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Preface to “Chemopreventive Activities  
of Phytochemicals” 

Phytochemicals, naturally occurring products produced by plant resources, are classified 
as polyphenols, terpenoids, phytosterols, and alkaloids, etc. It is well-recognize that several 
phytochemicals have shown to exhibit chemoprevention and chemotherapeutic effects in not 
only experimental in vitro and in vivo trials but in clinically [1]. Inflammation is caused by a 
variety of stimuli including physical damage, UV irradiation, microbial invasion, and immune 
reactions. The classical key features of inflammation are redness, warmth, swelling, and pain, 
and their cascades can lead to the inflammatory bowel disease and psoriasis. Many of the 
inflammatory diseases are becoming common in aging society throughout the world. The 
clinically used anti-inflammatory drugs suffer from the disadvantage of side effects and high 
cost of treatment in case of biologics [2]. Therefore, researches on new anti-inflammatory 
molecules and elucidation of their molecular mechanisms are actively conducted. This book 
titled "Chemopreventive Activities of Phytochemicals" is intended to offer anti-inflammatory 
active natural products as candidates and/or leads for pharmaceuticals, based on the 
publication of 11 papers in the Special Issue in International Journal of Molecular Sciences. 

Ranjan et al., summarized several natural products, such as capsaicin, cucurbitacin B, 
isoflavones, catechins, lycopenes, benzyl isothiocyanate, phenethyl isothiocyanate, and 
piperlongumine, targeting different signaling pathways involved in cancer progression, 
suggesting their potential to be successful anti-cancer agents [3]. Gao et al., described that using 
recent phenotypic drug discovery tools such as in silico Screening with Connectivity Map, we 
can finally be in the position to uncover novel functions of phytochemicals which could be both 
chemopreventive and therapeutic toward many chronic diseases caused by cellular stresses [4]. 
As for potential implications in cardio-protection, Ferenczyove et al. reviewed that quercetin 
and its derivatives may represent promising substances for prevention/treatment for wide 
range of cardiac disease [5]. Musial et al., addressed beneficial properties of green tea catechins, 
one of the most popular functional phytochemicals. This review summarized that the beneficial 
effects of the main catechin of green tea, epigallocatechin 3-O-gallate, brings promising results 
in prevention of breast, lung, prostate, stomach, and pancreatic cancers and can be used an 
adjunct [6]. Ramirez et al., summarized overview and future perspective of functional 
ingredients obtained from Brassicaceae species [7]. Shen and co-workers investigated anti-
inflammatory effect of d-tocotrienol, an important component of vitamin E, against 
lipopolysaccharide-stimulated macrophages via mitogen-activated protein kinase (MAPK) and 
peroxisome proliferator-activated receptor (PPAR) signaling pathways [8]. He and co-workers 
demonstrated that a traditional medicine, Citrus aurantium L., and its flavonoid constituents 
showed significant regulatory effects on 2,4,6-trinitrobenzene sulfonic acid-induced 
inflammatory bowel disease rats through anti-inflammation and inhibition of intestine muscle 
contraction [9]. Huang and co-workers investigated that an alkamide, spilanthol [(2E,6Z8E)-N-
isobutylamide-2,6,8-decatrienamide] obtained from Spilanthes acamella Murr., can improve 
atopic dermatitis (AD) symptoms via regulation of Th1/Th2 balance, inhibition of mast cell 
hyperplasia, and suppression of the mitogen-activated protein kinase signaling pathways 
ameliorated 2,4-dinitrochlorobenzene-incuded AD-like skin inflammation in mice [10]. Chen 
and co-workers examined the phytochemical characterization of Sapindus mukorossi seed oil 



x 

and effects on in vivo and in vitro wound healing activities. The results suggest that S. 
mukorossi seed oil could be a potential source for promoting skin wound healing [11]. 
Morikawa and co-workers demonstrated that an acylated flavonol glycoside helichrysoside 
showed glucose tolerance-improving activity in mice as well as structural requirement of the 
related flavonoids for promoting glucose and lipid metabolism in hepatocytes [12]. Chiaino and 
co-workers investigated apoptotic-enhancing effects of Acacia catechu Willd. heartwood extract 
in human colon cancer cells [13]. 

I have put together as a guest editor of Special Issue titled “Chemopreventive Activities of 
Phytochemicals” in Bioactives and Nutraceuticals section of International Journal of Molecular 
Sciences and hope it will be of use to many researchers. I would like to acknowledge all the 
authors for their valuable contributions and the reviewers for their constructive remarks. 
Special thanks to the publishing stuffs of International Journal of Molecular Sciences at MDPI for 
their professional support in all aspects of this Special Issue. 

Author Contributions: T.M. wrote this preface. The author has read and agreed to the 
publication version of the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 
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Abstract: The use of synthetic, natural, or biological agents to minimize the occurrence of cancer
in healthy individuals is defined as cancer chemoprevention. Chemopreventive agents inhibit
the development of cancer either by impeding DNA damage, which leads to malignancy or
by reversing or blocking the division of premalignant cells with DNA damage. The benefit
of this approach has been demonstrated in clinical trials of breast, prostate, and colon cancer.
The continuous increase in cancer cases, failure of conventional chemotherapies to control cancer,
and excessive toxicity of chemotherapies clearly demand an alternative approach. The first trial
to show benefit of chemoprevention was undertaken in breast cancer patients with the use of
tamoxifen, which demonstrated a significant decrease in invasive breast cancer. The success of
using chemopreventive agents for protecting the high risk populations from cancer indicates that the
strategy is rational and promising. Dietary components such as capsaicin, cucurbitacin B, isoflavones,
catechins, lycopenes, benzyl isothiocyanate, phenethyl isothiocyanate, and piperlongumine have
demonstrated inhibitory effects on cancer cells indicating that they may serve as chemopreventive
agents. In this review, we have addressed the mechanism of chemopreventive and anticancer effects
of several natural agents.

Keywords: chemoprevention; capsaicin; cucurbitacin B; benzyl isothiocyanate; phenethyl
isothiocyanate; piperlongumine; isoflavones; catechins; lycopene

1. Introduction

Cancer is a disease, which involves abnormal growth of cells with the potential to invade and
metastasize to other parts of the body. Among several factors that are involved in cancer initiation
include changes in the genes that regulate normal functions of the body. Given the steady increase in
cancer incidence worldwide, together with escalating problems with drug resistance, there is increasing
interest in various strategies for cancer prevention.

Chemoprevention is the use of natural, synthetic or biological agents to prevent, suppress or to
reverse the initial phase of carcinogenesis or to prevent the invading potential of premalignant cells [1].
The interest in the area of chemoprevention has largely increased with growing understanding of the
biology of cancer, identification of molecular targets, and success in breast, prostate, and colon cancer

Int. J. Mol. Sci. 2019, 20, 4981; doi:10.3390/ijms20204981 www.mdpi.com/journal/ijms
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prevention [2]. At the molecular level, cancer chemoprevention has been distinguished by alteration of
multiple pathways, which play a critical role in the three basic steps of carcinogenesis, that is, initiation,
promotion, and progression [3]. Recently, FDA has approved ten new agents for treating precancerous
lesions and for reducing the risk of cancer [4].

Clinically, chemoprevention has been categorized into primary, secondary, and tertiary. Primary
chemoprevention is suitable for the general population with no cancer, as well as populations
at high risk of developing cancer in their lifetime. Secondary chemoprevention is intended for
patients with pre-malignant lesions, which may progress to invasive cancer. Generally, primary and
secondary chemoprevention has been categorized under primary chemoprevention. Examples of
primary chemopreventive agents are dietary phytochemical and non-steroidal anti-inflammatory
drugs (NSAID). On the other hand, tertiary chemoprevention is to prevent the recurrence of cancer [5].
For instance, the administration of tamoxifen is an example of tertiary chemoprevention in breast
cancer [6].

2. Capsaicin

Capsaicin (trans-8-methyl-N-vanilly l-6-nonenamide) is a pungent alkaloid and active component
of chili pepper belonging to the plant genus called Capsicum [7,8]. The heat associated with chili pepper
is measured in Scoville Heat Units (SHU), which is the factor by which a chili extract is diluted to
reduce its heat. The concentration of capsaicin is proportional to the SHU in any given hot chili pepper.
The concentration of capsaicin varies from 0.1–1.0% in different peppers.

Capsaicin has been reported as a chemopreventive, tumor suppressing, radiosensitizing, and
anticancer agent in various cancer models [9–11]. Topical application of capsaicin is used to reduce
pain or may represent an effective treatment to alleviate the symptoms of osteoarthritis when oral
non-steroidal anti-inflammatory drugs are not used due to side effects [12]. Capsaicin binds to a
subfamily of receptor called transient receptor potential cation channel subfamily V member 1 (TRPV1).
TRPV1 receptor is also known as capsaicin receptor [13]. In general, anti-cancer activity of capsaicin
is not mediated by binding with TRPV1. However, a few studies have demonstrated an increase in
intracellular calcium leading to apoptosis upon binding with TRPV1 [13]. Capsaicin treatment blocks
the activation of activator protein 1 (AP-1), nuclear factor kappa B (NF-κB), and signal transducer
and activator of transcription 3 (STAT3) signaling pathways that are activated and responsible for
tumor growth [11]. It has also been shown that capsaicin generates reactive oxygen species (ROS),
depolarizes mitochondria or may cause cell cycle arrest leading to apoptosis [11]. Capsaicin reduces
bladder cancer cell migration by direct binding with sirtuin 1 (SIRT1) followed by down-regulation of
SIRT1 deacetylase [14]. We have demonstrated that capsaicin-induced apoptosis in pancreatic cancer
cells was associated with inhibition of β-catenin signaling. Oral administration of 5 mg/kg capsaicin
significantly suppressed the growth of implanted pancreatic tumors in mice. After oral administration,
within an hour, maximum concentration of capsaicin is achieved in blood and maximum distribution
in several organs such as kidneys, lungs, and intestine [15].

Capsaicin inhibits the activity of carcinogens, through numerous pathways, and induces apoptosis
in several cancer cell lines in vitro and in rodents [7,16,17], and thus may be considered for cancer
therapy. The anti-cancer mechanisms of capsaicin are listed in Table 1. However, there have been reports
of tumor formation in animals receiving natural capsaicin [18,19]. Studies suggest that compounds
contaminating natural capsaicin from peppers may have been responsible for the tumor formation [16].
The cancer enhancement in studies with tumor promoters and carcinogens may have been secondary to
the irritating property of capsaicin and may have induced increase blood flow, which may have in turn
increased the absorption of the promoters and carcinogens, and thus increased their levels, leading to
tumor formation [16]. Direct application with >98% pure capsaicin showed no tumor formation on the
skin and all the mice were normal [20]. Several small epidemiological studies suggest a link between
capsaicin consumption and stomach or gall bladder cancer, but contamination of capsaicin-containing
foods with known carcinogens renders their interpretation problematic [16]. The postulated ability
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of capsaicin metabolites to damage DNA and promote carcinogenesis remains unsupported [16].
Thus, pure capsaicin appears to be safe and efficacious in animal models, and thus can be evaluated in
humans for safety and efficacy against cancer.

In 2014, a phase 2 clinical trial study (NCT02037464) associated with the chemopreventive effect
of capsaicin was started. However, the outcome and results of this trial have not been published yet
(https://www.clinicaltrials.gov/ct2/show/NCT02037464). The purpose of this study was to evaluate
the chemopreventive properties of capsaicin in prostate cancer patients who are enrolled in an active
surveillance program or patients scheduled to undergo radical prostatectomy.

3. Catechins

Catechins are natural polyphenols and dietary phytochemicals present in green tea and other
beverages [21,22]. Lower incidence of cancer associated with dietary consumption of polyphenols
present in plants has been reported [23]. Catechin (C), epicatechin (EC), epigallocatechin (EGC) and
epigallocatechin-3-gallate (EGCG) are the major components of green tea [24]. Their concentrations in
green tea infusion vary from 9.03–471 mg/L [25]. Catechin is an antioxidant and prevents cardiovascular
disease [26,27]. Additionally, catechins have been shown to provide protection against oxidative
stress induced by tertbutylhydroperoxide [28,29]. Epigallocatechin gallate (EGCG) is one of the
most abundant catechins present in green tea [24]. Furthermore, EGCG has been shown to sensitize
cancerous cells to apoptosis induced by anti-cancer drugs and to protect non-cancerous cells from
harmful effects of ultraviolet radiation exposure [30]. The anti-cancer effects of catechins are listed in
Table 1.

Table 1. Summary of the mechanisms of action of various phytochemicals in various cancer models.

Compound Source Cancer
Proposed Anticancer

Mechanism
Reference

Capsaicin
Chilli pepper
(Capsicum) Pancreatic cancer

Blocks AP1, NF-κB and
STAT3 signaling, cell cycle

arrest, inhibition of
β-catenin signaling

[7,11]

Catechins

Green tea and other
beverages

Neuroblastoma, Breast
cancer, Prostate cancer

Cell cycle at G2 phase,
protection against

oxidative stress, Affecting
STAT3-NFκB and
PI3K/AKT/mTOR

pathways

[27,31]

Lycopene

 

Tomatoes, papaya,
pink grapefruit,
pink guava, red

carrot

Prostate cancer, Breast
cancer, cervical cancer

Dietary Antioxidant,
Affecting NF-κB signal

transduction,
Antiangiogenic effect,
Inhibition of Wnt-TCF

signaling

[32,33]

CucurbitacinB

 

Medicinal plants
(Cucurbitaceae

family)

Colorectal cancer, Lung
cancer, Neuroblastoma,

Breast cancer, Pancreatic
cancer

Inhibitors of JAK-STAT3,
HER2-integrin, and MAPK

signaling pathways
[34–36]

Benzyl isothiocyanate
(BITC)

 

Alliaria petiolata,
pilu oil, papaya

seeds

Leukemia, Breast cancer,
Prostate cancer, Lung

cancer, Pancreatic cancer,
Colon cancer,

Hepatocellular
carcinoma

G2/M Cell cycle arrest and
apoptosis,

down-regulation of
MMP-2/9 through PKC
and MAPK signaling
pathway, inhibition of

PI3K/AKT/FOXO pathway,
STAT3 mediated

HIF-1α/VEGF/Rho-GTPases
inhibition

[37–40]
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Table 1. Cont.

Compound Source Cancer
Proposed Anticancer

Mechanism
Reference

PEITC

 

Cruciferous
vegetables

Glioblastoma, Prostate
cancer, Breast cancer,
Cervical cancer, and

Leukemia

ROS Activation, G2/M cell
cycle arrest, and apoptosis,
down regulation of HER2

and STAT3 signaling,

[41,42]

Isoflavone

 

Soy, lentils, beans,
and chickpeas

Leukemia, Lymphoma,
Gastric, Breast, Prostate,

Head and Neck
carcinoma, and

Non-Small Cell Lung
Cancer

Inhibition of c-erB-2,
MMP-2, and MMP-9
signaling pathways,

Affecting IGF-1R/p-Akt
signaling transduction

[43,44]

Piperlongumine

 

Roots of long
pepper

Multiple myeloma,
melanoma, Pancreatic

cancer, colon cancer, Oral
squamous cell

carcinoma, Breast cancer,
and Prostate cancer

Autophagy-mediated
apoptosis by inhibition of

PIK3/Akt/mTOR
[45]

Dextran-Catechin, a conjugated form of catechin was demonstrated to have better serum stability
and was more active against neuroblastoma than unconjugated catechin [46]. Mechanistically,
dextran-catechin was observed to induce oxidative stress by decreasing the intracellular glutathione
level and by disrupting copper homeostasis [46]. Moreover, catechin extract and nanoemulsion
of catechin have been shown to inhibit prostate cancer cells by arresting the cell cycle in S-phase,
with the half maximal inhibitory concentration being 15.4 μg/mL and 8.5 μg/mL respectively [27].
Additionally, catechins, particularly EGCG, inhibit the proliferation of breast cancer cells by generating
reactive oxygen species [29]. EGCG has been demonstrated to have maximum relative efficiency of
cellular DNA breakage whereas catechin was reported to possess minimum efficiency [47]. In another
study, ribosomal protein S6 kinase (RSK)-2 has been established as a novel molecular target of
EGCG using computational docking screening methods [48]. Other studies have suggested that the
combination of EGCG and green tea extracts inhibit tumor growth in a xenograft mouse model of
several human cancer cell lines. Also, studies have revealed that green tea has chemopreventive
properties [49]. In a 10 year prospective cohort study, Drs. Nakachi and Imai showed that drinking
10 cups (120 mL/cup) of green tea everyday delays cancer onset by 7.3 years and 3.2 years in females
and males, respectively [50]. Overexpression of ErbB in both normal and mutated forms has been
established to play role in cancer metastasis [51]. The study demonstrated that EGCG acts directly
or on downstream of ErbB signaling such as mitogen-activated protein kinase (MAPK), STAT and
phosphoinositide 3-kinases (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathways [51]. Side
effects and acquired resistance associated with conventional platinum based chemotherapy for ovarian
cancer is a major drawback [52]. Interestingly, theaflavin-3,3′-digallate (TF3), a monomer present in
black tea was demonstrated to induce potent inhibitory effect on cisplatin resistant ovarian cancer
cells. Additionally, G2 arrest was shown to be involved in TF3 induced apoptosis in resistant ovarian
cancer [31]. Upregulation of p53 via Akt/mouse double minute 2 homolog (MDM2) pathway might be
involved in TF3-induced G2 arrest and apoptosis [31].

EGCG was reported to enhance the anti-cancer activity of several anti-cancer drugs such as
retinoids [53]. AM80 is a synthetic retinoid that is a clinically used drug for relapsed and intractable
acute promyelocytic leukemia patients [53]. A recent study demonstrated that the combination of
EGCG and AM80 synergistically induced apoptosis as well as upregulated expression of DNA damage
inducible genes such as (GADD153), death receptor 5 (DR5) and p21waf1 in lung cancer. Furthermore,
downregulation of histone deacetylase 4, -5, and -6 was observed as a mechanism for synergistic
induction of apoptosis in lung cancer by EGCG and AM80 [53].

Since catechins prevent or slow the growth of prostate cancer, a clinical trial was conducted using
green tea catechins for treating patients with prostate cancer undergoing surgery to remove the prostate
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(NCT00459407). Although the trial started in 2007, results have not been published yet. The primary
objective of the study was to estimate the bioavailability of green tea extract in the prostate of patients
after the treatment of green tea extract. Furthermore, one of the several secondary objectives was to
determine the effect of green tea extract on matrix metalloprotein (MMP)-2 and MMP-9 in prostate
cancer patients.

4. Lycopene

Lycopene is a member of the carotenoid family, which is mainly found in tomatoes and other
food products such as watermelons, papaya, pink grapefruit, pink guava and red carrot [54,55]. It is
a naturally occurring pigment that contributes to the red color in these food products. Lycopene is
a potent dietary antioxidant and because of its antioxidant effect, it is known to have a protective
effect on several diseases such as cardiovascular diseases, neurodegenerative diseases, hypertension,
osteoporosis, diabetes, and cancer [56,57]. The anti-cancer effects of lycopene against a variety of
malignancies have been previously discussed by Farzaei et al. [58]. There are about 250 articles
available so far on the anti-cancer effects of lycopene. Several anti-cancer mechanisms of lycopene are
listed in Table 1. A recent study has been conducted to access the effect of dietary lycopene on prostate
cancer. In this study Zu. et al. demonstrated that higher intake of lycopene was associated with
lower incidence of prostate cancer. In addition, they found that expression of tumor tissue biomarkers
related to angiogenesis, apoptosis, cell proliferation, and differentiation were less in patient samples
with higher lycopene intake indicating that lycopene suppresses tumor development by inhibiting
tumor neo-angiogenesis [59]. It has been reported that lycopene tends to preferentially accumulate in
prostate tissue as compared with other tissues, which might be responsible for its anti-prostate cancer
activity [54]. Several other studies have shown that lycopene causes cell cycle arrest and apoptosis
in prostate cancer cells [60,61]. Moreover, lycopene inhibits the growth of prostate and breast cancer
cells by inhibiting NF-κB signaling [62]. A study by Chen et al. showed the anti-angiogenic activity of
lycopene in both in vitro and in vivo models, proposing that the mechanism of action may involve
modulation of PI3K-Akt and ERK/p38 signaling pathways [32].

Several studies have shown that lycopene in combination with melatonin shows strong
chemopreventive activity via antioxidant and anti-inflammatory activities [63–65]. Lycopene also
enhances the effect of quinacrine on breast cancer cells by inhibiting Wnt-TCF signaling [33]. Oral
administration of 16 mg/kg lycopene for 7 weeks significantly inhibited prostate tumor growth by
67% when compared to control in athymic nude mice. The study also showed that lycopene reduced
the expression of proliferating cell nuclear antigen (PCNA) and VEGF in tumor tissues and plasma
respectively [66].

Several clinical trials have been commenced to investigate the chemopreventive and
chemotherapeutic effects of lycopene on the progression of prostate cancer. Nonetheless, studies
report conflicting beneficial effects of lycopene in reducing prostate enlargement and decreasing
serum prostate-specific antigen (PSA) levels whereas others studies have null findings. (NCT00006078,
NCT01443026, NCT00068731). In a randomized clinical trial, administration of 15 mg lycopene every
day for 6 months in benign prostate hyperplasia patients resulted in reduced disease progression with
decreased serum PSA concentrations [67].

5. Cucurbitacin B

Cucurbitacins are tetracyclic triterpenoids that are found in traditional Chinese medicinal plants
belonging to the cucurbitaceae family. Among eight different types of Cucurbitacins, Curcubitacin B
(CuB) is the most active component against cancer and showed promise in various cancer models [68].

The effective concentrations of CuB in vitro range from 20 nM–5 μM and in vivo therapeutic
doses range from 0.1–2 mg/kg [69]. Various anti-cancer mechanisms of CuB are mentioned in Table 1.
Several studies have shown that CuB inhibits STAT3 signaling in various cancer models such as
colorectal cancer [34], lung cancer [70], neuroblastoma [35], acute myeloid leukemia [71], pancreatic
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cancer [72] and breast cancer [36]. Recent studies have established the anti-angiogenic effects of
CuB associated with inhibition of VEGF/FAK/MMP-9 signaling in highly metastatic breast cancer
cells [73]. In non-small cell lung cancer, the anti-metastatic effect of CuB was achieved by targeting
the Wnt/β-catenin signaling axis [74]. A study from our laboratory demonstrated that CuB inhibits
breast tumor growth by inhibiting HER2-intergrin signaling. The inhibition of HER2-integrin signaling
was associated with down regulation of integrin α6 and integrin β4 that are overexpressed in breast
cancer cells [36]. In addition, it has been reported that CuB reduces invasion and migration of
hepatoma cells by modulating PI3K/Akt signaling [75]. Furthermore, several studies demonstrated the
potentiating effect of CuB with other chemotherapeutic agents. In pancreatic cancer, CuB augmented
the anti-proliferative effects of gemcitabine by inhibiting JAK-STAT pathway [76]. CuB was also
shown to sensitize cisplatin-resistant ovarian cancer cells to apoptosis when combined with cisplatin,
a standard chemotherapeutic agent for ovarian cancer [77]. Another study demonstrated that CuB in
combination with docetaxel or gemcitabine synergistically suppressed the growth of breast cancer
cells [78]. Interestingly, combination of CuB with curcumin in hepatoma cells reversed multidrug
resistance by modulating P-gp [79].

Studies have been conducted to compare the pharmacokinetic profile of CuB with that of CuB
loaded solid lipid nanoparticles. The plasma AUC of CuB loaded nanoparticles was 2.47 μg·h/mL,
which was almost 2-fold higher than plasma AUC of CuB (1.27 μg·h/mL) after an intravenous dose
of 2 mg/kg. It was observed that CuB loaded nanoparticles showed 3.4 fold increased uptake in
tumor cells when compared with CuB and exhibited better tumor suppressive effects [80]. CuB was
mainly distributed in organs such as spleen and liver. Another study has demonstrated that CuB
loaded modified phospholipid complex improved therapeutic efficacy, bioavailability and targeted
drug delivery for cholangiocarcinoma [81].

6. Benzyl Isothiocyanate (BITC)

Isothiocyanates (ITCs) are natural compounds of high medicinal value that are present in
cruciferous vegetables such as broccoli, watercress, Brussels sprouts, cabbage, cauliflower and Japanese
radish [82]. They are present as conjugates in the genus Brassica of cruciferous vegetables [38]. ITCs are
well-known for their chemo-preventive activity and mediate anti-carcinogenic activity by suppressing
the activation of carcinogens and increasing their detoxification [82]. The high content of glucosinolates,
which store ITCs in cruciferous vegetables confer anti-cancerous effects. ITCs suppresses tumor growth
by induction of oxidative stress mediated apoptosis, inducing cell cycle arrest, inhibiting angiogenesis
and metastasis [82].

Benzyl isothiocyanate (BITC) is one of the major classes of ITCs that exert potential health benefits
to humans. It is extensively found in Alliaria petiolata, pilu oil, water cress, garden cress and papaya
seeds [83]. BITC found in Salvadora persica has been shown to exert anti-bacterial activity against
Gram-negative bacteria [84]. BITC influences several key signaling pathways which are considered to
be the hallmarks of cancer. In addition, BITC sensitize tumors to chemotherapy and has substantial
anticancer effects against various human malignancies like leukemia [85], breast cancer [86], prostate
cancer [87], lung cancer [88], pancreatic cancer [89] colon cancer [38] and hepatocellular carcinoma [90]
as mentioned in Table 1. A published study demonstrated that BITC induces DNA damage in
human pancreatic cells. It was also shown that DNA damage causes G2/M Cell cycle arrest and
apoptosis [37]. Another study established BITC mediated inhibition of the migration and invasion of
human colon cancer cells. The anti-invasive effect of BITC was through down-regulation of MMP-2/9
and urokinase-type plasminogen activator (uPA) linked to protein kinase C (PKC) and MAPK signaling
pathways [38]. In our previous study, we have shown that BITC induces apoptosis in pancreatic cancer
cells but not in normal human pancreatic ductal epithelial cells. The induction of apoptosis by BITC
was through inhibition of STAT3 signaling. In the same study, oral administration of 12 μmol BITC
significantly suppressed the growth of BxPC3 pancreatic tumor xenograft in athymic nude mice [89].
In another study, we have demonstrated that BITC suppressed pancreatic tumor growth by inhibiting
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PI3K/AKT/FOXO pathway [39]. We have also demonstrated that BITC suppresses angiogenesis and
invasion in pancreatic tumors by inhibiting STAT3 mediated HIF-1α/VEGF/Rho-GTPases [40]. BITC
also displayed antitumor effects by potentiating p53 signaling in breast cancer cells. p53 activation was
through the activation of p53-LKB1 and p73-LKB1 axes. In the same study, it was also reported that
BITC suppressed the mammosphere –forming capability of breast cancer cells [91].

Our studies have shown that BITC possesses therapeutic selectivity towards cancer cells and
does not affect normal human pancreatic epithelial cells. BITC was detected in pancreatic tumors
and plasma, indicating that the therapeutic concentration can be achieved by oral administration [39].
The concentration of BITC achieved in tumor tissue and plasma was 7.5 μmol/g and 6.5 μmol/L
respectively after oral administration of 12 μmol BITC in athymic nude mice [39]. In one of our
published studies, nano-emulsion BITC was prepared to enhance its dissolution and solubility.
The entrapment efficiency of BITC nano-emulsion was observed to be 15–17 mg/mL leading to
increased accumulation in the tumor cells [92].

7. Phenethyl Isothiocyanate

Phenethyl isothiocyanate (PEITC) is another isothiocyanate mainly present in cruciferous plants.
PEITC is one of the active ingredients of cruciferous vegetables that have been extensively studied for
its anti-cancer effects in glioblastoma, prostate cancer, breast cancer and leukemia [36] and listed in
Table 1. Several studies have indicated that consumption of cruciferous vegetables such as broccoli,
watercress, and garden cress leads to chemoprevention in various rodent models [93]. A study
demonstrated RASSF1A reactivation by PEITC, which is known to have tumor suppressive functions
by promoting G2/M cell cycle arrest and apoptosis in prostate cancer cells [42]. Our study established
for the first time the anti-metastatic potential of PEITC in a breast cancer model. Our results showed
that oral administration of 10 μmol PEITC for 10 days suppressed the metastasis of breast tumor
cells to the brain [94]. Another study by us indicated HER2 as a potential target of PEITC in breast
carcinoma. PEITC exhibited synergistic effect when combined with doxorubicin and was associated
with down regulation of HER2 and STAT3 [41]. PEITC was also shown to induce ROS generation in
p53-deficient chronic lymphocytic leukemia cells (CLL) and therefore could be effective for treatment
of CLL patients with p53 mutations [95]. Interestingly, the combination of PEITC and paclitaxel
synergistically potentiated the anti-proliferative effects of paclitaxel on breast cancer cells.by inducing
apoptosis and cell cycle arrest [96]. It has been reported that PEITC in combination with adraimycin or
etoposide causes caspase 3 and 8 activation by modulating PKCs and telomerase and thus sensitizes
the cervical cancer cells [97]. A recent study showed chemopreventive effects of PEITC and curcumin
combination in prostate cancer xenografts [98]. Our lab has shown the immune modulation by PEITC
in mice bearing breast tumor xenografts. We observed that PEITC treatment significantly suppressed
breast tumor growth by reducing myeloid derived tumor suppressor cells (MDSCs) and T regulatory
lymphocytes [99].

PEITC is fairly lipophilic in nature with a molecular weight of 163.2 g/mol [100,101].
Pharmacokinetics of PEITC is well established in rodents as well as in humans. Ji et al. [102]
performed a detailed pharmacokinetic study of PEITC in Sprague-Dawley rats. At a dose of 10 μmol/kg
(1.63 mg/kg), oral bioavailability of PEITC was 115%. The apparent volume of distribution (Vd)
and clearance were 1.94 ± 0.42 L/kg and 0.70 ± 0.17 L/h/kg, respectively at the dose of 2 μmol/kg
PEITC. In another clinical study, 100 g of watercress was given to four human volunteers and plasma
concentration was determined using one-compartment pharmacokinetic model [103]. The highest
plasma concentration (Cmax) attained was 928.5 nM as estimated by LC-MS/MS with Tmax and T1/2

around 2.6 h and 4.9 h, respectively.
A phase II clinical trial study (NCT00691132) for chemopreventive effects of PEITC against lung

cancer started in 2009 and completed in the year 2013. The primary end point of this study was to
determine whether PEITC is effective in preventing lung cancer in cigarette smokers. The metabolic
activation of tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) was reduced
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by 7.7% with PEITC treatment in smokers [104]. Another study started in year 2011 by National Cancer
Institute (NCT01265953) to evaluate the chemopreventive effects of PEITC against prostate cancer.
From this clinical trial, it was found that isothiocyanate inhibits histone deacetylase (HDAC) activity in
human colorectal and prostate cancer cells.

8. Isoflavones

Isoflavones are naturally occurring isoflavonoids present in plants belonging to the leguminosae
family [105]. Isoflavones are extensively present in soy, lentil, bean, chickpeas and have profound
importance as phytoestrogens in mammals. Soy is an abundant source of isoflavones, such as,
genistein, glycitein, and daidzein, the concentration of which varies between 560 and 3810 mg per kg of
soy [106]. Isoflavones are present in inactive form as glycosides in plants and are activated to bioactive
aglycones by hydrolyzation to beta-glucosidases in the intestine. The aglycones are conjugated to liver
glucorinides and excreted in urine [107]. Interestingly, the active form of isoflavones has a greater
absorption rate than inactive form.

Isoflavones exert potential health benefits and are widely used in the treatment of hormone
dependent conditions like menopause, cardiovascular disease, osteoporosis, and cancer [105].
Isoflavones derived from soy, such as genistein, have been established to have significant anti-cancer
effects against leukemia, lymphoma, gastric, breast, prostate and non-small cell lung cancer [44]. Several
studies have reported the anti-cancer effects of genistein in various cancer models such as prostate
cancer [108], breast cancer [109], lung cancer [110] and head and neck squamous cell carcinoma [111],
cervical cancer [112], ovarian cancer [113], renal cancer [114], bladder cancer [115], liver cancer [116]
as shown in Table 1. Induction of apoptosis by genistein treatment was shown through inhibition
of IGF-1R/p-Akt signaling in breast cancer [43]. Another study demonstrated anti-angiogenic and
anti-metastatic effects of genistein by inhibiting c-erbB-2, MMP-2, and MMP-9 in breast carcinoma [44].
Genistein has been reported to induce differentiation in breast cancer stem cells by interaction with
ER+ cells. This differentiation effect of genistein is mediated by the PI3K/Akt pathway [95]. Soy
isoflavones are capable of sensitizing the cells to radiotherapy, thereby improving the efficacy of current
treatment [117]. It has been demonstrated that soy isoflavones overcome radiotherapy resistance by
inhibiting the altered activation of APE1/Ref-1, NF-κB, and HIF-1α [118]. Additionally, genistein has
also been reported to induce anti-oxidant properties [113,119,120]. Isoflavones such as genistein and
daidzein have minimal clinical toxicity [121].

A clinical trial using purified isoflavones was started in 2009 (NCT01036321) and completed
in 2018. The main focus of this trial was to compare safety, effectiveness, and mechanism of action
of purified isoflavones in African American and Caucasian Mento with prostate cancer. Change in
percent Ki-67 was evaluated in prostate tumor tissues after 3–6 weeks of intervention with purified
isoflavones (40 mg daily) vs. Placebo. On the basis of this clinical trial outcome, isoflavones could be
developed as a potential chemotherapeutic and chemopreventive agent.

9. Piperlongumine

Piperlongumine or Piplartine (5,6-dihydro-1-[(2E)-1-oxo-3-(3,4,5-trimethoxyphenyl)-2-propenyl]-2
(1H)-pyridinone) is a phytochemical alkaloid extracted from the roots of long pepper Piper longum
L., a member of the Piperaceae family. Long peppers have profound medicinal importance in Indian
Ayurvedic medicine and Latin American folk medicine [122]. Piperlongumine was used to treat
various diseases such as bronchitis, malaria, viral hepatitis, cancer, and melanogenesis [123]. The key
therapeutic features of piperlongumine are its anti-inflammatory, anti-nociceptive, anti-bacterial,
anti-fungal, anti-diabetic, anti-tumor, and anti-depressant properties [122]. Overall, piperlongumine
has significant chemotherapeutic and chemopreventive potential making it an effective treatment
option for cancer.

Piperlongumine has been found to be effective against several cancers such as multiple
myeloma [124], melanoma [125], pancreatic cancer [126], colon cancer [127,128] oral squamous cell
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carcinoma [129], non-small-cell lung cancer [130], gastric cancer [131], biliary cancer [132], and prostate
cancer [133]. The mechanism of the anti-cancer effects of piperlongumine is listed in Table 1.
Piperlongumine induced ROS generation leads to oxidative stress mediated DNA damage in pancreatic
cancer cells [126]. The study reveals that piperlongumine induces autophagy-mediated apoptosis
by inhibition of PI3K/Akt/mTOR in lung cancer [45]. It also inhibits inflammation by suppressing
inflammatory transcription factors NF-κB [127]. We have demonstrated that piperlongumine inhibits
STAT3 and its activation to suppress anoikis resistance resulting in inhibition of metastatic potential of
pancreatic cancer and melanoma [125,134]. Furthermore, piperlongumine has been reported to display
synergestic effect with paclitaxel or cisplatin in human ovarian cancer cells [135].

The toxicity and pharmacokinetic profile of piperlongumine have been well established.
Piperlongumine treated rats and mice with doses varying from 100–3000 mg/kg did not show
any signs of toxicity. After oral administration of 5 mg/kg and 10 mg/kg piperlongumine, the t1/2 was
found to be 1.42 h and 0.84 h and Cmax was 884.31 μg/L and 201.42 μg/L respectively [122]. Our
lab has shown that nano-emulsion of piperlongumine enhanced its bioavailability and efficacy [136].
In conclusion, piperlongumine has been established to be an effective agent for cancer treatment.

10. Conclusions

Chemoprevention is a relatively safe and cost effective approach because cancer can be prevented
by changing dietary habits [137]. This approach has gained momentum after the approval of tamoxifen
and raloxifen by US Food and Drug Administration for breast cancer risk reduction [138]. Various
epidemiological and preclinical studies have convincingly argued the role of several dietary agents to
be involved in preventing occurrence of cancer as well as its treatment. Several clinical trials associated
with chemopreventive properties of above discussed natural compounds are ongoing. Drug associated
toxicity is a significant barrier for currently available chemotherapeutic drugs. However, use of natural
compounds for cancer prevention may mitigate associated toxicity. However, bioavailability is the
biggest problem with most of the naturally occurring chemopreventive agents. Overall, this review
summarizes natural compounds targeting different signaling pathways involved in cancer progression,
suggesting their potential to be successful anti-cancer agents (Figure 1).

 

Figure 1. Phytochemicals in cancer chemoprevention.
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Abstract: Accompanied by increased life span, aging-associated diseases, such as metabolic
diseases and cancers, have become serious health threats. Recent studies have documented that
aging-associated diseases are caused by prolonged cellular stresses such as endoplasmic reticulum
(ER) stress, mitochondrial stress, and oxidative stress. Thus, ameliorating cellular stresses could
be an effective approach to treat aging-associated diseases and, more importantly, to prevent such
diseases from happening. However, cellular stresses and their molecular responses within the cell
are typically mediated by a variety of factors encompassing different signaling pathways. Therefore,
a target-based drug discovery method currently being used widely (reverse pharmacology) may not
be adequate to uncover novel drugs targeting cellular stresses and related diseases. The connectivity
map (CMap) is an online pharmacogenomic database cataloging gene expression data from cultured
cells treated individually with various chemicals, including a variety of phytochemicals. Moreover,
by querying through CMap, researchers may screen registered chemicals in silico and obtain the
likelihood of drugs showing a similar gene expression profile with desired and chemopreventive
conditions. Thus, CMap is an effective genome-based tool to discover novel chemopreventive drugs.

Keywords: cellular stress; endoplasmic reticulum stress; ER stress; mitochondrial stress; oxidative
stress; hypoxia; connectivity map; CMap; drug discovery

1. Introduction

Recent progresses in public health, the health care system, and medicine have greatly helped to
extend our life span [1]. However, extended life span inevitably increases the risk of aging-associated
diseases including cardiovascular diseases and cancers. Furthermore, a surplus of food consumption
and lack of physical activity from a sedentary lifestyle has led to the drastic increase of obesity and
its associated metabolic disorders such as type 2 diabetes [2,3]. Recent studies have demonstrated
that aging-associated diseases, metabolic disorders, and cancers are caused by prolonged exposure to
cellular stresses such as endoplasmic reticulum (ER) stress, mitochondrial stress, heat shock stress, and
oxidative stress [4,5]. For example, the development of leptin resistance and insulin resistance leads to
obesity and type 2 diabetes, respectively, and chronic inflammation and cellular stresses, including
ER stress, oxidative stress, and mitochondrial stress have been reported to contribute to leptin and
insulin resistance [4–7]. Furthermore, metabolic and cellular stresses also play a crucial role in the
development of cancer and its pathophysiology [4,8,9]. Chronic exposure of cells to cellular stresses
such as oxidative stress may lead to tumorigenesis; however, elevated cellular stresses such as hypoxia
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and ER stress may kill cancer cells [4,8,9]. Indeed, cancer cells have been shown to actively employ
stress responses (e.g., unfolded protein response (UPR) against ER stress) to survive from excess
cellular stresses [4,8,9]. Therefore, alleviating certain cellular stresses may prevent the development
of cancer, whereas suppressing adaptive responses and escalating stresses can be useful in removing
existing cancer cells [4,8,9].

Therefore, developing chemopreventive ways to target appropriate cellular stresses could be
an effective prevention and therapeutic treatment toward various aging-associated disorders [10].
However, cellular stresses and related molecular responses are mediated by a myriad of molecules
encompassing multiple signaling pathways [4,5]. In addition, categorized cellular stresses do not
take place solely inside of cells; instead, several stresses appear altogether [4,5]. For this reason,
a target-based drug discovery process (reverse pharmacology) may not be adequate to discover novel
chemicals that can address cellular stresses and associated disorders, although this is currently being
used widely in academia and pharmaceutical companies (Figure 1A).

Figure 1. Drug discovery using the connectivity map (CMap). (A) Target-based drug discovery.
(B) Phenotypic drug discovery. (C) CMap-based drug discovery. Gene signature of the biological or
pathological state of interest can be used as a query to search through CMap. CMap provides the search
result as a list of small molecules scored to predict their probability to mimic or reverse gene expression
profiles of the state of interest. Candidate chemicals can be further tested in in vitro cell culture and
in vivo animal experiments before proceeding with clinical trials to human subjects.

Phenotypic drug discovery (forward pharmacology) started to regain interest recently due to
its potential usefulness in finding novel drugs to target complex diseases wherein the mechanism
needs to be understood further, thanks to recent technological advances in cell-based phenotypic
screening and analysis of vast genomic data (Figure 1B) [11]. The connectivity map (CMap) is an online
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genome-based database established by Todd R. Golub’s group at the Broad Institute (Boston, MA,
USA), and catalogs transcriptome data from cultured cells treated individually with small molecules
(Figure 1C) [12,13]. By searching on CMap, researchers can screen registered chemicals in silico
and obtain the list of drugs displaying a similar gene expression profile with the desired biological
or pathological conditions as a rank. Numerous studies have successfully demonstrated CMap’s
potential as an effective pharmacogenomic drug discovery tool. In this article, we review the current
understanding of cellular stresses and signaling responses, and discuss CMap as a potentially useful in
silico drug screening tool to unearth novel drugs and phytochemicals to address cellular stresses and
their related disorders.

2. Cellular Stresses

2.1. Heat Shock Stress and Heat Shock Response

Newly synthesized proteins form their native tertiary structure primarily based on their
thermodynamic stability [14]. However, certain environmental conditions (e.g., heat, over-nutrition)
and mutations within proteins often disturb proper protein folding and lead them to form aggregates [14].
Studies have shown that accumulated misfolded proteins and their aggregates cause many debilitating
diseases, notably neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease,
and Parkinson’s disease [15]. In order to facilitate appropriate protein folding and to prevent misfolded
protein from forming aggregates, cells produce chaperone proteins such as cytoplasmic heat shock
proteins (HSPs) and ER chaperones [15–18].

Heat shock response was initially reported from the observation in which active transcription
(chromosomal puffs) was induced by heat treatment in the saliva gland of a fruit fly, Drosophila
busckii [19]. Many of these loci have been identified to encode HSPs which are categorized and named
based on their molecular weights—small HSPs, HSP40, HSP60, HSP70, HSP90, and HSP110 [20].
Although the specific role and mechanism of each HSP still needs to be investigated, HSPs generally
function cytoprotectively [21–23]. One of the widely studied roles of HSPs is to function as molecular
chaperones. They bind to misfolded and unfolded proteins, thus helping in folding and preventing
them from forming aggregates [21–23]. Additionally, HSPs have been shown to modulate protein
localization inside of cells and to promote antigen presentation [24].

Heat shock response including HSP expression is induced not only by heat but also by other cellular
stresses such as oxidative stress, osmotic stress, and exposure to heavy metals [21–23]. Subsequently,
these stresses activate heat shock transcription factors (HSFs), a major transcription factor family
mediating heat shock response. However, it is not understood clearly how HSFs sense cellular
stresses. There are several isomers of HSFs (6 isoforms were identified in human—HSF1, HSF2,
HSF4, HSF5, HSFX, and HSFY), and HSF1 is the most extensively studied among HSF isomers [22,25].
HSF1 exists as an inactive monomer in cytosol under normal conditions. In response to various
stressors, HSF1 becomes an active transcription factor by forming a homotrimer and translocates to
the nucleus [26–28]. Although the details of how the structure and activity of HSF1 are regulated
are still under investigation, it has been suggested that physical interaction between HSPs and
HSF1 leads to HSF1’s monomerization and cytosol localization under unstressed state, and in turn
inhibits HSF1’s activity [29,30]. Under heat shock stress, HSPs are released from HSF1 probably by
recruiting to unfolded or misfolded proteins, which subsequently allows HSF1 to form a homotrimer,
to translocate to the nucleus, and to transcribe its target genes with unique HSF1 binding promoter
(heat shock element) (Figure 2A) [22,25–30]. The changes in HSF1’s intrinsic structure itself during
environmental stress, especially heat, have been shown to promote HSF1’s homotrimerization and
nuclear translocation (Figure 2A) [31]. Furthermore, various post-translational modifications such as
acetylation and phosphorylation have been shown to modulate HSF1’s activity [22,25].
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Figure 2. Cellular stresses and signaling responses. (A) Heat shock stress and heat shock response.
The stressors such as heat lead to releasing of heat shock proteins (HSPs) from heat shock factor 1 (HSF1)
or directly changing the conformation of HSF1 resulting in its trimerization, nuclear translocation,
and target gene transcription. (B) Endoplasmic reticulum (ER) stress and unfolded protein response
(UPR). The accumulation of unfolded or misfolded proteins activates three ER transmembrane
proteins—activating transcription factor-6 (ATF6), inositol requiring protein-1 (IRE1), and protein
kinase RNA-like ER kinase (PERK). ATF6 and IRE1 generate the functional transcription factors,
ATF6N and spliced form of X-box binding protein 1 (XBP1s), which translocate to the nucleus and
transcribe their target genes, whereas PERK suppresses protein translation and thus reduces protein
load into the ER. (C) Mitochondrial stress and mitochondrial unfolded protein response (UPRmt).
Mitochondrial stress activates several transcription factors, activating transcription factor associated with
stress-1 (ATFS-1) and defective proventriculus (Drosophila) homolog-1/ubiquitin-like 5 (DVE-1/UBL-5)
(Caenorhabditis elegans) and ATF4 (mammals), which promote their target gene expression to restore
mitochondrial homeostasis. Mitochondrial stress also triggers autophagy (mitophagy) via Parkin
and Pink1. (D) Hypoxia and hypoxia-induced factor. Under normoxia, hypoxia-inducible factor α
(HIFα) is hydroxylated on proline by prolyl hydroxylase domain enzymes (PHDs) or on asparagine
by factor inhibiting HIF1 (FIH1), and the activity of HIFα is suppressed by its von Hippel–Lindau
(VHL)-mediated ubiquitylation and degradation or its loss of the interaction with p300/CREB-binding
protein (CBP).

Several studies have documented the role of heat shock response in aging, decreased and
impaired function of HSF1 and other protein quality control machinery during aging have been
reported, and further HSF1 activation was shown to increase the life span in a worm, Caenorhabditis
elegans [22,32,33]. In addition, increased expression of HSF1 and HSP70 helps to ameliorate pathologies
of neurodegenerative diseases such as Huntington’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis (ALS) in mouse and fly models [34–37]. Moreover, mice deficient of HSF1 are resistant
to form tumors under oncogenic conditions, suggesting that heat shock response protects tumor cells
from cellular stresses and promotes their survival and proliferation [38].
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2.2. Endoplasmic Reticulum (ER) Stress and Unfolded Protein Response (UPR)

The ER is an intracellular organelle that can be found in all eukaryotic cells. The ER bound
with ribosomes (rough endoplasmic reticulum (RER)) is the major place to synthesize secretory
and membrane proteins. The ER also produces lipids and stores intracellular calcium [5,39].
Newly translated proteins are moved into the ER lumen where they are folded into their native
structure and also modified post-translationally by disulfide bond formation and glycosylation. Within
the ER lumen, the quality control machinery such as ER chaperones helps to ensure proper protein
folding [16]. However, when the ER fails to secure proper folding of ER proteins, protein homeostasis
(proteostasis) is perturbed, and such a condition is referred to as ER stress [5,40]. Although the
accumulation of unfolded or misfolded proteins beyond ER’s folding capacity is a primary cause
of ER stress, metabolic stress, over-nutritional condition, and other cellular stresses also induce ER
stress [5,40]. Under ER stress, cells employ an adaptive mechanism, UPR, to reestablish the ER
homeostasis. The initial goal of the UPR signaling is to restore the ER proteostasis by increasing
the expression of genes which promote protein folding and attenuating general protein translation
which reduces additional protein load into the ER [5,40]. In addition, terminally misfolded proteins in
the ER are translocated to the cytoplasm and degraded by the 26S proteasome, which is known as
ER-associated degradation (ERAD) [41]. However, when ER proteostasis is not restored after these
initial responses, UPR signaling launches cell death pathways [5,40].

The UPR signaling is initiated by three ER-located transmembrane proteins in metazoans,
namely, inositol requiring protein-1 (IRE1), protein kinase RNA-like ER kinase (PERK), and activating
transcription factor-6 (ATF6) (Figure 2B). IRE1 (yeast) or IRE1α (mammal) is a type I transmembrane
protein residing in the ER and consists of an ER-lumenal domain and a cytoplasmic region with
serine/threonine kinase domain and a ribonuclease (RNase) domain [42,43]. Under normal conditions,
IRE1/IRE1α exists as a monomer by physical association of its ER-lumenal domain with an ER
chaperone, glucose-regulated protein 78 kDa (GRP78). However, under ER stress which demands more
ER chaperones to help the folding of unfolded or misfolded proteins, GRP78 is released from IRE1/IRE1α,
which then triggers the dimerization/oligomerization of IRE1/IRE1α. Dimerization/oligomerization in
turn leads to auto-transphosphorylation of IRE1/IRE1α at multiple sites including Ser724 of mammalian
IRE1α [44,45], which ultimately activates the RNase domain of IRE1/IRE1α [46]. The RNase domain
of IRE1/IRE1α selectively excises a 252-base intron of HAC1 mRNA by IRE1 (yeast) and a 26-base
fragment from XBP1 (X-box binding protein 1) mRNA (XBP1u) by IRE1α (mammal) [47–49]. Spliced
HAC1 and XBP1 (XBP1s) mRNA generate functional transcription factors, Hac1p and XBP1s protein,
which translocate to the nucleus and transcribe their target genes which are generally involved in
protein folding, ER biogenesis, and ERAD to restore ER proteostasis (Figure 2B) [47–49]. In addition to
the splicing of HAC1 and XBP1 mRNA, IRE1/IRE1α cleaves and downregulates miRNAs, mRNAs,
and other ER-associated RNAs, which is referred to as regulated IRE1-dependent decay (RIDD) [50–53].
XBP1s protein also shows various crosstalks with other signaling molecules including p38 MAPK, IKKβ,
p85α/β, BRD7, PGC-1α, and FOXO1, which regulate XBP1s activity and its intracellular localization,
and also modulate systemic glucose and lipid metabolism [54–59].

PERK is an ER-residing type I transmembrane protein composed of an ER-lumenal domain
and a cytoplasmic serine/threonine kinase domain. The ER-lumenal domain of PERK is structurally
homologous with the one of IRE1α, thus the dissociation of GRP78 from PERK monomer upon ER
stress prompts homodimerization, auto-transphosphorylation, and activation of the kinase domain
of PERK (Figure 2B) [60]. The activated PERK subsequently phosphorylates eukaryotic translation
initiation factor 2 subunit alpha (eIF2α) at Ser51, resulting in the suppression of the assembly of
ribosomal complex and global protein translation [61]. Despite the suppressed protein translation by
eIF2α phosphorylation, certain transcription factors such as ATF4 and ATF5 can be actively translated
due to multiple upstream open reading frames (uORFs) in their mRNA [62]. ATF4 then induces the
expression of the proapoptotic transcription factor, C/EBP homologous protein (CHOP), which has
been proposed as a major mediator of ER stress-induced apoptosis (Figure 2B) [63,64].



Int. J. Mol. Sci. 2019, 20, 5601

ATF6 is a type II ER transmembrane protein consisting with an ER-lumenal domain sensing the ER
stress and a cytoplasmic domain that is a bZIP transcription factor [65]. The transcriptional activity of
ATF6 remains inhibited without ER stress due to its retention in the ER via its physical association with
GRP78. The dissociation of GRP78 from ATF6 under ER stress allows ATF6 to translocate to the Golgi
where it is cleaved by site-1 protease (S1P) and S2P (Figure 2B) [66]. After cleavage, the cytoplasmic
domain of ATF6 (N-terminal ATF6, ATF6N), an active transcription factor, translocates to the nucleus
and transcribes its target genes in order to restore ER proteostasis (Figure 2B) [65].

ER stress and UPR signaling play a critical role in metabolic regulation and diseases [5]. Increased
ER stress has been reported in several metabolically important tissues such as the liver, hypothalamus,
and white adipose tissues of obese animal models [67,68]. Furthermore, the treatment of chemical
chaperones alleviating ER stress, such as 4-phenylbutyric acid (4-PBA), and tauroursodeoxycholic
acid (TUDCA) reduces ER stress and restores insulin and leptin sensitivity in animal models and
human subjects, which suggests that modulating ER stress and its associated signaling pathways can
be a useful therapeutic treatment to various metabolic diseases [67,69–71]. Additionally, several recent
efforts have identified numerous novel chemicals as specific modulators of the individual UPR factors
such as IRE1α, PERK, and ATF6 [72–74].

Cancer cells are constantly exposed to elevated ER stress and thus employ UPR and other signaling
responses to ensure their survival from ER stress. Increased expression of UPR signaling factors
such as XBP1s correlates with poor prognosis of several cancers such as glioblastoma, breast cancer
and leukemia, and pharmacological or genetic inhibition of UPR responses demonstrates varying
degrees of tumor-suppressing effects [75,76]. In addition, one of the mechanisms of Food and Drug
Administration (FDA)-approved bortezomib, a proteasome inhibitor against multiple myeloma and
mantle cell lymphoma, is to trigger ER stress-induced cell death in these cancer cells [77].

2.3. Mitochondrial Stress

Mitochondria are organelles derived from alphaproteobacteria that were engulfed by a eukaryotic
progenitor before evolving as endosymbionts between 1 to 2 billion years ago [78,79]. Mitochondria
form a highly dynamic network and continually undergo fusion and fission [80]. Mitochondria
primarily function as a powerhouse of eukaryotic cells with oxidative phosphorylation protein
complexes that are involved in electron transport and ATP synthesis. Mitochondria also perform
crucial functions in many essential metabolisms and signaling pathways including iron–sulfur cluster
synthesis, calcium buffering, and stress responses such as autophagy and apoptosis [7,81–83]. It is
therefore not surprising that their dysfunction has been associated with a variety of diseases such as
neurodegeneration, metabolic disease, heart failure, and cancer [7,81–83].

Eukaryotic cells have evolved multiple stress responses and adaptations to recognize and
resolve mitochondrial dysfunctions. Protease-mediated mitochondrial protein quality control has
been known for many years as the first line of defense against mitochondrial damage through
the degradation of non-assembled proteins and misfolded proteins. The main ATP-dependent
proteases performing protein surveillance are the Lon protease homologue (LONP), Clp protease
proteolytic subunit (CLPP), intermembrane AAA protease (Yme1), and matrix AAA protease
(AFG3L2/SPG7). Two ATP-independent proteases participate as well in mitochondrial protein quality
control—mitochondrial inner membrane protease Atp23 homologue (ATP23) and intermembrane Ser
protease (HTRA2) [84].

A recent series of studies has revealed that mitochondrial unfolded protein response (UPRmt)
counteracts mitochondrial damage. Mitochondrial proteotoxic stress activates the UPRmt, which results
in increased transcription of mitochondrial chaperones to help mitochondrial protein folding and
proteases to degrade misfolded proteins. The mechanistic understanding of how the UPRmt regulates
the transcription has been extensively studied in C. elegans, in which the matrix protease CLPP digests
unfolded or unassembled mitochondrial proteins into peptides. These peptides are transported
to the cytoplasm and induce a transcriptional response in the nucleus via activating transcription
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factor associated with stress-1 (ATFS-1). ATFS-1 is normally imported into mitochondria where it is
degraded by the LONP. However, in response to mitochondrial stress, ATFS-1 accumulates in the
cytosol and subsequently traffics to the nucleus (Figure 2C) [85]. In addition to ATFS-1, mitochondrial
stress also induces ubiquitin-like 5 (UBL-5) expression and UBL-5 protein forms a complex with
defective proventriculus (Drosophila) homolog-1 (DVE-1), a transcription factor, which translocates
into the nucleus (Figure 2C) [86]. In the nucleus, ATFS-1 and DVE-1-UBL-5 induce the transcription
of mitochondrial chaperones and proteases [85,86]. However, in mammals, the understanding of
UPRmt is not clear. It has been reported that the transcription factor ATF5 regulates a mammalian
UPRmt and appears to function as mammalian orthologs of ATFS-1 [87]. Another study found that
mammalian UPRmt altered the expression of nuclear genes including mitochondrial chaperonins that
is involved in protein folding, concurrently with reduced protein synthesis in the matrix via rapid
but reversible translational inhibition. Functional studies also revealed that transcriptional repression
and LON protease-mediated degradation of mitochondrial pre-RNA processing nuclease MRPP3 lead
to defects in pre-RNA processing within the mitochondria, which in turn suppresses the translation
of mtDNA-encoded proteins, thereby reducing protein folding load in the mitochondrial matrix [88].
Another study demonstrated that ATF4 is a main player in the mitochondrial stress response in
mammals, which acts downstream of the integrated stress response (Figure 2C). ATF4 promotes the
expression of various cytoprotective genes, some of which reprogram cellular metabolism toward
the synthesis of key metabolites, especially serine. Newly produced serine may promote lipid and
phospholipid synthesis which have been known to be critical in mitochondrial stress [89]. Moreover,
UPRmt attenuates mitochondrial translation by decreasing the levels of mitochondrial ribosomal
proteins independently of ATF4 [89].

Mitophagy is selective autophagy which degrades damaged mitochondria, thereby maintaining
a healthy mitochondrial population. Mitophagy requires PINK1, a kinase that is imported into
mitochondria under normal conditions and subsequently degraded by proteolysis. When mitochondria
are depolarized and dysfunctional, PINK1 is stabilized on the outer mitochondrial membrane,
and recruits Parkin, a ubiquitin ligase, on the damaged mitochondria. The outer membrane on the
mitochondria is then ubiquitylated by Parkin. Consequently, the poly-ubiquitinated mitochondria
are selectively recognized and bound by autophagy machinery, triggering the selected degradation of
mitochondria (Figure 2C) [90,91].

Aging accompanies the accumulation of dysfunctional mitochondria and mutations in genes
involved in mitochondrial function, which affect life span [92,93]. In addition, mitochondrial
dysfunction is linked to various metabolic diseases such as obesity, type 2 diabetes, hypertension,
and non-alcoholic fatty liver disease [83,94,95]. Moreover, as exemplified by Parkinson’s disease,
impaired mitophagy and mitochondrial dysfunction have been suggested to cause various
neurodegenerative diseases [96,97]. Mutations in PINK1, PARK2 (Parkin), ATP13A2, and DJ-1
impair mitophagy and elicit mitochondrial dysfunction, in turn leading to autosomal recessive
Parkinson’s disease [98,99]. Additionally, mitochondrial dysfunction is observed in Alzheimer’s disease,
Huntington’s disease, ALS, and other neuropathies, but its causal role in these neurodegenerative
diseases has not yet been established [96,100]. Since Otto Warburg discovered that cancer cells
mainly utilize aerobic glycolysis to produce lactate from glucose in the presence of oxygen (Warburg
effect), the defects of oxidative phosphorylation in mitochondria was believed to produce this
Warburg effect in cancer cells [101]. However, recent studies document that cancers alter the
mitochondrial function instead of inactivating it to produce metabolite needed by cancer cells [101,102].
Mutations in tricarboxylic acid (TCA) cycle enzymes such as isocitrate dehydrogenase 2 (IDH2),
succinate dehydrogenase, and fumarate hydratase are frequently found in human cancers [101,102],
and the inhibitor of mutant IDH2, enasidenib, was approved by the FDA to treat acute myeloid
leukemia [103,104].
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2.4. Hypoxia

Molecular oxygen (O2) is a critical substrate for mitochondrial ATP production, signaling,
and numerous cellular metabolisms. The maintenance of O2 homeostasis is, therefore, essential for the
development of multicellular animal life. O2 deprivation (hypoxia) is the condition in which cellular
O2 delivery does not meet the demand. Hypoxia is one of defining features of solid tumors associated
with increased therapeutic resistance [105–107]. The central mediators of cellular adaptation to hypoxia
are hypoxia-inducible factors (HIFs), a family of heterodimeric basic helix-loop-helix transcription
factors composed of an oxygen-sensitive HIFα subunit and a constitutively expressed HIF1β subunit.
Three HIFα subunits are identified in mammals—HIF1α, HIF2α, and HIF3α. In the presence of
oxygen, HIFα subunits are rapidly hydroxylated on proline residues by a group of prolyl hydroxylase
domain (PHD) enzymes. Once hydroxylated, HIFα binds to the von Hippel–Lindau (VHL) protein,
an E3 ubiquitin ligase targeting HIFα for proteasomal degradation (Figure 2D). In another mode
of HIFα regulation, HIFα undergoes asparaginyl hydroxylation by factor inhibiting HIF1 (FIH1),
which inactivates HIFα transcriptional activity by preventing its interaction with the transcriptional
co-activator CREB-binding protein (CBP) and histone acetyltransferase p300 (Figure 2D). Thus,
PHDs and FIH1 function as O2-dependent oxygenases to post-translationally modify HIFs to suppress
their transcriptional activity [108]. Conversely, during hypoxia, PHD and FIH activity is suppressed,
resulting in HIFα stabilization and dimerization with HIF1β. Subsequently, the HIF dimer translocates
to the nucleus and transcribes its target genes with hypoxia-responsive elements (HREs), HIF-binding
promoters (Figure 2D) [109–111]. HIF target genes generally stimulate vascularization (VEGF), raise the
blood’s oxygen carrying capacity (erythropoietin), and modulate mitochondrial metabolism.

The largest group of genes regulated by HIF1 are associated with glucose metabolism. HIF1 can
increase the rate of glucose uptake through the upregulation of the glucose transporters, GLUT1 and
GLUT3. Furthermore, HIF1 stimulates enzymes responsible for the glycolytic breakdown of intracellular
glucose to pyruvate. HIF1 also upregulates lactate dehydrogenase A (LDHA) which converts pyruvate
to lactate. The lactate can then be transported out of the cell through the action of the HIF-inducible cell
surface monocarboxylate transporter 4 (MCT4) [112,113]. Thus, HIF1 activation leads to an increase
in glycolysis.

Mitochondria and O2 are inextricably intertwined. There are several mechanisms by which HIF
signaling can affect mitochondrial function. HIF1 induces the expression of pyruvate dehydrogenase
kinase 1 (PDK1), which phosphorylates and inactivates the mitochondrial pyruvate dehydrogenase
(PDH) and blocks the conversion of pyruvate to acetyl-CoA, thereby suppressing the TCA cycle
and attenuating oxidative phosphorylation and excessive toxic reactive oxygen species (ROS)
production [114]. HIF1 also modulates mitochondrial metabolism by replacing the cytochrome
c oxidase subunit COX4-1 with COX4-2, in which HIF1 increases the transcription of COX4-2 while
downregulating COX4-1 protein levels by augmenting the expression of Lon protease. COX4-2
is more efficient at facilitating the electron transfer to O2, and thereby lowers ROS levels [115].
In addition, HIF1 upregulates BNIP3 and BNIP3L, which promote mitophagy [105]. In another report,
the researchers suggest chronic hypoxia could be used as an unexpected treatment for defects in the
mitochondrial respiratory chain [116].

Regulation of hypoxic responses via the HIFs is well established, but growing evidence also
indicates that HIF-independent mechanisms are also involved. In one study, hypoxic response depends
on the accumulation of lactate which binds to the NDRG3 protein and stabilizes it. NDRG3 is
an oxygen-regulated protein and also a substrate of the PHD2/VHL system. The stabilized NDRG3
mediates hypoxia-induced activation of the Raf-ERK pathway and promotes angiogenesis and cell
growth [110]. In another study, hypoxia promotes survival of in vitro and in vivo models of Friedreich’s
ataxia by restoring the steady-state levels of Fe–S clusters independently of HIF. Mitochondrial protein
frataxin (FXN) participates in the biosynthesis of Fe–S clusters, and FXN-deficient yeast, human cells,
and C. elegans, which cannot survive under normoxia, were able to grow continuously in ambient 1%
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O2, a hypoxic condition. This indicates that hypoxia somehow could directly promote Fe–S synthesis
bypassing the requirement of FXN [117].

Cancer cells are constantly exposed to the hypoxic condition, thus cancer cells frequently employ
various responses ameliorating hypoxic stress. Increased expression of HIF1α and HIF2α correlates
with negative outcome of human tumors, and HIFs in cancer cells promote glucose metabolism and
angiogenesis to help tumor proliferation and survival [118]. In addition to cancer metabolism, hypoxia
signaling contributes to systemic glucose and lipid metabolism; depletion of HIF1α in pancreas
β-cells causes glucose intolerance due to impaired insulin secretion [119]. Additionally, genetic and
pharmacological suppression of HIF2α activity in the intestine alleviates hepatic steatosis of obese
mice, whereas activation of HIF2α in the liver improves glucose metabolism and ameliorates type 2
diabetes [120–122].

2.5. Oxidative Stress

Oxidation–reduction (redox) homeostasis is crucial to maintaining nearly all principal cellular
processes. During the redox reaction, various oxidants and antioxidants are generated endogenously,
and when oxidants are produced or obtained beyond the balancing redox capacity of cells, it leads to
oxidative stress. ROS, which causes oxidative stress, includes not only narrowly defined ROS but also
various other kinds of chemicals such as reactive nitrogen species, reactive chlorine/bromine species,
reactive sulfur species, reactive carbonyl species, and reactive selenium species [123,124]. ROS is
continuously generated during metabolism, which has been considered to facilitate accumulated
DNA damages and ultimately lead to the development of cancers and cellular aging. ROS and
accompanying oxidative stress also have been demonstrated to contribute to the pathophysiologies of
various chronic diseases such as cardiovascular diseases, obesity, diabetes, and neurodegenerative
diseases [125]. However, recent studies also show that ROS plays a beneficial role in many cellular
functions. For example, ROS generated from phagocytes constitutes a pathogen-killing mechanism
during phagocytosis. Furthermore, some ROS such as hydrogen peroxide (H2O2) and nitric oxide (NO)
play a role in cellular signaling and in post-translational modifications of proteins such as sulfenylation
and S-nitrosylation [126–130]. The majority of ROS is produced from the electron transport chain
of mitochondria as a superoxide anion radical, O2•−, and most of O2•− is converted to H2O2 by
manganese superoxide dismutase (MnSOD) [131–133]. Additionally, NADPH oxidases, which are
activated by growth factors, also generate H2O2 [134], whereas NO synthases produce NO [135].

Because oxidative stress can be produced at every cellular metabolic process, a myriad of signaling
responses even in other stress responses are employed to curb oxidative stresses, which include
NRF2-KEAP1, p53, MAPKs (JNK, p38 MAPK, ERK), PI3K/Akt, NF-κB, heat shock response,
and UPR [125,136]. In general, the majority of these pathways exercise pro-survival responses,
whereas some responses from JNK, p38, p53, and UPR pathways (e.g., CHOP) exert cell death [5,125].
Among these oxidative stress responses, NRF2-KEAP1 is regarded as one of the main regulators of the
cellular antioxidant responses. NRF2 is a transcription factor and its protein levels are maintained
at low under unstressed conditions by three E3 ubiquitin ligase complexes—KEAP1-CUL3-RBX1,
β-TrCP-SKP1-CUL1-RBX1, and HRD1 [137]. However, KEAP1-CUL3-RBX1 is considered as a principal
negative regulator responding to the changes of redox condition [136,137]. KEAP1 is a substrate adaptor
protein of the CUL3-RBX1 E3 ligase complex and binds to NRF2 to prompt NRF2 ubiquitylation
and its subsequent degradation during unstressed conditions. Under oxidative stress condition,
excessive ROS reacts with cysteines (especially Cys151) at the N-terminal part of KEAP1, leading to
its conformational changes and subsequent loss of affinity to NRF2. In turn, NRF2 translocates to
the nucleus, forms a heterodimer with sMAF, and then transcribes its target genes with antioxidant
response element, many of which contribute to antioxidant responses (e.g., glucose 6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase, malic enzyme 1, and isocitrate dehydrogenase 1,
which are involved in NADPH production) [136,137].
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Many studies have suggested that ROS and oxidative stress contribute to cellular senescence,
aging, and aging-associated diseases [125]. During the progression of type 2 diabetes, pancreatic β-cell
dysfunction is caused by increased ER stress, mitochondrial stress, and oxidative stress [138]. Moreover,
ROS-induced DNA damage, in addition to the chemical modifications of macromolecules such as lipids
and proteins, is considered to lead to the development of cancer, whereas many chemotherapy and
radiation therapy treatments induce excessive oxidative stress to kill cancer cells [139,140]. Furthermore,
genes in the KEAP1-NRF2 pathway are frequently mutated in certain cancers such as squamous cell
carcinoma and lung adenocarcinoma showing the strong resistance to chemotherapy and radiation
therapy [141,142].

3. Connectivity Map (CMap)

As we explained above, cellular stresses and their related signaling responses are mediated by
various environmental factors (e.g., heat, oxidants, osmotic stress, and over-nutrition) and a plethora
of signaling molecules. Therefore, finding chemopreventive and even therapeutic chemicals targeting
cellular stresses and their associated diseases is challenging and has proven to be difficult with
target-based drug discovery. Because of its potential advantage to address complex diseases that
require more understanding of their mechanisms, and also recent advances in screening methods for
phenotypic drug discovery such as cell-based phenotypic screening and pharmacogenomic analysis,
phenotypic drug discovery has started to regain its interest and usage in drug screening.

Recently, the connectivity map (CMap) and the upgraded CMap (L1000) have been demonstrated as
useful in silico drug screening tools to target cellular stresses and their related disorders [12,13,143,144].
The CMap (https://portals.broadinstitute.org/cmap/) is a gene expression compendium archiving gene
expression data from cultured cells, treated with individual chemical perturbagens and whose ≈22,000
gene expression levels were analyzed with microarray (CMap Build 2 stores results from over 1300
chemical treatments that include a variety of phytochemicals).

Importantly, researchers can query the CMap with their gene expression signatures that consist
of a list of genes upregulated and downregulated in the biological or pathological states of interest
(Figure 1C). In order to compare the query signature to the entire microarray data in the CMap,
which were generated from different cell lines and batches as well as with various doses and treatment
time, CMap uses a nonparametric, rank-based pattern-matching analysis. In the end, CMap presents
its query result as a list of drugs with a “connectivity score” ranging from +1 (positive connectivity) to
-1 (negative connectivity) (Figure 1C). Drugs with a positive connectivity score may generate similar
gene expression outcomes with the state of interest (query state), whereas ones with a negative score
produce reverse gene expression patterns with the query. Additionally, drugs with a near zero score
are unlikely to induce any related responses with the query state. Therefore, the CMap potentially
provides a list of candidate chemicals which may mimic or reverse the biological or pathological state
of interest [12,13].

Recently, increasing numbers of studies have used CMap to uncover promising small molecules
to address various diseases. For example, searching on CMap with gene expression data from
tissues (liver and hypothalamus) showing diminished ER stress and improved leptin/insulin receptor
signaling as query signatures successfully identified celastrol as an effective leptin sensitizer and
chemical chaperone ameliorating obesity in the leptin-resistant mouse model [145]. Celastrol is
a phytochemical originally extracted from the root of the thunder god vine, Tripterygium wilfordii,
which has been used as a medicinal plant in China and other East Asian countries as a treatment of
inflammatory diseases such as rheumatoid arthritis [145,146]. Furthermore, using the gene expression
signature of celastrol as a query on CMap uncovered that withaferin A is also a chemical chaperone
and a leptin sensitizer, and significantly ameliorates obesity [147]. Similar to celastrol, withaferin
A is also a phytochemical originally extracted from leaves, berries, and roots of Withania somnifera,
a winter cherry (also called Ashwagandha in India), which has been used as a medicinal plant in
India as a treatment of various disorders including inflammation, autoimmune diseases, tumors,



Int. J. Mol. Sci. 2019, 20, 5601

stress, anxiety, and aging [148–150]. Besides the discovery of celastrol and withaferin A as chemical
chaperones and anti-obesity drugs, CMap has been successfully utilized to uncover numerous
chemicals with potentials to treat various other diseases, for example, COX2- and ADRA2A-targeting
chemicals to treat type 1 and type 2 diabetes [151], tomatidine (a phytochemical from tomato
plants) for skeletal muscle atrophy [152], anisomycin for spinal muscle atrophy [153], topiramate
for inflammatory bowel disease [154], kaempferol (a phytochemical) for cigarette smoke-induced
inflammation [155], pyrvinium for obesity [156], cannabidiol (a phytochemical from Cannabis sativa,
marijuana plant) for diabetic cardiomyopathy [157], piperazine for central nervous system injury [158],
and many other chemicals for cancers such as medulloblastoma [159], breast cancers [160,161],
lung cancers [162,163], glioblastoma [164], ovarian cancer [165], prostate cancers [166], myeloma [167],
atypical meningioma [168], leukemia [169–172], and many others [173–175].

Despite CMap’s promising potential as a genome-based and phenotypic drug discovery tool,
CMap has limitations. First, constructing and expanding reference profiles of CMap database are
time consuming and expensive because CMap is built upon full transcriptome analysis. Second,
CMap is still built on data from limited numbers of small molecules and cell lines. In addition,
gene expression data from cultured cells may not be appropriate to address the diseases happening in
our body or in specific organs. Third, CMap results may not provide enough information about direct
drug targets because CMap is a phenotypic drug discovery tool. To overcome these shortcomings,
the same team at the Broad Institute who created the original CMap has developed the “next generation
connectivity map” or L1000 (https://clue.io/) as part of the National Institutes of Health (NIH) Library of
Integrated Network-Based Cellular Signatures (LINCS) initiative [144]. The current L1000 expands the
original CMap by using nearly 28,000 perturbagens including over 19,000 small molecules and ≈7000
genetic modulations using knockdown with shRNAs and over-expression with cDNAs. L1000 also
includes more cell lines (nine core cell lines) to test perturbagens or uses 3 to 77 variable cell lines for
chemicals without characterized mode of action. Moreover, in order to build the new CMap through
high-throughput screening at lower costs, L1000 uses only 1000 landmark transcripts as references
instead of the full transcriptome, which the authors claim addresses ≈80% of the information in the
entire transcriptome [144]. Collectively, L1000 alongside with the original CMap provide powerful
in silico pharmacogenomic ways for researchers to discover novel small molecules targeting various
diseases that currently do not have effective therapeutics due to their complicated pathophysiologies.

4. Conclusions and Future Perspectives

As our modern society enters the state of population aging, aging-associated diseases such as
cardiovascular diseases, obesity, diabetes, neurodegenerative diseases, and cancers have become
a major health threat as well as a serious economic and social burden. Even though tremendous efforts
have expanded our understanding of the pathophysiologies of these disorders and have also developed
numerous medications against them, such efforts still fell short to alleviate significantly chronic and
aging-associated disorders. This is partly due to their compounding nature in which a myriad of
genetic and environmental factors are interwoven with each other. Recently, a growing number of
studies have documented that cellular stresses caused by the disruption of homeostasis within the cell
contribute to the development of aging-associated diseases and have suggested that ameliorating these
cellular stresses could be an effective prevention and therapeutic treatment. There are several uniquely
categorized cellular stresses such as heat shock stress, ER stress, mitochondrial stress, oxidative
stress, and hypoxia. However, it should be noted that cellular stresses do not occur individually but
frequently happen together. Due to these complexities, developing chemopreventive and therapeutic
treatments against cellular stresses and their associated diseases has not yet achieved any significant
progress. However, recent technological and genomic advances bring new opportunities to tackle many
debilitating chronic disorders. Among them, CMap and its upgraded L1000 are potentially powerful
genome-based in silico drug discovery methods based on phenotypic drug discovery, and many
studies have successfully used CMap to uncover novel chemicals to alleviate cellular stresses and
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aging-associated diseases. Furthermore, there are still many possibilities to expand CMap and L1000
in the future in order to be more effective as follows. (1) The numbers of perturbagens (small chemicals
and genetic modulations) in CMap/L1000 could increase further, including numerous phytochemicals
available currently, and CRISPR/cas9 could be also utilized as genetic perturbation. (2) CMap/L1000
could include more cell types, especially induced pluripotent stem cells (iPSC) and tissue-specific
organoids. Additionally, (3) future CMap/L1000 or other pharmacogenomic tools could include more
phenotypic information, including proteomic and epigenetic data and also high-content imaging
profiles. Furthermore, (4) recent advances in machine learning could empower future genome-based
in silico drug discovery tools by potentially providing the information about probable modes of action
and target proteins of small molecules.

Historically, phytochemicals have provided huge medical benefits to humankind, as famously
shown by salicin (from the willow tree and modified to aspirin®), morphine (from the opium poppy),
cocaine (from coca leaves), guanidine (from the French lilac and modified to metformin), and many other
examples. However, many phytochemicals’ potential medical benefits are still unknown. However,
with recent phenotypic drug discovery tools such as CMap, we can finally be in the position to uncover
novel functions of phytochemicals which could be both chemopreventive and therapeutic toward
many chronic diseases caused by cellular stresses.
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β-TrCP Beta-transducin repeat containing E3 ubiquitin protein ligase
AAA ATPases associated with diverse cellular activities
AFG3L2 AFG3-like protein 2
ALS Amyotrophic lateral sclerosis
AMPK AMP-activated protein kinase
BNIP3L BCL2 interacting protein 3 like
BRD7 Bromodomain-containing protein 7
CLPP Clp protease proteolytic subunit
CUL1 Cullin 1
CUL3 Cullin 3
ERK Extracellular signal-regulated kinase
FDA Food and Drug Administration, USA
HRD1 HMG-CoA reductase degradation 1 homolog
IDH2 Isocitrate dehydrogenase 2
IKKβ Inhibitor of nuclear factor kappa-B kinase subunit beta
JNK c-Jun N-terminal kinase
KEAP1 Kelch-like ECH-associated protein 1
MAPK Mitogen-activated protein kinase
NADPH Nicotinamide adenine dinucleotide phosphate, reduced form
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NRF2 Nuclear factor erythroid 2-related factor 2
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator-1 alpha
PI3K Phosphoinositide 3-kinase
PINK1 PTEN-induced kinase 1
RBX1 Ring box 1
SKP1 S-phase kinase-associated protein 1
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sMAF Small musculoaponeurotic fibrosarcoma
SPG7 Spastic paraplegia 7
TCA Tricarboxylic acid
VEGF-B Vascular endothelial growth factor B
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Abstract: Quercetin (QCT) is a natural polyphenolic compound enriched in human food, mainly in
vegetables, fruits and berries. QCT and its main derivatives, such as rhamnetin, rutin, hyperoside, etc.,
have been documented to possess many beneficial effects in the human body including their positive
effects in the cardiovascular system. However, clinical implications of QCT and its derivatives are still
rare. In the current paper we provide a complex picture of the most recent knowledge on the effects of
QCT and its derivatives in different types of cardiac injury, mainly in ischemia-reperfusion (I/R) injury
of the heart, but also in other pathologies such as anthracycline-induced cardiotoxicity or oxidative
stress-induced cardiac injury, documented in in vitro and ex vivo, as well as in in vivo experimental
models of cardiac injury. Moreover, we focus on cardiac effects of QCT in presence of metabolic
comorbidities in addition to cardiovascular disease (CVD). Finally, we provide a short summary of
clinical studies focused on cardiac effects of QCT. In general, it seems that QCT and its metabolites
exert strong cardioprotective effects in a wide range of experimental models of cardiac injury, likely
via their antioxidant, anti-inflammatory and molecular pathways-modulating properties; however,
ageing and presence of lifestyle-related comorbidities may confound their beneficial effects in heart
disease. On the other hand, due to very limited number of clinical trials focused on cardiac effects of
QCT and its derivatives, clinical data are inconclusive. Thus, additional well-designed human studies
including a high enough number of patients testing different concentrations of QCT are needed to
reveal real therapeutic potential of QCT in CVD. Finally, several negative or controversial effects of
QCT in the heart have been reported, and this should be also taken into consideration in QCT-based
approaches aimed to treat CVD in humans.

Keywords: quercetin (QCT); QCT derivatives; cardioprotection

1. Introduction

During the last decades, constantly growing interest of the effects of flavonoids and other
polyphenols on human health has been noticed. Flavonoids are a group of polyphenolic compounds
present in the diet representing a promising therapeutic and/or preventive agents for a variety of
diseases including cardiovascular disease, diabetes mellitus, hypertension and cancer [1–4].

Quercetin (QCT) is a common flavonoid highly enriched in frequently consumed fruits, vegetables
and berries. Major natural sources of QCT and its derivatives are onions, peppers, plums, mangos and
various types of berries. Extensive research is focused on exploring the beneficial effects of QCT for
human health at all body systems including cardiovascular, nervous, gastrointestinal and others, as
well as on uncovering molecular mechanisms involved in QCT action in the body. By its antioxidant,
anti-inflammatory, anti-thrombotic, anti-apoptotic and other effects [5], QCT possesses a wide range
of multiple activities influencing many different signaling pathways. Thus, QCT affects a number of
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physiological processes, and is believed to be beneficial in various human diseases including cancer,
obesity and diabetes, gastrointestinal and renal diseases [6–8].

In cardiovascular system, QCT and certain QCT-containing food have been shown to exert strong
anti-hypertensive effects in both experimental animals and humans through numerous mechanisms
such as attenuation of oxidative stress, affecting intracellular protein kinase cascades, as well as via
remodeling of extracellular matrix in the vasculature [9–12].

In addition to its vascular effects, QCT has been shown to exert robust heart-protective effects
in different kinds of cardiac injury, including ischemia-reperfusion (I/R) injury, doxorubicin-induced
cardiotoxicity, diabetic cardiomyopathy and others [13–17]. Cardioprotective effects of QCT are
associated with affecting many different signaling pathways and proteins, including inhibition
of apoptosis and decreasing oxidative stress, as well as affecting inflammatory proteins in the
heart [14–16,18].

In line with increasing evidence of beneficial effects of QCT in different types of heart disease, the
aim of the present review is to summarize current knowledge on potential cardioprotective effects
of QCT and its derivatives in different types of cardiac injury. The paper focus mainly on the recent
experimental studies exploring effects of this flavonoid in in vitro as well as in vivo models of cardiac
injury, and provide detailed information about proposed mechanisms involved in cardiac effects of
QCT and its derivatives. Finally, potential difficulties of QCT use in humans are outlined in the paper,
including potential confounding factors that may affect QCT efficiency in preventing cardiac injury.

2. QCT and its Derivatives: Structure, Sources, Metabolism, Bioavailability

QCT (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-chromen-4-one) (IUPAC name) is one of the
major representatives of the flavonol family, a subgroup of flavonoids, compounds characterized by
3-hydroxyflavone backbone (Figure 1A). QCT is considered a strong antioxidant possessing the ability
to scavenge free radicals and to bind transition metal ions [19]. The catechol and the OH groups at
position C3 give QCT the optimal configuration for free radical scavenging. All these properties are
primarily attributed to the presence of two antioxidant pharmacophores within the molecule. Despite
its attractive molecule shape and preferences, some limitations complicate the use of QCT as a drug.
In fact, bioavailability of QCT aglycone defined as the portion of an initially administered dose that
reaches the systemic circulation unchanged after a single oral dose was estimated at 4%, which is very
low, mostly due to its fast and extensive metabolism. The factors that most influence and usually
improve bioavailability of quercetin are the properties of attached sugar moieties and its solubility in
water or fats [20]. In addition to its low bioavailability, QCT has low water solubility (0.01 mg/mL
(25 C)) [21], high chemical instability and short biological half-life (the average terminal half-life of
QCT is 3.5 h [22]), which could reduce its efficacy when it is used in the food and pharmaceuticals [23].

 

(A) 

 

(B) 

Figure 1. Chemical structures of: (A) flavone backbone with potential substituent sites; (B) QCT.
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2.1. Chemistry of QCT and its Derivatives

QCT molecule is formed of a 15-carbon skeleton consisting of two phenyl rings (A and B) typical
for flavonols, attached by an oxygen-containing heterocyclic ring (C). Common feature of flavonols is
the hydroxyl group on C-3 carbon [24]. QCT molecule itself occurs as an aglycone with five hydroxyl
groups on the flavone backbone (Figure 1B). Hydroxyl groups determine reactivity and biological
activity of QCT, and limit its ability to create derivatives. Despite the presence of hydroxyl groups,
QCT molecule has lipophilic character, while its derivatives may become more hydrophilic [25].

In contrast to other food supplements, QCT is mostly bound to a saccharide in nature. This
conjugate is known as a QCT glycoside. While glycosylation of at least one hydroxyl group increases
hydrophilicity of QCT derivatives, binding of alkoxyl groups or alkylation maintains the lipophilic
character of the molecule [26,27]. In plants, changing the profile of a QCT molecule from lipophilic to
hydrophilic is aimed to increase its solubility in the cytosol of cells. Consequently, soluble molecules
are more easily transported to different parts of plant, thus increasing the possibility of their storage in
vacuoles [28,29].

There is a clear correlation between the structure of a QCT molecule and its antioxidant activity.
Higher occupancy of hydroxyl groups by saccharides leads to lower antioxidant activity of QCT
derivative. Therefore, QCT is the most effective antioxidant among all QCT derivatives since no
hydroxyl group are occupied in a QCT molecule [19,30]. QCT, as well as its derivatives, are usually
found in the form of yellow-colored powder or small crystals, and cannot be synthetized in the human
body [31]. Molecules derived from QCT are classified as: (1) O-glycosides, (2) C-glycosides, (3) ethers,
(4) derivatives containing alkyl substituents (prenyls) (Table 1).

Table 1. Overview of QCT derivatives, chemical structures and natural sources.

Chemical Structure
Common Name/

Systematic Name
Food Sources References

QCT-3-O-glycosides

 

Hyperoside/
QCT-3-O-galactoside

Mango
Cranberries
Blueberries

Chokeberries

[32]
[33]

 

Quercitrin/
QCT-3-O-rhamnoside

Mango
Spinach

[32]
[34]

 

Isoquercitrin/
QCT-3-O-
glucoside

Beans
Plums
Onions
Mango

[35]
[36]
[37]
[32]
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Table 1. Cont.

Chemical Structure
Common Name/

Systematic Name
Food Sources References

 

Rutin/
QCT-3-O-
rutinoside

Plums
Cherries

Tomatoes
Buckwheat

[36]
[38]
[39]
[40]

 

QCT-3-O-sophoroside Broccoli [41]

QCT-7-O-glycosides

 

QCT-
7-O-glucoside Beans [35]

 

QCT-
3-O-rhamnoside-

7-O-glucoside
Pepper [42]

Acyl and sulfate QCT glycosides

 

QCT-
3-O-(2”-acetylgalactoside)

Hypericum
perforatum [43]

 

QCT-3-O-glucoside-5′-sulfate Cornflower [44]

QCT-C-glycosides
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Table 1. Cont.

Chemical Structure
Common Name/

Systematic Name
Food Sources References

 

QCT-6-C-glucoside Ageratina
calophylla [25]

QCT ethers

 

Rhamnetin Rhamnus
petiolaris [45]

 

Isorhamnetin Onions
Honey

[46]
[47]

QCT prenyls

 

8-prenyl-QCT Desmodium
caudatum [48]

2.1.1. QCT-O-Glycosides

In nature, QCT is widely distributed in O-glycoside form with one or more hydroxyl groups
replaced by different saccharides. QCT-3-O-glycosides are largely present in fruits, vegetables and
the anatomical parts of plants. In these derivatives, the hydroxyl group on C-3 carbon is glycosylated
by monosaccharides such as glucose, galactose, xylose or rhamnose [29]. Significant quantities of
hyperoside (QCT 3-O-galactoside) were found in mango [32] and small fruits, especially cranberries,
blueberries and chokeberries [33]. Quercitrin (QCT-3-O-rhamnoside) was detected in mango [32] and
spinach [34]; isoquercitrin (QCT-3-O-glucoside) was found in beans [35], plums [36], onions [37] and
mango [32]. QCT derivatives with more complex saccharides bound to C-3 hydroxyl group can also
be found in plant foods, namely rutin with terminal sugar rutinose (disaccharide), which is found in
abundance in plums [36], cherries [38], tomatoes [39] and buckwheat [40], and QCT-3-O-sophoroside
(disaccharide sugar moiety), which is found in broccoli [41].

Hydroxyl group on C-7 carbon of QCT molecule can be also O-glycosylated, as in the case of
QCT 7-O-glucosid found in beans [35]. 7-O-glycosylation is often accompanied by methylationon
C-3 carbon, for instance in QCT-3-O-rhamnoside-7-O-glucoside found in pepper fruit [42]. In nature,
however, a number of glycosides derived from QCT can be found, since sugar moieties can form
additional bonds and bind substituents such as acyls (links with aliphatic acids, e.g., malonic, acetic,
aromatic acids including caffeic or benzoic acids) or sulfates (SO4

2−) [25]. An example of acyl derivative
is QCT-3-O-(2′-acetylgalactoside) [43]. QCT-3-O-glucoside-5′-sulfate identified in the cornflower [44]
is one of the few representatives of QCT sulfates that are only rarely found in nature.
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2.1.2. QCT-C-Glycosides

Another group of QCT derivatives are C-glycosides, which are very rare in nature. Glycosylation
usually occurs on C-6 carbon. An example of such a derivative is QCT-6-C-glucoside, which was
originally found in plant Ageratina calophylla [25].

2.1.3. QCT Ethers

In the third group of QCT derivatives, a bond is formed between the alcohol molecule and any
hydroxyl group of the QCT molecule, most often methanol. Representatives of this group can be found
in food, such as isorhamnetin (3-O-methylQCT) enriched in onions and honey [46,47], and rhamnetin
(7-O-methyl QCT) enriched in berries Rhamnus petiolaris [45].

2.1.4. Alkyl-Containing QCT Derivatives (Prenyls)

The last group of QCT derivatives is only very rarely described in the literature, and its
representatives have not been tested for their cardiovascular effects thus far. Thus, this group
has minor importance in our overview. An example of a QCT derivative of this group is 8-prenyl-QCT,
present in Desmodium caudatum [48].

2.2. Metabolization of QCT in the Body

Depending on the substituent on the QCT backbone, absorption of QCT derivatives occurs in
different parts of the gastrointestinal tract. It has been shown that QCT in the form of aglycone, in
contrast to its glycoside forms absorbed primarily in the intestine, is absorbed already in the stomach.
However, the mechanism of absorption in the stomach still remains unknown [49]. Investigations
performed in human-derived Caco-2 cells, a model of epithelial cells of intestinal absorption, revealed
higher permeability of QCT aglycone as compared to QCT glycosides via cell monolayer by simple
passive diffusion in the small intestine [50]. This observation correlates with the fact that QCT is
more lipophilic than its hydrophilic derivatives [51]. Hydrolysis of the glycosidic bond of QCT
monosaccharide derivatives (such as isoquercitrin) occurs in the lumen of the small intestine by
the activity of lactase-phlorizin hydrolase (LPH), a β-glucosidase located at the apical membrane
of enterocytes. This results in formation of QCT aglycone which enters the enterocyte by simple
diffusion [52].

Studies have shown that glucose-linked QCT derivatives are transported by another mode of
transport from the small intestinal lumen to the enterocyte cytosol, by a sodium-dependent glucose
cotransporter-1 (SGLT-1) [53]. When glucose-linked QCT derivatives enter into the enterocyte, their
molecules are degraded to QCT aglycone and glucose by cytolosic β-glucosidase. QCT oligosaccharides
and polysaccharides as well as monosaccharide derivatives, which have not been absorbed or processed
yet are deglycosylated in more distal intestinal parts—the large intestine (colon) by microbiota-derived
β-glucosidase back to QCT aglycone [54], which is subsequently absorbed or degraded to phenolic
acids [55]. Enterobacteria responsible for QCT metabolization in the colon belong to different strains,
for instance, Clostridium orbiscindens [56]. As followed, hydrolysis of QCT glycosides to QCT aglycone
is essential for their efficient absorption, either in enterocytes or by enterobacteria. QCT aglycone from
both small and large intestine in enterocytes/colonocytes. Moreover, QCT aglycone in enterocytes
presents a subject to enzymes of phase II metabolism catalyzing conjugation reactions (glucuronidation
and/or sulfate conjugation) by UGT (UDP-glucuronosyltransferase) [57], SULT (sulfotransferase) [58]
and modification reactions (O-methylation) by COMT (catechol-O-methyltransferase) [59], mostly
before entering the portal vein via ATP-binding cassette (ABC) transporters [60]. This was investigated
by studies where the presence of residues of unmetabolized QCT algycone was confirmed, but
mostly QCT methylated and/or unmethylated QCT metabolites (glucuronides and sulphates) were
found in human plasma [61], lymph [62] and in portal vein [63]. The most commonly present
methylated phase II QCT metabolites include isorhamnetin and tamarixetin [64] or unmethylated
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QCT 3-O-β-D-glucuronide [65]. QCT metabolites, which enter the liver by passive diffusion or by
organic anion transporters (OATs), are extensively exposed to further reactions catalyzed by phase II
metabolism enzymes. Subsequently, they are excreted into the bloodstream for further action in the
body or directed to the bile [5,63].

The elimination phase III of metabolism begins in liver by excretion of QCT metabolites to bile
continuing to duodenum and also in the small intestine itself, where the metabolites are transported
back to the intestinal lumen by MRP-2 protein (multidrug resistance-associated protein 2) [66]. Thus,
in large intestine, in addition to deglycosylation by microbiota-derived β-glucosidase [67], there
occurs a final degradation of unabsorbed QCT derivatives as well as QCT metabolites, which were
transported back to intestine via bile. Degradation involves deconjugation and deglycosylation of
QCT metabolites to QCT aglycone with the aim of fission of the A and B-rings of the QCT backbone,
leading to the formation of low molecular weight phenolic acids. This is also confirmed by the presence
of microbiota-derived β-glucuronidase in large intestine microflora, which, after deglucuronidation,
provides QCT aglycone for further degradation [55]. The most common degradation products, such
as 3,4-hydroxyphenylacetic acid, hippuric acid but also QCT aglycone itself, are either re-absorbed
into the bloodstream circulation or excreted by feces from the body [68]. An overall picture of QCT
metabolization is outlined in Figure 2.
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Figure 2. Overview of QCT metabolization in the body. QCT and its monosaccharide* derivatives
(including QCT glucoside**) are metabolized in small intestine. After a chain of reactions catalyzed by
enzymes UGT, SULT or COMT causing glucoronidation, sulfation or methylation, respectively, QCT
metabolites are either transported by ABC transporters to the portal vein and then to liver or re-uptake
and transport back to the intestinal lumen by MRP-2, continuing to the large intestine. QCT aglycone as
a possible product of QCT glycosides and QCT glucosides is transferred by passive diffusion through
enterocytes to hepatic portal vein and consequently to the liver. In the large intestine, mainly QCT
oligosaccharides and polysaccharides (QCT glycosides***) are enzymatically deglycosylated to QCT
aglycone, which is transported from intestinal lumen to portal vein by passive diffusion through
colonocytes. Degradation of QCT metabolites, which were transported from the small intestine to the
large intestine, occurs in the large intestinal lumen, where they are degraded to phenolic acids. In
the liver, further metabolization of thus far created QCT metabolites or QCT aglycone occurs by their
conjugation (by UGT or SULT) or modification (by COMT). Finally, QCT metabolites are transported
from liver to either systemic circulation or back to duodenum (small intestine) via bile, possibly heading
to large intestinal final degradation. For more details, see Chapter 2.2.

3. QCT and its Derivatives as Cardioprotective Agents

One of the major therapeutic goals of modern cardiology is to design strategies aimed at saving
myocardium from the negative effects of ischemia-reperfusion (I/R) injury associated with such
pathological states as ischemic heart disease and acute myocardial infarction, the major types of
cardiovascular disease (CVD) and top causes of death worldwide. QCT, as well as several other natural
polyphenols, has been documented to exert beneficial effects in CVD, including cardiac I/R injury.
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The cardioprotective activity of QCT and its derivatives in patients suffering from ischemic heart
disease (IHD) is enforced, and was repeatedly confirmed in experimental studies performed in both
cellular and animal models of cardiac I/R injury. A potential mechanism of QCT action in the heart has
also been extensively studied. In addition, there is an urgent need to develop therapeutic strategies
against non-ischemic cardiac pathologies, such as various cardiomyopathies of different origin. In line
with this need, cardioprotective potential of QCT has also been explored in experimental models of
non-ischemic cardiac diseases. In this section cardioprotective effects of QCT documented in various
experimental models of cardiac damage are reviewed.

3.1. In Vitro and Ex Vivo Cardioprotection Afforded by QCT and QCT-Rich Plants

Cardioprotective effects of QCT have been documented in numerous models of in vitro
cardiomyocyte injury. In the model of 4-hydroxynonenal-induced toxicity in H9c2 cardiac-derived cell
line (4-hydroxy-2-nonenal is a secondary product of lipoperoxidation, and can form protein adducts
and modifies cell signaling), QCT pretreatment (0.1–10 μM for 24 h) decreased ROS production,
p-SAPK/JNK levels, p-Hsp27 levels, caspase-3 expression and improved cell viability, thus ameliorating
in vitro oxidative damage to rat cardiomyocytes [69]. A study of Chen et al. [70] demonstrated that
4-h pretreatment with QCT in different concentrations (50–200 μM) reduced cardiotoxicity in cancer
chemotherapy-induced cell damage in H9c2 cells during 24 h exposure to 0.45 μM doxorubicin.
Moreover, application of its methanol extract alligator weed (Alternanthera philoxeroides), a plant
rich in QCT (10–160 mg/mL, for 24) prevented cardiomyocyte apoptosis induced by doxorubicin in
H9c2 cells [71]. Naturally occurring QCT is also present in Syzygium cumini seeds. One-day lasting
incubation of H9c2 cells with extract from this plant (1–500 μg) protected cells against tertiary butyl
hydrogen peroxide (TBHP)-induced oxidative stress [72]. QCT pretreatment (10–16 μM) proved its
cardioprotective effects in H9c2 cells subjected to hypoxia/reoxygenation (H/R) (4 h/6 h) by inhibition
of JNK (c-Jun N-terminal Kinase) and p38 mitogen-activated protein kinase signaling pathways and
modulated the expression of Bcl-2 (B-cell lymphoma 2) and Bax (Bcl-2-associated X) proteins [73].
Pretreatment (24, 48 and 72 h) of neonatal rat primary cardiomyocytes with QCT (10–80 μM) before
anoxia/reoxygenation (4 h/2 h) improved cell survival rate, decreased ROS generation, avoided
collapse of the mitochondria membrane potential, inhibited the opening of mitochondrial permeability
transition pores (mPTP) and alleviated subsequent apoptosis in injury. The authors of this study also
hypothesized that cardioprotective effects of QCT may be mediated via enhancing protein expression
of PKCε and ameliorating the activity of downstream mediators of its pathway [74]. Furthermore,
addition of QCT (20 μM) to culture medium increased the cell viability of H9c2 cells with LPS induced
inflammation [75].

It is known that QCT, like other antioxidants, is very rapidly metabolized in the organism, thus,
the application form of QCT might play an important role in its effects. It was documented that 24-h
pretreatment with encapsulated QCT into poly(lactic-co-glycolic) acid (PLGA) nanoparticles had a
cardioprotective effect in H9c2 cells exposed to H/R injury (3 h/1.5 h). Encapsulated PLGA-QCT (5 μM)
protected cells more effectively than free QCT (5 μM), likely due to lower oxidized thiols, maintaining
the mitochondrial oxygen consumption rate and membrane potential, which sustain superior ATP
production that leads to the preservation of mitochondrial function and ATP synthesis [76]. Combined
treatment with QCT and resveratrol encapsulated in Pluronic® F-127 micelles (mRQ) (RES:QCT in
1:1 molar ratio, capable of retaining 1.1 mg/mL of resveratrol and 1.42 mg/mL of QCT, respectively)
showed new possible strategy to eliminate acute doxorubicin-induced cardiotoxicity in vitro in H9c2
cells via scavenging of ROS and decreasing caspase 3/7 activity [77].

In addition to cell culture models in cardiac-derived cells, in vitro effects of QCT have been
examined in isolated heart models of I/R injury (ex vivo models). We have documented that acute
administration of QCT (15 mmol/L infusion for 15 min before the onset of ischemia or during
whole reperfusion, respectively) improved recovery of cardiac function after global I/R (25 min/2 h)
in Langendorff-perfused rat hearts and reduced infarct size in these hearts [13]. Administration
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of QCT (1 mg/kg) into Krebs-Henseleit buffer during reperfusion period improved function of
Langendorff-perfused rat hearts after I/R injury (30 min/30 min) through inhibition of the HMGB1
(High mobility group box-1) pathway [78].

3.2. In Vitro Cardioprotection Afforded by QCT Derivatives

In addition to QCT alone, QCT derivatives were documented to exert cardioprotection in different
experimental settings simulating cardiac injury. Pretreatment of neonatal rat cardiomyocytes (NRCMs)
with isorhamnetin (3′-O-methyl-QCT; 10–40 mM) 24 h before anoxia/reoxygenation (3 h/2 h) increased
cell viability and expression of SIRT1, reduced the generation of ROS, inhibited opening of mPTPs,
reduced the loss of Δψm and decreased the activation of caspase-3 and release of cytochrome c
thus reducing apoptosis, and finally, reduced the the release of lactate dehydrogenase and creatine
phosphokinase from cardiomyocytes [79]. 12-h pretreatment with dihydro-QCT (2.5–80 μM) protected
H9c2cells against H/R injury (H-6 h/R-16 h) by inhibiting oxidative stress- and endoplasmic reticulum
stress-induced apoptosis via activation of the PI3K/Akt pathway [80]. Another QCT derivate, ZYZ-772
(QCT-3-O-(6”-O-α-l-rhamnopyransoyl) -β-d-glucopyranoside-7-O-β-d-glucopyranoside; 1–50 μM for
2 h) protected H9c2 cells against CoCl2-induced H/R (12 h/4 h) injury. It is suggested that ZYZ-772
protected cells by suppression of Nox4/MAPK/P53 axis in conditions of CoCl2-induced hypoxia
injury [81]. Hypoxia-induced apoptosis of NRCMs was attenuated by pretreatment with hyperoside
(QCT-3-O-galactoside; 0.5–50 μM for 12, 24, 36 h) in an in vitro model of cardiac H/R (8 h/2 h) injury,
likely through suppression of the Bnip3 expression [82]. Perfusion of isolated hearts with dihydro-QCT
(5–20 μM) added into the Krebs–Henseleit solution for 20 min prior to I/R (45 min/50 min) protected
hearts by inhibiting oxidative stress- and endoplasmic reticulum stress-induced apoptosis via the
PI3K/Akt pathway [80]. It was documented that 24-h lasting supplementation with isoquercetin
(isoquercitrin, isoQCT; 20–80 μg/mL) increased cell viability of H9c2 cells after I/R (6 h/12 h) injury
by protection of mitochondrial function and prevention of cytochrome c release [83]. In the study
of Daubney et al. [84], the effects of 24 h pretreatment of H9c2 cells with QCT and two of its major
metabolites QCT-3-glucuronide and 3′-O-methyl-QCT prior to 2-h exposure to 600 μM H2O2 were
monitored. As a result, QCT triggered cardioprotection against oxidative stress-induced cell death
via attenuation of H2O2-induced activation of ERK1/2, PKB, p38 MAPK and JNK. On the other
hand, inhibitors of these kinases did not modulate QCT-induced protection against H2O2-induced
cell death. Interestingly, cardioprotection was observed with QCT and 3′-O-methyl-QCT, but not
with QCT-3-glucuronide.

3.3. In Vivo Cardioprotection Afforded by QCT and QCT-Rich Plants

Cardioprotective potential of QCT has been widely documented in different in vivo animal models
of cardiac injury. It was suggested that phytochemical QCT may play a key role in cardioprotection
and help in remodeling of the heart during isoproterenol-induced cardiac ischemia and fibrosis [85].
Two weeks of QCT pretreatment (50 mg/kg) of rats with isoproterenol-induced myocardial infarction
induced cardioprotective effects manifested by significantly attenuated oxidative stress, inflammation,
as well as protected heart architecture. These effects of QCT were associated with downregulation of the
expression of calpain [86]. QCT was shown beneficial also in Duchenne muscular dystrophy, a juvenile
musculoskeletal genetic disease associated with progressive cardiac pathology. In an animal model of
muscular dystrophy, long-term dietary QCT enrichment (0.2%) improved cardiac function in aged
Mdx/Utrn+/−mice (lack of dystrophin and heterozygous knockout for utrophin; aged Mdx/Utrn+/−mice
exhibit accelerated declines in cardiac health and dystrophic pathology) and increased mitochondrial
protein content and dystrophin glycoprotein complex formation [87]. Treatment of Lewis rats with QCT
(10 mg/kg) protected against progression of experimental autoimmune myocarditis by suppression of
oxidative and endoplasmic reticulum stress via endothelin-1/MAPK signaling. In the study, myocardial
dimensions and cardiac function were preserved significantly in the QCT-treated rats in comparison
with the rats treated with vehicle [88]. QCT pretreatment (4 weeks in a dose 25 mg/kg, once-daily
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gavage) also significantly reduced cardiac mitochondrial H2O2 production, total content of Ca2+

in cardiac tissue and collagen volume fraction in a model of cardiac injury induced by chronic
aldosterone/salt treatment in male Sprague-Dawley rats, which is typically accompanied with adverse
structural remodeling of myocardium [89].

In addition to effects of QCT supplementation in pure form, 60-days treatment with Phyllanthus
amarus (plant reach in QCT) showed protection of the heart from high fructose-diet induced damage.
The Phyllanthus amarus treatment protected male Wistar rats from high fructose-diet-induced increase
in stress markers and a decrease in non-enzymatic and enzymatic antioxidants in the heart and
aorta [90]. An interesting form of QCT administration was used in study Cote et al. [77], where
a combination of QCT with Resveratrol in Pluronic® F-127 micelles (mRQ) (RES:QCTin 1:1 molar
ratio, capable of retaining 1.1 mg/mL of Resveratrol and 1.42 mg/mL of QCT, respectively) was
prepared for application. In vivo treatment of mice with mRQ conferred full cardioprotection in
doxorubicin-induced cardiotoxicity [77]. To elucidate molecular signaling pathways involved in
QCT-induced cardioprotection male Wistar albino rats with sodium nitrite-induced hypoxia were used.
Pretreatment of hypoxic rats with QCT (200 mg/kg, i.p.) was accompanied with down-regulation of
mRNA expression of nuclear factor kappa-B (NF-κB), Bax, and flt-1 and suppressed DNA damage.
Thus, QCT effectively declined the cardiotoxic effects of sodium nitrite and ameliorated cardiac injury
in these rats [91].

It is well known that homeostasis of the endoplasmic reticulum and its correct function is
disrupted in various types of cardiac disease. Interestingly, QCT is a substance capable to activate IRE1
(Inositol-requiring transmembrane kinase/endoribonuclease 1), an important transmembrane protein
of endoplasmic reticulum [92,93], thus, potentially influencing the function of endoplasmic reticulum
under stress conditions. It was documented that the p21-activated kinase 2 (Pak2)-cardiac deleted
mice (Pak2-CKO) exhibited impaired function of endoplasmic reticulum, dysfunction of the heart and
serious cell death due to tunicamycin treatment-induced stress or pressure overload. Administration
of QCT (10 mg/kg/day, daily gavage) for 2 weeks alleviated malfunction of endoplasmic reticulum in
Pak2-CKO hearts the second day after transverse aortic constriction [94].

In addition to the above mentioned types of cardiac injury, cardioprotective effects of QCT have
been widely documented in several in vivo models of myocardial ischemic injury. In an in vivo rat
model of cardiac I/R injury (30 min/4 h), orally given QCT (250 mg/kg for 10 days) decreased oxidative
stress, repressed inflammatory cascade, inhibited apoptosis and activated the PI3K/Akt pathway
(involved in the anti-apoptotic effect) in the heart tissue [16]. With the same dose, QCT administration
for 10 days suppressed the NF-κB pathway via up-regulating PPARγ expression in mice exposed to
simulated I/R (30 min/24 h) [95]. Treatment of rats with QCT (1 mg/kg/day) induced a significant
reduction of infarct size and improved hemodynamic abnormalities in hearts subjected to 30 min
ischemia by left coronary artery occlusion followed by 12 h reperfusion. QCT treatment also decreased
expression of both tumor necrosis factor-alpha (TNF-α) and interleukin-10 (IL-10) and lowered serum
levels of inflammatory cytokines, suggesting anti-inflammatory effects of QCT in preventing cardiac
I/R injury [96]. One-week treatment of female Sprague Dawley rats with QCT (25–100 mg/kg, gavage,
daily) protected rats against coronary artery ligature-induced I/R (30 min/2 h) injury via an increased
SIRT1/PGC-1a pathway and Bcl-2/Bax ratio [97].

In our studies, we have also documented several anti-ischemic effects of chronic in vivo
QCT administration. 4-weeks lasting in vivo oral treatment with QCT (20 mg/kg/day) improved
post-ischemic (25 min/40 min) recovery of heart function of isolated rat hearts from juvenile but not
from adult Wistar rats [13]. We have also shown that prolonged in vivo QCT treatment (20 mg/kg/day
for 6 weeks) significantly improved post-ischemic recovery of heart function of isolated hearts from
both healthy and doxorubicin-treated rats [14]. Importantly, QCT not only protected hearts against
I/R injury, but also reversed doxorubicin-induced detrimental changes in the heart tissue including
ultrastructural changes, matrix metalloproteinase-2 activation and apoptosis induction [14].
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3.4. In Vivo Cardioprotection Afforded by QCT Derivatives

Regarding in vivo effects of QCT derivatives in cardiac injury, it was documented that two weeks
lasting treatment with isoQCT (80 mg/kg/day by gavage) protected male Sprague-Dawley rat hearts
against acute myocardial infarction in vivo. IsoQCT protected myocardium through anti-inflammatory
and anti-apoptotic effects, and via regulation of the TLR4-NF-κB signaling pathway [98]. Pretreatment
of male Wistar rats with another QCT derivative troxerutin ((3′,4′,7-Tris[O-(2-hydroxyethyl)]rutin;
150 mg/kg for one month) protected myocardium against I/R injury (30 min/45 min) maintained by
ligation of the left anterior descending artery. Rats treated with troxerutin exhibited significantly reduced
myocardial infarct size, improved cardiac function likely via the modulated PI3K/Akt pathway [99].
Concordantly, treatment of male Wistar rats with troxerutin (150 mg/kg daily for one month) protected
isolated hearts against I/R (30 min/45 min) injury via the inhibition of myocardial inflammatory cytokines
TNF-α and IL-1β and inhibited activation of leukocyte-endothelial cell interaction molecule (ICAM-1)
after I/R insult [100]. Plants such as stonebreaker (Phyllanthus amarus) and bitter gourd (Momordica
charantia) represent good sources of antioxidants and QCT, as well as its derivatives quercitrin,
isoquercitrin and rutin. Supplementation of extracts from these plants (each 200 and 400 mg/kg for 2
weeks by gavage) protected male Wistar albino rats against doxorubicin-induced cardiotoxicity by
reversing redox imbalance and by modulating biomolecules associated with worsened cardiac function
altered by doxorubicin, such as angiotensin-converting enzyme, arginase, acetylcholinesterase and
adenosine deaminase [101].

Proposed cardioprotective effects of QCT and its derivatives documented in experimental studies
are summarized in the Table 2.
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4. Role of Comorbidities in Cardioprotection by QCT and its Derivatives

In the previous parts of this review, QCT was tested for its cardioprotective effects more or
less exclusively in healthy animals or standard cell cultures. However, the presence of different
comorbidities in individuals suffering from heart disease might influence the efficacy or even reverse
effects of treatments aimed to prevent cardiac injury, including cardioprotective effects of QCT.
Moreover, treatment may influence comorbidity itself and thus evoke different mechanisms and effects
than those afforded in the absence of comorbidities. In line with this view, we provide a short overview
of cardiac effects of QCT in presence of comorbidities documented thus far. In addition, potential
influence of QCT on the progression of comorbidity itself, e.g., diabetes, will be discussed as well. One
of the major complications of Diabetes mellitus is diabetic cardiomyopathy [105]. Bioactive compounds
such as QCT have been shown to exert beneficial effects in ameliorating the pathogenesis of diabetic
cardiomyopathy. The 28 days lasting administration of QCT (10–50 mg/kg) to Sprague Dawley male
rats with streptozotocin (STZ)-induced diabetes caused significant decrease of cardiac injury markers
levels, particularly troponin-C, creatine kinase-isoenzyme (CK-MB) and lactate dehydrogenase (LDH).
In addition, ameliorated histopathological changes, oxidative stress, inflammation and apoptosis levels
were observed [103]. In the study of Soman et al. [106], it was found that pure QCT (50 mg/kg) as
well as extract from Psidium guajava (a plant highly enriched with QCT) showed beneficial effects on
the diabetic heart. After the induction of diabetes by STZ (55 mg/kg) in female Sprague Dawley rats,
QCT or Psidium guajava extract, respectively, was administered for 60 days. Both treatments were
accompanied with decreased levels of AGEs (advanced glycation end products) in the diabetic heart
suggesting beneficial cardiac effects of QCT in diabetic subjects [106]. Moreover, cardioprotective
effects of QCT and rutin (QCT derivative) were documented in I/R-induced myocardial infarction in
both normal and diabetic rats. Albino Wistar rats with STZ-induced diabetes (45 mg/kg) were treated
with QCT or rutin (5–10 mg/kg, i.p.) 10 min before the onset of reperfusion. After I/R (30 min/4 h)
induced by coronary artery occlusion it was documented that the heart of rats treated with QCT or
rutin, respectively, exhibited significantly lower infarct sizes in both normal and diabetic animals in a
similar approach [102]. Finally, hearts from STZ-diabetic Male Wistar rats treated with troxerutin (150
mg/kg, daily gavage) for 4 weeks were exposed to I/R injury on Langendorff aparatus (30 min/60 min).
Troxerutin pretreatment improved myocardial function after I/R injury in both healthy and diabetic rat
hearts likely through anti-arrhythmic and anti-inflammatory effects [104].

Hypercholesterolemia is another major risk factor for the development of myocardial damage. It
is suggested that QCT could be effective modulator of plasma cholesterol and may have protective
effect in cardiac remodeling in hypercholesterolemia. In the study of Ulasova et al. [107], 6 weeks
lasting oral administration of QCT (0.1μmol/kg) markedly reduced total cholesterol and very low
density lipoprotein (VLDL) levels in plasma of Apo-/- hypercholesterolemic mice, a model with
typically developed left ventricular hypertrophy. After QCT treatment, the hypertrophy was reduced
followed by deceased left ventricle posterior wall thickness and left ventricle mass [107]. Crataegus
pinnatifida is fruit rich in polyphenols, among others also rutin and isoquercitrin. It was documented
that high-fat diet fed atherosclerotic rats supplemented with extract from the Crataegus pinnatifida
(72 and 288 mg/kg) via the intragastric route for 4 weeks had lower plasma levels of lipids (total
cholesterol, total triglycerides, LDL-cholesterol, HDL-cholesterol), decreased inflammatory response
and inhibited pathological changes in the arteries of atherosclerotic rats suggesting potential of the
Crataegus pinnatifida to reduce the development of cardiovascular diseases [108]. On the other hand,
our recent study [109] documented different effects of QCT on vasculature and the heart in Diabetes
mellitus type 2. In the study, 6-month and 1-year-old male Zucker diabetic fatty rats (ZDF) were daily
treated with QCT (20 mg/kg) for 6 weeks. QCT exerted age-dependent beneficial effects on vascular
function and blood pressure but was inefficient in preventing myocardial I/R (30 min/2 h) injury in
ZDF rats [109].
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5. Cardiovascular Effects of QCT in Human Studies and Clinical Trials

Up to now (February 19, 2020), 70 QCT clinical trials have been registered at ClinicalTrials.gov,
a database of privately and publicly funded clinical studies conducted worldwide (available online:
https://clinicaltrials.gov/ct2/results?term=quercetin). However, only few of them were aimed to reveal
the cardiovascular effects of QCT; moreover, not all of them examined effects of QCT alone; some
effects of different QCT-containing mixtures have been used as well.

Despite reports that increased risk of coronary heart disease (CHD) in some populations is
associated with very low dietary supply of flavonoids (among others also QCT) [110], only a very
limited number of human studies were focused directly on cardiac effects of QCT. Among them,
it was documented that QCT possesses anti-ischemic and anti-arrhythmic effects, and exerts a
regulating influence on vegetative homeostasis in patients with a chronic form of IHD with metabolic
syndrome [111]. In patients with stable coronary heart disease (CHD), QCT (120 mg/day for 2 months,
p.o.) significantly improved the left ventricular (LV) systolic function in terms of ejection fraction and
improved LV diastolic function in terms of the ratio of the phases of the transmitral flow. Moreover, 24-h
Holter electrocardiographic (ECG) monitoring showed decreased total time and number of episodes of
ST segment depression in QCT-treated patients, altogether suggesting cardioprotective properties of
QCT in CHD [112].

In addition to their cardiac effects, clinical studies focused on vascular effects of QCT and its
derivatives have been performed. It was documented that 2-week QCT supplementation (500 mg/day)
in 72 adult women with Diabetes mellitus type 2 significantly lowered systolic blood pressure; however,
this had no effect on other cardiovascular risk factors and inflammatory biomarkers [113]. On the other
hand, 4-week treatment with encapsulated QCT-3-glucoside (160 mg/day) in 37 healthy participants
of both genders resulted in no changes in flow-mediated arterial dilation, insulin resistance or other
cardiovascular risk factors [114]. A recent meta-analysis of clinical data documented that QCT
supplementation (possibly limited to, or greater with dosages of >500 mg/day) significantly reduced
blood pressure [115]. Finally, one-year supplementation with QCT in patients with gout, a disease
associated with increased risk of cardiovascular diseases including heart failure, also suffered from
essential hypertension treated with standard therapy (antihypertensive and urate-lowering regimens)
improved left ventricular diastolic function, purine metabolism, renal function and normalized blood
pressure [116].

6. Controversial Findings and Potential Cardiotoxic Effects of QCT and its Derivatives

As mentioned already, QCT exerts many biological beneficial effects including those in the
cardiovascular system. However, controversial data and even cardiotoxic effects of QCT have been
documented as well, and should be mentioned in this review to create an overall picture of cardiac
effects of QCT.

It is known that the beneficial effects of certain cardioprotective interventions, e.g., acute as well as
late phase of cardioprotection induced by ischemic preconditioning, are eliminated in hyperlipidemic
hearts. In line with this, the effects of QCT and glycogen synthase kinase-3β (GSK-3β) inhibitors
were tested in isolated hearts from hyperlipidemic rats (induced by 6-week lasting high-fat diet)
subjected to I/R injury (30 min/2 h). GSK-3β inhibitors SB216763 (SB) and indirubin-3-monoxime
(IND) were administered 24 h before, and QCT (4 mg/kg, i.p.) was given 25 h before the isolation
of hearts. GSK-3β inhibitors were found to exert cardioprotective effects in I/R injury, and these
effects were attenuated by QCT, manifested by increased myocardial infarct size and release of lactate
dehydrogenase and creatine kinase-MB. In this study, QCT was uncommonly used as an inhibitor of
HSP72 (heat shock protein 72), not as a cardioprotective compound [117]. Yao et al. [118] reported
that pretreatment of rats with lipopolysaccharide (LPS) increased myocardial functional recovery in
hearts exposed to I/R (30 min/3 h) induced by coronary artery occlusion, partly through inhibition
of NF-κB via increase of HSP70. Administration of QCT (100 mg/kg, i.p.) two hours before I/R
injury decreased cardioprotection induced by LPS. In this study, QCT was used in the role of HSP70
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inhibitor and the authors hypothesized that inhibition of HSP70 could attenuate the effect of LPS
pretreatment [118]. However, this study might be criticized due to the use of LPS for cardioprotection,
since normally, inflammation (including LPS-induced) causes negative consequences in the heart, e.g.,
may induce myocarditis.

Potential cardioprotective vs. cardiotoxic effects of QCT were tested also in vitro in cultured
cardiomyocytes. In the study of Daubney et al. [84] increased concentrations of QCT (1–100 μM) for 24,
48 and 72 h were applied to differentiated H9c2 cardiomyocytes. MTT viability assay and LDH release
testing showed that QCT induced cardiotoxic effects, which were the most evident after 48 h treatment
in 30 and 100 μM concentration of QCT. After 72 h treatment, toxic effect of QCT was visible even at
10 μM concentration of QCT. Thus, in line with one of basic principles of toxicology “The dose makes
the poison” (“Sola dosis facit venenum” by Paracelsus, 1538), experimental studies revealing cardiac
effects of QCT indicated that prolonged exposure to high doses of flavonoids may lead to detrimental
effects on cardiac cells, likely due to their possible pro-oxidant effects in dependence on the actual
conditions [5,119].

7. Conclusions and Future Perspectives

Application of QCT and its derivatives in different cell culture and animal models of cardiac
injury and their potential beneficial effects in preventing cardiac dysfunction due to cardiac I/R injury
as well as other cardiac pathologies has been widely documented (Figure 3). Thus, QCT and its
derivatives may represent promising cardioprotective substances for prevention/treatment for wide
range of cardiac disease. On the other hand, metabolic comorbidities, at least diabetes mellitus type 2,
might act as confounding factors for cardioprotection by QCT. In addition, non-metabolic factors such
as ageing might also act as a confounding factor for cardioprotective effects of QCT. Thus, the age of
the treated subject and presence of lifestyle-related comorbidities should be taken into consideration in
potential use of QCT for prevention and/or treatment of cardiovascular disease in humans.

Figure 3. Scheme of potential cardioprotective effects of QCT and its derivatives in heart injury
outlining the proposed molecular mechanisms involved in their action.

Despite promising experimental results pointing to potential beneficial cardiovascular effects of
QCT, the results from human studies are still inconclusive due to very small number of clinical trials
focused on cardiac effects of QCT and its derivatives. Thus, more studies with a stronger design and
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larger number of enrolled patients for testing different concentrations of QCT are needed to reveal real
therapeutic potential of QCT in CVD. Finally, potential doubts based on reported negative effects of
QCT should be considered in QCT application; especially proper dosage and application form must
represent the golden rule of all QCT-based approaches aimed to treat CVD in humans.
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Abstract: Green tea (Camellia sinesis) is widely known for its anticancer and anti-inflammatory
properties. Among the biologically active compounds contained in Camellia sinesis, the main
antioxidant agents are catechins. Recent scientific research indicates that the number of hydroxyl
groups and the presence of characteristic structural groups have a major impact on the antioxidant
activity of catechins. The best source of these compounds is unfermented green tea. Depending on the
type and origin of green tea leaves, their antioxidant properties may be uneven. Catechins exhibit the
strong property of neutralizing reactive oxygen and nitrogen species. The group of green tea catechin
derivatives includes: epicatechin, epigallocatechin, epicatechin gallate and epigallocatechin gallate.
The last of these presents the most potent anti-inflammatory and anticancer potential. Notably, green
tea catechins are widely described to be efficient in the prevention of lung cancer, breast cancer,
esophageal cancer, stomach cancer, liver cancer and prostate cancer. The current review aims to
summarize the potential anticancer effects and molecular signaling pathways of major green tea
catechins. It needs to be clearly emphasized that green tea as well as green tea catechols cannot
replace the standard chemotherapy. Nonetheless, their beneficial effects may support the standard
anticancer approach.

Keywords: green tea; Camellia sinensis; catechins; cancer stem cells; anticancer theraphy

1. Introduction

Camellia sinensis (L.) is one of the oldest and the most popular drinks in the world. Green tea is
classified mainly because of the tradition of production of green tea leaf processing, the place of origin
as well as by the type of soil on which the bushes have grown. Green tea is grown mainly in Japan,
China and Taiwan. The main difference between green tea and black tea is the technological process of
their production [1–4].

There are many types of green tea that are classified according to their taste and antioxidant
properties. The most popular type of green tea consumed is Sencha, most often made in Japan [5–7].
After proper treatment, the Bancha, Matcha and Gyokuro species are made from Sencha tea. Bancha
infusion, compared to Sencha infusion, contains much less caffeine, as well as L-theanine, the amino
acid responsible for the formation of proteins responsible for the production of neurotransmitters,
insulin and adrenaline [7]. The infusion of Matcha green tea leaves, in contrast to other types of
infusions, has the highest amount of caffeine and L-theanine [7]. Available scientific studies indicate that
L-theanine significantly modifies the effects of caffeine, reducing its stimulant effect, positively affecting
brain work, improving cognitive functions, mood and concentration, and additionally, decreasing
blood pressure [6]. Matcha tea has two forms: Matcha–Usucha and Macha–Koicha. Among the
Japanese types of green tea infusions, Mecha, Genmaicha, Kukicha, Kamairicha, Kariganech, Konch,
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Kokeicha, Fukamushicha and Tamaryokucha also stand out. Chinese types of green tea include:
Gunpowder, Chun Mee, Lung Ching, Mao Feng, and China Sencha, a Chinese variety of Japanese
Sencha infusion [3,4,7].

The technological process has a major impact on the antioxidant potential of green tea. Compared
to black tea, green tea has a much higher catechins content. This is a consequence of oxidation of
catechins to theaflavins during the fermentation process. In addition, the important fact is that the
higher the catechins content in tea, the higher the antioxidant activity. The number of polyphenolic
compounds, including catechins, depends on the cultivation conditions of Camellia sinensis—climatic
as well as agro-technical. It is also noteworthy that as the temperature rises, the antioxidant activity of
the green tea infusion increases [6,7]. The percentage content of green tea is not constant, but depends
on different environmental factors including growing conditions, soil, climatic conditions, or other
external factors such as: light factors, geography, microbes or temperature [4–7].

The group of catechins (flavan-3-ol) belonging to the group of flavonoids contained in tea include:
(−)-epigallocatechin-3-gallate (EGCG), (−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin (EGC) and
(−)-epicatechin (EC). Flavonoids are one of the most common and diverse groups of polyphenols. The
presence of numerous hydroxyl groups in the molecules gives them strong antioxidant properties [1,2].
The chemical composition of green tea includes more than ten groups of compounds. The main
components are phenolic acids, polyphenolic compounds (which include catechins), as well as amino
acids, proteins and fats [8–13].

Notably, the best source of catechins is unfermented green tea. Depending on the type and origin
of green tea leaves, their antioxidant properties may be uneven [13–16]. Catechins also occur naturally
in black tea, coffee, berries, grapes and wine.

Due to the numerous health-promoting properties of catechins, it is recommended to include
particularly products containing catechins in the daily diet [17]. Anti-inflammatory and antioxidant
as well as chemopreventive activity are considered as the most important action of the catechin
group [13–18].

The basic functions of catechins include their antioxidant effects: scavenging of reactive oxygen
species, inhibition of the formation of free radicals and lipid peroxidation. Available literature data
indicate that the antioxidant activity of catechins contained in green tea and their significant impact on
the prevention of civilization diseases are largely dependent on the presence of structural groups in the
molecules, as well as the number of hydroxyl groups [3,4]. Green tea may exert the prevention effect in
various types of cancer including lung, esophagus, stomach, intestinal, pancreatic, breast, prostate or
bladder cancers [14–17].

However, it is worth taking into consideration the oxidative potential of catechins, for example,
when using green tea in the form of dietary supplements, as a result of which there is a possibility
for the formation of very highly reactive metabolites with quinone structure. Quinones, as a result of
redox reactions, have also the potential to generate high amounts of reactive oxygen species [19].

2. Health-Promoting Properties of Green Tea

As mentioned above, green tea is not produced as a result of fermentation, unlike the production of
black tea, during which fermentation to Oolong takes place (which is partially fermented). The process
of full fermentation into black tea is a result of the influence of enzymes on catechin polyphenols found
in the leaves of the tea bush [14]. The technology of processing Camellia sinensis leaves makes each
type of tea have a different effect and has other biologically active ingredients and health-promoting
properties [14,15].

The health-promoting properties of green tea are due to the presence of polyphenols, in particular,
flavonols and flavanols. Clinical studies, in vivo and in vitro experiments, confirm their antioxidant
and anti-inflammatory effects. Catechins are the dominant polyphenols in green tea, whose antioxidant
activities result from the neutralization of free nitrogen and oxygen radicals, as well as the ability to
chelate metal ions in redox reactions. Numerous scientific studies indicate the antitumor effects of
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polyphenols contained in green tea leaves due to inhibition of cell division as well as the induction
of phase II antioxidant enzymes, e.g., superoxide dismutase, glutathione-S-transferase as well as
glutathione peroxidase and reductase. The described result concerns the research on the effects of
polyphenols on oxidative stress in vivo. The study showed that consumption of green tea within 4
months in an amount of four glasses per day reduced urinary levels of 8-hydroxydeoxyguanosine. The
effects of green tea polyphenols on inhibition of the growth of cancer cells and reduction of the risk
of cancer are confirmed by numerous scientific studies in the field of prostate, pancreatic, breast and
stomach cancers [14–16]. It is worth emphasizing that green tea may support chemotherapeutic as well
as preventive effects, however, it cannot replace pharmacological treatment. Notably, polyphenols,
including catechins, are able to induce cancer cell death while not affecting healthy cells [9,14,17].

3. The Chemical Composition of Green Tea

From a chemical point of view, green tea has a protein content of about 15–20%, which include
amino acids such as l-theanine [10], tyrosine, tryptophan, threonine, 5-N-ethylglutamine, glutamic acid,
serine, glycine, valine, leucine, aspartic acid, lysine and arginine. It also contains trace elements such as
magnesium, chromium, manganese, calcium, copper, zinc, iron, selenium, sodium cobalt or nickel, and
carbohydrates such as glucose, cellulose and sucrose [9–18,20,21]. In addition, green tea is rich in sterols
and lipids—linoleic and α-linolenic acid, and vitamins B2, B3, C—of which the most is in Gyokuro tea
(about 10 mg) and Sencha (4 mg), vitamin E and trace amounts of vitamin K. Vitamin A only occurs in
Matcha tea. It is also important that green tea is extremely rich in macroelements; it is a source of fluorine,
iodine as well as phosphorus. The diphenylpropanoid skeleton (C6C3C6) content is also typical feature
of green tea [10–12]. In addition, green tea is rich in xanthine bases, which include theophylline and
caffeine [20], as well as pigments such as carotenoids and chlorophyll. It is worth noting that the chemical
composition of green tea also includes phenolic acids, which include gallic acid and volatile compounds
including alcohols, esters, hydrocarbons and aldehydes. Phenolic acids, which include proanthocyanidins,
as well as gallic acid esters with monosaccharides, have a huge impact on the qualities of green tea infusion.

The phenolic acids mentioned earlier belong to the group of polyphenols, together with flavonoids,
flavandiols and flavols. Available data indicate that these compounds can constitute up to 30% of
the dry matter of green tea. Catechins are the standard green tea flavonoids. Green tea contains
a much higher amount of catechins than black tea or Oolong. As mentioned above, the group of
catechins include EGCG, ECG, EGC and EC [10–13]. Below (Figure 1) are the chemical structure
of green tea catechins. In addition to the number of hydroxyl groups, their distribution is equally
important, taking into account the antioxidant activity of catechins [16]. Catechins, with a catechol
group have lower antioxidant potential compared to catechins with a pyrogalol group. However,
the antioxidant efficacy of catechins depends not only on the chemical structure, but also on the
environmental conditions [10–18].

 
Figure 1. This figure presents chemical structure of green tea catechins.



Int. J. Mol. Sci. 2020, 21, 1744

The individual chemical components of green tea have a fundamentally different effect on
particular types of cancer. Available data indicate that ascorbic acid, arginine, proline, lysine and
EGCG were reported to have a positive effect on tumor growth reduction [12–17].

On figure below (Figure 2), we present the chemical composition of green tea, broken down into
lipids, amino acids, trace elements, phenolic acids, vitamins, carbohydrates and volatile compounds.

Figure 2. Chemical compounds of green tea.

4. Catechins: Modes of Action

EGCG is so far the best studied catechin derivative. The amount of catechins in green tea depends
primarily on its variety, the method of its cultivation and leaf processing, as well as the brewing time
and temperature. Studies show that catechins achieve the highest stability in the range of pH between
4 and 6 [9–13].

Available data indicate antitumor [9], antioxidant [17], anti-inflammatory [22], anti-microbial,
anti-viral [23–25], anti-diabetic, anti-obesity and hypotensive effects [23–25] of catechins. Their
beneficial effects on Gram-positive and Gram-negative bacteria, viruses, fungi and prions also need to
be emphasized [1].

Catechins also act as the metal ion chelators for copper ions and iron ions. The specific chemical
structure of polyphenols (the presence of a minimum of five hydroxyl groups) contained in green tea has
a significant impact on the antioxidant capacity [26–29]. Chelation of transition metal ions is possible
due to the di/tri-hydroxy structure of the B and D rings [26], as well as the meta-5,7-dihydroxy group
at the A ring [1,30,31]. However, under specific conditions, they may have pro-oxidative effects [32].
The control of catechins under intracellular pool of nitro-oxidative stress is mainly responsible for
their anticancer properties [33]. Therefore, polyphenolic compounds that bring health-promoting
properties for the body can also result in the opposite effects if very high doses of catechins are used [19].
The result is induction of pro-oxidative stress, as well as oxygen damage to cellular components. In
addition, polyphenols also have a pro-oxidative effect in the presence of tyrosinase or peroxidase, i.e.,
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oxidizing enzymes. In addition, the pro-oxidative effect is closely related to inflammatory processes [19].
Analogously to the antioxidant properties, the pro-oxidizing properties of catechins depend identically
on such factors as the number of hydroxyl groups in the molecule. During the process of polyphenol
oxidation, cellular molecules are damaged by reactive oxygen species as well as electrophilic quinones.
This factor is crucial in the etiopathogenesis of degenerative diseases and a carcinogenic process [19].

Catechins, as well as other active ingredients derived from green tea, can also repair DNA damage
caused by UVB radiation. Available data point to the high effectiveness of green tea active ingredients
in order to prevent ultraviolet radiation damage to the skin [20].

5. Anticancer Potential of Green Tea Catechins Based on In Vitro and In Vivo Studies

The most potent bioactive ingredient in green tea is EGCG, containing eight hydroxyl groups,
named as the main green tea polyphenol [20,34,35]. The cell-death-inducing effect of catechins
has been previously confirmed in prostate cancer animal model [34]. Many studies have been
conducted to confirm the induction of apoptosis and cell cycle arrest by EGCG, e.g., in colon cancer
HCT-116 cells [36,37]. It is believed that the main antitumor mechanism of EGCG is the inhibition of
metalloproteinase activity. This hypothesis has been supported by study indicating the reduction of
prostate cancer metastases after oral supplementation of green tea catechins [33]. Green tea catechols
were also proven to inhibit lung melanoma metastasis in animal model [35]. Moreover, a positive
relationship between green tea intake and the development of bladder cancer was also reported. There
are also studies confirming the preventive function of colorectal adenoma after consuming ten cups of
green tea of 150 mL each [35].

Breast cancer is one of the most common cancers around the world among the female population,
breast cancer cells have been repeatedly subjected to scientific and clinical research to determine the effect
of green tea catechin derivatives, including chemo-preventive as well as synergistic effects along with
chemotherapy [38]. It is well known that the main catechins of green tea may induce anti-angiogenic
and anti-proliferative effects in cancer cells, which results in their potential chemo-preventive properties.
The effectiveness of green tea catechins in patients with breast cancer has been evaluated in a clinical
trial, using Polyphenon E as a supplementation, consisting of succeeding catechins: EC, EGC, ECG,
and the main EGCG [38]. Each capsule contained a decaf EGCG mixture with 200 mg content. During
the I phase of the clinical trial, a limit of 1200 mg EGCG was established as acceptable for future safety.
The study was conducted on a group of patients with breast cancer lacking the hormone receptor [38].

Lung cancer is currently the most common malignancy in the world. The effect of oral
supplementation of EGCG on H1299 human non-small cell lung cancer xenograft in case of animal
(mice) models have been evidenced. Research results indicate an increase in apoptosis in cancer cell
death as well as inhibition of tumor growth in lung cancer [39]. In addition, oral supplementation
of EGCG induced the formation of reactive oxygen species in the mitochondria of lung cancer cells,
possibly due to the limited number of antioxidant enzymes in these cells [39]. It was proven that
catechins derived from green tea, while added to the medium used in cell culture, increase level of
oxidative stress, leading to apoptosis [34].

Therefore, many in vivo studies determine the effect of the amount of consuming green tea on
the reduction of incidence of malignant tumors, including colorectal cancer, stomach cancer, liver
cancer [19] or lung cancer [38]. These results concern drinking more than ten cups of green tea infusions
per day [40]. However, on the other side, one study indicates an increased risk of developing bladder
cancer when consuming five to nine cups of green tea infusions per day. Another interesting result of
the study carried out by the Taniguchi group is the oral consumption of the main catechins of green
tea, EGCG, and its positive anticancer effect established in melanoma animal model [41].

The anticancer potential of EGCG has also been studied in cancer stem cells [33]. Stem cells, or
precursor cells, are characterized by the ability to proliferate, i.e., self-renew, and maintain a constant,
unchanging number of cells; they also have the ability to differentiate into an appropriate cell type.
Notably, green tea extract and EGCG inhibit cell growth in these cellular and animal models [42,43].
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In vivo and in vitro studies report that cancer stem cells are responsible for cancer renewal as well as
metastasis [33]. Available data indicate that tumor stem cells overcome the epithelial–mesenchymal
transition during the metastasis process [33]. This process allows the cancer cells to move towards the
blood vessels. It is noteworthy that cancer stem cells, when compared to a cancer cell, show a much
greater capacity for oncogenesis [33]. After analyzing the available scientific research on the use of
green tea catechins on cancer stem cells, we found information indicating the effect of Matcha green
tea catechins on the oxidative phosphorylation of MCF-7 breast cancer stem cells [33]. In addition,
treatment with Matcha green tea extract of MCF-7 breast cancer cells also affects the regulation of
the cell cycle, and causes a significant effect on the IL-8 pathway involved in the proliferation and
angiogenesis of migratory cancer cells [33].

Molecular Signaling Pathways in Anticancer Effects of Green Tea Catechins
Cell signaling pathways, responsible for maintaining a homeostasis between cell proliferation

and death, have emerged as rational targets for anticancer strategies.
As mentioned above, green tea catechins, especially the most potent EGCG, induce apoptosis in

different cancer models. Notably, it is able to induce both intrinsic (mitochondrial) and extrinsic (death
receptor) apoptotic pathways [44]. Nuclear condensation, caspase-3 activation, and poly(ADP)ribose
polymerase cleavage are the main apoptotic features observed after treatment with green tea
catechols [45]. In addition, the anticancer mechanism of EGCG also includes activation of BAX,
depolarization of mitochondrial membranes, and cytochrome c release into cytosol [46].

The induction of cell cycle arrest and apoptosis are the main strategies of regulating cell proliferation.
Indeed, green tea catechols regulate both the G1/S and G2/M transition and inhibit an increase in the
number of cells and DNA synthesis [44]. Importantly, EGCG induces apoptosis and cell cycle arrest in
many cancer cells without affecting normal cells [12]. EGCG directly inhibits the cyclin-dependent
kinases which is the primary event in cell cycle progression [44]. EGCG also induces the expression of
p21 and p27 while decreasing the expression of cyclin D1 and the phosphorylation of retinoblastoma [44].

The molecular signaling pathways regulated by green tea catechols resulting in their pro-apoptotic
and anti-proliferative effects include, among others, inhibition of nuclear factor-κB (NF-κB) which
is the crucial oxidative stress-sensitive transcription factor [14,35] NF-κB plays a critical role in the
regulation of a variety of genes important in cellular responses, including inflammation, proliferation
and cancer cell death. In addition, catechins contained in green tea, and above all the main catechin
EGCG, activate endothelial nitric oxide synthase (eNOS) [42,47].

Inhibition of the mitogen-activated protein kinases (MAPKs), ERK, JNK, and p38 is implicated
in many patho-physiological processes, such as cell proliferation, differentiation, and cancer cell
death [39,46]. In addition, EGCG is known to lead to the induction of apoptosis in cancer cells by
inhibiting tumor necrosis factor α activity (TNF-α) [42].

Another molecular signaling pathway event regulated by green tea catechols is the inhibition
of the epidermal growth factor receptor (EGFR)-mediated signal transduction pathway. EGFR is a
plasma membrane glycoprotein with an extracellular ligand-binding domain, a single transmembrane
region, and an intracellular domain that exhibits intrinsic tyrosine kinase activity. Overexpression of
EGFR produces a neoplastic phenotype in tumor cells. Notably, EGCG inhibits the activation of the
EGFR, HER2, and multiple downstream signaling pathways in colon cancer cell lines [12,35].

Notably, molecular signaling pathways of green tea catechols involve the additional inhibition of
insulin-like growth factor-I (IGF I)-mediated signal transduction pathway [12]. As evidenced, green
tea catechins significantly reduce IGF-I protein levels in prostate cancer animal models [48].

Available literature data indicate that polyphenols derived from green tea exert their antitumor
activity due to modification of histones, micro-RNA as well as DNA methylation [40]. Figure 3 presents
a summary of molecular signaling pathways of green tea catechin.
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Figure 3. Summary of molecular signaling pathways of green tea catechin.

6. Differences between Black Tea and Green Tea

Black tea significantly differs from green tea, primarily in terms of chemical composition as well as
the fermentation and oxidation process. Black tea, like green tea, is rich in a number of catechins as well
as theaflavin; namely, Theaflavin (TF1), Theaflavin-3-monogallate (TF2a), Theaflavin-3′-monogallate
(TF2b), and Theaflavin-3,3′-digallate (TF3). Numerous articles describe the molecular mechanism of
black tea extraction, as well as individual theaflavins. According to the data, black tea in addition
to catechins and theaflavins consists of phenolic acids, flavanols, tearubigins, amino acids, proteins,
methylxanthine, and mineral compounds and volatile substances [49]. However, it is known that both
tearubingins and theaflavins are products of the tea polyphenols.

The main molecular mechanisms of black tea polyphenols include the activation of mitochondrial
cell death signaling pathways and reactive oxygen species-scavenging effects. The molecular effects
of polyphenols contained in black tea additionally include activation of nuclear factor erythroid
2-related factor 2 (Nrf2), which is responsible for controlling gene expression as well as regulating
antioxidant and detoxifying enzymes [12,14,35,48–50]. Notably, the anti-estrogenic impact of black tea
consumption may significantly reduce the risk of malignant neoplasms in women [51].

Theaflavin 1 was found to prevent lung tumorigenesis via induction of apoptosis, down-regulation
of fatty acid synthase and COX-2 in cellular and animal models. Theaflavin 2 induced cell death by
regulating BAX and p53 protein in the HeLa and WI38VA cervical cancer cell line [45,52,53]. On figure
below (Figure 4), we present a comparison of polyphenol content in green and black tea, broken down
into theaflavins and catechins.
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Figure 4. Comparison of polyphenol content in green and black tea.

7. Conclusions and Future Perspectives

A number of reports suggesting the beneficial effect of green tea polyphenols on cancer prognosis
and prevention as an adjunct to pharmacological treatment have been reported [6,9].

There is a lot of in vivo evidence confirming that consumption of green tea in the form of a drink or
dietary supplement exerts the anticancer properties [43,47,54]. The other valuable properties of green
tea catechols involve their anti-viral, anti-bacterial, anti-aging, and hypotensive effects [4,5,9,12,27].
Nonetheless, it needs to be clearly emphasized that green tea as well as green tea catechins cannot
replace standard chemotherapy. However, their beneficial effects may support anticancer effects and
can be used as an adjunct [43,47,54,55].

All in all, polyphenols, and especially the main catechin of green tea, EGCG, brings promising
results in the prevention of breast, lung, prostate, stomach, and pancreatic cancers.
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Abstract: Brassicaceae vegetables are important crops consumed worldwide due to their unique
flavor, and for their broadly recognized functional properties, which are directly related to their
phytochemical composition. Isothiocyanates (ITC) are the most characteristic compounds, considered
responsible for their pungent taste. Besides ITC, these vegetables are also rich in carotenoids,
phenolics, minerals, and vitamins. Consequently, Brassica’s phytochemical profile makes them an
ideal natural source for improving the nutritional quality of manufactured foods. In this sense,
the inclusion of functional ingredients into food matrices are of growing interest. In the present work,
Brassicaceae ingredients, functionality, and future perspectives are reviewed.

Keywords: Brassicaceae; ingredients; phytochemicals; functionality

1. Brassicaceae Family: A Rich Mine of Bioactive Phytochemicals

Brassicaceae family vegetables have an ample worldwide distribution, which can be found in
all continents except Antarctica [1–4]. One of the most striking features of this botanical family is
the presence of several kinds of secondary metabolites with a distinctive taste, and also interesting
bioactivities. The most deeply studied are the glucosinolates (GSL) and their breakdown products,
isothiocyanates and indoles [5–7]. Moreover, these species are also rich and possess unique profiles of
phenolic compounds, carotenoids, and other groups of less studied compounds such as phytoalexins,
terpenes, phytosteroids, and tocopherols, here reviewed.

1.1. Phenolic Compounds

Phenolic compounds are a large class of plant secondary metabolites characterized by having at
least one aromatic ring with one or more hydroxyl groups attached, showing a diversity of structures,
ranging from rather simple and low molecular weight structures to complex polymeric compounds.
More than 8000 phenolic compounds have been reported on plant kingdom [8]. Phenolic compounds
are very important regarding the quality of plant-based foods since they are involved in flavor features
(e.g., astringency), and they are responsible for the color of some fruits and vegetables and also
because they serve as substrates for enzymatic deterioration [9,10]. Finally, phenolic compounds are
considered to contribute to the health benefits associated with dietary consumption of Brassicaceae
species such as antioxidant capacity, anticarcinogenic power, anti-aggregation activity, activation of
detoxification enzymes, among others (Brassicaceae bioactive properties are reviewed and discussed
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in Section 3 of the present study). The most important phenolic compounds present in Brassicacea
family vegetables are the flavonoids and the hydroxycinnamic acids [8]. Among flavonoids, the most
important group corresponds to the flavonols. Quercetin, kaempferol, isorhamnetin, and cyanidin
are the most representative flavonols in these species, but their qualitative and quantitative profiles
vary significantly among species. For example, cauliflower main phenolic compounds are quercetin
aglycon and catechins, but in white cabbage, the main compound are kaempferol glucosides and
epicatechins [11,12]. The phenolic profile can also vary within the same plant species according to
the plant organ being studied; for example, cruciferous sprouts can contain from 2 to 10 times more
phenolic compound when compared with roots and inflorescences, which are the most common plant
organ consumed [13]. Recently, Fusari et al. (2019) reported for the first time important levels of
t-resveratrol-a p-terostilbene phenolic compound extensively reported as a potent antioxidant molecule-
in several members of this botanical family, reaching, for example, 84 μg/g dry weight level in rocket
leaves (Eruca sativa L.) [12,14].

Another group of phenolic compounds frequently detected in Brassicaceae vegetables is the
hydroxycinnamic acid group, which is characterized by the C6–C3 structure and can be found free
or conjugated with sugars or with other acids. The most common in this species are ferulic acid,
sinapic acid, caffeic acid, and p-coumaric acid, but as occur with flavonols, this varies significantly
according to the plant species considered. For example, sinapic acid is the main hydroxycinnamic acid
present in rocket salad but is absent in red cherry and daikon radishes [11]. Another example of this
considerable variation among species is ferulic acid, which represents the main hydroxycinnamic acid
for red cabbage but is absent in radish and rocket leaves [12]. In Figure 1, the chemical structure of the
phenolic compounds usually present in Brassicaceae is shown.

Anthocyanins have also been reported in Brassicaceae vegetables. For example, the red or violet
pigmentation of red cabbage, purple cauliflower, or red radishes is caused by anthocyanins. The
major type of anthocyanins differs among species. While red radish contains mainly cyanidin and
peonidin anthocyanins aclylated with aromatic acids [15], red cabbage and broccoli sprouts contain
mainly cyaniding glucosides derivatives [16]. Besides, Lo Scalzo et al. (2008) [17] found that the
p-coumaryl and feruloyl esterified forms of cyanidin-3-sophoroside-5-glucoside were predominant
in cauliflower, while the sinapyl one was mostly present in red cabbage. In another study, Otsuki
(2002) [18] found 12 different anthocyanins in radish roots, 6 of them corresponding to the pelargonidin
derivatives. In red cabbage cultivars, the predominant anthocyanins resulted in being nonacylated
cyanidin- glucosides [19]. Altogether, these results indicate that anthocyanins, as with other phenolic
compounds, vary according to the vegetable species, the plant organ, and the cultivars of the single
species considered.

1.2. Organosulfur Compounds

Among the organosulfur compounds accumulated by cruciferous vegetables, glucosinolates
(GSL)-sulfur-containing glycosides- are the main secondary metabolites found. Their presence is
evidenced whenever its tissue is disrupted, and their breakdown products are the principal responsible
for the sharp and bitter-tasting flavors of these vegetables. There have been described in plant
kingdom more than 120 different GSL, but in Brassicaceae, the amount reaches around 96, of which
some are unique of some specific gender or species [20]. While genetic factors determining mainly the
type of GSL, environmental factors influence the amount of them. The induction of GSL following
abiotic or biotic stresses has frequently been described in order to increase the phytochemicals levels
when GSL are hydrolyzed by myrosinase (thioglucoside glucohydrolase, EC 3.2.1.147) upon tissue
disruption, numerous breakdown products are formed, including isothiocyanates (ITCs), thiocyanates,
nitriles, ascorbigen, indoles, oxazolidine-2-thiones, and epithioalkanes depending upon different
factors like pH, temperature, presence of myrosinase-interacting protein, and availability of ferrous
ion [21]. Among the different GLS-degradation products formed, the most abundantly formed at
physiological pH are the ITCs, which are also considered the main responsible for cruciferous foods
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bioactivity. Since ITCs are very unstable, their health benefits depend on numerous variables related to
several factors, such as the initial GSL concentration, cooking processes, amount of vegetable intake,
and human metabolism.

 

Figure 1. Phenolic compounds present in members of Brassicaceae [12].

Because the GSL profile varies between different species and the hydrolysis conditions determine
the identity and amount of ITC compounds formed, it is possible to find in the literature many ITC
profiles for each species, and these profiles do not always coincide with each other. ITC profiles for
each cruciferous vegetable have been extensively reviewed [22–25], and the reported information
highly variable according to the extraction. It is also important to keep in mind that the majority
of GLS will not always give rise to its ITC profile. For example, in radish, it has consistently been
reported that the majority GLS is glucoraphasatin; however, the raphasatin levels found when the
ITC profile was studied, were negligible or non-quantifiable because of the extraction conditions and
the hydrolysis affecting the results, especially if the medium is polar or aqueous [26]. Furthermore,
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the ITC profile of each cruciferous species varies according to the cultivar or variety considered and
also according to the plant tissue found [27,28]. For example, in rocket leaves, the main ITC generally
detected corresponds to sativin [29], but in rocket seeds, the main ITC detected have been erucin
and sulforaphane (SFN) [30]. Accordingly, in radish seeds and sprouts, the main ITC detected was
sulforaphene according to several reports [13,27,28,31] (Figure 2), but in radish roots, the chief ITC
have been raphasatin and sulforaphene [27,32]. In Figure 2, a graphical example of the ITC variation
inside a single plant is schematized. The foregoing demonstrates that, in order to inform the ITC profile
of a cruciferous vegetable, it is very important to consider, in addition to the species, the cultivation,
the plant organ under study, and the extraction and detection techniques in order to make inferences
and comparisons among studies.

Seeds main ITC: 

*4-methylsulfinyl-3-butenyl 

isothiocyanate (sulforaphene) 

Leaves main ITC: 

 * benzenepropanenitrile  

 * 5-(methylthio)-4-pentenenitrile 

Roots main ITC: 

*4-(methylthio)butyl isothiocyanate         

*5-(methylthio)-4-pentenenitrile 

Figure 2. Schematic representation of different isothiocyanate (ITC) profiles in several radish plant organs.

1.3. Carotenoids

Carotenoids are highly pigmented phytochemicals that possess a C40 backbone structure and
are classified as symmetrical tetraterpenes. They are produced in many plants and microorganisms,
and they can be yellow, orange, or red pigments. Some carotenoids such as β-carotene and α-carotene
and β-cryptoxanthin have provitamin A activity since they act as precursors of vitamin A and, therefore,
acquires an important function as a human health promoter. These compounds have been extensively
studied for their health-enhancing properties and also for their biological functions as attractants to
pollinators, as photoprotection pigments, and as light-harvesting pigments. Similarly, to phenolic
compounds, the accumulation of carotenoids in cruciferous is regulated by the environment, tissue type,
and developmental stage [33,34]. These groups of bioactive compounds have not been deeply
characterized for Brassicaceae species, but it has been reported that the predominant ones are β-carotene
and luteolin, but variable amounts of zeaxanthin, cryptoxanthin, neoxanthin, and violaxanthin have
also been detected [35–37]. Other reports have found that carotenoid-containing cruciferous vegetables
include kale (Brassica oleracea L. convar. Acephala var. sabellica), brussels sprouts, broccoli, cauliflower,
red cabbage, white cabbage, pakchoi (Brassica rapa subsp. chinensis), and kohlrabi (Brassica oleracea
var. ganglyoides) [38,39]. Kale is considered the richest cruciferous source of this compound, surpassing
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cabbage in about 40 times [35]. Among these, kale stands out for its high contents, not only within the
cruciferous but also when compared to other vegetables, resulting in one of the main dietary source of
carotenoids [35,40,41]. Kale main carotenoids have been proposed to be zeaxantin and luteolin [40]
but important differences were found among several kale cultivars [42]. Carotenoid profile among
Brassicaceae species varies greatly; for example, broccoli contains mainly β-carotene and luteolin [43],
cabbage contains mainly luteolin, followed by β-carotene, zeaxantin, and α-carotene [44].

1.4. Other Terpenes Present in Brassicaceae Vegetables

Other naturally occurring terpenes compounds that can be found in Brassicaceae vegetables
are tocotrienols and tocopherols. According to Podsedeck (2007) [45], the descending order of
total tocopherols and tocotrienol content in Brassica vegetables is as follows: broccoli > broccoli
sprouts > cabbage. Furtheremore, Kurilich et al. (1999) [46] reported that kale was the best source
among other Brassicaceae vegetables of α-tocopherol and γ-tocopherol. Beside Brassicaceae vegetables,
these compounds have also been reported in oils and cereals [47]. These phytochemicals have
been extensively researched due to its anticarcinogenic properties [48,49]. Another bioactivity
extensively reported in these lipid-soluble compounds is the antioxidant activity through hydrogen
atom transference [50].

Phytosterols are another important terpene subclass. It has been reported to possess
anti-inflammatory, anti-neoplastic, anti-pyretic, and immune-modulating activity. Also, it has been
reported that phytosterols reduce serum or plasma total cholesterol and low-density lipoprotein (LDL)
cholesterol [51]. Among cruciferous vegetables, Brassica napus L., known as rapeseed, is the most
abundant natural source of phytosterols, reaching levels of up to 9.79 gr/kg oil [52]. Another rich
source of phytosterols among cruciferous vegetables is Brassica Juncea, of which, according to the
cultivar analyzed, different compositions and levels of phytosterol can be detected [53].

1.5. Phytoalexins

These groups of compounds were described initially in 1940 and are considered phenolic-related
compounds with highly diverse chemical structures and several bioactivities, including anti-cancer
properties. They possess low molecular weight and are thought to serve as an important defense
mechanism for the plant [54,55]. Brassicaceae members containing phytoalexins present an indolic ring
with C3 substitutions with N and S atoms, which confers a unique structure among other vegetables.
The proposed biosynthetic pathway for phytoalexins formation includes brassinin formations from
GSL; thereafter, other related phytoalexins are produced from brassinin. Klein and Sattely (2017) [55]
reported that over 30 compounds arise from oxidative tailoring and rearrangement of Brassinin.
Among edible cruciferous, phytoalexins have been reported in Brassica napus [56], Brassica oleracea [57],
Brassica Juncea [58], Sinapsis alba [59], Wasabi japonica [60], and in Raphanus sativus [61].

1.6. Alkaloids

Alkaloids are secondary metabolites of plants synthesized from amino acids. These nitrogen
compounds have been reported in several Brassicaceae species, including Capsella bursa pastoris,
Lepidium cartilacineum, Nasturtium montanum, and Raphanus sativus, among others [62]. Among edible
Brassicaceae alkaloid compounds have also been reported in a cabbage cultivar collection [63], in cabbage
seeds by Mohammed (2014) [64], in cauliflower leaves [65], in broccoli florets [66]. and red cabbage
florets [67]. Besides, a screening of tropane alkaloids—a class of alkaloids typically found in Solanaceae
vegetables—in 43 different Brassicaceae species reveal that 18 of them presented alkaloid of different
structures, and the authors proposed that alkaloid compounds are typical secondary cruciferous
metabolites [68].

As described above, the Brassicacea family is characterized by the presence of GSL and the
isothiocyanates that are exclusive of this family. Also, Brassicacea stands out because they possess
phytochemicals of multiple chemical groups, being these species’ excellent sources of bioactive
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compounds that have been studied throughout history. Currently, modern analytical techniques allow
us to expand the knowledge about new compounds and metabolites. Consequently, it is possible
to understand that each species, each Brassica-derived product, is themselves a mixture of multiple
components. For this reason, an exhaustive determination of their phytochemical profiles must be
made in each case.

2. “Functional” Foods Based on Brassicas: Concepts and Relevance for Development of
New Products

2.1. Origin of the “Functional Food” Concept

The origin of the concept of functional food dates to 1980 with the introduction of the concept
“FOSHU” (Foods for Specified Human Health) in Japan. This tag system pretended, for first time
in the world, to regulate the employment of health claims in the market [69]. From this point,
the regulation of functional foods has been in constant evolution in Europe by the EFSA (European
Food Safety Authority), in the USA by the FDA (United States Food and Drug Administration),
or in Canada by the CFIA (Health Canada’s Food Directorate and the Canadian Food Inspection
Agency), among others [70–72]. Nowadays, different unofficial definitions and concepts of functional
foods coexist, being dependent of diverse factors: the country of the origin, in the case of a food
product; the main characteristics of the manufacturing and the main use of this product; the specific
criteria of an author, in the case of an article [73]. In this sense, a global definition can be outlined,
based on specific definitions collected in recent literature [74]: A functional food must have a nutritional
function that contributes to nutritional benefit on the consumer health, besides have been subjected to
a technological process, in order to add a beneficial ingredient or eliminate a harmful one. In addition,
it is interesting to mention the concept “nutraceutical” (classified by the European Union like “dietary
supplement) [75], a kind of functional product with a specific format similar to medicines (e.g., pills,
tablets), like [76]. However, it would be a priority to clarify the limit between medicine and functional
foods or nutraceuticals: it is possible to establish a mandatory common characteristic, and, without
discussion, that is the preventive and non-resolving nature of functional foods against different diseases.

In general terms and due to the information exposed, it is feasible to establish the next division of
this group of products:

• Functional foods with an added (or enhanced) ingredient that is associated with a health benefit.
Example: milk chocolate enriched with kale [77].

• Functional foods without an ingredient (naturally present in the original product) with a health
risk associated. Example: reduced fat/cholesterol mayonnaise [78]. Nutraceuticals example:
microencapsulation of polyphenols extracted from red chicory and red cabbage [79]

Nowadays, consumers have introduced several modifications in their nutritional habits, due to
the growing concern about health. This fact could explain the recent popularization of food
products based on functional ingredients, including products based on Brassicas vegetables [80].
However, the introduction of new concepts like bioaccessibility (“digestibility”) and bioavailabity has
caused a strong controversy due to the questionable functionality of these food products in scientific
reality [81]. In fact, the responsible regulations of health claims demand studies in vivo to allow
legal commercialization, in addition to official controls in vitro that guarantees the presence of the
compounds, related to the health claim of the commercial product and the capacity of the organism to
use such compounds.

2.2. Functional Foods Based on Brassica Vegetables

Dietary intake of Brassicas has shown a relevant influence in the control and incidence of diverse
diseases like cancer, hypertension, diabetes, chronic inflammation, or oxidative stress, among others [82].
These benefits are associated to specific compounds with active properties over human health, such as
polyphenols or GSL, previously described in Section 1.
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In this sense, fresh products such as broccoli or cabbage have reached a high production level
nowadays, which leads to a high amount of by-products with interesting potential as biocompound
sources. This valorization process is especially relevant in popular crops like broccoli, which represents
34% of total cruciferous production in the world, according to the Food and Agriculture Organization
Corporate Statistical Database (FAOSTAT, 2017, www.fao.org/faostat/es/). Broccoli floret, the edible part,
represents just 15% of the total vegetable, producing 85% (stems and leaves) of valuable by-products [83].
Other Brassica species by-products have been studied as sources of bioactive compounds, among them
red radish or kale, among others [84].

Recent work has focused on the increase of the total quantity of bioactive compounds found in
Brassica species by elicitation in order to enhance health benefits. In this way, biotic (plant hormones),
and abiotic (e.g., LED light, temperature, humidity, irrigation) elicitors, have been applied to improve
the quantity of polyphenols and GSL in broccoli sprouts (Brassica oleracea L. var. Italica), red radish
sprouts (Raphanus sativus cv. Rambo), or chinese cabbage (Brassica rapa ssp. pekinensis), among
others [85,86].

In light of improving the manufacturing of these functional foods, efforts have been focused,
on one hand, in the optimization of isolation and elicitation of these bioactive compounds from
Brassicas and, on the other hand, in the use of the by-products generated by the industry, to obtain
socio-economically sustainable products [87–89].

3. Functionality: What Has Been Demonstrated and What Remains to Be Study

The development of functional foods or functional ingredients is possible thanks to the interaction
of three actors: (1) consumers demanding healthy foods, (2) the industrial sector motivated to elaborate
and labelling their food products with a functional claim, and (3) the scientific sector which is responsible
to obtain the knowledge to support those claims. Scientific substantiations of claims are performed
by taking into account the totality of the available pertinent scientific data and by weighing up the
evidence. To support these claims, scientific evidence on functional assessment procedures is needed,
as well as toxicological evaluations and standardize analytical methodologies for functional component
quantification [90]. The European Commission Regalement indicates a ranking of tests that can be done
to support health statements of certain products. These tests consider, among others, whether a specific
effect attributed to the product is representative in a target population, and if the quantity of the food
and pattern of consumption required to obtain the claimed effect could reasonably be achieved as part
of a balanced diet. In order of decreasing preference, the "most reliable" would be the products that
would have demonstrated their benefits in experimental trials in humans. For that reason, among all
the available information on the functional properties of Brassicaceae, we consider in the first instance,
those that involve the results of epidemiological studies. A bibliographic search was made with the
keys “epidemiology” + “Brassicaceae” + “functional property” in the last ten years. It follows that from
the spectrum of functional properties attributed to this botanical family, biological properties related to
chemoprevention of cancer are the most evaluated (40%), followed very far by properties related to the
prevention of cardiovascular diseases (6.6%) and antidiabetics (5.7%). These results allow us, a priori,
to warn of the areas in which there is a shortage of epidemiological data.

In this regard, the extent of information supporting the benefits of consuming cruciferous vegetables
is plenty and rather proven. However, when analyzing the functionality of Brassicaceae-based products,
epidemiological results are scarce. The studies that can be found in this regard focus mainly on product
development, and the study of in vitro properties associated with some bioactive compounds present
in the final product. Alvarez-Jubete et al. (2013), for example, determined the glucosinolate and
isothiocyanate contents as the antioxidant capacity of a Broccoli-based soup [91]. Other authors have
evaluated different biological activities of Brassicaceae juices. Broccoli sprout juice has been studied as a
potential therapeutic strategy for Alzheimer’s disease [92]. A broccoli–cabbage juice was also efficient
as a lowering LDL-cholesterol agent [93]. The antibacterial properties against food-borne bacteria
of Brassica oleracea juice have also been addressed [94]. Furthermore, Brussels sprouts juice affects
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the balance of colorectal cell proliferation and death in an animal model of colorectal neoplasia [95].
Even though these findings help to give birth to the idea that certain products and ingredients have
potential functionality, clinical and epidemiological studies that yield more accurate findings regarding
a real health-claim are still lacking.

Unlike the above, there is plenty of epidemiological evidence indicating that cruciferous vegetable
(CV) consumption has health-promoting effects on the consumers. Although Brassicaceae vegetables are
associated with numerous biological properties, such as antioxidant, anti-inflammatory, anti-diabetic,
neuroprotective, and cholesterol-lowering effects, the cancer-protective effects stand out from the
other [93]. It has been proven that CV is protective against a range of cancers, GSL and their breakdown
products being considered the biologically active constituents [96].

Meta-analysis are useful tools that allow statistical comparison of results among a large number
of research articles that have common variables [97]. In other words, they serve to organize and
simplify the findings concerning a specific subject, identifying broad trends and patterns. In this
case, updated meta-analysis related to chemopreventive properties associated with CV intake were
examined in order to get closer to valid health claims. Data on epidemiological studies were taken
from an exhaustive review carried out using the most common and broad search engines available
online up to 2010. The databases considered were SCOPUS, SCIENCE.GOV, and SCHOLAR GOOGLE.
The current paper limits itself to an overview of epidemiological data on cancers with high incidence
and mortality such as lung, colon, prostate, gastric, breast, and ovarium. Based on other reviews,
like the one published by Van Poppel et al. (2000) [98], two types of epidemiological studies were
considered. On one side, prospective cohort studies, in which diets of large groups of people are
recorded, using surveys, and then, these people are controlled for disease occurrence. On the other
hand, retrospective case–control studies were also considered. They are based on interviews or
questionnaires to estimate dietary patterns in the near or distant past. Data from patients are then
compared with data from disease-free controls.

As a result of this search in the most important data bases regarding scientific reports and articles,
using as key words the terms “meta-analysis isothiocyanates”, up to 15,000 results appeared in
SCHOLAR GOOGLE, but fewer results appeared in SCOPUS and SCIENCE.GOV. It must be point
out that not all these results are meta-analysis per se, given that the term “analysis” is also included
in the search. Therefore, most results are related to in-vitro or in vivo studies, and not precisely
epidemiological studies, like the ones we are interested in. Table 1 shows the most relevant up-dated
meta-analysis carried out, considering CV or ITC intake.

Table 1. Latest most relevant evidence for the association of CV/ITC/GLS intake and cancer
preventive effects.

Functional Property Addressed in the
Meta-Analysis/Health Claim

Bioactive Compounds/Vegetables/Ingredients to
Which the Bioactivity Is Attributed

Reference

Chemoprevention of melanoma Isothiocyanates [99]
May reduce ovarian cancer Cruciferous vegetables [100]
Protect against colon cancer Cruciferous vegetables [101]

May decrease risk of renal cancer Cruciferous vegetables [102]
Might be inversely associated with pancreatic cancer Cruciferous vegetables [103]
Chemoprevention activities against bladder cancer Isothiocyanates [104]

Inversely associated with type 2 diabetes Cruciferous vegetables [105]
Inversely associated with lung cancer Cruciferous vegetables [106]

Inversely associated with breast cancer Glucosinolates (GSL) and isothiocyanates (ITC) [107]
Decreased risk of renal cell carcinoma Cruciferous vegetables [102]

May reduce risk of developing lung cancer in females Cruciferous vegetables [108]
Decreased risk of developing colorectal and gastric cancer Cruciferous vegetables [109]

Chemoprevention of breast cancer Sulforaphane (SFN)/Epicathechin Gallate [110]
Weakly and inversely associated with lung cancer Cruciferous vegetables [111]

Lung cancer derived from tobacco consumption is responsible for approximately 22% of cancer
deaths [112]. Regarding this type of cancer, back in 2009, Lam et al. [111] started to systematize
the available evidence through a meta-analysis based on epidemiological studies focusing on the
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potential gene–diet interaction between cruciferous vegetable intake and GSTM1 and GSTT1 (genes
involved in detoxification). Back then, the evidence weakly showed an inverse association between
lung cancer and CV consumption. Since then, dozens of case–control and cohort studies have been
published. Liu et al. (2013) gathered this information to make an emphasis in lung cancer incidence in
females, more specifically in Chinese women aged 40 to 70 years, through a prospective cohort study,
which added to previous observational evidence up to 2011 [108]. In that occasion, it was observed
that CV consumption might reduce the risk of lung cancer in women, especially in non-smoker ones.
More recently, Zhang et al. (2018) concluded that CV intake was inversely associated with lung cancer
risk. However, they recognized that current evidence is still limited and more short-term clinical Phase
II and III trials are needed to elucidate further whether the inverse association reported for CV intake
is due to ITC content or other bioactive compounds.

On the other side, cancers related to colorectum, gastric, oesophagus, and oropharyngeal tissues
constitute one of the most common causes of death from cancer throughout the world [112]. In regards
to this type of cancers, a literature review and meta-analysis carried out by Johnson et al. (2018) [109]
proved that higher consumption of CV might reduce the risk of colorectal and gastric cancers
by approximately 8% and 19%, respectively. These protective effects in the colorectal tissues are
hypothesized to be associated with genetic polymorphism of regulating genes of the glutathione
S-transferase enzyme expression; however, evidence is inconclusive on this point. That is why further
epidemiological studies with accurate dietary exposure measurements need to be done. A previous
study carried out by Tse et al. (2012) also suggested the value of CV intake when considering colon
preventive properties. In that meta-analysis, including 33 articles, results showed a statistically
significant inverse association between CV intake and colon cancer. Broccoli, particularly, stood out
from other species.

Following this line of research, pancreatic cancer is responsible for 4.5% of the total number of
deaths in 2018 [112]. In 2015, Li [103] showed that cruciferous plant consumption might be inversely
associated with pancreatic cancer risk. Nevertheless, given that the number of studies included in this
research is scarce, further evidence needs to be included in future meta-analyses.

On another note, breast cancer is the second most common cancer diagnosed in the entire
world. Given this high incidence, joint efforts are being made to prevent the development of this
disease, and CV intake has been proven as a chemopreventive strategy against breast cancer cells.
Gianfredi et al. (2017) [110] identified sulforaphane (SFN) and epigallocathechin gallate as modulators
of epigenetic events in one breast cancer cell line, therefore interfering with tumor growth rate.
The following year, Zhang et al. (2018) [107] conducted a case–control study among Chinese women,
proving that CV providing GLS and ITC showed a significant statistically inverse association with breast
cancer risk. Despite these promising results, future prospective epidemiological studies are needed
to positively assess a breast cancer prevention claim concerning CV or CV ingredient consumption.
Another woman-affecting disease is ovarian cancer. In regards to this ailment, Hu et al. (2015) [100]
showed that CV intake was also effective to prevent this disease.

Cancers affecting the urinary system are also affected by Brassicaceae vegetable consumption.
Liu et al. (2013) [102] proved the consumption of these vegetables might decrease the risk of renal
cancer, and in 2015, Veeranki and colleagues [104], concluded that ITCs have chemopreventive activities
against bladder cancer.

As can be appreciated, there are cumulatively epidemiological studies suggesting that cancer
rates are associated with environmental factors, more precisely in this case with diet. Numerous
researches have attempted to identify the dietary agents that may inhibit the multistage process of
carcinogenesis [113]. In this sense, plenty of evidence regarding naturally occurring compounds that
have shown cancer-preventive effects in experimental models is available. Particularly in Brassicaceae
species, as several investigations show, isothiocyanates are the ones responsible for the chemopreventive
activities [114]. There are other phytochemicals such as flavonoids present in Brassica species, that have
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cancer related properties; however, isothiocyanates are by far the ones with the greatest chemopreventive
power [114]. Figure 3 shows the mechanism of actions during carcinogenesis process affected by ITCs.

Figure 3. Mechanisms of action and signalling pathways implied for inhibiting carcinogenesis affected
by isothiocyanates.

Due to the wide range of GLS breakdown products that can be found in nature, it is not surprising
that the number of cancer preventive mechanisms is so diverse. However, it must be noted that there
is a dose-dependency in these responses generally; induction of cytoprotective genes and inhibition
of CYP activity occurs at low compounds concentrations, whereas activation of cell cycle arrest and
apoptosis occurs at higher levels of phytochemicals. Another major problem exists in interpreting
experiments when using vegetable extracts because of their variable composition. Hence, uncertainty
about attributing biological effects to specific phytochemicals exists. It is also important to consider
the bioavailability of GLS breakdown products, which makes the interpretation of in vitro data more
complex [115].

In summary, there is abundant scientific evidence that supports functional activities for the
vegetables of the Brassicaceas family. However, the number of results related to Brassicaceae
derived-products is lower. In agreement with point (2), each Brassicaceae-product (e.g., ingredient,
phytotherapeutic, functional food) possesses a unique mixture of bioactive compounds that
consequently evidences a spectrum of biological activities because of an additive/synergistic mechanism.
From here arises the importance of studying each product particularly.

4. Food Products and Ingredients Enriched in Bioactives from Brassicaceae

The functional food market based on Brassicaceae vegetables is relatively recent. However,
it contains interesting potential to offer new food products and formats with beneficial effects on health.
In this sense, consumers, especially young adults and children, show some adversity in relation to
the organoleptic characteristics, like the flavor of many cruciferous such as broccoli or radish [116].
For this reason, diverse new products based on functional ingredients from cruciferous families have
been developed to facilitate the inclusion of this group of nutrients to the diet, into different and
original formats (e.g., smoothies, soups, breads) [88]. In this way, the manufacturing of these new food
products can include the use of by-products, or side-streams, to also reach a better environmental and
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socio-economic balance [117]. In addition, diverse nutraceuticals like broccoli pills, tablets, or powders
have been commercialized to compensate for the absence of this group of vegetables in the diet [118].

Broccoli, cabbage, and kale are predominant in the search for new functional products based on
Brassica vegetables (Table 2), due to their phytochemical composition and the extensive knowledge
collected in the scientific literature until this moment. The processing of food to obtain the new
functional products can cause diverse changes (advantageous or disadvantageous) into the food matrix.
This is crucial for the design of novel food products. In this sense, it has been seen that the addition of
broccoli to baked crackers improved the nutritional properties of the final product, whilst the addition
of broccoli to a juice results in important losses of sulphoraphane (Table 2). On the other hand, the use
of byproducts is promising, not only because of the use of non-marketable material but also for showing
the advantages of using agro-waste instead of edible florets.
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Natural food matrix contents and bioactive compounds and grants the food the capacity to be
adsorbed and metabolized by the organism [131]. However, the addition (or isolation) of some bioactive
compound functional food products is not a guaranty of bioaccessibility and bioavailability, and more
work is necessary to elucidate solutions against their insufficient presence in new products [132]. On the
other hand, the food industry is trying to reduce the food processing to obtain products more similar
to fresh-food: the concept called “minimally processed foods”. One example is broccoli hummus,
which has shown promising nutritional values [133]. However, it is necessary to clearly establish the
difference between fresh products and minimally processed foods to avoid the systematic and total
consumption of fruits and vegetables instead off ready-to-eat fruits and salads, among other processed
foods in the diet that, in addition, would result in an important impact on the environmental.

5. Food Products and Ingredients from Brassica spp.—Certain Commercialization Aspects

It is true that certain functional foods result in interesting physiological effects (Table 2), but it is
necessary to stress that the novel developed “functional food” products cannot replace the nutritive
qualities of fresh food [134]. Nevertheless, numerous food products are commercialized as “alternatives”
for the consumption of Brassica vegetables, such as vegetable powdered formulas (broccoli https://www.
bulkpowders.es/brocoli-en-polvo.html) or kale powder https://saludmediterranea.com/products/kale-
col-rizada-en-polvo-salud-viva) in convenient but expensive formats (200 g >10 EUR/unit). We can
ask ourselves if these are really necessary products, considering these prices. One kg of fresh broccoli
(heads) is between EUR 1–2 in the supermarket, the sample place where these other products are
sold in different shelves or areas of the store to highlight these added-valude products. Besides the
price tag, the effects of industrial processing to obtain the products (e.g., powders) could degrade the
phytochemical profile (and the label of these products sometimes is difficult to understand for the
consumers) and the composition on the marketed products may be far distant from the natural content
of the fresh produce for a given bioactive, and therefore, much less effective.

Taking in consideration the mentioned situation, there is more interest so far in those foods that are
minimally processed—once the organoleptic barrier is overpassed for the consumption of these smelly
vegetable family—and ready-to-eat salads, sprouts and germinates of different cruciferous species are
growing in demand and presence in the stores, even in countries that were not top consumers (such
as USA or UK), as in the Mediterranean European countries [135,136], even in snack formats [137].
Therefore, there is a wide range of possibilities to exploit commercially.

When it comes to nutraceuticals or products alike, the situation is quite similar; their potential for
specific population groups and pathophysiological situations where they can be used as coadjuvants
is clear because of the isolation of the bioactive compounds in pharma-grade products such as pills,
powders, capsules, but involving the elimination of the food matrix; in many circumstances, the isolated
bioactive is not as bioavailable or metabolically active as in the natural food matrix [138].

The research in this area of functional foods and ingredients for new therapeutic applications
keeps going further with the evaluation of functionalities in different chronic diseases; but many more
studies will be needed to ascertain the “functionality” of these new products. For this reason, it is
important to think about the population target these products are intended for: is the consumption of
nutraceuticals for the general population really necessary or advisable? Will his trend lead consumers
to avoid or dramatically reduce the consumption of fresh foods? If the current evidence from clinical
studies and epidemiological data are still not totally clear or not totally acceptable for many of these
new products, which are always much more expensive than fresh food, should we keep the wheel
spinning and keep working hard on these products because of their (so far unclear) potential, or should
we push for much more work from scientific research in collaboration with dietary and nutrition
advice on eating a more sustainable, safe, and rich diet with plenty of “naturally functional” fresh
foods (e.g., cruciferous sprouts, fresh foods enriched in bioactives) that would definitively contribute
to wellbeing? Many open fronts remain waiting for answers in this global era of plants for food
and health.
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Abstract: δ-Tocotrienol, an important component of vitamin E, has been reported to possess
some physiological functions, such as anticancer and anti-inflammation, however their molecular
mechanisms are not clear. In this study, δ-tocotrienol was isolated and purified from rice bran. The
anti-inflammatory effect and mechanism of δ-tocotrienol against lipopolysaccharides (LPS) activated
pro-inflammatory mediator expressions in RAW264.7 cells were investigated. Results showed that
δ-tocotrienol significantly inhibited LPS-stimulated nitric oxide (NO) and proinflammatory cytokine
(TNF-α, IFN-γ, IL-1β and IL-6) production and blocked the phosphorylation of c-Jun N-terminal
kinase (JNK) and extracellular regulated protein kinases 1/2 (ERK1/2). δ-Tocotrienol repressed
the transcriptional activations and translocations of nuclear factor-kappa B (NF-κB) and activator
protein-1 (AP-1), which were closely related with downregulated cytokine expressions. Meanwhile,
δ-tocotrienol also affected the PPAR signal pathway and exerted an anti-inflammatory effect.
Taken together, our data showed that δ-tocotrienol inhibited inflammation via mitogen-activated
protein kinase (MAPK) and peroxisome proliferator-activated receptor (PPAR) signalings in
LPS-stimulated macrophages.

Keywords: rice bran; δ-tocotrienol; inflammation; MAPKs; PPARs; RAW264.7

1. Introduction

Inflammation is a significant mechanism of the immune pathogenesis and against different
harmful stimuli [1]. Inflammation may result in tissue injury, infection and stress or exposure to
bacterial components, such as lipopolysaccharide (LPS) [2,3]. LPS is a component of the cell wall of
gram-negative bacteria and was used to induce the cell inflammation model in macrophage RAW264.7.
During inflammatory response, macrophages play an important role to provide a defense against the
foreign stimuli. Macrophages take part in the inflammatory process through regulating a series of
inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interferon-γ (INF-γ), interleukin-1β
(IL-1β), IL-6 and IL-8 [4]. On the other hand, macrophages also stimulate the expressions and secretions
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of inflammatory mediators, including nitric oxide (NO) and prostaglandin E2 (PGE2). NO release is
controlled by inducible NO synthase (iNOS) and PGE2 secretion is synthesized by cyclooxygenase-2
(COX-2) [5]. Although the cellular signaling pathways and molecular mechanisms of the inflammation
response are very complicated, mitogen-activated protein kinase (MAPK) is an important pathway in
the initiation and development of the inflammation process. MAPKs are the specific protein family of
serine/threonine kinases, which can transmit signal by sequential phosphorylation events. Meanwhile,
lipids play essential roles in almost all inflammation processes [6,7]. Peroxisome proliferator-activated
receptors (PPARs) are key important transcript factors which are involved in lipid metabolism and
inflammation, and PPAR pathway is closely related with developing chronic inflammation, diabetes,
obesity, hypertension and hyperlipidemia [8–11]. PPAR super family contains α-, γ-, δ-, (PPARα,
PPARγ and PPARδ), which are ligand-regulated transcription factors and belong to the nuclear
hormone receptors [7]. Specific ligands like unsaturated fatty acids participate in the regulation of
physical metabolic pathways. Interestingly, δ-tocotrienol is an unsaturated fatty acid [12,13]. Although
PPARs have many similarities among each different isoform, they have their own particular functions,
tissue distributions, biomedical properties and unique reactions to different ligands [14,15]. PPAR
signaling can also activate activator protein-1 (AP-1) and activate mitogen-activated protein kinase
(MAPK) signaling, which forms a complex signal pathway net via cross-talking different pathways in
the response. However, the complex mechanism of inflammation is still not clear [15,16].

δ-Tocotrienol is a bioactive component of rice, which is a common staple food consumed
worldwide [17,18]. Since rice is the most important crop around the world harvested from over
100 countries, its components including rice starch, δ-tocotrienol and other vitamins deserve more
attention [19]. Rice bran is an important by-product of rice acquired from rice milling process. Rice bran
and its components exert multiple biological effects [17,18]. δ-Tocotrienol is a member of vitamin E
family which can be extracted from rice bran. δ-Tocotrienol can also obtained from some plant resources
such as palm, coconut and grains like oat, wheat, maize and rye [20–22]. Vitamin E compounds
family has members named α-, β-, γ-, δ- tocopherols and α-, β-, γ-, δ-tocotrienol, all of the eight
chemically distinct isomers constitute vitamin E [23–25]. Unlike saturated tocopherols, tocotrienols
are unsaturated forms of vitamin E and own an isoprenoid side chain. δ-Tocotrienol was found to
take part in a lot of health-promoting functions which include anti-diabetic, cholesterol-lowering,
anticancer, antihyperlipidemic, immunomodulatory effects, antioxidant and anti-inflammation, but its
molecular mechanism is not clear [26].

In this study, we used an LPS-induced macrophage inflammation model to evaluate the
anti-inflammation function of δ-tocotrienol and explore if δ-tocotrienol inhibits inflammation through
MAPK and PPAR pathways. Moreover, we investigated the cross-talk of MAPK and PPAR pathways
and how δ-tocotrienol prevented inflammation in the in vitro model.

2. Results

2.1. Isolation and Purification of δ-Tocotrienol from Rice Bran

Crude rice bran oil was extracted from rice bran by supercritical carbon dioxide extraction. The
rice bran oil extracts from rice bran were then identified by high performance liquid chromatography
(HPLC). As Figure 1A indicates, there are 8 peaks in rice bran extracts which include α-tocopherol,
β-tocopherol, γ-tocopherol, δ-tocopherol, α-tocotrienol, β-tocotrienol, γ-tocotrienol and δ-tocotrienol.
The yield of δ-tocotrienol that was isolated from rice bran oil that was prepared by carbon dioxide
extraction was 132.7 μg/kg. After the purification of δ-tocotrienol from the rice bran oil using the
Shim-pack PREP-ODS (20.0 mm × 250 mm, 15 μm, Shimadzu Co., Ltd., Kyoto, Japan), δ-tocotrienol
and related substance, which was extracted from rice bran, was finally detected by the fluorescence
detector (Prominence RF-20A/Axs, Shimadzu Co., Ltd., Kyoto, Japan). The purity of δ-tocotrienol that
was extracted from rice bran is 96.2% (Figure 1B).
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Figure 1. Isolation and purification of δ-tocotrienol from rice bran. (A) HPLC analyzed the different
peaks of oil from the rice bran. (B) HPLC identified the purified δ-tocotrienol. The red color peak is the
standard sample of δ-tocotrienol. HPLC: high performance liquid chromatography; “a”: experiment
sample; “b”: standard sample. Peak 1: δ-tocotrienol; peak 2: β-tocotrienol; peak 3: γ-tocotrienol; peak
4: α-tocotrienol; peak 5: δ-tocopherol; peak 6: β-tocopherol; peak 7: γ-tocopherol; peak 8: α-tocopherol.

2.2. The Toxicity of δ-Tocotrienol on RAW264.7 Cells

To investigate the cell toxicity of δ-tocotrienol, different concentrations of δ-tocotrienol were
divided into 6 groups: control, δ-tocotrienol (5 μM), δ-tocotrienol (10 μM), δ-tocotrienol (20 μM),
δ-tocotrienol (40 μM), δ-tocotrienol (80 μM). The phenotype of the cells after δ-tocotrienol treatment was
observed by optical microscope (Leica, Solms, Germany). The optical density (OD) value, which stands
for the rate of cell survival from control group to δ-tocotrienol (80 μM), had no significant differences
(p > 0.05). Results revealed that under each concentration of δ-tocotrienol treatment, this alone had no
effect on murine macrophages RAW264.7. The cell viability of different intensities of δ-tocotrienol on
RAW264.7 cells was determined by trypan blue dye exclusion or a quantitative colorimetric assay with
MTS [3-(4,5-diethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo phenyl)-2H-etrazolium,inner
salt] assay. The data showed that δ-tocotrienol exerted no obvious suppression effect on cell viability
of RAW264.7 (0–40 μM), see Figure 2A,B. Although our data showed that 40 μM δ-tocotrienol did not
affect cell viability, we selected 20 μM δ-tocotrienol in the next experiments to avoid any cytotoxicity
of δ-tocotrienol.
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Figure 2. Effect of δ-tocotrienols on the phenotype of LPS-induced RAW264.7. (A) The morphologic
change of LPS-induced RAW264.7 after treatment of δ-tocotrienols; (B) Effects of δ-tocotrienols in
cell viability. LPS: liposaccharide; OD: optical density; T3: δ-tocotrienol. Data are expressed as the
mean ± SD of three independent experiments. *: p < 0.05; #: p > 0.05.

2.3. δ-Tocotrienol Downregulated the Expressions of Proinflammatory Factors

During suffering inflammatory disease, the proinflammatory factors, such as TNF-α, IL-1β, IL-6,
and mediators of iNOS were always overproduced [27]. In our study, the mRNA expressions of
proinflammatory factors were assessed by real-time quantitative PCR (RT-qPCR). The results indicated
that the upregulation expressions of pro-inflammatory cytokine mRNAs in the LPS-stimulated group
were significantly higher than that of the control group (Figure 3A–D). δ-tocotrienol treatments
decreased the mRNA expressions of TNF-α, IL-1β, IL-6 and iNOS in a dosage-dependant manner, as
shown in Figure 3A–D. Western blotting further confirmed that δ-tocotrienol treatments (5 μM, 10 μM,
20 μM) inhibited the protein expression levels of TNF-α, IL-1β, IL-6 and iNOS in the LPS-stimulated
macrophage (Figure 4A–E). Taken together, δ-tocotrienol exerts an anti-inflammatory effect via
decreasing expressions of inflammatory factors.
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Figure 3. δ-Tocotrienols inhibit mRNA expression of inflammatory cytokines/mediator in
LPS-stimulated RAW264.7 cells. (A) Relative expression of TNF-α mRNA; (B) Relative expression
of IL-1β mRNA; (C) Relative expression of IL-6 mRNA; (D) Relative expression of inducible nitric
oxide synthase (iNOS) mRNA. T3: δ-tocotrienol; LPS: lipopolysaccharide. The data came from three
independent experiments. Comparing with LPS group, *: p < 0.05; **: p < 0.01; #: p > 0.05.

 

Figure 4. δ-Tocotrienols inhibit protein expression of inflammatory factors in LPS-activated RAW264.7
cells. (A) Representative image of Western blotting from 3 independent experiments; (B) Protein
expression of IL-1β; (C) Protein expression of TNF-α; (D) Protein expression of IL-6; (E) Relative
expression of iNOS mRNA. iNOS: inducible nitric oxide synthase; LPS: lipopolysaccharide T3:
δ-tocotrienol. Comparing with LPS group, *: p < 0.05; **: p < 0.01.
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2.4. Effect of δ-Tocotrienol on MAPKs in LPS-Stimulated RAW264.7 Cells

It has been approved that mitogen-activated protein kinases (MAPKs) are phosphorylated in the
inflammatory response, and that the MAPK transduction pathway activation is the key to signaling to
regulate the expression of inflammatory cytokine [28,29]. To explore the anti-inflammatory mechanism
of δ-tocotrienol, the phosphorylation situation of 3 subtypes of MAPKs, including c-Jun N-terminal
kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK1/2), and p38 were analyzed by Western
blotting in the LPS-stimulated RAW264.7 cells. As shown in Figure 5A, LPS treatment caused an
obvious increase of phosphorylation of ERK1/2, JNK and p38; Adding δ-tocotrienol resulted in a
reduction of phosphorylation of ERK1/2, JNK (see Figure 5B,C), however δ-tocotrienol did not inhibit
the phosphorylation of p38 (see Figure 5D) in a dosage-dependent manner. Our data showed that
δ-tocotrienol that was treated with 20 μM was the effective dosage for the inhibition of ERK1/2 and JNK
phosphorylation, and the protein contents of p-ERK1/2 and p-JNK were reduced to 76.6% and 28.9%
(Figure 5B,C), respectively. These results suggest that δ-tocotrienol exerts an anti-inflammatory effect
which may be mediated by inhibiting the ERK/JNK activation (phosphorylation) in the LPS-stimulated
cell inflammation model.

 

Figure 5. δ-Tocotrienol prevents MAPK pathways in LPS-stimulated RAW264.7 cells.
(A) Representative image of Western blotting from 3 independent experiments; (B) Protein level
of p-ERK1/2; (C) Protein level of p-JNK; (D) Protein level of p-p38. ERK1/2: extracellular regulated
protein kinases; JNK: c-Jun N-terminal kinase; LPS: lipopolysaccharide; MAPK: mitogen-activated
protein kinase; T3: δ-tocotrienol. The values represent the means ± SD. Comparing with LPS group,
**: p < 0.01; #: p > 0.05.
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2.5. Effect of δ-Tocotrienol on NF-κB /AP-1 Activities and Translocations

Transcription factors AP-1 and NF-κB are involved in many biological functions. In the
inflammatory response, inflammatory cytokine, such as TNF-α, IFN-γ, IL-1β, IL-6 and iNOS have
several AP-1 and NF-κB binding sites and the two transcript factors can directly bind the promoter
of those genes to regulate inflammatory cytokine expressions [30,31]. After exposure to LPS alone,
our data showed that the contents of p65 and c-Jun in the nuclei were increased significantly and
LPS promoted the nuclear translocation of p65 and c-Jun (Figure 6A,B). After treatments of different
dosages of δ-tocotrienol, the contents of p65 and c-Jun in the nuclei were obviously reduced in a dose
dependent manner compared with the LPS group and, in contrast, the contents of p65 and c-Jun in the
cytoplasm were increased in RAW264.7 cells. Compared with the LPS group, the relative luciferase
activities of NF-κB were reduced to 57.9%, 43.6% and 43.5% by reporter gene analysis (Figure 6A,C),
and the relative luciferase activities of AP-1 were reduced to 63.2%, 53.8% and 41.4% (Figure 6B,D),
respectively. This suggests that δ-tocotrienol may reduce inflammatory cytokine expressions via
inhibiting NF-κB and AP-1 activation in the LPS-induced RAW264.7 cells. Furthermore, pNF-κB-Luc
and pAP-1-Luc reporter genes were used to detect the effect of δ-tocotrienol on the transcriptional
activities of NF-κB and AP-1. Consistent with the nuclear translocation data, luciferase reporter assays
found that δ-tocotrienol significantly inhibited NF-κB and AP-1 activities in a dose-dependent manner,
as shown in Figure 7A,B. MAPKs are found to be close with AP-1 and NF-κB activations [29,32]. Our
results suggest that δ-tocotrienol may affect inflammatory cytokine expressions via MAPK/NF-κB and
MAPK/AP-1 pathways.

 
Figure 6. δ-Tocotrienol inhibits the nuclear translocations of NF-κB and AP-1. (A and C) Effect
of δ-tocotrienol on the protein content of p65 and c-Jun by Western blotting analysis in cytosol;
(B and D) Effect of δ-tocotrienol on the protein content of p65 and c-Jun by Western blotting analysis
in nucleus. AP-1: activator protein-1; LPS: lipopolysaccharide; NF-κB: nuclear factor-kappa B; T3:
δ-tocotrienol. The figure shown here are representative data from three independent experiments. The
values represent the means ± SD. Comparing with LPS group, *: p < 0.05; **: p < 0.01; #: p > 0.05.
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Figure 7. δ-Tocotrienol inhibits the transcriptional activities of NF-κB and AP-1. (A) Effect of
δ-tocotrienol on the transcriptional activity of NF-κB in LPS-stimulated RAW264.7 cells; (B) Effect of
δ-tocotrienol on the transcriptional activity of AP-1 in LPS-stimulated RAW264.7 cells. T3: δ-tocotrienol;
LPS: lipopolysaccharide. The values represent the means ± SD. Comparing with LPS group, **: p < 0.01.

2.6. Effect of δ-Tocotrienol on the Activities of PPARα and PPARγ In Vitro Models

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear receptors which
have three isoforms: PPARα, PPARβ/δ, PPARγ, and each isoform has its own physiological functions.
PPARα was supposed to be involved in heart failure [33,34]. Both PPARα and PPARβ/δ have
overlapping functions in cardiovascular diseases [34]. PPARγ is well known for its therapeutic
potency of metabolic syndrome, type 2 diabetes and obesity [12,35,36]. In this study, we estimated
the effect of δ-tocotrienol on the PPAR pathway in the LPS-stimulated RAW264.7 cells. The results
revealed that in LPS-induced RAW264.7, δ-tocotrienol significantly inhibited the phosphorylation of
PPARα at concentration of 5 μM, 10 μM, 20 μM in a dosage-dependent manner compared with the
control group, as shown in Figure 8A,B. In this study, our data also demonstrated that δ-tocotrienol
significantly depressed the phosphorylation of PPARγ at concentrations of 5 μM, 10 μM, 20 μM in a
dosage-dependent manner compared with the control group.

 

Figure 8. δ-Tocotrienols inhibit PPAR signaling in LPS-stimulated RAW264.7 cells. (A) Representative
image of PPARs Western blotting from 3 independent experiments; (B) Protein level of p-PPARs. LPS:
lipopolysaccharide; PPAR: peroxisome proliferator-activated receptor; T3: δ-tocotrienol. Comparing
with LPS group, **: p < 0.01; #: p > 0.05.



Int. J. Mol. Sci. 2018, 19, 3022

2.7. Effect of δ-Tocotrienol on MAPKs and PPARs Signaling Models

To investigate whether the MAPK signaling pathway interacts with PPARs, which take part in
the anti-inflammation of δ-tocotrienol, LPS-induced RAW264.7 cells were treated with the p38MAPK
inhibitor SB203580, the JNK inhibitor SP600125 and the ERK1/2 inhibitor U0126. As shown in
Figure 9A, in contrast to the δ-tocotrienol treated group, SB600125, U0126 and SP203580 treatment
all suppressed the phosphorylation of PPARγ (Ser112) protein which was stimulated by LPS in the
presence of δ-tocotrienol. Moreover, compared with the δ-tocotrienol treated group (Figure 9B), both
SP600125 and U0126 treatment inhibited the phosphorylated of PPARα (Ser384), while SB203580
treatment did not activate the phosphorylation of PPARα (Ser384) level. These data indicated that
δ-tocotrienol inhibited PPARα activation via inhibiting JNK and ERK1/2 activities; δ-tocotrienol
inhibited PPARγ phosphorylation through inhibiting p38, JNK and ERK1/2 activities.

 

Figure 9. δ-Tocotrienols inhibit MAPK/AP-1/NFκB and MAPK-PPAR signalings in LPS-stimulated
RAW264.7 cells. (A) RAW264.7 cells were pretreated with the p38MAPK inhibitor SB203580 with 20 μM,
the JNK inhibitor SP600125 with 20 μM, and the ERK1/2 inhibitor U0126 with 10 μM for 30 min, and
were then treated with/without δ-tocotrienols for 2 h, and finally treated with LPS for 12 h. The results
shown here are representative data from three independent experiments. (B) The phosphorylated
or total forms of PPARs after treatment of MAPK inhibitors were measured by Western blotting. T3:
δ-tocotrienol; LPS: lipopolysaccharide.

3. Discussion

In the present study, we demonstrated the anti-inflammatory effects and molecular mechanisms
of δ-tocotrienol through the MAPKs/AP-1 and PPARs/AP-1 pathways. In previous studies, it is
reported that δ-tocotrienol depressed the expressions of proinflammatory genes, however the role
of δ-tocotrienol in the MAPK/AP-1 and PPARs/AP-1 pathways and the interactions between these
two pathways remains unclear [15]. Our results verified that δ-tocotrienol significantly depressed the
productions of IL-1β, IL-6, iNOS and TNF-α, meanwhile it does not have cytotoxicity on LPS-induced
RAW264.7, as confirmed by MTS assay.

Rice bran oil and rice germ oil, together with palm oil have been used traditionally as cooking oil
which have a high content of tocotrienol [37]. Recent studies showed that vitamin E components, like
tocotrienol-rich fraction, had already been used as dietary complements to prevent breast cancer
and hypercholesterolemia and its anti-inflammatory activity is the greatest compared with that
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of a-tocopherol and a-tocopheryl acetate [38–40]. Vitamin E components, such as γ-tocopherol,
δ-tocopherol and γ-tocotrienol, have specific anti-inflammatory and antioxidant effects which are
superior to those of α-tocopherol [41]. Several studies have shown that γ-tocotrienol inhibited
LPS-stimulated RAW264.7 macrophages and IL-1β-activated lung epithelial cells through NF-κB
and JAK-STAT6 or JAK-STAT3 signaling pathways [42,43]. In human endothelial cells, δ-tocotrienol is
the most potent isomer of tocotrienols in depressing the expression of IL-6, ICAM-1, VCAM-1 and
NF-κB compared with that of α-, β-, γ-tocotrienol [35]. δ-Tocotrienol has several potential health
benefits, such as prevention of certain types of cancer [44], heart diseases and other acute or chronic
inflammations. Among the isoforms of tocotrienols, the antioxidant and anti-inflammation functions of
γ-tocotrienol were well studied, and only few experiments showed that δ-tocotrienol can decrease the
expression of inflammatory factors in macrophages, however its molecular mechanism is unknown.

In the present study, we demonstrated the anti-inflammatory effects and molecular mechanisms
of δ-tocotrienol through the MAPKs/AP-1 and PPARs/AP-1 pathways. In previous studies, it is
reported that δ-tocotrienol depressed the expressions of proinflammatory genes, however the role
of δ-tocotrienol in the MAPK/AP-1 and PPARs/AP-1 pathways and the interactions between these
two pathways remains unclear [15]. Our results verified that δ-tocotrienol significantly depressed the
productions of IL-1β, IL-6, iNOS and TNF-α, meanwhile it does not have cytotoxicity on LPS-induced
RAW264.7, as confirmed by MTS assay.

MAPKs signaling pathway and PPARs signaling pathway were supposed to take part in the
occurrence of inflammation. Although the cellular signaling pathways and molecular mechanisms
of inflammation activation are very complicated, mitogen-activated protein kinase (MAPK) is a key
signaling pathway in the initiation and development of the inflammation process. MAPK can transmit
the extracellular information into cytoplasm and nucleus in the end. These serine/threonine kinases
include extracellular signal-regulated kinase 1/2 (ERK1/2), extracellular signal-regulated kinase 5
(ERK5) c-Jun NH2-terminal kinase (JNK) and p38 and finally to the NF-κB and AP-1 in cell nucleus.
Among PPAR receptors, PPARα was the first to be identified and expressed mainly in liver, heart,
kidney and adipose tissues [15,45]. PPARα upregulates the expression of IκB, which inhibits the
activation and nuclear translocation of the proinflammatory transcription factor NF-κB [46]. Both
PPARα and PPARγ are reported to reduce the NF-κB transcriptional activity [13]. Fatty acids and
their derivatives can activate peroxisome proliferator-activated receptors (PPARs) which regulate
the expression of signaling pathways genes that are involved in adipogenesis, lipid metabolism,
inflammation, type 2 diabetes and the maintenance of metabolic homeostasis [47]. In this study,
δ-tocotrienol was found to decrease the production of inflammatory cytokines, such as IL-6, IL-1β
and TNF-α with iNOS. Meanwhile in PPARα knock-out young (4-week-old) and senescent mice
(42-week old), it was reported that δ-tocotrienol can also decrease the mRNA expressions of IL-6,
IL-1β and TNF-α in vivo. However, the mediation of δ-tocotrienol via PPARs and MAPKs signaling
is still unclear. In our present study, we found that δ-tocotrienol inhibits inflammation by activation
of both PPARα and PPARγ receptors. Indeed, overweight and obesity inflammation are related to
the interaction of nutrition, the immune system and metabolic organs [48–50]. In low grade chronic
inflammation, where the innate immune system and arteries, heart, and brain are involved, all the
three PPAR isotypes showed anti-inflammatory effects [31,45]. Both PPARα and PPARγ are reported
to reduce the NF-κB transcriptional activity [13].

In our present study, we found that δ-tocotrienol inhibited MAPKs activation and downregulated
the expression of inflammatory cytokines as IL-1β, IL-6, TNF-α and iNOS in the LPS-stimulated
cell inflammation model. For all of those cytokines, they have AP-1 and NF-κB binding sites in the
promoters of those genes. c-Jun is a direct target of JNK, and JNK activation will result in AP-1
activation, which promotes the expressions of proinflammatory factors. Our study also confirmed that
δ-tocotrienol can inhibit the phosphorylation of JNK and transcriptional activity of AP-1. This means
that δ-tocotrienol can inhibit expressions of proinflammatory factors via downregulating JNK (MAPK).
δ-tocotrienol inhibited activation ERK1/2 and transcriptional activity of NF-κB, and δ-tocotrienol
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decreased expressions of proinflammatory factors through ERK1/2/NF-κB, which belonged to another
important pathway. The results suggest that both JNK (MAPK) and ERK1/2/NF-κB were involved in
the inhibition of the activation of MAPKs. Meanwhile, the effect of δ-tocotrienol on PPARs signaling
in LPS activated RAW264.7 cells was estimated by Western blotting. The results demonstrated that
the treatment of δ-tocotrienol suppressed the phosphorylation of PPARα and PPARγ and the two
different isotypes in LPS that induced murine macrophages in a dosage dependent way. It was
found that PPARα and PPARγ can repress the inflammatory response by blocking the activation of
NF-κB [51,52]. NF-κB was formed by p65 and p50 proteins, and the phosphorylation of translocation of
NF-κB from cytoplasm to nucleus leads to overexpressions of proinflammatory factors [53]. Moreover,
when MAPK inhibitors were added to δ-tocotrienol treated RAW264.7 cells, the phosphorylation of
PPARγ was further downregulated. On the other hand, both JNK and ERK1/2 inhibitors treatment
blocked the phosphorylation of PPARα (Ser384), while p38 inhibitor treated had a weak effect on the
phosphorylation of PPARα (Ser384) level. The results indicated that δ-tocotrienol upregulated the
phosphorylation of PPARα through JNK and ERK1/2 and upregulated the phosphorylation of PPARγ
by JNK and ERK1/2.

In conclusion, it is well known that MAPKs signaling play a key role in inflammation;
we demonstrated that δ-tocotrienol repressed the inflammatory response via the inhibition of
MAPK/ERK/JNK activation. PPARs are always the target of many drugs which are therapy to
metabolic syndrome, dyslipidemia, insulin resistance, hypertension, type 2 diabetes and cardiovascular
diseases. This is the first study to report the fact that δ-tocotrienol reduces AP-1 activation during
LPS-stimulated inflammatory response, and δ-tocotrienol inhibits inflammatory cytokine expressions
via MAPK and PPARs signalings. Further investigation found that crosstalk exists between MAPKs
and PPARs, which is involved in the anti-inflammatory effect of δ-tocotrienol. δ-tocotrienol can
be developed as a food supplement for diseases like obesity, cardiovascular diseases, diabetes,
hypertension and hyperlipidemia, which are closely related to inflammation and chronic low-grade
inflammation which MAPKs and PPARs signaling pathways are involved in.

4. Materials and Methods

4.1. Materials and Reagents

The rice bran was purchased from Hunan Jinjian Cereals Industry Co., Ltd. (Changde, China).
Lipopolysaccharide (LPS) from Escherichia coli O127:B8 was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Stock solutions of δ-tocotrienol were purchased from Chromadex, Inc. (Irvine, CA, USA),
purity 99.4%. Stock solutions of δ-tocotrienol were dissolved in ethanol and were blended by ultrasonic
concussion for 5 min. Fetal bovine serum (FBS) and Roswell Park Memorial Institute (RPMI) medium
were bought from Gibco (Grand Island, NY, USA). The Nuclear and Cytoplasmic Protein Extraction
Kit (P0028), Enhanced BCA protein kit (P0009) and Penicillin and streptomycin were purchased from
Beyotime Biotechnology Company (Shanghai, China). Antibody to histone H3 was obtained from
Beyotime Biotechnology Company (Nantong, China). Polyclonal antibody against β-Actin (Cat#12620),
iNOS (Cat#13120), IL-1β (Cat#12507), IL-6 (Cat#12912), TNF-α (Cat#11948), c-Jun, Phospho-c-Jun
(Ser73), ERK1/2, phospho-ERK1/2 (T202/Y204), JNK phospho-JNK (T183/Y185), p38, phospho-p38
(Thr180/Tyr182), PPAR-α, phosphor-PPAR-α, PPAR-γ and phosphor-PPAR-γ. MAPK inhibitors
SP600125, U0126 and SB203580 (MAPK inhibitors) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Goat anti-mouse IgG HRP-conjugated antibody was purchased from Southern
Biotech (Birmingham, AL, USA). Goat anti-rabbit IgG HRP-conjugated antibody was purchased from
Invitrogen (Carlsbad, CA, USA). The pNF-κB-Luc, pAP-1-Luc reporter vectors and the pRL-TK internal
control vector were purchased from Promega (Madison, WI, USA). Enhanced chemiluminescence
(ECL) substrate was bought from Thermo Scientific (Waltham, MA, USA).
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4.2. Isolation of Rice Bran Oil by Supercritical Carbon Dioxide Extraction

The bran was dried using a commercial dryer (STERIS, Worcester, MA, USA) for 3 min at 110 ◦C
in a vacuum sealed plastic pouch and was stored at −20 ◦C for further use. Each rice bran sample of
100 g was accurately weighed through analytical balance and was loaded into a 200 mL high-pressure
vessel equipped with a water jacket (HanYang Sci., Seoul, Korea). The CO2 flow rate was routinely kept
constant at 2.5 L/min. In every experimental design, the extracted oil was weighed with an analytical
balance at set time intervals. Supercritical CO2 extraction was carried out using HA 221-50-06-C
(Huaan Company Ltd., Nantong, China). Pure CO2 was applied by using a high pressure pump
2TB-50 (Huaan Company Ltd., Nantong, China). According to Yoon [29], the extraction temperature
was set at 60 ◦C, and the extraction pressure was set at 27.6 MPa for 60 min. The SC-CO2 extraction
experiments at each specific combination of pressure and temperature were performed in triplicate.

4.3. High Performance Liquid Chromatography (HPLC)

The rice bran oil extracts were dissolved in methanol, were further filtered with a 0.45 μm filter
and were analyzed by HPLC. δ-Tocotrienol standard sample was purchased from Sigma (Sigma
Co., Ltd., St. Louis, MO, USA). HPLC analysis was performed on a Shimadzu Prominence series
apparatus with a fluorescence detector (Prominence RF-20A/Axs, Shimadzu Co., Ltd., Kyoto, Japan).
The excitation wavelength was 296 nm and the emission wavelength was 325 nm, which were operated
on fluorescence detector. The Hypersil Gold PFP column (250 mm × 4.6 mm i.d., 5 μm, ThermoFisher
Scientific, Waltham, MA, USA) was used as an analytical column. The eluents were methanol/H2O
(85:15, vol/vol) at a flow rate of 0.8 mL/min. All the results were recorded, and the peaks were
integrated by the chromatography software Labsolution LC (Shimadzu, Kyoto, Japan). δ-Tocotrienol
was purified by Shim-pack PREP-ODS (20.0 mm × 250 mm, 15 μm, Shimadzu, Kyoto, Japan). The
eluents include acetonitrile, tetrahydrofuran, methanol, 1% ammonium acetate (684:220:68:28) and the
flow rate was 8 mL/min. The δ-tocotrienol standard that was purchased from Chromadex, Inc. (Irvine,
CA, USA) was used to determine the absorption peak of δ-tocotrienol.

4.4. Cell Culture

RAW264.7 is a mouse monocyte-macrophage cell line and was purchased from the Institute of
Cell Biology, Chinese Academy of Science, Shanghai, China. RAW264.7 cells were cultured in RPMI
1640 medium that was supplemented with 10% FBS (Gibco-BRL, Carlsbad, CA, USA) at 37 ◦C in a
humidified incubator with 5% CO2 atmosphere. The experiment details were described in our recent
publication [32]. δ-Tocotrienol that was extracted from rice bran was dissolved in ethanol.

4.5. Cell Viability Assay

Cell viability was evaluated by the CellTiter 96 Aqueous One Solution Proliferation Assay Kit
(Promega). The treated cells were incubated for 24 h, and then growth medium was replaced by a
solution of 100 μL of fresh growth medium and 20 μL of MTS. The plate was incubated for another
2 h at 37 ◦C and the absorbance was measured at 490 nm. The percentage of cell viability relative to
ethanol (solvent control) was calculated.

4.6. Observation of Morphological Changes

The morphological change of murine macrophages RAW264.7 is considered one of the remarkable
characteristics of the toxicological effect. To determine whether δ-tocotrienol was toxicant to RAW264.7
cells, an optical microscopy (DM2500, Leica, Solms, Germany) was used to detect the toxicity of
δ-tocotrienol and was compared with the control group. After 72 h of δ-tocotrienol (0 μM, 5 μM, 10 μM,
20 μM, 40 μM, 80 μM) treatment on RAW264.7 cells, the morphological changes, including cell floating
and shrinkage and nucleic blebbing, were observed.
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4.7. RNA Isolation and RT-qPCR

Total RNA from murine macrophages RAW 264.7 cells was extracted by the Trizol reagent kit
(Transgen, Beijing, China) and was then reverse transcribed by using high-Capacity cDNA Reverse
Transcription Kits (Applied Biosystems, Foster City, CA, USA). Consistent with Liu et al. [28] and
Guo et al. [32], the relative mRNA expression levels of pro-inflammatory factors and iNOS were
analyzed by real-time quantitative PCR (RT-qPCR). Cells were treated with δ-tocotrienol (5 μM, 10 μM,
20 μM) for 2 h followed by adding LPS (1 μg/mL) for 6 h. According to the manufacturer’s protocol,
1 μg total RNA extracted from RAW264.7 cells was used in reverse transcription reaction with the
One Step RT-PCR kit (Gibco-BRL). PCR amplifications were carried out for 32 cycles and each cycle
consisted of a denaturing step for 3 min at 94 ◦C, a further denaturing at 94 ◦C for 30 s, an annealing
step for 30 s at 60 ◦C and a polymerization step for 1 min at 72 ◦C. The PCR primer was according to
Guo’s publication [32].

4.8. Extraction of Nuclear and Cytosolic Proteins

RAW264.7 cells were cultured in a 100 mm dish at a density of 1 × 106 cells/mL for 24 h. After
incubation, the cells were treated with various concentrations of δ-tocotrienol (0.5 μM, 10 μM and
20 μM) for 2 h and 1 μg/mL of LPS was then added for 60 min. Total protein from the cells was
extracted with radio immunoprecipitation assay (RIPA) buffer (2 mM PMSF, 2 mM EDTA and 2 mM
orthovanadate, 1% Triton X-100, 0.5% SDS, 0.1% deoxycholate) that was supplemented with a cocktail
of protease and phosphatase inhibitors. RAW264.7 cells were harvested, and nuclear and cytosolic
fractions were prepared using a Nuclear Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA) according
to the manufacturer’s instructions.

4.9. Western Blot Analysis

RAW264.7 cells (1 × 106) were lysed in Tris buffered saline Tween (TBST) buffer (50 mM Tris,
pH 7.6, 150 mM NaCl, and 0.05% Tween-20) and protease and phosphates inhibitors were added.
Nuclear and cytoplasmic extraction kits were used to collect nuclear and cytoplasmic proteins.
Equal amounts of nuclear, cytoplasm or whole cell extracts were separated by 13% SDS-PAGE, were
transferred to nitrocellulose filters and blocked for 1 h and were then incubated with the corresponding
antibodies to β-Actin (1:1000), IL-1β (1:1000), TNF-α (1:1000), IL-6 (1:1000), iNOS (1:500), IκB-α
(1:500), c-Jun (1:1000), Phospho-c-Jun (1:500), phospho-ERK1/2 (1:1000), phospho-JNK (1:500) and
phospho-p38 (1:500) at 4 ◦C overnight. The membrane was washed three times with Tris-bufffered
saline, containing 0.05% Tween 20 (TBST) for 10 min and was incubated with anti-rabbit or anti-mouse
IgG-horseradish peroxidase (1:5000, Pierce, Waltham, MA, USA) at room temperature for 1 h. The
protein bands were visualized using an ECL system following the manufacturer’s instructions.

4.10. Luciferase Reporter Assay

RAW264.7 cells were seeded in 24 well plates (Falcon Plastics, Oxnard, CA, USA) and were
then transiently transfected at 80% confluency, with either 1.0 μg NF-κB-luc or AP-1-luc reporter
plasmid DNA along with 0.5 μg SV40-β-galactosidase expression construct DNA (pSV β-gal) as an
internal control, and 1.0 μg of the empty vector phRL-TK, using Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA, USA) following the manufacturer’s protocol.

4.11. Statistical Analysis

For statistical analysis, SPSS17.0 software (Chicago, IL, USA) was employed. One-way ANOVA
or student’s t-test was used for determining the statistically significant differences between the values
of various experimental and control groups. Data was expressed as means ± SD, and a p value of 0.05
was considered statistically significant and of 0.01 was considered statistically very significant.
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Abstract: Inflammatory bowel disease (IBD) is a serious digestive system disease, for which the clinical
therapeutic choices remain limited. Dried fruits of Citrus aurantium L. (CAL) are a traditional medicine
used for regulation of the digestive system. The aim of this study was to identify the regulatory effects
of CAL on IBD and to clarify the mechanism of the active compounds. In trinitrobenzene sulfonic
acid-induced IBD rats, 125 to 500 mg/kg of oral CAL significantly alleviated weight loss and diarrhea,
decreased colitis inflammatory cell infiltration, and inhibited pro-inflammatory cytokine production.
The mechanisms of characteristic flavonoids in CAL were evaluated involving inflammation and
intestine contraction aspects. Naringenin, nobiletin, and hesperetin showed anti-inflammatory effects
on lipopolysaccharide-induced RAW cells. The mechanism may be related to the inhibition of the
tumor necrosis factor-α (TNF-α)-induced nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) pathway to suppress cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) expressions. Naringenin and nobiletin showed inhibitory effects on isolated jejunum
contraction. The mechanism of naringenin is partly related to COX, NOS, inositol triphosphate (IP3),
and finally, to decreased jejunum motility. This study demonstrated that CAL, and its flavonoids’
regulatory effects on IBD through anti-inflammation and inhibition of intestine muscle contraction,
can provide basic information on developing new drugs or supplements against IBD based on CAL.

Keywords: Citrus aurantium L.; naringenin; nobiletin; hesperetin; inflammatory; jejunum contraction

1. Introduction

Inflammatory bowel disease (IBD) is a serious digestive system disease, characterized as a chronic
and relapsing inflammation of the gastrointestinal tract [1]. Epidemiological studies showed a large
variation in the prevalence of IBD in different regions in the world. The highest incidence is noted in the
United States of America (USA), where approximately 2.5 million inhabitants have IBD, ranging from
the age of six to over 60 [2–4]. Although IBD is a rare disease in Asia, population-based studies reported
the annual incidence of IBD increased fivefold from 1990 to 2016 with a continuous long-term increasing
tendency [5–7]. The rising prevalence is likely to become a substantial challenge to Asian countries.
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Patients with IBD may have symptoms of abdominal cramping, bloody diarrhea, and bloating
with a change in stool frequency and form. These symptoms are embarrassing and uncomfortable, and
they seriously affect the quality of life. Gut luminal factors, such as food, microbiota, and bile acids,
together with their internal interactions might be important for the generation of symptoms in IBD
patients. The etiology of IBD is related to various factors, including physical factors (diet, medication,
and natural course of illness), psychological factors (anxiety, depression, trauma, and loss), and social
factors (financial, vocational, and residential). The pathogenesis of IBD is yet to be fully elucidated [8].

Pathological characteristics of IBD include a reduction in mucus layer thickness, inflammatory
cell infiltration in the tunica mucosa and tunica submucosa, an ablated mucosa layer, the presence of
ulcers in the muscular layer, a dropout of crypt epithelial cells, and the destruction of epithelia and
lamina propria in the intestine lumen.

Until now, there is no appropriate drug for IBD treatment. Clinically, some medication was used
to relieve symptoms. Salicylazosulfapyridine was used to relieve IBD inflammation [9]. Azathoprine,
an immunosuppressive medication, was used for the inhibition of the immune response [10]. However,
the above drugs are not enough for clinical IBD therapeutic requirements.

The fruit of Citrus aurantium L. (CAL), commonly named bitter orange, a member of genus Citrus
(Rutaceae), is widely used as an edible and medicinal resource in China. CAL contains essential
oils (limonene, linalool, and citral), flavonoids (naringenin, hesperetin, and apigenin), triterpenoids
(limonin and limonexin), coumarins (marmin, meranzin, and scopoletin), and alkaloids (synephrine
and N-methyltyramine) [11]. Previous studies demonstrated that CAL extracts and its main
components had anti-cancer, anti-inflammatory, anti-oxidant, and vasodilatory effects [12–16].

In traditional Chinese medicine (TCM), CAL is used as a qi regulatory component in digestive
formula. Our research group reported the effects of CAL on gastric emptying and gastro-protection [17].
As a further study, in this paper, we found that CAL 70% ethanol (EtOH) extract had an amelioratory
effect on 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced IBD rats. The molecular underlying
mechanisms of anti-inflammation and jejunum contraction inhibition were elucidated, which indicated
that CAL may be beneficial for treating IBD.

2. Results

2.1. CAL Improves Symptoms of TNBS-Induced IBD Colitis in Rats

To define whether CAL had a positive effect on TNBS-induced rats, a series of indices were
measured in the experiment, such as body weight, diarrhea and bloody-stool incidence, colon length,
etc. In this study, compared to the normal group, significant reductions in body weight (Figure 1A)
and colon length (Figure 1B), along with obvious increases in colon weight (Figure 1C), the ratio of
weight/length (Figure 1D), disease activity index (DAI; Figure 1E), and macroscopic injury score
(Figure 1F), were found in the TNBS-treated group. Furthermore, the results showed that CAL
alleviated TNBS-induced weight loss, diarrhea, and bloody stool, and significantly reduced DAI and
macroscopic injury score. Moreover, we found that pre-treatment with CAL significantly alleviated
TNBS-induced colon shortening, and decreased colon weight and the ratio of weight/length. Taken
together, these results indicated that CAL reduced TNBS-induced acute colitis.
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Figure 1. Citrus aurantium L. (CAL) alleviates 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis
in rats. The time-course of changes on day 4 after TNBS-induced inflammatory bowel disease (IBD)
in (A) body weight; (B) colon length; (C) colon weight; (D) the ratio of weight/length; (E) disease
activity index (DAI) score; and (F) macroscopic injury score. N: normal group; C: control (TNBS only)
group; BST: balsalazide 1 g/kg + TNBS group; H (high): CAL 500 mg/kg + TNBS group; M (medium):
CAL 250 mg/kg + TNBS group; L (low): CAL 125 mg/kg + TNBS group; n = 8, # p < 0.05, ## p < 0.01,
### p < 0.001 vs. normal group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group.

Figure 2. CAL suppresses histological injury in TNBS-induced colitis in rats. (A) Representative images
of hematoxylin and eosin (H&E) staining of colon tissue from different groups (a1–a6). Scale bar = 100
μm. The area within the rectangle in each picture is enlarged and presented below, correspondingly,
displaying the mucosa (b1–b6) and submucosa (c1–c6) in each group. Scale bar = 10 μm. (B) Colonic
histological score. N: normal group; C: TNBS only group; BST: balsalazide 1 g/kg + TNBS group; H:
CAL 500 mg/kg + TNBS group; M: CAL 250 mg/kg + TNBS group; L: CAL 125 mg/kg + TNBS group;
n = 8, ### p < 0.001 vs. normal group; *** p < 0.001 vs. TNBS group. Data (mean ± standard error of the
mean (SEM)) were analyzed by ANOVA.
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Next, we measured the effects of CAL on colorectal histology in rats with TNBS-induced colitis.
As shown in Figure 2A, unlike the normal group, TNBS treatment caused serious inflammation
with a scattered infiltration of monocytes. However, CAL treatment demonstrated a lower level of
inflammation with scattered infiltration of monocytes in TNBS-treated rats and a decrease in the
morphological alteration. This result indicated CAL has protective effects on intestinal cytoarchitecture
in colonic layers and inhibitory effects on inflammation (Figure 2B).

2.2. CAL Suppresses Inflammation in TNBS-Induced Colitis

An increase in myeloperoxidase (MPO) and nitric oxide (NO) levels represents an aggravated
inflammatory reaction. In order to clarify the anti-inflammatory effects of CAL, the levels of MPO
and NO were detected. As shown in Figure 3A, compared with the normal group, there was an
obvious increase in the model group. CAL treatment significantly inhibited TNBS-induced MPO
activity in both colon tissues and sera. Furthermore, CAL dramatically decreased TNBS-stimulated
NO production. Tumor necrosis factor-α (TNF-α), cyclooxygenase-2 (COX-2), inducible nitric oxide
synthase (iNOS), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) are
the major inflammatory cytokines in IBD. The RT-PCR and Western blot results show that TNBS
significantly induced pro-inflammatory cytokine messenger RNA (mRNA) and protein levels of
TNF-α, COX-2, iNOS, and NF-κB in colon tissues, while CAL downregulated their expressions in
different levels (Figure 3B,C).

Figure 3. Inhibitory effects of CAL on the pro-inflammatory cytokine production of TNBS-induced IBD
rats. (A) Nitric oxide (NO) and myeloperoxidase (MPO) content in serum and colon tissue. (B) The
mRNA expressions of pro-inflammatory cytokines in colon tissue. (C) The protein expressions of
pro-inflammatory cytokines in colon tissue. N: normal group; C: TNBS alone group; BST: balsalazide 1
g/kg + TNBS group; H: CAL 500 mg/kg + TNBS group; M: CAL 250 mg/kg + TNBS group; L: CAL
125 mg/kg + TNBS group; n = 8, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. normal group; * p < 0.05,
** p < 0.01, *** p < 0.001 vs. TNBS group. Data (mean ± SEM) were analyzed by ANOVA.
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2.3. The Effects of CAL, Naringenin, Nobiletin, and Hesperetin on Mouse-Isolated Jejunum Contractility

Although hesperidin and naringine are the major flavonoids in CAL, as literature reports, after
oral administration, both of these flavonoids are enzymatically hydrolyzed by intestinal microbiota,
yielding their aglycons, hesperetin and naringenin, respectively [18]. Nobiletin is a characteristic citrus
flavonoid with a polymethoxylated structure, whose structure is resistant to modification by intestinal
microbiota [19].

To clarify the amelioratory effect of CAL on TNBS-induced colitis, firstly, we investigated the effects of
CAL and hesperetin, naringenin, and nobiletin on mouse jejunum contractility. As shown in Figure 4,
CAL extraction (from 100–200 μg/mL), as well as naringenin and nobiletin (100 μM), dramatically
inhibited the active tension on spontaneous contractions of intestine smooth muscle. However, at the
same concentration, hesperetin showed no significant changes on isolated jejunum movement.

Figure 4. Effect of CAL, naringenin, nobiletin, and hesperetin on isolated jejunum contraction. (A) Effect
of CAL extraction on isolated jejunum contraction. (B) Effects of naringenin, nobiletin, and hesperetin
on isolated jejunum contraction. Nar: naringenin; Nob: nobiletin; Hes: hesperetin; n = 6, ** p < 0.01,
*** p < 0.001 vs. normal group. Data (mean ± SEM) were analyzed by ANOVA.

2.4. Mechanism Studies of Naringenin and Nobiletin on Jejunum Contractility

Indomethacin (blocker of prostaglandin I2 (PGI2)), N(ω)-nitro-l-arginine methyl ester (L-NAME;
the inhibitor of NOS), acetylcholine (ACh; activator of inositol triphosphate (IP3), was used to clarify
the mechanism of flavonoids of CAL on jejunum contractility, As shown in Figure 5, indomethacin
(10μM), L-NAME (100μM) and Ach (0.1μM) could completely antagonist the inhibition effect of
naringenin on mouse jejunum contractility, but have no significant effect on nobiletin.
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Figure 5. Inhibition mechanisms of (A) naringenin and (B) nobiletin on isolated jejunum contraction.
Nar: naringenin; Nob: nobiletin; n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal group. Data
(mean ± SEM) were analyzed by ANOVA.

2.5. Anti-Inflammatory Effect of Naringenin, Nobiletin, and Hesperetin in Lipopolysaccharide (LPS)-Induced
RAW264.7 Cells

We also investigated whether naringenin, nobiletin, and hesperetin inhibited LPS-induced
pro-inflammatory cytokines. As shown in Figure 6A, compared with the normal group, LPS caused a
significant increase in NO production in Raw264.7 cells, while naringenin, nobiletin, and hesperetin
treatment dramatically inhibit LPS-stimulated NO production. Furthermore, compared to the normal
group, LPS led an obvious upregulation in the protein expressions of TNF-α, NF-κB, COX-2, and iNOS.
Naringenin, nobiletin, and hesperetin also strongly inhibited the protein expressions of TNF-α, NF-κB,
COX-2, and iNOS in LPS-induced RAW264.7 cells (Figure 6B). Taken together, our results suggest
that naringenin, nobiletin, and hesperetin have beneficial anti-inflammatory effects in LPS-induced
RAW264.7 cells.
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Figure 6. Inhibitory effects of naringenin, nobiletin, and hesperetin on pro-inflammatory cytokine
production in lipopolysaccharide (LPS)-induced RAW264.7 cells. (A) NO content in the supernatant of
RAW264.7 cells. (B) The protein expressions of pro-inflammatory cytokines in LPS-induced RAW264.7
cells. N: normal group; C: LPS only group (0.5 μg/mL); DXM: dexamethasone 1 μg/mL + LPS
(0.5 μg/mL); Nar: naringenin (100 μM) + LPS (0.5 μg/mL); Nob: nobiletin (100 μM) + LPS (0.5 μg/mL);
Hes: hesperetin (100 μM) + LPS (0.5 μg/mL); n = 6, # p < 0.05, ### p < 0.001 vs. normal group; * p < 0.05,
** p < 0.01, *** p < 0.001 vs. LPS group. Data (mean ± SEM) were analyzed by ANOVA.

3. Discussion

IBD is a gastrointestinal tract disease, which is characterized by chronic, relapsing inflammation
and abnormal intestinal contraction. Current medications can help treat IBD, but direct therapeutic
medicine for IBD does not yet exist. In this paper, we firstly reported that CAL, a kind of fruit, had
regulatory effects on IBD. We partially clarified the mechanism of CAL’s major flavonoids, naringenin
and nobiletin, on the suppression of inflammation and regulation of jejunum motility.

In the present study, pre-treatment with CAL in a TNBS-induced colitis model showed an
improvement in weight loss, diarrhea, and bloody stool, ameliorated colon weight, colon DAI,
and macroscopic scores, and increased colon length and decreased the ratio of weight/length.
This result indicated that CAL showed benefits for symptomatic relief in IBD abdominal discomfort.
Intestine spasm is the key factor in abdominal pain and diarrhea or loose stool. Previous studies
demonstrated that decreased intestinal contractility led to a reduction in gastrointestinal motility,
which in turn alleviated abdominal pain and diarrhea in IBD patients [20,21]. CAL significantly
reduced isolated jejunum contraction, revealing the potential therapeutic use in the treatment of IBD
abdominal discomfort.

Overloading inflammatory response is a basic pathological process through the occurrence and
development of IBD [22–24]. Colon tissue pathological examination results showed that CAL treatment
significantly improved the intact mucosal layer and intestinal glands, and decreased the infiltration
and erosion of inflammatory cells. The inflammation suppressing effect of CAL was further confirmed
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by a reduction in NO and MPO levels in both serum and colon tissue. The mechanism may be related
to the TNF-α-induced NF-κB activation pathway for reducing the expressions of COX-2 and iNOS.

Naringenin, nobiletin, and hesperetin are the characteristic flavonoids in CAL [11,25]. In this
paper, preliminary screening showed that naringenin and nobiletin had stronger inhibitory effects
on isolated jejunum contraction, but hesperetin had no significant effect. From a chemical structure
perspective, the only difference between naringenin and hesperetin is the hydroxy substitution in
the B cycle, which is 4′-hydroxy in naringenin and 3′-hydroxy-4′-methoxy in hesperetin. This result
indicated that 4′-hydroxy is the essential group for inhibitory effects on jejunum contraction; however,
evaluations involving numbers should be carried out to validate the structure–activity relationship.

In IBD patients, the intestinal tract motility index and high-amplitude propagating contractions
were significantly greater than in healthy volunteers. Abnormal intestinal tract contraction is one
of the causes of abdominal pain or discomfort. In smooth-muscle contraction, calcium triggers a
contraction via a reaction with regulatory factors. The mechanism for jejunum contraction is carried
out via the release of calcium ions. The inhibitory effect of naringenin was blocked by indomethacin
(the inhibitor of COX, blocks the generation of PGI2, leading to an increase in intracellular Ca2+, and has
an anti-relaxation effect on smooth muscle) [26], L-NAME (the inhibitor of NOS, increases intracellular
Ca2+, leading to an anti-relaxation effect) [27], ACh (activates IP3), causes increased intracellular
Ca2+, and promotes the contractile activity of the intestinal smooth muscle) [28], indicating that the
effect is at least partly related to COX, NOS, and IP3, and finally, the decrease in intracellular Ca2+.
However, there were no significant changes between nobiletin with or without the above inhibitors;
thus, the mechanism needs to be further explored.

According to the anti-inflammatory effects, naringenin, nobiletin, and hesperetin showed important
protective roles on LPS-induced RAW264.7 cells, and significantly decreased the level of NO in the
cell supernatant. The mechanism was related to the inhibition of the TNF-α-induced NF-κB pathway
responsible for suppressing the expressions of COX-2 and iNOS, in accordance with CAL extract in
TNBS-induced rats.

In summary, on the basis of in vitro and in vivo studies, our study demonstrated that CAL,
as an edible fruit, and its flavonoids showed significant regulatory effects on TNBS-induced IBD rats
through anti-inflammation and the inhibition of jejunum muscle contraction. These results provide
molecular information for further investigation of the mechanisms via which CAL moderates IBD.
The intestine barrier is a key factor in IBD, and the contribution of CAL to mucosal barrier function
needs further investigation.

4. Materials and Methods

4.1. Materials

CAL was provided by Tianjin Zhongxin Pharmaceutical Group Co., Ltd (Tianjin, China), for
which the content of Naringin was 3.8%, as determined using HPLC/ultraviolet (UV) detection [29].
Naringenin (purity >98%, HPLC), nobiletin (purity >98%, HPLC), and hesperetin (purity >98%, HPLC)
were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Balsalazide
(H20041706) was purchased from Shanxi Zhendong Ante Biopharmaceutical Co., Ltd. (Shanxi,
China). Cell culture reagents and supplies were purchased from Hyclone Laboratories, Inc. (Logan,
UT, USA). Rabbit anti-TNF-α, COX-2, NF-κB, iNOS, and β-actin were purchased from Abcam plc.
(Cambridge, MA, USA). Horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (IgG)
were purchased from Zhongshan Goldbridge Biotechnology (Beijing, China). TNBS, ACh, L-NAME,
indomethacin, dimethyl sulfoxide (DMSO), dexamethasone, and LPS were obtained from Sigma
Chemical Co., (St. Louis, MO, USA). NO and MPO detection kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).
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4.2. Animals

Healthy male adult Sprague/Dawley (SD) rats weighting 180–200 g were received from Beijing
HFK Bioscience Co. Ltd. (Beijing, China; Certificate of Conformity: No. 11401300071030). All animal
experiments were approved by the Science and Technological Committee and the Animal Use and
Care Committee of TUTCM (No. 201712003). Animals were housed in cages in a room with controlled
temperature (22 ± 2 ◦C), relative humidity (40–60%), and a 12-h light/dark cycle throughout the study.
The animals were acclimated to their environment for one week and had ad libitum access to tap water
and a rodent standard diet (crude protein 16%, crude fat 4%, crude fiber 12%, and ash 8%).

4.3. TNBS-Induced Experimental Colitis

After one week of adaption, 48 rats were randomly divided into six groups, each consisting of
eight rats. The groups were as follows: normal group (N), control group (C), positive control group
(PC), and CAL groups. CAL was suspended in 5% acacia (Sigma-Aldrich Inc., St. Louis, MO, USA)
solution, and oral administration volumes were 10 mL/kg body weight; the final doses were 500, 250,
and 125 mg/kg. The normal and control groups received 5% acacia water solution with the same
volume, while the positive control group received balsalazide 5% acacia water solution. The same
treatments were conducted once every day for three consecutive days.

Experimental colitis was induced according to previously established protocols with slight
modifications [30,31]. On the fourth day, rats were fasted for 24 h and they had free access to drinking
water. On the fifth day, rats were anesthetized with diethyl ether and a catheter was inserted through
the anus so that its terminus reached approximately to the level of the splenic flexure (8 cm proximal
to the anal verge). Subsequently, 1 mL of TNBS dissolved in ethanol (50% v/v) was infused at a dose
of 100 mg/kg. Throughout the TNBS challenge period, all groups received the same treatment as the
pretreatment. During the experiment, body movement, body weight, diarrhea incidence, and bloody
stool were recorded daily.

4.4. Colon Damage Assay

On the ninth day, the blood of rats was collected from orbit, and then, rats were sacrificed
under ether anesthesia by cervical dislocation for the assessment of colon damage. The colon length
and weight were measured. The colon macroscopically visible damage was scored based on the
literature-reported method [32,33] (Table 1). DAI score was determined as previously reported [34]
(Table 2). Routine hematoxylin and eosin (H&E)-stained colon sections according to previously
described morphological criteria and the damages were both assessed blindly by two investigators
according to a modified histological grading scale, which takes both inflammatory cell infiltration and
tissue damage into consideration [35] (Table 3).

Table 1. Evaluation of macroscopic scores.

Colon Damage Score

No damage 0
Hyperemia with ulcers 1

Hyperemia and wall thickening without ulcers 2
One ulceration site without wall thickening 3

Two or more ulceration sites 4
0.5-cm extension of inflammation or major damage 5
1-cm extension of inflammation or severe damage 6–10
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Table 2. Evaluation of disease activity index (DAI) scores.

DAI Score Weight Loss (%) Stool Consistency Occult/gross Bleeding

0 None None None
1 1–5

Loose Hem occult positive
2 5–10
3 10–15

Diarrhea Gross bleeding
4 >15

Table 3. Evaluation of histological scores.

Inflammatory Cell Infiltration Tissue Damage

No infiltration 0 No mucosal damage 0
Increased number of inflammatory cells in the

lamina propria 1 Discrete epithelial lesions 1

Inflammatory cells extending into the submucosa 2 Erosions or focal ulcerations 2

Transmural inflammatory cell infiltration 3 Severe mucosal damage with extensive
ulceration extending into the bowel wall 3

4.5. Detection of Inflammatory Cytokines and Mediators in Colon and Serum

Colon samples (40–50 mg) were homogenized with saline (1:9 w/v) in a digital homogenizer. After
centrifugation at 3500× g for 10 min, the supernatant was collected for further detection. Blood samples
were centrifuged at 3500× g for 10 min, and the serum was transferred into new Eppendorf tubes.
All the above experiments were kept under 10 ◦C.

The levels of NO and MPO in both serum and colon tissue were measured using commercial
kits. Inflammatory-related cytokines and mediators such as COX-2, iNOS, TNF-α, and NF-κB were
analyzed using the methods of RT-PCR and Western blot as described below.

4.6. Effects of CAL and Its Flavonoids on Mice Jejunum Contraction

After fasting for 24 h, mice were sacrificed, and about 1 cm of the jejunum was cut down.
The preparations were mounted longitudinally to an isometric force transducer with a silk-braided
non-absorbable suture (Johnson & Johnson Medical China Ltd., Beijing, China), and were allowed to
equilibrate in an organ bath with 10 mL of Tyrode’s buffer (1 L contains NaCl 8.0 g, CaCl2 0.2 g, KCl
0.2 g, MgCl2 0.1 g, NaHCO3 1.0 g, KH2PO4 0.05 g, and glucose 1.0 g; pH 7.4) for 30 min to achieve a
stable state. The organ bath was maintained at a constant temperature (37.0 ± 0.5 ◦C), and bubbled
with 95% O2 and 5% CO2 gas. Intestine contractions were recorded using the Power Lab system
and the Chart 7 software (AD instrument Ltd., New South Wales, Australia). Indomethacin (10 μM),
L-NAME (100 μM), and Ach (0.1 μM) were used for mechanism researches.

4.7. Inflammatory Response Induced by LPS on RAW264.7

RAW264.7 cells were obtained from the cell center at the Chinese Academy of Medical Science and
Peking Union Medical College (Beijing, China). The RAW264.7cells were cultured in Dulbecco’s
modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), penicillin
(100 units/mL), streptomycin (100 mg/mL), L-glutamine (4.5 mg/mL), and glucose (4.5 mg/mL),
and incubated at 37 ◦C in a humidified atmosphere containing 5% CO2 and 95% air. The media were
refreshed every two days.

Initially, 2 × 106 cells/mL RAW264.7 cells were seeded on a 24-well plate and incubated overnight.
The next day, the media were changed, which contained LPS (0.5 μg/mL) with or without naringenin
(100 μM), hesperetin (100 μM), nobiletin (100 μM), and the positive drug dexamethasone (1 μg/mL),
and then, the cells were incubated for 24 h. The cell supernatant was collected to detect NO levels, and
cells were harvested for protein and RT-PCR analysis.
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4.8. RT-PCR Analysis

Total RNA was extracted from colon tissues and RAW264.7 cells using TRIzol reagent (Sigma,
USA) and complementary DNA (cDNA) was generated using RT-PCR reagent (Thermo Fisher Sci.
Inc., Vilnius, Lithuania). RT-PCR was performed using the SYBR Green Quantity Tech RT-PCR
kit (Thermo Fisher Sci. Inc., St. Austin, TX, USA) through PCR 7500. The housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase GAPDH), served as an internal control. The comparative
Ct method (2−��Ct) was used to analyze differences in the levels of detective mRNA between groups.
The sequences of the primers used in this investigation are shown in Table 4.

Table 4. Primers used for RT-PCR analysis. COX-2—cyclooxygenase 2; TNF-α—tumor necrosis factor
alpha; iNOS—inducible nitric oxide synthase; NF-κB—nuclear factor kappa-light-chain-enhancer of
activated B cells; GAPDH—glyceraldehyde 3-phosphate dehydrogenase; F—forward; R—reverse.

Species Gene Primer Sequence

Rat

COX-2 F: TCGGAGGAGAAGTGGGTTTTAG R: TTGATGGTGGCTGTCTTGGTAGG
TNF-α F: GATGTGGAACTGGCAGAGGAG R: CACGAGCAGGAATGAGAAGAG
iNOS F: TTGGAGCGAGTTGTGGATTGTT R: TAGGTGAGGGCTTGCCTGAGTG
NF-κB F: AACACTGCCGACCTCAAGAT R: CATCGGCTTGAGAAAAGGAG

GAPDH F: TGAGGCCGGTGCTGAGTATGT R: CAGTCTTCTGGGTGGCAGTGA

4.9. Western Blot Analysis

As described previously [36], the rats’ colon segments and the RAW264.7 cells treated with LPS
were analyzed by Western blot. The protein concentrations in the supernatants and tissues were
quantified using a bicinchoninic acid protein assay kit (Thermo Fisher Sci. Inc., Rockford, IL, USA).
Firstly, 60 μg of protein was mixed with 4× loading dye (Laemmli Buffer) and 2-mercapto ethanol,
before being heated at 95 ◦C for 5 min. The protein was resolved by 8–12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to immunoblot polyvinylidene difluoride (PVDF)
membranes (Merck Millipore Ltd., Darmstadt, Germany). The membranes were incubated at 4 ◦C
overnight with primary antibodies against TNF-α (1:1000) (ab6671, Abcam), COX-2 (1:1000) (ab52237,
Abcam), NF-κB (1:1000) (ab16502, Abcam), iNOS (1:800) (ab3523, Abcam), and β-actin (1:1000) (ab8227,
Abcam). Then, the membranes were washed three times with Tris-buffered saline/Tween 20 (TBS-T;
10 min each time) and incubated with a horseradish peroxidase-labeled secondary goat anti-rabbit
(1:10,000) antibody for 1 h at room temperature. Next, the blots were again washed three times with
TBS-T (10 min each time).

Finally, protein bands were visualized with an enhanced chemiluminescence system (Millipore,
Billerica, MA, USA). The relative optical densities of protein bands were analyzed with the Amersham
imager 600 luminescent image analyzer (GE healthcare Japan Co., Tokyo, Japan).

4.10. Statistic Analysis

Values were expressed as means ± SD. All the grouped data were statistically analyzed with the
SPSS 11.0 software. Significant differences between the normal group or control group were evaluated
by one-way analysis of variance (ANOVA), and Tukey’s studentized range test was used for post hoc
evaluations. A p-value <0.05 was considered to indicate statistical significance.
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Abbreviations

IBD inflammatory bowel disease
TNBS 2,4,6-trinitrobenzene sulfonic acid
NO nitric oxide
MPO myeloperoxidase
H&E hematoxylin and eosin
DAI disease activity index
TNF-α tumor necrosis factor-α
COX-2 cyclooxygenase-2
iNOS inducible nitric oxide synthase
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
LPS lipopolysaccharide
ACh acetylcholine
L-NAME N(ω)-nitro-L-arginine methylester hydrochloride
NOS nitric oxide synthase
IP3 inositol triphosphate
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Abstract: Atopic dermatitis (AD) is a recurrent allergic skin disease caused by genetic and
environmental factors. Patients with AD may experience immune imbalance, increased levels of mast
cells, immunoglobulin (Ig) E and pro-inflammatory factors (Cyclooxygenase, COX-2 and inducible NO
synthase, iNOS). While spilanthol (SP) has anti-inflammatory and analgesic activities, its effect on AD
remains to be explored. To develop a new means of SP, inflammation-related symptoms of AD were
alleviated, and 2,4-dinitrochlorobenzene (DNCB) was used to induce AD-like skin lesions in BALB/c
mice. Histopathological analysis was used to examine mast cells and eosinophils infiltration in AD-like
skin lesions. The levels of IgE, IgG1 and IgG2a were measured by enzyme-linked immunosorbent
assay (ELISA) kits. Western blot was used for analysis of the mitogen-activated protein kinase
(MAPK) pathways and COX-2 and iNOS protein expression. Topical SP treatment reduced serum
IgE and IgG2a levels and suppressed COX-2 and iNOS expression via blocked mitogen-activated
protein kinase (MAPK) pathways in DNCB-induced AD-like lesions. Histopathological examination
revealed that SP reduced epidermal thickness and collagen accumulation and inhibited mast cells and
eosinophils infiltration into the AD-like lesions skin. These results indicate that SP may protect against
AD skin lesions through inhibited MAPK signaling pathways and may diminish the infiltration of
inflammatory cells to block allergic inflammation.

Keywords: spilanthol; IgE; allergic inflammation; MAPK; atopic dermatitis

1. Introduction

Common symptoms of atopic dermatitis (also known as atopic eczema) include itching, redness,
and cracking skin. Pathological characteristics include dry, fragile skin as a result of epidermal defense
dysfunction. Due to abnormal immune function, a variety of allergens are able to penetrate the skin,
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making it more prone to allergic reaction or inflammation [1]. In addition, atopic dermatitis (AD) is the
product of a series of complex interactions of innate and adaptive immune responses and IgE-mediated
allergies to various exogenous antigens [2]. Serious inflammation is a hallmark of acute AD lesions,
and chronic AD lesions are characterized by lichenified fibrosis and epidermal thickening [3].

Studies have found that allergic reactions activate T helper (Th) cells, and that an imbalance
between Th1 and Th2 cells causes AD [4]. Activation of Th2 cells leads to an allergic response producing
IgE and IgG1, which in turn strengthen the immune response [5,6]. IgE has a high affinity for the
IgE receptor expressed on the surface of mast cells; if IgE adheres to the mast cells, they are called
sensitized cells. Mast cells are Th2-activated regulatory cells that release a lot of inflammatory-related
cytokines, which can cause inflammation and allergic reaction [7,8]. Th2-activated cells also enable the
aggregation of eosinophils, causing localized severe inflammation. IgG2a production is dependent on
Th1 cells, which can regulate the activity of Th2 cells. However, Th2 cells will inhibit the activity of Th1
cells, creating an imbalance in which Th2 cell activity is much higher than Th1 cell activity, which in
turn can cause an allergic reaction. Th1 and Th2 immune response, AD, tend to Th2 and have allergic
constitution [7,9,10]. Therefore, decreasing the activity of Th2 cells may improve skin symptoms of
AD. In addition, MAPKs pathway, which include the extracellular signal-regulated kinase (ERK),
c-jun N-terminal kinase (JNK), and p38 MAPK, have also been implicated in inflammatory signaling
cascades. Phosphorylation of MAPKs causes the inflammatory mediators’ production and promotes
an allergic inflammatory response. MAPKs are important pathways in the inhibition of allergic
inflammation. Therefore, inactivation of MAPKs subsequently decreases the allergic inflammatory
response [11–13].

Spilanthes acmella Murr. is used as traditional folk medicine to treat toothache in the East Asia
area. It has demonstrated a variety of biological effects, including anesthesia, analgesia, diuretic,
and antibacterial effects [14–17]. Interestingly, research has supported the use of Spilanthes plant extract
as a nutritional supplement and sweetener [18]. Alkamides are the most abundant phytochemicals
present in S. acmella. Spilanthol (SP): ((2E,6Z,8E)-N-isobutylamide-2,6,8- decatrienamide) is a high-value
bioactive compound and belongs to alkamides from S. acmella [19]. In addition, SP is also found in genus
Spilanthes, including Acmella brachyglossa, Acmella ciliate, etc. [20,21]. SP reportedly has antibacterial,
analgesic, and anti-wrinkle properties [22,23]. Previous studies showed that extract of A. olerecea is
used in treatment of skin diseases including scabies and psoriasis, and used in anti-age applications
(antiwrinkle cream) [20]. In a previous study, we found that SP exerts its anti-inflammatory activity
by suppressing intercellular adhesion molecule 1 (ICAM-1) and COX-2 expression, and blocking the
phosphorylated JNK signaling pathway [24]. However, it is not yet known about SP used in treatment
of AD.

Therefore, in this study we evaluated the effects of SP on AD and sought to understand the
mechanisms through which SP regulates allergic inflammation. Our findings indicate that SP
reduces Th2-mediated infiltration by mast cells and eosinophils and decreases ear and dorsal skin
thickness, and SP also inhibits COX-2 and iNOS expression by blocking MAPK pathways in mice with
DNCB-induced AD.

2. Results

2.1. Spilanthol Attenuates Ear Swelling in BALB/c Mice with DNCB-Induced AD

To investigate the effect of SP on AD, we used DNCB-induced ear and dorsal skin inflammation
of BALB/c mice (Figure 1A). DNCB-induced AD-like symptoms included ear swelling, scarring,
and excoriation of the skin and ear compared with normal mice (Figure 1B). We measured ear thickness
on day 30 of DNCB-induced experimental model ear swelling. Topical administration of SP significantly
reduced ear swelling compared with DNCB-sensitized mice (Figure 1C) (SP-5: 0.461± 0.25 mm, p< 0.05;
SP-10: 0.44 ± 0.18 mm, p < 0.05, vs. the DNCB group: 0.69 ± 0.24 mm).



Int. J. Mol. Sci. 2019, 20, 2490

Figure 1. DNCB (2,4-dinitrochlorobenzene) induces atopic dermatitis (AD)-like lesions. (A) BALB/C
mice were treated with 0.5% DNCB in acetone/olive oil (3:1) on days 1–3. Then, mice were challenged
with 1% DNCB on days 14, 17, 20, 23, 26, and 29. AD-like lesions were treated with spilanthol
(SP) (5 mg/kg or 10 mg/kg) or vehicle on days 14–27. Mice were sacrificed on day 30. (B) Clinical
features of AD-like skin lesions treated topically with SP. (C) SP attenuates ear swelling by day 30 in
DNCB-induced AD-like ear lesions. Data are presented as mean ± SEM (n = 8 mice/group). *p < 0.05,
versus DNCB mice.

2.2. Spilanthol Attenuates Collagen Deposition and Reduces Epidermal and Dermal Thickness in BALB/c Mice
with DNCB-Induced AD

Masson’s Trichrome staining was used to evaluate collagen deposition and tissue fibrosis in
DNCB-induced AD-like lesions. The main object of Masson’s Trichrome staining is collagen; collagen
fibers were stained blue and the background was stained red. Hence, we used this staining to
evaluate the improvement of collagen deposition after SP administration. Treatment with SP-5
or SP-10 significantly reduced ear thickness and hardening of the dorsal skin surface caused by
inflammation; the remodeling on day 30 compared with the DNCB-sensitized group is shown in an
image map (Figure 2A,C). Masson’s Trichrome stain revealed that at day 30, collagen deposition in
AD-like skin lesions was significantly lower in the ear (Figure 2B) and dorsal skin (Figure 2D) of the
SP-5 and SP-10 groups than in the DNCB-sensitized group. Thicknesses of both the epidermis and
dermis were also significantly reduced in the ear (Figure 2E) and dorsal skin (Figure 2F) of SP-treated
groups compared with the DNCB-sensitized group at day 30. Collectively, these results support
that SP administration modulates the recovery of AD-like lesions by reducing epidermal and dermal
hyperplasia, down-regulating collagen over-build.
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Figure 2. SP attenuated excessive dermal collagen and reduced epidermal thickness in DNCB-induced
AD-like skin and ear lesions. (A) Ear lesions, (B) collagen deposition, (C) dorsal skin lesions,
and (D) collagen deposition determined by Masson’s Trichrome staining, day 30. Black arrows:
Collagen deposition; dashed arrows: Dermal hyperplasia. (E) Epidermal and (F) dermal thickness of
ear and skin. Data presented as mean ± SEM (n = 8 mice/group). *p < 0.05, **p < 0.01 versus DNCB mice.

2.3. Spilanthol Inhibits Mast Cell Infiltration and Affects Serum Cytokines in BALB/c Mice with
DNCB-Induced AD

Exposure to allergens stimulates IgE production in tissue and activates mast cells, then IgE and
mast cells can induce complex immune responses and allergic symptoms [25]. Activated mast cells
release inflammatory mediators, causing allergic inflammation in AD. To control activated mast cell
release, inflammatory mediators can reduce allergic inflammation in AD [26,27]. Therefore, we focused
on determining local infiltration by mast cells and assessing the inhibitory effect of SP on mast
cell infiltration in mice with DNCB-induced AD. Toluidine blue staining of the ear and dorsal skin
of DNCB-treated mice was performed to observe mast cell features. Topical administration of SP
suppressed mast cell infiltration in the ears and dorsal skin compared with the DNCB-sensitized group
(Figure 3A,B). The number of mast cells significantly decreased after SP administration compared
with the DNCB-sensitized group (ear: SP-5: 61.5 ± 8.7, p < 0.01, SP-10: 47.2 ± 7.2, p < 0.01, vs. the
DNCB-sensitized group: 137.4 ± 5.5; skin: SP-5: 54.6 ± 2.1, p < 0.01, SP-10: 53.2 ± 2.4, p < 0.01, vs. the
DNCB-sensitized group: 87.8.0 ± 3.1) (Figure 3B,D). We also measured antibody levels to determine
whether SP was able to modulate the allergic response in serum. Increasing serum IgE level is a major
characteristic of AD, and we found that topical administration of SP significantly suppressed serum IgE
and IgG1 levels in SP-10 mice, whereas serum IgG2a levels were significantly increased in SP-treated
mice compared with the DNCB-sensitized group (Figure 3E). This suggests that SP can suppress the
infiltration of mast cells and modulate the immune response.
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Figure 3. SP inhibits mast cell infiltration and modulates cytokine levels in DNCB-induced AD-like
skin and ear lesions. Mast cell infiltration (red arrows) stained with toluidine blue in (A) ear and
(B) dorsal skin sections. (C) Mast cells measured under 10–15 high-power fields (HPFs) in ear and
(D) dorsal skin. (E) Serum levels of IgE, IgG1, and IgG2 measured using ELISA. Data presented as
mean ± SEM (n = 8 mice/group). * p < 0.05, ** p < 0.01 versus DNCB mice.

2.4. Spilanthol Suppresses Eosinophil Infiltration and Inhibits Protein Expression of MAPK Signaling
Pathways in BALB/c Mice with DNCB-Induced AD

To investigate the effect of SP on ear and dorsal skin, sections were stained with hematoxylin
and eosin (H&E) to examine eosinophil infiltration in AD-like skin lesions. DNCB-sensitized mice
exhibited more eosinophil infiltration than non-sensitized control mice. Increasing the permeability
of blood vessels allows eosinophils to infiltrate into tissue. Topical administration of SP significantly
decreased eosinophil infiltration compared with DNCB-sensitized mice (Figure 4A,B). The number of
eosinophils decreased significantly after administration of SP compared with DNCB-sensitized mice
(ear: SP-5: 74.5 ± 8.1, p < 0.01, SP-10: 40.7 ± 2.1, p < 0.01, vs. the DNCB group: 196.8.0 ± 4.8; dorsal skin:
SP-5: 90.8 ± 4.3, p < 0.01, SP-10: 118.1 ± 2.6, p < 0.01, vs. the DNCB group: 403.5 ± 8.3) (Figure 4C,D).

The production of inflammation mediators by activated MAPK signaling pathways is also related
to allergic inflammation. Therefore, we also investigated the effect of SP on the expression of ERK1/2,
p38, and JNK proteins (Figure 4E). Results showed that levels of phosphorylated MAPK proteins
(p-p38, p-JNK, and p-ERK) were increased significantly more in DNCB mice than in non-sensitized
control mice, and topical administration of SP significantly decreased phosphorylation of ERK1/2, p38,
and JNK in SP-treated mice compared with DNCB-sensitized mice (Figure 4F). These results indicated
that SP suppressed allergic inflammation by blocking MAPK signaling pathways.
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Figure 4. SP suppressed eosinophil infiltration and blocked mitogen-activated protein kinase (MAPK)
signaling in DNCB-induced AD-like skin and ear lesions. Eosinophil infiltration (red arrows) in (A)
ear and (B) dorsal skin lesions, determined by hematoxylin and eosin (H&E) stain. The number of
eosinophils infiltrating the (C) ear and (D) dorsal skin measured under 10–15 high-power fields (HPFs).
(E) Western blotting assays of p-extracellular signal-regulated kinase (p-ERK), p-p38, and p-c-jun
N-terminal kinase (p-JNK) (n = 6/group), and (F) expression of p-ERK, p-p38, and p-JNK relative to ERK,
p38, and JNK. The proteins were normalized to total JNK, ERK, and p38 protein levels, the total MAPK
levels were used as internal controls. The relative intensity was calculated as the ratio of the intensities
of the pP38, p-JNK, and p-ERK bands to the intensity of the total P38, JNK, and ERK bands, respectively.
Data presented as mean ± SEM; *p < 0.05, **p < 0.01 versus DNCB mice. 100x magnification; amplified
graph is 200x; n = 8 mice/group. Data presented as mean ± SEM. *p < 0.05, **p < 0.01 versus sensitized
control mice.

2.5. Spilanthol Inhibits the Expression of Pro-Inflammatory Factors COX-2 and iNOS in BALB/c Mice with
DNCB-Induced AD

Studies have indicated that increases in pro-inflammatory factors COX-2 and iNOS are observed
in patients with AD [28]. Next, we investigated the effect of SP on DNCB-induced COX-2 and
iNOS expression in AD-like mice. Immunohistochemistry showed that expression of COX-2 was
lower in paraffin sections of ear biopsies (Figure 5A). Immunoblot analysis revealed that the levels
of COX-2 and iNOS were significantly lower in SP-treated groups than in DNCB-sensitized mice
(Figure 5B,C). Immunoblot analysis of COX-2 expression was consistent with the results of the
immunohistochemical analysis. These results demonstrate that SP can reduce the inflammatory
response by down-regulating the expression of inflammatory mediators COX-2 and iNOS in AD-like
mice. We also evaluated the effects of SP on liver and kidney toxicity, as demonstrated by the drastic
elevation of serum glutamate-oxaloacetic transaminase (GOT), glutamate-pyruvate transaminase (GPT),
creatinine, and blood urea nitrogen (BUN). We found that serum GOT and GPT in the four groups of
mice were within the normal range, although SP significantly decreased serum GOT and GPT levels in
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SP-treated mice compared with DNCB-sensitized mice (Figure 5D). In addition, serum creatinine and
BUN levels were statistically similar among all experimental groups (Figure 5E). In brief, SP does not
injure the liver or kidneys of AD-like mice.

Figure 5. Effects of SP on cyclooxygenase-2 (COX-2) and inducible NO synthase (iNOS) in
DNCB-induced AD-like skin lesions. (A) Immunohistochemical staining of COX-2 in ear (red arrows).
(B) COX-2 level assayed by Western blot, and COX-2 protein expression relative to β-actin. (C) iNOS
level assayed by Western blot, and iNOS protein expression relative to β-actin. Quantification of
β-actin, iNOS, and COX-2 expression. β-actin expression was used as an internal control, the relative
intensity was calculated as the ratio of the intensities of the COX-2 and iNOS bands to the intensity of
the β-actin. Effects of spilanthol on (D) serum GOT and GPT, and (E) serum creatinine and BUN. Serum
was centrifuged, collected, and evaluated by ELISA. Data presented as mean ± SEM; *p < 0.05, **p < 0.01
versus DNCB mice. 100x magnification; amplified graph is 200x; n = 8 mice/group. Data presented as
mean ± SEM. * p < 0.05, ** p < 0.01 versus sensitized control mice.

3. Discussion

In this study, we investigated the anti-AD activity of SP in BALB/c mice with DNCB-induced AD.
DNCB is an allergenic chemical commonly used to induce AD in animal models [27,29]. Environmental
or allergic AD is known as extrinsic type AD, and genetic or non-allergic AD is known as intrinsic
type AD [30]. Extrinsic or environmental factors induce severe AD through stimulation, triggering
IgE-mediated forms of skin inflammation and allergic reaction [31]. AD is one of the most common
chronic inflammatory skin diseases, and is characterized by erythema, dry skin, pruritus, and abnormal
immune responses [27]. Repeated triggering of the allergic-inflammatory response leads to remodeling
and hardening of the skin surface, leading the epidermis to thicken and break, resulting in infiltration
of eosinophils and mast cells in AD skin lesions [32]. We found that topical treatment with SP
ameliorated DNCB-induced AD-like skin lesions and improved skin lesion severity, ear swelling,
and epidermal thickness in DNCB-treated BALB/c mice (Figures 1 and 2). Moreover, SP reduced
DNCB-induced collagen hyperplasia in AD-like skin lesions, as determined by Masson’s stain
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(Figure 2B,D). These results suggest that SP may be useful for the treatment of AD by reducing
hyperkeratosis and fibrotic remodeling of the skin.

In the pathogenesis of AD, epidermal barrier function is impaired and the infiltration of
environmental allergens into the skin increases, which in turn causes the allergic reactions and
inflammation that are major characteristics of IgE-mediated hypersensitivity reactions [33]. Studies have
shown that excessive IgE levels are closely related to imbalances of Th1 and Th2 cells in AD patients [30].
Th2-related cytokines, including of IL-4, are stimulators of IgE synthesis; excessive levels of IgE will
activate mast cells and IL-5 induces eosinophil differentiation and infiltration into AD skin lesions,
causing allergic inflammation. Excessive secretion of cytokines by activated Th2 cells will contribute
to AD symptoms; therefore, down-regulation of Th2 cytokines may decrease production of IgE and
improve AD [27,34]. Studies have indicated that increased secretion of Th1-related cytokines and
decreased Th2-related cytokine levels may prevent excessive IgE production [35]. Reportedly, the IgG1
immune complex is responsible for class-switching to Th2 cytokines, and IgG2a is oriented toward Th1
cytokine immune deviation [36]. In addition, adjusting the balance of Th1/Th2 cytokines to inhibit mast
cell activation, then decreasing the levels of IgG1 and increasing IgG2a has a significant anti-allergic
inflammatory effect [37]. We found that topical treatment with SP reduced IgE levels and regulated
IgG1 and IgG2a levels in DNCB-treated BALB/c mice (Figure 3E). In addition, SP also improved
the infiltration of mast cells and eosinophils into AD skin lesions (Figure 3A,B and Figure 4A,B).
These findings suggest that SP has a significant anti-allergic effect in AD. The SP may suppress
eosinophil infiltration and down-regulate IgE expression to reduce mast cell infiltration into AD
skin lesions.

Skin epidermal barrier dysfunction causing hardening and fragility of the skin surface is one
of the main causes of AD, and inflammation can be modulated to reduce skin barrier function,
thus aggravating lesions [29,30]. In addition, studies have indicated that constituents of MAPK
pathways, including ERK, JNK, and p38, are involved in the pathogenesis of AD; in other words,
AD is a chronic allergic inflammatory skin disease [38]. MAPK pathway activation promotes a number
of inflammatory mediators, including COX-2 and iNOS [39]. COX-2 catalyzes arachidonic acid into
prostaglandin, the levels of prostaglandin and COX-2 activity are related to promote inflammatory
pain [40]. iNOS is produced by cytokines in inflammatory cells, which generate the free radical NO
from L-arginine. iNOS and NO are related to cellular oxidative stress and the host cellular immune
response [41] Several reports have shown that SP exhibits anti-inflammatory efficacy in vitro and
in vivo [18,20–22]. However, it has been unknown whether SP exhibits anti-inflammatory activity in
AD skin lesions. DNCB is a potential allergen that can induce skin sensitivity and inflammation [42].
Therefore, we identified SP as a possible suppressor of MAPK signal pathways triggered by DNCB
in mice with DNCB-induced AD. In this work, we found that the anti-allergic effects of SP seem to
occur through the blocked phosphorylation of ERK1/2, JNK, and p38 MAPK signaling pathways,
and suppress COX-2 and iNOS expression in DNCB-induced AD skin lesions (Figures 4 and 5). Based
on these results, we suggest that SP may be useful as a treatment for allergic inflammation in AD.

We found that SP not only inhibited the levels of IgE and IgG2a, but also increased IgG1 level.
SP may therefore be associated with mast cell-related allergic effects. Furthermore, SP significantly
decreased eosinophil infiltration and reduced the expression of pro-inflammatory factors COX-2
and iNOS by suppressing MAPK pathways. SP may be associated with the improvement of
eosinophil-related allergic inflammation in AD-like skin lesions. In addition, we found evidence that
SP decreased collagen over-deposition in the dermis and reduced epidermal thickness in AD-like
lesions. Collectively, we propose a model to explain the anti-allergic effects of SP in AD-like mice
(Figure 6).

In summary, we present the first study demonstrating that SP has anti-AD potential. Results of
this study demonstrate that SP can improve AD symptoms. SP-regulated Th1/Th2 balance, inhibited
mast cell hyperplasia, and suppressed MAPK pathways ameliorated DNCB-induced AD-like skin
inflammation in mice.
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Figure 6. Topical spilanthol improves mast cell infiltration, modulates Th1/Th2 cytokine levels,
and inhibits MAPK signaling, ameliorating allergic inflammation in DNCB-induced atopic.

4. Materials and Methods

4.1. Animals

Eight-week-old female BALB/c mice were purchased from the National Laboratory Animal Center
(Taiwan) and housed at the Animal Center of Chang Gung University in an air-conditioned room at a
consistent temperature (23 ± 2 ◦C) and 55 ± 15% humidity, with a 12 h light–dark cycle. All procedures
involving animals were approved in accordance with the guidelines and regulations of the Laboratory
Animal Care Committee of Chang Gung University of Science and Technology and Chang Gung
University (IACUC approval number: 2015-020; 29 December 2015).

4.2. DNCB Induction of AD-Like Skin Lesions and Spilanthol Treatment

Spilanthol was purchased from ChromaDex, Irvine, CA, USA. Mice were randomly divided
into four groups (n = 8 per group): A mock-sensitized control group were sensitized and challenged
with normal saline; a sensitized control group were treated with DNCB in a 3:1 ratio of acetone:olive
oil; an SP-5 group were challenged with DNCB and treated topically with SP 5 g/kg; and an SP-10
group were challenged with DNCB and treated topically with SP 10 g/kg. The dorsal skin was shaved,
and then sensitized using DNCB (Sigma-Aldrich, St. Louis, MO, USA) as described in a previous
study [25]. To sensitize the skin, 200 μL 0.5% DNCB in acetone:olive oil (3:1) was applied to the shaved
area on experimental days 1–3. Next, for the challenge process, 100 μL of 1% DNCB was applied to
each ear and the dorsal skin on experimental days 14, 17, 20, 23, 26, and 29. All SP treatments were
applied to the ears and backs of the mice daily on experimental days 14 to 29. The experimental design
is described in Figure 1A.

4.3. Measurement of Ear and Epidermal Thickness

Images were captured weekly with a digital camera (Coolpix, Nikon Inc., Tokyo, Japan) to record
clinical symptoms on the ear and dorsal skin. Ear thickness was measured using a dial gauge (Olympus,
Tokyo, Japan) on day 30. Ear and skin epidermal thickness were measured using Masson’s stain and
the aid of a microscope with Image-Pro Plus software (version 6.0 for Windows).
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4.4. Histopathological Analysis

The ear and dorsal skin of each mouse were obtained on day 30 and fixed in 10% formalin.
These tissues were cut into 6-μm thick sections and stained with Masson’s, hematoxylin and eosin
(H&E), toluidine blue, and immunohistochemical stain, as previously described [25,39]. The sections
were under 10–15 high-power fields (HPFs) using a light microscope at 100–200× magnification to
measure mast cells and eosinophils. Mast cells and eosinophils were stained with toluidine blue
and H&E, respectively. Collagen accumulation was assessed by Masson’s stain and using COX-2
antibody; immunohistochemical stain was used to observe positive COX-2 staining. Then, sections
were examined using light microscopy to observe histological changes in all stained sections.

4.5. Measurement of Serum IgE and Cytokines

Blood samples were collected from BALB/c mice on day 30 and centrifuged at 3000 g for
10 min at 4 ◦C to obtain serum. The levels of serum IgE, IgG1, and IgG2a were measured using
enzyme-linked immunosorbent assay (ELISA) kits (BD Biosciences, San Diego, CA, USA) according to
the manufacturer’s instructions. Optical density was measured using a microplate reader (Multiskan
FC, Thermo, Waltham, MA, USA). In addition, liver function indices (GPT and GOT) and kidney
function indices (BUN and creatinine) were analyzed enzymatically using commercially available
assay kits (Wako Pure Chemical, Osaka, Japan).

4.6. Western Blot Analysis

Dorsal skin samples were harvested on day 30 and stored at −80 ◦C. To investigate protein
expression, protein lysates were prepared using protein lysis buffer (Sigma, St. Louis, MO, USA).
The protein amounts were quantitated using the BCA protein assay kit (Pierce). Then, equal amounts
of protein were separated on 10% SDS-PAGE gels and electrotransferred to polyvinylidene fluoride
membranes (PVDF; Millipore, Billerica, MA, United States). The PVDF membranes were probed
with primary antibodies raised against COX-2 and iNOS (Santa Cruz, CA, USA); ERK1/2, p38, JNK,
phospho-ERK 1/2, phospho-p38, and phospho-JNK (Millipore); and β-actin (Sigma) overnight at
4 ◦C. Next, membranes were washed 3 times in Tris-buffered saline with Tween 20 (TBST) buffer
(150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1% Tween 20), then incubated in secondary antibodies
at room temperature for 1 h, followed by incubation with HRP-conjugated secondary antibodies at
room temperature for 1 h. Finally, the membranes were washed using TBST and incubated with
Luminol/Enhancer Solution (Millipore). Protein bands were quantitated using the BioSpectrum
600 system (UVP, Upland, CA, United States).

4.7. Statistical Analysis

Data are reported as the mean ± standard error of the mean (SEM). All statistical significance was
assessed using one-way analysis of variance (ANOVA) and Tukey’s test. Differences were considered
statistically significant at p < 0.05.
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Abbreviations

AD Atopic dermatitis
SP Spilanthol
IgE Immunoglobulin (Ig) E
IgG2a Immunoglobulin (Ig) G2a
IgG1 Immunoglobulin (Ig) G1
COX-2 Cyclooxygenase-2
iNOS Inducible NO synthase
DNCB 2,4-dinitrochlorobenzene
MAPK Mitogen-activated protein kinase
ERK Extracellular signal-regulated kinase
JNK c-jun N-terminal kinase
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Abstract: Sapindus mukorossi seed oil is commonly used as a source for biodiesel fuel. Its phytochemical
composition is similar to the extracted oil from Sapindus trifoliatus seeds, which exhibit beneficial
effects for skin wound healing. Since S. mukorossi seed shows no cyanogenic property, it could be
a potential candidate for the treatment of skin wounds. Thus, we evaluated the effectiveness of
S. mukorossi seed oil in the treatment of skin wounds. We characterized and quantified the fatty
acids and unsaponifiable fractions (including β-sitosterol and δ-tocopherol) contained in S. mukorossi
seed-extracted oil by GC-MS and HPLC, respectively. Cell proliferation and migratory ability were
evaluated by cell viability and scratch experiments using CCD-966SK cells treated with S. mukorossi oil.
The anti-inflammatory effects of the oil were evaluated by measuring the nitric oxide (NO) production
in lipopolysaccharide-treated RAW 264.7 cells. Antimicrobial activity tests were performed with
Propionibacterium acnes, Staphylococcus aureus, and Candida albicans using a modified Japanese Industrial
Standard procedure. Uniform artificial wounds were created on the dorsum of rats. The wounds were
treated with a carboxymethyl cellulose (CMC)/hyaluronic acid (HA)/sodium alginate (SA) hydrogel
for releasing the S. mukorossi seed oil. The wound sizes were measured photographically for 12 days
and were compared to wounds covered with analogous membranes containing a saline solution. Our
results showed that the S. mukorossi seed oil used in this study contains abundant monounsaturated
fatty acids, β-sitosterol, and δ-tocopherol. In the in vitro tests, S. mukorossi seed oil prompted cell
proliferation and migration capability. Additionally, the oil had significant anti-inflammatory and
anti-microbial activities. In the in vivo animal experiments, S. mukorossi seed oil-treated wounds
revealed acceleration of sequential skin wound healing events after two days of healing. The size of
oil-treated wound decreased to half the size of the untreated control after eight days of healing. The
results suggest that S. mukorossi seed oil could be a potential source for promoting skin wound healing.

Keywords: wound healing; Sapindus mukorossi; β-sitosterol; anti-inflammatory

1. Introduction

The soapnut tree, which belongs to the family Sapindaceae, is one of the most economically
important trees found in tropical and subtropical climates from Japan to India in Asia [1–3]. Soapnut
is known for its fruit, which contains triterpenoid saponins (10.1%) in the pericarp [3]. Saponin is
a natural detergent for washing the body, hair, and clothes, and it is used as a natural surfactant [1,2,4–6].
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There are more than 40 wild species in the genus Sapindus (family Sapindaceae) [6]. Among these
species, Sapindus mukorossi (S. mukorossi) and Sapindus trifoliatus (S. trifoliatus) are the two main varieties.
Recently, the use of saponins from S. mukorossi has gained the attention of investigators because of their
various biological and pharmacological applications. It is reported that saponins exhibit properties
that inhibit tumor cell growth [2]. These saponins also have anti-microbial activity [7] and reportedly
can be used to treat eczema and psoriasis [3,8].

S. mukorossi is composed of about 56% pericarp [3], with the balance being the hard, black, smooth
seed that contains the kernel inside [5,9] (Figure 1). The seed kernel of S. mukorossi contains 23% oil in
the pulp, of which almost 90% are triglycerides [2]. Most of the reports of S. mukorossi are mainly about
the nature and application of saponins in the pericarp part of the fruit. This situation is because the
oil in the S. mukorossi seed kernel is inedible, and thus, the seed is usually treated as waste [1,10,11].
Recently, to achieve the goals of a “waste-to-energy” scheme, S. mukorossi seed oil was investigated as
a potential source for the production of biodiesel fuel [10,12,13].

 
Figure 1. Pictures of the intact seed, seed shell and the kernel of the Sapindus mukorossi seed.

It is well known that many seed oils have therapeutic anti-inflammatory and antioxidant effects
on the skin and promote wound healing and repair of skin [14–16]. In 2014, Pai et al. tested the
n-hexane and ethyl acetate extracts of S. trifoliatus seeds and found that the seed extracts exhibited
significant antibacterial, antifungal, and antioxidant activities, and revealed benefits for skin wound
healing [17]. However, because S. trifoliatus seed extract contains cyanolipids, which is irritating or
toxic to human skin [18], the pharmacological benefits are limited. Since the composition of S. mukorossi
oil is very similar to that of S. trifoliatus oil [19] but without the toxic cyanolipids [20], it is reasonable to
hypothesize that the oil extract of S. mukorossi seed kernel could provide similar pharmaceutical effects
without the adverse effect of cyanolipid.

The application of S. mukorossi (Wu Huan Zi in Chinese) seed kernel for antimicrobial and skin
care is recorded in China’s traditional pharmaceutical book, Compendium of Materia Medica (Bencao
Gangmu in Mandarin) some 500 years ago. In 2015, Srinivasarao et al. found that the extract of
S. mukorossi exhibited antimicrobial and antioxidant activity and suggested that S. mukorossi could be
used as a potential source of natural antimicrobial treatment because it possessed strong antioxidant
potential [21]. However, in their report, the extract was from whole S. mukorossi fruit; thus, it is
difficult to know whether the antimicrobial and antioxidant effects were from the pericarp or the
seed kernel. Recent studies indicate that S. mukorossi oil has abundant phytosterols and arachidonic
acid (23.85%) [1,19]. It is reported that phytosterols have an anti-inflammatory effect on skin and
are capable of reducing swelling and erythema [22]. Additionally, arachidonic acid is not only an
essential polyunsaturated fatty acid in the skin [19] but also plays an important role in reducing skin
inflammation [23]. Since S. mukorossi seed extract contains anti-inflammatory, antimicrobial, and
antioxidant compounds, it could serve as a potential treatment for skin and soft-tissue infections
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(SSTIs) [24]. However, the direct topical application of S. mukorossi seed oil on the skin has not yet been
well investigated. Accordingly, the purpose of this study was to test the pharmacological effects of
S. mukorossi seed oil on skin wound healing in both in vivo and in vitro experiments.

2. Results

2.1. GC-MS Analysis

The fatty acid composition of the S. mukorossi seed-extracted oil was determined by gas
chromatography-mass spectrometry (GC-MS) analysis. A representative chromatogram is shown in
Figure 2a. The identity of the peak was analyzed using fatty acid standards and the MS database.
The percentages of fatty acid esters were obtained by calculating the peak area ratios, which are listed
in Table 1. The results show that S. mukorossi seeds contain 5.35% of palmitic acid (C16:0), 0.9% stearic
acid (C18:0), 52.46% oleic acid (C18:1), 7.19% linoleic acid (C18:2), 1.61% linolenic acid (C18:3), 6.84%
arachidic acid (C20:0), 23.71% eicosenic acid (C20:1), 1.24% bechenic acid, and 0.68% erucic acid (C22:1).

 
Figure 2. (a) Total ion chromatograms of S. mukorossi seed oil tested in this study. (b) δ-tocopherol and
(c) β-sitosterol fractions from high-pressure liquid chromatography. # and * indicated the detected
peaks of δ-tocopherol and β-sitosterol, respectively.
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Table 1. Fatty acid composition of Sapindus mukorossi seed-extracted oil by gas chromatography-
mass spectrometry.

Peak Retention Time (min) Percentage Fatty Acid

a 6.792 5.35 Palmitic acid (16:0)
b 8.317 0.90 Stearic acid (18:0)
c 8.914 52.46 Oleic acid (18:1)
d 9.497 7.19 Linoleic acid (18:2)
e 10.329 1.61 Linolenic acid (18:3)
f 10.632 6.84 Arachidic acid (20:0)
g 11.084 23.71 Eicosenic acid (20:1)
h 13.105 1.24 Behenic acid (22:0)
i 13.588 0.68 Erucic acid (22:1)

2.2. HPLC Analysis

High-pressure liquid chromatography (HPLC) was performed to determine the quantities of
δ-tocopherol and β-sitosterol. Table 2 provides the linear calibration curves for the standard solutions
of the two analytes. As shown in Figure 2b,c, the retention times for δ-tocopherol and β-sitosterol
were 12.67 min and 43.40 min, respectively. The total amount of δ-tocopherol and β-sitosterol in the
S. mukorossi seed oil was 73.9 ± 23.6 μg/mL (in 1% oil) and 232.64 ± 4.5 μg/mL, respectively.

Table 2. Linearity of the standard curves of δ-tocopherol and β-sitosterol.

Compound Calibration Equation a Retention Time (tr) Correlation Coefficient (r2)

δ-Tocopherol Y = 4903.9X ± 27882 12.67 0.9908
β-Sitosterol Y = 3480.3X ± 7887.6 43.40 0.9996

a The variable X is the concentration of the standard (mg/mL), and the variable Y is the peak area.

2.3. Antimicrobial Activity Testing

The antimicrobial activity of S. mukorossi seed oil is shown in Table 3. After treatment with 1%
S. mukorossi seed oil for 24 h, the inhibition rates for Propionibacterium acnes, Staphylococcus aureus, and
Candida albicans reached 99%.

Table 3. Antimicrobial activity of Sapindus mukorossi seed oil extract.

Microorganism Inactivation Rate a (%)

Propionibacterium acnes >99.99
Staphylococcus aureus >99.99

Candida albicans 99.9
a The inactivation rate (%) = [1 – (CFUsample/CFUcontrol)] × 100.

2.4. Anti-Inflammatory Testing

As shown in Figure 3, S. mukorossi seed oil significantly affected nitric oxide (NO) release in the
lipopolysaccharide (LPS)-treated cells. The NO release of the samples was normalized by comparing the
measured data to the untreated samples. When the cells were treated with N-nitro-l-arginine-methyl
ester (l-NAME), 21% NO release was noted compared to the control. When the cells were pretreated
with 25 μg/mL S. mukorossi seed oil, NO release by the lipopolysaccharide (LPS)-treated RAW 264.7 cells
was 92%. This value dramatically decreased to 46% when 500 μg/mL oil was used for pretreatment.
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Figure 3. Nitric oxide (NO) release from the lipopolysaccharide (LPS)-treated RAW 264.7 cells decreased
when the cells were pretreated with S. mukorossi seed oil. Data are from four independent experiments.
The mean value of each group was normalized with LPS-only sample.

2.5. Cell Proliferation Assay

The in vitro cell experiments demonstrated that the cells treated with S. mukorossi oil exhibited
a traditional growth curve. The seed oil-extract significantly enhanced the viability of the tested
CCD-966SK cells on day 2 (Figure 4) (p < 0.05). After three days of culture, S. mukorossi seed oil showed
no proliferation or cytotoxicity effect on the cultured cells. The scratch assay results showed that
treatment with S. mukorossi seed oil enhanced the CCD-966SK cell migration toward the scratched area
(Figure 5). The microscopic images revealed that the leading cells at the wound edge oriented towards
the wound area 6 h after the scratch trauma was inflicted (Figure 5b,f). Additionally, the quantitative
analysis of wound closure (Figure 6) showed that wound closure rate for the oil-treated cells was
24.73%, which is higher than that of the control cells (6.45%) at 6 h. After a 12-hour culture period, the
border of the wound became unclear. In addition, a greater number of migrating cells were noted at
the scratch edge in the oil-treated sample than in the control group (Figure 5c,g). The oil-treated cells
demonstrated a 3.36-fold higher percentage of scratch-width closure than the control cells. At 24 h,
the migrating cells had moved to the center of the scratch wound (Figure 5d,h). The oil-treated
CCD-966SK cells (Figure 5h) displayed significantly increased healing ability compared to the controls
(Figure 5d). The wound width closure of the oil-treated group after 24 h of culture was 82.79%, which
was 1.88-fold greater than that of the controls (44.08%) (Figure 6).

Figure 4. S. mukorossi seed oil significantly increased the viability of CCD-966SK cells by day 2. Data
are presented as the mean ± SD. ** p < 0.01.
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Figure 5. The control CCD-966SK cultured with S. mukorossi seed oil free medium at 0, 6, 12, and
24 h (a–d). S. mukorossi seed oil exhibits obvious effect on migration at 0, 6, 12, and 24 h (e–h) after
incubation. The leading cells at the wound edge oriented toward the wound area 6 h after the scratch
trauma was inflicted (black arrows).

Figure 6. The percentage of scratch-width closure measured by quantifying the images of the scratch
assay at 0, 6, 12, and 24 h after incubation. Data are from four independent experiments. The mean
value of each group was normalized with LPS-only sample.

2.6. In Vivo Wound Healing Experiment

The in vivo skin wound healing activity of S. mukorossi seed oil extract is shown in Figure 7.
Two days after the skin excision, the typical healing responses inside the epidermis of the wound
were obviously better in the group treated with S. mukorossi seed oil. During the initial two days
of healing, the wounds of both the oil-treated and control groups developed hyperemic areas with
well-defined borders that preserved the rectangular shape of the wound. In the oil-treated group,
the wounds underwent accelerated healing with the growth of granulation tissue, absence of edema,
and lower secretions than in the untreated control group. In addition, a quantitative assessment
demonstrated that the in vivo experimental wounds treated with S. mukorossi seed oil (74.14 ± 1.64%)
showed a statistically significant reduction (p < 0.05) in the wound area compared to that of the control
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wounds (91.02% ± 7.44%) (Figure 8). This statistically significant reduction in wound size was observed
at all the experimental time points.

Figure 7. Photomicrographs of the wounds in rats after topical treatment with and without S. mukorossi
seed oil on days 0, 2, 4, 6, 8, 10, and 12.

Figure 8. Quantification of the wound size in the rats treated with and without S. mukorossi seed oil.
Data are presented as the mean ± SD. * p < 0.05.

On day 8, the wounds had lost their geometrical shape whether or not they had been treated with
S. mukorossi seed oil. However, compared to the control group, rats treated with S. mukorossi seed oil
demonstrated no secretion in the wound bed. In addition, the wound became dark brown, dry, and
smaller than those in the control group. The wound size of the oil-treated rats decreased significantly
to 25.30% ± 6.98% (Figure 8), which is almost half that of the untreated control wounds (42.45% ±
7.95%) (p < 0.05).

On the 12th day, the untreated wounds also demonstrated wound beds without secretions and
hyperemia (Figure 7). The brown color and dryness of the untreated wounds on day 12 were similar to
the oil-treated wounds on the 8th day. However, the treated wounds showed complete resurfacing
of the epithelial layer, and the wound was almost entirely covered by hair. At this healing stage, the
average percentage wound size for the control and oil-treated wounds was 13.55% ± 3.40% and 7.20%
± 1.52%, respectively (Figure 8).
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3. Discussion

Wound healing is a series of processes that involves control of inflammation, proliferation, and
new tissue remodeling [16,25,26]. Among these processes, inflammation is the first step in the healing
response after tissue injury. In addition, cell proliferation and migration are essential responses for
re-epithelialization and skin remodeling during the healing process [26]. Our results showed an
improvement in CCD-966SK cell proliferation (Figure 4) and migration (Figures 5 and 6) induced
by S. mukorossi seed oil. Similar healing effects were also observed in the artificial wound in the rat
model (Figures 7 and 8). These phenomena are similar to those reported by de Moura Sperotto et
al. who tested the wound healing effects of a Plantago australis extract and concluded that such plant
extracts have an action at the end of the proliferative phase or in maturation phase that promotes the
normalization of the tissue [26].

The phytochemical characteristics of the S. mukorossi seed oil used in this study were determined
by a series of tests. The GC-MS results show that the fatty acid contained in the S. mukorossi seeds oil
was similar to that of previous reports [9,19,20]. The most significant phytochemical finding of the
tested S. mukorossi seed oil is that it contains a substantial amount of unsaturated fatty acids, which
account for 85.65% of all the fatty acids in the seed oil. Among these unsaturated fatty acids, 76.85%
were monounsaturated fatty acids. It is reported that monounsaturated fatty acids may cover the skin
barrier and act as permeability enhancers [16]. Accordingly, these fatty acids have been wildly used
not only in cosmetology for daily care of the face and body but also in the acceleration of skin wound
healing [27].

Interestingly, Table 1 shows that the main components of the monounsaturated fatty acids in
S. mukorossi seed oil were oleic acid (52.46%) and eicosenic acid (23.71%). Since oleic acid strongly
inhibited the production of NO at the wound site [16] and were positive for wounding healing, it is not
a surprise that the tested S. mukorossi seed oil strongly promoted the skin wound healing process as
shown in Figures 7 and 8. Except for monounsaturated FAs, linoleic acid also plays a role in maintaining
the integrity of the skin barrier for maintaining water permeability. In Table 1, we show that the
extracted S. mukorossi seed oil contains 7.2% linoleic acid and 23.71% eicosenic acid. Since both linoleic
acid and eicosenic acid directly play a role as activators that enhance skin cell proliferation [16,27],
they may also play a role in CCD-966SK cell proliferation and migration as shown in Figures 4 and 5.

The results of in vitro cell migration (Figures 5 and 6) and in vivo animal skin wound healing
(Figures 7 and 8) showed that S. mukorossi seed oil enhanced skin wound healing. In 2018, Lin
et al. reviewed the pharmacological and medical effects of several plant oils and concluded that
the therapeutic benefits for skin wound healing of plant oils are provided by their antibacterial,
anti-inflammatory, and antioxidant effects. We found that S. mukorossi seed oil is rich in β-sitosterol
and δ-tocopherol (vitamin E) (Figure 2b,c). The total amount of β-sitosterol and δ-tocopherol in the S.
mukorossi seed oil are 0.73% and 0.023%, respectively. These values are much higher than the analogous
quantities in shea butter (0.5% for total sterols and 0.08% for total tocopherols) [28]. Since Shea butter is
a famous anti-inflammatory and antioxidant plant seed extract used in the cosmetic industry because
of its high percentage of unsaponifiable compounds (including phytosterols and tocopherol) [16,29],
S. mukorossi seed oil could also have potential use in skin care.

β-Sitosterol is the major phytosterol in plant oils. It provides a biological function like cholesterol
and provides pharmacological and biological activities useful for the treatment of various skin illnesses,
such as swelling and erythema [22,30] because of its structural similarity to cholesterol [31,32]. It was
reported as a safe chemical without undesirable side effects [32,33]. Several studies tested the effects
of phytosterols as anti-inflammatory, angiogenic, and cell migration stimulators and have confirmed
its positive effects on skin barrier recovery and skin wound repair [14,16,31,32,34,35]. Since the
S. mukorossi seed oil contains abundant β-sitosterol, it also showed the potential to be a skin wound
healing enhancer.

Bioactive plant oil extracted from fruit pulp always contains not only β-sitosterol but also vitamin
E [16,27]. The primary role of vitamin E in plants is to provide antioxidant activity [16]. It is well
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known that the production of reactive oxygen species (ROS) during skin injuries inhibits the healing
process by various biological mechanisms [14,36]. The topical use of vitamin E is to attenuate oxidative
stress by inhibiting the production of oxidase and NO.

In this study, δ-tocopherol was also detected in considerable amounts in the extracted S. mukorossi
seed oil extracts. Thus, in Figure 4, the addition of S. mukorossi seed oil significantly decreased the NO
release in LPS-treated RAW 264.7 macrophage cells in a dose-dependent manner. Since β-sitosterol
also stimulates antioxidant enzymes and plays a role in ROS scavenging, it is not surprising that
S. mukorossi seed oil exhibits promising beneficial effects and improved skin wound healing (Figures 7
and 8). Rekik et al. also reported that the beneficial effect on skin wound healing and collagen synthesis
of vitamin E and phytosterols is because these compounds prevent the damaging effects of free radicals
and ensure the stability and integrity of biological membranes [14].

The mechanism of the antimicrobial activity of S. mukorossi seed oil shown in Table 3 is not fully
understood. The most likely mechanism of the antimicrobial action of S. mukorossi seed oil is the
β-sitosterol content because it is a potent antimicrobial agent at low concentrations [33]. In addition,
it is reported that acidic plant oils are not conducive to the growth of bacteria, which require a neutral
pH environment for growth [14,32]. Such an acidic environment also leads to the promotion of
cell proliferation (Figure 4) and cell migration (Figures 5 and 6). These effects construct an ideal
environment for fibroblast activity and collagen reorganization, with resulting acceleration of wound
healing [14,37]. Since fibroblast proliferation and migration are vital steps in skin wound healing [12]
when this phenomenon is considered in combination with the efficiency of skin wound healing shown
in Figures 7 and 8, we suggest that S. mukorossi seed oil is a candidate agent for development as a skin
treatment agent.

4. Materials and Methods

4.1. Chemicals and Reagents

The reference standards of the fatty acids β-sitosterol, δ-tocopherol, lipopolysaccharide (LPS),
CDCl3, Griess reagent (N5751) and N-nitro-l-arginine-methyl ester (l-NAME) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methanol, tetrahydrofuran acetonitrile, sodium
hydroxide, and boron trifluoride/methanol were obtained from Fisher Scientific (Pittsburgh, PA, USA).
DMEM (Dulbecco’s modified Eagle medium), FBS (fetal bovine serum), trypsin-EDTA, l-glutamine,
penicillin/streptomycin were obtained from HyClone (South Logan, UT, USA). The tetrazolium
salt (MTT) kit was purchased from Roche Applied Science (Mannheim, Germany). Isoflurane was
purchased from DS Pharma Animal Health Co. (Osaka, Japan).

4.2. Plant Material

The S. mukorossi seeds were purchased from He He Co. Ltd. (Taipei, Taiwan). Before the oil
extraction, the seeds were cleaned under running tap water followed by rinsing with sterile distilled
water and then dried in an oven at 40 ◦C for 72 h. The seeds were then crushed using a grinder, and
the kernels were separated from their hard shells. As previously reported, the oil was extracted using
a cold press method and was followed by filtering (0.45 μm pore size) [19]. The oil recovery rate from
the kernels was about 30%.

4.3. Phytochemical Analysis of Kernel Oil

4.3.1. GC-MS Analysis

For the GC-MS analysis, the S. mukorossi seed-extracted oil was transesterified to produce fatty acid
methyl esters (FAME). Briefly, 20 mg of extracted oil was mixed with 1 mL of 1 N sodium hydroxide to
act as a catalyst. The mixture was then stirred vigorously using a magnetic stirrer at room temperature
for 30 s. Then, for saponification, the mix was maintained at 80 ◦C for 15 min. Then, 1 mL of boron
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trifluoride in a methanol solution was added to the sample, and the mixture was shaken for 30 s. The
mixture was then placed in a 110 ◦C dry bath for 15 min. After the sample had returned to room
temperature, 1 mL of n-hexane was added to the solution. The polar layer was separated and used to
inject into the GC-MS system (GCMS-QP2010, Shimadzu, Tokyo, Japan).

A BPX70 capillary column with a dimension of 30 m × 0.25 mm i.d. (0.25 μm film thickness)
was used for oil composition separation. Helium was used as carrier gas at a pressure of 75 kPa.
The sample was injected at a temperature set at 250 ◦C. The programmed temperature of the oven
started at 120 ◦C and was held for 0.5 min for solvent delay, then increased at a rate of 10 ◦C/min
to 180 ◦C, and then increased at a rate of 3 ◦C/min to 220 ◦C, followed by an increase of 30 ◦C/min
to 260 ◦C and then, held for 5 min. The mass spectrometer was operated in the electron impact (EI)
mode at 70 eV. The temperature of the ionization chamber was set at 200 ◦C. For identification of the
analyzed constituents with various retention times, a library search of mass spectra was performed
using NIST/EPA/NIH Mass Spectral Library.

4.3.2. HPLC Analysis

HPLC was performed to determine the content of β-sitosterol and δ-tocopherol in the S. mukorossi
seed oil. The HPLC was equipped with a low-pressure mixing pump (L2130, Hitachi, Tokyo, Japan),
controlled by a CBM-20A interface module (Shimadzu Technology, Kyoto, Japan), and had a UV
detector (Waters 486, Waters Corporation, Milford, MA, US). The separation was achieved using
a Mightysil RP-18 GP (250 mm × 4.6 mm i.d., Mightysil RP 18 GP Cica, Tokyo, Japan) at 30 ◦C. For
the β-sitosterol analysis, the mobile phase consisted of 96% methanol, 3% tetrahydrofuran, and 1%
deionized water. For δ-tocopherol detection, pure methanol was used as the mobile phase. For testing
the two molecules, 20 μL of S. mukorossi seed oil were injected. The flow rates for the detection of
β-sitosterol and δ-tocopherol were 0.5 mL/min and 0.5 mL/min, respectively. All the samples were
monitored at a wavelength of 280 nm. The compounds were identified by comparing their retention
times to those of authentic standards. The quantification was achieved using linear regression analysis.

4.4. Antimicrobial Assay

The antimicrobial effects of S. mukorossi seed oil were tested in this study. The procedure was
modified from the Japanese Industrial Standard JIS Z 2801:2000. Several microorganisms (Bioresource
Collection and Research Center, BCRC, Hsinchu, Taiwan) including two bacteria (P. acnes; ATCC 11827
and S. aureus; ATCC 6538P) and a fungus (C. albicans; ATCC 10231) that cause skin diseases. All selected
microbes were cultured in their standard culture medium. For testing the antimicrobial activity of the
oil, 0.1 mL oil was mixed and inoculated with 10 mL of each microorganism culture to a concentration
of 107 colony-forming units (CFU)/mL at 25 ◦C for 24 h. After serial dilution, the three bacteria were
swabbed uniformly across the agar surface of Petri plates. After 48 h incubation at 23 ◦C for C. albicans
or 37 ◦C for the bacteria, the number of colonies on each plate was counted.

Inactivation rate (%) = [1 - (CFUsample/CFUcontrol)] × 100 (1)

where CFUsample and CFUcontrol are the colony numbers of the tested and control samples, respectively.

4.5. Anti-Inflammatory Test

To test the in vitro anti-inflammatory activity of S. mukorossi seed oil, we assessed the oil in
LPS-induced RAW 264.7 cells. RAW 264.7 macrophage cells were seeded into a 96-well plate at
a concentration of 4 × 105 cells/mL. The cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin and were
cultured in an incubator at 37 ◦C and 5% CO2. After pre-incubation of the cells for 24 h, cells were
pretreated with the S. mukorossi seed oil with a series of concentrations ranging from 25 to 500 μg/mL
for 1 h and were further stimulated with LPS (1 μg/mL) from Escherichia coli strain 055:B5 for 24 h.
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N-nitro-l-arginine-methyl ester (l-NAME) at a concentration 1 mM was used as a positive control. The
NO concentration produced by the RAW 264.7 cells was determined through the Griess assay. Briefly,
an equal volume of Griess reagent was mixed with the culture supernatant, and color development
was measured at 530 nm using a microplate reader (EZ Read 400, Biochrom, Holliston, MA, USA).
Anti-inflammatory activity was presented in terms of NO production percentage.

4.6. In Vitro Skin Cell Analysis

4.6.1. Cell Proliferation Assay

For testing the proliferation effect of the S. mukorossi seed oil on skin cells, a cell viability assay
was performed according to a previous study [36]. The human skin fibroblast cell line CCD-966SK
(ATCC CRL-1881) was used for this in vitro cell analysis. The cells were seeded in 24-well plates at
a concentration of 2 × 104 cells/mL and were maintained in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. The cells were then incubated in an environment of 5% CO2 at 37 ◦C and
100% humidity. The viability of the CCD-966SK cells exposed to S. mukorossi seed oil at a concentration
of 200 μg/mL was evaluated after three days of incubation. The cell viability was assessed using the
tetrazolium salt (MTT) method. After the cells were incubated with the tetrazolium salt for 4 h, 500 μL
of DMSO were added to solubilize the formazan dye overnight. Since no toxic effects were observed
on the cells, the emulsifier polyoxyethylene sorbitan mono-oleate (Tween 80) was employed as the
delivery vehicle [38]. The optical density was determined using a microplate reader (EZ Read 400,
Biochrom, Holliston, MA, USA) at 570 and 690 nm.

4.6.2. Scratch Wound Healing Test

The effect of S. mukorossi seed oil on cell migration behavior and wounded healing activity was
assessed using scratch tests. Before the test, 2 × 104 cells/mL CCD-966SK cells were cultured in 6-well
Petri dishes and incubated in 5% CO2 at 37 ◦C and 100% humidity. When the cells reached confluence,
they were starved overnight. A 1000-μL pipette tip was used to create a wound across the center of
the culture dish. The scratched cells were washed with fresh medium to remove any loose or dead
cells followed by exposure to 25 μg/mL S. mukorossi seed oil. Cells cultured with fresh medium but
without oil served as a control group. For both groups, cell migration photographs were taken at
4× magnification using a bright-field illumination microscope (Eclipse TS100, Nikon Corporation,
Tokyo, Japan). The images were captured by a digital camera (SPOT Idea, Diagnostic Instruments,
Inc., Sterling Heights, MI, USA). The images were taken immediately (0 h) and after 6 and 12 h at five
different sites from each wound area (gap). The captured images were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA) to evaluate the percentage of scratch closure, the
percentage of gap closure was measured and compared with the results obtained before treatment
(day 0) using the following formula [39]:

[(A0h − AΔh)/A0h] × 100% (2)

where A0h is the scratch area at the beginning of the culture period, and AΔh is the scratch area after
a certain culture period. The increase in the percentage of the closed area reflects the migration of cells.

4.7. Wound Healing Activity Test

Healthy male Sprague-Dawley (SD) rats weighing 210–290 g were used to assess the effects of
S. mukorossi seed oil on skin wound healing. The rats were obtained from the Laboratory Animal Center
at the National Applied Research Laboratories (Hsinchu, Taiwan). The animals were kept in hygienic
cages during the experimental period. The environment was maintained with a 12-hour light/dark
cycle, a temperature at 21 ◦C, and a humidity of 60% to 70%. The study protocol and procedures
were reviewed and approved by the Institution Animal Care and Use Committee or Panel (IACUC
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Approval No. L10708, 16 October 2018, and all efforts were made to minimize animal number and
suffering to produce reliable scientific data.

The wound healing experimental procedure was performed according to a previous study [10,40].
A carboxymethyl cellulose (CMC)/hyaluronic acid (HA)/sodium alginate (SA) hydrogel [41,42] was
prepared on one side of a non-woven fabric for releasing the extracted S. mukorossi seed oil. The ratio
of the CMC, HA, and SA in the hydrogels was 1:3:12. Before the study, the rats’ backs were one-way
clipped (5 × 5 cm) with an electric animal shaver and the disinfected with 75% alcohol. Then, the
rats were anesthetized with 5% isoflurane in an induction chamber. Before the experiment, one
linear wound with an area of 2 × 2 cm was made by excising the skin on the back of the rat using
sterile scissors.

Eight SD rats were randomly divided into two groups. For the tested group, the wound sites of
the rats were covered with the prepared oil-hydrogel and were wrapped with porous bandages. The
oil-free hydrogel was applied to the wounds of the control animals. The covered hydrogel was replaced
every two days during the 12-day experiment. The rats were housed individually after wounding.
For the evaluation of the progressive change in the wounded area, the wounds were photographed
every two days with a digital camera. The wound area was measured using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The wound area was determined by measuring the mass
of the transparent paper cut to the shape of the wound. The wound contraction was expressed as
a percentage reduction of the original cut size. The percentages of wound size were determined by
calculating the ratio between the measured wound area and the original wound area.

4.8. Statistical Analysis

The results are presented as mean ± standard deviation (SD), and the comparison between groups
was analyzed using the Student t-test. A p value less than 0.05 was considered statistically significant.

5. Conclusions

Although various medicinal plant oils are used to treat different kinds of wounds, the scientific
evidence about whether S. mukorossi seed oil also provides benefits for skin wound healing is incomplete.
The present investigation, for the first time, indicates that S. mukorossi seed oil extract shows remarkable
antibacterial, anti-inflammatory, antioxidant, cell proliferation, cell migration stimulation, and skin
wound healing. The total amount of δ-tocopherol and β-sitosterol in the S. mukorossi seed oil was 73.9
± 23.6 μg/mL (in 1% oil) and 232.64 ± 4.5 μg/mL, respectively. The inhibition effect of 1% S. mukorossi
seed oil on P. acnes, S. aureus, and C. albicans was 99%. Addition of 500 μg/mL S. mukorossi seed oil
resulted in a reduction of NO release by the lipopolysaccharide (LPS)-treated RAW 264.7 cells to 46%.
The wound size of the oil-treated rats decreased significantly to almost 50% when S. mukorossi seed
oil rich membrane was used as a dressing material. In accordance with our results, we suggest that
S. mukorossi seed oil has the potential for development to promote skin wound healing. Since the use
of S. mukorossi seed oil involves a strategy of using a waste as source of bioactive compounds, it can
conduct a cost benefit for skin care applications.
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Abbreviations

GC-MS gas chromatography-mass spectrometry
HPLC high-pressure liquid chromatography
CMC carboxymethyl cellulose
HA hyaluronic acid
SA sodium alginate
NO nitric oxide
LPS lipopolysaccharide
l-NAME N(ω)-nitro-l-arginine methylester hydrochloride
NOS nitric oxide synthase
FAME fatty acid methyl esters
MTT tetrazolium salt
DMEM Dulbecco’s modified Eagle medium
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Abstract: An acylated flavonol glycoside, helichrysoside, at a dose of 10 mg/kg/day per os for
14 days, improved the glucose tolerance in mice without affecting the food intake, visceral fat
weight, liver weight, and other plasma parameters. In this study, using hepatoblastoma-derived
HepG2 cells, helichrysoside, trans-tiliroside, and kaempferol 3-O-β-d-glucopyranoside enhanced
glucose consumption from the medium, but their aglycones and p-coumaric acid did not show this
activity. In addition, several acylated flavonol glycosides were synthesized to clarify the structural
requirements for lipid metabolism using HepG2 cells. The results showed that helichrysoside and
related analogs significantly inhibited triglyceride (TG) accumulation in these cells. The inhibition
by helichrysoside was more potent than that by other acylated flavonol glycosides, related flavonol
glycosides, and organic acids. As for the TG metabolism-promoting activity in high glucose-pretreated
HepG2 cells, helichrysoside, related analogs, and their aglycones were found to significantly reduce
the TG contents in HepG2 cells. However, the desacyl flavonol glycosides and organic acids derived
from the acyl groups did not exhibit an inhibitory impact on the TG contents in HepG2 cells.
These results suggest that the existence of the acyl moiety at the 6′′ position in the D-glucopyranosyl
part is essential for glucose and lipid metabolism-promoting activities.

Keywords: helichrysoside; acylated flavonol glycoside; glucose tolerance-improving activity; lipid
metabolism-promoting activity

1. Introduction

Flavonoids are one of the most abundant classes of secondary plant metabolites. Flavonoids are
biosynthesized by the shikimate and acetate-malonate pathways and are comprised of compounds
that possess a common C6-C3-C6 skeleton, where two aromatic rings (named ring A and B) are linked
via a heterocyclic 4H-pyrane ring (ring C). Modification of the 15-carbon skeleton through different
oxidation levels and substituents to ring C gives rise to different classes of flavonoids, such as flavones,
flavonols, flavanones, chalcones, dihydroflavonols (flavanonols), isoflavones, aurones, anthocyanidins,
leucoanthocyanidines (flavan-3,4-diols), and flavan-3-ols. They naturally occur in not only aglycone
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forms, but also as glycosylated and/or acylated derivatives and oligomeric and polymeric structures,
such as the flavan-3-ol-derived condensed tannins and proanthocyanidins [1–5]. Flavonoid health
benefits are well-recognized, such as their antioxidant properties, properties for weight management,
cardiovascular disease protection, anti-allergic activity, vascular fragility, prevention of viral and
bacterial infections, anti-inflammatory activity, age-related neurodegenerative disease prevention,
anti-platelet aggregation effects, and cancer protection, etc. [2–8]. Our studies on bioactive constituents
from medicinal and/or food resources have reported several bio-functional properties of flavonoids.
These included aldose reductase inhibitory [9–12], anti-platelet aggregation [9], anti-allergic [12–14],
anti-inflammatory [12,15–18], aminopeptidase N inhibition [11,17,19], hepatoprotective [20],
gastroprotective [21], melanogenesis inhibition [22], and dipeptidyl peptidase-IV inhibitory [23]
activities. This paper deals with the practical synthesis and glucose tolerance-improving
activity of helichrysoside (1 = quercetin 3-O-(6′′-O-trans-p-coumaroyl)-β-d-glucopyranoside), isolated
from Helichrysum kraussii and H. stoechas [24,25] by other research groups. Furthermore,
synthetic studies of the related analogs of 1 (2–15, Figure 1) were also carried out, as well
as characterization of its structural requirements for glucose and lipid metabolism in HepG2
cells. In our previous report, an acylated flavonol glycoside, trans-tiliroside (16 = kaempferol
3-O-(6′′-O-trans-p-coumaroyl)-β-d-glucopyranoside), isolated from the fruit of Rosa canina, was found
to suppress visceral fat weight gain and improve glucose tolerance in mice [26]. The structures of 1

and 16 are similar: the former has a p-coumaroyl ester at the 6-position in the β-D-glucopyranosyl
moiety of quercetin 3-O-β-d-glucopyranoside (isoquercitrin, 17), while the latter has the common acyl
group at the same position of kaempferol 3-O-β-d-glucopyranoside (18).

Figure 1. Structures of acylated flavonol glycosides (1–16) and related compounds (17–31).
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2. Results and Discussion

2.1. Synthesis of Acylated Flavonol Glycosides (1–15)

Rutin (19 = quercetin 3-O-α-l-rhamnopyraniosyl(1→6)-β-d-glucopyranoside), constructed
with quercetin (20) as an aglycone, is one of the most widely distributed naturally occurring
flavonoids and has been reported to have several pharmacological activities, such as anti-oxidant,
anti-inflammatory, anti-diabetic, anti-adipogenic, and neuroprotective effects, and has been used in
hormone therapy [27–30]. In order to achieve the practical synthesis of 1 from 19, the most inexpensive
and commercially available flavonoid, the optimal conditions for enzymatic hydrolysis of the terminal
rhamnosyl part were investigated. Therefore, the practical derivation from 19 to 17 was carried out
using naringinase (from Penicillium decumbens) under an optimal pH and temperature (pH 7 and 50 ◦C),
and the time course of the reaction mixture was monitored by high performance liquid chromatography
(HPLC) analysis (Figure S1 and Table S1). As shown in Table 1, the highest content of 17 in the reaction
mixture of 2 h was observed. By applying these conditions, a large-scale derivation of 17 (6.50 g and
14.0 mmol, 56.9%) from 19 (15.0 g and 24.6 mmol) was achieved.

Table 1. Peak area ratio of rutin (19), quercetin 3-O-β–d-glucopyranoside (17), and quercetin (20) in the
reaction mixture.

Reaction Time
Peak Area (%)

Rutin (19) Quercetin 3-O-Glc (17) Quercetin (20)

0 min 99.1 0.0 0.0
5 min 96.6 1.6 0.7
30 min 60.8 30.7 7.5

1 h 29.7 46.3 22.9
1.5 h 16.4 50.1 32.6
2 h 6.3 49.6 43.2
3 h 0.0 40.8 57.7

4.5 h 0.0 25.9 72.5
8 h 0.0 9.0 89.4
24 h 0.0 1.5 95.5

Linearities for 19, 17, and 20 in the HPLC analytical condition were calculated as shown in Table S1.

Synthesis of the acylated flavonol glycosides, including helichrysoside (1–15) from 17, using
the corresponding acylation reactions, was carried out. Therefore, protection of a phenol group in
p-coumaric acid (22) with tert-butyldiphenylsilyl chloride (TBDPSCl) yielded the corresponding silyl
ether, 22a. Acylation of 17 with 22a in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC·HCl) and 4-dimethylaminopyridine (4-DMAP) in pyridine, followed by
deprotection with tetrabutylammonium fluoride (TBAF), provided 1 with a 36.9% yield (Scheme 1).

In a similar procedure to that of 1 [31,32], compounds 3, 4, 5, 6, 7 [33], 8 [34], 10 [33], 12 [33,35,36],
14, and 15 were synthesized with 17 and the corresponding organic acids. The cis-isomer of 1, quercetin
3-O-(6′′-O-cis-p-coumaroyl)-β-d-glucopyranoside (2), was derived under a UV lamp in a methanol
solution of 1. Using a similar procedure, quercetin 3-O-(6′′-O-cis-caffeoyl)-β-d-glucopyranoside
(9), quercetin 3-O-(6′′-O-cis-feruloyl)-β-d-glucopyranoside (11), and quercetin
3-O-(6′′-O-cis-cinnamoyl)-β-d-glucopyranoside (13) were also isomerized from 8, 10, and 12,
respectively. Among these synthetic products, known compounds (1, 7, 8, 10, and 12) were identified
by a comparison of their physicochemical data with those of authentic samples or with reported
values. The structural determination of new compounds (2–6, 9, 11, and 13–15) was elucidated on
their spectroscopic properties, including the 13C-NMR data, as shown in Table S2.
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Scheme 1. Reagents and conditions: (a) tert-butyldiphenylsilyl chloride (TBDPSCl),
imidazole/N,N-dimethylformamide (DMF), 40 ◦C, 16 h, 76.5%; (b) naringinase/H2O, 50 ◦C, 2 h,
56.9%; (c) 22a (1.2 eq), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl),
4-dimethylaminopyridine (4-DMAP)/pyridine, 50 ◦C, 12 h; (d) tetrabutylammonium fluoride
(TBAF)/tetrahydrofuran (THF), r.t., 1 h, 36.9% (two steps from 17).

2.2. Effect of Helichrysoside (1) on the Liver Triglyceride (TG) Content and Glucose Tolerance Test after 14 Days
of Administration in Mice

Diabetes is characterized by a high incidence of cardiovascular disease and poor control of
hyperglycemia caused by insulin resistance (IR). IR can be defined as the inability of insulin to stimulate
glucose uptake into the liver, skeletal muscle, or adipose tissue. Hyperglycemia is an important factor
contributing to the development of atherosclerosis, and is relevant to the pathophysiology of late
diabetic complications. Therefore, improving IR may form part of the strategy for the prevention
and management of cardiovascular disease in diabetes [37,38]. We have reported that several
anti-diabetogenic therapeutic candidates obtained from natural resources, such as acylated flavonol
glycosides from Sinocrassula indica [39]; saponins from Borassus flabellifer [40]; and thiosugars from Salacia
reticulata, S. oblonga, and S. chinensis [41–46], showed the inhibition of postprandial hyperglycemia
and/or improvement of glucose tolerance in sugar-loaded animal models. As mentioned above, the
structure of 16 isolated from R. canina [26] is quite similar to 1, so we presumed that 1 also exhibits
similar anti-diabetogenic activity to 16 in an in vivo study. To continue our search for new candidates
of the anti-diabetogenic and/or anti-diabetic principles and to evaluate the anti-diabetogenic effect of 1,
the effect of 14 days of the continuous administration of 1 on glucose tolerance was performed in mice.
Following this continuous administration, 1 was found to significantly suppress the increase in blood
glucose levels at doses of 1 and 10 mg/kg/day per os (p.o.), at 60 min post glucose loading (Figure 2
and Table S3). The area under the curve (AUC) of blood glucose levels was significantly reduced at the
dose of 10 mg/kg/day (p.o.). As indicated in Table S4, the continuous administration of 1 tended to
reduce the weights of visceral fat and the liver and the liver TG content, without affecting the food
intake and other plasma parameters, including plasma TG, total cholesterol, and free fatty acids (FFA).
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Figure 2. Effect of helichrysoside (1) on the glucose tolerance test after 14 days of administration
in mice.

2.3. Effects on Glucose Consumption in HepG2 Cells

The liver is one of the tissues important for maintaining blood glucose homeostasis and greatly
affects the formation of abnormal glucose tolerance [47]. Since the improving activity of helichrysoside
(1) in terms of glucose tolerance in mice was observed in the previous section, we investigated the
effects of 1 and its related compounds (16–18 and 20–22), to clarify the structural requirement of
glucose consumption using human hepatoblastoma-derived HepG2 cells. As shown in Table 2, the
glucose concentration in the medium was found to be significantly reduced at 6 days pretreatment
with 1, trans-tiliroside (16), kaempferol 3-O-β-d-glucopyranoside (18), and metformin. On the other
hand, the desacyl derivative of 1, quercetin 3-O-β-d-glucopyranoside (17); the aglycones of 1 and 16,
quercetin (20) and kaempferol (21); and trans-p-coumaric acid (22) did not result in changes in the
glucose concentration in the medium. These results suggested that the p-coumaroyl moiety at the
6′′ position in the D-glucopyranosyl part was essential for promoting glucose consumption. Recent
related studies have reported that compounds 17, 20, and 21 promoted glucose uptake into muscle and
hepatocytes [48–50]. Due to the long-term treatment of test samples of cells in our study, the treatment
with compounds 17, 20, and 21 showed cytotoxicity at the concentration of 30–100 μM.

Table 2. Effects of helichrysoside (1) and related compounds (16–18 and 20–22) on glucose consumption
in HepG2 cells.

Treatment
Glucose in the Medium (% of Control)(Protein (% of Control))

0 μM 3 μM 10 μM 30 μM 100 μM

Helichrysoside (1) 100.0 ± 2.6
(100.0 ± 5.4)

94.7 ± 1.1 **
(96.6 ± 2.0)

86.7 ± 1.2 **
(98.3 ± 2.0)

89.3 ± 1.1 **
(102.9 ± 1.5)

82.9 ± 1.5 **
(105.2 ± 1.4)

Trans-tiliroside (16) 100.0 ± 6.4
(100.0 ± 4.7)

84.6 ± 0.9 **
(105.4 ± 1.5)

90.1 ± 0.6 **
(102.3 ± 2.7)

96.8 ± 1.7
(103.4 ± 1.9)

79.8 ± 1.0 **
(110.0 ± 1.0)

Quercetin 3-O-Glc
(17)

100.0 ± 1.1
(100.0 ± 1.3)

100.9± 1.4
(104.0 ± 1.0)

100.6 ± 1.3
(104.1 ± 0.9)

241.7 ± 3.8 **
(47.2 ± 0.6 **)

269.4 ± 5.2 **
(23.1± 1.4**)

Kaempferol
3-O-Glc (18)

100.0 ± 3.0
(100.0 ± 3.5)

95.9 ± 0.7
(96.4 ± 2.0)

98.9 ± 2.7
(94.2 ± 1.4 *)

93.4 ± 0.4 **
(100.1 ± 0.4)

92.8 ± 1.1 **
(98.7 ± 1.4)

Quercetin (20) 100.0 ± 2.0
(100.0 ± 0.5)

98.6 ± 0.4
(102.0 ± 0.9)

97.2 ± 1.7
(103.4 ± 0.8 **)

105.6 ± 2.0
(98.9 ± 0.6)

249.2 ± 3.9 **
(41.7 ± 0.4 **)

Kaempferol (21) 100.0 ± 3.1
(100.0 ± 0.7)

98.4 ± 2.2
(101.0 ± 0.8)

95.2 ± 1.5
(100.7 ± 0.5)

98.1 ± 0.9
(100.3 ± 1.2)

224.4 ± 3.1 **
(55.4 ± 0.5 **)

Trans-p-coumaric
acid (22)

100.0 ± 3.6
(100.0 ± 3.7)

96.9 ± 1.5
(99.7 ± 0.6)

96.5 ± 0.5
(98.2 ± 1.7)

96.8 ± 1.7
(98.3 ± 0.4)

97.7 ± 1.8
(105.8 ± 1.8 *)

0 μM 62.5 μM 125 μM 250 μM 500 μM

Metformin 100.0 ± 1.5
(100.0 ± 1.2)

98.9 ± 1.9
(102.0 ± 1.8)

95.1 ± 0.7
(100.9 ± 1.7)

97.7 ± 1.8
(100.5 ± 2.1)

87.5 ± 4.8 *
(100.6 ± 2.3)

Each value represents the mean ± S.E. (n = 4 or 8); asterisks denote significant differences from the control group,
where * p < 0.05 and ** p < 0.01.
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2.4. Effects on Lipid Metabolism in HepG2 Cells

A fatty liver is recognized as a significant risk factor for serious liver diseases [51,52]. A strong
causal link has been identified between fatty liver diseases and hyperinsulinemia, caused by insulin
resistance [53,54]. Therefore, a fatty liver is considered to be closely associated with obesity and type
2 diabetes [54]. In previous studies on the identification of anti-fatty liver principles from natural
medicines, several flavonoids [55–58] were revealed to inhibit lipid accumulation in HepG2 cells.
Similarly, we also reported that several megastigmanes [59], diterpenes [60], and limonoids [61]
inhibited lipid metabolism in high glucose-pretreated HepG2 cells.

Intracellular TG accumulated in HepG2 cells via increasing the expression of lipogenesis-related
proteins, such as sterol regulatory element-binding protein 1c (SREBP-1c) and fatty acid synthase
(FAS), when cultured in high glucose-containing medium [55,62]. To characterize this phenomenon,
we examined the inhibitory effects of the acylated flavonol glycosides (1–16) and related compounds
(17–22, 24, 26, and 28–31) on (i) high glucose-induced TG accumulation in HepG2 cells and (ii) TG
contents in high glucose-pretreated HepG2 cells.

As shown in Table 3, several acylated flavonol glycosides, such
as helichrysoside (1), quercetin 3-O-(6′′-O-cis-p-coumaroyl)-β-d-glucopyranoside
(2), quercetin 3-O-(6′′-O-trans-p-methylcoumaroyl)-β-d-glucopyranoside (3), quercetin
3-O-(6′′-O-trimethylgalloyl)-β-d-glucopyranoside (15), and trans-tiliroside (16), significantly inhibited high
glucose-induced TG accumulation in HepG2 cells (% of control at 100 μM: 1 (76.9 ± 2.3%), 2 (80.4 ± 1.2%),
3 (58.2 ± 7.5%), 15 (85.8 ± 4.1%), and 16 (82.3 ± 3.0%)). In contrast, the other acylated flavonol glycosides
(4–14), related flavonol glycosides (17–19), and organic acids, which related to the corresponding acyl
groups (22–31), did not show significant inhibitory activity up to a concentration of 100 μM. As for the
inhibitory effects of the corresponding aglycones, quercetin (20, 45.7 ± 0.4% at 100 μM) and kaempferol
(21, 25.5 ± 1.4% at 100 μM) showed stronger activity than that of the acylated flavonol glycosides, with
cytotoxicity under the effective concentrations (data not shown). The structural requirements of the acylated
flavonol glycosides were assessed and showed that (1) the acylated flavonol glycosides with a p-coumaroyl,
p-methylcoumaryl, or trimethylgalloyl moiety as the acyl group in the 6′′ position of the D-glucopyranosyl
part are essential for the activity, and (2) the glycoside structure contributes to reducing the cytotoxicity.

On the other hand, all the tested acylated flavonol glycosides (1–16) and their aglycones
(20 and 21) were found to significantly inhibit the TG content in high glucose-pretreated HepG2
cells at a concentration of 100 μM, as shown in Table 4. Specifically, the 6′′-O-acylated quercetin
3-O-β-d-glucopyranosides structure, having a trans- and cis-p-coumaroyl (% of control at 10 μM:
1 (82.9 ± 1.3) and 2 (86.0 ± 3.2%)), trans-p-methylcoumaroyl (3, 87.4 ± 0.9%), trans-m-coumaroyl
(6, 87.5 ± 4.2%), trans-m-methylcoumaroyl (7, 88.4 ± 2.0%), trans- and cis-cinnamoyl (12 (87.2 ± 2.1%)
and 13 (88.9 ± 1.8%)), and vanilloyl moiety (14, 75.0 ± 7.3%), showed potent activities. However, the
corresponding flavonol glycosides (17–19) and organic acids (22, 24, 26, and 28–31) lacked this potency.
Based on these results, the following structural requirements can be concluded: the acylated flavonol
glycosides with a p- or m-coumaroyl, p- or m-methylcoumaryl, cinnamoyl, or vanilloyl moiety with the
acyl group in the 6′′ position of the D-glucopyranosyl part are essential for the potent inhibition of TG
content in high glucose-pretreated HepG2 cells.
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Recently, it has been reported that derivatives of 16 activate adenosine 5′-monophosphate-activated
protein kinase (AMPK) in 3T3-L1 cells [63] and stimulate glucose transporter (GLUT) 4 translocation
in skeletal muscle cells [64]. AMPK is known as a key molecule involved in regulating glucose and
lipid metabolism in the liver. From the similarity of the structure, the activities exhibited by 1 and its
analogs in this study may have been caused via the same mechanism, but further investigations are
needed to clarify the details.

3. Materials and Methods

3.1. Chemicals and Reagents

Rutin and naringinase were purchased from Sigma-Aldrich Co. LLC., St. Louis, MO, USA. DMF,
tert-butyldiphenylsilyl chloride (TBDPSCl), EDC·HCl, 4-DMAP, TBAF, and tetrahydrofuran (THF)
were purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. Flavonols (17, 18, and 20–21),
organic acids (22–31), and other chemicals, unless otherwise indicated, were purchased from Nakalai
Tesque Inc., Kyoto, Japan.

3.2. General Experimental Procedures

The following instruments were used to obtain spectroscopic data: specific rotations, Horiba
SEPA-300 digital polarimeter (l = 5 cm); UV spectra, Shimadzu UV-1600 spectrometer; IR spectra,
Shimadzu FTIR-8100 spectrometer; FAB-MS and high-resolution MS, JEOL JMS-SX 102A mass
spectrometer; ESIMS and HRESIMS, Exactive Plus mass spectrometer (Thermo Fisher Scientific Inc.,
MA, USA); 1H-NMR spectra, JEOL JNM-ECA600 (600 MHz) and JNM-ESC400 (400 MHz) spectrometers;
13C-NMR spectra, JEOL JNM-ECA600 (150 MHz) and JNM-ESC400 (100 MHz) spectrometers, with
tetramethylsilane as an internal standard; HPLC detector, Shimadzu SPD-10Avp UV-VIS detectors; and
HPLC column, Cosmosil 5C18-MS-II (Nacalai Tesque Inc.). The following experimental conditions were
used for column chromatography (CC): ordinary-phase silica gel CC, silica gel 60N (Kanto Chemical
Co., Tokyo, Japan; 63–210 mesh, spherical, neutral), normal-phase thin-layer chromatography (TLC),
pre-coated TLC plates with silica gel 60F254 (Merck, Darmstadt, Germany; 0.25 mm), with detection
achieved by spraying with 1% Ce(SO4)2–10% aqueous H2SO4, and followed by heating.

3.3. Enzymatic Hydrolysis of Rutin (19) Monitored by HPLC

A suspension of rutin (19, 100.0 mg) in H2O (50 mL) was mixed and stirred at 50 ◦C in a water
bath for a few minutes. Then, naringinase (5.0 mg) was added to the suspension to start the reaction.
Aliquots (1 mL) of the reaction mixture after 0, 5, and 30 min and 1, 1.5, 2, 3, 4.5, 8, and 24 h were
transferred into a 10 mL volumetric flask and methanol was added to make up the volume, respectively.
Each solution was filtered through a syringe filter (0.45 μm), and an aliquot of 1 μL was subjected to
the following HPLC analytical conditions.

A series LC-20A Prominence HPLC system (version 3.40, Shimadzu Co., Kyoto, Japan) was
equipped with a UV-VIS detector, a binary pump, a degasser, an autosampler, a thermostatic column
compartment, and a control module. The chromatographic separation was performed on a Cosmosil
5C18-MS-II (3 μm particle size, 150 × 2.0 mm i.d., Nacalai Tesque Inc., Kyoto, Japan) operated at 40 ◦C
with mobile phase A (acetonitrile) and B (H2O containing 0.1% acetic acid). The gradient program
was as follows: 0–3 min (A:B = 20:80, v/v)→ 10–15 min (90:10, v/v)→ 15–25 min (20:80, v/v, hold).
The flow rate was 0.2 mL/min with UV detection at 254 nm and the injection volume was 1 μL. The
standard curves were prepared with five concentration levels in the range of 25–400 μg/mL (25, 50,
100, 200, and 400 μg/mL, respectively). Linearity for each compound, such as rutin (19), quercetin
3-O-β-d-glucopyranoside (17), and quercetin (20), was plotted using linear regression of the peak area
versus concentration. The coefficient of correlation (R2) was used to judge the linearity (Figure S1 and
Table S1).
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3.4. Practical Derivation from Rutin (19) to Quercetin 3-O-β-d-glucopyranoside (17) by Naringinase

Naringinase (750.0 mg) was added to a suspension of rutin (19, 15.0 g, 24.6 mmol) in H2O (7.5 L),
and the mixture was stirred at 50 ◦C for 2 h. Removal of the solvent from the reaction mixture was
carried out under reduced pressure using EtOH as an azeotropic solvent to give a crude product,
which, on silica gel CC (500 g, CHCl3/MeOH/H2O (10:3:0.4, v/v/v)), gave a title compound (17, 6.50 g,
56.9%).

3.5. Synthesis of Helichrysoside (1)

Under an argon atmosphere, imidazole (1.50 g, 22.0 mmol, 3.2 eq) and TBDPSCl (4.54 g, 16.5 mmol,
2.4 eq) were added to a solution of trans-p-coumaric acid (22, 1.30 g, 6.88 mmol) in dry-DMF (12.0 mL),
and the mixture was stirred at 40 ◦C for 16 h. The reaction mixture was poured into ice-water and
extracted with EtOAc, before being washed with brine. The extract was condensed under a reduced
pressure to give a white solid, which was dissolved in CHCl3/MeOH (10:7, v/v, 17 mL) and acidified by
1 M HCl until pH 3.0. After stirring at room temperature for 1.5 h, the reaction mixture was condensed
under a reduced pressure to give a pale yellow oil, which was crystallized in n-hexane/EtOAc (9:1, v/v,
20 mL) to give 22a (2.12 g, 76.5%).

4-O-tert-Butyldiphenylsilyl ether of trans-p-coumaric acid (22a): 1H NMR (400 MHz, CDCl3): δ
1.10 (9H, s, tert-Bu), 6.23, 7.65 (1H each, both d, J = 16.0 Hz, H-8 and 7), 6.76, 7.30 (2H each, both d,
J = 8.7 Hz, H-3,5 and 2,6), [7.37 (4H, m), 7.43 (2H, m), 7.70 (4H, dd, J = 1.9, 8.2 Hz), arom.]. 13C NMR
(100 MHz, CDCl3): δC 127.2 (C-1), 129.8 (C-2,6), 120.3 (C-3,5), 158.1 (C-4), 146.7 (C-7), 114.8 (C-8), 172.3
(C-9), 132.3, 135.4, 127.9, 130.1 (arom. C-1, 2,6, 3,5, 4), 19.4 (CH3C-), 26.4 (CH3C-).

Compound 22a (0.40 g, 0.96 mmol, 1.2 eq), EDC·HCl (0.31 g, 1.60 mmol, 2.0 eq), and 4- DMAP
(0.15 g, 1.20 mmol, 1.5 eq) were added to a solution of 17 (0.37 g, 0.80 mmol) in pyridine (4.0 mL),
and the mixture was stirred at 50 ◦C for 12 h. The reaction mixture was condensed under a reduced
pressure to give a crude product. Then, a solution of the crude product in THF (5.0 mL) was added
to TBAF (ca. 1.0 mol/L in THF, 800 μL, 0.80 mmol, 1.0 eq) at room temperature for 1 h. The reaction
mixture was quenched in H2O, and removal of the solvent under a reduced pressure then furnished a
residue, which, on silica gel CC (10 g, CHCl3/MeOH/H2O (10:3:0.4, v/v/v)), gave a title compound (1,
0.18 g, 36.9%).

3.6. Synthesis of 3–8, 10, 12, 14, and 15

In a manner similar to that used for 22a (vide supra), trans-o-coumaric acid (24), trans-m-coumaric
acid (26), trans-caffeic acid (28), trans-ferulic acid (29), and vanillic acid (31) were derived to yield
the corresponding silyl ether derivatives, 24a (95.1%), 26a (94.6%), 28a (393.0%), 29a (87.3%), and 31a

(98.5%), respectively.
2-O-tert-Butyldiphenylsilyl ether of trans-o-coumaric acid (24a): 1H NMR (400 MHz, CDCl3): δ

1.15 (9H, s, tert-Bu), 6.49, 8.53 (1H each, both d, J = 16.0 Hz, H-8 and 7), 6.48 (1H, dd, J = 1.8, 8.7 Hz,
H-3), 6.88 (1H, br dd, J = ca. 8, 8 Hz, H-5), 6.96 (1H, ddd, J = 1.8, 8.3, 8.7 Hz, H-4), 7.59 (1H, dd, J = 1.8,
7.8 Hz, H-6), (7.39 (4H, m), 7.44 (2H, m), 7.72 (4H, dd, J = 1.8, 8.3 Hz), arom.). 13C NMR (100 MHz,
CDCl3): δC 125.0 (C-1), 154.6 (C-2), 119.9 (C-3), 131.5 (C-4), 121.4 (C-5), 127.5 (C-6), 142.3 (C-7), 117.1
(C-8), 172.6 (C-9), 132.2, 135.4, 127.9, 130.1 (arom. C-1, 2,6, 3,5, 4), 19.6 (CH3C-), 26.5 (CH3C-).

3-O-tert-Butyldiphenylsilyl ether of trans-m-coumaric acid (26a): 1H NMR (400 MHz, CDCl3): δ
1.12 (9H, s, tert-Bu), 6.17, 7.59 (1H each, both d, J = 16.0 Hz, H-8 and 7), 6.78 (1H, br d, J = ca. 8 Hz,
H-4), 6.94 (1H, br s, H-2), 7.04 (br d, J = ca. 8 Hz, H-6), 7.10 (dd, J = 7.8, 7.8 Hz, H-5), (7.38 (4H, m), 7.44
(2H, m), 7.71 (4H, m), arom.). 13C NMR (100 MHz, CDCl3): δC 135.2 (C-1), 119.1 (C-2), 156.0 (C-3),
122.2 (C-4), 129.7 (C-5), 121.5 (C-6), 146.8 (C-7), 117.3 (C-8), 172.1 (C-9), 132.2, 135.5, 127.9, 130.1 (arom.
C-1, 2,6, 3,5, 4), 19.5 (CH3C-), 26.5 (CH3C-).

3,4-Di-O-tert-butyldiphenylsilyl ether of trans-caffeic acid (28a): 1H NMR (400 MHz, CDCl3): δ
1.14, 1.18 (9H each, both s, tert-Bu), 5.48, 7.17 (1H each, both d, J = 16.0 Hz, H-8 and 7), 6.39 (1H, d,
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J = 8.2 Hz, H-5), 6.53 (1H, dd, J = 1.8, 8.2 Hz, H-6), 6.59 (1H, d, J = 1.8 Hz, H-2), (7.40 (8H, m), 7.45 (4H,
m), 7.79 (8H, m), arom.). 13C NMR (100 MHz, CDCl3): δC 126.8 (C-1), 119.4 (C-2), 146.5 (C-3), 148.9
(C-4), 120.5 (C-5), 122.3 (C-6), 146.6 (C-7), 114.4 (C-8), 172.0 (C-9), 132.5/132.9, 135.4/135.6, 127.9/128.0,
130.0/130.2 (arom. C-1, 2,6, 3,5, 4), 19.5, 19.5 (CH3C-), 26.6, 26.8 (CH3C-).

4-O-tert-Butyldiphenylsilyl ether of trans-ferulic acid (29a): 1H NMR (400 MHz, CDCl3): δ 1.11
(9H, s, tert-Bu), 3.60 (3H, s, -OCH3), 6.23, 7.64 (1H each, both d, J = 16.0 Hz, H-8 and 7), 6.69 (1H, d,
J = 8.2 Hz, H-5), 6.86 (1H, dd, J = 1.8, 8.2 Hz, H-6), 6.95 (1H, d, J = 1.8 Hz, H-2), (7.35 (4H, m), 7.41 (2H,
m), 7.70 (4H, dd, J = 1.8, 7.8 Hz), arom.). 13C NMR (100 MHz, CDCl3): δC 127.7 (C-1), 111.2 (C-2), 150.8
(C-3), 147.9 (C-4), 120.4 (C-5), 122.5 (C-6), 147.1 (C-7), 114.7 (C-8), 172.3 (C-9), 133.1, 135.3, 127.6, 129.8
(arom. C-1, 2,6, 3,5, 4), 19.8 (CH3C-), 26.6 (CH3C-).

3-O-tert-Butyldiphenylsilyl ether of vanillic acid (31a): 1H NMR (400 MHz, CDCl3): δ 1.12 (9H, s,
tert-Bu), 3.61 (3H, s, -OCH3), 6.37 (1H, d, J = 9.2 Hz, H-5), 7.47 (1H, dd, J = 1.8, 9.2 Hz, H-6), 7.48 (1H, d,
J = 1.8 Hz, H-2), (7.35 (4H, m), 7.41 (2H, m), 7.69 (4H, m), arom.). 13C NMR (100 MHz, CDCl3): δC

122.4 (C-1), 113.5 (C-2), 150.4 (C-3), 150.3 (C-4), 119.8 (C-5), 124.0 (C-6), 171.7 (C-9), 132.9, 135.2, 127.6,
129.8 (arom. C-1, 2,6, 3,5, 4), 19.8 (CH3C-), 26.5 (CH3C-).

In a manner similar to that used for the preparation of 1 (vide supra), dehydration condensation
of 17 (500.0 mg, 1.08 mmol) and 24a, 26a, 28a, 30a, and 31a (521.1, 521.1, 521.1, 849.6, 558.6, and
526.3 mg, respectively, 1.29 mmol, 1.2 eq) were conducted to yield the corresponding 6′′-O-acylated
quercetin 3-β-d-glucopyranosides, 4 (134.6 mg, 31.0%), 6 (147.7 mg, 34.0%), 8 (248.5 mg, 35.1%), 10

(176.9 mg, 38.0%), and 14 (130.7 mg, 29.8%), respectively. Syntheses of the 6′′-O-acylated quercetin
3-β-d-glucopyranosides, 3 (39.0 mg, 20.3%), 5 (63.2 mg, 32.9%), 7 (57.2 mg, 29.8%), 12 (53.2 mg,
33.3%), and 15 (75.2 mg, 32.9%) were also carried out by the dehydration condensation of 17 with
trans-p-methylcoumaric acid (23), trans-o-methylcoumaric acid (25), trans-m-methylcoumaric acid (27),
trans-cinnamic acid (30), and trimethylgallic acid, respectively, without the deprotection procedure of
the tert-butyldiphenylsilyl (TBDPS) ether group.

Quercetin 3-O-(6′′-O-trans-p-methylcoumaroyl)-β-d-glucopyranoside (3): A yellow powder,
high-resolution positive-ion FABMS: Calcd for C31H28O14Na (M+Na)+: 647.1377. Found: 647.1373. 1H
NMR (600 MHz, DMSO-d6): δ 3.21 (1H, dd, J = 8.9, 9.0 Hz, H-4′′), 3.29 (1H, dd, J = 8.8, 9.0 Hz, H-3′′),
3.31 (1H, dd, J = 7.4, 8.8 Hz, H-2′′), 3.40 (1H, ddd, J = 2.0, 6.9, 8.9 Hz, H-5′′), 3.82 (3H, s, -OCH3), (4.30
(1H, dd, J = 2.0, 11.8 Hz), 4.66 (1H, dd, J = 6.9, 11.8 Hz), H2-6′′), 5.49 (1H, d, J = 7.4 Hz, H-1′′), 6.13,
6.33 (1H each, both d, J = 2.0 Hz, H-6 and 8), 6.17, 7.36 (1H each, both d, J = 16.0 Hz, H-8′′′ and 7′′′),
6.83 (1H, d, J = 8.4 Hz, H-5′), 6.95, 7.44 (2H each, both d, J = 8.8 Hz, H-3′′′,5′′′ and 2′′′,6′′′), 7.53 (1H,
dd, J = 2.2, 8.4 Hz, H-6′), 7.55 (1H, d, J = 2.2 Hz, H-2′), 12.60 (1H, br s, 5-OH). 13C NMR (150 MHz,
DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-trans-o-coumaroyl)-β-d-glucopyranoside (4): A yellow powder,
high-resolution positive-ion FABMS: Calcd for C30H26O14Na (M+Na)+: 633.1220. Found: 633.1226. 1H
NMR (600 MHz, DMSO-d6): δ 3.22 (1H, dd, J = 8.8, 9.5 Hz, H-4′′), 3.28 (1H, dd, J = 8.8, 8.8 Hz, H-3′′),
3.30 (1H, dd, J = 7.3, 8.8 Hz, H-2′′), 3.40 (1H, ddd, J = 2.2, 6.4, 9.5 Hz, H-5′′), (4.07 (1H, dd, J = 6.4, 11.9
Hz), 4.29 (1H, dd, J = 2.2, 11.9 Hz), H2-6′′), 5.47 (1H, d, J = 7.3 Hz, H-1′′), 6.15, 6.38 (1H each, both d,
J = 2.0 Hz, H-6 and 8), 6.34, 7.73 (1H each, both d, J = 16.1 Hz, H-8′′′, 7′′′), 6.83 (1H, ddd, J = 1.7, 7.8,
8.7 Hz, H-5′′′), 6.84 (1H, d, J = 8.2 Hz, H-5′′), 6.93 (1H, dd, J = 1.7, 8.3 Hz, H-3′′′), 7.22 (1H, ddd, J = 1.6,
8.3, 8.7 Hz, H-4′′′), 7.38 (1H, dd, J = 1.6, 7.8 Hz, H-6′′′), 7.52 (1H, dd, J = 2.0, 8.2 Hz, H-6′′), 7.55 (1H, d,
J = 2.0 Hz, H-2′′), 12.58 (1H, br s, 5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-trans-o-methylcoumaroyl)-β-d-glucopyranoside (5): A yellow powder,
high-resolution positive-ion FABMS: Calcd for C31H28O14Na (M+Na)+: 647.1377. Found: 647.1381.
1H NMR (600 MHz, DMSO-d6): δ 3.21 (1H, m, H-4′′), 3.33 (2H, m, H-2′′, 3′′), 3.41 (1H, ddd, J = 2.3,
6.9, 9.5 Hz, H-5′′), 3.82 (3H, s, -OCH3), (4.11 (1H, dd, J = 6.9, 12.1 Hz), 4.30 (1H, dd, J = 2.3, 12.1 Hz),
H2-6′′), 5.48 (1H, d, J = 7.5 Hz, H-1′′), 6.07, 6.30 (1H each, both d, J= 2.0 Hz, H-6 and 8), 6.32, 7.70 (1H
each, both d, J = 16.1 Hz, H-8′′′ and 7′′′), 6.83 (1H, d, J = 8.9 Hz, H-5′′), 6.98 (1H, br dd, J = ca. 8, 8 Hz,
H-5′′′), 7.05 (1H, br d, J = ca. 8 Hz, H-3′′′), 7.41 (1H, ddd, J = 1.7, 8.2, 8.3 Hz, H-4′′′), 7.47 (1H, dd,
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J = 1.7, 8.2 Hz, H-6′′′), 7.52 (1H, dd, J = 2.3, 8.9 Hz, H-6′′), 7.53 (1H, d, J = 2.3 Hz, H-2′′), 12.57 (1H, br s,
5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-trans-m-coumaroyl)-β-d-glucopyranoside (6): A yellow powder,
high-resolution positive-ion FABMS: Calcd for C30H26O14Na (M+Na)+: 633.1220. Found: 633.1226. 1H
NMR (600 MHz, DMSO-d6): δ 3.22 (1H, dd, J = 8.8, 9.0 Hz, H-4′′), 3.28 (1H, dd, J = 7.6, 8.9 Hz, H-2′′),
3.31 (1H, dd, J = 8.8, 8.9 Hz, H-3′′), 3.40 (1H, ddd, J = 2.0, 6.6, 9.0 Hz, H-5′′), (4.08 (1H, dd, J = 6.6, 11.9
Hz), 4.30 (1H, dd, J = 2.0, 11.9 Hz), H2-6′′), 5.46 (1H, d, J = 7.6 Hz, H-1′′), 6.12, 6.33 (1H each, both br
s, H-6, 8), 6.24, 7.35 (1H each, both d, J = 16.0 Hz, H-8′′′ and 7′′′), 6.82 (1H, d, J = 8.4 Hz, H-5′), 6.83
(1H, br d, J = ca. 8 Hz, H-4′′′), 6.91 (1H, br d, J = ca. 8 Hz, H-6′′′), 6.94 (1H, br s, H-2′′′), 7.20 (1H, dd,
J = 8.0, 8.0 Hz, H-5′′′), 7.52 (1H, dd, J = 2.2, 8.4 Hz, H-6′), 7.54 (1H, d, J = 2.2 Hz, H-2′), 12.57 (1H, br s,
5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-vanilloyl)-β-d-glucopyranoside (14): A yellow powder, high-resolution
positive-ion FABMS: Calcd for C29H26O15Na (M+Na)+: 637.1169. Found: 637.1174. 1H NMR (600 MHz,
DMSO-d6): δ 3.24 (1H, dd, J = 8.9, 9.1 Hz, H-4′′), 3.30 (1H, dd, J = 8.8, 8.9 Hz, H-3′′), 3.33 (1H, dd,
J = 7.4, 8.8 Hz, H-2′′), 3.45 (1H, ddd, J = 2.1, 6.9, 9.1 Hz, H-5′′), 3.70 (3H, s, -OCH3), (4.13 (1H, dd,
J = 6.9, 11.9 Hz), 4.40 (1H, dd, J = 2.1, 11.9 Hz), H2-6′′), 5.54 (1H, d, J = 7.4 Hz, H-1′′), 6.18, 6.35 (1H
each, both d, J = 1.9 Hz, H-6 and 8), 6.70 (1H, d, J = 8.2 Hz, H-5′′′), 6.78 (1H, d, J = 8.4 Hz, H-5′), 7.19
(1H, dd, J = 2.0, 8.2 Hz, H-6′′′), 7.27 (1H, d, J = 2.0 Hz, H-2′′′), 7.51 (1H, d, J = 2.2 Hz, H-2′), 7.53 (1H,
dd, J = 2.2, 8.4 Hz, H-6′), 12.58 (1H, br s, 5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-trimethylgalloyl)-β-d-glucopyranoside (15): A yellow powder,
high-resolution positive-ion FABMS: Calcd for C31H30O16Na (M+Na)+: 681.1432. Found: 681.1436.
UV (MeOH, nm (log ε)): 259 (3.99), 295 (3.62), 359 (3.77). IR (KBr): 3590, 1701, 1655, 1597, 1503, 1341,
1202, 1075 cm-1. 1H NMR (600 MHz, DMSO-d6): δ 3.23 (1H, dd, J = 9.1, 9.7 Hz, H-4′′), 3.30 (2H, m,
H-2′′, 3′′), 3.50 (1H, ddd, J = 2.4, 7.3, 9.7 Hz, H-5′′), (3.67 (6H, s), 3.73 (3H, s), -OCH3), (4.26 (1H, dd,
J = 7.3, 11.9 Hz), 4.43 (1H, dd, J = 2.4, 11.9 Hz), H2-6′′), 5.49 (1H, d, J = 7.6 Hz, H-1′′), 6.10, 6.30 (1H
each, both d, J = 2.1 Hz, H-6 and 8), 6.74 (1H, d, J = 8.6 Hz, H-5′), 7.48 (1H, br s, H-2′), 7.49 (1H, br d,
J = ca. 9 Hz, H-6′), 12.48 (1H br s, 5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

3.7. Isomerization of 1, 8, 10, and 12

A methanol solution (20 mL) of 1 (100.0 mg, 0.17 mmol) in a Pyrex tube was left standing for 8 h
under a UV lamp (short wave) at room temperature. The reaction mixture was condensed under a
reduced pressure to give a crude product, which, on HPLC (Cosmosil 5C18-MS-II, MeOH–1% aqueous
AcOH (55:45, v/v)), gave the cis-isomer 2 (25.1 mg) and a recovering compound (1, 69.8 mg). Using the
similar procedure, a methanol solution (10 mL) of 8, 10, or 12 (each 50.0 mg) was isomerized to the
corresponding cis-isomer 9 (12.2 mg (recovered 8, 25.8 mg)), 11 (10.8 mg (recovered 10, 26.9 mg)), or 13

(14.2 mg (recovered 12, 30.1 mg)).
Quercetin 3-O-(6′′-O-cis-p-coumaroyl)-β-d-glucopyranoside (2): A yellow powder, high-resolution

positive-ion FABMS: Calcd for C30H26O14Na (M+Na)+: 633.1220. Found: 633.1226. 1H NMR (600 MHz,
CD3OD): δ 3.29 (1H, dd, J = 8.9, 9.0 Hz, H-4′′), 3.42 (2H, m, H-3′′, 5′′), 3.49 (1H, dd, J = 7.3, 8.8 Hz,
H-2′′), 4.14–4.22 (2H, m, H2-6′′), 5.19 (1H, d, J = 7.3 Hz, H-1′′), 5.51, 6.69 (1H each, both d, J = 12.8 Hz,
H-8′′′ and 7′′′), 6.18, 6.30 (1H each, both d, J = 1.8 Hz, H-6 and 8), 6.67, 7.49 (2H each, both d, J = 8.6 Hz,
H-3′′′,5′′′ and 2′′′,6′′′), 6.80 (1H, d, J = 8.7 Hz, H-5′), 7.56 (2H, m, H-2′, 6′). 13C NMR (150 MHz,
CD3OD): δC given in Table S2.

Quercetin 3-O-(6′′-O-cis-caffeoyl)-β-d-glucopyranoside (9): A yellow powder, high-resolution
positive-ion FABMS: Calcd for C30H26O15Na (M+Na)+: 649.1169. Found: 649.1170. 1H NMR (600 MHz,
DMSO-d6): δ 3.18–3.36 (4H, m, H-2′′–5′′), 3.71(3H, s, -OCH3), (4.04 (1H, dd, J = 6.4, 11.9 Hz), 4.19 (1H,
dd, J = 2.2, 11.9 Hz), H2-6′′), 5.42 (1H, d, J = 7.5 Hz, H-1′′), 5.42, 6.58 (1H each, both d, J = 12.8 Hz,
H-8′′′ and 7′′′), 6.20, 6.36 (1H each, both d, J = 1.7 Hz, H-6 and 8), 6.28 (1H, d, J = 2.0 Hz, H-2′′′), 6.67
(1H, d, J = 8.5 Hz, H-5′′′), 6.82 (1H, d, J = 8.6 Hz, H-5′), 6.98 (1H, dd, J = 2.0, 8.5 Hz, H-6′′′), 7.52 (2H,
m, H-2′, 6′), 12.59 (1H, br s, 5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.
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Quercetin 3-O-(6′′-O-cis-feruloyl)-β-d-glucopyranoside (11): A yellow powder, high-resolution
positive-ion FABMS: Calcd for C31H28O15Na (M+Na)+: 663.1326. Found: 663.1330. 1H NMR (600 MHz,
DMSO-d6): δ 3.19 (1H, m, H-4′′), 3.27 (2H, m, H-2′′, 3′′), 3.36 (1H, ddd, J = 2.3, 6.0, 9.6 Hz, H-5′′),
3.71 (3H, s, -OCH3), (4.18 (1H, dd, J = 6.4, 11.9 Hz), 4.19 (1H, dd, J = 1.8, 11.9 Hz), H2-6′′), 5.46 (1H, d,
J = 7.4 Hz, H-1′′), 5.48, 6.65 (1H each, both d, J = 12.8 Hz, H-8′′′ and 7′′′), 6.19, 6.31 (1H each, both
d, J = 1.8 Hz, H-6 and 8), 6.72 (1H, d, J = 8.2 Hz, H-5′′′), 6.81 (1H, d, J = 8.7 Hz, H-5′), 7.08 (1H, dd,
J = 1.8, 8.2 Hz, H-6′′′), 7.45 (1H, br d, J = ca. 9 Hz, H-6′), 7.52 (1H, br s, H-2′), 7.59 (1H, d, J = 1.8 Hz,
H-2′′′), 12.57 (1H, br s, 5-OH). 13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

Quercetin 3-O-(6′′-O-cis-cinnamoyl)-β-d-glucopyranoside (13): A yellow powder, high-resolution
positive-ion FABMS: Calcd for C30H26O13Na (M+Na)+: 617.1271. Found: 617.1277. 1H NMR (600 MHz,
DMSO-d6): δ 3.14 (1H, dd, J = 8.6, 9.5 Hz, H-4′′), 3.25 (1H, dd, J = 7.5, 8.9 Hz, H-2′′), 3.28 (1H, dd,
J = 8.6, 8.9 Hz, H-3′′), 3.33 (1H, ddd, J = 2.3, 6.6, 9.5 Hz, H-5′′), (4.07 (1H, dd, J = 6.6, 11.8 Hz), 4.18 (1H,
dd, J = 2.3, 11.8 Hz), H2-6′′), 5.69, 6.81 (1H each, both d, J = 12.9 Hz, H-8′′′ and 7′′′), 6.19, 6.33 (1H
each, both d, J = 2.0 Hz, H-6 and 8), 6.82 (1H, d, J = 8.9 Hz, H-5′), 7.27 (4H, m, H-2′′′,6′′′, 3′′′,5′′′), 7.43
(1H, m, H-4′′′), 7.51 (1H, dd, J = 2.0, 8.9 Hz, H-6′), 7.51 (1H, d, J = 2.0 Hz, H-2′), 12.56 (1H, br s, 5-OH).
13C NMR (150 MHz, DMSO-d6): δC given in Table S2.

3.8. Animals

Male ddY mice were purchased from Kiwa Laboratory Animal Co., Ltd., (Wakayama, Japan).
The animals were housed at a constant temperature of 23 ± 2 ◦C and fed a standard laboratory chow
(MF, Oriental Yeast Co., Ltd., Tokyo, Japan). All experiments were performed with conscious mice,
unless otherwise noted. The experimental protocol was approved by Kindai University’s Committee
for the Care and Use of Laboratory Animals (KAPR-26-004, 1 April 2014).

3.9. Effects on the Glucose Tolerance Test in Mice

Effects on the glucose tolerance test after 14 days of administration of 1 in mice were determined
according to the previously described protocol [26]. A test sample was administrated orally to male
ddY mice (11 weeks old and fed a standard laboratory chow) once a day (10:00–12:00) for 14 days. Body
weight and food intake were measured every day before administration of the test sample. Fasting for
20 h was carried out after the final administration, and 10% (w/v) glucose solution was intraperitoneally
(i.p.) administrated to mice at 10 mL/kg. Blood samples (ca. 0.2 mL) were collected in tubes containing
10 units of heparin sodium from the infraorbital venous plexus before (0 h) and 0.5, 1, and 2 h after the
loading of glucose. Mice were then killed by cervical dislocation, and the epididymal, mesenteric, and
paranephric fat pads were removed and weighed. Plasma glucose, TG, total cholesterol, and FFA levels
were determined using commercial kits (Glucose CII-test Wako, Triglyceride E-test Wako, Cholesterol
E-test Wako, and NEFA C-test Wako, respectively, FUJIFILM Wako Pure Chemical Corporation, Tokyo,
Japan). After removing the liver, ca. 300 mg of liver tissue was cut and homogenized with 9 mL of
distilled water. An aliquot of the homogenate (500 μL) was diluted with distilled water (1 mL) and the
TG concentration in the suspension was determined using Triglyceride E-test Wako.

3.10. Cell Culture

HepG2 cells (RCB1648, Riken Cell Bank, Tsukuba, Japan) were maintained in Minimum Essential
Medium Eagle (MEM, Sigma-Aldrich Co. LLC., St. Louis, MO, USA) containing 10% fetal bovine
serum, 1% MEM non-essential amino acids (FUJIFILM Wako Pure Chemical Corporation, Tokyo,
Japan), penicillin G (100 units/mL), and streptomycin (100 μg/mL) at 37 ◦C under 5% CO2 atmosphere.

3.11. Effects on Glucose Consumption in HepG2 Cells

HepG2 cells were inoculated in a 48-well tissue culture plate (105 cells/well in 150 μL/well in
MEM). After 20 h, the medium was replaced with 150 μL/well of Dulbecco’s Modified Eagle’s Medium
(DMEM) containing low-glucose (1000 mg/L) and a test sample. Cells were cultured for 6 days, and
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the medium was replaced every 2 days. The medium was then transferred to 200 μL/well of DMEM
containing high-glucose (4500 mg/L) and the cells were cultured. After 20 h, the glucose content in
the medium was determined using commercial kits (Glucose CII-test Wako, FUJIFILM Wako Pure
Chemical Corporation, Tokyo, Japan). Medium was removed, and the cells were homogenized in
distilled water (105 μL/well) by sonication. The protein content in the homogenate was determined
using the BCA protein Assay Kit (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan). Each
test compound was dissolved in DMSO and added to the medium (final DMSO concentration was
0.5%). An anti-diabetic agent, metformin, was used as a reference compound.

3.12. Effects on High Glucose-Induced TG Accumulation in HepG2 Cells

HepG2 cells were inoculated in a 48-well tissue culture plate (105 cells/well in 150 μL/well in
MEM). After 20 h, the medium was replaced with 150 μL/well of DMEM containing high-glucose and a
test sample, which was cultured for 4 days, with medium containing a test sample being replaced every
2 days. Medium was then removed, and the cells were homogenized in distilled water (105 μL/well)
by sonication. The TG and protein content in the homogenate were determined using commercial kits
(Triglyceride E-test Wako and BCA protein Assay Kit, respectively, FUJIFILM Wako Pure Chemical
Corporation, Tokyo, Japan). Data were expressed as the % of control of TG/protein (μg/mg). Each test
compound was dissolved in DMSO and was added to the medium (final DMSO concentration was
0.5%). An anti-diabetic agent, metformin, was used as a reference compound.

3.13. Effects on TG contents in High Glucose-Pretreated HepG2 Cells

Effects on TG metabolism-promoting activity in high glucose-pretreated HepG2 cells were
evaluated according to the method described previously [61], with slight modifications. HepG2 cells
were inoculated in a 48-well tissue culture plate (105 cells/well in 150 μL/well in MEM). After 20 h,
the medium was replaced with 150 μL/well of DMEM containing high-glucose and cultured for 6
days, with the medium being replaced every 2 days. After accumulation of the lipid, the medium
was transferred to 150 μL/well of DMEM containing low-glucose and a test sample, and the cells
were cultured. After 20 h, the TG and protein content in the cells were determined by the same
manner as described above. Data were expressed as the % of control of TG/protein (μg/mg). Each test
compound was dissolved in DMSO and added to the medium (final DMSO concentration was 0.5%).
An anti-diabetic agent, metformin, was used as a reference compound.

3.14. Statistics

Values are expressed as means±S.E. One-way analysis of variance (ANOVA) followed by Dunnett’s
test was used for statistical analysis. Probability (p) values of less than 0.05 were considered significant.

4. Conclusions

The present study demonstrated that helichrysoside (1), an acylated flavonol glycoside, improved
glucose tolerance in ddY mice. In the study, using HepG2 cells, helichrysoside (1) was shown
to significantly enhance glucose consumption in the medium, inhibit high glucose-induced TG
accumulation in cells, and promote the effect of TG metabolism in high glucose-pretreated cells.
The results from various acylated flavonol glycosides, flavonol glycosides, flavonols, and organic
acids indicated that the acyl group at the 6′′ position in the D-glucopyranosyl part was essential for
the improved glucose tolerance activities. Previous evidence, along with this study, suggests that
helichrysoside (1) might be considered as a possible candidate for the prevention of glucose and lipid
metabolism-related disorders.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6322/s1.
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Abstract: The research for innovative treatments against colon adenocarcinomas is still a great
challenge. Acacia catechu Willd. heartwood extract (AC) has health-promoting qualities, especially at
the gastrointestinal level. This study characterized AC for its catechins content and investigated the
apoptosis-enhancing effect in human colorectal adenocarcinoma HT-29 cells, along with its ability to
spare healthy tissue. MTT assay was used to describe the time course, concentration dependence
and reversibility of AC-mediated cytotoxicity. Cell cycle analysis and AV-PI and DAPI-staining were
performed to evaluate apoptosis, together with ROS formation, mitochondrial membrane potential
(MMP) changes and caspase activities. Rat ileum and colon rings were tested for their viability and
functionality to explore AC effects on healthy tissue. Quantitative analysis highlighted that AC
was rich in (±)-catechin (31.5 ± 0.82 mg/g) and (−)-epicatechin (12.5 ± 0.42 mg/g). AC irreversibly
decreased cell viability in a concentration-dependent, but not time-dependent fashion. Cytotoxicity
was accompanied by increases in apoptotic cells and ROS, a reduction in MMP and increases in
caspase-9 and 3 activities. AC did not affect rat ileum and colon rings’ viability and functionality,
suggesting a safe profile toward healthy tissue. The present findings outline the potential of AC for
colon cancer treatment.

Keywords: Acacia Catechu Willd.; colorectal cancer; apoptosis; HT-29 cells; ROS; mitochondrial
membrane potential; catechins; polyphenols; natural compounds

1. Introduction

Colorectal cancer (CRC) is one of the most common causes of tumour deaths worldwide [1].
In Europe, it is the second and the third most common form of cancer for women and men,
respectively. Its occurrence and progression depend on multiple issues, among which family, age,
gender and personal history constitute the major risk factors [2]. Standard treatments include surgery
and chemotherapy. In the latter case, drugs induce DNA damage or initiate multiple signalling
pathways, including cell cycle arrest, DNA repair, etc., leading to cancer cell death. The outcome of
chemotherapeutic drugs in patients, however, is related to the cancer subtype, and often the effects of
cytotoxicity, drug resistance and adverse reactions constitute overwhelming problems [3].

Natural products continue to provide leads for compounds endowed with pharmacological
activities, especially those for treating many types of cancer [4]. A recent report highlighted that 49%
of the small molecules approved in the area of cancer from the 1940s to 2014 were natural products or
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novel structures directly derived from them [5]. These compounds have cytotoxic properties owing to
many different mechanisms of action, such as the inhibition of tumour cell growth accompanied by the
induction of apoptosis, DNA damage, etc. Furthermore, anticancer drugs have greater potential to kill
tumour cells if administered in combination with plant-derived compounds, and hopefully have less
adverse effects. To explore this possibility, several clinical trials for various cancers were performed,
including those for CRC [6].

Acacia catechu Willd. extracts have been used in traditional medicine for the treatment
of several diseases. It possesses hepatoprotective, antipyretic, antidiarrheal, hypoglycaemic,
anti-inflammatory, immunomodulatory, antinociceptive, antimicrobial, free radical scavenging and
antioxidant activities [7–10]. Moreover, recent studies have demonstrated that Acacia catechu Willd.
exerts spasmolytic and antispastic activities in vitro by interacting with calcium channels and
muscarinic receptors, without affecting Lactobacilli and Bifidobacteria, the most represented intestinal
species, suggesting that it may benefit patients suffering from diarrhoea [11]. Acacia catechu Willd.
extract contains high amounts of flavonoids, such as flavan-3-ols, (+)-catechin, (−)-epicatechin,
(−)-epicatechin-3-O-gallate and (−)-epigallocatechin-3-O-gallate [12]. These derivatives and related
polyphenols possess apoptosis-inducing activity in several cancer cell lines [13]. Thus, this study
investigates the effects of a preparation obtained by Acacia catechu Willd. heartwood by decoction (AC)
on human colorectal adenocarcinoma HT-29 cell line in order to highlight its potential use in cancer
therapy. As the capability of AC to spare the viability and functionality of normal tissue may be of
clinical interest, this aspect was also investigated in rat ileum and colon rings. The results showed that
AC has potential as an anti-cancer agent, as it exhibits irreversible anti-proliferative effects and induces
intrinsic apoptosis, while sparing healthy tissue.

2. Results

2.1. AC Chemical Characterization

The decoction of Acacia catechu Willd. heartwood was characterized for its catechins content,
assuming the most represented monomeric polyphenols as suitable phytomarkers for the herbal
drug standardization [11,12]. The applied method, based on HPLC coupled with UV detection [14],
showed the ability to resolve and quantify the major catechins in complex matrices; in Figure 1a the
representative HPLC chromatogram of a sample of Acacia catechu decoction is reported. Identification
of the catechins was performed by a comparison of the retention times of the analytical peaks in the
sample with those of pure standards. Further confirmation of compounds’ identities was achieved
by the standard addition method and by comparison of the online UV spectra acquired by the DAD
detector. Among the considered monomeric catechins, only catechin ((±)-C) and epicatechin ((−)-EC),
were found in the analyzed extract, whereas other major catechins were not detected at the sensitivity
level of the method (limit of detection—LOD—within 1–10 μg/g, depending on the compound). By
external standard quantitation based on peak area, (±)-C and (−)-EC were found to be 31.5 ± 0.82 mg/g
and 12.5 ± 0.42 mg/g, respectively. Further characterization of the sample was carried out by means of
a chiral method based on cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC)
which had previously shown the ability to resolve catechin enantiomers [15]. Interestingly, among the
major catechins occurring in plant kingdom, catechin is reported to be as the (+)-isomer with (2R, 3S)
configuration and labelled as (+)-C. On the other hand, native epicatechin is the (−)-diastereomer
(2R, 3R), labelled as (−)-EC. Since the cis-related compounds are thermodynamically less stable than the
trans-related ones, epimerization of (2R, 3R) (−)-EC to the non-native (2S, 3R) (−)-C could easily occur
in samples (e.g., processed food and herbal drugs), as was observed in the manufacturing of chocolate
from Theobroma cacao [15]. The proposed CD-MEKC method, allowing the enantioresolution of
(±)-C, was thus applied to the analysis of the aqueous extract of Acacia catechu Willd. decoction.
Interestingly, the presence of both the enantiomers, namely, the native (+)-C and the artifact (−)-C,
at approximately the same content level was observed (Figure 1b). The latter was assumed as a
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marker of the epimerization as the consequence of the process applied in decoction preparation
(thermal treatment). Analysis of decoction preparations stored during very long-term period (at least
two years) at room temperature in the dark, did not show loss of (−)-EC and (+)-C, nor epimerization
progression, thus suggesting very high chemical stability of the preparation.

 
Figure 1. (a) HPLC chromatogram of a sample (aqueous extract) of Acacia catechu decoction. The
method allows separation of the major catechins; namely, (±)-C, (−)-EC, (−)-ECG, (−)-EGC, (−)-EGCG
and (−)-GCG. In the sample, only (±)-C and (−)-EC were found at levels higher than the limit of
quantitation. (b) CD-MEKC of the same sample as in A). The method allows for the separation of
the major catechins, as in the HPLC method. In addition, enantioseparation of (±)-C was achieved,
revealing the presence of a significant amount of non-native (−)-C. HPLC and CD-MEKC conditions
are described in the Materials and Methods section.

2.2. AC Induced a Concentration-Dependent, but not Time-Dependent, Irreversible HT-29 Cell Death

Cytotoxic effects towards human colorectal adenocarcinoma HT-29 cells were assessed after 24, 48
and 72 h of AC treatment (0.01–1000 μg/mL) by using an MTT assay. The results showed that HT-29
cell viability was not affected up to 10 μg/mL, whereas it decreased significantly with AC 50 μg/mL
(for 72 h), 100 μg/mL (48 h) and 250 μg/mL up to 1000 μg/mL (24 h) (Figure 2a). This effect was
concentration-dependent, but not time-dependent, as IC50 values among the selected time points were
almost comparable (IC50 24 h 199.4 ± 10.3 μg/mL; 48 h, 156.1 ± 11.3 μg/mL; 72 h, 139.5 ± 11.2 μg/mL).

Changes in HT-29 cell morphology mirrored MTT results. At variance with HT-29 untreated
cells, which grow normally as tight colonies, those treated with AC (250 and 500 μg/mL, 24 h) showed
significant changes in both number and size; displayed larger extracellular spaces; and began to
shrink, round and fragment, thus resembling an apoptotic cell’s typical appearance. These changes
were progressively evident upon the increase in AC concentration, and cytotoxicity grades 2, 3
(250–500 μg/mL) and severe—grade 4 (1000 μg/mL)—occurred (see Figure S1).

To check whether the AC growth-inhibitory effect was reversible, cells were initially exposed to the
extract for a 24 h period, following which they were washed thoroughly to remove the treatment, and
were cultured in complete drug-free medium for a further period; i.e., 24 or 48 h. AC concentrations of
250 and 500 μg/mL, which caused grade 2 or 3, of toxicity were tested. As reported in (b) of Figure 2,
AC caused an irreversible cytotoxic effect at both 250 and 500 μg/mL, as a drastic drop in the viability
was evident even after an extra 48 h period of incubation with drug-free medium.
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Figure 2. (a). Human colorectal adenocarcinoma HT-29 cells’ viability after treatment with Acacia
catechu Willd. extract (AC) for 24, 48 and 72 h. Panel B. Reversible or irreversible cytotoxic effect caused
by AC. HT-29 cells were treated with AC (250 and 500 μg/mL, 24 h). Afterward, AC was washed off and
cells were incubated with fresh serum-containing medium for an additional 24 or 48 h. After each time
point, MTT test was performed as detailed in Materials and Methods. In both panels, values are means
± SEMs of 4 or 5 independent experiments in which four points/concentrations/times were run; controls
(AC 0 μg/mL) represent untreated cells. Statistical significance was assessed by ANOVA followed by
Dunnett post-test. (a): * p < 0.05, *** p < 0.001 vs. controls, same time point. (b): *** p < 0.001 vs. 24 h
AC-treated cells; ◦ p < 0.05 vs. 24 h + 24 h medium-treated cells.

2.3. AC Induced an Apoptosis-Mediated HT-29 Cell Death

To study in more detail the mechanisms causing cell death observed after 24 h of treatment with AC,
flow cytometry-mediated cells cycle analysis was performed. AC concentrations of 250 and 500 μg/mL
(grade 2 or 3 of toxicity), along with 100 μg/mL—taken as the highest AC safe concentration, were
used. A concentration-dependent rise in sub-G0/G1 hypodiploid cells, accompanied by a reduction
in those in the G0/G1, was observed upon AC treatment (Figure 3a). While 100 μg/mL did not affect
cell cycle distribution, 250 μg/mL increased apoptotic cells (subG0/G1 +9.9%, p < 0.01 vs. control),
reducing, at the same time, although not significantly, those in G0/G1(−6.4%, p > 0.05 vs. control).
Accordingly, 500 μg/mL AC had the most striking effect, as subG0/G1 (+11.5%, p < 0.01 vs. control),
G0/G1 (−23.4%, p < 0.01 vs. control) and G2/m (+13.0%, p < 0.01 vs. controls) cells were affected.
Apoptosis was further investigated with the AV-PI assay (Figure 3b). Challenge with AC caused a
marked increase in early apoptotic (+7.8 and +17.8%, p < 0.01 vs. control for 250 and 500 μg/mL AC,
respectively), late apoptotic (+12.6 %, p < 0.01 vs. control for 500 μg/mL AC) and necrotic HT-29 cells
(+5.0%, p < 0.05 vs. control for 500 μg/mL AC). This effect was accompanied by progressive reduction
in AV- and PI-negative cells, scored as healthy. DAPI staining supported characteristic apoptotic
changes elicited by AC, such as chromatin condensation, nuclear pyknosis, elevated number of nuclear
body fragments and irregular edges around the nucleus, which increased in a concentration-dependent
manner (indicated by asterisk in Figure 3c).
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Figure 3. (a). Acacia catechu Willd. extract (AC)-mediated effects on the human colorectal
adenocarcinoma HT-29 cell cycle. Percentages of cells in subG0/G1, G0/G1, s and G2/M phases.
(b). Apoptotic cells’ detection by double staining with annexin V (AV) and propidium iodide (PI).
Values are means ± SEMs of four or five independent experiments in which four points/concentrations
were run; controls (AC 0 μg/mL) represent untreated cells. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. controls
(ANOVA followed by Dunnett post-test). (c). DNA condensation and damage assessed by DAPI
staining. Asterisks indicate cells with fragmented nuclei and condensed DNA, considered apoptotic.
Each photograph was representative of three independent observations (scale bar 75 μm).

2.4. AC Caused ROS Formation along with Loss in Mitochondria Membrane Potential

Many chemotherapy drugs cause cell apoptosis by inducing the formation of ROS, which in
turn further stimulate cell apoptosis and DNA damage [16]. For this reason, ROS formation was
assessed by monitoring the conversion of the non-fluorescent 2′,7′-dichlorofluorescin to fluorescent
2′,7′-dichlorofluorescein (DCF). Results showed that upon AC treatment, a huge increase in DCF
occurred, suggesting a considerable formation of ROS (Figure 4a). This effect, however, was
almost comparable between 250 and 500 μg/mL AC concentrations (+166.2 ± 14.3 and +195.5 ± 18.3,
respectively). To further support the role of ROS in the cytotoxic effects of AC, the ROS scavenger
N-acetyl-L-cysteine (NAC, 1 mM) was used. As reported in Figure 4b, HT-29 cells’ viability was
significantly recovered in the presence of NAC, suggesting that ROS play a key role in AC-mediated
HT-29 cell death. As one of the early events in apoptosis consists of the alteration of mitochondrial
membrane integrity, changes in the mitochondria membrane potential (MMP) of AC-treated cells
were assessed by staining them with R123. This dye selectively enters mitochondria with an intact
membrane potential and there is retained, unless MMP is lost, causing R123 to be washed out from the
cells. As reported in Figure 4c, intracellular R123 fluorescence decreased significantly by about 50–60%
for both 250 and 500 μg/mL AC concentrations.
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Figure 4. Acacia catechu Willd. extract (AC)-mediated effects on 2′,7′-dichlorofluorescein’s (DCF)
intracellular concentration (a); cell viability in the presence of N-acetyl-L-cysteine (NAC) (b) and
rhodamine 123 (R123) staining (c) in human colorectal adenocarcinoma HT-29 cells. NAC (1 mM)
was pre-incubated for 2h before the addition of AC (250 or 500 μg/mL). Data are reported as means ±
SEMs of at least four independent experiments in which four points/concentrations were run; controls
(AC 0 μg/mL) represent untreated cells. *** p < 0.001 vs. controls; §§§ p < 0.01 vs. the same concentration
of AC (ANOVA followed by Dunnett post-test).

2.5. AC-Induced Changes in Caspase Activity

Different pathways of apoptosis are involved in the induction of cell death, including the
mitochondria-mediated and the extrinsic receptor-mediated pathways, within which caspase-9 and
8 play essential roles, respectively. These, in turn, activate caspase-3 and fragmentation of DNA [17,18].
To investigate the involvement of these caspases, AC-treated HT-29 cell lysates were used to perform
fluorescence assays with specific caspase-3, 8 and 9 substrates.

Caspase-3 plays a central role in apoptotic responses. As shown in Figure 5, the activities of both
cleaved caspase-3 and 9 were significantly increased in AC-treated HT-29 cells, in contrast with that of
caspase-8, which was not affected by the treatment, suggesting the activation of the mitochondrial
pathway, rather than extrinsic receptor-mediated apoptosis pathway.



Int. J. Mol. Sci. 2020, 21, 2102

0
25

0
50

0 0
25

0
50

0 0
25

0
50

0
50

100

150

200

*

**

*

**

AC (μg/ml)

CASPASE 3 CASPASE 8 CASPASE 9

AM
C

 fl
uo

re
sc

en
ce

 (%
 o

ve
r C

TR
L)

Figure 5. Acacia catechu Willd. extract (AC)-mediated effects on caspase-3, 8 and 9 activities in human
colorectal adenocarcinoma HT-29 cells. The specific fluorogenic substrates DEVD-AMC (caspase-3),
IETD-AMC (caspase-8) and LEHD-AMC (caspase-9) were used, and so was the fluorescence of
the AMC-fragment released by active caspases measured at 380 and 460 nm excitation and emission
wavelengths, respectively. Data are reported as means± SEMs of at least three independent experiments
in which four points/concentrations were run, and controls (AC 0 μg/mL) represent untreated cells.
* p < 0.05, ** p < 0.01 vs. controls (ANOVA followed by Dunnett post-test).

2.6. AC Does not Affect Viability and Functionality of Healthy Rat Ilia and Proximal Colon Rings

For drugs targeting cancer cells, it is crucial to avoid toxicity to healthy tissues. For this reason,
the effects of AC on rat proximal colon tissue viability was assessed.

Ilia were tested as well, as small intestine tissue constitutes the largest part of the gastro-intestinal
tract. As in rat ileum and colon rings, a lower amount of AC might be attained in the extracellular
milieu with respect to a cell monolayer, AC concentration was raised up to 1000 μg/mL.

Results showed that 24 h of treatment with AC did not change the viabilities of the ilia or proximal
colon rings of rats (Figure 6a). Interestingly, the highest concentration of AC did not affect tissue
contractility evoked by high potassium-containing solution (Figure 6b), thus suggesting a safe profile
of AC toward healthy tissue.
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Figure 6. Rat ileum and proximal colon rings’ viabilities (a), and high potassium-evoked contraction
(KCl 60 mM) (b) after treatment with Acacia catechu Willd. extract (AC) for 24 h. Data are reported
as means ± SEMs of at least three independent experiments in which four rings/concentrations were
run; FRESH and AC 0 μg/mL refer to rings immediately after being explanted or treated with PSS for
24 h, respectively.
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3. Discussion

Natural products constitute an important source of new anticancer molecules, thereby driving a
novel direction for the prevention and therapy of cancers [6]. Natural product-derived drugs exert
anticancer effects by hampering metastasis and angiogenesis and promoting apoptosis, which are the
most important features of human cancers [6,18]. Moreover, drugs derived from natural products are
generally endowed with better bioactivities and lower toxicity, and some of them have been combined
with conventional therapies to enhance cancer cells’ susceptibility [19].

This study investigates the apoptosis-enhancing effect of AC on the human colorectal
adenocarcinoma HT-29 cell line in order to highlight its potential use in CRC therapy. As a first step,
the decoction of Acacia catechu Willd. heartwood was characterized for its catechins content, and only
catechin (±)-C and epicatechin (−)-EC were found to be present. It is noteworthy that the amounts of
these two catechins (total ~40 mg/g) are comparable and even higher than those reported in green
tea [20], whose mean contents are in the order of 6 mg/g and 1.5 mg/g for (−)-EC and (±)-C, respectively,
as determined in about one hundred analyzed samples [21]. This, together with the observation that
the bark extract’s catechin content is less subjected to seasonal variation with respect to that in green
tea or some fruits [22,23], makes AC a very interesting source of active polyphenols.

Biological assays showed that AC affected HT-29 cell viability in a concentration, but not time
dependent fashion. When AC treatment time increased from 24 to 48 and 72 h, in fact, IC50 values
remained in the range of 190–140 μg/mL AC concentration (i.e., 26–19 μM catechin content). This
effect can be explained by considering that treated HT-29 cells undergoing apoptosis after 24 h of
treatment (see below) may have progressed into necrosis due to the prolonged incubation with AC.
Interestingly, comparable) values for MTT assay, cell cycle analysis and DAPI staining were found in
Caco2 cells (see Figure S2), suggesting that this other widely-used colorectal adenocarcinoma cell line,
characterized by high homology to enterocytes in the intestinal epithelium, is equally affected by AC.

In the case of cancer cells, is mandatory to investigate whether a cell line may (or may not) be able
to restart its proliferating activity upon drug treatment. It is in fact crucial to demonstrate the presence
of the so-called “point of no return,” a limit line between cell injury and cell death; overtaking that
causes irreversible damage. To assess whether AC-mediated cytotoxicity was reversible or irreversible,
HT-29 cells were treated for 24 h with the extract, which was then washed off, and incubated with
fresh serum-containing medium for an additional 24 or 48 h. The results suggested that AC elicited an
irreversible cytotoxic effect against HT-29 cells, since a drastic decrease in the viability occurred even
after incubation with drug-free medium for an extra 48 h period. Moreover, flow cytometric analysis
and DAPI staining indicated that cytotoxic effects mostly consisted of apoptosis-mediated cell death.
Early and late apoptotic, and some necrotic cells were in fact highlighted by AV-PI assay upon AC
treatment—confirmed also by cytoplasmic shrinkage, membrane blebbing observed by contrast phase
microscopy, DNA fragmentation (DAPI assay) and an increase in sub G0/G1 cells (cell cycle analysis).

Following the induction of apoptosis, perturbation of mitochondrial membrane potential is one
of the main and earliest intracellular events. Mitochondria are the key regulators of the mechanisms
which control the cell’s survival/death balance, since they are the main source of cellular ROS and
ATP [6,18]. Consequently, the production of ROS in treated cells was assessed, and results showed that
a significant rise in their formation occurred upon AC challenge.

Excessive ROS production is a key negative element that results in the failure of suppression of
antiapoptotic factors, thereby further triggering apoptosis. The fluorescent probe R123 was thus used
to investigate the effects of elevated ROS production on the function of MMP in treated HT-29 cells.
A drop in MMP, leading to the membrane depolarization of the mitochondria, was demonstrated,
suggesting that the induction of apoptosis by AC may be associated with the activation of the
mitochondrially-mediated pathway. The effects of AC on ROS and MMP, however, were comparable
among 250 and 500 μg/mL, indicating that a plateau was reached. This plateau effect was also reported
for human colon cancer HT-29 cells exposed to 30–100 μM of EC [24], a concentration comparable to
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those used in the present study—likewise for human colon carcinoma LoVo cells exposed to very high
(500–1000 μM) levels of ECG [25,26].

ROS formation can be explained by considering that AC catechins can auto-oxidize to generate
ROS in cell culture medium, and in turn, cause cell death [27,28]. Polyphenols, in fact, have the
potential to promote the autoxidation of phenolic hydroxyl groups [29], and that mechanism is at the
basis of their antibacterial and anti-cancer activities [28]. In particular, catechins can selectively kill
cancer cells by promoting ROS generation over a critical threshold and by mobilization of endogenous
chromatin-bound copper ions [30]. Among catechins, EGCG from green tea is one of the most studied,
and it has been reported to be active against many types of cancer, including colorectal [31], lung [32],
breast [33] and liver [34]. These effects basically arise from its abilities to promote pro-apoptotic effects,
inhibit angiogenesis, regulate cellular metabolic pathways, and reduce inflammatory factors [28,35].
EGCG can increase the activities of traditional anticancer treatments [36–38] and reverse drug cell
resistance, and this has encouraged its use in clinical trials for treatments of various types of cancer
and other diseases [39]. Acacia catechu Willd. contains a variety of catechin monomers differently
distributed in heartwood, leaves and chunks resin, (−)-EC and (+)-C being reported as the most
abundant [12]. Accordingly, the heartwood extract used in the present study showed the presence
of (−)-EC and (±)-C, as outlined by the quantitative analysis performed. Their pharmacological
properties, although much less investigated with respect to EGCG, include the capability of inducing
apoptosis [40], an effect strictly linked to their prooxidant activity [41–43]. Catechins, as previously
outlined, can behave as pro-oxidants in the presence of Cu(II), leading to cytotoxic action [41]. As the
cellular copper level is considerably elevated in cancer cells [43,44], it is conceivable that in the present
experimental conditions, HT-29 cells may be more subjected to electron transfer between copper ions
and AC catechins to generate ROS. Since cancer cells, which have altered antioxidant systems, are
under constant oxidative stress because of increased rate of growth and metabolism [45,46], further
ROS formation generated by AC catechins can overwhelm the HT-29 cells’ antioxidant capacity, leading
to irreversible damage and apoptosis. This was supported by the fact that the decrease in cell viability
was significantly reverted by the ROS scavenger NAC, thereby suggesting that ROS formation may
be necessary in AC-mediated effects. The copper-dependent ROS formation could also explain the
previously discussed plateau effect, as a further increase in ROS might not occur upon increased AC
concentration due to limited copper availability. The possibility that catechins may also induce the
production of ROS by different mechanism(s), which could involve the electron transport chain in
the mitochondria [47], or catechin-mediated hydrogen-peroxide formation [48], however, cannot be
ruled out.

The activation of caspases, a family of cysteine-aspartic-acid specific proteases, is a critical event
in the induction of apoptosis, and this ultimately leads to the hallmarks of apoptosis itself, such as
chromatin condensation, DNA fragmentation and plasma membrane blebbing [17,18].

The mitochondria-dependent pathway of cell death involves the activation of the downstream
caspase-9 via apoptosome formation, which leads to active caspase-3 and 7, the most effective caspases
with many cellular targets [17,18]. This hypothesis was confirmed by the fluorimetric caspase assays,
which showed increases in caspase-9 and caspase 3 activities following AC treatment.

Apoptosis can occur by the so-called extrinsic pathway as well, mediated by death receptors. This
implies the activation of caspase-8, which cleaves and activates the above-mentioned downstream
executioner caspases [17,18]. In the present study, however, AC treatment did not affect caspase-8’s
activity, thereby confirming that the apoptosis induced in HT-29 cells was mediated via the intrinsic
mitochondrial pathway and not via the extrinsic, death receptor-linked caspase-8 pathway. Finally, even
though intrinsic apoptotic signalling is potentially triggered by oxidative stress in many catechin-treated
cancer cells [40–43], the possibility that AC activates apoptosis via a ROS-independent mechanism
should be studied further.

Taken all together, the evidence from MTT assays, AV-PI and DAPI staining, cell cycle analysis,
ROS production, MMP changes and the activation of caspases 3 and 9, demonstrated AC’s promising
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pro-apoptotic activity towards the human colorectal adenocarcinoma HT-29 cell line via the intrinsic
mitochondrial pathway, suggesting that it might be useful as a support to CRC treatment or prevention.
Orally administered drugs are exposed to a changing environment, and even if they are planned
to target the colon, they will be in direct contact with both the upper part of the GI tract and the
colon itself. It is therefore mandatory that healthy tissue is not affected by the treatment. The effects
of AC on rat ileum and proximal colon viability and functionality were thus assessed, and results
highlighted the safe profile of AC, indicating a selective activity against cancer tissues. This sparing
activity was already reported for EGCG and EGC in many cancer cells lines [49–53], and although
the precise mechanism is still debated, the lower intracellular copper content of non-malignant cells
might constitute the key difference [54]. Finally, AC is endowed with antibacterial activity against
Gram-negative (Escherichia coli, klebsiella pneumoniae, Proteus mirabilis and Pseudomonas aeruginosa) and
Gram-positive bacteria (Staphylococcus aureus and Streptococcus pneumonia) [11,55]; at the same time it is
ineffective toward Lactobacilli and Bifidobacteria, the most represented intestinal species. The human
gastrointestinal microbiota has a key role in human health, as dysbiosis is associated with various
disorders and many types of cancer, including CRC [56]. Thus, the ability of AC to spare microbiota,
together with the general safety profile of catechins and epicatechins, increases the therapeutic potential
of AC. Moreover, it was recently reported that plasma concentrations of catechin and epicatechin
quickly peaked after being orally administered AC in rat, with a rapid and wide distribution in all
tissues, especially the intestine [57], reaching amounts comparable to those revealed to be effective
in the present study. Thus, by using the translational dose calculation of Reagan–Shaw [58], an
extrapolated dose for a man of about 10 mg/kg of catechin and epicatechin is attained, an amount
which makes the administration of AC extract feasible for possible future clinical implications.

4. Materials and Methods

4.1. Plant Materials

A preparation obtained from Acacia catechu Willd. heartwood by decoction (AC) was supplied
by BIO-LOGICA S.R.L. (via della Zecca 1, 40100 Bologna, Italy). The hydroalcoholic fluid extract
production from the plant Acacia catechu Willd. was obtained by maceration and percolation according
to European Pharmacopoeia 8.0. For more insight, please visit Minardi (A. Minardi and figli s.r.l. via
Boncellino 18/A 48012 Bagnacavallo (RA) Italy; website, www.minardierbe.it).

4.2. Phytochemical Analysis

4.2.1. Chemicals

Catechins standard references, (±)-catechin hydrate ((±)-C), (+)-catechin ((+)-C), (−)-epicatechin
(−)-EC, (−)-epigallocatechin (−)-EGC, (−)-epicatechin gallate (−)-ECG, (−)-epigallocatechin
gallate (−)-EGCG, (−)-gallocatechin gallate (−)-GCG, sodium dodecyl sulphate (SDS) and
(2-hydroxypropyl)-β-cyclodextrin (HP-βCD, degree of substitution ~0.6). Boric acid, phosphoric acid,
sodium hydroxide, trifluoroacetic acid (TFA), acetonitrile (HPLC grade) and all the other chemicals,
were purchased from Sigma-Aldrich (Milan, Italy, www.sigmaaldrich.com). Water used for preparation
of standard solutions, running buffers and HPLC mobile phases, was purified by a Milli-Q apparatus
(Millipore, Milford, MA, USA, www.merckmillipore.com).

4.2.2. HPLC Method

Aliquots of 100 mg of AC decoction were extracted with 10 mL water in an ultrasonic bath at
room temperature for 15 min. The filtered solution was diluted 1/1 (v/v), with water and analyzed
by HPLC under reversed-phase conditions. A Liquid Chromatograph by Agilent 1050 Ti series
(Agilent Technologies, Waldbronn, Germany, www.agilent.com) equipped with a DAD detector
(detection was set at 280 nm) was used. The stationary phase was a core-shell type Kinetex PFP
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(pentafluoro-phenyl) 150 × 4.6 mm (5 μm, 100 Å) by Phenomenex (Castelmaggiore, Bologna, Italy,
www.phenomenex.com). The mobile phase was composed of acetonitrile (A) and aqueous TFA 0.1%
(v/v) (B) under gradient elution: from 10/90 (A/B) to 20/80 (A/B) in 10 min at the flow rate of 1 mL/min.
Sample injections were manually done by a Rehodyne Model 7125 injector (volume 20 μL).

Calibration graphs and sensitivity. According to a previous method [14] the calibration was carried
out for the catechins: (−)-ECG (2.5–250 μg/mL), (−)-EGCG (25–500 μg/mL), (−)-EC (5–200 μg/mL),
(−)-EGC (10–300 μg/mL), (±)-C (0.3–50.0 μg/mL) and (−)-GCG (2–50 μg/mL) in the concentration
ranges given in brackets. Triplicate injections were made for each calibration point and the peak
areas of the analytes were plotted against the concentrations of each of corresponding compounds;
the determination coefficients were found to be higher than 0.9990. The sensitivity data as limits of
detection (LODs) and limits of quantitation (LOQs) were determined by diluting standard solutions
till signal-to-noise ratios of 3:1 and 10:1, respectively. The values were in the ranges 0.01–0.1 μg/mL
(LOD) and 0.05–0.3 μg/mL (LOQ), depending on the compound.

4.2.3. Capillary Electrophoresis Method (Cyclodextrin-Modified Micellar Electrokinetic
Chromatography, CD-MEKC)

Electrophoretic experiments were performed by a HP3DCE instrument by Agilent Technologies.
Fused-silica capillaries (50 μm id, 30 cm total length, 8.5 cm length to the detector) were from CM
Scientific Ltd. (Ryefield Way Silsden, UK, www.cmscientific.com). The separations were performed at
a constant voltage of 15 kV, and the cartridge temperature was 25 ◦C. The detection was carried out by
using the on-line DAD detector, and the quantitation was performed at the wavelength of 200 nm.
Hydrodynamic injections were performed at 25 mbar for 5 s. New capillaries were conditioned by
flushing sequentially 1M sodium hydroxide, 0.1 M sodium hydroxide and water in the order, for
10 min each. Between the injections the capillary was rinsed with 0.1M sodium hydroxide, water and
running buffer for 3 min each.

Borate-phosphate buffer was used as the background electrolyte (BGE); it was prepared at a
concentration of 12.5 mM and pH 2.5 by following a standard procedure. The obtained buffer was
then supplemented with SDS (90 mM) and HP-βCD (25 mM).

Calibration graphs and sensitivity. According to a previous method [11,15], the calibration was
carried out for the catechins: (−)-EC (5.0–300.0 μg/mL), (+)-C and (−)-C (0.3–50.0 μg/mL) in the
concentration ranges given in brackets. Triplicate injections were made for each calibration point, and
the peak areas of the analytes were plotted against the concentrations; the determination coefficients
were found to be higher than 0.9990. The sensitivity data LOD and LOQ were determined by diluting
standard solutions till signal-to-noise ratios of 3:1 and 10:1, respectively. The values were for (−)-EC,
(−)-C and (+)-C: 0.1 μg/mL (LOD) and 0.4 μg/mL (LOQ).

4.3. Cell Cultures, AC Treatments and Cell Viability Assay

Human colorectal adenocarcinoma HT-29 cells (ATCC® HTB-38™, passages 10–20) were grown
in a humidified atmosphere of 95% air and 5% CO2 at 37 ◦C as previously reported [59]. AC was
prepared immediately before use as 10 mg/mL stock solution in PBS, and pH adjusted to 7.5 before
dilution to the desired final concentration. The solution was sterile filtered by passage through a
0.2-micron sterile filter. To assess AC effects, HT-29 cells (5 × 103 cells/well, final volume 200 μL) were
treated with the extract (0–500μg/mL) for 24, 48 or 72 h, renewing AC solution every 24 h. To assess
the role of ROS in AC-mediated cytotoxicity, N-acetyl-L-cysteine (NAC, 1 mM) was pre-incubated for
2h, and then AC (250 or 500 μg/mL) was added and left for 24 h. At the end of the treatments, MTT
(20 μL of 5 mg/mL solution in PBS) was added to each well, and the assay was performed as already
described [60]. Reversibility of AC cytotoxicity was tested by treating cells for 24 h with the extract,
adding then fresh AC-free culture medium and assessing cell viability after a further 24 or 48 h of
incubation [61].
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4.4. Cells Morphological Assays

Apoptotic cells experiencing damage in the nuclei are featured by cell shrinkage, membrane
blebbing and the presence of apoptotic bodies. In order to monitor these changes caused by AC,
HT-29 cells were examined by using a phase-contrast light microscope, and the results were evaluated
using the grade scale described in USP 28 (United States Pharmacopeia edition 2005) (grades 0–4)
for the assessment of the cytotoxic potentials of the materials as follows: grade 0—no reactivity
(discrete intracytoplasmic granules, no cell lysis); grade 1—slight reactivity (no more than 20% of
the cells are round, loosely attached and without intracytoplasmic granules; occasional lysed cells
are present); grade 2—mild reactivity (no more than 50% of the cells are round and devoid of
intracytoplasmic granules; no extensive cell lysis and empty areas between cells); grade 3—moderate
(up to 70% of cells are rounded or lysed); grade 4—severe (nearly complete destruction of the
cells). [62,63].

4.5. Apoptosis Assays

Flow cytometry techniques, such as cell cycle and sub-G0/G1 population-analysis, and annexin
V/propidium iodide (AV/PI) and 4′,6-diamidino-2-phenylindole (DAPI) staining, were applied to
identify apoptotic cells. HT-29 cells (5 × 105 cells/well, final volume of 2 mL) were treated with AC
for 24 h, and then the analysis was performed by using protocols previously described [62]. Alexa
fluor 488™-AV/PI double staining kit (Life Tecnologies Italia, Monza, Italy) was used to detect the
externalization of phosphatidylserine in apoptotic cells [64]. Samples were analysed on a FACScan
flow cytometer (BD Biosciences, San Jose, CA, USA) by using CellQuest software v. 3.0 (BD Biosciences,
San Jose, CA, USA). Viable cells were both AV and PI-negative; cells in early apoptosis were AV-positive
and PI-negative; cells in late apoptosis were both AV and PI-positive; necrotic cells were PI-positive
and AV-negative. Apoptosis was assessed also by analysing changes in nuclear morphology with the
DAPI staining kit (Life Tecnologies Italia, Monza, Italy), as previously described [62].

4.6. ROS Detection

HT-29 cells were seeded into 6-well plates at 5 × 105 cells/well, grown for 24 h under standard
conditions and then treated with AC for 24 h. ROS generation was assessed in cells rinsed with
PBS and loaded with 10 μM 2′,7′-dichlorofluorescin diacetate (DCFDA) for 10 min at 37 ◦C, then
washed, centrifuged at 13,000× g for 5 min and re-suspended in 0.7 mL of PBS. The intracellular
fluorescence (504 nm excitation, 529 nm emission, Fluoroskan Ascent fluorimeter, Thermo Labsystems,
Helsinki, Finland), was normalized to mg of cellular protein of the samples and expressed as percent
of untreated-, control-cells [65].

4.7. Rhodamine-123 Staining

The fluorescent probe rhodamine-123 (R123) was used to check for mitochondria integrity [64].
This dye selectively enters mitochondria with an intact membrane potential and here is retained,
unless MMP is lost, thus causing R123 washed out of from the cells. After AC treatment, HT-29 cells
were stained with R123 (4 μM) for 10 min at 37 ◦C in the dark and then thoroughly washed with PBS.
Afterward the fluorescence of 10000 single cells/sample was measured by FACScan flow cytometer
(BD Biosciences, San Jose, CA, USA) at 505 nm (R123). CellQuest software v. 3.0 (BD Biosciences,
San Jose, CA, USA) was used for intracellular fluorescence determination.

4.8. Caspase Activity

At the ends of the treatments, cells were added with 500 μL of caspase lysis buffer (20 mmol/L
Hepes/KOH, 10 mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 1 mmol/L EDTA 1, 1 mmol/L DTT,
1 mmol/L PMSF and 10μg/mL leupeptin, pH 7.5). Afterward, cell lysates (20μg proteins) were incubated for
1 h at 37 ◦C with of the following fluorogenic substrates (Enzo Life Sciences, Farmingdale, NY): caspase-9
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LEHD-AMC (Ac-Leu-Glu-His-Asp-7-amino-4-methylcoumarin; AMC, 7-Amino-4-methylcoumarin);
caspase-3 DEVD-AMC (Ac-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin); caspase-8 IETD-AMC
(Ac-Ile-Glu-Thr-Asp-AMC). These were used at 20 μM in 0.25 mL of caspase assay buffer (25 mmol/L
Hepes, 0.1% w/v CHAPS, 10% w/v sucrose, 10 mmol/L DTT, 0.01% w/v egg albumin, pH 7.5). The reaction
was stopped by adding 0.1% w/v ice-cold trichloroacetic acid (0.75 mL) and the fluorescence of AMC
fragment released by active caspases was then read (Fluoroskan Ascent fluorimeter, ThermoLabsystems,
Helsinki, Finland) at 380 nm and 460 nm (excitation and emission wavelengths, respectively) [66].

4.9. Rat Ileum or Colon Rings

All animal care and experimental protocols conformed to the European Union Guidelines for the
Care and the Use of Laboratory Animals (European Union Directive 2010/63/EU, http://ec.europa.eu/
environment/chemicals/lab_animals/home_en.htm) and were approved by the Italian Department of
Health (666/2015-PR). Male Wistar rats (250–350 g; Charles River Italia, Calco, Italy) were used: 0.5 cm
ileum and proximal colon rings were prepared according to the protocols of [67,68]. In particular, rings
were placed in a water-jacketed (37 ◦C) organ bath containing 10 mL of modified Krebs–Henseleit
physiological salt solution (PSS) (composition in mM: 118 NaCl, 4.75 KCl, 2.5 CaCl2, 1.19 MgSO4,
1.19 KH2PO4, 25 NaHCO3, and 5.5 glucose, bubbled with a 95% O2–5% CO2 gas mixture, pH 7.4)
and mounted on two stainless steel wires, one of which was connected to a force transducer that
measured isometric tension in order to evaluate their contractility. Ileum or proximal colon rings were
then equilibrated for 90 min under a resting tension of 1.0 g and were contracted by PSS containing
high potassium (KCl 60 mM). Contractile isometric tension was recorded and analysed by means of a
PowerLab data acquisition system and LabChart 7.3.7 Pro (Power Lab; ADInstruments, Castle Hill,
Australia) for rings prepared immediately after their explant (“fresh” controls), and those treated for
24 h with PSS (controls, 0 μg/mL AC) or AC 500-1000 μg/mL [67].

Viability of tissue was also assessed by using MTT assay [69]. Rings were placed in 24 multiwell,
one ring/well, and incubated for one hour at 37 ◦C with 800 μl of MTT solution (0.5 mg/mL). Afterward
rings were transferred to a 96 MW (one ring/well) and 800 μL of DMSO added. The plate was stirred for
30 min to allow for the solubilization of the formazan salts formed. Subsequently, 100 μL of supernatant
was taken and the absorbance assessed (560–630 nm) by using a plate reader (Multiskan TM GO,
Thermo Scientific, Waltham, MA, USA).

4.10. Analysis of Data

Data were collected as quadruplicates from at least four independent experiments. The results
were expressed as means± SEMs. Cell viability was expressed as percentage of untreated cells (controls).
Statistical significance was assessed by using ANOVA followed by Dunnett post test (GraphPad Prism
version 5.04, GraphPad Software Inc., San Diego, CA, USA). In all comparisons, the level of statistical
significance (p) was set at 0.05.

5. Conclusions

The present study outlines the potential of AC for CRC treatment, as this extract induced
cytotoxicity of human colorectal adenocarcinoma HT-29 cells, which was accompanied by increases in
apoptotic cells and ROS formation; a reduction in MMP; and increases in caspase-9 and 3 activities.
AC did not affect rat ileum and colon rings viability and functionality, suggesting a safe profile toward
healthy tissue. Moreover, AC main components are absorbed rapidly and eliminated slowly [57],
and this might constitute an added value to the potential use of AC for CRC prevention.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2102/s1.
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Abbreviations

AC Acacia catechu Willd. heartwood extract
AMC 7-amino-4-methylcoumarin
AV annexin V
C catechin
CRC colorectal cancer
DAPI 4′,6-diamidino-2-phenylindole
DCFDA 2′,7′-dichlorofluorescin diacetate
DEVD-AMC Ac-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin
EC epicatechin
ECG epicatechin gallate
EGC epigallocatechin
EGCG epigallocatechin gallate
IETD-AMC Ac-Ile-Glu-Thr-Asp-7-amino-4-methylcoumarin
LEHD-AMC Ac-Leu-Glu-His-Asp-7-amino-4-methylcoumarin
MMP mitochondrial membrane potential
MTT 4,5-dimethylthiazol-2-yl)-2,5-dipheniltetrazolium bromide
PI propidium iodide
R123 rhodamine-123
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