers and produc-
tion/secretion of inflammatory cytokines [90, 91]. Suppres-
sion of sirtuins, class III NAD"-dependent protein histone
deacetylases, is an important feature of SASP [92]. In partic-
ular, SIRT-1 plays a key role in maintenance of these cellular
homeostasis and energy metabolism [93, 94]. The role of
natural compounds as potent anti-oxidant players able to
prevent, at least partially, pathologic processes associated
with aging and metabolic diseases was recently reviewed [95].
Here we will focus on the therapeutic effects of omega 3 poly-
unsaturated fatty acids (PUFA) and the flavonoid resveratrol
because of their predominant effects on vascular dysfunction,
SASP and CVD.

Omega 3 poly-unsaturated fatty acids (PUFAs) include
alpha linoleic acid (18:3) (ALA), eicosapentaenoic acid (EPA)
(20:5n-3), and docosaexhaenoic acid (DHA) (22-6n-3). ALA
is not synthesized in humans and is considered plant-derived
omega 3, whereas EPA and DHA are found predominantly in
fish. The effects of omega 3 PUFAs are primarily attributed
to their lipid lowering effects and consequent reduction of
risk of atherosclerosis [96]. Omega 3 PUFAs have shown to
reduce vascular inflammation by downregulating adhesion
molecules and limiting leukocytes adhesion to the vascu-
lar wall [97]. This latter directly influences production of
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endothelial-derived nitric oxide due to stabilization of lipid
rafts such as the endothelial cells caveolae, as demonstrated
in retinal endothelial cells [98]. However, the experimental
studies appear to be much more supportive of PUFAs positive
effects than the clinical evidence. In fact, the omega 3 PUFA
effects on increased endothelial regenerative capacity and
maintenance of vascular endothelial cells homeostasis due to
membrane stabilizing ability were demonstrated to haveim-
portant effects on prevention od CVD [98]. An extensive
review of the literature, recently appeared on Cochrane
Database Systematic Review [99] and summarized the results
of a large number of randomized clinical trials assessing
the effects of different doses of PUFA on CVD outcomes.
The results of this study showed that higher PUFA intake
only slightly reduces risk of coronary heart disease and
CVD acute events (i.e., stroke) and mortality, but overall has
not significant effects on all-cause or cardiovascular disease
mortality. Most of the positive effects were associated with
modulation of lipid metabolism [99]. In any case, even a slight
but significant reduction of 10% of morbidity and mortality
for CVD associated with PUFA supplementation remains a
significant clinical outcome [100].

The cardioprotective effects of resveratrol in human stud-
ies have been reported [101]. However, the in vivo evidence
and the clinical studies are less conclusive, mostly because
of the poor intestinal absorption of these flavonoids and the
extensive degradation in various phenolic acids, which may
retain some antioxidant activity [102]. It is noteworthy that
one additional function of resveratrol was linked to enhanced
SIRT-1 expression and activity and was extensively linked
to longevity [103], while a prooxidant activity of resveratrol
under certain conditions was reported [104].

Ultimately, the deleterious effects of aging and metabolic
diseases (i.e., diabetes) in promoting oxidative stress and
vascular dysfunction can negatively affect the cardiovascular
system by promoting vascular dysfunction. There is no doubt
that a correct life style including a balanced healthy nutrition,
physical exercise, and the use of nutraceuticals can positively
impact longevity by preventing CVD. However, when CVD
pathologies have been established, nutraceuticals such as
omega 3 and resveratrol can still find therapeutic application
as effective adjuvant therapies because of their numerous
positive effects on vascular homeostasis.

Finally, other phytochemicals with antioxidant effects
have been reported to play a protective action on the risk
or the development of CVD and therefore were proposed
as important factors in diet, like, for instance, f-carotene,
curcuma, and others [105, 106]. In particular, several studies
underline the anti-atherogenic effect of lycopene in asso-
ciation with the inhibition of proinflammatory cytokines
secretion [107].

6. Phytochemicals for Neurodegenerative
Diseases Prevention

Neurodegenerative diseases (NDDs) are a heterogeneous
group of chronic and untreatable conditions, characterized
by progressive functional impairment of the nervous system,



BioMed Research International

induced by deterioration of neurons, myelin sheath, neuro-
transmission, and movement control. Among one of the most
disabling of these, Alzheimer’s disease (AD) is a NDD that
destroys memory and other important mental functions. AD
is characterized by the accumulation of amyloid-beta peptide
(AP) in the brain, the presence of neurofibrillary tangles
(NFTs) containing hyperphosphorylated tau fragments, and
the loss of cortical neurons and synapses [108]. Parkinson’s
disease (PD) affects predominately dopaminergic neurons in
the substantia nigra, associated with accumulation of Lewy
bodies containing a-synuclein in neurons and increased
neuroinflammatory cells. Huntington disease (HD) is a pro-
gressive brain disorder that causes uncontrolled movements,
emotional problems, and loss of thinking ability and occurs
in early middle life, even if it is recognized as a juvenile
form. HD is an autosomal dominant NDD, characterized
by the abnormal expansion of the CAG triplet repeats in
the polyglutamine region of the huntingtin (HTT) gene
[109]. Multiple sclerosis (MS) is a chronic, autoimmune,
inflammatory disease that affects the brain and spinal cord,
caused by autoimmune-mediated loss of myelin and axonal
damage [110]. At present, there is no effective treatment for
NDDs, and, in order to identify novel therapy or adjuvant
strategy for NDDs, several natural medicinal plants have
gained attention as potential neuroprotective agents, and a
number of studies have suggested that a diet rich in vegetable
products can prevent or delay the NDDs onset [111]. These
properties might be due to the presence of polyphenols,
an important group of phytochemicals that are abundantly
present in fruits, vegetables, cereals, and beverages (Table 1)
and already discussed in other sections of this review. In this
chapter, we focused on the potential role of polyphenols for
preventive and therapeutic purposes for NDDs treatment,
based on related research evidence.

Resveratrol demonstrates significant neuroprotective
activity both in vitro and in vivo. Several studies have
demonstrated that resveratrol is cytoprotective in cells
exposed to A and/or to Af-metal complex via Sirt3-
mediated mechanisms [112, 113]. In vivo, in a mouse model of
cerebral amyloid deposition, orally administered resveratrol
lowered microglial activation associated with cortical
amyloid plaque formation [114]. Furthermore, long-term
dietary resveratrol reduces cognitive impairment and has
a neuroprotective role, decreasing the amyloid burden and
reducing tau hyperphosphorylation in SAMP8 mice, a
model of age-related AD [115]. Increasing evidence has also
suggested that resveratrol shows enhanced benefits in cell
and animal models of PD. In rat primary midbrain neuron-
glia cultures, resveratrol protected dopaminergic neurons
against lipopolysaccharide (LPS)-induced neurotoxicity
in concentration- and time-dependent manners, through
the inhibition of microglial activation and the subsequent
reduction of proinflammatory factors release [116]. In vivo,
resveratrol ameliorated both motor deficits and pathological
changes in MPTP-treated mice via activation of SIRT-1
and subsequent LC3 deacetylation-mediated autophagic
degradation of a-synuclein [117]. All the above findings
suggest that resveratrol may be a potential prophylactic

or therapeutic agent for NDDs, with the caution reported
elsewhere in this review regarding intestinal absorption.

Curcuminoids consist of three components: curcumin
(75%-80%),  demethoxycurcumin  (15%-20%), and
bisdemethoxycurcumin (3%-5%). Curcumin also induces
neuroprotective effects through the control of pathogenetic
oxidative and inflammatory mechanisms both in wvitro
and in vivo models of AD and PD. In Neuro2a mouse
neuroblastoma cells infected with Japanese encephalitis
virus, curcumin enhances cell viability by decreasing ROS
and inhibiting proapoptotic signals [118]. Furthermore,
curcumin protects against a-synuclein-induced cytotoxicity
in SH-SY5Y neuroblastoma cells decreasing cytotoxicity of
aggregated a-synuclein, reducing intracellular ROS, and
inhibiting caspase-3 activation [119]. In vivo, curcumin
significantly alleviated spatial memory deficits in APP/PS1
mouse model of AD, promoting cholinergic neuronal
function [120]. Curcumin also reduced the activation of
microglia and astrocytes, as well as cytokine production
and inhibited NF-xB signaling pathway, suggesting the
beneficial effects of curcumin on AD mice are attributable
to the suppression of neuroinflammation [120]. In the PD
animal model induced by the neurotoxin MPTP, curcumin
is neuroprotective and prevents glutathione depletion and
lipid peroxidation induced by this toxin. More recently,
curcumin restored motor deficits and enhanced the activities
of antioxidant enzymes in rotenone induced Parkinson's in
mice [121]. All these findings suggest a neuroprotective role
of curcumin, and offer strong justification for the therapeutic
prospective of this compound in the management of
NDDs.

Pretreatment of primary hippocampal cultures with
quercetin significantly attenuated A3(1-42)-induced cytotox-
icity, protein oxidation, lipid peroxidation, and apoptosis
by modulating oxidative stress [122]. More interestingly,
quercetin decreases extracellular -amyloidosis, tauopathy,
astrogliosis, and microgliosis in the hippocampus and the
amygdala and improves performance on learning and spatial
memory tasks in aged triple transgenic Alzheimer’s disease
model mice [123].

Taken together, the above evidences suggest polyphenols
as neuroprotective agents. The habitual consumption of
dietary polyphenols is proven to inhibit various secondary
sources of ROS and proinflammatory cytokines, thus reduc-
ing the risk of NDDs [124]. A beneficial clinical use of
polyphenols to attenuate oxidative damage in aging and age-
related disorders may be a viable and promising approach for
the prevention and treatment of NDDs.

7. Natural Compounds as Anti-Cancer Agents

Although large progress was achieved, some tumors still
present poor prognosis and research is currently geared
towards the use of non-toxic doses of plant-extracted com-
pounds. The road for a new therapeutic approach, based on
natural molecules and drugs, was opened by the identification
and use of natural chemotherapeutic agents like taxanes,
vinca alkaloids, and anthracyclines [125]. Therefore, it is
logical to hypothesize that compounds found in foods are
likely to have some protective effects.
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FIGURE 3: Schematic view of complex cross-talk between oxidative stress, chronic inflammation, and cancer.

Numerous studies suggest that chronic inflammation is
able to promote all stages of cancer development, including
initiation, progression, and metastatic potential [126]. More-
over, recent data [127] show a close relationship between
age-related pathologies, including cancer, and inflammation
(Figure 3). ROS are mainly responsible of inflammation and
cancer promotion by oxidative stress [128]. In particular,
there are increasing evidences on the role of TNF-«, a
well-known pro-inflammatory cytokine and a regulator of
the generation of ROS, in the promotion of carcinogenesis
through the activation of the transcription factor NF-xB
[129].

Interestingly, recent literature data indicate an emerging
role of polyamines metabolism as a novel target against
inflammatory diseases. Polyamines are naturally occurring
aliphatic compounds, ubiquitous to all living organisms,
which interact with DNA, RNA and proteins and are
required for eukaryotic cell growth, survival, and differen-
tiation. Notably, excessive polyamine catabolism can lead
to ROS formation, increasing oxidative stress, with sub-
sequent enhancement of inflammatory response [130]. For
that reason, polyamines metabolism represents an interest-
ing target for anticancer therapy using natural compounds
[131]. Therefore, the use of different natural substances,
mainly polyphenols, coming from plants and foods, may
exert promising results in antitumor therapy due to their
anti-oxidant activities [132]. In particular, diet with high
polyphenol content has been shown positive effects against
cancer-related anorexia/cachexia syndrome and oxidative
stress [133].

The flavonol quercetin is a well-known antioxidant
molecule with well-documented anticancer activity [134].
Mechanisms underlying its anticancer activity are not com-
pletely elucidated; however, it is known that quercetin affects
negatively the synthesis of polyamines, well known growth
factors, by the inhibition of ornithine decarboxylase (ODC)
expression [135]. Interestingly, it has been demonstrated that
high flavonols intake, especially quercetin and kaempferol, is
able to induce a significative reduction of serum IL-6 concen-
tration, a well-known inflammation-reletated cytokine [136].

Also curcumin shows anti-inflammatory and anti-
oxidant properties and potential anti-cancer activity [137].
Indeed, this molecule has been tested in a wide range of
cancer cell lines, like cervical cancer [138], colorectal cancer
[139], and breast cancer [140]. Moreover, curcumin has been
shown to have effects on many signalling and polyamine
pathways [141]. Although several studies underline curcumin
therapeutic efficacy, its clinical administration is difficult due
to its poor oral bioavailability, low solubility, and degradation
[142]).

Resveratrol shows a potent cytotoxic effect on cancer
cells [143]. For example, recently it was reported that this
effect is abolished by Transglutaminase type 2 inhibition on
cholangiocarcinoma and gallbladder cancer cell lines [144].
In the last decades, resveratrol has been one of the most
studied natural compounds, often leading to contradictory
results [145]. Although resveratrol is considered a good
candidate as chemopreventive and synergistic agent, further
studies are needed [146].

Genistein is a soybean isoflavone. The antitumor activity
of genistein has been observed in various forms of cancer
such as neuroblastoma and chronic lymphatic leukemia and
in several organs such as breast, ovary, prostate, urinary
bladder, colon, liver, and stomach [147]. Due to its structural
similarity to mammalian estradiol, genistein is known as a
phytoestrogen. A large number of studies suggest a beneficial
role of this isoflavone in the inhibition of carcinogenesis in
animal models. Although the effects of genistein as chemo-
prevention agent remain controversial [148], several human
intervention studies have been undertaken. In fact, it has been
demonstrated that dietary soy supplementation may reduce
inflammatory processes related to prostate carcinogenesis
[149].

One of the most well-known anticancer agents with anti-
oxidant and anti-inflammatory properties is lycopene that
exerts therapeutic effects on a large variety of cancers [150,
151]. In particular, it has been demonstrated that lycopene
intake reduces prostate cancer risk [152].

During the last few decades, it has emerged how genomic
instability, telomere attrition and epigenetic changes may
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underlie aging and senescence phenomena [153]. Telomeres
are short tandem repeated sequences (TTAGGG) that are
localized on the 5' ends of chromosomes. The length of
telomeres is guaranteed by the activity of telomerase enzyme,
widely expressed in tumor cells. The G-rich telomeric
sequence can assume G-quadruplex DNA secondary struc-
tures, able to inhibit telomerase activity. Therefore, inhibition
of telomerase or the stabilization of G-quadruplex by natural
compounds may represent an important anti-cancer strategy
[154, 155].

The identification of natural compounds has contributed
to the improvement of cancer therapies and indeed many of
these molecules are currently used in clinical practice. It is
important, however, to emphasize that rigorous studies and
preclinical investigations are needed to clarify their potential
chemopreventive and antitumor activities.

8. Phytochemicals in Skin Diseases

According to the European Medicines agency (http://www
.ema.europa.eu/ema/), several studies analyze in depth the
actual efficacy of herbal medicinal products and derived
molecules. Herbal products can be sorted according to their
clinical use in several diseases such as appetite disorders,
sleep disorders, pain and inflammation control, eye disorders,
gastrointestinal disorders, and others (http://www.ema.europa
.eu/ema/index jsp?curl=pages/medicines/landing/herbal _search
jsp&mid=WC0b01ac058001fald for a complete list). We
focus here the attention on the beneficial use of herbal
medicinal products in skin disorders, with a specific attention
on pathologies often related to the skin-aging process [156].
Since in most cases they have been studied or proposed
through topical applications, they are often referred to as
oils or herbal preparations whose classification in terms of
phytochemical content is rather complex.

Therapeutic applications to skin pathologies are proposed
for Agrimoniae herba (Agrimonia eupatoria; in minor
inflammation and superficial wounds), Echinacea purpurea
(in small superficial wounds and mild acne), Soiae oleum
(Glycine max; in mild recurrent eczema), Juglandis folium
(Juglans regia; in minor skin inflammation), Matricariae
aetheroleum (in anous and genitals irritation), Matricariae
flos (Matricaria recrutita; in mild skin inflammation and
sunburns and superficial wounds), Melaleuca spp. (in insects
bites, mild acne, itching, minor skin inflammation), Meliloti
herba (Melitotus officinalis; in minor skin inflammation),
Origani dictamni herba and Origani majoranae herba
(Origanum spp.; in minor skin inflammation and irritation),
Rosae flos (Rosa spp.; in skin and mouth inflammation), and
Solani dulcamarae stipites (Solanum dulcamara; in itchy and
rash from mild eczema) (see http://www.ema.europa.eu/
ema/index jsp?currentCategory=Skin+disorders+%26+minor+
wounds&curl=pages%2Fmedicines%2Flanding%2Fherbal
search.jsp&mid=WC0b01ac058001fald&searchType=Latin+
name+of+herbal+substance&taxonomyPath=&keyword=
Enter+keywords&alreadyLoaded=true&treeNumber=&
searchkwByEnter=false&pageNo=2 for more details).

The European Medicines Agency official list of herbal
substances, preparations, and combinations for use as

traditional herbal medicinal products contains 12 substances,
according to the European Community decision reported at
the EU site (https://eur-lex.europa.eu/legal-content/EN/TXT/
2uri=CELEX:02008D0911-20180126).

The 12 herbal substances are as follows: Calendula
officinalis, Echinacea purpurea, Eleutherococcus senticosus,
Foeniculum vulgare, Hamamelis virginiana, Melaleuca spp.,
Mentha spp., Pimpinella anisum, Sideritis scardica, Thymus
vulgaris, Valeriana officinalis, and Vitis vinifera.

Their introduction within such official list is sustained
by scientific reports demonstrating their therapeutic effec-
tiveness in different pathological settings. We collected the
scientific literature reported in PubMed for each of these
substances co-occurring in the ALL fields with any of
the common skin diseases reported in the following list:
acne, allergy, basal cell carcinoma, blister, carbuncle, celluli-
tis, chickenpox, dermatitis, eczema, hives, impetigo, lupus,
measles, melanoma, psoriasis, ringworm, rosacea, squamous
cell carcinoma, vitiligo, and wart.

As reported in Figure 4, the investigated phytothera-
peutic agents are mostly associated to allergy, dermatitis,
and melanoma, related in most cases to either Melaleuca, or
Mentha or Thymus vulgaris or Vitis vinifera.

More in detail, local application of Melaleuca alternifolia
derived oils has been consistently reported to achieve a
significant improvement of acne lesions, according to several
independent studies [157]. The clinical efficacy of Melaleluca
oil is likely related to its known antibacterial action [158] as
well as anti-inflammatory activity [159]. The essential oil from
Melaleuca alternifolia also shows antioxidant activities poten-
tially useful in dermatitis and skin cancers [160]. Extracts
from Melaleuca quinquenervia have been shown to inhibit
melanin content in mouse melanoma cells, thus exerting
potential cosmetic applications [161]. Minor side effects are
associated with Melaleuca such as burning, scaling, itch,
redness, dryness, pruritus, and stinging. Contact allergy to
Melaleuca oil has been reported in some cases as well as der-
matitis reactions indicating the essential oil from Melaleuca
as a sensitizers and potentially irritant agent. Mentha-derived
oil is used to relief skin inflammation and pruritus [162];
nevertheless, allergic reactions have been reported in some
cases.

Finally, regarding Vitis vinifera, a meta-analysis recently
published demonstrates Vitis vinifera as one of the effective
components of medical devices useful in atopic dermatitis
local treatment [163]. Interesting results have also been
collected in oncological conditions; Vitis vinifera has shown
some efficacy in reducing radiotherapy-induced dermati-
tis [164] and in inhibiting cell proliferation in melanoma
[165, 166] and skin non-melanoma cancer [167], indicating
grape seed proanthocyanidin as an apoptosis and autophagy
inducer. Rare allergic reactions are reported for Vitis vinifera
[168].

Hundreds of other phytochemicals are reported in liter-
ature with potential effects on skin, such as anti-age activity
[169], photoprotection [170], wound healing [171], and anti-
infection [172].
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Acne (20) 1 1 0 0 1 6 0 0 0 10 0 5 24
Allergy (158) 6 35 5 4 5 29 38 7 0 95 5 60 | 289

Basal cell carcinoma (19) 1 0 0 0 0 0 0 0 0 3 0 0 4

Blister (4) 0 1 0 0 0 0 0 0 0 3 0 1 5

Carbuncle (1) 0 0 0 0 0 0 0 0 0 0 0 0 0

Cellulitis (4) 0 0 0 0 0 0 0 0 0 0 0 0 0

Chickenpox (12) 0 0 0 0 0 0 0 0 0 0 0 0 0

Dermatitis (114) 30 9 2 0 13 27 26 2 0 48 2 17 | 176

Eczema (57) 0 2 0 0 2 4 2 0 0 4 0 1 15

Hives (1) 0 4 1 0 0 0 3 1 0 1 1 4 15

Impetigo (1) 0 0 0 0 0 0 0 0 0 0 0 0 0

Lupus (115) 0 0 1 0 0 0 1 0 0 18 0 0 20

Measles (277) 0 1 0 0 0 0 0 1 0 2 0 1 5

Melanoma (166) 4 2 2 1 1 6 4 0 0 12 0 20 52

Psoriasis (76) 0 1 0 0 1 3 0 1 0 17 0 3 26

Ringworm (2) 0 0 0 1 0 5 1 0 0 1 0 0 8

Rosacea (3) 0 0 0 0 0 0 0 0 0 0 0 0 0

Squamous cell carcinoma (79) 1 2 0 0 0 0 4 0 0 4 0 12 23

Vitiligo (11) 0 0 0 0 1 0 0 0 0 2 0 1 4

Wart (1) 0 0 0 0 0 0 0 0 0 0 0 0 0

Oxidative stress (394) 19 21 18 14 2 16 44 7 2 111 | 17 | 536 | 807

Vertical sum | 62 79 29 20 26 9% | 123 | 19 2 331 | 25 | 661

FIGURE 4: Number of published studies regarding plant-derived nutraceuticals and age-related skin diseases. In the first column, within
brackets, the number of PubMed abstracts containing in the Title field the diseases name and the word “age” is reported. In several diseases
a strong relation with the age is evident (namely, in allergy, basal cell carcinoma, chickenpox, dermatitis, eczema, lupus, measles, melanoma,
psoriasis, squamous cell carcinoma, and oxidative stress). In the other columns, the number of PubMed abstracts containing the diseases name
and the phytochemical name in All field is reported. Co-occurrence > 10 is highlighted in bold and gray background. The raw named Oxidative
stress reports the number of studies indexed on PubMed containing experimental data which correlate each plant-derived nutraceutical with
an “oxidative stress” (as present in All field of database).
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9. Conclusions

The body of evidence reported in this review demonstrates
the large interest around phytochemicals and their potential
use against oxidative stress-related human diseases, with a
focus on those in which inflamed cells play a crucial and
pivotal role on pathogenic mechanisms. Their potential use,
in combination with drugs like for instance DMARDs, may
be very useful to reduce side effects and be cost-effective.
Further, socioeconomical issues are playing an even more
important role on the rate of new drugs development. This
is coupled to an increasing interest toward the repurposing
and repositioning of old drugs or others largely used in
traditional medicine. Therefore, it is expected that in the
next future phytochemicals-based drugs will be object of
a growing interest for inflammation and oxidative stress-
related diseases.
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Fenugreek is known since ancient times as a traditional herbal medicine of its multiple beneficial effects. Fenugreek’s most studied
and employed effect is its hypoglycemic property, but it can also be useful for the treatment of certain thyroid disorders or for the
treatment of anorexia. The regulation of glucose homeostasis is a complex mechanism, dependent on the interaction of different
types of hormones and neurotransmitters or other compounds. For the study of how diosgenin and fenugreek seeds modify
insulin sensitivity, we used a rat insulin resistance model induced by high-fat diet. Diosgenin in three different doses (Img/bwkg,
10mg/bwkg, and 50 mg/bwkg, respectively) and fenugreek seed (0.2 g/bwkg) were administered orally for 6 weeks. Insulin sensitivity
was determined by hyperinsulinemic euglycemic glucose clamp method. Our research group found that although glucose infusion
rate was not significantly modified in either group, the increased insulin sensitivity index and high metabolic clearance rate of
insulin found in the 1 mg/kg diosgenin and the fenugreek seed treated group suggested an improved peripheral insulin sensitivity.
Results from the 10 mg/kg diosgenin group, however, suggest a marked insulin resistance. Fenugreek seed therapy results on
the investigated anabolic hormones support the theory that, besides insulin and gastrointestinal peptides, the hypothalamic-
hypopituitary axis regulated hormones synchronized action with IGF-1 also play an important role in the maintaining of normal
glucose levels. Both diosgenin and fenugreek seeds are capable of interacting with substrates of the above-mentioned regulatory
mechanisms, inducing serious hormonal disorders. Moreover, fenugreek seeds showed the ability to reduce the thyroid hormone
levels at the periphery and to modify the T4/T3 ratio. It means that in healthy people this effect could be considered a severe side
effect; however, in hypothyroidism this effect represents a possibility of alternative natural therapy.

1. Introduction

Fenugreek (Trigonella foenum-graecum) appears to be rich in
phytonutrients with multiple pharmacological effects [1-4].
Extracts have been made using fenugreek vegetative organs
and/or seeds, and multiple in vivo and in vitro studies revealed
analgesic [5, 6], hepatoprotective [7, 8], and hypolipidemic

[9-14] effects. It was suggested that the hypolipidemic effects
could be put on the expense of saponins that transformed
into sapogenins in the gastrointestinal tract would trigger
the reduction of serum cholesterol levels [15, 16]. Among
saponins, the diosgenin was found to induce changes in the
lipid profile of different tissues or organs, such as plasma,
liver, heart, or brain in a diabetic rat model [17], indicating
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that these modifications might be correlated with a hypo-
glycemic effect. In another study, it was demonstrated that
both fenugreek and diosgenin treatment prevented high-fat,
high-sugar diet-induced endothelial dysfunction, and redox
changes [18]. Besides diosgenin, the 4-hydroxyisoleucine (4-
HIL), a fairly rare amino acid found in fenugreek, was shown
to increase insulin secretion upon glucose stimulation [19,
20]. Moreover, 4-HIL could reduce insulin resistance (IR) in
muscle and/or liver by stimulating phosphoinositide 3 (PI3)
kinase activity [21]. Interestingly, increased insulin receptor
[22], adiponectin, and PPARy [23] expression were also
associated with the IR reducing effects of fenugreek. These
results, together with the fenugreek seed administration
induced improvement of hepatic steatosis, strongly plead for
a cause-and-effect type of relationship between liver specific
IR and steatosis [23]. It is also demonstrated that the health
promoting effect of fenugreek is mostly due to its antioxidant
capacity [24]. Among phytonutrients, the polyphenols from
fenugreek seeds were shown to exert antioxidant properties
by inhibiting lipid peroxidation [8]. A fenugreek seed and/or
seed extracts were found to increase glucose uptake; reduced
glycosylated haemoglobin levels together with proinflamma-
tory cytokines and pancreatic enzymes; in dose-dependent
manner restored the glycogen levels in muscle and liver;
inhibited lipid peroxidation; and reinstated some antioxi-
dant enzymes-glutathione (GSH) and superoxide dismutase
(SOD) activities in the liver and pancreas [25]. It has also
been suggested that, in the case of fenugreek, the antioxidant
potential complements the hypolipidemic, hypoglycemic,
and anti-inflammatory effects [26]. Accordingly, diabetic rats
treated with fenugreek showed reduced serum glucose levels,
and the activities of antioxidant defence enzymes increased
due to the expression of the mentioned genes in the liver
or/and brain [27]. Another study concluded that fenugreek
seed extract could efficiently suppress testicular oxidative
stress in combination with apoptosis and inflammation [28].
Interestingly, a comparative study showed substantial differ-
ences between the antioxidant activity of fenugreek leaf and
seed extracts with respect to the DNA damage protective
activities [29]. Another study was indicating a functional link
between the antioxidant and anticancer effects of fenugreek
[30]. Nevertheless, the anticancer effect of fenugreek has been
thoroughly assessed [31-33], and selective cytotoxicity has
been observed in case of various cancer cell lines. Thus, for
example, in the case of breast cancer, T cell lymphoma, B
cell lymphoma, and thyroid papillary carcinoma cell lines,
significant cytotoxic effects were observed while no signifi-
cant cytotoxicity was evident for normal human cells. [28].
Furthermore, Vigh et al. were able to correlate the chemical
composition of fenugreek seed extracts with reduced viability
of the T-47D and ZR-75-1 breast cancer cell lines [34]. More-
over, they could also show that an aqueous fenugreek seed
extract could affect the viability of cancerous cells in a dose-
dependent antagonistic fashion. However, only diosgenin
from fenugreek was proven to efficiently reduce cancer cell
viability, while inducing apoptosis [35]. More specifically, it
was ascertained that diosgenin inhibited telomerase activity
by downregulating the hTERT gene expression could reverse
multidrug resistance in cancer cells by sensitizing them to
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standard chemotherapy, activating p53 gene and the STAT3
signalling pathway [36-38]. In addition to fenugreek benefi-
cial properties, some toxic effects were also reported related to
embryonic development, spermatogenesis, allergic reactions,
neurotoxicity, and altered levels of thyroid hormones or
inhibition of hematopoietic regulatory elements [39].

Taken together, plethora of research has been conducted
to analyze independently the fenugreek composition and the
generated biological effects, yet studies to relate composition
to function are available in limited numbers, mostly due to
the limitation of research models and methodology. Among
the constituents of fenugreek, diosgenin stands at the fore-
front of current research, and results are indicating multiple
biological effects depending on the characteristics of assessed
models. Our research reported in current paper describes
a comparative dose-dependent study based on fenugreek
and diosgenin in conjunction with an improved peripheral
insulin sensitivity and the interference with hypothalamic-
hypopituitary axis regulated hormones. To the best of
our knowledge there is no published evidence suggesting
the interdependence between the possible concentration-
dependent toxic effects of fenugreek treatment and the most
important anabolic hormones, such as the growth hormone,
IGF-1, T3, and T4. Our results further demonstrate the
importance of careful dose-dependent assessment of fenu-
greek specific pharmacological effects.

2. Materials and Methods

2.1. Analytical Examination of Fenugreek Seeds

2.1.1. Preparation of Extract. The seeds of fenugreek were
obtained from an authorized local distributor. Powdered
fenugreek seeds were extracted with water: ethanol mixture
(1:1) for 72 h at 70°C using Soxhlet apparatus. This extract was
then concentrated to dryness by removing the solvent in the
rotary evaporator under reduced pressure.

2.1.2. Preparation of Sample for Analysis. One gram of thor-
oughly milled fenugreek seeds was accurately weighed. To the
fine powder obtained, 80 mL of 3 M hydrochloric acid was
added, and then it was kept on reflux for 1 h on water bath
at 100°C. Mixture was allowed to cool at room temperature
and was diluted further up to the mark with water. Diethyl
ether was used for the extraction process of the mixture. After
that the ether layer was separated and left to evaporate. The
remained residue was dissolved in 25 mL of methanol. This
resulting solution was used as test solution [40].

2.1.3. Chromatographic Conditions for Ultra High Performance
Liquid Chromatography. The preparation of diosgenin was
done with Chromaster Rs ultra high performance liquid
chromatography system (with a 6430 diode array detector
(DA), 6270 autosampler, 6170 binary pump, 6310 column
oven, software Agilent Open LAB chromatography data
system). Diosgenin was separated on a reverse-phase 10 mm
X 4.6 mm x 2.5 ym Kinetex XB-C18 column. The mobile
phase was prepared from water (solvent A) and acetonitrile
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(solvent B). The mobile phase was degassed and filtered
through 0.45 um filter before use. The gradient program
used was from A to B (10:90 v/v); 20-21 min, linear change
from A-B (10:90 v/v) to A-B (2:98 v/v); 21-25 min, constant
change from A-B (2:98 v/v); 25-26 min, linear changes from
A-B (2:98 v/v) to A-B (10-90 v/v); and 26-30 min, constant
change from A to B (10-90 v/v). The flow rate of the mobile
phase was 0.7 mL/min. The temperature of the column
was set to 25°C. The injection volume was 10 yL. The DA
was set at 254 nm to acquire the chromatogram. Diosgenin
was identified by comparing the retention time and spectra
obtained from sample and standard solutions (see Figure 1)
[1]. We performed a total ion chromatogram of fenugreek
(alcoholic extract) in negative ionization mode including
fragmentation spectra of the parent ion (see Figure 2) [40, 41].

2.2. Animals and Protocols

2.2.1. Ethics. The study was approved by and was in accor-
dance with the guidelines of and the Animal Ethics Commit-
tee of the University of Debrecen (25/2013 DE MAB).

2.2.2. Animals. Male Wistar rats (n=42) were used through-
out the study. Rats were maintained in a controlled environ-
ment (22-24°C, 12-12 h light/dark cycle). For the animals a
week of acclimation period was provided; thereafter the rats
were randomly selected into six experimental groups: healthy
control (C), high-fat diet control (HF), high-fat diet + 1 mg/kg
diosgenin (1D), high-fat diet + 10 mg/kg diosgenin (10D),
high-fat diet + 50 mg/kg diosgenin (50D), and high-fat diet +
0,2 mg/kg fenugreek seed (FG). The healthy control rats had
access to a standard laboratory chow (S8106-S011 SM R/M-
Z+H, ssniff Spezialdidten GmbH, Germany) and fresh tap
water ad libitum. Animals in the five other groups received ad
libitum a diet with high proportion of crude fats and carbohy-
drates, defined as high-fat diet (HFD) and 5% sucrose in the
drinking water. This special rodent chow (“824018-45%AFE
FAT”) was provided by “Special Diets Services”, UK. For the
treated groups, the previously mentioned diosgenin doses, or
the thoroughly milled fenugreek seeds were incorporated into
the food. As the endpoint of the experiment the seventh week
of treatment period was determined.

2.2.3. Hyperinsulinemic Euglycemic Glucose Clamp (HEGC).
The hyperinsulinemic euglycemic glucose clamp (HEGC)
method is a well-known and the most acceptance investiga-
tion to determine the exact and precise insulin sensitivity of
insulin dependent tissues described by DeFronzo et al. [42,
43]. According to our previously configured and validated
method to measure whole body insulin sensitivity [44]
we performed the HEGC method on each animal of our
current investigation. The animals needed to be anaesthetized
before the procedure. After an overnight starvation, general
anaesthesia was induced and sustained by an intraperitoneal
injection of 50 mg/kg sodium thiopental (Thiopental San-
doz®, Sandoz Pharmaceutical PLC, Switzerland). To allow the
spontaneous breathing of the animals, a polyethylene tube
was inserted into the trachea. The HEGC method presumes

two separate venous infusion lines for the administration
of the insulin and glucose solution and an arterial cannula
that serves for blood sampling for the subsequent deter-
mination of blood glucose levels and for monitoring the
blood pressure during the whole period of the investigation.
Two branches of the jugular vein and same side carotid
artery were exposed and cannulated. After thirty-minute
stabilization period continuous insulin (Humulin R®, Eli
Lilly, Indianapolis, IN, USA) and 20% w/v glucose infusion
were initiated simultaneously through the jugular vein. The
rate of insulin infusion was set to 3 mU/kg/min while
the glucose infusion rate was adjusted in accordance with
maintaining the euglycemic (5.5 + 0.5 mmol/l) blood glucose
status. The blood glucose concentration was determined
before the starting of the infusions (insulin and glucose
respectively), during the first 80 minutes of the experiment in
5-minute intervals, and at every 10 minutes after the “steady
state” condition developed, using a blood glucose testing
device (Accu-Chek, Roche Diagnostics, Budadrs, Hungary).
In addition, the fasting and steady state levels of insulin were
determined from the plasma obtained from blood samples
collected in EDTA tubes (0.5 ml, in 20 ul EDTA, 10 ul
Trasylol; Bayer, Leverkusen, Germany) before the initiation
of insulin infusion and during the steady state period of
the experiment. The blood samples were centrifuged for two
minutes, at 10.000 g and 4°C (Centrifuge 5415R, Eppendorf
GmbH, Germany), and the plasma was frozen and stored at
-70°C for further determinations.

2.3. Sample Preparation and Determination of Hormone Levels

2.3.1. Description of the Blood Sample Preparation. To deter-
mine the plasma concentration of insulin, IGF-1, T3, T4,
and GH from each animal blood samples were collected into
EDTA-coated blood collection tubes (BD, Franklin Lakes,
NJ, USA). The samples were centrifuged at 3000 rpm for 10
min (Centrifuge 5418, nonrefrigerated, with rotor FA-45-18-
11, 230V/50-60Hz, 36 ml, 5418 000.017). The plasma was then
aliquoted and stored frozen at -20°C until analysis.

2.3.2. Determination of Insulin. The concentration of insulin
was determined using a commercially available ELISA kit
(Insulin ELISA, Immuno Diagnostics, Woodland Hills, Cali-
fornia, USA, kit number: 1606-15). The absorbance was mea-
sured at 450 nm colorimetrically. The insulin concentrations
were determined by comparing the absorbance values of the
samples to the standard curve. The insulin concentrations
were expressed as plasma insulin concentration (in gIU/mL).
The reagents were prepared according to the manufacturer’s
instructions. 50 pyL samples were added to sample wells.
The standard curve was prepared as it was described in the
protocol and 50 uL of the diluted standard solution was added
to the appropriate wells. 100 uL of the Enzyme Reagent was
added to each well; then the microplate was swirled gently for
20-30 seconds to mix and covered with a plastic wrap and was
incubated for 120 minutes at room temperature (20-27°C).
The liquid of the microplate was discarded by decantation and
tap and blot the plate dry with absorbent paper. 350 uL of



BioMed Research International

0,010 Q
0,008 @
0
- o o
o g
0,006
=)
3 o
8 0,004 o -
g e -
2 N
2 = -
;% no ﬁ = mn'\onn OVTID :Lm—' ma
Ny Ny ", . o NABe ! °‘;o\;
N Y oo i ®
e I S NEPSOR Lo
0,000 —4*~—* \
-0,002
[ T N J A I e L3 LN I T I T I T [T T
0 2 4 6 8 10 12 14 16 18 20

Retention Time (min)

FIGURE 1: Chromatogram of fenugreek (Trigonella foenum-graecum L.).

wash buffer was added, decanted, and aspirated, and this step
was repeated two additional times for a total of three washes.
100 pL of working substrate was added to solution in all wells
and the microplate was incubated at room temperature for 15
minutes. Then 50 uL of stop solution was added to each well
and mixed gently 15-25 seconds. Absorbance was measured
at 450 nm. Sample insulin concentration was compared with
the insulin standard curve and the concentration of insulin
was expressed as plasma insulin concentration (in yIU/ml).

2.3.3. Determination of Insulin-Like Growth Factor-1 (IGF-
I). The insulin-like growth factor-1 was determined using
a commercially available ELISA kit (Eagle Biosciences,
INC., Nashua, New Hampshire, kit number: IGF31-K01).
The reagents were prepared according to the manufac-
turer’s instructions. Standards and samples were prepared as
described in the protocol book. 20 uL of the samples and
standard were added to the appropriate wells and 100 uL of
the biotinylated IGF was added to each well and the plate was
incubated at room temperature for two hours. The solution
was aspirated from the microplate and each well was rinsed
with 300uL of 1x Wash solution and repeated 3 times. 150
pL of the enzyme complex was added to each well after the
wash process and the plate was incubated one hour at room
temperature. Then the wash process was repeated three times.
100 uL of substrate was added to each well and incubated for
15 minutes. 100 uL of stopping solution was added to each
well. Absorbance was measured at 450 nm. Sample IGF-1
concentration was compared with the IGF-1 standard curve
and the concentration of IGF-1 was expressed as plasma IGF-
1 concentration (in ng/mL).

2.3.4. Determination of Growth Hormone (GH). The concen-
tration of growth hormone was assessed with a commercially
available assay kit (Elisa Cloud Immunoassay, Huston, USA,

kit number: SEA044). In the first step, the wells were
determined wells for diluted standards, blank, and samples.
100 L of each of dilutions standards, blank, and samples was
added to the correct wells, then the plate was covered and
incubated for 1 hour at 37°C. After incubation the liquid was
removed from each well and 100 puL of Detection Reagent
A working solution was added to each well and incubated
for 1 hour at 37°C. The plate was washed with 350 uL of Ix
wash solution and repeated 3 times. After the last wash any
remaining wash buffer was removed by aspirating and 100 uL
of Detection Reagent B working solution was added to each
well and incubated for 30 minutes at 37°C. The aspiration
and wash process were repeated 5 times. After the washing
process 90 pL of Substrate Solution was added to each well;
then the plate was covered and incubated for 10-20 minutes
at 37°C. After incubation, 50 uL of Stop Solution were added
to each well. Absorbance was measured at 450 nm. Sample
GH concentration was compared with the GH standard curve
and the concentration of GH was expressed as plasma GH
concentration (in pg/mL).

2.3.5. Determination of Triiodothyronine (T3). The concen-
tration triiodothyronine was determined using a commer-
cially available ELISA kit (Wuxi Donglin Sci & Tech Devel-
opment Co., Ltd. Wuxi, Jiangsu, China, kit number: DL-T3-
Ge). The color change was measured spectrophotometrically
at a wavelength of 450 nm. The concentrations of T3 in the
samples were determined by comparing the absorbance of
the samples to the standard curve. The T3 concentrations
of the samples were expressed as plasma T3 concentration
(in ng/mL). The reagents were prepared according to the
manufacturer’s instructions. A standard curve was prepared;
the diluted standard solutions, the blank, and the samples
were added to the appropriate wells (50 ul). 50 pL of
Detection A was also added to each well immediately and the
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FIGURE 2: Total ion chromatogram of alcoholic extract of fenugreek ( Trigonella Foenum-graecum L.) in negative ionization mode (a) including

fragmentation spectra of the parent ion (b).

plate was shaking gently and covered with a plate sealer and
incubated for 1 hour at 37°C. The solution was aspirated from
the microplate and each well was washed with 350uL of 1x
Wash solution 3 times. To each well then 100 uL of Detection
Reagent B was added; then the plate was incubated at 37°C
for 1 hour. After the incubation, the aspiration/wash cycle was
repeated 5 times; then 90 L of Substrate Solution was added
to each well after the end of the wash process. The plate was

incubated for 15-25°C minutes at 37°C; then 50 uL of Stop
solution was added to each well. Absorbance was measured
at 450 nm. Sample T3 concentration was compared with the
T3 standard curve and the concentration of T3 was expressed
as plasma T3 concentration (in ng/mL).

2.3.6. Determination of Thyroxine (T4). The concentrations
of thyroxine were determined using a commercially available



ELISA kit (Wuxi Donglin Sci & Tech Development Co.,
Ltd. Wuxi, Jiangsu, China, kit number: DL-T4-Ge). The
reagents were prepared according to the manufacturer’s
instructions. A standard curve was prepared; the diluted
standard solutions, the blank, and the samples were added
to the appropriate wells (50 ul). 50 uL of Detection A
was also added to each well immediately and the plate
was shaking gently and covered with a plate sealer and
incubated at 37°C for 1 hour. The solution was aspirated from
microplate. Each well was washed with 350uL of 1x Wash
solution 3 times. To each well then 100 uL of Detection
Reagent B was added and at 37°C the plate was incubated
for 1 hour. After the incubation, the aspiration/wash cycle
was repeated 5 times; then 90 uL of Substrate Solution was
added to each well after the end of the wash process. The
plate was incubated for 15-25°C minutes at 37°C; then 50
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pL of Stop solution was added to each well. Absorbance
was measured at 450 nm. Sample T4 concentration was
compared with the T4 standard curve and the concentra-
tion of T4 was expressed as plasma T4 concentration (in
ng/mL).

2.4. Formulas for Calculations [45-49]: Glucose infusion rate
(GIR) is

glucose infusion (mg/min)

GIR =
body weight (kg)

@

Metabolic clearance rate of insulin (MCRI), expressed in
mU/m?/min, is

insulin infusion rate

MCRI = T : P ; ()
steady state plasma insulin concentration - basal plasma insulin concentration
Insulin  sensitivity = index  (ISI),  expressed in
mg/kg/min/mU/mL, is
B glucose infusion rate 3)
~ steady state plasma insulin concentration
Quantitative insulin sensitivity check index (QUICKI) is
QUICK = ! 4
~ log (fasting plasma insulin (4IU/mL)) + log (fasting plasma glucose (mg/dL)) @
To estimate insulin resistance the universally accepted home-
ostatic model assessment (HOMA) was applied.
HOMA for insulin resistance (HOMA-IR) is
fasting plasma insulin (¢IU/mL) x fasting plasma glucose (mmol/L
HOMA — IR = gp (41U/mL) g plasma g (mmol/L) 5)
22.5
2.5. Data Analysis. Statistical analysis was carried out with 3. Results

GraphPad Prism 7.04. All data were analyzed with one-way
analysis of variance (ANOVA) followed by Tukey posttesting.
In the figures, data are presented as mean + SEM. x, #x,
and * * * indicate significant difference in comparison to
the healthy control group (* for p<0.05, *x* for p<0.01, and
# % % for p<0.001). #, ##, and ### indicate the statistically
significant difference compared to the HFHSD (high-fat and
high-sugar diet) control group (p<0.05, p<0.01, and p<0.001,
respectively). §, §§, and §§§ indicate significant difference
compared to the corresponding 0 min value (p<0.05, p<0.01,
and p<0.001, respectively).

Fasting glucose levels showed statistically significant differ-
ence only between the 1D and HF group (see Figure 3). In the
steady state, since in HEGC blood glucose is artificially kept
in the euglycemic state, there was no significant difference
between groups.

Fasting plasma insulin levels were not statistically sig-
nificant between the groups (see Figure 4). In the steady
state period of HEGC due to the insulin infusion, insulin
levels elevated significantly in each group compared to their
respective fasting values. Furthermore, 1D animals showed a
significant decrease to healthy controls and high-fat controls,
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FIGURE 4: Plasma insulin levels after 10 weeks of diosgenin or
fenugreek treatment.

while the FG group had a statistically significant decrease
in insulin levels compared to the HF group only. 10D rats,
however, showed a significant increase in insulin levels
compared to both C and HF animals.

There was no statistically significant difference between
the groups in glucose infusion rate (see Figure 5).

In the 10D animals, insulin sensitivity index significantly
decreased compared to healthy controls (see Figure 6).
The FG group showed a statistically significant elevation
compared to the HF rats.

The metabolic clearance rate of insulin was significantly
increased in 1D and fenugreek groups compared to both the
healthy and high-fat controls (see Figure 7). 10D rats showed
a statistically significant decrease in comparison to the C and
HF groups.

In HOMA-IR, the groups showed no statistically signifi-
cant difference between each other (see Figure 8).

QUICKI showed no statistically significant difference
between the groups (see Figure 9).

In 0 min, IGF-1 levels showed no statistically significant
difference between the groups (see Figure 10). In the steady
state period of HEGC, however, IGF-1 levels significantly
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FIGURE 5: GIR after 10 weeks of diosgenin or fenugreek treatment.
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FIGURE 6: ISI after 10 weeks of diosgenin or fenugreek treatment.

increased in HE, 1D, 10D, and FG animals compared to their
respective 0 min values.

In the fasting state, all diosgenin groups, but not the FG
group, showed a significant increase compared to the HF
animals (see Figure 11). In the steady state period of the
HEGC, however, GH levels increased in the healthy controls
and the HF group, although without reaching significance
compared to the corresponding 0 min value, and the dios-
genin groups showed an apparent dose-dependent decrease
in GH levels. With the 10D and 50D rats the decrease was
statistically significant compared to healthy controls, and the
50D group also showed a significant decrease to its 0 min
value. Fenugreek treatment caused a significant decrease in
GH levels by the steady state period compared to both the C
and HF groups.

Fasting levels of T3 were significantly decreased in all
groups compared to healthy control rats (see Figure 12). Dur-
ing steady state, however, T3 decreased in healthy controls,
despite not reaching statistical significance. The rats treated
with diosgenin showed significant increase compared to their
corresponding 0 min values, and the 50D group also showed a
significant elevation in T3 levels compared to the steady state
value of HF animals.

The FG group showed a statistically significant increase
in fasting T4 levels compared to healthy and high-fat controls
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FIGURE 8: HOMA-IR after 10 weeks of diosgenin or fenugreek
treatment.

(see Figure 13). In the steady state period of HEGC there was
an apparent increase in T4 levels in the diosgenin treated ani-
mals, but only the 10D group reached statistical significance.
The fenugreek seed treated rats, however, showed a significant
decrease in T4 levels compared to their elevated fasting value.

4. Discussion

Literature data confirms that fenugreek is a widely used plant
since ancient times as a spice, herb, nutritional supplement, or
a therapeutic agent in different types of disorders, including
diabetes mellitus, metabolic syndrome or hyperlipidaemia
[3,50-53]. It is also very effective in reducing oxidative stress
damage and stimulating apoptosis in hyperplasia of different
types of cells [54-58]. Both the leaves and the seeds can
be administered in therapeutic or nutritional regards [53].
Some researchers and pharmaceutical manufacturers use the
aqueous or alcoholic extracts of the fenugreek to enhance
its effect or to prepare the best formulation of the plant.
We reported in our previous study that the aqueous and
alcoholic fenugreek extracts are significantly different in the
profile of bioactive compounds [1]. According to our results,
4-HIL, asparagine, and various nucleotides were present only
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FIGURE 10: IGF-1 levels after 10 weeks of diosgenin or fenugreek
treatment.

in the aqueous extract, and on the other hand the flavonoids,
soyasaponins, steroidal saponins, and some vitamins such
as vitamin C and B3 were detectable only in the alcoholic
extract. Since the different types of extracts contain only a
part of the active compounds of fenugreek; therefore, the
whole plant is preferable to be administered to the healthy
or diseased.

Several research data supports that besides insulin regu-
lation fenugreek can also influence the synthesis and function
of other metabolic hormones, like IGF-1, GH, T3, and T4
[59-62]. All these hormones play an important role in the
regulation of glucose metabolism and the pathomechanism of
diabetes mellitus. IGF-1 is by structure and function familiar
to insulin, and in case of insulin deficiency it can activate
the insulin receptor but the hypoglycemic effect develops at
a slower rate [63]. Furthermore, IGF-1 is a very important
antiapoptotic and hypertrophic agent, involved especially in
the thyroid tissue hyperplasia [64-67]. Moreover, IGF-1 also
stimulates the production and secretion of TSH. Both effects
can contribute to the increase of thyroid hormone levels. The
growth hormone is considered the most important anabolic
hormone, with major role in lipolysis and the synthesis
of proteins. GH plays an important role in the regulation
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of glucose metabolism, contributing to the development
of hyperglycemia, hyperinsulinemia, and insulin resistance
[68-75]. In addition, GH secretion can be modified by
thyroidal hormones: in hypothyroidism GH levels and GH
response is decreased [76]. Thyroidal hormones are able
to influence metabolism in the whole body. They have an
important role in metabolic regulation and growth, but in
addition these endocrine compounds can modify cardio-
vascular functions, energy balance, and the central nervous
system function. Thyroidal hormones greatly influence glu-
cose metabolism either via altering IGF-1 and GH functions
and increasing hepatic glucose production. Apart from being
used in hypothyroidism they have indication in the treatment
of depression, as well as in treatment of obesity due to the
stimulation of lipolysis, but long-term usage is limited by
their possible diabetes promoting and cardiovascular side
effects.

During hyperinsulinemic euglycemic glucose clamp per-
formed at the end of the six week long experimental period
we found no significant differences between the groups
regarding glucose infusion rate, suggesting that in response
to the insulin infusion and consequent hyperinsulinemia

25
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FIGURE 13: T4 levels after 10 weeks of diosgenin or fenugreek
treatment.

the rate of disappearance of glucose have not changed;
therefore the insulin stimulated glucose uptake was the same.
However, the parameters calculated from blood samples
taken in fasted and steady state suggest that the lowest dose of
diosgenin and the comparable dose fenugreek seed treatment
significantly improved insulin resistance. In the fenugreek
group insulin sensitivity index was increased, showing that
less amount of insulin was needed to achieve the same rate of
disappearance of glucose from blood circulation compared
to other groups. This finding is also corroborated by the
increased metabolic clearance rate of insulin, suggesting
that the body had to compensate against hypoglycemia by
eliminating excess insulin, an effect also shown by rats treated
with 1 mg/kg diosgenin. Though the latter group failed to
show an increased ISI, the elevated MCRI demonstrates
the improved insulin sensitivity and glucose uptake. The
explanation behind the difference in insulin sensitivity effect
between the fenugreek seed and the comparable dose of
diosgenin might be that fenugreek might be that apart from
diosgenin; fenugreek seeds contain other active compounds
that can influence glucose metabolism. One such compound
is the newly identified 4-hydroxyisoleucine (4-HIL). Several
studies demonstrated that 4-HIL is able to enhance insulin
sensitivity via different molecular targets, such as AMP-
activated protein kinase, suppressor of cytokine signalling-
3, insulin receptor substrate-1, and in some reports showing
an effect comparable to that of metformin [77-79]. The 50
mg/kg diosgenin treatment failed to alter insulin sensitivity,
but rats treated with 10 mg/kg diosgenin showed a marked
drop in ISI and MCRI, suggesting insulin resistance in
peripheral tissues. This seemingly contradictory response
compared to the lowest dose of diosgenin might be explained
with the phenomena of hormesis, a relatively new, but not
well understood theory in toxicology that states that certain
compounds in low dose have a stimulating, but in high doses,
an opposite, inhibitory effect. Hormesis might be explained
if we assume that in low doses the toxic compound activates
adaptive responses in the body, thus achieving a beneficial
effect, but in higher doses these adaptive mechanisms cannot
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counterbalance the stress and undesired effects manifest [80-
82]. Based on our results we suggest that, in 1 mg/kg dose,
diosgenin has an insulin sensitizing effect, but in 10 mg/kg
dose it promotes insulin resistance.

Continuous insulin infusion effectively increased IGF-1
levels in the high-fat control, 1 and 10 mg/kg diosgenin, as
well as in the fenugreek groups. IGF-1 elevation might have
appeared as a result of hyperinsulinemia and the significantly
increased GH levels. In response to elevated basal GH
levels IGF-1 increased by the steady state period, activating
growth hormone inhibiting hormone (GHIH), and, in turn,
decreasing GH levels that can contribute to normalization of
blood glucose levels [83]. Hyperinsulinemia also stimulates
thyroid hormone production and secretion, and IGF-1 levels
elevate in the thyroid gland, possibly as a result of elevated
GH [84]. IGF-1 stimulates TSH and the proliferation of
thyroid tissue that leads to increased secretion of thyroid
hormones and consequent hypoglycemia. In the state of high
plasma glucose levels less T4 prohormone is transformed into
T3, T3/T4 ratio decreases, and obesity might develop [60].
Our results showed that in chronic diosgenin and fenugreek
treatment the basal level of thyroid hormones, especially T3
significantly decreased, but the consequent IGF-1 elevation in
response to hyperinsulinemia in the steady state effectively
balances this reduction in the diosgenin groups. The FG rats
showed a significant elevation of basal T4 levels, but in the
steady state period the insulin infusion reduces T4, possibly
through stimulating its transformation into T3 due to ele-
vated GH that promotes hypothyroidism [85, 86]. Our results
corroborate that there are complex feedback mechanisms and
interplay between the studied anabolic hormones that play
an important role in the regulation of glucose metabolism,
development of insulin resistance, and modulating insulin
sensitivity. Our additional find is that fenugreek seed may
have different physiological effects than its active component
diosgenin due to the fact that apart from compounds with
potentially therapeutic value it might also contain molecules
that cause undesired or even toxic side effects, especially in
long-term treatment. However, it is important to note the
significance of proper dosing, since low dose had beneficial
effects, but elevation of doses impaired insulin sensitivity and
the homeostasis of the examined hormones.

5. Conclusion

Our study shed light to that chronic consumption of fenu-
greek seed is able to influence the complex interplay of
anabolic hormones. Our results also indicate that apart from
its proven insulin sensitizing effect fenugreek might have a
therapeutic potential in the adjuvant treatment of thyroid
diseases. We plan to conclude further research to determine
the effect of fenugreek and its saponin agents in different
thyroid disease models.
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Monoamine oxidases (MAOs) regulate local levels of neurotransmitters such as dopamine, norepinephrine, and serotonin and
thus have been targeted by drugs for the treatment of certain CNS disorders. However, recent studies have shown that these
enzymes are upregulated with age in nervous and cardiac tissues and may be involved in degeneration of these tissues, since their
metabolic mechanism releases hydrogen peroxide leading to oxidative stress. Thus, targeting these enzymes may be a potential
anti-aging strategy. The purpose of this study was to compare the MAO inhibition and selectivity of selected dietary phenolic
compounds, using a previously validated assay that would avoid interference from the compounds. Kynuramine metabolism by
human recombinant MAO-A and MAO-B leads to formation of 4-hydroxyquinoline, with Vmax values of 10.2+0.2 and 7.35+0.69
nmol/mg/min, respectively, and Km values of 23.1+0.8 yM and 18.0+2.3 uM, respectively. For oral dosing and interactions with
the gastrointestinal tract, curcumin, guaiacol, isoeugenol, pterostilbene, resveratrol, and zingerone were tested at their highest
expected luminal concentrations from an oral dose. Each of these significantly inhibited both enzymes except for zingerone, which
only inhibited MAO-A. The IC50 values were determined, and selectivity indices (MAO-A/MAO-B IC;, ratios) were calculated.
Resveratrol and isoeugenol were selective for MAO-A, with IC;, values of 0.313+0.008 and 3.72+0.20 M and selectivity indices of
50.5 and 27.4, respectively. Pterostilbene was selective for MAO-B, with IC, of 0.138+0.013 M and selectivity index of 0.0103. The
inhibition of resveratrol (MAO-A) and pterostilbene (MAO-B) was consistent with competitive time-independent mechanisms.
Resveratrol 4’-glucoside was the only compound which inhibited MAO-A, but itself, resveratrol 3-glucoside, and pterostilbene 4’-
glucoside failed to inhibit MAO-B. Additional studies are needed to establish the effects of these compounds on MAO-A and/or
MAO-B in humans.

1. Introduction

Monoamine oxidases (MAO) A and B are enzymes found
in the mitochondria of the liver and other tissues, metabo-
lizing neurotransmitters such as dopamine, serotonin, and
norepinephrine [1]. Several approved therapeutic MAO
inhibitors have long been used for the treatment of anxiety
and depression and more recently for Parkinson’s disease
[2]. MAO reaction products include hydrogen peroxide,
aldehydes, and ammonia; these may exhibit toxic effects in
various tissues. Notably, expression of MAO increases with
age by 6-fold for cardiac MAO-A and 4-fold for neuronal
MAO-B [3]. As a result, both MAO-A and MAO-B have

been investigated for their roles in oxidative stress, aging, and
degenerative disease in the heart and the brain [1, 3-6].

In addition to FDA-approved drugs, natural products
have also been investigated for their potential MAO inhibi-
tion. Some phenolic dietary compounds such as curcumin,
eugenol, piperine, quercetin, and resveratrol are not sub-
strates for MAQ, but they have inhibitory effects on MAO [7-
12]. Curcumin inhibits both MAO-A and MAO-B in mouse
brain after p.o. administration [7]. Piperine and paeonol are
reversible inhibitors for both MAO-A and MAO-B in rat
brain. The mode of inhibition with piperine on MAO-A and
MAO-B is mixed and competitive inhibition giving K; values
of 35.8 uM and 79.9 uM, respectively [9]. Paconol has K;
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values of 51.1 uM and 38.2 uM on MAO-A and MAO-B with
non-competitive and competitive inhibition, respectively [9].
Emodin shows mixed mode inhibition on MAO-B with K;
values of 15.1 uM in rat brain [9]. Quercetin is a previously
established inhibitor of MAO-A [3, 10, 11] and MAO-B [13].
Resveratrol is a potent inhibitor of MAO-A in rat brain with
K; of 2.5 uM [12]. Eugenol can competitively inhibit both
human recombinant MAO-A and MAO- B with K| of 26 uM
and 211 uM [8]. Kaempferol is a selective MAO-A inhibitor
[14]; furthermore, certain flavonoid structures have been
established as reversible and competitive inhibitors, while
glycosidation of these structures decreases or abolishes their
MAO inhibition [15]. These phenolic compounds all lack
amine groups and therefore MAO inhibition is unexpected
and not immediately explained.

The drug-drug interactions between many oral sympath-
omimetic amines and monoamine oxidase (MAO) inhibitors
have been well studied in the literature. The most common
adverse effect is high blood pressure. Other adverse effects
include headache, chest pain, cardiac arrhythmias, and circu-
lation insufficiency [16]. MAO inhibitors inhibit presystemic
and systemic metabolism of some sympathomimetic amines,
which are substrates for MAO, resulting in the elevated
level of these sympathomimetic amines in circulation [16].
Furthermore, the metabolism of exogenous and endogenous
sympathomimetic amines in circulation and tissues could be
inhibited by systemic exposure to MAO inhibitors.

Sympathomimetic amines can be divided into two types:
direct and indirect acting amines. Indirect acting sympath-
omimetic amines stimulate the release of noradrenaline from
the storage in the sympathetic nerve terminals to interact
with postsynaptic adrenergic receptors. MAO inhibitors can
increase the level of noradrenaline stored in the nerve
terminals. These effects from sympathomimetic amines and
MAO inhibitors cause the adverse interaction [16, 17]. Direct
acting sympathomimetic amines bind directly to adrener-
gic receptors. Elimination of these direct acting sympath-
omimetics from interacting with adrenergic receptors occurs
via metabolism by MAO, catechol-O-methyl transferase,
and reuptake into presynaptic neurons. Therefore, MAO
inhibitors can affect indirectly acting sympathomimetic
amines more than directly acting sympathomimetic amines
such as phenylephrine [17].

The purpose of this study was to compare the MAO
inhibition potential and selectivity of selected phenolic com-
pounds which may have utility in oral dietary supplement
products. Since phenolic compounds can act as antioxidants
and thus interfere with assay methods depending on the
detection of peroxidase activity, a direct chromatographic
method measuring the MAO product should yield more
reliable results [18]. Therefore kynuramine, a typical substrate
of both MAO-A and MAO-B, was used to test if these
phenolic compounds can inhibit MAO-A or MAO-B fol-
lowed by fluorescent HPLC analysis. The metabolite of kyn-
uramine produced by MAO enzymes (3-(2-aminophenyl)-3-
oxo-propionaldehyde) rapidly and spontaneously rearranges
(by the Schiff base reaction) to the commercially available
4-hydroxyquinoline (shown in Figure 1), which has strong
fluorescence for sensitive detection [13].

BioMed Research International

2. Materials and Methods

2.1. Chemicals and Reagents. Curcumin (mixture of cur-
cumin, demethoxycurcumin, and bisdemethoxycurcumin)
was purchased from Acros Organics (New Jersey, USA).
Guaiacol and isoeugenol were purchased from TCI America
(Portland, OR). 4-Hydroxyquinoline, zingerone, and tri-
fluoroacetic acid were purchased from Alfa Aesar (Ward
Hill, MA). Kynuramine dihydrobromide was purchased
from Sigma-Aldrich (St. Louis, MO). Pterostilbene was
purchased from ChromaDex (Irvine, CA). Resveratrol was
purchased from Beta Pharma, Inc. (New Haven, CT). Piceid
(resveratrol 3-glucoside) and vanillin were purchased from
TCI America (Portland, OR); «-mangostin was purchased
from Indofine (Hillsborough Township, NJ); gnetin-C was
donated by Hosoda Nutritional (Fukui City, Japan). Silybin
was purchased from Cayman Chemicals (Ann Arbor, MI)
and chrysin was purchased from Hawkins Pharmaceutical
(Roseville, MN). Acetonitrile was purchased from Avantor
Performance Materials, Inc. (Center Valley, PA). Dimethyl
sulfoxide, perchloric acid (70%), sodium hydroxide, and
triethylamine were purchased from Fisher Scientific (Fair
Lawn, NJ). Potassium phosphate monobasic was purchased
from Sigma (St. Louis, MO). Potassium phosphate dibasic
was purchased from J.T. Baker (Phillipsburg, NJ). Recombi-
nant human MAO-A and MAO-B were purchased from BD
Biosciences (San Jose, CA) or Corning Discovery Labware
(Woburn, MA). Resveratrol 4’-glucoside and pterostilbene
4’-glucoside were synthesized as previously described [19,
20]. All test compounds were dissolved in DMSO.

2.2. Chromatographic Conditions and Detection. The chro-
matographic experiments were conducted by HPLC systems
including Waters 2695 separation module, Waters 2487 dual
A absorbance detector, and Waters 2475 multi A fluorescence
detector (Waters Corporation, Milford, MA). The HPLC
method was developed to simultaneously detect and quan-
tify kynuramine and 4-hydroxyquinoline to monitor the
enzymatic reaction of recombinant MAO-A/B. The analyt-
ical method used was similar with some modifications to
those already published and validated [21, 22]. A Microsorb
MV CI8 column (100 x 4.6 mm, 3 um, Agilent Tech-
nologies) was used at 30°C to separate kynuramine and
4-hydroxyquinoline. The gradient elution was applied at
a flow rate of 1 mL/min with 6.5 mM triethylamine and
13 mM trifluoroacetic acid in water as mobile phase A
and acetonitrile as mobile phase B, starting at 10% B and
increasing to 50%. Kynuramine was detected by UV at 364
nm, and 4-hydroxyquinoline was detected by fluorescence
(excitation 316 nm, emission 357 nm). Further details on the
HPLC method are in Supplemental Data (available here).

2.3. MAO Enzyme Kinetic Assay and K, Determination. The
optimized incubation time and human recombinant MAO
concentration were selected in the linear range from the time-
dependent and MAO concentration-dependent studies (Sup-
plemental Data). Briefly, samples were prepared in potassium
phosphate buffer (100 mM, pH 7.4) with a final concentration
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FIGURE 1: Kynuramine converted to 4-hydroxyquinoline via 3-(2-aminophenyl)-3-oxo-propionaldehyde.

of MAO in the reaction solution of 0.01 mg/mL, incubated at
37°C for 15 min. Saturation of kynuramine metabolism with
MAO-A/B was carried out at concentrations of 2, 5, 10, 25,
50, 100, 250, 500 M. The enzymatic reactions (200uL) were
stopped by 2 N NaOH (75 uL) followed with 70% perchloric
acid (25 pL). The samples were vortexed and centrifuged for
5 min at 10,000xg. The supernatant was analyzed by HPLC as
described above.

2.4. Inhibition Screening and ICy, Determination. According
to the K, value determined in the experiment described
above, the final concentration of kynuramine was set at 10 uM
for the inhibition assay, which was less than the K, values for
MAO-A and MAO-B. The incubation time was 15 min and
MAO concentration was 0.01 mg/mL. The concentration used
to screen the inhibitors of MAO-A/B for curcumin, guaiacol,
isoeugenol, pterostilbene, resveratrol, and zingerone was 140,
435, 110, 270, 94, and 51 uM, respectively. If the compounds
at these concentrations significantly decrease the formation
of 4-hydroxyquinoline, further study would be accomplished
to determine their ICs, for the inhibition of MAO-A/B.
Additionally, clorgyline and selegiline were tested as positive
controls for MAO-A and MAO-B inhibition [23, 24], while
several other natural phenolic compounds were tested for
MAO inhibition.

2.5. Inhibition Mechanism Studies. To describe the inhibition
mechanism for resveratrol or pterostilbene, competition and
time dependence were determined. For competition, MAO-
A or MAO-B was incubated with varying concentrations
of kynuramine (2-450uM) for 30 minutes in the absence
(control) or presence of resveratrol (14M; MAO-A) or ptero-
stilbene (0.45uM). To determine time dependence, the pro-
tocol by Obach et al. was followed [25]. Briefly, the enzymes
were incubated directly with the inhibitor at 10-fold higher
than a quarter of their IC50 values determined herein for
resveratrol and pterostilbene for times from 0 to 60 minutes,
before diluting 10-fold with kynuramine at a concentration
(20uM) approximating its Km values. Tranylcypromine was
used as a positive control for time-dependent inhibition [24],
and DMSO (0.9% v/v) was used as a negative control [23].
After adding kynuramine, the enzymes were incubated for 30
minutes before processing as described above.

2.6. Data Analysis. GraphPad Prism 5 was applied to fit a
Michaelis-Menten model to the data to obtain the K, values
in the saturation experiments. In the screening experiments,
significant differences between control and treated group

were determined by a one-way ANOVA followed by Dun-
nett’s posttest (p < 0.05). The condition of the ICs, study was
incubation of kynuramine (10 4uM) and a broad concentration
range of inhibitors with MAO-A/B (0.01 mg/mL) for 15 min.
GraphPad Prism 5 was applied to fit the data to obtain
ICs, values by using the concentration-response equation as
follows:
v; 1

ve  1+10" ((log [1] - logICs,) x Hill Coefficient)

@

This equation included the Hill coefficient as the parameter
and could help to characterize the inhibition. If the 95%
confidence interval of the Hill coeflicient did include 1, the
concentration-response equation with the Hill coefficient
fixed at 1 was fitted to the data again by the following equation:

v; 1

vo  1+10° (log 1] - logICs)

)

The selectivity index was calculated as a ratio of MAO-B
IC5,/MAO-A ICs for each compound. The calculated solu-
bility values for phenolic dietary compounds (all unionized at
pH values ranging from 1 to 7) are from SciFinder [26]. The
maximum single doses are from published sources [27-32].
The relevant GI concentration is the lesser of either solubility
or the concentration after a single dose.

Time depended data were analyzed by fitting either
straight line or one-phase exponential decay models to the
data in GraphPad Prism v5.

3. Results

3.1 Optimized Enzyme Kinetic Assay and K, Determination.
The concentration dependence for oxidative deamination
of kynuramine with MAO-A and MAO-B is shown in
Figure 2. Kynuramine (2 to 500 uM) was incubated in 200
pL potassium phosphate buffer (100 mM, pH 7.4) for 15 min
with MAO-A or MAO-B (0.01 mg/mL). Michaelis-Menten
model was used to fit the data by GraphPad Prism 5. The
experiments were conducted 3 times in triplicate. Single
representative experiments are shown. For MAO-A, K, and
Vimax Were 231 + 0.8 yM and 10.2 + 0.2 nmol/min/mg
(mean + SEM), respectively. For MAO-B, K, and V.
were 18.0 + 2.3 uM and 735 + 0.69 nmol/min/mg (mean
+ SEM), respectively. From these data, the concentration
of kynuramine was set at 10 yM for both MAO-A and
MAO-B for the following studies so that the kynuramine
concentration was < Km.
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FIGURE 2: Concentration dependence of oxidative deamination of kynuramine by MAO-A (a) or MAO-B (b). Kynuramine was incubated
with MAO-A (a) or MAO-B (b) (0.0lmg/ml) for 15 minutes. The formation of 4-hydroxyquinoline (mean + SD) was determined in three
experiments in triplicate; a representative experiment is shown. The Michaelis-Menten model was fitted to the data, represented by the curve.
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FIGURE 3: The inhibition of MAO-A (a) or MAO-B (b) activity by phenolic dietary compounds. The inhibition screening for oxidative
deamination of kynuramine with MAO-A (a) or MAO-B (b) was conducted with kynuramine (10 M) incubated with either enzyme
(0.01 mg/mL) and one of these phenolic dietary compounds. Concentrations tested: curcumin 1404M, guaiacol 435uM, isoeugenol 1104M,
pterostilbene 270uM, resveratrol 94uM, and zingerone 51uM. The numbers are expressed as means + SD; * indicates that the significant
differences were analyzed between the control (no inhibitor) and phenolic compounds. Absent bars indicate that the formation of 4-

hydroxyquinoline was below the quantification limit.

3.2. Inhibition Screening and ICy, Determination. The inhibi-
tion screening for oxidative deamination of kynuramine with
MAO-A or MAO-B is shown in Figure 3. Kynuramine (10
puM) was incubated in 200 uL potassium phosphate buffer
(100 mM, pH 7.4) for 15 min with MAO-A or MAO-B (0.01
mg/mL) and one of these phenolic dietary compounds. The
control was the incubation with kynuramine but without any
dietary compounds. The numbers are expressed as means
+ SD and the significant differences were analyzed between
the control treatment (with no inhibitor) and treatments
in presence of phenolic dietary compounds using one-way
ANOVA analysis followed by Dunnett’s post hoc test in
GraphPad Prism 5. All the phenolic compounds tested in
the experiments showed significant inhibition of MAO-A

activity with p < 0.05. All the phenolic compounds tested
in the experiments showed significant inhibition of MAO-
B activity with p < 0.05. However, zingerone showed less
than 10% inhibition at its GI concentration (51 #M) expected
from maximum single dose. Therefore zingerone was not
investigated further with MAO-B.

The IC;, curves for the inhibitors for kynuramine oxida-
tive deamination with MAO-A are shown in Figures 4
and 5. MAO activities were measured by the formation
of 4-hydroxyquinoline with inhibitors in a broad range
of concentrations (at least 10*-fold) for 15 min incubation
of kynuramine with MAO-A or MAO-B. The fractional
activity is the value divided by the control (in absence of
inhibitor). The formation of 4-hydroxyquinoline was under
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the lower limit of detection when incubating kynuramine
with the negative control for MAO activity. ICy, values, Hill
coefficients, and selectivity indices are shown in Table 1.

In Figure 6, Clorgyline or selegiline selectively inhibited
MAO-A or MAO-B as expected [24]. Among the glucosides,
only resveratrol 4’-glucoside inhibited MAO-A while MAO-
B was not inhibited. As previously reported [23], chrysin
inhibited both enzymes.

3.3. Inhibition Mechanism. Figure 7 showed that in the
absence or presence of resveratrol (1 M), the Vmax and Km
values for MAO-A were 17.4 + 0.7 or 15.8 + 0.4 nmol/min/mg

protein and 8.46 + 1.56 or 16.1 + 1.8 uM, respectively. For
MAO-B, in the absence or presence of pterostilbene (0.45
M), the Vmax and Km values were 3.44 + 0.07 or 3.28 + 0.19
nmol/min/mg protein and 14.4 + 1.2 or 24.4 + 5.4 uM, respec-
tively. MAO-A activity showed dependence upon preincuba-
tion time with tranylcypromine (1 M), with a preincubation
half-life of 1.1 minutes, and a plateau showing 48% inhibition.
However, resveratrol (1.64M) preincubation revealed a time
profile not significantly different from the control. MAO-
B preincubation with tranylcypromine (0.54M) also showed
time dependence, with a half-life of 4.7 minutes, and a plateau
at 85% inhibition, while preincubation with pterostilbene
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TABLE 1: Selectivity of phenolic compounds for MAO-A and MAO-B.

MAO-A MAO-B Selectivity Index
IC;, (uM) Hill coeflicient 1C;, (uM) Hill coeflicient
curcumin 129+13 20+0.4 6.30 £ 0.11 1.7+£0.1 0.488
guaiacol 131+6 1.0 322 +27 1.0 2.46
isoeugenol 3.72+£0.20 1.2+01 102 +£5 24+03 274
pterostilbene 134 +15 1.7+0.3 0.138 + 0.013 1.0 0.0103
resveratrol 0.313 £ 0.008 11+£0.0 158+13 1.6 £0.2 50.5

zingerone 16.3 +1.1 1.0
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FIGURE 6: MAO inhibition by natural phenolic compounds. Recombinant human monoamine oxidases A (a) and B (b) (0.0lmg/ml) were
exposed to kynuramine dihydrobromide (104#M) for 15 minutes in the absence (control; n=6) or presence (n=3) of clorgyline (14M), selegiline
(0.5uM), or 15 uM of resveratrol, resveratrol 3-glucoside, resveratrol 4’-glucoside, pterostilbene, pterostilbene 4’-glucoside, gnetin-C, vanillin,
silybin, chrysin, or a-mangostin. Comparisons were made by one-way ANOVA with Dunnett’s posttest; * indicates p<0.05. Control rates for
MAO-A and MAO-B were 0.357 + 0.018 and 0.105 + 0.010 nmol/min/mg protein, respectively.

(0.7uM) revealed a time profile not significantly different
from the control.

4. Discussion

Previously validated HPLC methods [21, 23] were adapted
to simultaneously quantitate kynuramine and the product
of its metabolism by MAO 4-hydroxyquinoline. We applied
this assay to facilitate the quantitation and comparison of
several phenolic compounds on human MAO enzymes.
Interestingly, some of these compounds showed considerable
selectivity toward MAO-A or MAO-B. A previous study
shows that resveratrol had similar potency for inhibiting
MAO-A and MAO-B [33]; however, our study showed that
resveratrol had higher potency and selectivity for MAO-
A. The reason for the difference is unknown, but may be
due to differences in assay methods, i.e., Amplex Red vs.
kynuramine. The interference with peroxidase-based assays
has been previously established [18].

From the optimization studies (Supplementary Materi-
als), the formation of 4-hydroxyquinoline was linear over
60 min with the protein concentration range of 0.003
mg/mL-0.03 mg/mL, which was comparable with the results
from the paper published by Herraiz et al. in 2006 [21]. The
K., values of kynuramine oxidative deamination by MAO-
A and MAO-B were 23 uM and 18 uM, respectively, which
indicated MAO-A has similar affinity toward kynuramine,
compared to MAO-B. In the literature, the K, values of
kynuramine for human MAO-A and MAO-B were reported
as 42 uM and 26 uM [34]. Another study obtained the K,
values of MAO-A and MAO-B with kynuramine as 44.1 and
90.0 uM, respectively [35]. K, values reported here were
similar to the values in literature, although differences in
methods or recombinant enzyme sources may account for

differences in reported K, or Vmax values. The concentration
of kynuramine for the inhibition study with phenolic com-
pounds was set at 10 uM, which was below the K value for
both MAO-A and MAO-B.

Nonlinear regression revealed Hill coeflicients of unity
for guaiacol and zingerone showing I-to-1 apparent binding
to MAO-A, and guaiacol and pterostilbene followed 1-to-1
apparent binding to MAO-B. The Hill coefficient of resver-
atrol with MAO-A was 1.08, while curcumin, isoeugenol, and
pterostilbene had Hill coeflicients larger than 1, suggesting
positive cooperativity, multiple active sites, or non-ideal
inhibition behavior [36]. Positive cooperativity could be a
possible reason. The binding of the inhibitor to one active
site on the enzyme may increase the binding affinity of the
inhibitor to other active sites [36]. Another possibility is that
the complete inhibition of an enzyme can be achieved by
binding of more than one molecule of inhibitor to the enzyme
[36]. Further study is required to investigate the mechanism
of inhibition which leads to the Hill coefficient larger than 1,
including possible allosterism.

Among these tested phenolic dietary compounds, the
inhibitory effects on MAO-A and MAO-B in animal models
were reported in the literature previously [7, 12]. However,
in this study, human recombinant MAO-A and MAO-
B enzymes were used as models to test these phenolic
compounds. Curcumin can inhibit MAO-A and MAO-B in
mouse brain after p.o. administration [7]. We also found
curcumin inhibited both MAO-A and MAO-B with IC,,
values of 12.89 uM and 6.30 uM, respectively. In this study,
resveratrol was the most potent inhibitor for MAO-A with
ICs, as 0.31 uM; its inhibition was consistent with a competi-
tive mechanism, as previously demonstrated by Ryu et al. [12].
Resveratrol is a potent competitive inhibitor of MAO-A in rat
brain with ICy, of 2 yuM and K of 2.5 uM [12]. Resveratrol
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was also previously reported to be an inhibitor of MAO-A but
did not significantly inhibit MAO-B up to 10u4M [18], which
is consistent with our study in which resveratrol showed a
relatively high IC50 value for MAO-B of 15.8uM (Table 1).
Pterostilbene has never been reported as an MAO inhibitor,
but it was the most potent MAO-B inhibitor in our study, with
an IC;, of 0.138 M.

Compared to the GI concentration converted from the
maximum single dose, the ICj, values of all phenolic
inhibitors on MAO-A and MAO-B are smaller than the maxi-
mum concentration in GI tract. The most potent inhibitor for
MAO-A was resveratrol followed by isoeugenol, curcumin,
pterostilbene, zingerone, and guaiacol in descending order
of potency. The most potent inhibitor for MAO-B was

pterostilbene followed by curcumin, resveratrol, isoeugenol,
and guaiacol in descending order of potency.

Additionally, the selectivity indices expressed as the
ratios of MAO-B/MAO-A ICs, values (Table 1) showed that
resveratrol and isoeugenol are selective MAO-A inhibitors,
while pterostilbene is a selective MAO-B inhibitor. These
data are especially intriguing, considering that only two
methyl groups differentiate resveratrol and pterostilbene.
Besides resveratrol, isoeugenol showed the next highest level
of potency and selectivity for MAO-A. Isoeugenol has a
methylated catechol moiety (as do zingerone and guaiacol)
and also a hydrophobic side chain, which may contribute
to its MAO-A inhibition exceeding those of zingerone and
guaiacol. Furthermore, among the glucosides of resveratrol
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and pterostilbene tested herein, MAO-A was inhibited only
by resveratrol 4’-glucoside, while MAO-B was not inhibited.
This is consistent with the loss of inhibitory activity by
glycosides of kaempferol [15].

Phenolic compounds are substrates for neither MAO-A
or MAO-B and, unlike other MAO, substrates and inhibitors
are devoid of any nitrogen atoms. The mechanism of the
inhibition of phenolic compounds on MAO is not clear, but
none of them was reported to have irreversible inhibition on
MAO-A or MAO-B [8, 9]. The researchers found that they
are reversible inhibitors with various mode of inhibition such
as competitive inhibition, non-competitive, or mixed-type
inhibition [8, 9]. Furthermore, several flavonoids have been
established as reversible and competitive inhibitors [15].

Published studies show that these phenolic MAO-A
inhibitors all have low oral bioavailability in animal models,
although this has not been determined in humans. Curcumin
has poor bioavailability after oral administration in humans
even after a high dose of 12 g/day, which leads to low
plasma concentrations [37]. At doses of 4 g, 6 g, and 8 g,
the maximum concentration of curcumin in plasma is 0.51
pM, 0.64 uM, and 1.77 uM, respectively [38]. After gavage
administration, the absolute bioavailability of isoeugenol in
female and male rats is 19% and 10%, respectively. The low
bioavailability of isoeugenol was also observed in mice as
28% for male mice and 31% for female mice after gavage
bolus [39]. The peak plasma concentration of resveratrol in
humans is very low after oral dosing [40, 41]. At 25 mg,
50 mg, 100 mg, and 150 mg doses, the maximum plasma
concentrations of resveratrol are 1.48 ng/mL, 6.59 ng/mL,
214 ng/mL, and 24.8 ng/mL, respectively [40]. At higher
doses of 0.5 g, 1.0 g, 2.5 g, and 5.0 g, the corresponding
peak plasma concentrations of resveratrol are 72.6 ng/mL,
1170 ng/mL, 268.0 ng/mL, and 538.8 ng/mL [41]. The oral
bioavailability in rats was determined as 12.5% after 10 mg/kg
gavage administration by Lin et al. [42]. After giving rats 56 or
168 mg/kg/day for pterostilbene by gavage for 14 continuous
days, the oral bioavailability is 80% [43]. The reason why
these phenolic compounds have such low bioavailability is
that they all undergo extensive presystemic metabolism and
are converted to their metabolites before going to the systemic
circulation [41, 43-51].

As described above, in the dose range of 25 mg to
5.0 g, and considering the plasma protein binding of 91%
for resveratrol [52], the unbound maximal peak plasma
concentrations range from 0.584 to 212 nM. With the ICs,
values of 0.313 and 15.8 uM for MAO-A and MAO-B and
assuming competitive inhibition of resveratrol on human
MAO-A and MAO-B, the values of K; would be 0.218 and
10.2 uM for MAO-A and MAO-B, respectively. The drug-
drug interaction index (unbound C,,./K; [53]) for MAO-
A is in the range of 2.7 x 107> to 0.97 Thus at high
resveratrol doses (5.0 g), inhibition of MAO-A may occur.
However, the drug-drug interaction index for MAO-B is
in the range of 5.7 x 10~ to 0.021, making clinically rele-
vant MAO-B interactions with resveratrol unlikely. As with
many other natural phenolic compounds, human plasma
concentration data and absolute oral bioavailability for oral

doses of pterostilbene are lacking [54], making predictions of
gastrointestinal or systemic MAO-B interactions speculative.
A human clinical study with pterostilbene shows that 125mg
twice daily orally for 6-8 weeks reduces both systolic and
diastolic blood pressure, although it slightly raised plasma
low-density lipoproteins [55]. Another clinical study with
pterostilbene 50mg in combination with nicotinamide ribo-
side 250mg for two months also reduced diastolic blood
pressure [56]. Acute, severe, systemic MAO inhibition is
expected to increase blood pressure and result in serotonin
syndrome [2]; however, such adverse reactions were not
reported in these studies. As with many dietary compounds,
the absolute oral bioavailability of pterostilbene has not been
reported, but animal studies show that it is much greater than
that of resveratrol [43]. Additional studies are required to
determine the absolute oral bioavailability of pterostilbene
and other potentially beneficial phenolic compounds and
to establish their antiaging effects on human cardiac and
neuronal tissues.

Since these phenolic compounds all have relatively
low bioavailability, the inhibition occurring after first-pass
metabolism is likely to be limited. Most inhibitory effects on
MAO-A and MAO-B would be limited to GI tract and liver.
Nishimura et al. established the mRNA levels of MAO-A and
MAO-B in various human tissues [57]. From their data, the
MAO-A mRNA/MAO-B mRNA ratio in the liver is 0.727,
whereas the ratio in the small intestine is 4.41, suggesting that
MAO-A and MAO-B expression may be similar in the liver,
but MAO-A predominates in the intestine. Thus, any effects
of MAO-A inhibition in the intestine could be concerning.
When other dietary compounds are substrates of MAO and
their presystemic metabolism is blocked resulting in higher
systemic exposure, MAO inhibition may be problematic. One
example is tyramine. Interactions between food constituents
and drugs are complicated with various conditions and
difficult to predict. When patients take irreversible MAO
inhibitors, tyramine-rich foods are to be avoided.

Other assays for MAO activity are available, including
peroxidase- and luciferase-based assays. However, antioxi-
dant phenolics can interfere with peroxidase-based assays
by quenching the hydrogen peroxide formed [58]. In
our lab, resveratrol strongly quenched luminesce in the
MAO-glo assay (Promega, Madison, WI; Tamoor Has-
san, unpublished data). The metabolic production of 4-
hydroxyquinoline could avoid these interferences, but only
for compounds which do not interfere with its detection.
Thus, the kynuramine-based assay with chromatographic
separation offers a solution to avoid interferences. Assays for
kynuramine and 4-hydroxyquinoline have been previously
reported, and Herraiz et al. showed that antioxidants can
indeed interfere with Amplex Red assays, while this inter-
ference is avoided by HPLC analysis of 4-hydroxyquinoline
formation [18]. The quantitative analysis could be simply
achieved by fluorometric assay [59]. The phenolic com-
pounds tested in this study have very strong fluorescence,
which may interfere with the fluorescent signal from 4-
hydroxyquinoline if measured in a microplate reader. There-
fore, a fluorometric microplate assay may not be selective
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for the detection of 4-hydroxyquinoline and thus chromato-
graphic separation of 4-hydroxyquinoline and the phenolic
compounds are required. Other analyses are accomplished
by HPLC with UV and fluorescence detection as well as
LC-MS/MS [21, 34, 60, 61]. Since 4-hydroxyquinoline has
very good fluorescence and kynuramine can be detected by
UV detection, HPLC methods with UV and fluorescence
detectors are found to be quite adequate for analysis in in
vitro enzyme kinetic studies. In order to avoid analytical
interferences, Herraiz et al. developed a reversed-phase
HPLC method by gradient elution with 50 mM ammonium
phosphate buffer at pH 3 and 20% of this buffer in acetonitrile
[21, 60]. Also, in their HPLC method for 4-hydroxyquinoline,
Parikh et al. used a mobile phase containing 0.2mM perchlor-
ic acid [23]. In order to avoid the potential for damage to our
HPLC system, we modified the mobile phase as discussed in
the method section.

The HPLC method for quantitative analysis of kyn-
uramine and 4-hydroxyquinoline used 6.5 mM triethylamine
and 13 mM trifluoroacetic acid in water as its aqueous phase,
which has a pH value around 2. The estimated most basic pKa
value for kynuramine is 8.4, making it cationic in the mobile
phase [26]. The estimated most acidic and most basic pKa
values for 4-hydroxyquinoline are 4.3 and 11.1, respectively
[26]. Hence 4-hydroxyquinoline is also cationic in the mobile
phase. At high concentration, trifluoroacetic acid can act
as an ion-pairing agent for cations, which can improve
kynuramine and 4-hydroxyquinoline retention. When using
the aqueous mobile phase with only TFA at 0.05%, there was a
tailing problem with the peak shape. This can be caused by the
ions like sodium and potassium bound to silanol exchanging
with ionized basic analytes at low pH. As an additive in the
mobile phase, triethylamine can fix the tailing problem on the
column. Excess triethylamine in the mobile phase can replace
the ions instead of basic analytes. Therefore, triethylamine
can reduce the peak tailing [62].

5. Conclusions

In conclusion, we applied a previously validated kynuramine-
based MAO activity assay with HPLC separation and
fluorescence detection for determining the inhibition and
selectivity of several phenolic compounds. Among the
compounds tested, resveratrol was potent and selective
for MAO-A inhibition, while pterostilbene was potent
and selective for MAO-B inhibition. Both compounds
appeared to be competitive, time-independent inhibitors.
Our calculations suggest that high doses of resveratrol
have the potential to inhibit MAO-A in the gastrointestinal
tract. Human pharmacokinetic studies with oral dosing of
pterostilbene will facilitate future predictions of its clinical
potential to interact with MAO-B in the gastrointestinal
tract, liver, or systemic circulation. The anti-aging potential
of these compounds is worth further investigations.
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The combination of doxorubicin and cyclophosphamide commonly used to treat breast cancer can cause premature ovarian failure
and infertility. a-Tocopherol is a potent antioxidant whereas y-tocopherol causes apoptosis in a variety of cancer models in vitro
including breast cancer. We hypothesised that the combination of doxorubicin (Dox) and 4-hydroperoxycyclophosphamide (4-Cyc)
would be more cytotoxic in vitro than each agent alone, and that a-tocopherol would reduce and y-tocopherol would augment the
cytotoxicity of the combined chemotherapeutics. Human MCF-7 breast cancer and KGN ovarian cells were exposed to Dox, 4-Cyc,
combined Dox and 4-Cyc, a-tocopherol, y-tocopherol, or a combination of Dox and 4-Cyc with a-tocopherol or y-tocopherol. Cell
viability was assessed using a crystal violet assay according to four schedules: 24h exposure, 24h exposure + 24h culture in medium,
24h exposure + 48h culture in medium, or 72h continuous exposure. Supernatants from each separate KGN culture experiment
(n=3) were examined using an estradiol ELISA. Dox was cytotoxic to both MCF-7 and KGN cells, but 4-Cyc only killed MCF-7
cells. y-Tocopherol significantly decreased MCF-7 but not KGN cell viability. The combined chemotherapeutics and y-tocopherol
were more cytotoxic to MCF-7 than KGN cells, and «-tocopherol reduced the cytotoxicity of the combined chemotherapeutics
towards KGN ovarian cells, but not MCF-7 cells. The addition of both y-tocopherol and a-tocopherol to the chemotherapeutic
combination of Dox and cyclophosphamide has the potential to increase in vitro chemotherapeutic efficacy against breast cancer
cells whilst decreasing cytotoxicity towards ovarian granulosa cells.

1. Introduction

In Asia, approximately 25% of all breast cancer patients are
premenopausal and younger than 35 years old [1]. Worldwide,
up to 90% of breast cancer patients can survive for 5 years fol-
lowing diagnosis [2, 3] but it was found that chemotherapy-
induced premature ovarian failure and infertility reduce the
survivors quality of life [4-10].

Many types of breast cancer are treated with a com-
bination of chemotherapeutic agents such as doxorubicin
(adriamycin) and cyclophosphamide [3, 11, 12]. Clinical
administration [13, 14] resulted in plasma concentrations
of 1.8£0.4uM doxorubicin within 24h of infusion [15] and
serum concentrations of 4-hydroxycyclophosphamide to be
approximately 0.02uM 2-4h after administration [16].

Cyclophosphamide, an alkylating agent, requires hep-
atic activation to form 4-hydroxycyclophosphamide and

aldophosphamide, which coexist in equilibrium and dif-
fuse freely into cells. Aldophosphamide is metabolised
into phosphoramide mustard [17, 18] which causes intra-
and interstrand crosslinking in DNA. This interferes with
DNA replication [19] and stimulates apoptosis [17]. A syn-
thetic compound, 4-hydroperoxycyclophosphamide (4-Cyc),
is metabolised to 4-hydroxycyclophosphamide in vitro [13,
20] and in vivo [21, 22]. Aldehyde dehydrogenase oxidises
aldophosphamide to an inactive metabolite instead of the
active phosphoramide mustard, and hence cells with different
levels of aldehyde dehydrogenase respond differently to 4-
Cyc [18].

Doxorubicin (Dox), an anthracycline agent, intercalates
at double strand DNA breaks in a topoisomerase-II depen-
dent manner and inhibits DNA replication, synthesis, and
mitosis [23, 24]. Dox also induces the production of reactive
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oxygen species (ROS) which cause lipid peroxidation and
apoptosis [25]. The combined administration of both drugs
caused therapeutic synergism in a mouse model [26] that
was attributed to these different mechanisms of action:
cyclophosphamide crosslinking of DNA strands and Dox
prevention of DNA repair [27].

The chemotherapeutic combination of Dox and
cyclophosphamide causes premature ovarian failure in
premenopausal breast cancer patients [10, 18, 28]. Ovaries
contain follicles, a spherical structure consisting of a single
oocyte (egg) surrounded by layers of dividing granulosa cells.
Granulosa cells produce anti-Miillerian hormone (AMH)
which inhibits activation of small, quiescent primordial
follicles [29]. It is thought that chemotherapeutics cause
granulosa cell death [30, 31], which reduces AMH and results
in the activation of primordial follicles [10]. The granulosa
cells in the activated follicles proliferate and the follicles
grow, but subsequent cycles of Dox and cyclophosphamide
therapy cause granulosa cell death and loss of these follicles
[32, 33]. Hence chemotherapy to treat breast cancer reduces
serum concentrations of AMH, depletes the ovary of its
reservoir of quiescent primordial follicles, and advances
infertility through premature ovarian failure [10, 34]. The
administration of cyclophosphamide to rodents caused
a dose-dependent loss of small follicles [32, 35, 36] with
DNA double strand breaks in the oocytes [37]. Dox caused
apoptosis in mature murine oocytes [38, 39] and the in vivo
administration of Dox to mice significantly reduced the
numbers of follicles, whilst increasing ovarian apoptosis
[40, 41]. It is clear that cyclophosphamide alone, or Dox
alone, has adverse effects on the follicular granulosa cells of
the ovary, but there are no reports describing the cytotoxic
effects of the combined regime (which is used to treat breast
cancer patients) on ovarian granulosa cells.

Dox-induced ROS damage was significantly lower in
mice administered vitamin E [42, 43], and vitamin E
decreased the toxicity of Dox without reducing its effective-
ness as chemotherapeutic agent [44-49]. Vitamin E consists
of eight structurally distinct compounds classified as toco-
pherols (alpha, beta, gamma, and delta) and tocotrienols
(alpha, beta, gamma, and delta) [50-53]. Tocopherols have
antioxidant activity against ROS-induced lipid peroxidation
[54, 55], and gamma tocopherol (yToc) is the prominent form
in the human diet [56].

The administration of a-tocopherol (aToc) to 21 breast
cancer patients prior to chemotherapy significantly elevated
serum concentrations of aToc but did not augment efficacy
of the chemotherapeutics and did not decrease toxic side-
effects, although ovarian function was not assessed in this
study [57]. It seems that long-term dietary supplementation
with antioxidant vitamins reduces the incidence, but not
the severity, of cancer [58, 59]. Klein et al. [60] reported
that aToc did not have anticancer properties in vivo, but
when the human breast cancer MCF-7 cell line was used
to generate tumours in mice, the dietary administration of
either aToc or yToc reduced tumour growth [53]. Delta and
yToc increased the levels of proapoptotic proteins, inhibited
expression of antiapoptotic proteins in vivo, and also had
antitumour activity in animal models of colon and prostate
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cancer [52]. yToc inhibited the proliferation of human breast
cancer cells in vitro [52, 61], delayed the formation of breast
cancer tumours in rodent models [52], and induced apoptosis
in breast cancer cells via upregulation of DR5 expression
[60]. Estrogen metabolism can generate ROS and this may
contribute to the pathogenesis of breast cancer [53]. This
also suggests that antioxidant tocopherols may have more
anticancer activity in vivo than in estrogen-free in vitro
systems.

We hypothesised that the combination of Dox and
cyclophosphamide would be more cytotoxic in vitro to
the human MCEF-7 breast cancer cell line and the human
ovarian granulosa tumour-derived KGN cell line than each
chemotherapeutic agent alone [26]. Both alpha and gamma
tocopherol are antioxidants with the potential to reduce
chemotherapeutic-induced ROS damage and consequently
reduce cytotoxicity, but yToc additionally has anticancer
activity. We therefore hypothesised that yToc, but not aToc,
would augment the cytotoxic activity of the combined Dox
and cyclophosphamide regime in vitro.

2. Materials and Methods

2.1. Chemicals and Reagents. All chemicals and reagents used
in this study were obtained from Sigma-Aldrich (Australia),
unless specified otherwise.

2.2. Preparation of Solutions. Stock solutions of 1004M doxo-
rubicin (Dox) and 1000u4M 4-hydroperoxycyclophosph-
amide (4-Cyc, ThermoFisher Scientific, Victoria, Australia)
were prepared in RPMI media and 10% foetal calf serum
(FCS, DKSH, Victoria, Australia) for MCF-7 cells or in
DMEM/F12 media and 10% FCS for KGN cells. These
solutions were kept at 4°C and -20°C, respectively, for a
maximum of 3 months and were diluted immediately before
use, because these conditions maintain activity and stability
[62, 63]. Stock solutions of alpha and gamma tocopherol
(aToc and yToc) were prepared by diluting the compounds
in dimethyl sulfoxide (DMSO) to yield solutions of 10004M.
These were stored for a maximum of 3 months at 4°C.
Further dilutions in the appropriate cell culture medium were
prepared immediately before use, and cells were exposed to
0.8% DMSO. The 0.5% crystal violet stain was prepared in
a 50% methanol (99.9% pure). 100% acetic acid was diluted
to 33% with demineralised water, to be used as a destaining
solution in the crystal violet assay.

2.3. Cell Culture. The MCF-7 human epithelial breast adeno-
carcinoma cell line was obtained from the America Type Cul-
ture Collection (ATCC) and maintained in RPMI media, sup-
plemented with 10% FCS and 1% v/v 0f 10,000 units/mL peni-
cillin + 10mg/mL streptomycin. Media were replaced every
2-3 days and cells were harvested with 0.1% trypsin/EDTA
solution and subcultured twice a week. The KGN human
granulosa carcinoma cell line [64] was kindly donated by Dr.
Theresa Hickey, Research Centre for Reproductive Health,
Department of Obstetrics and Gynaecology, University of
Adelaide, and maintained in DMEM/FI12 supplemented with
insulin (5ug/mL), transferrin (5ug/mL), selenium (5ng/mL,
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TaBLE 1: Concentrations of chemotherapeutics and tocopherols. Dox: doxorubicin, 4-Cyc: 4-hydroperoxycyclophosphamide, aToc: a-

tocopherol, yToc: y-tocopherol.

()

Single agents

Concentrations (M)

Dox 0.5, 10, 25

4-Cyc 0,05,1,2.5

oToc 0, 50, 75,100

yToc 0, 50, 75,100

(b)

Combined agents Concentrations (M)
Dox + 4-Cyc Low 10 (Dox) + 1 (4-Cyc)
Dox + 4-Cyc High 25 (Dox) + 2.5 (4-Cyc)
Dox + 4-Cyc + aToc Low 10 (Dox) + 1 (4-Cyc) + 75 («Toc)
Dox + 4-Cyc + aToc High 25 (Dox) + 2.5 (4-Cyc) 75 («Toc)
Dox + 4-Cyc + yToc Low 10 (Dox) + 1 (4-Cyc) + 75 (yToc)
Dox + 4-Cyc + yToc High 25 (Dox) + 2.5 (4-Cyc)+ 75 (yToc)

ITS), 10% FCS, and 1% v/v of 10,000 units/mL penicillin
+ 10mg/mL streptomycin. Although the KGN cell line was
derived from an ovarian granulosa cell carcinoma, it can be
used as a model for human ovarian granulosa cell growth,
apoptosis, and steroid hormone production [64]. Media were
replaced every 2-3 days and both cell lines were subcultured
twice a week. Cell culture flasks containing 80% confluent
cells in exponential growth phase were used for all experi-
ments.

2.4. Effect of Doxorubicin, 4-Hydroperoxycyclophosphamide,
and o- and y-Tocopherol on MCF-7 and KGN Cell Viability.
MCE-7 cells (20,000 cells per well) and KGN cells (25,000
cells per well) were added to 96-well microplates. After a
24h adherence period, supernatants were removed and cells
were exposed to 100uL of chemotherapeutics or tocopherols
(Table 1). The chemotherapeutic doses selected for this in
vitro study bracket the clinical, in vivo serum concentrations
of Dox [15] and 4-hydroxycyclophosphamide [16] (Table 1).
Cells were exposed to chemotherapeutics and tocopherols
according to four different schedules: 24h exposure, 24h
exposure + 24h culture in media, 24h exposure + 48h
culture in media, or 72h continuous exposure where reagents
in medium + 10% FCS were replenished every 24h. After
exposure to chemotherapeutics and tocopherols, media con-
taining reagents were collected and frozen, and the cell
viability was assessed by the crystal violet (CV) assay. Each
test condition was examined in three replicate wells and each
experiment was repeated on 3 separate occasions (n=3) for
the two cell types.

2.5. Crystal Violet (CV) Cell Viability Assay. Cell culture
supernatants were replaced with 50uL of crystal violet stain
(0.5%). The cells were stained and fixed for 10min at room
temperature. Excess stain was rinsed away with deminer-
alised water, and cells were left to air-dry overnight. 50uL
of destaining solution was added for 10min. The optical
density was read at 570nm with correction at 630nm [65].

A crystal violet standard plot was produced in each replicate
experiment in which MCF-7 cell densities ranged from 0 to
80,000 and KGN cell densities from 0 to 100,000 cells per well
in replicates of 6 for each cell density. Absorbance readings
were plotted against cell densities with an average linear cor-
relation of R* = 0.99 (n=3) replicate experiments for MCE-7
cells and R* = 0.97 (n=3) replicate experiments for KGN cells.
Numbers of viable cells after exposure to chemotherapeutics
and/or tocopherols were determined by comparison with the
CV standard curve for the same experimental replicate.

2.6. Estradiol Enzyme-Linked Immunosorbent Assay (ELISA).
Supernatants from each KGN culture experiment (n=3)
were examined in a competitive estradiol ELISA (Cayman
Chemical ELISA, Ann Arbor, MI, USA) that uses a mouse
anti-rabbit IgG and an acetylcholinesterase estradiol tracer.
Detection ranges from 6.6 to 4000 pg/mL, and the intra-
assay coeflicient of variation (CoV) ranges from 7.8 to 18.8%.
For this study, the estradiol standard was diluted in the
DMEM/F12 cell culture medium to give concentrations that
ranged from 6.6 to 4000 pg/mL. A separate standard plot
was constructed for each experimental replicate (n=3) and
the lowest R* value was 0.99. Concentration of estrogen was
determined by comparison with the standard curve. Estro-
gen/cell concentration was calculated by dividing pg/mL of
estrogen for each culture well by the numbers of viable cells
in the same well.

3. Statistical Analysis

To examine the dose-dependent effect of chemotherapeutics
and/or tocopherols, a one-way ANOVA with Tukey HSD
and Bonferroni post hoc was conducted. To examine the
effect of the four different exposure schedules on cell via-
bility, an ANOVA was conducted that used the periods of
culture as independent factors. Statistical significance was
assessed by Tukey HSD and Bonferroni post hoc tests. A
one-way ANOVA with Tukey HSD post hoc was conducted
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FIGURE 1: Doxorubicin-induced cytotoxicity. MCF-7 and KGN cells were exposed to Dox 0, 5, 10, 25uM for (a) 24h (24H+), (b) 24h exposure
and 24h culture with medium (24H+24H-), (c) 24h exposure and 48h culture with medium (24H+48H-), or (d) 72h continuous exposure
(72H+). Complete RPMI (MCF-7) or DMEM/F12 (KGN) without Dox (0pM) was used as a control. Cell viability was assessed by a crystal
violet assay, in which cell number was obtained by comparison with a standard curve and % cell viability was calculated from medium control.
Means + SD of 3 independent experiments shown. Data analysed by one-way ANOVA with Tukey’s post hoc test. *p < 0.05; %% p < 0.01, s * *

p < 0.0001 compared to control.

to examine estrogen production. These statistical analyses
were performed using SPSS statistics software (V22.0 IBM,
Australia). Statistical significance was set at p < 0.05. All
experiments were performed as three independent replicates,
and all data expressed as mean =+ standard deviation.

4. Results

KGN (25,000) and MCF-7 (20,000) cells were added to each
well, and after 24h adherence and 24h culture in control
conditions, there were 113,600+15,600 KGN cells/well and
38,100+4400 MCF-7 cells/well. After 24h adherence and 72h
in culture there were 119072+8750 KGN and 83383+13546
MCEF-7 cells per well in control medium.

Doxorubicin killed both MCF-7 and KGN cells (Figure 1).
A 24h exposure to 5uM Dox significantly decreased MCF-7
to 46+22% (p<0.0001) and KGN to 65+3% (p<0.01) percent
of control (n=3, Figure1(a)). Cells were exposed to Dox
for 24h, then the cells were washed and cultured for an
additional 24 or 48h in medium alone (Figures 1(b) and 1(c))

with media replenished at 24h intervals. There was a time-
dependent decrease in the numbers of viable cells during
the subsequent 48h culture (Figures 1(b) and 1(c)). There
were similar numbers of viable cells after 72h continuous
exposure to Dox (with media replenishment every 24h,
Figure 1(d)) as those after 24h exposure and a further 48h
culture (Figure 1(c)).

4-Cyc had no effect on KGN cell viability (Figure 2(a))
and only the longest 72h exposure to the highest concentra-
tion (2.5uM) of 4-Cyc significantly reduced the numbers of
viable MCF-7 cells to 56354+1657 cells per well (p<0.05).

Exposure to aToc had no significant effect on MCF-7
or KGN cell viability (Figure 3) but y-Toc was significantly
more cytotoxic to MCF-7 cells than to KGN cells (Figure 4).
A dose- and time-dependent decrease in MCF-7 cell viability
were observed after a 24h or a 72h continuous exposure to
yToc (Figure 4), but increasing concentrations of yToc had
no significant effects on KGN cell viability compared to the
vehicle control (Figure 4). The percentage of viable KGN cells
after 24h exposure to 100uM yToc was 113+16% per cells/well,
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shown. Data analysed by one-way ANOVA with Tukey’s post hoc test.

similar to the percentage of viable cells after exposure to the
same concentration of aToc (109+13% cells/well, Figure 3).
The viability of MCF-7 cells was reduced to 31+7% percent
of control by a 24h exposure to the low concentration
combination of Dox (104M) and 4-Cyc (14M), similar to that
observed with the same (104M) concentration of Dox alone
(data not shown). When the MCEF-7 cells were exposed to
the combination of higher concentrations of Dox (25uM)
and 4-Cyc (2.5uM) for 24h, the combination also had the
same effect as Dox (25uM) alone; viable MCF-7 cells were
reduced to 16+6% of control (Figure 5(a)). Adding «Toc to
this combination had no effect on cell viability (23+7% of
control), but the addition of yToc (75uM) to the combination

decreased MCEF-7 cell viability to 9+3% cells per well after
24h exposure, significantly lower than Dox alone (p<0.05,
Figure 5(a)) or 4-Cyc alone (2.5uM, Figure 2(a), 95+13% of
control), or compared to the combination of Dox and 4-Cyc
(Figure 5(a)).

The combination of Dox (25uM) and 4-Cyc (2.5uM)
caused significantly more KGN cell death than Dox alone
(Figure 5(b)). After 72h exposure to this combination there
were 176341494 KGN cells per well (1.4+1 % of control,
Figure 5(b)), significantly lower than those after a 72h expo-
sure to Dox alone (10555+4797,p<0.01), equivalent to 8.7+3.4
percent of control (Figure 5(b)). The addition of aToc to this
combination reduced KGN cell death so that it was the similar
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FIGURE 4: Effect of yToc on cell viability. MCF-7 and KGN cells were exposed to yToc 0, 50, 75, 100uM for 24h exposure (24H+), 24h exposure
and 24h culture with media (24H+24H-), 24h exposure and 48h culture with media (24H+48H-), or 72h continuous exposure (72H+). 0.8%
DMSO in RPMI or DMEM/FI12 was used as a control. Cell viability was assessed by a crystal violet assay, in which cell number was obtained
by comparison with a standard curve and % cell viability was calculated from vehicle control. Means + SD of 3 independent experiments
shown. Data analysed by one-way ANOVA with Tukey’s post hoc test. #p < 0.05; #* p < 0.01, * * * p < 0.0001 compared to control.

to Dox alone, 730541823 cells per well, equivalent to 7.9+1
percent of control (Figure 5(b)). The addition of yToc to the
combination did not augment the cytotoxicity of Dox and
4-Cyc in KGN cells (Figure 5(a)). Overall, yToc combined
with Dox and 4-Cyc was more cytotoxic towards MCF-7 than
KGN cells in the first 24h of culture (Figure 5).

After 24h culture KGN cells produced 1.2+0.1 pg/cell
of estrogen and 0.8+0.08 pg/cell in the last 24h of a 72h
culture under control conditions (Figures 6(a) and 6(b)).
A 24h exposure to 5uM Dox significantly reduced KGN
cell viability (Figure 1(a)) but had no effect on estrogen per
cell production, which was 1.2+0.03 pg/cell (Figure 6(a)).
However, a continuous 72h exposure to Dox, during which
media were replenished every 24h and the number of viable
cells decreased (Figure 1(d)), caused a significant increase
to 13+3 pg/cell (p<0.01, Figure 6(a)) in the last 24h culture
period. The same 72h continuous exposure to 2.5uM 4-Cyc
had no effect on cell viability (Figure 2(b)) and no effect on

estrogen production, which was 0.81+0.08 pg/cell in the last
24h culture period (Figure 6(b)).

When KGN cells were exposed to tocopherols, the
24h+48h™ control KGN cells were exposed to almost the same
conditions as the 72h+ control cells, 72h in vitro with media
replenished every 24h. The only difference was that the 72h+
continuously exposed cells were cultured with 0.8% DMSO
throughout, whereas the 24h+48h™ control KGN cells were
only cultured in the presence of 0.8% DMSO for the first 24h.
The 72h+ exposure to 0.8% DMSO did not significantly affect
KGN cell viability (Figure 3(b)), but it stimulated significantly
more estrogen production (1.32+0.07 pg/cell) in the last
24h period of culture than the 24h+48h- exposure which
supported production of 0.76+0.14 pg/cell (p< 0.05, Figures
6(c) and 6(d)).

KGN cells in the 0.8% DMSO control produced 1.1+0.4
pg/cell after 24h in vitro. The same 24h exposure to aToc
had no effect on estrogen per cell production (Figure 6(c))
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alone (25uM).

whereas 1004M yToc stimulated the production of 1.6+0.5
pg/cell (Figure 6(d)). A 72h continuous exposure to either
aToc or yToc significantly reduced estrogen per cell produc-
tion compared to control medium containing 0.8% DMSO
(Figures 6(c) and 6(d)). The highest (1004M) concentration
of aToc and yToc supported higher levels of estrogen synthe-
sis than the lowest (50u4M) concentrations of the tocopherols.

A continuous 72h exposure to the combination of Dox
and 4-Cyc reduced cell viability (Figure 5(b)) but stimulated
the highest recorded estrogen per cell production; 39+22
pg/cell in the last 24h culture period (Figure 7). This was also
higher than the estrogen per cell concentration caused by 72h
exposure to Dox alone (Figure 6(a)). The addition of aToc or
yToc to the combination of Dox and 4-Cyc had no statistically
significant effect on estrogen per cell production (Figure 7),
although it was noted that 72h exposure to the combination
of Dox and 4-Cyc with 75uM «Toc resulted in 13+2 pg/
cell.

5. Discussion

The combination of Dox and cyclophosphamide has been
used as a standard chemotherapy option for breast cancer
patients since 1975 [3, 66]. Although it is a successful
treatment for breast cancer [2], it causes premature ovarian
failure and infertility [10]. This study showed for the first time
that the combination of Dox and 4-Cyc caused the same cyto-
toxicity to MCF-7 breast cancer cells in vitro as Dox alone,
but there were different cytotoxic effects towards the KGN
ovarian granulosa cell line; the Dox and 4-Cyc combination
was significantly more cytotoxic than Dox alone. Similarly,
yToc affected the two cell lines differently; it augmented
the cytotoxicity of the Dox and 4-Cyc combination towards
MCEF-7 cells but did not affect cytotoxicity of the combination
towards the KGN cells.

Breast cancer patients are administered multiple cycles of
Dox and cyclophosphamide [3], and although this can result
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1, 2.5uM), aToc (0, 50, 75,100u4M) or yToc (0, 50, 75, 100uM) for 24h exposure (24h+), 24h exposure and 24h culture with fresh DMEM/F-12
complete medium (24h+24h-), 24h exposure and 48h culture with DMEM/F-12 complete medium (24h+48h-), or 72h continuous exposure
where reagents in medium + 10% FCS were replenished every 24h (72h+). Estrogen production was assessed in supernatant at the end of each
exposure using an estradiol Enzyme-Linked Immunoassay, in which concentration of estrogen (pg/mL) was obtained by comparison with a
standard curve, and estrogen/cell concentration was calculated by dividing pg/mL of estrogen by the number of viable cells in the same well.
Means + SD of 3 independent experiments shown. Data analysed by one-way ANOVA with Tukey’s post hoc test. *p < 0.05; %% p < 0.01, s * *

p < 0.0001 compared to the same exposure control.

in 90% survival for 5y [2], chemotherapeutic-resistant cells
are known to cause recurrence of the cancer. The exposure
and culture schedules used in this in vitro study resulted
in only 54% of MCF-7 and 35% of KGN cells being killed
in the first 24h of exposure. In our in vitro model ‘viable
meant cells were adherent to the floor of the culture vessel,
whereas nonadherent dead cells were washed away. Cells with
damaged DNA may still function and adhere to the culture
vessel, and it is likely that DNA damage is only manifested
as cell death or loss in the crystal violet assay when the cell
attempts to go through mitosis. Since the doubling time for
MCE-7 is 29h [67] and was originally reported as being 46h
for the KGN cell line [64], we expected to see further cell loss
in the 48-72h following removal of the chemotherapeutics,
and this proved to be the case; fewer than 10% of the cells
were viable after 72h in vitro. We conclude that additional
time in culture, sufficient for the MCF-7 to undergo mitosis,

would be needed to be able to determine if this surviving
<10% would give rise to Dox-resistant cells or if these would
also die. Further development is required to determine if
this in vitro system can be used to derive chemoresistant
cells.

Resistance or sensitivity to chemotherapeutics in vivo is
affected by a number of interacting factors including the
hepatic clearance of the chemotherapeutics and intracellu-
lar levels of metabolising enzymes such as glutathione S-
transferase [68] or aldehyde dehydrogenase, which in vitro
metabolises 4-Cyc to its inactive form [18]. KGN cells were
more sensitive to Dox but less sensitive to 4-Cyc than MCF-7
cells. We concluded this because a 72h continuous exposure
to 4-Cyc reduced the number of viable MCF-7 cells but had
no effect on KGN cells. It is possible that KGN cells express
higher levels of aldehyde dehydrogenase than MCEF-7 cells
and hence metabolised 4-Cyc to its inactive form [62].
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culture with fresh DMEM/F-12 complete medium (24h+24h-), 24h
exposure and 48h culture with DMEM/F-12 complete medium
(24h+48h-), or 72h continuous exposure where reagents in medium
+10% FCS were replenished every 24h (72h+). Estrogen production
was assessed in supernatant at the end of each exposure by using an
estradiol ELISA, in which concentration of estrogen (pg/mL) was
obtained by comparison with a standard curve, and estrogen/cell
concentration was calculated by dividing pg/mL of estrogen by
the number of viable cells in the same well. Means + SD of
3 independent experiments shown. Data analysed by one-way
ANOVA with Tukey’s post hoc test. #p < 0.05; %% p < 0.01, * * =
p < 0.0001 compared to control same concentration of doxorubicin
alone (10uM).

A relatively short 24h in vitro exposure to 2.5uM 4-
Cyc had no effect on MCF-7 cells, although this con-
centration is two orders of magnitude higher than the
plasma concentration (0.02uM) of the pharmacologically
equivalent 4-hydroxycyclophosphamide 2-24h after admin-
istration of cyclophosphamide in vivo. The pharmacokinet-
ics of cyclophosphamide has been well characterised [69-
71], but much less is known about the kinetics of the
metabolites of cyclophosphamide. The hepatic metabolite 4-
hydroxycyclophosphamide has a plasma half-life of only a
few minutes in vivo [71] because it undergoes spontaneous
alteration into phosphoramide mustard (17, 18]. However,
phosphoramide mustard may be ionised at physiological pH
with a consequent reduction in cytotoxicity, and the oxi-
dation of 4-hydroxycyclophosphamide can produce inactive
metabolites [71]. Therefore, the clinically relevant dose of
cyclophosphamide necessary to treat breast cancer patients
might differ from the in vitro effective concentration.

Dox was more cytotoxic to MCF-7 cells than 4-Cyc.
Although 2.5uM 4-Cyc did kill MCE-7 cells after 72h con-
tinuous exposure, when the same 2.54M concentration of
4-Cyc was combined with Dox for 72h, the numbers of
surviving cells were comparable to those recorded after
exposure to Dox alone, suggesting that in this in vitro model
4-Cyc did not potentiate the in vitro effect of Dox in the
MCEF-7 cells. Corbett et al. [26] found that the growth of
murine mammary adenocarcinomas in vivo was slower after

administration of Dox as a single agent than after cyclophos-
phamide alone, meaning that the Dox was more cytotoxic
than cyclophosphamide in vivo. However, the combination of
Dox and cyclophosphamide delayed the in vivo development
of mammary adenocarcinomas for longer than after the
administration of each single agent [26] which suggested
therapeutic synergism between the two chemotherapeutics in
vivo.

The combination of Dox and 4-Cyc reduced MCEF-7 via-
bility by 85% whereas exposure to 75uM yToc for 24h caused
a20% reduction in viable cell numbers. The addition of 75uM
yToc to Dox and 4-Cyc for 24h reduced cell viability by 91%,
less than the amount of cytotoxicity predicted by adding the
activity of yToc to Dox and 4-Cyc. More studies using lower
concentrations of reagents are needed to determine if there
are synergistic interactions between yToc, Dox, and 4-Cyc.

A long 72h continuous exposure to 2.54M 4-Cyc had no
effect on KGN cell viability nor estrogen per cell production,
a 72h exposure to Dox was cytotoxic, and exposure to the
combination of Dox and 2.5uM 4-Cyc was more cytotoxic
than exposure to Dox alone. This result suggested synergism
between Dox and 4-Cyc, but a mechanism for that synergism
cannot be deduced from this study. It is possible that 4-Cyc
caused DNA crosslinking [18], but this damage was repaired
in KGN cells exposed to 4-Cyc alone, whereas the addition of
Dox to 4-Cyc prevented the damage from being repaired [27]
and hence caused KGN cell death.

In a previous study, KGN cells incubated with
androstenedione for 72h synthesised and secreted significant
amounts of estrogen into the culture medium [64]. In
the present study, a 24h culture in DMEM/F-12 medium
containing 10% FCS and ITS resulted in the production of
1.2+0.1 pg/cell, and that rate of production was maintained
for 72h when the culture medium was replenished every
24h. Foetal calf serum is rich in fatty acids and cholesterol,
the substrate for the whole steroidogenic pathway [72]. Fatty
acids, like arachidonic acid, play an essential role in StAR
protein expression [73] and the in vitro synthesis of steroid
hormones such as progesterone and estrogen. In this study,
the use of DMEM/F12 with 10% FCS and ITS was enough to
support steroidogenesis; androstenedione was not required
to support estrogen synthesis and secretion.

Bak et al. [53] reported that estrogen induced the expres-
sion of cyclin D1 and c-myc and hence increased mitosis in
MCE-7 cells in vitro, and that yToc, but not aToc, inhibited
expression of these cell-cycle genes and reduced estrogen-
stimulated MCEF-7 cell proliferation. The MCF-7 cells in our
study were not exposed to estrogen; therefore this was not the
cause of the significant cell death caused by yToc in our study,
suggesting that yToc is cytotoxic through another estrogen-
independent mechanism of action. Lee et al. [61] showed that
yToc was cytotoxic to breast cancer cells because it enhanced
the transactivation of PPARy which caused apoptosis and
inhibited cell-cycle progression. yToc has also shown anti-
cancer activity in numerous cancer models, including colon
[74], prostate [75], and lung cancer [76] in the absence of
estrogen. KGN cells synthesised estrogen, which raises the
possibility that there may have been interactions between
estrogen and yToc, but yToc alone did not cause cytotoxicity
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towards KGN cells in the presence of 75 to 183 pg/mL
estrogen, and neither did yToc increase the cytotoxicity of
the combination of Dox and 4-Cyc, which suggests that the
proapoptotic effect that Bak et al. [53] reported in estrogen-
stimulated MCF-7 exposed to yToc does not apply to KGN
cells.

Exposure to Dox for 72h caused significant KGN cell
death and, counterintuitively, also caused a significant
increase in estrogen production per KGN cell. This effect
has been reported in other steroid hormone-synthesising
reproductive cell lines in vitro. An extract from a marine snail
was significantly cytotoxic to a human Jar choriocarcinoma
placental cell line. As the number of viable cells decreased,
secreted progesterone increased [77]. Gross et al. [78] also
described dying primary-derived granulosa cells increasing
progesterone production. It is possible that the cytotoxic
mechanisms of action in these cases disrupted membranes
and dysregulated steroidogenesis, resulting in massive over-
production of steroid hormones. This confounding effect
might be avoided in future by measuring production of
another nonsteroid hormone, AMH, which is important for
fertility.

Four test reagents (yToc, aToc, Dox, and 4-Cyc) were
each tested at several different concentrations in four expo-
sure schedules. This generated a relatively high number of
test conditions which justified the use of human cell lines.
Further studies examining ROS generation and cell death
will support the selection of a reduced number of test
conditions. At this point MCF-7 cells could be replaced with
heterogeneous populations of primary-derived breast cancer
cells from different tumour types, and the KGNS could be
replaced with 3D primary-derived ovarian follicle culture
[79] to better model the effects of chemotherapeutics with or
without tocopherols on breast cancer and the ovary.

In summary, 4-Cyc was active because a 72h continuous
exposure killed MCF-7 cells and reduced KGN estrogen
per cell production. Both yToc and Dox (applied as single
agents) significantly reduced the numbers of viable MCF-7
and KGN cells within 24h of exposure, whilst aToc reduced
the cytotoxic effects of the Dox and 4-Cyc combination in
KGN cells. The 4-Cyc concentration, despite two orders of
magnitude higher than effective clinical plasma concentra-
tions, may have been too low for this in vitro model; hence
we do not exclude the possibility of therapeutic synergism
of the Dox and 4-Cyc combination in MCF-7 cells too. Our
hypotheses were partially supported: although the Dox and
4-Cyc combination was not more cytotoxic than Dox alone
towards MCF-7 cells, the combination displayed therapeutic
synergism towards the ovarian KGN granulosa cells. yToc,
but not aToc, augmented the cytotoxic activity of Dox and
4-Cyc in the MCF-7 cells, but not the KGN cells. This study
supports further work to explore the potential of yToc to
increase the chemotherapeutic efficacy of Dox and 4-Cyc
against breast cancer cells in vitro.

Abbreviations

Dox: Doxorubicin
4-Cyc: 4-Hydroperoxycyclophosphamide
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ROS: Reactive oxygen species
AMH: Anti-Miillerian hormone
aToc: Alpha tocopherol

yToc: Gamma tocopherol.
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Chronic prostatitis typically occurs in aging men, and its symptoms include frequent and painful urination. In recent study, several
studies have shown that Korean red ginseng (KRG) can be used in the prevention and treatment of various diseases. The objective
of this study is to investigate whether KRG can play a role in repressing the development of chronic nonbacterial prostatitis (CNP)
in male Wistar rats. To induce CNP, rats were castrated and beta-estradiol (0.25 mg/kg) was subcutaneously (s.c.) injected daily. 7-
week-old male Wistar rats were divided into 5 groups (the normal group, CNP group, positive group, and KRG group (0.25g/kg) and
another KRG (0.50g/kg) group. After 4 weeks, all rats were sacrificed and their prostate and serum were analyzed. Compared to the
positive group, the KRG groups (0.25g/kg and 0.50g/kg) showed similar protective properties on CNP based on the histopathologic
morphology of the prostate and the inflammation cytokines in the prostate tissue. Also, results of the immunohistochemistry
staining showed that expression levels of vascular endothelial growth factor A (VEGFA), interleukin 6 (IL6), interleukin 1 beta (IL-
18), tumor necrosis factor (TNF-alpha), and cytochrome c oxidase subunit IT (COX2) were also decreased in KRG group (0.25g/kg)
and KRG group (0.50g/kg). These results suggested that KRG inhibited the development of CNP and might a useful herbal treatment
or functional food for CNP.

1. Introduction prostatitis patients are affected by chronic nonbacterial pro-
statitis (CNP) [5]. Despite the high incidence of CNP, the

Chronic prostatitis is a common disease in aged men [1]. cause of the disease has not been verified, and it is known to

The disease causes a diverse range and degree of symptoms,
including voiding irritation, pelvic region discomfort, and
sexual dysfunctions [2-4].

Chronic prostatitis is classified as acute, chronic, bac-
terial, and nonbacterial prostatitis. More than 90% of all

be difficult to treat. It is a morbid illness that causes mental
dissatisfaction and negatively impacts an individual’s daily
quality of life.

The disease is characterized by chronic pelvic pain and
possibly voiding symptoms with no evidence of urinary tract
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infection [4]. Although it is not an infection, it may cause
pathologic changes including dysmorphic prostatic glandular
ducts, gland atrophy, interstitial fibrosis, and infiltrations of
polymorphonuclear neutrophils, lymphocytes, and mono-
cytes. CNP is an inflammatory disease in which inflammatory
cells are found in microscopic examinations of the prostate
gland with our any detection of a causative organism [1].

Inflammation is a biologic defense reaction against
a stimulant substance. Various cytokines are involved in
inflammatory reactions. Expressions of proinflammatory
cytokine such as tumor necrosis factor-o (TNF-«), vascular
endothelial growth factor A (VEGFA), interleukin 6 (IL6),
and interleukin 1 beta (IL-183) are induced in the macrophage
inflammatory response by external stimulation. Nitric oxide
(NO) is produced by stimulating the expression of inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)
[6].

Korea red ginseng (KRG) has been used safely in human
for a long time. KRG has been traditionally used in Korea and
East Asian countries for treatment of diverse diseases [7]. It
is a heat-modified product of the Ginseng Radix (Panax gin-
seng) root. KRG was originally developed for the sole purpose
of improving the long-term preservation of the root, but it
was found to contain the active elements of ginseng saponins
or ginsenosides, of which the original root does not [8].
These elements are known to increase the efficacy of ginseng.
The KRG known so far has been reported to be effective as
an antioxidant, antibacterial agent, anti-inflammatory action
agent, blood circulation enhancer, cancer preventing agent,
and infectious defense and immunity enhance [9-13]. KRG
is also commonly used for male rejuvenation [14, 15] and, to
treat urinary discomfort in the elderly, as it is known in Korea
as a herb that improves vigor and stamina [16, 17].

The aim of the present study is to investigate the effects
of orally administrated KRG in CNP rat model based on the
histopathologic morphology of the prostate and inflamma-
tion cytokines in the prostate tissue.

2. Methods

2.1. Preparation of the KRG. The material of KRG was
provided from Korea Ginseng Corp (KGC, Korea).

2.2. Animals. The animals used in this study were 7-week-
old male Wistar rats (RaonBio Inc., Korea) with an average
body weight of 250+10g. The animal room was maintained
at 22+2°C with 40-70% relative humidity. The room lighting
consisted of 12h/12h of light and dark. All experiments were
carried out according to the protocols approved by the
Animal Care Committee of the Animal Center at Kyung
Hee University in accordance with guidelines from the
Korean National Health Institute of Health Animal Facility
(KHUASP-16-019).

2.3. Induction of CNP and Treatments. After the orchiectomy,
rats that were injected with beta estradiol (0.25 mg/kg, Sigma-
Aldrich Co., St. Louis, MO, USA) (20 mg/kg) for 4 weeks were
shown to have prostatitis. The rats were then divided into five
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groups (1 =5): (A) a normal control group; (B) a CNP group:
CNP that induced 17B-estradiol group through subcutaneous
injection; (C) a positive group: CNP that induced 17B-
estradiol group through subcutaneous injection + testos-
terone, injected subcutaneously; (D) a KRG (0.25g/kg) group:
CNP that induced 17B-estradiol group through subcutaneous
injection + KRG (0.25g/kg); (E) and another KRG (0.50g/kg)
group: CNP that induced 17B-estradiol group through sub-
cutaneous injection + KRG (0.50g/kg), administered orally.
The experiment was performed with the drug administration
and subcutaneous injection for 4 weeks. After 4 weeks, drug
administration and subcutaneous injection were stopped.

2.4. Blood Collection and Biochemical Analysis. To collect
blood, rats were anesthetized and blood was drawn from their
hearts into the serum separate tube (SST) tubes. The serum
was separated from the blood by centrifuge at 3,000 rpm.
Serum was gathered immediately and stored at -70°C. The
level of glutamic oxaloacetic transaminase (GOT), glutamic
pyruvic transaminase (GPT), blood urea nitrogen (BUN),
creatinine, and y-GTP in serum were tested by Greenlab
(Seoul, Korea).

2.5. Tunnel Assay in Prostate Tissue. The prostate tissues
in each group were dewaxed with xylenes and rehydrated
through an ethanol series. Tunnel reactions were performed
with the In Situ Cell Death Detection POD Kit (Roche USA)
according to the manufacturer’s protocol. The prostate tissues
after the Tunnel reactions were dehydrated, mounted, and
examined under a microscope.

2.6. Nitric Oxide (NO) Assay in Serum. NO accumulation was
used as an indicator of NO production. Its level in serum
was determined using the Griess reagent (Promega, USA,
Griess Reagent system). Briefly, serum (50u1) was mixed with
the same volume of Griess reagent (1% sulfanilamide and
0.1% N-(I-naphthyl)-ethylenediamine dihydrochloride in 5%
phosphoric acid) for 10 min, and absorbance was measured
at 520 nm.

2.7. RNA Extraction and Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR). Total RNA was isolated from
the prostate tissues of each mouse using Trizol (Invitrogen,
CA, USA), according to the manufacturer’s instructions. An
aliquot of total RNA was reverse transcribed using MMuLV
reverse transcriptase and Taq DNA polymerase (Promega,
Madison, WI, USA), respectively. Primers for VEGFA, IL6,
IL-18, TNF-«, and COX2 were designed in reverse transcrip-
tion (RT- PCR) according to previous studies [18, 19].

2.8. Immunohistochemistry (IHC). Immunohistochemistry
(IHC) staining was performed for prostate tissue section at
thickness of 10um. First, paraffin was removed from slides
through a deparaffinization process. To avoid endogenous
peroxidase activity, slides were incubated with 3% of H,O,
solution in methanol at room temperature for 15 minutes
and then washed with PBS for 3 times (5 minutes each).
Slides were prerestrained with normal goat or rabbit serum
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TaBLE 1: Analysis of GOT, GPT, BUN, creatinine, and y-GTP level in serum level.
GOT GPT BUN Creatinine y-GTP
Group
(IU/L) (IU/L) (mg/dl) (mg/dl) (U/L)

Normal 77.0+9.2 28.0£10.1 18.0+1.0 0.49+0.07 <3
CNP 75.6£3.3 41.5+9.6 19.3+£2.5 0.55+0.04 <3
Positive 76.0£10.3 26.214.9 16.7£1.5 0.59+0.02 <3
KRG (0.25g/kg) 100.1+13.1# 34.7+16.8 22.0£1.0 0.50+0.04 <3
KRG (0.50g/kg) 91.1+13.7 38.6+£20.1 16.7+£3.2 0.48+0.07 <3
Data are presented as mean + SE (n=6).
*P < 0.05, compared with the CNP group.
for lhr. In primary antibody reaction stage, slides were 600
incubated carefully with anti-VEGFA, anti-TNF-alpha, anti-
IL1B, anti-IL-6, and anti-COX2 (Santa Cruz Biotechnology 00T I
Inc., Santa Cruz, CA, USA) in a 1:500 dilution for a night
at 4°C and washed with PBS for 3 times, 5 minutes each. = 4001
For second antibody reaction, the slides were incubated with = 00l
biotinylated secondary antibodies (1:1000) at room temper- 2
ature for 1h and washed with PBS three times, five minutes = 5

X o oy : 00 r
each. Finally, diaminobenzidine tetrahydrochloride substrate
(DAB) staining with streptavidin-HRP was performed to 100}
visualize antigen-antibody reaction. For each section, three
different random fields were examined at least X100 magnifi- 0
cation o o MDD

: ot 9o 159 0%

KQ' O&Q

2.9. Statistical Analyses. All values were presented as the
meantstandard error (SE). Significant differences among
the groups were statistically analyzed by using the one-way
analysis of variances (ANOVA), followed by a nonparametric
post-Tukey test. All p values were two-tailed. A p value
of less than 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS 22.0 for
Windows.

3. Results

3.1. Effect of KRG on Weight Change. The changes in body
weight are shown in Figure 1. Final body weight was mea-
sured at 30 days after treatment. The final body weights in
each group (CNP, positive, and KRG groups) had decreased
compared to that in the normal group. However, differences
among CNP, positive, and KRG groups were not significant
(p>0.05).

3.2. Effect of KRG on Levels of GOT, GPT, BUN, Creatinine,
and y-GTP in Serum. Serum levels of GOT, GPT, BUN, crea-
tinine, and y-GTP are shown in Table 1. Levels of GOT in the
normal, CNP, positive, KRG (0.25g/kg), and KRG (0.50g/kg)
groups were 77.0+9.2, 75.6+3.3, 76.0£10.3,100.1£13.1, and
91.1+13.7 IU/L, respectively. Levels of GPT in the normal,
CNBP, positive, KRG (0.25g/kg), and KRG (0.50g/kg) groups
were 28.0+10.1, 41.5+9.6, 26.2+4.9, 34.7+16.8, and 38.6+20.1
IU/L, respectively. Levels of BUN in the normal, CNP,
positive, KRG (0.25g/kg), and KRG (0.5g/kg) groups were
18.0£1.0, 19.3£2.5, 16.7+1.5, 22.0+1.0, and 16.7+3.2 mg/dl,

AR

FiGure 1: Effects of Korea red ginseng (KRG) on body weight
in each group. Normal, normal group; CNP, chronic nonbacterial
prostatitis group; Positive, estradiol induced CNP with testosterone;
KRG (0.25g/kg), beta-estradiol induced CNP with KRG (0.25g/kg);
KRG (0.5g/kg), estradiol induced CNP with KRG (0.5g/kg). * P <
0.05, compared with the normal group and # P < 0.05, compared
with the CNP group.

respectively. Levels of creatinine in the normal, CNP, pos-
itive, KRG (0.25g/kg), and KRG (0.5g/kg) groups were
0.49+0.07, 0.55+0.04, 0.59+0.02, 0.50+0.04, and 0.48+0.07
mg/dl, respectively. And levels of y-GTP were less than 31U/L
in all groups. Differences among groups were not statistically
significant (p>0.05). These results indicated that KRG did not
have toxicity in the animal model.

3.3. Effects of KRG on Apoptosis in Prostate Tissue Using
Tunnel Assay. As shown in Figures 2(a) and 2(b), apoptosis
of the prostate tissue among the groups was examined. The
apoptosis of prostate tissue had significantly increased in the
CNP group. The apoptosis of prostate tissue in the positive
and KRG (0.25g/kg and 0.50g/kg) groups had significantly
decreased compared to that in the CNP group (p<0.05).

3.4. Effects of KRG on Nitric Oxide Level in Serum. Serum lev-
els of NO in the normal, CNP, positive, KRG (0.25g/kg), and
KRG (0.50g/kg) groups were 19.89+9.7, 98.6+4.7, 42.2+18.5,
70.0+16.1, and 48.9+16.4 uM (Figure 3). The level of NO in the
CNP group was significantly higher compared to that in the
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A. Normal C. Positive

D. KRG (0.25g/kg) E. KRG (0.50g/kg)

()

0.5

Tunnel staining (relative expression)

0.0

FIGURE 2: Tunnel staining in prostate tissue in each group (x100). Normal, normal group; CNP, chronic nonbacterial prostatitis group;
Positive, estradiol induced CNP with testosterone; KRG (0.25g/kg), beta-estradiol induced CNP with KRG (0.25g/kg); KRG (0.5g/kg),
estradiol induced CNP with KRG (0.5g/kg). * P < 0.05, compared with the normal group and # P < 0.05, compared with the CNP group.
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FIGURE 3: Analysis of nitric oxide (NO) in serum in each group. Normal, normal group; CNP, chronic nonbacterial prostatitis group;
Positive, estradiol induced CNP with testosterone; KRG (0.25g/kg), beta-estradiol induced CNP with KRG (0.25g/kg); KRG (0.5g/kg),
estradiol induced CNP with KRG (0.5g/kg). * P < 0.05, compared with the normal group and # P < 0.05, compared with the CNP group.
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FIGURE 4: The expressions of TNF-alpha, IL-1$, IL-6, VEGFA, and COX2 by RT-PCR in each group. Normal, normal group; CNP, chronic
nonbacterial prostatitis group; Positive, estradiol induced CNP with testosterone; KRG (0.25g/kg), beta-estradiol induced CNP with KRG
(0.25g/kg); KRG (0.5g/kg), estradiol induced CNP with KRG (0.5g/kg). * P < 0.05, compared with the normal group and # P < 0.05, compared

with the CNP group.

normal group (p<0.05). And the levels of NO in the positive
and KRG groups (0.25 g/kg and 0.5 g/kg) were significantly
lower than those in the CNP group (p < 0.05).

3.5. Effect of KRG on mRNA Expression Levels of Inflammation
Cytokines in Prostate Tissue Using RT-PCR. The measure-
ments of mRNA expression levels of VEGFA, TNF-alpha,
IL-1B, IL-6, and COX2 were performed using RT-PCR. The
mRNAs of VEGFA, TNF-alpha, IL-18, IL-6, and COX2
were amplified by RT-PCR. As shown in Figure 4, mRNA

expression levels of VEGFA, TNF-alpha, IL1S, IL-6, and
COX2 in the CNP group at 4 weeks were higher than those
of the normal group (Figure 4(a)). In the positive and KRG
(0.25g/kg and 0.50g/kg) groups at 4 weeks, mRNA expression
levels of VEGFA, TNF-alpha, IL1j, IL-6, and COX2 had
significantly decreased compared to those in the CNP group
(p<0.05) (Figure 4(b)).

3.6. Effect of KRG on Expression of Inflammation Cytokines
in Prostate Tissue Using IHC. To examine the effects of
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FIGURE 5: The expressions of TNF-alpha, IL-13, IL-6, VEGFA, and COX2 by immunohistochemistry in each group. Normal, normal
group; CNP, chronic nonbacterial prostatitis group; Positive, estradiol induced CNP with testosterone; KRG (0.25g/kg), beta-estradiol induced
CNP with KRG (0.25g/kg); KRG (0.5g/kg), estradiol induced CNP with KRG (0.5g/kg). * P < 0.05, compared with the normal group, and #

P < 0.05, compared with the CNP group.

KRG on expression of inflammation cytokines (VEGFA,
TNF-alpha, IL-1f3, IL-6, and COX2) in prostate tissue, IHC
was performed. As shown in Figure 5, expression levels of
inflammation cytokines (VEGFA, TNF-alpha, IL-183, IL-6,
and COX2) in the CNP group were higher than those in the
normal group (p<0.05). Proteins expression levels of VEGFA,
TNF-alpha, IL-13, IL-6, and COX2 in both positive and KRG
(0.25g/kg and 0.50g/kg) groups had decreased compared to
those in the CNP group (p<0.05).

4. Discussion

In this study, we examined the effect of KRG on CNP using
the E2-induced CNP animal model. Our results showed the
effects of KRG on the inflammation and morphology of
prostate tissue in case of the CNP.

Weight loss was the first difference observed when com-
paring the normal group against the other groups. Weight
difference between the normal and E2 induced prostatitis
groups, however, has already been reported in previous
studies. These studies suggest that E2 may be causative or that
prostatitis itself may play a role in such reduction in body
weight [20, 21]. In our study, positive and the KRG groups
also showed weight loss, which is E2 or prostatitis.

To examine the effect of KRG on hepatotoxicity, the
serum levels of GOT, GPT, BUN, creatinine, and y-GTP were
measured. Most of the serum levels in the CNP, positive,
and the KRG groups were not significantly different from
those in the normal group. The only GOT level in of the

KRG (0.25g/kg) group was statistically higher than that in the
other groups but it was within the normal range [22]. These
results suggest that KRG has no toxicity in the CNP animal
model.

The results of TUNEL staining show clear differences
among the groups. The infiltration of inflammatory cells,
destruction of prostate gland tissue, and a lot of apoptotic
cells were observed in the CNP group. In the KRG group,
it was observed that these changes of prostate tissue were
significantly reduced. At higher concentrations of KRG,
tissue changes and apoptotic cells were hardly observed. In
the relative expression analysis, evidence of apoptosis had
significantly increased in the CNP group and decreased in
the positive and KRG groups compared with that in the CNP
group. This result suggests that KRG has an antiapoptotic and
anti-inflammatory effects on CNP.

To investigate the anti-inflammatory effect of KRG, levels
of NO and proinflammatory cytokines were analyzed. NO
is considered as a proinflammatory mediator [23]. The
level of NO was significantly increased in the CNP group
and decreased in the other groups compared with that in
the CNP group. The results of RT-PCR and IHC for the
proinflammatory cytokine showed a similar tendency. The
mRNA and protein expression levels of TNF-alpha, IL-183, IL-
6, VEGFA, and COX2 in positive and the KRG groups were
significantly lower than those in the CNP group. In addition,
higher concentrations of KRG showed more effective anti-
inflammatory responses in all cytokines (TNF-alpha, IL-1f,
IL-6, VEGFA, and COX2).
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Many previous studies have revealed that KRG has anti-
inflammatory and antiapoptotic properties through various
pathways. Red ginseng attenuated inflammatory responses
through inhibition of the MAPKs/NF-xB/c-Fos pathways
in the lung tissue [24]. In atopic dermatitis animal model,
inflammatory responses were reduced through the suppres-
sion of the p70 ribosomal protein S6 kinase pathway by
red ginseng [25]. In a previous study of FK506-induced
nephrotoxicity in LLC-PKI cells, KRG was also shown to play
a protective role. KRG was showed antiapoptotic properties
via the inhibition of p38 phosphorylation and activation of
caspase, as well as an anti-inflammatory property via the
inhibition of TLR-4 expression. Our results are consistent
with these previous studies [26 ]. We showed the antiapoptotic
effect of KRG using TUNEL assay and the anti-inflammatory
effect of KRG by confirming the reduction of inflammatory
mediator NO and the decrease of proinflammatory cytokine
using RT-PCR and THC.

5. Conclusions

Our results suggest that KRG plays protective effects against
CNP in rat model via the suppressing expression of TNF-
alpha, IL-1f3, IL6, VEGFA, and COX2. In conclusion, KRG
could be a useful agent for the prevention or treatment of
CNP.
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Nutritional approaches to improve dyslipidemias have been recently developed, but evidences on different medical foods are often
incomplete. The main aim of our study was to evaluate the effects on endothelial function, lipid profile, and glucose metabolism of
two different combinations of nutraceuticals, first one containing Bergavit (200 mg Citrus bergamia), Omega-3 (400 mg), Crominex
3+ (10 mcg trivalent chromium), and red yeast rice (100 mg; 5 mg monacolin K) and second one containing red yeast rice (200 mg;
3 mg monacolin K), Berberine (500 mg), Astaxanthin (0.5 mg), folic acid (200 mcg), Coenzyme Q10 (2 mg), and Policosanol (10
mg). Fifty subjects affected by dyslipidemia not requiring statin treatment were enrolled in this randomized, blind, controlled trial
and submitted to blood sampling for lipid and glucose profiles and instrumental evaluation of endothelial function before and after
6 weeks of treatment with nutraceuticals. Both nutraceutical combinations improved the lipid profile; the nutraceutical containing
5 mg of monacolin K, 200 mg of the extract Citrus bergamia, 400 mg of Omega-3, and 10 mcg of trivalent chromium entailed a
significant improvement of endothelial function with enhanced cholesterol lowering effect. In conclusion, this study confirms the

positive effect of functional food on lipid profile and endothelial function in absence of major undesirable effects.

1. Introduction

Cardiovascular (CV) disease is one of the most important
public health problems of our time, in both Europe and
the rest of the world, accounting for the largest expenditure
in the healthcare budgets of many countries [1]. Despite
the prevention strategies adopted in the last decades and
the growing therapeutic options, CV disease remains the
principal cause of disability, morbidity, and mortality [2, 3].
Whereas prevention strategies continue to address individ-
uals who has experienced a major CV event or presented
one or more CV risk factors, primordial prevention has
been recommended for reaching CV well-being on healthy
population [4, 5].

When discussing about major CV risk factors, experts
widely recognize important contributions from observa-
tional and epidemiological studies, which demonstrate that
higher cholesterol levels are associated with greater risks
of atherosclerotic CV events [6-8]. In this respect, new
nutritional approaches to improve dyslipidemias have been
recently developed [9-11]; these products are founded on
both amending some potentially dangerous foods and
encouraging the intake of specific ‘healthy’ medical foods
or nutritional supplements. With regard to medical food
cholesterol lowering treatment, some evidences suggest that
combinations that include more components, recruiting
numerous specific mechanisms, are able to better increase the
lipid pathway. However, even though these nutraceuticals can
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be utilized either as substitutions or in addition to drugs [12],
the existing evidence on these medical foods is inconclusive.

The present study was, therefore, undertaken to compare
the effects of two specific mixtures of nutraceuticals on the
control of lipid profile, glucose metabolism and endothelial
function among subjects suffering from high levels of serum
cholesterol not requiring statin. Our results offer new evi-
dences about the positive effect of functional food on lipid
profile and endothelial function.

2. Subjects and Methods

We conducted a randomized controlled trial (6-week follow-
up) during which participants assumed deferent combination
of nutraceuticals (Nutraceutical “A” or Nutraceutical “B”)
according to a randomization procedure. All participants
gave written informed consent before being enrolled in the
study for the prerandomization assessment and at the base-
line of intervention for follow-up assessments and treatment.

2.1. Study Sample. For the enrollment in the study, we
screened individuals admitted to the national campaign,
named “Longevity Check-up 7+” (Look-up 7+) and pro-
moted by the Catholic University of Rome [13]. The Catholic
University of Sacred Heart Ethical Committee ratified this
study protocol within the context of the National Campaigns
for CV prevention [14].

The inclusion criteria for the present study were higher
level of serum cholesterol not needing statins or statin
intolerant, age between 18 and 75 years. The exclusion criteria
were the potential side effects to nutraceuticals products,
pregnant status, previous prescription of lipid lowering drugs
during (6 weeks), and/or severe hypertriglyceridemia (500
mg/dl). Furthermore, we excluded subjects with diseases
impairing endothelial function (i.e., uncontrolled diabetes
and chronic inflammatory disorders), presence of CV dis-
eases, and subjects treated with vasoactive drugs. Of the total
of 75 subjects screened, 17 were excluded for the presence of
CV diseases and 3 subjects with uncontrolled diabetes. Five
subjects refused to be part of the study protocol. Hence, 67%
of the screened subjects (n=50) were fully eligible and entered
the study. Finally, three subjects, one in the nutraceutical “A”
and two in the nutraceutical “B” group, were missing at the
end of the study.

2.2. Study Design. Baseline assessments were completed
before randomization. After the baseline assessment, par-
ticipants received nutritional counseling, according to their
medical conditions. At the end of this run-in period, partici-
pants were randomly stratified according to age and gender
by a computer-generated list into two groups assigned to
receive Nutraceutical “A” or Nutraceutical “B” for 6 weeks.
Nutraceutical A contained the following: Bergavit (200
mg Citrus bergamia), Omega-3 (400 mg), Crominex 3+ (10
mcg trivalent chromium), and red yeast rice (100 mg; 5 mg
monacolin K) (Riscol Plus, Errekappa Euroterapici).
Nutraceutical B contained the following: Policosanol (10
mg), red yeast rice (200 mg; 3 mg monacolin K), Berberine
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(500 mg), Astaxanthin (0.5 mg), folic acid (200 mcg), and
Coenzyme Q10 (2 mg) (Armolipid Plus, RottapharmSpA).

Both nutraceutical “A” and “B” are tablets that were
taken by the participants once a day, preferably in the
evening. Nutraceutical “A” was chosen as it represents a new
combination on the Italian market with an excellent biolog-
ical plausibility of its main components. At the same time,
nutraceutical “B” should be considered the “gold standard”.
In fact, this combination has been extensively investigated
in several randomized control trials, seven of which were
placebo-controlled. Recently, Barrios and colleagues [15],
in their review of the clinical evidences, concluded that
nutraceutical “B” (Armolipid Plus) has proved to be able
to achieve significant reductions in total cholesterol (11-
21%) and in LDL-C (15-31%) levels, which is equivalent to
expectations from low dose statins.

The primary endpoint was the statistically significant
reduction of endothelial dysfunction; secondary endpoints
were the modifications in triglycerides, serum total choles-
terol (HDL and LDL), blood glucose, and insulin sensitivity
index (HOMA index).

2.3. Data Collection. All participants enrolled in the study
received a dedicated visit comprising an anamnestic ques-
tionnaire, the measurement of objective CV health metrics,
and the assessment of anthropometric parameters. In par-
ticular, the baseline and follow-up assessment were designed
to obtain the following data: informed consent, age, gender,
lifestyle evaluation (smoking, eating habits, and physical
activity), blood pressure measurement, weight and height
assessment, waist circumference, lipids measurement and
fasting glucose measurements, and plasma level of insulin;
furthermore, we estimated the HOMA index using the
Matthews’ formula [16].

Endothelial function was assessed by evaluating flow-
mediated dilation (FMD) of brachial artery that measures the
nitric oxide-mediated vasodilation after a period of ischemia
(endothelium-dependent vasodilation), in accordance with
actual guidelines [17].

All participants were asked to fast and to avoid exercise
and vasoactive substances (i.e., drugs, tobacco, and coftee) for
at least 12 hours before the examination.

2.4. Statistical Analyses. Sample power was previously cal-
culated based on FMD, considering a power of 80% and
an a-error of 5% with an expected positive result among
participants receiving product “A” of 90%, compared to
40% of the subjects in the control group (product “B”).
Based on this estimation, 40 subjects were needed to have
80% probability of finding a positive result for the primary
outcome from 90% in the subjects taking nutraceutical “A”
to 40% in the subjects taking nutraceutical “B”.

Variables were shown as mean values (£SD). Differences
in characteristics between control and treatment groups
were examined in numerous ways. Quantitative outcomes
were analyzed by the Student t-test after a previous test
for variance homogeneity. The Mann-Whitney analysis was
utilized when the normality assumption was not realistic.
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TABLE 1: Characteristics of study population according to gender .

Nutraceutical Nutraceutical
Characteristics TOt?iEZ;;ple A B j
- (n=24) (n=23)

Age (years) 58.7+ 8.7 58.0+ 8.9 59.5+ 8.5 0.55
Gender (male) 33(70) 16 (67) 17 (74) 0.41
Smoking 7 (14) 4(16) 3(13) 0.45
Healthy diet 25 (53) 13 (54) 12 (52) 0.77
Physically active 19 (40) 10 (41) 9 (39) 0,65
BMI (Kg/m?) 273+ 4.6 28.0+ 5.1 26.5+ 5.9 0.28
Systolic blood pressure (mmHg) 122,9+ 14.0 125.8+ 14.4 119.8+13.2 0.14
Diastolic blood pressure (mmHg) 75.4+ 9.9 76.4+£10.9 743+ 8.9 0.47
Total cholesterol (mg/dl) 239.1+ 26.3 234.9+10.0 243.6+ 36.1 0.29
HDL cholesterol (mg/dl) 47.0+ 3.2 46.9+ 2.0 472+ 4.2 0.46
LDL cholesterol (mg/dl) 143.8+ 25.6 141.3+ 15.3 146.4+ 33.3 0.49
Triglycerides (mg/dl) 105.4+ 34.3 104.3+ 40.3 106.5+ 27.6 0.83
Fasting plasma glucose (mg/dl) 91.1+ 6.4 90.2+ 7.6 91.9+ 5.0 0.38
Insulin (1U/ml) 8.8+5.3 94+5.8 8.1+4.8 0.43

*Data are given as number (percent) for gender, smoking, healthy diet, and physical activity; for all the other variables, means + SD are reported.
Healthy diet: consumption of at least three portions of fruit and/or vegetables per day.

Physically active: physical exercise at least twice a week.
BMI: body mass index.

TaBLE 2: Unadjusted and adjusted means of flow-mediated dilation (FMD) measures (dependentvariable) according to different treatments.

Nutraceutical A

Nutraceutical B

Characteristics (n=24) (n=23) P

Baseline 5.19 £2.25 4.74 £1.67 0.14
Follow-up (unadjusted) 755+ 3.38 5.75 +2.09 0.04
Follow up (adjusted) = 7.48 + 0.58 5.58 £0.59 0.05

* ANCOVA: analysis adjusted for age, gender, and baseline value.

The Fisher exact test was used for categorical variables. The
analysis of covariance (ANCOVA) adjusted for age, gender,
and baseline values was used to examine the result of different
intervention on lipid pathway and FMD at the end of follow-
up period.

All analyses were completed using the SPSS software
(SPSS Inc., Chicago, IL, version 11.0).

The funding sources had no part in any phase of study
procedures (collection, analysis, and data interpretation).

3. Results

Mean age of 47 subjects participating the study was 58.7
(standard deviation 8.7, range from 42 to 75 years) years, and
33 (70%) were men. Characteristics of the study population
according to the treatments are summarized in Table 1. At
baseline assessment, no differences in life style habits, BMI,
and systolic and diastolic blood pressure were observed. Total
serum cholesterol, HDL-c and LDL-c, triglycerides, glucose,
and insulin were similar between the different groups. None
of the participants in the study groups reported difficulty
in taking the tablet regarding size, taste, and palatability.

Treatment compliance was excellent in both groups and no
adverse events were reported.

Mean values of FMD assessment are shown in Table 2.
At baseline, FMD were similar between nutraceutical “A”
and nutraceutical “B” groups (p=0.14); after the 6 weeks of
treatment, FMD in the subjects receiving nutraceutical “A”
significantly increases in comparison with subjects receiving
nutraceutical “B” (p=0.04). After adjusting for age, gender,
and baseline values, FMD value was higher among partici-
pants in nutraceutical “A” group compared with subjects in
nutraceutical “B” group (p=0.05).

Figure 1 shows lipid profile at 6-week follow-up after
treatment with nutraceutical “A” and nutraceutical “B”. It
is important to highlight that both nutraceuticals produce a
noteworthy decrease of serum levels of total and LDL choles-
terol, triglycerides, and an improvement of HDL with respect
to baseline values (all p<0.01). However, this improvement
was more significant in subjects treated with nutraceutical
“A” compared with participants receiving nutraceutical “B”.

For these measurements, we considered the percentage
change found by both nutraceuticals associations versus
the baseline values (Figure 2). Nutraceutical “A” reduced
the total and LDL cholesterol more than nutraceutical “B”;
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FIGURE 2: Percentage changes in lipid profile between baseline and
follow-up.

similarly, participants in nutraceutical “A” group showed
a higher improvement in HDL cholesterol level. On the
contrary, no statistically significant modification was noted
in the percentage changes of triglycerides between the two
nutraceuticals mixtures.

Furthermore, according to ESC/EAS guideline [12], the
rate of participants showing a redaction of LDL cholesterol
below 115 mg/dl at the end of treatment periods has been
calculated.

A greater number of subjects with a normal value of
LDL cholesterol with nutraceutical “A” were observed as
compared to nutraceutical “B” (59.6% versus 40.4 %, p=0.04)
(Figure 3).

Finally, no statistically significant difference was observed
for glucose, insulin, and HOMA index recorded throughout
the study.

4. Discussion

This randomized study corroborates that treatment with
specific nutraceutical combination (actually approved in
Italy) is able to ameliorate the lipid profile among subjects
with high levels of cholesterol not specifically needing statins.
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FIGURE 3: Percentage of subjects with LDL<130 mg/dl at the end of
follow-up.

Moreover, it suggests that the nutraceutical containing 5 mg
of monacolin K, 200 mg of the extract Citrus bergamia, 400
mg of Omega-3, and 10 mcg of trivalent chromium entailed
a cholesterol lowering effect with a significant improvement
of endothelial function. This last effect is very important, in
particular considering that endothelial dysfunction is consid-
ered an early event of atherosclerosis that precedes structural
atherosclerotic changes in the vascular wall [18] and several
studies have demonstrated that impaired FMD predicts CV
morbidity and mortality independently of traditional CV risk
factors and the Framingham risk score [19, 20]. These findings
have been recently confirmed also in young population, in
absence of CV disease [21].

As recommended by the 2016 ESC/EAS guidelines for
the management of dyslipidaemias, nutraceuticals contain-
ing purified red yeast rice may be considered in subjects
with elevated plasma cholesterol levels who do not qual-
ify for treatment with statins in view of their global CV
risk [20]. The bioactive ingredient of red yeast rice is the
monacolin K. Effects of monacolin K on lipid profile are
correlated to a statin-like action with the inhibition of
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase.
Diverse nutraceutical combinations have different concen-
trations of monacolin K, while a clinically relevant effect on
cholesterol levels (up to a 20% reduction) is observed with
preparations providing a daily dose of monacolin K between
2.5to 10 mg [22-24]. The higher concentration of monacolin
K in the mixture “A” may in part explain the better results
obtained in the control of lipid profile and on the endothelial
function. However, it is possible to hypothesize that these
better results may be explained by the presence of other
specific ingredients, too.

The extract of bergamot (Citrus bergamia) is rich in
flavonoids that have antioxidant, anti-inflammatory, as well
as lipid-lowering properties [25]. The hydroxy methyl-
glutaryl-flavonones contained in the Citrus bergamia, such
as hesperetin, naringenin brutieridine, and melitidine, have
specific effects on lipid profile inhibiting, as the statin, the
enzyme HMG-CoA reductase, and the activity of AcylCo-
enzymeA Cholesterol-Acyl-Transferase (ACAT), then reduc-
ing the assembly of VLDL and LDL lipoproteins [26]. Fur-
thermore, as regards the potential effect on the endothelium,
the flavonoids contained in the Citrus bergamia limit the
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production of oxygen free radicals in the vessel wall, improve
the endothelial production of nitric oxide, and also modulate
the inflammatory response. In particular, by inhibiting the
activation of NF-kB, they reduce the expression of the
inflammatory cytokines, such as IL-6, IL-1b, TNF-alpha, and
therefore have antiproliferative effects on the smooth muscle
cells and contribute to the prevention of atherosclerosis [27].
Citrus bergamia can therefore play an important role in
preventing vascular damage due to proliferation of smooth
muscle cells and dysfunction of endothelial cells. A study
of an angioplasty model in rats showed that pretreatment
with Citrus bergamia reduced neointima proliferation, free
radical formation, and LDL-ox receptor expression [25]. Toth
and colleagues [28] recently investigated the effects of Citrus
bergamia flavonoids supplementation on cardio-metabolic
risk in dyslipidemic subjects, demonstrating that this supple-
mentation significantly reduced plasma lipids and improved
the lipoprotein profile. Carotid intima-media thickness was
also reduced significantly over a relatively short time frame
of 6 months [28].

Trivalent chromium (Cr3+) is classified as an es-
sential micronutrient for optimal carbohydrate and lipid
metabolism. Although evidence relating Cr3+ deficiency
and CV disease is incomplete, deficit has been associated
with lower levels of HDL cholesterol. Sealls and colleagues
[28] demonstrated that Cr3+ reversed hyperinsulinemia-
induced cellular cholesterol accrual and associated defects in
cholesterol transporter ABCALI trafficking and apolipopro-
tein Al-mediated cholesterol efflux. These findings suggest a
mechanism of Cr3+ action that fits with long-standing claims
of its role in cholesterol homeostasis [29].

The lipid-lowering action of omega-3 polyunsaturated
fatty has been clearly demonstrated in numerous clinical
trials and meta-analyses [30, 31]. Nutraceuticals with omega-
3 have a number of other beneficial effects on biomarker
parameters that justify their use in subjects with metabolic
syndrome [32]. In fact, they also stimulate the formation of
prostaglandins, inhibit the activity of the enzyme to convert
angiotensin, reduce the formation of angiotensin II and
increase that of nitric oxide, and reduce the formation of
homocysteine [33-35].

So, we can speculate that the final beneficial effect of
nutraceutical “A” (Citrus bergamia, Omega-3 Crominex 3+,
monacolin K; Riscol Plus, Errekappa Euroterapici) is the
result of a series of synergies that are created between
different nutrients. For these reasons, the components present
in this nutraceutical should not be seen in an exclusively
lipid profile optics, but rather for the anti-inflammatory,
antioxidant, and vasodilation actions that they are able to
perform.

Albeit dealing with a highly relevant result, our study
presents several limitations that need to be discussed. First,
this study should be considered a pilot trial showing a signif-
icant improvement of endothelial function and lipid profile;
however, it is important to highlight that the small number
of participants enrolled needs validation in a larger sample.
The short follow-up limits the probability to observe positive
results on insulin and glycemic levels, which needs a longer
time of follow-up to assess the differences. Nevertheless, our

preliminary data are promising and could be the base for a
larger clinical trial.

Apart from these limitations, this study offers new evi-
dence about the positive effect of functional food on lipid
profile and endothelial function with a good compliance
and the absence of significant side effects. Dietary recom-
mendations should always take into account healthy food
choices; however, innovative nutritional strategies to improve
dyslipidaemias, such as nutraceutical combinations, should
be promoted [35, 36]. In this respect it is important to
highlight that the two formulations considered in the present
study are very different in composition. This means that no
specific conclusion regarding one or more compounds may
be definitively reached and, as a consequence, a larger study
specifically designed for this purpose will be needed.
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1. Introduction

Copyright © 2018 Claire B. Cummins et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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Hepatic stellate cells (HSCs) play an important role in hepatic fibrogenesis and inflammatory modulation. Endotoxin is dramatically
increased in portal venous blood after serious injury and can contribute to liver damage. However, the mechanism underlying
endotoxins effects on HSCs remains largely unknown. Oridonin is a bioactive diterpenoid isolated from Rabdosia rubescens
that exhibits anti-inflammatory properties in different tissues. In the present study, we determined the effects of oridonin on
endotoxin-induced inflammatory response and signaling pathways in vitro. The production of proinflammatory cytokines in
activated human HSCs line LX-2 was measured by ELISA and Western blots. Immunofluorescence and nuclear fractionation assay
were used to determine NF-xB activity. Oridonin treatment significantly inhibited LPS-induced proinflammatory cytokines IL-
183, IL-6, and MCP-1 production as well as cell adhesion molecules ICAM-1 and VCAM-1. Additionally, oridonin blocked LPS-
induced NF-xB p65 nuclear translocation and DNA binding activity. Oridonin prevented LPS-stimulated NF-xB regulator IKKa/ 8
and IxBa phosphorylation and IxkBa degradation. Combined treatment of oridonin and an Hsp70 substrate binding inhibitor
synergistically suppressed LPS-stimulated proinflammatory cytokines and NF-xB pathway activation. Therefore, oridonin inhibits
LPS-stimulated proinflammatory mediators through IKK/IxBa/NF-xB pathway. Oridonin could be a promising agent for a hepatic
anti-inflammatory.

compounds isolated from traditional Chinese herbs. Ori-
donin has been shown to have multiple biological activities.

Rabdosia rubescens, a Chinese medicinal herb, contains the
active diterpenoid compound oridonin. For hundreds of
years, Rabdosia rubescens has been used in Chinese tra-
ditional medicine as an antitumor, antimicrobial, anti-
inflammatory, and antioxidant agent. It has been used to treat
a variety of ailments including stomach aches, pharyngitis,
cough and sport-related injuries, as well as multiple cancer
types, such as esophageal, breast, liver, and prostate [I, 2].
Oridonin was identified in the late 1960s as the active com-
pound in Rabdosia rubescens and was able to be synthesized
in early 1970s. Today, it remains one of the most important

Oridonin has been shown to interfere with several pathways
involved in cell proliferation, cell cycle arrest, and apoptosis,
which contribute to its chemopreventative and antitumor
effects. [3, 4]. Recently, several research papers have demon-
strated that oridonin also has immunomodulatory eftects
on the immune system and proinflammatory mediators. For
example, in murine primary splenocytes, oridonin signifi-
cantly inhibited both IL-2 (Thl) and IL-10 (Th2) cytokine
production at the same time, suggesting that this terpenoid
compound has anti-inflammatory potential through the inhi-
bition of T-cell immune responses [5]. The NF-xB pathway
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has been well established as playing a prominent role in
inflammatory processes. Oridonin was found to inhibit NF-
«B activity in different cell types [6, 7]. Importantly, Zhou
and colleagues [8] reported that oridonin showed significant
antileukemic and organ protective effects without obvious
adverse reaction. Their results revealed that oridonin treat-
ment markedly reduced disseminated disease and prevented
the destruction of tissue architecture caused by leukemia in
both the liver and the spleen, indicating that oridonin exerts
a protective effect on the liver. Multiple studies have further
demonstrated the ability of oridonin to block inflammatory
signaling in other tissue such as renal cortex tissue, colonic
tissue, hippocampal tissue, BxPC-3 pancreatic cancer cells,
and U937 human histocytic lymphoma cells [9-13]. However,
the effect of oridonin on liver inflammation remains largely
unknown, and our study is the first to examine its role in
hepatic stellate cells (HSCs).

Quiescent HSCs are nonproliferative and are typically
localized within the space of Disse and function as the
principal storage site of retinoids in the liver. Upon activation,
HSCs proliferate, and are primarily characterized as the main
effector cells for liver fibrosis, due to their capacity to trans-
differentiate into collagen-producing myofibroblasts. More
recent studies have elucidated the fundamental role of HSCs
not only in hepatic fibrogenesis but also in liver immunology.
HSCs have been reported to respond to many immunological
triggers via toll-like receptors (TLR) (e.g., TLR4, TLRY) as
well as transduction signals through pathways and mediators
traditionally found in immune cells, such as NF-«B and
the Hedgehog (Hh) pathways or inflammasome activation
[14-16]. Activated HSCs are identified as a versatile source
of many soluble immunologically active factors including
cytokines and chemokines and may act as antigen present-
ing cells. After liver injury, HSCs are important sensors
of altered tissue integrity and initiators of innate immune
cell activation [17]. Previously, our group demonstrated the
antifibrogenic effects of oridonin and its analogs in activated
HSC lines via inhibition of cell proliferation and suppression
of extracellular matrix expression, such as collagen type I
and fibronectin [18-20]. In the present study, we determined
the immunomodulatory effects of oridonin with the activated
human HSC line LX-2. Our main objective was to examine
the effects and molecular mechanism of oridonin on proin-
flammatory mediators and adhesion molecules stimulated by
lipopolysaccharide (LPS), which is dramatically increased in
portal venous blood after serious injuries. We hypothesized
that oridonin would inhibit the LPS-induced inflammatory
response in HSCs.

2. Materials and Methods

2.1. Reagents. All cell culture mediums and trypsin were
purchased from Life Technology Corp. (Carlsbad, CA). We
purchased oridonin from Sigma-Aldrich (St. Louis, MO).
Hsp70 substrate binding inhibitor PES-CI was from EMD
Millipore (Now is Millipore Sigma). The following primary
antibodies were used: rabbit anti- NF-xB p65 (#8242), rabbit
anti- IxBar (#4814), rabbit anti- IKK-f (#8943), rabbit anti-
IKKe (#11930), rabbit anti-phospho IxBa Ser32 (Cat#2859),
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and rabbit anti-Glyceraldehyde 3-phosphate dehydrogenase
(GADPH) (#5174) were from Cell Signaling Technology Inc.,
Danvers, MA); mouse anti-IL-13 (sc-7884), mouse anti-
ICAM-1 (sc-8439), VCAM-1(sc-8304), and goat anti-Lamin
A (sc-71481) were from Santa Cruz Biotechnology(Santa
Cruz, CA); mouse anti-Topo II S (#3611492) was from
BD Bioscience (San Jose, CA); rabbit anti-phospho IKKe/f
(ab195907) was abcam (Cambridge, MA).

2.2. Cell Culture. As described in previous publications, the
human immortalized HSC line LX-2 immortalized HSC line
was a gift from Dr. Scott Friedman (Mount Sinai Medical
Center, New York) and cultured at 37°C with 5% CO, in
Dulbeccos modified Eagle’s medium (DMEM) with a high
glucose concentration (4.5 g/L) supplemented with 5% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. [20,
21]. Within 6 weeks of culture from liquid nitrogen, all
experiments were performed.

2.3. Nuclear Protein Extraction and NF-xB p65 DNA-Binding
Activity. Nuclear protein was isolated with NE-PER nuclear
and cytoplasmic extraction reagent (Pierce Biotechnology;
Rockford, IL) according to the instructions of the manufac-
turer. The Trans-AM NF-«B p65 Transcription Factor kit was
purchased from Active Motif North America (Carlsbad, CA)
and the manufacturer’s instructions were followed in order to
quantify the DNA binding activity of NF-«xB. The wild-type
consensus oligonucleotide was used as a competitor for NF-
«B binding, as according to the instructions. This competition
assay confirms that the protein subunits binding to the
plate are specific for the NF-xB consensus binding sequence
and is used as a control for each cell type studied. The
samples were analyzed in duplicate and repeated at least three
times.

2.4. Western Immunoblotting. As described in previous pub-
lications [20, 21], RIPA buffer (Thermo Fischer Scientific,
Inc., Waltham, MA) with 1% Halt protease inhibitor cocktail
and 1% Halt phosphatase inhibitor cocktails (Thermo Fischer
Scientific, Inc., Waltham, MA) was used to prepare whole cell
extracts. NE-PER nuclear and cytoplasmic extraction reagent
(Pierce Biotechnology) were used to prepare nuclear extracts.
The Bradford method was used to measure and quantify the
protein concentration. 10-30g of protein were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (Life Technologies Corporation, Grand
Island, NY) under denaturing conditions and then electro-
transferred to a polyvinylidene fluoride (PVDF) membrane.
After being blocked with Blocking buffer (LI-COR, Inc.,
Lincoln, NE) the membrane was probed with the indicated
primary antibody (Ab) diluted with blocking buffer. Mem-
branes were washed three times with Phosphate buffered
saline with 0.1% Tween 20 (PBST) and incubated 1h with
IRDye 680-conjugated anti-mouse or IRDye 800-conjugated
anti-rabbit Ab (LI-COR, Inc., Lincoln, NE). Finally, the
membranes were washed three times with PBST, and signals
were scanned and visualized by Odyssey Infrared Imaging
System (LI-COR, Inc., Lincoln, NE). Densitometric analysis
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was performed on the proteins of interest and normalized
to GAPDH by LI-COR Image Studio software (LICOR, Inc.,
Lincoln, NE).

2.5. Immunoflourescence Staining. After indicated treat-
ments, the cells were fixed with 4% paraformaldehyde in PBS
for 20 min, and permeabilized with 0.3% Triton-100 in PBS,
followed by incubation in blocking buffer (5% goat serum,
0.1% triton X-100 in PBS) and incubated with primary anti-
bodies in incubation buffer (0.1% triton X-100 and 1% goat
serum in PBS) overnight at 4°C. After three times washing
with PBS, cells were stained with Alexa Fluor 488-conjugated
Goat anti-rabbit IgG (Invitrogen) in incubation buffer for
1h. After removing secondary antibody, the cells were fixed
and counterstained with DAPI. The cells were visualized
by Nikon fluorescence LSM510 confocal microscope at 20X
magnification.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Twenty-
four hours after cell treatment, the culture supernatant was
corrected for subsequent measurement of cytokines secre-
tion. The supernatants were measured using commercially
available human IL-6 ELISA kit (#)KHC0061) and human
MCP-1 ELISA kit (#KHC1011) from Life Technologies (Fred-
erick, MD) according to the instructions of the manufacturer.
The total amount IL-6 and MCP-1 in the cell medium was
normalized to the total amount of protein in the viable cell
pellets. The samples were analyzed in duplicate and repeated
at least three times.

2.7. Statistical Analysis. Statistical analysis was performed
with GraphPad Prism 7.0 from GraphPad Software Inc. (La
Jolla, CA, USA) as previously described [21]. Where indicated,
one-way ANOVA with Sidak’s multiple comparisons test were
used. All figures are presented as mean + SEM, with the
following significance denotation *: P<0.05, **: P<0.01, and
* * *: P<0.001.

3. Results

3.1. Oridonin Inhibits LPS-Induced Inflammatory Cytokines
and Cell Adhesion Molecules. To test the anti-inflammatory
effects of oridonin in human activated HSCs, we treated
LX-2 cells with either LPS alone, or with LPS and varying
concentrations of oridonin. The concentrations of oridonin
used are 2.5, 5, and 75 uM because those concentrations
represent the upper dose limit before cell viability in LX-
2 cells is affected and the concentrations at which cell
viability begins to be affected [18]. In addition, the dose
associated with significant levels of apoptosis in LX-2 cells is
6 uM [18]. ELISA was used to determine proinflammatory
cytokines secretion. Oridonin significantly decreased LPS-
induced IL-6 and MCP-1 secretion in a dose-dependent
manner, with significantly decreased levels of IL-6 and MCP-
1 for all concentrations of oridonin (P<0.001). (Figures 1(a)
and 1(b)). The effect of oridonin on LPS-stimulated IL-13
expression was determined by Western blot. As shown in
Figure 1(c), LPS increased IL-18 protein in a time-dependent

fashion and oridonin treatment inhibited LPS-stimulated IL-
13 expression in a dose-dependent manner. LPS-induced
levels of IL-18 were significantly increased compared to
control at 9 hours (P<0.05). LPS-induced levels of IL-183 at 9
hours were significantly decreased with addition of oridonin
7.5 uM (P<0.05).

It has been reported that HSCs are involved in liver
inflammation via upregulation of cell surface leukocyte adhe-
sion molecules expression in response to proinflammatory
stimulators [22]. To assess the expression of the adhesion
molecules ICAM-1 and VCAM-], total protein was extracted
from LPS and oridonin treated LX-2 cells and Western blot
was performed. ICAM-1 and VCAM-1 are transmembrane
proteins expressed on vascular endothelial cells that serve
as a ligand for integrins on immune cells such as lympho-
cytes, monocytes, eosinophils, and basophils. They serve to
promote adhesion and migration of these inflammatory cells
from the vasculature into tissues. As shown in Figure 1(d),
LPS-induced expression of [ICAM-1 and VCAM-1 was signif-
icantly increased compared to control (P<0.05 and P<0.001,
respectively). Pretreatment with oridonin 7.5 uM significantly
decreased LPS-induced expression of ICAM-1 (P<0.05) and
pretreatment with oridonin 5.0 uM and 7.5 uM significantly
reduced LPS-induced expression of VCAM-1 (P<0.01). In
addition, our data demonstrated TLR4 inhibitor TAK-2
44 and NF-«xB chemical inhibitors Bortezomib and MG132
blocked LPS-stimulated proinflammatory mediators in LX-2
cells, suggesting the TLR4/NF-«xB pathway is involved (data
not shown).

3.2. Oridonin Blocks LPS-Induced NF-kBp65 Nuclear Translo-
cation and DNA Binding Activity. NF-xB has been demon-
strated to be a key component of inflammatory mediator
production and plays an important role in liver inflammation.
The nuclear translocation of NF-xB subunit p65 is a crucial
step in NF-«B pathway activation. Thus, we determined
the effects of oridonin on NF-«B p65 translocation from
cytoplasm to nucleus with isolated nuclear protein of LX-
2 cells. As shown in Figure 2(a), the expression of p65 was
markedly increased in the nucleus after 1ug/mL of LPS
treatment for 30 min and reverted to near normal levels
with pretreatment with oridonin. This finding was confirmed
by immunofluorescence assay, as shown in Figure 2(b). NF-
kB p65 sub-cellular localization demonstrated that LPS
administration caused NF-«B p65 nuclear translocation and
it was prevented by pretreatment with oridonin. To exam-
ine whether oridonin affected LPS-induced NF-xB DNA
binding activity, we conducted the TransAM NF-xB p65
ELISA assay. As shown in Figure 2(c), LPS-induced NF-xB
subunit p65 DNA binding activity was significantly increased
compared to control (P<0.001). Pretreatment with oridonin
significantly decreased NF-xB p65 DNA binding activity
(P<0.001).

3.3. Oridonin Affected LPS-Stimulated IKKs/IxBa/NF-xB
Pathway. To further elucidate how NF-«B is affected by
oridonin, the protein levels of upstream signaling molecules
IKKa/f3 and IxkB were measured. First, we investigated
the effects of oridonin on IxBa turnover in response to
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FIGURE 1: Oridonin inhibits LPS-induced pro-inflammatory cytokines and cell adhesion molecules. LX-2 cells were pretreated with oridonin (2.5,
5, or 7.5 uM) for 1h, then stimulated with LPS (1 yg/mL) for 24 h. Cell culture medium was collected for ELISA of IL-6 (a) and MCP-1 (b).
Cells were pretreated with oridonin at different concentrations for 1 h and then incubated with LPS (1 ug/mL) for 7 or 9 h and total proteins
were examined by Western blots with antibody of IL-1 (c), or ICAM-1, VCAM-1 (d). GAPDH was used as internal control. Densitometric
analyses of bands were quantified and data expressed as fold of control normalized to GAPDH. All Western blot pictures are the representative

of at least 3.

LPS. As shown in Figure 3(a), LPS treatment for 30 min
promoted an increase in the phosphorylation of IxB« with
a concomitant reduction in cellular IxBa protein levels.
Pretreatment with oridonin prevented LPS-mediated IxBe
phosphorylation, while cellular IkBe protein level was main-
tained.

As shown in Figure 3(b), the level of total IKK«/f3 was
high in all conditions and the basal level of phosphor-
IKKa/ B(p-IKKa/3) was very low. LPS stimulation markedly
increased the level of p-IKKa/f, but oridonin treatment
suppressed LPS-stimulated the level of p-IKKa/f.

3.4. Oridonin and PES-CI Synergistically Inhibited LPS-
Induced Proinflammatory Cytokines. It has been established
that heat shock protein (Hsp70) is involved in the LPS-
induced inflammatory response. A small molecular com-
pound 2-phenylethynesulfonamide (PES), an inhibitor of

Hsp70 substrate binding activity, has been reported to atten-
uate the induction of proinflammatory factors and prevents
LPS-induced liver injury [23]. PES-CI is a derivative of PES
that demonstrates improved anticancer activity [24, 25]. In
the current study, we combined oridonin with PES-CI to
treat LX-2 cells at a relatively low concentration (2.5 uM).
As shown in Figures 4(a) and 4(b), both oridonin 2.5 uM
alone and PES-CI 2.5 M alone significantly decreased LPS-
induced IL-6 and MCP-1 secretion (P<0.001). Combination
treatment with both PES-CI 2.5uM and oridonin 2.5 uM
significantly reduced IL-6 and MCP-1 secretion compared to
either treatment alone (P<0.001).

3.5. The Inhibitory Effects of PES-CI on LPS-Induced NF-
kB Signaling Were Enhanced by Oridonin. To evaluate the
effect of combined treatment of oridonin and PES-CI on
IKKs/IkBa/NF-kB pathway, LX-2 cells were treated with
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FIGURE 2: Oridonin suppresses LPS-induced NF-kB p65 nuclear translocation and DNA binding. LX-2 cells were pretreated with 7.5 uM of
oridonin for 1h, then stimulated with LPS (1 yg/mL) for 30 min. Nuclear protein was isolated for Western blot assay using NF-«xB p65 antibody.
Lamin A and Topo BII were used as internal control to normalize the nuclear p65 protein (a). The subcellular translocation of NF-«B p65
was imaged by immunofluorescence assay (b). DNA binding activity of NF-xB p65 was analyzed by TransAM p65 ELISA kit with 10 ug of
nuclear proteins (c) and 20 pmol of the wild-type NF-xB oligonucleotide as competitor (lane 4). Data are representative of 3 independent

experiments.

PES-CI at 2.5uM alone or in combination with oridonin.
As shown in Figure 5(a), PES-CI treatment attenuated LPS-
induced nuclear NF-xB p65 accumulation; combined treat-
ment markedly enhanced the effects of PES-CI. This obser-
vation was confirmed by immunofluorescence staining assay
(Figure 5(b)). NF-xB DNA binding activity was determined
by TransAM NF-xB p65 DNA binding ELISA. As shown
in Figure 5(c), both oridonin (2.5uM) alone and PES-CI
(2.5 uM) alone significantly decreased LPS-induced p65 DNA
binding (P<0.001). Combination treatment with both PES-
CI (2.5uM) and oridonin (2.5uM) led to further signifi-
cant decreases in p65 DNA binding activity compared to
either treatment alone (P<0.001). Interestingly, treatment
with either oridonin or PES-CI alone partially recovered
LPS-induced IxBa degradation. However, total recovery was
found with combined treatment (Figure 5(d)). Furthermore,
single-agent treatment suppressed LPS-induced pIKKf and
partially inhibited LPS-induced pIKKe, while combined
treatment blocked both LPS-induced pIKK«a and pIKKp
(Figure 5(d)).

4. Discussion

There is increasing evidence showing HSCs not only play
an important role in hepatic fibrosis but also contribute
to liver inflammation. Activated HSCs promote hepatic
inflammation by production of potent chemokines, such
as MCP-1 [26]. Endotoxin, such as LPS, was reported to
induce IL-8, MCP-1, and MIP-2 in activated HSCs. HSCs
also contribute to hepatic inflammation by induction of
cell surface of leukocyte adhesion molecules ICAM-1 and
VCAM-1 in response to proinflammatory stimulators [22].
Thus, HSCs may participate in hepatic inflammation via
enhancement of monocyte and neutrophil transmigration
out of the hepatic sinusoid and into the liver parenchyma with
endotoxin-involved liver injury. Oridonin, a major ingre-
dient of the traditional Chinese medicinal herb Rabdosia
rubescens, has anti-inflammatory activity in a variety of cell
types. Oridonin has been shown to form a covalent bond
with cysteine 279 of the NLRP3 inflammasome, thereby
specifically inhibiting NLRP3 inflammasome activation and
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FIGURE 3: Oridonin affected LPS-stimulated IKKo/3 and IxBew phosphorylation and IxBx degradation. LX-2 cells were treated with 7.5 uM of
oridonin for 1 h followed by LPS (1 ug/mL) for 30 min. Total proteins were examined by western blots using antibody pIxkB« and IxB« (a), or
pIKK«/f, IKKa and IKK 3 (b). GAPDh was used as internal control. Densitometric analyses of bands were quantified and data expressed as

fold of control normalized to GAPDH. All Western blot pictures are the

assembly and suppressing NLRP3-dependent inflammation
[27]. NLRP3 is a central inhibitor of innate immunity and
inflammation and has been shown to mediate NF-«B activa-
tion, making this interaction the likely mechanism of action
[28]. Our previous work has focused on the antifibrogenic
properties of oridonin and its analogues; however, its anti-
inflammatory properties have not yet been fully elucidated in
HSCs [18-20]. These previous studies focused on the effect
of oridonin on HSC apoptosis, apoptotic markers, and cell-
cycle arrest markers without exploring the mechanism of

representative of at least 3 independent experiments.

action or hepatic inflammation in response to injury. In
the present study, our data revealed that oridonin inhibits
LPS-induced proinflammatory mediators MCP-1, IL-6, and
IL-1B production and adhesion molecules ICAM-1 and
VCAM-1 expression in the activated human HSC line LX-
2. Simultaneously, we demonstrated that oridonin inhibited
LPS-induced NF-«xB p65 nuclear translocation and DNA
binding activity, while suppressing LPS-stimulated phospho-
rylation of IKK«/f and IxBa as well as preventing cellular
IxBa degradation. These results suggest that oridonin not
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FIGURE 4: Oridonin and PES-CI synergistically inhibit LPS-induced proinflammatory cytokines. LX-2 cells were pretreated with oridonin
(2.5 uM), or PES-CI (2.5 uM) or combination of two agents for 1h, then stimulated with LPS (1 ug/mL) for 24 h. Cell culture medium was
collected for ELISA of IL-6 (a) and MCP-1 (b). Data are representative of 3 independent experiments.

only has potent antifibrogenetic properties but also has effec-
tive anti-inflammatory activity in the liver through inhibition
of the NF-«B pathway.

Liver injury induced by septic shock is characterized by
monocyte and neutrophil infiltration within the parenchymal
space. MCP-1, IL-6, and IL-13 are potent activators for
monocytes and neutrophils. The recruitment of leukocytes to
the site of inflammation not only involves chemoattractant
factors, such as MCP-1, but also requires adhesion molecules
such as ICAM-1to anchor the leukocytes at the site. Together,
these chemokines and adhesion molecules coordinate the
migration of leukocytes to the sites of inflammation and
injury. Therefore, the inhibitory effects of oridonin for both
LPS-induced MCP-1 and ICAM-1 production indicate that
oridonin may be an effective compound for treatment of
liver injury. A recent paper from Huang et al. confirmed our
findings demonstrating that oridonin blocks inflammation
via inhibition of NF-xB and MAPK [29]. Their results also
demonstrated the blockage of ICAM-1 and VCAM-1. This
work was done in human umbilical vein endothelial cells,
and our study remains the only one that demonstrates these
effects in HSCs. Further studies are necessary to determine
the effects of oridonin on other cell types in liver, such as
Kupfter cells, hepatocytes, and sinusoidal endothelial cells.

Stimulation with endotoxin leads to activation of NF-xB
and production of proinflammatory cytokines. Oridonin is
considered to be a natural inhibitor of NF-«B in different
cell lines, including Jurkat, RAW264.7 [6], human CD4(+)
T cells [30], rat primary microglia [7], and others. Gen-
erally, activation of NF-«xB involves two important steps:
(a) phosphorylation and subsequent degradation of IxBe
by IxkB kinases (IKKs), which releases of NF-«B, and (b)
nuclear translocation of the activated NF-«xB subunit p65
and its binding to the target genes’ promoter which regulates

gene expression. The molecular mechanisms for oridonin’s
inhibition of NF-«B activity are still not fully understood.
It was reported that oridonin interfered with NF-xB DNA
binding activity in a number of cell types. Notably, oridonin
has an impact on the DNA binding activity and nuclear
translocation of NF-xB without affecting IxB-a phosphory-
lation and degradation after TNFa treatment in HepG2 cells
[31]. In addition, oridonin inhibited NF-«B DNA binding
without affecting its nuclear translocation, IxB phospho-
rylation, and degradation in JurKat cells [6]. In MCF-10A
cells, decreases in p65 or p50 forms of NF-xB and IxB were
found; however these changes were not seen in MCF-7 cells
[32]. All these findings suggest that oridonin regulates NF-
xB pathway components in a cell type specific manner. Our
data demonstrated that oridonin suppressed LPS-induced
NF-xB p65 nuclear translocation and DNA binding, while
impairing LPS-induced IKK/IkBa/NF-«B signaling in LX-
2 cells. The more detailed molecular mechanism of how
oridonin regulates the NF-«B pathway should be further
evaluated.

The results of the current study showed that a combina-
tion treatment with oridonin and PES-CI at relatively low
dosage (2.5 uM) synergistically inhibited LPS-induced proin-
flammatory cytokines, suggesting that combined treatment
with oridonin and PES-CI could be a useful therapeutic
approach for liver inflammation. Moreover, combined treat-
ment significantly increased the suppression of LPS-induced
NEF-xB p65 nuclear translocation and DNA binding activity
compared to each compound alone. Interestingly, each agent
only inhibited LPS-induced phosphorylation of IKKf, while
combination treatment inhibited LPS-induced phosphoryla-
tion of both IKKa and IKK}.

The inhibitory effect of oridonin on the NF-«xB path-
way in LX-2 cells suggests that oridonin has a potent
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FIGURE 5: The inhibitory effects of PES-CI on LPS-induced NF-«B signaling was enhanced by oridonin. LX-2 cells were pretreated with 2.5 uM
of oridonin, PES-CI or combination of two agents for 1h, then stimulated with LPS (1 ug/mL) for 30 min. Nuclear protein was isolated for
Western blot assay using NF-«B p65 antibody. Lamin A was used as internal control to normalize the nuclear p65 protein (a). The subcellular
translocation of NF-xB p65 was imaged by immunofluorescence assay (b). DNA binding activity of NF-«B p65 was analyzed by TransAM
p65 ELISA kit with 10 ug of nuclear proteins (c). Total proteins were examined by Western blots using antibody pIxB«, IxBa, or pIKKe/3
(d). Densitometric analyses of bands were quantified and data expressed as fold of control normalized to GAPDH. Data are representative of

3 independent experiments.

anti-inflammatory effect in the liver. Oridonin therefore
represents a potential drug candidate for a hepatic anti-
inflammatory.
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Degalactotigonin (1) and three other steroidal compounds solasodine (2), O-acetyl solasodine (3), and soladulcoside A (4) were
isolated from the methanolic extract of Solanum nigrum, and their chemical structures were elucidated by spectroscopic analyses.
The isolated compounds were evaluated for cytotoxic activity against human pancreatic cancer cell lines (PANCI1 and MIA-PaCa2)
and lung cancer cell lines (A549, NCI-H1975, and NCI-H1299). Only degalactotigonin (1) showed potent cytotoxicity against these
cancer cell lines. Compound 1 induced apoptosis in PANCI and A549 cells. Further study on its mechanism of action in PANC1
cells demonstrated that 1 significantly inhibited EGF-induced proliferation and migration in a concentration-dependent manner.
Treatment of PANCI cells with degalactotigonin induced cell cycle arrest at GO/G1 phase. Compound 1 induced downregulation of
cyclin D1 and upregulation of p21 in a time- and concentration-dependent manner and inhibited EGF-induced phosphorylation of
EGFR, as well as activation of EGFR downstream signaling molecules such as Akt and ERK.

1. Introduction

Pancreatic cancer is the 12th most common cancer worldwide
and is the most seventh deathly related-cancer. Surgical resec-
tion and chemotherapeutics are the traditional treatment
of pancreatic cancer. The recent success of chemotherapy
treatments is based on the inhibition of tumor-associated
specific pathways and commonly referred to as targeted
agents [1]. For instances, some inhibitors of the epidermal
growth factor receptors (EGFR) were approved by FDA for

the treatment of several cancer types including pancreatic
cancer [2-4]. However, these commonly used techniques are
frequently challenged in view of metastasis and other patho-
logical changes. Therefore, the search for new antipancreatic
cancer agents is important to reduce the mortality rate.
Overexpression of growth factors and their receptors,
inactivation of tumor suppressor gene, or activation of onco-
gene is the stimulators for the growth of an aggressive cancer
[5]. EGFR and its family members are the main components
of a complex signaling cascade that regulates proliferation,
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growth, migration, differentiation, and survival of cancer cells
[6]. Thirteen known ligands that can activate the EGFR family
include epidermal growth factor (EGF), amphiregulin (AR),
betacellulin (BTC), transforming growth factor alpha (TGF-
«), epiregulin (EPR), epigen (EPG), neuregulins 1-6 (NRG),
and heparin-binding EGF-like growth factor (HB-EGF) [7].
The activation of EGFR leads to the phosphorylation of
specific tyrosine residues on the intracellular cytoplasmic tail,
which results in the activation of corresponding signaling
cascades critically in cell proliferation, survival, migration,
and angiogenesis. EGFR then undergoes endocytosis to
recycle or direct to lysosomes for degradation, resulting
in the downregulation of EGFR signaling [8]. Receptor
tyrosine kinases including EGFR, PDGFRe (platelet-derived
growth factor receptor-«), and VEGFR (vascular endothelial
growth factor receptor) have been detected to be activated in
pancreatic cancer. Noteworthily, overexpression of EGFR is
found up to 90% in pancreatic cancer cells [9]. Though EGFR
expression has been supported to growth and metastatic
stages of cancer [10], its effects on survival is still a debate
[11, 12]. Overall, EGFR is an emerging candidate for further
research in pancreatic cancer therapy.

Solanum nigrum L. (Solanaceae) has been used in tradi-
tional medicine for the treatment of edema, diuretic, inflam-
mation, mastitis, and hepatic cancer [13]. Recent studies
showed that the aqueous extract of S. nigrum leaves induced
autophagy and enhanced cytotoxicity of some chemotherapy
drugs in HT-29 human colorectal carcinoma cells [14].
The antitumor properties of extracts from various parts
of this plant have been reported [15-18]. Furthermore, the
anti-inflammatory, antinociceptive, antineoplastic, antiul-
cerogenic, and antiviral activities of extracts and compounds
of S. nigrum were demonstrated [19-25]. Studies on the
chemical properties of this plants revealed that alkaloids,
glycoproteins, flavonoids, and steroidal glycosides are the
major contents, among which, the cytotoxicity of alkaloids
and glycoproteins of S. nigrum were reported [26-30]. It
is assumed that these contents mostly contribute to the
antitumor properties of this plant [30-36]. The previous
studies indicated that steroidal glycosides from S. nigrum
are also the major constituents with potential anticancer
activities [37-39]. Degalactotigonin, a steroidal glycoside of
this plant, showed potent cytotoxicity against multiple cell
lines [40]. This compound is considered to be the most
cytotoxic steroidal glycoside isolated from S. nigrum to date.
A recent report demonstrated that this compound suppressed
the growth and metastasis of osteosarcoma [41]. In this
study, we presented the isolation of some steroidal glycoside
from the leaves of S. nigrum and evaluated their cytotoxic
properties on human lung and pancreatic cell lines. We also
investigated for the first time the mechanism of action of
cytotoxic degalactotigonin in human pancreatic cancer cell
line PANCL

2. Materials and Methods

2.1. Plant Materials. The plant S. nigrum was collected
in August 2015 at Thaibinh province, Vietnam, and was
identified by Dr. Do Thanh Tuan, Thaibinh University of
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Medicine and Pharmacy. The voucher specimen (TB16.2015)
was deposited at the Herbarium of Mientrung Institute
for Scientific Research (VAST) and Thaibinh University of
Medicine and Pharmacy.

2.2. Isolation of Compounds 1-4 from Solanum nigrum. The
whole plant of S. nigrum was air dried, ground to powder, and
extracted with methanol at 50°C with the aid of ultrasonic (3
times x 1h each). The organic layer was filtered and removed
under vacuum to obtain the crude extract of methanol.
This crude extract was suspended in hot distilled water
(1.5L) and successively partitioned with dichloromethane
and ethyl acetate (3 times x 1.5 L each) to yield correspond-
ing extracts, dichloromethane (SND, 30g), ethyl acetate
(SNE, 32g), and water-soluble layer (SNW). The SNW
layer was passed through a Diaion HP-20 column, washed
with distilled water, and eluted with increasing volume of
methanol in water (25%, 50%, 75%, and 100% of methanol)
to obtain four subfractions, SNWI1-SNW4. The subfraction
SNW3 (2,5g) was chromatographed on a silica gel col-
umn and eluted with solvent system of dichloromethane/
methanol/water (2.0/1.0/0.1,v/v/v) to obtain four smaller
fractions, SNW1A-SNWID. The fraction SNW1B (0.6 g) was
chromatographed on a silica gel column and eluted with
dichloromethane/methanol (3.0/1.0,v/v) and then was fur-
ther purified on an RP-18 reversed phase column and eluted
with acetone/water (1.0/2.0,v/v) to yields 2 (11.0 mg) and 3
(14.0 mg). The fraction SNWID (1.2 g) was separated into 2
fractions, SNW2A - SNW2B, on a silica gel column elut-
ing with solvent system dichloromethane/methanol/water
(4.0/1.0/0.1, v/v/v). The fraction SNW2A (0.2g) was fur-
ther purified on a silica gel column and eluted with
dichloromethane/methanol/water (2.0/1.0/0.1, v/v/v) to yield
4 (7.0 mg). Compound 1 (50.0 mg) was obtained from frac-
tion SNW2B (0.4g) on a silica gel column eluting with
dichloromethane/acetone/water (1.5/1.0/0.1, v/v/v).

2.3. Antibodies and Reagents. EGF was purchased from
Invitrogen (Carlsbad, CA, USA). Antibodies including anti-
EGFR, anticyclin D1, and anti-p2l1 were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phospho-EGFR, anti-Akt, anti-phospho Akt (Ser473), anti-
ERK, and anti-phospho-ERK antibodies were from Cell
Signaling Technology (Danvers, MA, USA).

2.4. Cell Culture. All cell lines used in this study were
obtained from the American Type Culture Collection (Man-
assas, VA, USA). A549, NCI-H1975, and NCI-H1299 cells
were maintained in RPMI 1640 medium. PANCI and MIA-
PaCa2 cells were maintained in DMEM. All media were
supplemented with 10% fetal bovine serum (Hyclone, Logan,
UT, USA) and streptomycin-penicillin (Invitrogen, Carlsbad,
CA, USA). Cultures were maintained in a CO, incubator
humidified atmosphere 5% CO, at 37°C.

2.5. Cell Viability Assay. The cytotoxic activity of 1-4
was determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]-based colorimetric assay [42].
MTT was purchased from Sigma, MO, USA. In brief, 2 x



BioMed Research International

10° cells/mL were seeded into 96-well plate and incubated
for overnight. The compounds were treated to each well
with various concentrations (0, 1, 3, 10, and 30 uM). After
incubation for 48h, the MTT solution (0.5mg/mL) was
added to each well and further incubated for 3 h. Cell viability
was calculated as a percentage compared to the vehicle-only
treated control sample and performed in triplicate. The ICs,
values were calculated using nonlinear regression analysis
(percentage survival versus concentration).

2.6. Western Blot Analysis. Cells were harvested and lysed
in a lysis buffer [150 mM NaCl, 50 mM Tris-HCl, pH 74, 1
mM EDTA, and 1% NP-40, 5 mM sodium orthovanadate, and
protease inhibitors cocktail (BD Biosciences)] and then cen-
trifuged for 10 min at 4°C and 15,000 rpm. An equal amount
of protein was separated onto SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and transferred
to a Hybond-P membrane (Amersham Biosciences, Bucking-
hamshire, UK). Membranes were blocked in 5% nonfat skim
milk for 1 h at room temperature, probed with the appropriate
primary antibodies (1:1,000 dilution), washed, and then incu-
bated with the corresponding secondary antibody (1:2,000
dilution). The signal was detected using the ECL (enhanced
chemiluminescence) system (Intron, Seongnam, Korea).

2.7. Annexin V and PI Double Staining Assay. Annexin V
and PI (propidium iodide) staining for apoptosis detection
was performed using an Annexin V-FLOUS kit according to
the manufacturer’s instructions (BD Biosciences, CA, USA).
Briefly, cells were treated with various concentrations of 1
and incubated for 24h. The cells were then collected by
trypsinization, washed 2 times with cold PBS, suspended in
100 uL of a binding buffer (dilute from 10X binding buffer),
and stained with 5uL PI (stock solution 50 ug/mL) and
5uL FITC-labeled Annexin V in the dark for 15min at
room temperature. The cells were analyzed by FACS Calibur
(Becton Dickinson, CA, USA). The percentages of Annexin
V+/PI- (apoptosis cells), Annexin V /PI- (living cells), and
Annexin V+ /PI+ (necrotic cells) staining were determined
after marking for the positive and negative population.

2.8. Cell Cycle Analysis. Cells were seeded into 60 mm culture
dishes and serum-starved in DMEM containing 0.5% FBS for
24 h. The cells were treated with indicated concentrations of 1
for 30 min and then stimulated by EGF (100 ng/mL) for 24 h.
The cells were harvested by trypsinization, washed two times
with cold PBS, and then centrifuged. The collected cells were
fixed in 70% ethanol (v/v) for at least 2 hours at 4°C, washed
once with PBS, and then suspended in cold propidium iodide
(PI) solution (50 ug/mL) containing RNase A (0.1 yg/mL) in
PBS (pH 7.4) in the dark for 15min at room temperature.
Flow cytometry analyses were performed using FACS Calibur
(Becton Dickinson, CA, USA). The data were analyzed using
the Cell Quest software (Becton Dickinson, CA, USA).

2.9. Cell Migration Assay. Cell migration assays were per-
formed by following the Boyden chamber method using
polycarbonate membranes with an 8 ym pore size. In brief,
10° cells were seeded onto the upper chamber in 200 uL of

DMEM containing 0.5% FBS, and then the upper chamber
was put onto the 24-well plate with 800 yL of the same media
with or without EGF (100 ng/ml). The various concentrations
0f 1(0, 0.1, 0.3, and 1 M) were treated in the upper chamber.
After 12 h incubation, the migrated cells on the lower surface
of the filter were fixed in methanol and then stained with
H&E (hematoxylin and eosin). The cotton swabs were used to
remove the cells which did not migrate through the pore. The
migrated cells were counted in at least five randomly selected
microscopic fields (x100) per filter.

2.10. Statistical Analysis. Data was expressed as the mean +
standard deviations (SD). Statistical significance was assessed
by the two-tailed unpaired Student’s t-test and P values less
than 0.05 was considered statistically significant.

3. Results and Discussion

3.1 Isolation and Identification of Compounds 1-4. Com-
pounds 1-4 were isolated from the methanolic extracts of
S. nigrum by using various chromatographic techniques.
Their structures were elucidated by using spectroscopic data
(Supplementary Data (available here)) and by comparison
with the reported data [39, 43, 44]. The compounds were
determined as degalactotigonin (1), solasodine (2), O-acetyl
solasodine (3), and soladulcoside A (4) (Figure 1).

3.2. Degalactotigonin Induces Apoptosis in PANCI and A549
Cells. Cytotoxic activities of the isolated compounds on five
human cancer cell lines (lung cancer cell lines: A549, NCI-
H1975 and NCI-HI1299; pancreatic cancer lines: PANCI and
MIA-PaCa2) were evaluated by an MTT method. As a result,
compound 1 showed to be the most active compound against
all tested cell lines (Table 1). The results were in accordance
with those of previous reports in which degalactotigonin
showed the cytotoxicity against various cancer cell lines
including PC-12 (human lung carcinoma), HCT-116 (human
colon carcinoma), NCI-H460 (human lung carcinoma),
HepG2 (human liver carcinoma), MCF-7 (human breast
carcinoma), and SF-268 (human glioma) [39, 40]. Further
studies demonstrated that this compound induced apoptosis
in MCF-7 cells and suppressed the growth and metasta-
sis of human osteosarcoma through modulation of GSK-
3 inactivation-mediated repression of the Hedgehog/Glil
pathway [41, 45].

We determined apoptosis-inducing activity of 1in PANC1
and A549 cells by Annexin V/PI double staining assays. Treat-
ment with 1increased the ration of apoptotic cells (Annexin V
positive) in a concentration-dependent manner in these cells
and PANCI cells were more sensitive to apoptosis induced
by 1 than A549 cells (Figures 2(a) and 2(b)). Since PANCI
cells were the most sensitive to 1 (Table 1) and expressed the
highest level of EGFR compared to other tested cell lines
(Figure 2(c)), we further investigated on the mechanism of
action of 1in PANCI cells.

3.3. Degalactotigonin Inhibits EGF-Induced Cell Cycle Progres-
sion of PANCI Cells. EGF acts as a regulator of cell prolifera-
tion, growth and migration by binding to its receptor EGFR
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FIGURE 1: The structures of compounds (1-4) from Solanum nigrum.

[46]. We determined whether 1 inhibits EGF-induced cell
cycle progression of PANCI cells. Serum starvation of PANC1
cells for 24 h resulted in approximately 55.% synchronization
of the cell cycle at the Gy/G, phase. The percentage of S
phase cells increased from 5.8% to 11.2% after treatment with
EGF (100 ng/mL) for 24 h. In contrast, treatment with 1 at
0.3 uM significantly induced cell cycle arrest at G,/G; phase
by increasing the percentage of cells up to 52.2% and reducing
the S phase to 9.0% (Figure 3(a)), suggesting that 1 could
inhibit EGF-induced cell cycle progression via inhibiting
EGEFR signaling pathway. However, treatment with higher
concentration of 1 (1uM and 3 uM) induced cell death due
to its cytotoxicity in serum-starved condition.

Cyclin DI and p2l are two important regulators in the
G, /S phase progression and downstream target genes of the
EGFR signaling pathway. p21 (also known as Waf1/Cipl), a
well-known cyclin-dependent kinase inhibitor, is involved in
regulation of the cell cycle and acts as a mediator of cell
survival as well as inhibiting DNA synthesis [47, 48]. Over-
expression of p21 can potentially inhibit cyclin D1/CDK4
complex and suppress the catalytic activity of this complex,
leading to cell cycle arrest at Gl phase [49]. Western blot
analyses revealed that stimulation of PANCI cells with EGF
increased the expression levels of cyclin D1 and p21 in a
time-dependent manner (Figure 3(b)). Treatment of PANCI
cells with 1 inhibited EGF-induced expression of cyclin D1
(Figure 3(c)), suggesting that 1 could inhibit EGFR signaling
pathway. However, treatment with 1 further increased the
expression level of p21 in PANCI cells (Figure 3(c)). In
osteosarcoma cancer cells, 1 increases p21 mRNA and protein

expression through undefined mechanisms and induces cell
cycle arrest [41]. Thus, it is likely that 1 induces p21 expression
via EGFR-independent signaling pathway and the induction
of p21 by 1 may significantly contribute to the inhibition of
EGF-induced cell cycle progression.

3.4. Degalactotigonin Suppresses EGF-Induced Activation of
EGFR in PANCI Cells. After EGF binding to EGFR in the cell
membrane, EGFR is autophosphorylated, endocytosis, and
recycled or directed to lysosomes for degradation [50]. We
determined whether 1 regulates EGFR activation in response
to EGF stimulation. Serum-starved PANCI cells were treated
with 1 at different concentrations for 30 min followed by
EGF stimulation for 5min. Treatment with 1 significantly
reduced the level of EGFR phosphorylation (Y1068) (Fig-
ure 4(a)), suggesting that 1 may inhibit EGFR activation.
Next, we examined whether 1 inhibits the activation of
EGEFR downstream signaling molecules such as Akt and ERK
(extracellular signal-regulated kinase) [33]. The PI3K (phos-
phatidylinositol 3-kinase)/Akt pathway is activated in many
cancers, and inhibition of the PI3K/Akt pathway induces
cell apoptosis [51]. The activation of Ras/Raf/ERK by growth
factor triggers the synthesis of D-type cyclins which bind
with Cdk4 or Cdké to regulate cell cycle progression [52].
Treatment of PANCI cells with 1 inhibited EGF-induced Akt
(Ser473) and ERK (Thr202/Tyr204) phosphorylation (Fig-
ures 4(b) and 4(c)) in a concentration-dependent manner.
Taken together, these results suggested that 1 may inhibit
EGF-mediated activation of EGFR and subsequent EGFR
downstream signaling molecules such as Akt and ERK.
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TaBLE 1: Cytotoxic activities of steroidal glycosides from S. nigrum on five cancer cell lines.
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*The ICs, values were calculated in a triplicate experiment.
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FIGURE 2: Effect of 1 on apoptosis of PANCI and A549 cells. (a) PANCI or (b) A549 cells were treated with the indicated concentrations of 1
(0-10 uM) for 12 h, and subsequently stained with Annexin V-FITC and PI. The percentage of Annexin V-FITC positive apoptotic cells was
analyzed by flow cytometry. The results were presented in three independent experiments and described as the mean + SD. *, P<0.05; #*,
P<0.01 versus vehicle-treated control. (c) Expression of EGFR in PANCI, MIA-PaCa2, A549, NCI-H1975, and NCI-H1299 cell lines. Whole
cell lysates from these cell lines were probed with the indicated antibodies. «-Tubulin was used as a loading control.

3.5. Degalactotigonin Attenuates EGF-Induced Migration of
PANCI Cells. In the tumor progression, acquisition of the
invasive and metastatic capability is important characteris-
tics, which correlate with poor clinical prognosis and become
the barrier to successful treatment [53]. EGF is a well-
known growth factor that promotes cancer cell migration

and motility [54-56]. To further investigate the inhibitory
effect of 1 on EGF-induced signaling, we determined whether
1 inhibits EGF-induced migration of PANCI cells by tran-
swell migration assay. The results showed that 1 markedly
decreased the migration of PANCI cells induced by EGF
in a dose-dependent manner (Figure 5), suggesting that 1
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FIGURE 3: Effect of 1 on EGF-induced cell cycle progression of PANCI cells. (a) Serum-starved PANCI cells were pretreated with the indicated
concentrations of 1 (0-3 M) for 30 min and then stimulated with EGF (100 ng/mL) for 24 h, stained with propidium iodide, and analyzed
using a flow cytometry. Histogram showed the percentage of cells within the sub-Gl, G0/GI, S, and G2/M phases of the cell cycle. Data
was expressed as means of at least three independent experiments. (b) Serum-starved PANC1 were incubated with EGF (100 ng/mL) for the
indicated time and whole cell lysates were probed with the indicated antibodies. a-Tubulin was used as a loading control. (c) Serum-starved
PANCI cells were incubated with EGF (100 ng/mL) in the presence of the indicated concentrations of 1 for 3 hours and whole cell lysates were
probed with the indicated antibodies. «-Tubulin was used as a loading control.
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FIGURE 4: Effect of for 1 on EGF-induced activation of EGFR in PANCI cells. (a, b, and c¢) Serum-starved PANCI cells were stimulated with
EGF (100 ng/mL) in the presence of the indicted concentrations of 1 for 5min. Whole cell lysates were prepared and Western blotting was
performed to determine the expression level of p-EGFR (a), EGFR (a), p-Akt (b), Akt (b), p-ERK (c), and ERK (c). a-Tubulin was used as a
loading control. The blots were quantified by Image ] software and the levels of p-EGFR, p-Akt, and p-ERK (normalized to EGFR, Akt, and
ERK, respectively) were expressed as the mean + SD of three independent experiments. #P<0.05, **P<0.01 versus EGF only treated control.
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effectively suppressed EGF-mediated migration of PANCI
cells via inhibiting EGFR signaling pathway.

Pancreatic cancer is one of the most common deathly
cancers in the Western world [57]. Overexpression of EGFR
has been detected up to 90% in this cancer [9]. Gefitinib and
erlotinib were the first EGFR tyrosine kinase inhibitors to
be developed. Both of them target blocking EGFR signaling
downstream pathways as competitive inhibitors of ATP for
the tyrosine kinase domain [58]. Degalactotigonin (1), a
saponin isolated from Solanum nigrum, has chemopreventive
effects on various cancer types [45]. However, the anticancer
effects of 1 and its mode of action mechanism in pancreatic
cancer cells have not been investigated yet. In this study,
we demonstrated that 1 induced apoptosis in PANC cells.
Notably, compound 1 reduced EGF-induced phosphorylation
of EGFR and its downstream signaling molecules such as Akt
and ERK and suppressed the EGF-induced proliferation and
migration of PANCI cells in a dose-dependent manner.

Taken together, this study showed that 1 not only sup-
pressed proliferation and migration of PANCI cells, but also
induced cell cycles arrest at GO/G1 phase and apoptosis
via inhibiting EGF-mediated EGFR activation. These results
might clarify a novel biological mechanism for 1 in anti-
tumor therapy targeted on EGFR-overexpressing pancreatic
cancer.
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In the last decades, a lot of attention has been paid to the compounds present in medicinal Cannabis sativa L., such as A’-
tetrahydrocannabinol (A’-THC) and cannabidiol (CBD), and their effects on inflammation and cancer-related pain. The National
Cancer Institute (NCI) currently recognizes medicinal C. sativa as an effective treatment for providing relief in a number of
symptoms associated with cancer, including pain, loss of appetite, nausea and vomiting, and anxiety. Several studies have described
CBD as a multitarget molecule, acting as an adaptogen, and as a modulator, in different ways, depending on the type and location of
disequilibrium both in the brain and in the body, mainly interacting with specific receptor proteins CB, and CB,. CBD is present in
both medicinal and fibre-type C. sativa plants, but, unlike A’-THC, it is completely nonpsychoactive. Fibre-type C. sativa (hemp)
differs from medicinal C. sativa, since it contains only few levels of A’-THC and high levels of CBD and related nonpsychoactive
compounds. In recent years, a number of preclinical researches have been focused on the role of CBD as an anticancer molecule,
suggesting CBD (and CBD-like molecules present in the hemp extract) as a possible candidate for future clinical trials. CBD has been
found to possess antioxidant activity in many studies, thus suggesting a possible role in the prevention of both neurodegenerative
and cardiovascular diseases. In animal models, CBD has been shown to inhibit the progression of several cancer types. Moreover,
it has been found that coadministration of CBD and A’-THC, followed by radiation therapy, causes an increase of autophagy
and apoptosis in cancer cells. In addition, CBD is able to inhibit cell proliferation and to increase apoptosis in different types of
cancer models. These activities seem to involve also alternative pathways, such as the interactions with TRPV and GRP55 receptor
complexes. Moreover, the finding that the acidic precursor of CBD (cannabidiolic acid, CBDA) is able to inhibit the migration of
breast cancer cells and to downregulate the proto-oncogene c-fos and the cyclooxygenase-2 (COX-2) highlights the possibility that
CBDA might act on a common pathway of inflammation and cancer mechanisms, which might be responsible for its anticancer
activity. In the light of all these findings, in this review we explore the effects and the molecular mechanisms of CBD on inflammation
and cancer processes, highlighting also the role of minor cannabinoids and noncannabinoids constituents of A’-THC deprived
hemp.

1. The Chemistry of Cannabis sativa L.

Cannabis sativa L. is a dioicous plant of the Cannabaceae
family and it is widely distributed all over the world [1]. It
has been used as a psychoactive drug, as a folk medicine
ingredient, and as a source of textile fibre since ancient times
[2]. The taxonomic classification of this plant has always
been difficult, due to its genetic variability [1, 3]. Firstly, the

genus Cannabis has been divided into three main species
[1, 3, 4]: a fibre-type one, named C. sativa L., a drug-type one,
characterised by high levels of the psychoactive compound
A9—tetrahydrocannabinol (A°-THC), named C. indica Lam.,
and another one with intermediate properties, named C.
ruderalis Janisch. Due the easy crossbreeding of these species
to generate hybrids, a monotypic classification has been
preferred, in which one species (C. sativa) is recognised
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and it is divided into different chemotypes [1, 3, 4]. On
the basis of their cannabinoid profiles, five chemotypes have
been recognised: chemotype I comprises drug type plants
with a predominance of A’-THC-type cannabinoids; chemo-
types III and IV are fibre-type plants containing high levels
of nonpsychoactive cannabinoids and very low amounts
of psychoactive ones; chemotype II comprises plants with
intermediate characteristics between drug-type and fibre-
type plants; chemotype V is composed of fibre-type plants
which contains almost no cannabinoids [5].

For both medicinal and forensic purposes, the most
important classification of Cannabis types is that into the
drug-type and the fibre-type: the drug-type Cannabis, which
is rich in psychoactive A°-THC, is used for medicinal or
recreational purposes; the fibre-type Cannabis, rich of can-
nabidiol (CBD) or related compounds and almost devoid of
A’-THC, is used for textile or food purposes [3]. Indeed,
the well-known pharmacological activity of psychoactive
cannabinoid A’-THC makes drug-type Cannabis one of the
most investigated medicinal plants [3]. Fibre-type Cannabis
(also known as hemp or industrial hemp) is at the moment
underemployed for pharmacological purposes, while drug-
type C. sativa is used in several diseases as a palliative therapy
or in coadministration with primary therapy [1]. However,
there has also been a growing interest in fibre-type C. sativa
varieties in recent years [1], and those approved for commer-
cial use by the European Community are 69 [5]. Many Euro-
pean countries have recognized the commercial value of
hemp and a legal limit of 0.2-0.3% A°-THC is usually applied
(1].

C. sativa is characterized by a complex chemical com-
position, including terpenes, carbohydrates, fatty acids and
their esters, amides, amines, phytosterols, phenolic com-
pounds, and the specific compounds of this plant, namely, the
cannabinoids [2]. Cannabinoids are meroterpenoids (specifi-
cally C,, or C,, terpenophenolic compounds), obtained from
the alkylation of an alkyl resorcinol with a monoterpene
unit [3]. They are mainly synthesized in glandular trichomes,
which are more abundant in female inflorescences [2]. More
than 100 cannabinoids have been isolated, characterised,
and divided into 11 chemical classes [4, 6]. Usually, the
most abundant cannabinoids present in drug-type plants
are A9-tetrahydrocannabinolic acid (A°-THCA) and A°’-
THC, while fibre-type plants are known to contain mainly
cannabinoic acids, such as cannabidiolic acid (CBDA) and
cannabigerolic acid (CBGA), followed by their decarboxy-
lated forms, namely, cannabidiol (CBD) and cannabigerol
(CBQG) (Figure1) [7, 8]. Other minor cannabinoids include
cannabichromenic acid (CBCA), cannabichromene (CBC),
cannabinolic acid (CBNA), and cannabinol (CBN), with the
last two being the oxidative degradation products of A®-
THCA and A’-THG, respectively, present in aged Cannabis
(Figure1) [1, 3, 4, 7-10]. A’-THC can also be transformed by
isomerization to A8-THC (Figure 1), which is an artefact. It
should be pointed out that cannabinoids are biosynthesized
in the acid form in plant tissues; then, they can generate their
decarboxylated counterparts under the action of heat and
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light, by means of a spontaneous decarboxylation [1, 3, 4, 7-
10].

Many of the psychoactive effects of A’-THC are mediated
by CB, receptors, while nonpsychoactive cannabinoids, such
as CBD, have low affinity for both CB; and CB, receptors
[3]. The interaction with CB, receptors is responsible for the
analgesic effect of A°-THG, due to their role in the transmis-
sion of the nociceptive information in various tissues [3]. CB,
receptors are highly expressed in some cells of the immune
system and they are believed to have a role in the immune cell
function, thus explaining the immunomodulatory properties
of A’-THC. CB, receptors are also considered to be involved
in neuroinflammation, atherosclerosis, and bone remodelling
(3].

In the ambit of nonpsychoactive compounds, CBD repre-
sents the most valuable one from the pharmaceutical point of
view, since it has been found to possess a high antioxidant and
anti-inflammatory activity, together with antibiotic, neuro-
protective, anxiolytic, and anticonvulsant properties [1, 3, 11-
14]. CBDA has antimicrobial and antinausea properties [I,
11, 13], while CBG has anti-inflammatory, antimicrobial, and
analgesic activities [1,11, 13, 15]. Thanks to its lack of psychoac-
tivity, CBD is one of the most interesting compounds, with
many reported pharmacological effects in various models
of pathologies, from inflammatory and neurodegenerative
diseases, to epilepsy, autoimmune disorders like multiple
sclerosis, arthritis, schizophrenia, and cancer [16]. In the
presence of A°-THC, CBD is able to antagonize CB, at low
concentration; this supports its regulatory properties on A’-
THC adverse effects like tachycardia, anxiety, sedation, and
hunger in animals and humans [16]. CBD has also been found
to be a negative allosteric modulator of the CB, receptors
and an inverse agonist of CB, receptors, the second activity
partly explaining its anti-inflammatory activity [16]. Different
targets have been described in the literature for nonpsy-
choactive cannabinoids, including the transient potential
vanilloid receptor type-1 (TPVR-1) channels, the peroxisome
proliferator-activated receptor y (PPARy) GPR55, the 5-
hydroxytryptamine receptor subtype 1A (5-HT1A), glycine
al and «alf receptors, the adenosine membrane transporter
phospholipase A2, lipoxygenase (LO) and cyclooxygenase-2
(COX-2) enzymes, and Ca’" homeostasis [11, 16].

Concerning other phenolics present in C. sativa, sev-
eral flavonoids have been identified, belonging mainly to
flavones and flavonols, together with cannflavins A and B,
which are C. sativa typical methylated isoprenoid flavones
[17]. Cannabis flavonoids exert several biological effects,
including properties possessed also by cannabinoids and
terpenes [2]. Anti-inflammatory, neuroprotective, and anti-
cancer activities have been described for these compounds
[2]. In particular, cannflavin A and B are known to possess
an anti-inflammatory action [2]. Microsomal prostaglandin
E, synthase (mPGES-1) and 5-LO have been identified as
the molecular targets of cannflavins A and B [18]. An
antimicrobial and antileishmanial activity has also been
demonstrated for cannflavin B [17]. Cannflavin A has shown
a good antileishmanial activity and a moderate antioxidant
action [17]. In the ambit of Cannabis phenolics, canniprene,
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FIGURE 1: Chemical structures of main cannabinoids present in Cannabis sativa L. Abbreviation: A = heating; ox = oxidation; is =

isomerization.

which is a dyhydrostilbene unique to C. sativa, represents an
interesting compound [19]. If compared with cannflavin A,
which is the most potent cannflavin, canniprene has been
found to be superior at inhibiting 5-LO, but it is less effective
for mPGES-1 inhibition [19].

As regards the other compounds present in C. sativa,
terpenes are responsible for the characteristic scent of the
plant. Both mono- and sesquiterpenes have been detected
in roots and aerial parts of Cannabis and they are mainly
produced in secretory glandular hairs [2]. In the ambit
of monoterpenes, S-myrcene is known to possess anti-
inflammatory, analgesic, and anxiolytic properties [2]. As
for sesquiterpenes, 3-caryophyllene has anti-inflammatory
and gastric cytoprotector activities; it is also able to bind to
the CB, receptors and, in this context, it is considered as a
phytocannabinoid [2].

Several interactions between Cannabis secondary metab-
olites have been described in the literature [2]. In addition
to the capacity of CBD to reduce A’-THC side effects,
terpenes are able to increase blood-brain barrier perme-
ability, thus affecting A°-THC pharmacokinetics; they can
also influence the affinity of A’-THC for CB, receptors and
interact with neurotransmitter receptors, thus contributing
to cannabinoid-mediated analgesic and psychotic effects [2].
Finally, also flavonoids may modulate the pharmacokinetics

of A°-THC, by means of the inhibition of hepatic P450
enzymes (3A11 and 3A4) [2].

L.1. Cannabidiol (CBD). Many studies have expanded the
concept that inflammation is a critical component of tumour
progression [20]. Indeed, several cancers originate from
infection, chronic irritation, and inflammation [20]. Tumour
microenvironment, which is largely regulated by inflamma-
tory cells, displays a key role in the neoplastic process, foster-
ing proliferation, survival, and migration [20]. In addition,
cancer cells have co-opted some of the signalling molecules
of the innate immune system for invasion, migration, and
metastasis [20].

By focusing the attention on hemp nonpsychoactive
cannabinoids, CBD has been demonstrated to be useful in
the treatment of different inflammatory ailments, including
bowel diseases (e.g., Crohn’s and ulcerative colitis), neuronal
diseases (e.g., Parkinson and Alzheimer), and a wide range
of inflammatory skin diseases (e.g., atopic dermatitis and
psoriasis) [21].

As regards cancer, CBD has exhibited antiproliferative
and proapoptotic activities, thus demonstrating modulating
the tumorigenesis in different types of cancer, including
breast, lung, colon, brain, and others [21].

In this context, this review is focused on the effects and
the molecular mechanisms of CBD and related compounds



on inflammation and cancer processes, highlighting also
the role of other related nonpsychoactive cannabinoids and
noncannabinoids constituents of fibre-type hemp. Although
it has been reported that CBD is able to bind several protein
complexes, such as PPARy and 5HT]I, their role in CBD-
mediated anticancer activity is still poor documented. For
this reason, the attention is focused mainly on the interaction
between CBD and three putative molecular targets such CB,,
GPR55, and TRPV1/2 protein receptors, where there is an
extensive literature and several molecular mechanisms have
been proposed.

2. The Role of the Endocannabinoid System in
Peripheral Inflammation

Endocannabinoids and their metabolic enzymes and recep-
tors have been identified in monocytes, macrophages,
basophils, lymphocytes, and dendritic cells. In these cells
their role is to modulate immune function in an autocrine
and paracrine way [22].

In human peripheral blood cells, CB, are expressed by B
cells, NK cells, neutrophils, CD8+ T cells, monocytes, and
CD4+ T cells, in a decreasing rank order, whereas CB,
mRNA is expressed by human B cells, NK cells, monocytes,
neutrophils, and T cells, in a decreasing rank order [23].

CB, expression in human B cells increases after the
activation by anti-CD40 antibody. However, differentiation
of B cells is accompanied by decreased expression of CB,.
CB, levels in macrophages undergo changes correlated with
cell activation or with inflammation. Indeed, macrophages
express higher levels of CB,; so, the functions of macrophages
in these states of activation may be the most sensitive to the
actions of cannabinoids. These data suggest a physiological
role of the endocannabinoid system in the functions of
immune cells with respect to inflammation [24].

Both 2-arachidonylglycerol (2-AG) and anandamide
(AEA) play an immunomodulatory role through their activ-
ity on CB,. CB, activation typically inhibits the functions
of immune cells with intracellular signaling mechanisms,
including the inhibition of adenylate cyclase activity by Gi/o
proteins and activation of MAPKs. Indeed, CB, are able
to inhibit the production of proinflammatory cytokines,
like TNF-«, IL-6, and IL-8 in human monocytes and
macrophages, and to reduce the release of TNF-q, IL-2, and
IFN-y in activated human peripheral lymphocytes.

Moreover, a relationship between the endocannabinoid
system and toll-like receptors (TLR) has been reported,
with TLR activation enhancing the production of endo-
cannabinoids and cannabinoids suppressing TLR-induced
inflammatory response [25].

2.1. Nonpsychoactive Cannabinoids and Peripheral Inflamma-
tion. 'The study of the anti-inflammatory effects of cannabi-
noids from C. sativa L. is of current interest [ 26, 27]. Although
A°-THC has been reported to possess anti-inflammatory in
a plethora of in vitro and in vivo models [28-38], a number
of reports have highlighted the role of nonpsychoactive
cannabinoids in inflammatory processes (Figure 2).
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CBD anti-inflammatory effect may be mediated by can-
nabinoid receptors (CBr), adenosine A2A receptors, TRPV1
receptors, GPR55 receptors, and CB2/5HT(1A) heterodimer-
ization [27]. In vivo, CBD has been able to reduce inflamma-
tion in a murine model of colitis, even if A°-THC was more
effective [28]. In a carrageenan-induced inflammation model
in rats, CBD reduced PGE,, nitric oxide (NO), and malondi-
aldehyde production, together with COX activity [39]. CBDA
has been found to possess a dual inhibitory effect on COX,
through downregulation [40] and enzyme inhibition [35].
CBD has also completely inhibited the production of TNF-
« in LPS-stimulated RAW264.7 macrophages [41]. Moreover,
a reduction of IL-13 and TNF-« levels has been observed in
mitogen-activated human PBMC [42]. More recently, CBD
has been found to significantly reduce cytokines production
in an in vitro model of allergic contact dermatitis, using
HaCaT cells [43].

The ability to activate and desensitize TRPV4 channels
is linked to the reduction of NO production exerted by
CBG in LPS-stimulated macrophages [44]. Moreover, CBG
and CBGA resulted in inhibiting COX activity, even at high
micromolar concentrations [35].

CBC has reduced nitrites production, IL-10 and IFN-
y levels in murine macrophages, without influencing CBr
[25]. Moreover, CBC has decreased intestinal hypermotility
in mice, in a manner not dependent on CBr and TRPA1
receptors [45].

Concerning the effect of other C. sativa constituents,
cannflavins anti-inflammatory activity has been poorly inves-
tigated, but it seems to be related to the reduction of PGE, and
the inhibition of 5-lipoxygenase [18, 46].

As regards terpenes, myrcene and limonene are able
to reduce cytokines production and inhibit NF-xB and
MAPK in LPS-stimulated murine macrophages [47]. f3-
Caryophyllene reduced TNF-« and IL-18 production by
downregulating MAPK and reducing ERK phosphorylation
in LPS-stimulated PBMC [48].

As far as peripheral inflammation is concerned, C. sativa
has been used medicinally for centuries to treat a variety of
disorders, including those associated with the gastrointestinal
tract. Recent investigations have highlighted the involvement
of the endocannabinoid system in the physiology of the
gastrointestinal function and its possible deregulation in gas-
trointestinal pathology [49]. The precise mechanisms across
tissue departments that are under the regulatory control of
the endocannabinoid system have not been fully understood
[49].

Cannabinoids have been found to modulate intestinal
permeability in an in vitro model. Both A’-THC and CBD are
able to restore the increased permeability induced by either
EDTA or endocannabinoids whether applied to the apical or
basolateral membrane of Caco-2 cells [50]. These data suggest
that endocannabinoids may play a role in the modulation
of gut permeability and that Cannabis-based medicines may
possess therapeutic benefit in a variety of gastrointestinal
diseases characterized by abnormal intestinal permeability,
such as inflammatory bowel disease (IBD) and shock [50].

These findings have been further confirmed in another
in vitro model of intestinal inflammation. In particular,
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FIGURE 2: General representation of the signaling pathways involved in CBD anti-inflammatory effects. Cannabinoids reduce peripheral
inflammation by acting at TRPV1, CB,, and GPR55 receptors; these interactions lead to downregulation of enzymes involved in the
production of prostaglandins, reactive oxygen species, and cytokines. MAPK inhibition and NF-kB downregulation, together with PPARy-
mediated reduction of lipid peroxidation, are also involved in the anti-inflammatory effects of cannabinoids in the CNS. Abbreviations: CBD,
cannabidiol; CNS, central nervous system, CB,, cannabinoid receptor 2; TRPVI, receptor potential channel subfamily V member 1; GPR55,
orphan G-protein coupled receptor 55; Akt, protein kinase B; ERK, extracellular signal-regulated kinases; NF-kB nuclear factor kappa-light-
chain-enhancer of activated B cells; iNOS, inducible nitric oxide synthase; COX2, cyclooxygenase 2; TNF-«, tumor necrosis factor alpha;

PPARy, peroxisome proliferator-activated receptor gamma.

endocannabinoids caused further increases in Caco-2 cell
permeability in the presence of cytokines, whereas both
A°-THC and CBD restored increased permeability induced
by cytokines [51]. The effects of cytokines on increased
permeability were inhibited by a CB, receptor antagonist and
a 2-AG synthesis inhibitor and were enhanced by inhibitors
of the degradation of AEA or 2-AG, suggesting that local pro-
duction of endocannabinoids activating CB, may play a role
in the modulation of gut permeability during inflammation
[51].

CBD anti-inflammatory effects on the acutely inflamed
human colon have also been investigated in combination with
palmitoylethanolamide (PEA) in cultured cell lines and this
effect was compared with experimentally inflamed explant
human colonic tissue [52]. In particular, Caco-2 cells and
human colonic explants collected from elective bowel cancer,
inflammatory bowel disease (IBD), or acute appendicitis
resections were used. CBD and PEA were able to prevent
cytokine production in human colonic explant tissue via
PPAR«, CB,, and TRPV]I, but not in Caco-2 cells [52]. These
effects extend into chronic inflammatory processes, such
as IBD, but also acute inflammatory conditions, such as
appendicitis. Since these two compounds are well tolerated
in humans with few side effects, their clinical use in treating
IDB can be very useful [52].

In another study, CBD has been demonstrated to improve
Clostridium difficile toxin A-induced damage in Caco-2

cells, by inhibiting the apoptotic process and restoring the
intestinal barrier integrity, through the involvement of CB,
receptors [53]. Clostridium difficile infection is the leading
cause of hospital-acquired diarrhea and pseudomembra-
nous colitis. Clostridium difficile toxin A significantly affects
enterocytes permeability leading to apoptosis and colonic
mucosal damage. Given the absence of any significant toxic
effect in humans, CBD may ideally represent an effective
adjuvant treatment for Clostridium difficile-associated colitis
[53].

In addition to the protective role of Cannabis components
on the inflamed intestine, an additional positive aspect is their
potential role in preventing imbalances of gut microbiota.
This aspect not only is relevant for the treatment of several
gastrointestinal disorders, such as IBD and obesity, but also
has implications for the treatment of colorectal cancer (CRC).
The impact of the endocannabinoid system on gut microbiota
is a relatively new and emerging field wherein the interplay
between cannabinoids and metabolic syndrome has been the
focus so far. Recent data have suggested that A°“THC prevents
further exacerbation of the Firmicutes:Bacteroidetes ratio
typically found in obesity, resulting in weight-loss, indicating
that Cannabis may play a role in CRC prevention as well
[54]. Further studies are needed to determine whether CBD
has the same effect on gut microbiota with respect to the
balance of Firmicutes:Bacteroidetes to evaluate its application
in halting the progression of the obese microbiota profile



present in CRC, with the hopes of delaying this disease onset
[54].

3. The Role of the Endocannabinoid
System in Neuroinflammation

CB, receptors are much more expressed in the brain if com-
pared to CB, [55]. However, CB, can be upregulated under
neuroinflammatory conditions and as a result of the invasion
of peripheral cells expressing CB, [56].

The neuroprotective effect of endocannabinoids involves
the suppression of proinflammatory cytokines and the
increase of anti-inflammatory cytokines production. This
altered expression is mainly mediated by the activation of the
MAPKs pathway and regulated primarily by MKP-1 [23].

A decrease of TNF-«, IL-6, IL-1f, and IL-12 levels in
rats brain has been observed after treatment with LPS in
several studies. Nevertheless, cannabinoids have been found
to increase the production of cytokines, including TNF-«, IL-
6, IL-13, and IL-10, when administered alone [57].

Cytokines may regulate the normal activity of the endo-
cannabinoid system in different ways: for example, IL-4 and
IL-10 are able to stimulate FAAH activity, whereas IFN-y and
IL-12 decrease FAAH expression, resulting in an increase of
AEA levels [58, 59]. TNF-« and IL-6 are the major cytokines
which can regulate CBr activity. Indeed, these cytokines
have pro- and anti-inflammatory properties, depending on
a variety of factors. Recent studies have shown that TNF-
« provides a crucial signal for stem cells migration through
CB,/CB, signaling. The activation of TNF-« receptor then
leads to 2AG synthesis, which may act on CB, and CB,. This
activity leads to a promotion of stem cells proliferation and
migration that might have important implications for brain
self-repairing processes [60].

The cannabinoid system and cytokine network are direct-
ly related. CB, and CB, expression is significantly induced
by the presence of TNF-a. This occurs, at least in part,
through the activation of NF-«B, which could be induced
by stimulation of TNF receptor. Upon activation, NF-xB
translocates into the nucleus, where it binds DNA and triggers
the transcription of target genes, some of which encode
inflammatory proteins and may include the CBr genes [61].

3.1. Nonpsychoactive Cannabinoids and Neuroinflammation.
Evidences suggest that controlled neuroinflammation is cru-
cial for tissue repair within the brain [62, 63]. However,
prolonged exposure to inflammatory conditions in the brain
has been linked with the development of neurodegenerative
diseases, such as the Alzheimer’s and Parkinson’s diseases,
and multiple sclerosis [64]. In Alzheimer’s disease, misfolded
and aggregated proteins are recognized by microglia and acti-
vate an innate immune response characterized by the release
of inflammatory mediators, contributing to the disease pro-
gression and severity [65]. The role of neuroinflammation
in the pathogenesis of Parkinson’s diseases is supported by
several experimental evidences, even if it remains unclear
whether the inflammatory processes are involved in the
initiation of the disease or are secondary consequences
of the brain injury [66, 67]. Regarding multiple sclerosis,
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inflammation appears to be mediated by T-helper 1 cells, with
enhanced presence of Th1/Th17 cells being found in central
nervous system (CNS) tissue, cerebrospinal fluid (CSF), and
blood of patients [68, 69].

C. sativa and its constituents have been reported to be
promising candidates for the management of several neu-
roinflammatory conditions (Figure 2) [70]. CBD, similarly to
A°-THC, has been able to reduce neurotoxicity in SH-SY5Y
neuronal cells exposed to LPS-conditioned BV2 microglial
cells medium, by modulating BV2 morphological plasticity
and cytokines signaling through the activation of GPRI8
receptors [71].

In an in vitro model of neuroinflammation using LPS-
stimulated rat microglia, CBD has suppressed TNF-«, IL-
1$3, and IL-6 release, by reducing NF-«B phosphorylation,
together with COX and iNOS activation, in a CB, dependent
manner [72, 73]. Interestingly, CBD has caused a downregu-
lation of Akt and ERK pathways in human glioma cells [74].
The inhibition of ATP-induced intracellular calcium increase,
together with the inhibition of NO production, has been sug-
gested as a mechanism by which CBD can reduce microglia
activation [75]. In cultured rat primary astrocytes, CBD has
reduced the A-induced release of NO, IL-1f3, and TNF-«, by
activating PPARy and inhibiting NF-xB nuclear translocation
[76]. In another work, CBD has also inhibited the neurotoxic
effects of protease-resistant prion protein (PrPres) and it
has affected PrPres-induced microglial cell migration in a
concentration-dependent manner; so, it may protect neurons
against the multiple molecular and cellular factors involved
in the different steps of the neurodegenerative process, which
takes place during prion infection [77]. More recently, the
neuroprotection of fibre-type hemp extracts and CBD was
assessed in human neuroblastoma SH-SY5Y and microglial
BV-2 cell lines in the presence of rotenone as the toxic agent,
also in serum-free conditions [78]. The decarboxylated hemp
extract has shown a mild neuroprotective activity on BV-2
cells treated with rotenone, higher than that of pure CBD [78].
As regards serum-free experiments, the nondecarboxylated
hemp extract was the most effective neuroprotective agent
toward SH-SY5Y cells, while BV-2 cells were better protected
from the toxic insult by the decarboxylated extract and CBD
[78].

Concerning other cannabinoids, the anti-inflammatory
properties of CBG have been described in an in vitro model of
neuroinflammation, using NSC motor neurons conditioned
with the medium of LPS-stimulated murine macrophages.
CBG treatment in macrophages has prevented neuronal
cytotoxicity by reducing inflammation, (i.e., IL-13, TNF-q,
and IFN-y production, together with PPARyu protein levels)
and oxidative stress, reducing nitrotyrosine, SOD1, and iNOS
protein levels and restoring Nrf-2 levels [79].

As regards other C. sativa components, 3-caryophyllene
is able to reduce the production of IL-1§3, TNF-a, IL-6, and
ROS, through the inhibition of NF-kB nuclear translocation
in murine microglial cells, after hypoxic exposure [80].

In the ambit of CNS pathology and, in particular, regard-
ing Alzheimer’s disease, studies in rodents have demon-
strated the ability of CBD to reduce reactive gliosis and
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neuroinflammatory response as well as to promote neuro-
genesis [81]. Moreover, in an in vitro model using SH-SY5Y
human neuroblastoma cells, CBD has been able to induce
ubiquitination of APP protein, reducing 3-amyloid peptide
production and neuronal apoptosis through activation of
PPARYy [82]. These results are consistent with those obtained
by Hughes and coworkers, who have observed a PPARy
mediated neuroprotective effect of CBD in the hippocampus
of C57Bl/6 mice [83].

4. Inflammation and Cancer

Cancer is the second leading cause of death worldwide,
and it accounts for about 8.8 million deaths in 2015 (GHO
2018 data); nearly 1 of 6 deaths is due to cancer. Cancer
is a multistep disease characterized by a formation of a
preneoplastic lesion (initiation processes) which, by time,
progresses into malignant tumor. Generally, cell transforma-
tion is a combination of intrinsic genetic factors and external
exposure to physical, chemical, and biological carcinogens.
However, it must be underlined that ageing and life style
are others fundamental factors for the development of the
disease. Indeed, the incidence of cancer rises dramatically
with age, probably due to the decreased efficacy of cellular
repair mechanisms, while tobacco, alcohol, unhealthy diet,
and physical inactivity are the major global cancer risks. A
number of evidences pointed out that chronic inflammation,
independently of the triggering agent, could be responsible
of almost 20% of human cancers [84]. As described above,
inflammation per se is not dangerous, since it protects the
body by increasing host defense and it is self-limiting. How-
ever, persistent and deregulated inflammation is associated
with an increased risk of malignant diseases [85]. Cells and
mediators of the innate immune system have been detected
in many cancers, even when inflammation is not implicated
in tumor development [85, 86]. This finding suggests that
inflammatory conditions and carcinogenesis might share
common pathways, such as proliferation, increased cell sur-
vival, and migration, where cytokines and growth factors
play a pivotal and fundamental role. Therefore, not only can
inflammation cause cancer, but also cancer causes inflam-
mation [87]. Thus, in the tumor microenvironment, inflam-
matory mediators regulate a number of proinflammatory
responses, acting in an autocrine and/or paracrine manner,
leading to either an antiproliferative response or an increase
of cancer promotion through the inhibition of protective
immune response [88]. In this context, it has been shown that
the activation of the proinflammatory NF-kB pathway has a
tumor prosurvival effect, giving chemotherapy resistance to
cancer cells in an Akt-independent pathway, but involving the
epidermal growth factor (EGF) activating signaling [89]. This
interesting link between inflammation and growth factors,
such as EGF/EGFR, configures an intriguing perspective in
the study of the possible correlation between inflammatory
processes and aberrant cell growth. Studies carried out on
liver cancer have shown that chronic tissue damage and
inflammation in liver result in a sustained overexpression
and overstimulation of the EGFR pathway and that the
deregulated EGFR signaling has been reported to play an

important role in the development of liver cancer [89].
Proinflammatory stimuli activated by EGFR promote the
release of EGFR ligands, such as heparin-binding-EGF (HB-
EGF), from liver cancer cells and endothelial cells, which
stimulate the proliferation of initiated hepatocytes [89], and
further potentiate their aggressive behavior [90]. Moreover,
the finding that CBD suppresses the activation of EGF/EGFR
signaling transduction pathway and its downstream targets
Akt, ERK, and NF-kB suggests that the effect of C. sativa
extract might play an important in the modulation on the
intricate relationship between growth factors, inflammation,
and cell growth [90]. Indeed, the ability to inhibit proin-
flammatory pathways, as described in the previous chapter,
strongly indicates that cannabinoids are antiproliferative
compounds by possibly interfering with NF-kB/EGF/EGFR
pathway. This hypothesis has been further supported by Elbaz
et al. [91], who have demonstrated that CBD, acting on its
receptors, changes cytokine secretion, such as CCL3, GM-
CSE, and MIP-2 proteins, from 4T1.2 tumor cells compared
to vehicle-treated cells, thus decreasing the recruitment of
macrophages to the tumor microenvironment and, therefore,
suppressing both angiogenesis and the invasive potential of
cancer cells. In addition, the presence of GPR55 receptor,
which is able to bind CBD, on NK cells, represents a possible
novel modulatory activity of NK cell responsiveness [92].
Noteworthy, the noncanonical cannabinoid receptor G cou-
pled receptor GPR55-mediated NK cell stimulation and/or
inhibition is of particular importance in tumor immune-
surveillance, since these cells play a pivotal role in the
recognition and elimination of malignant cells.

5. The Role of the Endocannabinoid
System in Cancer

The role of the endocannabinoid system in cancer biology is
a controversial matter. Indeed, if on one hand an increase,
although with a different pattern and extent, of endocannabi-
noid receptors CB, and CB, in various types of cancers
has been observed, on the other hand the endocannabinoid
system seems to play a tumor suppressing role on colon
carcinoma in a genetic modified mouse model, carrying
a knockdown of CB, gene [93]. However, the majority of
researches have reported an increase of CB, and CB, in
different types of cancer. In particular, CB, receptor has been
found to be upregulated in cellular hepatocarcinoma [94]
and in Hodgkin lymphoma cells [95], and its expression
correlates with the severity of the disease in human epithelial
ovarian cancer [96], whereas CB, has been found to be
overexpressed in human breast adenocarcinomas associated
with HER2+ [97] and in glioma [98]. Moreover, CB, and CB,
expression has been proposed to be a factor of bad prognosis
following surgery in stage IV of colorectal cancer [99].
All these findings support the hypothesis that cannabinoids
might interfere with cancer biology, acting on CB, and CB,
receptors in a wide range of cancer types, in particular for A°-
tetrahydrocannabivarin (A°-THCV), which is a homologue
of A°-THC with a propyl side chain instead of a pentyl
group. However, since nonpsychoactive cannabinoids, such
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FIGURE 3: General representation of the signaling pathways involved in CBD anticancer mediated effects. Cannabinoid-induced apoptosis
relies on the stimulation of endoplasmic reticular (ER) stress and through stimulation of TRPV channel. The signaling route involving the
arrest of cell proliferation is mediated by the antagonism mainly on GPR55, which causes an inhibition of the activation of ERK pathway;
in addition, the block of ROCK activation might be responsible for the antimigratory effect elicited by cannabidiol. CBD, cannabidiol; CB,,
cannabinoid receptor 2; TRPV1/2, receptor potential channel subfamily V members 1 and 2; GPR55, orphan G-protein coupled receptor 55;
ROS, reactive oxygen species; ER, endoplasmic reticulum; p8, protein p8 (Nuclear Protein 1, NUPR1); CHOP, CCAAT/-enhancer-binding
protein homologous protein; ATF2, activating transcription factor 2; CREB, cAMP response element-binding protein; Akt, protein kinase
B; ROCK Rho-associated protein kinase; NFAT, nuclear factor of activated T-cells; NF-kB, nuclear factor kappa-light-chain-enhancer of
activated B cells; PKC, protein kinase C; P38, mitogen-activated protein kinases.

as CBD, do not bind with high affinity to both CB, and
CB,, alternative pathways should be considered in order
to analyze the molecular mechanisms of CBD anticancer
activity (Figure 3).

5.1. Nonpsychoactive Cannabinoids and Cancer. In cancer
treatment, cannabinoids, such as dronabinol (synthetic A®-
THC) and nabilone (a synthetic cannabinoid similar to A°-
THC), are mainly used in association with chemotherapy in
order to decrease its side effects such as pain, weight loss,
nausea, and vomiting, although their use is still limited due
to their psychoactive side effects [100]. However, incoming
evidences have suggested that their activity could not be
ascribed solely to these “palliative” effects, but rather the
compounds could possess some interesting properties in
terms of inhibition of tumor cell proliferation.

The first evidence of the ability of cannabinoids, and in
particular A°- and A®-THC (Figure 1), to reduce the growth
of lung adenocarcinoma both in vitro and in vivo has been
reported by Munson et al. in 1975 [101]. As mentioned above,
in recent years a number of researches have been made
to evaluate the antiproliferative and proapoptotic effects
of cannabinoids in both in vitro and in vivo models and
in different cancer types, such as glioma, breast, pancreas,
prostate, colorectal and lung carcinoma, and lymphoma [102-
109]. These results prompted up the research of the possible
molecular mechanism involved in the effects mediated by
cannabinoids, together with the discovery of new activities
elicited by these compounds, such as the interference with
angiogenesis, cancer cell migration, and invasion [110]. All

these findings strongly reinforce the idea that these com-
pounds are able to control the cell survival/death fate and,
therefore, they could be good candidates in cancer therapies.

5.2. Nonpsychoactive Cannabinoids and GPR55. GPR55 is
a, so-called, orphan receptor protein, constituted by 319
amino acids, and it is present in the chromosome 2q37 [111].
GPRS55 has been identified for the first time in 1999, and it
belongs to the § group of rhodopsin-like G protein coupled
receptors (GPCRs) [112]. GPR55 possesses different biological
functions based upon its localization: it controls the motility
of the gastrointestinal tract, angiogenesis, and neuropathic
pain; it modulates the inflammatory processes and it is
involved in intracellular signaling involving the upstream
signaling of RhoA, ROCK, ERK, and p38 mitogen activated
protein kinase pathways, and Ca?* release, which in turn
modulate the downstream, cell motility and stiffness and the
transcription factors nuclear factor activated T cell (NFAT),
nuclear-factor-kB (NF-kB), cAMP response elements bind-
ing protein (CREB), and the activating transcription factor-
2 (ATF2) [113-115]. The modulation of these important
biological determinants indicates that GPR55 is a possi-
ble pharmacological target in a number of diseases where
these pathways are deregulated, such as cancer. Increased
expression of GPR55 and severity and malignancy of the
disease has been reported in different cancer types, such as
the human pancreatic ductal adenocarcinoma, the squamous
cell carcinomas human astrocytoma, the melanoma, the B
lymphoblastoma [116-118], and the hepatocellular carcinoma
as well [94]. Although the pharmacology of GPR55 remains
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controversial, a number of evidences have suggested that
it is a non-CB,/CB, receptor able to bind nonpsychoactive
cannabinoids and CBD in particular is its putative ligand,
acting as an antagonist [119, 120]. In this view, Shrivastava
et al. [121] have demonstrated that CBD is able to kill breast
cancer cells by inducing ER stress, enhancing ROS genera-
tion and inhibiting mTOR signaling. In addition, CBD has
been found to regulate the balance between autophagy and
mitochondria-mediated apoptosis. This latter effect could be
mediated by the antagonistic effect of CBD to GPR55, since
its inhibition with anandamide allows the recruitment of the
death receptor Fas into cell membrane through the activation
of protein G2 and Jun N-terminal kinase [113]. Moreover,
Solinas et al. [74] have shown the antiproliferative and anti-
invasive effects of CBD in U87-MG cells in a CB,/, indepen-
dent manner, and these effects have been extended to T98G
glioma cells, a A’-THC-resistant lineage, thus suggesting a
possible alternative pathway from that involving CB,/CB,
receptors. CBD effects are mediated by a significant downreg-
ulation of ERK and PI3K/Akt kinases, which are fundamental
for cell survival and proliferation (Figure 3). The finding that
stable overexpression of this GPR55 in HEK293 cells led
to increased levels of phosphorylated extracellular signal-
regulated kinase (ERK) [117] involved in cell proliferation
strongly indicates that GPR55 is a target for CBD-mediated
anticancer activity. Moreover, the fact that CBD downreg-
ulates the expression of angiogenic related proteins both in
vitro and in vivo, such as matrix metallopeptidase 9 (MMP9),
tissue inhibitor of metalloproteinases 1 (TIMP1), serpinEl-
plasminogen activator inhibitor type-1 (PAI-1), CXCLI6, ET-
1, PDGF-AA, and IL-8 [74], reinforces the hypothesis that
CBD might exert its antiangiogenic activity through the
interaction with GPR55. Indeed, a clear relationship between
GPR55 and angiogenesis has been reported by Zhang et al.
[122], where the endothelial vascular cells regulate GPR55-
mediated angiogenesis through the autocrine release of
LPI; once GPR55 was downregulated in primary human
microvascular endothelial cells, a decrease in angiogenesis
was observed. Even if all these data clearly indicate that
the antagonism of CBD on GPR55 activity inhibits cancer
cell proliferation and angiogenesis and increases apoptosis,
further studies are necessary, in order to better understand
and to complete the portrait of the relation between CBD,
GPR55, and cancer biology both in in vitro and in vivo
models. Moreover, other protein receptors may be able to
bind CBD, and in turn they can be of importance in the
modulation of cancer growth.

5.3. Cannabinoids and TRPVs. Beside the discussed GPR55
receptors for nonpsychoactive cannabinoids, another non-
CB,/CB, receptor system, i.e., the transient receptor protein
of vanilloid types 1 and 2 (TRPV1, TRPV2), has been pro-
posed to bind either endocannabinoid or phytocannabinoids.
The TRP receptors control mainly body temperature percep-
tion, thermal pain, and noxious stimuli and they are involved
in several biological functions, such as cell proliferation [123].

In particular, the TRPV vanilloid channels belong to a
superfamily of channels called “Transient Receptor Potential”
(TRP), which promote calcium entry into the cells. The

most extensively studied receptor in the ambit of the TRPV
family is represented by TRPV1. TRPV1 and TRPV2 are
ubiquitously expressed throughout the body, with a particular
abundance in the central nervous system (CNS), and they
differ both in the activities that they mediate and in their
pharmacological profiles [124]. TRPV1 is activated by heat
and, once activated, it allows the entrance of calcium and
magnesium into the cells. Upon activation, the channel
undergoes a rapid desensitization in a Ca-dependent manner.

TRPVI1 is modulated by a number of bioactive com-
pounds, such as capsaicin, piperine, camphor, CBD, and the
endocannabinoid anandamide, which activate the channel.
TRPV2 is not modulated by pungent-tasting compounds,
such as capsaicin or piperine, but it shares with TRPVI
the activation elicited by CBD, related cannabinoids, and
probenecid. It differs also from TRPV1 for its role in various
osmo- or mechanosensory activities rather than noxious heat
stimuli [125]. So, both TRPV1 and TRPV?2 receptors are acti-
vated by CBD [126, 127], allowing an increase of intracellular
Ca®* [128]. The activation and the subsequent desensitization
of these receptor proteins, which are involved in transducing
acute inflammatory and chronic pain (especially TRPV1),
might be responsible for the antihyperalgesic actions of CBD
[127]. Interestingly, the results found on prostate and skin
cancers cells have shown that both TRPV1 and TRPV?2 are
involved in cancer progression, thanks to their ability to
interact with G-proteins and, therefore, to interfere with
intracellular signaling and to modulate intracellular Ca2+
[129,130]. Protein receptors are differently up- and downreg-
ulated in cancer tissues, thus indicating a possible different
role in cancer progression. In particular, TRPV1 is upregu-
lated in glioma, prostate, and pancreas cancers, whereas it is
downregulated in hepatocellular carcinoma (HCC), bladder,
and skin cancer [123]. TRPV2 is upregulated in bladder,
prostate, and HCC, while it is downregulated in glioma can-
cer cells [123]. In this context, it has been demonstrated that
the concomitant overexpression of TRPV2 and insulin-like
growth factor 1 (IGF-1) suggests that TRPV2 might control
the urothelial cancer cell growth and progression through
the modulation of IGF-1 pathway [131]. In U87MG glioblas-
toma/astrocytoma cell line, TRPV2 decreases cell malignancy
and cell survival in an ERK dependent manner [123]. In
addition, TRPV1 has been found to be colocalized with the
proapoptotic protein Fas/CD95, and, when stimulated with
the agonist capsaicin, it causes a cell cycle arrest in G0/G1
in RT4 and apoptosis in urothelial cancer cells [132]. So, the
interaction with an agonist on TRPVI or TRPV2 receptors
could originate different biological responses, depending on
the distribution of TRPYV, together with the fine interactions
with other molecular complexes. In this view, CBD has
been found to inhibit the multidrug resistance (MDR), by
interacting with TRPV1and CB, at the same time (Figure 3).
Indeed, in the MDR CEM/VLBI100 cell model, Arnold et
al. have reported that the treatment with CBD caused a
downregulation of P-glycoprotein (P-gp) expression and an
increase of the cytotoxic effects of vinblastine, whose P-gp is
the substrate [133] However, this effect was mediated both by
the cooperation of CBD with TRPV1 and by CB, receptors,
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indicating once more the intricate complexity of interaction
between biological pathways. Moreover, the ability of CBD
to increase the cytotoxic activity of anticancer agents, such
as temozolomide, doxorubicin, and carmustine in U87MG
cancer cells, allowed Nabissi et al. [134] to discover that
this effect was due to the interaction of CBD with TRPV2
receptor, which resulted in an increase of drug uptake. This
interesting finding could be of relevance also in the manage-
ment of glioma cancer stem cells (GSCs). Indeed, it has been
reported that TRPV2 activation led to a GSCs differentiation
and, therefore, to an inhibition of their proliferation [135].
This effect could be due, at least in part, to the ability of
CBD to upregulate the prodifferentiation factor ID2 and to
downregulate the metastatic factor ID1 [136], since both these
proteins play an important role in spreading neuroblastoma
cells [137]. Taking into account the fact that GSCs are the
major factor responsible for glioma recurrence, the use of
CBD could also be a valuable tool against the proliferation
of the GSCs subpopulations present in glioma/glioblastoma
cancers.

6. Hemp Extracts and CBD between
Present and Future

This review is mainly focused on the role of CBD and
related nonpsychoactive compounds in the modulation of the
inflammatory processes linked to the degenerative diseases
and, in particular, to cancer. From a pharmaceutical point
of view, CBD represents at the moment the most promising
compound present in C. sativa. Although this component is
well-known mainly for its antioxidant and anti-inflammatory
activities, a number of researches pointed out its ability to
interfere with cell proliferation apoptosis and cancer growth.
If we consider also that cancer biology and inflammation
share several common pathways in some stages of their
biological processes, CBD might be a potential important tool
in the control of cancer spread and growth.

It is important however to consider also other issues
regarding cannabinoids and their use, comprising the poor
availability of the plant material, the uncertainties on the
quality of the products, and the safety of CBD. For these
reasons, CBD is under scrutiny at many levels, ranging from
national health organizations to FDA and WHO. Up to now,
many clinical trials have been performed on Sativex®, which
is a combination of A’-THC and CBD, or on Epidiolex®,
which is currently in phase three, with encouraging results
against a severe form of epilepsy in children.

However, one of the main points under debate is whether
cannabinoids and CBD, in particular, are safe for consumers
at the doses found to be active in the experimental conditions,
by taking into account the fact that there is only limited
knowledge about the long-term effects of chronic use and
drug-drug interactions between CBD and other medications,
although human studies have indicated that CBD is very
well tolerated even at high doses. Another important issue
is whether or not Cannabis extracts or CBD are simply a
food supplement, a pharmaceutical product, or other. If on
one hand this perplexity is justified by the need for a reliable
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evaluation of the balance between efficacy and side effects, on
the other hand it must be recognized that, in some cases, an
unconscious prejudice seems to hover on C. sativa, mainly
because of its history of drug of abuse.

We believe that although an important number of studies
regarding the therapeutic effects of CBD have been per-
formed in the last decade, there is no solid clinical evidence
yet to support that cannabinoids can effectively and safely
treat cancer in humans. However, by taking into account
the fact that hemp extracts with low A’-THC concentration
but rich in nonpsychoactive compounds are still poorly
studied from a pharmacological and molecular point of
view, we think that they could be a precious resource for
future treatment of both acute and chronic diseases. In
addition, by considering the availability of specific cultivars
containing different amounts of active compounds, such as
flavonoids and terpenes, it might be possible to select the
appropriate variety enriched of a specific class of compounds
to be used for a specific disease. Moreover, if we consider
that the treatment of most degenerative diseases is still far
from achieving full success, the research on hemp and CBD
extracts is strongly encouraged in order to have enough data
for a rational clinical application.
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Dimethylnitrosamine (DMN) is a potent hepatotoxin, carcinogen, and mutagen. In our previous study, a candidate gallic acid
(GA) that widely exists in food and fruit was selected for its capability to alleviate DMN toxicity in vivo. We aimed to investigate
the therapeutic potential of GA against DMN-induced liver fibrosis. During the first four weeks, DMN was administered to rats
via intraperitoneal injection every other day, except the control group. GA or silymarin was given to rats by gavage once daily from
the second to the sixth week. GA significantly reduced liver damage in serum parameters and improved the antioxidant capacity in
liver and kidney tissues. Cytokines involved in liver fibrosis were measured at transcriptional and translational levels. These results
indicate that GA exhibits robust antioxidant and antifibrosis effects and may be an effective candidate natural medicine for liver

fibrosis treatment.

1. Introduction

Chronic liver disease is one of the major health problems,
with liver cirrhosis and drug-induced liver damage being
the ninth leading cause of death, in western and developing
countries [1]. Liver fibrosis is a critical stage in the patho-
genesis of liver damage to cirrhosis or a tumor, because liver
fibrosis can be reversed, but liver cirrhosis and liver cancer
cannot be reversed [2]. Therefore, conducting some drug
treatments is critical to avoid deterioration during the stage
of liver fibrosis. In recent years, the molecular mechanism of
antifibrosis has attracted scholars, and many excellent in vivo
models have been established for the study of liver fibrosis
regulation. These models induced by toxins such as dimethyl-
nitrosamine (DMN), CCl,, acetaminophen, or thioacetamide
can represent chronic or acute/fulminant hepatitis [3]. DMN
is a potent hepatotoxin, carcinogen, and mutagen. A minimal
dose of 20 mg/kg DMN can cause hepatocellular necrosis
and death in many species [4]. Repeated exposure to lower
doses of DMN resulted in a subacute or chronic liver
injury with varying degrees of necrosis, fibrosis, and nodular

regeneration [5]. The DMN-induced fibrosis model is a good
model to use since it has many of the similar characteristics
observed in human liver fibrosis, such as an initial central
hemorrhagic necrosis of the liver with rapid formation of
septa and fully established micronodular cirrhosis [6]. The
model also has the advantage of producing progressive and
significant pathological changes, high fibrogenesis rates, and
low mortality of experimental animals [7]. Therefore, our
study selected DMN as the inducer of liver fibrosis.
Countries, such as China, Japan, and India, have had
their own medical theories and systems, in which they
become accustomed to using a variety of plants with or
without current medicines in order to treat various illnesses.
Recently, the beneficial effects of compounds derived from
plants for the prevention and treatment of liver fibrosis
have attracted extensive attention. Ramalin, an antioxidant
compound derived from Antarctic lichen, has been reported
to be able to prevent progression of liver fibrosis induced
by DNM in rats, potentially via the Nrf2/ARE pathway
[8]. Curcumin, which is a yellow pigment found in the
rhizome of the spice turmeric, has shown amelioration of liver
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FIGURE 1: Schematic illustration for animal experiment design. DMN at 3 mg/kg BW is injected three times on the first week (blue triangle),
and DMN at 7 mg/kg BW is injected three times per week from the second to the fourth week (black triangle) to all the rats except the rats in
control group. Saline is injected as a control under the same regime (hollow triangle). Subsequently, GA (green column) or silymarin (yellow
column) is suspended in saline and administered daily by intragastric gavage (i.g.) from the second to the sixth week. Saline is administered
as a control under the same regime (gray column). Rats were weighed and sacrificed six weeks after first DMN injection (red triangle). n = 8

animals/group.

cirrhosis via its anti-inflammatory effect and suppression
of HSC activity [9]. Silymarin, a clinical antifibrotic agent,
is widely accepted and used for treating liver diseases. It
downregulates TIMP metallopeptidase inhibitor 1 (TIMP-1)
and transforming growth factor beta 1 (TGF-f31) expressions
and suppresses collagen synthesis [10]. Silymarin is a unique
flavonoid complex containing silybin, silydianin, and sily-
christin derived from the milk thistle plant [11]. Currently,
silymarin remains the most widely clinical used antifibrotic
agent in China. So we selected silymarin as the positive
control in our study.

In previous study, we proved that the ethyl acetate fraction
(EF) from the fruit of Terminalia bellirica has an antifibrotic
effect in vitro [12]. Mass spectrometry analysis shows that
the main components of EF are gallic acid (GA) and ellagic
acid (unpublished data). GA, a type of phenolic acid with
strong antioxidant effect, can be found in white, red, and
black mulberry, blackberry, raspberry, strawberry, dragon
fruit, guava, mangosteen, papaya, tea leaves, and other plants
[13-15]. Since GA is a major component of EF, we hypothesize
that GA is a major contributor to the antifibrotic effects of EE.

In this study, we aim to prove that GA has the capability to
reverse liver fibrosis by using an animal model of liver fibrosis
induced by DMN and to investigate biomarkers altered by GA
treatment after the liver of the rat suffers subchronic injury.

2. Materials and Methods

2.1. Chemicals. All chemical reagents and commercial kits
used are referred to in Supplementary Table 1.

2.2. Animals. A total of 48 male Sprague Dawley rats
(180-200 g) were purchased from the Laboratory Animal
Center of Wuhan University (Wuhan, China). They were
housed in a 12 h light-dark cycle at 25 + 2°C and at a
relative humidity of 50%-70%. Animals were fed ad libitum
with a standard diet of pellets and water. Animals were
allowed to acclimate to housing conditions for three days
prior to experimentation. This study secured clearance from
the Institutional Animal Care and Use Committee (IACUC)
at Center for Animal Experiment, Wuhan University, China.

2.3. Study Design. The rats were divided into six groups con-
sisting of eight animals per group and underwent six weeks
of treatment. The design of the animal work refers to Su et al.
[16] and slightly modified. The schematic for DMN induction
of liver fibrosis and for GA treatment refers to Figure 1. Group
I was administered 0.9% saline solution as control; Group II
was administered 3 mg/kg and 7 mg/kg DMN dissolved in
0.9% saline solution; Group III was the positive control group
and administered silymarin, 100 mg/kg BW; Group IV was
the low-dose GA group administered 25 mg/kg BW; Group V
was the medium-dose GA group administered 50 mg/kg BW;
and Group VI was the high-dose GA group administered 100
mg/kg BW.

2.4. Determination of Body and Organ Weights. The body
weights were recorded before the rats were sacrificed by spine
dislocation. After the rats were sacrificed, livers, kidneys, and
spleens were extracted and weighed immediately.
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2.5. Determination of Serum Biomarkers. At the end of the
experiment, all rats were fasted overnight and sacrificed the
next day. Blood was extracted from the heart and coagulated.
The serum was obtained by centrifugation at 1000g for 10
min and stored at —20°C until use. Alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and total bilirubin (TB) were determined
by the commercial kits consistent with the instructions of the
manufacturers.

2.6. Oxidative Stress Assessment in Liver and Kidney. After the
livers and kidneys were extracted and weighed, 10% liver or
kidney tissue homogenate was prepared with 50 mM sodium
phosphate bufter (pH 7.4) and centrifuged at 5000g for 10 min
at 4°C. The supernatants were transferred into new tubes and
stored at -80°C for subsequent experiments. The total protein
content was determined using the Bradford method. The
activities of superoxide dismutase (SOD) and catalase (CAT)
and the levels of glutathione (GSH) and malondialdehyde
(MDA) were determined by commercial kits, following the
steps indicated in the kit manuals.

2.7. Hematoxylin-Eosin and Masson’s Trichrome Staining. For
each rat, a piece of liver tissue was fixed in 10% formalin for at
least 24 h, embedded in paraffin, and cut into 5 ym thick sec-
tions using a rotary microtome. The sections were stained with
hematoxylin-eosin and Masson’s trichrome dye, and then the
slides were observed under a microscope (IX51, Olympus,
Japan) to detect histopathological changes in the liver.

2.8. ELISA. The supernatants obtained from 10% liver
homogenates were diluted in appropriate concentrations for
each ELISA kit according to the range determined from the
standard curve. Transforming growth factor beta 1 (TGF-
B1), epidermal growth factor (EGF), and hydroxyproline were
quantified by the corresponding assay kit consistent with the
instructions of the manufacturers.

2.9. RNA Extraction and Real-Time Polymerase Chain Reac-
tion. After the rats were sacrificed, the liver was quickly
extracted and a small piece was ground in liquid nitrogen.
After grinding in liquid nitrogen with RNase-free instrumen-
tation, TRIzol reagent was quickly added to the ground sam-
ples. Real-time PCR was subsequently performed to detect
the gene expression of alpha smooth muscle actin («-SMA),
platelet-derived growth factor receptor (PDGFR), TIMP-1,
and tissue inhibitor of metalloproteinases 2 (TIMP-2) in
triplicate using the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad, China). All mRNA quantification data were
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). For the primers, refer to Supplementary Table 2.
For the amplification condition of the PCR, refer to Chen et
al. [12].

2.10. Western Blot. The protein concentrations of the super-
natants from 10% homogenate were determined by the Brad-
ford method. Equal protein amount of supernatant from each
sample was fractionated by gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. 5% stacking gel and 12%
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separating gel were used for collagen I, and 5% stacking
gel and 15% separating gel were used for Smad2, Smad3, p-
Smad2, p-Smad3, and S-actin protein. The separated proteins
were then transferred to polyvinylidene difluoride (PVDEF)
blotting membranes. Nonspecific binding was blocked by
5% nonfat milk or 5% bovine serum albumin (BSA) in
TBST for 2 h and then incubated overnight at 4°C with
the respective primary antibodies. The membranes were
then washed and incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature.
Immunoreactive bands were visualized using a chemilumi-
nescent reagent and then exposed to X-Omat Blue XB-1
Film (Kodak, Rochester, NY) for autoradiography. The gray
density of each blot was analyzed by Image]J software (NTH,
Bethesda, MD, USA).

2.11. Statistical Analysis. All data are shown as mean + SEM
corresponding to three replicates. IBM SPSS Statistics 20.0
was used for data analysis. Statistical differences were ana-
lyzed by one-way ANOVA, and the LSD test was performed to
evaluate the significant differences of means at p < 0.05 level.

3. Results

3.1 Effect of GA on Rat Body and Organ Weights. Table 1
displays the body, liver, kidney, and spleen weights of the
rats after 6 weeks of treatment. From the changes in body
weight, we can see that the weight of rats in the DMN
model group (Group II) decreased significantly (p <0.01)
compared with the control group (Group I). The silymarin-
treated (Group IIT) and all GA-treated groups (Groups IV-
VI) had no significant effect on body weight gain compared
to Group II. With increasing GA dose, the body weight
gradually decreased. Hence, we hypothesize that GA has
potential pharmacological effects on weight loss. The liver
weight of the control group was significantly different from
that of the other groups, except Group IV, and no significant
difference was observed among Groups II, III, V, and VI. The
statistical analysis of the kidney weights shows a similar trend
with that of the liver. No statistically significant difference was
observed in the spleen weights among the groups.

3.2. Effect of GA on Determining the Serum Biomarker. After
treatment with GA for six weeks, serum levels of ALT,
TB, ALP, and AST increased by 1.4-, 1.5-, 1.6-, and 1.7-
fold, respectively, compared to control (Figures 2(b), 2(d),
2(c), and 2(a)). GA treatment with 50 or 100 mg/kg BW
significantly prevented these biomarkers from elevating (p
<0.05) compared to the DMN model group. The lowest dose
of GA (25 mg/kg BW) had a comparable effect with silymarin
(100 mg/kg BW) on reversing the elevation of AST and ALP
levels induced by DMN (Figures 2(a) and 2(c)). For ALT and
TB levels (Figures 2(b) and 2(d)), the effect of the low-dose
GA was better than that of silymarin. These results show that
GA has a protective effect on liver injury induced by the long-
term administration of DMN in a dose-dependent manner.

3.3. Effect of GA on the Oxidative Stress Assessment in Liver
and Kidney. Inliver tissue, SOD, and CAT activities and GSH
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F1GURE 2: Effects of EF on the (a) AST, (b) ALT, (c) and ALP activities, and (d) the level of TB in the serum of rats with DMN-induced liver
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control group; “p < 0.05, “*p < 0.01, and

level in the DMN model groups were significantly (p < 0.01,
p < 0.001, p < 0.05, respectively) lower than their control
groups, whereas the level of MDA was significantly (p < 0.001)
increased compared to the control group. This observation
was significantly (p < 0.05, p < 0.001, p < 0.05, and p < 0.001)
reversed by the high-dose GA (100 mg/kg BW) treatment
(Figures 3(a)-3(d)). Although the values showed that the
silymarin and low- and medium-dose GA groups affect the
reversal of the changes of SOD, CAT, GSH, and MDA shown
in the DMN groups, statistically significant differences were
not observed. The results obtained from the four biomarkers
showed that the highest dose of GA had the best effect on liver
protection. Although the highest doses of GA and silymarin
shared the same dose (100 mg/kg), the effect of GA was much
better than the effect of silymarin.

In the kidney tissue, compared with the control groups,
the DMN model significantly (p < 0.05 and p < 0.001)
reduced the activities of SOD and CAT (Figures 3(a) and
3(b)), while it significantly (p < 0.001) elevated the MDA
level (Figure 3(d)). After GA treatment (25, 50, and 100

p < 0.001 compared with the DMN-induced group).

mg/kg BW) and silymarin treatment, SOD activities were
not significantly increased compared with the model group,
but the values were slightly higher than that of the model
group (Figure 3(a)). Compared to the model group, CAT
activities increased significantly after treatment with the
medium and high doses of GA and silymarin (p < 0.01 and
p <0.01) (Figure 3(b)). The three doses of GA and silymarin
significantly lowered the MDA levels (p < 0.05, p < 0.001, p <
0.001, and p < 0.01, respectively) when compared to the value
of model group (Figure 3(d)). Notably, the DMN model did
not statistically significantly affect GSH levels (Figure 3(c)).
However, the value of the model group remains the lowest,
whereas the value of the highest dose GA group is closest to
that of the control group. Hence, the highest dose of GA had
the best protective effect on the kidney.

3.4. Effects of GA on the Histopathological Changes. Hema-
toxylin—eosin staining (Figure 4) of the DMN group (Fig-
ure 4(b)) showed sinus fibrosis and hyperplastic wire mesh-
like collagen fibers around the liver cells (black circle). A
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compared with control group; “p < 0.05, **p < 0.01, and ***p < 0.001 compared with DMN- induced group).

large number of inflammatory cell infiltration (white arrow)
and congestion in the extracellular matrix (black arrow)
were found in the DMN group compared to control group
(Figure 4(a)). GA treatment reversed these phenomena in
a dose-dependent manner, which indicated that the highest
dose of GA has the best liver protection effect (Figures
4(d)-4(f)).

We employed Masson trichrome staining that contains
three dyes selectively to stain muscle, collagen fibers, fibrin,
and erythrocytes. From Figure 5, we can see that black spots
represent nuclei, red stains represent cytoplasm, muscle,
erythrocytes, and blue stains represent collagen. Masson
trichrome staining showed that majority of fibrous septa
formed in the DMN group (Figure 5(b)). Bridging fibrosis
formed a broad interval (black arrow) separating the liver
parenchyma. GA treatments reversed this observation in a

dose-dependent manner (Figures 5(d)-5(f)). The high dose
of GA was more effective in protecting the liver from DMN
damage (Figure 5(f)) compared to the low- or medium-
dose GA treatment (Figures 5(d) and 5(e)). The silymarin-
treated group showed constricted and reduced fibrous septa
(Figure 5(c)), but the number of fibrous septa remained
much more than that in the medium- or high-dose GA-
treated group. Therefore, the effect of silymarin-reversing
liver fibrosis was lower than the GA at the same dose.

3.5. Effects of GA on the Growth Factor Expression. Compared
to the control group, DMN treatment induced a significant
(p < 0.001) approximately 2-fold increase in TGF-f31 level
(Figure 6(a)). After treatment with the medium/high dose
of GA (50 and 100 mg/kg) or silymarin, the levels of TGF-
Pl were significantly decreased (p < 0.05, p < 0.001, and
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FIGURE 4: Effects of GA on the liver histological structure of rats with DMN-induced liver fibrosis (hematoxylin-eosin staining, 200x), n =
8 animals/group, scale bar: 50 ym. The treatments were as follows: (a) control group, (b) DMN (3 mg/kg; 7 mg/kg), (c) DMN + silymarin
(100 mg/kg), (d) DMN + GA (25 mg/kg), (e) DMN + GA (50 mg/kg), and (f) DMN + GA (100 mg/kg). Hyperplastic wire mesh-like collagen
fibers around the liver cells (black circle), inflammatory cell infiltration (white arrow), and congestion in ECM (black arrow) were found in
the DMN group.

(a) (b)

(d) (e) ®

FIGURE 5: Effects of GA on the liver histological structure of rats with DMN-induced liver fibrosis (Masson staining, 100x), n = 8
animals/group, scale bar: 100 ym. The treatments were as follows: (a) control group, (b) DMN (3 mg/kg; 7 mg/kg), (c) DMN + silymarin
(100 mg/kg), (d) DMN + GA (25 mg/kg), (e) DMN + GA (50 mg/kg), and (f) DMN + GA (100 mg/kg). Bridging fibrosis, which formed a
broad interval (black arrow) separating the liver parenchyma, was found in the DMN group.
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p < 0.01, respectively) compared to the model group. The
highest dose of GA enabled the level of TGF-f1 to nearly
revert to the control group level. Compared with the control
group, the DMN treatment significantly (p < 0.001) increased
the content of GA (Figure 6(b)). After treatment with the
three doses of GA (25, 50, and 100 mg/kg) or silymarin,
the content of GA decreased significantly (p < 0.01, p <
0.001, p < 0.001, and p < 0.001, respectively) compared
with the model group. The medium- and high-dose GA and
silymarin treatment could significantly (p < 0.001) reverse
the level of GA elevated by DMN to the control group level.
Compared to the control group, the hydroxyproline content
was significantly (p < 0.01) increased by the DMN modeling
(Figure 6(c)), which was increased by nearly fourfold. The
hydroxyproline content was decreased significantly (p < 0.05
and p < 0.01) after being treated with a medium or high dose
of GA (50 and 100 mg/kg) compared to the DMN group. The
high dose of GA has the best effect on reversing the abnormal
increase of hydroxyproline content induced by DMN. The
silymarin and low-dose GA treatment groups did not show

a good inhibitory effect on hydroxyproline synthesis, which
is consistent with the results shown in Figures 5(c) and
5(d). Hydroxyproline is the substrate of collagen synthesis,
and fibrous septa contain large amounts of collagen; thus,
hydroxyproline content is closely related to the fibrous septa
formation.

3.6. Effects of GA on a-SMA, PDGFR, TIMP-1, and TIMP-2
Gene Expression. Compared to the control group, the DMN
modeling significantly (p < 0.05) upregulated the mRNA
expression of a-SMA by 1.4-fold (Figure 7(a)), and the mRNA
expressions of a-SMA were downregulated by treating with
various concentrations of GA. However, only the mRNA
expression of a-SMA from the high-dose GA group showed
a significant difference with the value obtained from the
DMN model group (p < 0.05). Evidently, silymarin did not
significantly downregulate the expression of the a-SMA gene,
and its effect was comparable with the medium-dose GA. We
then analyzed the response of the liver to GA by measuring
mRNA expression of PDGFR (Figure 7(b)). A decrease in
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FiGURE 7: Effects of GA on the (a) a-SMA, (b) PDGFR, (c) TIMP-1, and (d) TIMP-2 gene expressions were measured in the DMN-treated
rat liver (n = 8). The results are presented as relative changes normalized to GAPDH. The statistically significant differences are indicated by

symbols (“p < 0.05, ”p < 0.01, and **p < 0.001 compared with the control group; *p < 0.05, “*p < 0.01, and

DMN-induced group).

gene expression of PDGFR will reduce the response to PDGF
in liver cells, further reducing the signs of liver fibrosis.
The gene expression of PDGFR was significantly (p < 0.01)
elevated by DMN treatment, but the medium- and high-
dose GA or silymarin treatment played a role in reversing
the PDGFR gene expression significantly (p < 0.01, p < 0.01,
and p < 0.05, respectively). The mRNA levels of TIMP-1 and
TIMP-2 (Figures 7(c) and 7(d)) were significantly (p < 0.01
and p < 0.01) higher (1.9- and 1.7-fold, respectively) in the
DMN model group than those in the control group. The
mRNA expression level of TIMP-1 was downregulated by GA
treatment in a dose-dependent manner compared with the
DMN group, but only 50 or 100 mg/kg GA treatment has a
significant (p < 0.01and p < 0.001) reversal effect on inhibiting
the upregulation of TIMP-1 mRNA expression. Silymarin
treatment could also significantly (p < 0.01) downregulate
the expression of TIMP-1, but the effect was not as good
as the medium- and high-dose GA treatment (Figure 7(c)).
The mRNA expression levels of TIMP-2 were significantly
(p < 0.01 and p < 0.05) decreased by the high-dose GA and
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p < 0.001 compared with the

silymarin treatment. The medium-dose GA treatment has a
mild effect on reversing the elevation of the expression of
TIMP-2 caused by DMN, but the mRNA expression of TIMP-
2 was not nearly decreased by the low-dose GA treatment
compared to the DMN group (Figure 7(d)).

3.7. Western Blot Analysis. Oxidative stress could alter signal
transduction pathways and consequently activate key stress
receptors, such as Smad2 and Smad3. The Smad protein
family plays an important role in regulating cell proliferation
and death in response to oxidative stress. In the present
study, we analyzed the expression of Smads and p-Smads
after injured liver cells were treated with silymarin and the
three doses of GA (Figure 8(a)). These treatments to an
extent reduced the phosphorylation-dependent activation
of signaling components, such as p-Smad2 and p-Smad3
compared to that in the model group (p < 0.05).

The result of quantitative analysis showed that the expres-
sion of collagen I significantly (p < 0.05) increased in
DMN group when compared to control, and silymarin and
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FIGURE 8: Expressions of extracellular matrix key protein and TGF-f/Smad signaling pathway key protein in liver. Error bars indicate the
standard deviation of three independent repeats. (a) Protein expressions of collagen I, p-Smad2, Smad2, p-Smad3, and Smad3. -actin as
loading controls. The gray density scanning analysis of (b) Collagen I, (c) p-Smad2/Smad2, and (d) p-Smad3/Smad3 by Image] software.
DMN, dimethylnitrosamine; GA, gallic acid. *p < 0.05, compared with the model group. #p < 0.05, compared with the control group.

medium- and high-dose GA treatment groups significantly
(p < 0.001) reduced the expression of collagen I (Figure 8(b)).
Collagen I protein is a cell constitutive protein, continuously
expressed without the induction by DMN. However, the
DMN treatment induced hepatic stellate cells activation in
the liver, which is the principal cellular source of collagen
I protein that would be detected by Western blot [17]. Our
results verified that additional collagen I was synthesized after
DMN treatment (Figures 8(a) and 8(b)).

To better understand the molecular mechanism of the
inhibitory effects of GA in DMN-induced liver fibrosis, we
investigated the possible involvement of key TGF-[/Smad
pathway. The results demonstrated that DMN could signif-
icantly (p < 0.05) activate the TGF-f/Smad pathway by the
phosphorylation of Smad2 and Smad3 proteins. There was
no significant change between the groups in terms of Smad2
or Smad3 expression, but the level of phosphorylated Smad2
or Smad3 was markedly decreased (p < 0.05) after treatment
with silymarin and medium- and high-dose GA compared
to the model group. Among the three treatments, the effect

of the high-dose GA treatment group was the best, which
reversed the phosphorylation level of Smad2 or Smad3 to
almost normal levels (Figures 8(c) and 8(d)).

4. Discussion

In recent years, antifibrosis studies of plant extracts or
plant-derived compounds have received increasing attention.
Puerarin, naringenin, chlorogenic acid, and a variety of other
compounds derived from plants have been proven to have
antiliver fibrosis effect on in vivo and in vitro experiments
[18-20]. GA is widely found in food and fruit, and its antifi-
brosis effect was investigated in the present study. The DMN-
induced body weight losses of rats were clearly observed
in Table 1. The body weight had a decreasing trend with
treatment of increasing GA doses; thus we hypothesized that
GA has a weight loss effect. This hypothesized GA function
is consistent with a previous report that investigated GA as
an effective and safe treatment for weight loss in an animal
trial [21]. Liver and kidney weights have the corresponding
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change with body weight after DMN, silymarin, or GA
treatments. Hence, the ratio of organ and body weight is
nearly unchanged among the six groups. GA has no effect on
the physiological index of the organ.

Ablood test for AST is used to detect liver damage. AST is
often ordered with ALT, another liver enzyme, or as part of a
liver comprehensive metabolic panel to screen for and/or help
diagnose liver disorders [22]. Detecting increasing enzymes
levels of AST, ALT, and ALP in the serum indicates liver
cell damage because large quantities of these enzymes are
leaked in to the serum after liver damage. This process is
usually associated with alterations in the levels of many other
serum parameters, such as bilirubin, albumin, glucose, and
cholesterol. The bilirubin level is an independent predictor
that indicates the lack of antioxidant protection and is a
possible molecular determinant for the progression of liver
injury.

The primary protective mechanisms of some antifibrotic
agents result from their antioxidative capabilities [23]. In
this study, a series of parameters was used to measure the
oxidative stress in rats. SOD is the primary enzymatic defense
in the liver against the damaging effects of O™,. by converting
O™ ,. into H,0,, which is a substrate for CAT and glutathione
peroxidase (GPx) [24]. If SOD activity is low, then O™ ,. can
interact with -NO to form peroxynitrite (ONOO™ ), which can
react to form the potent -OH and nitrogen dioxide (NO,:)
radicals. These radicals are highly damaging to cell proteins,
lipids, and DNA [25]. We observed decreases in the activities
of SOD and CAT in the DMN groups, in contrast to the
control group. However, these effects were reversed by the GA
treatment in a dose-dependent manner. GSH is catalyzed by
GPx to reduce hydroperoxides and can effectively remove free
radicals in the body to protect cells from oxidative damage.
Consequently, GA enhanced the activities of antioxidant
enzymes, which can lead to the increase in antioxidant
capacity. The data obtained in the oxidative stress state of the
liver of DMN-exposed rats show that DMN treatment leads
to the accumulation of MDA as high as 2-fold of controls.
Cell membranes can be modified by lipid peroxidation prod-
ucts, such as trans-4-hydroxy-2-nonenal, 4-hydroperoxy-2-
nonenal, and MDA [26]. Lipid peroxidation products can
also modulate signaling molecules and alter functions of
enzymes and proteins involved in inflammation [27], which
was confirmed by hematoxylin—-eosin staining. We observed
a large number of inflammatory cell infiltration in the DMN
group. GA can help relieve the elevating trend of the level
of lipid peroxidation caused by DMN. Rats treated with the
higher concentration of GA had lower concentration of MDA
in the liver cells.

In the kidney, we observed alarmingly low levels of
SOD and CAT with DMN treatment, which can show the
sensitivity of the kidney to these toxins and its inefficacy to
clear reactive oxygen species (ROS). Figure 2 shows a trend
that GA at increasing doses can restore the SOD activity, but
this increase was insignificant. The mechanism of GA for
improving the SOD activity is unknown, but we hypothesize
that GA initiates the expressions of some genes to enhance the
SOD activity. The CAT activities increased significantly after
being treated with various concentrations of GA compared
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to the DMN-treated group, which shows that GA is a
good assistance for the CAT activity, possibly by enhancing
the expression of the CAT gene. DMN treatment cannot
significantly affect GSH levels compared to the control group.
GSH is mainly synthesized in the liver and is transported to
the kidney through the intestinal liver cycle. After glomerular
filtration, GSH can be hydrolyzed into amino acids by the
degrading enzymes located in the brush-like edge of the renal
tubular cell. This process provides a reasonable explanation
for the stable GSH levels we observed in the GSH content
assay. In our study, various doses of GA can significantly
reduce the MDA content in the kidney after DMN induction.
Hence, GA is a strong reducing agent, which could reduce
oxygen free radicals that can further reduce MDA formation.

The implications of this damage to an organ like the liver
is extreme because this damage can hinder the capacity of
the tissue to detoxify the body, leading to further exacerbated
damage by the DMN toxins and leading to metabolic diseases,
such as hepatic fibrosis. The increase in the number of
fibrous septa by DMN treatment was confirmed by Masson
trichrome staining. Collectively, these fibrous septa indicate
a massive state of fibrosis occurring in response to the DMN
exposure. However, this phenomenon requires at least a
medium-dose GA treatment, because low-dose GA treatment
did not show significant differences compared to the DMN-
treated group.

The EGF family and its receptors play an important role
in cell proliferation, tissue repair, and stability of normal
cells. One of the main pathological features of liver fibrosis is
the proliferation of fibroblasts stimulated by various growth
factors. TGF-P1 and its receptor can stimulate fibroblast
proliferation and play an important role in the pathogenesis
of liver fibrosis [28]. Samarakoon et al. [29] have shown that
induction of renal fibrotic genes by TGF-p1 requires EGF
receptor (EGFR) activation, which is essential for the expres-
sion of TGF-fl-induced fibrotic target genes. Fuchs et al.
[30] have reported that the small-molecule EGFR inhibitor,
erlotinib, inhibits the activation of myofibroblastic HSCs,
prevents the progression of cirrhosis, and regresses fibrosis in
some animals. GA could reduce the level of EGF significantly
after the animal was induced with liver fibrosis; however,
whether GA is an EGFR inhibitor has yet to be determined.
Hydroxyproline is an important amino acid for collagen
synthesis and currently used to characterize collagens. From
our study, we found that GA could significantly reduce the
accumulation of hydroxyproline content in the fibrotic liver.
To confirm the effects on collagen, we next measured collagen
I because originally the collagen content was estimated from
the hydroxyproline content of acid hydrolysates of tissue, not
collagen directly [31]. Collagen I is the most abundant and
ubiquitous connective tissue protein and through Western
blot showed that GA could effectively reduce the deposition
of collagen I in liver tissue.

The mRNA level of a-SMA was also markedly suppressed
by the medium- and high-dose GA treatments. Hinz et al.
[32] reported that accumulation of biologically active TGF-
Pl is one of the three local events are needed to generate
a-SMA-positive differentiated myofibroblasts. Similarly, GA
significantly suppressed the mRNA level of PDGFR. Liver
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through blocking Smad phosphorylation in liver cell.

fibrosis is a complex dynamic process mediated by the
death of hepatocytes and activation of HSCs. The generation
of ROS, tumor necrosis factor-a, TGF-f, and PDGF can
be implicated as a cause of hepatic fibrosis [33, 34]. The
matrix metalloproteinases (MMPs) family is a major group of
enzymes responsible for extracellular matrix (ECM) degra-
dation and their activity is regulated by protein inhibitors
called TIMPs [35]. Liver fibrosis, a chronic hepatic injury,
is characterized by an excessive production of ECM. The
balance between the activity of MMPs and the inhibitory
role of TIMPs plays a key role in degrading ECM in fibrosis.
After GA treatment, TIMPs had significantly altered mRNA
expression compared to the DMN-treated group, suggesting
that GA may be involved in the transcription of TIMP-1
and TIMP-2. The reduction in expression could lead to a
reduction of their protein levels, attenuating their inhibitory
effects on MMPs. Eventually, ECM degradation by MMPs was
resumed to the normal activity under GA treatment.

The Smad proteins 2, 3, 4, and 7 and their roles
in fibrosis have been described in some in vivo and in
vitro experiments [36-38]. Angiotensin-converting enzyme
(ACE) inhibitor therapy has also been shown to have an
antifibrosis effect, partly because of their capability to prevent
type II angiotensin-induced Smad2 nuclear translocation
and inhibit transcriptional activity. Angiotensin receptor
antagonists can block this important pathway and have a
similar effect [39]. In response to TGF- 3, the TGF-f3 receptor
phosphorylates serine residues on the C-terminus of Smad2
and Smad3. Han et al. reported that hepcidin suppresses
liver fibrosis by impeding TGF-p1-induced Smad3 phospho-
rylation in HSCs, which depends on AKT activated by a
deficiency of ferroportin [40]. TGE-3 is considered to be the
major factor regulating liver carcinogenesis and accelerating
liver fibrosis. Smad2 and Smad3 act as the intracellular
mediators of TGF-p signal transduction pathway (Figure 9).

Ma et al. (2014) have reported that GA is able to attenuate
DMN-induced acute liver injury in mice, suggesting the
potential mechanism is that increasing the expression level
of hemeoxygenase-1 (HO-1) and glutathione-s-transferase
alpha 3 (GSTA3) can enhance the detoxification ability of
liver tissue [41]. However, in our paper, we established a
subchronic toxicity model by DMN for studying liver fibrosis
rather than acute liver injury and shed light on another
possible mechanism of GA reversing the detrimental effect
caused by DMN, involvement of key TGF-3/Smad pathway.
In summary, our study focused on alteration of Smad phos-
phoisoform signaling suggesting that the Smad protein could
be a potential therapeutic target for liver fibrosis.

5. Conclusion

The present study provides the first evidence that GA can
reduce the DMN-induced liver fibrosis in rats relying on its
superior antioxidant capacity and take part in the regulation
of cytokines expression. Moreover, this study provides an
attractive alternative strategy against liver fibrosis, because
GA widely exists in plants and food.
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Parkinson’s disease (PD) is the second most common neurodegenerative disorder with an unknown aetiology. The pathogenic
mechanisms include oxidative stress, mitochondrial dysfunction, protein dysfunction, inflammation, autophagy, apoptosis, and
abnormal deposition of -synuclein. Currently, the existing pharmacological treatments for PD cannot improve fundamentally the
degenerative process of dopaminergic neurons and have numerous side effects. On the other hand, attention-deficit/hyperactivity
disorder (ADHD) is the most common neurodevelopmental disorder of childhood and is characterised by hyperactivity, impulsiv-
ity, and inattention. The aetiology of ADHD remains unknown, although it has been suggested that its pathophysiology involves
abnormalities in several brain regions, disturbances of the catecholaminergic pathway, and oxidative stress. Psychostimulants and
nonpsychostimulants are the drugs prescribed for the treatment of ADHD; however, they have been associated with increased risk
of substance use and have several side effects. Today, there are very few tools available to prevent or to counteract the progression
of such neurological disorders. Thus, therapeutic approaches with high efficiency and fewer side effects are needed. This review
presents a brief overview of the two neurological disorders and their current treatments, followed by a discussion of the natural
compounds which have been studied as therapeutic agents and the mechanisms underlying the beneficial effects, in particular, the

decrease in oxidative stress.

1. Introduction

For many years, natural compounds have provided an effi-
cient resource for the discovery of potential therapeutic
agents. Among them, many natural products possess antiox-
idative, antiapoptotic and anti-inflammatory activities. In this
review, we summarize the role of natural compounds and
their therapeutic use for the management of dopamine-
related diseases, divided into part 1 for Parkinson’s disease and
part 2 for attention-deficit/hyperactivity disorder. In addi-
tion, the current knowledge of the mechanisms underlying
the potential beneficial effects of diverse natural compounds
capable of counteracting the progression of this type of dis-
eases is reviewed, as demonstrated by their antioxidative
effects.

2. Parkinson’s Disease

Parkinson’s disease (PD) is the second most common
progressive and chronic neurodegenerative disorder,

characterised by the progressive loss of dopaminergic
neurons in the substantia nigra (SN) and their projections to
the striatum. Thus, the function of the nigrostriatal pathway
becomes reduced and causes the development of movement
disorder [1]. The basic characteristics of PD include tremor,
rigidity, bradykinesia, and impaired balance; depression is
also present in patients, affecting the quality of life. One
of the pathological features of PD is the presence of Lewy
bodies, which are intraneuronal proteinaceous cytoplasmic
inclusions and include a-synuclein, ubiquitin, and neuro-
filaments found in all affected brain regions [2]. The
pathogenic mechanisms of PD include oxidative stress,
mitochondrial dysfunction, protein dysfunction, inflam-
mation, autophagy, and apoptosis [3]. PD occurs 95 % as
a sporadic form, while familial forms involve mutations in
proteins that include PINKI, DJ-1, PARKIN, FBXO7, and
LRRK?2 [4], even though pesticides, chemicals, and metals
may increase the risk of developing PD. Currently, the
treatment of PD includes drugs such as L-DOPA, which is
catalysed primarily by dopa decarboxylase in the brain and is
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converted into dopamine, producing its therapeutic effects.
Another treatment includes anticholinergic drugs that can
block striatal cholinergic receptors inhibiting the excitability
of cholinergic nerves; it has also been demonstrated that
they can inhibit dopamine reuptake to enhance the function
of dopaminergic neurons [5]. At present, there are also
other drugs in Phase III clinical trials. Nevertheless, the
current drugs used for the PD treatment have some side
effects, limiting their clinical applications [6]. Drugs used
for the PD treatment and their side effects are shown in
Table 1. Thus, the growing interest in alternative therapies
for neurodegenerative disorders, including PD, has focused
on the neuroprotective and antioxidant effects of natural
products that may provide alternatives, since they can have
high efficiency and fewer side effects. Natural compounds
used as alternative therapies for the management of PD are
shown in Table 2.

2.1. Ginkgo biloba. Ginkgo biloba is an ancient tree native to
China and has been extensively used in traditional Chinese
medicine to manage symptoms associated with dysfunctions
of the heart and lungs. G. biloba usually contains three ingre-
dients, which include flavonoids, terpenoids, and ginkgolic
acid [81]. Ginkgolides well-known plant extracts obtained
from leaves from G. biloba, especially in the preparation
EGb761, which contains ginkgolide B and bilobalide, have
emerged as natural therapeutic compounds, in part due to
their antioxidant activity. These effects have been observed in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP-)
treated mouse model of PD, where chronic ingestion of
EGb761 prevented MPTP-induced reduction in the dopamin-
ergic nerve endings [9]. In addition, EGb761 administered
before or after MPTP treatment protected against MPTP-
induced dopaminergic neurotoxicity [10]. Moreover, EGb761
attenuated the neurotoxic effect of levodopa in the 6-
hydroxydopamine (6-OHDA) model of PD, indicated that
levodopa is neurotoxic and that EGb761 may decrease this
toxicity [11]. The neuroprotective effects of EGb761 were
demonstrated in the 6-OHDA rat model, as indicated by the
reduction in the behavioural deficit in the rat [12]. Paraquat is
a pesticide that has been linked to PD, and it has been demon-
strated that EGb761 protects against paraquat-induced apop-
tosis of PCI2 cells by increasing bcl-2 activation, maintaining
of mitochondrial membrane potential (A ¥,,) and decreasing
caspase-3 activation through the mitochondria-dependent
pathway [13]. The neuroprotective effect of EGb761 against
MPTP neurotoxicity is associated with the blockade of lipid
peroxidation, reduction of oxidative stress, and attenuation of
MPTP-induced neurodegeneration of the nigrostriatal path-
way [14]. Also, it was demonstrated in an extensive review that
EGb761 may exert therapeutic actions in an animal model
of PD via the antioxidant effects [82]. Ginkgetin, a natural
biflavonoid isolated from leaves of G. biloba, protected
against 1-methyl-4-phenylpyridinium ion- (MPP"-) induced
cell damage in vitro by decreasing the levels of intracellular
reactive oxygen species (ROS) and by maintaining A ¥
and also improved the sensorimotor coordination in a mouse
PD model induced by MPTP, suggesting that the neuro-
protective mechanism of ginkgetin occurs via regulating
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iron homeostasis [16]. In low-dose whole-body y-irradiation
in the reserpine model of PD, EGb761 was protective by
ameliorating the reserpine-induced state of oxidative stress,
mitochondrial dysfunction, and apoptosis in the brain [15].
The pretreatment with ginkgolide B or bilobalide protected
SH-SY5Y cells against a-synuclein-induced cell injury and
apoptosis [17]. Ultimately, the G. biloba extract treatment
improved locomotor activity, decreased oxidative damage,
maintained the dopamine homeostasis, and inhibited the
development of PD in A53T «-synuclein transgenic mice [18].

2.2. Ginseng. Ginseng is a traditional Chinese herb con-
taining more than 30 ginsenosides, the active ingredients
of ginseng. Ginsenosides Rbl and Rgl are regarded as the
main compounds responsible for the therapeutic actions
of ginseng. Previous studies have shown that, in SN-K-SH
cells, both ginsenosides Rbl and Rgl reversed MPTP-induced
cell death [19]. The protective effect of Rgl against MPTP-
induced apoptosis was attributed to enhancing Bcl-2 and
Bcl-xl expression, reducing Bax and iNOS expression, and
inhibiting activation of caspase-3 [20]. The ginseng extract
G115 significantly blocked tyrosine hydroxylase- (TH-)
positive cell loss in the SN and reduced the appearance of
locomotor dysfunction in two rodent models of PD [21].
Pretreatments of Rgl or N-acetylcysteine were found to
protect against MPTP-induced SN neuron loss by preventing
glutathione (GSH) reduction, attenuate the phosphorylations
of JNK and c-Jun, and activate superoxide dismutase (SOD)
[22]. MPP"-induced cytotoxicity in SH-SY5Y was inhibited
by water extract of ginseng, as demonstrated by the inhibitory
effect on cell death, overproduction of ROS, elevated Bax/Bcl-
2 ratio, release of cytochrome c, and activation of caspase-
3 expression [23]. It was demonstrated that ginsenosides
protect by reducing intracellular ROS levels, enhancing
antioxidant activity, preserving the activity of complex I, sta-
bilising the A ¥, , and increasing intracellular ATP levels. Rgl
treatment restored motor functions in MPTP-treated mice
and these behavioural ameliorations were accompanied by
restoration of dopaminergic neurons in the SN and striatum
[24]. Additionally, the ginsenoside Rbl exhibited a strong
ability to disaggregate fibrils and to inhibit the polymerisation
of a-synuclein [25]. Rgl treatment inhibited the activation of
microglia and reduced the infiltration of CD3+ and T cells
and also protected TH-positive cells in the SN and reduced
the serum concentrations of proinflammatory cytokines
TNF«, IFNy, IL-16, and IL-6 in MPTP mouse models [26].
Also, using in vivo and in vitro models of PD, it was demon-
strated that ginsenoside Rgl may exert therapeutic effects on
PD via the Wnt/f-catenin signalling pathway [27]. In the
MPTP-probenecid mouse model, the oral treatment with Rgl
significantly attenuated MPTP-induced mortality, behaviour
defects, and loss of dopaminergic neurons. The protective
effect of Rgl may be mediated by reducing aberrant «-
synuclein-mediated neuroinflammation [28]. The neurotoxin
rotenone is an inhibitor of complex I and has been widely
used in vivo and in vitro to model PD. Thus, cotreatment with
ginsenosides Rd and Re inhibited the increased intracellular
ROS production and lipid peroxidation accumulation caused
by rotenone. Besides, the major ginsenosides Rd and Re
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upregulate SOD and aconitase activities, and GSH also
attenuates the depolarisation of A ¥, and restores Ca**
levels and moreover prevents apoptosis by modulating Bax
and Bcl-2 and inhibiting cytochrome c release and caspase-
3 activation [29]. Additionally, ginsenoside Rd reversed the
loss of TH-positive cells in SN in vivo and in vitro PD models,
which may involve its antioxidant effects and mitochondrial
function preservation [30].

2.3. Flavonoids. Flavonoids are part of a large group of
natural polyphenol phytochemicals with a long history of
use as therapeutic agents. Baicalin, a flavonoid isolated from
Scutellaria baicalensis, is the main metabolite of baicalein. The
neuroprotective efficacy of baicalein has been shown in an in
vivo model of PD using the neurotoxin 6-OHDA, where the
protective effects on dopaminergic dysfunction and lipid per-
oxidation were seen [31]. Other reports showed that baicalein
prevented abnormal behaviour by increasing dopaminergic
neurons and dopamine and serotonin levels in the striatum
and also inhibited oxidative stress and astroglial response
[32]. Luteolin and apigenin are flavones with similar struc-
ture; luteolin is found in celery, broccoli, parsley, thyme, and
olive oil, and apigenin is present in vegetables, several fruits,
and herbs. Luteolin protects dopaminergic neurons against
inflammation-induced neurotoxicity by inhibiting microglial
activation [41]. Moreover, baicalein exerts protective effects in
vivo and in vitro against 6-OHDA [33]. In addition, baicalein
protects cells against the toxicity of a point mutation in «-
synuclein [34]. Baicalein also inhibited the formation of «-
synuclein oligomers and consequently prevents its oligomeri-
sation [35]. Quercetin is the aglycone form of a number
of other flavonoid glycosides, such as rutin and quercitrin,
and is found in citrus fruit, onions, and grains. In the 6-
OHDA rat model, treatment of quercetin increased levels of
antioxidant and striatal dopamine and reduced dopaminergic
neuronal loss [44]. Kaempferol is a natural flavonoid which
has been found in grapefruit, and other plant sources. It
improves motor coordination, raises striatal dopamine and
its metabolite levels, increases SOD and GSH activity, and
reduces the content of lipid peroxidation, also preventing the
loss of TH-positive neurons induced by MPTP [48]. There is
also evidence of neuroprotection by kaempferol by autophagy
in SH-SY5Y cells and primary neurons against rotenone
toxicity [49]. It has been demonstrated that rutin pro-
tects dopaminergic neurons against oxidative stress induced
by 6-OHDA [50]. Furthermore, it has been shown that
quercetin protects against oxidative stress and increases activ-
ities of glutathione peroxidase (GPx), SOD, ATPase, AchE,
and dopamine depletion in MPTP-treated mice [45]. The
bioflavonoid rutin inhibits 6-OHDA-induced neurotoxicity
in PCI2 cells by activation of SOD, catalase, GPx, and total
GSH and by inhibition of lipid peroxidation [51]. Moreover,
in a rotenone model, quercetin has been shown to upregulate
mitochondrial complex I activity and increase catalase and
SOD activity [46]. Mitochondrial dysfunction in SH-SY5Y
cells and upregulation of DJ-1 protein expression induced
by 6-OHDA is prevented by baicalein [36]. The flavonol
isoquercitrin protects PC12 cells against 6-OHDA-induced
oxidative stress [52]. Baicalein downregulates the activation

of NF-«B, ERK, and JNK and attenuates astrocyte activation
in MPTP mice [37]. Baicalein inhibits the upregulation
of proinflammatory cytokines in the SN and striatum in
PD mice models [38]. Luteolin also reduces cytotoxicity
induced by 6-OHDA and ROS production in neuronal PCI2
cells by modulating changes in the stress response pathway
[42]. In MPTP-treated mice, luteolin and apigenin protect
dopaminergic neurons by reducing oxidative damage, neu-
roinflammation, and microglial activation and also improve
muscular and locomotor activity [43]. The flavonoids and
their metabolites can interact with neuronal receptors and
modulate kinase signalling pathways, transcription factors,
and gene and/or protein expression, which control memory
and learning processes in the hippocampus [83]. Naringin
is a flavonoid glycoside that is contained abundantly in the
skin of grapefruit and orange and is the origin of their
bitterness. It protects dopaminergic neurons by induction of
the activation of mammalian target of rapamycin complex 1
(mTORCI) and inhibited microglial activation in the SN of
the mouse treated with 6-OHDA [84]. In a rotenone mouse
model, baicalein prevented the progression of «-synuclein
accumulation and protected dopaminergic neurons and also
inhibited the formation of a-synuclein oligomers [39]. It has
been shown that baicalein inhibits a-synuclein aggregates
and autophagy in rats treated with MPP™ [40]. Besides, in the
same model, apigenin ameliorated dopaminergic neuronal
loss and improved behavioural, biochemical, and mitochon-
drial enzyme activities; such effects were associated with
the suppression of oxidative stress and neuroinflammation
[53]. Recently, it was demonstrated that quercetin improved
mitochondrial biogenesis and induced the activation of
two major cell survival kinases, PKD1, and Akt and also
enhanced CREB and BDNF (a CREB target gene) in MN9D
cells against 6-OHDA-induced neurotoxicity, and in the
MitoPark transgenic mouse model of PD, quercetin improved
behavioural deficits and reduced TH cell loss [47]. Troxerutin
(also known as vitamin P4) is a natural derivative of the
bioflavonoid rutin that is present in coffee, cereal grains, tea,
and vegetables. The neuroprotective effects of troxerutin were
reported in a 6-OHDA rat model to reduce striatal lipid per-
oxidation, ROS, GFAP, and DNA fragmentation. Meanwhile,
troxerutin was capable of preventing loss of TH-positive
neurons in the SN [54]. The bioflavonoid hesperidin is a
specific flavonoid glycoside frequently found in oranges and
lemons. Hesperidin protects against iron-induced oxidative
damage and dopamine depletion in Drosophila melanogaster
model of PD [55]. In addition, in 6-OHDA-treated mice,
hesperidin protects by reducing oxidative damage, increasing
the dopamine levels and also improving the behavioural
parameters [56].

2.4. Valeriana officinalis. Valeriana officinalis (Valerian) is
a plant with sedative and antispasmodic effect, traditionally
used in the treatment of insomnia, anxiety, and restlessness.
The effects of valerian on rotenone-induced cell death in SH-
SY5Y cells have been demonstrated [85]. Moreover, extract
of valerian was effective in reducing the toxicity induced by
rotenone in Drosophila melanogaster, as confirmed by the
normalisation in the expression of SOD and catalase mRNAs,



suggesting that the effects of valerian are, at least in part,
associated with the antioxidant properties of the plant due
to its phenolic and flavonoid constituents [57]. Valeriana
wallichii, also known as Indian valerian or Tagar-Ganthoda,
belongs to the family Valerianaceae and is considered as an
important Asian counterpart of the European valerian. Thus,
valeriana wallichii treatment significantly recuperated the
altered behaviour, striatal dopamine levels, increased GFAP
expression, and the histopathological changes observed
in mice treated with MPTP. Likewise, it ameliorated the
increased levels of ROS, inflammatory cytokines and lipid
peroxidation and also ameliorated the diminished levels of
antioxidants [58].

2.5. Passion Flower. Passion flower, commonly known as
Passiflora incarnata (Passifloraceae), contains flavonoids, gly-
cosides, alkaloids, and phenolic compounds. Also, it has
been used for the treatment of anxiety, insomnia, epilepsy,
muscular spasms, and other diseases [86]. Therefore, the
biological effects of passion flower have been investigated in
PD. The extract of passion flower reduced the number of jaw
movements induced by tacrine, which is a widely used animal
model of PD tremors. In addition, the model showed cog-
nitive improvement, with significantly reduced duration of
haloperidol-induced catalepsy. The passion flower possesses
antioxidant activity, as shown by its significant scavenging
ability [59]. Passiflora cincinnata is a Brazilian native species
of passion flower and its possible biological effects have been
investigated. Thus, in a model of PD induced by reserpine,
Passiflora cincinnata extract prevented the decrease in TH
in the SN induced by reserpine, delayed the onset of motor
impairments, and prevented the occurrence of increased
catalepsy behaviour. However, the extract did not modify
reserpine-induced cognitive impairments [60].

2.6. St. Johns Wort. The use of St. John’s wort, known as
Hypericum perforatum, dates back to the time of the ancient
Greeks. Active compounds of St. John’s wort have been
identified and include naphthodianthrones, phloroglucinols,
and flavonoids (such as phenylpropanes, flavonol glycosides,
and biflavones), as well as essential oils. Therefore, the
active compounds provide antioxidant and neuroprotective
effects [87]. Two standardised extracts of St. John’s wort have
been tested on the neurodegeneration induced by chronic
administration of rotenone in rats. Accordingly, St. John’s
wort reduced neuronal damage and inhibited the apoptotic
cascade by decreasing Bax levels [61]. Besides, intrastriatal
6-OHDA-lesioned rats were treated with an the extract of
St. John’s wort and showed lowered striatal level of malondi-
aldehyde, enhanced catalase activity, reduced GSH content,
normalised expression of GFAP and TNFa, lowered DNA
fragmentation and prevention of damage to dopaminergic
neurons [62].

3. Attention-Deficit/Hyperactivity Disorder

Attention-deficit/hyperactivity disorder (ADHD) is the most
common neurodevelopmental disorder in childhood and
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is characterised by inattention, impulsivity, and hyperactiv-
ity. The worldwide prevalence of ADHD in children and
adolescents is 5.3% [88]; across cultures the prevalence is
estimated to range from 5% to 7% [88, 89]. ADHD has
high impact on school performance and causes impairments
in personal, social, or occupational function, leading to
isolation, poorer grades, and in adolescence there is increased
risk of depression, delinquent and antisocial behaviour,
incurring comorbid conditions, and later substance abuse
[90]. ADHD has been associated with deregulation of the
catecholaminergic pathway in the brain [91], although exten-
sive data point to oxidative stress as potential contributor
to the pathophysiology in ADHD [92]. Currently, ADHD
treatment is pharmacologic and improves the attention,
reducing distractibility and impulsive behaviour. Pharma-
cologic agents used for the treatment of ADHD increase
levels of catecholamines in the brain, alleviating ADHD
symptoms, and can be divided into two: psychostimulants
and nonpsychostimulants [93]. Methylphenidate (MPH) is a
psychostimulant that increases extracellular dopamine and
norepinephrine levels, thereby correcting the underlying
abnormalities in catecholaminergic functions and restoring
neurotransmitter imbalance [94]. Atomoxetine (ATX) is
a nonpsychostimulant, a norepinephrine specific reuptake
inhibitor that increases catecholamine levels in the brain
resulting in behavioural improvement [94, 95]. ADHD is a
heterogeneous disorder and is categorized into three sub-
types: hyperactive/impulsive, inattentive, and the combined
subtype [89, 90]. There may be also differences in terms of
treatment responses, for example, the hyperactive/impulsive
subtype responds well to MPH, the inattentive subtype
responds better to ATX, and the combined type responds
well to ATX and MPH, although controversy still persists
about which is the best treatment for each subtype. However,
it has been demonstrated that the pharmacological treat-
ments to improve ADHD symptoms have some side effects,
which include nausea, headache, insomnia, abdominal pain,
decreased appetite, and motor tics [96]. Drugs used for the
ADHD treatment and their side effects are shown in Table 1.
Moreover, the use of psychostimulant medications in ADHD
has been also associated with increased risk of substance
use disorder [97]. Thus, there has been growing interest in
alternative treatments for ADHD, including natural com-
pounds because of their antioxidant properties [98]. Natural
compounds used as alternative therapies for the management
of ADHD are shown in Table 3.

3.1 Ginkgo biloba. The extract from G. biloba leaves has been
used as a herbal medicine for dementia [81, 99]. Therefore,
several reports indicate that G. biloba may have therapeutic
benefits in ADHD, given that the cotreatment with G. biloba
and ginseng were found to alleviate ADHD symptoms in
children, with minor side effects observed [63]. Moreover,
in a double-blind, randomised trial the administration of G.
biloba was less effective than MPH in the treatment of ADHD
[64]. G. biloba extract treatment at a maximal dosage of 240
mg improved the behavioural ratings of ADHD symptoms
and the electrical brain activity in children, suggesting that
G. biloba extract seems to be well tolerated in the short term
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and may be a useful treatment [65]. Lately, in a randomised,
placebo-controlled trial the response rate was higher with G.
biloba treatment compared to placebo. Thus, G. biloba could
be an effective complementary treatment for ADHD [66].

3.2. Ginseng. Ginseng contains a class of phytochemicals
called ginsenosides, which are known as potent antioxidants
and for their neuroprotective properties. Ginseng has been
shown to alleviate effectively symptoms of ADHD. In an
open trial, ginseng medication improved the inattention and
hyperactive/impulsive score in children with ADHD [67].
Indeed, an observational clinical study showed that ginseng,
given at 1000 mg for 8 weeks, improved inattentiveness
in children with ADHD [68]. A double-blind randomised,
placebo-controlled trial reported that ginseng decreased
inattention and hyperactivity scores in children with ADHD
[69]. Hence, ginseng has the potential to be used as an
alternative therapy for ADHD. On the ADHD-like condition
induced by Aroclorl1254, YY162, which consists of terpenoid-
strengthened G. biloba and ginsenoside Rg3, attenuated
the increase in ROS and decrease in BDNF levels in SH-
SY5Y cells. Moreover, YY162 attenuated reductions in p-
TrkB, BDNEF, dopamine transporter, and norepinephrine
transporter expression [70].

3.3. Flavonoids. Pycnogenol is a herbal dietary supplement
extracted from French maritime pine bark whose main
ingredient is procyanidin. Procyanidins are members of the
proanthocyanidin a class of flavonoids and are powerful
antioxidants also found in food such as grapes, berries,
pomegranates, red wine, and nuts. The treatment of 1-month
pycnogenol administration resulted in a significant reduc-
tion in hyperactivity, improved attention, and visual-motor
coordination and concentration in children with ADHD [71].
Moreover, pycnogenol reduced oxidative damage to DNA,
normalised total antioxidant status, and improved attention,
as demonstrated in a randomised, double-blind, placebo-
controlled study [72]. Also, the administration of pycnogenol
in children with ADHD, normalised catecholamine concen-
trations, leading to less hyperactivity, and reduced oxidative
stress, in a randomised, double-blind, controlled design [73].
St. John’s wort and pycnogenol have been tested as therapeutic
alternatives to treat ADHD. A significant increase of SH-
SY5Y cell survival was induced by pycnogenol, which did
not cause any cytotoxic effect when used in therapeutically
relevant concentrations; also, treatment with St. John’s wort
significantly increased ATP levels [100]. Oroxylin A is a
flavonoid isolated from the root of Scutellaria baicalensis
Georgi, a herb found in East Asia. It has been observed
that oroxylin A is an antagonist of the GABA-A receptor
and its neuroprotective actions include antioxidant, anti-
inflammatory, and memory-enhancing effects. On the other
hand, spontaneously hypertensive rats (SHRs) display some
symptoms of ADHD, which makes them a model of the
disorder. It was demonstrated that oroxylin A improved
ADHD-like behaviours via enhancement of dopaminergic
neurotransmission and not the modulation of the GABA
pathway in the SHR [74]. Furthermore, an oroxylin A
analogue reduced hyperactivity, sustained inattention, and
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impulsivity in the SHR [75]. Baicalin regulated the motor
ability and learning and memory abilities in the SHR and thus
controlled the core symptoms of ADHD [76]. Also, baicalin
improved synaptosomal ATPase and LDH activities in the
SHR, suggesting that baicalin exerts its therapeutic effect by
upregulating the AC/cAMP/PKA signalling pathway [101]. A
randomised, double-blind trial to investigate the therapeutic
benefit of pycnogenol in ADHD patients is in progress [102].

3.4. Valeriana officinalis. The efficacy of valerian has been
evaluated in a double-blind, placebo-controlled pilot study,
where valerian showed improvement in ADHD symptoms,
in particular, sustained inattention, anxiety and impulsivity,
and/or hyperactivity [77]. The GABA- A receptors are the
substrate for the anxiolytic action of valerenic acid, a major
constituent of valerian root extracts [103]. GABA is the main
inhibitory neurotransmitter in the CNS, and its deficiency
causes anxiety, restlessness, and obsessive behaviour, symp-
toms often seen in ADHD. The European Medicine Agency
deemed that root extracts of valerian could be used for the
relief of mild nervous tension and sleep disorders. However,
more research is required to support the efficacy of valerian
in the treatment ADHD.

3.5. Passion Flower. The effect of passion flower in alleviating
ADHD symptoms was tested in a randomised study. In
addition, a tolerable side effect profile may be considered
as one of the advantages of passion flower as compared
with MPH [78]. It seems that the mechanism of action of
passion flower is mediated via modulation of the GABA-A
and GABA-B receptors and its effects on GABA uptake [104].
Although the passion flower has shown pharmacological
activity in preclinical experiments, including sedative, anxi-
olytic, antitussive, antiasthmatic, and antidiabetic activities,
its supposed efficacy does not appear to be adequately cor-
roborated in the literature, since clinical studies often present
methodologies and procedures with weaknesses [105].

3.6. St. John's Wort. St. John's wort produces its therapeutic
effects by involving inhibition of the reuptake of dopamine,
serotonin, and norepinephrine [106]. In a randomised con-
trolled trial, the use of St. Johns wort for the treatment
of ADHD over the course of eight weeks did not improve
symptoms [79]. However, a preliminary study reported that
treatment with St. John’s wort improved some symptoms in
ADHD patients [80]. Because of findings that St. John’s wort
has no adverse effects, more studies are required to determine
efficacy in the treatment of ADHD.

4. Conclusions

The natural compounds discussed in this review appear to
be promising for the treatment of PD and ADHD. There-
fore, these compounds can lay the foundation for a new
therapeutic approach for the treatment of these disorders.
Natural compounds are more easily accepted by patients,
since they are considered healthier than synthetic drugs.
Although the use of natural compounds for the neurological
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disorders has been considered as a safe approach, they are
still far from being standard treatments, due to the lack
of controlled clinical studies that could corroborate both
their high efficacy and safety. Hence, better designed and
more rigorous clinical trials are required before they can
be established as therapeutic compounds. Neither PD nor
ADHD, until today, have a therapeutic option capable of
counteracting the progression of the disease, and natural
compounds are often able to modulate the progression of
this type of disorder, as demonstrated by their decreasing of
oxidative stress.
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Background. Plumbagin, a medicinal plant-derived 5-hydroxy-2-methyl-1,4-naphthoquinone, is an emerging drug with a variety
of pharmacological effects, including potent anticancer activity. We have previously shown that plumbagin improves the efficacy
of androgen deprivation therapy (ADT) in prostate cancer and it is now being evaluated in phase I clinical trial. However,
the development of formulation of plumbagin as a compound with sparing solubility in water is challenging. Methods. We
have formulated plumbagin-loaded nanoemulsion using pneumatically controlled high pressure homogenization of oleic acid
dispersions with polyoxyethylene (20) sorbitan monooleate as surfactant. Nanoemulsion formulations were characterized for
particle size distribution by dynamic light scattering (DLS). The kinetics of in vitro drug release was determined by equilibrium
dialysis. Anticancer activity toward prostate cancer cells PTEN-P2 was assessed by MTS (Owen’s reagent) assay. Results. Particle size
distribution of nanoemulsions is tunable and depends on the surfactant concentration. Nanoemulsion formulations of plumbagin
with 1-3.5% (w/w) of surfactant showed robust stability of size distribution over time. Plumbagin-loaded nanoemulsion with average
hydrodynamic diameter of 135 nm showed exponential release of plumbagin with a half-life of 6.1 h in simulated gastric fluid, 7.0 h
in simulated intestinal fluid, and displayed enhanced antiproliferative effect toward prostate cancer cells PTEN-P2 compared to free
plumbagin. Conclusion. High drug-loading capacity, retention of nanoparticle size, kinetics of release under simulated physiological
conditions, and increased antiproliferative activity indicate that oleic-acid based nanoemulsion formulation is a suitable delivery
system of plumbagin.

1. Introduction

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone, Fig-
ure 1) is a plant-derived secondary metabolite found in plant
families such as Plumbaginaceae, Ebenaceae, Dioncophyl-
laceae, Ancestrocladaceae, and Droseraceae [1]. Plumbagin
possesses multiple pharmacological activities, such as anti-
cancer, antiatherosclerotic, antidiabetic, anti-inflammatory,
antimicrobial, hypolipidemic, and neuroprotective activities
[2, 3]. Recently, significant research effort was developed
to evaluate antitumor effects of plumbagin. Plumbagin
showed potent anti-tumor activity in various tumor mod-
els, including breast cancer [4], Ehrlich ascites carcinoma
[5], esophageal cancer [6], lung cancer [7], melanoma [8],

ovarian cancer [9], promyelocytic leukemia [10], and prostate
cancer [11-13]. Plumbagin exhibits these anticancer effects
via interaction with multiple targets and modulation of
various molecular signaling pathways, including AMPK,
CDK1/CDC2, cyclin Bl, cyclin D1, NF-kappaB, p53, p21
Wafl/Cipl, p27 Kipl, Nrf2/ARE, PI3K/AKT/mTOR, Ras,
STAT3/PLKI/AKT, and Wnt [3], resulting in induction of
apoptosis and autophagy, cell cycle arrest, inhibition of
invasion, and metastasis, as well as antiangiogenic activities
[2].

Great progress has recently been made regarding its use in
prostate cancer. For example, experiments from Dr. Verma’s
laboratory demonstrated that plumbagin administered by
intraperitoneal injection strongly inhibited tumor growth


http://orcid.org/0000-0002-4097-9773
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/9035452

OH (0]

(@]

FIGURE 1: Chemical structure of plumbagin (5-hydroxy-2-methyl-
1,4-naphthoquinone or 5-hydroxy-2-methyl-1,4-naphthalenedione,
C,,Hg05).

or delayed disease progression in several models of prostate
cancer including subcutaneous xenografts, hormone-
independent orthotopic tumors, transgenic TRAMP/FVB,
and knock-out PTEN”" mouse models [14-16]. It also
decreased the occurrence of metastases and therefore may be
effective for the treatment of metastatic castration-resistant
prostate cancer [15]. In addition, plumbagin considerably
improved the efficacy of castration and chemical ADT in
hormone-sensitive models of prostate cancer, causing tumor
regression and increasing mouse survival when used in
combination [11, 12]. IND-enabling preclinical studies were
completed, leading to the first-in-human clinical trial for
the combination of plumbagin and ADT in prostate cancer
patients (NCT03137758).

Translation of plumbagin into clinical application unfor-
tunately is made difficult by its poor water solubility. Drug
solubility fundamentally influences its pharmacokinetics, its
rate and extent of absorption, and its bioavailability after per-
oral administration [17], and thus essentially its therapeutic
efficacy. As the drug advances into the clinic, it becomes
critical to develop a formulation that considerably increases
its solubility while potentially reducing systemic toxicity.
Indeed, a better formulation would improve the patient’s
quality of life and achieve optimal therapeutic potential.
Here, we describe the development and characterization of
a nanoemulsion formulation of plumbagin. Nanoemulsions
are kinetically stable, optically isotropic, biphasic disper-
sions of oil-in-water stabilized by an interfacial film of
amphiphilic surfactant [18]. These nanoparticle systems have
droplets within submicron size range, typically 5-200 nm.
Nanoemulsions have multiple potential advantages for oral
delivery of active pharmaceutical ingredients, including high
encapsulation capacity for poorly water soluble drugs, robust
stability to separation, flocculation and coalescence, and
potentially improved absorption and bioavailability of encap-
sulated drugs [19, 20]. We have formulated nanoemulsions
using biocompatible components, with oleic acid as an
oil phase and polyoxyethylene (20) sorbitan monooleate
(polysorbate 80) as an emulsifier. High plumbagin-loading
capacity, kinetics of release in simulated physiological envi-
ronments, and enhancement of antiproliferative activity
toward prostate cancer cells suggest that oleic-acid based
nanoemulsion formulation of plumbagin is a suitable delivery
system.

BioMed Research International

2. Materials and Methods

2.1. Materials. Plumbagin, polysorbate 80, oleic acid and all
other chemicals were supplied by Sigma (St. Louis, MO, USA)
unless otherwise stated.

2.2. Preparation of Plumbagin-Loaded Nanoemulsion. To find
the optimal composition for a formulation of plumbagin-
loaded nanoemulsions, series of samples with increasing
concentrations of surfactant were processed by high-pressure
homogenization. Briefly, coarse emulsions of oleic acid
(10% w/w) saturated with plumbagin, prepared in 0.25-4.0%
(w/w) polysorbate 80 in deionized water, were homogenized
using high speed homogenizer (Biospec Products, Inc.)
at 30,000 rpm for 5min. Emulsions were then processed
by high-pressure homogenization using pneumatically con-
trolled EmulsiFlex-C3 (Avestin) 10 cycles at 5000 psi.

2.3. Particle Size Analysis. Nanoemulsion formulations at the
time of production and at different time points afterwards
were analyzed for particle size distribution and polydispersity
by dynamic light scattering (DLS) method using noninvasive
back scatter (NIBS) detection at 173° angle and at 25°C on
Zetasizer Nano-ZS (Malvern Instruments) equipped with
4 mW He-Ne, 633 nm laser.

2.4. Physical Stability of Nanoemulsions. Plumbagin-loaded
nanoemulsions were evaluated for any particle size change
over time, or after incubation in 0.IM HCI or 0.01IM sodium
phosphate buffer pH 6.8 or pH 7.5, simulating physiolog-
ical conditions. Particle size distribution was analyzed at
designated time-points using Zetasizer Nano-ZS (Malvern
Instruments) as described above.

2.5. In Vitro Drug Release. In vitro plumbagin release from
nanoemulsion formulation was performed using membrane
dialysis (MW cutoff 8-10 kDa) against simulated gastric fluid
(0.1IM HCI, 0.05% (w/v) Tween 80) or simulated intestinal
fluid (0.0IM sodium phosphate buffer pH 7.5, 0.05% (w/v)
Tween 80) at 37°C. At designed time intervals, the concentra-
tion of plumbagin was determined by UV-VIS spectrometry
from four independent measurements (n=4) as described
below. To analyze kinetics of release, the data were fitted by
one phase exponential nonlinear regression using GraphPad
PRISM 6.

2.6. Determination of Plumbagin Concentration. Concentra-
tion of plumbagin in nanoemulsions was estimated by UV-
VIS spectrophotometry. Briefly, nanoemulsions were dis-
persed in methanol (200-3000 X dilution) vortexed for 10 sec
and then concentration of plumbagin was determined spec-
trophotometrically (DU-640, Beckman Coulter) at 410 nm
(g4, = 3,800 dm®.mol l.em™).

2.7 Cell Culture. PTEN-P2 murine prostate cancer cells
were kindly provided by the Wu laboratory and have been
previously described [21]. The cells were grown in RPMI-
1640 medium (Sigma) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 2mM L-glutamine, 100


https://clinicaltrials.gov/ct2/show/NCT03137758

BioMed Research International

U/ml penicillin, 100 yg/ml streptomycin, insulin-selenium-
transferrin (5 pg/ml insulin), and 10°M dihydrotestos-
terone. Cultures were passaged by dissociation using trypsin
(0.05%) and maintained at 37°C in a humidified atmosphere
with 5% CO,.

2.8. In Vitro Cytotoxicity Assay. The antiproliferative
properties of plumbagin nanoemulsion were examined by
MTS tetrazolium compound (Owen’s reagent) based assay.
Briefly, the PTEN-P2 cells were plated at density of 8 x
10° cells per well of 96-well plates in four replicates. 24 h
later, the medium was replaced with medium containing
increasing concentration of plumbagin or nanoemulsion
formulation of plumbagin corresponding to the range of 0-
10 uM plumbagin. Control nanoemulsion formulation
without drug was tested at the same concentration
range but without plumbagin. After 24h exposure, the
cytotoxicity was determined using a CellTiter 96AQueous
on solution cell proliferation assay (MTS) kit according to
manufacturer’s instructions (Promega, Madison, WI) by
measuring conversion of (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) to formazan product. IC;, values were then
determined from cytotoxicity curves as a concentration that
induced 50% inhibition of the cell growth.

2.9. Data Analysis. Particle size (Z-average, intensity-
weighted mean size) and polydispersity index (PDI)
were determined by method of cumulants (defined
by ISO standards 13321 and 22412) of autocorrelation
function generated by DLS instrument. Drug release and
cytotoxicity studies were performed in replicates (n=4)
and the %cumulative release and Y%cytotoxicity values
are expressed as means from these measurements with
corresponding standard deviations.

3. Results

3.1. Formulation of Plumbagin-Loaded Nanoemulsions. Our
preformulatory tests of various excipients identified oleic
acid to be a good solubilizer of plumbagin (51.8 mg/ml at
25°C). Therefore, we proceeded to optimize the formulation
of plumbagin nanoemulsions using oleic acid as the oil
phase. Dispersions of oleic acid saturated with plumbagin
were generated by high-pressure homogenization of coarse
emulsions with variable contents of polysorbate 80 as sur-
factant. Particle size analysis by DLS showed a decrease
of hydrodynamic diameter with increasing concentration
of surfactant, as indicated by intensity-based particle size
distribution profiles (Figure 2). Dispersions with concentra-
tions of polysorbate 80 equal to or less than 0.5% (w/w)
showed high polydispersity index as also indicated by the
wide range of particle size distribution (Figure 3). Further-
more, these dispersions were unstable over time, showing
multimodal distribution patterns with presence of particles
with a diameter higher than 1000 nm (Figure 3). Progressive
increase in surfactant concentration above 1.0% (w/w) sta-
bilized dispersions. Nanoemulsions with surfactant content
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FIGURE 2: Particle size distribution profile of plumbagin-loaded
nanoemulsions is tunable and depends on surfactant concentration
(S% (w/w)) during processing of emulsion by high pressure homog-
enization. Particle size is indicated as intensity-based Z-average
hydrodynamic diameter (nm) determined from DLS measurements.

in the range of 1.0-3.5% (w/w) showed narrow particle size
distribution profiles and high stability over time (Figure 3).
Dispersions with higher concentrations of polysorbate 80
(4.0% w/w) showed the smallest average radius, although
we observed the presence of ~ 30 nm surfactant micelles
in these formulations. Therefore, a surfactant content in
the range of 1.0-3.5% yielded uniform plumbagin-loaded
nanoemulsions with an average particle size that can be
controlled by the concentration of surfactant during high-
pressure homogenization.

3.2. Stability of Nanoemulsions. Nanoemulsions with nar-
row polydispersity and diameter (Z-average, 135nm, 3.5%
(w/w) polysorbate 80) were selected for further character-
ization. This formulation of plumbagin-loaded nanoemul-
sions and the same formulation without plumbagin showed
nearly identical particle size immediately after preparation
(Figure 4). Both plumbagin-loaded and control (empty)
nanoemulsions showed good retention of size distribution
over three months of storage at 25°C (Figure 4), with only
a moderate increase of diameter of the plumbagin-loaded
nanoemulsions. Furthermore, both the control nanoemul-
sion and the plumbagin-loaded nanoemulsion, when dis-
persed in acidic media that simulate the physiological
environment of stomach acid and intestinal fluids, showed
retention of particle size (Table 1). A moderate increase in
the hydrodynamic diameter of both empty- and plumbagin-
loaded nanoemulsions was observed in the slightly alkaline
environment of phosphate buffer (pH 7.5) (Table 1).
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FIGURE 3: Time-dependent intensity-based particle size distribution profiles of plumbagin-loaded microemulsions at different surfactant
concentrations (S%, w/w). A: particle size is indicated as Z-average hydrodynamic diameter (nm) determined by cumulants fit analysis from
DLS measurements. B: heterogeneity of size distribution is indicated by polydispersity index (PDI).

TaBLE 1: Changes in particle size distribution after dispersion of nanoemulsions in media simulating physiological conditions. Control,
empty (NE), and plumbagin-loaded (NE-PL) nanoemulsions (3.5% polysorbate 80) were dispersed in indicated media (1000 x dilution)
and incubated for 24 h at 37°C. The particle size distribution was determined by DLS. PDI values are indicated in brackets.

Water HOLod M 0.01 M NaH,PO,/Na,HPO,

pH 6.8 pH 75
NE, empty 134.5 (0.111) 134.2 (0.115) 126.6 (0.127) 158.8 (0.177)
NE-PL, loaded 135.1 (0.166) 135.2 (0.101) 135.7 (0.088) 185.7 (0.149)
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FIGURE 4: Stability of size distribution profile of oleic acid-based —o— SIF

nanoemulsions (polysorbate 80 (3.5%) without plumbagin (NE) and
plumbagin-loaded (NE-PL) nanoemulsion formulation at 25°C over
time.

FIGURE 5: In vitro release of plumbagin from oleic acid-based
nanoemulsion (polysorbate 80 (3.5%) as a function of time. SGF,
simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) at
37°C was used as release media.

3.3. In Vitro Release of Plumbagin. The plumbagin-loaded
formulation (Z-average, 135nm) was further studied for in
vitro release in media mimicking physiological conditions:
simulated gastric fluid (SGF) and simulated intestinal fluid
(SIF). The plumbagin-loaded nanoemulsion showed a one

phase exponential release profile of plumbagin with a half-
life of 6.1h in simulated gastric fluid (SGF) and 70h in
simulated intestinal fluid (SIF) (Figure5). Release trends
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FIGURE 6: Plumbagin-loaded nanoemulsion shows increased
antiproliferative activity. Cytotoxicity of free plumbagin (PLBG),
plumbagin-loaded nanoemulsions (NE-PL), and control empty
nanoemulsions (NE) toward PTEN-P2 cells. For control NE, the
cells were exposed to the same concentration of nanoemulsion.
PTEN-P2 cells were incubated with increasing dilutions of
formulations for 24 h and then cytotoxicity was determined by cell
proliferation assay (MTS).

showed a slightly higher span and plateau for SIF compared to
SGE, corresponding to the higher ionization of the phenolic
hydroxyl group of plumbagin leading to facilitated release in
media with higher pH.

3.4. In Vitro Cytotoxicity of Plumbagin-Loaded Nanoemul-
sion. The antiproliferative effect of the plumbagin-loaded
nanoemulsion formulation was evaluated using prostate can-
cer PTEN-P2 cells in vitro. Plumbagin-loaded nanoemulsion
and free plumbagin inhibited PTEN-P2 proliferation in
dose-dependent manner. However, the plumbagin-loaded
nanoemulsion showed increased cytotoxicity toward PTEN-
P2 cells compared to free plumbagin, ICs,(uM) 3.1 ver-
sus 4.3 after 24 hr exposure (Figure 6). These observations
correspond to microscopic assessment, where plumbagin-
loaded nanoemulsion apparently caused more cellular dam-
age to PTEN-P2 cells compared to free plumbagin (Figure 7).
Besides a decrease in cell density, morphological changes
included cell detachment and shrinkage (Figure 7). Control
nanoemulsions without plumbagin did not show significant
cytotoxicity (Figures 6 and 7).

4. Discussion

It is well recognized that the aqueous solubility of a drug
is a fundamental property that controls the rate and extent
of its absorption and bioavailability [17]. Therefore, as a
limiting factor of bioavailability, it essentially influences the

pharmacokinetic profile and the pharmacodynamics of the
drug after oral administration. Since the majority of the drug
candidates in drug discovery show poor aqueous solubility
[22], this is a significant challenge. To address this issue, sev-
eral approaches have been developed, including formulation
of poorly soluble drugs in nanoparticle-based drug deliv-
ery systems (polymeric micelles, liposomes, nanoemulsions,
solid lipid nanoparticles, etc.). Among these, nanoemulsions
provide the documented advantage of increased absorp-
tion and bioavailability, enhanced penetration via biological
membranes, and lower inter- and intraindividual variability
in drug pharmacokinetics [19, 20].

We have generated plumbagin-loaded oleic-acid based
nanoemulsions using high pressure homogenization of
oleic acid emulsion with polysorbate 80 as emulsifying
agent. Polysorbate 80, a nonionic surfactant with a high
hydrophilic-lipophilic balance (HLB=15.0), was chosen to
ensure immediate formation of oil-in-water droplets dur-
ing production. Depending on surfactant content (1.0-3.5%
(w/w)), the high pressure homogenization process yielded
plumbagin-loaded nanoemulsions with stable size distri-
bution profiles in the range of 135-220 nm. High pressure
homogenization methodology is implemented on a large
scale in the pharmaceutical industry and established proce-
dures will provide a distinctive advantage when production
of higher quantities of nanoemulsions is needed.

The plumbagin-loaded nanoemulsion (135 nm Z-average,
10% (w/w) oleic acid, 3.5% (w/w) polysorbate 80) which
had a good retention of size distribution over time and
polydispersity was selected for further studies of drug release,
stability in simulated physiological fluids, and in vitro cyto-
toxicity against prostate cancer cells. The plumbagin-loaded
nanoemulsion showed good retention of nanoparticle size
after dispersion in water or media simulating physiologi-
cal environment. Furthermore, drug release studies showed
exponential release of plumbagin from nanoemulsion with
half-lives that would permit optimal absorption of plumbagin
from the gastrointestinal tract. Plumbagin-loaded nanoemul-
sion exhibited higher antiproliferative activity on PTEN-P2
cells compared to free plumbagin. Of note, there is no reason
to think that plumbagin released from the nanoemulsion
would act differently in prostate cancer cells compared to
other types of cancer cells; therefore it is expected that
once released, plumbagin will have the same effects as
have been extensively described in the literature. Increased
cytotoxicity of plumbagin-loaded nanoemulsion was not due
to an additive effect, because the control nanoemulsion
(without plumbagin) did not show apparent cytotoxicity at
