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This Special Issue focusses on the role of natural products in disease prevention, relief
and treatment. Natural products are known to regulate key pathophysiological processes,
such as inflammation, fibrosis, hypoxia, oxidative stress, cell proliferation, angiogenesis,
migration, and metabolism, that are linked to human diseases. In this Special Issue, we
have published a number of high-quality manuscripts that bring attention to the emerging
role of natural products in a wide range of human diseases, including inflammatory and
fibrotic diseases, as well as cancers. This editorial will discuss individual reports published
in this Special Issue.

Rubi Fructus, the unripe fruits of Rubus coreanus Miquel., is well known for its different
active biological properties. Kim et al. examined the effect of Rubi Fructus (RF) on
inflammatory signaling pathways in RAW 264.7 macrophages [1]. The data showed that RF
was effective as an anti-inflammatory product. RF exhibited anti-inflammatory activity on
LPS-stimulated macrophages by regulating a series of inflammatory mediators, including
IL6 (interleukin 6), MCP-1 (monocyte chemotactic activating factor 1), TNF-α (tumor
necrosis factor-α), as well as their associated signaling pathways (such as STAT, JAK2, c-Jun,
and CHOP) [1].

Mokko lactone (ML), a naturally occurring guaianolide sesquiterpene, is known for its
antioxidant and anti-inflammatory properties. Sirwi et al. investigated the protective effect
of ML in doxorubicin (DOX)-induced cardiotoxicity [2]. Rats were treated with ML for
10 days, followed by one IP injection of DOX. The results showed a significant protective
effect of ML in DOX-induced cardiotoxicity in terms of amelioration of oxidative stress,
apoptosis, and inflammation [2]. These findings suggest that ML can be used to alleviate
DOX-induced cardiotoxicity in patients.

YG-1 extract is a mixture of three different plants, including Lonicera japonica, Arctii
Fructus, and Scutel lariae radix. Kim and coworkers investigated the effect of different
concentrations of YG-1 extract on bronchodilatation, as well as acute bronchial and pul-
monary inflammation relief ex vivo and in vivo, respectively [3]. Ex vivo, YG-1 extract
showed concentration-dependent bronchodilation effects in Sprague Dawley rats by upreg-
ulating cAMP (cyclic adenosine monophosphate) levels through the β2-AR (β2-adrenergic
receptor)/PKA pathway [3]. In vivo, the effects of YG-1 extract on acute bronchial and
pulmonary inflammation were investigated in C57BL/6 mice. The results showed that YG-1
extract treatment reduced the prevalence of respiratory symptoms and the incidence of
non-specific lung diseases. YG-1 treatment also improved acute bronchial and pulmonary
inflammation, at least in part, by regulating the inflammasome signaling pathways (such
as NLRP3/caspase-1) [3]. These results support further exploration of YG-1 extract as an
effective natural product in developing therapeutics for respiratory diseases.

DMEE is an ethanol extract from the herb Dracocephalum moldavica, which contains the
active compound oleanolic acid. Kim et al. demonstrated the anti-inflammatory effect of
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DMEE on LPS-induced inflammatory responses in 264.7 macrophages and murine model
of sepsis. The data showed that that DMEE effectively reduced LPS-induced inflammatory
responses in RAW 264.7 macrophages and LPS-induced septic shock mice. These effects
were mediated, at least in part, by inhibiting MAPK and NF-κB signaling pathways (such
as JNK, ERK and p65), as well as reducing the production of inflammatory cytokine IL6.
These findings are interesting and significant for future research in the area of natural
products for sepsis [4].

Lactoferrin (LF) is an iron-binding glycoprotein found in all exocrine fluids, includ-
ing tears, sweat, and saliva. It is also abundant in milk. Aoyama et al. investigated
the possible antioxidant, anti-inflammatory and antitumoral activities of lactoferrin in a
combined high-fat diet/dimethylnitrosamine treated C×32 dominant negative transgenic
(C×32ΔTg) rat model of NASH (non-alcoholic steatohepatitis). Lactoferrin showed a selec-
tive chemopreventive effect against liver tissue injury and progression via regulating the
NF-κB /TGF-β1 signaling pathways [5].

Sparassis (also known as cauliflower mushroom), a genus of parasitic and saprobic
mushrooms, is characterized by its unique shape and appearance. Nowacka-Jechalkee et al.
investigated the chemical composition and potential biologic activity of crude polysac-
charides isolated from Sparassis crispa (CPS). CPS mainly consists of carbohydrates and
exerts cytotoxic effects on colon cancer cells. Interestingly, CPS was found to be non-toxic
to normal human colon epithelial cells. CPS showed moderate antioxidant activity and
inhibited inflammatory molecules, such as COX-2 [6]. These results suggest that CPS may
be important as a part of the regular human diet. Further study is needed to explore its
potentiality as a chemopreventive and therapeutic agent in colon cancers.

Circulating uric acid is thought to be effective against loss of bone mineral density
and oxidative damage. However, excess serum uric acid is associated with diseases such as
gout, hypertension, and cardiovascular disease. URAT1, a member of the OAT (organic
anion transporter) family, is an anion-exchanging uptake transporter localized to the apical
membrane of renal proximal tubular cells. URAT1 regulates most urate reabsorption
into blood; therefore, the inhibition of URAT1 may help decrease serum urate levels by
increasing the net renal urate excretion. Toyoda et al. brings to attention the beneficial
effect of natural compounds on the inhibition of URAT1. This group used cell-based
urate transport assay to investigate the inhibitory effects of 162 extracts of plant materials
on URAT1. They found that fisetin and quercetin showed significant inhibitory effects
on URAT1 cell-based urate transport assay [7]. Overall, this study pointed out that some
selective phytochemicals should be investigated further in human studies, and may provide
new clues for using nutraceuticals to promote human health.

Seaweed is widely known for its beneficial role for human health. Khuituan et al.
examined the effects of Sargassum plagiophyllum extract (SPE) on constipated mice, par-
ticularly the functions of the gastrointestinal tract and gut microbiota [8]. SPE contains
phenolic compounds and carotenoids (such as fucoxanthin), as well as long-chain-sulfated
polysaccharides (such as fucoidan). This study showed that SPE pretreatment increased
the frequency of gut contraction, leading to reduced gut transit time. The beneficial effect
of SPE may be due to the presence of bioactive compounds. Overall, SPE might be useful
for the development of human food supplements to prevent constipation.

Subramaiam et al. examined the immunomodulatory, anti-metastatic, gene expression
analysis and anticancer effects of combined Spirulina and γT3 against breast cancer using
a syngeneic mouse model [9]. They found that the combination of Spirulina and γT3
does not appear to have any synergistic anticancer or immunomodulatory effects in this
tumor-bearing mouse [9]. This negative study would be a resource for future study in this
area, particularly for Spirulina.

This Special Issue also published two review articles that outlined the benefits of
natural products for the treatment of pancreatic cancer and glaucoma. Kim et al. reviewed
and analyzed 68 natural products that have anti-pancreatic cancer effects reported during
the past five years. They divided this large number of natural products into four categories
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based on their mechanisms of actions, and presented a summary of their findings [10].
Most of the natural products have been reported to induce apoptosis in pancreatic cancer
cells. There are some natural products, including Moringa, Coix seed, etc., that showed
multi-functional properties. Overall, this review suggests that some selective natural
products can be useful for human pancreatic cancer.

Sim and colleagues provided a comprehensive review of the effects of various dietary
supplements in the protection of retinal ganglion cells (RGCs) and in the preservation of
the function of the anterior chamber outflow pathways that enable better regulation of
intraocular pressure (IOP) [11]. The available data suggest that IOP can be suppressed
by natural compounds, including baicalein, forskolin, marijuana, ginsenoside, resvera-
trol and hesperidin. There are some other plant and plant derived products, including
Ginkgo biloba, Lycium barbarum, Diospyros kaki, Tripterygium wilfordii, saffron, cur-
cumin, caffeine, anthocyanin, coenzyme Q10 and vitamins B3 and D that have shown
neuroprotective effects on retinal ganglion cells. These data are encouraging but require
further extensive investigations in the future to ensure the efficacy and safety of natural
products as an alternative therapy for glaucoma.

In conclusion, this Special Issue has highlighted the recent preclinical studies on
various natural products with their anti-inflammatory, antioxidative, neuroprotective,
cardioprotective, antifibrotic, and anticancer effects, as well as other health benefit effects.
Overall, this Special Issue has been a good source of some promising natural products.
These include Rubi Fructus, Mokko lactone, YG-1 extract, D. moldavica ethanol extract
(DMEE), lactoferrin, S. crispa, fisetin and quercetin, as well as S. plagiophyllum extract.
Further clinical studies are needed to validate these encouraging findings.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The aim of the present study was to evaluate in vitro the beneficial potential of crude
polysaccharides from S. crispa (CPS) in one of the most common cancer types—colon cancer. The
determination of the chemical composition of CPS has revealed that it contains mostly carbohydrates,
while proteins or phenolics are present only in trace amounts. 1H NMR and GC–MS methods were
used for the structural analysis of CPS. Biological activity including anticancer, anti-inflammatory
and antioxidant properties of CPS was investigated. CPS was found to be non-toxic to normal
human colon epithelial CCD841 CoN cells. Simultaneously, they destroyed membrane integrity
as well as inhibited the proliferation of human colon cancer cell lines: Caco-2, LS180 and HT-29.
Antioxidant activity was determined by various methods and revealed the moderate potential of
CPS. The enzymatic assays revealed no influence of CPS on xanthine oxidase and the inhibition of
catalase activity. Moreover, pro-inflammatory enzymes such as cyclooxygenase-2 or lipooxygenase
were inhibited by CPS. Therefore, it may be suggested that S. crispa is a valuable part of the regular
human diet, which may contribute to a reduction in the risk of colon cancer, and possess promising
activities encouraging further studies regarding its potential use as chemopreventive and therapeutic
agent in more invasive stages of this type of cancer.

Keywords: β-glucan; anticancer activity; antioxidant; anti-inflammatory; cyclooxygenase; lipoxygenase;
cauliflower mushroom

1. Introduction

Polysaccharides constitute an abundant group of macromolecules present in fungal
cell walls. Due to their wide structural variability, they have been shown to have great
potential to be biological response modifiers (BRMs). The composition of monosaccha-
ride residues, including their sequence and placement as well as their connections and
position of glycosidic linkages, affect polysaccharide activities [1]. One of the mushroom
polysaccharides—chitin—is a water-insoluble and indigestible compound in the human
gastrointestinal tract acting as dietary fiber [2]. In turn, most polysaccharides present
in mushrooms are water-soluble glucans with different types of glycosidic linkages, e.g.,
(1→3)-α-glucans and (1→3), (1→6)-β-glucans [3].

Mushrooms constitute an inexpensive and abundant source of glucans with health-
promoting potential. Nowadays, when the number of health-conscious consumers is
growing, there is a need for developing new strategies for the acquisition of beneficial

Nutrients 2021, 13, 161. https://doi.org/10.3390/nu13010161 https://www.mdpi.com/journal/nutrients5
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glucans. According to the latest data, the global market of β-glucans is expected to grow
significantly and reach over 1 billion dollars in 2020 [4].

Mushroom polysaccharides, especially glucans, are known to exert anticancer activity
through immunostimulatory potential, which involves the activation of the innate immune
system as well as the acceleration of the host’s defense mechanisms [1,5]. In addition to
the anticancer potential, mushroom polysaccharides possess a vast spectrum of biological
activities, including antimicrobial, antiviral, antioxidant, anti-inflammatory, or prebiotic
properties [6–10]. The major glucans isolated from the fungal species used in the treatment
of cancer in Asian countries are β-glucans, e.g., lentinan from Lentinus edodes, schizophyllan
from Schizophyllum commune, krestin from Trametes versicolor, and grifolan from Grifola
frondosa [11–14]. Colon cancer is believed to be preventable with the use of natural chemo-
preventive agents. The strategy of chemoprevention assumes reversing, suppressing, or
preventing carcinogenic progression [15]. With their multidirectional activity, mushroom
polysaccharides are able to act at different steps in the carcinogenic process, with the overall
goal of reducing cancer incidence. Moreover, there are some already known strategies
based on the use of mushroom β-glucans not only to inhibit tumor growth but also induce
synergistic effects with chemotherapeutic agents or other immune stimulators. An inno-
vative approach assumes that β-glucans may be used to deliver nanoparticles containing
chemotherapeutic agents to the colon cancer site to improve their therapeutic efficacy [16].

Moreover, there are many applications of β-glucans in food products related to their
ability to form a gel and enhance the viscosity of aqueous solutions. The use of β-glucans
allows the replacement of fat to develop calorie-reduced food products or enhance their
appearance and texture [17]. Therefore, they can be considered functional food ingre-
dients providing consumers with health benefits and bringing significant technologi-
cal advantages.

Sparassis crispa, also known as cauliflower mushroom in English or Hanabiratake in
Japanese and Ggoksongee (meaning a blossom) in Korean, is an edible and medicinal
mushroom growing in the temperate regions of Europe and North America [18]. It is also
a very popular cultivable species in Asian countries, especially in Japan [19]. Despite its
popularity, bioactive polysaccharides from S. crispa have not been exactly defined and
studied to date. The present study is an attempt to extend this knowledge. The aim of the
present study was to evaluate the content of α- and β-glucans and determine the chemical
composition and structure of the crude polysaccharides from S. crispa collected from
the natural environment in Poland. Furthermore, the anticancer, anti-inflammatory and
antioxidant activity of S. crispa crude polysaccharides were examined in vitro to determine
their chemopreventive potential.

2. Materials and Methods

2.1. Materials

The wild-growing fruiting bodies of Sparassis crispa (Wulf.: Fr.). were collected in the
forests of Puszcza Solska (Lublin Voivodeship, Poland) in September 2018. Mushroom
specimens were authenticated by Prof. Renata Nowak from the Chair and Department of
Pharmaceutical Botany, Medical University of Lublin, Poland (voucher specimen No. MSH-
076). After collection, the mushrooms were immediately lyophilized, pulverized and kept
in a freezer (−30 ◦C) until further analysis.

2.2. Chemicals and Apparatus

The COX (ovine) Colorimetric Inhibitor Screening Assay Kit was obtained from Cay-
man Chemical Company, Ann Arbor, MI, USA. The Megazyme Mushroom and Yeast Beta-
Glucan Assay Kit was purchased from Megazyme International Ireland Ltd., Wicklow, UK.
The in vitro Toxicology Assay Kit Lactate Dehydrogenase Based, thiazolyl blue tetrazolium
bromide (MTT), Dulbecco’s modified Eagle’s medium (DMEM), DMEM/Nutrient Mixture
F-12 Ham (DMEM/F12 Ham), fetal bovine serum (FBS), penicillin and streptomycin were
obtained from Sigma Aldrich (St. Louis, MO, USA). Cell Proliferation ELISA BrdU (bromod-
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eoxyuridine) was obtained from Roche Diagnostics GmbH (Penzberg, Germany). Eagle’s
Minimum Essential Medium (EMEM) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Redistilled phenol, Bradford reagent, 2,2′-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+), bovine serum albumin (BSA), and gallic
acid were purchased from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Soybean
15-lipooxygenase, xanthine oxidase, catalase, Trolox, 2,2′-azobis (2-methylpropionamide)
dihydrochloride (AAPH), and linoleic acid were provided by Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Fluorescein sodium salt was purchased from Roth (Karlsruhe,
Germany). D2O was obtained from Deutero GmbH (Kastellaun, Germany).

All other chemicals and solvents were of analytical grade and were purchased from
Avantor Performance Materials Poland (Gliwice, Poland).

Colorimetric and fluorescence measurements were performed on a 96-well transparent
and black microplates (both from Nunclon, Nunc; Roskilde, Denmark), respectively, using
an Infinite Pro 200F microplate reader from Tecan Group Ltd. (Männedorf, Switzerland).
The evaporation of extracts was conducted using a Heidolph Basis Hei-VAP Value evapo-
rator (Schwabach, Germany). Lyophilization was performed in the Free Zone 1 apparatus
(Labcono, Kansas City, KS, USA).

2.3. Extraction of Crude Polysaccharides (CPS)

Freeze-dried and milled fruiting bodies of S. crispa (10 g) were macerated with 99.8%
ethanol (100 mL) for 24 h at room temperature and then extracted two times with 99.8%
ethanol using ultrasonic-assisted extraction (UAE) to remove low molecular weight com-
pounds. Then, the supernatant was removed, and the residue was extracted two times for
30 min with distilled water (200 mL) by UAE at 80 ◦C. The combined aqueous extracts
were concentrated under vacuum to 20 mL. The concentrated extracts were further purified
by deproteinization using the Sevage reagent (chloroform/isoamyl alcohol, 4:1, v/v) [20].
Subsequently, polysaccharides were precipitated with cold 99.8% ethanol (1:4, v/v) and
kept overnight in the refrigerator at 4 ◦C. The resulting precipitates of crude polysaccha-
rides were collected by centrifugation (9055 G, 15 min) and lyophilized (Figure 1). The
polysaccharide yields (%) were calculated as described below:

Yield (%, w/w) = Weight of extracted polysaccharides/Weight of dried material × 100 (1)

2.4. Chemical Composition of Crude Polysaccharides
2.4.1. Sugar Content Determination

The total sugar content was determined with the phenol–sulphuric acid method [21]
using glucose as a standard. One microliter of the sample was mixed with 25 μL of an
80% (w/v) aqueous phenol solution in a test-tube and 2.5 mL of concentrated H2SO4 was
added. The absorbance was measured at λ = 485 nm. The results were converted into mg
of glucose equivalents and expressed as % of CPS.

2.4.2. Protein Content Determination

The protein concentration in CPS was determined with the Bradford method as
previously described [22] using bovine serum albumin as a standard. The reaction mixture
consisted of 1 mL of Bradford Reagent and 0.1 mL of the sample. Absorbance at λ = 595 nm
was measured. The results were expressed as % of CPS.

2.4.3. Total Phenolic Content Determination

The content of phenolic compounds was assayed using the method described in detail
by [23] using gallic acid as a standard. Twenty microliters of the sample was added to
20 μL of the diluted Folin–Ciocalteu reagent (with water 1:4, v/v) followed by the addition
of 160 μL of sodium carbonate (75 g/L). The absorbance was measured at λ = 680 nm after
20 min of incubation. The results were expressed as % of CPS.
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Figure 1. Schematic diagram of extraction of crude polysaccharides from fruiting bod-
ies of S. crispa (CPS). Abbreviations: RT—room temperature; UAE—ultrasonic-assisted
extraction.

2.5. Structural Analysis
2.5.1. Sugar Composition

The sugar composition of CPS was determined using sugar analysis. The polysaccha-
ride fraction (~0.5 mg) was hydrolyzed with trifluoroacetic acid (2 M TFA, 2 h at 120 ◦C),
reduced with sodium borohydride, and acetylated with acetic anhydride in the presence
of sodium acetate (120 ◦C for 2 h). The alditol acetate derivatives obtained were analyzed
by GC–MS using a Shimadzu GC–MS QP2010SE system equipped with a Rtx-5 (30 m)
capillary column [24].

2.5.2. NMR Spectroscopy

CPS (~5 mg) was dissolved in 1 mL of 99% D2O to replace all exchangeable protons,
freeze-dried, and dissolved in 0.75 mL of 99.9% D2O for measurements. The 1H NMR
spectrum was recorded at 40 ◦C using a Bruker Avance III 500 MHz spectrometer. 1H
chemical shifts were referenced to acetone (δH 2.225).

2.6. α- and β-Glucan Determination

The content of glucans in S. crispa was determined using the Megazyme Mushroom
and Yeast Beta-Glucan Assay Kit according to the manufacturer’s instructions. To de-
termine the total glucan content, milled S. crispa was hydrolyzed with concentrated hy-
drochloric acid and neutralized with 2 M potassium hydroxide. Then, the digestion with
exo-1,3-β-glucanase (20 U/mL) plus β-glucosidase (4 U/mL) in 200 mM sodium acetate
buffer (pH 5.0) was performed. To measure the glucan content, glucose oxidase/peroxidase
and 4-aminoantipyrine in p-hydroxybenzoic acid and sodium azide (GOPOD) reagent was
added. The absorbance was measured at λ = 510 nm against the GOPOD reagent blank. For
measuring the content of α-glucans, a milled mushroom sample was hydrolyzed in 2 M
KOH and neutralized with 1.2 M sodium acetate buffer (pH 3.8). Then, amyloglucosidase
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(1630 U/mL) and invertase (500 U/mL) were added into the hydrolysate and incubated at
40 ◦C for 30 min. After enzymatic hydrolysis, the GOPOD reagent was added and incu-
bated at 40 ◦C for 20 min. The absorbance was measured at λ = 510 nm against the reagent
blank including the sodium acetate buffer instead the sample tested. The total glucan and
α-glucan contents were calculated by comparison to the D-glucose standard. The β-glucan
content was determined by subtracting the α-glucan from the total glucan content. All
measurements were taken a minimum of three times. The results were expressed as g/100 g
of dry weight and are expressed as the mean ± standard deviation (SD).

2.7. Anticancer Potential—In Vitro Studies
2.7.1. Cell Lines

The human colon epithelial cell line CCD 841 CoN and the human colon adeno-
carcinoma cell line Caco-2 were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The human colon adenocarcinoma cell lines HT-29 and
LS180 were obtained from the European Collection of Cell Cultures (ECACC, Centre for
Applied Microbiology and Research, Salisbury, UK). The CCD 841 CoN cells were grown
in DMEM. The Caco-2 cells were grown in EMEM. The HT-29, and LS180 cells were grown
in DMEM/F12 Ham. All media were supplemented with penicillin (100 U/mL), strepto-
mycin (100 mg/mL), and FBS in the amount 10% (CCD841 CoN, LS180, HT-29) or 20% FBS
(Caco-2). The cells were maintained in a humidified atmosphere of 95% air and 5% CO2
at 37 ◦C.

2.7.2. MTT Assay

The cells were seeded on 96-well microplates at a density of 3 × 104 cells/mL (cancer
cells) and 5 × 104 cells/mL (normal cells). On the following day, the culture medium was
removed, and the cells were exposed to serial dilutions (10, 25, 50, and 100 μg/mL) of
the crude polysaccharide extract from S. crispa prepared in the fresh medium with the
standard content of FBS. The cell metabolic activity was assessed after 96 h of incubation
in standard conditions (5% CO2, 37 ◦C) by means of the MTT assay, in which the yellow
tetrazolium salt (MTT) was metabolized by viable cells to purple formazan crystals. After
the incubation period, MTT solution (5 mg/mL in PBS) was added into the cells for 3 h. The
resultant crystals were solubilized overnight in SDS buffer at pH 7.4 (10% SDS in 0.01 M
HCl), and the product was quantified spectrophotometrically by measuring the absorbance
at a wavelength of λ = 570 nm using the microplate reader (BioTek ELx800, Highland Park,
Winooski, VT, USA). The results were presented as a percentage of metabolic activity of
cells treated with the investigated compound versus cells grown in the control medium
(indicated as 100%).

2.7.3. BrdU Assay

Cells were seeded on 96-well microplates at a density of 3 × 104 cells/mL (cancer
cells) and 5 × 104 cells/mL (normal cells). On the following day, the culture medium
was removed, and the cells were exposed to serial dilutions (10, 25, 50, and 100 μg/mL)
of the crude polysaccharide extract from S. crispa prepared in the fresh medium with a
standard content of FBS. After 48 h of incubation in standard conditions (5% CO2, 37 ◦C),
the impact of CPS on DNA synthesis was measured by a colorimetric immunoassay,
namely the Cell Proliferation ELISA BrdU according to the manufacturer’s instructions.
The test measures cell proliferation by quantitating BrdU (analog of thymidine, 5-bromo-
20-deoxyuridine) incorporated into the newly synthesized DNA in proliferating cells.
Absorbance was measured at a λ = 450 nm wavelength using the microplate reader (BioTek
ELx800, Highland Park, Winooski, VT, USA). The results were presented as a percentage of
the BrdU incorporation to DNA in cells treated with the investigated compound versus the
cells grown in the control medium (indicated as 100%).
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2.7.4. LDH Assay

Cells were seeded on 96-well microplates at a density of 5 × 104 cells/mL (cancer
cells) and 1 × 105 cells/mL (normal cells). On the following day, the culture medium was
removed, and the cells were exposed to serial dilutions (10, 25, 50, and 100 μg/mL) of the
crude polysaccharide extract from S. crispa prepared in the fresh medium supplemented
with 2% FBS. After 24 h of incubation in standard conditions (5% CO2, 37 ◦C) the culture
supernatants were collected in new 96-well microplates, which were used to perform the
lactate dehydrogenase (LDH) assay following the manufacturer’s instruction. The test
was based on the measurement of lactate dehydrogenase (LDH) released into the culture
medium upon damage to the cell plasma membrane. The absorbance was recorded on a
microplate reader (BioTek ELx800, Highland Park, Winooski, VT, USA) at a wavelength
of λ = 450 nm. The results were presented as the percentage of LDH released from cells
treated with the tested compound versus the cells grown in the control medium (indicated
as 100%).

2.8. Anti-Inflammatory Activity
2.8.1. Inhibition of COX Activity

The ability of crude polysaccharides from S. crispa to inhibit cyclooxygenase activity
was determined in vitro with the use of the COX (ovine) Colorimetric Inhibitor Screening
Assay Kit. Briefly, 10 μL of the polysaccharide sample (1 mg/mL, in 5% DMSO) were
added to the reaction mixture containing 150 μL of assay buffer, 10 μL of heme, and 10 μL
of the enzyme (either COX-1 or COX-2). Peroxidase activity can be assayed colorimetrically
by monitoring the appearance of oxidized N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD) at λ = 590 nm. Acetylsalicylic acid (1 mM) was used as a control. The percent COX
inhibition was calculated as shown below:

COX inhibition activity (%) = 1 − Absorbance of the inhibitor well at λ = 590 nm/
Absorbance of the 100% initial activity without the inhibitor at λ = 590 nm × 100

2.8.2. Inhibition of LOX Activity

Inhibition of 15-lipoxygenase (LOX) was determined as previously described with
some modifications using soybean 15-LO, generally regarded as predictive for the inhibition
of the mammalian enzyme [25]. The LOX inhibition was determined spectrophotometri-
cally at 20 ◦C by measuring the increase in absorbance at λ = 234 nm over a 2 min period.
The reaction mixture consisted of 0.2 M borate buffer (pH 9.00), the CPS sample (1 mg/mL,
in water), the enzyme (167 U/mL), and linoleic acid (134 μM) as a substrate. Acetylsalicylic
acid (1 mM) was used as a control. All measurements were carried out in triplicate. The
LOX inhibitory activity was expressed as the percentage inhibition of LOX in the above
assay mixture system in relation to the control without the inhibitor (indicated as 100%).
The mode of inhibition on the enzyme was shown using the Lineweaver–Burk plot.

2.9. Antioxidant Activity
2.9.1. Antiradical Activity against ABTS•+

Antiradical activity against ABTS•+ was determined with the method described
by [26]. Twenty microliters of the sample was mixed with 180 μL of the ABTS•+ solu-
tion (0.096 mg/mL). The mixture was shaken and incubated for 6 min. The absorbance
was measured at λ = 734 nm. The scavenging activity of the extracts was determined using
the following formula:

% Reduction = [(AB − AA)/AB] × 100 (2)

where AB is the absorption of the control sample (ABTS•+ solution and solvent instead of
the sample), and AA is the absorption of the sample with ABTS•+ reagent. Six dilutions
of CPS were examined to plot a dose–response curve and determine the EC50 value
(concentration of CPS providing 50% of activity).
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2.9.2. Reducing Power

Reducing power (RP) was determined using the method described by [27], in which
2.5 mL of the sample was mixed with 2.5 mL of phosphate buffer (200 mM, pH 6.6) and
2.5 mL of 1% aqueous solution of K3[Fe(CN6)]. After 20 min of incubation at 50 ◦C,
0.5 mL of 10% trichloroacetic acid was added. The mixture was centrifuged at 25× g
for 10 min. 2.5 mL pf the upper layer of solution was mixed with 2.5 mL of distilled
water and 0.5 mL of FeCl3. The absorbance was measured at λ = 700 nm. Six dilutions
of CPS were examined to plot a dose–response curve. The result was expressed as the
concentration of polysaccharides providing 50% of activity based on a dose-dependent
mode of action (EC50).

2.9.3. Inhibition of Lipid Peroxidation

The degree of inhibition of linoleic acid peroxidation (LPO) was performed according
to [28] described in detail by [29]. Absorbances of reaction mixtures were measured at
λ = 480 nm. Six dilution of CPS were examined to plot a dose–response curve. The result
was expressed as the concentration of polysaccharides providing 50% of activity based on
a dose-dependent mode of action (EC50).

2.9.4. Metal Chelating Activity

Chelating power (CHP) was determined with the method described by [30]. The
reaction mixture consisted of 5 mL of CPS, 0.1 mL of FeCl2 (2mM) and 0.2 mL of ferrozine
(5 mM). Absorbance was measured at λ = 562 nm after 10 min of incubation at room
temperature. Six dilutions of CPS were examined to plot a dose–response curve. The result
was expressed as the concentration of polysaccharides providing 50% of activity based on
the dose-dependent mode of action (EC50).

2.9.5. Oxygen Radical Absorbance Capacity (ORAC) Assay

The analysis was performed according to the slightly modified method proposed
by [31] and described in detail by [26]. The sample activity was expressed as μM of
Trolox/mg of crude polysaccharides. All determinations were carried out in triplicate.

2.9.6. Catalase Activity Assay

The influence of S. crispa crude polysaccharides on catalase (CAT) activity was assayed
with the method developed by [32] with some modification. The assay mixture consisted
of phosphate buffer (0.05 M, pH 7.0), the CPS sample (1 mg/mL, in water), the enzyme
solution (60 U/mL), and H2O2 (0.019 M). The decomposition of H2O2 was determined
directly by the extinction at λ = 240 nm per unit time (3 min) was used as a measure of
catalase activity.

2.9.7. Inhibition of Xanthine Oxidase Activity

Inhibition of xantine oxidase (XO) was determined as previously described with some
modifications [33]. The assay mixture consisted of phosphate buffer (1/15 M, pH 7.5),
the CPS sample (1 mg/mL, in water), the enzyme solution, and xanthine as a substrate.
The assay mixture was incubated at 30 ◦C with the absorbance (λ = 295 nm) measured
spectrophotometrically over a 2 min period. The XO inhibitory activity was expressed as
the percentage inhibition of XO in the assay mixture system.

2.10. Statistical Analysis

All results were expressed as the mean ± standard deviation (SD) from three replica-
tions. Calculations were performed in STATISTICA 10.0 (StatSoft Poland, Cracow, Poland).
The data from the anticancer activity determination were presented as the mean value
and standard error of the mean (SEM). Statistical analysis was performed using one
way-ANOVA with the Tukey post hoc test and column statistics used for comparisons.
Significance was accepted at p < 0.05. The IC50 value (concentration causing proliferation
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inhibition by 50% compared to the control) was calculated according to the Litchfield and
Wilcoxon method [34].

3. Results

3.1. Chemical Composition of S. crispa Crude Polysaccharides and Contents of α- and β-Glucans

Crude polysaccharides (CPS) were precipitated with cold ethanol from the aqueous
extract of S. crispa with an efficiency of 9.5% of d.w. In the first stage, the chemical
composition of CPS was investigated by total sugar, protein, and total phenolic content
analysis. The results (Table 1) indicate that CPS consists mainly of sugars (60.5%). Proteins
and phenolics are only present in trace amounts.

Table 1. Chemical composition of S. crispa crude polysaccharides (CPS). Abbreviations: TPC–total
phenolic content.

Sugar Content (% of CPS) Protein Content (% of CPS) TPC (% of CPS)

60.5 ± 0.98 0.48 ± 0.01 0.15 ± 0.00

Sugar analysis of CPS revealed the presence of three different hexoses and one 6-
deoxyhexose in the molar ratio ~1.0:0.4:0.2:0.1. Monosaccharides were identified as glucose,
galactose, mannose, and fucose, respectively, by the comparison of the retention times with
the authentic standards.

The profile of the 1H NMR spectrum (Figure 2) is characteristic of polysaccharides.
It contains some anomeric proton signals in the region of 4.5–5.3 ppm and the remaining
proton signals in the region of 3.0–4.3 ppm.

Figure 2. 1H NMR spectrum of the polysaccharide fraction isolated from S. crispa.

The amounts of total as well as α- and β-glucans in S. crispa were determined with the
enzymatic method. The results are presented in Table 2. The total content of glucans in the
cauliflower mushroom was 29.96 g/100 g of dry weight. It was found that the amount of
β-glucans was higher than that of α-glucans. β-glucans accounted for 91.86% of the total
glucans in S. crispa.

Table 2. Total glucan, α-glucan, and β-glucan content in S. crispa fruiting bodies expressed in g per
100 g of dry weight.

Total Glucan (g/100 g d.w.) α-Glucan (g/100 g d.w.) β-Glucan (g/100 g d.w.)

29.96 ± 0.59 2.44 ± 0.03 27.52 ± 0.32

3.2. Biological Activity of CPS
3.2.1. Anticancer Potential—In Vitro Studies

The crude polysaccharides from the cauliflower mushroom were subjected to both an-
tiproliferative activity determination (MTT and BrdU assay) and cytotoxicity examination
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(LDH assay) using human colon epithelial cell line CCD841 CoN and three human colon
adenocarcinoma cell lines: Caco-2, LS180, and HT-29. The results are presented in Figure 3.

 

Figure 3. Antiproliferative and cytotoxic effect of crude polysaccharides isolated from S. crispa on human colon epithelial
cell line CCD841 CoN and human colon adenocarcinoma cell lines: Caco-2, LS180, and HT-29. The cells were exposed
to the culture medium alone (control) or the crude polysaccharides from S. crispa (CPS) at concentrations of 10, 25, 50,
and 100 μg/mL for 24 h (LDH assay), for 48 h (BrdU assay) and for 96 h (MTT assay). CSP cytotoxicity was measured
photometrically by means of the LDH assay (A), while the antiproliferative impact of CSP was examined photometrically by
means of the MTT assay (B) and BrdU assay (C). Results are presented as mean ± SEM of at least 4 measurements. * p < 0.05
versus control, ** p < 0.01 versus control, *** p < 0.001 versus control, one-way ANOVA test; post-test: Tukey.

The results of the LDH assay have shown that the crude polysaccharides isolated
from S. crispa were not cytotoxic to the human colon epithelial CCD841 CoN cells. On
the contrary, CPS damaged the cell membranes of all investigated colon cancer cell lines.
The most significant changes were observed in the HT-29 cells, wherein the LDH level
in response to CPS increased from 124.7% (10 μg/mL) to 146.1% (100 μg/mL). A slightly
weaker cytotoxic effect was induced by the tested polysaccharides in the LS180 cells;
10 μg/mL CPS increased LDH release by 14.3%, while 100 μg/mL CPS accelerated the cell
membrane damage by 33.8%. In the case of the Caco-2 cells, only the highest concentration
of S. crispa polysaccharides elevated the LDH level by 7.2%.

The MTT test demonstrated no impact of the CPS on the metabolic activity of both
CCD841 CoN and Caco-2 cells. At the same time, the polysaccharides exerted a signifi-
cant antiproliferative effect on the LS180 and HT-29 cells (IC50 LS180 = 78 μg/mL; IC50
HT-29 = 14 μg/mL). The strongest inhibition of proliferation was observed in the HT-29
cells, wherein the lowest and the highest investigated concentrations of CPS caused a
decrease in cancer cell proliferation by 58.6% and 79.1%, respectively. The LS180 cells were
less sensitive to the CPS; nevertheless, even the lowest dose of S. crispa polysaccharides
reduced the cancer cell proliferation by 22.6%.
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The BrdU assay (more sensitive and specific antiproliferative assay) revealed no
influence of CPS on DNA synthesis in human colon epithelial CCD841 CoN cells. Si-
multaneously, S. crispa polysaccharides decreased the proliferation of all investigated
human colon cancer cells in a dose-dependent manner (IC50 Caco-2 = 834 μg/mL; IC50
LS180 = 145 μg/mL; IC50 HT-29 = 103 μg/mL). Among the examined colon cancer cell
lines, Caco-2 was the most resistant to the antiproliferative abilities of CPS. The significant
inhibition of DNA synthesis (9.4%) was noted only after the treatment with polysaccha-
rides at a concentration of 100 μg/mL. On the contrary, the strongest anticancer effect was
observed in HT-29 cells, wherein even 10 μg/mL of CPS inhibited the cell proliferation by
20.1%, while 100 μg/mL of CPS caused a 50.8% reduction in DNA synthesis. LS180 cells
were more resistant to CPS treatment than HT-29, and the decrease in BrdU incorporation
was in the range from 7.3% (10 μg/mL) to 40.6% (100 μg/mL).

3.2.2. Antioxidant Activity

We determined the antioxidant activity of CPS using different methods involving dif-
ferent modes of antioxidant action. The results are presented in Table 3. They revealed that
the crude polysaccharide from S. crispa exhibited moderate potential in antiradical activity
against ABTS•+ with the EC50 level of 16.27 mg/mL CPS. CPS was found to have the high-
est antioxidant potential in the determination of reducing properties (EC50 = 0.82 mg/mL)
and chelating activity (EC50 = 0.76 mg/mL). Our study also included an evaluation of
the ability of CPS to inhibit lipid peroxidation. The EC50 value obtained indicates a high
activity of CPS (2.76 mg/mL). The antioxidant activity of CPS was then evaluated with the
ORAC assay, giving the result 168.51 ± 0.21 μM Trolox/g CPS.

Table 3. Antioxidant activity of crude polysaccharides from S. crispa determined with different meth-
ods expressed as EC50 values (mg/mL). The results are presented as the mean ± standard deviation
of 3 measurements. Abbreviations: ABTS—antiradical activity against ABTS•+, RP—reducing power,
LPO—inhibition of lipid peroxidation, CHP—metal chelating activity, EC50—the polysaccharides
concentration providing 50% of activity based on dose-dependent mode of action.

Antioxidant Assay
CPS Antioxidant Activity

EC50 ± SD [mg/mL]

ABTS•+ 16.27 ± 3.42
RP 0.82 ± 0.01

LPO 2.76 ± 0.02
CHP 0.76 ± 0.19

The antioxidant activity of CPS was also evaluated using enzymatic assays with
xanthine oxidase (XO) and catalase (CAT). The results are presented in Table 4. CPS was
found to have no influence on XO activity, as neither the activation nor inhibition of this
enzyme was observed. The catalase activity assay revealed that CPS did not activate this
enzyme, which suggests an absence of antioxidant activity. On the contrary, our study
revealed that catalase activity was inhibited by CPS in 32.74% at the CPS concentration of
5 mg/mL.

Table 4. Antioxidant activity of crude polysaccharides from S. crispa determined by enzymatic assays.
Abbreviations: XO—xanthine oxidase, CAT—catalase.

Enzymatic Assay CPS Activity

XO not detected
CAT 32.74 ± 0.49% of inhibition

3.2.3. Anti-Inflammatory Activity

In our study, the crude polysaccharides from S. crispa were tested for their ability
to inhibit the activity of cyclooxygenase and lipooxygenase. The results are presented in
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Figure 4. CPS was found to inhibit COX-1 activity at a level similar to that of acetylsalicylic
acid, i.e., a commonly known nonsteroidal anti-inflammatory drug. In the case of COX-2,
the CPS activity, estimated at 32.95%, was lower than that of acetylsalicylic acid. The LOX
enzyme, which is involved in the development of inflammation in the human organism,
was inhibited by 23.8%. This result was higher than that obtained for acetylsalicylic
acid (18.73%).

Figure 4. Inhibition of: (a) cyclooxygenase-1, cyclooxygenase-2 and (b) lipooxygenase activity by crude polysaccharides
from S. crispa (5 mg/mL) expressed in %. Acetylsalicylic acid (1 mM) was used as a control.

The mode of LOX inhibition by CPS was determined using the Lineweaver–Burk plot
presented in Figure 5. The y-intercept and the slope of a Lineweaver–Burk plot indicate
that CPS caused the noncompetitive inhibition of LOX, in which the inhibitor binds to an
allosteric site, resulting in the decreased efficacy of the enzyme. In this mode of inhibition,
CPS shares the same affinity for both the enzyme and the enzyme–substrate complex and
the enzyme is prevented from forming its product [35].

Figure 5. Mode of 15-lipoxygenase (LOX) inhibition by CPS determined by the Lineweaver–Burk plot.

4. Discussion

4.1. Chemical Composition of CPS

S. crispa is a medicinal mushroom with a long history of use in traditional Asian
therapies. The fruiting body of S. crispa contains approximately 13.4 g of protein, 21.5 g
of carbohydrates, and 2.0 g of fat per 100 g of dry weight [19]. Ultrasonic-assisted extrac-
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tion (with water as an eluent) was used to obtain polysaccharides, since the ultrasonic
enhancement of the process causes the disruption of cell walls, reduces particle size, and en-
hances transfer of cell components resulting in better extraction efficiency than traditional
techniques [36]. The isolation of the crude polysaccharides was preceded by preliminary
extraction with ethanol (to remove small molecules) and involved the deproteinization
method (with Sevage reagent). Therefore, proteins and phenolics were finally present in
CPS only in trace amounts. Sugars constituted the main group of compounds in crude
polysaccharides (Table 1). They were identified as glucose, galactose, mannose, and fucose
with the GC–MS method. Structural analysis based on the 1H NMR spectrum of CPS con-
firmed that it contained polysaccharides (Figure 2). The 1H NMR spectrum contains some
anomeric proton signals in the region of 4.5–5.3 ppm and the remaining proton signals in
the region of 3.0–4.3 ppm. The signals in the region of 4.5–4.6 ppm are characteristic for
β-monosaccharides and confirmed the presence of β-glucan, which was determined with
the enzymatic method and described in Table 2.

According to our knowledge, previous structural studies of polysaccharides isolated
from S. crispa revealed the presence of a glucan, namely of a β-(1-3)-D-glucan backbone
with a single β-(1-6)-D-glucosyl side branching units at every three residues [37].

Various medicinal properties of S. crispa are mostly attributed to the presence of β-
glucans. According to Japan Food Research Laboratories (Tokyo, Japan), the β-glucan
content in S. crispa is more than 40% of the dry weight [38]. Our results revealed a
lower amount of β-glucans (Table 2). This discrepancy may result from the origin of
the mushrooms, since the S. crispa used in this study was collected from the natural
environment in Poland, while Asian species are mostly cultivated. Moreover, the taxonomy
and systematics of Sparassis Fr. species have been refined according to phylogenetic
relationships and placement. It was proposed that Sparassis should be classified into three
groups: S. crispa from Europe and eastern North America, S. radicata from western North
America, and S. latifolia from Asia [39,40]. There are no available data showing possible
differences in the chemical composition of each species from the different regions.

4.2. Biological Activity of CPS

The antitumor activity of S. crispa β-glucan has been previously examined alone or
in combination with some chemotherapeutics. As demonstrated by [41], polysaccharide
fractions from S. crispa exhibited anticancer activity to the solid form of Sarcoma 180 in
mice and showed a hematopoietic response to cyclophosphamide-induced leukopenia
in mice. Moreover, β-glucan from S. crispa suppressed the number and growth of lung
metastatic colonies in B16-BL6-bearing mice [42].

To the best of our knowledge, there is no information about the chemopreventive
properties of polysaccharide fractions from S. crispa against colon cancer. Therefore, crude
polysaccharides from the wild growing cauliflower mushroom were subjected to both
antiproliferative activity determination and cytotoxicity examination. The studies were
performed on human colon epithelial cell line CCD841 CoN and on three different human
colon adenocarcinoma cell lines, which represent the successive stages of colon cancer
development according to Dukes classification (Caco-2: Dukes B, LS180: Dukes B, HT-29:
Dukes C).

The present study revealed in vitro the great bioactive properties of crude polysac-
charides isolated from the wild growing cauliflower mushroom. They were found to be
non-toxic to normal human colon epithelial cells; simultaneously, they significantly inhib-
ited the proliferation of the human colon cancer cells and destroyed their cell membrane
integrity. It needs to be highlighted that CPS had the lowest efficiency in the elimination of
the Caco-2 cancer cells, which are the most differentiated but the least invasive cell line
among the investigated ones. On the contrary, the HT-29 cells representing the advanced
stage of colon cancer development were the most sensitive to the anticancer effect of
CPS [43,44]. There was a positive correlation between the CPS anticancer activity and the
colon cancer invasiveness and undifferentiation. The S. crispa polysaccharides had better
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activity in the more destruction-resistant colon cancer cells. Obviously, this observation is
worth further verification in more advanced studies, e.g., in in vivo models.

Inflammation is a host response to infections or tissue injury that occurs throughout
a complex set of interactions among soluble factors and cells. In normal conditions, the
inflammatory response is self-limiting. However, prolonged inflammation can cause many
diseases [45]. There was a strong relationship between long-term inflammation and the
development of colon cancer. Colitis-associated cancer (CAC) is a subtype of colorectal
cancer linked to inflammatory bowel disease (IBD). Chronic inflammation in CAC is re-
sponsible for oxidative damage to DNA, resulting in p53 mutations observed in tumor
cells and the inflamed but nondysplastic epithelium [46]. Therefore, searching for natural
anti-inflammatory agents without or with low toxic effects seems necessary. There are
numerous studies indicating that mushroom polysaccharides, including β-glucans, pos-
sess immunomodulatory or anti-inflammatory activities [47]. Inducible cyclooxygenase-2
(COX-2) and 5-lipooxygenase (5-LOX) are among the best known inflammatory biomark-
ers produced in the human body. Previous research revealed that a non-aqueous fraction
from S. crispa extract inhibited the production of PGE2 via the downregulation of the
expression of COX-2 [48]. A study conducted by [49] revealed that the water extract
of S. crispa suppressed mast cell-mediated allergic inflammation by regulating calcium,
MAPK, and NF-κB. Moreover, several phthalides from cauliflower mushroom exerted
an inhibitory effect on LPS-stimulated NO and PGE2 production by RAW264 cells [50].
It was demonstrated that a branched β-glucan from S. crispa induced macrophages to
produce several mediators, including the inflammatory cytokines interleukin-1 (IL-1), IL-6,
tumor necrosis factor-a (TNF-a), and nitric oxide (NO) [51]. Our study demonstrates the
anti-inflammatory potential of CPS in the direct inhibition of pro-inflammatory enzymes
such as COX-2 and LOX. Further studies are necessary to establish whether there are any
additional mechanisms of the anti-inflammatory activity of S. crispa polysaccharides.

The overproduction of reactive oxygen species (ROS) in the human body leads to
oxidative stress, causing numerous pathological conditions, including development of
colon cancer. It occurs through high susceptibility to the influence of pro-oxidative and
toxic factors and the following increase in the proliferation of cancer cells [52]. Therefore, it
seems reasonable to introduce antioxidants to everyday diet as chemopreventive agents.
Mushroom polysaccharides from edible species are interesting candidates for this purpose.
The present study has revealed that the crude polysaccharides from S. crispa possess moder-
ate antiradical activity and strong reducing properties and chelating activity as well as high
potential in inhibition of lipid peroxidation. It has already been found that the mechanism
of the antioxidant activity of polysaccharides from mushrooms depends on their chemical
structure. Molecular weight, monosaccharide composition, chain conformation, and struc-
tural configuration may affect the antioxidant capacity of this group of compounds [53]. In
the case of free radical scavenging, polysaccharides are believed to have greater potential
than monosaccharides. This activity may be determined by the size of molecules and the
type of binding in the side branches of the main chain of the polysaccharides; neverthe-
less, their antioxidative activity is still rather moderate [36]. A previous study reported
the antioxidant activity of polysaccharides from S. crispa revealed in the ABTS•+ assay.
The authors found that the scavenging effect of two polysaccharides at the concentration
of 5.0 mg/mL reached 84.02 and 80.70%, while the activity of the standard compound
(vitamin C) was 97.48% [53]. Researchers demonstrated the antioxidant activity of crude
polysaccharides from Cordyceps miltaris, i.e., one of the most famous functional and medic-
inal mushrooms, using methods similar to those employed in our study. The reducing
power (expressed as the EC50 value) of various polysaccharides from C. militaris ranged
from 1.06 to 6.07 mg/mL, and the chelating activity ranged from 3.09 to 7.74 mg/mL [54].
In comparison with our study, this implies that the polysaccharide fraction from S. crispa
has significantly higher antioxidant properties (Table 3) than the polysaccharides from
C. militaris. CPS was found to be able to inhibit lipid peroxidation on the hemoglobin-
catalyzed the peroxidation of linoleic acid. Moreover, the ORAC assay, which relies on
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the utilization of the AAPH-derived peroxyl radical imitating lipid peroxyl radicals, was
involved in the lipid peroxidation chain reaction in vivo [55], confirmed the antioxidant
properties of polysaccharides from the cauliflower mushroom. The antioxidant activity of
crude natural polysaccharides may be attributed to the presence of various compounds in
mushroom extracts, e.g., phenolic compounds [56]. However, our current research shows
that crude polysaccharides also exhibit moderate or even high antioxidant potential, which
is not related to the total phenolic content. Antioxidant properties may be related especially
to the presence of β-glucans in the polysaccharide fraction from mushrooms [54]. Certainly,
further studies of the function–structure relationship are necessary.

Overproduction of ROS in vivo can also occur through some enzyme-mediated re-
actions. Xanthine oxidase constitutes one of the main enzymatic sources of ROS in vivo
due to its participation in the oxidative damage resulting from the reperfusion of ischemic
tissues, brain edema and injury, or vascular permeability changes [57]. The inhibition of
XO by CPS was studied in our study. However, the results indicate no influence of CPS on
the XO activity.

We also used another enzymatic method for testing antioxidant activity, i.e., the
catalase assay. Catalase protects cells from oxidative stress through the decomposition
of hydrogen peroxide to water and oxygen [32]. Therefore, the promotion of catalase
activity is one of the indirect mechanisms of antioxidant activity that is beneficial from the
point of view of normal cell physiology. On the other hand, it was shown that catalase
contributed to the increased resistance of cancer cells to pro-oxidant drugs (especially in
H2O2-mediated processes). The inhibition of catalase expression and activity results in
increased oxidative stress in cancerous cells. This provides new insight into understanding
the possible anticancer properties of some compounds [58,59]. Therefore, searching for
catalase inhibitors seems reasonable in order to design synergistic agents for anti-cancer
drugs, which may help to sensitize drug-resistant cancer cells [60]. Our study revealed that
the S. crispa polysaccharides inhibited catalase activity. Therefore, their ability seems to be
suitable to be applied for the enhancement of anti-cancer chemotherapy.

5. Conclusions

S. crispa is a popular edible and medicinal mushroom and a rich source of polysaccha-
rides, including β-glucans. Our in vitro study revealed the promising chemopreventive
potential of its crude polysaccharide (CPS) based on several different mechanisms of action.
CPS was found to inhibit the proliferation of colon cancer cells significantly without a
concurrent harmful effect on normal cells. Moreover, antioxidant and anti-inflammatory
activities fitting into the strategy of colon cancer prevention were proved. Since colon
cancer was found to be related to food and lifestyle, searching for natural chemopreventive
agents administered as part of the daily diet seems crucial. Polysaccharides from S. crispa
can be a valuable addition to human diet as nutraceuticals or functional food ingredients.
The fruiting bodies of cauliflower mushroom may be consumed as a part of habitual regular
diet. Moreover, CPS might be used as bioactive additives incorporated in various food
products accessible for consumers. The potential use of polysaccharides from S. crispa in
supporting colon cancer prevention and treatment in relation to their chemical structure
will be addressed in further research.
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24. Szpakowska, N.; Kowalczyk, A.; Jafra, S.; Kaczyński, Z. The chemical structure of polysaccharides isolated from the Ochrobactrum

rhizosphaerae PR17T. Carbohydr. Res. 2020, 497, 15–18. [CrossRef] [PubMed]
25. Maiga, A.; Malterud, K.E.; Diallo, D.; Paulsen, B.S. Antioxidant and 15-lipoxygenase inhibitory activities of the Malian medicinal

plants Diospyros abyssinica (Hiern) F. White (Ebenaceae), Lannea velutina A. Rich (Anacardiaceae) and Crossopteryx febrifuga
(Afzel) Benth. (Rubiaceae). J. Ethnopharmacol. 2006, 104, 132–137. [CrossRef] [PubMed]

26. Olech, M.; Łyko, L.; Nowak, R. Influence of accelerated solvent extraction conditions on the LC-ESI-MS/MS polyphenolic profile,
triterpenoid content, and antioxidant and anti-lipoxygenase activity of rhododendron luteum sweet leaves. Antioxidants 2020, 9,
822. [CrossRef]

19



Nutrients 2021, 13, 161

27. Oyaizu, M. Studies on Products of Browning Reactions: Antioxidative Activities of Product of Browning Reaction Prepared from
Glucosamine. Jpn. J. Nutr. 1986, 44, 307–315. [CrossRef]

28. Kuo, J.M.; Yeh, D.B.; Pan, B.S. Rapid photometric assay evaluating antioxidative activity in edible plant material. J. Agric. Food
Chem. 1999, 47, 3206–3209. [CrossRef]

29. Gawlik-Dziki, U.; Dziki, D.; Baraniak, B.; Lin, R. The effect of simulated digestion in vitro on bioactivity of wheat bread with
Tartary buckwheat flavones addition. LWT Food Sci. Technol. 2009, 42, 137–143. [CrossRef]

30. Guo, J.T.; Lee, H.L.; Chiang, S.H.; Lin, F.I.; Chang, C.Y. Antioxidant Properties of the Extracts from Different Parts of Broccoli in
Taiwan. J. Food Drug Anal. 2001, 9, 96–101. [CrossRef]
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Abstract: Nutrition can modulate host immune responses as well as promote anticancer effects.
In this study, two nutritional supplements, namely gamma-tocotrienol (γT3) and Spirulina, were
evaluated for their immune-enhancing and anticancer effects in a syngeneic mouse model of breast
cancer (BC). Five-week-old female BALB/c mice were fed Spirulina, γT3, or a combination of Spirulina
and γT3 (Spirulina + γT3) for 56 days. The mice were inoculated with 4T1 cells into their mammary
fat pad on day 28 to induce BC. The animals were culled on day 56 for various analyses. A significant
reduction (p < 0.05) in tumor volume was only observed on day 37 and 49 in animals fed with the
combination of γT3 + Spirulina. There was a marked increase (p < 0.05) of CD4/CD127+ T-cells
and decrease (p < 0.05) of T-regulatory cells in peripheral blood from mice fed with either γT3 or
Spirulina. The breast tissue of the combined group showed abundant areas of necrosis, but did
not prevent metastasis to the liver. Although there was a significant increase (p < 0.05) of MIG-6
and Cadherin 13 expression in tumors from γT3-fed animals, there were no significant (p > 0.05)
differences in the expression of MIG-6, Cadherin 13, BIRC5, and Serpine1 upon combined feeding.
This showed that combined γT3 + Spirulina treatment did not show any synergistic anticancer effects
in this study model.

Keywords: breast cancer; Spirulina; tocotrienol; immunomodulatory; synergistic; metastasis

1. Introduction

Breast cancer (BC) is the most common cancer among women. It is estimated that
627,000 women worldwide died from this disease in 2018 alone [1]. Breast carcinoma can
be stratified into different entities based on clinical behavior, histological features, and
biological properties [2]. Some of the risk factors associated with BC include genetics [3],
obesity [4], hormone replacement therapy [4], and having no children or having them after
the age of 30 [5]. Symptoms of BC include swelling, redness or other visible differences
in one or both breasts such as an increase in size or change in the shape of the breast,
presence of lumps, and nipple discharge other than breast milk [6]. The BC can metastasize
to distant organs such as bone [7], the lungs [8], liver [9], and brain [10]. In fact, most
BC deaths are not due to the primary tumor itself, but are the result of metastasis [11].

Nutrients 2021, 13, 2320. https://doi.org/10.3390/nu13072320 https://www.mdpi.com/journal/nutrients23



Nutrients 2021, 13, 2320

Metastasis of cancer results from a sequential molecular cascade through which the cancer
cells spread from the primary tumor site to distant anatomical sites, where they proliferate
and create secondary neoplastic foci [12]. The cadherin family plays a crucial role in
mediating cell-to-cell adhesion, and also exert a dominant role in metastasis of BC [13].

The initiation and progression of tumor cells elicit strong inflammatory responses.
Inflammation and immunity are inherent characteristics of cancer [14]. According to the
current literature, immune cells that are crucial in the fight against cancers include T-helper-
1 (Th1) cells, which are CD4+ T-cells that produce IFN-γ, CD8+ cytotoxic T-lymphocytes
(CTL), mature dendritic cells (DC), NK cells, and macrophages [15–17]. These cells can
generate anti-tumor responses, which are useful in eliminating tumors. In contrast, CD4+

Th2 cells and CD4+ T-regulatory (Treg) cells can promote tolerance to tumors and induce
immunosuppression, supporting tumor growth and progression [15–18]. Treatment op-
tions for BC includes surgery [19], radiation therapy [20], endocrine therapy [20], and
chemotherapy [21]. However, many of these treatment options are associated with side-
effects, such as decreased sensation in breast tissue, soreness, itching, peeling or redness
in the treated area [22], hair loss, gastrointestinal disturbances, depressed immunity, and
neutropenia [23]. As such, treatments with no or lesser side-effects or cytotoxic effects
would be more beneficial for cancer patients. One such therapy that is rapidly gaining
recognition as a potential treatment option for cancer is combination therapies that also use
plant-based chemical compounds known as nutraceuticals, which have lower side-effects
and toxicity. Amongst these nutraceuticals, tocotrienols (T3) were reported to possess
strong anticancer effects. Tocotrienols are unsaturated vitamin E analogues found in
several natural sources, such as palm oil, rice bran, and annatto seeds [24]. There are
two major types of vitamin E, i.e., tocopherol (Toc) and T3, which exist naturally in four
isoforms, which are alpha (α), beta (β), delta (δ), or gamma (γ). T3 can suppress the prolif-
eration of cancer cells as well as induce apoptosis [25]. Furthermore, various studies have
shown that T3 exerts anticancer effects by causing cell cycle arrest through inducing the
expression of cell cycle inhibitory proteins and decreasing some cyclin-dependent kinases
(CDK) [25–27]. T3 also induces apoptosis through the TGFβ-Fas-JNK-signaling pathways
in human fibroblast T-cells [28]. Cyclin-dependent kinases (e.g., CDK2, CDK4, and CDK6)
and their inhibitors, such as p21, p27, and p53 [26,29], also inhibit the proliferation of
cancers cells. Another nutraceutical that is readily available on the market, and reported
to have less cytotoxic effects following human consumption, is Spirulina, a microscopic
and filamentous cyanobacterium (blue-green alga) [30]. Spirulina was reported to have
anticancer, anti-inflammatory, antioxidant, and immunomodulatory properties [30]. The
anticancer effects of Spirulina were reported to induce mitochondrial dysfunction through
the up-regulation of Bax (Bcl2-associated X-protein) and BAD (Bcl-2 related family mem-
ber). The latter promotes cell death, and its function is regulated by phosphorylation [31].
As for immune protection, Spirulina was shown to increase the proliferation of spleen
cells without affecting thymic-derived T-cells [32]. Spirulina was shown to enhance the
production of IL-1 by murine peritoneal macrophages [32], increase phagocytic activity
of macrophages in chickens [33], and increase the production of IFN-γ by human NK
cells [34]. Combination therapy with nutraceuticals could be beneficial as nutraceuticals
generally have no or minimal side-effects. Combined Spirulina and tocotrienol (T3) supple-
mentation may be used as a potential treatment option for BC as both nutraceuticals exhibit
anticancer and immunomodulatory properties. To date, there are no reports evaluating the
anticancer and immunomodulatory effects of combinatory treatment using both Spirulina
and T3 supplementation. This study was undertaken to investigate the anticancer and
immunomodulatory effects of combined Spirulina and T3 against BC using a BC syngeneic
mouse model.
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2. Materials and Methods

2.1. Spirulina

Food grade Spirulina (Arthrospira) platensis (hereafter referred to as Spirulina) powder
was obtained as a gift from Earthrise Natural, USA. The major constituents of the Spirulina
powder, as stated in the product sheet, include total carotenoids (≥ 370 (mg%)), β-carotene
(≥120 (mg%)), phycocyanin (≥10%), crude protein (≥55%), and chlorophyll (≥0.9%).

2.2. Tocotrienol

The gamma-tocotrienol (γT3) (97%, oil form) was obtained as a gift from Davos
Pharmaceuticals Pte Ltd., Singapore.

2.3. Breast Cancer Cell Line

The 4T1 mouse mammary cancer cell line was purchased from the American Type
Culture Collection (ATCC) (ATCC, Rockville, MD, USA). The cells were cultured in the
medium recommended by the ATCC (RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) (GIBCO/Invitrogen)).

2.4. Animals

Five-week-old female BALB/c mice were purchased from a local supplier (Chenneur
Suppliers, Kuala Lumpur, Malaysia). The animals were housed in the animal holding
facility (AHF) at the International Medical University (IMU, Kuala Lumpur, Malaysia). The
animals were allowed to acclimatize for 7 days before experimental procedures began. All
animals appeared healthy and exhibited normal eating patterns before the experimental
procedures. All experiments with animals were performed in accordance with the inter-
national animal use guidelines approved by the Joint Committee on Research and Ethics,
IMU (IMU 258/2012).

2.5. Experimental Design

After the acclimatization period, the mice were randomly assigned into four groups.
The mice were fed daily through oral gavage with 50 μL of soy-oil (i) vehicle (control);
(ii) 50 mg/kg body weight of Spirulina; (iii) 1 mg/day of γT3; or (iv) 50 mg/kg body weight
of Spirulina and 1 mg/day of γT3 for 56 days (Table 1). On day 28, all the animals received
a single injection of 100 μL of 4T1 cells (1 × 105 cells/mL) into their mammary fat pad
to induce BC [35]. The animals were culled on day 56, and various tissues were taken
for analyses.

Table 1. Experimental groups.

Treatment Groups Supplementation (50 μL/Day) Number of Animals Tumor Induction

Control Vehicle (soy oil) 6 Yes
Spirulina alone Spirulina (50 mg/kg body weight) 6 Yes

γT3 alone γT3 (1 mg/day) 6 Yes
Spirulina + γT3 Spirulina (50 mg/kg body weight) + γT3 (1 mg/day) 6 Yes

γT3: gamma-tocotrienol

2.6. Body Weight and Tumor Volume

Animal weight and tumor size were recorded every three days until the animals were
sacrificed. Tumor volume was calculated using a formula that was previously described
(V = 0.52 × width × length; V refers to tumor volume (mm3), width and length refers to the
short and long diameter of tumor (mm)) [36]. At autopsy, the tumor, lungs, liver, kidneys,
and heart were collected and preserved in 10% formalin solution for histopathology studies.
A portion of the tumor was snap-frozen and stored at −80 ◦C for gene expression studies.
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2.7. Processing and Storage of Blood Samples

A cardiac puncture was performed on the sacrificed mice to withdraw peripheral
blood. The blood was collected into a heparin-tube for immunophenotyping analysis.
Plasma was isolated using centrifugation (2795× g for 10 min at 4 ◦C) for various biochem-
ical analyses.

2.8. Immunophenotyping

The expression of various cell surface markers (CD4, CD8, CD25, CD127, and CD73)
on the peripheral blood leukocytes were analyzed using flow cytometry. Briefly, 500 μL
of blood collected via cardiac puncture was transferred into appropriately labelled tubes.
Then, 2 mL of red blood cell lysis solution (eBioscience, San Diego, CA, USA) was added to
each tube. The tubes were gently vortexed and incubated in the dark at room temperature
for 3–10 min. The lysis activity was stopped by adding 1× cold phosphate-buffered saline
(PBS). The cells were recovered by centrifugation (350× g for 5 min). The supernatant was
aspirated and discarded. The remaining pellet was re-suspended in 200 μL of sheath fluid
(eBioscience, San Diego, CA, USA). Then, 1.0 μL of appropriate fluorochrome-conjugated
monoclonal antibody was added to the sample, and the tube was incubated in the dark at
room temperature for 20–40 min. Following this, the samples were washed with 300 μL
of wash buffer (PBS), and the cells were recovered by centrifugation (350× g for 5 min).
The supernatant was discarded, 500 μL of sheath fluid was added to each tube, and the
sample was analyzed using a flow cytometer (FACS Calibur, Becton-Dickinson, Franklin
Lakes, NJ, USA). Data from 10,000 cells were acquired from each sample for analysis.
The data collected was analyzed using Cell-Quest software. Dot-plots for the respective
fluorochromes were obtained from the gated population for each sample.

2.9. Histopathological Analysis

The primary tumor, the lungs, liver, heart, and kidneys, stored in 10% formalin,
were processed for histopathological studies. Briefly, the organs were transferred into
appropriately labelled small cassettes. The cassettes were placed in an automatic tissue
processer (Leica TP1020 automatic tissue processor, Leica, Wetzlar, Germany) and pro-
cessed for histopathological studies. The paraffin-impregnated tissues were embedded into
paraffin embedding media and cast into tissue blocks using a tissue embedding machine
(Leica tissue embedding machine, Wetzlar, Germany). The tissue sections were deparaf-
finized by placing the slides in xylene solution and rehydrated through descending ethanol
concentrations to water before staining with hematoxylin and eosin (H&E) stains. After
removing excess stains, the tissue sections were dehydrated via ascending concentrations
of ethanol and cleared in xylene substitute-X solution. The slides were then mounted with
distyrene plasticizer xylene (DPX) and covered with coverslips. The slides were examined
using a bright-field microscope (Nikon Eclipse 80ί (CF160), Kanagawa, Japan), with a
12.0-megapixel resolution camera, at various magnifications (100×, 200× and 400×) and
the relevant images were captured.

2.10. Gene Expression Analysis

For RNA extraction from the tumor tissue, 1 mL of Tripure isolation reagent (Roche
Diagnostics, Mannheim, Germany) was added to the frozen tumor tissue (50 mg), and
the tube was mixed thoroughly. The sample was centrifuged, and the quality of the RNA
obtained was evaluated based on an optical density (OD) ratio of 260 nm: 280 nm, which
should be between 1.8 and 2 [37], as well as an OD ratio of 260 nm:230 nm, which should
be ≥1.8 [37] for real-time PCR amplification. The RNA concentration was determined by
measuring absorbance at 260 nm, 280 nm, and 230 nm using a NanoQuant plate (Tecan).
The target gene sequences for murine mitogen-inducible gene 6 (MIG-6), Cadherin 13
(Cdh13), Baculoviral IAP repeat containing 5 (BIRC5), serpin family E member 1 (Serpine1),
as well as the reference genes, phosphoglycerate kinase-1 (Pgk1) and proteasome subunit
beta type-2 (Psmb2), were downloaded from the gene bank to facilitate the designing
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of primers to carry out the two-step reverse-transcription quantitative PCR (RT-qPCR).
A commercial primer design software (PREMIER Biosoft International, Palo Alto, CA,
USA) was used to screen potential primer sets to ensure that they had similar annealing
temperatures (≤60 ◦C) and did not produce dimers and hairpins. Primer pairs were also
tested for specificity using the BLASTN (NCBI) program. All the primers were synthesized
commercially (IDT Integrated DNA Technologies, Singapore). The melting curve analysis
for (A) BIRC5, (B) Cadherin 13, (C) MIG6, (D) Serpine1, (E) pgk1, and (F) psmb2 are
provided as Figure S1. Quantitative PCR was performed to compare mRNA expression
levels from tumor tissues from the non-treated (control) versus the three treated groups
(Spirulina alone, γT3 alone, or combined Spirulina + γT3). The RNA from all samples
were amplified using two-step RT-qPCR using a thermocycler (LightCycler® 480 Real-
Time Detection System, Roche Diagnostics). The qPCR PCR was performed using the
LightCycler 480 SYBR Green I Mastermix (Roche Diagnostics, Mannheim, Germany).

2.11. Statistical Analysis

All data were analyzed using SPSS Statistics version 20. All the values were presented
as the mean ± SEM of the six mice per group. The results were analyzed using the
analysis of variance (ANOVA) statistical test followed by Tukey’s post-hoc test in the SPSS
(version 20). A p-value of less than 0.5 (p < 0.05) was considered significant (95% confidence
interval) compared to the control group.

3. Results

3.1. Body Weight and Tumor Volume

There were no differences (p > 0.05) in the body weight at day 56 amongst all the
study groups (Spirulina (23.4 ± 0.74 g); γT3 (23.02 ± 0.74 g); and combined treatment
(23.65 ± 0.33 g)) compared to the control group (25.28 ± 0.33 g) (Figure 1). The animals
were induced with BC at day 28 and a tumor was palpable 9 days’ post-inoculation. The
effects of supplementation of Spirulina, γT3 or combined treatment appeared to be quite
varied. For instance, there were marked differences in tumor volume (p < 0.05) observed
in the treated mice on day 37 (Spirulina (12.49 ± 0.51 mm3); γT3 (11.67 ± 0.33 mm3);
and combined treatment (13.5 ± 0.38 mm3) and day 49 (Spirulina (63.5 ± 1.46 mm3); γT3
(59.86 ± 1.6 mm3); and combined treatment (58.31 ± 1.91 mm3) when compared to the
control group (day 37: 15.83 ± 0.75 mm3; and day 49: 70.35 ± 0.9 mm3) (Figure 2). How-
ever, on day 43, a significant reduction in tumor volume was only observed in mice fed
with Spirulina alone (24.4 ± 1 mm3) compared to the control group (28.17 ± 0.72 mm3). In
contrast, on day 46, supplementation with Spirulina or γT3 alone significantly reduced
tumor volumes (p < 0.05) compared to the control (Figure 2). On day 56, only γT3 sup-
plementation showed a significant reduction (p < 0.05) in tumor volume compared to the
control group (Figure 2).

3.2. Immunophenotypic Expression

There were no differences (p > 0.05) in the percentage of CD4+ or CD8+ T-cell popula-
tions amongst all the treated groups (Spirulina, γT3, or combined treatment) compared to
the control (Figure 3). However, the percentage of Th cells that secrete IL-7 (CD4+/CD127+)
were higher (p < 0.05) in mice fed with just γT3 (21.9 ± 1.55%) or Spirulina (24.9 ± 1.69%)
compared to mice from the control group (9.45 ± 0.61%). There was a ten-fold reduction in
the percentage of Treg cells (CD4+/CD25+) in mice that were fed with either γT3 or Spir-
ulina alone when compared to the control or combined treatment groups (Figure 3). There
was also a marked reduction (p < 0.05) of a subset of Treg population, which expresses the
CD73 enzyme (CD4+/CD25+/CD73) in mice fed with either γT3 or Spirulina, but there
was a marked increase of this Treg subset in mice from the control or combined treatment
groups (Figure 3). Representation of dot plot distribution attached as Figure S2.
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Figure 1. Changes in body weight before and after tumor induction in mice fed Spirulina, tocotrienol, and a combination of
tocotrienol and Spirulina. Body weight of each mouse was recorded every three days from day 0 to day 56. Data expressed
as mean ± standard error min (SEM) of six mice per group (n = 6). There were no significant differences in the body
weight of animals from the control and treatment groups. Control: vehicle (soy oil); Spirulina (50 mg/kg body weight); γT3
(1 mg/day); and combination of γT3 (1 mg/day) and Spirulina (50 mg/kg body weight).

Figure 2. Tumor volume in mice fed Spirulina, γT3, and a combination of Spirulina and γT3. Diameter of tumor volume was
measured every three days from day 37 to day 56. Data expressed as mean ± standard error mean (SEM) of six mice per
group (n = 6). * p < 0.05: control versus treated group. Control: vehicle (soy oil); Spirulina (50 mg/kg body weight); γT3
(1 mg/day); and combination of γT3 (1 mg/day) and Spirulina (50 mg/kg body weight).
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Figure 3. Flow cytometry analysis showing levels of Th cells (CD4+), CTL (CD8+), Th cells that secrete IL-7 (CD4+/CD127+),
Treg cells (CD4+/CD25+), and Treg cells that expressed CD73 enzyme (CD4+/ CD25+/CD73). Mice in the control group
were fed the vehicle for 56 days while mice in the experimental group were supplemented with tocotrienol and Spirulina.
Data expressed as mean ± standard error mean (SEM). (n = 6 for control, Spirulina, γT3 + Spirulina, and n = 5 for γT3)
(* p < 0.05 compared to the control group).

3.3. Histopathology

There were large and pleomorphic cells with hyperchromatic nuclei and dense cyto-
plasm arranged in clusters and sheets in tumor sections from control mice. These sections
also showed a large primary breast adenocarcinoma (shown by arrow), which was poorly
differentiated (Figure 4a). Tumor sections from the Spirulina-fed group displayed poorly
differentiated adenocarcinoma with abundant necrosis areas (shown by arrow) in the cen-
tral areas (Figure 4b). In the γT3 treated group, the breast tissues showed predominantly
tumor necrosis (shown by arrow) with sheets and islands of homogenous eosinophilic
necrotic cells and little proliferating tumor tissue (Figure 4c). The breast tissue from mice
fed a combination of γT3 and Spirulina showed abundant necrosis areas (shown by ar-
row) (Figure 4d). Clusters of tumor cells could be seen around the central vein and in
the parenchyma (shown by arrow) in the liver section from animals in the control group
(Figure 5a). Metastasis to the liver was also seen in sections from Spirulina-fed mice
(Figure 5b). Liver sections from γT3-fed mice showed metastatic deposits around the blood
vessels and in the parenchyma (Figure 5c). A similar finding was observed in the liver of
mice fed a combination of γT3 and Spirulina (Figure 5d). There was no metastasis seen in
the heart, lung, or kidney sections from mice in any of the study groups.

  
(a) (c) 

Figure 4. Cont.

29



Nutrients 2021, 13, 2320

  

(b) (d) 

Figure 4. Comparison of tumor necrosis in breast tissue upon tocotrienol and Spirulina treatment.
Photomicrographs (H&E, 200×) of breast tumor tissue from mice from the different treatment
groups. The (a) control (non-treated), (b) Spirulina (50 mg/kg body weight), (c) γT3 (1 mg/day),
and (d) combination of γT3 and Spirulina treated mice. Red colored arrow and circle indicate viable
tumor cells, while the black colored arrow and circle indicate necrotic tumor cells.

  
(a) (c) 

 
(b) (d) 

Figure 5. Comparison of metastasis from primary tumor site to the liver tissue upon γT3 and
Spirulina treatment. Photomicrograph (H&E, 200×) comparing liver tissue (a–d) between (a) control
(non-treated), (b) Spirulina (50 mg/kg body weight), (c) γT3 (1 mg/day), and (d) combination of γT3
and Spirulina treated mice. Arrow indicates metastasized tumor cells.
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3.4. Gene Expression

The expression of the MIG6 (>two-fold) and Cadherin 13 (three-fold) genes were
up-regulated (p < 0.05) in tumor tissue from γT3-fed mice (Figure 6). In contrast, there was
no change (p > 0.05) in the expression of BIRC5 and Serpine-1 genes in tumor tissues from
all treated groups when compared to the control group (Figure 6).

Figure 6. Comparison of BIRC5, Serpine1, MIG6 and Cadherin13 gene expression levels between the control (untreated),
Spirulina, γT3, and combined Spirulina and γT3 treatment groups based on quantitative PCR analysis. Error bars represent
standard error (SE) value, n = 3. (* p < 0.05 compared to control).

4. Discussion

There was no significant difference in mouse body weight from treatment groups
compared to the control group. The tumor was palpable one week after tumor induction
(day 37) in mice from all four groups. The tumor volume was significantly lower in animals
fed daily with γT3, Spirulina, or a combination treatment in the early stages compared to
the control. This might be because of the effectiveness of γT3, Spirulina, or combination
treatment in suppressing tumor growth in the early stage of cancer development, especially
as the mice were fed with the test compounds 28 days before tumor induction. It is also
possible that the supplements may have helped enhance the animals’ immune system to
help them eliminate the tumor cells, which can result in reduced tumor mass. Similar ob-
servations have been reported previously with Spirulina [32,33,38] and T3 [39–41], possibly
due to their immunomodulatory activities. On days 40, 43, 46, and 49, there was a reduction
in tumor volume in all the treated groups with a significant reduction in mice from the
Spirulina-treated group on days 43, 46, and 49. Mice from the γT3-fed group showed a
significant reduction in tumor volumes on days 37, 46, and 56. The reduction in tumor
volume indicates that the test nutraceutical could inhibit tumor growth. Among the three
treatments, γT3 showed the most consistent reduction in tumor growth in comparison to
the control group.

Cell-mediated immunity is an important adaptive immune response to combat tumors
in the cancer microenvironment [42], which includes the actions of Th cells (CD4+), CTL
(CD8+), and Treg cells (CD4+/CD25+). The CD8+ T-cell and CD4+ T-cell are the principal
weapons of immunity against cancer [43], but prolonged immune responses can result in
extended tissue damage, resulting in fatal immunopathology [44]. The balance between
pro- and anti-inflammatory states of immune response could be regulated by Treg cells,
which serve as gate-keepers of the immune system. Treg cells often accumulate in the tumor
microenvironment [45]. Increased Treg cells in the tumor microenvironment can suppress
anti-tumor T-cell responses, which can be associated with tumor progression [46–48].
Immunophenotyping showed that Th cells expressing the IL-7 receptor (CD4+/CD127+)
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were significantly higher in peripheral blood from Spirulina-fed mice. These mice also
showed a significant reduction of Treg cells (CD4+/CD25+) and Treg cells that express
CD73 enzyme compared to the control group. These findings indicate that Spirulina
supplementation may have induced immune protective effects against BC as there was
an increase in IL-7 secreting Th cells, promoting the production of pro-inflammatory and
lymphocyte growth cytokines to enhance immune activity [49,50]. In addition, the Treg
populations were found to be reduced, which could have beneficial effects on the host
immune system. The results indicate that Spirulina may modulate the T-cell populations and
enhance anticancer effects in this mouse model. A study using a mouse BC model reported
that phycocyanin from Spirulina promoted proliferation of thymocytes and splenocytes
from BC-induced mice compared to the control group [51]. These findings also suggest
that Spirulina had immune-enhancing effects by increasing the populations of immune
cells involved in combatting cancer. A similar enhancement of immune response was
also observed in mice fed with γT3 in the present study. There was a significant increase
in Th cells (CD4+/CD127+) as well as a significant decrease in Treg cells (CD4+/CD25+

and CD4+/CD25+CD73+) compared to the control group. These results suggested that, in
this study model, γT3 enhanced immune-protection mediated by T-cells against BC. Such
results are in accordance with other reports on the immunomodulatory effects of T3. For
instance, in a study using athymic mice with BC, it was reported that supplementation with
tocotrienol-rich fraction (TRF) up-regulated the expression of CD74/li and CD59 genes
and down-regulated the expression of the IgG Fc receptor gene [39]. The CD4/li gene
was reported to play a central role in the biological functions of major histocompatibility
complex (MHC) class 1 proteins [52], while the IFITM-1 gene was shown to be involved in
transduction of anti-proliferative and adhesion signals [53]. The binding of CD59 host cell
membrane inhibited the action of the membrane attack complex (MAC) formed following
activation of the complement system [54], which protects host cells [39]. These findings
indicate that T3 might enhance anti-tumor effects by improving host immune responses.
Combination treatment with γT3 and Spirulina did not show any significant difference in
the T-cell populations. This may be due to a lack of synergy between γT3 and Spirulina.
Furthermore, no previous studies reported on immunomodulatory effects when γT3 and
Spirulina were used in combination.

Metastasis results from the dissemination of tumor cells from the primary neoplasm to
a distant organ and the subsequent adaptation to a foreign tissue microenvironment [12,55].
The development of metastasis disease often signals poor prognosis, giving rise to increased
morbidity and mortality [12]. In this study, tumor sections from the control group were
large and pleomorphic with hyperchromatic nuclei and dense cytoplasm arranged in
clusters and sheets, while tumor sections from Spirulina-treated groups showed primarily
poorly differentiated adenocarcinoma with some areas of necrosis, indicating that there
could be killing off of some of these tumor cells. Previous studies showed that phycocyanin
from Spirulina-induced apoptosis reduced colony formation in the BC cell line [56]. There
was marked necrosis in the tumor section from γT3-fed mice, which suggested that γT3
may induce tumor cell death.

In the current study, the metastasis of tumor cells from the primary site to liver tissues
was observed even in mice fed with γT3, Spirulina, or the combination treatment. The
findings suggest that supplementation with γT3, Spirulina, or combined treatment could
not inhibit metastasis in this experimental model. However, there were no metastases
to the lung, heart, and kidneys, which might be due to the limitation of the tumor cells’
invasive capacity from the primary tumor to these organs compared to the liver. In previous
studies using the same mouse model of BC, it was reported that VEGF expression was
significantly reduced in mice fed with TRF compared to the control group [57]. This shows
that palm tocotrienols exhibit anti-angiogenic properties that may assist in tumor regression.
However, in the current study, γT3 did not appear to inhibit metastasis to the liver.

Combination treatment using γT3 and Spirulina was found to be ineffective in pro-
ducing anticancer or immunomodulatory effects. In fact, the response seems to negate
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the positive effects when each nutraceutical was used on its own. Although combined
treatment of γT3 with Spirulina was not reported on previously, combination of T3 with
other bioactive compounds were tested in several tumor models. For instance, combi-
nation of T3 and gemcitabine was reported to down-regulate NF-Kβ activity along with
NF-Kβ regulated gene products, such as cyclin D1, c-Myc, VEGF, MMP-9, and CXCR4
in pancreatic cancer [58]. This combination also potentiated the anti-tumor activity of
gemcitabine by inhibiting NF-Kβ and NF-Kβ regulated gene products, leading to the
inhibition of proliferation, angiogenesis, and invasion [58]. However, it should be noted
that the concentration of T3 used in the pancreatic cancer model was higher than what was
used in the present study. This may account for the differences observed. Spirulina used
in combination with other natural compounds was reported to exert anti-invasive effects
against BC. For instance, combination of phycocyanin from Spirulina with indol-3-carbinol,
resveratrol, isoflavone, curcumin, and quercetin was shown to downregulate CD44, and
reduce migration (wound healing assay) and invasion (matrigel assay) of human BC cell
lines [59].

BIRC5/Survivin is known as an apoptosis inhibitor [60], while Serbp1/Serpine-1/PAI-
1 is associated with tumor invasion [61], and MIG6 [62] and Cadherin 13 [63] are known as
tumor suppressors. Further studies using more genes associated with specific pathways
would help in understanding the anticancer effects of combined γT3 and Spirulina against
BC. BIRC5/Survivin is an inhibitor of apoptosis protein (IAP) and is overexpressed in
a wide spectrum of tumors, including breast cancer [64,65]. Its main function includes
inhibiting apoptosis and regulating mitosis, which is associated with carcinogenesis [60].
Apoptosis, or programmed cell death, involves caspases responsible for proteolytic cleav-
ages that lead to cell death. Two mechanisms are involved in apoptosis, namely death
receptor (a subgroup of tumor necrosis factor (TNF) superfamily activation) and mito-
chondrial stress apoptotic signaling pathways [61]. This indicates that BIRC5/Survivin
modification could be therapeutic against cancer. In the current study, there were no
significant (p > 0.05) changes in BIRC5 gene expression upon treatment with Spirulina, γT3,
or combined treatment with Spirulina and γT3.

Another gene analyzed in this study was Serbp1/Serpine-1/PAI-1, a multifaceted
proteolytic factor that functions as an inhibitor of the serine protease and plays an im-
portant role in signal transduction, cell adhesion, and migration [66]. High levels of
Serbp1/Serpine-1/PAI-1 have also been consistently reported to predict poor prognosis
in several types of human cancers [67,68] and are associated with tumor aggressiveness
and poor patient outcomes [69]. In the current study, there were no significant (p > 0.05)
changes in Serbp1/Serpine-1/PAI-1 gene expression upon treatment with Spirulina, γT3,
and combined treatment with Spirulina and γT3.

MIG6 is a negative feedback regulator of receptors for tyrosine kinases, and the
expression of this gene was down-regulated in human breast carcinomas, correlating with
reduced overall survival of breast cancer patients [70,71]. Previous studies showed that
MIG6 expression is reduced in skin, breast, pancreatic, and ovarian carcinomas [72]. In
this study, MIG6 gene expression was significantly (p < 0.05) up-regulated upon treatment
with γT3 as compared to the control. Previous studies showed that α-T3, γ-T3, and δ-T3
can up-regulate the expression of the MIG6 gene in a breast cancer cell line (MCF-7) [73].
Although the present study was based on the in vivo model, γT3 was still able to enhance
tumor suppressor gene expression. In Spirulina and combined treatment, there were no
significant (p > 0.05) differences in this gene expression.

Cadherin 13, also referred to as T- or H-cadherin, is expressed in multiple cell types in
the breast gland, including myoepithelial, epithelial, and endothelial cells [74]. Characteri-
zation of Cadherin 13 suggests that it is not necessarily involved in adhesion, but instead is
an adiponectin receptor [75] and adiponectin is secreted by adipocytes, which can sequester
growth factors. Cadherin 13 is frequently silenced in different cancers, and it has long been
considered a tumor suppressor [63]. In this study, γT3 significantly (p < 0.05) up-regulated
the expression of Cadherin 13 compared to the control, which indicates that it enhanced
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the tumor suppressing effects and, thus, could inhibit tumor development. In the current
study, there were no significant (p > 0.05) changes in Cadherin 13 gene expression upon
treatment with Spirulina and combined treatment with Spirulina and γT3. On the whole,
upon the combination of γT3 and Spirulina, there were no significant (p > 0.05) differences
in the expression of the genes analyzed in this study compared to the control group.

5. Conclusions

The primary aim of the current research was to assess the immunomodulatory, anti-
metastatic, gene expression analysis, and anticancer effects of combined γT3 and Spirulina
treatment against BC using a syngeneic mouse model of BC. Combination of γT3 and
Spirulina did not cause any significant differences in body weight, and there was no
consistent suppression of tumor volume observed. Moreover, there were no significant
differences in the T-cell population upon combined treatment with γT3 and Spirulina as
compared to the control group. In contrast, γT3 or Spirulina treatment on its own caused
a significant increase in the Th population and a significant decrease in Treg populations
compared to the control. Metastasis to the liver was present in sections from the control and
all treatment groups, suggesting that these nutraceuticals could not inhibit metastasis to the
liver. There were more necrotic cells in sections from γT3-supplemented mice compared
to combined treatment (γT3 + Spirulina), which suggested that the necrotic effect upon
combination is most likely from the γT3. In conclusion, the combination of γT3 + Spirulina
did not appear to have any synergistic anti-cancer or immunomodulatory effects in this
mouse model of BC.
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Abstract: YG-1 extract used in this study is a mixture of Lonicera japonica, Arctic Fructus, and Scutel-
lariae Radix. The present study was designed to investigate the effect of YG-1 extract on bronchodi-
latation (ex vivo) and acute bronchial and pulmonary inflammation relief (in vivo). Ex vivo: The
bronchodilation reaction was confirmed by treatment with YG-1 concentration-accumulation (0.01,
0.03, 0.1, 0.3, and 1 mg/mL) in the bronchial tissue ring pre-contracted by acetylcholine (10 μM). As a
result, YG-1 extract is considered to affect bronchodilation by increased cyclic adenosine monophos-
phate, cAMP) levels through the β2-adrenergic receptor. In vivo: experiments were performed in
C57BL/6 mice were divided into the following groups: control group; PM2.5 (fine particulate matter)-
exposed group (PM2.5, 200 μg/kg/mL saline); and PM2.5-exposed + YG-1 extract (200 mg/kg/day)
group. The PM2.5 (200 μg/kg/mL saline) was exposed for 1 h for 5 days using an ultrasonic nebu-
lizer aerosol chamber to instill fine dust in the bronchi and lungs, thereby inducing acute lung and
bronchial inflammation. From two days before PM2.5 exposure, YG-1 extract (200 mg/kg/day) was
administered orally for 7 days. The PM2.5 exposure was involved in airway remodeling and inflam-
mation, suggesting that YG-1 treatment improves acute bronchial and pulmonary inflammation by
inhibiting the inflammatory cytokines (NLRP3/caspase-1 pathway). The application of YG-1 extract
with broncho-dilating effect to acute bronchial and pulmonary inflammation animal models has
great significance in developing therapeutic agents for respiratory diseases. Therefore, these results
can provide essential data for the development of novel respiratory symptom relievers. Our study
provides strong evidence that YG-1 extracts reduce the prevalence of respiratory symptoms and the
incidence of non-specific lung diseases and improve bronchial and lung function.

Keywords: YG-1 extract; bronchodilation; fine particulate matter (PM2.5); acute lung injury; air-
way inflammation

1. Introduction

Bronchodilators are important drugs in the treatment of asthma, acute, and chronic
obstructive airway disease. Beta agonists, theophylline and antimuscarinic drugs are the
main drugs currently used [1]. These drugs are known to directly affect airway smooth
muscle and cause bronchodilation [2]. Abnormal state of airway smooth muscle cells is
involved in airway remodeling [3]. Excessive exposure to fine particulate matter (PM2.5)
is gradually absorbed into the bronchi and lungs and progresses to acute respiratory
distress syndrome, eventually requiring bronchodilation for respiration [4]. Therefore, it is
meaningful to apply natural products with bronchodilating effect to animal models of acute
bronchial and lung inflammation. Particulate matter (PM) is one of the various artificial
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pollutants worldwide and has recently received much attention due to its biohazard
effects. PMs are classified into two groups, PM10 and PM2.5, according to their size. PM10
refers to particulate matter less than ten μm in diameter, and PM2.5 refers to particles
less than 2.5 μm in diameter [4,5]. Respiratory symptoms and diseases are becoming
more and more serious due to air pollution and environmental changes caused by rapid
industrialization [5]. Respiratory symptoms caused by air pollution are caused by an
inflammatory reaction in the bronchi with stimuli such as fine dust, which causes or
worsens acute sepsis, asthma, chronic bronchitis, and airway obstruction [6,7]. Recently,
exposure to PM2.5 has been identified as a major risk factor for respiratory diseases [8,9].
PM2.5 not only causes respiratory dysfunction (cough and wheezing etc.) but also worsens
the condition, increasing morbidity and mortality [10,11]. Also, it was reported that PM2.5
induces airway inflammation in mice and nasal inoculation of enriched PM2.5 induces an
inflammatory airway response [12]. According to various studies, short-term exposure to
PM2.5 in mice is known to induce acute lung inflammation [13].

Currently, the treatment of respiratory diseases is dependent on the use of drugs
such as bronchodilators and anti-inflammatory drugs, but alternative medicine using
natural products with few side effects is needed [14]. Among natural products, there are
many ingredients known to have antitussive expectorant effects that can treat respiratory
symptoms and diseases. It has been reported that these natural products have clinical
effects in relieving respiratory symptoms when administered alone or in combination [15].
Mixtures of natural products have been used for the treatment of various diseases since
ancient times, and their physiologically active efficacy has been verified based on long-term
experience and is widely used because there are few side effects [16]. The YG-1 extract
used in this study is a mixture of Lonicera japonica, Arctii Fructus, and Scutellariae Radix
(Table 1). Lonicera japonica, which accounts for a significant proportion of the YG-1 mixed
extract, is known to have antipyretic, detoxifying, and sweating effects [17], and Arctii
Fructus is used to relieve fever and sore throat [18]. In addition, Scutellaria Radix has anti-
inflammatory, antipyretic, diuretic, and blood pressure lowering effects, and is currently
used for chronic bronchitis, infectious hepatitis, and hypertension [19]. In this study, we
assess the bronchodilatation (ex vivo) and acute bronchial and lung inflammation relief
effects (in vivo) of YG-1 extract, a mixture of natural products (Lonicera japonica, Arctii
Fructus, and Scutellariae Radix) widely used as antitussive expectorants in folk remedies.

Table 1. Mixing ratio of YG-1 extract.

Code Scientific Name of Source Ratio Mixing Ratio

A Lonicera japonica,
Arctii Fructus

3
1 2

B Scutellariae Radix 2.25 3

2. Materials & Methods

2.1. Preparation of YG-1 Extract

The YG-1 extract was a mixed extract containing Lonicera japonica, Arctii Fructus, and
Scutellariae Radix, which was provided by Hanpoong (Hanpoong Pharm and Foods Co.,
Ltd., Wanju, Korea). Lonicera japonica, and Arctii Fructus were each added at a ratio of
3:1, and 20 times 30% alcohol was added, followed by extraction twice at 85–95 ◦C for
3 h each. After filtration, the extract was concentrated under reduced pressure at 60 ◦C
or less and dried to prepare YG-A (yield 14%). Scutellariae Radix was extracted twice for
3 h at 85–95 ◦C by adding 20 times 30% alcohol, and concentrated and dried to prepare
YG-B (yield 45.61%). YG-1 was prepared by mixing dried YG-A and YG-B in a ratio of 2:3
(Table 1) according to the ratio previously used in the study [20].
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2.2. HPLC Analysis of YG-1

Seven reference standard components, loganin, loganic acid, sweroside, arctiin, baicalin,
baicalein, and wogonin were purchased from ChemFaces (ChemFaces Biochemical, Wuhan,
China), respecitively. Chemical structures of these reference standard components are
shown in Figure 1. HPLC analysis for the comparison of the 7 marker components in
YG-1 extract was performed using HPLC instrument (I-series, LC-2030C, Shimadzu, Kyoto,
Japan), PDA detector (Shimadzu, Kyoto, Japan) and LC Solution software (Version 1.24,
SP1, Shimadzu, Kyoto, Japan). Analysis of loganin, loganic acid, sweroside, arctiin, baicalin,
baicalein, wogonin were performed using a Capcell Pak HPLC Columns (250 × 4.6 mm
I.D, C18 UG120 column, 5 μm, Osaka soda, Japan).

Figure 1. Chemical structures of seven marker components in YG-1 mixed extract. Loganin, logan acid, and sweroside were
the main components of Lonicera Japonica (A). Aarctiin was the main components of Arctii Fructus (B). Baicalin, baicalein,
and wogonin were Scutellariae Radix (C).

2.3. Isolation of Bronchial Tissue and Measurement of Bronchodilation (Ex Vivo)

After the head of a healthy male Sprague-Dawley (weighing approximately 250–300 g)
was dislocated, the rib cage was excised, and the bronchi were isolated. The rapidly isolated
bronchial were saturated with mixed gas (95% O2 and 5% CO2) in a Krebs solution (118 mM
NaCl; 1.5 mM CaCl2; 4.7 mM KCl; 25 mM NaHCO3; 10 mM glucose; 1.1 mM MgSO4;
and 1.2 mM KH2PO4; pH 7.4 with ice-cold), remove the surrounding fat and connective
bronchial tissue, and then cut into sections with a length of about 3–4 mm. At this time, be
careful not to damage the bronchial smooth muscle. 5 mL of Krebs solution was placed
in the chamber and maintained at 37 ◦C with the mixed gas. The detached bronchial ring
was pulled up to a force of 1.8 g and equilibrated for 60 min. Isometric tension changes
were recorded via a connected transducer (Grass FT 03, Grass Instrument Co., Quincy, MA,
USA) and a Grass Polygraph recording system (Model 7E, Grass Instrument Co., West
Warwick, RI, USA). The bronchodilation reaction was confirmed by treatment with YG-1
concentration-dependently (0.01, 0.03, 0.1, 0.3, and 1 mg/mL) in the bronchial tissue ring
pre-contracted by acetylcholine (10 μM).

41



Nutrients 2021, 13, 3414

2.4. Measurement of cAMP Levels in Bronchial Tissues

After equilibrating the bronchial sections in Krebs solution for 30 min while supply-
ing 95% O2 and 5% CO2 mixed gas, 3-isobutyl-1-methylxanthine (IBMX, 100 μM) and
acetylcholine (100 μM) were added to equilibrate for another 5 min. Each concentration
was treated with YG-1 extract (1, 2.5, and 5 mg/mL, respectively) and reacted for 10 min.
In addition, KT5720 (100 uM) was pre-treated 20 min before, and YG-1 was treated with
5 mg/mL and reacted. The bronchial tissue was immediately put in liquid nitrogen to
stop the reaction, and then stored at −70 ◦C and used to measure the cAMP concentration.
After homogenizing the vascular tissue whose weight was measured in the presence of
0.1M HCl, the supernatant obtained by centrifugation at 13,000 g for 15 min was used with
Dirict cAMP ELISA kit (Enzo, ADI-900-066, Biotechnologies Corp & Enzo Life Sciences,
New York, NY, USA) was measured.

2.5. PM2.5-Induced Acute Lung and Bronchial Inflammation Mouse Model

After acclimatization for 7 days, all mice were randomly divided into 3 groups
(n = 8 per group). Experiments were performed in C57BL/6 mice were divided into
the following groups: control group; PM2.5-exposed group (PM2.5, 200 μg/kg/mL saline);
and PM2.5-exposed + YG-1 extract (200 mg/kg/day) group. From two days before PM2.5
exposure, YG-1 extract (200 mg/kg/day) was orally administered for a total of 7 days. The
YG-1 extract was exposed to PM 2.5 for 5 days from two days after the start of feeding to
induce acute bronchial and lung inflammation and confirm the improvement effect of YG-1.
PM2.5 purchased from Sigma Aldrich (NIST1650b, St. Louis, MO, USA) was dissolved
in dimethyl sulfoxide (DMSO, 100%) and washed three times with deionized distilled
water for treatment, and ultrasonic pulverization was performed for 3 min to minimize
agglomeration. PM2.5 (200 μg/kg/mL saline) was exposed for 1 h for 5 days using an
ultrasonic nebulizer aerosol chamber (Mass Dosing Chambers, Data Sciences International,
Saint Paul, MN, USA) to instill fine dust in the bronchi and lungs, thereby inducing acute
lung and bronchial inflammation. Control group received the same amount of saline used
as the dosing vehicle. PM2.5 exposure procedures have been referenced based on various
studies [21,22]. C57BL/6 mice were exposed to PM2.5 in the awake and uninhibited state
and continuously received concentrated ambient air PM2.5 following an in vivo systemic
inhalation protocol. The animals in this study were conducted after obtaining approval
from the Animal Experiment Ethics Committee of Wonkwang University (ethics review
number: WKU20-28).

2.6. Histological Analysis

The lung and bronchial tissues isolated from mice in each group were fixed in 10%
neutral buffered formalin (10% NBF, HT501128, Merk, Darmstadt, Hessen, Germany)
solution for 24 h. After perfusion fixation and paraffin embedding, paraffin blocks were
cut into 6–7 μm thick tissue sections using a microtome (Thermo Electron Corporation,
Pittsburg, PA, USA) and attached to slides. The lung and bronchial tissue slides were
prepared using Periodic Acid Solution (PAS, VB-3005, VitroVivo Biotech, Rockville, MD,
USA), Masson’s trichrome (8400, BBC Biochemical, Mt Vernon, WA, USA), and orcerin
(ab245881, Abcam, Cambridge, Cambs, UK) stained with a stain kit. Also, the beta-AR,
TGF-beta, collagen IV proteins in lung and bronchial tissues were examined with immu
nohistochemical (IHC) staining. The lung and bronchial tissue slides were immune stained
by mouse and rabbit specific HRP/DAB (ABC) detection IHC kit method (ab6464, Abcam,
Cambridge, Cambs, UK). Tissue sections were incubated with primary antibodies of beta
2 Adrenergic Receptor (B2AR, MBS8543138, MyBioSource, San Diego, CA, USA), TGF-β,
and collagen IV (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Histopathological
comparisons were performed with a microscope slide scanner (MoticEasyScan Pro 1,
National Optical & Scientific Instruments, Inc., Schertz, TX, USA).
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2.7. Western Blot Analysis and Antibodies

The lung and bronchial tissues (30–45 μg protein) were resolved on 10% SDS-PAGE
(SDS-polyacrylamide gel electrophoresis) and transferred onto PVDF (polyvinylidene
difluoride) western blot membranes. The membranes were washed three times with TBS-T
(Tris buffered saline: 150 mM, NaCl; 10 mM, Tris-HCl; and 0.05%, Tween-20) and blocked
with 5% BSA (bovine serum albumin) for 2 h. After that, it was washed again 3 times with
TBS-T and reacted overnight with appropriate primary antibodies (tumor necrosis factor
alpha, TNF-α; interleukin-6, IL-6; interleukin-1β, IL-1β; interleukin-18, IL-18; NOD-like
receptor pyrin domain-containning protein 3, NLRP-3, apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain, ASC; caspase-1) overnight at
4 ◦C. TNF-α, IL-6, IL-1β, IL-18, NLRP-3, ASC, and caspase-1, and β-actin were purchased
from Santa Cruz (Santa Cruz Biotechnology, Dallas, TX, USA). The next day, the membrane
was washed three times with TBS-T and reacted with a secondary antibody conjugated
to horseradish peroxidase (Bethyl Laboratories, Montgomery, TX, USA) for 2 hr. For the
membrane reacted with the secondary antibody, the protein expression level was confirmed
using an image analyzer (iBright FL100, Thermo Fisher Scientific, Waltham, MA, USA).
The ImageJ program (NIH, Bethesda, MD, USA) was used to quantify protein levels by
performing densitometry analysis.

2.8. Quantitative Real-Time Reverse Transcription-PCR of Lung and Bronchial Tissues
The Real-Time qRT-PCR of Lung and Bronchial Tissues

To confirm the real-time quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) of lung and bronchial tissues, RNA was extracted from each tissue using
Trizol™ Reagent (15596026, ThermoFisher Scientific, Waltham, MA, USA). The cDNAs
from lung and bronchial tissues were incubated in SimpliAmp™ Thermal Cycler (A24811,
ThermoFisher Scientific, Waltham, MA, USA) at 42 ◦C for 60 min and 94 ◦C for 5 min,
and synthesized from mRNA through reverse transcription. The real-time qRT-PCR was
performed with an initial denaturation step at 95◦ in a final volume of 20 μL (1 μL of
cDNA sample; 1 μL of primer pair each; 8 μL, pure distilled water; 10 μL of SYBR™ Green
PCR Master Mix, 4309155, ThermoFisher Scientific, Waltham, MA, USA). Reactions were
performed at 95 ◦C for 10 min using the Step-One™ Real-Time PCR system, followed by
40 repetitions at 95 ◦C for 15 s and finally 60 ◦C for 60 s (Applied Biosystems, ThermoFisher
Scientific, Waltham, MA, USA). The sequences of primers were as follows: IL-6 (forward,
5′-AACTCCATCTGCCCTTCA-3′; reverse, 5′-CTGTTGTGGGTGGTATCCTC-3′), IL-1β
(forward, 5′-TTCAAATCTCACAGCAGCAT-3′; reverse, 5′-CACGGGCAAGACATAGGT
AG-3′), NLRP3 (forward, 5′-CTGGAGATCCTAGGTTTCTCTG-3′; reverse, 5′-CAGGAT
CTCATTCTCTTGGATC-3′), ASC (forward, 5′-CTCTGTATGGCAATGTGCTGAC-3′; re-
verse, 5′- GAACAAGTTCTTGCAGGTCAG-3′), Caspase 1 (forward, 5′-GAGCTGATGTTG
ACCTCAGAG-3′; reverse, 5′- CTGTCAGAGAGTCTTGTGCTCTG-3′), TNF-α (forward,
5′-GCCTCTTCTCATTCCTGCTTG-3′; reverse, 5′-CTGATGAGAGGGAGGCCATT-3′), and
β-actin (forward, 5-GGAGATTACTGCCCTGGCTCCTAGC-3′; reverse, 5′-GGCCGGACT
CATCGTACTCCTGCTT-3′).

2.9. Statistical Analyses

All experiments were repeated at least 3 times, and statistically significant differences
between group means were determined using Student’s t-test. Results of experiments
were expressed as mean ± standard error (S.E.). p < 0.05 was considered a statistically
significant difference.

3. Results

3.1. HPLC Chromatograms of Compounds from YG-1 Extract

Figure 1 shows the chromatograms analyzed by high performance liquid chromatog-
raphy (HPLC) for Lonicera japonica (loganin, loganic acid, and sweoside), Arctii Fructus (arc-
tiin), and Scutellariae Radix (baicalin, baicaein, and wogonin) from YG-1 extract (Figure 1).
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Chromatograms were detected at 254 nm for loganin, loganic acid, and sweroside, arctiin at
280 nm, and baicalin, baicalein, and wogonin at 277 nm using a photodiode array detector
(Figure 2). As a result of analyzied YG-1 extract, Loganin (5.80 ± 0.16 mg/g), Loganic acid
(2.38 ± 0.54 mg/g), and Sweoside (3.21 ± 0.07 mg/g) contained in Ronica japonica; Arctiin
(42.67 ± 0.22 mg/g) contained in Arctii Fructus; And Baicalin, Baicaein, and Wogonin con-
tained (sum of 3 compounds: 118.67 ± 2.34 mg/g) in Scutellariae Radix could be identified,
respectively (Figure 2).

Figure 2. HPLC chromatograms showing peaks corresponding to the marker compounds, loganin,
loganic acid, sweoside (A), arctiin (B), baicalin, baicaein, and wogonin (C) of YG-1 extract. HPLC,
high performance liquid chromatography.

3.2. Concentration-Dependent Bronchodilation Effect of YG-1 Extract in Bronchial Smooth Muscle

The contraction of bronchial (tracheal) smooth muscle was induced with acetylcholine
10 μM, and the concentration-dependent bronchial relaxation effect of YG-1 extract was
confirmed. As a result, bronchial smooth muscle showed a significant relaxation effect
at the 5 mg/mL concentration of YG-1 extract compared to 97.58 ± 11.02% of untreated
bronchial smooth muscle (Figure 3A(a). In order to examine whether YG-1 extract affects
cAMP production in bronchial tissues, the amount of cAMP production was measured by
treatment in a concentration-dependent manner. As a result, it was possible to confirm a
significant increase in cAMP production in a concentration-dependent manner compared to
the group not treated with the YG-1 extract (Figure 3A(b). In addition, the bronchial rings
were pre-treated with YG-1 extract (2.5 or 5 mg/mL concentration) to determine whether
contraction by acetylcholine. As a result, the YG-1 extract inhibited acetylcholine-induced
contraction in a concentration-dependent manner (Figure 3B(a). Therefore, it is considered

44



Nutrients 2021, 13, 3414

that the YG-1 extract has the effect of inhibiting bronchi contraction. Also, it is thought that
the YG-1 extract has a broncho-dilating effect and is involved in cAMP production.

Figure 3. The concentration-accumulation treatment of YG-1 extract shows a dose-response re-
laxation curve (A(a)) in the bronchi, as shown in the bar graph (A(b)). Concentration-dependent
bronchoconstriction response curve graph of acetylcholine with and without YG-1 treatment (B(a)).
The bronchoconstriction effect of each group at the highest concentration of YG-1 extract was com-
pared and graphically depicted (B(b)). Veh, vehicle; cAMP, cyclic adenosine monophosphate. Data
are expressed as mean ± standard error. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. vehicle.

3.3. Effects of YG-1 Extract on Improving the β2-Adrenergic Receptor/PKA Pathway in Bronchial
Smooth Muscle

It is known that β2-adrenergic receptors (β-AR) in the autonomic nervous system
bronchodilation. To determine whether the bronchodilating effect of YG-1 extract occurs
through the β-AR, the bronchodilating effect was investigated by pretreatment with pro-
pranolol (1 or 100 μM), a non-selective β2-adrenergic antagonist. As a result, compared to
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the relaxation effect of the YG-1 extract, a significant blocking effect of bronchial relaxation
was observed at 35.61 ± 11.01% by pretreatment with propranolol at a concentration of
100 μM (Figure 4A). In addition, it is known that smooth muscle induces relaxation by
reducing Ca2+ levels by converting PKA to cAMP generated by the activity of adenylate
cyclase (AC). As a result of confirming the bronchial relaxation effect of the YG-1 extract
by pretreatment with KT5720 (10 or 100 μM), a PKA inhibitor, the relaxation effect was
reduced to 35.61 ± 11.01% at the 100 M concentration (Figure 4B). As shown in Figure 3
above, YG-1 extract confirmed an increase in cAMP production in bronchial tissues. As
a result of confirming whether YG-1 treatment had an effect on cAMP production when
PKA blocker was treated, the amount of cAMP production increased by YG-1 treatment
was significantly decreased by KT5720 (Figure 4C). Therefore, it is considered that YG-1
extract has a bronchial relaxation effect through the β2-adrenergic receptor/PKA pathway.

 

Figure 4. YG-1 extract treatment induced bronchodilation by stimulating β2 adrenergic receptor-mediated PKA activation.
Bronchodilation inhibitory effect of YG-1 treatment on acetylcholine (10 μM)-induced bronchoconstriction in rats in the
presence of propranolol (10 or 100 μM, A) and KT5720 (10 or 100 μM, B). The increase in cAMP production by YG-1 in the
bronchi was reduced by pretreatment with KT5720 (100 μM. C). Veh, vehicle; Pro, propranolol, non-selective β-adrenergic
receptor antagonist; KT5720, selective inhibitor of protein kinase A; cAMP, cyclic adenosine monophosphate. Data are
expressed as mean ± standard error. *** p < 0.001, ** p < 0.01, * p < 0.05 vs. vehicle; ## p < 0.01 vs. YG-1.

3.4. Effect of YG-1 on Reducing Bronchial and Lung Fibrosis in PM2.5-Exposed Airway
Inflammation Mice

To investigate the inflammatory effects of PM2.5 on the respiratory tract, C57Bl/6 mice
were exposed to PM2.5 using a ultrasonic nebulizer aerosol chamber. After the mice were
sacrificed, bronchial and lung tissues from all groups were collected and analyzed. The
bronchi and lung fibrosis was confirmed using PAS (Figure 5A), masson’s (Figure 5B or 6A)
and orcein (Figure 6B) staining. As shown in Figures 5 and 6, significant pulmonary fibrosis
was observed in the peribronchial, perivascular, and alveolar spaces of the lungs upon
exposure to PM2.5. On the other hand, it was confirmed that fibrosis of the bronchi and
lungs was improved by treatment with YG-1 extract.
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Figure 5. The effect of YG-1 extract treatment on bronchial injury in fine particulate matter (PM2.5)-stimulated mice was
histologically confirmed. Representative images of AB-PAS (pseudostratified epithelium, A) and Masson’s trichrome
(collagen fibers, B) stained tracheal in PM2.5 stimulated mice. IHC staining was performed to examine the expression of β-
AR (C), TGF-β (D), and collagen IV (E) in bronchial tissues. Red arrows indicate the location of pseudostratified epithelium
(A) and collagen fibers (B); and β-AR, TGF-β (C), and collagen IV (D) were expressed by immunohistochemistry in
tracheal. Histopathological lesions and changes were assessed by histological analyses by optical microscope (magnification
×200; n = 3~4 for each group). Cont, control; PM2.5, PM2.5 exposure mice; YG-1, PM2.5 exposure mice + YG-1 treated
(200 mg/kg/daily, orally); AB-PAS, alcian blue-periodic acid-Schiff staining; Massnon’s, masson’s trichrome staining; IHC,
Immunohistochemistry staining; β-AR, β-adrenergic receptor antagonist; TGF-β, transforming growth factor-β.
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Figure 6. The effect of YG-1 extract treatment on lung injury in fine particulate matter (PM2.5)-stimulated mice was
histologically confirmed. To confirm that YG extract treatment inhibited fibrosis of the PM2.5 stimulated mice, histological
changes were observed by masson’s trichrome (collagen fibers, A) and orcein (elastic fibers, B) staining in bronchial tissues.
IHC staining was performed to examine the expression of TGF-β (C) and collagen IV (D) in lung tissues. Yellow arrows
indicate the location of collagen fibers (A) and elastic fibers (B). Red arrows indicated where TGF-b (C) and collagen (D)
were expressed by immunohistochemistry. Histopathological lesions and changes were assessed by histological analyses by
optical microscope (magnification, ×200; (n = 3~4 for each group). Cont, control; PM2.5, PM2.5 exposure mice; YG-1, PM2.5
exposure mice + YG-1 treated (200 mg/kg/daily, orally); Massnon’s, masson’s trichrome staining; Orcein, orcein staining;
IHC, Immunohistochemistry staining; TGF-β, transforming growth factor-β.

3.5. Effect of YG-1 on Reducing Bronchial and Lung Inflammation in PM2.5-Exposed Airway
Inflammation Mice

Histopathological evaluation and pro-inflammatory cytokine levels were evaluated to
confirm bronchial and lung inflammation levels. Immunohistochemistry (IHC) staining
showed that YG-1 treatment significantly reduced the expression of β-AR, TGF-β, and
collagen IV in PM2.5 exposure mice bronchial tissues (Figure 5C–E). As a results, the
expression level of β-AR was decreased in the histological evaluation of the bronchial
tissues in PM2.5 exposure mice, whereas the expression levels were increased by treatment
with YG-1 (Figure 5C). In addition, IHC staining showed that YG-1 treatment significantly
reduced the expression of TGF-β and collagen IV in bronchial (Figure 5D,E) and lung
(Figure 6C,D) tissues of mice exposed to PM2.5. Furthermore, we investigated whether
treatment of YG extract in the airways of PM2.5-exposed mice had an effect on inflammatory
cytokines and NLRP3 inflammasome activation-associated protein expression and gene
levels. As shown in Figures 5 and 6, PM2.5 exposure to mice increased the expression level
of inflammatory cytokines in bronchia (Figure 7A(a,b) and lung tissues (Figure 8A(a,b)
compared to the control group. Similarly, higher mRNA and protein levels of TNF-α, IL-1β,
and IL-6 were identified in the bronchial (Figure 7B(a–c) and lung tissues (Figure 8B(a–f) of
mice treated with PM2.5 (Figure 8A(a,b). Taken together, Inhibition of the NLRP3/caspase-
1 pathway by YG-1 alleviated lung inflammation in PM2.5-induced mice model. It was
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confirmed that the treatment of YG-1 improved the activated NLRP3/caspase-1 pathway
in the PM2.5-induced mice model. Thus, YG-1 treatment in mice with lung inflammation
caused by PM2.5 exposure has an effect of improving inflammation.

Figure 7. Treatment of YG-1 extract improved acute bronchial and lung injury in fine particulate matter (PM2.5)-stimulated
mice. Increased protein expression of TNF-α, IL-6, IL-1β and IL-18 inflammatory cytokines in PM2.5-stimulated mice was
improved by YG treatment (A). Bronchial damage in PM2.5-stimulated mice increased IL-6, IL-1β and TNF-α mRNA levels
and was inhibited by YG-1 treatment (B). β-actin was used as loading controls for protein and mRNA expressions (n = 3~5 for
each group). Cont, control; PM2.5, PM2.5 exposure mice; YG-1, PM2.5 exposure mice + YG-1 treated (200 mg/kg/daily,
orally); TNF-α, tumor necrosis factor alpha; IL-6, interleukin 6; IL-1β, interleukin 1 beta; IL-18, interleukin 18. Data are
expressed as mean ± standard error. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control; # p < 0.05, ## p < 0.01 vs. PM2.5.
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Figure 8. Treatment of YG-1 extract improved lung injury in fine particulate matter (PM2.5)-stimulated mice. Increased
protein expression of NLRP-3, ASC, caspase-1, TNF-α, IL-6, and IL-1β inflammatory cytokines in PM2.5 stimulated
mice was improved by YG-1 treatment (A). Lung injury in PM2.5 stimulated mice increased NLRP-3, ASC, caspase-1,
TNF-α, IL-6, and IL-1β mRNA levels and was inhibited by YG-1 treatment (B). β-actin was used as loading controls for
protein and mRNA expressions. Cont, control; PM2.5, PM2.5 exposure mice; YG-1, PM2.5 exposure mice + YG-1 treated
(200 mg/kg/daily, orally); NLRP-3, NOD-like receptor pyrin domain-containning protein 3; ASC, apoptosis-associated
speck-like protein containing a C-terminal caspase recruitment domain; TNF-α, tumor necrosis factor alpha; IL-6, interleukin
6; IL-1β, interleukin 1 beta. Data are expressed as mean ± standard error. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control;
# p < 0.05, ## p < 0.01 vs. PM2.5.

4. Discussion

This study was conducted using YG-1 extract mixed with Lonicera japonica, Arctii
Fructus, and Scutellariae Radix, which are natural products used for respiratory diseases
in actual clinical practice. The YG-1 mixed extract was prepared so that natural products
could create synergy, and the bronchodilation effect of the YG-1 extract was confirmed. We
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also evaluated the anti-inflammatory effects of YG-1 in a mouse model of acute bronchial
and lung inflammation exposed in PM2.5 exposure mice.

The two most common bronchodilators used to reverse airway constriction act through
stimulation of β2-adrenergic receptors (such as salmeterol) or antagonism of muscarinic
receptors (such as ipratropium) [23]. In our study, the relaxation effect of YG-1 is mediated
through β2-adrenergic receptor stimulation. When β-adrenergic receptor (β2-AR) and
protein kinase A were blocked by propranolol and KT5720, the bronchodilation effect
induced by YG-1 was specifically inhibited. When β2-ARand protein kinase A were
blocked by propranolol and KT5720 [24], YG-1 induced bronchodilatation was inhibited.

It is generally accepted that stimulation of β2-adrenergic receptors increases cyclic
adenosine monophosphate (cAMP) levels to mediate airway smooth muscle cell relax-
ation by activating adenylyl cyclase via the receptor-associated G protein. Respiratory
disorders, such as asthma and sore throat, induce contraction of airway smooth muscle
cells and airway hyperresponsiveness [25]. To alleviate these acute and chronic airway
constrictions, β-adrenergic agonists that relax airway smooth muscle cells are usually ad-
ministered [24]. The mechanism of action of cAMP is to induce airway smooth muscle cell
expansion through stimulation of protein kinase A (PKA) [26,27]. Acts via the cAMP-linked
intracellular pathway in airway smooth muscle relaxation, suggesting that it may be an
important secondary messenger in bronchodilation [28]. Our study found that increased
cAMP production due to YG-1 treatment was significantly reduced by PKA blockers, which
resulted in bronchial dilation through beta-AR/PKA pathways. Therefore, YG-1 extract is
considered to be of sufficient value as a bronchodilator.

Excessive exposure to PM2.5 gradually adsorbs to the bronchi and lungs and pro-
gresses to acute respiratory distress syndrome, eventually requiring bronchodilation for
breathing [29,30]. Therefore, YG-1 extract with bronchodilating effect was applied to ani-
mal models of acute bronchial and pulmonary inflammation. PM2.5 is a very tiny particle
size that can reach almost any organ in the body through blood flow [30]. In particular, the
respiratory airway is a tissue that PM2.5 directly affects through respiration. High PM2.5
concentrations in the atmosphere have been reported to increase heart and respiratory
diseases [31].

Inflammation is a complex pathophysiological process, and it is the expression of a
biological defense mechanism against various types of infection or irritants among in vivo
metabolites [32]. The main symptoms of the inflammatory reaction are fever, redness,
pain, and edema. Nonsteroidal anti-inflammatory drugs are mainly used for the treatment
of symptoms, but they are accompanied by various side effects such as gastrointestinal
disorders and renal toxicity [33]. Inflammation releases mediators that can induce organ
contraction, mucus secretion, and structural changes. TGF-β has been shown to affect
many structural cells in vitro and in vivo and implicated in asthma and other inflammatory
and immune-mediated lung and bronchial remodeling processes. [34]. We confirmed the
increase in airway smooth muscle expression of TGF-1 through the dyeing of bronchial
tubes and lung tissue, and confirmed that it was improved by YG-1 extract. TGF-b1 is
widely known in many institutions. When structural immune cells and asthma deterio-
rate, TGF-β1 expression increases in the airway epithelial, which is the main expression
area [35,36] Because, PM2.5 has a wide impact on human health [37], it is very important
of research to evaluate the improvement effectiveness of YG-1 extracts in PM2.5 inhala-
tion acute lung inflammation-causing mice. Our study used C57BL/6 mice to evaluate
the potential mechanism of acute lung inflammation induced by PM2.5 and to confirm
the efficacy of YG-1. Additionally, actors involved in the regulation of the proinflam-
matory cytokines, and IL-1β were also investigated in this model. Exposure to PM2.5
is characterized by the appearance of emphysema and inflammation [38]. In our study,
lung histopathology and proinflammatory cytokine levels were detected to assess lung
inflammation. As shown in Figures 5 and 6, PM2.5 exposure revealed marked pulmonary
inflammation in the peribronchial, perivascular and alveolar spaces of the lung. Previous
studies have confirmed that the inflammasome promotes inflammation in a mouse model
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of PM2.5-induced lung inflammation and that the chronic inflammatory response triggered
by various immune cells is important [39,40]. The NOD-like receptor protein 3 (NLRP3)
inflammasome is an intracellular multiprotein complex that includes NLRP3, apoptotic
speck protein (ASC) and pro-caspase-1 [41]. Pro-interleukin-1β (IL-1β) and pro-IL-18 are
converted to mature bioactive forms and released into the extracellular space [36]. IL-1β is
a pro-inflammatory cytokine involved as an effector of the NLRP3 inflammasome and is
known to increase the incidence of respiratory diseases induced by PM2.5 [42]. As reported
in several studies, PM2.5 exposure is known to induce pulmonary inflammation by induc-
ing IL-1β signaling activation [43], and YG-1 extract was found to reduce this in our study.
In addition, activation of the NLRP3 inflammasome is known to accelerate pulmonary
fibrosis caused by airborne particulate matter [44]. Also, Airway remodeling, one of the
main characteristics, shows an increase in airway smooth muscle mass [45]. By contrast, YG
extract was confirmed to reduce fibrosis. Various studies have shown that activation of the
NLRP3/caspase-1 pathway contributes to the inflammatory response through the onset of
diseases such as airway inflammation and chronic obstructive pulmonary disease including
pulmonary fibrosis [44]. In addition, it has been reported that TLR4 mainly contributes
to the cytokine production induced by PM2.5 [45]. It is known that NLRP3 activates
caspase-1 to cleavage pro-IL-1β into mature IL-1β, thereby increasing the expression of
inflammatory cytokines to induce inflammation [46,47]. Therefore, in our study, profibrotic
pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-a [48] were increased in
mice exposed to PM2.5. On the other hand, treatment with YG-1 extract decreased the
expression of profibrotic cytokines induced by PM2.5 stimulation. Our results suggest
that YG-1 extract targeting β-AR signaling in PM2.5-induced airway formation and lung
inflammation reduces the production of inflammatory cytokines (IL-6, IL-8, and IL-1β)
(Figure 9). Therefore, YG-1 extract is an effective therapeutic strategy for PM2.5-related
airway and lung inflammation.

Figure 9. A schematic diagram of the effect of YG-1 extract on airway remodeling in fine particulate
matter (PM2.5)-stimulated mice. YG-1 extract improved bronchial and lung inflammation by inhibit-
ing NLRP3/caspase-1 signaling through β2-adrenergic receptor stimulation in PM2.5 stimulated
mice. Cont, control; PM2.5, fine particulate matter; Gs, G protein; α, G protein alpha subunit; β, G
protein beta subunit; γ, G protein gamma subunit; β2-AR, β2 adrenergic receptor; ATP, adenosine
triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; Gs, G-protein subtype; NLRP-3, NOD-like receptor
pyrin domain-containning protein 3; IL-. 1β, Interleukin 1 beta; IL-18, Interleukin 18; TNF-α, tumor
necrosis factor alpha.
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However, two major limitations of this study currently need to be acknowledged and
addressed. First, unfortunately, chemical compounds were analyzed for YG-1 extract, but
related studies were not performed. Second, since our results were conducted only on
acute lung and bronchial inflammation caused by PM2.5, including the bronchodilatation
effect of YG-1, additional studies on chronic diseases are needed.

5. Conclusions

In summary, YG-1 extract is considered to have an effect of bronchodilation by in-
creased cAMP levels through the β2-adrenergic receptor/PKA pathway. In addition, PM2.5
exposure was involved in airway remodeling and inflammation, suggesting that YG-1
treatment improves acute bronchial and pulmonary inflammation by inhibited the inflam-
matory cytokines. Therefore, these results can provide basic data for the development of
novel respiratory symptom relievers.

Author Contributions: H.-S.L. important comments and discussions; D.-S.K. performed extraction
and compositional analysis of YG-1 extract; H.-Y.K. and J.-J.Y. designed and conducted experiments
and analyzed the data. H.-Y.K. wrote the original text. H.-S.L. and D.-G.K. edited the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: Our research was supported by the National Research Foundation of Korea (NRF-2017R1A5
A2015805 to H.S.L.; NRF-2019R1I1A3A01062432 to H.Y.K.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Animal Experiment Ethics Committee of Wonkwang
University (protocol code, WKU20-28; and date of approval, 30 March 2021)

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank D.S. Kim of Hanpoong Pharm and Foods Co.
(Wanju, Korea) for providing the YG-1 extract.

Conflicts of Interest: The authors declare they have no conflict of interest.

References

1. Matera, M.G.; Page, L.; Calzetta, P.; Cazzola, M. Pharmacology and therapeutics of bronchodilators revisited. Pharmacol. Rev.
2020, 72, 218–252. [CrossRef] [PubMed]

2. Cazzola, M.; Page, C.P.; Calzetta, L.; Matera, M.G. Pharmacology and therapeutics of bronchodilators. Pharmacol. Rev. 2012, 64,
450–504. [CrossRef] [PubMed]

3. An, S.S.; Fredberg, J.J. Biophysical basis for airway hyperresponsiveness. Can. J. Physiol. Pharmacol. 2007, 85, 700–714. [CrossRef]
[PubMed]

4. Xing, Y.F.; Xu, Y.H.; Shi, M.H.; Lian, Y.X. The impact of PM2.5 on the human respiratory system. J. Thorac. Dis. 2016, 8, E69–E74.
[PubMed]

5. Kim, H.H. Allergic rhinitis, sinusitis and asthma—Evidence for respiratory system integration. Korean J. Pediatr. 2007, 50, 335–339.
[CrossRef]

6. Shin, D.C. Health effects of ambient particulate matter. J. Korean Med. Assoc. 2007, 50, 175–182. [CrossRef]
7. Kim, D.S.; Bae, G.; Kim, S.K.; LEE, H.S.; Kim, Y.J.; Lee, S.H. Retrospective drug utilization review of antibiotics for respiratory

tract infection(RTI) in ambulatory outpatient care. Korean J. Clin. Pharm. 2012, 22, 291–303.
8. Atkinson, R.W.; Carey, I.M.; Kent, A.J.; Van Staa, T.P.; Anderson, H.R.; Cook, D.G. Long-term exposure to outdoor air pollution

and the incidence of chronic obstructive pulmonary disease in a national English cohort. Occup. Environ. Med. 2015, 72, 42–48.
[CrossRef]

9. Zhao, B.; Zheng, H.; Wang, S. Change in household fuels dominates the decrease in PM2.5 exposure and premature mortality in
China in 2005. Proc. Natl. Acad. Sci. USA 2018, 115, 12401–12406. [CrossRef]

10. Schultz, E.S.; Litonjua, A.A.; Melen, E. Effects of long-term exposure to traffic-related air pollution on lung function in children.
Curr. Allergy Asthma Rep. 2017, 17, 41. [CrossRef]

11. Huang, W.; Wang, G.; Lu, S.E. Inflammatory and oxidative stress responses of healthy young adults to changes in air quality
during the Beijing olympics. Am. J. Respir. Crit. Care Med. 2012, 186, 1150–1159. [CrossRef]

12. Ogino, K. Allergic airway infammation by nasal inoculation of particulate matter (PM2.5) in nc/nga mice. PLoS ONE 2014, 9,
e92710. [CrossRef]

53



Nutrients 2021, 13, 3414

13. Wang, H. The acute airway infammation induced bypm2.5 exposure and the treatment of essential oils in balb/c mice. Sci. Rep.
2017, 7, 44256. [CrossRef]

14. Mahemuti, G.; Zhang, H.; Li, J.; Tieliwaerdi, N.; Ren, L. Efficacy and side effects of intravenous theophylline in acute asthma: A
systematic review and meta-analysis. Drug Des. Devel. Ther. 2018, 12, 99–120. [CrossRef]

15. Huang, J.; Pansare, M. New treatments for asthma. Pediatr. Clin. N. Am. 2019, 66, 925–939. [CrossRef]
16. Mushtaq, S.; Abbasi, B.H.; Uzair, B.; Abbasi, R. Natural products as reservoirs of novel therapeutic agents. EXCLIJ 2018, 4,

420–451.
17. Lee, Y.C.; Kwon, T.H.; Ok, I.S.; Seo, C.W.; Kim, Y.J.; Roh, S.S.; Seo, Y.B. The experimental studies on the immunomodulational

effects of Lonicerae Caulis et Folium: The effects of Lonicerae Caulis et Folium on cytokines production in mice splenocytes.
Korea J. Herbol. 2005, 20, 141–149.

18. Nam, J.Y.; Kim, D.G.; Lee, J.Y. Effects of Woobangja on anti-allergic inflammation. J. Pediatrics Korean Med. 2006, 20, 241–255.
19. Cho, S.H.; Kim, Y.R. Antimicrobial characteristics of Scutellariae Radix extract. J. Korean Soc. Food Sci. Nutr. 2001, 30, 964–968.
20. Song, I.B.; Na, J.Y.; Song, K.B.; Kim, S.H.; Lee, J.H.; Kwon, Y.B.; Kim, D.K.; Kim, D.S.; Jo, H.K.; Kwon, J.K. Effects of extract mixture

(Yg-1) of anti-inflammatory herbs on LPS-induced acute inflammation in macrophages and rats. J. Korean Soc. Food Sci. Nutr.
2015, 44, 49–505. [CrossRef]

21. Wu, H.; Yang, S.; Wu, X.; Zhao, J.; Zhao, J.; Ning, Q.; Xu, Y.; Xie, J. Interleukin-33/ST2 signaling promotes production of
interleukin-6 and interleukin-8 in systemic inflammation in cigarette smoke-induced chronic obstructive pulmonary disease mice.
Biochem. Biophys. Res. Commun. 2014, 450, 110–116. [CrossRef]

22. Sun, Q.; Yue, P.; Deiuliis, J.A.; Lumeng, C.N.; Kampfrath, T.; Mikolaj, M.B.; Cai, Y.; Ostrowski, M.C.; Lu, B.; Parthasarathy,
S. Ambient air pollution exaggerates adipose inflammation and insulin resistance in a mouse model of diet-induced obesity.
Circulation 2009, 119, 538–546. [CrossRef] [PubMed]

23. Lee, M.K.; Lim, K.H.; Millns, P.; Mohankumar, S.K.; Ng, S.T.; Tan, C.S. Bronchodilator effects of Lignosus rhinocerotis extract on
rat isolated airways is linked to the blockage of calcium entry. Phytomedicine 2018, 42, 172–179. [CrossRef] [PubMed]

24. Sozzani, S.; Agwu, D.E.; McCall, C.E.; O’Flaherty, J.T.; Schmitt, J.D.; Kent, J.D.; McPhail, L.C. Propranolol, a phosphatidate
phosphohydrolase inhibitor, also inhibits protein kinase C. J. Biol. Chem. 1992, 267, 20481–20488. [CrossRef]

25. Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention National Institute of Health 2002; NIH: Bethesda,
MD, USA, 2002; No. 02-3659.

26. Yang, C.M.; Hsu, M.C.; Tsao, H.L.; Chiu, C.T.; Ong, R.; Hsieh, J.T.; Fan, L.W. Effect of cAMP elevating agents on carbachol-induced
phosphoinositide hydrolysis and calcium mobilization in cultured canine tracheal smooth muscle cells. Cell Calcium. 1996, 19,
243–254. [CrossRef]

27. Hoiting, B.H.; Meurs, H.; Schuiling, M.; Kuipers, R.; Elzinga, C.R.; Zaagsma, J. Modulation of agonist-induced phosphoinositide
metabolism, Ca2+ signalling and contraction of airway smooth muscle by cyclic AMP-dependent mechanisms. Br. J. Pharmacol.
1996, 117, 419–426. [CrossRef]

28. McGrogan, I.; Lu, S.; Hipworth, S.; Sormaz, L.; Eng, R.; Preocanin, D.; Daniel, E.E. Mechanisms of cyclic nucleotide-induced
relaxation in canine tracheal smooth muscle. Am. J. Physiol. 1995, 268, L407–L413. [CrossRef]

29. Gao, Y.; Lv, J.; Lin, Y.; Li, X.; Wang, L.; Yin, Y.; Liu, Y. Effects of beta-adrenoceptor subtypes on cardiac function in myocardial
infarction rats exposed to fine particulate matter (PM 2.5). Biomed. Res. Int. 2014, 2014, 308295. [CrossRef]

30. Nel, A. Air pollution-related illness: Effects of particles. Science 2005, 308, 804–806. [CrossRef]
31. Kyung, S.Y.; Jeong, S.H. Particulate-matter related respiratory diseases. Tuberc. Respir. Dis. 2020, 83, 116–121. [CrossRef]
32. Aghasafari, P.; George, U.; Pidaparti, R. A review of inflammatory mechanism in airway diseases. Inflamm. Res. 2019, 68, 59–74.

[CrossRef]
33. Bonini, M.; Usmani, O.S. The role of the small airways in the pathophysiology of asthma and chronic obstructive pulmonary

disease. Ther. Adv. Respir. Dis. 2015, 9, 281–293. [CrossRef]
34. Coker, R.K.; Laurent, G.J.; Shahzeidi, S.; Hernandez-Rodriguez, N.A.; Pantelidis, P.; Du Bois, R.M.; Jeffery, P.K.; McAnulty, R.J.

Diverse cellular TGF-beta 1and TGF-beta 3 gene expression in normal human and murine lung. Eur. Respir. J. 1996, 9, 2501–2507.
[CrossRef]

35. Fukatsu, H.; Koide, N.; Tada-Oikawa, S. NF-κB inhibitor DHMEQ inhibits titanium dioxide nanoparticle-induced interleukin-1β
production: Inhibition of the PM2.5-induced inflammation model. Mol. Med. Rep. 2018, 18, 5279–5285. [CrossRef]

36. Xu, F.; Qiu, X.; Hu, X. Effects on IL-1β signaling activation induced by water and organic extracts of fine particulate matter
(PM(2.5)) in vitro. Environ. Pollut. 2018, 237, 592–600. [CrossRef]

37. Feng, S.; Gao, D.; Liao, F.; Zhou, F.; Wang, X. The health effects of ambient PM2.5 and potential mechanisms. Ecotoxicol. Environ.
Saf. 2016, 128, 67–74. [CrossRef]

38. Zheng, X.Y.; Tong, L.; Shen, D. Airborne bacteria enriched PM2.5 enhances the inflammation in an allergic adolescent mouse
model induced by ovalbumin. Inflammation 2020, 43, 32–43. [CrossRef]

39. Li, C.; Chen, J.; Yuan, W.; Zhang, W.; Chen, H.; Tan, H. Preventive effect of ursolic acid derivative on particulate matter 2.5-induced
chronic obstructive pulmonary disease involves suppression of lung inflammation. IUBMB Life 2020, 72, 632–640. [CrossRef]

40. Zhu, Y.; Zhu, C.; Yang, H.; Deng, J.; Fan, D. Protective effect of ginsenoside Rg5 against kidney injury via inhibition of
NLRP3 inflammasome activation and the MAPK signaling pathway in high-fat diet/streptozotocin-induced diabetic mice.
Pharmacol. Res. 2020, 155, 104746. [CrossRef]

54



Nutrients 2021, 13, 3414

41. Zhou, Y.; Zhang, C.Y.; Duan, J.X. Vasoactive intestinal peptide suppresses the NLRP3 inflammasome activation in lipopolysaccha-
rideinduced acute lung injury mice and macrophages. Biomed. Pharmacother. 2020, 121, 109596. [CrossRef]

42. Provoost, S.; Maes, T.; Pauwels, N.S. NLRP3/caspase-1-independent IL-1beta production mediates diesel exhaust particle-induced
pulmonary inflammation. J. Immunol. 2011, 187, 3331–3337. [CrossRef] [PubMed]

43. Chen, H.; Ding, Y.; Chen, W.; Feng, Y.; Shi, G. Glibenclamide alleviates inflammation in oleic acid model of acute lung injury
through NLRP3 inflammasome signaling pathway. Drug Des. Devel. Ther. 2019, 13, 1545–1554. [CrossRef] [PubMed]

44. Zheng, R.; Tao, L.; Jian, H. NLRP3 inflammasome activation and lung fibrosis caused by airborne fine particulate matter. Ecotoxicol.
Environ. Saf. 2018, 163, 612–619. [CrossRef] [PubMed]

45. Postma, D.S.; Timens, W. Remodeling in asthma and chronic obstructive pulmonary disease. Proc. Am. Thorac. Soc. 2006, 3,
434–439. [CrossRef]

46. Lucas, K.; Maes, M. Role of the toll like receptor (TLR) radical cycle in chronic inflammation: Possible treatments targeting the
TLR4 pathway. Mol. Neurobiol. 2013, 48, 190–204. [CrossRef]

47. Kingston, H.G.; Dungan, M.L.; Sarah, A.; Jones, A.; Harris, J. The role of inflammasome-derived IL-1 in driving IL-17 responses. J.
Leukoc. Biol. 2013, 93, 489–497.

48. Kong, F. Curcumin represses NLRP3 inflammasome activation via TLR4/MyD88/NF-κB and P2X7R Signaling in PMA induced
macrophages. Front. Pharmacol. 2016, 7, 00369. [CrossRef]

55





nutrients

Review

Natural Products for Pancreatic Cancer Treatment: From
Traditional Medicine to Modern Drug Discovery

Ahyeon Kim 1,†, Jiwon Ha 1,†, Jeongeun Kim 1, Yongmin Cho 2,3, Jimyung Ahn 2, Chunhoo Cheon 3,

Sung-Hoon Kim 2, Seong-Gyu Ko 3 and Bonglee Kim 1,2,3,*

Citation: Kim, A.; Ha, J.; Kim, J.; Cho,

Y.; Ahn, J.; Cheon, C.; Kim, S.-H.; Ko,

S.-G.; Kim, B. Natural Products for

Pancreatic Cancer Treatment: From

Traditional Medicine to Modern Drug

Discovery. Nutrients 2021, 13, 3801.

https://doi.org/10.3390/nu13113801

Academic Editor: Md Soriful Islam

Received: 22 September 2021

Accepted: 21 October 2021

Published: 26 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Korean Medicine, Kyung Hee University, Seoul 02447, Korea; ahyeon8022@khu.ac.kr (A.K.);
jiwooonha@khu.ac.kr (J.H.); kje654@khu.ac.kr (J.K.)

2 Department of Pathology, College of Korean Medicine, Kyung Hee University, Seoul 02447, Korea;
ymcho@khu.ac.kr (Y.C.); skyajm911@khu.ac.kr (J.A.); sungkim7@khu.ac.kr (S.-H.K.)

3 Korean Medicine-Based Drug Repositioning Cancer Research Center, College of Korean Medicine,
Kyung Hee University, Seoul 02447, Korea; hreedom@khu.ac.kr (C.C.); epiko@khu.ac.kr (S.-G.K.)

* Correspondence: bongleekim@khu.ac.kr; Tel.: +82-2-961-9217
† These authors contributed equally to this work.

Abstract: Pancreatic cancer, the seventh most lethal cancer around the world, is considered compli-
cated cancer due to poor prognosis and difficulty in treatment. Despite all the conventional treatments,
including surgical therapy and chemotherapy, the mortality rate is still high. Therefore, the possibility
of using natural products for pancreatic cancer is increasing. In this study, 68 natural products that
have anti-pancreatic cancer effects reported within five years were reviewed. The mechanisms of
anti-cancer effects were divided into four types: apoptosis, anti-metastasis, anti-angiogenesis, and
anti-resistance. Most of the studies were conducted for natural products that induce apoptosis in
pancreatic cancer. Among them, plant extracts such as Eucalyptus microcorys account for the ma-
jor portion. Some natural products, including Moringa, Coix seed, etc., showed multi-functional
properties. Natural products could be beneficial candidates for treating pancreatic cancer.

Keywords: pancreatic cancer; natural product; traditional medicine; apoptosis; angiogenesis;
metastasis; drug resistance

1. Introduction

Pancreatic cancer is a disease in which malignant cancer cells develop in the tissue of
the pancreas. Due to concealed clinical manifestation, limited treatment options, and side
effects, pancreatic cancer is considered one of the most difficult cancers to treat. Jaundice,
belly or back pain, poor appetite, and weight loss are typical signs and symptoms of
pancreatic cancer [1]. The cure rate for this disease is only 9%, and if not treated, the median
survival of patients with metastatic disease is only about three months worldwide [2].
According to GLOBOCAN 2018, 458,918 cases were newly diagnosed, and 432,242 deaths
were reported worldwide in 2018. These rates account for 2.5% and 4.5% of all cancer cases
globally in 2018. Pancreatic cancer was estimated to be the seventh most common cancer
in both men and women. Meanwhile, pancreatic cancer was more common in developed
countries, including Europe, North America, East Asia, and Australia [3].

Surgical resection is well known as the most effective treatment for pancreatic cancer.
Because there are many cases in which surgical resection is not available due to late
presentation, chemotherapy is often used as adjuvant treatment [4]. FOLFIRINOX and
gemcitabine/albumin-bound nab-paclitaxel are considered the first-line treatment against
pancreatic cancer. For patients with BRCA1/2 and PALB2 mutations, gemcitabine/cisplatin
is a suitable treatment. Because the selection of an available treatment depends on a number
of factors, including patient preference, comorbidities, goals of treatment, and predictive
biomarkers, treatment is not quite so simple in fact [2]. In addition, the risk of recurrence
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and the possibility of side effects remain. Therefore, using only existing drugs is not enough
for covering pancreatic cancer, and it is essential to develop some new drugs.

Traditional medicine around the world, including China, Japan, Thailand, India,
and Korea, is drawing attention these days. Traditional Chinese medicine (TCM) has
been widely used in China using treatments accumulated over thousands of years. Thus,
TCM occupies an important position throughout traditional medicine. Traditional Thai
medicine (TTM) is a Buddhism-based health care system in Thailand that includes herbal
medicine, massage, midwifery, etc. [5]. Ayurveda medicine in India, which emphasizes
‘balance’, has been with Indians in their daily lives for more than 5000 years [6]. Tradi-
tional Korean medicine (TKM) is a unique medicine that has developed independently
for 5000 years [7]. TKM has established its own medical identity, through Euibangyoochui,
Donguibogam compiled by Jun Heo and Sasang constitutional medicine established by Je-ma
Lee [8]. Treatments of TKM such as acupuncture, moxibustion, and herbal medicine are still
widely used today. TKM attracted worldwide attention with the growth of complementary
and alternative medicine (CAM). In particular, natural product-based herbal medicine is
currently expected to be a novel treatment of several diseases including cancer, due to its
effectiveness and lack of serious side effects [9].

Anticancer effects of natural products are being proved through experimental studies
in various types of cancers, such as lung, breast, colon, and prostate cancer. Several natu-
ral compounds, including curcumin, resveratrol, berberine, baicalein, dioscin, wogonin,
piperine, etc., were reported to have an anti-cancer effect [10–16]. In addition, natural
product-derived compounds are known to induce apoptosis in cancer cells rather than in
normal cells [17]. Thus, natural products will play a key role as a novel cancer treatment
for the next decade.

Most representative anti-cancer mechanisms include: apoptosis, anti-metastasis, anti-
angiogenesis, resistance, etc. Apoptosis or programmed cell death (PCD) is a prime cellular
mechanism to control cell proliferation and remove harmful or unnecessary cells from
an organism [18]. Apoptosis can be regulated by targeting Bcl-2 family members and
caspases. Meanwhile, some defects in the process of apoptosis can lead to tumor metastasis
and resistance [19]. Metastasis means that malignant cancer cells spread from primary
tumors to other sites, thereby resisting treatment and causing organ dysfunction [20].
Anti-angiogenesis is a process that inhibits novel blood vessels formed in pre-existing ones.
Resistance is a mechanism that decreases the effect of anticancer drugs, typically driven by
irreversible genetic mutations [21].

Therefore, we aim to review the experimental studies about natural products against
pancreatic cancer, analyzing original research in terms of apoptosis, anti-metastasis, anti-
angiogenesis, and resistance. Only studies published in the last five years were included
in this paper. Several natural compounds which were combined with radiotherapy or
enhanced the anticancer activity of gemcitabine are also reviewed. Furthermore, our
present study included clinical trials which were conducted to evaluate the efficacy and
safety of natural products when treating pancreatic cancer.

2. Apoptosis Inducing Natural Products

Apoptosis, known as programmed cell death is regarded as a significant component
of numerous processes including defense mechanisms like immune responses, when cells
are damaged by disease or toxic agents [22]. Inadequate apoptosis, too much or too little,
can lead to a variety of diseases, including many types of cancer such as pancreatic cancer.
Apoptosis is one of the major target mechanisms when treating cancer. It has been observed
that a wide variety of natural products trigger apoptosis, but they do not affect the cell
lines to die in the same mechanism.

2.1. Apoptosis Inducing Fungi

Five natural products from fungi were reported to have an apoptotic effect on pancre-
atic cancer cells (Table 1).
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Table 1. Apoptosis inducing fungi.

Classification
Compound/

Extract
Source

Cell Line/
Animal Model

Dose;
Duration

Efficacy Mechanism Reference

Fungus
Agaricus blazei
Murrill water

extract

Agaricus blazei
Murrill

MIA PaCa-2,
PCI-35, PK-8

0.005, 0.015,
0.045%(w/v);

48 h

Induction of
apoptosis

↑c-caspase-3,
-9,

c-PARP
[23]

Fungus Chaetospirolactone
Chaetomium sp.

NF00754

HPDE6c-7,
AsPC-1,
PANC-1

100 nM;
18 h

Induction of
apoptosis

↑c-caspase-3,
-8, -9
↓EZH2

[24]
AsPC-1-
bearing

BALB/c mice

0.075 mg/kg;
28 days ↑c-caspase-3

Fungus Dicatenarin Penicillium
pinophilum MIA PaCa-2 20μg/mL;

48 h
Induction of

apoptosis
↑cytochrome c,

caspase-3 [25]

Fungus Skyrin Penicillium
pinophilum MIA PaCa-2 50μg/mL;

48 h
Induction of

apoptosis
↑cytochrome c,

caspase-3

Fungus Xylarione A Xylaria psidii MIA PaCa-2 10, 30, 50 μm;
24 h

Induction of
apoptosis ↓MMP [26](-) 5-methylmellein

c-caspase, cleaved caspase; PARP, poly adenosine diphosphate ribose polymerase; MMP (ΔΨm), Mitochondrial membrane potential;
↑—up-regulation; ↓—down-regulation.

Agaricus blazei Murrill is the most frequently used medicinal mushroom in Japan.
Matsushita et al. showed that its water extract (AbE) induced cell cycle arrest and increased
nuclear fragmentation [22]. Cleavages of caspase-3, -9, and PARP1 indicate that AbE
induces apoptosis via caspase-dependent pathway. In addition, overexpression of the
genes which encode proapoptotic proteins, such as DEDD2, DAPK3, and NLRP1, was
observed after AbE treatment.

Chaetospirolactone is a natural product that is isolated from the endophytic fun-gus
Chaetomium sp. NF00754 [23]. Both in vitro and in vivo, chaetospirolactone induced apop-
tosis without interrupting the normal pancreatic cells of HPDE6c-7 cell line. Chaetospiro-
lactone treatment sensitized AsPC-1 and PANC-1 cells, which are TRAIL (Tumor necrosis
factor-related apoptosis inducing ligand)-resistant cells. As a result, TRAIL-mediated
apoptosis occurred in a dose-dependent manner, and cleaved bands of caspase-8, -9, and -3
were detected.

Dicatenarin and Skyrin, secondary metabolites from fungus Penicillium pinophilum,
induced apoptosis via reactive oxygen species (ROS)-mediated mitochondrial pathway in
MIA PaCa-2 cells [24]. The activation of cytochrome c and caspase-3 and the loss of MTP
were observed. Because of an additional phenolic hydroxyl group at C-4, dicatenarin could
generate more ROS. Thus, dicatenarin is slightly more effective than skyrin as a pancreatic
cancer treatment.

Both Xylarione A and (-) 5-methylmellein, which were isolated from fungus Xylaria psidii,
induced cell cycle arrest and led to apoptosis [25]. Hence, 10, 30, and 50 μm of these com-
pounds were treated for 24 h in MIA PaCa-2 cells. As a result, the MMP (mitochondrial
membrane potential, ΔΨM) loss was observed, indicating that these compounds triggered
apoptosis through mitochondrial damage.

2.2. Apoptosis Inducing Marine Sponge

One compound from the marine sponge was reported to have an apoptotic effect
on pancreatic cancer cells (Table 2). Leiodermatolide, isolated from a marine sponge
Leiodermatium, was treated to identify apoptosis in AsPC-1, BxPC-3, MIA PaCa-2, and
PANC-1 cells [27]. In this study, cleavage of caspase-3 was most remarkable after 24 h of
Leiodermatolide treatment in BxPC-3 and MIA PaCa-2 cells. In an orthotopic xenograft
mouse model of pancreatic cancer, reduction of tumor weight was successful. However,
the survival rate was not significantly increased.
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Table 2. Apoptosis inducing marine sponge.

Classification
Compound/

Extract
Source

Cell Line/
Animal Model

Dose;
Duration

Efficacy Mechanism Reference

Marine sponge Leiodermatolide Leiodermatium

AsPC-1, BxPC-3,
MIA PaCa-2,

PANC-1

10 nM;
24 h

Induction of
apoptosis ↑c-caspase-3

[27]

L3.6pl cells
bearing mice

10 mg/kg;
3 weeks

Reduction of
tumor weight

↑—up-regulation.

2.3. Apoptosis Inducing Plants

Forty-three plant extracts and their compounds were reported to have apoptotic effects
on pancreatic cancer cells (Table 3).

2.3.1. Natural Compounds from Plants

In a study, Andrographis paniculata 70% EtOH extracts showed 21 known compounds [28].
Lee et al. demonstrated that 14-deoxy-11,12-didehydroandrographolide (compound 17)
had the strongest preferential toxicity against PANC-1 and PSN-1 cell lines. When the cell
lines were treated with compound 17, apoptosis-like cell death appeared in a time- and
dose-dependent manner.

The compound 2′,4′-Dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC) originated
from Cleistocalyx operculatus [29]. When PANC-1 cells were exposed to 3, 10, and 30 μM of
DMC for 48 h, activation of Bax, cytochrome c, c-caspase-3, -9, and c-PARP, and reduction
of Bcl-2 were observed.

In addition, 5,7-dihydroxy-3,6,8-trimethoxyflavone (flavone A), extracted from
Gnaphalium elegans, triggered apoptosis through the mitochondrial intrinsic pathway in
PANC-28 cells which are relatively differentiated pancreatic cancer cells [30]. Meanwhile,
3,5-dihydroxy-6,7,8-trimethoxyflavone (flavone B), extracted from Achyrocline bogotensis,
induced apoptosis through the extrinsic pathway in Mia-PaCa-2 cells which are relatively
poorly differentiated pancreatic cancer cells.

Zhang et al. demonstrated that 8-Chrysoeriol mainly targets and inhibits Bcl-2, show-
ing cytotoxicity against SW1990 cells overexpressed with Bcl-2 [31]. After SW1990 cells
were exposed to 50 and 100 μM of 8-Chrysoeriol for 24 h, the rate of apoptotic cell death
increased. Notably, at 100 μM, the rate surged to 79.8%.

Tian et al. reported that various cardiac glycosides, derived from seeds of
Thevetia peruviana, had inhibitory effects on three cancer cell lines, namely P15, MGC-803,
and SW1990, and one normal hepatocyte cell, LO2 [32]. Cardiac glycosides also turned out
to have a selective inhibitory effect on three tumor cells.

Crocetinic acid, extracted from Crocus sativus, inhibited the proliferation of pancreatic
cancer cells [33]. Fraction 5 had the strongest anti-cancer effect both in vitro and in vivo
among five fractions isolated from commercial crocetin. In vitro, five fractions were treated
to MiaPaCa-2 cells. In vivo, 6–8-weeks old athymic female mice bearing MiaPaCa-2 cells
were treated with 0.5 mg/kg crocetinic acid for 21 days. Crocetinic acid up-regulated
c-caspase 3 and Bax, and down-regulated PCNA, p-EGFR, p-AKT, and Bcl2, leading
to apoptosis.

As a kind of steroid sapogenin, diosgenin is derived from Solanum, Dioscorea, and
Costus species [34]. Diosgenin induced apoptotic cell death and cell cycle arrest in Patu8988
and PANC-1 cells. EZH2, which is known to be an oncogenic protein of several cancers, and
its target vimentin was down-regulated in pancreatic cancer cells after diosgenin treatment.

Echinacoside (ECH), which is isolated from stems of Cistanchessalsa, induced apoptosis
by elevating ROS and reducing MMP in SW1990 cells [35]. ROS elevation and MMP
decrease have been reported to be necessary for the induction of apoptosis. Moreover,
Wang et al. investigated that ECH upregulated the expression of Bax, which is triggered by
the tumor suppressor p53. Further, ECH triggers apoptosis via mitogen-activated protein
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kinase (MAPK) pathway, suppressing JNK and ERK1/2 activity, while enhancing p38
activity. However, ECH did not affect AKT activity, which is also an important mechanism
in cell proliferation.

Elemene, extracted from Zingiberaceae plants, inhibited cell proliferation and induced
cell cycle arrest in a dose-dependent manner in BxPC-3 and PANC-1 cells [36]. Elemene
treatment also had an apoptotic effect on in vivo model. In this study, up-regulation of p53
(tumor suppressor gene) and down-regulation of Bcl-2 (apoptosis-related gene) in BxPC-3
bearing BALB/c nude mice model were observed by Western blot method.

MicroRNAs (miRNA) are small non-coding RNA molecules which function in the
post-transcriptional regulation of gene expression, and their functions are related to mRNA
molecules [37]. Wang et al. demonstrated that grape seed proanthocyanidins (GSPs),
an active component of Vitis vinifera (grape) seed, inhibited the growth in PANC-1 by
modulating miRNA expression. GSPs down-regulated miRNA-SS3, SS12, and SS24, and
also down-regulated CDK6, EGFR, MSH6, and DNMT1. This indicated that the negative
co-expression correlations between DE miRNAs and target genes showed that GSPs may
play an anti-cancer role by regulating miRNAs’ expression.

Guha et al. demonstrated that hydroxychavicol induces apoptosis through JNK-
dependent and caspase-mediated pathway [38]. The expression of c-caspase-3, -8, -9, c-Bid,
c-PARP, and Bax increased, while the expression of Bcl-2 was suppressed in MIA PaCa-2
and PANC-1 cells after hydroxychavicol treatment. Notably, the activation of caspase-8
and -9 indicates that both extrinsic and intrinsic apoptotic pathways were induced in the
hydroxychavicol-treated model.

Hyperoside and hypoxoside, which are natural prodrugs, induced caspase-dependent
apoptosis against MIA PaCa-2 and INS-1 pancreatic cancer cells [39]. Activation of cleaved
capase-3, a key factor of apoptosis, was remarkable in this study. These compounds also
caused G2/M cell cycle arrest and a hydrolyzed form of hyperoside and hypoxoside
showed selective cytotoxicity.

Icariin, purified from traditional chinese medicine Herba Epimedii, induced apoptosis
and inhibited migration and proliferation in PANC-2 cells [40]. This study also included
an in vivo experiment, treating 120 mg/kg of icariin in C57BL/6 mice for 11 days. The
result showed that icariin affects the tumor immune microenvironment, thus inhibiting
pancreatic cancer growth.

Isothiocyanates, major compounds of cruciferous vegetables, have been widely known
to have cancer prevention effects [41]. Luo et al. showed that Methyl4-(2-isothiocyanatoethyl)
benzoate (compound 6) and N-Ethyl-4-(2-isothiocyanatoethyl) benzamide (compound 7)
especially had a more apoptotic effect in PANC-1 but were less noxious to non-cancer
cells. Compound 7 up-regulated ROS, and down-regulated GSH, resulting in apoptosis of
pancreatic cancer cells.

Mastic gum resin (MGR), isolated from Pistacia atlantica subspecies kurdica, at con-
centrations from 0.01 to 100 μM for 72 h enhanced apoptosis in PANC-1 [42]. Rahman
demonstrated that the resin had the anti-proliferative effect not only in pancreatic cancer
cells, but also in bile duct cancer, gastric adenocarcinoma, and colonic cancer.

Monogalactosyl diacylglycerol (MGDG), extracted from a spinach, induced apoptosis
in cancer cells when it is used alone or with radiation [43]. The combination of MGDG
and radiation resulted in a higher percentage of apoptosis than each single treatment, and
also inhibited tumor growth in a mouse xenograft model. Meanwhile, up-regulated gene
expression of cytochrome c, c-PARP, c-caspase-3, and Bax and down-regulation of Bcl-2
were observed in MIA PaCa-2 cells when treated with MGDG.

Wang et al. reported that piperlongumine, originated from the fruit of the pepper
Piper longum, up-regulated the level of procaspase-3 and c-PARP in BxPC-3, PANC-1,
and AsPC-1 cells [44]. In addition to in vitro experiments, in vivo model also showed
anticancer activity against pancreatic cancer. In BxPC-3 bearing BALB/c mice treated with
10 mg/kg of piperlongumine for 21 days, tumor growth was significantly inhibited. When
piperlongumine is combined with gemcitabine in vitro and In vivo, an apoptotic effect
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was enhanced. The expression of Bcl-2, Bcl-xL, survivin, XIAP, c-Myc, cyclin D1, COX-2,
VEGF, and matrix metalloproteinase-9 (MMP-9), all of which are regulated by NF-κB, was
decreased after combination treatment.

Karki et al. demonstrated that piperlongumine, an anti-cancer natural compound
found in Piper longum, induced apoptosis and inhibited cell growth by inducing ROS
in PANC-1 with 5 to 15 μmol/mL treatment [45]. In PANC-1 cells, a piperlongumine-
induced ROS decrease triggered a down-regulation of miR-27a, miR-20a, and miR-17,
which are miRNAs regulated by cMyc. Moreover, this results in the downregulation of
Sp1, Sp3, and Sp4. These mechanisms are critically related to the action of piperlongumine
against pancreatic cancer cells. L3.6pL bearing athymic nu/nu mice were treated with
piperlongumine in the amount of 30 mg/kg for 21 days. Accompanying down-regulation
of Sp1, Sp3, and Sp4, piperlongumin induced inhibition of tumor weight, without affecting
body weight. Cotreatment with glutathione was effective both in vitro and in vivo.

Zhang et al. demonstrated that RN1, a polysaccharide from the flower of
Panax notoginseng, inhibited PDAC cell growth both in vitro and In vivo, which is highly
related to Gal-3 [46]. RN1 had a dose-dependent apoptotic effect on AsPC-1 and BxPC-3
cells, while having no effect on other cancer cells such as L-02 (normal liver cell line) and
HPDE6-C7 (normal pancreatic cell line). RN1 specifically inhibited Gal-3 expression by
binding to Gal-3, which inhibited the activation of the EGFR/ERK signaling pathway as
well. Gal-3 expression was also inhibited by Runx1 In vitro. RN1 inhibited Gal-3 expression
and down-regulated EGFR/ERK/Runx1 signaling In vivo. Thus, RN1 works as a novel
Gal-3 inhibitor and is expected to be a potent anti-pancreatic cancer cell treatment via
multiple mechanisms and pathways.

Rottlerin, which is isolated from Mallotus philippinensis, triggered cellular apoptosis
in Patu8988 and PANC-1 cells [47]. An increase of cytochrome c release was observed.
This compound also induced cell cycle arrest, inhibited cell proliferation, and delayed cell
migration and invasion. When Skp2 (S-phase kinase associated protein 2) is overexpressed,
cancer growth could not be suppressed effectively. In this study, the inactivation of Skp2
was significant after rottlerin treatment, indicating that rottlerin could be a potential agent
for pancreatic cancer therapy.

Sugiol, a kind of diterpene, showed antiproliferative activity and induced apoptosis
in Mia-PaCa2 cells [48]. Bax elevation and Bcl-2 depression suggest that sugiol triggered
apoptosis through mitochondrial pathway. When the concentration of sugiol increased,
intracellular ROS was up-regulated, whereas MMP level was down-regulated.

Several anticancer activities of Withaferin A (WA, a steroidal lactone isolated from
Withania somnifera) and Carnosol (CA; an ortho-diphenolic diterpene included in rosemary,
sage, and oregano) were demonstrated in this study [49]. WA and CA induced early
apoptosis in AsPC-1 cells. However, late apoptosis and necrosis were insignificant. In terms
of the HGF-mediated c-Met signaling pathway, phosphorylation of c-Met and Akt was
attenuated. WA and CA also had an inhibitory effect on cell proliferation, cell migration,
and cell cycle arrest.

Li et al. investigated whether WA suppresses proteasome activity and induces ER
stress [50]. This WA-induced ER stress resulted in cellular apoptosis, and up-regulation of
c-caspase-3, -8, -9, c-PARP1 was observed in PANC-1 and MIA PaCa-2 cells. Meanwhile,
when WA is combined with a series of ER stress aggravators, c-PARP level elevates, and
cell viability decreases, suggesting that the treatment enhanced apoptotic effect.

2.3.2. Plants Extracts

Bitter apricot ethanolic extract (BAEE) originated from Prunus armeniaca L. led to
apoptosis through a mitochondrial-dependent pathway [51]. Therefore, the Bax/Bcl-2 ratio
and level of caspase-3 were both increased in PANC-1 cells. To determine cell cytotoxicity,
apoptosis, and necrosis, PANC-1 (human pancreatic cancer cells) and 293/KDR (normal
epithelial cells) were used in this study. All cellular apoptosis occurred without affecting
normal epithelial cells.
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Non-polar stem extracts (SN) of Clinacanthus nutans were effective for inducing apop-
tosis in AsPC-1, BxPC-3, and SW1990 cells [52]. This compound up-regulated the level of
Bax and down-regulated the level of Bcl-2, cIAP-2, and XIAP. The synergistic effect occurred
when SN extracts were combined with gemcitabine, thereby improving anti-pancreatic
cancer activity compared to those treated respectively.

Qian et al. showed that In vitro, pre-treatment with coix seed emulsion (CSE) signifi-
cantly up-regulated caspase-3, c-PARP, and Bax, leading to the synergetic effect of gem-
citabine in three types of pancreatic cancer cell lines: BxPC-3, PANC-1, and AsPC-1 [53].
Moreover, the pre-treatment down-regulated anti-apoptotic substances like Bcl-2, survivin,
and COX-2. In vivo, co-treatment of coix seed emulsion and gemcitabine had a more potent
apoptotic effect than using them separately. Six-week old male nude BALB/c mice bearing
human BxPC-3 cells were treated with 12.5 mL/kg CSE for 24 days. This resulted in a
decrease in p65. Conclusively, despite the CSE dose-dependently induced apoptotic effect
in pancreatic cancer cell lines, the combination of CSE and gemcitabine turned out to be
potent in pancreatic cancer than using them separately.

Cordifoliketones A is a compound extracted from Tsoong, the roots of Codonopsis
cordifolioidea [54]. Luan et al. showed that treatment with cordifoliketones A inhibited
growth and induced apoptosis of AsPC-1, BxPC-3, and PANC-1 both in vitro and in vivo.
In vitro, treatment of 2, 4, and 6 μg/mL cordifoliketones A to three types of PDAC cells for
24 and 48 h turned out to have an apoptotic effect. Moreover, 6 μg/mL cordifoliketones
A-treated groups showed stronger apoptosis compared to the other groups which were
treated with different doses. Additionally, cordifoliketones A did not affect normal human
cells. In vivo, BALB/c nude mice bearing human AsPC-1, BxPC-3, and PANC-1 cells alone
(placebo) and mice bearing the same PDAC cells with the treatment with cordifoliketones
A (control) were compared. It was proven that the control had a slower PDAC proliferation
rate than the placebo.

Bhuyan et al. reported that Eucalyptus microcorys leaf aqueous extract had an anti-
proliferative effect against pancreatic cancer cells [55]. F1, which is one of the five major
fractions of the extract, had an especially prominent apoptotic effect against MIA PaCa-2. F1
up-regulated Bak, Bax, c-PARP, and c-caspase-3, and down-regulated Bcl-2, procaspase-3,
which led to apoptosis. Moreover, gemcitabine and F1 showed a synergistic apoptotic
effect when combined.

Another study by Bhuyan et al. demonstrated that selected Eucalyptus species in-
hibited the growth of various cancer cells including lung and pancreatic cancer cells by
more than 80% [56]. Aqueous and ethanolic Eucalyptus microcorys leaf extract, ethanolic
Eucalyptus microcorys fruit extract, and Eucalyptus saligna ethanolic extract had an apoptotic
effect in MIA PaCa-2. MIA PaCa-2, treated with 100 μg/mL aqueous Eucalyptus microcorys
leaf and fruit extract for 24 h, showed significant apoptosis compared to other extracts.
Growth inhibition was much stronger when MIA PaCa-2 was treated with 100 μg/mL than
50 μg/mL. The selected Eucalyptus species had a great apoptotic effect in MIA PaCa-2
compared to BxPC-3 and CFPAC-1.

Pak et al. showed that the herbal mixture ethanol extract (H3) from Meliae Fructus, the
bark of Cinnamomum cassia, and Sparganium rhizome had an antitumor effect in vitro and
in vivo in PANC-1 cells [57]. H3 inhibited proliferation of PANC-1, induced apoptosis, in-
duced G0/G1 cell cycle arrest, and down-regulated apoptosis-related mRNAs like CXCR4,
JAK2, and XIAP. Moreover, the anticancer activity of H3 was confirmed by up-regulation
of cytochrome c and down-regulation of COX-2. In vivo, five-week old BALB/c nude mice
bearing human PANC-1 cells were divided into four groups: control, treated with H3, gem-
citabine, and H3+gemcitabine. The group treated with only H3 showed significant necrotic
cell death and RBC-containing cavities in tumor tissue. H3 up-regulated cytochrome c and
down-regulated COX-2 In vivo.

Ethyl acetate extract of Inula helenium L. (EEIHL) inhibited the proliferation of pan-
creatic cancer cells and activated apoptosis in CFPAC-1 cells [58]. EEIHL treatment up-
regulated mRNA level of E-cadherin, and down-regulated mRNA level of Snail, which
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leads to cell adhesion. Additionally, EEIHL down-regulated the phosphorylation of STAT3
and AKT. A low concentration of EEIHL induced cell arrest and high concentration of
EEIHL enhanced apoptosis by the phosphorylation mechanism.

Aqueous leaf extract of Moringa oleifera has been reported to exhibit anticancer ac-
tivity [59]. When this compound is combined with radiation, the expression of PARP-1,
Bcl-2, COX-2, and p65 protein is down-regulated, increasing the inhibitory effect on tumor
growth. In vivo, PANC-1 bearing mice treated with 1.5 mg/g moringa showed the smallest
tumor volume compared with control, 0.5 mg/g, and 1.0 mg/g groups, suggesting that
moringa suppressed tumor growth in a dose-dependent manner.

The root bark of Paeonia suffruticosa is known to inhibit the growth of cancer and metas-
tasis [60]. Liu et al. reported that treatment of P. suffruticosa aqueous extracts (PS), aqueous
extract from Paeonia suffruticosa, augmented caspase-3, -8, and -9, showing the activation
of apoptosis. PS-elevated ROS and accumulated ER stress lead to inhibition of autophagy
and proteasomes, which triggers apoptosis of PANC1, AsPC-1, and BxPC-3 cells.

Pterospermum acerifolium ethanolic bark extract induced apoptosis and cytotoxic
effect in PANC-1 cells by up-regulating mitochondrial-mediated ROS production [61].
P. acerifolium bark extract also showed apoptosis against lung cancer cells (A549). The
extract up-regulated ROS generation and arrested both types of cancer cells by inducing
early apoptosis of cells before the G1 phase. Additionally, PANC-1 cells were more sensitive
to P. acerifolium bark extract than A549.

Polyphenol-rich extract of Salvia chinensis is reported to exhibit an inhibitory effect on
breast, lung, and colon cancer cells [62]. This compound also induced cell cycle arrest and
apoptosis in MIA PaCa-2 cells. The increase of cytochrome c release and the loss of MMP
suggest that this compound leads to a mitochondrial apoptotic pathway.

The extract of Sedum sarmentosum Bunge (SSBE), originated from traditional Chinese
herbal medicine, is known to have antiviral, anticancer, and anti-inflammatory proper-
ties [63]. This compound activated the expression of caspase-3, -8, Bax, and Bad, and
suppressed the level of Bcl-2 in PANC-1 cells at a dose of 100 μg/mL. SSBE-treated PANC-1
cells also showed a p53 increase and a c-Myc decrease. In animal xenograft models of
pancreatic cancer, tumor weight was reduced by inhibition of Hedgehog signaling after
SSBE treatment.

Total flavonoid aglycones extract (TFAE), derived from Radix Scutellariae, has been
previously reported to suppress lung cancer [64]. Liu et al. showed that TFAE also had anti-
cancer activity against pancreatic cancer [65]. After TFAE treatment, cleavages of caspase-3,
-9, PARP, and Bid increased whereas Bax and Bcl-2 were unchanged in BxPC-3 cells.
Inhibition of TFAE-induced autophagy increases apoptosis, suggesting that autophagy
and apoptosis are in a cross-regulatory relationship. Meanwhile, the mice with 150 mg/kg
TFAE had the strongest inhibitory effect against tumor growth, compared with the mice
which were treated with lower doses.

2.3.3. Formulations

F35, isolated from Inula helenium L., is a mixture of alloalantolactone, alantolacton,
isoalantolactone in a ratio of 1:5:4 [66]. Its anti-cancer activity was investigated in two types
of pancreatic cancer cells: PANC-1, SW1990, and was compared with isoalantolactone’s anti-
tumor activity. Even though isoalantolactone is the main component from Inula helenium L.,
it is hard to gain pure isoalantolactone by current methods. Fortunately, F35, which is
relatively easy to extract, strongly inhibited the growth of PANC-1 and SW1990 with a
treatment of 8 μg/mL of F35 at 48 h. In addition, when treated with 6 μg/mL of F35 for
24 h, both groups of cells showed mitochondrial-dependent apoptotic activity, just as they
were treated with isoalantolactone. Treating PANC-1 and SW1990 with 2 μg/mL of F35 for
24 h eliminated colony formation and with 2 or 4 μg/mL of F35 for 24 h inhibited migration.

Apoptosis, also called programmed cell death, is a well-known mechanism for treating
various cancers, including pancreatic cancer. Forty-nine substances were reported to
induce apoptosis in pancreatic cancer. The apoptotic mechanisms of natural products were
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illustrated in Figure 1. Most of the substances belonged to the plant, except for five fungus
and one marine sponge. The pancreatic cancer cell lines commonly used for apoptosis
were MIA PaCa-2, PANC-1, AsPC-1, and BxPC-3. In vivo, BALB/c mice were mainly used
as an animal model. As a result, the rate of apoptotic cell death increased after treatment,
mostly in a dose- and time-dependent manner.

Figure 1. Schematic diagram of apoptotic mechanisms of various natural products against pancreatic cancer. The intrinsic
apoptotic pathway is regulated primarily by anti-apoptotic Bcl-2 family of proteins. Bcl-2 inhibits release of mitochondrial
cytochrome c. Cytochrome c which is released from the mitochondrial intermembrane forms the apoptosome complex
in the cytosol with Apaf-1 and procaspase-9, leading to caspase-9 activation. Caspase-9 then activates effector caspases,
resulting in some cleavages of cellular proteins and finally cell death by apoptosis. Several natural products such as
8-Chrysoeriol, Elemene, EEIHL, Moringa aqueous leaf extract, Piperlongumine, TFAE, PS, SSBE, F1, F35, DMC, SN, MGDG,
sugiol, Crocetinic acid, Coix seed emulsion, Hydroxychavicol, and Eucalyptus microcorys down-regulated Bcl-2. Dicatenarin,
Skyrin, H3, DMC, MGDG, Rottlerin, S. chinensis polyphenol-rich extract induced cytochrome c release to the cytosol. Some
drugs affected on caspase-3, 8, and 9 straight without going through the process. Meanwhile, MAPKs signaling pathway,
stimulated by ROS, could also inhibit anti-apoptotic Bcl-2 proteins. In addition to MAPKs, several processes triggered by
ROS act directly or indirectly on apoptosis.

Chaetospirolactone, xylarione A, (-) 5-methylmellein, 2′,4′-Dihydroxy-6′-methoxy-
3′,5′-dimethylchalcone (DMC), 3,5-dihydroxy-6,7,8-trimethoxyflavone (flavone B), 5,7-
dihydroxy-3,6,8-trimethoxyflavone (Flavone A), cardiac glycosides, elemene, hydroxychav-
icol, hypoxoside, mastic gum resin (MGR), Methyl4-(2-isothiocyanatoethyl)benzoate (com-
pound 6), monogalactosyl diacylglycerol, N-Ethyl-4-(2-isothiocyanatoethyl)benzamide
(compound 7), piperlongumin, RN1, withaferin A, bitter apricot ethanolic extract,
Eucalyptus microcorys aqueous extract (F1), and Salvia chinensis polyphenol-rich extrac,
showed almost no cytotoxicity in normal cells while having an apoptotic effect on pan-
creatic cancer cells [24,26,29,30,32,36,38,39,41–44,46,49,51,55,62]. The rest of the studies on
the apoptosis of pancreatic cells did not handle experiments on normal cells, so additional
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tests are required. However, the researchers pointed out that additional in vivo experiment
is necessary to ensure the safety and effectiveness of these substances.

Seventeen substances, namely Chaetospirolactone, leiodermatolide, cordifoliketones
A, diosgenin, elemene, icariin, monogalactosyl diacylglycerol, piperlongumin, RN1, with-
aferin A, coix seed emulsion, herbal mixture extract (H3), Moringa aqueous leaf extract,
Paeonia suffruticosa aqueous extracts (PS), Sedum sarmentosum Bunge extract, and total
flavonoid aglycones extract, were investigated for their anti-cancer effects in mice mod-
els [24,27,34,36,40,43–46,50,51,53,54,57,59,60,63,65]. The rest of the studies had only in vitro
experiments. Some studies suggested that clinical trials with natural compounds are
needed. Meanwhile, because leiodermatolide and monogalactosyl diacylglycerol showed
toxicity when treated with high doses, a further investigation with low doses experiment
was suggested [27,43].

In in vitro experiments, fifteen substances, 8-Chrysoeriol, elemene, mastic gum resin,
RN1, bitter apricot ethanolic extract (BAEE), coix seed emulsion, Eucalyptus microco-
rys aqueous extract, Eucalyptus microcorys leaf ethanolic extract, Eucalyptus microcorys
fruit aqueous extract, Eucalyptus saligna ethanolic extract, Moringa aqueous leaf extract,
Paeonia suffruticosa aqueous extracts (PS), Salvia chinensis polyphenol-rich extract,
Pterospermum acerifolium ethanolic bark extract (PaEBE), and Sedum sarmentosum Bunge, ex-
tract were conducted at a high concentration of 60 μg/mL or higher [31,36,42,46,53,56,59–63].
In such cases, when applied to humans, the amount of medicine could be far abundant,
which requires attention.

Besides inducing apoptosis, most of the substances had an inhibitory effect on tumor
growth such as suppressing cell proliferation or inducing cell cycle arrest. Some substances
were also effective in preventing metastasis, angiogenesis, and chemoresistance. More-
over, several natural products potentiated the anticancer activity of gemcitabine with a
synergistic effect.
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3. Metastasis Inhibiting Natural Products

To acquire metastatic features, cancer cells change their characteristics, leading to
epithelial mesenchymal transition (EMT). EMT makes cancer cells to be founded in other
tissues. Metastasis can be responsible for cancer-related death [67]. Thus, it is important to
regulate this process, and we focused on both natural products and their compounds that
contribute to anti-metastasis (Table 4).

Cheng et al. reported that Poria cocos-derived compound polyporenic acid and its
extract have inhibitory effect of metastasis in PANC-1 cells [68]. A decrease in cell division
cycle protein 20 homolog (CDC20) that has been unveiled to associate with invasion was
observed by both treatments.

Zhang et al. reported that a novel natural compound terphenyllin has an anti-
metastatic effect in both in vitro and in vivo [69]. A transwell assay and PANC-1 orthotopic
model were used to measure the anti-cancer efficacies of terphenyllin. As a result, it was
observed that treatment of terphenyllin reduced invasion as well as migration in HPAC
and PANC-1. In vivo and histological data also showed the reduction of metastasis.

Novel compound cordifoliketones A, isolated from roots of Codonopsis cordifolioidea,
showed an anti-cancer effect via the regulation of migration and invasion as well as apop-
tosis [54]. In the results of the invasion and migration assay, the reduction of invasion and
migration in pancreatic ductal adenocarcinoma cells by cordifoliketones A was observed.

The expressions of C-X-C chemokine receptor type 4 (CXCR4) and cyclooxygenase-
2 (COX-2) are increased after radiation therapy and facilitate metastasis of pancreatic
cancer cells [70]. Aravindan et al. demonstrated that Hormophysa triquertra polyphenol
(HT-EA) treatment represses irradiation-induced translation of CXCR4, COX-2, β-catenin,
and matrix metalloproteinase-9 (MMP-9), Ki-67. Especially, repressions of CXCR4 and
COX-2 lead to down-regulations of cancer cell migration and invasion. These results
suggest that HT-EA would alleviate the dissemination of pancreatic cancer cells resistant
to radiation-therapy.

Radiation has been commonly used for cancer therapy in decades. Hagoel et al. re-
ported that combined with radiation and moringa aqueous leaf extract showed synergistic
inhibitory activity in metastasis of PANC-1 cells [59]. As for migration and invasion,
moringa treatment inhibited by 61.6% and 63.7% compared to control, respectively. More-
over, reductions in migration (56.4%) and invasion (39.8%) were observed by moringa
combined with 4 Gy in comparison to control.

Dephosphorylation of cofilin by slingshot homologs (SSH) associates with actin de-
polymerization [71]. This change in actin dynamics can be responsible for invadopodia,
protrusions observed invasive cancer cell. Lee et al. reported that a novel compound,
sennoside A, contributes to a reduction in metastasis by acting as a slingshot inhibitor.
After treatment, up-regulation of p-cofilin was confirmed in MIA PaCa-2 and PANC-1 cells.
Furthermore, an in vivo study trans-planting PANC-1 cell into the spleens showed that
sennoside A induced a prominent reduction of liver metastasis compared to control.

Pei et al. investigated whether a natural product toosendanin has anti-cancer activity
on pancreatic cancer and reported that inhibition of migration and invasion was observed
by this natural product both in vitro and in vivo [72]. The levels of E-cadherin, known as
epithelial marker, increased, whereas those of mesenchymal markers, including vimentin,
Snail, and ZEB, decreased. In addition, it was found that toosendanin attenuated the
phosphorylation of AKT and mTOR as well as PRAS40 and p70S6K.
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To sum up, eight substances derived from plants and fungi showed anti-metastatic
activities against pancreatic cancer. The anti-metastatic mechanisms of natural products
were illustrated in Figure 2. When compared to studies on apoptotic effect of natural sub-
stances, studies on metastasis are scarce. Among them, Poria co-cos showed that its extract
and their compound polyporenic acid exert anti-metastatic potency. Moreover, CDC20,
commonly known as cell division cycle associated factor, has been shown to participate in
invasion. However, data concerning whether the empirical doses are toxic against normal
cell lines remain necessary. The study of Hormophysa triquetra polyphenol elucidated that
the polyphenol inhibited cell migration of pancreatic cancer cells In vitro. However, when
100 μg/mL of polyphenol was applied on PANC-1, PANC-3.27, BxPC-3, and MIA PaCa-2,
a somewhat high concentration of over 60 μg/mL was observed. Treatment of moringa leaf
extract with PANC-1 inhibited metastasis, but a synergistic effect was observed when com-
bined with radiation. This suggests that natural products and their compounds combined
with radiation could be effectively used for cancer therapy. Reflecting a partial interaction,
the in vitro study has a limitation in that it does not represent whole sophisticated interac-
tions. Thus, subsequent studies comprising an in vivo model appear to be needed. Of the
studies mentioned above table, Pei et al. presented evidence supporting the anti-cancer
activity of toosendanin from a molecular perspective both in vitro and in vivo. Notably,
this study showed hallmarks of EMT, including Snail, vimentin, and E-cadherin.

Figure 2. Schematic diagram of anti-metastasis mechanisms of various natural products against pancreatic cancer.
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4. Angiogenesis Inhibiting Natural Products

Angiogenesis is the formation of new blood vessels, and the tumor is provided
with oxygen and nutrition by newly formed vessels. This is attributed to the growth of
cancer cells and metastasis to other organs [73]. Thus, it is essential to down-regulate
angiogenesis in cancer therapy. Various natural products have been demonstrated to
regulate angiogenesis (Table 5).

Danggui-Sayuk-Ga-Osuyu-Saenggang-Tang (DSGOST) is a mixture of herbal extract
used in Traditional Korean medicine [73]. Human umbilical vascular endothelial cells and
human dermal microvascular endothelial cells were treated with DSGOST 100 μg/mL for
72 h with/without 50 ng/mL of vascular endothelial growth factor (VEGF). The treatment
inhibited VEGF-dependent tube formation in both cases. In PANC-28 xenograft BALB/c
nude mice model, injection of DSGOST at a dose of 100 μg with 100 ng/μL of VEGF down-
regulated newly formed vessel number in the tumor, as measured by vascular permeability
assays. For bioluminescence imaging analyses, DSGOST was orally administered at a dose
of 20 mg/kg and repressed tumor growth. These results indicate that DSGOST mitigates
vascular leakages caused by VEGF and thereby inhibits tumor growth.

SH003 is a mixture that contains Astragalus membranaceus, Angelica gigas, and
Trichosanthes Kirilowii Maximowicz [74]. Choi et al. investigated whether the SH003 inhibits
VEGF-induced tumor angiogenesis. Human umbilical vein endothelial cells were treated
with SH003 at doses of 10, 20, and 50 μg/mL for 24 h, and VEGF was prevented from bind-
ing to VEGFR2. As a result, cell migration, invasion, and tube formation were suppressed
through this mechanism. As assessed by vascular leakage assays in vivo PANC-28 bearing
nude mice model, VEGF-induced vessel permeability was inhibited after an injection of
SH003 at 20 μg. When SH003 was orally administered at a dose of 2 mg/kg, a reduction of
tumor growth was detected in bioluminescence imaging analyses, while the bodyweight
of the mice was not affected.

There were two types of research associated with anti-angiogenesis effect. DSGOST
and SH003 were mixtures of various kinds of natural products and all of their contents
were derived from plants [73,74]. Both materials were investigated by the same researchers
who mainly investigated VEGF-related mechanisms. DSGOST and SH003 were treated
to HUVECs in vitro and to PANC-28 bearing BALB/c nude mice in vivo. Both were
demonstrated to down-regulate the metastasis by inhibition of angiogenesis without any
effect on pancreatic tumor cell viability. In the case of DSGOST, inhibition of angiogenesis
was observed at an extremely high concentration 100 μg/mL, higher than 60 μg/mL.
Moreover, studies to investigate cytotoxicity to normal cells are required for DSGOST
and SH003.
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5. Resistance Inhibiting Natural Products

Although various therapies have been developed against cancer, including chemother-
apy, radiation therapy, and so forth, pancreatic cancer is still deadly and represents 10%
of the five-year survival rate [75]. Resistance is known to occur in gemcitabine treatment,
which is the most common anti-cancer drug [76,77]. The drug resistance makes gemcitabine
ineffective, and it consequently leads to difficulties in the successful treatment of cancer. For
this reason, only 12% of patients treated with gemcitabine showed anti-cancer efficacy [78].
Therefore, new substances which enhance the efficacy of the anti-cancer drug and suppress
drug resistance are needed [79]. There were 10 natural products demonstrated to regulate
factors inducing resistance and promote the efficacy of anti-cancer therapy (Table 6). The
anti-resistance mechanisms of natural products were illustrated in Figure 3.

Terpinen-4-ol is a kind of monoterpene derived from mainly tee-tree oil [80]. Shapira
et al. investigated the anti-cancer effect of terpinen-4-ol on pancreatic cancer in vitro and
in vivo. A synergistic tumor growth inhibition effect was observed when the compound
was combined with oxaliplatin, fluorouracil, or gemcitabine, which are the general anti-
cancer medicines. Especially, when gemcitabine was combined with terpinen-4-oil at a
concentration of 0.01%, the tumor growth inhibition effect was increased to 60–85%. In vivo,
this substance reduced the tumor volume and weight in the colorectal DLD1 cancer cell
xenograft model. Moreover, it was demonstrated that terpinen-4-ol inhibited colorectal,
gastric, even prostate cancer growth as well as the growth of pancreatic cancer.

Scalarin, derived from Euryspongia cf. rosea, showed a reduction of receptor for
advanced glycation end products (RAGE) [81]. RAGE level was down-regulated when
PANC-1 and MIA PaCa-2 were exposed to 10 μg/mL of scalarin for 24 h. This result
suggests that scalarin diminishes the drug resistance and proliferation of pancreatic cancer
cells. However, RAGE-associated factors, such as Bcl-xL, p-ERK 1/2, p-NFκB, and p-STAT3,
were not modified by scalarin, so researchers suggested that it may be because of other
mechanisms associated with RAGE.

Somasagara et al. demonstrated that an increase of phosphorylated AKT and ERK1 is
associated with gemcitabine resistance [82]. Bitter melon juice inhibited the phosphory-
lation of AKT and ERK1/2. When gemcitabine-resistant AsPC-1 cells were treated with
bitter melon juice, cell viability was diminished through targeting AKT mediated pathway.

Activation of NF-κB induced by gemcitabine was abolished by pretreatment of coix
seed emulsion (CSE) [53]. CSE pretreatment, as agents which down-regulate NF-κB,
reduced resistance to gemcitabine and increased sensitivity to gemcitabine in pancreatic
cancer cells. Such pretreatment also activated proteins which induce apoptosis, such as
caspase-3, c-PARP, and Bax, and reduced counteracting factors, such as Bcl-2, survivin, and
COX-2. Consistent with in vitro study, CSE administration combined with gemcitabine
treatment indicated a 68% decrease of tumor weight on BxPC-3 xenograft models at a dose
of 12.5 mg/kg, which is superior to each treatment alone.

Gemcitabine-induced ABC transporters were previously reported to cause drug resis-
tance [76]. Qian et al. demonstrated that coix seed extract downregulated the expression of
ABCB1 and ABCG2 and induced sensitivity to gemcitabine. The coix seed extract treatment
elevated gemcitabine accumulation in BxPC-3 cells, while down-regulating drug efflux and
elimination. In BxPC-3 and PANC-1 at a dose of coix seed extract 10 mg/mL for 24 and 48 h
combined with gemcitabine 3 μg/mL, the level of IC50 of gemcitabine was significantly
decreased. This result suggests that the compound induces a synergistic anti-cancer effect
with gemcitabine.
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Enzyme-treated asparagus extract (ETAS) is known to induce heat-shock protein (HSP)
70 [77]. Shimada et al. investigated the regulation effect of ETAS on HSP27, which was
previously demonstrated to causes gemcitabine resistance. When ETAS was treated to
gemcitabine-resistant KLM1-R cell line at 2 mg/mL for 120 h, the expression of HSP27
and p-HSP27 (serine 78) were mitigated. This result suggests that ETAS would show
a synergistic effect with gemcitabine and would be used to induce the sensitivity of
gemcitabine on drug-resistant cancer cells.

Based on previous studies of the effectiveness of Eriocalyxin B (EriB) in treating pan-
creatic cancer, Li et al. studied whether EriB could assist the function of gemcitabine against
SW1990 cells [79]. EriB, the ethanol extract of Isodon eriocalyx, stimulated gemcitabine-
induced apoptosis and anti-proliferative effect. Among the mixtures of gemcitabine and
EriB in various concentrations, 25 μM gemcitabine/1.25 μM EriB combination exhibited
a remarkably synergistic effect on SW1990 cells. Especially when 2.5 μM of EriB was
treated alone, phosphorylation of AKT was diminished, whereas AKT and PDK1 were
both inhibited from phosphorylation when EriB was combined with 25 μM of gemcitabine.

Oat bran ethanol extract (OBE) was elucidated to overcome drug resistance by reduc-
tion of RRM1 and RRM2 levels, which was expressed higher in MIA PaCa-2 cells treated
with gemcitabine than those were not [78]. The viability and proliferation of gemcitabine-
resistant pancreatic cancer cells were selectively disrupted, as compared with normal
pancreatic cells. Additionally, OBE induced the apoptosis of pancreatic cancer cells by the
activation of AMPK and inactivation of JNK. Consistent with this, OBE increased the cell
accumulation in the G0/G1 phase and death of pancreatic cancer cells in flow cytometry
analysis and a TUNEL assay of MIA PaCa-2 and PANC-1 cells.

Another study of Pao Pereira extract derived from Geissospermum vellosii, was con-
ducted to investigate the inhibitory effect on tumor spheroid formation by Dong et al. [83].
The anti-resistance effect of the Pao Pereira extract was proved by examining pancreatic
cancer stem-like cells (CSCs) surface markers and tumor spheroid assay. As a result,
surface markers such as CD44+ CD24+ EpCam+ were diminished, and IC50 of Pao was
27 μg/mL in spheroids inhibition. At a higher concentration of 100 μg/mL, it completely
inhibited spheroid formation on PANC-1 and MIA PaCa-2. Pao reduced β-catenin and
Nanog by down-regulation of BCL2L2, COX-2, and several kinds of mRNA levels related to
CSCs, such as Dppa4, Esrrb, and Tcl1. In vivo, the expression of CSCs and tumorigenicity
were reduced in the PANC-1 xenograft nude mice model. However, the CSCs inhibitory
mechanism of Pao was also not clearly identified in the present study.

Qingyihuaji is an extract of five herbs; Scutellariae barbatae, Hedyotdis, Arisaematis
erubescentis, Gynostemmatis pentaphylli, Amomi Rotundus [84]. Chen et al. reported that
Qingyihuaji elevated the expression of lncRNA AB209630 while inhibited that of miR-
373, EphB2, Nanog. Gemcitabine-resistant CFPAC-1 treated with Qingyihuaji combined
30 ng/L of gemcitabine showed synergistic effects on cell proliferation and migration.
In vivo, the combination of Qingyihuaji and gemcitabine showed a greater antitumor effect
than separately treating them.

CSCs are related to cause drug resistance and metastasis in pancreatic cancer [85].
Dong et al. reported that Rauwolfia vomitoria root extract treatment reduced β-catenin
and Nanog which initiate and maintain CSCs. The reduction of β-catenin and Nanog
indicates that the compound inhibits tumor spheroid formation of CSCs. The extract
exerted complete inhibition of the tumor spheroid in PANC-1 at a dose of 200 μg/mL, and
in MIA PaCa-2 at a higher concentration of 100 μg/mL. At lower than each concentration,
a reduction of tumor spheroid was shown in both PANC-1 and MIA PaCa-2. It also was
demonstrated to suppress tumor formation in a NCr-nu/nu mice model at a dose of
20 mg/kg.

Scalarin was originated from a marine sponge whereas the remaining ten were from
the plant [81]. Terpinen-4-ol was the only one effective at resistance to anti-EGFR ther-
apy [80]. Coix seed emulsion and coix seed extract were extracted from the same natural
product [53,76]. Moreover, there was no statement about sources of ETAS [77]. When
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OBE was treated on hTERT-immortalized human pancreatic epithelial nestin-expressing
(HPNE) cells obtained from a normal pancreatic duct, cytotoxicity was not found at less
than 40 μg/mL [78]. Both Rauwolfia vomitoria root extract and Pao Pereira extract had less
impact on MRC-5 epithelial cells that are not cancer cells than pancreatic cancer cells at con-
centrations of 567 μg/mL and 547 μg/mL [83,85]. Terpinen-4-ol, scalarin, bitter melon juice,
coix seed emulsion, coix seed extract, ETAS, EriB/ethanol extract, and Qingyihuaji were
not tested for confirmation of cytotoxicity in normal cells [53,76,77,79–82,84]. There was a
lack of in vivo tests regarding scalarin, bitter melon juice, OBE, ETAS, and EriB/ethanol
extract [77–79,81,82]. Additional studies about these need to be carried out in order to be
used for an adjuvant to clinical chemotherapy.

6. Clinical Trials

There were seven clinical trials of natural products against pancreatic cancer from
2009 to 2020, and five types of natural products were tested (Table 7). Phase 1–3 pancreatic
cancer clinical trials were targeted, and a majority of the clinical trials of phase 2 were
conducted. Most of them were completed, while one was yet recruiting participants.

In a study, 15 patients with gemcitabine-refractory advanced pancreatic cancer were
the subjects of UMIN000005787, a clinical trial that took place in Japan [86]. GBS-01,
extracted from the fruit of Arctium lappa L., was administered orally once a day until
the disease progresses or unacceptable toxicity occurs. None of the patients treated with
GBS-01 showed any signs of dose-limiting toxicities (DLTs). The main adverse effects
were the increase of γ-glutamyl transpeptidase and hyperglycemia. The trial was a non-
randomized, unblinded, and uncontrolled study, executed from 16 June 2011 to 5 May 2014.
According to the clinical trial results, the recommended dose of GBS-01 was 12.0 g q.d, and
the clinical safety of GBS-01 monotherapy was confirmed in pancreatic cancer patients who
were difficult to treat with gemcitabine therapy [87]. The co-treatment of gemcitabine and
GBS-01 can also be a promising therapy for pancreatic cancer patients, as gemcitabine has
anti-tumor effects on cancer cells under oxygen and glucose-rich conditions, while GBS-01
has the ability to remove the resistance of cancer cells.

Non-randomized, open-label study NCT00192842 expected that curcumin, extracted
from Curcuma longa Linn, could aid the efficacy of gemcitabine [88]. The patients were
administered gemcitabine once a week and had 8 g of curcumin orally every day. The
study started in July 2004 and was primarily completed in November 2007. The result of
this trial was not posted.

The phase 2 clinical trial NCT00094445 started on November 2004 and results were
updated on 28 August 2020 [89]. A total of 50 patients suffering from pancreatic cancer
were administered 8 g of oral curcumin every day for eight weeks. In total, 44 patients
completed the study. About 20% of the patients had severe adverse events including cardiac
disorders (chest pain, multiple pulmonary emboli, atrial fibrillation etc.), gastrointestinal
disorders (GI hemorrhage, abdomen pain etc.), dehydration, or pain. About 13% of the
patients had no serious adverse events like gastrointestinal disorders (vomiting, nausea)
or edema.

The aim of the phase 2 clinical trial NCT00837239 was to compare the effect of two
types of treatment against pancreatic cancer: the combination of HuaChanSu plus gemc-
itabine, and gemcitabine plus placebo [90]. Both groups were administered 1000 mg/m2

gemcitabine once a week and then skipping a week, for a cycle of 28 days. One group was
additionally treated with HuaChanSu, 20 mL/m2 for a total 500 mL, given 2 h infusion,
5 days a week (3 weeks), and skipping a week. The other group was the placebo group,
additionally treated with saline. It was a randomized, placebo-controlled, and blinded
study, started in June 2007 and primarily completed in July 2012. According to the results
of randomized clinical trials, locally advanced pancreatic or metastatic pancreatic cancer
patients’ outcomes were not improved when treated with the combination of huachansu
and gemcitabine [91]. So, the co-treatment of hwachansu and gemcitabine against ad-
vanced pancreatic cancer is not recommended. Kanglaite, an oil extract from Coicis Semen,
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was used in phase 2 NCT00733850 clinical trial [92]. It was targeted to 85 adults suffering
from pancreatic cancer. The experimental group was administered kanglaite injection
plus gemcitabine, and the compared group was administered only gemcitabine. This
was a randomized, open-label, interventional study, that occurred from August 2008 to
June 2014. The clinical trial report was sent to the FDA, and the phase 3 clinical trial is
expected. According to the results, the combination of 30 g kanglaite injection per day and
a standard therapy of gemcitabine has been demonstrated to encourage clinical evidence
of proliferation effects and a well-controlled safety profile [93].

The phase 3 clinical trial ISRCTN70760582 targeted 434 adults suffering from four
pancreatic cancers [94]. Mistletoe therapy was predicted to enhance the survival rate
and improve the life quality of the patients. Iscador Qu Spezial (IQuS), subcutaneous
injection of an extract of Viscum album L., was given to the patients three times a week
for 12 months, and all patients were followed up for 12 months. This trial started on
1 January 2009 and ended on 31 December 2014. According to the result, mistletoe is an
effective supplementary treatment for locally advanced or metastatic pancreatic cancer in
that mistletoe treatment noticeably improved the quality of life in patients suffering from
the disease [95].

Iscador Qu, extracted from Viscum album L., is planned to be used to pancreatic cancer
patients in phase 3 clinical trial NCT02948309 [96]. This study is present recruiting patients
and is estimated to be completed in June 2021. Half of the patients will be administered
Iscador Qu by subcutaneous injections and the other half will be the placebo group. The
result of the trial was not posted.

There are seven clinical trials for treating pancreatic cancer using natural products.
Those conducted in the US were five: two of them published in the last 10 years, three
of them in the last five years. One was conducted in the UK, 11 years ago, the other one
in Japan, six years ago. Curcumin and Iscador Qu (Mistletoe extract) were tested twice
each. One of the studies was phase 1, four were phase 2, and two were phase 3. Six out
of seven trials were completed, and four of them posted results. There were evident gaps
in the number of participants among the clinical trials. Four clinical trials had recruited
more than 80 people, while two trials had about 15 participants. In three out of seven
trials, Curcumin and GBS-01 were administered orally, and the rest were administered by
subcutaneous injections.
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7. Discussion

Despite continuous research on the treatment of pancreatic cancer, the proportion of
patients overcoming pancreatic cancer has not improved noticeably. Therefore, recognizing
a novel treatment is needed, and we found that the therapy of pancreatic cancer using the
natural products has been meaningful. We analyzed original research in terms of apoptosis,
anti-metastasis, anti-angiogenesis, and anti-resistance. Additionally, we reviewed the
clinical trials practiced in various countries.

7.1. Anti-Cancer Mechanisms of Natural Products

In total, 68 drugs were reviewed for their anti-cancer effects against pancreatic cancer.
The mechanisms of anticancer were divided into four categories, namely apoptosis, anti-
metastasis, anti-angiogenesis, and anti-resistance, with a significant proportion of drugs
related to apoptosis. MIA PaCa-2, PANC-1, AsPC-1, or BxPC-3 pancreatic cancer cell lines
were usually used in in vitro studies, with several studies including in vivo experiments,
usually using BALB/c mice as an animal model.

Apoptosis, known as programmed cell death, plays a significant role in health and
disease [22]. Inappropriate apoptosis may occur in various diseases, including many types
of cancer like pancreatic cancer. However, not all researches had in vivo studies, but 17
were effective in a mice model [24,27,33,34,36,40,43–46,50,53,54,57,59,60,63,65]. Fifteen sub-
stances were administrated at a high concentration of 60 μg/mL or higher, which demands
attention when applied to humans [31,36,42,46,51,53,55,56,59–63]. Twenty substances con-
ducted cytotoxicity experiments [24,26,29,30,36,38,41–44,46,49–51,53,55,62]. The rest of the
studies require additional toxicity tests to normal pancreatic cancer cells. In the case of
leiodermatolide, it showed low efficacy on cell survival [27]. Even though the adminis-
tration of leiodermatolide exhibited potent cytotoxicity compared to control groups or
gemcitabine groups, it was not completely preventable due to the possibility of toxicity. If
administered less, it will be possible to increase the survival rate and get accurate results
for efficacy. Notably, 8-Chrysoeriol as a natural dietary product potentially targeting BCL-2
could serve as a lead compound for SW1990 pancreatic cancer therapy [31]. In addition,
echinacoside (ECH) induced apoptosis by elevating ROS and reducing MMP in SW1990
cells [35]. However, since SW1990 cell lines do not have the mutation of p53, which triggers
the upregulation of Bax, additional investigation is needed to determine whether ECH is
available for suppressing tumors.

Metastasis, the tendency of cancer cells to spread to different organs, is a sign of cancer
that is distinguished from benign tumors [97]. Seven natural products that originated from
plants and fungi were observed to have anti-metastasis-related mechanisms in pancreatic
cancer. Six compounds had one or no mechanism, which encourages additional studies
about specific mechanisms. Still, it is widely known that the downregulation of CDC20
plays an important role in the cell cycle. Several reports described inhibition of metastasis
in both cell lines and in vivo [69,71,72]. However, the remaining studies require in vivo
experiments. Moreover, Poria cocos extract and its compound polyporenic acid seem to
require data indicating whether the empirical doses are noxious to normal cell lines. About
half of the products were administered to the cancer cell line at an abnormally large amount,
treated with a dose of 60 μg/mL or more [59,68].

Angiogenesis, which supports the growth of cancer cells and metastasis to other
organs, should be down-regulated when treating cancer [73]. Two compounds included
successful in vivo experiments, but there was no cytotoxicity test [73,74]. One out of two
compounds was tested with a concentration of 100 μg/mL [73].

Since pancreatic cancer is highly resistant to chemotherapy and radiation therapy,
anti-resistance is one of the decisive factors in cancer treatment [70]. Ten natural products
that are related to anti-resistance were reviewed. Half of the studies not only included
in vitro experiments, but also in vivo experiments [53,70,76,85]. Moreover 60% of the
compounds were administered in high doses on cancer cell lines, which demands attention
when applied to humans [53,70,76,77,83,85]. Notably, coix seed extract (10 mg/mL), coix

85



Nutrients 2021, 13, 3801

seed emulsion (4.0 mg/mL), and enzyme-treated asparagus extract (2 mg/mL) were way
beyond the standard, 60 μg/mL. Pao Pereira extract and Rauwolfia vomitoria root extract
were assessed in highly reliable studies conducted in vitro, in vivo, and even with normal
cytotoxicity tests.

7.2. Clinical Trials of Natural Products against Pancreatic Cancer

Although there is original research about 68 products in this review, seven clinical trials
have been given a registry number and internationally recognized. Even if the substances
used in clinical trials were not included in this review, they have been experimentally
studied for their anti-cancer effects for a long time or have been used in clinical trials for
cancers other than pancreatic cancer [98–101]. Therefore, among the studies in this review,
particularly highly reliable substances are worth testing in clinical trials.

Since Pao Pereira extract has various anti-cancer effects, such as inducing apoptosis,
increasing sensitivity to gemcitabine, and suppressing tumor growth in vivo, a clinical trial
dealing with the administration of Pao Pereira extract plus gemcitabine is recommended.
Isodon eriocalyx ethanol extract showed good effects in induction of apoptosis and anti-
resistance, and also was effective in suppressing proliferation. Thus, clinical trials can be
conducted if successful results are achieved in in vivo studies.

7.3. Multi-Functional Natural Products

Among the natural products, several products were multi-functional natural products,
which have treated pancreatic cancer through two or more mechanisms. Emulsion and
extract from Coix lacryma-jobi showed an outstanding effect in the treatment of pancreatic
cancer in apoptosis and anti-resistance. In particular, the reliability of both studies was
raised by including in vivo experiments as well as in vitro experiments. Although abnor-
mally high doses were administered in vitro, emulsion or extract from Coix lacryma-jobi
have been the subject of completed clinical trials as kanglaite and proven to be acceptable
to humans. Natural products that treat pancreatic cancer through apoptosis and anti-
metastasis are Cordifoliketones A and Moringa aqueous leaf extract. In anti-metastasis,
both extracts require additional experiments due to the lack of in vivo experiments. Moringa
aqueous leaf extract showed great anti-cancer effects, especially when combined with ra-
diation therapy. In addition, many of the natural substances in anti-resistance had other
effects, such as the induction of apoptosis or inhibition of tumor growth as well as the
effect on resistance. Oat bran ethanol extract (OBE), Isodon eriocalyx, Coix seed emulsion,
Rauwolfia, and Terpinen-4-ol were demonstrated to induce the apoptosis of pancreatic
cancer cells. Isodon eriocalyx was especially also effective in suppressing proliferation.
Furthermore, Pao Pereira extract was demonstrated to induce apoptosis in a previous study.
According to the experimental study reviewed in this paper, Pao Pereira extract was proven
to increase sensitivity to gemcitabine apart from the induction of apoptosis, suppressing
tumor growth.

7.4. Anti-Inflammatory and Anti-Tumor Effects of Natural Products

The mechanisms of the reviewed natural products suggest that they are somewhat re-
lated to anti-inflammatory activity. Resveratrol acts to activate anti-inflammatory reactions
through modulation of enzymes and pathways that produce mediators of inflammatory
reactions, and also induces programmed cell death in activated immune cells. Resver-
atrol, which has no side effects even at high concentrations, has significant potential to
be used as an alternative therapy against cancer and inflammatory diseases [14,15,102].
Curcumin is known to have a significant anti-inflammatory effect by blocking NF-κB
signals at several stages, and shows great potential in the anti-tumor effect by inhibiting
I-κB kinase [16,103]. It can be seen shown that anti-inflammatory mechanisms, including
the NF-κB mechanism of natural products and natural products with anti-inflammatory
effects, are strongly related.
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7.5. miRNA Regulating Natural Products

The manipulation of miRNAs is known to be useful in the treatment of diseases,
especially cancer [16,37]. Therefore, in the present review, we noted the papers related
to miRNAs, but this had drawbacks in that only two out of the 68 natural products con-
sidered involved mechanisms of miRNAs, which were concentrated on apoptosis [37,45].
Additionally, poorly regulated miRNAs have the potential to cause pancreatic cancer,
the dysregulated miR-646 and MIIP expression being associated with the exacerbation of
pancreatic cancer [104].

7.6. Strengths and Limitations

In this review article, various anti-cancer mechanisms of pancreatic cancer were
systematically analyzed and the source, cell line, animal model, dose, duration, efficacy,
and mechanism of the natural compound in each paper were arranged clearly. Notably, the
tables were divided into seven sections based on the anti-cancer mechanism and the sources
of natural products. Anti-tumor activity by modulating miRNAs was separated from other
mechanisms. Most of the reviews in the last 10 years were based on immunotherapy. Yue
et al. reported a similar review about treating pancreatic cancer with the combination of
natural products and chemotherapeutic agents like gemcitabine [105]. They only reviewed
the studies that had the anti-cancer mechanism of apoptosis, but we analyzed the studies of
the four different anti-cancer mechanisms and the clinical trials additionally. In particular,
we not only dealt with the study of synergetic effect with anti-cancer drugs, but also
focused on the inherent anti-cancer efficacy of natural products. In addition, pancreatic
cancer treatment using natural products has a great advantage of being effective in various
mechanisms and producing synergistic effects. Fortunately, there were no papers on natural
products that cause pancreatic cancer.

Limitations exist in this review, which does not include papers older than five years
after publication, and only studies written in English have been reviewed. In addition, the
research on compounds and extracts was mostly reviewed. Moreover, among the reviewed
papers, in vitro experiments were performed in all the cited studies, but not all of the papers
conducted in vivo experiments, so further investigation is suggested. The possibility that
the concentrations of natural substances that were effective in in vitro experiments may
not be effective in actual clinical practice cannot be excluded. Since natural products
have multi-compound and multi-target characteristics, additional mechanistic studies are
needed, and further studies on bioavailability and drug delivery systems are also needed.

7.7. Future Research Directions for Natural Product Treatment against Pancreatic Cancer

In future studies on pancreatic cancer treatment, studies on synergistic effects related
to existing anti-cancer drugs or studies on natural products that suppress side effects of
anti-cancer drugs are needed. Natural products that can treat various symptoms, such
as loss of appetite and weight loss related to cachexia due to pancreatic cancer, should
be studied. When the natural products of the studies and clinical trials were searched at
nifds.go.kr, several drugs were found to have been used as traditional medicines in China,
Japan, and Korea. These drugs suggest that modern cancer treatment ideas can be obtained
from traditional medicine [34,44,45,57,58,60,66,68,73,74,86,88,89,94,96]. Additionally, since
there have been many studies on the effects of natural products inhibiting resistance, this
field is promising and noteworthy.

8. Methods

Original research regarding the effects of TKM or natural products on pancreatic cancer
were collected from PubMed and Google scholar. When searching for relevant original
research, we included “natural product”, “pancreatic cancer”, “apoptosis”, “metastasis”,
“angiogenesis”, and “cancer drug resistance” as keywords. After the initial search, we
only included studies between July 2015 and April 2020. We selected studies that fit into
the following criteria: (1) research based on in vitro or in vivo to demonstrate anti-cancer
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effects of natural products; (2) research containing experiments using natural products
derived from fungi, marine sponges, or plants; (3) statically significant researches whose
p values were less than 0.05; (4) researches written in English.

Clinical trials about natural products against pancreatic cancer were collected from
clinicaltrials.gov, isrctn.com, and umin.ac.jp/ctr/. Clinical trials conducted in other coun-
tries rather than the USA were additionally searched in PubMed. When searching for
clinical trials, “pancreatic cancer” and “natural product” were used as keywords. We only
included studies between February 2009 and April 2020. Subsequently, we collected clinical
trials suitable to the following criterion: (1) clinical trials that include administration of
natural-derived treatment.

9. Conclusions

In this study, 68 natural products that treated pancreatic cancer were classified and
organized by their various anti-cancer mechanisms. The anti-cancer effects of natural
products and regulations in related factors for each anti-cancer mechanism were easily
summarized. Therefore, the recent research trend in pancreatic cancer treatment using
natural products can be easily recognized. Natural products have high potential in treat-
ing pancreatic cancer by having a synergetic effect with conventional anti-cancer drugs
and inherent anti-cancer efficacy themselves. Nevertheless, many cases are limited to
in vitro studies, and for natural products to make a greater contribution to the treatment of
pancreatic cancer, further in vivo studies and clinical trials are needed.
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Abbreviations

c-caspase cleaved caspase
c-PARP cleaved poly adenosine diphosphate ribose polymerase
Bax Bcl-2-associated X protein
Bcl-family B cell lymphoma-family
miRNA microRNA
BRCA1/2 breast cancer susceptibility gene 1/2
PALB2 partner and localizer of BRCA2
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TCM Traditional Chinese Medicine
TTM Traditional Thai Medicine
TKM Tracitional Korean Medicine
CAM Complementary and Alternative Medicine
PCD programmed cell death
AbE Agaricus blazei Murrill water extract
DAPK3 death-associated protein kinase 3
NLRP1 NACHT, LRR, and PYD domains-containing protein 1
TRAIL tumor necrosis factor-related apoptosis inducing ligand
ROS reactive oxygen species
MMP mitochondrial membrane potential
compound 17 14-deoxy-11,12-didehydroandrographolide
DMC 2′,4′-Dihydroxy-6′-methoxy-3′,5′-dimethylchalcone
flavone A 5,7-dihydroxy-3,6,8-trimethoxyflavone
flavone B 3,5-dihydroxy-6,7,8-trimethoxyflavone
PCNA proliferating cell nuclear antigen
EGFR epidermal growth factor receptor
AKT protein kinase B (PKB)
EZH2 enhancer of Zeste homolog 2
ECH Echinacoside
MAPK mitogen-activated protein kinase
GSPs grape seed proanthocyanidins
CDK6 cell division protein kinase 6
MSH6 MutS homolog 6
DNMT1 DNA methyltransferase 1
JNK c-Jun N-terminal kinase
c-Bid cleaved-Bcl-2 homology 3 interacting domain death agonist
GSH Glutathione
MGR mastic gum resin
MGDG monogalactosyl diacylglycerol
XIAP X-linked inhibitor of apoptosis
COX-2 cyclooxygenase 2
VEGF vascular endothelial growth factor
MMP-9 matrix metalloproteinase 9
NF-κB nuclear factor kappa B
RN1 a polysaccharide from the flower of Panax notoginseng
Gal-3 Galectin-3
ERK extracellular signal-regulated kinase
Runx1 Runt-related transcription factor 1
Skp2 S-phase kinase associated protein 2
WA Withaferin A
CA Carnosol
HGF hepatocyte growth factor
c-Met mesenchymal-epithelial transition factor
BAEE Bitter apricot ethanolic extract
SN non-polar stem extracts
cIAP-2 cellular inhibitor of apoptosis 2
CSE coix seed emulsion
F1 Eucalyptus microcorys aqueous extract
H3 herbal mixture ethanol extract
CXCR-4 C-X-C motif chemokine receptor 4
JAK2 Janus kinase 2
RBC red blood cell
EEIHL ethyl acetate extract of Inula helenium L.
STAT3 signal transducers and activators of transcription 3
PS Paeonia suffruticosa aqueous extracts
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SSBE the extract of Sedum sarmentosum Bunge
TFAE total flavonoid aglycones extract
F35 alloalantolactone, alantolacton, isoalantolactone [1:5:4]
PaEBE Pterospermum acerifolium ethanolic bark extract
p-c-JUN phospho-c-Jun
pS6 phospho-S6
DCLK-1 doublecortin-like kinase 1
Shh sonic hedgehog signaling molecule
PTEN phosphatase and tensin homolog
E-cadherin epithelial cadherin
Mcl-1 myeloid cell leukemia 1
EMT epithelial mesenchymal transition
CDC20 cell division cycle protein 20
CXCR-4 C-X-C chemokine receptor type 4
HT-EA Hormophysa triquertra polyphenol
SSH slingshot homologs
ZEB zinc finger E-box-binding homeobox
mTOR mammalian target of rapamycin
PRAS proline rich protein
BAPX bagpipe homeobox homolog
PhPT-1 phosphohistidine phosphatase 1
MEGF10 multiple EGF-like domains 10
DSGOST Danggui-Sayuk-Ga-Osuyu-Saenggang-Tang
HUVECs human umbilical vascular endothelial cells
HDMECs human dermal microvascular endothelial cells
VEGFR2 vascular endothelial growth factor 2
p-FAK phosphorylated focal adhesion kinase
p-IKKα/β phosphorylated inhibitor of nuclear factor kappa-B kinaseα/β
RAGE receptor for advanced glycation end products
ABC ATP-binding cassette
ABCB1 ATP-binding cassette B1
ABCG2 ATP-binding cassette G2
ETAS enzyme-treated asparagus extract
HSP heat-shock protein
EriB Eriocalyxin B
PDK1 pyruvate dehydrogenase kinase 1
OBE Oat bran ethanol extract
RRM1 ribonucleotide reductase subunit M1
RRM2 ribonucleotide reductase subunit M2
AMPK AMP-activated protein kinase
CSCs cancer stem-like cells
EpCam+ epithelial cell adhesion molecule+
BCL2L2 Bcl-2 like protein 2
lncRNA long non-coding RNAs
HPNE human pancreatic epithelial nestin-expressing
CDk4 cyclin-dependent kinase 4
DLTs dose-limiting toxicities
IQuS Iscador Qu Spezial
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Abstract: The excessive synthesis of interleukin-6 (IL-6) is related to cytokine storm in COVID-19 pa-
tients. Moreover, blocking IL-6 has been suggested as a treatment strategy for inflammatory diseases
such as sepsis. Sepsis is a severe systemic inflammatory response syndrome with high mortality. In
the present study, we investigated the anti-inflammatory and anti-septic effects and the underlying
mechanisms of Dracocephalum moldavica ethanol extract (DMEE) on lipopolysaccharide (LPS)-induced
inflammatory stimulation in RAW 264.7 macrophages along with septic mouse models. We found
that DMEE suppressed the release of inflammatory mediators NO and PGE2 and inhibited both the
mRNA and protein expression levels of iNOS and COX-2, respectively. In addition, DMEE reduced
the release of proinflammatory cytokines, mainly IL-6 and IL-1β, in RAW 264.7 cells by inhibiting the
phosphorylation of JNK, ERK and p65. Furthermore, treatment with DMEE increased the survival
rate and decreased the level of IL-6 in plasma in LPS-induced septic shock mice. Our findings suggest
that DMEE elicits an anti-inflammatory effect in LPS-stimulated RAW 264.7 macrophages and an
anti-septic effect on septic mouse model through the inhibition of the ERK/JNK/NF-κB signaling
cascades and production of IL-6.

Keywords: lipopolysaccharide; inflammation; interleukin-6; sepsis; Dracocephalum moldavica

1. Introduction

The inflammatory reaction (inflammation) is the foremost defense mechanism with
a complex biological response from the body’s tissues, after invasion of harmful stimuli.
The inflammatory response is a multifactorial function accompanied by the activation of
a signaling pathway that regulates inflammatory mediator levels in the host tissues [1].
The biological processes of the immune system are triggered by several factors, including
pathogens, irritants, damaged cells and endotoxins such as lipopolysaccharide (LPS). LPS
is the major glycoprotein that constitutes and acts as a highly immunogenic and the most
important component of the outer cell wall of Gram-negative bacteria [2]. LPS binds with
the binding protein (LBP) and is recognized by Toll-like receptors—most commonly by
TLR4, which activates the immune system as part of the innate immune response [3].
The activated TLR4 complex signaling pathway, that includes the myeloid differentiation
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primary-response protein 88 (MyD88)-dependent pathway, can stimulate the upregulation
of inflammatory gene expression [4]. The amino terminus of MyD88 recruits the IL-1
receptor-associated kinase (IRAK) family and then the phosphorylated MyD88/IRAK
complex binds to TNF receptor-associated factor 6 (TRAF6) [5]. The transforming growth
factor B-activated kinase (TAK1) complex is activated by TRAF6 and phosphorylated
NF-κB, which translocate to the nucleus to initiate transcription and activate the gene
expression of cytokines [6]. At the same time, TAK1 activates the MAPK family members,
including JNK1/2, ERK1/2 and p38, which enter the nucleus and activate activator protein
1 (AP-1) [7].

Activated AP-1 and NF-κB signaling results in the secretion of proinflammatory cy-
tokines, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-1β
(IL-1β), and chemokines. Excessive production of inflammatory cytokines and chemokines,
which has been designated as a cytokine storm, leads to systemic inflammatory response
syndromes such as COVID-19, rheumatoid arthritis and sepsis [8–10]. Sepsis is defined as
a life-threatening organ dysfunction caused by the dysregulated host response to invading
pathogens [11]. It is one of the typical diseases in systemic inflammatory response syn-
drome caused by a cytokine storm [12]. The main problem of sepsis is the high mortality
due to the absence of distinct therapeutic strategies for increasing the survival rate [13,14].
The early administration of antibiotics is associated with decreased mortality, but patients
who receive antibiotics such as vancomycin and piperacillin/tazobactam may have harm-
ful outcomes, such as acute kidney injury [15,16]. Therefore, it is necessary to develop safe
anti-septic therapies that positively increase the survival rate. Importantly, a number of
patients with septic shock have increased IL-6 in their plasma levels, according to the ICU
database [17]. Moreover, it has been reported that patients who had reduced IL-6 levels
were 5.68 times more likely to survive than non-survivors [18]. Thus, blocking IL-6 levels
may be an effective therapeutic strategy for reducing cytokine storm diseases.

Moldavian balm (Dracocephalum moldavica), known as Yixin Badi Ran Gibuya, is an
annual herb that belongs to the family Lamiaceae [19]. D. moldavica is native in northern
China, southeastern Xinjiang and eastern Europe. Furthermore, this herb has been used in
traditional Uygur herbal drugs for headache, liver disorders and cardiovascular diseases,
such as coronary heart disease, for many centuries [20]. This herbaceous plant has been
reported to contain active components with anti-inflammatory and antioxidant effects, such
as hydroxycinnamic acids, flavonoids and rosmarinic acid [21,22]. Rosmarinic acid (RA)
has also been reported to significantly inhibit lung cell apoptosis and decrease the level of
p53 in LPS-induced septic mice by inhibiting the activation of the GRP78/IRE1alpha/JNK
pathway [23]. Additionally, RA has shown to downregulate the levels of TNF-a, IL-6
and HMGB-1 in LPS-induced RAW 264.7 cells by inhibiting the IkB kinase pathway [24].
Moreover, we confirmed that oleanolic acid (OA) was detected in D. moldavica ethanolic
extract (DMEE), with an average level of approximately 4.32 ± 0.02 mg/g (Figure 1). OA
has been reported to be useful as a therapeutic strategy for vascular inflammatory diseases
by inhibiting hypermeability, the expression of cell adhesion molecules (CAMs) and the
migration of leukocytes [25]. In addition, OA can regulate apoptosis and inflammation in
spinal cord injury by blocking p38 and JNK [26].

Figure 1. HPLC-UV chromatogram analysis of oleanolic acid in D. moldavica with detector responses
at 210 nm.
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Based on the anti-inflammatory effects of D. moldavica [27,28] and its ingredients, we
speculated that DMEE may attenuate LPS-induced inflammatory responses and septic
shocks in mice. In this study, we studied the anti-inflammatory effect and underlying
mechanisms of DMEE on LPS-stimulated RAW 264.7 macrophages. Additionally, we
further investigated the anti-septic effect of DMEE in LPS-induced septic shock mice.

2. Materials and Methods

2.1. Animals

Five-week-old male mice were supplied by Orient Bio (Seongnam, Korea). In each
group, twelve mice were housed per cage with an optimized temperature of 21–25 ◦C
and a 12 h light–dark cycle. Animals were provided with ad libitum food and water
throughout the experimental period. All the animal experiments were conducted by
following the ethical guidelines of the Institutional Animal Care and Use Committee of
Kangwon National University (KW-200128-1).

2.2. Preparation of an Ethanolic Extract of D. moldavica

Dried leaves of D. moldavica were collected by Professor Xiang-Qian Liu (School of
Pharmacy, Hunan University of Chinese Medicine, Changsha, China). We previously
reported the preparation method of ethanolic extract of D. moldavica (DMEE) [29]. Briefly,
dried D. moldavica leaves were mixed with 70% ethanol to extract DMEE, twice for 2 h by
using an ultrasonic bath. After extracting, it was filtered and consequently concentrated
in a water bath under vacuum pressure. Afterward, frozen and lyophilized phases were
obtained. The obtained extract was stored at −20 ◦C until use.

2.3. High-Performance Liquid Chromatography (HPLC) Analysis

The HPLC analysis was performed to determine the levels of oleanolic acid in D. mol-
davica with a Perkin Elmer Flexar QUATERNARY Pump (PerkinElmer, Inc., Shelton, CT,
USA) and a PDA LC detector (PerkinElmer, Inc., Shelton, CT, USA). The samples were
separated by a YMC Pack-Pro C18 column (25 cm × 4.6 mm) in gradient elution mode. Two
mobile phases were obtained that comprised 0.2% acetic acid in H2O (A) and acetonitrile
(B); the overall flow rate was 0.8 mL/min. The column temperature was 30 ◦C and the
injection volume was 5 μL. The gradient conditions of oleanolic acid were 10% (A) and
90% (B) for 0–45 min. The test solution (D. moldavica) was weighed (60 mg) and dissolved
at 20 mg/mL in MeOH. Then, the solution was sonicated for 30 min and filtered using
a 0.45 μm PVDF membrane filter. Similarly, the standard solution (oleanolic acid) was
weighed (1 mg) and dissolved at a concentration of 1 mg/mL in MeOH. The standard
solution was sonicated and filtered under the same conditions as the test solution. The
analysis of oleanolic acid in DMEE was detected at a 210 nm wavelength. The oleanolic acid
composites were calculated by applying the following calibration curve equation: oleanolic
acid, y = 2567.7x + 23708, R2 = 1. The average level of oleanolic acid in D. moldavica was
approximately 4.32 ± 0.02 mg/g (Figure 1).

2.4. Materials

Tetrazolium bromide (MTT), Dimethyl sulfoxide (DMSO), LPS, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl, Griess reagent and sodium nitrite were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Penicillin–streptomycin (P/S), Dulbecco’s phosphate buffered
saline (DPBS), Dulbecco’s modified Eagle’s medium (DMEM) and DEPC water were
purchased from Welgene (Gyeongsan, Korea). Fetal bovine serum (FBS) was provided
by Atlas Biologicals (Fort Collins, CO, USA). RNAiso Plus was purchased from Takara
Bio Inc. (Kusatsu, Japan). Chloroform, 2-propyl alcohol, acetone and olive oil were
purchased from Daejung (Seongnam, Korea). Primers for cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), TNF-α, IL-1β, IL-6 and β-actin oligonucleotide
were purchased from Integrated DNA Technologies (Coralville, IA, USA). We used enzyme-
linked immunosorbent assay (ELISA) kits for prostagladin E2 (PGE2) from R&D Systems
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(Minneapolis, MN, USA) and IL-6 and IL-1β from Abcam (Cambridge, UK). TransScript®

All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal)
was obtained from TransGen Biotech Co. (Beijing, China). PowerSYBR® Green PCR Master
Mix from Applied Biosystems was purchased from Thermo Fisher Scientific (Rockford, IL,
USA). Antibodies against p38, JNK, ERK, p65, phosphorylated p38 (p-p38), phosphorylated
JNK (p-JNK), phosphorylated ERK (p-ERK) and phosphorylated p65 (p-p65) were supplied
by Cell Signaling Technology, Inc. (Danvers, MA, USA). Other materials were purchased
from usual commercial sources and ensured the highest available grade.

2.5. Cell Culture

Raw 264.7 cells—mouse-originated macrophages (RAW 264.7)—were supplied by the
Korean Cell Line Bank (KCLB, Seoul, Korea). For cell culture, DMEM (100 units/Ml), P/S
and 10% FBS were used as media. The cultured cells were incubated at 37 ◦C and 5% CO2
and subsequently subcultured every two days.

2.6. Analysis of Cell Viability

The MTT assay was performed to measure the cell viability. First, DMEE-treated cells
were incubated for 24 h; subsequently, the MTT assay was conducted. After incubation
with MTT solution (5 mg/mL), the cells were mixed with PBS and incubated at 37 ◦C for
4 h. After that, the MTT solution was removed and the produced purple formazan crystals
were solubilized in DMSO (100 μL/well) as described by [30]. The optical density was
measured at 540 nm with a microplate spectrophotometer (SpectraMax, Molecular Devices,
Sunnyvale, CA, USA).

2.7. Determination of Nitric Oxide Production

RAW 264.7 cells were pretreated with different concentrations of DMEE (50, 100, 200
and 400 μg/mL) for 1 h; later, they were stimulated with LPS at a concentration of 1 μg/mL
for 24 h. Nitrite accumulation in the culture medium was considered as an indicator of
nitric oxide (NO) production. The total NO production was measured with Griess reagent.
Equal volumes of 100 μL of the supernatant and Griess reagent were mixed for 10 min [31].
The optical density was determined using a microplate reader (SpectraMax, molecular
Devices, Sunnyvale, CA, USA) at 540 nm. The total of nitrite in the samples was determined
based on a sodium nitrite standard curve.

2.8. PGE2, IL-6 and IL-1β Assays

The expression levels of PGE2, IL-6 and IL-1β, both in macrophage culture medium
and plasma, were measured using commercial ELISA kits. The cells were pretreated with
DMEE at various concentrations (from 50 μg/mL to 400 μg/mL) for 1 h; afterwards, they
were treated with LPS (1 μg/mL) for 24 h. Cytokine expression in the cell was determined
by ELISA, referring to the manufacturer’s given protocol.

2.9. RNA Extraction and Real Time-Quantative PCR (RT-PCR)

The mRNA expressions of iNOS, COX-2, IL-6 and IL-1β were detected by performing
RT-PCR. Total RNA was extracted using RNAiso PLUS (Takara, Otsu, Japan). From 1 μg
of total RNA, cDNA was synthesized using the All-in-One FirstStrand cDNA Synthesis
SuperMix, as previously described by [32]. The synthesized cDNAs were used as template
for qRT-PCR using a QuantStudio 3 (Applied Biosystems, Foster City, CA, USA) system
with POWER SYBR Green PCR master mix and gene-specific primers (Table 1). A dis-
sociation curve analysis of iNOS, COX-2, IL-6, IL-1β and β-actin demonstrated a single
peak. The expression levels of target genes were quantified by duplicate measurements
and normalized with the 2−ΔΔCT method relative to control β-actin. The PCR analyses
were performed under the following conditions: 40 cycles of 95 ◦C for 15 s; 57 ◦C for 20 s;
and 72 ◦C for 40 s.
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Table 1. Primer sequences used in the RT-PCR analyses.

Target Gene Primer Sequence

iNOS
F 5′-CATGCTACTGGAGGTGGGTG-3′
R 5′-CATTGATCTCCGTGACAGCC-3′

COX-2
F 5′-TGCTGTACAAGCAGTGGCAA-3
R 5′-GCAGCCATTTCCTTCTCTCC-3′

IL-6
F 5′-GAGGATACCACTCCCAACAGACC-3′
R 5′-AAGTGCATCATCGTTGTTCATACA-3′

IL-1β
F 5′-ACCTGCTGGTGTGTGACGTT-3′
R 5′-TCGTTGCTTGGTTCTCCTTG-3′

β-actin F 5′-ATCACTATTGGCAACGAGCG-3′
R 5′-TCAGCAATGCCTGGGTACAT-3′

2.10. Western Blot Analysis

For immunoblot analysis, LPS-stimulated cells were washed twice with ice-cold PBS.
Total proteins were isolated from the cells using a lysis buffer with cocktails of protein
inhibitors and then harvested with a cell scraper [33]. Total cellular protein was quantified
using the Bradford assay. The protein (20 μg/well protein) was loaded to 10% SDS-PAGE
and then transferred to PVDF membranes [34]. The membranes were blocked with 5%
skimmed milk for 2 h and then incubated with primary antibodies against p-JNK (Cell
Signaling Technology (Danvers, MA, USA), 1:1000), p-ERK (Cell Signaling Technology,
1:1000), p-p65 (Cell Signaling Technology, 1:1000), JNK (Cell Signaling Technology, 1:1000),
ERK (Cell Signaling Technology, 1:1000), p65 (Cell Signaling Technology, 1:1000), iNOS
(Cell Signaling Technology, 1:500), COX-2 (Cell Signaling Technology, 1:1000), or β-actin
(Cell Signaling Technology, 1:500) at 4 ◦C overnight. After washing, the membranes were
again incubated for 2 h at room temperature with a secondary antibody (Cell signaling,
1:1000). The probed membranes were developed with enhanced chemiluminescence. The
immunoblots were imaged using an LAS-500 mini-imager (General Electric, Boston, MA,
USA) and analyzed with the ImageJ program. The phosphorylation level was determined
by calculating the ratio of phosphorylated protein to the total protein on the same mem-
brane; this was measured to determine the level of phosphorylation.

2.11. LPS-Induced Septic Shock Mice

To examine the effect of DMEE on LPS-induced modality changes in septic shock mice
(n = 12 per group), the mice were orally treated with DMEE (50, 100 and 200 mg/kg body
weight) or vehicle (0.9% saline) for 7 days. To induce septic shock in the mouse models,
LPS at 25 mg/kg was injected intraperitoneally to mice and the survival of the mice was
monitored for 3 days. In the satellite study (n = 4 per group), the mice were sacrificed at
12 h after LPS injection and a blood sample was collected to determine proinflammatory
cytokine levels in the plasma.

2.12. Statistical Analyses

The statistical analyses were performed using GraphPad Prism Version 8.0 (GraphPad,
La Jolla, CA, USA). All data are expressed as the mean ± S.E.M. The data were analyzed
by a one-way analysis of variance (ANOVA), followed by a Student–Newman–Keuls test
for multiple comparisons. A p < 0.05 was considered as a significant statistical value.

3. Results

3.1. HPLC-UV Chromatograms Analysis of Oleanolic Acid in DMEE

Based on the reported anti-inflammatory property of oleanolic acid, we performed
the HPLC-UV detector analysis of oleanolic acid in DMEE. We confirmed that the average
level of oleanolic acid in DMEE was approximately 4.32 ± 0.02 mg/g (Figure 1).

99



Nutrients 2021, 13, 4501

3.2. DMEE Inhibits the LPS-Stimulated Production of Inflammatory Mediators and iNOS and
COX-2 Expression in RAW 264.7 Cells

We conducted an MTT assay to exhibit the effect of DMEE on the viability of RAW
264.7 macrophages. No cytotoxicity of DMEE was observed at any tested concentration (50,
100, 200 and 400 μg/mL) (Figure 2A). Moreover, DMEE blocked cell death stimulated with
LPS at concentrations above 100 μg/mL (Figure 2B). To determine the effect of DMEE on
LPS-stimulated NO and PGE2 production, the cells were pretreated with DMEE for 1 h and
then treated with LPS (1 μg/mL) for 24 h. We observed that DMEE suppressed the LPS-
induced NO and PGE2 production in a dose-dependent manner (Figure 2C,D). Furthermore,
we found that the mRNA expression of iNOS and COX-2, which synthesize NO and PGE2,
was significantly reduced at the DMEE concentrations of 200 and 400 μg/mL (Figure 2E,F).
We also observed that the protein expression of iNOS and COX-2 were decreased by DMEE
treatment in RAW 264.7 cells (Figure 2G,H). These results indicate that DMEE moderates
the production of proinflammatory mediators NO and PGE2 via the suppression of iNOS
and COX-2 expression.

Figure 2. Effects of D. moldavica on LPS-induced inflammatory response in RAW 264.7 cells. Cells were pretreated with
D. moldavica for 1 h and then treated with LPS (1 μg/mL) for 24 h. Cell viability was determined by MTT assay (n = 5) (A,B).
The production of NO was measured by Griess reaction (n = 3) (C). The level of PGE2 was measured by PGE2 ELISA kit
(n = 3) (D). The mRNA expression of iNOS and COX-2 was determined by RT-PCR (n = 3) (E,F). The protein levels of iNOS
and COX-2 were measured by Western blotting and the quantification of iNOS and COX-2 was normalized to the control
(n = 3) (G,H). The data shown are representative of three independent experiments and indicate mean ± S.E.M. ### p < 0.001
versus the vehicle-treated controls; * p < 0.05, ** p < 0.01 and *** p < 0.001 versus the LPS-treated group.

3.3. DMEE Reduced the Secretion of Proinflammatory Cytokines in LPS-Stimulated RAW
264.7 Cells

During inflammatory responses, immune cells such as macrophages secrete the proin-
flammatory cytokines that induce various inflammation reactions and the production of
NO and PGE2 [35]. Thus, inflammatory cytokines are pleiotropic molecules that play a
pivotal role in inflammatory reactions [36]. For that reason, we investigated the inhibitory
effects of DMEE on the release of proinflammatory cytokines such as IL-6 and IL-1β in
RAW 264.7 cells. Macrophages were pretreated with DMEE for 1 h and consequently
stimulated with LPS (1 μg/mL) for 24 h. The mRNA expression level of proinflammatory
cytokines was determined in the collected medium by RT-PCR analysis. As shown in
Figure 3A,B, the mRNA expression levels of IL-6 and IL-1β were significantly increased
in LPS-stimulated macrophages compared to the control, which were dose-dependently
inhibited by DMEE. We further determined whether treatment with DMEE downregulated
the protein levels of IL-6 and IL-1β by using ELISA. Similar to the mRNA expression, the
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protein expression of IL-6 and IL-1β was also significantly reduced at 400 μg/mL DMEE
(Figure 3C,D).

Figure 3. Effects of D. moldavica on LPS-induced proinflammatory cytokine expression in RAW 264.7 cells. Cells were
pretreated with D. moldavica for 1 h and then treated with LPS (1 μg/mL) for 24 h. The mRNA expression of IL-6 and IL-1β
was determined by RT-PCR (n = 3) (A,B) and the secretion of IL-6 and IL-1β was measured by IL-6 and IL-1β ELISA kit
(n = 3) (C,D). The data shown are representative of three independent experiments and indicate mean ± S.E.M. # p < 0.05,
### p < 0.001 versus the vehicle-treated controls; * p < 0.05, ** p < 0.01 and *** p < 0.001 versus the LPS-treated group.

3.4. DMEE Suppresses the MAPK/NF-κB Pathway

After LPS binds to TLR4, it activates the phosphorylation of transcription inducers, for
example the MAPK and NF-κB pathways. It is known that the expression of inflammatory
cytokines in LPS-induced RAW 264.7 macrophages is associated with the MAPK/NF-κB
phosphorylation pathway [37]. Therefore, we investigated whether DMEE inhibited the
phosphorylation of p65, a subunit of NF-κB. The phosphorylation of p65 was increased by
LPS treatment, but DMEE significantly reduced LPS-stimulated phosphorylation of p65
in RAW 264.7 cells (Figure 4A). Next, we wanted to identify which kinase was involved
in the regulation of NF-κB activity. Our results demonstrate that the phosphorylation
of JNK 1/2 and ERK 1/2 was increased by LPS stimulation, but DMEE inhibited the
phosphorylation of JNK 1/2 and ERK 1/2 (Figure 4B,C). These results indicate that the
anti-inflammatory effects of DMEE may be associated with its inhibitory properties on
JNK- and ERK-mediated NF-κB activation.

Figure 4. Effects of D. moldavica on the MAPK/NF-κB pathway in RAW 264.7 cells. Cells were pretreated with D. moldavica
for 1 h and then treated with LPS (1 μg/mL) for 30 min. The phosphorylation activity was normalized to the untreated
control group. The expression of phospho-JNK, JNK, phospho-ERK, ERK, phosphor-p65, p65 and β-actin was determined
by Western blotting (n = 3) (A–C). The data shown are representative of three independent experiments and indicate
mean ± S.E.M. ### p < 0.001 versus the vehicle-treated controls; * p < 0.05, ** p < 0.01 and *** p < 0.001 versus the
LPS-treated group.

3.5. DMEE Enhances the Survival Rate and Reduces the Level of IL-6 in Plasma in
LPS-Stimulated Septic Shock in Mice

Based on the anti-inflammatory activity of DMEE in vitro, we examined the anti-septic
effects of DMEE on LPS-induced septic shock mice (Figure 5A). We orally treated mice
with DMEE at the different concentrations of 50, 100 and 200 mg/kg for seven days and
then septic shock was induced by LPS (25 mg/kg, i.p.). At 3 days after LPS injection, the
survival rate of the LPS-only injected group was the lowest (38%) and the survival rates
of the septic shock mice in the group treated with DMEE increased dose-dependently
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(from 42% to 75%) (Figure 5B). At 12 h after LPS injection, blood samples were collected to
measure proinflammatory cytokines, such as IL-6 and IL-1β, in the plasma (Figure 5A). The
level of IL-6 in plasma was significantly reduced, but the level of IL-1β was unchanged in
LPS-induced septic shock mice (Figure 5C,D). These results indicate that DMEE attenuates
LPS-induced septic shock in mice via inhibition of IL-6 production.

Figure 5. Effect of D. moldavica on the survival rate and level of IL-6 in plasma in LPS-induced
septic shock mice. Mice were administered with D. moldavica (50, 100 and 200 mg/kg p.o.) or
vehicle (0.9% saline) for 7 days and then injected with LPS (25 mg/kg, i.p.). The survival rate was
measured for 3 days and blood samples were collected 12 h after LPS injection. Timetable of the
LPS-induced septic shock mouse model (A). Survival rate of the group injected with D. moldavica
or LPS (control D. moldavica 100 mpk, 100%; LPS 25 mpk, 38%; D. moldavica 50 mpk + LPS, 42%;
D. moldavica 100 mpk + LPS, 58%; D. moldavica 200 mpk + LPS, 75%) (n = 8/group) (B). The levels
of IL-6 and IL-1β in plasma were determined by ELISA kit (n = 4/group) (C,D). The data shown
are representative of three independent experiments and indicate mean ± S.E.M. # p < 0.05 and
### p < 0.001 versus the vehicle-treated controls; * p < 0.05 versus the LPS-treated group.

4. Discussion

Sepsis is considered as a systemic inflammatory response syndrome triggered by an
immoderate cytokine expression to counter infections [38]. When the septic response is
activated by augmented levels of inflammatory mediators and cytokines, such as NO,
TNF-α, IL-1β, COX-2 and IL-6, this causes septic shock in terms of tissue damage and
multisystem organ dysfunction, which leads to death [39,40]. Although the analysis of
septic shock with cytokine storm with the target treatment of TNF and IL-1 showed
promising results in reducing morbidity and mortality in septic shock models, no beneficial
results were found in clinical trials [41]. Because of the complex biological responses, there
are no effective therapeutic strategies for septic shock. Thus, it is important to impede
the excessive expression of inflammatory mediators and cytokines known as cytokine
storms [42]. Previous studies reported that IL-6 was determined to be a promising target
molecule for systemic inflammatory response syndromes such as sepsis. Moreover, IL-6R
antagonists may provide improved results for patients with infectious diseases such as
COVID-19 or sepsis [43]. Therefore, blockade of IL-6 suggests that it can regulate cytokine
storm diseases [44]. In this study, we observed that the administration of D. moldavica
increased the survival rate up to 75% in LPS-triggered septic shock mice by inhibiting
the secretion level of IL-6 in plasma. Therefore, we suggest that D. moldavica would be a
promising preventive option for cytokine storm in sepsis or COVID-19.

Moldavian balm is an herb plant (Dracocephalum moldavica) of the Lamiaceae family
used for traditional Uygur medicine. Uygur people have used Dracocephalum moldavica
as a therapy for cardiovascular diseases such as myocardial ischemia, hypertension and
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coronary heart diseases [45]. Moreover, total flavonoids isolated from D. moldavica have
been demonstrated to inhibit the proliferation and migration of intercellular adhesion
molecule-1 and vascular cell adhesion molecule-1 in vascular smooth muscle cells by
inhibiting NF-κB expression [46]. In addition, D. moldavica has been reported to markedly
improve on rat cerebral ischemia reperfusion injury by reducing the levels of IL-6, IL-8
and TNF-α and elevating the activities of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) [47]. Notably, we found that the DMEE used in this study contained
the active component oleanolic acid. Previous studies reported that oleanolic acid exerts
anti-inflammatory effects through inhibited the phosphorylation of ERK1/2, p38, JNK1/2
and p65 in LPS-stimulated RAW 264.7 cells [48–50]. Other studies also reported that DMEE
contains rosmarinic acid and chlorogenic acid that inhibit the inflammatory mediators
and inflammatory symptoms in LPS-stimulated RAW 264.7 cells [51,52]. Altogether, we
speculate that the terpenoids and phenolic acids contained in DMEE collectively exhibit
anti-inflammatory effects.

NO and PGE2 production, which plays key roles in the modulation of immune
responses, mediates inflammatory responses, including pain and hypersensitivity [53,54].
Our experimental data showed that DMEE significantly inhibited the production and
accumulation of the inflammatory mediators NO and PGE2 by decreasing the expression
of iNOS and COX-2. We also found that DMEE was related to ameliorating nociception
in the formalin test (data not shown). Moreover, DMEE significantly downregulated the
phosphorylation of JNK1/2, ERK1/2 and p65 (Figure 6). However, DMEE did not reduce
the phosphorylation of p38 in LPS-induced RAW 264.7 cells, since oleanolic acid may
facilitate the phosphorylation of p38 [55]. As a result, DMEE reduced the expression of IL-6
and IL-1β in LPS-triggered RAW 264.7 cells by inhibiting the activation of the JNK, ERK
and NF-κB pathways. Although the expression of IL-1β in LPS-stimulated RAW 264.7 cells
was reduced, it could not be reduced in LPS-induced septic mice. Therefore, we suggest
that further research to verify the changes on various inflammatory cytokines in septic mice
by DMEE is needed. In addition, we observed that DMEE protected against LPS-induced
cell death in RAW 264.7 cells (Figure 2B). However, we cannot rule out that DMEE may
enhance cell proliferation but has no protective effects. Therefore, in a future study, we will
examine whether the effect of DMEE on LPS-induced cell death is due to its protection or
cell proliferation.

 

Figure 6. The anti-inflammatory pathways of D. moldavica in LPS-stimulated RAW 264.7 macrophages.

In conclusion, our data demonstrated that DMEE elicits an anti-inflammatory effect by
inhibiting the JNK/ERK/NF-κB signaling pathway in LPS-stimulated RAW 264.7 macrophages
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and has an anti-septic effect by blocking IL-6, which was found in the plasma of LPS-stimulated
septic shock mice. Because of the anti-inflammatory properties of DMEE, it could be an effective
therapeutic strategy in systemic inflammatory response syndromes such as septic shock or
COVID-19.
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Abstract: Non-alcoholic steatohepatitis (NASH) can cause liver cirrhosis and hepatocellular carci-
noma (HCC), with cases increasing worldwide. To reduce the incidence of liver cirrhosis and HCC,
NASH is targeted for the development of treatments, along with viral hepatitis and alcoholic hepatitis.
Lactoferrin (LF) has antioxidant, anti-cancer, and anti-inflammatory activities. However, whether
LF affects NASH and fibrosis remains unelucidated. We aimed to clarify the chemopreventive effect
of LF on NASH progression. We used a NASH model with metabolic syndrome established using
connexin 32 (Cx32) dominant negative transgenic (Cx32ΔTg) rats. Cx32ΔTg rats (7 weeks old) were
fed a high-fat diet and intraperitoneally injected with dimethylnitrosamine (DMN). Rats were divided
into three groups for LF treatment at 0, 100, or 500 mg/kg/day for 17 weeks. Lactoferrin significantly
protected steatosis and lobular inflammation in Cx32ΔTg rat livers and attenuated bridging fibrosis
or liver cirrhosis induced by DMN. By quantitative RT–PCR, LF significantly down-regulated inflam-
matory (Tnf-α, Il-6, Il-18, and Il-1β) and fibrosis-related (Tgf-β1, Timp2, and Col1a1) cytokine mRNAs.
Phosphorylated nuclear factor (NF)-κB protein decreased in response to LF, while phosphorylated
JNK protein was unaffected. These results indicate that LF might act as a chemopreventive agent to
prevent hepatic injury, inflammation, and fibrosis in NASH via NF-κB inactivation.

Keywords: NASH; lactoferrin; fibrosis; hepatocarcinogenesis; connexin

1. Introduction

The development of non-alcoholic fatty liver disease (NAFLD) is associated with
obesity and disorders of lipid metabolism in patients with metabolic syndrome. With a
global increase in recent years of the obese population, the number of cases of NAFLD
has also increased [1,2]. A global meta-analysis describes the prevalence of NAFLD world-
wide, which is approximately 25%, with the highest rates of 31% and 32% occurring in
South America and the Middle East, respectively [3]. The concept of NAFLD is a broad
spectrum of disease, ranging from simple steatosis without inflammation to non-alcoholic
steatohepatitis (NASH) with chronic progressive inflammation and fibrosis. Continuous
inflammation produces abundant inflammatory cytokines and accumulates reactive oxygen
species (ROS) in the liver, leading to fibrosis. Once fibrosis develops to bridge cirrhosis,
they are irreversible and can develop into hepatocellular carcinoma (HCC), as occurs in
various chronic liver diseases, such as alcohol-induced injury and viral hepatitis [1,4].
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Connexin (Cx) is a component of gap junctions, which exist between cells and is
responsible for the transfer of small molecules less than 1 kDa, such as second messengers,
ions, and cell metabolites [5,6]. This cellular interaction is called gap junctional intercellular
communication (GJIC) and contributes to maintain tissue homeostasis and control cell
growth and differentiation [7,8]. Within the liver, Cx32 exists as a major gap junction
protein of hepatocytes [9,10]. In particular, decreased expression of Cx32 is followed by the
continued progression of chronic liver diseases, such as liver cirrhosis and HCC [11].

We previously assessed the function of Cx32 in liver diseases via the establishment
of Cx32 dominant negative transgenic (Cx32ΔTg) rats with a dominant negative mutant
of Cx32 controlled by an albumin (Alb) promoter [12]. Cx32ΔTg rats showed greatly de-
creased Cx32 expression localized at the membrane and depressed GJIC capacity in their
hepatocytes, as well as a high susceptibility to chemical-induced hepatocarcinogenesis
compared to wild-type (Wt) rats [13,14]. Cx32 is involved in not only carcinogenesis but
also NASH. There was no difference in susceptibilities to hepatotoxicity and hepatocarcino-
genesis in the Cx32ΔTg as compared to Wt rats in basal diet feeding without any chemical
treatment [14]. However, dysfunction of Cx32 in Cx32ΔTg rats exacerbated hepatocyte
injury, steatohepatitis, and fibrosis due to increased ROS levels in the NASH induced by the
methionine-choline deficient diet (MCDD) [10]. The acceleration of NASH development by
Cx32 inactivation was also observed in another model that was induced by a combination
of a high-fat diet (HFD) plus dimethylnitrosamine (DMN) in Cx32ΔTg rats [15]. Comparing
the two models, nuclear factor (NF)-κB was commonly activated with the up-regulation of
inflammatory cytokines, such as tumor necrosis factor (TNF)-α and transforming growth
factor (TGF)-β1 in NASH induced by Cx32 dysfunction. Therefore, NF-κB is one of the key
contributors to the progression of NASH.

Lactoferrin (LF) is an 80-kDa iron-binding glycoprotein found in all exocrine fluids,
including tears, sweat, and saliva, and is especially abundant in milk. It was first isolated
and purified in 1960 and was involved in the promotion of iron absorption and lipid
metabolism. LF has various physiological functions, including anti-bacterial, anti-fungal,
anti-viral, anti-oxidant, anti-cancer, anti-inflammatory effects, which have been reported.
We focused on LF as a suppressor of inflammation. A previous study indicated that bovine
LF inhibited chronic inflammation in the lungs in a mouse cystic fibrosis model. Tanaka
et al. reported that bovine LF improved colitis in a dextran sulfate sodium-induced colitis
model in rats and mice due to a reduction in the inflammation level by LF correlated
with a decrease in proinflammatory cytokines, such as TNF-α, IL-1β, and interleukin
(IL)-6 [16,17]. With regard to the liver, decreased IL-1β by LF leads to the inhibition of
carbon tetrachloride-induced hepatitis in a rat model [18]. Another report suggests that LF
reduced the expression of TGF-β1, IL-1β, and TNF-α and suppressed liver fibrosis in a rat
systemic lupus erythematosus model [19]. The anti-tumor abilities of LF have also been
described in various cancer cell lines, such as those of the breast [20], stomach [21], head,
and neck [22]. A randomized placebo-controlled clinical trial indicated that the growth of
colorectal adenomatous polyp was significantly retarded by intake of 3 g LF without any
adverse events related to the intervention [23]. However, the effects of LF on hepatotoxicity,
as well as fibrosis and carcinogenesis on NASH, have not been clearly established as yet.

In this study, we aimed to determine the chemopreventive effect of dietary LF on
NASH development and hepatocarcinogenesis using a Cx32ΔTg–HFD–DMN NASH model.

2. Materials and Methods

2.1. Chemicals

A HFD (HFD-60) was bought from Oriental BioService, Inc. (Kyoto, Japan). DMN was
supplied by Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). Bovine LF was provided by the
Dairy Techno Inc. (Tokyo, Japan).
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2.2. Development and Screening of Transgenic Rats

Cx32ΔTg rats were bred and screened as previously described [12]. Rats were housed
in cages containing hardwood chips under specific pathogen-free conditions at 22 ± 2 ◦C
and 50% humidity using a 12 h light/12 h dark cycle. Rats ate food and tap water that were
available ad libitum. Protocols for animal experiments were approved by the Institutional
Animal Care and Use Committee of Nagoya City University School of Medical Sciences
(no. 19-025, approved on 24 September 2019).

2.3. Animal Treatments and Biochemical Analysis

A total of 48 male Cx32ΔTg rats (7 weeks old) ate a HFD for 17 weeks. After 5 weeks,
DMN was injected intraperitoneally six times once every 2 weeks. DMN was used at 15 mg/kg
(injections 1 and 2), 10 mg/kg (injections 3 and 4), and 5 mg/kg (injections 5 and 6). Rats were
randomly divided into three groups (n = 16 each). One group of rats received tap water
(Control), and the other two groups of rats continuously received either 100 or 500 mg/kg/day
LF (LF100 or LF500) in drinking water for 17 weeks. During animal experiments, one rat in the
control group unexpectedly died at week 10. Therefore, we analyzed 47 rats in total (Control:
15 rats, LF100: 16 rats, and LF500: 16 rats) once the experiment was completed. All rats were
sacrificed under deep anesthesia, and samples of blood were taken from the abdominal aorta.
Total adipose tissues around spermatic ducts were weighed to assess visceral fat.

The serum levels of Alb, total protein, alkaline phosphatase, aspartate aminotrans-
ferase (AST), alanine aminotransferase, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol (LDL-C), total cholesterol, and glucose were assessed and measured
at the DIMS Institute of Medical Science, Inc. (Aichi, Japan).

2.4. Histology of NASH

Rat livers were surgically excised and sliced into 3–4 mm thick sections. After fixing
with 10% buffered formalin, sections were embedded in paraffin for histological evaluation
(thickness 2–3 μm). Histological sections were stained with Azan or hematoxylin and
eosin (H&E), as well as immunohistochemically stained with antibody against α-smooth
muscle actin (α-SMA; Dako, Tokyo, Japan). Steatohepatitis and fibrosis were evaluated
using a non-alcoholic fatty liver disease activity score (NAS), as previously described in
detail [10,24]. The NAS and fibrosis scores were evaluated by three very experienced
pathologists (A.N.-I., M.K., and S.Takahashi).

2.5. Evaluation of Preneoplastic Foci in the Liver

The glutathione S-transferase placental form (GST-P) was immunohistochemically
stained, as previously described [25]. Averages of GST-P–positive foci that were >80 μm
in diameter in the entire liver section were evaluated using an image analyzer (Keyence,
Osaka, Japan).

2.6. Western Blotting

Protein samples were extracted from frozen liver tissues using radioimmunoprecip-
itation buffer (Thermo Fisher Scientific, Rockford, IL, USA) with added protease and
phosphatase inhibitors (Thermo Fisher Scientific). The protein concentration of samples
was quantified by a Bradford assay. Protein samples (30 μg per lane) were separated in
12% polyacrylamide gels and transferred onto nitrocellulose membranes (Hybond-ECL;
GE Healthcare UK Ltd., Buckinghamshire, UK). Membranes were probed with primary
antibodies against: Cdc42, IκB-α, NF-κB, phosphorylated (p) NF-κB (Ser536), Mkk4, pMkk4
(Thr261), Jnk, pJnk (Thr183/Tyr185) (Cell Signaling Technology, Danvers, MA, USA), and
β-actin (Sigma-Aldrich, St. Louis, MI, USA). Anti–β-actin was used at a 1:5000 dilution,
and all other antibodies were used at 1:1000. ImageJ software, ver.1.52 (National Cancer
Institute, Bethesda, MD, USA), was used to quantify bands from blots.
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2.7. Quantitative Reverse Transcription PCR

RNA samples were extracted, and quantitative reverse transcription (qRT)–PCR was
performed, as previously described [15]. Phenol–chloroform was used to isolate total RNA
from liver tissue (Isogen, Nippon Gene Co., Ltd., Tokyo, Japan) and then converted to
cDNA with Moloney murine leukemia virus reverse transcriptase (Takara, Otsu, Japan).
Quantitative reverse transcription was performed using an AriaMx Real-Time PCR system
(g8830a, Agilent, Santa Clara, CA, USA). The sequences of primers used in this study were
provided in a previous study [15].

2.8. Selection of a Candidate Reference Gene

In order to select a reference gene that is stably expressed and has low variability in the
present experiment system, the stability of the five candidate housekeeping genes (Table 1)
was validated using NormFinder (MOMA, Aarhus, Denmark). The relative quantification
for qRT-PCR was performed by standard curve method.

Table 1. Sequence of primers for housekeeping genes tested with quantitative reverse transcrip-
tion PCR.

Symbol Gene Name Accession Number Primers (5′-3′)

Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_017008.4 GCATCCTGCACCACCAACTG
GCCTGCTTCACCACCTTCTT

B2m Beta-2 microglobulin NM_012512.2
CCTTCAGCAAGGACTGGTCT
TACATGTCTCGGTCCCAGGT

Actb Actin, beta NM_031144.3
GCGAGTACAACCTTCTTGCAG
CATACCCACCATCACACCCTG

Ppia Peptidylprolyl isomerase A NM_017101.1 TGCTGGACCAAACACAATG
GAAGGGGAATGAGGAAAATA

Gusb Glucuronidase, beta NM_017015.3 CCGACAGGAGAGTGGTGTTG
GCTTGGTGATGTCAGCCTCA

2.9. Statistical Analysis

Data are presented as the mean ± standard deviation (SD), and one-way ANOVA and
Tukey multiple comparison tests were used to compare differences between groups using
the software package, Graph Pad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA).
p < 0.05 was considered significant.

3. Results

3.1. LF Prevents Steatohepatitis and Fibrosis in Cx32ΔTg Rats

We initially investigated the safety and chemopreventive effect of LF on NASH in a
Cx32ΔTg–HFD–DMN rat NASH model. The dosage of LF in previous clinical studies was
to reflect the selection of dosages in the present study [23]. A significant difference in body
weights between control and LF-treated groups was not found. A dose-dependent change
in organ weights was not noted, although liver weights were significantly increased in the
LF100 compared to control group (Table 2).

Histological observation by H&E staining also indicated that LF did not induce any
changes in kidneys. In the liver, treatments of a HFD and DMN induced diffuse deposits
of fat droplets with hepatocellular ballooning and neutrophil infiltration in the lobule
(Figure 1a). Lactoferrin treatment significantly reduced fat deposition, lobular inflam-
mation, and ballooning injury of hepatocytes in a dose-dependent manner (Figure 1a–d
and Table S1), resulting in decreased NAS (Figure 1e and Table S1). Bridging fibrosis
and activated hepatic stellate cells (HSC) were visualized by Azan staining and α-SMA
immunohistochemical staining, respectively, in a Cx32ΔTg–HFD–DMN rat NASH model
(Figure 2a). The histological fibrosis score, percentages of the Azan-positive area (collagen),
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and percentages of the α-SMA-positive area (activated HSCs) were significantly reduced
by LF in the NASH model (Figure 2a–d and Table S1).

Table 2. Body and various organ weights in connexin 32 dominant negative transgenic rats fed
a high-fat diet and dimethylnitrosamine with or without lactoferrin (100 or 500 mg/kg/day) at
week 17.

No. of rats Body Weight (g)
Liver Kidney Visceral Fat

Absolute (g) Relative (%) Absolute (g) Relative (%) Absolute (g) Relative (%)

Control 15 564.7 ± 67.9 12.22 ± 2.70 2.14 ± 0.33 2.59 ± 0.15 0.48 ± 0.09 15.34 ± 4.68 2.65 ± 0.64

LF100 16 607.9 ± 63.2 14.59 ± 1.91 ** 2.40 ± 0.18 * 2.67 ± 0.16 0.44 ± 0.04 16.90 ± 4.56 2.74 ± 0.53

LF500 16 585.8 ± 33.3 13.37 ± 1.79 2.28 ± 0.22 2.66 ± 0.18 0.46 ± 0.03 14.98 ± 3.15 2.54 ± 0.44

LF100, lactoferrin 100 mg/kg/day; LF500, lactoferrin 500 mg/kg/day. Dunnett’s test *: p < 0.05, **: p < 0.01
vs. Control.

Figure 1. Cont.
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Figure 1. Preventive effect of lactoferrin on nonalcoholic steatohepatitis in rats. Connexin 32 dominant
negative transgenic (Cx32ΔTg) rats were fed a high-fat diet (HFD), given an intraperitoneal injection
of dimethylnitrosamine (DMN), and treated with lactoferrin (LF) for 17 weeks. (a) Representative
histological findings of hematoxylin and eosin (H&E) stains in liver sections taken from Control, LF
100 mg/kg/day (LF100) or LF 500 mg/kg/day (LF500) rat groups. (b–e) Histopathological analysis
of non-alcoholic steatohepatitis (NASH) was evaluated by severity scores for (b) steatosis, (c) lobular
inflammation, (d) hepatocellular ballooning, and (e) a non-alcoholic fatty liver disease activity score
(NAS). Data is shown as the mean ± SD, n = 15–16 per group, ** p < 0.01, *** p < 0.001, **** p < 0.0001
compared to the Control group.

Biochemical analysis of serum indicated that the level of AST, T-chol, and LDL-C in
the LF–treated groups was lower than that in the control group and the level of glucose of
the LF100 was significantly higher than that of the control group. However, there was no
dose-dependent change in serum hepatic enzymes, proteins, glucose, or lipids (Table 3).
These results indicated that LF administration prevented the development of steatohepatitis
and fibrosis without any adverse effects observed in a rat NASH model.

Figure 2. Cont.
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Figure 2. Attenuation effect of lactoferrin on fibrosis in rat nonalcoholic steatohepatitis. Connexin
32 dominant negative transgenic (Cx32ΔTg) rats were fed a high-fat diet (HFD), given an intraperi-
toneal injection of dimethylnitrosamine (DMN), and treated with lactoferrin (LF) for 17 weeks.
(a) Azan staining (upper panels) and α-smooth muscle actin (α-SMA; lower panels) immunohisto-
chemical stains of liver sections from Control, LF 100 mg/kg/day (LF100), or LF 500 mg/kg/day
(LF500) rat groups. (b) Azan staining was used to evaluate the fibrosis score and (c) percentage
of fibrosis area. (d) α-SMA–positive area. Data is shown as the mean ± SD, n = 15–16 per group,
*** p < 0.001, **** p < 0.0001 compared to the Control group.

Table 3. Hepatic enzyme serum levels in connexin 32 dominant negative transgenic rats fed a high-fat
diet and dimethylnitrosamine with or without lactoferrin (100 or 500 mg/kg/day) at week 17.

No. of
rats

TP
(g/dL)

ALB
(g/dL)

AST
(U/L)

ALT
(U/L)

ALP
(U/L)

GLU
(mg/dL)

T-chol
(mg/dL)

LDL-C
(mg/dL)

HDL-C
(mg/dL)

Control 15 5.9 ± 0.6 4.1 ± 0.2 117.0 ± 86.6 45.5 ± 11.8 1249.9 ± 516.2 136.0 ± 18.2 91.1 ± 68.9 16.9 ± 15.0 46.8 ± 11.4

LF100 16 6.1 ± 0.2 4.1 ± 0.2 88.9 ± 21.5 47.4 ± 14.6 922.6 ± 286.9 161.2 ± 29.2 * 74.4 ± 14.4 10.6 ± 2.7 51.6 ± 11.4

LF500 16 6.0 ± 0.3 4.1 ± 0.2 91.2 ± 21.0 45.4 ± 9.7 1061.7 ± 437.1 153.0 ± 33.0 72.2 ± 13.3 11.1 ± 2.9 48.6 ± 9.3

Alb, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; GLU, glucose; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LF100, lactoferrin 100 mg/kg/day; LF500,
lactoferrin 500 mg/kg/day; T-chol, total cholesterol; TP, total protein. Dunnett’s test *: p < 0.05 vs. Control.

3.2. LF Tends to Decrease the Induction of Preneoplastic Lesions in Cx32ΔTg Rats

To explore the effect of LF on carcinogenic potential during the development of
NASH, the formation of preneoplastic hepatic foci, namely GST-P–positive foci, was quan-
titated by immunohostochemistry. A combination of HFD and DMN treatment increased
both the number and area of GST-P–positive foci in Cx32ΔTg rats, although the carcino-
genic potential was weaker than that induced by MCDD plus diethylnitrosamine (DEN;
Figure 3a–c) [10,15]. In contrast, both the number and area of GST-P–positive lesions tended
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to be decreased by LF intake (Figure 3a–c and Table S1). In accordance with these results,
LF may have the potential to reduce hepatocarcinogenesis in NASH.

Figure 3. Effect of lactoferrin on hepatocarcinogenesis in rat nonalcoholic steatohepatitis. Connexin
32 dominant negative transgenic (Cx32ΔTg) rats were fed a high-fat diet (HFD), given an intraperi-
toneal injection of dimethylnitrosamine (DMN), and treated with lactoferrin (LF) for 17 weeks.
(a) Liver sections showing representative foci positive for glutathione S-transferase placental form
(GST-P) from Control, LF 100 mg/kg/day (LF100), or LF 500 mg/kg/day (LF500) rat groups. (b) The
number and (c) area of GST-P–positive hepatic foci. Data is shown as the mean ± SD, n = 15–16
per group.

3.3. LF Down-Regulates mRNA Expression of Inflammatory Cytokines in Cx32ΔTg Rats

Previous studies, including ours, strongly indicated that expression of inflammatory
cytokines associated with inflammation (Tnf-α, Il-6, Il-18, Ifn-γ, and Il-1β) and fibrosis
(Tgf-β1, Timp1, Timp2, Col1a1, and Ctgf ) correlated with histological NASH activity in
human and rodent models [15,26–28]. Thus, we further quantitated their mRNA expression
level using qRT–PCR. NormFinder analysis revealed that the stability value of Gapdh was
the smallest among examined candidate housekeeping genes (Figure 4a). Therefore, we
concluded Gapdh as the most stable gene and used it as a reference. As shown in Figure 4b,
the inflammatory cytokines, Il-6, Tnf-α, Il-18, and Il-1β, were significantly down-regulated
by LF compared with the control, and a dose-dependency was observed with Il-6, Il-18,
and Il-1β. While not significant, Ifn-γ mRNA expression also tended to be decreased by LF
(Figure 4b and Table S2). The mRNA expression of Tgf-β1, Col1a1, Timp1, Timp2, and Ctgf as
fibrosis-related cytokines was also measured; Timp2, Col1a1, and Tgf-β1 were significantly
down-regulated by LF (Figure 4c and Table S2). These results suggests that down-regulation
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of inflammatory cytokines by LF was involved in the attenuation of steatohepatitis and
hepatic fibrosis in a Cx32ΔTg–HFD–DMN rat NASH model.

Figure 4. Down-regulation of inflammatory cytokines by lactoferrin in rat nonalcoholic steatohepatitis.
Connexin 32 dominant negative transgenic (Cx32ΔTg) rats were fed a high-fat diet (HFD), given an
intraperitoneal injection of dimethylnitrosamine (DMN), and treated with lactoferrin (LF) for 17 weeks.
(a) NormFinder stability values for candidate housekeeping genes (Gapdh, B2m, Actb, Ppia, and Gusb).
(b,c) mRNA levels of (b) pro-inflammatory cytokines (Tnf-α, Il-6, Il-18, Ifn-γ, and Il-1β) and (c) pro-
fibrotic cytokines (Tgf-β1, Timp1, Timp2, Col1a1, and Ctgf ) in Control, LF 100 mg/kg/day (LF100),
or LF 500 mg/kg/day (LF500) rat groups were measured using quantitative reverse transcription
(RT)–PCR. Data is shown as the mean ± SD, n = 15–16 per group, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 compared to the Control group.
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3.4. LF Administration Reduces NF-κB Signaling in Cx32ΔTg Rats

Previous studies showed that NF-κB and JNK/SAPK signaling were switched on in
a rat NASH model mediated by MCDD or HFD and DMN combined [10,15]. Therefore,
we investigated how such signal transduction was altered by the administration of LF.
Western blotting showed that elevated pNF-κB protein expression in NASH was signif-
icantly decreased by the administration of LF in a dose-dependent manner. In contrast,
phosphorylated Mkk4 and Jnk, which belong to JNK/SAPK signaling, were not affected by
LF, even though their upstream protein, Cdc42, was significantly reduced in LF–treated
groups (Figure 5). Such results indicate that the inactivation of NF-κB, but not JNK/SAPK
signaling, is involved in the preventive effect of LF against NASH development in rats.

Figure 5. Down-regulation of inflammatory cytokines and deactivation of NF-κB and JNK signaling
after the administration of lactoferrin in nonalcoholic steatohepatitis induced in Cx32 dominant negative
transgenic rats. Connexin 32 dominant negative transgenic (Cx32ΔTg) rats were fed a high-fat diet (HFD),
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given an intraperitoneal injection of dimethylnitrosamine (DMN), and treated with lactoferrin (LF)
for 17 weeks. (a) Protein levels of nuclear factor (NF)-κB-related (NF-κB, phosphorylated (p)NF-κB,
IκB-α) and SAPK/JNK (Cdc42, Mkk4, pMkk4, Jnk, and pJnk) signaling proteins in Control, LF
100 mg/kg/day (LF100), or LF 500 mg/kg/day (LF500) rat groups were assessed by western blotting.
Each lane represents a protein sample from an individual rat. Phospho, phosphorylated. (b) Data is
shown as the mean ± SD. * p < 0.05, ** p < 0.01 compared to the Control group.

4. Discussion

In this study, we examined the chemopreventive effect of LF on NASH in a Cx32ΔTg–
HFD–DMN rat NASH model. NASH is an internationally prevalent chronic liver disease
that shows fatty accumulations in the liver, ballooning, and inflamed hepatocyte. Non-
alcoholic fatty liver disease often occurs in adults as a complication of lifestyle-related
diseases, although it has also been found in children and is increasing all over the world
regardless of a country’s industrialization level [3,29]. Eventually, continuous inflammation
leads to fibrosis and progresses to cirrhosis and HCC. It is known that nearly 20% of NASH
cases progress to liver cirrhosis and HCC, with or without liver cirrhosis [30,31]. Therefore,
NASH is one of the most crucial targets for deterring liver cirrhosis and HCC.

Currently, the main treatments for NASH include an improvement in life-style, rep-
resented by diet and exercise therapies. In addition, existing drugs for other diseases
might also be effective for countering NASH. For instance, for drug repositioning, insulin
sensitizers, such as pioglitazone, improved hepatocyte injury and fibrosis in a random-
ized, placebo-controlled trial [32]. Ratziu et al. reported that rosiglitazone decreased
liver steatosis, but an improvement in hepatocyte injury and fibrosis was not found [33].
Vitamin E [34,35] and drugs for hypercholesterolemia [36] have also been used as drug
therapies for NASH but have not been established as standard treatments due to their less
potent medicinal effects and possible side effects after long-term use [33,37,38]. Conse-
quently, daily intervention with functional supplements, along with lifestyle modification,
is considered essential in preventing NASH progression. Considering the pathogenesis
of NASH, we hypothesized that the anti-inflammatory effects of LF would prevent this
disease. Previous studies proposed that LF expression in the liver was decreased in high-
fructose, high-fat, or MCD-induced mouse NAFLD models [39]. In contrast, LF ameliorated
HFD-induced hepatic steatosis and elevated the triglyceride level in mouse models [40–42].
In addition, the levels of hepatic triglycerides and visceral fat were decreased by LF and
were positively correlated in ICR mice [43], indicating that LF has the potential to reduce
fat accumulation in the liver.

In the present study, for the first time, the effect of LF on histological features of NASH,
including steatosis, hepatocyte injury, and inflammation, was quantitated using scoring
systems originally designed for humans [24,44]. Lactoferrin significantly improved steatosis
in the liver but did not affect visceral fat weight in the rat NASH model. These findings
indicated that LF might protect hepatic steatosis by moderating fatty acid metabolism in the
liver or in adipose tissue. The balance of lipid metabolism in a whole body may determine
the effect on the lipid environment in each organ. Hepatocyte injury and inflammation in
NASH were also decreased in LF–treated groups. It is well-known that the inflammation-
associated cytokines, Il-6, Tnf-α, and Il-1β, were up-regulated and involved in the evocation
of chronic inflammation in the colon and liver [15,17]. As already demonstrated in the
colon, down-regulation of these cytokines by LF was also induced in NASH in the present
study. Altogether, LF may prevent steatohepatitis via a decrease of inflammatory cytokines.

Persistent chronic inflammation in NASH leads to increased fibrosis; similar to other
chronic hepatitis diseases, the irreversible alteration of liver structure due to progressive
fibrosis eventually leads to cirrhosis [45]. Therefore, fibrosis is one of the most important
prognostic factors for patients with NASH. In accordance with previous studies, LF has the
potential to suppress liver fibrosis induced by thioacetamide [46,47]; however, the effect on
fibrosis during NASH has not yet been established. This is due to the fact that it is not easy
to induce fibrosis with NASH over a short time period in an animal model. As shown in
Figure 3a, advanced fibrosis when bridging between lobules, or a lobule and portal vein,
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was induced by LF in a Cx32ΔTg–HFD–DMN rat NASH model. Lactoferrin significantly
decreased not only steatohepatitis but also the histological score and area of fibrosis in the
model. The numbers of hepatic stellate cells with an active phenotype were increased in
NASH and decreased in the livers of LF–treated rats. These novel findings indicate that LF
prevents the liver fibrosis of NASH via the inactivation of HSC.

To date, the anti-tumor effect of LF on HCC was described in previous studies using
a DEN-induced HCC model in rats or mice [48,49], but effects of LF on NASH-related
hepatocarcinogenesis have not been established. The glutathione S-transferase placental
form is a well-known marker for preneoplastic lesions in rat liver. Therefore, carcinogenic
potentials in the liver can be measured by GST-P immunohistochemistry in the early
phase of hepatocarcinogenesis [25]. The number and area of GST-P-positive foci in the
liver tended to decrease in LF-treated groups, although a significant difference was not
found (Figure 4). We previously induced GST-P-positive foci in a NASH model using
DEN [10] or DMN [15]. Both the number and area of GST-P-positive foci induced by
DMN were decreased compared to those induced by DEN, which might influence the
lack of significant difference by LF in this study. The chemopreventive effect of LF on
NASH-related hepatocarcinogenesis should be investigated in a future study.

Nuclear factor-κB signaling plays central roles in inflammation and fibrosis dur-
ing NASH progression. Especially in regard to fibrosis, activation of NF-κB stimulates
parenchymal cells, including Kupffer cells [50] and enhanced TGF-β1 signaling that is
essential as a profibrogenic mediator [51]. Transforming growth factor-β1 signaling modu-
lates HSC as an active phenotype [27,52]. However, other reports indicated that TGF-β1
induced NF-κB activation [53]. In the present study, LF treatment decreased activated
HSC and prevented fibrosis in a rat NASH model. Furthermore, NF-κB activation and
TGF-β1 up-regulation in the model were attenuated by LF. However, JNK, which is also
an important signaling pathway for fibrosis, was not altered by LF administration. These
results suggest that LF protected the development of fibrosis by inhibiting NF-κB and
TGF-β1 signaling.

5. Conclusions

This study demonstrated that LF prevents steatohepatitis and fibrosis without any
adverse effects in a Cx32ΔTg–HFD–DMN rat NASH model. Therefore, LF may be a
potential preventive or therapeutic application for this disease.
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Abbreviations

The following abbreviations are used in this manuscript:
Alb Albumin
AST Aspartate aminotransferase
Bex1 Brain expressed, X-linked 1
Cx Connexin
Cx32ΔTg Cx32 dominant negative transgenic
DEN Diethylnitrosamine
DMN Dimethylnitrosamine
GST-P Glutathione S-transferase placental form
HCC Hepatocellular carcinoma
HFD High-fat diet
HSC Hepatic stellate cell
IL Interleukin
LDL-C Low-density lipoprotein cholesterol
LF Lactoferrin
MCDD Methionine choline-deficient diet
NAFLD Non-alcoholic fatty liver disease
NAS Non-alcoholic fatty liver disease activity score
NASH Non-alcoholic steatohepatitis
NF-κB Nuclear factor-κB
ROS Reactive oxygen species
TGF Transforming growth factor
TNF Tumor necrosis factor
Wt Wild-type
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Sargassum plagiophyllum Extract Enhances Colonic Functions
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Abstract: Constipation is a symptom that is widely found in the world’s population. Various dietary
supplementations are used to relieve and prevent constipation. Seaweed is widely used for its health
benefits. In this study, we aimed to investigate the effects of Sargassum plagiophyllum extract (SPE) on
functions of the gastrointestinal tract and gut microbiota. The results show that SPE pretreatment
increased the frequency of gut contraction, leading to reduce gut transit time. SPE pretreatment
also significantly increased the secretion of Cl− and reduced Na+ absorption, increasing fecal water
content in constipated mice (p < 0.05). In addition, the Bifidobacteria population in cecal contents
was significantly higher in constipated mice pretreated with 500 mg/kg SPE for 14 days than in
untreated constipated mice (p < 0.05). Our findings suggest that SPE can prevent constipation in
loperamide-induced mice. This study may be useful for the development of human food supplements
from S. plagiophyllum, which prevent constipation.

Keywords: brown algae; Sargassum plagiophyllum; constipation; gastrointestinal transit; gut micro-
biota; transepithelial transport

1. Introduction

Constipation is a health symptom that has been reported to affect approximately 8.2–
32.9% of the world’s population [1,2]. Constipation is often defined as infrequent and/or
difficult bowel movements with a hard, dry stool [3,4], and it can be brought on by reduced
physical activity, insufficient fluid intake, medication, and depression [5]. The condition is
associated with gut microbiota imbalances involving decreased numbers of Bifidobacteria
and Lactobacilli, increased numbers of pathogens, and suppressed intestinal motility [6].
Bifidobacteria, Lactobacilli, and Enterococci were effectively used in the treatment of consti-
pation [7–9], and previous studies revealed that the levels of these bacteria were decreased
in irritable bowel syndrome with constipation [10,11]. Several studies also showed that
Enterobacteriaceae were increased in the condition of chronic constipation [10,12]. The
recommended treatments for constipation include osmotic laxatives, generally lactulose,
magnesium oxide, or polyethylene glycol [13], but the overuse of osmotic laxatives can
result in dehydration and electrolyte imbalance. Clearly, these laxatives, which are available
over the counter, can be harmful if patients incorrectly use them.

Alternative treatments emphasize dietary management to ensure a sufficient intake
of dietary fiber and fluids [14–16]. Moreover, some nutritional plant products have been
reported to aid the management of constipation. The extracts of Aloe ferox Mill, agarwood
(Aquilaria sinensis and Aquilaria crasna), Liriope platyphylla, and prunes can increase intestinal
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motility, as well as the frequency and weight of stools. In Japan, the consumption of the
seaweed Ulva prolifera gives effective relief to constipation sufferers [17]. The nutritional
and pharmaceutical benefits of algae have been known for many centuries. Algae contain
compounds that exert anti-inflammatory, antimicrobial, and antioxidant effects [18]. They
also contain high amounts of dietary fiber, which has been widely used for the treatment of
gastrointestinal disorders, including constipation, diarrhea, and ulcerative colitis [17–21].
Usually, the fiber component of algae principally comprises structural polysaccharides. A
recent study reported that algal polysaccharides increased the populations of Bifidobacteria
and Lactobacilli both in vivo and in vitro [22–24]. The large group of brown algae includes
the macroalgal genus Sargassum, which is widely distributed along the coasts of the Gulf
of Thailand and the Andaman Sea [25]. In the Sargassum species, the dominant polysac-
charides include alginate, laminarin, and fucoidan [26]. The polysaccharides in Sargassum
have been widely studied in pharmacological research, such as research on anti-obesity,
anticancer, anti-inflammatory, antibacterial, and antiviral activities [27,28]. A previous
study revealed that the components of Sargassum plagiophyllum were 68.69% carbohydrates
(including 22.24% fiber), 9.05% protein, 0.88% lipid and 21.38% ash [29]. Fucoidan is a
long-chain-sulfated polysaccharide found in S. plagiophyllum, which potentially reduces
inflammation, and has antioxidant, antitumor, and anti-cholesterol activities [30,31]. More-
over, several studies revealed that S. plagiophyllum extract contains phenolic compounds
and fucoxanthin, which have therapeutic activity, such as antioxidant, anti-inflammatory,
anticancer, anti-obesity, and antidiabetic activities [32,33]. A recent study revealed that
S. plagiophyllum extract also has antioxidant activity [34].

The present study aimed to investigate the effects of Sargassum plagiophyllum extract
(SPE) on the changes in colonic functions and gut microbiota in a constipation model of
mice. The gut transit time, colonic motility patterns, colonic smooth muscle contractility,
electrolyte transport across cell membranes in the colon, and colonic microbiota composition
were investigated.

2. Materials and Methods

2.1. Sargassum plagiophyllum Extract (SPE) Preparation

Adult-stage Sargassum plagiophyllum was collected from Lanta Island, Krabi, Thailand.
The preparation of SPE followed the method of a previously described extraction of an
algal sample [35]. Briefly, 1 g of finely ground dried S. plagiophyllum was added to 100 mL
of distilled water and autoclaved at 121 ◦C for 20 min. The autoclaved S. plagiophyllum was
centrifuged at 2220× g for 10 min, and the supernatant was collected and freeze dried to
obtain SPE powder.

2.2. Animals and Experimental Design

Adult male ICR/Mlac mice (4–5 weeks old, 25–30 g) were obtained from the National
Laboratory Animal Center, Mahidol University, Thailand. The mice were reared in a
humidity- and temperature-controlled room (50–55% humidity and 25 ± 2 ◦C) and under
12 h light: 12 h dark photoperiod at the Southern Laboratory Animal Facility, Prince of
Songkla University, Thailand. All mice had free access to food and water. All experiments
were approved and guided by the Animal Ethics Committee of the Prince of Songkla
University, Thailand (Project license number: MOE 0521.11/1555, Ref.68/2018).

The mice were divided into six groups (n = 5–6 in each group): a normal control,
a constipation control, a positive control, and three treatments of SPE. The normal and
constipation control groups were supplemented with 0.2 mL of distilled water. The positive
control group was supplemented with 0.2 mL of 500 mg lactulose /kg of body weight, and
the treatment groups were supplemented with 0.2 mL of SPE at 100, 500, and 1000 mg/kg
of body weight. Lactulose and SPE were administered daily by oral gavage for two weeks.
To prepare SPE and lactulose solutions for daily administration, SPE powder was freshly
dissolved in distilled water. In all mice, except mice in the normal control group, constipa-
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tion was induced by injection of 5 mg/kg loperamide (Lop) on day 12, day 13, and day
14 [34,36]. The body weight of each mouse was recorded every day.

On day 14, fecal pellets were collected for 4 h and then weighed and dried to calculate
fecal water content. Gastrointestinal transit was also measured. The mice were anesthetized
with 70 mg/kg thiopental sodium, and the small intestine, caecum, and colon were collected
and dissected to study upper gut transit, colonic motility patterns, colonic smooth muscle
contractility, epithelial transport in distal colon, and the composition of microbiota in
cecal contents.

2.3. Measurement of Gastrointestinal Transit

To evaluate total gut transit time, mice were given a 0.1 mL Evans blue marker meal
containing 5% Evans blue in 1.5% methylcellulose, and the time of the first blue pellet
expulsion was recorded. A 3 mm glass bead was inserted into the colon (approximately
2 cm) using a plastic tip lubricated with petroleum jelly, and then the time to bead expulsion
was recorded to observe the distal colonic transit time. For small intestinal transit, mice
were gavage fed a 0.3 mL charcoal meal containing 10% w/v charcoal in 5% w/v gum
arabic at 30 min before euthanasia. The euthanized mice were dissected, and transit (%)
was calculated from the following equation [37]:

Small intestinal transit (%) =
the distance of charcoal meal

total length of the small intestine
× 100

2.4. Colonic Motility Pattern

After dissection, the whole colon with natural fecal pellets was collected and placed
in ice-cold Krebs solution (pH 7.4 with an osmolality of 289–292 mmol/kg H2O) in an
organ bath with a Gastrointestinal Motility Monitor (GIMM) (Catamount Research and
Development, St. Albans, VT, USA) and then continuously perfused at 10 mL/min with
fresh oxygenated Krebs solution. The colon was allowed to equilibrate for 30 min in
Krebs solution at 37 ◦C. The movement of fecal pellets was recorded using a video camera
above the chamber, and then the images from each individual run were analyzed, and we
constructed the spatiotemporal maps of motility using GIMM software [20]. The contraction
patterns comprised propagating contractions and non-propagating contractions. The total
number of spontaneous contractions was defined as the sum of propagating and non-
propagating contractions.

2.5. Colonic Smooth Muscle Contractility

To observe colonic smooth muscle contractility, the colon was first cleared of luminal
content, and 1 cm colonic segments of proximal and distal colon were used and suspended
in the direction of longitudinal smooth muscle fibers in a 10 mL organ bath containing
oxygenated Krebs solution at 37 ◦C. To stimulate contraction, carbachol (Tocris Bioscience,
Bristol, UK) was added to the Krebs solution in the organ bath in a cumulative fashion. The
concentrations of carbachol progressed from 0.1 to 1 to 10 μM, without washing between
increments. The amplitude of contraction (g) and frequency of contraction (times/min)
were recorded with the PowerLab® System (AD Instruments, New South Wales, Australia)
and analyzed with LabChart7 program software [20,37].

2.6. Transepithelial Transport of Electrolytes across Cell Membranes in Distal Colon

To observe the transport of Na+ and Cl− across the epithelial cell membrane, 1 cm of
distal colon tissue was opened and oriented as a flat sheet on an Ussing slider, which was
placed in an Ussing chamber (Physiologic Instruments, San Diego, CA, USA) containing
Krebs solution at 37 ◦C [21]. Carbogen was also included in this system to maintain the
buffer at the physiological pH of 7.4 during the experiment. After that, transepithelial
voltage (Vt) was recorded for 30 min as an equilibration period by injection of external
current pulses (3 μA). To investigate Na+ absorption by distal colon, 10 μM amiloride was
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added to the chamber at the apical membrane to inhibit Na+ absorption by the epithelial
sodium channel (ENaC), and the change in Vt was then recorded for 10 min. Cl− secretion
of Ca2+-activated Cl− channels (CaCC) was then induced by adding 100 μM of carbachol
to the chamber at the basolateral membrane, and the change in Vt was again recorded
for 10 min. Cl− secretion of the cystic fibrosis transmembrane conductance regulator
(CFTR) was then induced by adding 10 μM forskolin at the basolateral membrane, and the
changes in Vt were recorded for 10 min. Following Ohm’s law, the transepithelial potential
difference (Vte), transepithelial resistance (Rte), and equivalent short-circuit current (Isc)
were calculated to represent the transepithelial transport of electrolytes in the collected
distal colon [38,39].

2.7. Composition of Colonic Microbiota Analyses

Bacterial DNA of all samples were extracted from collected cecal content [40]. To
amplify and detect bacterial 16S rRNA genes, qPCR was performed using LineGene 9600
Plus System (BIOER, Hangzhou, China) and SensiFAST™ SYBR® No-ROX Kit (Bioline).
The following primer sets were used: FW 5′-CGATGAGTGCTAGGTGTTGGA-3′ and RV 5′-
CAAGATGTCAAGACCTGGTAAG-3′ for total bacteria, LM26 5′-GATTCTGGCTCAGGAT
GAACGC-3′ and Bif228 5′-CTGATAGGACGCGACCCCAT-3′ for Bifidobacteria, FW 5′-
CGATGAGTGCTAGGTGTTGGA-3′ and RV 5′-CAAGATGTCAAGACCTGGTAAG-3′ for
Lactobacilli, F-ent 5′- ATGGCTGTCGTCAGCTCGT-3′ and R-ent 5′-CCTACTTCTTTTGCAA
CCCACTC-3′ for Enterobacteriaceae, and ECF 5′-AGAAATTCCAAACGAACTTG-3′ and
ECR 5′-CAGTGCTCTACCTCCATCATT-3′ for Enterococci [41–45]. The following thermal
cycling condition was used for all amplifications: 3 min at 95 ◦C, followed by 40 cycles of a
two-step PCR reaction (5 s at 95 ◦C and 30 s at 60 ◦C) [40].

2.8. Statistical Analysis

All data are presented as means ± standard error (SE). The differences between
groups were tested using one-way or two-way analysis of variance (ANOVA), followed by
Bonferroni’s test at α = 0.05 using GraphPad Prism 5 (version 5.01).

3. Results

3.1. Effect of SPE Pretreatment on Body Weight, Fecal Water Content, and Gut Transit in
Constipated Mice

On day 14, the body weight of the mice in all treatment groups was not significantly
different (Figure 1A, p > 0.05). Fecal water content was significantly lower in the consti-
pation control group than in the normal control group (Figure 1B, p < 0.05). Fecal water
content was significantly higher in the lactulose and SPE treatment groups than in the
constipation control group (p < 0.05).

The effects of SPE treatment on gut transit were determined using the total gut transit
time, small intestinal transit time, and evacuation time (Figure 2). The total gut transit time
in the constipation control group was 503.60 ± 19.78 min. The total gut transit time in the
normal control group was significantly shorter at 240.20 ± 26.59 min (Figure 2A, p < 0.001).
The total gut transit time was also shorter in all three SPE treatment groups, and it was the
shortest in the 1000 mg/kg SPE group (p < 0.001). The small intestinal transit time was
not significantly different among all groups (Figure 2B). The evacuation time was slightly
longer in the constipation control group (26.01 ± 3.40 min) than in the normal control group
(25.02 ± 2.13 min), but it was not significantly different (Figure 2C, p > 0.05). However,
the evacuation times were significantly shorter in the positive control (Lactulose + Lop)
group and the 1000 mg/kg SPE treatment group than in the constipation control group
(p < 0.05). Our results suggest that SPE pretreatment could shorten total gut transit time
and evacuation time.
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Figure 1. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on body weight and fecal
water content of constipated mice. (A) Body weight and (B) fecal water content of normal control
group (control); constipation control group (SPE0 + Lop); 100, 500, and 1000 mg/kg SPE treatment
groups (SPE100 + Lop, SPE500 + Lop, and SPE1000 + Lop, respectively); and positive control group
(Lactulose + Lop). Symbols above the bars indicate significant differences from normal control or
constipation control (# means p < 0.05 when compared with normal control group, and *, **, and ***
mean p < 0.05, 0.01, and 0.001, respectively, when compared with constipation control group).

Figure 2. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on gut transit of constipated
mice. (A) Total gut transit time, (B) small intestine transit, and (C) evacuation time of normal control
group (control); constipation control group (SPE0 + Lop); 100, 500, and 1000 mg/kg SPE treatment
groups (SPE100 + Lop, SPE500 + Lop, and SPE1000 + Lop, respectively); and positive control group
(Lactulose + Lop). Symbols above the bars indicate significant differences from normal control
or constipation control (### means p < 0.001 when compared with the normal control group, and
*, **, and *** mean p < 0.05, 0.01, and 0.001, respectively, when compared with the constipation
control group).

3.2. Effect of SPE Pretreatment on Colonic Motility Pattern in Constipated Mice

The colonic motility pattern was investigated by determining the total number of
contractions, the number of propagation contractions (peristalsis), and the number of
non-propagation contractions (segmentation). Spatiotemporal maps were produced from

127



Nutrients 2022, 14, 496

an analysis of the contraction data using GIMM software (Figure 3). The total number of
contractions was insignificantly higher in the normal control group than in the constipation
control group (Figure 3A, p > 0.05), but the total number of contractions was significantly
higher in the 500 mg/kg SPE treatment group than in the constipation control group
(p < 0.05). Moreover, the number of propagation contractions was also significantly higher
in the 500 and 1000 mg/kg SPE treatment groups than in the constipation control group
(Figure 3B, p < 0.01). Non-propagation contractions were not significantly different among
the groups (Figure 3C, p > 0.05).

Figure 3. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on the colonic motility pattern
of constipated mice. (A) Number of total contractions, (B) number of propagation contractions, and
(C) number of non-propagation contractions of normal control group (control); constipation control
group (SPE0 + Lop); 100, 500, and 1000 mg/kg SPE treatment groups (SPE100 + Lop, SPE500 + Lop,
and SPE1000 + Lop, respectively); and positive control group (Lactulose + Lop). Symbols above
the bars indicate significant differences from constipation control (* and ** mean p < 0.05 and 0.01,
respectively, when compared with the constipation control group).

3.3. Effect of SPE Pretreatment on Colonic Smooth Muscle Contractility in Constipated Mice

The amplitude and frequency of the contractions of the longitudinal smooth muscle
fibers of the proximal and distal colon were observed to investigate the colonic smooth
muscle contractility (Figure 4). The results revealed that the contractions of both the proxi-
mal and distal colon tended to be more frequent in the positive control (Lactulose + Lop)
and SPE treatment groups. After adding 10 μM of carbachol, proximal colonic contrac-
tions occurred significantly less frequently in the constipation control (SPE0 + Lop) group
(7.00 ± 0.73 times/min) than in the 500 mg/kg SPE treatment group (11.00 ± 1.63 times/min)
(Figure 4A, p < 0.05). Distal colonic contractions were also significantly less frequent in the
constipation control group (SPE0 + Lop) (9.33 ± 1.54 times/min) than in the normal control
group (13.67 ± 1.12 times/min) (Figure 4B, p < 0.05). Even at 0.1 μM, contractions in the
distal colon were significantly less frequent (6.83 ± 0.95 times/min) in the constipation
control group than in the normal control group (11.83 ± 1.05 times/min) (p < 0.05).
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Figure 4. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on colonic smooth muscle
contractility of constipated mice. Frequency and amplitude of contractions of (A,C) proximal colon
and (B,D) distal colon of normal control group (control); constipation control group (SPE0 + Lop);
100, 500, and 1000 mg/kg SPE treatment groups (SPE100 + Lop, SPE500 + Lop, and SPE1000 + Lop,
respectively); and positive control group (Lactulose + Lop). Symbols indicate significant differences
from normal control or constipation control (# means p < 0.05 when compared with the normal control
group, and * means p < 0.05 when compared with the constipation control group).

The amplitude of the proximal colonic contractions showed a similar trend in all
groups in that the amplitude of the contractions was highest at 10 μM of carbachol
(Figure 4C). The amplitude of the proximal colonic contractions was lower in the con-
stipation control group than in the normal control and positive control groups, as well as
the 100, 500, and 1000 mg/kg SPE treatment groups, but there was no significant difference
among all groups at all concentrations of carbachol (p > 0.05). The amplitude of the distal
colonic contractions was highest at 1 μM of carbachol, but there was, again, no significant
difference among all groups at all concentrations of carbachol (Figure 4D, p > 0.05).

3.4. Effect of SPE Pretreatment on Transport of Electrolytes across Cell Membranes in Distal Colon
of Constipated Mice

The basal transport values (Vte, Rte, and Isc) of the distal colon were not signifi-
cantly different among the groups (Table 1). However, these values did show significant
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differences when the distal colon was exposed to amiloride, carbachol, and forskolin.
The amiloride-induced Isc of the distal colon in the constipation control group (62.95
± 1.77 μAm/cm2) was significantly higher than the amiloride-induced Isc of the distal
colon in the normal control (p < 0.001), positive control (p < 0.01), and SPE treatment
(p < 0.001) groups (Figure 5A). In contrast, the carbachol-induced Isc of the distal colon in
the constipation control group (19.46 ± 3.13 μAm/cm2) was significantly lower than the
carbachol-induced Isc of the distal colon in the normal control, positive control, and SPE
treatment groups (Figure 5B, p < 0.001). The forskolin-induced Isc of the distal colon was
also lower in the constipated control group (29.65 ± 1.92 μAm/cm2) than in the normal con-
trol (p < 0.001), positive control (p < 0.01), and SPE treatment (p < 0.001) groups (Figure 5C).

Table 1. Transepithelial potential difference (Vte), transepithelial resistance (Rte), and equivalent
short-circuit current (Isc) of distal colonic epithelium membrane of normal control, constipation
control, positive control, and SPE-pretreated mice.

Treatment Vte (V) Rte (Ω.cm2) Isc (μA/cm2)

Control 8.33 ± 1.89 71.57 ± 7.28 119.74 ± 23.50
0 mg/kg SPE + Loperamide 8.22 ± 1.63 57.23 ± 7.38 147.51 ± 25.31
100 mg/kg SPE + Loperamide 8.53 ± 1.93 59.47 ± 6.55 136.40 ± 22.98
500 mg/kg SPE + Loperamide 6.51 ± 1.18 58.68 ± 5.45 108.59 ± 14.58
1000 mg/kg SPE + Loperamide 8.58 ± 1.35 72.18 ± 10.24 121.79 ± 12.04
500mg/kg Lactulose + Loperamide 5.37 ± 0.88 57.72 ± 8.19 100.08 ± 21.06

Figure 5. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on transport of electrolytes
across cell membranes of constipated mice. The charts show short-circuit current (Isc) responses
to (A) amiloride, (B) carbachol, and (C) forskolin of distal colon in normal control group (control);
constipation control group (SPE0 + Lop); 100, 500, and 1000 mg/kg SPE treatment groups (SPE100 +
Lop, SPE500 + Lop, and SPE1000 + Lop, respectively); and positive control group (Lactulose + Lop).
Symbols above the bars indicate significant differences from normal control or constipation control
(### mean p < 0.001, respectively, when compared with the normal control group, and ** and *** mean
p < 0.01 and 0.001, respectively, when compared with the constipation control group).

3.5. Effect of SPE Pretreatment on Composition of Gut Microbiota in Constipate Mice

Cecal contents were collected and weighed to estimate the numbers of total bacteria,
Bifidobacteria, Lactobacilli, Enterobacteriaceae, and Enterococci in the cecum of mice
from every control group and all SPE treatment groups. The cecal content weight of the
mice in the 1000 mg/kg SPE treatment group (0.1584 ± 0.0117 g) was significantly higher
than the cecal content weight of the mice in the constipation control group (0.0960 ±
0.0061 g) (Figure 6A, p < 0.01), but the numbers of total bacteria were not significantly
different among groups (Figure 6B, p > 0.05). The number of Bifidobacteria was not
significantly different between the constipation control and the normal control groups
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(p > 0.05), but it was significantly higher in the 500 mg/kg SPE treatment group (1.33 ± 0.66
× 109 cells/g cecal content) than in the constipation control group (6.78 ± 3.42 × 107 cells/g
cecal content) (Figure 6C, p < 0.05). The numbers of Lactobacilli, Enterobacteriaceae, and
Enterococcus were not significantly different among groups (Figure 6D–F, p > 0.05). Our
results suggest that pretreatment with 500 mg/kg SPE could modulate the composition of
bacteria, especially Bifidobacteria, in the cecum of constipated mice.

Figure 6. Effects of Sargassum plagiophyllum extract (SPE) pretreatment on gut microbiota in con-
stipated mice. (A) Weight of cecal contents and number of (B) total bacteria, (C) Bifidobacteria,
(D) Lactobacilli, (E) Enterococci, and (F) Enterobacteriaceae in cecal contents of normal control
group (control); constipation control group (SPE0 + Lop); 100, 500, and 1000 mg/kg SPE treatment
groups (SPE100 + Lop, SPE500 + Lop, and SPE1000 + Lop, respectively); and positive control group
(Lactulose + Lop). Symbols above the bars indicate significant differences from constipation control
(* and ** mean p < 0.05 and 0.01, respectively, when compared with the constipation control group).
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4. Discussion

Our results suggest that SPE pretreatment increased the frequency of contractions in
the colonic smooth muscle and effectively increased both the propagation contractions
and the total contractions of the colon in constipated mice. Moreover, the frequency
of the contractions of the constipation control mice was lower than that of the others;
therefore, the total gut transit time of the constipation control mice was longer than that
of the normal control and SPE pretreatment groups. This indicates that SPE is capable of
preventing constipation by enhancing colonic contraction and reducing the gut transit time
and evacuation time. The results of this study are consistent with the results of a previous
study of the marine algae Ulva (Enteromorpha), which indicated that dried Ulva enhanced
colonic contraction and reduced gut transit time in constipated mice [46].

A recent study found polysaccharides, such as alginates, laminarins, and fucoidans, in
Sargassum [47]. These polysaccharides have been used as substrates for the fermentation
and production of short-chain fatty acids (SCFAs) by gut microbiota [48]. The present
study showed that the Bifidobacteria population in the cecal contents of constipated mice
was significantly increased in mice pretreated with 500 mg/kg SPE. Bifidobacteria are
beneficial microorganisms that stimulate the growth of butyrate-producing bacteria, such
as Faecalibacterium, Eubacterium, and Roseburia [49]. Acetate, propionate, and butyrate
have been shown to interact with the free fatty acid receptors 2 and 3 (FFA2 and FFA3) of
enterochromaffin cells (ECs) to induce serotonin (5-HT) release and trigger peristalsis [50].
Our results show that the frequency of the total colonic contractions was higher and the total
gut transit time was shorter in the SPE treatment groups than in the constipation control
group. Pretreatment with SPE was therefore able to prevent constipation by enhancing
colonic contractions and reducing the gut transit time and evacuation time. Therefore, SPE
pretreatment prevented constipation in the loperamide-induced mice by promoting the
beneficial bacteria that might enhance the butyrate production, which leads to increased
colonic contractility. In this study, we observed four selected bacteria that were reported to
be involved with constipation. For further studies, we suggest that 16S rRNA gene sequence
analysis should be performed to observe the changes in the microbiota of SPE-treated mice.

Furthermore, the results of this study also suggest that SPE pretreatment increases fecal
water content in constipated mice. Our results are consistent with those of previous studies
that revealed a reduction in fecal water content and the secretion of water in the distal colon
of constipated rats [51]. The feces of mice supplemented with lactulose and SPE in this
study contained more water than the feces of mice in the constipation control group. This
result supports the findings of studies of the marine algae Ulva and Chondrus. These algae
induced the secretion of water into the colon and increased fecal water content [46,52,53].
Moreover, lactulose was also found to increase fecal water content by absorption [54].

The study of electrolyte transport across the epithelial cell membrane of the distal colon
showed that the basal transepithelial potential difference (Vte), transepithelial resistance
(Rte), and equivalent short-circuit current (Isc) were not significantly different among
all groups. This result indicates that pretreatment with SPE did not affect the colonic
tissue or the ion channels [39]. However, the functioning of the ion channels in the distal
colon of constipated mice treated with SPE changed. Cl− secretion increased, and Na+

absorption was inhibited in SPE-pretreated mice. These changes increased the fecal water
content in these groups compared with the constipation control group. The increased Cl−
secretion was confirmed by the increased Isc induced by carbachol in the distal colon of SPE-
supplemented mice. SPE induced an influx of Ca2+ into gut epithelial cells, which activated
the CaCC [55]. Moreover, the forskolin-induced Isc was also higher in the SPE pretreatment
groups, indicating that cAMP increased in the cell and then activated CFTR and increased
Cl− secretion [56]. Sargassum has been shown to contain flavonoids [57], which increase
cyclic adenosine monophosphate (cAMP) in gut epithelial cells and then induce the release
of Ca2+ from the endoplasmic reticulum to the cytosol via protein kinase A (PKA) [54,58].
Recent studies revealed that increased cellular Ca2+ levels are not only important for the
activation of CaCC but that they also activate CFTR via the PI3K/Akt pathway [56,59].
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Therefore, SPE pretreatment might increase fecal water content by increasing cellular Ca2+

levels to induce Cl− secretion in the colonic lumen.
High cellular Ca2+ levels also inhibited Na+ absorption and reduced water absorption

in the colon [60]. In the present study, the amiloride-induced Isc of the distal colon of
mice treated with SPE decreased. This result indicates that Na+ absorption in the distal
colon reduced, and fecal water content therefore increased. In a recent study, it was found
that goblet cell numbers on the villi of ileum increased in constipated mice pretreated
with SPE [34]. This finding implied that mucus secretion in the ileum might also have
increased, which supports our finding that fecal water content increased in constipated
mice supplemented with SPE.

In conclusion, SPE is a natural supplement that enhances colonic contractility and
increases the numbers of Bifidobacteria. Pretreatment with SPE reduced the gut transit
time and the evacuation time of constipated mice. SPE also increased the secretion of Cl−
and reduced Na+ absorption in the distal colon, leading to increased fecal water content.
Therefore, SPE was able to prevent constipation.
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Abstract: Glaucoma is one of the leading causes of irreversible blindness. It is generally caused
by increased intraocular pressure, which results in damage of the optic nerve and retinal ganglion
cells, ultimately leading to visual field dysfunction. However, even with the use of intraocular
pressure-lowering eye drops, the disease still progresses in some patients. In addition to mechanical
and vascular dysfunctions of the eye, oxidative stress, neuroinflammation and excitotoxicity have also
been implicated in the pathogenesis of glaucoma. Hence, the use of natural products with antioxidant
and anti-inflammatory properties may represent an alternative approach for glaucoma treatment. The
present review highlights recent preclinical and clinical studies on various natural products shown
to possess neuroprotective properties for retinal ganglion cells, which thereby may be effective in
the treatment of glaucoma. Intraocular pressure can be reduced by baicalein, forskolin, marijuana,
ginsenoside, resveratrol and hesperidin. Alternatively, Ginkgo biloba, Lycium barbarum, Diospyros kaki,
Tripterygium wilfordii, saffron, curcumin, caffeine, anthocyanin, coenzyme Q10 and vitamins B3 and
D have shown neuroprotective effects on retinal ganglion cells via various mechanisms, especially
antioxidant, anti-inflammatory and anti-apoptosis mechanisms. Extensive studies are still required
in the future to ensure natural products’ efficacy and safety to serve as an alternative therapy
for glaucoma.

Keywords: glaucoma; herbs; traditional medicine; retinal ganglion cells; intraocular pressure

1. Introduction

Glaucoma is one of the leading causes of irreversible blindness, causing 6.6% of all
blindness in 2010 [1]. According to the World Health Organization’s (WHO) World Report
on Vision, of the estimated 2.2 billion people having a vision impairment around the world,
glaucoma affects an estimated 6.9 million people [2]. It has been further estimated that by
2040, approximately 111.8 million people worldwide aged between 40 and 80 years old will
be affected by glaucoma [3]. Glaucoma is generally caused by intraocular pressure (IOP,
>21 mmHg) build-up, resulting from blockage of intraocular fluid and aqueous humor
drainage [4]. The elevated IOP progressively damages the retinal ganglion cells (RGCs) and
optic nerve, causing visual field constriction that affects the peripheral field initially and the
central vision field gradually [5]. Glaucoma patients require lifelong treatment and follow-
up, and the disease has a significant negative impact on patients’ quality of life in terms
of anxiety, psychological well-being, daily life, driving and confidence in healthcare [6].
The main risk factors for glaucoma prevalence include age, family history with glaucoma,
African American race, thinner central corneal thickness, pseudoexfoliation, pigment
dispersion and myopia [7]. Additionally, an association between diabetes, hypertension,
triglyceride levels and glaucoma were also identified [7,8]. Furthermore, genetic factors are
also known to be risk factors for glaucoma, in which single-nucleotide polymorphisms in
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numerous genes (e.g., myocilin, apolipoprotein E, X-ray repair cross-complementing group
1, zona pellucida glycoprotein 4) have been shown to be associated with an increased risk
of glaucoma [9,10].

Glaucoma can be classified into two major types, i.e., open-angle (OAG) and angle-
closure glaucoma (ACG), according to the physical obstruction of the aqueous humor
drainage system, and the appearance of the iridocorneal angle and trabecular meshwork
(TM) [11]. Alternatively, it can also be categorized as primary (idiopathic, not associated
with other diseases or conditions) or secondary (attributed to underlying diseases or
conditions, such as trauma, long-term medication, ophthalmic surgery, uveitis, necrotic
tumors, diabetes or syndromic conditions) [11,12].

In primary OAG (POAG), aqueous humor drainage is obstructed or inadequate as
there is an internal blockage within the TM [13]. In contrast, primary ACG (PACG) is
characterized by the presence of a physical obstacle to the aqueous drainage as the iris is
adhered to the cornea, obstructing the flow of aqueous humor to the TM and the uveoscleral
drainage [12,14]. Symptoms appear more drastically in PACG, which results in a rapid
reduction in the vision field, leading to total blindness. Other symptoms include ocular
pain, headache, nausea, vomiting, multicolored halos and blurred vision [12]. Additionally,
PACG is an ophthalmic emergency that requires immediate treatment to prevent the
progression of irreversible ocular damage [12].

2. Pathogenesis of Glaucoma

The exact pathogenesis of glaucoma is complex and has not yet been fully eluci-
dated. The potential mechanism involved in the neurodegeneration of glaucoma has been
postulated to involve an amalgamation of mechanical, vascular, genetic and immunologi-
cal factors.

2.1. Mechanical Hypothesis

The mechanical hypothesis explains the relationship between the IOP and RGC patho-
physiology. The perforated lamina cribrosa (LC) is the weakest part of the sclera, and it is
where the RGC axons pierce through the minute perforations to form the optic nerve, while
the central retinal artery and vein pass through the LC via a larger central aperture [15].
Elevated IOP resulted from the imbalance between the production and drainage of aqueous
humor, which led to the irreversible backwards bowing of the LC, in the process known
as ‘cupping’ [16]. Optic nerve cupping is characterized by the remodeling of the extracel-
lular matrix (ECM) and fibrosis in the LC [17]. Glaucomatous LC cells showed increased
ECM gene expression and elevated intracellular calcium, which is known to promote
proliferation, activation and contractility in fibroblasts via the nuclear factor of activated
T cells/calcium signaling pathway [17]. This deformation damages the optic nerve and
capillaries passing through the LC, disturbing the anterograde axonal transportation of
RGCs, which then ultimately triggers visual field defects in glaucoma [16]. Furthermore,
elevated IOP also resulted in activated pro-fibrotic pathway-induced ECM accumulation in
the TM, leading to less efficient aqueous humor outflow, thereby causing further damage
to the LC [18].

Ivers et al. [19] demonstrated that in experimental glaucoma monkeys, the first struc-
tural abnormality induced by elevated IOP was an increased anterior LC surface depth,
followed by a decreased minimum rim width, and, lastly, a reduced retinal nerve fiber
layer (RNFL) thickness. Different levels of increased IOP showed a remarkable effect on
the visual field, best-corrected visual acuity and LC parameters (cup depth, LC depth, LC
curvature index and prelaminar tissue thickness) [20]. Additionally, greater posterior dis-
placement of the LC was significantly associated with a faster rate of loss of the RNFL [21].
RGC axonal degeneration and anterograde axonal transport deficits at the optic nerve
head (ONH, the location where RGC axons converge to form the optic nerve and traverse
the LC) precede the structural and functional loss of RGCs [22]. Disturbance of the RGC
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anterograde axonal transport leads to the accumulation of metabolic waste in the cells and
deprives the metabolic needs of the RGCs, subsequently causing their apoptosis [23].

In normal-tension glaucoma (NTG), patients also present with glaucomatous optic disc
excavation, despite a normal IOP [24]. This suggests other risk factors are involved in the
optic neurodegeneration of glaucoma. The LC serves as a barrier between the IOP within
the eye, and the intracranial pressure within the cerebrospinal fluid-filled subarachnoid
space surrounding the optic nerve; the pressure gradient between the LC is known as the
translaminar pressure gradient (TLPG) [25,26]. The TLPG is higher in glaucoma patients,
including NTG patients, and is associated with mechanical damage to the optic nerve
fibers, anterograde axonal transportation disruption and altered blood flow, leading to
glaucomatous damage [26–28].

2.2. Vascular Hypothesis

The blood flow of the ONH was significantly reduced in the eyes of pre-perimetric
glaucoma patients, where there are characteristic glaucomatous changes in the optic disc,
but without the presence of visual field defects [29,30]. POAG and PACG patients pos-
sess a lower capillary density, but with greater tortuosity and more dilated capillaries,
compared to healthy individuals [31]. Similarly, both NTG and POAG patients showed
lower retrobulbar velocities, and higher retinal venous saturation and choroidal thickness
asymmetries, when compared to control subjects [32]. Decreased ocular blood flow was
also shown to be correlated with structural glaucomatous progression, as indicated by
retinal and optic nerve changes [33]. A recent retrospective longitudinal study revealed
that reduced blood flow in the ONH precedes glaucomatous neurodegeneration in POAG
patients [34]. The vascular hypothesis is thus based on the reduced perfusion pressure,
faulty vascular autoregulation or loss of neurovascular coupling, which leads to optic nerve
degeneration in glaucoma [35]. Due to the reduced ocular blood flow, this hypothesis
proposes that the RGC axons suffer from oxygen and nutrient insufficiency, ultimately
causing their degeneration. In a glaucoma rat model, ocular hypertension (OHT) led to
selective hypoxia in the LC, which was associated with injured RGC axons, and axonal
transport disruption [36]. This study also demonstrated upregulation of hypoxia-inducible
enzyme heme oxygenase-1 (HO-1) and the anaerobic glycolytic enzyme lactate dehydro-
genase, and increased generation of superoxide radicals in the retina and ONH, as well
as the active subunit of the superoxide-generating enzyme NADPH oxidase, suggesting
the involvement of oxidative stress [36]. Similarly, hypoxic RGCs were observed in young
and aged glaucoma model DBA/2J (D2) mouse retinas, with a significant increase in the
hypoxia-inducible factor-1α (HIF-1α) protein and reactive oxygen species (ROS), followed
by a significant decrease in the antioxidant capacity and mitochondrial mass in the aged
retinas [37].

2.3. Oxidative Stress and Neuroinflammation in Glaucoma

In accordance with animal studies, numerous studies have provided evidence of in-
creased oxidative stress in glaucoma patients. In addition, blood and aqueous humor levels
of oxidative stress-related molecular biomarkers, i.e., protein carbonyls and advanced
glycation end products, significantly increased in glaucomatous samples compared with
healthy controls [38]. Similarly, PACG patients presented with decreased serum levels of
total antioxidant status (TAS) and superoxide dismutase (SOD), as well as increased levels
of malondialdehyde (MDA), compared to healthy controls [39]. A meta-analysis further
indicated that POAG patients had lower TAS in the blood and higher levels of SOD, glu-
tathione peroxidase (GPX) and catalase (CAT) in the aqueous humor [40]. Oxidative stress
is known to induce or dysregulate inflammation in the event of optic neurodegeneration
from glaucoma.

Studies have shown that inflammation contributes to the disease progression of glau-
coma. In glaucomatous human optic nerves, the number of CD163+ cells (a commonly used
marker for anti-inflammatory macrophages involved in tissue repair and remodeling) was
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significantly increased [41]. Systemic inflammatory status markers, i.e., the neutrophil-to-
lymphocyte ratio, platelet-to-lymphocyte ratio and systemic immune inflammation index,
were significantly increased in POAG patients compared with the control group [42]. POAG
patients exhibited a significant increase in various cytokines, i.e., serum interleukin (IL)-4,
-6 and -12p70 and tumor necrosis factor-alpha (TNF-α), compared with the controls [43].
Similarly, elevated plasma TNF-α levels in patients with POAG and pseudoexfoliation glau-
coma were detected [44,45]. Additionally, aqueous humor samples collected from chronic
PACG patients showed significantly increased levels of eotaxin, macrophage inflammatory
protein-1-alpha and interferon gamma (IFN-γ)-induced protein-10, and lower levels of
TNF-α, IL-5, -9 and -17 and granulocyte-macrophage colony-stimulating factor, compared
to the control group [46].

Glial cells in the retina, i.e., astrocytes, Müller cells and microglial cells having an
important role in mediating inflammatory responses, have been shown to become reactive,
leading to the production of inflammatory cytokines, causing further neuronal damage
in glaucoma patients and experimental glaucoma models [47,48]. In general, cytokine
signaling is linked to the inflammatory transducer nuclear factor-kappa B (NF-κB). In D2
mice, low energy-induced 5′ adenosine monophosphate-activated protein kinase (AMPK)
phosphorylation in the retina and optic nerve triggered NF-κB p65 signaling, leading to
increased pro-inflammatory TNF-α, IL-6 and nitric oxide synthase (NOS)-2 expression [49].
Injection administration of TGF-β2 increased IOP and ECM deposition in the TM of wild-
type mice. In contrast, mice harboring a mutation in NF-κB blocked the effect, suggesting
NF-κB is necessary for TGF-β2-induced ECM production and OHT [50]. Additionally,
transgenic inhibition of astroglial NF-κB restrained the neuroinflammatory (reduced pro-
inflammatory cytokine expressions, i.e., IL-1A, -1B, -2, -6, -10, -12 and -13, TNF-α and
IFN-γ) and neurodegenerative outcomes (attenuated loss of RGCs and axons) of the eyes
of an experimental OHT mouse model [51].

The current evidence indeed supports the contribution of neuroinflammation in the
pathogenesis of glaucoma, but it is still not clear as to when neuroinflammation takes
part in the sequence of pathological events in glaucoma. Neuroinflammation has been
suggested to be secondary to the initial pathology (i.e., optic nerve crush injury) [52]. Optic
nerve crush injury induced glial activation in the retina, which was significantly muted if
RGC death was blocked by deletion of the Bax gene [52]. On the other hand, the inhibition
of monocyte infiltration and microglial activation by X-ray treatment prevented neuronal
damage and dysfunction in the ONH [53]. Nevertheless, immunomodulation has been
shown to be beneficial in the progression of glaucomatous changes.

2.4. Excitotoxicity of Glutamate

In addition to the inflammatory response, glial cells in the retina also play a vital role
in the function of the retina by providing homeostatic and metabolic support to the photore-
ceptors and retinal neurons [54]. Müller cells and astrocytes possess uptake and exchange
systems for various neurotransmitters, including glutamate, via the glutamate/aspartate
transporter (GLAST) in rodents, also known as the Na+-dependent high-affinity glutamate
transporter-1 (EAAT-1) in humans [54,55]. Glaucomatous eyes have been shown to have
decreased levels of EAAT-1, and the glutamate receptor subunit N-methyl-d-aspartate
(NMDA)-R1 [56]. Furthermore, mice deficient in GLAST demonstrate spontaneous RGC
loss and optic nerve degeneration without elevated IOP, suggesting the decrease in GLAST
expression leads to glutamate excitotoxicity in the retina, as a possible pathogenesis of
glaucoma [57].

As reviewed by others, perhaps the most accepted hypothesis involved in glaucoma
pathogenesis currently may include the mechanical damage to the ONH induced by
increased IOP, followed by vascular dysregulation (reduced ocular blood flow) and neu-
roinflammation (glial activation), which then disrupt axonal transport due to axonal mito-
chondrial function loss in the RGCs, ultimately leading to RGC axonal degeneration and
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RGC cell death (Figure 1) [58–60]. However, the combination of mechanisms described
earlier may vary greatly among different glaucoma patients [60].

Figure 1. Schematic diagram showing how oxidative stress, neuroinflammation, reduced ocular
blood flow and excitotoxicity lead to subsequent pathological changes observed in glaucoma. The
therapeutic potential of natural products against glaucomatous changes at various steps is shown
with the symbol ×. RGC, retinal ganglion cell; IOP, intraocular pressure; ONH, optic nerve head.

3. Glaucoma Research Models

Numerous research models have been used to gain a considerable understanding
of the pathogenesis of glaucoma, and to assess therapeutic approaches for glaucoma
treatments [61–64]. In this section, we provide a brief overview of some of these models
used by the studies presented in this review (summarized in Table 1); this helps to provide
a better understanding of the discussions in the following sections.

There are several genetic glaucomatous animal models that present with an elevated or
normal IOP. For instance, the D2 mouse presents a late-onset, chronic pigmentary glaucoma
due to the high IOP that progresses with age, resulting from tyrosinase-related protein 1
(Tyrp1) mutation and a premature stop codon in glycoprotein non-metastatic melanoma
protein B (Gpnmb), which collectively lead to anterior segment anomalies, iris atrophy,
peripheral anterior synechiae and pigment dispersion [64,65]. In contrast, D2-Gpnmb+

mice are the wild types for the Gpnmb mutation that do not develop increased IOP and
glaucoma [66]. Alternatively, the Vav2/Vav3-deficient and connective tissue growth factor
(βB1-CTGF) mouse models are other murine models of spontaneous glaucoma that present
with elevated IOP, which leads to subsequent RGC loss [67,68]. Transgenic mice with a low
overexpression of E50K mutant optineurin (E50K-OPTN) have been reported to present
with enhanced axonal degeneration and decreased RGC survival, under normal IOP [69].

Glaucoma can also be induced in wild-type animal models by elevating the IOP
experimentally. A high IOP can be achieved by blocking aqueous humor drainage with
the injection of various substances (e.g., microbeads, hydroxypropyl methylcellulose and
hyaluronic acid) into the anterior chamber [70–72]. Alternatively, injection of hypertonic
saline into the episcleral vein [73], and cauterization [74] or laser photocoagulation [75–77]
of the episcleral or limbal veins lead to TM scarring, which increases the resistance to
aqueous humor drainage, resulting in an elevation in IOP. The elevated IOP in these models
leads to varying degrees of RGC loss, glial activation and visual defects [75–78].

To investigate the role of excitotoxicity in glaucoma, RGC loss can be induced with
the injection of NMDA intravitreally [79]. The optic nerve crush (performed by applying a
crush injury to the optic nerve with a pair of cross-action forceps) or the complete optic
nerve transection model causes all RGC axons to be damaged simultaneously, which
results in the gradual loss of RGCs [80,81]. This non-IOP-related axonal degeneration
research model is commonly used to assess the RGC neuroprotection properties of various
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substances [82]. The partial optic nerve transection model causes damage to only a portion
of the RGC axons; thus, this model can study both primary (the death of RGCs whose axons
have been cut off) and delayed secondary neurodegeneration (the death of RGCs whose
axons are intact) [83]. Retinal ischemia/reperfusion (I/R) injury is known to be associated
with glaucoma, and other eye diseases, and has been widely used as an animal model for
OAG. I/R injury reduces retinal blood flow, which creates a state of retinal hypersensitivity
to oxygen and other nutrients, precipitating severe oxidative and inflammatory damage
when the circulation is subsequently reinstated (reperfusion) [84,85].

Table 1. Overview of glaucoma research models.

Research Models Genes Involved Mechanisms References

Genetic in vivo model D2 mice Tyrosinase-related protein 1
(Tyrp1)
Glycoprotein non-metastatic
melanoma protein B (Gpnmb)

Blockage of aqueous humor
drainage, leading to
progressive elevated IOP

[65]

Methods Surgery involved Mechanisms References

Experimental in vivo
model

Injection Injection of microbeads into
the anterior chamber

Blockage of aqueous humor
drainage, leading to
elevated IOP

[70]

Injection of hydroxypropyl
methylcellulose into the
anterior chamber

Blockage of aqueous humor
drainage, leading to
elevated IOP

[71]

Injection of hyaluronic acid
into the anterior chamber

Blockage of aqueous humor
drainage, leading to
elevated IOP

[72]

Injection of hypertonic saline
into the episcleral vein

Produced scarring in the TM,
increasing resistance to
aqueous humor drainage,
leading to elevated IOP

[73]

Intravitreal injection of NMDA NMDA induced excitotoxicity,
leading to RGC death

[79]

Cauterization/laser
photocoagulation

Episcleral vein cauterization Produced scarring in the TM,
increasing resistance to
aqueous humor drainage,
leading to elevated IOP

[74]

Argon laser photocoagulation
of the episcleral/limbal vein

Produced scarring in the TM,
increasing resistance to
aqueous humor drainage,
leading to elevated IOP

Nerve injury Optic nerve crush Optic nerve injury leading to
axonal degeneration and
gradual RGC loss

[80]

Complete optic
nerve transection

Optic nerve injury leading to
axonal degeneration and
gradual RGC loss

[81]

Partial optic nerve transection Optic nerve injury leading to
axonal degeneration and
gradual RGC loss

[83]

Retinal I/R injury Reduced retinal blood flow by
induction of elevated IOP
(ischemia), followed by
reinstation of blood flow
(reperfusion)

Extreme acute OHT-induced
ischemic injury to RGC,
followed by severe oxidative
and inflammatory damage to
RGCs after reperfusion

[84,85]

D2, DBA/2J; I/R, ischemia/reperfusion; IOP, intraocular pressure; NMDA, N-methyl-d-aspartate; RGC, retinal
ganglion cell.

Numerous in vitro studies have utilized the RGC-5 cell line in glaucoma research
to evaluate the neuroprotective properties of various supplements, including the studies
reviewed here. However, it has now become clear that RGC-5 cells that were originally
identified as immortalized rat RGCs were contaminated early in their development by the
immortalized photoreceptor 661W cell line (RGC precursor-like cells) in the laboratory they
originated from [86,87]. Therefore, the RGC-5 cells used by many of the studies described
in the following section may not reflect the true phenotype of a mature RGC. Perhaps the
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use of primary RGCs from animal models would be better to investigate glaucomatous
RGC responses to therapies in vitro [88].

In general, the various research models described represent only some aspects of
glaucoma, thus each having different advantages over other models. It is important to use
a suitable model based on the objective of the study.

4. Natural Products Used for Glaucoma Treatment and Their Mechanism of Action

In view of the role played by oxidative stress and neuroinflammation in glaucoma,
the use of antioxidants may represent an alternative approach for glaucoma treatment.
Currently, the mainstay of glaucoma treatment is the reduction in IOP, using IOP-lowering
eye drops [89]. Other glaucoma treatments include laser trabeculoplasty and cyclodestruc-
tion, or surgical trabeculectomy, trabeculotomy, deep sclerectomy and viscocanalostomy,
based on the European Glaucoma Society guidelines [90]. However, even when the IOP
normalizes, the disease still progresses and affects visual function in some patients.

There has been significant research interest in complementary and alternative medicine
(CAM), and it has been widely used in the treatment of glaucoma. In a survey involving a
total of 1516 glaucoma patients in Canada, 10% of patients used CAM therapy specifically
for glaucoma, and half of them believed that the treatments were beneficial [91]. Other
recent surveys reported the prevalence of CAM usage to be 22% in Saudi Arabia and 67%
in Palestine among eye patients [92,93]. The present review highlights recent studies on
various CAMs used for the treatment of glaucoma.

4.1. Gingko biloba L.

Ginkgo biloba L. (GB) belongs to the Ginkgoceae family, and its leaves and seeds have
been used for medicinal purposes for centuries [94]. With more than 70 different flavonoids
having been identified in GB, it has been suggested to have broad-spectrum free radical
scavenging activities [95]. Indeed, treatment with GB extract was able to increase the
survival of a rat RGC line, following exposure to oxidative stress induced by hydrogen
peroxide (H2O2) [96]. Furthermore, POAG patients treated with 120 mg of GB extract
daily for at least 6 months demonstrated a lower rate of single-stranded DNA breaks in
circulating leukocytes, indicating reduced oxidative stress [97].

Numerous clinical trials have also demonstrated that GB extract supplementation
slows the progression of visual field damage and improves visual function in NTG pa-
tients [98,99]. However, Shim et al. [99] demonstrated that supplementation with 40 mg of
GB extract, three times per day, showed no effect on the mean defect or contrast sensitivity
in NTG patients, compared to those receiving placebo. Based on the vascular hypothesis
of glaucoma pathogenesis, NTG patients receiving 80 mg GB extract tablets, twice a day
for four weeks, showed a significant increase in ocular blood flow, volume and velocity, in
comparison to the placebo group [100]. Furthermore, GB supplementation increased the
radial peripapillary capillary vascular density in healthy subjects who received a 120 mg
GB extract capsule daily for 4 weeks [101]. Table 2 summarizes clinical trials of natural
products used for glaucoma treatment.

In animal studies, intraperitoneal injections of GB extract administered after optic
nerve injury in rats were associated with a higher survival rate of RGCs [96,102]. This
could be due to the anti-apoptosis property of GB, as demonstrated by the inhibition
of apoptosis of RGCs via the modulation of mitogen-activated protein kinase (MAPK)
signaling pathways, in the adult rat optic nerve injury model, following the retrobulbar
injection of diterpene ginkgolides meglumine injection (DGMI, made from GB extracts,
including ginkgolides A, B and K) [103]. Mechanistically, DGMI could inhibit cell apoptosis
by inhibiting p38, JNK and Erk1/2 activation [103]. Additionally, GB extract-derived
procyanidin B2 and rutin were shown to be able to protect human retinal pigment epithelial
cells subjected to tert-butyl hydroperoxide-induced oxidative stress by modulating nuclear
factor erythroid 2-related factor (Nrf)-2 and Erk1/2 signaling [104]. Another study proposed
that P53, Bax, Bcl-2 and caspase-3/-9 could be considered as the core targets for GB extract
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against apoptosis in H2O2-treated RGCs [105]. A summary of preclinical studies of natural
products used for glaucoma treatment is provided in Table 3.

4.2. Scutellaria baicalensis Georgi—Baicalin, Baicalein and Wogonin

Scutellaria baicalensis Georgi, commonly known as Baikal skullcap or Chinese skullcap,
is a widely used Chinese medicinal herb [106]. S. baicalensis extract and its three major active
flavonoids, namely, baicalin, baicalein and wogonin showed low cytotoxicity and possessed
neuroprotective, antioxidant, anti-inflammatory and anti-cancer properties [106–108].

Intragastric administration of 200 mg/kg of baicalein for 28 days significantly reduced
IOP in a rat model of chronic OHT [109]. The decreased thickness of the RGC complex and
the reduced nucleus of the RGC layer mediated by OHT were significantly ameliorated
by baicalein treatment and associated with reduced apoptosis of RGCs by upregulating
the expression of the anti-apoptotic protein Bcl-2 [109]. Additionally, baicalein protects
RGCs against retinal ischemia via the downregulation of HIF-1α, matrix metalloproteinase
(MMP)-9 and vascular endothelial growth factor (VEGF), and upregulation of HO-1 [110].

The intraperitoneal administration of wogonin, 10 min after the establishment of the
optic nerve crush rat model, reduced the loss of RGCs and inhibited RGC apoptosis [111].
The study also demonstrated the anti-inflammatory property of wogonin in preventing
TLR4-NF-κB-mediated neuroinflammation, as indicated by the reduced gliosis response,
microglial activation and pro-inflammatory cytokine (TNF-α, monocyte chemoattractant
protein-1 (MCP-1), iNOS, IL-6 and -1β and cyclooxygenase (COX-2)) expressions in the
retina following optic nerve crush [111].

Intraperitoneal administration of baicalin increased the number of RGCs and atten-
uated pathological changes (indistinct layer of retinas, decrease in the thickness of the
RGC layer (GCL, a retinal layer where RGCs and displaced amacrine cells reside) and
RGC density) in a model of episcleral venous occlusion with cauterization to establish
a mouse model of glaucoma with chronic elevated IOP [112]. Baicalin treatment also
inhibited autophagy and activated PI3K/AKT signaling in glaucoma mice, as PI3K/AKT
signaling was shown to restrain the apoptosis and inflammatory response of RGCs in
glaucoma development [112]. Additionally, treatment with baicalin significantly increased
cell survival, reduced ROS production and inhibited pro-inflammatory factor IL-1α and
endothelial leucocyte adhesion molecule-1 (ELAM-1) production in cultured human TM
cells exposed to H2O2 [113].

4.3. Coleus forskohlii (willd.) Briq.—Forskolin

Coleus forskohlii (willd.) Briq. is a medicinal plant indigenous to India and Southeast
Asia [114]. The leaves, roots and tubers of C. forskohlii are a rich source of a diterpenoid
called forskolin, which acts as a second messenger cyclic adenosine 3′,5′-monophosphate
(cAMP) booster, via the direct stimulation of adenylate cyclase [114]. Studies have revealed
that cAMP is important in regulating aqueous humor dynamics in the ciliary body and
TM [115]. Indeed, a previous study has shown that forskolin perfused arterially at 30, 100
and 1000 nM caused a significant reduction in the rate of aqueous humor formation in an
isolated bovine eye preparation [116]. This may explain the hypotensive effect of forskolin
administration, as shown in a double-blind, randomized controlled trial where POAG
patients treated with forskolin 1% w/v aqueous solution eye drops, at two drops thrice a
day, for 4 weeks, showed a significant decrease in IOP [117,118].

In animal studies, a dietary combination of forskolin, homotaurine, spearmint and
vitamins B1, B6 and B12 was able to protect against RGC loss in a rodent model of optic
nerve injury [119] and hypertensive glaucoma [120]. Both studies demonstrated that
the forskolin supplement mixture may counteract the inflammatory processes via the
reduction in cytokine (iNOS, IL-6 and TNF-α) secretion, thereby leading to decreased
apoptotic markers (Bax/Bcl-2 ratio and active caspase-3), finally sparing RGC death and
the preservation of visual function [119,120]. However, in contrast to the clinical studies, the
forskolin supplement mixture did not affect IOP elevation in glaucomatous rodents [120].
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4.4. Erigeron breviscapus (vant.) Hand. Mazz.—Scutellarin

Erigeron breviscapus (vant.) Hand. Mazz. (DengZhanHua in Chinese) is a dicotyle-
donous plant in the Compositae chrysanthemum family found primarily in southwest
China, especially in Yunnan [121]. It has been used in traditional Chinese medicine, for
the prevention and treatment of cardiovascular diseases [121]. E. breviscapus supplements
administered for 6 months showed no obvious adverse effects, with a significant decrease in
the mean defect and an increase in the mean sensitivity, in POAG patients with a controlled
IOP, demonstrating its partial protective effect on the visual field in glaucoma [122]. In
chronic elevated IOP animal models, E. breviscapus oral supplements were shown to reduce
IOP, improve impaired visual function, increase the RGC density and reduce RGC axonal
degeneration caused by elevated IOP [123,124]. In RGCs, E. breviscapus extract was shown
to suppress the outward potassium channel currents, which was suggested to be one of the
key mechanisms behind E. breviscapus’s beneficial effects against glaucoma-induced RGC
damage and visual impairment [125].

The flavonoid scutellarin is one of the major constituents of E. breviscapus. A 3-week
oral scutellarin treatment ameliorated retinal thinning and visual deficits in an induced
chronic OHT glaucoma model [126]. Scutellarin protected RGCs and reduced impaired
retinal microglial cells by inhibiting NLRP3 inflammasome-mediated inflammatory reac-
tions, which was associated with a reduced upregulation of apoptosis-associated speck-like
protein (a caspase recruitment domain), cleaved caspase-1 and IL-18 and -1β following
acute OHT [127].

4.5. Lycium barbarum L.

Lycium barbarum L., commonly known as goji berry or wolfberry, has been widely used
in China to treat various diseases, i.e., blurry vision, abdominal pain, infertility, dry cough,
fatigue, dizziness and headaches, and has been used as a potent anti-aging agent [128]. The
most abundant component in goji berries is represented by carbohydrates, and isolated
L. barbarum polysaccharides (LBPs) have been found to exert various pharmacological prop-
erties, i.e., neuroprotective, hypoglycemic, anti-cancer, immunomodulatory and antioxidant
properties [129,130]. LBP supplementation has been shown to protect RGC survival and
preserve retinal function in various glaucoma models, i.e., acute OHT [131,132], chronic
OHT [133,134] and partial optic nerve transection [135]. In the partial optic nerve transec-
tion model, LBP pre-treatment for 7 days prior to the injury was shown to delay secondary
degeneration of RGCs [136]. The study also reported LBP exerting its neuroprotective
effects by inhibiting oxidative stress and the JNK/c-jun pathway, and by transiently increas-
ing the expression of insulin-like growth factor-1, which is a known neurotrophic factor
determining the survival of RGCs during the early stages of optic nerve injury [136].

LBP has been shown to protect RGCs against oxidative stress injury by inhibiting the
generation of ROS and reducing the mitochondrial membrane potential following cobalt
chloride (CoCl2)-induced hypoxia [137]. Additionally, LBP significantly promoted cell
viability, reduced apoptosis and decreased cleaved caspase-3/-9 and ROS levels in human
TM cells after H2O2 administration [138]. Alternatively, LBP treatment has been shown
to promote M2 polarization of microglia and downregulate autophagy after partial optic
nerve resection, which contributes to the delayed secondary degeneration of RGCs [139].
Other studies have also suggested that LBP provides neuroprotection to the RGCs and
retina by inhibiting vascular damage, probably via the regulation of endothelin-1 (ET-
1)-mediated biological effects [131,133]. In a recent study, LBP treatment also promoted
blood–retinal barrier maintenance and survival of RGCs in acute OHT mice, which were
mediated through the regulation of amyloid-β production and advanced glycosylation end
product receptor expression [140]. Furthermore, L. barbarum ethanolic extracts reduced
angiopoietin-like 7 protein (ANGPTL7) expression while increasing that of caveolin-1 in
PC12 neuronal cells exposed to hydrostatic pressures, which was associated with decreased
gene expressions of ECM proteins, i.e., MMP-2, MMP-9, collagen I and TGF-β [141]. Pre-
vious studies have indeed indicated that ANGPTL7 modulates the TM’s ECM [142] and
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MMP-mediated ECM turnover in the TM, which leads to a reduction in outflow resistance
in the conventional outflow pathway, and to maintenance of IOP homeostasis [143].

LBP treatment significantly reduced neuronal death and glial activation in the retina
following I/R injury [144,145]. Furthermore, LBP treatment was able to alleviate ischemia-
induced retinal dysfunction (exhibiting greater b-wave and oscillatory potential
responses) [144,146]. The antioxidant levels (glutathione, SOD and CAT) in the retina
were significantly higher, while the MDA level was lower, in the submicron and blended
L. barbarum extract-treated groups, compared to the control [146]. Further studies demon-
strated that LBP exerted its neuroprotective effects via the activation of Nrf2 and an increase
in HO-1 protein expression in the retina after I/R injury [145].

4.6. Diospyros kaki L.

Persimmon (Diospyros kaki L.), belonging to the family Ebenaceae, is a well-known
fruit rich in carbohydrates, dietary fibers, vitamins, minerals, carotenoids, phenolic com-
pounds and other bioactive phytochemicals [147]. In addition to its fruit, persimmon’s
leaves are also rich in flavonoids that exhibit antioxidant properties [148]. Pre-treatment
of RGCs exposed to excessive oxidative stress and excitotoxicity with an ethanolic extract
of persimmon leaves (EEDK) increased cell viability in a concentration-dependent man-
ner [149]. Further studies revealed that the neuroprotective effect of EEDK was associated
with decreased levels of apoptotic markers, i.e., poly (ADP-ribose) polymerase, p53 and
cleaved caspase-3, and increased expression levels of antioxidant enzymes, i.e., SOD, GPX
and glutathione S-transferase [149]. The same study demonstrated that EEDK treatment
protects the retina and RGCs in a partial optic nerve crush mouse model [149]. Additionally,
EEDK was also shown to reduce elevated IOP in a glaucoma mouse model, by regulating
the soluble guanylate cyclase α-1 (sGCα-1, a primary regulator of vascular hypertension)
signal [150].

4.7. Tripterygium wilfordii Hook F.—Triptolide and Celastrol

Tripterygium wilfordii Hook F., commonly known as thunder god vine, is a traditional
Chinese medicine widely used to treat autoimmune and inflammatory diseases including
rheumatoid arthritis, systemic lupus erythematosus and dermatomyositis [151]. Triptolide
and celastrol are the predominant active phytochemicals isolated from this plant, which
exhibit similar pharmacological activities, i.e., anti-cancer, anti-inflammatory, immunosup-
pressive, anti-obesity and anti-diabetic activities [152]. Triptolide treatment improved RGC
survival via the inhibition of microglial activation in glaucoma models [153–155]. Addition-
ally, triptolide treatment inhibited the expression of TNF-α and the nuclear translocation of
NF-κB in an optic nerve crush model, suggesting that the neuroprotective effect of triptolide
was attributed, partly, to its anti-inflammatory property [155]. Similarly, celastrol treatment
also improved RGC survival in glaucoma models [156,157].

4.8. Crocus sativus L.—Crocetin and Crocin

Saffron (the dried stigma of Crocus sativus L.) is a spice that is widely used in food
preparation, as a flavoring and coloring agent [158]. Referred to as the ‘golden spice’,
saffron is the highest-priced aromatic medicinal plant in the world, with numerous phar-
macological properties such as anti-cancer, anti-diabetic, anti-inflammatory, antioxidant,
immunomodulatory, antifungal and antimicrobial properties [158]. Oral administration of
saffron extract was shown to decrease microglial numbers and their activation following
increased IOP, and this led to the prevention of RGC death [159]. A randomized interven-
tional pilot study revealed that 30 mg/day saffron supplementation significantly reduced
IOP in POAG patients, after 3 weeks of treatment [160].

More than 150 chemical compounds have been extracted from saffron, with crocin
and crocetin being the two major active ingredients [161]. Intraperitoneal treatment with
crocin can inhibit I/R-induced RGC death, and the effect of crocin may be mediated, partly,
by its antioxidant action through the ERK pathway [162], or activation of the PI3K/AKT
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signaling pathway [163]. Additionally, crocin protects RGCs against H2O2-induced damage
by reducing ROS production and activating NF-κB [164]. Similarly, crocetin, an aglycone of
crocin, prevented cell loss and apoptosis in the GCL in mice following NMDA- [165] and
I/R-induced retinal damage [166].

4.9. Curcuma longa L.—Curcumin

Curcumin is a yellow pigment and an active component of the rhizome of Cur-
cuma longa L., or turmeric [167]. It is known to possess antioxidant, anti-inflammatory,
anti-cancer, anti-arthritis, anti-asthmatic, antimicrobial, antiviral and antifungal proper-
ties [167,168]. Considering that curcumin is a powerful antioxidant natural compound, it
may represent another potential treatment to alleviate oxidative stress in glaucoma. Using
an elevated IOP rodent model, curcumin treatment decreased the intracellular level of ROS
and alleviated RGC apoptosis induced by oxidative stress [169]. In the same study, it was
also observed that curcumin inhibited pro-apoptotic factors, such as caspase-3 and Bax, and
upregulated the anti-apoptotic factor Bcl-2 [169]. In an ex vivo optic nerve injury model,
thinning of retinal layers, especially the GCL, and strong RGC apoptosis were observed
after 24 h post-injury, which correlated with a time-dependent increase in caspase-3 and
-9 and pro-apoptotic marker levels, and a powerful activation of the JNK, c-Jun and ERK
signaling (MAPK) pathways [170]. Curcumin prevented alterations in the apoptotic cas-
cade and MAPK pathways, preserving RGC survival and retinal thickness [170]. In another
experimental study in a rat retinal I/R injury model, curcumin supplementation in the diet
for 2 days before I/R was able to protect the retina from ischemic injury [171]. Additionally,
curcumin pre-treatment inhibited I/R-induced degeneration of retinal capillaries, which
may occur through its inhibitory effects on injury-induced activation of NF-κB and signal
transducer and activator of transcription 3 (STAT3), and on overexpression of MCP-1, a
chemokine involved in the inflammatory response via recruitment of monocytes to injury
sites [172].

Studies using TM cells exposed to H2O2-induced oxidative stress as an in vitro model
observed that pre-treatment with curcumin reduced the production of intracellular ROS
in a dose-dependent manner [173,174]. Curcumin alleviated oxidative stress-induced pro-
inflammatory factors such as IL-1a, -6 and -8 and ELAM-1 and inhibited the apoptosis of
TM cells [173]. Curcumin has also been shown to protect TM cells against oxidative stress
and apoptosis via the Nrf2-keap1 pathway [174].

4.10. Camellia sinensis (L.) Kuntze—Epigallocatechin-3-Gallate

Camellia sinensis (L.) Kuntze, commonly known as green tea, is consumed as a beverage
and is popular in China and Japan [175]. Green tea extract treatment administered orally
to retinal I/R injury rats showed a higher number of surviving RGCs, and less apoptotic
RGCs were observed [176]. Green tea extract treatment also reduced the increased protein
expression (i.e., of apoptotic markers (activated caspase-3 and -8) and inflammation-related
proteins (Toll-like receptor 4 (TLR4), IL-1β and TNF-α)) and p38 phosphorylation caused
by the ischemic injury [176]. Additionally, green tea extract treatment led to suppression of
activated microglia, astrocytes and Müller cells following lipopolysaccharide (LPS)-induced
retinal inflammation in rats [177]. The green tea anti-inflammatory effects were associated
with a reduction in the phosphorylation of STAT3 and NF-κB in the retina [177].

The major polyphenolic compounds contained in green tea are catechins, which
include epigallocatechin-3-gallate (EGCG), which is also a powerful antioxidant, anti-
angiogenic and anticarcinogenic agent [175,178]. EGCG treatment was shown to preserve
the RGC density in acute [179] and chronic elevated IOP rats [180], an optic nerve crush
rat model [181], a retinal I/R injury rabbit model [182] and NMDA-induced excitotoxicity
in rats [183]. Zhang et al. [179] reported that EGCG treatment significantly decreased
inflammation-associated cytokine levels (IL-4, -6, -1β and -13, TNF-α and IFN-γ), and the
proliferation rate of T lymphocytes. Furthermore, EGCG treatment inhibited the increase in
the phosphorylation of nuclear factor of kappa light polypeptide gene enhancer in B cells
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inhibitor, alpha (IκBα) and p65, leading to the suppression of NF-κB signaling pathway
activation [179].

4.11. Panax ginseng—Ginsenoside

Panax ginseng, in the family Araliaceae, is considered as one of the most frequently
employed medicinal herbs and functional foods [184,185]. In a randomized, placebo-
controlled, crossover study, daily consumption of 3 g of Korean red ginseng (KRG) for
4 weeks was shown to improve daytime contrast sensitivity and ocular pain in glaucoma
patients [186]. Following 8 weeks of KRG supplementation, glaucoma patients showed sig-
nificant improvement in their tear film stability and total Ocular Surface Disease Index score,
suggesting KRG improved dry eye syndrome in glaucoma patients [187]. Additionally,
OAG patients receiving 1.5 g of KRG, orally 3 times daily for 12 weeks, showed signif-
icant improvement in the retinal peripapillary blood flow in the temporal peripapillary
region [188].

Ginseng contains numerous phytochemicals such as ginsenoside (triterpenoid saponin),
phenols and acidic polysaccharides [189]. These phytochemicals have been shown to pro-
tect RGCs. Total Panax notoginseng saponin treatment increased RGC survival and inhibited
the cell apoptosis pathway induced by an optic nerve crush rat model [190]. Similarly,
ginsenoside Rg1 treatment was able to reduce RGC damage in an ultrasound-targeted mi-
crobubble optic nerve damage rabbit model [191]. Furthermore, ginsenoside Rb1 protects
RGCs against apoptosis caused by CoCl2-induced hypoxia and H2O2-induced oxidative
stress [192].

4.12. Cannabis sativa—Cannabinoids

Cannabis sativa, commonly known as marijuana, is one of the most used psychoactive
substances in the world [193]. The C. sativa plant contains more than 60 lipid-based cannabi-
noids, which are the signaling molecules of the endocannabinoid system; these include
Δ-9-tetrahydrocannabinol (Δ9-THC), Δ-8-tetrahydrocannabinol (Δ8-THC), cannabidiol and
cannabinol [194]. A reduction in IOP was observed in glaucoma patients associated with
tachycardia, within the first 30 min after marijuana inhalation, with the duration of action
limited to 4 h [195]. Similarly, Δ9-THC inhalation reduced IOP significantly from baseline
in healthy adult subjects, detected from 40 min post-treatment and lasting up to 4 h [196].

In animal studies, a topically applied 2% Δ9-THC ophthalmic solution was shown
to reduce IOP in clinically normal dogs [197]. To prolong the IOP reduction duration, the
use of Δ9-THC-valine-hemisuccinate nanoemulsions, which help to increase absorption,
produced a greater drop in IOP, compared to latanoprost and timolol in normal rabbits [198].
Similarly, a submicron emulsion of Δ8-THC treatment to normal and OHT rabbits also
demonstrated a reduced IOP [199]. The IOP-lowering and RGC neuroprotective effects of
cannabinoids have been shown to be mediated by CB1 cannabinoid receptors [200,201].

4.13. Anthocyanins

Anthocyanins, considered as flavonoids, are blue, red or purple pigments commonly
found in the flowers, fruits and tubers of many plants [202]. Hence, the primary sources
of anthocyanins are found in berries, currants, grapes and some tropical fruits [202].
Studies have demonstrated that anthocyanins provide numerous health benefits such
as antioxidative and neuroprotective properties, prevention of cardiovascular diseases,
anti-angiogenesis, anti-cancer, anti-diabetic, anti-obesity and antimicrobial activities and
improved visual health [202,203].

OAG patients receiving supplementation of 50 mg of black currant anthocyanins daily
for 24 months also showed a reduced IOP and improved visual field damage progres-
sion [204]. Black currant anthocyanin supplementation also enhanced blood flow to the
ONH and its surrounding retina in OAG patients, with no changes in systemic conditions
such as blood pressure and pulse rates observed [204,205]. Black currant anthocyanin
supplementation also normalized the abnormal serum concentration levels of ET-1 in OAG
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patients, suggesting that anthocyanins possibly affect the ET-1 receptor functions such as
pharmacological reactivity and hypersensitivity [206].

The natural anthocyanins delphinidin, luteolinidin and peonidin were shown to be
non-toxic to human retinal pigment epithelial (ARPE19) and RGC-5 cells, with luteolin-
idin and peonidin increasing the survival rates of the RGC-5 cells following exposure
to H2O2 [207]. Administration of oral bilberry extracts rich in anthocyanins was shown
to suppress RGC death following an optic nerve injury mouse model [208]. Bilberry ex-
tract administration increased chaperone molecule (Grp78 and Grp94) protein levels, an
effect which may underlie the neuroprotective effect of bilberry extract after optic nerve
crush [208]. In a model of light-induced retinal damage in pigmented rabbits, adminis-
tration of bilberry anthocyanin extract at dosages of 250 and 500 mg/kg/day for 7 days
significantly inhibited retinal dysfunction, as evidenced by the increased retinal outer
nuclear layer thicknesses and lengths of the outer segments of the photoreceptor cells,
compared to untreated rabbits with retinal degeneration [209]. Additionally, anthocyanin
treatment attenuated the changes caused by light to the apoptotic proteins Bax, Bcl-2
and caspase-3 and increased the antioxidant enzyme levels (SOD, GPX and CAT), but it
decreased the MDA level in the retinal cells [209].

4.14. Resveratrol

Resveratrol (trans-3,4′,5-trihydroxystilbene) is a polyphenol found in berries, grapes,
pomegranates and red wine [210]. It has been reported to possess a wide range of phar-
macological effects, including cardioprotection, neuroprotection and anti-diabetic activity,
due to its potent antioxidant and anti-inflammatory properties [210]. Resveratrol has
been reported to increase oxidative stress markers, and the nitric oxide level in human
glaucomatous TM cells, possibly by increasing endothelial nitric oxide synthase (eNOS)
expression and reducing inducible NOS expressions [211]. In experimental glaucoma
models, resveratrol treatment was shown to reduce RGC death [212,213]. Cao et al. [213]
further demonstrated that intravitreal administration of resveratrol rescued RGCs by the
decreased ROS generation in RGCs of a microbead-induced high-IOP mouse model. These
studies support the antioxidant properties of resveratrol, which could be beneficial in
glaucoma treatment.

Resveratrol protects RGC-5 cells against H2O2-induced apoptosis, by reversing H2O2-
induced increased expressions of cleaved caspase-3/-9, production of ROS and the expres-
sions of p-p38, p-ERK and p-JNK, proposing that resveratrol suppresses MAPK cascades
to exert its neuroprotective effects in RGCs [214]. Additionally, resveratrol also mitigates
retinal I/R injury-induced RGC loss, glial activation and retinal function impairment
by inhibiting the HIF-1a/VEGF and p38/p53 pathways while activating the PI3K/AKT
pathway [215–217].

In both the chronic OHT rat model and RGC-5 cells incubated under elevated pressure,
RGCs showed apoptosis and mitochondrial dysfunction [218]. Resveratrol treatment
improved the expression of proteins involved in mitochondrial biogenesis and dynamics,
i.e., AMPK, Nrf-1, mitochondrial transcription factor A (Tfam), mitofusin 2 (mfn-2) and
optic atrophy 1 (OPA1), which led to a decrease in RGC apoptosis, mitochondrial membrane
potential depolarization and ROS generation [218,219]. Another recent study identified
a potential mechanism involving the protective role of resveratrol in preventing ONH
astrocyte dysfunction and degeneration, which would enable the astrocytes to continue
providing structural and nutrient support to the optic nerve [220].

4.15. Hesperidin

Hesperidin is a flavanone commonly found in citrus fruits such as oranges, tangerines,
lemons and grapefruits, known for its anti-inflammatory, antioxidant and anticarcinogenic
properties [221]. The antioxidant profile of a novel supplement containing hesperidin,
and two other food-derived antioxidants, i.e., crocetin and Tamarindus indica (tamarind),
was assessed in a prospective, single-arm design trial involving 30 NTG patients receiving
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the supplements for 8 weeks [222]. In patients with relatively high oxidative stress, the
supplement significantly reduced the urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG; a
marker of oxidative DNA damage) level, and the biological antioxidant potential was also
significantly elevated [222].

In an animal study, a single dose of oral hesperidin pre-treatment (25, 50 and 100 mg/kg)
significantly reduced the increased IOP level in dextrose- and prednisolone acetate-induced
OHT rats [223]. Additionally, hesperidin treatment increased the glutathione level in the
aqueous humor and reduced morphological alteration in the ciliary bodies caused by
elevated IOP [223]. Furthermore, hesperidin treatment ameliorated NMDA-induced retinal
injury by suppressing oxidative stress [224] and excessive calpain activation [225] while
also alleviating hypobaric hypoxia-induced retinal impairment through the activation of
the Nrf2/HO-1 pathway [226].

4.16. Caffeine

Caffeine (1, 3, 7-trimethylxanthine) is a natural alkaloid commonly consumed through
coffee, tea, carbonated soft drinks, energy drinks, chocolate and other cocoa-containing
foods [227]. Caffeine acts as a central nervous system stimulant through its A1 and A2a
adenosine receptor antagonist properties [227]. The effect of caffeine consumption on
IOP was found to be controversial in the literature. Tran et al. [228] demonstrated a
reduced IOP following 45 and 60 min consumption of caffeine in POAG patients, when
compared to the water-drinking group. However, another study reported that 1% caffeine
eye drops administered daily for a week showed no effect on IOP in POAG patients [229].
In contrast, healthy individuals receiving a single dose of a 4 mg/kg caffeine capsule
showed an increase in IOP, with low-caffeine consumers reporting a more abrupt IOP
increase compared to the high-caffeine consumers [230]. Further studies suggested the
increase in IOP was associated with a reduction in the anterior chamber angle, which
led to resistance to aqueous humor outflow [231]. Recent cross-sectional studies showed
caffeine consumption was weakly associated with a lower IOP but was not associated
with a decreased risk of developing glaucoma [232,233]. An in vivo study demonstrated a
reduced IOP and prevention of loss of RGCs in the caffeine-drinking animals following
laser-induced OHT in experimental rats [234]. However, the same study also reported that
caffeine treatment did not ameliorate OHT-induced impairment in the RGC retrograde
transport, although caffeine treatment appeared to partially attenuate axonal degeneration
of the optic nerve induced by OHT [234]. Interestingly, caffeine drinking led to increased
microglia reactivity, inflammatory response (IL-1β and TNF mRNA levels) and cell death
following 24 h post-I/R injury in a mouse model, which were then reduced at day 7 post-
injury [235]. Additionally, caffeine was shown to preserve the integrity of the blood–retinal
barrier in LPS-treated ARPE19 cells, which can be considered as a new strategy to treat
retinal degenerative diseases [236].

4.17. Coenzyme Q10

Coenzyme Q10 (CoQ10), or ubiquinone-10, is a natural lipophilic vitamin-like molecule
with antioxidant and anti-inflammatory properties and is involved in the production and
control of cellular bioenergy, pyrimidine synthesis, physicochemical properties of cellular
membranes and gene expression [237,238]. It is predominantly found in animal organs
(kidney, liver and heart) and is also present in meat, fish, soy oil and peanuts [238].

Treatment with CoQ10, either topically applied or supplemented in the diet, was
shown to promote RGC survival by inhibition of RGC apoptosis in glaucoma mod-
els [239–241]. CoQ10 treatment has also been shown to inhibit glaucomatous mitochondrial
alteration by the preservation of the mtDNA content and Tfam/oxidative phosphorylation
(OXPHOS) complex IV protein expressions [239,240]. Furthermore, CoQ10 treatment in-
hibited the activation of astrocytes and microglial cells in the retina [239,240]. In a clinical
study, CoQ10 and vitamin E eye drop administration in POAG patients for 12 months
showed a beneficial effect on the inner retinal function (PERG improvement), with a conse-
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quent enhancement of the visual cortical responses (VEP improvement) [242]. Additionally,
CoQ10 and vitamin E topical treatment increased RGC numbers, inhibited apoptosis and
activated astrocytes and microglial cells in a mechanical optic nerve injury rat model [243].

4.18. Vitamins

A cross-sectional study involving a total of 2912 participants in the United States
2005–2006 National Health and Nutrition Examination Survey reported that supplementary
consumption and serum levels of vitamins A and E were not associated with glaucoma
prevalence [244]. A meta-analysis did not find an association between serum vitamin B6,
vitamin B12 and vitamin D levels and different types of glaucoma [245]. Another recent
systematic review concluded that blood levels of vitamins (A, B complex, C, D and E) did
not demonstrate an association with OAG as well [246]. However, the same study reported
that dietary intake of vitamins A and C showed a beneficial association with OAG [246].

The nicotinamide adenine dinucleotide (NAD+, an important metabolite for mitochon-
drial metabolism and oxidative stress protection) level in the retina of D2-Gpnmb+ mice
decreased with age [247]. Oral administration of vitamin B3 (nicotinamide, precursor of
NAD+) was protective as both prophylaxis and an intervention of glaucoma, as shown by
the reduced incidence of optic nerve degeneration, prevention of RGC soma and axonal
loss and retinal nerve fiber layer thinning and preserved visual function [247,248]. In a
crossover, randomized clinical trial involving 57 glaucoma patients, oral vitamin B3 supple-
mentation for 6 weeks at 1.5 g/day, then for 6 weeks at 3.0 g/day, improved RGC function,
but without affecting the IOP and RNFL thickness [249].

Table 2. Clinical trials evaluating natural products for glaucoma treatment.

Natural Products Subjects Treatment Regime Clinical Findings References

Ginkgo biloba

POAG patients 120 mg GB extract, 1 tablet
daily, 6 months

Lower rate of single-stranded
DNA breaks in circulating
leukocytes (vs. untreated
patients, p < 0.001)

[97]

NTG patients 80 mg GB extract, 2 tablets
daily, 4 years

No effect on IOP (vs.
pre-treatment, p = 0.509)
Slowed visual field damage
progression (p < 0.001)

[98]

NTG patients 80 mg GB extract, 2 tablets
daily, 2 years

Improved HVF deviation (vs.
untreated patients, p = 0.002)

[99]

NTG patients 80 mg GB extract, 2 tablets
daily, 4 weeks

Increased ocular blood flow,
volume and velocity (vs.
placebo-treated patients,
p < 0.03)

[100]

Healthy subjects 120 mg GB extract, 1 tablet
daily, 4 weeks

Increased radial peripapillary
capillary vascular density (vs.
pre-treatment, p < 0.021)

[101]

Forskolin POAG patients Forskolin 1% w/v aqueous
solution eye drops,
2 drops thrice a day,
4 weeks

Reduced IOP (vs. timolol-treated
patients, p < 0.05)
No adverse events

[117]

Erigeron breviscapus POAG patients E. breviscapus extract,
2 tablets, 3 times daily,
6 months

No obvious adverse effects
Decreased mean defect (vs.
pre-treatment, p < 0.01)
Increased mean sensitivity
(p < 0.01)

[122]

Saffron POAG patients Aqueous saffron extract,
30 mg daily, 4 weeks

Reduced IOP (vs. pre-treatment,
p = 0.0046)
No obvious adverse effects

[160]
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Table 2. Cont.

Natural Products Subjects Treatment Regime Clinical Findings References

Ginseng Glaucoma patients Korean red ginseng, 3 g
daily, 4 weeks

Improved daytime contrast
sensitivity (vs. pre-treatment,
p = 0.004) and ocular pain
(p < 0.001)

[186]

Glaucoma patients Korean red ginseng, 3 g
daily, 8 weeks

Improved tear film stability and
total OSDI score (vs.
placebo-treated patients,
p < 0.01)

[187]

OAG patients Korean red ginseng, 1.5 g,
3 times daily, 12 weeks

Improved retinal peripapillary
blood flow in the temporal
peripapillary region (vs.
pre-treatment, p = 0.005)
No changes in blood pressure,
heart rate, IOP and visual
field indices

[188]

Marijuana Glaucoma patients Marijuana smoking,
single dose

Reduced IOP (vs.
placebo-treated patients, p value
not defined)
Increased heart rate

[195]

Healthy subjects Marijuana smoking,
single dose

Reduced IOP (vs. pre-treatment,
p < 0.01)
No effect on systemic
blood pressure

[196]

Anthocyanins NTG patients 60 mg, 2 tablets daily,
2 years

Improved best-corrected visual
acuity (vs. untreated patients,
p = 0.008), and HVF
deviation (p = 0.001)

[99]

OAG patients 50 mg black currant
anthocyanins daily, 2 years

Increased ocular blood flows (vs.
placebo-treated patients, p = 0.01)
Improved visual field damage
progression (p = 0.039)

[204]

OAG patients 50 mg black currant
anthocyanins daily,
24 months

Reduced IOP (vs. pre-treatment,
p = 0.027)
Improved HVF deviation
(p = 0.017)
No changes in systemic blood
pressure or pulse rates

[205]

OAG patients 50 mg black currant
anthocyanins daily,
24 months

Normalized serum ET-1
concentrations (vs. healthy
subjects, p < 0.05)
No changes in advanced
oxidation protein products, and
antioxidative activities

[206]

Hesperidin, crocetin and
Tamarindus indica

NTG patients Food supplement
containing hesperidin
(50 mg), crocetin (7.5 mg)
and T. indica (25 mg),
4 tablets twice a day,
8 weeks

Reduced 8-OHdG level in
high-oxidative stress patients (vs.
pre-treatment, p < 0.01)
Elevated BAP in high-oxidative
stress patients (p = 0.03)

[222]

Caffeine POAG patients Coffee containing 1.3%
caffeine (104 mg caffeine),
single dose

Reduced IOP (vs.
water-drinking patients,
p = 0.012)
Reduced IOP fluctuation
(p = 0.013)

[228]

POAG patients 1% caffeine eye drop,
thrice a day, 1 week

No effect on IOP (vs.
pre-treatment, p > 0.05)

[229]

Healthy subjects Caffeine capsule, 4 mg/kg,
single dose

Increased IOP (vs. pre-treatment,
p < 0.05)

[230]

Healthy subjects Caffeine capsule, 4 mg/kg,
single dose

Increased IOP (vs.
placebo-treated subjects, p < 0.05)
Reduced anterior chamber angle
(p < 0.05)

[231]
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Table 2. Cont.

Natural Products Subjects Treatment Regime Clinical Findings References

Coenzyme Q10 POAG patients CoQ10 and vitamin E eye
drop, 2 drops daily,
12 months

Decreased ERG P50 and VEP
P100 implicit times (vs.
pre-treatment, p < 0.01)
Increased PERG P50-N95 and
VEP N75-P100 amplitudes
(p < 0.01)

[242]

Vitamin B3 Glaucoma patients Vitamin B3 tablet,
1.5 g/day 6 weeks,
followed by 3.0 g/day for
6 weeks

Improved RGC
functions—PhNR Vmax (vs.
placebo-treated patients,
p = 0.03), Vmax ratio (p = 0.02)
and visual field mean deviation
(p = 0.02)
No effect on IOP (p = 0.59) and
RNFL thickness (p = 0.11)

[249]

8-OhdG, 8-hydroxydeoxyguanosine; BAP, biological antioxidant potential; ET-1, endothelin-1; HVF, Humphrey
visual field; IOP, intraocular pressure; NTG, normal-tension glaucoma; OAG, open-angle glaucoma; OSDI,
Ocular Surface Disease Index; PhNR, photopic negative; POAG, primary open-angle glaucoma; PERG, pattern
electroretinogram; RGC, retinal ganglion cell; RNFL, retinal nerve fiber layer.

Previous studies have reported that serum vitamin D levels are significantly lower in
glaucoma patients as compared to healthy subjects [250,251]. Additionally, the presence
of polymorphisms in vitamin D receptors, e.g., the BsmI ‘B’ allele and TaqI ‘t’ allele, was
shown to be a relevant risk factor in the development of POAG [251]. Vitamin D deficiency
subjects were reported to have higher, although not significant, IOP values compared
to healthy individuals [252]. Treatment with 1α,25-dihydroxyvitamin D3 and its analog
2-methylene-19-nor-(20S)-1α,25-dihydroxyvitamin D3 through eye drops reduced the IOP
in normal monkeys [253]. D2 mice treated with 1 μg/kg of 1α,25-dihydroxyvitamin D3,
intraperitoneally for 5 weeks, showed improved RGC function (increased PERG and
FERG amplitudes) and reduced RGC death, compared to vehicle-treated controls [254].
Additionally, the same study also reported decreased microglial and astrocyte activation,
reduced inflammatory cytokines (IL-1β and -6, IFN-γ and CCL-3) and increased expression
of neuroprotective factors (BDNF, VEGF-A and PlGF) in the 1α,25-dihydroxyvitamin D3
treatment group [254].

Induced OHT rats fed with a vitamin E-supplemented diet showed no difference in
RGC cell death, compared to normal diet-treated rats [255]. However, the same study
demonstrated that dietary vitamin E deficiency aggravated RGC apoptosis following in-
duced OHT, which was found to be related to the increased level of lipid peroxidation [255].
In contrast, both topical and systemic α-tocopherol administration preserved the RGC
numbers and retinal morphology in an optic nerve crush rat model [256].

153



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

Pr
ec

lin
ic

al
st

ud
ie

s
on

na
tu

ra
lp

ro
du

ct
s

us
ed

fo
r

gl
au

co
m

a
tr

ea
tm

en
ta

nd
th

ei
r

m
ec

ha
ni

sm
of

ac
ti

on
.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

G
in

kg
o

bi
lo

ba
R

at
R

G
C

ce
lls

ex
po

se
d

to
H

2O
2

In
cr

ea
se

d
su

rv
iv

al
ra

te
-

-
-

[9
6]

R
at

op
ti

c
ne

rv
e

cr
us

h
m

od
el

In
cr

ea
se

d
R

G
C

de
ns

it
y

-
-

-
[9

6]
R

at
op

ti
c

ne
rv

e
cr

us
h

m
od

el
In

cr
ea

se
d

su
rv

iv
al

ra
te

-
-

-
[1

02
]

M
ou

se
R

G
C

-5
ce

lls
ex

po
se

d
to

H
2O

2
R

ed
uc

ed
ce

ll
ap

op
to

si
s

-
-

In
cr

ea
se

d
an

ti
ox

id
an

tc
ap

ac
it

y
(r

ed
uc

ed
T-

A
O

C
,S

O
D

an
d

C
A

T
de

pl
et

io
n)

[1
05

]

D
it

er
pe

ne
gi

nk
go

lid
es

m
eg

lu
m

in
e

in
je

ct
io

n
R

at
op

ti
c

ne
rv

e
in

ju
ry

m
od

el
R

ed
uc

ed
ce

ll
ap

op
to

si
s

-
-

D
ec

re
as

ed
co

nd
uc

ti
on

ti
m

e
of

F-
V

EP
[1

03
]

Sc
ut

el
la

ri
a

ba
ic

al
en

si
s—

Ba
ic

al
ei

n
R

at
ep

is
cl

er
al

ve
in

ca
ut

er
iz

at
io

n-
in

du
ce

d
ch

ro
ni

c
O

H
T

m
od

el

-
R

ed
uc

ed
IO

P
-

-
[1

09
]

R
at

is
ch

em
ic

m
od

el
R

ed
uc

ed
ce

ll
ap

op
to

si
s

-
-

U
pr

eg
ul

at
io

n
of

H
O

-1
D

ow
nr

eg
ul

at
io

n
of

H
IF

-1
α

,V
EG

F
an

d
M

M
P-

9

[1
10

]

S.
ba

ic
al

en
si

s—
W

og
on

in
R

at
op

ti
c

ne
rv

e
cr

us
h

m
od

el
R

ed
uc

ed
ce

ll
ap

op
to

si
s

-
-

D
ec

re
as

ed
ca

sp
as

e-
3

ac
ti

va
ti

on
D

ec
re

as
ed

gl
io

si
s

re
sp

on
se

an
d

m
ic

ro
gl

ia
la

ct
iv

at
io

n
D

ec
re

as
ed

pr
o-

in
fla

m
m

at
or

y
cy

to
ki

ne
(T

N
F-
α

,M
C

P-
1,

iN
O

S,
IL

-6
an

d-
1β

an
d

C
O

X
-2

)e
xp

re
ss

io
n

[1
11

]

S.
ba

ic
al

en
si

s—
Ba

ic
al

in
N

M
D

A
-s

ti
m

ul
at

ed
R

G
C

R
ed

uc
ed

ce
ll

ap
op

to
si

s
-

-
A

lle
vi

at
ed

N
M

D
A

-i
nd

uc
ed

ox
id

at
iv

e
st

re
ss

(r
ed

uc
ed

R
O

S
an

d
M

D
A

le
ve

ls
)

In
hi

bi
te

d
N

M
D

A
-i

nd
uc

ed
au

to
ph

ag
y

[1
12

]

M
ou

se
ep

is
cl

er
al

ve
no

us
oc

cl
us

io
n-

in
du

ce
d

ch
ro

ni
c

O
H

T
m

od
el

In
cr

ea
se

d
R

G
C

de
ns

it
y

In
cr

ea
se

d
G

C
L

th
ic

kn
es

s
-

-
In

hi
bi

te
d

O
H

T-
in

du
ce

d
au

to
ph

ag
y

A
ct

iv
at

ed
PI

3K
/A

K
T

si
gn

al
in

g
[1

12
]

Fo
rs

ko
lin

Is
ol

at
ed

bo
vi

ne
ey

e
-

R
ed

uc
ed

IO
P

-
R

ed
uc

ed
pe

ak
ca

lc
iu

m
re

sp
on

se
to

A
T

P
[1

16
]

Fo
rs

ko
lin

,h
om

ot
au

ri
ne

,
sp

ea
rm

in
te

xt
ra

ct
an

d
vi

ta
m

in
s

B1
,B

2
an

d
B1

2
m

ix
tu

re

M
ou

se
op

ti
c

ne
rv

e
cr

us
h

m
od

el
In

cr
ea

se
d

R
G

C
nu

m
be

rs
-

-
R

ed
uc

ed
cy

to
ki

ne
(i

N
O

S
an

d
IL

-6
)s

ec
re

ti
on

D
ec

re
as

ed
ap

op
to

ti
c

m
ar

ke
r

(B
ax

/B
cl

-2
ra

ti
o

an
d

ac
ti

ve
ca

sp
as

e-
3)

le
ve

ls

[1
19

]

R
at

m
et

hy
lc

el
lu

lo
se

-i
nd

uc
ed

O
H

T
m

od
el

In
cr

ea
se

d
R

G
C

nu
m

be
rs

N
o

ef
fe

ct
-

Pr
ev

en
te

d
th

e
re

du
ct

io
n

in
re

tin
al

fu
nc

tio
n

(i
nc

re
as

ed
Ph

N
R

am
pl

it
ud

e,
PE

R
G

am
pl

it
ud

e
an

d
im

pl
ic

it
ti

m
e)

Pr
ev

en
te

d
m

ic
ro

gl
ia

la
nd

M
ül

le
r

ce
ll

ac
ti

va
ti

on
D

ec
re

as
ed

in
fla

m
m

at
or

y
m

ar
ke

rs
(N

F-
κ

B,
T

N
F-
α

an
d

IL
-6

)
D

ec
re

as
ed

ap
op

to
ti

c
m

ar
ke

r
(B

ax
/B

cl
-2

ra
ti

o
an

d
ac

ti
ve

ca
sp

as
e-

3)
le

ve
ls

[1
20

]

154



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

So
di

um
al

gi
na

te
po

ly
(v

in
yl

al
co

ho
l)

el
ec

tr
os

pu
n

na
no

fib
er

s
of

fo
rs

ko
lin

N
or

m
al

ra
bb

it
-

R
ed

uc
ed

IO
P

-
-

[2
57

]

Er
ig

er
on

br
ev

is
ca

pu
s

R
at

ep
is

cl
er

al
ve

in
ca

ut
er

iz
at

io
n-

in
du

ce
d

O
H

T
m

od
el

-
R

ed
uc

ed
IO

P
-

Im
pr

ov
ed

vi
su

al
fu

nc
ti

on
[1

23
]

R
ab

bi
tm

et
hy

lc
el

lu
lo

se
-i

nd
uc

ed
O

H
T

m
od

el
In

cr
ea

se
d

R
G

C
de

ns
it

y
In

cr
ea

se
d

R
N

FL
th

ic
kn

es
s

R
ed

uc
ed

R
G

C
ax

on
al

de
ge

ne
ra

ti
on

-
-

-
[1

24
]

Sc
ut

el
la

ri
n

M
ou

se
cl

ea
r

hy
dr

og
el

-i
nd

uc
ed

O
H

T
m

od
el

-
-

-
R

ed
uc

ed
re

ti
na

lt
hi

nn
in

g
R

ed
uc

ed
vi

su
al

be
ha

vi
or

al
de

fic
it

s
[1

26
]

BV
-2

ce
lls

ex
po

se
d

to
lo

w
ox

yg
en

le
ve

l
-

-
-

In
cr

ea
se

d
ce

ll
vi

ab
ili

ty
In

hi
bi

te
d

ex
pr

es
si

on
of

N
LR

P3
R

ed
uc

ed
th

e
up

re
gu

la
tio

n
of

A
SC

,c
le

av
ed

ca
sp

as
e-

1
an

d
IL

-1
8

an
d

-1
β

[1
27

]

R
at

sa
lin

e-
in

du
ce

d
ac

ut
e

O
H

T
m

od
el

In
cr

ea
se

d
su

rv
iv

al
ra

te
-

-
R

ed
uc

ed
im

pa
ir

ed
m

ic
ro

gl
ia

lc
el

ls
In

hi
bi

te
d

N
LR

P3
ex

pr
es

si
on

R
ed

uc
ed

up
re

gu
la

ti
on

of
A

SC
,c

le
av

ed
ca

sp
as

e-
1

an
d

IL
-1

8
an

d
-1
β

[1
27

]

Ly
ci

um
ba

rb
ar

um
R

at
ar

go
n

la
se

r
ph

ot
oc

oa
gu

la
ti

on
-i

nd
uc

ed
O

H
T

m
od

el

R
ed

uc
ed

ET
-1

ex
pr

es
si

on
in

R
G

C
s

-
-

-
[1

31
]

M
ou

se
ac

ut
e

O
H

T
m

od
el

In
cr

ea
se

d
R

G
C

nu
m

be
rs

In
cr

ea
se

d
IR

L
th

ic
kn

es
s

-
R

ec
ov

er
ed

bl
oo

d
ve

ss
el

de
ns

it
y

in
re

ti
na

Pr
ot

ec
te

d
re

ti
na

lv
as

cu
la

tu
re

st
ab

ili
ty

(r
ed

uc
ed

Ig
G

le
ak

ag
e,

m
or

e
co

nt
in

ue
d

st
ru

ct
ur

e
of

tig
ht

ju
nc

tio
ns

as
so

ci
at

ed
w

ith
in

cr
ea

se
d

oc
cl

ud
in

pr
ot

ei
n

le
ve

l)
D

ow
nr

eg
ul

at
io

n
of

R
A

G
E,

ET
-1

,A
β

an
d

A
G

E

[1
31

]

R
at

ac
ut

e
O

H
T

m
od

el
N

or
m

al
iz

ed
G

C
L

de
ns

it
y

Pr
es

er
ve

d
IR

L
th

ic
kn

es
s

-
-

Pr
es

er
ve

d
po

si
ti

ve
sc

ot
op

ic
th

re
sh

ol
d

re
sp

on
se

fu
nc

ti
on

s
[1

32
]

R
at

su
tu

re
im

pl
an

ta
ti

on
-i

nd
uc

ed
ch

ro
ni

c
O

H
T

m
od

el
Pr

es
er

ve
d

R
G

C
s

-
-

-
[1

34
]

R
at

pa
rt

ia
lo

pt
ic

ne
rv

e
tr

an
se

ct
io

n
m

od
el

-
-

-
Pr

es
er

ve
d

vi
su

al
fu

nc
ti

on
[1

35
]

R
at

co
m

pl
et

e
an

d
pa

rt
ia

lo
pt

ic
ne

rv
e

tr
an

se
ct

io
n

D
el

ay
ed

R
G

C
de

ge
ne

ra
ti

on
-

-
In

cr
ea

se
d

M
nS

O
D

an
d

IG
F-

1
ex

pr
es

si
on

s
[1

36
]

R
G

C
-5

ce
lls

ex
po

se
d

to
C

oC
l 2

-i
nd

uc
ed

hy
po

xi
a

R
ed

uc
ed

ce
ll

ap
op

to
si

s
-

-
In

hi
bi

te
d

R
O

S
ge

ne
ra

ti
on

In
hi

bi
te

d
re

du
ct

io
n

in
m

it
oc

ho
nd

ri
al

m
em

br
an

e
po

te
nt

ia
l

[1
37

]

155



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

H
um

an
TM

ce
lls

ex
po

se
d

to
H

2O
2

-
-

-
Pr

om
ot

ed
ce

ll
vi

ab
ili

ty
R

ed
uc

ed
ap

op
to

si
s

R
ed

uc
ed

cl
ea

ve
d

ca
sp

as
e-

3/
-9

an
d

R
O

S
le

ve
ls

[1
38

]

R
at

pa
rt

ia
lo

pt
ic

ne
rv

e
tr

an
se

ct
io

n
m

od
el

D
el

ay
ed

se
co

nd
ar

y
de

ge
ne

ra
ti

on
of

R
G

C
s

-
-

Pr
om

ot
ed

M
2

po
la

ri
za

ti
on

of
m

ic
ro

gl
ia

/m
ac

ro
ph

ag
es

D
ow

nr
eg

ul
at

ed
au

to
ph

ag
y

le
ve

l

[1
39

]

PC
12

ce
lls

ex
po

se
d

to
hy

dr
os

ta
ti

c
pr

es
su

re
s

-
-

-
R

ed
uc

ed
A

N
G

PT
L7

,M
M

P-
2

an
d

-9
,

co
lla

ge
n

Ia
nd

T
G

F-
β

ex
pr

es
si

on
s

[1
41

]

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

R
et

in
al

ce
llu

la
r

or
ga

ni
za

tio
n

re
m

ai
ne

d
no

rm
al

Fe
w

er
py

kn
ot

ic
nu

cl
ei

in
G

C
L

an
d

IN
L

-
-

R
ed

uc
ed

gl
ia

la
ct

iv
at

io
n

[1
44

]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
R

ed
uc

ed
ap

op
to

si
s

in
G

C
L

an
d

IN
L

-
-

In
cr

ea
se

d
N

rf
2

nu
cl

ea
r

ac
cu

m
ul

at
io

n
In

cr
ea

se
d

H
O

-1
ex

pr
es

si
on

[1
45

]

R
at

sa
lin

e-
in

du
ce

d
ac

ut
e

O
H

T
m

od
el

D
ow

nr
eg

ul
at

io
n

of
A

PP
an

d
R

A
G

E
ex

pr
es

si
on

s
-

R
ev

er
se

lo
ss

of
fu

nc
ti

on
of

as
tr

oc
yt

e
en

df
ee

t
ar

ou
nd

bl
oo

d
ve

ss
el

s

R
ed

uc
ed

nu
m

be
rs

of
as

tr
oc

yt
es

an
d

m
ic

ro
gl

ia
D

ec
re

as
ed

gl
ut

am
in

e
to

xi
ci

ty
in

as
tr

oc
yt

es
(d

ow
nr

eg
ul

at
io

n
of

gl
ut

am
in

e
sy

nt
he

ta
se

)

[1
46

]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
-

-
-

Pr
es

er
ve

d
re

ti
na

lt
hi

ck
ne

ss
In

cr
ea

se
d

an
tio

xi
da

nt
le

ve
ls

(G
SS

H
+

G
SH

,
SO

D
an

d
C

A
T

)
R

ed
uc

ed
M

D
A

le
ve

l

[1
46

]

D
io

sp
yr

os
ka

ki
M

ou
se

m
ic

ro
be

ad
-i

nd
uc

ed
O

H
T

m
od

el
,a

nd
D

2
m

ou
se

R
ed

uc
ed

R
G

C
lo

ss
R

ed
uc

ed
IO

P
-

In
cr

ea
se

d
sG

C
α

-1
ex

pr
es

si
on

[1
49

]

R
G

C
-5

ce
lls

ex
po

se
d

to
gl

ut
am

at
e

In
cr

ea
se

d
ce

ll
vi

ab
ili

ty
-

-
D

ec
re

as
ed

ap
op

to
ti

c
pr

ot
ei

n
le

ve
ls

(p
ol

y
(A

D
P-

ri
bo

se
)p

ol
ym

er
as

e,
p5

3
an

d
cl

ea
ve

d
ca

sp
as

e-
3)

In
cr

ea
se

d
an

ti
ox

id
an

t-
as

so
ci

at
ed

pr
ot

ei
n

ex
pr

es
si

on
le

ve
ls

(S
O

D
,G

ST
an

d
G

PX
)

[1
50

]

M
ou

se
pa

rt
ia

lo
pt

ic
ne

rv
e

cr
us

h
m

od
el

R
ed

uc
ed

R
G

C
de

at
h

-
-

-
[1

50
]

T.
w

ilf
or

di
i—

Tr
ip

to
lid

e
D

2
m

ou
se

Im
pr

ov
ed

R
G

C
su

rv
iv

al
N

o
ef

fe
ct

-
Su

pp
re

ss
ed

m
ic

ro
gl

ia
ac

ti
va

ti
on

[1
53

]
A

ng
le

ph
ot

oc
oa

gu
la

ti
on

-i
nd

uc
ed

ch
ro

ni
c

gl
au

co
m

a
ra

tm
od

el
Im

pr
ov

ed
R

G
C

su
rv

iv
al

-
-

R
ed

uc
ed

m
ic

ro
gl

ia
co

un
t

R
ed

uc
ed

T
N

F-
α

ex
pr

es
si

on
[1

54
]

M
ou

se
op

ti
c

ne
rv

e
cr

us
h

m
od

el
Im

pr
ov

ed
R

G
C

su
rv

iv
al

-
-

R
ed

uc
ed

T
N

F-
α

ex
pr

es
si

on
In

hi
bi

te
d

nu
cl

ea
r

tr
an

sl
oc

at
io

n
of

N
F-
κ

B
[1

55
]

T.
w

ilf
or

di
i—

ce
la

st
ro

l
M

ou
se

op
ti

c
ne

rv
e

cr
us

h
m

od
el

Im
pr

ov
ed

R
G

C
su

rv
iv

al
-

-
R

ed
uc

ed
T

N
F-
α

ex
pr

es
si

on
[1

56
]

R
at

tr
ab

ec
ul

ar
la

se
r

ph
ot

oc
oa

gu
la

ti
on

m
od

el
Im

pr
ov

ed
R

G
C

su
rv

iv
al

-
-

-
[1

57
]

156



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

C
ro

cu
s

sa
tiv

us
L.

M
ou

se
la

se
r-

in
du

ce
d

O
H

T
m

od
el

Pr
ev

en
te

d
R

G
C

de
at

h
-

-
D

ec
re

as
ed

m
ic

ro
gl

ia
ln

um
be

rs
an

d
th

ei
r

ac
ti

va
ti

on
Pa

rt
ia

lly
re

ve
rs

ed
do

w
nr

eg
ul

at
io

n
of

P2
R

Y
12

[1
59

]

C
.s

at
iv

us
—

C
ro

ci
n

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
In

cr
ea

se
d

R
G

C
su

rv
iv

al
-

-
In

hi
bi

te
d

re
ti

na
lt

hi
nn

in
g

D
ec

re
as

ed
cl

ea
ve

d
ca

sp
as

e-
3

an
d

p-
ER

K
pr

ot
ei

n
ex

pr
es

si
on

s
In

cr
ea

se
d

G
SH

an
d

T-
SO

D
ac

ti
vi

ti
es

D
ec

re
as

ed
R

O
S

an
d

M
D

A
le

ve
ls

[1
62

]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
In

cr
ea

se
d

R
G

C
su

rv
iv

al
R

ed
uc

ed
R

G
C

ap
op

to
si

s
-

-
U

pr
eg

ul
at

io
n

of
Bc

l-
2/

Ba
x

le
ve

l
En

ha
nc

ed
p-

A
K

T
le

ve
ls

[1
63

]

R
G

C
-5

ce
lls

ex
po

se
d

to
H

2O
2

Pr
ot

ec
te

d
R

G
C

s
fr

om
ap

op
to

si
s

En
ha

nc
ed

ce
ll

vi
ab

ili
ty

-
-

D
ec

re
as

ed
LD

H
re

le
as

e
D

ec
re

as
ed

R
O

S
le

ve
ls

In
cr

ea
se

d
Δ

Ψ
m

D
ow

nr
eg

ul
at

ed
Ba

x
an

d
cy

to
ch

ro
m

e
c

pr
ot

ei
n

ex
pr

es
si

on
s

Pr
om

ot
ed

Bc
l-

2
pr

ot
ei

n
ex

pr
es

si
on

A
ct

iv
at

ed
N

F-
κ

B

[1
64

]

C
.s

at
iv

us
—

C
ro

ce
ti

n
M

ou
se

N
M

D
A

-i
nd

uc
ed

re
ti

na
l

in
ju

ry
m

od
el

In
cr

ea
se

d
G

C
L

de
ns

it
y

-
-

R
ed

uc
ed

T
U

N
EL

-p
os

it
iv

e
ce

lls
In

hi
bi

te
d

ac
ti

va
te

d
ca

sp
as

e-
3/

-7
In

cr
ea

se
d

cl
ea

ve
d

ca
sp

sa
se

-3
ex

pr
es

si
on

[1
65

]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
In

cr
ea

se
d

G
C

L
de

ns
it

y
R

ed
uc

ed
IN

L
th

in
ni

ng
-

-
D

ec
re

as
ed

T
U

N
EL

-p
os

it
iv

e
ce

lls
an

d
8-

O
H

dG
-p

os
it

iv
e

ce
lls

D
ec

re
as

ed
ph

os
ph

or
yl

at
io

n
le

ve
ls

of
p3

8,
JN

K
,N

F-
κ

B
an

d
c-

Ju
n

[1
66

]

C
ur

cu
m

in
BV

-2
ce

lls
ex

po
se

d
to

H
2O

2
-

-
-

In
cr

ea
se

d
ce

ll
vi

ab
ili

ty
D

ec
re

as
ed

R
O

S
an

d
ap

op
to

si
s

D
ow

nr
eg

ul
at

ed
ca

sp
as

e-
3,

cy
to

ch
ro

m
e

c
an

d
Ba

x
U

pr
eg

ul
at

ed
Bc

l-
2

[1
69

]

R
at

ep
is

cl
er

al
ve

in
ca

ut
er

iz
at

io
n

Pr
ev

en
te

d
R

G
C

lo
ss

-
-

D
ow

nr
eg

ul
at

ed
ca

sp
as

e-
3,

cy
to

ch
ro

m
e

c
an

d
Ba

x
U

pr
eg

ul
at

ed
Bc

l-
2

[1
69

]

Ex
vi

vo
op

ti
c

ne
rv

e
cu

tm
od

el
In

cr
ea

se
d

R
G

C
su

rv
iv

al
Pr

es
er

ve
d

re
ti

na
lt

hi
ck

ne
ss

Pr
ev

en
te

d
al

te
ra

tio
ns

in
ap

op
to

tic
ca

sc
ad

es
an

d
M

A
PK

an
d

SU
M

O
-1

pa
th

w
ay

s
[1

70
]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
-

-
-

Pr
ev

en
te

d
re

ti
na

ld
am

ag
e

[1
71

]
R

at
re

ti
na

lI
/R

in
ju

ry
m

od
el

In
hi

bi
te

d
G

C
L

ce
ll

lo
ss

R
ed

uc
ed

ce
ll

ap
op

to
si

s
In

hi
bi

te
d

re
ti

na
lc

ap
ill

ar
y

de
ge

ne
ra

ti
on

In
hi

bi
te

d
up

re
gu

la
ti

on
of

M
C

P-
1,

IK
K
α

,
p-

Iκ
Bα

an
d

p-
ST

A
T

3
(T

yr
),

an
d

do
w

nr
eg

ul
at

io
n

of
β

-t
ub

ul
in

II

[1
72

]

157



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

Pr
im

ar
y

po
rc

in
e

TM
ce

lls
ex

po
se

d
to

H
2O

2

-
-

-
Pr

ev
en

te
d

ce
ll

de
at

h
R

ed
uc

ed
R

O
S

pr
od

uc
ti

on
In

hi
bi

te
d

pr
o-

in
fla

m
m

at
or

y
fa

ct
or

s
(I

L-
6,

-1
α

an
d

-8
an

d
EL

A
M

-1
)

D
ec

re
as

ed
SA

-β
-g

al
ac

ti
vi

ty
R

ed
uc

ed
ca

rb
on

yl
at

ed
pr

ot
ei

ns
an

d
ap

op
to

ti
c

ce
ll

nu
m

be
rs

[1
73

]

Pr
im

ar
y

po
rc

in
e

TM
ce

lls
ex

po
se

d
to

H
2O

2

-
-

-
R

ed
uc

ed
R

O
S

le
ve

l
R

ed
uc

ed
ap

op
to

si
s

U
pr

eg
ul

at
ed

Bc
l-

2
D

ow
nr

eg
ul

at
ed

Ba
x

an
d

ac
ti

va
te

d
ca

sp
as

e-
3

le
ve

ls
R

ed
uc

ed
N

rf
2,

H
O

-1
an

d
N

Q
O

1
ex

pr
es

si
on

s
In

cr
ea

se
d

K
ea

p1
ex

pr
es

si
on

[1
74

]

R
at

pa
rt

ia
lo

pt
ic

ne
rv

e
tr

an
se

ct
io

n
m

od
el

Im
pr

ov
ed

R
G

C
de

ns
it

y
ra

ti
o

N
o

ef
fe

ct
-

-
[2

58
]

H
um

an
TM

ce
lls

ex
po

se
d

to
H

2O
2

-
-

-
R

ed
uc

ed
TN

F
an

d
IL

-1
α

an
d

-6
ex

pr
es

si
on

R
ed

uc
ed

m
it

oc
ho

nd
ri

al
R

O
S

pr
od

uc
ti

on
R

ed
uc

ed
cl

ea
ve

d
ca

sp
as

e-
3

pr
ot

ei
ns

R
ed

uc
ed

T
U

N
EL

-p
os

it
iv

e
ce

lls

[2
59

]

G
re

en
te

a
R

at
re

ti
na

lI
/R

in
ju

ry
m

od
el

In
cr

ea
se

d
R

G
C

nu
m

be
rs

R
ed

uc
ed

ap
op

to
ti

c
R

G
C

s
-

-
R

ed
uc

ed
ac

tiv
at

ed
ca

sp
as

e-
3

an
d

-8
,S

O
D

2
an

d
in

fla
m

m
at

io
n-

re
la

te
d

pr
ot

ei
ns

ex
pr

es
si

on
s

R
ed

uc
ed

p3
8

ph
os

ph
or

yl
at

io
n

En
ha

nc
ed

JA
K

ph
os

ph
or

yl
at

io
n

[1
76

]

R
at

LP
S-

in
du

ce
d

re
ti

na
l

in
fla

m
m

at
io

n
m

od
el

-
-

-
Su

pp
re

ss
ed

ac
tiv

at
ed

m
ic

ro
gl

ia
,a

st
ro

cy
te

s
an

d
M

ül
le

r
gl

ia
R

ed
uc

ed
pr

o-
in

fla
m

m
at

or
y

cy
to

ki
ne

ex
pr

es
si

on
s

(I
L-

1β
an

d
-6

an
d

T
N

F-
α

in
re

ti
na

an
d

vi
tr

eo
us

hu
m

or
)

[1
77

]

G
re

en
te

a—
EG

C
G

R
at

sa
lin

e-
in

du
ce

d
ac

ut
e

O
H

T
m

od
el

-
-

-
D

ec
re

as
ed

in
fla

m
m

at
io

n-
as

so
ci

at
ed

cy
to

ki
ne

le
ve

ls
D

ec
re

as
ed

th
e

pr
ol

if
er

at
io

n
ra

te
of

T
ly

m
ph

oc
yt

e
ce

lls
R

ed
uc

ed
Iκ

Bα
an

d
p6

5
ph

os
ph

or
yl

at
io

n

[1
79

]

M
ou

se
m

ic
ro

be
ad

-i
nd

uc
ed

O
H

T
m

od
el

In
cr

ea
se

d
R

G
C

nu
m

be
rs

N
o

ef
fe

ct
-

-
[1

80
]

R
at

op
ti

c
ne

rv
e

cr
us

h
m

od
el

In
cr

ea
se

R
G

C
de

ns
it

y
-

-
In

cr
ea

se
d

N
F-

L
pr

ot
ei

n
ex

pr
es

si
on

[1
81

]
R

ab
bi

tr
et

in
al

I/
R

in
ju

ry
m

od
el

Pr
es

er
ve

d
or

ga
ni

za
ti

on
of

G
C

L,
IP

L
an

d
IN

L
-

-
R

ed
uc

ed
re

ti
na

lg
lio

si
s

R
ed

uc
ed

M
D

A
le

ve
l

[1
82

]

158



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

R
at

N
M

D
A

-i
nd

uc
ed

ex
ci

to
to

xi
ci

ty
m

od
el

In
cr

ea
se

d
G

C
L

ce
ll

de
ns

it
y

-
-

-
[1

83
]

G
in

se
ng

R
at

op
ti

c
ne

rv
e

cr
us

h
in

ju
ry

m
od

el
In

cr
ea

se
d

ce
ll

su
rv

iv
al

R
ed

uc
ed

ce
ll

ap
op

to
si

s
-

-
In

cr
ea

se
d

Bc
l-

2/
Ba

x
pr

ot
ei

n
ra

ti
o

D
ec

re
as

ed
c-

Ju
n,

P-
c-

Ju
n

an
d

P-
JN

K
pr

ot
ei

n
ex

pr
es

si
on

s

[1
90

]

R
ab

bi
tu

lt
ra

so
un

d-
ta

rg
et

ed
m

ic
ro

bu
bb

le
op

ti
c

ne
rv

e
in

ju
ry

m
od

el

R
ed

uc
ed

R
G

C
da

m
ag

e
R

ed
uc

ed
IO

P
-

R
ed

uc
ed

ox
id

at
iv

e
st

re
ss

le
ve

l
R

ed
uc

ed
M

D
A

an
d

N
O

le
ve

ls
In

cr
ea

se
d

SO
D

le
ve

l

[1
91

]

R
G

C
-5

ce
lls

ex
po

se
d

to
C

oC
l 2

or
H

2O
2

R
ed

uc
ed

ce
ll

ap
op

to
si

s
-

-
R

ed
uc

ed
cl

ea
ve

d
ca

sp
as

e-
3

an
d

-9
ex

pr
es

si
on

s
[1

92
]

M
ar

iju
an

a—
Δ

9 -T
H

C
N

or
m

al
do

gs
-

R
ed

uc
ed

IO
P

-
N

o
ef

fe
ct

on
aq

ue
ou

s
hu

m
or

flo
w

ra
te

[1
97

]

N
or

m
al

ra
bb

it
-

R
ed

uc
ed

IO
P

-
-

[1
98

]

M
ar

iju
an

a—
Δ

8 -T
H

C
R

ab
bi

tc
hy

m
ot

ry
ps

in
-i

nd
uc

ed
O

H
T

m
od

el
-

R
ed

uc
ed

IO
P

-
-

[1
99

]

M
ar

iju
an

a
R

at
re

ti
na

lI
/R

in
ju

ry
m

od
el

R
ed

uc
ed

R
G

C
da

m
ag

e
-

-
-

[2
01

]

A
nt

ho
cy

an
in

s
R

G
C

-5
ce

lls
ex

po
se

d
to

H
2O

2
In

cr
ea

se
d

su
rv

iv
al

ra
te

-
-

-
[2

07
]

M
ou

se
op

ti
c

ne
rv

e
cr

us
h

m
od

el
In

cr
ea

se
d

su
rv

iv
al

ra
te

-
-

In
cr

ea
se

d
G

rp
78

an
d

G
rp

94
le

ve
ls

[2
08

]

R
es

ve
ra

tr
ol

G
la

uc
om

at
ou

s
hu

m
an

TM
ce

lls
-

-
-

In
cr

ea
se

d
eN

O
S

an
d

N
O

le
ve

ls
D

ec
re

as
ed

iN
O

S
ex

pr
es

si
on

s
In

cr
ea

se
d

IL
-1
α

le
ve

lw
it

h
lo

w
do

se
D

ec
re

as
ed

IL
-1
α

le
ve

lw
it

h
hi

gh
do

se

[2
11

]

R
at

hy
al

ur
on

ic
ac

id
-i

nd
uc

ed
ch

ro
ni

c
O

H
T

m
od

el
Pr

es
er

ve
d

R
G

C
nu

m
be

rs
N

o
ef

fe
ct

-
-

[2
12

]

M
ou

se
m

ic
ro

be
ad

-i
nd

uc
ed

O
H

T
m

od
el

Pr
es

er
ve

d
R

G
C

nu
m

be
rs

-
-

D
ec

re
as

ed
R

O
S

ge
ne

ra
ti

on
an

d
ac

et
yl

-p
53

ex
pr

es
si

on
U

pr
eg

ul
at

ed
BD

N
F

an
d

Tr
kB

ex
pr

es
si

on
s

[2
13

]

R
G

C
-5

ce
lls

ex
po

se
d

to
H

2O
2

In
cr

ea
se

d
ce

ll
vi

ab
ili

ty
-

-
R

ed
uc

ed
ex

pr
es

si
on

s
of

cl
ea

ve
d

ca
sp

as
e-

3
an

d
-9

R
ed

uc
ed

R
O

S
pr

od
uc

ti
on

R
ed

uc
ed

lo
ss

of
m

it
oc

ho
nd

ri
al

m
em

br
an

e
po

te
nt

ia
la

nd
p-

p3
8,

p-
ER

K
an

d
p-

JN
K

ex
pr

es
si

on
s

Pr
om

ot
ed

SO
D

,C
A

T
an

d
G

SH
ac

ti
vi

ti
es

[2
14

]

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

A
m

el
io

ra
te

d
re

ti
na

l
th

ic
kn

es
s

da
m

ag
e

In
cr

ea
se

d
R

G
C

nu
m

be
rs

-
-

D
ow

nr
eg

ul
at

ed
m

it
oc

ho
nd

ri
al

ap
op

to
si

s-
re

la
te

d
pr

ot
ei

ns
(B

ax
an

d
cl

ea
ve

d
ca

sp
as

e-
3)

In
cr

ea
se

d
Bc

l-
2

ex
pr

es
si

on

[2
15

]

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

R
ed

uc
ed

R
G

C
lo

ss
R

ed
uc

ed
re

ti
na

ld
am

ag
e

-
-

R
ed

uc
ed

TU
N

EL
st

ai
ni

ng
R

ed
uc

ed
Ba

x
an

d
cl

ea
ve

d
ca

sp
as

e-
3

le
ve

ls
[2

16
]

159



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

R
ed

uc
ed

R
G

C
lo

ss
-

-
R

ed
uc

ed
Bc

l-
2,

Ba
x,

ca
sp

as
e-

3,
G

FA
P,

C
O

X
-2

an
d

iN
O

S
ex

pr
es

si
on

s
[2

17
]

R
at

su
pe

rp
ar

am
ag

ne
ti

c
ir

on
ox

id
e-

in
du

ce
d

ch
ro

ni
c

O
H

T
m

od
el

N
o

ef
fe

ct
on

G
C

L
de

ns
it

y
D

ec
re

as
ed

ce
ll

ap
op

to
si

s
N

o
ef

fe
ct

-
Im

pr
ov

ed
re

ti
na

lm
or

ph
ol

og
y

Im
pr

ov
ed

ex
pr

es
si

on
s

of
pr

ot
ei

ns
in

vo
lv

ed
in

m
ito

ch
on

dr
ia

lb
io

ge
ne

si
s

an
d

dy
na

m
ic

s

[2
18

]

R
G

C
-5

ce
lls

ex
po

se
d

to
el

ev
at

ed
pr

es
su

re
D

ec
re

as
ed

ce
ll

ap
op

to
si

s
-

-
D

ec
re

as
ed

m
it

oc
ho

nd
ri

al
m

em
br

an
e

po
te

nt
ia

ld
ep

ol
ar

iz
at

io
n

D
ec

re
as

ed
R

O
S

pr
od

uc
ti

on
U

pr
eg

ul
at

ed
ex

pr
es

si
on

s
of

pr
ot

ei
ns

in
vo

lv
ed

in
m

it
oc

ho
nd

ri
al

bi
og

en
es

is
an

d
dy

na
m

ic
s

[2
18

]

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

D
ec

re
as

ed
ce

ll
ap

op
to

si
s

R
es

to
re

d
re

ti
na

th
ic

kn
es

s
In

cr
ea

se
d

O
pa

1
ex

pr
es

si
on

,a
nd

lo
ng

O
pa

1
is

of
or

m
-t

o-
sh

or
tO

pa
1

is
of

or
m

ra
ti

os
[2

19
]

N
or

m
al

ra
bb

it
-

R
ed

uc
ed

IO
P

-
-

[2
60

]

H
es

pe
ri

di
n

R
at

de
xt

ro
se

-o
r

pr
ed

ni
so

lo
ne

ac
et

at
e-

in
du

ce
d

O
H

T
m

od
el

-
R

ed
uc

ed
IO

P
-

In
cr

ea
se

d
gl

ut
at

hi
on

e
R

ed
uc

ed
m

or
ph

ol
og

ic
al

al
te

ra
ti

on
in

ci
lia

ry
bo

di
es

[2
23

]

M
ou

se
N

M
D

A
-i

nd
uc

ed
re

ti
na

l
in

ju
ry

m
od

el
-

-
-

R
ed

uc
ed

in
fla

m
m

at
or

y
cy

to
ki

ne
(T

N
F-
α

,
IL

-1
b

an
d

-6
an

d
M

C
P-

1)
ex

pr
es

si
on

s
[2

24
]

M
ou

se
N

M
D

A
-i

nd
uc

ed
re

ti
na

l
in

ju
ry

m
od

el
Pr

ev
en

te
d

re
du

ct
io

ns
in

R
G

C
m

ar
ke

rs
Pr

ev
en

te
d

R
G

C
de

at
h

-
-

R
ed

uc
ed

ca
lp

ai
n

ac
ti

va
ti

on
,R

O
S

ge
ne

ra
ti

on
an

d
T

N
F-
α

ge
ne

ex
pr

es
si

on
Im

pr
ov

ed
el

ec
tr

op
hy

si
ol

og
ic

al
fu

nc
ti

on
an

d
vi

su
al

fu
nc

ti
on

[2
25

]

R
at

hy
po

ba
ri

c
hy

po
xi

a-
in

du
ce

d
re

ti
na

li
nj

ur
y

m
od

el
-

-
-

En
ha

nc
ed

N
rf

2
an

d
H

O
-1

ac
ti

va
ti

on
A

tt
en

ua
te

d
ap

op
to

ti
c

ca
sp

as
e

le
ve

ls
R

ed
uc

ed
Ba

x
an

d
pr

es
er

ve
d

Bc
l-

2
ex

pr
es

si
on

s
D

ow
nr

eg
ul

at
ed

PA
R

P1
ex

pr
es

si
on

U
pr

eg
ul

at
ed

C
N

T
F

ex
pr

es
si

on

[2
26

]

C
af

fe
in

e
R

at
la

se
r-

in
du

ce
d

O
H

T
m

od
el

In
cr

ea
se

d
su

rv
iv

al
ra

te
R

ed
uc

ed
IO

P
-

D
ow

nr
eg

ul
at

ed
T

N
F

an
d

IL
-1
β

m
R

N
A

an
d

pr
ot

ei
n

le
ve

ls
Su

pp
re

ss
ed

m
ic

ro
gl

ia
ac

ti
va

ti
on

(d
ow

nr
eg

ul
at

ed
M

H
C

-I
I,

T
SP

O
,C

D
11

b
an

d
T

R
EM

2
ex

pr
es

si
on

s)

[2
34

]

R
at

re
ti

na
lI

/R
in

ju
ry

m
od

el
-

-
-

R
ed

uc
ed

m
ic

ro
gl

ia
la

ct
iv

at
io

n
at

7
da

ys
po

st
-i

nj
ur

y
(r

ed
uc

ed
Ib

a1
an

d
M

H
C

-I
I

ce
lls

;r
ed

uc
ed

T
SP

O
an

d
M

H
C

-I
I

m
R

N
A

le
ve

ls
)

R
ed

uc
ed

T
U

N
EL

-p
os

it
iv

e
ce

lls

[2
35

]

160



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

H
um

an
re

ti
na

lp
ig

m
en

te
pi

th
el

ia
l

ce
lls

ex
po

se
d

to
LP

S
-

-
-

R
ed

uc
ed

LP
S-

in
du

ce
d

in
fla

m
m

at
or

y
cy

to
ki

ne
s

(T
N

F-
α

,I
L-

1β
an

d
-6

)
R

es
to

re
d

BD
N

F
ex

pr
es

si
on

R
ed

uc
ed

p-
N

F-
κ

B
p6

5
nu

cl
ea

r
tr

an
sl

oc
at

io
n

R
es

to
re

d
bl

oo
d–

re
ti

na
lb

ar
ri

er
(i

nc
re

as
ed

tr
an

se
pi

th
el

ia
le

le
ct

ri
ca

lr
es

is
ta

nc
e

va
lu

e
an

d
Z

O
-1

ti
gh

tj
un

ct
io

n
ex

pr
es

si
on

)

[2
36

]

M
ou

se
re

ti
na

lI
/R

in
ju

ry
m

od
el

-
-

-
In

cr
ea

se
d

PE
R

G
am

pl
it

ud
e

R
ed

uc
ed

IL
-6

m
R

N
A

ex
pr

es
si

on
In

cr
ea

se
d

BD
N

F
m

R
N

A
ex

pr
es

si
on

[2
36

]

C
oe

nz
ym

e
Q

10
M

ou
se

re
ti

na
li

sc
he

m
ia

m
od

el
Pr

om
ot

ed
R

G
C

su
rv

iv
al

-
-

Pr
ev

en
te

d
up

re
gu

la
ti

on
of

SO
D

2
an

d
H

O
-1

pr
ot

ei
n

ex
pr

es
si

on
Bl

oc
ke

d
ac

ti
va

ti
on

of
as

tr
oc

yt
es

an
d

m
ic

ro
gl

ia
lc

el
ls

Bl
oc

ke
d

ap
op

to
si

s
by

de
cr

ea
si

ng
ca

sp
as

e-
3

pr
ot

ei
n

ex
pr

es
si

on
D

ec
re

as
ed

Ba
x

pr
ot

ei
n

ex
pr

es
si

on
Pr

es
er

ve
d

T
fa

m
pr

ot
ei

n
ex

pr
es

si
on

[2
39

]

D
2-

G
pn

m
b+

m
ic

e
Pr

om
ot

ed
R

G
C

su
rv

iv
al

-
-

Pr
es

er
ve

d
ax

on
s

in
th

e
O

N
H

In
hi

bi
te

d
as

tr
oc

yt
es

ac
ti

va
ti

on
Bl

oc
ke

d
th

e
up

re
gu

la
ti

on
of

N
R

1,
N

R
2A

,
SO

D
2

an
d

H
O

1
pr

ot
ei

n
ex

pr
es

si
on

s
D

ec
re

as
ed

Ba
x

pr
ot

ei
n

ex
pr

es
si

on
Pr

es
er

ve
d

m
tD

N
A

co
nt

en
ta

nd
T

fa
m

/O
X

PH
O

S
co

m
pl

ex
IV

pr
ot

ei
n

ex
pr

es
si

on
s

[2
40

]

R
at

ch
ro

ni
c

O
H

T
m

od
el

Pr
ev

en
te

d
R

G
C

ap
op

to
si

s
an

d
R

G
C

lo
ss

N
o

ef
fe

ct
-

-
[2

41
]

R
at

m
ec

ha
ni

c
op

ti
c

ne
rv

e
in

ju
ry

m
od

el
In

cr
ea

se
d

R
G

C
nu

m
be

rs
-

-
R

ed
uc

ed
ac

ti
va

ti
on

of
as

tr
og

lia
an

d
m

ic
ro

gl
ia

lc
el

ls
In

cr
ea

se
d

Bc
l-

xL
pr

ot
ei

n
ex

pr
es

si
on

[2
43

]

V
it

am
in

B 3
D

2-
G

pn
m

b+
m

ou
se

Pr
ev

en
te

d
R

G
C

lo
ss

Pr
ev

en
te

d
R

N
FL

th
in

ni
ng

R
ed

uc
ed

IO
P

at
hi

gh
do

se
-

Pr
ev

en
te

d
th

e
de

cl
in

e
in

N
A

D
le

ve
ls

R
ed

uc
ed

in
ci

de
nc

e
of

op
ti

c
ne

rv
e

de
ge

ne
ra

ti
on

Im
pr

ov
ed

PE
R

G
am

pl
it

ud
e

In
hi

bi
te

d
fo

rm
at

io
n

of
dy

sf
un

ct
io

na
lm

it
oc

ho
nd

ri
a

D
ec

re
as

ed
PA

R
P

ac
ti

va
ti

on
R

ed
uc

ed
D

N
A

da
m

ag
e

R
ed

uc
ed

H
IF

-1
α

tr
an

sc
ri

pt
io

na
li

nd
uc

ti
on

[2
47

]

D
2

m
ou

se
In

cr
ea

se
d

R
G

C
de

ns
it

y
-

-
In

cr
ea

se
d

F-
PE

R
G

ad
ap

ta
ti

on
[2

48
]

161



N
ut

ri
en

ts
2

0
2

2
,1

4,
53

4

T
a

b
le

3
.

C
on

t.

N
a

tu
ra

l
P

ro
d

u
ct

s
M

o
d

e
l

R
G

C
IO

P
O

cu
la

r
V

a
sc

u
la

ti
o

n
O

th
e

r
F

in
d

in
g

s
R

e
fe

re
n

ce
s

V
it

am
in

D
N

or
m

al
m

on
ke

ys
-

R
ed

uc
ed

IO
P

-
-

[2
53

]
D

2
m

ou
se

R
ed

uc
ed

R
G

C
de

at
h

-
-

Im
pr

ov
ed

PE
R

G
an

d
FE

R
G

am
pl

it
ud

es
In

cr
ea

se
d

ne
ur

op
ro

te
ct

iv
e

fa
ct

or
(B

D
N

F,
V

EG
F-

A
an

d
Pl

G
F)

m
R

N
A

le
ve

ls
D

ec
re

as
ed

m
ic

ro
gl

ia
la

nd
as

tr
oc

yt
e

ac
ti

va
ti

on
D

ec
re

as
ed

in
fla

m
m

at
or

y
cy

to
ki

ne
(I

L-
1β

,
-6

,I
FN

-γ
an

d
C

C
L-

3)
ex

pr
es

si
on

s
D

ec
re

as
ed

N
F-
κ

B
ac

ti
va

ti
on

[2
54

]

V
it

am
in

E
R

at
ep

is
cl

er
al

ve
in

ca
ut

er
iz

at
io

n
N

o
ef

fe
ct

N
o

ef
fe

ct
-

In
cr

ea
se

d
se

ru
m

vi
ta

m
in

E
le

ve
l

[2
55

]
R

at
op

ti
c

ne
rv

e
cr

us
h

m
od

el
Pr

es
er

ve
d

R
G

C
nu

m
be

rs
-

-
-

[2
56

]

Δ
9 -T

H
C

,Δ
-9

-t
et

ra
hy

dr
oc

an
na

bi
no

l;
A
β

,a
m

yl
oi

d
be

ta
;A

G
E,

ad
va

nc
ed

gl
yc

at
io

n
en

d
pr

od
uc

ts
;A

N
G

PT
L7

,a
ng

io
po

ie
ti

n-
lik

e
pr

ot
ei

n
7;

A
PP

,a
m

yl
oi

d
pr

ec
ur

so
r

pr
ot

ei
n;

A
SC

,c
as

pa
se

re
cr

ui
tm

en
td

om
ai

n;
B

ax
,B

cl
-2

-l
ik

e
pr

ot
ei

n
4;

B
cl

-2
,B

ce
ll

ly
m

ph
om

a
2;

C
A

T,
ca

ta
la

se
;C

N
T

F,
ci

lia
ry

ne
ur

ot
ro

ph
ic

fa
ct

or
;C

O
X

-2
,c

yc
lo

ox
yg

en
as

e;
D

2,
D

B
A

/
2J

;E
L

A
M

-1
,e

nd
ot

he
lia

l
le

uc
oc

yt
e

ad
he

si
on

m
ol

ec
ul

e-
1;

eN
O

S,
en

do
th

el
ia

ln
itr

ic
ox

id
e

sy
nt

ha
se

;E
T-

1,
en

do
th

el
in

-1
;F

-V
EP

,fl
as

h
vi

su
al

ev
ok

ed
po

te
nt

ia
ls

;G
C

L,
ga

ng
lio

n
ce

ll
la

ye
r;

G
PX

,g
lu

ta
th

io
ne

pe
ro

xi
da

se
;

G
SH

,g
lu

ta
th

io
ne

;H
IF

-1
α

,h
yp

ox
ia

-i
nd

u
ci

bl
e

fa
ct

or
-1
α

;H
O

-1
,h

em
e

ox
yg

en
as

e-
1;

IG
F-

1,
in

su
lin

-l
ik

e
gr

ow
th

fa
ct

or
1;

IL
,i

nt
er

le
u

ki
n;

iN
O

S,
in

d
u

ci
bl

e
ni

tr
ic

ox
id

e
sy

nt
ha

se
;I

R
L

,
in

su
lin

re
ce

pt
or

-l
ik

e;
L

D
H

,l
ac

ta
te

d
eh

yd
ro

ge
na

se
;L

PS
,l

ip
op

ol
ys

ac
ch

ar
id

e;
M

C
P-

1,
m

on
oc

yt
e

ch
em

oa
tt

ra
ct

an
tp

ro
te

in
-1

;M
D

A
,m

al
on

d
ia

ld
eh

yd
e;

M
H

C
-I

I,
m

aj
or

hi
st

oc
om

pa
ti

bi
lit

y
co

m
p

le
x

cl
as

s
II

;M
M

P,
m

et
al

lo
p

ro
te

in
as

e;
N

F-
κ

B
,n

u
cl

ea
r

fa
ct

or
-k

ap
p

a
B

;N
F-

L
,n

eu
ro

fi
la

m
en

t
lig

ht
ch

ai
n;

N
L

R
P

3,
N

O
D

-,
L

R
R

-
an

d
p

yr
in

d
om

ai
n-

co
nt

ai
ni

ng
p

ro
te

in
3;

N
M

D
A

,
N

-m
et

hy
l-

d-
as

pa
rt

at
e;

N
rf

,n
uc

le
ar

fa
ct

or
er

yt
hr

oi
d

2-
re

la
te

d
fa

ct
or

;N
Q

O
1,

N
A

D
(P

)H
:q

ui
no

ne
ox

id
or

ed
uc

ta
se

;O
H

T;
oc

ul
ar

hy
pe

rt
en

si
on

;O
N

H
,o

pt
ic

ne
rv

e
he

ad
;O

PA
1,

op
tic

at
ro

ph
y

1;
O

X
PH

O
S,

ox
id

at
iv

e
ph

os
ph

or
yl

at
io

n;
PA

R
P1

,p
ol

y
[A

D
P-

ri
bo

se
]p

ol
ym

er
as

e
1;

PE
R

G
,p

at
te

rn
el

ec
tr

or
et

in
og

ra
m

;P
hN

R
,p

ho
to

pi
c

ne
ga

ti
ve

re
sp

on
se

;P
lG

F,
pl

ac
en

ta
lg

ro
w

th
fa

ct
or

;
R

O
S,

re
ac

ti
ve

ox
yg

en
sp

ec
ie

s;
R

A
G

E
,r

ec
ep

to
r

fo
r

ad
va

nc
ed

gl
yc

at
io

n
en

d
p

ro
d

u
ct

s;
R

G
C

,r
et

in
al

ga
ng

lio
n

ce
ll;

R
N

FL
,r

et
in

al
ne

rv
e

fi
be

r
la

ye
r;

sG
C
α

-1
,s

ol
u

bl
e

gu
an

yl
at

e
cy

cl
as

e
α

1;
SO

D
,s

u
pe

ro
xi

d
e

d
is

m
u

ta
se

;T
-A

O
C

,t
ot

al
an

ti
ox

id
an

tc
ap

ac
it

y
co

lo
ri

m
et

ri
c;

T
N

F-
α

,t
u

m
or

ne
cr

os
is

fa
ct

or
-a

lp
ha

;T
G

F-
β

,t
ra

ns
fo

rm
in

g
gr

ow
th

fa
ct

or
-b

et
a;

T
fa

m
,m

it
oc

ho
nd

ri
al

tr
an

sc
ri

pt
io

n
fa

ct
or

A
;T

R
EM

2,
tr

ig
ge

ri
ng

re
ce

pt
or

ex
pr

es
se

d
on

m
ye

lo
id

ce
lls

2;
TS

PO
,t

ra
ns

lo
ca

to
r

pr
ot

ei
n

(1
8

kD
a)

;V
EG

F,
va

sc
ul

ar
en

do
th

el
ia

lg
ro

w
th

fa
ct

or
.

162



Nutrients 2022, 14, 534

5. Challenges for Natural Product Application in Glaucoma Treatment

The WHO has defined guidelines for evaluating the safety and efficacy of natural
products, which is important to further supporting the use of CAM in the healthcare sys-
tem [261]. This guideline provides general principles for both preclinical and clinical studies
on evaluating herbal medicines, i.e., quality and preparation of plant materials, and general
pharmacological, pharmacodynamic and toxicological analyses. Although the use of crude
extracts from whole plants or a particular part of any herbal plant proves to be useful in
the treatment of glaucoma, as described in this review, the identification and isolation of an
active phytochemical may also be important, especially in the drug development process.
Crude extracts contain a wide range of phytochemicals that may work synergistically or
individually to provide a polypharmacy effect in the treatment of glaucoma [262]. Similarly,
several studies have reported the use of a mixture of molecules to be effective in reducing
IOP in POAG patients. Researchers may have difficulty in identifying the exact mechanism
or compound responsible for such findings. For instance, oral administration of two tablets
per day of a food supplement containing 150 mg of C. forskohlii extract (containing 15 mg
forskolin), 200 mg of rutin, 0.7 mg of vitamin B1 and 0.8 mg of vitamin B2 for 30 days
contributed to reducing IOP in POAG patients [263]. The same supplementation has also
been shown to reduce ocular discomfort in POAG patients due to chronic use of multi-dose
eye drops containing preservatives [264], and to prevent IOP spikes after neodymium:YAG
laser iridotomy in patients at risk of POAG [265]. Additionally, supplementation with
tablets containing C. forskohlii extract, homotaurine, carnosine, folic acid, vitamins of the
B group and magnesium in POAG patients compensated by IOP-lowering drugs during
a period of 12 months showed a significant further decrease in IOP and an improvement
in the pattern electroretinogram amplitude at 6, 9 and 12 months, and foveal sensitivity
at 12 months [266]. In another study, daily intake of a similar supplement for 4 months
showed a decrease in IOP, improved light sensitivity and contrast sensitivity and a better
quality of life in POAG patients [267]. Additionally, supplementation with French maritime
pine bark/bilberry fruit extracts rich in anthocyanins to POAG patients for 4 weeks showed
a reduced IOP [268].

Numerous eye drops of various classes, such as prostaglandin analogs, beta blockers,
carbonic anhydrase inhibitors, adrenergic agonists, miotics and hyperosmotic agents, are
often preferred over surgeries for the treatment of glaucoma [269]. One of the major
issues in glaucoma treatment is patients’ noncompliance, due to improper techniques of
administering eye drops [270]. Another major issue is poor drug bioavailability across
the blood–retinal barrier, limited retention capacity of the cul-de-sac (usually 7–10 μL,
maximum 50 μL), rapid drainage of the medication caused by gravity and washout by
tearing or through the nasolacrimal duct [271]. The use of various nanoformulations such as
nanoparticles, nanoemulsions and nano lipid vesicles to transport phytochemicals may be
able to increase the bioavailability of the drugs to the eye. For instance, baicalein loaded in
trimethyl chitosan nanoparticles showed a longer pre-ocular retention time and improved
baicalein bioavailability, compared to baicalein solution [272]. Davis et al. [258] reported the
use of a curcumin-loaded nanocarrier formulation using D-α-tocopherol polyethene glycol
1000 succinate nanoparticles, with each particle measuring <20 nm in diameter. In an OHT
rat model, topical application of curcumin nanocarriers administered twice daily for three
weeks was shown to significantly reduce RGC loss, but not in the free curcumin treatment
group [258]. Additionally, the same study showed that curcumin nanocarriers protected
retinal cells against CoCl2-induced hypoxia and glutamate-induced toxicity in vitro, by
significantly increasing cell viability [258]. Similarly, a chitosan–gelatin-based hydrogel
containing curcumin-loaded nanoparticles decreased the inflammation (reduced expression
of TNF and IL-1α and -6, associated with downregulated mitochondrial ROS production)
and apoptosis levels (reduced TUNEL-positive cells and cleaved caspase-3 protein level) of
human TM cells exposed to H2O2-induced oxidative stress [259]. Apart from curcumin,
co-encapsulated resveratrol and quercetin in chitosan nanoparticles, and sodium alginate-
poly (vinyl alcohol) electrospun nanofibers of forskolin showed an efficient IOP reduction

163



Nutrients 2022, 14, 534

in adult normotensive rabbits [257,260]. These studies demonstrated that phytochemical
nanoformulations hold promising results, promoting their use as an alternative to existing
glaucoma eye drops in clinical practice.

Lastly, it is important to use a suitable methodology to address the objectives of a
study. Numerous studies used the Bcl-2/Bax ratio to imply that the therapeutic substance
influences the activation of the intrinsic apoptotic pathway in RGCs, as shown by the
numerous studies which have been reviewed here. However, the concept that both Bcl-2
and Bax expressions are in a stoichiometric 1:1 balance in cells reflects the old ‘rheostat’
model of the Bcl-2 family’s protein function, a hypothetical model that was debunked over
two decades ago when it was shown that a 1:1 interaction of these proteins was a laboratory
artifact [273,274]. Additionally, the predominant anti-apoptotic protein expressed in the
retinal cells, including the GCL, is the long form of Bcl-X (Bcl-XL), which was found to be
16 times more abundant than Bcl-2 [275]. Furthermore, it is even questionable whether Bcl-2
is expressed in adult RGCs and may, in fact, be limited to Müller cells in the retina [276].
Therefore, the reporting of the Bcl-2/Bax ratio may not be a suitable marker to imply
apoptosis in RGCs, and instead, the changes in Bcl-XL expression may correlate better with
RGC apoptosis.

6. Conclusions

One of the most common causes of vision loss is glaucoma. Recent data have gained
insight into glaucoma pathogenesis, which involves a complex interaction of LC cupping,
insufficient ocular blood supply, oxidative stress and neuroinflammation. The use of
natural products with antioxidant, anti-inflammatory and anti-apoptotic properties may
prove to be beneficial in the treatment of glaucoma. Furthermore, natural products are
easily available and are cost effective. Natural products have been shown to protect
against RGC loss in in vitro and in vivo preclinical studies, as well as in clinical trials. The
present review highlighted various natural products such as GBE, L. barbarum, D. kaki,
T. wilfordii, saffron, curcumin, anthocyanin, caffeine, coenzyme Q10 and vitamins B3, D and
E that confer neuroprotective effects on RGCs. Additionally, IOP has been shown to be
reduced by treatment with marijuana, baicalein, forskolin, ginsenoside, resveratrol and
hesperidin. GB, ginseng, anthocyanins and L. barbarum were reported to increase ocular
blood flow in glaucoma. Additionally, caffeine administration has been shown to reduce
IOP through its adenosine receptor antagonist properties. Although these may serve as
alternative targets for glaucoma treatment other than IOP-lowering drugs, more evidence
is required to warrant the recommendation of these novel targets. Admittedly, a few of
these natural products have had no or limited clinical testing, restricting their potential use
in the treatment of glaucoma. Nevertheless, it is important to ensure that the bioavailability
and safety of these natural products are checked in well-designed randomized clinical trials
to further determine their therapeutic potential in glaucoma.
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Abstract: Hyperuricemia, a lifestyle-related disease characterized by elevated serum urate levels, is
the main risk factor for gout; therefore, the serum urate-lowering effects of human diets or dietary
ingredients have attracted widespread interest. As Urate transporter 1 (URAT1) governs most urate
reabsorption from primary urine into blood, URAT1 inhibition helps decrease serum urate levels
by increasing the net renal urate excretion. In this study, we used a cell-based urate transport
assay to investigate the URAT1-inhibitory effects of 162 extracts of plant materials consumed by
humans. Among these, we focused on Aspalathus linearis, the source of rooibos tea, to explore its
active ingredients. Using liquid–liquid extraction with subsequent column chromatography, as
well as spectrometric analyses for chemical characterization, we identified quercetin as a URAT1
inhibitor. We also investigated the URAT1-inhibitory activities of 23 dietary ingredients including nine
flavanols, two flavanonols, two flavones, two isoflavonoids, eight chalcones, and a coumarin. Among
the tested authentic chemicals, fisetin and quercetin showed the strongest and second-strongest
URAT1-inhibitory activities, with IC50 values of 7.5 and 12.6 μM, respectively. Although these effects
of phytochemicals should be investigated further in human studies, our findings may provide new
clues for using nutraceuticals to promote health.

Keywords: SLC22A12; quercetin; fisetin; uricosuric activity; anti-hyperuricemia; functional food;
transporter; uric acid; health promotion; rooibos tea

1. Introduction

Hyperuricemia is a lifestyle-related disease with an increasing global prevalence [1].
Sustained elevation of serum urate is a major risk factor for developing gout [2], the most
common form of inflammatory arthritis. Therefore, serum urate management within
appropriate ranges is important for health care. In the human body, uric acid is the end-
product of purine metabolism because functional uricase (the urate-degrading enzyme)
is genetically lost [3]. Consequently, serum urate levels are determined by the balance
between the production and excretion of the urate—the predominant form of uric acid
under physiological pH conditions. The kidney is responsible for the daily elimination of
approximately two-thirds of urate [4]. However, the net proportion of urate secreted into
the urine is only 3–10% of the urate filtered by the renal glomerulus [5]. This is because
most of the filtered urate is re-absorbed from primary urine into the blood by renal proximal
tubular cells through the urate transporter 1 (URAT1)-mediated pathway [6]. Therefore,
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inhibition of this route increases the net urinary excretion of urate, resulting in decreased
serum urate.

URAT1, also known as SLC22A12, is a physiologically important renal urate re-
absorber; its dysfunction causes renal hypouricemia type 1 [6,7], a genetic disorder char-
acterized by impaired renal urate reabsorption, associated with extremely low serum
urate levels (serum urate ≤2 mg/dL [8,9]; normal range: 3.0 to 7.0 mg/dL). Among the
already identified urate reabsorption transporters that are expressed on the renal cell
apical membrane, URAT1 has the highest influence on serum urate levels. Accordingly,
in hyperuricemia, this urate transporter is considered a pharmacological target of some
anti-hyperuricemic agents that promote renal urate excretion. The uricosuric effect based
on URAT1 inhibition forms the mechanism of action for SUA-lowering drugs such as
benzbromarone [6] and lesinurad [10]. Based on this information, daily consumption of
food ingredients with URAT1-inhibitory activity may bring a beneficial effect on serum
urate management in individuals with high serum urate levels. Hence, the exploration of
URAT1-inhibitory ingredients in the human diet has received increasing attention. Pre-
viously, we and other groups have successfully identified food ingredients from Citrus
flavonoids [11], coumarins [12], wood pigments [13], and fatty acids [14]. As just described,
natural products are promising sources of URAT1-inhibitory compounds, encouraging us
to explore such ingredients in various ordinary plants purchased in the market.

We herein investigated the URAT1-inhibitory activities of 162 dietary plant products
employing a mammalian cell-based urate transport assay. Via screening plant extracts
followed by liquid–liquid extraction and column chromatography, we successfully iden-
tified quercetin, a flavonol, as a novel URAT1 inhibitor with a half-maximal inhibitory
concentration (IC50) of 12.6 μM from rooibos (Aspalathus linearis) leaves. Focusing on other
dietary flavonoids, we further investigated their effects on URAT1 function, and among
the tested compounds in this study, we identified fisetin as the strongest URAT1 inhibitory
ingredient with an IC50 of 7.5 μM. The experimental procedures described below and the
information obtained on URAT1-inhibitory activities in various plant extracts will be useful
for further identification of natural product-derived URAT1 inhibitors.

2. Materials and Methods

2.1. Materials and Resources

The critical materials and resources are summarized in Table 1. All other chemicals
were of analytical grade and were commercially available. All authentic chemicals were
re-dissolved in dimethyl sulfoxide (DMSO) (Nacalai Tesque, Kyoto, Japan). Each inhibition
assay was carried out with the same lot of the expression vector for URAT1 (URAT1 wild-
type inserted in pEGFP-C1) or mock (empty vector, i.e., pEGFP-C1), derived from our
previous study [14]. Urate transport assay (see below) using these vectors was used and
validated in previous studies [11,14,15]. The plant materials (Table A1) were purchased,
between July 2016 and July 2017, from local supermarkets in Shizuoka, Japan.

2.2. Preparation of Plant Ethanolic Extracts

Plant extracts were prepared as described in our previous studies [16,17], with some
modifications. In brief, after fruits were cleaned, the peels and pulps were separated
carefully. The fresh and dried materials (see Table A1) were chopped finely using a knife
and ground using a mill (Crush Millser IFM-C20Gb) (Iwatani, Tokyo, Japan), respectively.
In the next extraction step, the preprocessed plant material (approximately 50 g) was
immersed in 100 mL of ethanol, sonicated for 5 min, and stirred for 30 min at room
temperature, and the suspension was passed through a filter paper. Then, the filtrate was
evaporated and dissolved in methanol. The extract was dried, weighed, dissolved in DMSO
at 2 mg/mL (2000 ppm), and stored at −20 ◦C until use. Next, 5 μL of the resulting solution
was mixed with 245 μL of Cl−-free transport buffer (Buffer T2: 125 mM Na-gluconate,
25 mM HEPES, 5.6 mM D-glucose, 4.8 mM K-gluconate, 1.3 mM Ca-gluconate, 1.2 mM

178



Nutrients 2022, 14, 575

MgSO4, 1.2 mM KH2PO4, and pH 7.4), and this clear liquid (250 μL) was used for the urate
transport assay (final concentration: 20 ppm with 1% DMSO) as described below.

Table 1. Key resources.

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals
Clear-sol II Nacalai Tesque Cat# 09136-83
[8-14C]-Uric acid (53 mCi/mmol) American Radiolabeled Chemicals Cat# ARC0513
Dimethyl Sulfoxide Nacalai Tesque Cat# 13445-74; CAS: 67-68-5
Ethanol FUJIFILM Wako Pure Chemical 057-00451; CAS: 64-17-5
Methanol FUJIFILM Wako Pure Chemical 137-01823; CAS: 67-56-1
n-Hexane FUJIFILM Wako Pure Chemical 085-00416; CAS: 110-54-3
Ethyl acetate FUJIFILM Wako Pure Chemical 051-00356; CAS: 141-78-6
n-Buthanol FUJIFILM Wako Pure Chemical 026-03326; CAS: 71-36-3
Polyethelenimine “MAX” Polysciences Cat# 24765; CAS: 49553-93-7
2′-Hydroxychalcone Tokyo Chemical Industry Cat# H0385; CAS: 1214-47-7; Purity: >98%
3-Hydroxyflavone Tokyo Chemical Industry Cat# H0379; CAS: 577-85-5; Purity: ≥98%
4-Hydroxychalcone Tokyo Chemical Industry Cat# H0955; CAS: 20426-12-4; Purity: >96%
4′-Hydroxychalcone Tokyo Chemical Industry Cat# H0945; CAS: 2657-25-2; Purity: >95%
Aesculetin FUJIFILM Wako Pure Chemical Cat# A15393; CAS: 305-01-1; Purity: N/A
Apigenin FUJIFILM Wako Pure Chemical Cat# 016-18911; CAS: 520-36-5; Purity: ≥95%
Cardamonin R&D systems Cat# 2509/10; CAS: 19309-14-9; Purity: ≥98%
Daidzein FUJIFILM Wako Pure Chemical Cat# 043-28071; CAS: 486-66-8; Purity: ≥98%
Dihydromyricetin EXTRASYNTHESE Cat# 1351-10 mg; CAS: 27200-12-0; Purity: ≥95%
Fisetin LKT Labs Cat# F3473; CAS: 528-48-3; Purity: ≥97%
Galangin ChromaDex Cat# ASB-00007030-010; CAS: 548-83-4; Purity: N/A
Genistein FUJIFILM Wako Pure Chemical Cat# 073-05531; CAS: 446-72-0; Purity: ≥98%
Gossypetin ChromaDex Cat# ASB-00007390-010; CAS: 489-35-0; Purity: N/A
Isoliquiritigenin Tokyo Chemical Industry Cat# I0822; CAS: 961-29-5; Purity: ≥97%
Kaempferol FUJIFILM Wako Pure Chemical Cat# 110-00451; CAS: 520-18-3; Purity: ≥95%
Luteolin Cayman Chemical Cat# 10004161; CAS: 491-70-3; Purity: ≥98%
Morin Combi-Blocks Cat# QC-0527; CAS: 480-16-0; Purity: ≥98%
Myricetin FUJIFILM Wako Pure Chemical Cat# 137-16791; CAS: 529-44-2; Purity: ≥98%
Naringenin chalcone ChromaDex Cat# ASB-00014207-005; CAS: 73692-50-9; Purity: N/A
Phloretin FUJIFILM Wako Pure Chemical Cat# 160-17781; CAS: 60-82-2; Purity: ≥98%
Quercetagetin ChromaDex Cat# ASB-00017020-005; CAS: 90-18-6; Purity: N/A
Quercetin ChromaDex Cat# ASB-00017030-010; CAS: 117-39-5: Purity: ≥97%
Taxifolin EXTRASYNTHESE Cat# 1036; CAS: 17654-26-1; Purity: N/A
Xanthohumol TOKIWA PHYTOCHEMICAL Cat# P2217; CAS: 569-83-5; Purity: ≥98%
Critical Commercial Assays
Pierce BCA Protein Assay Reagent A, B Thermo Fisher Scientific Cat# 23223, Cat# 23224
PureLink HiPure Plasmid Filter
Midiprep Kit Thermo Fisher Scientific Cat# K210015

Recombinant DNA
The complete human URAT1 cDNA in
pEGFP-C1 Saito et al. 2020 [14] NCBI Reference Sequence: NM_144585.3

Experimental Models: Cell Lines
293A Invitrogen R70507

N/A, not available.

2.3. Cell Culture

Human embryonic kidney 293-derived 293A cells were maintained in DMEM—Dulbecco’s
Modified Eagle’s Medium (Nacalai Tesque) supplemented with 10% fetal bovine serum
(Biowest, Nuaillé, France), 2 mM L-Glutamine (Nacalai Tesque), 1 × Non-Essential Amino
Acid (Life Technologies, Carlsbad, CA, USA), and 1% penicillin–streptomycin (Nacalai
Tesque), at 37 ◦C in a humidified atmosphere of 5% (v/v) CO2 in air.

As described previously [14], the plasmids for URAT1 expression or mock were
transfected into 293A cells using polyethylenimine “MAX” (PEI-MAX) (Polysciences, War-
rington, PA, USA). In brief, 293A cells were seeded onto twelve-well cell culture plates at a
concentration of 0.92 × 105 cells/cm2. After 24 h, each vector was transiently transfected
into the cells (1 μg of plasmid/5 μL of PEI-MAX/well). At 24 h after transfection, the
culture medium was replaced with fresh one.
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2.4. Urate Transport Assay Using URAT1-Expressing 293A Cells

The urate transport assay using transiently URAT1-expressing 293A cells was con-
ducted as described in our previous studies [11,14,18], with minor modifications. Briefly,
48 h after plasmid transfection, cells were washed twice with Buffer T2 and then pre-
incubated in Buffer T2 for 15 min at 37 ◦C. Then, the buffer was exchanged with pre-
warmed fresh Buffer T2 containing radiolabeled urate ([8-14C]-uric acid; final concentration,
5 μM) with or without the test compound at the indicated concentrations (0, 0.3, 1, 3, 10, 30,
100, 300, or 500 μM); the cells were further incubated for 20 s at 37 ◦C; as vehicle control, 1%
DMSO was used in this study. Subsequently, the cells were washed five times with ice-cold
Buffer T2; then, the cells were lysed with 0.2 M NaOH solution (500 μL/well) on ice. The
resulting lysates were neutralized with 1 M HCl solution (100 μL/well). The radioactivity
in the lysate was then measured using a liquid scintillator (Tri-Carb 3110TR) (PerkinElmer,
Waltham, MA, USA) for DPM (disintegrations per minute) counting. Using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Kanagawa, Japan), protein concentration
was determined. Urate transport activity was calculated as the incorporated clearance
(μL/mg protein/min): (incorporated level of urate [DPM/mg protein/min]/urate level
in the incubation mixture [DPM/μL]). URAT1-dependent urate transport activity was
calculated by subtracting the urate transport activity of mock (control) cells from that of
URAT1-expressing cells.

Urate uptake was examined in the presence of several concentrations of each test
compound to determine their IC50 values. Then, URAT1-mediated transport activities were
expressed as a percentage of the control (100%). Based on the calculated values, fitting
curves were obtained according to the following formula using the least-squares method in
Excel 2019 (Microsoft, Redmond, WA, USA):

Predicted value [%] = 100 −
(

Emax × Cn

ECn
50 + Cn

)
(1)

where Emax is the maximum effect; EC50 is the half-maximal effective concentration; C is
the concentration of the tested compound; n is the sigmoid-fit factor. Lastly, based on these
results, the IC50 value was calculated as previously described [11,14].

2.5. Fractionation of Rooibos Tea Leaves Extract

To purify the active ingredients for URAT1-inhibitory activity in the ethanolic extract
of rooibos tea leaves, liquid–liquid extraction and column chromatography were conducted
according to previous studies [16,17], with some modifications as described below.

First, the dried crude ethanolic extract of rooibos tea leaves was subjected to sequential
liquid–liquid extraction using a solvent series with increasing polarity (n-hexane, ethyl
acetate, and n-butanol). In brief, the ethanolic extract was mixed in approximately 500 mL
of distilled water and added to a glass separatory funnel. Subsequently, an equal volume
of n-hexane was added to the solution and mixed well for partitioning. After formation
of the dual-phase, the n-hexane phase was collected; the remaining water phase was then
shaken with the same volume of ethyl acetate. After the ethyl acetate phase was collected
in a similar manner, the water phase was further partitioned with n-butanol. Finally, the
n-butanol phase and bottom layer (aqueous phase residue) were collected separately. After
evaporation process, the phases were reconstituted in an appropriate solvent prior to use
in the urate transport assay for evaluation of URAT1-inhibitory activities and/or further
separation by medium-pressure liquid chromatography (MPLC) as follows.

The ethyl acetate fraction, which was reconstituted in hexane and ethyl acetate for
normal-phase chromatographic purification, was separated into 14 subfractions (Fr.#1–
Fr.#14) by MPLC using a dual-channel automated flash chromatography system (EPCLC-
W-Prep 2XY) (Yamazen, Osaka, Japan) on a disposable Silica-gel packed column with
high throughput purification (Universal column premium Silicagel L, 40 g) (Yamazen,
Osaka, Japan). Separation was conducted in the linear gradient elution mode with solvent
A (hexane), solvent B (ethyl acetate), and solvent C (methanol) [solvent A:solvent B:solvent
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C (v/v): 0–4 min 90:10:0, 4–8 min 90:10:0 to 60:40:0, 8–12 min 60:40:0, 12–32 min 60:40:0 to
0:100:0, 32–35.8 min 0:100:0, 35.8–36 min 0:0:100, 36–37 min 0:100:0, 37–53 min 0:100:0 to
0:50:50, 53–60 min 0:50:50] at a flow rate of 20 mL/min, with UV monitoring at 280 nm
using an equipped UV detector. All subfractions obtained were evaporated to dryness and
stored at −20 ◦C. Before use, they were reconstituted in DMSO (2 mg/mL).

2.6. Chemical Characterization

For qualitative determination of the isolated compounds, chromatographic sepa-
ration and subsequent mass spectrometry (MS) (or MS/MS) analyses were performed
using an LC-quadrupole time-of-flight (Q-TOF)-MS/MS system comprising an HPLC
instrument [Agilent 1200 Series equipped with a diode array and multiple wavelength
detector (DAD) (G1316A)] coupled with an Agilent 6510 Q-TOF (Agilent Technologies,
Santa Clara, CA, USA) as described previously [16,17], with minor modifications. In brief,
separation was performed on a Zorbax Eclipse Plus C18 column (1.8 μm, 2.1 mm × 100 mm;
Agilent Technologies) maintained at 40 ◦C under gradient mobile conditions with a mixture of
solvent C (0.1% formic acid in water) and solvent D (acetonitrile) (solvent C:solvent D (v/v):
0–8 min 95:5 to 5:95, 8–12 min 5:95) at a flow rate of 0.5 mL/min. The detection range of DAD
was set from 190 to 400 nm; the MS detection system was operated in the positive ionization
mode at an MS scan range of m/z 100–1100. Ionization was performed using a heated electro-
spray ionization probe with the following source parameters: gas temperature, 350 ◦C; drying
gas, 12 L/min; nebulizer, 55 psi; Vcap, 3.5 kV. Peak analysis was conducted using the Agilent
MassHunter Workstation software (version B.03.01; Agilent Technologies).

2.7. Statistical Analysis

We performed all statistical analyses using Excel 2019 with Statcel4 add-in software
(OMS Publishing, Saitama, Japan). Different statistical tests were used for different ex-
periments, as described in the figure legends, which include the number of biological
replicates (n). In brief, when analyzing multiple groups, the similarity of variance between
groups was compared using Bartlett’s test. When passing the test for homogeneity of
variance, a parametric Tukey–Kramer multiple-comparison test for all pairwise compar-
isons or a Dunnett’s test for comparisons with a control group was used; otherwise, a
non-parametric Steel test was used for comparisons with a control group. Likewise, to
examine the concentration-dependent decrease in the URAT1 activity in the presence of
extracts, a parametric Williams’s multiple-comparison test or a non-parametric Shirley–
Williams’s multiple-comparison test was used. To investigate the inhibitory effect of each
authentic chemical on URAT1 function (vs. the vehicle control indicated as 100%) in the
screening stage, a one-sample t-test (two-sided) was employed. Statistical significance in
this study was defined as p < 0.05 or 0.01.

Each experiment was designed to use the samples required to obtain informative
results and sufficient material for subsequent procedures. All experiments were monitored
in a non-blinded manner. No specific statistical test was employed to pre-determine the
sample sizes which were empirically determined in the present study.

3. Results

3.1. Screening the URAT1-Inhibitory Activities of Plant Extracts

For the URAT1-inhibitory properties of natural products, we herein focused on var-
ious plants in the human diet including vegetables, fruits, and tea leaves. Each plant
sample (Table A1) was extracted with ethanol, and a total of 162 ethanolic extracts were
subjected to in vitro screening for URAT1-inhibitory activity at 20 ppm (Table A2). The
top 40 samples (approximately 25%) of the tested extracts (Figure 1) included four kinds
of herbal tea sources: rooibos tea (Aspalathus linearis), yacon tea (Smallanthus sonchifolius),
Tartary buckwheat tea (Fagopyrum tataricum), and guava leaf tea (Psidium guajava). As the
rooibos leaf extract was the most active among these, and because rooibos tea is globally
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consumed [19], we next explored the ingredients responsible for URAT1-inhibitory activity
in rooibos tea leaves.

Figure 1. Screening of the inhibitory effects of various plant extracts on URAT1 function. The effects of
each ethanolic extract (20 ppm), which was dried and finally dissolved in dimethyl sulfoxide (DMSO)
at 2000 ppm (see Section 2.2.), on the URAT1-mediated [14C]-urate transport was investigated using
the cell-based urate transport assay; as the vehicle control, 1% DMSO was used. Orange indicates
herbal tea sources. All data are expressed as % of the vehicle control (n = 1, each sample). This figure
shows the results of the top 40 samples of the tested extracts (total 162); all data are listed in Table A2.

3.2. Fractionation and Isolation of the Aspalathus linearis (Rooibos Leaves) Extract

To determine the URAT1-inhibitory ingredients in the ethanolic extract of rooibos
leaves, further fractionation was carried out using liquid–liquid extraction and subsequent
column chromatography (Figure 2). For this purpose, 60 g of rooibos leaves were newly
extracted using ethanol.

Prior to fractionation, we confirmed the concentration-dependent URAT1-inhibitory
effect of the ethanolic extract (Figure 3a). The extract was then separated sequentially
into n-hexane, ethyl acetate, n-butanol, and water-soluble fractions. Among the four
fractions, the ethyl acetate fraction had the highest URAT1-inhibitory activity (Figure 3b).
Both the n-hexane and water fractions showed little inhibitory activity, whereas the ethyl
acetate fraction exhibited URAT1-inhibitory activity in a concentration-dependent manner.
Additionally, the n-butanol fraction inhibited URAT1-mediated urate transport only at the
maximum concentration employed in this study (40 ppm); however, its effect was weaker
than that of the ethyl acetate fraction. Therefore, we further separated the ethyl acetate
fraction by column chromatography to obtain a total of 14 subfractions (Fr.#1–#14) based
on the monitored absorbance chromatogram (Figure 4a), as described in the Materials and
Methods section (Section 2.5). The URAT1-inhibitory activity of each subfraction was then
analyzed; among the 14 subfractions, Fr.#11 showed the highest URAT1-inhibitory activity
(Figure 4b). Therefore, we focused on this subfraction for further analyses.
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Figure 2. A flow chart of extraction and isolation for rooibos (Aspalathus linearis) leaves. In each
separation procedure, the fraction with the highest URAT1-inhibitory activity is colored in red. AQ,
aqueous layer; MPLC, medium pressure liquid chromatography.

Figure 3. URAT1-inhibitory activity of the ethanolic extraction of rooibos leaves and each frac-
tion obtained by liquid–liquid extraction; 1% dimethyl sulfoxide was used as the vehicle control.
(a) Concentration-dependent URAT1 inhibitory activity of the ethanolic extraction (EtOH ex.); 0 ppm
means only vehicle treatment. Mock, empty vector-transfected cells for the detection of background
activity for urate transport; BZ, benzbromarone (final concentration 2.5 μM), a well-known URAT1
inhibitor, was used as the positive control. All data are expressed as the mean ± S.E.M., n = 4.
#, p < 0.05; ##, p < 0.01 with concentration-dependent decreasing tendency vs. the control (Shirley–
Williams’s multiple-comparison test); *, p < 0.05 between the indicated groups (Steel test) (b) URAT1
inhibitory activity of each fraction (Fr.). All data are expressed as % of the vehicle control (Ctrl)
and the mean ± S.E.M., n = 3–4. #, p < 0.05; ##, p < 0.01 with a concentration-dependent decreasing
tendency vs. the control (Williams’ test in each fraction category).

3.3. Structural Characterization of the Putative URAT1 Inhibitor Derived from Rooibos Leaves

We used spectrometric analyses to determine the purity of the target subfraction (Fr.#11)
and to obtain structural information about the candidate active ingredients (Figure 5). The
results of LC-DAD analyses supported that the ingredient yielding the main peak in
the chromatogram of Fr.#11 was almost completely isolated from the other subfractions
(Figure 5a, left); subsequent LC-Q-TOF-MS analyses revealed that based on the obtained
accurate mass information (m/z 303.0506 in the positive ion mode with a retention time of
5.298 min), the elemental composition of the target analyte was determined as C15H10O7
(Δ−2.14 ppm from [M+H]+) (Figure 5a, right). Based on the polarity of ethyl acetate,
the sub-fractionation source (ethyl acetate fraction) was considered to contain flavonoids
characterized by a 15-carbon skeleton (C6-C3-C6). Moreover, the compositional formula
(C15H10O7) was consistent with that of quercetin, and a previous study has identified
quercetin in rooibos leaves [20]. Based on this information, we hypothesized that the main
component of Fr.#11 could be quercetin (Figure 5b). To test this hypothesis, we conducted
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spectroscopic analyses and found that Fr.#11 and authentic quercetin were identical in
their photoabsorption spectrum (Figure 5c), retention time, the accurate mass of the parent
ion (Figure 5d), and MS/MS spectrum (Figure 5e). Thus, the isolated substance should
be quercetin.

Figure 4. URAT1-inhibitory activity of each subfraction from the ethyl acetate fraction of the ethanolic
extract of rooibos leaves. (a) A preparative MPLC chromatogram for separating the ethyl acetate
fraction. The chromatogram was recorded at 280 nm. Blue and red lines indicate the linear gradients
of solvent B (ethyl acetate) and solvent C (methanol), respectively. (b) URAT1-inhibitory activity
profile of each subfraction (20 ppm) obtained from the column chromatography; 1% dimethyl
sulfoxide was used for the vehicle control. All data are expressed as % of the vehicle control and
the mean ± S.E.M.; n = 9 (Ctrl, control), 5 (the others). #, fraction number; *, p < 0.05; **, p < 0.01 vs.
control (Dunnett’s test).

3.4. Identification of Quercetin as an Active Ingredient with URAT1-Inhibitory Activity

To determine whether quercetin could be responsible for inhibiting URAT1 function,
we investigated the effect of quercetin on the urate transport activity of URAT1 (Figure 6).
As expected, at the experimentally maximum concentration (300 μM), quercetin inhibited
URAT1 (Figure 6a). Further investigation of its concentration-dependent inhibitory effects
revealed an IC50 of 12.6 μM (Figure 6b). Based on these results and the determined
structural characteristics (Figure 5), we concluded that quercetin was an active ingredient
in Fr.#11.

3.5. URAT1-Inhibitory Activities of Various Dietary Flavonoids

Finally, we investigated whether other dietary flavonoids of interest, including nine
flavanols, two flavanonols, two flavones, two isoflavonoids, and eight chalcones, have
URAT1-inhibitory activities (Figure 7). Additionally, we also tested aesculetin, a coumarin
identified in rooibos leaves [20]. The chemical structures of the selected natural compounds
are summarized in Figure A1. At 100 μM, eight of the tested authentic chemicals (fisetin,
gossypetin, morin, myricetin, quercetagetin, luteolin, genistein, and naringenin chalcone)
lowered the URAT1-mediated urate transport to less than 50% of that in the control group.
Our results were qualitatively consistent with a previous report showing that morin is
a URAT1 inhibitor [13]. Moreover, based on our previous study, the URAT1-mediated
urate transport activity in the presence of 100 μM naringenin chalcone (44.0 ± 7.1% of
that of the control) (Figure 7) was higher than that in the presence of 100 μM naringenin
(17.9 ± 7.7%) [11], suggesting that naringenin chalcone has a weaker URAT1-inhibitory
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activity than naringenin, a metabolite of naringenin chalcone. Thus, we focused on the
other six flavonoids in our subsequent analyses.

Figure 5. Chemical characterization of a URAT1-inhibitory activity-guided fraction from the ethanolic
extract of rooibos leaves. Each subfraction and authentic quercetin (lower panels in (c–e)) were
analyzed using a high-performance liquid chromatography instrument coupled with a diode array
and multiple wavelength detector (LC-DAD), and a quadrupole time-of-flight-mass spectrometry
system (LC-Q-TOF-MS). (a) Purity verification of the isolated ingredient in Subfraction #11 (Fr.#11)
by spectrometric analyses. Left panels, UV chromatograms recorded at 285 nm. Right panels, LC-
Q-TOF-MS extracted ion chromatograms (EICs; at m/z 303.0506 in the positive ESI spectrum). †,
a specific peak in Fr.#11 with a retention time of 5.298 min. (b) Chemical structure of quercetin.
(c–e) Comparison of obtained data between Fr.#11 and quercetin; (c) DAD spectrum; (d) EIC; (e)
information regarding the fragment ions derived from MS/MS analyses.

Figure 6. Effects of quercetin on the URAT1 function. (a) Inhibitory effects of quercetin (300 μM) on
URAT1-mediated urate transport. (b) Concentration-dependent inhibition. All data are expressed
as % of the vehicle control (1% dimethyl sulfoxide) and the mean ± S.E.M.; n = 4. **, p < 0.05
(Tukey–Kramer multiple-comparison test).

Further investigation of the concentration-dependent inhibitory effects of the six
flavonoids on URAT1 determined their IC50 values (Figure 8). Genistein exhibited the
highest IC50 value among the tested samples, and its value was consistent with the results of
flavonoid screening (Figure 7). Based on these IC50 values and that of quercetin, fisetin was
the strongest URAT1 inhibitor among the seven dietary flavonoids examined (Figure 8a),
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whereas quercetin was second to fisetin (Figure 6b). Based on the structural difference
between fisetin and quercetin (Figure A1), the presence of a hydroxyl group at the 5-position
of the flavanol skeleton could somewhat negatively affect the URAT1-inhibitory effect.
Interestingly, a contrasting effect was observed in the case of the isoflavone skeleton, as
shown for daidzein and genistein (Figure 7). Although further studies are needed to clarify
the quantitative structure–activity relationship, our findings provide a better understanding
of small molecule-dependent URAT1 inhibition.

Figure 7. URAT1-inhibitory activities of each food ingredient at 100 μM; 1% dimethyl sulfoxide was
used as the vehicle control. All data are expressed as % of the vehicle control and the mean ± S.D.;
n = 3. †, p < 0.05; ††, p < 0.01 vs. vehicle control (two-sided one-sample t-test).

Figure 8. Concentration-dependent inhibition of URAT1-mediated urate transport by (a) fisetin;
(b) gossypetin; (c) myricetin; (d) quercetagetin; (e) luteolin; (f) genistein. The x-axis indicates drug
concentrations (μM). All data are expressed as % of the vehicle control and the mean ± S.E.M.; n = 4
(a–e), 3 (f).

4. Discussion

In this study, we screened the inhibitory effects of the ethanolic extracts of various
dietary plant materials on the function of URAT1 as a urate transporter (Figure 1). Among
the plants, we focused on rooibos leaves and identified quercetin as an active ingredient
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responsible for the URAT1-inhibitory activity in the extract (Figures 2–6). Moreover, to
extend our understanding of the interaction between URAT1 and flavonoids, 24 dietary
flavonoids were further investigated (Figures 7 and 8). Although some previous studies
have examined the effect of certain flavonoids with respect to their effect on URAT1-
mediated urate transport [11,13], to the best of our knowledge, this is the first study to
comprehensively address the inhibitory effect of dietary flavonoids on URAT1 function.

Flavonoids are well-known ingredients of natural products and have received con-
siderable attention for their health-promoting and/or potential therapeutic properties in
many diseases based on a broad spectrum of biological functions including anti-oxidative,
anti-inflammatory, neuroprotective, and anti-cancer activities [21,22]. Although the present
study was limited to in vitro evaluations, our findings regarding the potential uricosuric
activities of flavonoids may extend the possibilities of their nutraceutical application. In
particular, fisetin and quercetin, which exhibited the smallest and second-smallest IC50
values against urate transport by URAT1, respectively, are relatively well studied and are
some of the most prevalent plant flavonoids [23–25]. However, to our knowledge, few
studies have investigated their effects on the renal handling of endogenous substances
such as urate. Further studies are thus required to deepen our understanding of this issue.
Further, fisetin and quercetin are abundantly found in fruits and vegetables such as apples
and onions [23]; fisetin is also abundant in strawberries and teas [24]. Hence, the effects
of dietary habits including such plant-based foods on serum urate levels and renal urate
handling are of significant interest.

Although little information is available on the effects of quercetin on urate han-
dling in humans, a human study (randomized, double-blinded, placebo-controlled, cross-
over four-week intervention trial) demonstrated that daily supplementation with 500 mg
quercetin as a single tablet, which contained the bioavailable amount of quercetin as present
in approximately 100 g of red onions, significantly reduced (mean difference, −0.45 mg/dL)
the plasma uric acid concentrations (mean, 5.5 mg/dL) in healthy males [26]. In contrast,
the previous study confirmed the urinary excretion of quercetin, but did not sufficiently
investigate the effect of quercetin on renal urate handling—no parameters on renal urate
clearance or fractional excretion of uric acid were reported; only the urinary uric acid output
over a 24-h period (24 h-UUA) was documented. Given that no significant difference in
the amount of 24 h-UUA was found between before and after the quercetin treatment,
despite the serum urate-lowering effect, renal urate clearance might have been influenced
by quercetin. Based on the inhibitory activity of quercetin against xanthine oxidoreductase
(XOD, an essential enzyme of uric acid formation) [27], the serum urate-lowering effect was
considered to have been mainly associated with suppressed uric acid production; however,
quercetin might also have enhanced renal urate excretion. Although such a dual inhibitory
activity will be welcome, it is necessary to understand the activity that majorly contributes
to the serum urate-lowering effect in the context of combination with serum urate-lowering
drugs (urate synthesis inhibitors or uricosuric agents), for a more effective application.

Our findings also highlight the potential health benefits of rooibos-based food prod-
ucts. Today, especially for health-conscious people, the global popularity of rooibos tea
seems to depend on its caffeine-free status, comparatively low tannin content, and anti-
oxidative activity as potential health-promoting properties [28]. The influence of continuous
consumption of rooibos tea on the serum urate levels and the risk of urate-related diseases
remains to be elucidated; however, in addition to our findings demonstrating URAT1-
inhibitory activity in rooibos extract (Figure 1) and rooibos flavonoids (Figures 6 and 7),
a previous study reported that aspalathin, a C-glycosyl dihydrochalcone contained in
rooibos, inhibits XOD [29]. Given this information, additional human studies and/or
epidemiological studies will be helpful to address the serum urate-lowering potential of
rooibos extracts.

Some limitations of this study and possible future directions are described below. First,
although we successfully identified quercetin as an active compound for URAT1-inhibitory
activity in rooibos extract, other ingredients may have contributed to the activity based
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on the results of the bioactivity-guided fractionation approach (Figures 3 and 4). Some of
these might overlap with the dietary flavonoids tested in this study. Second, the other plant
extracts that we could not handle further in this study may be good sources for exploring
additional compounds for URAT1-inhibition. Third, to extrapolate our findings to humans,
bioavailability and in vivo levels in nutraceutical-achievable situations as well as the effects
of metabolic conversion on the URAT1-inhibitory activities of dietary flavonoids should be
examined. Despite the need for further studies, as most previous studies were conducted
to find plant-derived bioactive compounds with potential anti-hyperuricemia activity in
the context of XOD inhibition [30], our study focusing on their potential uricosuric activity
will facilitate progress in nutrition research, contributing to the treatment and prevention
of hyperuricemia.

5. Conclusions

We found that the ethanolic extract of rooibos leaves inhibited the urate transport
activity of URAT1. From this plant extract, we successfully identified quercetin, a natural
compound considered safe for humans, as an active ingredient. Moreover, we expanded
our understanding of the inhibitory effects of dietary flavonoids and chalcones on URAT1
function in a comprehensive manner. These effects of phytochemicals need further inves-
tigation in human studies; however, our findings may provide new clues for promoting
health through appropriate serum urate maintenance.
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Appendix A

Table A1. Tested plant materials.

Descriptions in This Study Common Names Academic Names Details of Material *

Abelmoschus esculentus (beniokura) Beniokura Abelmoschus esculentus Fresh
Agaricus bisporus Common mushroom Agaricus bisporus Fresh
Allium cepa Onion Allium cepa Fresh
Allium oschaninii Shallot Allium oschaninii Fresh
Allium sativum Garlic Allium sativum Fresh
Allium sativum (sprout) Garlic shoots Allium sativum Fresh sprout
Allium tuberosum Chinese chive Allium tuberosum Fresh
Ananas comosus (coat) Pineapple Ananas comosus Fresh coat
Apium graveolens Celery Apium graveolens Fresh
Apium graveolens (salad celery) Salad celery Apium graveolens Fresh
Arachis hypogaea (beans) Peanut Arachis hypogaea Fresh beans
Arachis hypogaea (shell) Peanut Arachis hypogaea Fresh shell
Aralia cordata Udo Aralia cordata Fresh
Aralia elata (sprout) Fatsia sprouts Aralia elata Fresh sprout
Arctium lappa Edible burdock Arctium lappa Fresh root
Arctium lappa (burdock tea) Burdock root tea Arctium lappa Dried root for tea
Aspalathus linearis Rooibos tea leaves Aspalathus linearis Dried leaves for tea
Asparagus officinalis (grass roots) Asparagus Asparagus officinalis Fresh grass roots
Asparagus spp. Asparagus Asparagus spp. Fresh stalk
Auricularia auricula-judae Jew’s ear fungus Auricularia auricula-judae Fresh

Barley (Hordeum vulgare) Miso Barley Miso Hordeum vulgare # Japanese traditional fermented
product

Basella alba Indian spinach Basella alba Fresh
Benincasa hispida (coat, placenta,
seed) Winter melon Benincasa hispida Fresh coat, placenta and seeds

Benincasa hispida (meat) Winter melon Benincasa hispida Fresh meat
Brassica chinensis Green pak choi Brassica rapa var. chinensis Fresh
Brassica oleracea (broccoli,
anthotaxy) Broccoli Brassica oleracea var. italica Fresh anthotaxy

Brassica oleracea (broccoli, sprout) Broccoli Brassica oleracea var. italica Fresh sprout
Brassica oleracea (broccoli, stem) Broccoli Brassica oleracea var. italica Fresh stem
Brassica oleracea (kohlrabi, peel) German turnip or turnip cabbage Brassica oleracea var. gongylodes Fresh peel
Brassica oleracea (red cabbage,
sprout) Red cabbage Brassica oleracea var. capitata F.

rubra Fresh sprout

Brassica oleracea (romanesco
broccoli, stem) Romanesco broccoli Brassica oleracea var. botrytis Fresh stem

Brassica oleracea (soft kale) Soft kale Brassica oleracea var. acephala Fresh stems and leaves
Brassica oleracea (stick senor) Stick senor Brassica oleracea var. italica Fresh
Brassica oleracea (wild cabbage,
flower) Romanesco broccoli Brassica oleracea var. botrytis Fresh flower

Brassica rapa (ayameyuki-kabu) Ayameyuki-kabu Brassica rapa Fresh leaves
Brassica rapa (ayameyuki-kabu,
meat) Ayameyuki-kabu Brassica rapa Fresh meat

Brassica rapa (nabana) Chinese colza Brassica rapa L. var. nippo-oleifera Fresh leaves
Brassica rapa (nabana, flower) Chinese colza Brassica rapa L. var. nippo-oleifera Fresh flower
Brassica rapa (red) Red potherb mustard Brassica rapa var. laciniifolia Fresh
Brassica rapa (santo-sai) Santo-sai Brassica rapa L. var. pekinensis Fresh
Capsicum annuum (redpepper) Chili pepper Capsicum annuum L. Fresh
Capsicum annuum (sweet pepper) Sweet pepper Capsicum annuum L. ‘grossum’ Fresh
Capsicum annuum (red) Red bell pepper Capsicum annuum L. ‘grossum’ Fresh
Capsicum annuum (shishitou) Shishitou Capsicum annuum L. Fresh
Capsicum annuum (yellow) Yellow bell pepper Capsicum annuum L. ‘grossum’ Fresh
Capsicum frutescens Shima pepper Capsicum frutescens L. Fresh
Carica papaya (immature, meat) Green papaya Carica papaya L. Fresh meat
Carica papaya (immature, peel,
placenta, seed) Green papaya Carica papaya L. Fresh peel, placenta and seed
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Table A1. Cont.

Descriptions in This Study Common Names Academic Names Details of Material *

Caulerpa lentillifera Sea grape Caulerpa lentillifera Fresh
Citrus aurantiifolia (peel) Lime Citrus aurantiifolia Peel
Citrus depressa (peel) Shikuwasa Citrus depressa Peel
Citrus junos (peel) Yuzu Citrus junos Peel
Citrus maxima (peel) Pomelo Citrus maxima Peel
Citrus maxima (placenta) Pomelo Citrus maxima Inner white and soft tissue layer
Citrus natsudaidai (peel) Suruga elegant Citrus natsudaidai Peel
Citrus paradisi (peel) Grapefruit Citrus paradisi Peel
Citrus reticulata (peel) Ponkan Citrus reticulata Peel
Citrus sinensis (blood orange, peel) Blood orange Citrus sinensis Peel
Citrus sinensis (navel) Navel Citrus sinensis Peel
Citrus sphaerocarpa (peel) Kabosu Citrus sphaerocarpa Peel
Citrus sudachi (peel) Sudachi Citrus sudachi Peel

Citrus tangelo (peel) Mineola orange
(tangelo) Citrus tangelo Peel

Cocos nucifera (young) Young coconut Cocos nucifera Fresh
Colocasia esculenta Eddoe Colocasia esculenta L. schott Fresh
Coriandrum sativum Coriander Coriandrum sativum Fresh leaves
Coriandrum sativum (leaves) Coriander Coriandrum sativum Fresh leaves
Cucumis melo (coat) Melon Cucumis melo Fresh coat
Cucurbita (meat) Squash Cucurbita Fresh meat, without seeds
Cucurbita (peel) Squash Cucurbita Fresh peel
Cucurbita pepo (yellow, peel) Zucchini Cucurbita pepo Fresh peel
Curcuma longa Turmeric Curcuma longa L. Dried powder
Cyperus esculentus (powder) Yellow nutsedge Cyperus esculentus Milled powder of stem
Daucus carota Carrot Daucus carota subsp. sativus Fresh
Daucus carota (purple carrot) Purple carrot Daucus carota subsp. sativus Fresh
Dioscorea japonica Japanese yam Dioscorea japonica Fresh
Diospyros kaki (shibugaki, meat) Kaki persimmon Diospyros kaki Fresh
Diospyros kaki (shibugaki, peel) Kaki persimmon Diospyros kaki Fresh
Eriobotrya japonica (peel) Loquat Eriobotrya japonica Fresh
Eutrema japonicum Japanese horseradish Eutrema japonicum Fresh root
Eutrema japonicum (stem) Japanese horseradish Eutrema japonicum Fresh stem
Fagopyrum tataricum Tartary buckwheat Fagopyrum tataricum Dried seed
Ficus carica Fig tree Ficus carica Fresh fruit
Flammulina velutipes Enoki mushroom Flammulina velutipes Fresh
Fortunella (peel) Kumquat Fortunella Peel
Fragaria ananassa Strawberry Fragaria ananassa Fresh
Ginkgo biloba (seed) Ginkgo Ginkgo biloba Fresh
Glebionis coronaria Crown daisy Glebionis coronaria Fresh

Glycine max Soybeans
(yellow soybean) Glycine max Dried product

Glycine max (hidenmame) Soybeans
(green soybean) Glycine max Dried product

Glycine max (immature) Immature soybeans Glycine max Fresh
Glycine max (immature, shuck) Immature soybeans Glycine max Fresh shuck

Glycine max × Bacillus subtilis Natto Glycine max Commercially available Japanese
traditional fermented product

Grifola frondosa Hen-of-the-woods Grifola frondosa Fresh
Hibiscus rosa-sinensis Chinese hibiscus Hibiscus rosa-sinensis Fresh
Hosta sieboldiana Hosta Hosta sieboldiana Fresh young leaves
Houttuynia cordata Fish mint Houttuynia cordata Dried leaves and stem
Humulus lupulus (cone) Hop Humulus lupulus Frozen hop cone
Hylocereus undatus (peel) Dragon fruit Hylocereus undatus Fresh peel
Hypsizygus marmoreus Shimeji mushroom Hypsizygus marmoreus Fresh
Ilex paraguariensis (roasted) Yerba mate tea leaves Ilex paraguariensis Dried and roasted leaves for tea
Illicium verum Star anise Illicium verum Dried fruit
Ipomoea aquatica Water morning glory Ipomoea aquatica Fresh
Jasminum sambac Jasmine tea leaves Jasminum sambac Dried leaves for tea
Lactuca sativa Stem lettuce Lactuca sativa L. var. crispa Fresh
Laminaria longissima
(tororomekonbu) Tororomekonbu Laminaria longissima Dried product

Laurus nobilis (leaves) Laurel Laurus nobilis Fresh leaves
Lentinula edodes Shiitake mushroom Lentinula edodes Fresh
Lycopersicum esculentum (yellow) Cherry tomato Solanum lycopersicum L. Fresh
Matricaria recutita Chamomile Matricaria recutita Dried herb product
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Descriptions in This Study Common Names Academic Names Details of Material *

Matteuccia struthiopteris (young) Ostrich fern Matteuccia struthiopteris Fresh young leaves
Mesembryanthemum crystallinum Common ice plant Mesembryanthemum crystallinum Fresh
Momordica charantia (coat) Bitter melon Momordica charantia Fresh coat
Musa spp. (peel) Banana Musa spp. Fresh peel
Musa spp. (peel, Ecuador) Banana Musa spp. Fresh peel
Nasturtium officinale Watercress Nasturtium officinale Fresh
Nelumbo nucifera Lotus root Nelumbo nucifera Fresh root
Ocimum basilicum Basil Ocimum basilicum Fresh
Ocimum basilicum (purple) Purple basil Ocimum basilicum Fresh
Oryza sativa (black) Brack rice Oryza sativa Fresh
Perilla frutescens Perilla Perilla frutescens Fresh
Persea americana (coat) Avocado Persea americana Fresh coat
Persea americana (seed) Avocado Persea americana Fresh seed
Petasites japonicus Giant butterbur Petasites japonicus Fresh
Petroselinum crispum (leaves) Parsley Petroselinum crispum Fresh leaves
Phaseolus vulgaris Common bean Phaseolus vulgaris Fresh
Phaseolus vulgaris (Moroccan
kidney beans) Moroccan kidney beans Phaseolus vulgaris Fresh

Pholiota microspora Butterscotch mushroom Pholiota microspora Fresh
Phyllostachys pubescens (young,
dried) Bamboo shoot Phyllostachys pubescens Dried young stem

Pisum sativum Pea Pisum sativum Fresh
Pisum sativum (shelled) Shelled pea Pisum sativum Fresh
Pisum sativum (shuck-edible) Shuck-edible pea Pisum sativum Fresh
Pisum sativum (young leaves) Pea young leaves Pisum sativum Fresh

Pleurotus cornucopiae Golden oyster mushroom Pleurotus cornucopiae var.
citrinopileatus Fresh

Pleurotus eryngii King trumpet mushroom Pleurotus eryngii Fresh
Pleurotus ostreatus Oyster mushroom Pleurotus ostreatus Fresh
Prunus domestica (extract) Prune extract Prunus domestica Product of prune pulp extract ‡

Prunus domestica (meat) Prune Prunus domestica Product of prune pulp without
seed

Prunus tomentosa (peel) Cherry Prunus tomentosa Fresh peel

Psidium guajava (Chinese) Guava tea leaves Psidium guajava Dried leaves for tea cultivated in
China

Psidium guajava (Japanese) Guava tea leaves Psidium guajava Dried leaves for tea cultivated in
Japan

Psophocarpus tetragonolobus Winged bean Psophocarpus tetragonolobus Fresh
Pteridium aquilinum Western bracken fern Pteridium aquilinum Fresh
Pyrus communis (peel) Pear Pyrus communis Fresh peel

Raphanus sativus (leaves) Radish Raphanus sativus
L. var. sativus Fresh leaves

Raphanus sativus (meat) Radish Raphanus sativus
L. var. sativus Fresh meat

Raphanus sativus (radish sprout) Radish sprout Raphanus sativus Fresh

Rice (Oryza sativa) Miso Rice Miso Oryza sativa # Japanese traditional fermented
product

Rosmarinus officinalis (raw) Rosemary Rosmarinus officinalis Fresh
Sechium edule (meat) Chayote Sechium edule Fresh meat
Sechium edule (peel, placenta) Chayote Sechium edule Fresh peel and placenta
Sesamum indicum Sesame Sesamum indicum Dried seeds
Siranuhi, (Citrus unshiu × C.
sinensis) × C. reticulata (peel) Siranuhi (Citrus unshiu × C. sinensis) × C.

reticulata Fresh peel

Smallanthus sonchifolius Yacón tea Smallanthus sonchifolius Dried tea powder
Smallanthus sonchifolius (meat) Yacón Smallanthus sonchifolius Fresh meat
Smallanthus sonchifolius (peel) Yacón Smallanthus sonchifolius Fresh peel
Solanum melongena (peel) Aubergine Solanum melongena Fresh peel
Vitis labruscana (peel) Delaware grapes Vitis labruscana Fresh peel
Zanthoxylum bungeanum Sichuan pepper Zanthoxylum bungeanum Dried powder
Zea mays (baby corn) Baby corn Zea mays Fresh
Zea mays (kiritani) Kiritani Zea mays Fresh
Zingiber mioga Myoga Zingiber mioga Fresh
Zingiber officinale Ginger Zingiber officinale Fresh

*, Unless otherwise indicated, fresh material was used. #, Academic name of main material of Miso product. ‡,
After defatting via liquid–liquid partition with an equal volume of ethyl acetate, the obtained water phase of
extract was subjected to lyophilization.
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Table A2. Screening of the inhibitory effects of tested plant extracts (20 ppm) on URAT1 function.

Descriptions in This Study % * Descriptions in This Study % * Descriptions in This Study % *

Abelmoschus esculentus
(beniokura) 57.3 Citrus natsudaidai (peel) 74.5 Matricaria recutita 126.1

Agaricus bisporus 38.1 Citrus paradisi (peel) 92.4 Matteuccia struthiopteris (young) 116.6
Allium cepa 32.9 Citrus reticulata (peel) 50.2 Mesembryanthemum crystallinum 97.4
Allium oschaninii 59.5 Citrus sinensis (blood orange, peel) 65.2 Momordica charantia (coat) 97.8
Allium sativum 92.1 Citrus sinensis (navel) 81.4 Musa spp. (peel) 62.2
Allium sativum (sprout) 117.9 Citrus sphaerocarpa (peel) 119.1 Musa spp. (peel, Ecuador) 94.8
Allium tuberosum 77.7 Citrus sudachi (peel) 59.3 Nasturtium officinale 107.7
Ananas comosus (coat) 108.1 Citrus tangelo (peel) 34.7 Nelumbo nucifera 41.4
Apium graveolens 68.7 Cocos nucifera (young) 100.2 Ocimum basilicum 100.0
Apium graveolens (salad celery) 35.8 Colocasia esculenta 58.5 Ocimum basilicum (purple) 79.4
Arachis hypogaea (beans) 38.0 Coriandrum sativum 130.2 Oryza sativa (black) 67.8
Arachis hypogaea (shell) 24.3 Coriandrum sativum (leaves) 20.8 Perilla frutescens 81.6
Aralia cordata 43.9 Cucumis melo (coat) 67.3 Persea americana (coat) 106.7
Aralia elata (sprout) 86.4 Cucurbita (meat) 91.5 Persea americana (seed) 63.8
Arctium lappa 59.9 Cucurbita (peel) 66.5 Petasites japonicus 64.3
Arctium lappa (burdock tea) 97.4 Cucurbita pepo (yellow, peel) 37.8 Petroselinum crispum (leaves) 75.7
Aspalathus linearis 29.0 Curcuma longa 83.7 Phaseolus vulgaris 132.6

Asparagus officinalis (grass roots) 48.1 Cyperus esculentus (powder) 99.2 Phaseolus vulgaris (Moroccan
kidney beans) 140.3

Asparagus spp. 77.0 Daucus carota 55.1 Pholiota microspora 55.4

Auricularia auricula-judae 31.4 Daucus carota (purple carrot) 52.0 Phyllostachys pubescens (young,
dried) 47.4

Barley (Hordeum vulgare) Miso 105.5 Dioscorea japonica 44.8 Pisum sativum 62.2
Basella alba 63.5 Diospyros kaki (shibugaki, meat) 112.0 Pisum sativum (shelled) 107.8
Benincasa hispida (coat, placenta,
seed) 50.3 Diospyros kaki (shibugaki, peel) 51.7 Pisum sativum (shuck-edible) 50.2

Benincasa hispida (meat) 25.2 Eriobotrya japonica (peel) 109.7 Pisum sativum (young leaves) 49.3
Brassica chinensis 93.8 Eutrema japonicum 73.7 Pleurotus cornucopiae 90.7
Brassica oleracea (broccoli,
anthotaxy) 22.7 Eutrema japonicum (stem) 102.2 Pleurotus eryngii 49.9

Brassica oleracea (broccoli, sprout) 61.4 Fagopyrum tataricum 36.5 Pleurotus ostreatus 73.1
Brassica oleracea (broccoli, stem) 68.5 Ficus carica 79.1 Prunus domestica (extract) 84.4
Brassica oleracea (kohlrabi, peel) 73.4 Flammulina velutipes 39.7 Prunus domestica (meat) 96.3
Brassica oleracea (red cabbage,
sprout) 106.2 Fortunella (peel) 62.5 Prunus tomentosa (peel) 49.5

Brassica oleracea (romanesco
broccoli, stem) 109.8 Fragaria ananassa 52.0 Psidium guajava (Chinese) 73.4

Brassica oleracea (soft kale) 94.4 Ginkgo biloba (seed) 40.2 Psidium guajava (Japanese) 52.5
Brassica oleracea (stick senor) 51.2 Glebionis coronaria 17.9 Psophocarpus tetragonolobus 90.7
Brassica oleracea (wild cabbage,
flower) 60.0 Glycine max 66.4 Pteridium aquilinum 192.2

Brassica rapa (ayameyuki-kabu) 108.2 Glycine max (hidenmame) 104.0 Pyrus communis (peel) 58.8
Brassica rapa (ayameyuki-kabu,
meat) 85.2 Glycine max (immature) 64.6 Raphanus sativus (leaves) 70.8

Brassica rapa (nabana) 86.1 Glycine max (immature, shuck) 96.1 Raphanus sativus (meat) 64.7
Brassica rapa (nabana, flower) 64.2 Glycine max × Bacillus subtilis 60.6 Raphanus sativus (radish sprout) 79.6
Brassica rapa (red) 52.6 Grifola frondosa 69.5 Rice (Oryza sativa) Miso 58.6
Brassica rapa (santo-sai) 72.2 Hibiscus rosa-sinensis 97.5 Rosmarinus officinalis (raw) 13.6
Capsicum annuum (redpepper) 83.0 Hosta sieboldiana 45.2 Sechium edule (meat) 130.0
Capsicum annuum (sweet pepper) 107.8 Houttuynia cordata 84.0 Sechium edule (peel, placenta) 52.0
Capsicum annuum (red) 80.3 Humulus lupulus (cone) 78.9 Sesamum indicum 158.6

Capsicum annuum (shishitou) 73.0 Hylocereus undatus (peel) 120.0 Siranuhi, (Citrus unshiu × C.
sinensis) × C. reticulata (peel) 52.7

Capsicum annuum (yellow) 81.4 Hypsizygus marmoreus 58.1 Smallanthus sonchifolius 35.4
Capsicum frutescens 58.8 Ilex paraguariensis (roasted) 69.1 Smallanthus sonchifolius (meat) 74.3
Carica papaya (immature, meat) 78.5 Illicium verum 24.6 Smallanthus sonchifolius (peel) 110.5
Carica papaya (immature, peel,
placenta, seed) 94.3 Ipomoea aquatica 75.5 Solanum melongena (peel) 133.8

Caulerpa lentillifera 65.5 Jasminum sambac 66.5 Vitis labruscana (peel) 150.9
Citrus aurantiifolia (peel) 185.5 Lactuca sativa 91.6 Zanthoxylum bungeanum 57.2

Citrus depressa (peel) 38.9 Laminaria longissima
(tororomekonbu) 112.2 Zea mays (baby corn) 65.3

Citrus junos (peel) 61.6 Laurus nobilis (leaves) 33.6 Zea mays (kiritani) 78.1
Citrus maxima (peel) 64.7 Lentinula edodes 62.8 Zingiber mioga 28.0
Citrus maxima (placenta) 68.9 Lycopersicum esculentum (yellow) 60.6 Zingiber officinale 57.3

*, Data for URAT1-mediated urate transport are expressed as % of the vehicle control (1% dimethyl sulfoxide)
(n = 1, each sample). Results for the top 40 samples are shown in Figure 1.
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Figure A1. Chemical structures of authentic chemicals tested in this study.
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Abstract: Doxorubicin (DOX), a commonly utilized anthracycline antibiotic, suffers deleterious side
effects such as cardiotoxicity. Mokko lactone (ML) is a naturally occurring guainolide sesquiterpene
with established antioxidant and anti-inflammatory actions. This study aimed at investigating the
protective effects of ML in a DOX-induced cardiotoxicity model in rats. Our results indicated that
ML exerted protection against cardiotoxicity induced by DOX as indicated by ameliorating the rise
in serum troponin and creatine kinase-MB levels and lactate dehydrogenase activity. Histological
assessment showed that ML provided protection against pathological alterations in heart architecture.
Furthermore, treatment with ML significantly ameliorated DOX-induced accumulation of malondi-
aldehyde and protein carbonyl, depletion of glutathione, and exhaustion of superoxide dismutase
and catalase. ML’s antioxidant effects were accompanied by increased nuclear translocation of
NF-E2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) expression. Moreover, ML exhibited
significant anti-inflammatory activities as evidenced by lowered nuclear factor κB, interleukin-6, and
tumor necrosis factor-α expression. ML also caused significant antiapoptotic actions manifested by
modulation in mRNA expression of Bax, Bcl-2, and caspase-3. This suggests that ML prevents heart
injury induced by DOX via its antioxidant, anti-inflammatory, and antiapoptotic activities.

Keywords: doxorubicin; mokko lactone; heart

1. Introduction

Doxorubicin (DOX) is a commonly utilized anthracycline antibiotic for treating sev-
eral types of cancer, including breast cancer and lymphomas [1]. However, its clinical
applications are relatively restricted due to its detrimental side effects that include car-
diotoxicity [2]. It was reported that the incidence of acute DOX cardiotoxicity is around
11%, which can be characterized on the electrocardiogram by decreased amplitude of QRS
complexes and nonspecific ST changes [3,4]. This toxic damage to the cardiomyocytes
induced by DOX can lead to the development of tachycardia, arrhythmia, pericarditis,
myocarditis, left ventricular function transient depression, late-onset refractory cardiomy-
opathy, and, eventually, congestive heart failure [5,6]. Unfortunately, the development
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of congestive heart failure with DOX therapy indicates a poor prognosis of cancer pa-
tients, as it is associated with nearly 50% mortality in 1 year [7]. DOX cardiomyopathy
is characterized histopathologically by patchy interstitial fibrosis and myocyte vacuolar
degeneration [8,9]. DOX cardiotoxicity is usually accompanied by raised troponin, creatine
kinase isoenzyme MB (CK-MB), and lactate dehydrogenase (LDH) levels in the serum [10].
DOX can induce dose-related cardiomyopathy through multiple mechanisms that involve
increased oxidative stress, as shown by the increased cardiac generation of oxygen free
radicals and lipid peroxidation products [11–13].

Since DOX is a useful chemotherapy drug in cancer, different approaches have been
adopted to alleviate its toxic side effects that include dosage optimization, combination ther-
apy, and the development of analogs. However, no satisfactory results have been achieved
out of these ongoing efforts [14]. Therefore, cardioprotection during DOX treatment is
required to reduce the incidence of DOX-induced heart damage; hence, it is necessary to
discover new drugs that can be utilized as cardioprotective agents with DOX therapy. In
this regard, natural products remain an attractive source of bioactive lead compounds that
can tackle this problem [15]. With regards to disease treatment and prevention, natural
products are still considered one of the best sources of novel bioactive molecules. The
potential of research efforts in this field is highlighted by the fact that 16% of the US-FDA
drug approvals in 2018 were for new drugs classified as natural products [16]. Phytocon-
stituents are considered a source of bioactive compounds that could lead to new drugs. In
this regard, rhizomes of Costus speciosus (Zingiberaceae) are traditionally utilized in Indian
folk medicine for their anti-inflammatory, antispasmodic, hepatoprotective, antidiabetic,
antihyperlipidemic, antimicrobial, and anthelmintic activities. Moreover, it was shown
that the rhizomes of this plant exert cardioprotective effects against oxidative stress in
atherosclerotic [17]. The rhizomes are rich in different phytoconstituents, mainly guaiano-
lides sesquiterpene lactones [18,19]. Guaianolides have several reported pharmacological
effects that include antioxidant, anti-inflammatory, and antimicrobial activities [20]. Mokko
lactone (ML, dihydrodehydrocostus lactone) is a major guaianolide in C. speciosus that
possesses notable anti-inflammatory action, as it has been shown to significantly reduce the
release of TNF-α and IL-6 from stimulated human peripheral blood mononuclear cells [21].
ML has also demonstrated significant antioxidant and hepatoprotective effects in rats
challenged with DOX [22]. Thus, this work aimed at examining the possible protection
offered by ML, extracted from the rhizomes of C. speciosus, against acute cardiotoxicity
induced by DOX in rats.

2. Materials and Methods

2.1. Chemicals

ML (purity > 98%) was isolated from Costus speciosus rhizomes extract (Supplementary
Materials). DOX HCl was obtained from Sigma-Aldrich (St. Louis, MO, USA). Remaining
chemicals conformed with the highest available commercial purity.

2.2. Animals

Twenty-four Wistar rats (males, 200–230 g) were purchased from the animal facility,
Faculty of Pharmacy, King Abdulaziz University. Animals were kept on a 12-h light/dark
cycle at ambient temperature (22 ± 3 ◦C) with humidity (60–70%), with access to food
and water. Research Ethics Committee, Faculty of Pharmacy, King Abdulaziz University
approved the experimental protocol (Reference # PH-1443-13).

2.3. Toxicity Study

Acute oral toxicity of ML was assessed according to OECD guideline number 423.
Briefly, rats were given a single oral dose of 2000 mg/kg. After treatment, animals were
individually observed at least one time during the first hour and regularly for the upcoming
24 h, with particular attention during the first 4 h. Since all rats survived, the experiment
was repeated using three additional male rats.
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2.4. Experimental Protocol

Animals were placed in groups of four in a random fashion (n = 6): controls, the
DOX group, the first treatment group was given 15 mg/kg ML and DOX while the second
treatment group was given 30 mg/kg ML and DOX. The doses of ML were chosen after
carrying out a pilot study and were consistent with those in the literature [22]. Control and
DOX groups were given 0.5% carboxymethyl cellulose (CMC) orally one time daily for
10 days consecutively. ML was suspended in CMC and was administered to both treatment
groups orally for 10 days at the mentioned doses. On the tenth day, controls were given
an intraperitoneal (IP) injection of 0.9% saline, 60 min after ML administration. Similarly,
on the tenth day and 60 min after ML the remaining groups were administered an IP
dose of 15 mg/kg DOX dissolved in 0.9% saline. Volume used for dosing all animals was
10 mL/kg. Twenty-four hours post last injection, animals were given 50 mg/kg ketamine
and 5 mg/kg xylazine IP for anesthesia. Electrocardiogram (ECG) measurements were then
performed on the animals. The retroorbital plexus was used for collecting blood samples.
Blood was kept for 15 min and then centrifuged for 10 min at 3000 RPM and 4 ◦C to obtain
serum. Decapitation was performed, and hearts were dissected out, gently rinsed with
saline (ice-cooled), and blotted between filter paper. Part of the heart was placed in 10%
formalin for histopathological and immunohistochemical studies. Remaining sections of
the hearts were placed in RNAProtect Tissue Reagent (Cat. No. 76106, Qiagen, MD, USA).
The remaining parts were flash-frozen with liquid nitrogen and held together with serum
at −80 ◦C for analysis.

2.5. Electrocardiography

At the end of the treatment protocol, animals were given a combination of ketamine
(100 mg/kg; i.p.) + xylazine (10 mg/kg; i.p.) for anesthesia. During electrocardiography,
rectal temperatures were kept at 37.5 ◦C by a thermostatically controlled heating blanket.
In all animals, 10 min after anesthesia, three needle electrodes were placed below the skin
of the animals. Electrodes were placed in the right hind and front limbs and the left hind
limb. A PowerLab, model 8/35 (ADInstruments, Sydney, Australia), was used to record
the ECG. ECG parameters were recorded. The changes in duration of P wave (ms), QRS
complex (ms), QRS amplitude (μV), QT interval (ms), PR interval (ms), RR interval (ms),
and amplitude of ST segment (μV) were determined.

2.6. Biochemical Assays and Measurements of Cardiac Enzymes

Serum was collected from blood samples by centrifugation for 10 min at 3000 rpm
and placed in Eppendorf tubes for biochemical analysis of creatine kinase myocardial band
(CK-MB), cardiac troponin levels, and lactate dehydrogenase (LDH), and were assessed
using colorimetric kits (SEA479Ra, SEA478Ra, and SEB370Ra, Cloud-Clone, Houston, TX,
USA, respectively).

2.7. Histopathological Study

Heart tissues were fixed in 10% neutral formalin, and then paraffinization was per-
formed. Tissues were cut into slices (5 μm). Hematoxylin and eosin (H&E) was used to
stain the sections, which were then photographed using light microscopy (Nikon Eclipse
TE2000-U, Nikon, Tokyo, Japan). This examination was carried out by a pathologist in a
blind manner.

2.8. Assessment of Oxidative and Inflammatory Markers

Homogenization of heart tissues was carried out in a 10-fold volume of ice-cooled
phosphate-buffered saline (PBS) (ice-cooled, pH 7.4). Following centrifugation at 10,000× g
for 20 min and 4 ◦C, the supernatant was then collected for analysis of oxidative and
inflammatory markers. ELISA kits were used in the assessment of the hearts’ content of
malondialdehyde (MDA), reduced glutathione (GSH), enzymatic activities of superoxide
dismutase (SOD), catalase (CAT) (Cat. No. MD 2529, GR 2511, SD 2521, and CA 2517,
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Biodiagnostic, Giza, Egypt, respectively), and protein carbonyl, interlukin-6 (IL-6), and
tumor necrosis factor α (TNF-α) (Cat. No. ab238536, ab234570, and ab100785, Abcam,
Cambridge, UK, respectively).

Nuclear fractions of tissue homogenates were obtained using NE-PER nuclear and
cytoplasmic extraction kit (Cat. No. 78833, Thermo Fisher Scientific, Waltham, MA, USA).
Protein content of the nuclear extracts was determined, and a volume equivalent to 80μg
was employed in the assessment of the DNA-binding activity of NF-kB p65 using NF-κB
p65 ELISA Kit (Cat. No. ab133112, Abcam, Cambridge, UK). Results are expressed as fold
change of control.

2.9. Tissue Staining for Immunohistochemistry

Tissue sections were deparaffinized, and then ethanol serial dilutions were employed
for tissue rehydration before boiling in 0.1 M citrate buffer (pH 6.0) for 10 min. A 2-hour
incubation period in 5% bovine serum albumin (BSA) in tris buffered saline (TBS) was
subsequently followed. Primary antibodies were then used in the tissue incubation for
12 h at 4 ◦C, namely: TNFα (Cat. No. ab220210, Abcam®, Cambridge, UK), IL-6, (Cat. No.
ab9324, Abcam®, Cambridge, UK), NFκB (Cat. No. sc-8414, Santa Cruz, TX, USA), and
Nrf2 (Cat. No. MBS9608128, MyBioSource, San Diego, CA, USA). After tissue flushing
using TBS, another incubation was carried out in either antimouse or antirabbit biotinylated
secondary antibody based on the primary antibody reactivity (Cell & Tissue Staining Kit,
Cat. No. CTS002, CTS006, R&D systems, Minneapolis, MN, USA). Quantification was
performed with an image analysis software (Image J, 1.8.0, NIH, Bethesda, MD, USA).

2.10. Quantitative Real-Time Polymerase Chain Reaction (PCR)

TRIzol was used for isolation of total RNA from the tissues of the heart. A260/A280
ratio was employed in assessing RNA purity. Samples with a ratio greater than 1.7 were
included in the synthesis of cDNA. Omniscript RT kit (Cat. No. 205113, Qiagen, MD, USA)
was used for first-strand cDNA synthesis. A SYBR Green Master Mix (Cat. No. 180830,
Qiagen, MD, USA) with forward and reverse primers was used for quantification of mRNA
using qPCR. The following sequences represented the forward primers for Nrf2, HO-1, Bax,
Bcl-2, caspase-3, and β-actin: 5′TTTGTAGATGACCATGAGTCGC,5′TCTGCAGGGGAGA
ATCTTGC, 5′CCTGAGCTGACCTTGGAGCA, 5′TGATAACCGGGAGATCGTGA, 5′CTCG
GTCTGGTACAGATGTCGATG, and 5′TCCGTCGCCGGTCCACACCC, respectively. The
following sequences represented the reverse primers for Nrf2, HO-1, Bax, Bcl-2, caspase-3
and β-actin: 5′TGTCCTGCTGTATGCTGCTT, 5′TTGGTGACGGAAATGTGCCA, 5′GGTG
GTTGCCCTTTTCTACT, 5′AAAGCACATCCAATAAAAAGC, 5′GGTTAACCCGGGTAAG
AATGTGCA, and 5′TCACCAACTGGGACGATATG, respectively. The primers sequences
were taken from references that have been already validated in our laboratory [22]. Data
were analyzed by the ΔΔCT method, and β-actin was used for normalization [23].

2.11. Statistics

Data are represented as means ± SD. One-way ANOVA followed by Tukey’s multiple
comparison test was used for assessing results. GraphPad Prism (Prism 8.1, GraphPad
Software, Inc., La Jolla, CA, USA) was used for all analyses. p < 0.05 was considered
significant.

3. Results

3.1. Assessment of Acute Toxicity of ML

At 24 h of oral ML dose of 2000 mg/kg to rats, no deaths were observed in three tested
male animals. A further study was carried out in three male animals utilizing the same
dose, which, similarly, resulted in no deaths after 24 h.
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3.2. Assessment of Heart Electrical Activities

Electrocardiographic patterns (P wave duration, QRS complex duration, QRS ampli-
tude, QT interval, PR interval duration, RR interval duration, ST segment amplitude) of
the control and experimental groups are displayed in Table 1 and Figure 1. The values
of ECG indices are given in Table 1. Control rats had normal ECG findings, while the
DOX-challenged rats demonstrated a markedly lowered P wave and QRS complex. Fur-
thermore, DOX injection induced a significant increase in the QT, PR, and RR intervals and
ST segment relative to controls. However, these pathological changes in P wave magnitude
and QRS amplitude and complexes were prevented by ML in a dose-related manner. ML
also resulted in a significant restoration of the QT, PR, and RR intervals and ST segment.

Table 1. Effect of ML on DOX-induced alterations in electrocardiographic (ECG) indices.

Control DOX
DOX + ML
(15 mg/kg)

DOX + ML
(30 mg/kg)

P wave (duration, ms) 30 ± 1
(29–30)

22 ± 5 a

(17–27)
26 ± 1
(25–27)

34± 1 b

(33–35)

QRS complex (duration, ms) 63 ± 2
(61–65)

30 ± 1 a

(29–31)
40 ± 2
(38–42)

65 ± 1 b

(64–66)

QRS amplitude (μV) 82 ± 2
(80–84)

140 ± 10 a

(130–150)
60 ± 2 b

(58–62)
80± 1 b

(79–81)

QT interval (duration, ms) 50 ± 1
(49–51)

72 ± 3 a

(69–75)
60 ± 1
(59–61)

54± 1 b

(53–55)

PR interval (duration, ms) 20 ± 1
(19–21)

25 ± 1 a

(24–26)
22 ± 1
(21–23)

19 ± 1 b

(18–20)

RR interval (duration, ms) 150 ± 1
(149–151)

260 ± 1 a

(259–261)
220 ± 3

(217–223)
130 ± 3 b

(127–133)

ST segment amplitude (μV) 51 ± 3
(48–54)

180 ± 3 a

(177–183)
100 ± 3
(97–103)

55± 1 b

(54–56)
Results are displayed as mean ± SD (n = 6) and range of values in each group is shown between brackets;
DOX = Doxorubicin, ML = Mokko Lactone, a significantly different from control (p < 0.05); b significantly different
from DOX (p < 0.05).

Figure 1. Effect of ML on DOX-induced on ECG patterns: (A) control group; (B) DOX group;
(C) DOX + ML (15 mg/kg); and (D) DOX + ML (30 mg/kg), DOX = Doxorubicin, ML = Mokko Lactone.
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3.3. Histopathological Assessment

Microscopic examination of heart sections from the control group revealed a normal
histological structure of cardiac architecture (Figure 2A). However, the DOX group re-
vealed marked cardiotoxicity that was characterized by scattered degeneration of cardiac
myofibers, mononuclear inflammatory cells infiltration, myocarditis, and extensive cyto-
plasmic vacuolization (Figure 2B). Sections from DOX + ML (15 mg/kg) showed moderate
enhancement of the cardiac histology with fewer inflammatory areas and degenerated car-
diomyocytes (Figure 2C). Rats given DOX + ML (30 mg/kg) showed the highest protection
that revealed an apparently normal structure in most examined sections (Figure 2D).

Figure 2. Effect of ML on DOX-induced histopathological changes on cardiac tissues: (A) con-
trol group demonstrating normal architecture of the heart tissues; (B) DOX group exhibiting
mononuclear inflammatory cells infiltration and widespread necrosis of cardiac tissues (black arrow);
(C) DOX + ML (15 mg/kg) treated group showing limited inflammatory areas and degenerated car-
diomyocytes; (D) DOX + ML (30 mg/kg) treated group with restoration of a nearly normal cardiac
histology. DOX = Doxorubicin, ML = Mokko Lactone.

Data in Table 2 show semi-quantitatively the cardiac injury induced by DOX. The
pathological alterations included severe disruption of cardiac muscles architecture, intersti-
tial edema, inflammatory cellular infiltrate, apoptosis, and necrosis, as evidenced by nuclear
pyknosis, karyorrhexis, and/or karyolysis. Both doses of ML obviously ameliorated such
deleterious effects to the borderline score in cardiac myocyte death in animals treated with
the 30 mg/kg ML.

3.4. Effect of ML on Serum Cardiac Markers

The protective activity of ML against DOX-induced heart injury was confirmed based
on the levels of serum markers of cardiotoxicity, namely, troponin, CK-MB, and LDH. As
can be observed in Figure 3A,B, rats challenged with DOX showed raised troponin and
CK-MB levels in the serum compared with control rats. However, treatment with ML
significantly ameliorated and prevented this DOX-induced increase in both markers at
15 mg/kg and 30 mg/kg, respectively. The data in Figure 3C reveal that prior treatment
with ML at 15 mg/kg to DOX-challenged rats significantly ameliorated the increase in
serum LDH activity by approximately 32%; this increase was significantly inhibited at an
ML dose level of 30 mg/kg.
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Table 2. Histopathological semi-quantitative scoring showing the effects of ML on DOX-induced
severity of histopathologic lesions in DOX-treated rats.

Control DOX
DOX + ML
(15 mg/kg)

DOX + ML
(30 mg/kg)

Disruption of cardiac muscles - +++ ++ +
Interstitial edema - +++ ++ +
Inflammatory cellular infiltrate - +++ ++ +
Apoptosis - ++ + ±
Necrosis (nuclear pyknosis,
karyolysis, karyorrhexis) - ++ + ±

Score values are obtained from tissue sections of six animals of each group, five fields/section (X 100): scores of -,
normal; ±, borderline; +, mild; ++, moderate; +++, severe. DOX = Doxorubicin, ML = Mokko Lactone.

Figure 3. Effect of ML on serum cardiac markers in DOX-treated rats: (A) serum troponin level;
(B) serum CK-MB level; (C) serum LDH activity. Background dotted lines represent range of
corresponding control values. Data are displayed as mean ± SD (n = 6). DOX = Doxorubicin,
ML = Mokko Lactone. a, significantly different than control (p < 0.05); b, significantly different than
DOX (p < 0.05); c, significantly different than DOX + ML (15 mg/kg) (p < 0.05).

3.5. Effect of ML on Cardiac Oxidative Stress

The antioxidant activity of ML was also examined in rats following acute DOX ex-
posure. Figure 4A shows that DOX resulted in increased oxidative stress, as shown by
the increased contents of MDA. Nonetheless, treatment with ML significantly ameliorated
the increase in MDA by around 20% and 33% at 15 mg/kg and 30 mg/kg, respectively.
It can also be observed in Figure 4B–D that the DOX challenge led to significant GSH
depletion and CAT and SOD exhaustion. However, treatment with ML at both doses tested
significantly attenuated the depletion of GSH, increasing the values by 92.3% and 151.9%
relative to the DOX group, respectively. ML also significantly ameliorated the exhaustion
of CAT and SOD associated with DOX-induced oxidative stress at both doses tested in a
concentration-related manner. In addition, ML significantly ameliorated the increase in
protein carbonyl associated with DOX-induced oxidative stress at both doses tested in a
dose-related manner (Figure 4E).
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Figure 4. Effect of ML on oxidative status of on DOX-induced cardiotoxicity in rats: (A) cardiac MDA
content; (B) cardiac CAT activity; (C) cardiac SOD activity; (D) cardiac GSH; and (E) cardiac protein
carbonyl content. Data are displayed as mean ± SD (n = 6). DOX = Doxorubicin, ML = Mokko
Lactone. a, significantly different compared with control (p < 0.05); b, significantly different compared
with DOX (p < 0.05); c, significantly different compared with DOX + ML (15 mg/kg) (p < 0.05).

3.6. Effect of ML on Nrf2 and HO-1 Expression

To confirm the antioxidant activity and to assess the anti-inflammatory potential of
ML, the cardiac expression of Nrf2 was examined following ML and DOX treatments. As
it can be observed in Figure 5A–E, DOX caused a marked lowering of Nrf2 expression in
comparison to the control value. Interestingly, treatment with ML not only ameliorated
this decrease in Nrf2 at 15 mg/kg by approximately 50% but also significantly prevented it
at 30 mg/kg. In addition, these data were confirmed by assessing Nrf2 and HO-1 mRNA
expression, which were significantly downregulated by DOX challenge. However, both
doses of ML ameliorated such effects and significantly inhibited the decrease in mRNA
expression of Nrf2 and HO-1 (Figure 5F,G).

3.7. Effect of ML on Expression of Heart Inflammatory Markers

The inflammatory status of cardiac tissues was examined immunohistochemically in
DOX-challenged rats following ML treatment. DOX challenge significantly induced the
expression of NF-κb, while ML treatment significantly attenuated the increased expression
of NF-κb at 15 mg/kg and 30 mg/kg by 33.8% and 44.7%, respectively. Moreover, the
expression of IL-6 and TNF-α was also increased with DOX and this was significantly
ameliorated by ML at 15 mg/kg by 28.9% and 26.7%, respectively. ML at 30 mg/kg
resulted in an even further decrease in the expression of IL-6 by 36.3% and TNF-α by
38.0% compared with DOX alone (Figure 6A). These data were confirmed using the ELISA
technique that indicated the ability of DOX to activate NF-κb and the cardiac content of
IL-6 and TNF-α. The same protective actions of both doses of ML were observed. ML
treatment was associated with the significant amelioration of NF-κb DNA-binding activity
and prevented the rise in IL-6 and TNF-α content (Figure 6B).
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Figure 5. Effect of ML on Nrf2 expression as determined immunohistochemically (A–E) and mRNA
expression of Nrf2 (F) and HO-1 (G) in cardiac tissues of DOX-treated rats. Data shown as bar charts
are mean ± SD (n = 6). DOX = Doxorubicin, ML = Mokko Lactone. a, b, or c: statistically different
from control, DOX, or DOX + ML (15 mg/kg), respectively (p < 0.05).

Figure 6. Effect of ML on NFκB, IL-6, and TNF-α, as determined by immunohistochemistry
(A) or ELISA (B) in cardiac tissues of DOX-treated rats. Data in bar charts are mean ± SD (n = 6).
DOX = Doxorubicin, ML = Mokko Lactone. a, b or c: statistically significant compared with control,
DOX, or DOX + ML (15 mg/kg), respectively (p < 0.05).
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3.8. Effect of ML on Bax, Bcl-2, and Caspase-3 mRNA Expression

ML’s antiapoptotic effects were examined based on the Bax, Bcl2, and caspase-3
mRNA expression in cardiac tissues of rats who received a single DOX injection. As
demonstrated in Figure 7A, DOX resulted in a significant increase in the mRNA expression
of the proapoptotic regulator Bax. However, ML markedly ameliorated this rise by 21.2%
and 33.3% at 15 mg/kg and 30 mg/kg, respectively. Regarding the antiapoptotic Bcl-2,
DOX significantly decreased Bcl-2 mRNA expression while ML significantly ameliorated
this change, as it enhanced its values by more than one- and two-fold at 15 mg/kg and
30 mg/kg, respectively (Figure 7B). In addition, DOX showed significant apoptotic activities,
as evidenced by enhanced mRNA expression of caspase-3. ML markedly ameliorated this
rise by approximately 18% and 25% at 15 mg/kg and 30 mg/kg, respectively (Figure 7C).

Figure 7. Effect of ML on cardiac mRNA expression of Bax (A), Bcl-2 (B), and caspase-3 (C) in
DOX-treated rats. Data shown in bar charts are mean ± SD (n = 6). DOX = Doxorubicin, ML = Mokko
Lactone. a, b or c: statistically significant compared with control, DOX, or DOX + ML (15 mg/kg),
respectively (p < 0.05).

4. Discussion

Cardiotoxicity associated with doxorubicin is acute, occurring within 2 days of its ad-
ministration, and acute cardiotoxicity occurs in approximately 11% of cases [24]. However,
DOX is frequently utilized in anticancer treatment protocols because of the high rates of
complete remission associated with this agent compared with many other drugs [25]. DOX-
induced cardiotoxicity mechanism is complex and multifaceted and involves the induction
of oxidative stress [26]. ML is a sesquiterpene lactone obtained from the rhizomes of Costus
speciosus, which has been shown to have significant antioxidant and anti-inflammatory
properties [20,27]. Hence, we aimed at investigating the possible protective actions of ML
due to DOX-induced cardiotoxicity in rats.

Oral LD50 examination of ML in rats indicated almost no toxicity of the compound.
On the experiments of electrical potential generated by the heart, our data demonstrated
that DOX challenge in rats induced acute cardiotoxicity, as indicated by the alterations in
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ECG indices [28]. The administration of ML significantly ameliorated these changes in P
wave, QRS complex, QT/RR intervals, and ST segments at 15 mg/kg and prevented them at
30 mg/kg. Moreover, ML inhibited cardiac myopathy, as indicated by the histopathological
examination of heart tissues, as ML treatment was associated with relatively preserved
cardiomyocytes and almost normal cardiac architecture, indicating a protective activity
of ML. According to these functional and histological parameters, it appears that ML
can prevent DOX-induced cardiac toxicity in a dose-related manner. Cardiac dysfunction
associated with DOX occurs via varied mechanisms that primarily include the induction of
oxidative stress leading to severe cellular injury [29]. The results obtained in the current
work indicate significant antioxidant activity of ML, as evidenced by the amelioration of
pathological changes induced by DOX to the oxidative stress markers MDA, CAT, SOD,
GSH, and carbonyl in cardiac tissues. These antioxidant effects could be attributed to the
α-methylene-γ-lactone moiety in the chemical structure of ML that confers the ability to
interact with the cysteine sulfhydryl groups of many cellular peptides and proteins [30].
These results are consistent with the reported antioxidant activity of ML in DOX-induced
hepatotoxicity [22]. Hence, these results indicate that ML decreases oxidative stress and
cellular injury in cardiac tissues.

Nrf2 expression analysis further confirmed the antioxidant activity of ML against DOX-
induced oxidative stress in cardiac tissues. DOX challenge significantly reduced the cardiac
expression of Nrf2. However, treatment with ML significantly prevented this decrease in
Nrf2 induced by the DOX challenge. Nrf2 is known to be heavily involved in mediating
cellular resistance to oxidative stress in DOX-induced cardiotoxicity [31–33]. Hence, the
antioxidant action associated with ML administration be positively regulated by Nrf2
expressed in cardiomyocytes. Furthermore, Nrf2 is also known to reduce inflammatory
injury via the regulation of inflammatory cytokines and antioxidant enzymes [34].

The finding of the current study showed increased expression of proinflammatory
mediators and cytokines with DOX challenge, while this increase was prevented with ML
treatment in a dose-related manner. It has been suggested that cardiac inflammation plays
a significant role in DOX-related cardiotoxicity. Inhibiting inflammation has even been
shown to facilitate recovering heart dysfunction following DOX administration [35]. These
findings are in harmony with other findings in the literature demonstrating the significant
anti-inflammatory activity of ML, as evidenced by the reduced release of proinflammatory
cytokines, including IL-6 and TNF-α, from activated human peripheral blood mononuclear
cells [21]. Thus, this observed anti-inflammatory activity could contribute to the protective
effects of ML against cardiotoxicity induced by DOX.

It is documented that DOX cardiotoxicity was likened to the increased apoptotic
potential of cardiomyocytes [36]. In this regard, ML was found in the current study to
protect against the apoptosis of cardiac tissues in rats who received DOX. Interestingly, the
observed antiapoptotic changes in expression of Bax, Bcl2, and caspase-3 caused by ML
may be due to Nrf2 dependent mechanisms. It is known that Nrf2 enhances resistance to
apoptotic stimuli by upregulating the antiapoptotic protein Bcl2 [37]. It has also been shown
that a structurally related compound, costunolide, protects against apoptosis mediated
by oxidative stress in a defense mechanism that is dependent on Nrf2 expression and
involves antiapoptotic changes in the expression of Bax and Bcl2 [38–40]. Taken together,
the generated findings in the current study highlight the importance of the antioxidant,
anti-inflammatory, and antiapoptotic activities of ML in mediating resistance to the acute
cardiotoxic effects of DOX in rats.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14040733/s1, Figure S1: Chemical structure of mokko lactone,
Figure S2: ESIMS of mokko lactone, Figure S3: 1H NMR spectrum of mokko lactone in CDCl3
(600 MHz), Figure S4: 13C NMR spectrum of mokko lactone in CDCl3 (150 MHz).
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Abstract: Despite the availability of antibiotics and vaccines, many intractable infectious diseases still
threaten human health across the globe. Uncontrolled infections can lead to systemic inflammatory
response syndrome and the excessive production of inflammatory cytokines, known as a cytokine
storm. As cytokines also play necessary and positive roles in fighting infections, it is important to
identify nontoxic and anti-inflammatory natural products that can modulate cytokine production
caused by infections. Rubi Fructus, the unripe fruits of Rubus coreanus Miquel, are known to
possess antioxidative properties. In this study, the effect of the water extract of Rubi Fructus (RF)
on the lipopolysaccharide (LPS)-induced inflammatory response in RAW 264.7 macrophages was
investigated using biochemical and cell biology techniques. Our data indicated that RF inhibits p38
phosphorylation, intracellular calcium release, and the production of nitric oxide (NO), interleukin
(IL)-6, monocyte chemotactic activating factor (MCP)-1, tumor necrosis factor (TNF)-α, leukemia
inhibitory factor (LIF), lipopolysaccharide-induced CXC chemokine (LIX), granulocyte-colony
stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), vascular
endothelial growth factor (VEGF), macrophage colony-stimulating factor (M-CSF), macrophage
inflammatory protein (MIP)-1α, MIP-1β, MIP-2, and regulated on activation, normal T cell expressed
and secreted (RANTES) in LPS-treated macrophages. In addition, we observed decreasing mRNA
expression of Chop, Camk2a, Stat1, Stat3, Jak2, Fas, c-Jun, c-Fos, Nos2, and Ptgs2 without cytotoxic effects.
We concluded that RF demonstrated immunoregulatory activity on LPS-stimulated macrophages via
an endoplasmic reticulum (ER) stress-induced calcium/CCAAT-enhancer-binding protein homologous
protein (CHOP) pathway and the Janus kinase (JAK)/signal transducers and activators of transcription
(STAT) pathway.

Keywords: Rubi Fructus; Rubus coreanus; lipopolysaccharide; macrophage; ER stress; calcium; chop;
STAT; cytokine; nitric oxide

1. Introduction

Inflammatory reactions in response to pathogenic infections are essential for human survival [1].
These inflammatory cascades are regulated by immune cells, such as neutrophils, monocytes, macrophages,
dendritic cells, eosinophils, basophils, T-lymphocytes, and B-lymphocytes [2]. Among these cell types,
macrophages are one of the major regulators of the innate immune system response to infectious
pathogens [3]. Macrophages are well known to identify and destroy intrusive microorganisms
(i.e., gram-negative bacteria) via the upregulation of inflammatory mediators, such as nitric oxide
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(NO), cytokines, chemokines, growth factors, prostaglandins, leukotrienes, and blood coagulation
factors [4]. One of major pathways induced by endotoxins, such as lipopolysaccharide (LPS), is the
endoplasmic reticulum (ER) stress-induced calcium/CCAAT-enhancer-binding protein homologous
protein (CHOP) pathway, which consists of calcium release from the NO-stressed ER and activation
of CHOP, calcium/calmodulin dependent protein kinase II alpha (CAMK2a), signal transducers and
activators of transcription (STAT), and Fas proteins [5]. However, although necessary for the removal
of invasive pathogens, macrophage activation can lead to a cytokine storm (hypercytokinemia), or the
excessive production of cytokines, commonly observed in systemic inflammatory response syndrome
(SIRS), resulting in multiple organ dysfunction [6]. As there are no effective therapies for cytokine
storm, it is important to search for nontoxic and anti-inflammatory natural products that can modulate
cytokine production caused by infections.

Traditional medicines can be beneficial for human health, as reported by Tu Youyou, who was
awarded the 2015 Nobel Prize for Physiology or Medicine for the discovery of artemisinin from
Artemisia apiacea [7]. Rubi Fructus (Black Raspberry), the unripe fruits of Rubus coreanus Miquel,
has traditionally been used as a medical drug in East Asia, including Korea and China [8,9]. Rubi Fructus
is also well known to have antioxidative properties [10] and contain large quantities of polyphenolic
compounds [11]. Concretely, Seo et al. reported in 2019 that the ethanol extract of Rubi Fructus (ERF)
demonstrated that high radical scavenging activity and inhibited the production of inflammatory
mediators via the nuclear factor (NF)-κB signaling pathway in RAW 264.7 macrophages stimulated
by lipopolysaccharide (LPS) [12]. In 2014, Lee et al. reported that ERF reduced the production
of inflammatory mediators, such as NO, prostaglandin E2 (PGE2), tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, and IL-6 via suppression of NF-κB and mitogen-activated protein kinase (MAPK)
activation in LPS-stimulated RAW 264.7 cells [13]. In 2013, Kim et al. reported that the water extract
of Rubi Fructus (WRF) also suppressed NF-κB activation, reactive oxygen species (ROS) production,
and inflammatory and phase II gene expression in LPS-stimulated RAW 264.7 macrophages [14].

In the previous study, we reported that Angelica sinensis root water extract has an anti-inflammatory
effect on LPS-stimulated RAW 264.7 via calcium-mediated Janus kinase (JAK)-STAT pathway [15].
Since Rubi Fructus has antioxidative properties, such as Angelica sinensis root, we set the hypothesis
that Rubi Fructus modulates inflammatory reactions in LPS-stimulated macrophages via calcium-STAT
signaling pathway and conducted related experiments to evaluate effects of the WRF (RF) on the
inflammatory cascade in LPS-stimulated RAW 264.7. Experimental data showed that RF inhibited p38
MAPK phosphorylation, intracellular calcium release, and production of NO and various cytokines,
chemokines, and growth factors in LPS-stimulated RAW 264.7 cells. We also detected decreased mRNA
expressions of Chop, Camk2a, Stat1, Stat3, Jak2, Fas, c-Jun, c-Fos, Nos2, and Ptgs2 without cytotoxic effect.
These results indicate that RF possesses immunoregulatory activity in LPS-stimulated macrophages
via ER stress-induced calcium/CHOP pathway and the JAK/STAT pathway.

2. Materials and Methods

2.1. Materials

Dulbecco’s modified Eagle medium (DMEM), LPS (0.1~1 μg/mL), baicalein (25 μM), and other cell
culture reagents were obtained from Millipore (Billerica, MA, USA). Phospho-p38 MAPK Antibody
(T180/Y182) (eBioscience 17-9078-42) and Mouse immunoglobulin G2b (IgG2b) kappa Isotype Control
(eBioscience 12-4732-81) were obtained from Life Technologies Corporation (Carlsbad, CA, USA).

2.2. Preparation of RF

Commercial Rubi Fructus were obtained from Omniherb (Daegu, Korea) and authenticated by
Professor W. Park of Gachon University in July 2016. A voucher specimen (no. 2016-0012) was deposited
at the Department of Pathology in Gachon University’s College of Korean Medicine. As herbal drugs
have been traditionally extracted using water, in the present study, Rubi Fructus were extracted
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with boiling water for 2 h, filtered, and then lyophilized (yield: 17.42%). The powdered extract
(25~200 mg/mL) was dissolved in saline and then filtered through a 0.22 μm syringe filter [15].

2.3. Total Flavonoid Content of RF

The total flavonoid content of RF was determined using the diethylene glycol colorimetric method.
Briefly, the sample solution (20 μL of 2 mg/mL RF) was mixed with 200 μL of diethylene glycol and
20 μL of 1 N NaOH. The sample absorbance was read at 405 nm after 1 h incubation at 37 ◦C. Rutin
was used as a reference standard, and total flavonoid content was expressed as milligrams of rutin
equivalents (mg RE/g extract) [16].

2.4. Effects of RF on Cell Viability of RAW 264.7

RAW 264.7 mouse macrophages were purchased from the Korea Cell Line Bank (Seoul, Korea).
RAW 264.7 cells were cultured in DMEM supplemented with 10% fetal bovine serum containing
100 U/mL of penicillin and 100 μg/mL of streptomycin at 37 ◦C in a 5% CO2 humidified incubator.
Cell viability was evaluated using a modified MTT assay in 96-well plates (1 × 104 cells/well). Optical
density (OD) was determined at 540 nm with a microplate reader (Bio-Rad, Hercules, CA, USA) [15].
In order to determine the toxicity of RF, RF at concentrations of 25, 50, 100, or 200 μg/mL were used for
the dose response experiments.

2.5. Effects of RF on NO Production in RAW 264.7 Macrophages Stimulated with LPS

The concentration of NO in culture medium was determined using a Griess reaction assay.
Specifically, after incubation of cells in 96-well plates (1 × 104 cells/well) for 24 h with LPS (1 μg/mL)
and RF, 100 μL of supernatant from each well was collected and mixed with 100 μL of Griess reagent
in a new 96-well plate. After an incubation of 15 min at room temperature, OD was determined at
540 nm with a microplate reader (Bio-Rad) [15].

2.6. Effects of RF on Intracellular Calcium Release in RAW 264.7 Stimulated by LPS

After RAW 264.7 cells were seeded in 96-well plates (1 × 105 cells/well), LPS (1 μg/mL) and RF
were added to the culture medium and incubated for 18 h at 37 ◦C. Thereafter, the medium was
removed and cells were incubated with 100 μL of the Fluo-4 dye loading solution (Molecular Probes,
Eugene, OR, USA) for 30 min at 37 ◦C. After 30 min incubation, cells were incubated for a further
30 min at room temperature. Then, the fluorescence intensity of each well was determined using a
spectrofluorometer (Dynex, West Sussex, UK) at excitation and emission wavelengths of 485 nm and
535 nm, respectively [15].

2.7. Effects of RF on Cytokine Production in RAW 264.7 Cells Stimulated by LPS

RAW 264.7 cells were seeded in 96-well plates (1 × 104 cells/well) and treated with LPS (1 μg/mL)
and RF [15]. After 24 h treatment, levels of the following cytokines in each well were analyzed:
interleukin (IL)-6; monocyte chemoattractant protein (MCP)-1; tumor necrosis factor (TNF)-α; leukemia
inhibitory factor (LIF); lipopolysaccharide-induced CXC chemokine (LIX; CXCL5); granulocyte
colony-stimulating factor (G-CSF); granulocyte macrophage colony-stimulating factor (GM-CSF);
macrophage colony-stimulating factor (M-CSF); vascular endothelial growth factor (VEGF); macrophage
inflammatory proteins (MIP)-1α, MIP-1β, MIP-2; RANTES (CCL5; regulated on activation, normal T
cell expressed and secreted); and interferon gamma-induced protein 10 (IP-10; CXCL10). Cytokines
were measured using a Luminex assay based on xMAP technology with MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel kits (Millipore) and a Bio-Plex 200 suspension array
system (Bio-Rad), as described previously [15]. The assay used in this experiment was designed
for the multiplexed quantitative measurement of multiple cytokines in a single well, using as little
as 25 μL of cell culture supernatant. Standard curves for each cytokine were generated using
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the kit-supplied reference cytokine samples. Briefly, the following procedure was performed: after
pre-wetting the 96-well plate with Wash Buffer, Wash Buffer in each well was removed using a Handheld
Magnetic Separation Block (HMSB). Next, cell culture supernatants from each well were incubated
with antibody-conjugated beads on a plate shaker for 2 h at room temperature. After incubation,
well contents were gently removed with a HMSB, and the 96-well plate was washed 2 times. Then,
25 μL of detection antibodies were added to each well and incubated with agitation on a plate shaker
for 1 h at room temperature. Subsequently, 25 μL Streptavidin–Phycoerythrin was added to each well
containing the detection antibodies and incubated for 30 min with agitation on a plate shaker at room
temperature. After incubation, the well contents were gently removed and washed 2 times using a
HMSB. Then, 150 μL of Sheath Fluid was added to all wells, and the beads bound to each cytokine were
analyzed with a Bio-Plex 200 instrument (Bio-Rad). Raw data (fluorescence intensity) were analyzed
using Bio-Plex Manager software (Bio-Rad). Baicalein (25 μM), a well-known anti-inflammatory
flavonoid, was used as a positive control.

2.8. Effects of RF on mRNA Expression in RAW 264.7 Cells Stimulated by LPS

2.8.1. Isolation of RNA

RAW 264.7 cells were incubated with LPS (1 μg/mL) and RF for 18 h in 6-well plates (1 × 106

cells/well). After 18 h incubation, total RNA of each well was isolated using NucleoSpin RNA kit
(Macherey-Nagel, Duren, Germany). Briefly, 350 μL Lysis Buffer RA1 and 3.5 μL β-mercaptoethanol
was added to the cell pellet and vortexed vigorously to lyse cells. Lysate was cleared by filtration using
a NucleoSpin® Filter, and then 350 μL ethanol (70%) was added, and mixed by vortexing. The lysate
was loaded into the NucleoSpin® RNA Column, and 350 μL Membrane Desalting Buffer was added
and centrifuged. A total of 95 μL DNase reaction mixture was applied directly to the center of the
silica membrane of the column, followed by incubation at room temperature for 15 min. Samples were
washed with Wash Buffer RA2 and Wash Buffer RA3, and silica membrane was dried. RNA was eluted
in 60 μL RNase-free water and centrifuged [15].

2.8.2. Determination of RNA Concentration

RNA concentration was measured using Experion RNA StdSens Analysis kit (Bio-Rad) with the
Experion Automatic Electrophoresis System (Bio-Rad). First, the electrodes were cleaned using a
cleaning chip filled with 900 μL DEPC-treated water. Then, the Gel-Stain solution was prepared, 9 μL
was added into labeled wells, and the chip was primed. Samples and RNA ladder were loaded into
the chip, which was vortexed using the Experion vortex station for 1 min. Then the chip was loaded
into the electrophoresis platform and the RNA StdSens Analysis program was run [15].

2.8.3. cDNA Synthesis

cDNA of the RNA samples was produced using iScript cDNA Synthesis kit (Bio-Rad) [15]. Briefly,
20 μL complete reaction mixes were prepared with 5× iScript Reaction Mix (4 μL), iScript Reverse
Transcriptase (1 μL), Nuclease-free water (variable), and RNA template (variable, 1 μg total RNA).
The reaction mix (20 μL) was incubated in a thermal cycler (C1000 Thermal Cycler, Bio-Rad) according
to the manufacturer’s protocol (priming at 25 ◦C for 5 min, reverse transcription at 46 ◦C for 20 min,
and RT inactivation at 95 ◦C for 1 min).

2.8.4. RT-qPCR Analysis

Gene expression was measured using quantitative polymerase chain reaction with iQ SYBR Green
Supermix (Bio-Rad) using the CFX96 Real-Time PCR Detection System (Bio-Rad) [15]. Briefly, a master
mix was prepared for all reactions by adding iQ SYBR Green Supermix and Forward/Reverse primers
for each target gene. This master mix was thoroughly mixed to ensure homogeneity, and 7 μL was
dispensed into the wells of a qPCR plate. A total of 3 μL of cDNA was added to each well; any air

214



Nutrients 2020, 12, 3577

bubbles in the vessel bottom were removed, and the PCR plate was loaded into the real-time PCR
instrument. PCR was performed using the following protocol: denaturation of DNA at 95 ◦C for 3 min,
followed by 40 cycles of 95 ◦C for 10 sec and 55 ◦C for 30 sec. The 2–ΔΔCt cycle threshold method was
used to normalize the relative mRNA expression levels to the internal control, β-actin. The primers
used in this assay are listed in Table 1.

Table 1. Primers used for quantitative PCR.

Name 1 Forward Primer (5′–3′) Reverse Primer (5′–3′)
Chop CCACCACACCTGAAAGCAG TCCTCATACCAGGCTTCCA

Camk2a AGCCATCCTCACCACTAT ATTCCTTCACGCCATCATT
Stat1 TGAGATGTCCCGGATAGTGG CGCCAGAGAGAAATTCGTGT
Stat3 GTCTGCAGAGT TCAAGCACCT TCCTCAGTCACGATCAAGGAG
Jak2 TTGGTTTTGAATTATGGTGTCTGT TCCAAATTTTACAAATTCTTGAACC
Fas CGCTGTTTTCCCTTGCTG CCTTGAGTATGAACTCTTAACTGTGAG

c-Jun ACTGGGTTGCGACCTGAC CAATAGGCCGCTGCTCTC
c-Fos AGAGCGGGAATGGTGAAGA TCTTCCTCTTCAGGAGATAGCTG
Nos2 TGGAGGTTCTGGATGAGAGC AATGTCCAGGAAGTAGGTGAGG
Ptgs2 TCAAACAGTTTCTCTACAACAACTCC ACATTTCTTCCCCCAGCAA
β-actin CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA

1 Primer’s names; C/EBP homologous protein (Chop), calcium/calmodulin dependent protein kinase II alpha
(Camk2a), signal transducers and activators of transcription 1 (Stat1), Stat3, Janus kinase 2 (Jak2), first apoptosis
signal receptor (Fas), c-Jun, c-Fos, nitric oxide synthase 2 (Nos2), prostaglandin-endoperoxide synthase 2 (Ptgs2),
and β-actin.

2.9. Effects of RF on Phosphorylation of p38 MAPK in RAW 264.7 Cells Stimulated by LPS

Flow cytometry was performed to detect phosphorylated p38 MAPK in RAW 264.7 cells using
an Attune NxT flow cytometer (Thermo Fisher Scientific) [17]. Briefly, RAW 264.7 macrophages were
seeded in 6-well plates (1 × 106 cells/well) and incubated with LPS (0.1 μg/mL) and RF for 30 min.
After incubation, cells were harvested and washed with Flow Cytometry Staining Buffer (SB). Prior
to antibody staining, cells were fixed with the pre-warmed Fix Buffer I for 10 min. Then, cells were
washed with SB and permeabilized with Perm Buffer III on the ice for 30 min. Then, cells were stained
with 5 μg/mL of phospho-p38 MAPK Antibody (T180/Y182) (eBioscience 17-9078-42), or 1.2 μg/mL of
Mouse IgG2b kappa Isotype Control (eBioscience 12-4732-81), and analyzed on the Attune NxT flow
cytometer (Thermo Fisher Scientific) using Attune NxT software (Thermo Fisher Scientific).

2.10. Statistics

Data are presented as means ± SD. All data were analyzed by one-way analysis of variance
(ANOVA) test followed by Tukey’s multiple comparison test using GraphPad Prism (version 4;
GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Determination of the Total Flavonoid Content of RF

We found that the total flavonoid content of RF was 9.15 mg RE/g extract.

3.2. Effects of RF on Cell Viability

In this study, RF at concentrations of 25, 50, 100, or 200 μg/mL did not decrease cell viability of
RAW 264.7 cells after 24 h (108.00 ± 7.84%, 103.84 ± 3.71%, 104.47 ± 4.77%, and 103.19 ± 0.83% of the
normal group (Nor) treated with media only, respectively). These results indicated that RF does not
exert any cytotoxic effect on macrophages at concentrations of up to 200 μg/mL, which were used in all
subsequent experiments (Figure 1A).
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Figure 1. Effects of Rubi Fructus water extract (RF) on (A) cell viability, (B) nitric oxide (NO) production,
and (C) intracellular calcium release. Cells were treated with RF and LPS for 24 h (A,B) or 18 h (C).
“Nor” indicates the group treated with media only. “Con” indicates the group treated with 1 μg/mL of
lipopolysaccharide (LPS) alone. RF25, RF50, RF100, and RF200 indicate 25, 50, 100, and 200 μg/mL
of RF, respectively. “BA” indicates treatment with baicalein (25 μM). Values represent means ± SD of
three independent experiments (n = 3). Statistical significance was calculated by one-way ANOVA and
a Tukey multiple comparison test. ** p < 0.01 vs. Con; *** p < 0.001 vs. Con.

3.3. NO Production in RAW 264.7 Cells

Data showed that RF significantly inhibited NO production from RAW 264.7 cells stimulated by
24 h treatment with LPS. NO production in RAW 264.7 cells incubated with RF at concentrations of
25, 50, 100, and 200 μg/mL were 88.29 ± 7.33%, 87.6 ± 2.22%, 87.22 ± 8.5%, and 86.26 ± 1.98% of that
treated with LPS alone (Figure 1B). These data indicated that RF might modulate excessive NO-induced
inflammatory signaling.

3.4. Calcium Release in RAW 264.7 Cells

Data showed that RF significantly inhibited calcium release in RAW 264.7 cells stimulated by 18 h
LPS treatment. Calcium release in RAW 264.7 cells incubated with RF at concentrations of 25, 50, 100,
and 200 μg/mL were 35.25 ± 1.86%, 34.91 ± 1.12%, 34.72 ± 2.6%, and 34.94 ± 1.08% of that induced by
LPS treatment alone (Figure 1C). Our results indicated that RF might exert a regulatory effect over the
calcium-related ER stress response pathway.

3.5. Cytokine Production in RAW 264.7 Cells

RF significantly reduced the production of cytokines in RAW 264.7 cells stimulated by LPS for 24 h.
In particular, RF reduced productions of IL-6, MCP-1, G-CSF, LIF, LIX, MIP-1α, MIP-1β, MIP-2, VEGF,
and RANTES in a dose-dependent manner. Production of IL-6 from RAW 264.7 cells with RF (25, 50, 100,
and 200 μg/mL) were 90.71 ± 2.86%, 86.09 ± 6.48%, 81.58 ± 4.52%, and 79.675%± 5.9% of the LPS alone,
respectively; production of MCP-1 was 77.65 ± 3.81%, 64.67 ± 10.02%, 61.73 ± 8.88%, and 58.47 ± 4.14%,
respectively; TNF-α was 87.31 ± 3.81%, 69.78 ± 22.36%, 80.5 ± 14.54%, and 76.73 ± 12.05%, respectively;
G-CSF was 95.79 ± 0.45%, 94.92 ± 2.63%, 94.73 ± 2.19%, and 94.03 ± 0.24%, respectively; GM-CSF was
57.76 ± 4.91%, 52.2 ± 8.32%, 57.44 ± 7.98%, and 66.48 ± 8.63%, respectively; LIF was 89.1 ± 5.63%,
72.43 ± 17%, 68.2 ± 5.4%, and 67.06 ± 7.78%, respectively; LIX was 80.23 ± 2.96%, 75.11 ± 3.12%,
70.3 ± 7.42%, and 67.26 ± 4.23%, respectively; M-CSF was 84.55 ± 5.85%, 72.87 ± 8.2%, 76.49 ± 9.85%,
and 75.45± 4.67%, respectively; MIP-1αwas 94.8± 1.14%, 93.8± 0.75%, 93.12± 1.57%, and 92.02± 1.21%,
respectively; MIP-1β was 97.85 ± 1.2%, 97.42 ± 1.2%, 93.52 ± 3.66%, and 92.93 ± 3.22%, respectively;
MIP-2 was 97.37 ± 0.57%, 96.69 ± 0.81%, 93.58 ± 2.42%, and 93.16 ± 2.45%, respectively; VEGF
was 85.71 ± 1.25%, 77.54 ± 12.82%, 53.28 ± 16.42%, and 41.97 ± 7.72%, respectively; RANTES was
92.07± 13.19%, 89.13± 3.04%, 77.7± 7.13%, and 71.77± 5.62%, respectively; and IP-10 was 84.42± 5.19%,
90.04 ± 6.85%, 99.26 ± 7.16%, and 98.33 ± 5%, respectively (Figure 2). These data indicated that
RF might alleviate hyper-inflammation leading to excessive production of cytokines, chemokines,
and growth factors in LPS-stimulated macrophages.
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Figure 2. Effects of Rubi Fructus water extract (RF) on the production of interleukin (IL)-6, monocyte
chemotactic activating factor (MCP)-1, tumor necrosis factor (TNF)-α, granulocyte-colony stimulating
factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), leukemia inhibitory
factor (LIF), lipopolysaccharide-induced CXC chemokine (LIX), macrophage colony-stimulating
factor (M-CSF), macrophage inflammatory protein (MIP)-1α, MIP-1β, MIP-2, vascular endothelial
growth factor (VEGF), and regulated on activation, normal T cell expressed and secreted (RANTES),
and interferon gamma-induced protein (IP)-10. Cells were treated for 24 h with LPS and RF. “Nor”
indicates the group treated with media only. “Con” indicates the group treated with 1 μg/mL of
LPS alone. RF25, RF50, RF100, and RF200 indicate 25, 50, 100, and 200 μg/mL of RF, respectively.
“BA” indicates treatment with baicalein (25 μM). Values represent means ± SD of three independent
experiments (n = 3). Statistical significance was calculated by one-way ANOVA and a Tukey multiple
comparison test. * p < 0.05 vs. Con; ** p < 0.01 vs. Con; *** p < 0.001 vs. Con.
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3.6. mRNA Expression in RAW 264.7 Cells

RF significantly inhibited the mRNA expression of Chop, Camk2a, Stat1, Stat3, Jak2, Fas, c-Jun,
c-Fos, Nos2, and Ptgs2 in RAW 264.7 cells stimulated by LPS (Figure 3). Chop expression in RAW
264.7 cells incubated with RF (25, 50, 100, and 200 μg/mL) were 19.35 ± 9.77%, 21.06 ± 7.78%,
33.91 ± 7.73%, and 14.25 ± 5.6% of LPS-treated cells alone, respectively; Camk2a expression was
32.76 ± 10.69%, 17.08 ± 8.21%, 33.85 ± 18.44%, and 20.78 ± 15.3% of the LPS group alone; Stat1 was
19.52 ± 1.36%, 14.73 ± 0.94%, 43.41 ± 7.07%, and 11.36 ± 1.32%, respectively; Stat3 was 33.76 ± 1.1%,
30.23 ± 16.19%, 54.86 ± 8.74%, and 13.22 ± 5.66%, respectively; Jak2 was 42.92 ± 23.87%, 21.27 ± 8.54%,
58.1 ± 24.55%, and 30.63 ± 12.68%, respectively; Fas was 7.71 ± 0.71%, 7.01 ± 0.55%, 22.49 ± 2.15%,
and 6.79 ± 1.15%, respectively; c-Jun was 20.29 ± 10.56%, 18.4 ± 6.7%, 32.78 ± 7.4%, and 13.08 ± 2.87%,
respectively; c-Fos was 45.53 ± 6.31%, 24.94 ± 5.15%, 82.64 ± 8.96%, and 38.25 ± 3.68%, respectively;
Nos2 was 10.44 ± 0.91%, 3.89 ± 0.36%, 28.42 ± 6.43%, and 7.63 ± 0.55%, respectively; and Ptgs2 was
21.47 ± 0.66%, 13.04 ± 1.17%, 64.17 ± 7.6%, and 2.66 ± 0.82%, respectively. Although RF did not exert a
concentration-dependent inhibition of mRNA expression, these data indicate that RF might modulate
the expression of inflammatory genes related to ER stress.

Figure 3. Effects of Rubi Fructus water extract (RF) on mRNA expression of Chop, Camk2a, Stat1, Stat3,
Jak2, Fas, c-Jun, c-Fos, Nos2, and Ptgs2. Cells were treated for 18 h. “Nor” indicates the group treated
with media only. “Con” indicates the group treated with 1 μg/mL of LPS alone. RF25, RF50, RF100,
and RF200 indicate treatment with 25, 50, 100, and 200 μg/mL of RF, respectively. “BA” indicates
treatment with baicalein (25 μM). Values represent means ± SD of three independent experiments
(n = 3). Statistical significance was calculated by one-way ANOVA and a Tukey multiple comparison
test. * p < 0.05 vs. Con; ** p < 0.01 vs. Con; *** p < 0.001 vs. Con.
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3.7. Phosphorylation of p38 MAPK in RAW 264.7

Phosphorylation of p38 MAPK was significantly inhibited by RF (Figure 4). p38 MAPK
phosphorylation in RAW 264.7 cells incubated with RF (25, 50, 100, and 200 μg/mL) for 30 min was
48.76 ± 3.79%, 39.64 ± 14.53%, 26.11 ± 3.87%, and 38.29 ± 8.46% of that induced by LPS. No non-specific
staining was observed with Mouse IgG2b kappa Isotype Control. These data indicated that RF might
exert its anti-inflammatory effects via suppressing the activation of p38 MAPK signaling pathway.

Figure 4. Effects of Rubi Fructus water extract (RF) on phosphorylation of p38 MAPK in RAW 264.7
cells. Cells were treated with LPS and RF for 30 min. “Nor” indicates the group treated with media
only. “Con” indicates the group treated with 0.1 μg/mL of LPS alone. RF25, RF50, RF100, and RF200
indicate treatment with 25, 50, 100, and 200 μg/mL of RF, respectively. “BA” indicates treatment with
baicalein (25 μM). Values represent means ± SD of three independent experiments (n = 3). Statistical
significance was calculated by one-way ANOVA and a Tukey multiple comparison test. * p < 0.05 vs.
Con; ** p < 0.01 vs. Con.

4. Discussion

SIRS caused by gram-negative bacteria is known to be a host response to lipopolysaccharide [18,19]
and accompanied by increased production of inflammatory mediators such as NO, IL-1, IL-6, and TNF-α
resulting in vascular leakage and multiple organ dysfunction syndrome (MODS) [20,21]. Increased
endothelial permeability is central to SIRS, leading to MODS and death [22–25]. Indeed, in addition to
the cytopathic role in host defense and innate immune functions, NO plays a major role in vasodilation
in SIRS [26]. Despite a definitive link between cytokine levels and morbidity/mortality following
infection, no effective therapeutic modalities have been developed to subdue the pathology associated
with cytokine storm [27]. However, because of the necessary and positive function of cytokines
against pathogenic infections, global blunting, rather than ablation, of inflammatory mediators will
likely be required to ameliorate pathology associated with cytokine storm [27]. Among immune cells,
macrophages are well known to produce many kinds of inflammatory mediators, such as NO and
cytokines. Therefore, a drug candidate able to modulate the excessive activation of macrophages
stimulated by LPS, including the excessive production of NO and cytokines, might be a beneficial for
the regulation of endotoxemia-related inflammatory cascades.

Until recently, many studies have reported on the anti-inflammatory effects of natural products.
In the previous study, we reported that Angelica sinensis root water extract has an anti-inflammatory
effect on LPS-stimulated RAW 264.7 via calcium-mediated JAK-STAT pathway [15]. Since Rubi Fructus
has also antioxidative properties like Angelica sinensis root, we set the hypothesis that Rubi Fructus
inhibits inflammatory reactions in LPS-stimulated macrophages via calcium-STAT signaling pathway.
Actually, Rubi Fructus has traditionally been used as a medical drug in East Asia, including Korea and
China [8,9]. While the use of Rubi Fructus is indicated in textbooks of traditional medicine such as
“Donguibogam (Principles and Practice of Eastern Medicine)” and “Ben Cao Gang Mu (Compendium
of Materia Medica)”, many researchers are interested in investigating the pharmacological activities of
Rubi Fructus [8,9]. A number of studies have reported on the biomedical efficacy of Rubi Fructus, such as
its anti-inflammatory effects [12], antioxidative effects [10], improvements in visual sensitivity [28],
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acetylcholinesterase inhibitory activity [29], improvements in diabetic osteoporosis by simultaneous
regulation of osteoblasts and osteoclasts [30], hepatoprotective effects [31], anti-fatigue effects [32],
increased hypocholesterolemic activity [33], chemopreventive effects in prostate cancer [34], increased
anti-anaphylactic activity [35], and enhanced spermatogenesis [36]. In detail, Seo et al. reported in 2019
that ERF inhibited the production of NO, IL-1β, and IL-6 as well as the activation of inducible nitric
oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) via inhibition of the NF-κB signaling pathway
in LPS-stimulated RAW 264.7 [12]. Lee et al. reported in 2014 that ERF reduced production of NO,
PGE2, TNF-α, IL-1β, and IL-6, and reduced expression of iNOS and COX-2 through suppression of
NF-κB activation, as well as phosphorylation of JNK and p38 MAPKs [13]. Kim et al. reported in
2013 that the WRF suppressed NF-κB activation, ROS production, and inflammatory and phase II
gene expression in LPS-treated RAW 264.7 cells [14]. Additionally, Park et al. reported in 2006 that
ERF exerts anti-inflammatory effects in macrophages via activation of the heme oxygenase-1 signaling
pathway [37].

In these experiments, RF significantly inhibited excessive production of NO, IL-6, TNF-α, MCP-1,
LIF, LIX, RANTES, MIP-1α, MIP-1β, MIP-2, G-CSF, GM-CSF, VEGF, and M-CSF in RAW 264.7
macrophages stimulated by LPS. The half maximal inhibitory concentration (IC50) of RF in inhibiting
expression of these inflammatory markers was 1462.18, 429.54, 570.16, 164.44, 402.72, 2333.46, 121.34,
3749.73, 261.22, 264.24, 364.75, 1733.80, 2167.70, 2167.70, 433.51, and 138.68 μg/mL for NO, intracellular
calcium, IL-6, MCP-1, TNF-α, G-CSF, GM-CSF, IP-10, LIF, LIX, M-CSF, MIP-1α, MIP-1β, MIP-2,
RANTES, and VEGF, respectively.

Our data indicate that RF may be useful to relieve NO-aggravated vasodilation and cytokine storm
in SIRS due to gram-negative bacterial infection. Additionally, RF significantly decreased the release of
intracellular calcium, mRNA expression of Chop, and phosphorylation of p38 MAPK in LPS-stimulated
RAW 264.7 cells, which led to the hypothesis that RF-mediated regulation of inflammatory mediators
in LPS-treated RAW 264.7 macrophages might be achieved through ER stress-related CHOP activation.

Many studies have reported ER stress-related calcium release and CHOP expression in stressed
cells. In 1996, Wang and Ron reported that CHOP was known to be activated by p38 MAPK in
stressed cells [38]. In 2006, Endo et al. reported that LPS stimulation of macrophages causes ER
stress and CHOP expression, which initiated inflammasome activation and subsequent macrophage
pyroptosis [39]. In 2007, Stout et al. reported that ER calcium stores were reduced and intracellular
calcium concentration was initially increased during an inflammatory signaling cascade [40]. Mori
also reported that NO depletes ER calcium, causes ER stress-induced CHOP expression, and leads
to apoptosis [41]. In 2009, Timmins et al. reported that ER stress-induced calcium release from
the ER lumen activates CAMK2a, which might enable macrophage apoptosis via Fas induction
and/or activation of Stat1 in macrophages [42]. Tabas et al. also reported that ER-stress-induced
CHOP activation, resulting in a release of ER calcium stores into the cytoplasm, and that cytoplasmic
calcium activates CAMK2a, which in turn activates a number of pro-apoptotic processes [5]. In 2011,
Cho et al. reported that COX-2 is an important mediator of the inflammatory response related to ER
stress [43]. In 2017, Lee et al. reported that LPS induces expression of iNOS, COX-2, NO, TNF-α,
and IL-6 via p38 MAPK and JAK/STAT signaling pathways in RAW 264.7 macrophages [44]. Guha and
Mackman reported that p38 MAPK signaling in LPS-stimulated macrophages can activate a variety of
transcription factors, including AP-1 (c-Fos/c-Jun) [45]. In the current study, RF was shown to reduce
mRNA expression of Camk2a, Stat1, Stat3, Jak2, Fas, c-Jun, c-Fos, Nos2, and Ptgs2 in LPS-stimulated RAW
264.7 macrophages. These results suggest that RF alleviates LPS-stimulated macrophage activation via
ER stress-induced calcium/CHOP pathway and the JAK/STAT pathway, resulting in reduced production
of inflammatory mediators such as NO, cytokines, chemokines, and growth factors (Figure 5).
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Figure 5. A schematic diagram of the immunoregulatory activity of Rubi Fructus water extract (RF)
on lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. RF alleviates LPS-stimulated
macrophage activation via an ER stress-induced calcium/CHOP signaling pathway and the
JAK/STAT pathway.

However, this study could not determine the exact source from which intracellular calcium
is released. It remains for future studies to elucidate whether the intracellular calcium level is
increased through the influx of extracellular calcium or through depletion of ER calcium stores in
LPS-stimulated RAW 264.7 macrophages. Moreover, we could not evaluate effects of RF on IL-1β
production, phosphorylation of JNK, NF-κB activation, and ROS production in LPS-stimulated RAW
264.7. More detailed research will clarify the efficacy of RF in treating bacterial infectious diseases.
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Abbreviations

RF Water extract of Rubi Fructus
LPS Lipopolysaccharide
NO Nitric Oxide
PGE2 Prostaglandin E2
IL Interleukin
MCP Monocyte chemotactic activating factor
TNF Tumor necrosis factor
IgG2b Immunoglobulin G2b
OD Optical density
LIX Lipopolysaccharide-induced CXC chemokine
LIF Leukemia inhibitory factor
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte macrophage colony-stimulating factor
VEGF Vascular endothelial growth factor
M-CSF Macrophage colony-stimulating factor
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MIP Macrophage inflammatory protein
RANTES Regulated on activation, normal T cell expressed and secreted
IP Interferon gamma-induced protein
ER Endoplasmic reticulum
CHOP C/EBP homologous protein
CAMK2a Calcium/calmodulin dependent protein kinase II alpha
MAPK Mitogen-activated protein kinase
JAK Janus kinase
STAT Signal transducers and activators of transcription
FAS First apoptosis signal receptor
NOS Nitric oxide synthase
PTGS Prostaglandin-endoperoxide synthase
SIRS Systemic inflammatory response syndrome
RE Rutin equivalents
ERF Ethanol extract of Rubi Fructus
WRF Water extract of Rubi Fructus
DMEM Dulbecco’s modified Eagle’s medium
HMSB Handheld Magnetic Separation Block
SB Staining Buffer
Nor Normal group
MODS Multiple organ dysfunction syndrome
JNK Jun NH2-terminal kinase
NF Nuclear factor
iNOS Inducible nitric oxide synthase
COX-2 Cyclooxygenase 2
IC50 Half maximal inhibitory concentration
ROS Reactive oxygen species

References

1. Si-Tahar, M.; Touqui, L.; Chignard, M. Innate Immunity and Inflammation—Two Facets of the Same
Anti-Infectious Reaction. Clin. Exp. Immunol. 2009, 156, 194–198. [CrossRef]

2. Li, H.S.; Watowich, S.S. Innate Immune Regulation by STAT-Mediated Transcriptional Mechanisms.
Immunol. Rev. 2014, 261, 84–101. [CrossRef] [PubMed]

3. Wang, J.; Nikrad, M.P.; Travanty, E.A.; Zhou, B.; Phang, T.; Gao, B.; Alford, T.; Ito, Y.; Nahreini, P.;
Hartshorn, K.; et al. Innate Immune Response of Human Alveolar Macrophages during Influenza A Infection.
PLoS ONE 2012, 7, e29879. [CrossRef] [PubMed]

4. Arango Duque, G.; Descoteaux, A. Macrophage Cytokines: Involvement in Immunity and Infectious Diseases.
Front. Immunol. 2014, 5, 491. [CrossRef] [PubMed]

5. Tabas, I.; Seimon, T.; Timmins, J.; Li, G.; Lim, W. Macrophage Apoptosis in Advanced Atherosclerosis.
Ann. N. Y. Acad. Sci. 2009, 1173 (Suppl. 1), E40–E45. [CrossRef]

6. Wang, H.; Ma, S. The Cytokine Storm and Factors Determining the Sequence and Severity of Organ
Dysfunction in Multiple Organ Dysfunction Syndrome. Am. J. Emerg. Med. 2008, 26, 711–715. [CrossRef]

7. Zheng, W.R.; Li, E.C.; Peng, S.; Wang, X.S. Tu Youyou Winning the Nobel Prize: Ethical Research on the
Value and Safety of Traditional Chinese Medicine. Bioethics 2020, 34, 166–171. [CrossRef]

8. Lee, T.; Jung, W.M.; Lee, I.S.; Lee, Y.S.; Lee, H.; Park, H.J.; Kim, N.; Chae, Y. Data Mining of Acupoint
Characteristics from the Classical Medical Text: DongUiBoGam of Korean Medicine. Evid. Based Complement.
Altern. Med. 2014, 2014, 329563. [CrossRef]

9. Wang, W.Y.; Zhou, H.; Yang, Y.F.; Sang, B.S.; Liu, L. Current Policies and Measures on the Development of
Traditional Chinese Medicine in China. Pharmacol. Res. 2020, 105187. [CrossRef]

10. Bhandary, B.; Lee, H.Y.; Back, H.I.; Park, S.H.; Kim, M.G.; Kwon, J.W.; Song, J.Y.; Lee, H.K.; Kim, H.R.;
Chae, S.W.; et al. Immature Rubus Coreanus Shows a Free Radical-Scavenging Effect and Inhibits Cholesterol
Synthesis and Secretion in Liver Cells. Indian J. Pharm. Sci. 2012, 74, 211–216.

222



Nutrients 2020, 12, 3577

11. Lee, J.H.; Bae, S.Y.; Oh, M.; Seok, J.H.; Kim, S.; Chung, Y.B.; Gowda, K.G.; Mun, J.Y.; Chung, M.S.; Kim, K.H.
Antiviral Effects of Black Raspberry (Rubus Coreanus) Seed Extract and its Polyphenolic Compounds on
Norovirus Surrogates. Biosci. Biotechnol. Biochem. 2016, 80, 1196–1204. [CrossRef] [PubMed]

12. Seo, K.H.; Lee, J.Y.; Park, J.Y.; Jang, G.Y.; Kim, H.D.; Lee, Y.S.; Kim, D.H. Differences in Anti-Inflammatory
Effect of Immature and Mature of Rubus Coreanus Fruits on LPS-Induced RAW 264.7 Macrophages Via
NF-kappaB Signal Pathways. BMC Complement. Altern. Med. 2019, 19, 89. [CrossRef] [PubMed]

13. Lee, J.E.; Cho, S.M.; Park, E.; Lee, S.M.; Kim, Y.; Auh, J.H.; Choi, H.K.; Lim, S.; Lee, S.C.; Kim, J.H.
Anti-Inflammatory Effects of Rubus Coreanus Miquel through Inhibition of NF-kappaB and MAP Kinase.
Nutr. Res. Pract. 2014, 8, 501–508. [CrossRef] [PubMed]

14. Kim, S.; Kim, C.K.; Lee, K.S.; Kim, J.H.; Hwang, H.; Jeoung, D.; Choe, J.; Won, M.H.; Lee, H.; Ha, K.S.; et al.
Aqueous Extract of Unripe Rubus Coreanus Fruit Attenuates Atherosclerosis by Improving Blood Lipid
Profile and Inhibiting NF-kappaB Activation Via Phase II Gene Expression. J. Ethnopharmacol. 2013, 146,
515–524. [CrossRef]

15. Kim, Y.J.; Lee, J.Y.; Kim, H.J.; Kim, D.H.; Lee, T.H.; Kang, M.S.; Park, W. Anti-Inflammatory Effects of Angelica
Sinensis (Oliv.) Diels Water Extract on RAW 264.7 Induced with Lipopolysaccharide. Nutrients 2018, 10.
[CrossRef]

16. Mocan, A.; Vlase, L.; Raita, O.; Hanganu, D.; Păltinean, R.; Dezsi, Ş.; Gheldiu, A.; Oprean, R.; Crişan, G.
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