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José Hugo de Sousa Gomes, Rodrigo Maia de Pádua, João Aguiar Nogueira Batista, et al.

Quantitative Chemical Composition, Anti-Oxidant Activity, and Inhibition of TNF Release by
THP-1 Cells Induced by Extracts of Echinodorus macrophyllus and Echinodorus grandiflorus
Reprinted from: Antioxidants 2023, 12, 1365, doi:10.3390/antiox12071365 . . . . . . . . . . . . . . 87

Suping Han, Yafan Yang, Yanan Lu, Jielong Guo, Xue Han, Yunxiao Gao, et al.

Cyanidin-3-O-glucoside Regulates the Expression of Ucp1 in Brown Adipose Tissue by
Activating Prdm16 Gene
Reprinted from: Antioxidants 2021, 10, 1986, doi:10.3390/antiox10121986 . . . . . . . . . . . . . . 113

Hao Li, Li Yuan, Xueyi Li, Ying Luo, Zhong Zhang and Jianke Li

Isoorientin Attenuated the Pyroptotic Hepatocyte Damage Induced by Benzo[a]pyrene via
ROS/NF-κB/NLRP3/Caspase-1 Signaling Pathway
Reprinted from: Antioxidants 2021, 10, 1275, doi:10.3390/antiox10081275 . . . . . . . . . . . . . . 127

Chun-Hung Chiu, Chun-Chao Chang, Jia-Jing Lin, Chin-Chu Chen, Charng-Cherng Chyau

and Robert Y. Peng

Styrylpyrones from Phellinus linteus Mycelia Alleviate Non-Alcoholic Fatty Liver by
Modulating Lipid and Glucose Metabolic Homeostasis in High-Fat and High-Fructose
Diet-Fed Mice
Reprinted from: Antioxidants 2022, 11, 898, doi:10.3390/antiox11050898 . . . . . . . . . . . . . . . 143

Szymon Sip, Daria Szymanowska, Justyna Chanaj-Kaczmarek, Krystyna Skalicka-Woźniak,
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Abstract: Phyllanthus emblica L. (also popularly known as amla) is a tree native to the India and
Southeast Asia regions that produces fruits rich in bioactive compounds that could be explored as
part of the increasing interest in naturally occurring compounds with biological activity. Thus, this
review aims to highlight the nutritional aspects, rich phytochemistry and health-promoting effects
of amla. Scientific evidence indicates that polyphenols are central components in fruits and other
sections of the amla tree, as well as vitamin C. The rich composition of polyphenol and vitamin C
imparts an important antioxidant activity along with important in vivo effects that include improved
antioxidant status and activity of the endogenous antioxidant defense system. Other potential
health benefits are the anti-hyperlipidemia and antidiabetic activities as well as the anticancer, anti-
inflammatory, digestive tract and neurological protective activities. The promising results provided
by the studies about amla bioactive compounds support their potential role in assisting the promotion
of health and prevention of diseases.

Keywords: polyphenols; ascorbic acid; antioxidant activity; cardiovascular protection; hyperlipi-
demia; diabetes; health promotion

1. Introduction

Phyllanthus emblica L. (popular known as amla or Indian gooseberry) is an ephemeral
tree belonging to the Euphorbiaceae family. Amla fruits are edible and are mainly found
in regions of India, Southeast Asia, China, Iran, and Pakistan [1]. Amla has an important
role in the traditional medicine of India to reduce anxiety and burning sensation in skin
and eyes, improve anemic condition, favor the health of the male reproductive system and
reproduction, facilitate digestion, improve liver health, and also exert a tonic effect in the
cardiovascular system [2,3].

The fruit of P. emblica L. is one of the most popular botanicals, with a wide range of
uses in the medicinal, cuisine, and cosmetic industries. This is the first tree to be “produced

Antioxidants 2022, 11, 816. https://doi.org/10.3390/antiox11050816 https://www.mdpi.com/journal/antioxidants
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in the universe”, according to ancient Indian mythology [4]. It is a great nutritional supple-
ment with several medicinal benefits [5]. Due to the abundance of phenolic compounds,
Emblic fruit could be regarded as a plant source for natural antioxidants and nutraceuti-
cals or medicinal components. Consumers like Emblic fruit because of its unique flavor
and pleasant smell. In various animal and human investigations, amla has been proven
to have anti-hyperglycemic, hypoglycemic, anti-inflammatory, anti-hyperlipidemic, and
antioxidant activities [1]. Amla is rich in antioxidants such as gallic acid, ascorbic acid and
phenolic compounds and thus helps the body’s immune systems and digestion [6]. Thus,
due to the increasing interest and the potential of P. emblica L., this review aims to provide
an overview of the nutritional composition, phytochemistry and potential health benefits
associated with the consumption of phytochemicals naturally found in amla.

2. Nutritional Composition of Amla

Amla fruits are a relevant source of carbohydrates that account for >70 g/100 g dry
weight (DW) (Table 1). Fiber is another relevant component (7.2–16.5 g/100 g DW) as well
as contents of protein, minerals such as (iron, calcium and phosphorous), and fat (2.0–4.5,
2.1–3.1, and 0.2–0.6 g/100 g DW, respectively) [7–12]. The variability in the composition of
amla fruit has been attributed to the cultivar in many studies [10–12].

Table 1. Nutritional constituents of amla fruit from different studies.

Variety Moisture Carbohydrate Fiber Minerals Protein Fat Vitamin C Ref.

Local variety
(no name) 81 g/100 g 14 g/100 g 3.2 g/100 g 0.3 g/100 g 1 g/100 g 0.5 g/100 g 720 mg/100 g [8]

Local variety
(no name) 82.8 g/100 g 7.6 g/100 g 5.1 g/100 g 2.3 g/100 g 2.0 g/100 g 0.3 g/100 g 573 mg/100 g [9]

NA-7 NA-9
NA-10 Balwant

Chakaiya
Hathijhool

84.9–87.5 g/
100 g

77.2–81.9 g/
100 g DW

11.7–16.0 g/
100 g DW

2.1–3.0 g/
100 g DW

3.0–4.5 g/
100 g DW

0.2–0.5 g/
100 g DW

489.9–585.0 mg/
100 g [10]

NA-7, Banarasi,
Kanchan,
Chakaiya
and Desi

81.3–84.6 g/
100 g

73.8–87.1 g/
100 g DW

7.2–22.4 g/
100 g DW

2.2 to 3.1 g/
100 g DW

2.0 to 3.2 g/
100 g DW

0.4–0.5 g/
100 g DW

193–315 mg/
100 g [11]

Krishna,
Kanchan,

NA-7, Chakaiya
85.6–87.7 g/

100 g
70.7–73.8 g/
100 g DW

13.9–16.5 g/
100 g DW

2.3–2.8 g/
100 g DW

2.9–3.6 g/
100 g DW

0.5–0.6 g/
100 g DW

421–506 mg/
100 g [12]

DW: dry weight.

Another important component found in amla fruit is ascorbic acid (vitamin C). Values
between 193 and 720 mg/100 g have been reported in different studies that evaluated a
different variety of amla [8–12]. Although the optimum recommended daily intake has
not been defined yet due to the emergency of new factors from modern society, many
governmental health authorities around the globe established Recommended Dietary
Allowance (minimum level to meet the need for a healthy person for a day) that varies
between 40 and 110 mg vitamin C/day [13]. Moreover, the Australian and China health
authorities have proposed a daily intake of 190–220 mg/day. In this sense, a serving portion
of at least 100 g of fresh amla fruits (2–3 pieces) from any of the varieties indicated in Table 1
should suffice the daily need for vitamin C. Comparatively, P. emblica L. juice can present
more vitamin C content than any other fruits such as apple, lime, pomegranate, and some
types of grapes [14,15]. Additionally, other nutritionally relevant compounds found in
amla fruits are vitamins A, B1, and E (290 IU, 30 mg/100 g, and 0.17 mg/100 g) as well as
calcium and iron (25 and 1 mg/100 g) [8].

3. Phytochemistry of Amla

Amla has been found to possess rich phytochemistry distributed in different sections
of the plant (fruits, leaves, and roots). Polyphenols (Figure 1) comprise the main group of
secondary metabolites wherein several compounds belonging to phenolic acids, flavonoids,
tannins, other phenolics and derivatives compounds have been reported in different studies.
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Figure 1. Phytochemicals found in amla.

Regarding the phenolic acids, the presence of hydroxybenzoic acids (4-hydroxybenzoic
acid, coumaric acid, gallic acid, protocatechuic acid, syringic acid, and vanillic) acid were
identified in the fresh fruit and commercial products prepared from the fruits [16–20]. Gallic
acid is the only hydroxybenzoic acid reported in leaves and branches [21]. The presence
of hydroxycinnamic acids (caffeic acid and chlorogenic acid) was indicated only in amla
fruits [16–18]. Another class of compounds reported in the amla plant is flavonoids (partic-
ularly flavonols, flavones, flavanones, and flavan-3-ols). Flavonols are widely distributed
in the different sections of the amla plant. Kampferol their derivatives (dihydrokaempferol,
kaempferol 3-b-dglucopyranoside, kaempferol 3-o-rhamnoside, kaempferol-3-o-α-l-(6”-ethyl)-
rhamnopyranoside, and kaempferol-3-o-α-l-(6”-methyl)-rhamnopyranoside) are found in
fruits, leaves branches and shoots [19,21–23]. In a similar way, quercetin and its derivatives
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(quercetin 3-b-D-glucopyranoside, quercetin 3-O-glucoside, quercetin 3-O-rhamnoside, and
rutin) are distributed in fruits, leaves and branches [16–19,21,23].

Regarding flavones, the presence of apigenin, luteolin, and myricetin was indicated
in the fresh fruits and fruit commercial products [18,19]. Myricetin 3-O-rhamnoside
was reported only in the leaves and branches of the amla tree [21]. Interestingly, fla-
vanones and flavan-3-ols were reported only in leaves and branches [21]. The identi-
fied flavanones were eriodictyol, naringenin, and their derivatives ((S)-eriodictyol 7-O-
(6”-O-galloyl)-β-D-glucopyranoside, (S)-eriodictyol 7-O-(6”-O-trans-p-coumaroyl)-β-D-
glucopyranoside, naringenin 7-O-(6”-O-galloyl)-glucoside, naringenin 7-O-(6”-O-trans-p-
coumaroyl)-glucoside, and naringenin 7-O-glucoside). Regarding flavan-3-ols, the detected
compounds were epicagallocatechin, epigallocatechin 3-O-gallate, and gallocatechin.

Tannins is another key group of phenolic compounds found in amla fruits, leaves and
branches. Many studies indicate the presence of ellagitannins, which includes chebulinic
acid, chebulagic acid, corilagin, emblicanin A and B, geraniin, isocorilagin, pedunculagin,
phyllanemblinins A–F, and punigluconin [20,23–25]. Ellagic acid and their derivatives
(decarboxyellagic acid and 3′-O-methylellagic acid 4-O-α-L-rhamnopyranoside) were also
reported in fruits, leaves and brunches [21]. Hydrolysable tannins (1,2,3,4,6-penta-O-galloyl-
β-D-glucose, 1,2,3,6-tetra-O-galloyl-β-D-glucose, and 1,2,4,6-tetra-O-galloyl-β-D-glucose)
and phlorotannins (2-(2-methylbutyryl)phloroglucinol 1-O-(6”-O-β-D-apiofuranosyl)-β-
D-glucopyranoside) are mainly found in leaves and branches of amla [18,21]. The ex-
ception is tannic acid, which was reported in amla fruit [21]. Moreover, other phenolics
(2,4-di-tert-butylphenol and Phenol, 3,5-bis (1,1-dimethylethyl)) were also reported amla
fruit [26]. Additionally, alkaloids (especially phyllantine and phyllantidine) were also
reported in amla [7].

4. Potential Health Benefits

4.1. Antioxidant Activity

Diverse in vitro, in vivo, and human studies support the antioxidant activity of
P. emblica L. components. In the case of in vitro studies, the content of polyphenols in
this fruit has also been associated with high antioxidant activity [20,27,28], particularly
with the capacity to scavenge free radicals such as the 1,1-diphenyl, 2-picrylhydrazyl
(DPPH) radical [9,12,16–18,27,29–32]. Other studies also reported the antioxidant activity
of amla phytochemicals by 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
and NO radical scavenging methods, the Ferric Reducing Antioxidant Power (FRAP) [33],
and LDL oxidation assay method [19]. Additionally, amla polyphenols can also scavenge
superoxide anion and hydroxyl free radicals as well as chelated iron (III) [20].

The observed antioxidant activity observed from extracts and isolated compounds
from amla fruit using chemical methods has also been observed in a more complex bio-
logical system that includes cells, animals, and clinical trials (Table 2). In this case, the
antioxidant defense system, has an important role in the protection against oxidative
damage in vivo. This system is composed of non-enzyme compounds (glutathione; GSH)
and enzymes (such as catalase (CAT), GSH reductase, glutathione peroxidase (GPx), and
superoxide dismutase (SOD)) [34].

4
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Table 2. Antioxidant effect and induction of endogenous antioxidant defense mechanism.

Source Type of Study Study Characteristics Main Outcomes Ref.

Fruit In vitro (cell) PC12 cells; dosage (10–50 μM);
and incubation (2 h)

No toxicity; ethyl gallate was the most
efficient antioxidant (10–50 μM)

[32]

Fruit In vitro (cell) HepG2 cells; dosage (5, 10, 20, 50,
and 100 μg/mL); and incubation

(4, 8, 12, 16, 20, and 24 h)

No Cytotoxicity (up to 100 μg/mL);
reduced lipid hydroperoxides reactive

oxygen species levels (50 and 100 μg/mL
after 8 h); and increased GSH, total

antioxidant capacity, SOD, CAT, GPx, GSH
reductase, and GSH S-transferase (50 and

100 μg/mL after 12–24 h)

[35]

Fruit In vitro (cell) RAW 264.7 cells; dosage (25, 50, or
100 μg/mL); and incubation (24 h)

No Cytotoxicity (100 μg/mL); increased
GSH and SOD activity when challenges

with H2O2 (50 and 100 μg/mL); and
reduced MDA level (100 μg/mL)

[36]

Fruit In vitro (cell) C2C12 myoblasts; dosage (100 and
200 μg/mL); and incubation (48 h)

Increased cell survivability (200 μg/mL)
and reduced ROS levels with increased

oxygen consumption (200 μg/mL)

[37]

Leaves Animal (mice) Diabetic wistar mice;
100–400 mg/kg BW; oral

administration; and 45 days

Induced GSH, GPx, SOD, and CAT activity
(200–400 mg/kg BW) and reduced lipid

peroxidation (200–400 mg/kg BW)

[38]

Fruit Animal
(mice thymus)

Balb/c male mice; 500 mg/kg BW;
oral administration; and 28 days

Improved cell viability, GSH, CAT, and SOD
levels and

reduced lipid peroxidation, ROS level

[39]

Fruit Animal
(mice liver)

Wistar mice; 5000 mg/kg BW; oral
administration; and 24 days

Reduce lipid peroxidation; preserved CD,
CAT, and NPSH;

and ameliorated SOD reduction

[40]

Fruits Animal
(mice kidney)

Healthy wistar mice; dosage
(50, 100, 150, 200, and 250 μg/mL);

single application

Increased SOD and CAT (50–250 μg/mL);
reduced lipid peroxidation (50–250 μg/mL);

and no effect in GSH

[41]

Commercial
supplement

Clinical trial Male smoker subjects (20–60 y);
randomized, double-blind

placebo-controlled design; 250 mg
(twice a day); and 60 days

Increased antioxidant status (FRAP assay)
and reduced lipid peroxidation level

[42]

Commercial
supplement

Clinical trial Female and male subjects with
metabolic syndrome (30–68 y);
randomized, double-blind, and

placebo-controlled; 250 and
500 mg per capsule (twice a day);

and 12 weeks

Increased GSH level and reduced lipid
peroxidation level

[43]

Commercial
supplement

Clinical trial Female and male healthy subjects
(36–67 y); randomized,

double-blind, placebo-controlled,
and crossover; 125 mg per capsule

(4 capsules/day)

A non-significant reduction in lipid
peroxidation level

[6]

BW: body weight; CAT: Catalase; CAT: Catalase; CD: conjugated dienes; GPx: Glutathione peroxidase;
GSH: Glutathione; NPSH: non-protein soluble thiol; ROS: Reactive oxygen species; and SOD: Superoxide dismutase.

One example of the protective effect of amla fruit bioactive compounds against ox-
idative damage is the study carried out by Shivananjappa and Joshi [35] in HepG2 cells.
These authors observed that total antioxidant capacity (ABTS method) was improved
after 4 h of exposure to different concentrations of extract (25, 50 and 100 μg/mL). The
peroxidation level was significantly reduced after 8 h of exposure to 50 and 100 μg/mL of
extract. Moreover, the antioxidant defense system was induced (GSH, SOD, CAT, GPx, GSH
reductase, and GSH S-transferase) after 12–24 h of exposure to 50 and 100 μg/mL of extract.
Similar results were reported in a study with RAW 264.7 cells with up to 100 μg/mL of the
extract [36]. Particularly for isolated compounds, ethyl gallate was indicated as the most
efficient antioxidant (10–50 μM) to reduce oxidative damage in PC12 cells [32].
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Another relevant outcome obtained from these studies is the non-significant cytotoxic-
ity of extracts in the range of concentrations (up to 100 μg/mL) where the antioxidant ac-
tivity and induction of the antioxidant defense system were observed [32,35,36]. It is worth
mentioning that a recent experiment indicated that a higher concentration (200 μg/mL)
of extract would be required to reduce reactive oxygen species levels and improve their
survivability in myoblasts [37].

The protective effect of amla fruit compounds against oxidative damage has also
been observed at the animal level. In this case, the daily administration of 500 mg/kg
body weight (BW) of amla fruit extract during 28 days induced the activity of GSH, CAT,
and SOD in the thymus of mice. [39]. Accordingly, these authors also observed that lipid
peroxidation and reactive oxygen species (ROS) levels were reduced. A similar experiment
with amla fruit extract revealed a significant reduction in the lipid peroxidation levels,
simultaneously decreased the levels of conjugated dienes and CAT levels, and ameliorated
the reduction in SOD levels in the liver of mice (500 mg/100 g BW) caused by arsenic [40].
In another study, the amla fruit extract (50–250 μg/mL) induced SOD and CAT activities
and reduced lipid peroxidation in the kidneys of mice [41].

Additionally, a study using the extract from amla leaves (200–400 mg/kg BW) in-
dicated a similar protective effect in diabetic mice by reducing inducing the activity of
GSH, GPx, SOD, and CAT activity and also reducing lipid peroxidation [38]. However, this
experiment did not indicate significant effects on the antioxidant status of healthy animals
consuming the amla extract. In another experiment carried out by Reddy et al. [44], the pro-
tective role of P. emblica L. fruit extract was observed in mice subjected to alcohol-induced
oxidative stress. The authors indicated that polyphenols (especially tannins and flavonoids)
present in this fruit extract significantly reduced oxidative stress by scavenging NOx.

Amla antioxidants have also been associated with improvements in the antioxidant
status in humans. A recent clinical trial with smokers (randomized, double-blind placebo-
controlled design) also supports the role of amla fruit as a relevant option of natural
antioxidants [42]. In this study, a significant reduction in the peroxidation level and
increased antioxidant status were observed in subjects that consumed 250 mg (twice a
day) for 60 days. Another clinical trial with subjects diagnosed with metabolic syndrome
(randomized, double-blind and placebo-controlled design) indicated that consuming either
250 or 500 mg capsules (twice a day) for 12 weeks reduced the lipid peroxidation levels and
induced GSH levels [43]. Conversely, the consumption of 125 mg capsules (4 capsules/day)
had non-significant effects on the antioxidant status in healthy subjects (randomized,
double-blind, placebo-controlled, and crossover design) [6].

These studies indicate that amla phytochemicals can exert antioxidant activity by
limiting the formation of oxidation products, increasing antioxidant status, and also induc-
ing the endogenous antioxidant defense system. Particularly for clinical trials, the effect
is promising to prevent oxidative induced by lifestyle (smoking) or the management of
diseases (metabolic syndrome).

The polyphenols naturally present in amla also exert other biological effects beyond
antioxidant activity. Table 3 indicates the phenolic compounds, individually or collectively,
associated with biological effects. These studies indicate amla fruit as the most studied
source of bioactive compounds (especially polyphenols from different groups indicated
in Section 3). In most cases, the biological effect is attributed to more than one polyphe-
nol composing the experimental sample. The biological effects of amla polyphenols are
discussed in the following sections.
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Table 3. Amla polyphenols and their biological effects beyond antioxidant activity.

Source Main Active Compounds Biological Effect Ref.

Fruit Gallic acid Cardioprotective activity [45]
Fruit Ellagic acid Antidiabetic activity [46]
Fruit Pyrogallol Anticancer activity [47]
Fruit Emblicanin A and B Anticancer activity [48]
Fruit Emblicanin A and B Anti-inflammatory activity [49]
Fruit Emblicanin A and B Neuroprotective activity [50]
Fruit Myricetin, gallic acid, and kaempferol Cardioprotective activity [19]
Fruit Gallic acid, corilagin, and ellagic acid Anti-inflammatory activity [36]
Fruit Emblicanin A and B, punigluconin, and pedunculagin Cardioprotective activity [51–53]
Fruit Emblicanin A and B, punigluconin, and pedunculagin Anti-inflammatory activity [24]
Fruit Emblicanin A and B, punigluconin and pedunculagin Neuroprotective activity [54]
Fruit Gallic acid, chebulagic acid, geraniin, ellagic acid, and corilagin Cardioprotective activity [55]
Fruit Quercetin, rutin, gallic acid, mucic acid, and beta-glucogallin Anti-inflammatory activity [56]
Fruit Emblicanin A and B, punigluconin, pedunculagin, rutin, and gallic acid Neuroprotective activity [57,58]
Fruit Tannins and gallic acid Gastrointestinal protective activity [59]
Fruit Flavonoids Antidiabetic activity [60]
Fruit Polyphenols Gastrointestinal protective activity [61–64]
Fruit Polyphenols Neuroprotective activity [65]
Fruit Polyphenols Cardioprotective activity [66]

Leaves Gallic acid Anticancer activity [67]

4.2. Cardioprotective Activity

Hyperlipidemia is one of the major causes of cardiovascular disorders [68], but amla
bioactive compounds may assist in the management of this condition. Different studies have
been shown the protective effects of amla and/or its constituents against cardiovascular
diseases. One example is the study conducted by Nambiar and Shetty [19] who studied
the effect of amla juice (myricetin, gallic acid, and kaempferol as main polyphenols) on
low-density lipoprotein (LDL) oxidation. According to the authors, limited the uptake
of LDL oxidation in macrophages and LDL cholesterol oxidation was reduced by 90%.
Another study indicated that amla polyphenols (emblicanin A and B, punigluconin, and
pedunculagin) limited fibrosis formation in cardiovascular tissue of mice subjected to
schemia and reperfusion [51].

Madan et al. [69] tested the effect of amla supplementation in beetal kids and observed
reductions in the levels of LDL, cholesterol, and blood glucose to the non-supplemented
group. Another experiment showed that hydroalcoholic amla extract reduced the arterial
mean blood pressure, and serum sodium levels and aided to increase the potassium levels in
deoxy-corticosterone acetate salt-induced hypertensive mice [52]. This study also indicated
that P. emblica L. regulated the endogenous antioxidant system, eNOS, activation of serum
nitric oxide (NO), and serum electrolytes level.

The polyphenol-rich extracts of P. emblica L. reduced metabolic changes caused by ex-
cessive fructose consumption (alteration of triglyceride total cholesterol levels and sterol reg-
ulatory element-binding protein 1 (SREBP-1) expression) in an animal model. P. emblica L.
(containing gallic acid, chebulagic acid, geraniin, ellagic acid, and corilagin) reduced and
even inhibited the enhanced mitochondrial COX-2, MDA, and Bax expressions in the liver
and regulated Bcl-2 expression, but peroxisome proliferator-activated receptors-α (PPARα)
and SREBP-2 expressions were unaffected [55]. In another experiment, polyphenol-rich
P. emblica L. extract also increased PPARα protein (involved in the regulation of cholesterol
and lipid metabolism) expression and decreased cholesterol levels in mice [66]. Similarly,
a related study carried out with mice that consumed amla juice (2 mL/kg/day; rich in
gallic acid) indicated the activation of PPARα and carnitine palmitoyl transferase (involved
in lipid oxidation) [45]. Another interesting outcome of this study was the reduction in
the activity of liver enzymes involved in lipogenesis (malic enzyme, fatty acid synthase,
and glucose-6-phosphate dehydrogenase). However, another study with mice in a high-fat
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diet (30%), indicated that P. emblica L. ethanolic extract reduced the serum triglycerides but
no effects were observed in LDL, very-low-density lipoprotein (VLDL), or high-density
lipoprotein (HDL) serum levels [70]. The antihyperlipidemic and cardioprotective potential
of amla is represented in Figure 2.

At the human level, a 500 mg dose of P. emblica L. extract (twice a day) for three
months reduced the high sensitive C-reactive protein (CRP), total cholesterol, and LDL
levels in Class I obese subjects [53]. Gopa et al. [71] studied the effect of amla fruit capsules
(500 mg/capsule; once a day for 42 days) and reported significant reductions in subjects
with hyperlipidemia. According to these authors, significant reductions in total cholesterol,
LDL, and VLDL levels along with a significant increase in the serum levels of HDL at the end
of the trial period were also observed. Moreover, different studies indicated that P. emblica L.
fruit and extract reduced the VLDL, cholesterol, and LDL levels in hyperlipidemic patients
and healthy persons. When administered for 2–6 months, the extract decreased the level of
important inflammatory marker CRP, resulting in an enhanced level of HDL and protection
against atherosclerosis [71,72].

 

Figure 2. Anti-hyperlipidemic role of amla.

4.3. Antidiabetic Activity

The compounds naturally found in P. emblica L. have been associated with protective
effects against diabetes. An in vitro study indicated that the activity of the main phyto-
chemicals found in amla (such as ellagic acid and ascorbic acid) reduced the activity of key
enzymes involved in glucose digestion (especially amylase and glucosidase) [73].

The protective effects against diabetes have also been reported at the animal level.
For instance, a freeze-dried P. emblica L. aqueous extract (1.25 g/kg) reduced the levels
of serum glucose and triglyceride in diabetic long Evan male mice (induced with strep-
tozotocin) [74]. Likewise, Patel and Goyal [75] observed the antidiabetic potential of
P. emblica L. juice (1 mL/kg/day) due to the attenuated increase in serum glucose levels
of animals with induced diabetes. In another experiment with diabetic mice, the doses of
250 and 500 mg P. emblica L. extract/kg (rich in ellagic acid) caused significant reductions
in the serum glucose levels and improved the serum insulin levels [46]. Likewise, the ex-
periment carried out by Nain et al. [38] reported a similar outcome from the phytochemical
extracted from leaves of P. emblica L. According to these authors, the increase in serum
insulin and the related reduction in serum glucose were observed for diabetic mice in daily
doses between 100 and 400 mg/kg.

Clinical trials also support the health benefits of amla phytochemicals for diabetic
patients. For instance, daily doses of up to 3 g of P. emblica L. powder extract reduced
blood glucose levels in diabetic patients after 21 days of the trial [76]. A similar outcome
was reported by Walia et al. [1] who observed significant reductions in blood glucose in
diabetic patients after consuming 10 g of amla powder once a day for 90 days. Additionally,
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flavonoid-rich P. emblica L. extract also reduced the risk of neuropathy [60] in diabetic
patients. Amla bioactive compounds seem to play a key role in the management of diabetes,
particularly in assisting in the restoration of glucose and insulin levels.

4.4. Anticancer Activity

Plant-derived polyphenols have been found to improve the protection against cancer
in a variety of nonclinical and clinical investigations [77,78]. Specifically, polyphenols
inhibit oxidative stress, produce pro-inflammatory chemicals, prevent DNA damage, and
increase apoptosis through various mechanisms [79]. Particularly for amla extracts, DNA
fragmentation, increased activity of caspase-3, 7, and 8, and up-regulation of Fas protein
were observed in the HeLa cell line, indicating activation of the death receptor pathway
for apoptosis, whereas caspase-9 remained unaltered [80]. This study also indicated that
P. emblica L. decreased the invasiveness of MDA-MB-231 cells (in vitro Matrigel invasion
study), and no cytotoxicity was seen in normal lung fibroblasts (MRC5). Likewise, pyrogal-
lol (a polyphenol found in P. emblica L.) was investigated in human lung cancer cell lines
H441 and H520. Pyrogallol’s anti-proliferative effect was achieved via cell arrest in the
G2/M phase, which was caused by a drop in cyclin B1, cdc25c, and Bcl-2, as well as an
increase in Bax expression [47].

Zhu et al. [81] conducted a study in HeLa cell lines using polyphenolic extract of
P. emblica L. The extract was capable of inhibiting HeLa cell proliferation by stopping cells
in the G2/M phase and promoting apoptosis by inducing apoptotic markers Fas, FasL, and
cleaved caspase-8. Huang and Zhong [67] found that gallic acid isolated from P. emblica L.
leaves induced apoptosis in a hepatocellular cancer cell line (BEL-7404). According to
this study, the activity of P. emblica L. may be related to the inhibition of the cell cycle in
the G2/M phase. Overexpression of Bax and downregulation of Bcl-2 causes a reduction
in mitochondrial membrane potential, which activates caspases, resulting in cell death
via the apoptotic death-receptor pathway. Additionally, it has also been suggested that
P. emblica L. play a protective role in chemo- and radiotherapy [48,80,82]. In this sense,
the protective effect of amla bioactive compounds seems to have a relevant limiting effect
on the progression of cancer progression in different cell lines. However, the evidence
supporting the anticancer activity of amla polyphenols is limited and more efforts are still
necessary to clarify the mechanisms involved and explored the effects at the animal level
and expand the current knowledge.

4.5. Anti-Inflammatory Activity

Amla phytochemistry seems to promote a beneficial effect in the context of inflamma-
tion, but current evidence is limited. An example of the anti-inflammatory activity in cell
model is the study carried out by Li et al. [36]. According to these authors, RAW 264.7 cells
treated with amla extract (rich in gallic acid, corilagin, and ellagic acid) displayed lower
levels of inflammatory markers (NO release and production of tumor necrosis factor
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6)) when an inflammatory response
was caused by exposure to lipopolysaccharides.

This modulation of inflammatory markers was also observed at an animal level in a
study with arsenic exposure [83]. Animals treated with amla extract (500 mg/kg) showed
significantly lower serum levels of TNF-α, IL-1β, and IL-6 than animals exposed only to
arsenic. Another relevant outcome obtained from P. emblica L. extract was the reduction in
edema size in mice‘s paws. The natural extract induced the production and release of pain
and inflammatory mediators. This effect is suggested to be mediated in a similar way to
nonsteroidal anti-inflammatory drugs rather than steroidal medicament way [49,56,84]. In
another study with mice, Goel et al. [85] demonstrated the analgesic effects and substantial
decrease in abdominal writhing of P. emblica L. extract with a dose of 600 mg/kg.

In the case of studies involving humans, a randomized crossover clinical trial with
type-2 diabetes subjects indicated that P. emblica L. fruit extract (500 mg/day; containing
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punigluconin, emblicanin-A, emblicanin-B, and peduculagin) decreased platelet aggrega-
tion in both single and repeated dosage regimens [24].

4.6. Digestive Tract Protection

P. emblica L. polyphenols have also been indicated to protect gastrointestinal organs.
One of the potential effects of amla bioactive compounds is the potential inhibition of
clarithromycin-resistant Helicobacter pylori strains in vitro, since this microorganism is a
known cause of gastric ulcers [61].

Relevant outcomes were also reported in studies with animals. Al-Rehaily et al. [62]
studied anti-secretory and antiulcer activities of P. emblica L. extract in mice with different
methods to induce gastrointestinal ulcers: ligating pylorus, administrating indomethacin
and necrotizing agents (25% NaCl, 0.2 M NaOH, and 80% ethanol), and inducing hypother-
mia. Both doses (250 and 500 mg/kg) reduced gastric secretion, ulcer index (pylorus-ligated
and necrotizing agent-intoxicated ulcer methods), intraluminal bleeding and gastric lesions
(hypothermic restraint-induced ulcer method). Particularly for the indomethacin-induced
ulcer method, only the animals in the treatment with 500 mg/kg had a significantly lower
ulcer index than animals in the control group (treated only with indomethacin).

The potential of amla phytochemicals to protect the liver was reported in the study
carried out by Huang et al. [63] with mice with high fat diet-induced non-alcoholic fatty
liver disease. According to the authors, the liver of animals treated with amla extract
had significant improvements in adiponectin activity and expression of PPAR-α, which
improved steatosis. In another experiment, the use of P. emblica L. (200 mg/100 g; rich in
tannins and gallic acid) in L-arginine-induced pancreatitis in mice decreased lipase and
IL-10 blood concentrations [59]. This study also revealed that animals in the amla group
had more suitable nucleic acid content material, pancreatic protein, rate of DNA synthesis,
and pancreatic amylase levels and the histological examination indicated an extensively
higher share of smooth cells and a lower inflammatory score. Likewise, the methanolic
extract of P. emblica L. fruit (100 and 200 mg/kg) reduced the histological alterations in the
colon of mice from acetic acid-induced colitis [86].

Another interesting potential health benefit from amla consumption was reported
in patients with gastroesophageal reflux disease [64]. The daily consumption of amla
extract (500 mg/tablet, twice a day) reduced the severity and frequency of regurgitation
and heartburn in comparison to placebo group. The aforementioned experiments sup-
port the protection of organs involved in digestion with amla phytochemicals (especially
polyphenols) consumption. Moreover, seems reasonable to indicate that modern medicine
provides partial support to traditional medicine practices with amla.

4.7. Neurological Protection

One of the potential protective effects associated with amla bioactive compound is
the attenuation of neurological alterations, particularly the biochemical changes observed
in carriers of Alzheimer’s disease. For instance, the administration of amla fruit extract
(100 mg/kg; rich in emblicanin A and B) for 60 days in mice reduced the neurotoxicity
induced by aluminum chloride [50]. Specifically, significant improvement against the
triggering of apoptotic mechanisms (involving apoptotic protease activating factor 1, Bax,
and cytosolic cyto c proteins) with reduced acetylcholinesterase activity in the cerebellum
was observed in the group treated with amla extract. A related experiment indicated a
similar outcome in the expression of Bax, caspases-3 and -9, cytochrome c proteins and
also indicated the reduction in tau hyperphosphorylation [54]. Moreover, this study also re-
vealed the involvement of GSK-3β/Akt signaling pathway in the reduced phosphorylation
of tau protein in animals treated with amla extract (100 mg/kg for 60 days).

Another relevant outcome reported from the administration of amla extract (up to
200 mg/kg; containing emblicanin A and B, punigluconin, pedunculagin, rutin, and gallic
acid) in animals with chemically induced neurological impairment is the improvement of
memory and learning deficit in different studies [57,58]. The enhancement of neurological
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functions associated with amla was also observed in healthy animals [87]. In this case,
the improvements were observed in animals that consumed extracts from unripe fruits at
100 and 200 mg/kg doses and ripe fruits at 200 mg/kg, which suggests that neuroactive
compounds may be found in unripe rather than ripe amla fruits. It is also relevant to
mention that the study carried out by Dhingra et al. [65] indicated some antidepressant
possible mechanisms of action associated with amla polyphenols. These authors observed
partial inhibition of the antidepressant effect of amla extract was observed in animals
co-administered with γ-aminobutyric acid, alpha 1-adrenoceptor, and selective D2-receptor
antagonists as well as tryptophan hydroxylase inhibitor. The studies reporting the neuro-
protective effects of amla phytochemical support the potential role as assisting agent to
attenuate biochemical and physiological changes associated with neurological disorders.

5. Conclusions

The rich phytochemistry composition of amla can be seen as a relevant source of
compounds with potential health benefits. The antioxidant (from the rich polyphenol
composition) is a major property with scientific evidence supporting the direct inhibition
of oxidative reactions and the induction of an endogenous antioxidant defense system.
Beyond antioxidant activity, seems reasonable to consider with the current level of evidence
that amla components (mainly polyphenols) may have a role as supporting source of
active compounds to promote health (such as improving antioxidant status in smokers and
improving digestive tract protection against stressing agents) and increase the protection
against the development of diseases (assisting in the regulation of serum glucose and
insulin levels, for instance).

Although a promising scenario can be seen for amla, it is important to promote the
progression of studies to strengthen the current evidence with more studies (especially
at animal and human levels). Clarifying aspects related to bioaccessibility of bioactive
compounds, interaction with gut microbiota, and also exploring technologies and strategies
to promote the incorporation into food products (functional foods) are relevant aspects to
be explored in future studies.

Author Contributions: Conceptualization, M.G. and R.M.A.; writing—original draft preparation,
M.G., Z.-W.L., I.-U.-H., R.R., F.F., N.W., A.N. and M.A.S.; writing—review and editing, M.A.S.,
P.E.S.M., J.M.L. and R.M.A.; and supervision, M.A.S., P.E.S.M., J.M.L. and R.M.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Thanks to GAIN (Axencia Galega de Innovación) for supporting this research
(grant number IN607A2019/01). P.E.S.M. acknowledges postdoctoral fellowship support from the
Ministry of Science and Innovation (MCIN, Spain) “Juan de la Cierva” program (IJC2020-043358-I).

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

References

1. Walia, K.; Boolchandani, R.; Dhand, S.; Antony, B. Improving glycemic & lipidemic profile with amla powder (Emblica officinalis)
supplementation in adults with type 2 diabetes mellitus. Int. J. Basic Appl. Med. Sci. 2015, 5, 251–258.

2. Ramakrishna, N.; Singh, D.R. Ethno-Botanical Studies of Edible Plants Used by Tribal Women of Nirmal District. Int. J. Sci. Res.
Sci. Eng. Technol. 2020, 3, 307–310. [CrossRef]

3. Jaiswal, Y.S.; Williams, L.L. A glimpse of Ayurveda—The forgotten history and principles of Indian traditional medicine. J. Tradit.
Complement. Med. 2017, 7, 50–53. [CrossRef] [PubMed]

4. Pria, F.F.; Islam, M.S. Phyllanthus emblica Linn. (Amla)—A Natural Gift to Humans: An Overview. J. Dis. Med. Plants 2019, 5, 1–9.
[CrossRef]

5. Kumar, G.; Madka, V.; Pathuri, G.; Ganta, V.; Rao, C.V. Molecular Mechanisms of Cancer Prevention by Gooseberry (Phyllanthus
emblica). Nutr. Cancer, 2021; in press. [CrossRef]

6. Kapoor, M.P.; Suzuki, K.; Derek, T.; Ozeki, M.; Okubo, T. Clinical evaluation of Emblica officinalis Gatertn (Amla) in healthy human
subjects: Health benefits and safety results from a randomized, double-blind, crossover placebo-controlled study. Contemp. Clin.
Trials Commun. 2020, 17, 100499. [CrossRef]

7. Khan, K.H. Roles of Emblica officinalis in medicine—A review. Bot. Res. Int. 2009, 2, 218–228.

11



Antioxidants 2022, 11, 816

8. Hussain, S.Z.; Naseer, B.; Qadri, T.; Fatima, T.; Bhat, T.A. Anola (Emblica officinalis): Morphology, Taxonomy, Composition and
Health Benefits. In Fruits Grown in Highland Regions of the Himalayas; Hussain, S.Z., Naseer, B., Qadri, T., Fatima, T., Bhat, T.A.,
Eds.; Springer: Cham, Switzerland, 2021; pp. 193–206. ISBN 30755027_15.

9. KC, Y.; Rayamajhi, S.; Dangal, A.; Shiwakoti, L.D. Phytochemical, Nutritional, Antioxidant Activity and Sensorial Characteristics
of Amala (Phyllanthus emblica L.) Chutney. Asian Food Sci. J. 2020, 18, 43–52. [CrossRef]

10. Tewari, R.; Kumar, V.; Sharma, H.K. Physical and chemical characteristics of different cultivars of Indian gooseberry
(Emblica officinalis). J. Food Sci. Technol. 2019, 56, 1641–1648. [CrossRef]

11. Parveen, K.; Khatkar, B.S. Physico-chemical properties and nutritional composition of aonla (Emblica officinalis) varieties. Int. Food
Res. J. 2015, 22, 2358–2363.

12. Sonkar, N.; Rajoriya, D.; Chetana, R.; Venkatesh Murthy, K. Effect of cultivars, pretreatment and drying on physicochemical
properties of Amla (Emblica officinalis) gratings. J. Food Sci. Technol. 2020, 57, 980–992. [CrossRef]

13. Carr, A.C.; Lykkesfeldt, J. Discrepancies in global vitamin C recommendations: A review of RDA criteria and underlying health
perspectives. Crit. Rev. Food Sci. Nutr. 2021, 61, 742–755. [CrossRef] [PubMed]

14. Tarwadi, K.; Agte, V. Antioxidant and micronutrient potential of common fruits available in the Indian subcontinent. Int. J. Food
Sci. Nutr. 2007, 58, 341–349. [CrossRef] [PubMed]

15. Jain, S.K.; Khurdiya, D.S. Vitamin C enrichment of fruit juice based ready-to-serve beverages through blending of Indian
gooseberry (Emblica officinalis Gaertn.) juice. Plant Foods Hum. Nutr. 2004, 59, 63–66. [CrossRef] [PubMed]

16. Bansal, V.; Sharma, A.; Ghanshyam, C.; Singla, M.L. Coupling of chromatographic analyses with pretreatment for the determina-
tion of bioactive compounds in Emblica officinalis juice. Anal. Methods 2014, 6, 410–418. [CrossRef]

17. Bansal, V.; Sharma, A.; Ghanshyam, C.; Singla, M.L. Rapid HPLC Method for determination of vitamin C, phenolic acids,
hydroxycinnamic acid, and flavonoids in seasonal samples of Emblica officinalis juice. J. Liq. Chromatogr. Relat. Technol. 2015,
38, 619–624. [CrossRef]

18. Nambiar, S.S.; Paramesha, M.; Shetty, N.P. Comparative analysis of phytochemical profile, antioxidant activities and foam
prevention abilities of whole fruit, pulp and seeds of Emblica officinalis. J. Food Sci. Technol. 2015, 52, 7254–7262. [CrossRef]

19. Nambiar, S.S.; Shetty, N.P. Phytochemical Profiling and Assessment of Low-Density Lipoprotein Oxidation, Foam Cell-Preventing
Ability and Antioxidant Activity of Commercial Products of Emblica officinalis Fruit. J. Food Biochem. 2015, 39, 218–229. [CrossRef]

20. Poltanov, E.A.; Shikov, A.N.; Dorman, H.J.D.; Pozharitskaya, O.N.; Makarov, V.G.; Tikhonov, V.P.; Hiltunen, R. Chemical and
antioxidant evaluation of Indian gooseberry (Emblica officinalis Gaertn., syn. Phyllanthus emblica L.) supplements. Phyther. Res.
2009, 23, 1309–1315. [CrossRef]

21. Zhang, Y.J.; Abe, T.; Tanaka, T.; Yang, C.R.; Kouno, I. Two new acylated flavanone glycosides from the leaves and branches of
Phyllanthus emblica. Chem. Pharm. Bull. 2002, 50, 841–843. [CrossRef]

22. Ur-Rehman, H.; Yasin, K.A.; Choudhary, M.A.; Khaliq, N.; Ur-Rahman, A.; Choudhary, M.I.; Malik, S. Studies on the chemical
constituents of Phyllanthus emblica. Nat. Prod. Res. 2007, 21, 775–781. [CrossRef]

23. Liu, X.; Cui, C.; Zhao, M.; Wang, J.; Luo, W.; Yang, B.; Jiang, Y. Identification of phenolics in the fruit of emblica (Phyllanthus
emblica L.) and their antioxidant activities. Food Chem. 2008, 109, 909–915. [CrossRef] [PubMed]

24. Fatima, N.; Pingali, U.; Muralidhar, N. Study of pharmacodynamic interaction of Phyllanthus emblica extract with clopidogrel and
ecosprin in patients with type II diabetes mellitus. Phytomedicine 2014, 21, 579–585. [CrossRef] [PubMed]

25. Zhang, Y.J.; Abe, T.; Tanaka, T.; Yang, C.R.; Kouno, I. Phyllanemblinins A-F, new ellagitannins from Phyllanthus emblica. J. Nat.
Prod. 2001, 64, 1527–1532. [CrossRef] [PubMed]

26. Al-Samman, A.M.M.A.; Siddique, N.A. Gas chromatography-mass spectrometry (GC-MS/MS) analysis, ultrasonic assisted
extraction, antibacterial and antifungal activity of Emblica officinalis fruit extract. Pharmacogn. J. 2019, 11, 315–323. [CrossRef]

27. Sheoran, S.; Nidhi, P.; Kumar, V.; Singh, G.; Lal, U.R.; Sourirajan, A.; Dev, K. Altitudinal variation in gallic acid content in fruits of
Phyllanthus emblica L. and its correlation with antioxidant and antimicrobial activity. Vegetos 2019, 32, 387–396. [CrossRef]

28. Fitriansyah, S.N.; Aulifa, D.L.; Febriani, Y.; Sapitri, E. Correlation of total phenolic, flavonoid and carotenoid content of
Phyllanthus emblica extract from bandung with DPPH scavenging activities. Pharmacogn. J. 2018, 10, 447–452. [CrossRef]

29. Bar, F.M.A.; Habib, M.M.A.; Badria, F.A. A new hexagalloyl compound from Emblica officinalis Gaertn.: Antioxidant, cytotoxicity,
and silver ion reducing activities. Chem. Pap. 2021, 75, 6509–6518. [CrossRef]

30. Tewari, R.; Kumar, V.; Sharma, H.K. Pretreated Indian Gooseberry (Emblica officinalis) Segments: Kinetic, Quality and Microstruc-
tural Parameters. J. Inst. Eng. Ser. A 2021, 102, 523–534. [CrossRef]

31. Pientaweeratch, S.; Panapisal, V.; Tansirikongkol, A. Antioxidant, anti-collagenase and anti-elastase activities of Phyllanthus
emblica, Manilkara zapota and silymarin: An in vitro comparative study for anti-aging applications. Pharm. Biol. 2016, 54, 1865–1872.
[CrossRef]

32. Zhang, Y.; Zhao, L.; Guo, X.; Li, C.; Li, H.; Lou, H.; Ren, D. Chemical constituents from Phyllanthus emblica and the cytoprotective
effects on H2O2-induced PC12 cell injuries. Arch. Pharm. Res. 2016, 39, 1202–1211. [CrossRef]

33. Chahal, A.K.; Chandan, G.; Kumar, R.; Chhillar, A.K.; Saini, A.K.; Saini, R.V. Bioactive constituents of Emblica officinalis overcome
oxidative stress in mammalian cells by inhibiting hyperoxidation of peroxiredoxins. J. Food Biochem. 2020, 44, e13115. [CrossRef]
[PubMed]

34. Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ. J.
2012, 5, 9–19. [CrossRef] [PubMed]

12



Antioxidants 2022, 11, 816

35. Shivananjappa, M.M.; Joshi, M.K. Influence of Emblica officinalis aqueous extract on growth and antioxidant defense system of
human hepatoma cell line (HepG2). Pharm. Biol. 2012, 50, 497–505. [CrossRef] [PubMed]

36. Li, W.; Zhang, X.; Chen, R.; Li, Y.; Miao, J.; Liu, G.; Lan, Y.; Chen, Y.; Cao, Y. HPLC fingerprint analysis of Phyllanthus emblica
ethanol extract and their antioxidant and anti-inflammatory properties. J. Ethnopharmacol. 2020, 254, 112740. [CrossRef]

37. Yamamoto, H.; Morino, K.; Mengistu, L.; Ishibashi, T.; Kiriyama, K.; Ikami, T.; Maegawa, H. Amla Enhances Mitochondrial Spare
Respiratory Capacity by Increasing Mitochondrial Biogenesis and Antioxidant Systems in a Murine Skeletal Muscle Cell Line.
Oxid. Med. Cell. Longev. 2016, 2016, 1735841. [CrossRef]

38. Nain, P.; Saini, V.; Sharma, S.; Nain, J. Antidiabetic and antioxidant potential of Emblica officinalis Gaertn. leaves extract in
streptozotocin-induced type-2 diabetes mellitus (T2DM) rats. J. Ethnopharmacol. 2012, 142, 65–71. [CrossRef]

39. Singh, M.K.; Yadav, S.S.; Gupta, V.; Khattri, S. Immunomodulatory role of Emblica officinalis in arsenic induced oxidative damage
and apoptosis in thymocytes of mice. BMC Complement. Altern. Med. 2013, 13, 193. [CrossRef]

40. Maiti, S.; Chattopadhyay, S.; Acharyya, N.; Deb, B.; Hati, A.K. Emblica officinalis (amla) ameliorates arsenic-induced liver damage
via DNA protection by antioxidant systems. Mol. Cell. Toxicol. 2014, 10, 75–82. [CrossRef]

41. Saha, S.; Verma, R.J. Antioxidant activity of polyphenolic extract of Phyllanthus emblica against lead acetate induced oxidative
stress. Toxicol. Environ. Health Sci. 2015, 7, 82–90. [CrossRef]

42. Biswas, T.K.; Chakrabarti, S.; Pandit, S.; Jana, U.; Dey, S.K. Pilot study evaluating the use of Emblica officinalis standardized
fruit extract in cardio-respiratory improvement and antioxidant status of volunteers with smoking history. J. Herb. Med. 2014,
4, 188–194. [CrossRef]

43. Usharani, P.; Merugu, P.L.; Nutalapati, C. Evaluation of the effects of a standardized aqueous extract of Phyllanthus emblica fruits
on endothelial dysfunction, oxidative stress, systemic inflammation and lipid profile in subjects with metabolic syndrome: A
randomised, double blind, placebo. BMC Complement. Altern. Med. 2019, 19, 97. [CrossRef] [PubMed]

44. Reddy, V.D.; Padmavathi, P.; Paramahamsa, M.; Varadacharyulua, N.C. Amelioration of alcohol-induced oxidative stress by
Emblica officinalis (Amla) in rats. Indian J. Biochem. Biophys. 2010, 47, 20–25. [PubMed]

45. Variya, B.C.; Bakrania, A.K.; Chen, Y.; Han, J.; Patel, S.S. Suppression of abdominal fat and anti-hyperlipidemic potential of
Emblica officinalis: Upregulation of PPARs and identification of active moiety. Biomed. Pharmacother. 2018, 108, 1274–1281.
[CrossRef]

46. Fatima, N.; Hafizur, R.M.; Hameed, A.; Ahmed, S.; Nisar, M.; Kabir, N. Ellagic acid in Emblica officinalis exerts anti-diabetic activity
through the action on β-cells of pancreas. Eur. J. Nutr. 2017, 56, 591–601. [CrossRef]

47. Yang, C.J.; Wang, C.S.; Hung, J.Y.; Huang, H.W.; Chia, Y.C.; Wang, P.H.; Weng, C.F.; Huang, M.S. Pyrogallol induces G2-M arrest
in human lung cancer cells and inhibits tumor growth in an animal model. Lung Cancer 2009, 66, 162–168. [CrossRef]

48. Malik, S.; Suchal, K.; Bhatia, J.; Khan, S.I.; Vasisth, S.; Tomar, A.; Goyal, S.; Kumar, R.; Arya, D.S.; Ojha, S.K. Therapeutic potential
and molecular mechanisms of Emblica officinalis gaertn in countering nephrotoxicity in rats induced by the chemotherapeutic
agent cisplatin. Front. Pharmacol. 2016, 7, 350. [CrossRef]

49. Golechha, M.; Sarangal, V.; Ojha, S.; Bhatia, J.; Arya, D.S. Anti-inflammatory effect of Emblica officinalis in rodent models of acute
and chronic inflammation: Involvement of possible mechanisms. Int. J. Inflam. 2014, 2014, 178408. [CrossRef]

50. Bharathi, M.D.; Thenmozhi, A.J. Attenuation of Aluminum-Induced Neurotoxicity by Tannoid Principles of Emblica officinalis in
Wistar Rats. Int. J. Nutr. Pharmacol. Neurol. Dis. 2018, 8, 35. [CrossRef]

51. Thirunavukkarasu, M.; Selvaraju, V.; Tapias, L.; Sanchez, J.A.; Palesty, J.A.; Maulik, N. Protective effects of Phyllanthus emblica
against myocardial ischemia-reperfusion injury: The role of PI3-kinase/glycogen synthase kinase 3β/β-catenin pathway. J.
Physiol. Biochem. 2015, 71, 623–633. [CrossRef]

52. Bhatia, J.; Tabassum, F.; Sharma, A.K.; Bharti, S.; Golechha, M.; Joshi, S.; Akhatar, M.S.; Srivastava, A.K.; Arya, D.S. Emblica
officinalis exerts antihypertensive effect in a rat model of DOCA-salt-induced hypertension: Role of (p) eNOS, NO and Oxidative
Stress. Cardiovasc. Toxicol. 2011, 11, 272–279. [CrossRef]

53. Khanna, S.; Das, A.; Spieldenner, J.; Rink, C.; Roy, S. Supplementation of a standardized extract from Phyllanthus emblica improves
cardiovascular risk factors and platelet aggregation in overweight/class-1 obese adults. J. Med. Food 2015, 18, 415–420. [CrossRef]
[PubMed]

54. Thenmozhi, A.J.; Dhivyabharathi, M.; Raja, T.R.W.; Manivasagam, T.; Essa, M.M. Tannoid principles of Emblica officinalis renovate
cognitive deficits and attenuate amyloid pathologies against aluminum chloride induced rat model of Alzheimer’s disease. Nutr.
Neurosci. 2016, 19, 269–278. [CrossRef] [PubMed]

55. Kim, H.Y.; Okubo, T.; Juneja, L.R.; Yokozawa, T. The protective role of amla (Emblica officinalis Gaertn.) against fructose-induced
metabolic syndrome in a rat model. Br. J. Nutr. 2010, 103, 502–512. [CrossRef] [PubMed]

56. Middha, S.K.; Goyal, A.K.; Lokesh, P.; Yardi, V.; Mojamdar, L.; Keni, D.S.; Babu, D.; Usha, T. Toxicological evaluation of Emblica
officinalis fruit extract and its anti-inflammatory and free radical scavenging properties. Pharmacogn. Mag. 2015, 11, S427–S433.
[CrossRef] [PubMed]

57. Thenmozhi, A.J.; Dhivyabharathi, M.; Manivasagam, T.; Essa, M.M. Tannoid principles of Emblica officinalis attenuated alu-
minum chloride induced apoptosis by suppressing oxidative stress and tau pathology via Akt/GSK-3βsignaling pathway. J.
Ethnopharmacol. 2016, 194, 20–29. [CrossRef] [PubMed]

13



Antioxidants 2022, 11, 816

58. Husain, I.; Akhtar, M.; Madaan, T.; Vohora, D.; Abdin, M.Z.; Islamuddin, M.; Najmi, A.K. Tannins enriched fraction of Emblica
officinalis fruits alleviates high-salt and cholesterol diet-induced cognitive impairment in rats via Nrf2-ARE pathway. Front.
Pharmacol. 2018, 9, 23. [CrossRef] [PubMed]

59. Sidhu, S.; Pandhi, P.; Malhotra, S.; Vaiphei, K.; Khanduja, K.L. Beneficial effects of Emblica officinalis in L-arginine-induced acute
pancreatitis in rats. J. Med. Food 2011, 14, 147–155. [CrossRef]

60. Kumar, N.P.; Annamalai, A.R.; Thakur, R.S. Antinociceptive property of Emblica officinalis Gaertn (Amla) in high fat diet fed/low
dose streptozotocin induced diabetic neuropathy in rats. Indian J. Exp. Biol. 2009, 47, 737–742.

61. Mehrotra, S.; Jamwal, R.; Shyam, R.; Meena, D.K.; Mishra, K.; Patra, R.; De, R.; Mukhopadhyay, A.; Kumar, A.; Nandi, S.P.
Anti-Helicobacter pylori and antioxidant properties of Emblica officinalis pulp extract: A potential source for therapeutic use
against gastric ulcer. J. Med. Plants Res. 2011, 5, 2577–2583.

62. Al-Rehaily, A.J.; Al-Howiriny, T.S.; Al-Sohaibani, M.O.; Rafatullah, S. Gastroprotective effects of “Amla” Emblica officinalis on
in vivo test models in rats. Phytomedicine 2002, 9, 515–522. [CrossRef]

63. Huang, C.Z.; Tung, Y.T.; Hsia, S.M.; Wu, C.H.; Yen, G.C. The hepatoprotective effect of Phyllanthus emblica L. fruit on high fat
diet-induced non-alcoholic fatty liver disease (NAFLD) in SD rats. Food Funct. 2017, 8, 842–850. [CrossRef] [PubMed]

64. Karkon Varnosfaderani, S.; Hashem-Dabaghian, F.; Amin, G.; Bozorgi, M.; Heydarirad, G.; Nazem, E.; Nasiri Toosi, M.; Mosavat,
S.H. Efficacy and safety of amla (Phyllanthus emblica L.) in non-erosive reflux disease: A double-blind, randomized, placebo-
controlled clinical trial. J. Integr. Med. 2018, 16, 126–131. [CrossRef] [PubMed]

65. Dhingra, D.; Joshi, P.; Gupta, A.; Chhillar, R. Possible Involvement of Monoaminergic Neurotransmission in Antidepressant-like
activity of Emblica officinalis Fruits in Mice. CNS Neurosci. Ther. 2012, 18, 419–425. [CrossRef] [PubMed]

66. Yokozawa, T.; Kim, H.Y.; Kim, H.J.; Okubo, T.; Chu, D.C.; Juneja, L.R. Amla (Emblica officinalis Gaertn.) prevents dyslipidaemia
and oxidative stress in the ageing process. Br. J. Nutr. 2007, 97, 1187–1195. [CrossRef]

67. Huang, J.I.; Zhong, Z.G. Study of galic acid extracted from the leaves of Phyllanthus emblica on apoptotic mechanism of human
hepatocellular carcinoma cells BEL-7404. J. Chin. Med. Mater. 2011, 34, 246–249.

68. Goyal, M.R.; Suleria, H. Olive Oil Phenols: Chemistry, Synthesis, Metabolism, Fate, And Their Allied Health Claims. In Human
Health Benefits of Plant Bioactive Compounds; Goyal, M.R., Suleria, H.A.R., Eds.; Apple Academic Press: Palm Bay, FL, USA, 2019;
pp. 95–127. ISBN 9780429457913.

69. Madan, J.; Sindhu, S.; Gupta, M.; Poonia, J. Evaluation of Emblica officinalis and Mentha piperata supplementation on biochemical
parameters in growing beetal kids. J. Cell Tissue Res. 2015, 15, 4811–4814.

70. Kanthe, P.S.; Patil, B.S.; Bagali, S.C.; Reddy, C.R.; Aaithala, M.R.; Das, K.K. Protective effects of ethanolic extract of Emblica
officinalis (amla) on cardiovascular pathophysiology of rats, fed with high fat diet. J. Clin. Diagn. Res. 2017, 11, CC05–CC09.
[CrossRef]

71. Gopa, B.; Bhatt, J.; Hemavathi, K.G. A comparative clinical study of hypolipidemic efficacy of Amla (Emblica officinalis) with
3-hydroxy-3-methylglutaryl-coenzyme-A reductase inhibitor simvastatin. Indian J. Pharmacol. 2012, 44, 238–242. [CrossRef]

72. Koshy, S.M.; Bobby, Z.; Hariharan, A.P.; Gopalakrishna, S.M. Amla (Emblica officinalis) extract is effective in preventing high
fructose diet-induced insulin resistance and atherogenic dyslipidemic profile in ovariectomized female albino rats. Menopause
2012, 19, 1146–1155. [CrossRef]

73. Nampoothiri, S.V.; Prathapan, A.; Cherian, O.L.; Raghu, K.G.; Venugopalan, V.V.; Sundaresan, A. In vitro antioxidant and
inhibitory potential of Terminalia bellerica and Emblica officinalis fruits against LDL oxidation and key enzymes linked to type 2
diabetes. Food Chem. Toxicol. 2011, 49, 125–131. [CrossRef]

74. Ansari, A.; Shahriar, M.S.Z.; Hassan, M.M.; Das, S.R.; Rokeya, B.; Haque, M.A.; Haque, M.E.; Biswas, N.; Sarkar, T.
Emblica officinalis improves glycemic status and oxidative stress in STZ induced type 2 diabetic model rats. Asian Pac. J. Trop. Med.
2014, 7, 21–25. [CrossRef]

75. Patel, S.S.; Goyal, R.K. Prevention of diabetes-induced myocardial dysfunction in rats using the juice of the Emblica officinalis fruit.
Exp. Clin. Cardiol. 2011, 16, 87–91. [PubMed]

76. Akhtar, M.S.; Ramzan, A.; Ali, A.; Ahmad, M. Effect of amla fruit (Emblica officinalis Gaertn.) on blood glucose and lipid profile of
normal subjects and type 2 diabetic patients. Int. J. Food Sci. Nutr. 2011, 62, 609–616. [CrossRef] [PubMed]

77. Lorenzo, J.M.; Munekata, P.E.; Putnik, P.; Kovačević, D.B.; Muchenje, V.; Barba, F.J. Sources, Chemistry, and Biological Potential of
Ellagitannins and Ellagic Acid Derivatives. Stud. Nat. Prod. Chem. 2018, 60, 189–221. [CrossRef]

78. Munekata, P.E.S.; Pateiro, M.; Zhang, W.; Dominguez, R.; Xing, L.; Fierro, E.M.; Lorenzo, J.M. Health benefits, extraction and
development of functional foods with curcuminoids. J. Funct. Foods 2021, 79, 104392. [CrossRef]

79. Rodríguez, M.L.; Estrela, J.M.; Ortega, Á.L. Natural Polyphenols and Apoptosis Induction in Cancer Therapy. J. Carcinog. Mutagen.
2013, 6, 1–10. [CrossRef]

80. Singh, I.; Soyal, D.; Goyal, P. Radioprotective potential of Emblica officinalis fruit extract against hematological alterations induced
by gamma radiation. In Proceedings of the International Conference on Emerging Frontiers and Challenges in Radiation Biology,
Bikaner, India, 24–25 January 2012.

81. Zhu, X.; Wang, J.; Ou, Y.; Han, W.; Li, H. Polyphenol extract of Phyllanthus emblica (PEEP) induces inhibition of cell proliferation
and triggers apoptosis in cervical cancer cells. Eur. J. Med. Res. 2013, 18, 46. [CrossRef]

82. Purena, R.; Seth, R.; Bhatt, R. Protective role of Emblica officinalis hydro-ethanolic leaf extract in cisplatin induced nephrotoxicity
in Rats. Toxicol. Rep. 2018, 5, 270–277. [CrossRef]

14



Antioxidants 2022, 11, 816

83. Singh, M.K.; Yadav, S.S.; Yadav, R.S.; Chauhan, A.; Katiyar, D.; Khattri, S. Protective effect of Emblica officinalis in arsenic induced
biochemical alteration and inflammation in mice. SpringerPlus 2015, 4, 438. [CrossRef]

84. Dang, G.K.; Parekar, R.R.; Kamat, S.K.; Scindia, A.M.; Rege, N.N. Antiinflammatory activity of Phyllanthus emblica,
Plumbago zeylanica and Cyperus rotundus in acute models of inflammation. Phyther. Res. 2011, 25, 904–908. [CrossRef]

85. Goel, B.; Pathak, N.; Nim, D.K.; Singh, S.K.; Dixit, R.K.; Chaurasia, R. Evaluation of analgesic activity of Emblica officinalis in
albino rats. Int. J. Basic Clin. Pharmacol. 2014, 3, 365–368. [CrossRef]

86. Deshmukh, C.D.; Bantal, V.; Pawar, A. Protective effect of Emblica officinalis fruit extract on acetic acid induced colitis in rats. J.
Herb. Med. Toxicol. 2010, 4, 25–29.

87. Uddin, M.S.; Mamun, A.A.; Hossain, M.S.; Akter, F.; Iqbal, M.A.; Asaduzzaman, M. Exploring the effect of Phyllanthus emblica L.
on cognitive performance, brain antioxidant markers and acetylcholinesterase activity in rats: Promising natural gift for the
mitigation of Alzheimer’s disease. Ann. Neurosci. 2016, 23, 218–229. [CrossRef] [PubMed]

15





Citation: Xi, X.; Wang, J.; Qin, Y.; You,

Y.; Huang, W.; Zhan, J. The Biphasic

Effect of Flavonoids on Oxidative

Stress and Cell Proliferation in Breast

Cancer Cells. Antioxidants 2022, 11,

622. https://doi.org/10.3390/

antiox11040622

Academic Editors: José M. Matés

and Stanley Omaye

Received: 13 January 2022

Accepted: 23 March 2022

Published: 24 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

antioxidants

Article

The Biphasic Effect of Flavonoids on Oxidative Stress and Cell
Proliferation in Breast Cancer Cells

Xiaomin Xi, Jiting Wang, Yue Qin, Yilin You, Weidong Huang and Jicheng Zhan *

College of Food Science and Nutritional Engineering, China Agricultural University, Beijing 100083, China;
xxm1113@cau.edu.cn (X.X.); wangjiting@cau.edu.cn (J.W.); jnqinyue@cau.edu.cn (Y.Q.);
yilinyou@cau.edu.cn (Y.Y.); weidonghuang@cau.edu.cn (W.H.)
* Correspondence: zhanjicheng@cau.edu.cn

Abstract: Flavonoids have been reported to play an essential role in modulating processes of cellular
redox homeostasis such as scavenging ROS. Meanwhile, they also induce oxidative stress that exerts
potent antitumor bioactivity. However, the contradiction between these two aspects still remains
unclear. In this study, four typical flavonoids were selected and studied. The results showed that
low-dose flavonoids slightly promoted the proliferation of breast cancer cells under normal growth
via gradually reducing accumulated oxidative products and demonstrated a synergistic effect with
reductants NAC or VC. Besides, low-dose flavonoids significantly reduced the content of ROS and
MDA induced by LPS or Rosup but restored the activity of SOD. However, high-dose flavonoids
markedly triggered the cell death via oxidative stress as evidenced by upregulated ROS, MDA and
downregulated SOD activity that could be partly rescued by NAC pretreatment, which was also
confirmed by antioxidative gene expression levels. The underlying mechanism of such induced
cell death was pinpointed as apoptosis, cell cycle arrest, accumulated mitochondrial superoxide,
impaired mitochondrial function and decreased ATP synthesis. Transcriptomic analysis of apigenin
and quercetin uncovered that high-dose flavonoids activated TNF-α signaling, as verified through
detecting inflammatory gene levels in breast cancer cells and RAW 264.7 macrophages. Moreover, we
identified that BRCA1 overexpression effectively attenuated such oxidative stress, inflammation and
inhibited ATP synthesis induced by LPS or high dose of flavonoids possibly through repairing DNA
damage, revealing an indispensable biological function of BRCA1 in resisting oxidative damage and
inflammatory stimulation caused by exogenous factors.

Keywords: breast cancer; flavonoids; oxidative stress; inflammation; transcriptome; BRCA1

1. Introduction

Breast cancer remains the second most common cause of cancer mortality in women
worldwide, although many advances in early detection and treatment have been explored.
Breast cancer is categorized into three major subtypes based on the presence or absence of
molecular biomarkers, namely estrogen or progesterone receptors and human epidermal
growth factor 2 (ERBB2, formerly HER2): hormone-receptor-positive/ERBB2-negative
(70% of patients), ERBB2-positive (15–20%) and triple-negative (TNBC, tumors lack the
above standard molecular markers, 5%) [1]. To date, treatment options for breast cancer
mainly include surgical resection, radiotherapy, chemotherapy and endocrine therapy
based on hormone receptors. In recent years, immunotherapy represented by PD-1/PD-
L1 has also been applied in breast cancer patients [2]. Unluckily, for people presenting
metastatic disease, chemotherapy is the only strategy to select, with goals of prolonging life
and palliating symptoms. However, most nonmetastatic breast cancer patients gradually
obtained drug resistance in the later stage and suffered from great pain during long-term
treatment [3]. Therefore, exploring novel therapies that are effective while minimizing side
effects is essential in curtailing breast cancer.
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Flavonoids, belonging to secondary metabolites broadly distributed in plants, have
multiple biological and pharmacological activities in improving body health, emerging
as promising options for breast cancer prevention and treatment. These compounds act
as free radical scavengers and antioxidants, exhibiting anti-mutagenic, anti-inflammatory
and antiviral effects [4]. Moreover, flavonoids have the ability to reduce plasma levels of
low-density lipoproteins, inhibit platelet aggregation and reduce cell proliferation. The
health benefits of flavonoids have been historically ascribed to their chelating and antioxi-
dant properties led by their innate chemical structure. The presence of multiple hydroxy
groups along with a highly conjugated delocalized electron system enhances the free
radical scavenging nature of the flavonoids and its interference with the redox activity
of the cell [5]. The excellent antioxidant properties of flavonoids are especially evident
under the stimulation of external oxidation conditions, such as in protecting skin cells
under ultraviolet radiation; alleviating the oxidation products produced by certain chronic
diseases such as diabetes and obesity; and maintaining the balanced redox situation in
brain neurons, especially in degenerative brain diseases [6–11]. In terms of cancer biology,
a previous study found that apigenin and luteolin induced apoptosis and cell cycle arrest
in MCF-7 and TNBC cell lines via downregulating PI3K/Akt and upregulating FOXO3a,
which correlated with reactive oxygen species (ROS) removal [12]. Besides, quercetin
and resveratrol widely existed in wine-inhibited MCF-7 cell line proliferation through
neutralizing hydrogen peroxide (H2O2) [13]. Butein was shown to induce apoptosis, as
evidenced by increased caspase-3 and caspase-9 activities; notably, it reduced the ROS
levels with the dose of 10 μg/mL butein for 5 min, which was also confirmed in BT-474
xenografts [14]. Wu et al. proved Ziziphora clinopodioides flavonoids protected against
H2O2-induced injury in HUVEC cells and this effect was related to the enhancement of
antioxidant capacity and suppression of angiogenesis and apoptosis [15].

Nevertheless, flavonoids were noticed to induce ROS accumulation causing pro-
grammed cell death (e.g., apoptosis) or directly lead to severe necrosis, indicating extra
innovative mechanisms accounting for such cell death via interfering with the redox bal-
ance. Apigenin was found to induce apoptosis in mouse macrophage ANA-1 cells through
the increased ROS accumulation and high caspase-3 activity followed by activation of the
mitogen-activated protein kinase (MAPK) pathway [16]. The flavanone naringenin induced
ROS-dependent apoptosis in MDA-MB-468 cells, and myricetin presented inhibition of
the growth of MDA-MB-231 and MDA-MB-468 cell lines in a pro-oxidative way [17–19].
Moreover, the flavone 5,7-dihydroxy-8-nitrochrysin dephosphorylated Akt signals and
resulted in ROS-dependent cytotoxicity in HER2-positive MDA-MB-453 breast cancer
cells [20,21]. The flavonoid silibinin also exerted strong apoptosis through ROS-dependent
Notch-1/ERK/Akt pathway in MDA-MB-231 cells. In vivo studies also supported such
a conclusion [22]. The myricetin derived from flavonoid oncamex triggered increased
superoxide production and cytotoxicity in MDA-MB-231 xenografts [23]. In addition to
the function of single-component flavonoids in inducing oxidative stress, extracts derived
from natural products that contained mixtures of flavonoids also exerted similar effects,
which will not be repeated here [24–27]. Although the above results demonstrated that
flavonoids promoted cancer cell death by inducing oxidative stress at the phenotypical
level, they did not explain further which factor of flavonoids determined such quite oppo-
site physiological activities on breast cancer cells. Moreover, these experiments were carried
out with a single different drug, and the dosage, cancer cell line and culture conditions
were quite different, making it difficult to obtain consistent results. Overall, the effect of
flavonoids on the alteration of ROS level in breast cancer cells is still unclear. Therefore,
in our study, we aimed to determine whether and how the different doses of flavonoids
influenced the cellular oxidative stress and cell number with multiple flavonoids in breast
cancer cells and tried to determine the underlying mechanism. In our current study, with
four different kinds of flavonoids, we expound that a high dose of flavonoids (more than
20 μM) disturbed the cellular redox homeostasis, as indicated by extensive oxidative stress,
and destroyed cellular ATP synthesis due to the impaired mitochondrial function, while a
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low dose of flavonoid (no more than 10 μM) pretreatment could markedly reverse LPS- or
Rosup-induced oxidative stress via acting as an ROS scavenger.

2. Materials and Methods

2.1. Reagents and Chemicals

Lipopolysaccharides (LPSs) from E. coli 055:B5 were purchased from Solarbio (Cat.
No. L8880, Beijing, China) with a purity > 99%. N-Acetyl-L-cysteine (NAC) and vitamin C
(VC) were purchased from Beyotime (Cat. No. ST1546; Cat. No. ST1434, Shanghai, China)
with a purity > 99%. The standard samples of apigenin, quercetin, chrysin and diosmetin
were purchased from CHENGDU MUST Biotechnology CO.,LTD (Cat. No. A0113, A0083,
A0292, A0927, MUST, Chengdu, China) with HPLC purity > 99%. Rabbit BRCA1 Polyclonal
Antibody was purchased from Beyotime (Cat. No. AF6339, Shanghai, China). BeyoClick
EdU 488 kit was purchased from Beyotime (Cat. No. C0071S, Shanghai, China).

2.2. Cell Culture

Human breast cancer cell lines MCF-7 and MDA-MB-231 and macrophage RAW 264.7 cells
were cultured in DMEM (Gibco, Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS; Gibco, Invitrogen, Carlsbad, CA, USA) and penicillin (100 U/mL)-streptomycin
(100 mg/mL). Murine breast cancer 4T1 was cultured in RPMI-1640 (Gibco, Invitrogen, Carls-
bad, CA, USA) with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin. Cells were all cultured in an incubator at 37 ◦C with 5% CO2 under sterile conditions.
All cells were harvested by treatment with 0.25% trypsin–ethylenediaminetetraacetic acid
(Trypsin-EDTA; Gibco, Invitrogen, Carlsbad, CA, USA). The information of above cell lines
was listed in Supplementary Table S3.

2.3. Cell Number Detection and Colony Formation Assay

The cell counting kit-8 (CCK-8) assay (Cat. No. C0038, Beyotime, Shanghai, China)
was used to detect cell numbers as measured by OD 450. Briefly, the cells were seeded in
100 μL of complete medium at a concentration of 3000-4000 cells per well in a 96-well plate
overnight and then treated with indicated drugs and conditions. Then, according to the
CCK-8 manufacturer’s instructions, a microplate reader (Thermo Fisher, Waltham, MA,
USA) was used for the absorbance detection at a wavelength of 450 nm as OD value. For
colony formation assay, 500-1000 cells were seeded in a 24-well plate overnight, treated
with indicated drugs the next day and then cultured for 1–2 weeks. The cells were fixed
with 4% paraformaldehyde (Cat. No. P1110, Solarbio, Beijing, China) for 15 min; then,
they washed with PBS twice and stained with 1% crystal violet solution (Cat. No. C0121,
Beyotime, Shanghai, China) for 10 min. Finally, the number of colonies was counted.

2.4. Detection of ROS, MDA and SOD

The content of reactive oxygen species (ROS) was detected by both fluorescence mi-
croplate reader (Sunrise/Infinite F50, Tecan, Mannedorf, Switzerland) and flow cytometry
with DCFH-DA Assay (Cat. No. S0033M, Beyotime, Shanghai, China) according to protocol.
The activity of superoxide dismutase (SOD) was detected by a commercial kit (Cat. No.
S0101M, Beyotime, China). The concentration of malondialdehyde (MDA) was detected
by a commercial kit (Cat. No. S0131S, Beyotime, Shanghai, China). All samples were
prepared according to the introductions of each kit, and the OD values were assayed by a
full wavelength microplate photometer (Thermo Fisher, Waltham, MA, USA).

2.5. Flow Cytometry for Apoptosis and Cell cycle

Apoptotic cells were assessed using FITC Annexin V Apoptosis Detection kit (Cat. No.
C1062M, Beyotime, Shanghai, China), and cell cycle was detected by Cell Cycle Analysis
Kit with propidium staining (Cat. No. C1052, Beyotime, Shanghai, China) according
to protocol.
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2.6. Real-Time Quantitative PCR Assay

Total RNA was extracted using TRIzol reagent (Cat. No. 9108, Takara Biotechnology,
Dalian, China) from cells according to the manufacturer’s instructions, and then the RNA
purity and concentration at 260:280 nm was measured. After diluting RNAs to the same
concentration with RNase-free water, we used HiScript III 1st Strand cDNA Synthesis Kit
(Cat. No. R312, Vazyme, Nanjing, China) to reversely transcribe 1 μg total RNAs and
synthesize the first-strand cDNA according to the instructions. Real-time quantitative
PCR was performed using ChamQ SYBR qPCR Master Mix (Cat. No. Q341, Vazyme,
Nanjing, China). All analyses were performed via CFX Connect Real-Time System (Bio-
Rad, Hercules, CA, USA). GAPDH was selected as the housekeeping gene to normalize the
data of each target gene. The reaction conditions were as follows: 95 ◦C for 30 s, followed
by 35 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and melt curve. Results were presented as the
fold change relative to the control. Three independent experiments were performed. All
primers were listed in Supplementary Table S1.

2.7. Western Blotting

Cells were washed with cold PBS twice, and the total protein of cells was extracted
using RIPA Lysis buffer (Cat. No. P0013B, Beyotime, Shanghai, China) premixed with 1 mM
proteinase inhibitor PMSF. The protein concentration of cell lysis was detected using a BCA
protein assay kit (Cat. No. P0012S, Beyotime, Shanghai, China). Then, samples were diluted
to the same concentration and denatured with 5× SDS loading buffer (Cat. No. P0280, Bey-
otime, Shanghai, China). Protein was subjected to 10% SDS-PAGE by electrophoresis and
transferred onto a polyvinylidene fluoride (PVDF) membrane. Membranes were incubated
in 5% skimmed milk for 2 h at room temperature, followed by incubation with primary
antibodies at 4 °C overnight. After being washed with 1× Tris-buffered saline containing
Tween 20 (Cat. No. ST673, Beyotime, Shanghai, China), membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies. Bands on the membrane
were visualized by using BeyoECL Moon (Cat. No. P0018FS, Beyotime, Shanghai, China).
For proteins of interest, band intensities were normalized to the housekeeping protein
Histone H3. The detailed information of antibodies was listed in Supplementary Table S2.

2.8. Determination of Mitochondrial Membrane Potential

Mitochondrial membrane potential was determined in accordance with the standard
procedures by mitochondrial membrane potential assay kit with JC-1 staining (Cat. No.
C2006, Beyotime, Shanghai, China).

2.9. RNA-Seq Analysis

MCF-7 cells were treated with DMSO, 50 μM apigenin or quercetin for 48 h. Then, the
total RNA was extracted and isolated with Oligo Magnetic Beads and randomly interrupted
using divalent cations in NEB Fragmentation Buffer for cDNA synthesis. Libraries were
generated using the NEB Next Ultra RNA Library Prep Kit for Illumina (New England
BioLabs, Ipswich, MA, USA) following the manufacturer’s instructions. Sequencing was
conducted using the Illumina NovaSeq 6000 platform.

2.10. Analysis of Enrichment Pathways

For Gene Ontology (GO) analysis, we used the online website tool (https://david.
ncifcrf.gov/home.jsp, accessed on 1 November 2019) and then use R studio for visualization.
For volcano plot and gene set enrichment analysis (GSEA) analysis, R studio software
was used to analyze the data. The selection of differentially expressed genes from the
transcriptome was based on the following standard: log2|fold change| > 1, p value < 0.01.

2.11. Quantitative ATP Detection

The ATP detection kit (Cat. No. S0026, Beyotime, Shanghai, China) was used to detect
the concentration of ATP according to the manufacturer’s instructions. Briefly, cells were
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seeded in 2 mL of complete culture medium at the same number of 1 × 105 cells per well in
a six-well plate overnight, and then treated with indicated drugs according to the indicated
design. The culture medium was removed, the cells were washed twice with cold PBS
twice and the cells were lysed with 200 μL lysate per well. In order to fully lyse the cells,
the cells were pipetted or the plate was shaken repeatedly to make the lysate completely
contact the cells. Usually, cells could be lysed immediately when exposed to the lysate.
The supernatant was obtained for subsequent determination via centrifuging at 4 °C and
12,000× g for 10 min. Standard curve and ATP detection working buffer were previously
prepared according to the protocol. First, 100 μL ATP detection working buffer was added
into the test holes of a 96-well plate, which was placed at room temperature for 5 min
so that the background ATP was consumed. Then, 20 μL sample or standard was added
into the test hole, which was quickly mixed with a micropipette, and the RLU value was
measured with a luminometer after an interval of at least two seconds.

2.12. The Construction of BRCA1-Overexpressing Cells

The BRCA1 gene was subcloned from the cDNA of MCF-7 cells and inserted into the
pLenti-CMV-Puro plasmid (Addgene, Watertown, MA, USA) and then verified by Sanger
sequencing. HEK 293T cells were used to produce lentivirus with Lipo8000 Transfection
Reagent (Cat. No. C0533, Beyotime, Shanghai, China). After cancer cells were seeded and
cultured overnight, the fresh medium containing 5 μg/mL polybrene (Cat. No. ST1380,
Beyotime, Shanghai, China) together with filtered lentivirus was used to culture cells for
24 h. Then, the cells were selected by puromycin (Cat. No. ST551, Beyotime, Shanghai,
China) at an indicated concentration for a week to retain the successfully infected cells.

2.13. Flow Cytometry for CellROX Deep Red Probes

CellROX Deep Red probes (Cat. No. C10491, Thermo Fisher, Waltham, MA, USA)
were used to detect the cellular oxidative stress by flow cytometry. Briefly, cells were seeded
overnight and treated with indicated drugs the next day; then, they were collected and
stained with probes according to protocol.

2.14. Mitochondrial Superoxide Staining

MitoSOX Red Indicator (Cat. No. 40778ES50, YEASEN, Shanghai, China) was applied
to detect the cellular mitochondrial superoxide. Briefly, cells were seeded overnight and
treated with indicated drugs the next day; then, they were stained with MitoSOX Red
Indicator according to protocol. Then, cells were fixed with 4% paraformaldehyde and
stained with DAPI (Cat. No. C1005, Beyotime, China) and then observed by confocal laser
microscopy (Nikon, Tokyo, Japan).

2.15. DNA Damage Biomarker γ-H2AX Foci Detection

Briefly, cells treated with indicated flavonoid were washed with PBS and fixed for
10 min at room temperature with 4% paraformaldehyde (Cat. No. P0099, Beyotime, China)
then permeabilized for 20 min on ice with 0.25% triton-X 100. Then, cells were washed
twice with PBS and blocked with blocking buffer for 1 h at room temperature. Next,
cells were incubated with the rabbit monoclonal antibody against phospho-histone H2AX
(serine 139) (γ-H2AX, Cat. No. AF5836, Beyotime, China) at a 1:500 dilution for 1 h at
room temperature. Cells were then washed twice with PBS and incubated for 1 h at room
temperature with the secondary antibody Alexa Fluor 488 tagged anti-rabbit IgG (Cat. No.
A0423, Beyotime, China). Cells were then washed twice and stained for 15 min with DAPI
(Cat. No. C1005, Beyotime, China). Cells were then twice with PBS, and the slide was
sealed. Fluorescence was observed by confocal laser microscopy (Nikon, Tokyo, Japan).

2.16. Statistical Analysis

All experiments were repeated three times independently with triplicates in each
treatment. All data in this study were analyzed by unpaired Student’s t-test or one-way
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ANOVA (GraphPad Prism 8.0, La Jolla, CA, USA). Results are presented as the mean and
standard error of the mean (mean ± SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
ns indicates no significant difference.

3. Results

3.1. Low-Dose Flavonoids Slightly Promoted the Growth of Breast Cancer Cells by Scavenging
Accumulated Oxidative Products

Previously, we found that low-dose apigenin (5 μM) could promote breast cancer
cell growth. Therefore, four flavonoids with similar chemical structures were detected.
Among the cell lines, MCF-7 and MDA-MB-231 belong to human beings and 4T1 comes
from mice. Compared with the DMSO group, 5 μM flavonoids for 60 h, but not 12 or 24 h
treatment, stimulated cell proliferation in all cell lines, suggesting that the growth promo-
tion induced by low-dose flavonoids requires a relative long treating time (Figure 1A–C).
We hypothesized that such a phenomenon was correlated with the accumulated oxidative
products such as ROS during the long-period growth. Hence, we obtained the old medium
by culturing MCF-7 cells for two days. Then, we added the old medium into the new
seeded MCF-7 cells (old medium). The above old medium supplemented with VC (500 μM)
was added into the new MCF-7 seeded cells altogether (A_VC). We also prepared another
medium by simultaneously adding VC (500 μM) to the medium for 48 h cotreatment in
MCF-7 cells, which was subsequently collected and added into the new seeded MCF-7 cells
(S_VC). As shown in Figure 1D,E, the growth rate of A_VC was significantly higher than
that of S_VC, indicating that the reductants were metabolized during normal cell growth
and the post-addition of reductant was better. These results were in line with NAC (5 μM)
groups. Moreover, low-dose flavonoids (apigenin, 5 μM) also displayed a similar function
of acting as a reductant by alleviating the harmful oxidants (Figure 1F). To determine the
cellular toxicity of four flavonoids on cancer cells, the IC50 was detected. Generally, chrysin
showed the lowest IC50 with the strongest inhibitory effect in MCF-7 cells, followed by
apigenin, diosmetin and quercetin, which was basically higher than 50 μM (Figure 1G).

3.2. Different Pharmacological Doses of Flavonoids Determined the Biphasic Biological Function in
MCF-7 Breast Cancer Cells

To explore the correlation between flavonoid doses and cell proliferation, four flavonoids
with a series of low or high doses were used to treat MCF-7 breast cancer cells. We found
that a low dose of flavonoids ranging from 1 to 8 μM for 60 h slightly enhanced the
cell growth, especially at 8 μM, and some of them started to work at 1 μM. Besides, the
pretreatment with VC or NAC for 6 h synergistically promoted the cell growth, in line
with previous results (Figure 2A–D). Conversely, a high dose of flavonoids ranging from
20 to 120 μM for 48 h markedly inhibited cell proliferation and induced cell death due to
the excessive oxidative stress since it could be partly rescued by VC or NAC pretreatment
(Figure 2E–H). Colony formation assay was also applied to evaluate the colonization ability
of cancer cells. The results showed that pretreatment with 5 μM chrysin markedly restored
the LPS or Rosup inhibited colony numbers (Figures 2I and S3C). However, among high-
dose groups, 50 μM chrysin significantly downregulated the colony numbers, and the NAC
or VC supplement attenuated such suppression. Taken together, these results showed that
flavonoids had dual effects on cancer cells depending on the drug doses and treating time,
which was relevant to oxidative stress.
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Figure 1. Low-dose flavonoids promoted cell growth by reducing oxidative reactions under long-
term treatment. (A) The cell number of MDA-MB-231 treated with DMSO or flavonoids under 12, 24
or 60 h was detected. (B) The cell number of MCF-7 treated with DMSO or flavonoids under 12, 24
or 60 h was detected. (C) The cell number of 4T1 treated with DMSO or flavonoids under 12, 24 or
60 h was detected. (D) The growth rate of four groups. New medium: culturing the new seeded cells
with fresh medium; Old medium: culturing the new seeded cells with old medium that had already
cultured MCF-7 cells for 48 h. A_VC: culturing the new seeded cells with the above old medium but
with VC supplement. S_VC: culturing the new seeded cells with collected medium in which VC had
been simultaneously added for 48 h cotreatment in MCF-7 cells. VC: 500 μM. (E) The growth rate
of four groups. The treatment was similar to (D). NAC: 5 μM. (F) The growth rate of four groups.
The treatment was similar to (D). Flavonoid: apigenin, 5 μM. (G) The IC50 of four flavonoids was
detected in MCF-7 cells. Data was shown as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. ns
indicates no significant difference.

3.3. Dual Effects of Flavonoids on Physiological Redox Biomarkers and Relevant Gene
Expression Levels

To elucidate the role of flavonoids involved in the oxidative response, we measured
the content of ROS, MDA and SOD activity in MCF-7 breast cancer cells. In general, a
low dose of chrysin (5 μM) significantly alleviated the oxidative stress induced by LPS
or Rosup, characterized by reduced ROS and MDA content but increased SOD activity,
performing like reductants NAC/VC (Figure 3A–C). However, a high dose of chrysin
(50 μM) showed the effect of promoting oxidative stress, which can be partially reversed
by reductants (Figure 3D–F). We also detected the fluorescence intensity of ROS by flow cy-
tometry (Figures S1B and S2A) under different doses of chrysin. Next, the expression levels
of antioxidant and inflammatory genes were detected (Figure 3G–I). LPS for 24 h signifi-
cantly increased the expression of antioxidant genes such as SOD and NAD(P)H quinone
dehydrogenase 1 (NQO1), indicating the perturbed redox status. NAC pretreatment allevi-
ated such oxidative stress and restored the imbalance to some extent. Similarly, low-dose
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chrysin also attenuated the expression of antioxidant genes stimulated by LPS, suggesting
its intracellular antioxidant function; however, high-dose chrysin directly activated the
expression of these genes, indicating the disorder of cellular redox state. Oxidative stress is
usually accompanied by a rapid inflammatory response. We also observed a similar effect
on the expression level of inflammatory genes, especially cytokines such as IL-6, IFN-γ
and TNF-α, which was examined in macrophage RAW 264.7 cells for further verification
(Figure S3A). To further explore which type of ROS was increased following treatment
with high-dose flavonoids, MitoSOX Red and CellROX Deep Red probes were used for
detection. MitoSOX Red indicated that mitochondria superoxide around the nucleus was
significantly enhanced after 50 μM chrysin treatment for 24 h, illustrating that a high
dose of flavonoids widely induced oxidative stress both in mitochondria and cytoplasm
(Figure S1A). Moreover, the fluorescence intensity of CellROX Deep Red demonstrated
that high-dose apigenin triggered strong oxidative stress in the cytoplasm, in line with the
above results (Figure S1C). Considering the accumulation of mitochondrial superoxide,
we next detected mitochondrial membrane potential (MMP) and ATP production. LPS
and 50 μM chrysin induced a higher percentage of JC-1 monomers, indicating an impaired
mitochondria function (Figure 3J). Not surprisingly, ATP synthesis was inhibited after
high-dose chrysin treatment (Figure 3K). NAC or low-dose chrysin alleviated such energy
inhibition, consistent with JC-1 monomers. Taken together, these results presented that
flavonoids have a dual effect on the redox of cancer cells, depending on drug doses.

3.4. High Dose of Apigenin or Quercetin Induced Cell Apoptosis and Cell Cycle Arrest to Restrain
the Proliferation of MCF-7 Breast Cancer Cells

To investigate the inhibitory effect of high-dose flavonoids on the growth of breast
cancer cells, 50 μM apigenin and quercetin were used to treat MCF-7 cells for 48 h. As shown
in Figure 4A, the proportions of early apoptosis and late apoptosis in the DMSO treatment
group were 0.87% and 3.37%; the proportions of early apoptosis and late apoptosis in the
apigenin treatment group were 2.40% and 4.34%, respectively, increasing by 1.53% and
0.97%, showing that 50 μM apigenin induced mild apoptosis in the early stage. Annexin V,
being the biomarker of apoptosis, was applied for staining to observe the apoptosis. Here,
TNF-α was used as a positive control to induce apoptosis. Obviously, 50 μM apigenin was
able to enhance the fluorescence intensity of annexin V, indicating the surge of apoptosis
(Figure 4B). In terms of the cell cycle, 50 μM apigenin enhanced the cell distribution of both
S and G2/M phases and markedly decreased the proportion of the G1 phase (Figure 4C). To
intuitively observe the changes, immunofluorescence was confirmed via EdU and PCNA
(proliferating cell nuclear antigen) staining. EdU (5-ethynyl-2′-deoxyuridine) is based on
the incorporation of a thymidine analog in the process of DNA synthesis. PCNA is an
auxiliary protein of DNA polymerase delta and is involved in the control of eukaryotic
DNA replication by increasing the polymerase’s processibility during elongation of the
leading strand. Both biomarkers reflect the speed of cell replication and proliferation.
Compared with control, the amounts of EdU- and PCNA -labeled cells treated with 50 μM
apigenin were markedly decreased, presenting the inhibition of cell replication (Figure 4D).
Overall, the proliferation inhibition induced by a high concentration of apigenin mainly
resulted from cell cycle arrest, since the percentage of induced apoptosis was relatively low.
Similarly, 50 μM quercetin triggered apoptosis and cell cycle arrest as well, leading to the
same proliferative inhibition as apigenin (Figure 5).

3.5. The Transcriptome Analysis of High Dose of Apigenin or Quercetin in MCF-7 Breast
Cancer Cells

To further explore the mechanism of growth inhibition in MCF-7 breast cancer cells,
we systematically compared the transcriptomes between the DMSO- and flavonoid-treated
groups (apigenin and quercetin, 50 μM for 48 h). The heat map revealed five distinct
clusters differing between DMSO- and flavonoid-treated cells, suggesting that apigenin
and quercetin resulted in significant alterations of gene expression patterns (Figure 6A).
Importantly, the results of GO analysis presented that a high dose of apigenin contributed
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to the enhanced expression of genes regulated by TNF-α signaling, further supporting the
previous results of inflammation response (Figure 6B). We also noticed that apigenin and
quercetin inhibited the expression of genes correlated with cholesterol homeostasis, sug-
gesting that apigenin may be able to interrupt the biosynthesis or metabolism of cholesterol
in cancer cells (Figures 6C and 7B). Moreover, the GSEA plots presented that TNF-α and
unfolded protein response signaling pathways, both reflecting the activation of oxidative
stress, were markedly upregulated after apigenin treatment (Figure 6D,E). Besides, multiple
genes specifically regulated by apigenin at the transcriptional level were demonstrated
in the volcano plot (Figure 6F). Interestingly, quercetin showed similar results to those
of apigenin in GO pathways, in which TNF-α signaling and unfolded protein response
were largely stimulated in quercetin-treated cells (Figure 7A–D). Finally, the volcano plot
of most altered genes was summarized (Figure 7E). Taken together, the transcriptome
analysis of apigenin and quercetin displayed highly similar patterns, and both patterns
revealed that high doses of flavonoids triggered the activation of oxidative stress and
inflammation reaction.

Figure 2. The dual effects of flavonoids on the proliferation of MCF-7 breast cancer cells depending
on different drug doses. (A) The cell number of MCF-7 cells pretreated with NAC or VC for 6 h
and thereafter receiving the indicated dose of apigenin for 60 h. (B) The cell number of MCF-7 cells
pretreated with NAC or VC for 6 h and thereafter receiving the indicated dose of quercetin for 60 h.
(C) The cell number of MCF-7 cells pretreated with NAC or VC for 6 h and thereafter receiving the
indicated dose of diosmetin for 60 h. (D) The cell number of MCF-7 cells pretreated with NAC or
VC for 6 h and thereafter receiving the indicated dose of chrysin for 60 h. (E–H) The cell number
of MCF-7 cells pretreated with NAC or VC for 6 h and thereafter receiving the indicated high dose
of four flavonoids for 48 h, respectively. (I) (Left) Colony formation assay of MCF-7 cells treated
with 5 μg/mL LPS and/or indicated dose of chrysin. LPS: cells were treated with 5 μg/mL LPS for
48 h, then provided with fresh medium for one week; 5 μM Chr + LPS: cells were pretreated with
5 μM chrysin for 6 h and then 5 μg/mL LPS for 48 h, then provided with fresh medium for one week;
50 μM Chr: cells were treated with 50 μM chrysin for 48 h, then provided with fresh medium for one
week; NAC + 50 μM Chr: cells were pretreated with 5 μM NAC for 6 h and then 50 μM chrysin for
48 h, then provided with fresh medium for one week; VC + 50 μM Chr: cells were pretreated with
500 μM VC for 6 h and then 50 μM chrysin for 48 h, then provided with fresh medium for one week.
(Right) Quantitative analysis. Data was shown as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
ns indicates no significant difference.
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Figure 3. Dual effects of flavonoids on cellular redox biomarkers and relevant gene expression levels.
(A) The ROS content of different groups. Rosup: 50 μg/mL for 24 h. NAC + Rosup: pretreated with
5 μM NAC for 6 h and then 50 μg/mL Rosup for 18 h. VC + Rosup: pretreated with 500 μM VC for
6 h and then 50 μg/mL Rosup for 18 h. Chr (5 μM) + Rosup: pretreated with 5 μM chrysin for 6 h
and then 50 μg/mL Rosup for 18 h. (B) The MDA content of different groups. LPS: 5 μg/mL for
24 h. NAC + LPS: pretreated with 5 μM NAC for 6 h and then 5 μg/mL LPS for 18 h. VC + LPS:
pretreated with 500 μM VC for 6 h and then 5 μg/mL LPS for 18 h. Chr (5 μM) + LPS: pretreated with
5 μM chrysin for 6 h and then 5 μg/mL LPS for 18 h. (C) The SOD activity of different groups. The
treatment was similar to (B). (D) The ROS content of different groups. Rosup: 50 μg/mL for 24 h. Chr
(50 μM): 50 μM chrysin for 24 h. NAC + Chr (50 μM): pretreated with 5 μM NAC for 6 h and then
50 μM chrysin for 18 h. VC + Chr (50 μM): pretreated with 500 μM VC for 6 h and then 50 μM chrysin
for 18 h. (E) The MDA content of different groups. LPS: 5 μg/mL for 24 h. NAC + Chr (50 μM):
pretreated with 5 μM NAC for 6 h and then 50 μM chrysin for 18 h. VC + Chr (50 μM): pretreated
with 500 μM VC for 6 h and then 50 μM chrysin for 18 h. (F) The SOD activity of different groups.
The treatment was similar to (E). (G,H) The qPCR results of antioxidative genes. Chr (5 μM) + LPS:
pretreated with 5 μM chrysin for 6 h and then 5 μg/mL LPS for 18 h. Chr (50 μM): 50 μM chrysin
for 24 h. NAC + Chr (50 μM): pretreated with 5 μM NAC for 6 h and then 50 μM chrysin for 18 h.
(I) The qPCR results of inflammatory genes. (J) The percentage of JC-1 monomers in different groups.
Higher proportion of JC-1 indicates more grievous mitochondrial membrane potential collapse. Cells
were treated the same as described above. (K) The relative ATP content of different groups. Cells
were treated the same as described above. Data was shown as the mean ± SD. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. ns indicates no significant difference.
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Figure 4. High dose of apigenin induced apoptosis and cell cycle arrest in MCF-7 cells. (A) Flow
cytometry and statistical results of apoptosis in MCF-7 cells treated with DMSO or 50 μM apigenin
for 48 h. TNF-α+SM-164 was positive control. (B) Immunofluorescence staining of annexin V and
statistical results of apoptosis in MCF-7 cells treated with DMSO or 50 μM apigenin for 48 h. (C) Flow
cytometry and statistical results of cell cycle arrest in MCF-7 cells treated with DMSO or 50 μM
apigenin for 48 h. (D) Immunofluorescence results of indicators EdU and PCNA in MCF-7 cells
treated with DMSO or 50 μM apigenin for 48 h. Cells were observed under 40× oil laser confocal
microscope. Data was shown as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns
indicates no significant difference.
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Figure 5. High dose of quercetin induced apoptosis and cell cycle arrest in MCF-7 cells. (A) Flow
cytometry and statistical results of apoptosis in MCF-7 cells treated with DMSO or 50 μM quercetin
for 48 h. TNF-α+SM-164 was positive control. (B) Immunofluorescence staining and statistical results
of apoptosis in MCF-7 cells treated with DMSO or 50 μM quercetin for 48 h. (C) Flow cytometry and
statistical results of cell cycle arrest in MCF-7 cells treated with DMSO or 50 μM quercetin for 48 h.
(D) Immunofluorescence results of indicators EdU and PCNA in MCF-7 cells treated with DMSO
or 50 μM quercetin for 48 h. Cells were observed under 40× oil laser confocal microscope. Data
was shown as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns indicates no
significant difference.

28



Antioxidants 2022, 11, 622

Figure 6. Transcriptome analysis of MCF–7 cells treated with high dose of flavonoids. (A) The heat
map of cells treated with DMSO or 50 μM apigenin/quercetin for 48 h. (B) The GO analysis of cells
treated with 50 μM apigenin for 48 h (upregulated). (C) The GO analysis of cells treated with 50 μM
apigenin for 48 h (downregulated). (D) The GSEA analysis of cells treated with 50 μM apigenin for
48 h. TNF-α signaling was enriched and upregulated. (E) The GSEA analysis of cells treated with
50 μM apigenin for 48 h. Unfolded protein response signaling was enriched and upregulated. (F) The
volcano plot revealing the most differentially expressed genes of cells treated with 50 μM apigenin for
48 h. The selection of differentially expressed genes from the transcriptome was based on log2|fold
change| > 1, p value < 0.01.

3.6. BRCA1 Alleviated the Oxidative Stress and Inflammation Induced by High Dose of Flavonoids

Breast cancer susceptibility gene 1 (BRCA1) is one of the most frequently mutated tu-
mor suppressor genes in human breast cancers. In recent years, BRCA1 has been identified
as an essential player in regulating intracellular oxidative stress [28]. Bae et al. found BRCA1
upregulated the expression of multiple genes involved in the cytoprotective antioxidant re-
sponse, including glutathione S-transferases, oxidoreductases and other antioxidant genes.
Meanwhile, BRCA1 overexpression conferred resistance while BRCA1 deficiency conferred
sensitivity to oxidizing agents in vitro and in vivo [29–32]. To investigate whether BRCA1
modulates oxidative stress induced by high-dose flavonoids, BRCA1-overexpressing cells
were constructed and verified in MCF-7 cells (Figure 8A). Without drug treatment, no
difference in the growth rate of BRCA1-overexpressing cells (OE) and wild-type cells (WT)
was observed. The survival rate of OE cells was much higher than that of WT cells under
stimulation, indicating that BRCA1 overexpression effectively alleviated such oxidative
stress and thereby attenuated cell death (Figure 8B). With the NAC pretreatment, no differ-
ence in cell number was observed (Figure 8C). Interestingly, the cell number of OE cells
treated with NAC and chrysin was still higher than that of WT, suggesting that NAC did
not completely offset the chrysin-induced oxidative stress, which indicated that chrysin
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may trigger cell death via other non-oxidative-stress pathways. Next, the levels of SOD,
MDA and ROS were detected. BRCA1 overexpression significantly rescued the oxidative
stress stimulated by LPS or high-dose chrysin, evidenced as decreased ROS and MDA
but elevated SOD activity in comparison to WT cells (Figure 8D–F). Nevertheless, such
difference disappeared with NAC intervention. Moreover, BRCA1 improved the ATP
production inhibited by LPS or 50 μM chrysin that was eliminated by the addition of NAC
or 5 μM chrysin (Figure 8G). Finally, the expression level of antioxidant and inflammatory
genes further supported the conclusion (Figure 8H,I). For many years, BRCA1 has been
well established as a tumor suppressor, and it functions primarily by maintaining genome
integrity [33]. We then hypothesized that BRCA1 attenuates the oxidative stress induced
by high-dose flavonoids by repairing DNA damage. H2AX phosphorylation at Ser139
(γ-H2AX) is a typical indicator of DNA double-strand breaks after different genotoxic
stresses, including ionizing radiation, environmental agents and chemotherapy drugs. The
fluorescence intensity of γ-H2AX foci was significantly reduced in OE cells when exposed
to a high dose of chrysin compared with WT cells (Figure 9). Taken together, these results
presented that BRCA1 effectively resisted the oxidative stress induced by a high dose of
flavonoids, possibly by repairing DNA damage.

Figure 7. Transcriptome analysis of MCF–7 cells treated with high dose of quercetin. (A) The GO
analysis of cells treated with 50 μM quercetin for 48 h (upregulated). (B) The GO analysis of cells
treated with 50 μM quercetin for 48 h (downregulated). (C) The GSEA analysis of cells treated with
50 μM quercetin for 48 h. TNF-α signaling was enriched and upregulated. (D) The GSEA analysis of
cells treated with 50 μM quercetin for 48 h. Unfolded protein response signaling was enriched and
upregulated. (E) The volcano plot revealing the most differentially expressed genes of cells treated
with 50 μM quercetin for 48 h. The selection of differentially expressed genes from the transcriptome
was based on log2|fold change| > 1, p value < 0.01.
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Figure 8. BRCA1 overexpression attenuated the oxidative stress induced by LPS or high dose of
flavonoids. (A) The Western blot of wild type (WT) and BRCA1-overexpressing cells (OE). (B) The cell
number of WT/OE cells treated with LPS or 50 μM apigenin/chrysin for 48 h. (C) The cell number
of WT/OE cells pretreated with 5 μM NAC for 6 h and then 50 μM apigenin/chrysin or 5 μg/mL
LPS for 48 h. (D) The fluorescence intensity of ROS detected by DCFH-DA assay. Chr: 50 μM chrysin
for 24 h. NAC + Chr: pretreated with 5 μM NAC for 6 h and then 50 μM chrysin for 18 h. (E) The
MDA content of WT/OE cells. LPS: 5 μg/mL LPS for 24 h. NAC + LPS: pretreated with 5 μM NAC
for 6 h and then LPS for 18 h. (F) The SOD activity of WT/OE cells. (G) The relative ATP content
of different groups. (H) The qPCR results of inflammatory genes in WT/OE cells. LPS: 5 μg/mL
LPS for 24 h. High dose Chr: 50 μM chrysin for 24 h. The marked significance of OE groups was
obtained by comparing the WT groups with the same treatment, respectively. (I) The qPCR results
of antioxidative genes in WT/OE cells. The marked significance of OE groups was obtained by
comparing the WT groups with the same treatment, respectively. Data was shown as the mean ± SD.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns indicates no significant difference.
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Figure 9. Immunofluorescence results of γH2AX foci. Wild type (WT) or BRCA1-overexpressing cells
(OE) were treated with DMSO or high dose of chrysin (80 μM) for 24 h, respectively. DNA damage
biomarker γ-H2AX (green) and nuclear DNA stained with DAPI (blue) was presented. Cells were
observed under 60× oil laser confocal microscope.

4. Discussion

Free radicals such as ROS in the human body are gradually accumulated sponta-
neously under normal conditions and trigger cell death or carcinogenesis depending on
a certain level. Here, a low dose of flavonoids slightly stimulated the proliferation of
cancer cells under 60 h treatment, but not in short periods such as 24 h. Therefore, we
proposed a hypothesis that a low dose of flavonoids possibly eliminated the accumulated
free radicals and other oxidants during normal growth, and the subsequent medium ex-
changing experiments verified this conjecture. Although flavonoids have been identified
to display remarkable antioxidant effects in vitro and in vivo, the option of appropriate
concentration was still suspicious since a single dose for a certain purpose was mostly
used. Besides, extracts of natural products were usually tested rather than single com-
ponents. The chemicals of extracts are complex and interact with each other, making it
difficult to determine the specific biofunction. More importantly, most studies focused
on the antioxidant ability of substances in a single dose instead of exploring various
concentrations to confirm the possible functional activity at the beginning. Recently, the
anti-inflammation and antioxidant activities of natural flavonoids and extracts have been
extensively investigated in keratinocytes, melanocytes and fibroblasts when exposed to
ultraviolet (UV) [34,35]. Meanwhile, some studies focused on the antioxidant function of
flavonoids in relieving chronic oxidative stress in mice with specific diseases of diabetes,
drug-induced cancer or polycystic ovary syndrome. Different from the external oxidative
stress caused by UV or animal models, our results showed that the oxidation products
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formed during the normal growth could seriously impede the proliferation of cells as
well, aside from nutrition exhaustion. One of the main results we obtained is that a high
dose of flavonoids (usually more than IC50) can induce severe oxidative stress in cancer
cells and increase ROS levels. ROS are important in regulating normal cellular processes
and deregulated ROS lead to the development of diseased states in humans, including
cancers. Several studies have been found to be marked with increased ROS production
which activates protumorigenic signaling, enhances cell survival and proliferation and
drives DNA damage and genetic instability [36]. In general, the level of ROS in cancer
cells is higher than that in normal cells; this is because tumor cells develop a mechanism of
adapting to the high ROS condition by expressing enhanced levels of antioxidant genes
while developing neoplastic signaling. However, ROS exceeding a certain threshold can
lead to cell disaster and benefits antitumorigenic signaling through initiating oxidative
stress, which could be used as a potential target for cancer therapies [37]. Interestingly,
the elevated level of ROS induced by high-dose flavonoids was quite sufficient to trigger
oxidative stress, thereby promoting cancer cell death. Transcriptome analysis presented
that the unfolded protein reaction (UPR) was positively enriched by high doses of apigenin
and quercetin. Whether such UPR activation was dependent on enhanced ROS has not yet
been determined. Studies have shown that UPR is necessary to maintain the integrity of
the endoplasmic reticulum and prevent oxidative stress [38]. Moreover, oxidative stress
can induce mitochondrial dysfunction and unfolded protein response in retinal pigment
epithelial cells, consistent with our results [39]. However, excessive protein synthesis and
unfolded protein accumulation in ER also lead to oxidative stress [40]. In yeasts, UPR and
oxidative stress regulate each other, constructing a complicated regulatory network [41,42].
Therefore, the enriched UPR could be the result or cause of oxidative stress.

Previous studies have verified that quercetin and apigenin promoted cell death at
high concentrations, and the death mechanisms mainly involve apoptosis, cell cycle arrest
and autophagy [43–48]. Our results further reveal that a high dose of flavonoids triggered
mitochondrial damage and ATP reduction, thus illustrating the cell death from another
perspective. Mitochondria are one of the most prominent sources of ROS that contribute to
oxidative stress. The electron transport chain located on the inner mitochondrial membrane
generates the majority of mitochondrial ROS during the process of oxidative phosphoryla-
tion (OXPHOS). Several lines of evidence suggested that oxidative stress as a vital cause or
consequence of mitochondrial dysfunction is one of the leading drivers of this cell death
program [49]. In addition to producing a large amount of ROS, damaged mitochondria can
also be exacerbated by oxidative stress, as seen in Parkinson’s and Alzheimer’s diseases.
Aside from the decisive role in modulating endogenous apoptosis, mitochondria are also
the main manufactory producing ATP [50]. Mitochondrial damage caused by imbalanced
membrane potential directly leads to inhibited energy production and then cell death. NAC
or VC pretreatment significantly recovered such effect, further proving that oxidative stress
participated in ATP regulation. Indeed, flavonoids (baicalein, luteolin, naringenin and
quercetin) were found to suppress the Fenton reaction of the iron–ATP complex to inhibit
ATP synthesis [51]. Besides, a study showed that the pro-oxidant activity of flavonoids can
contribute to their health-promoting activity by inducing important detoxifying enzymes
via a supposed toxic chemical reaction, which was another explanation for the toxicity of
high-dose flavonoids [52]. Although the antioxidative properties of flavonoids have been
investigated for many years, there are queries about what reactions they will perform in
protecting or killing cancer cells. Our findings provide new perspectives for better use of
flavonoids as antitumor agents.

Intriguingly, inflammation was markedly activated by high-dose flavonoids, as mea-
sured by upregulated TNF-α signaling from transcriptome analysis. TNF-α is a cytokine
that binds to TNFRSF1A/TNFR1 and TNFRSF1B/TNFBR, is secreted by macrophages and
induces tumor cell death and other inflammatory mediators and proteases that orchestrate
inflammatory responses. TNF-α could also be produced by tumor cells and act as an
endogenous tumor promoter or suppressor. The role of TNF-α has been linked to all steps
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involved in tumorigenesis, including transformation, proliferation, invasion, angiogenesis
and metastasis [53]. In the past, most flavonoids or natural products were found to exert
an inhibitory effect on the inflammatory response via reducing the secretion of cytokines
or inhibiting transcription factors such as NF-kB, PPAR, AP-1 and Nrf2 and downstream
gene expression [54–57]. However, our results showed that similar to the oxidative stress
induction, a high dose of flavonoids activated the inflammatory response, as supported
by transcriptome and qPCR results. To be more accurate, macrophages as a cell model
were used for investigation, and upregulated expression levels of the above inflammatory
genes were observed. Compared with macrophages, the fold change of the above genes
was found lower in MCF-7 cancer cells, indicating that macrophages were more sensitive
to the inflammatory response. We speculated that the regulatory network of inflammation
in cancer cells could be more refined due to the genetic mutations and evolutionary escape
from immune systems. Huang et al. suggested that quercetin and catechin were of benefit
for diabetic vascular complications via promoting inflammation in human monocytes and
antioxidant abilities against AGE-mediated oxidative stress [58]. Similarly, preincuba-
tion with 2 μM β-carotene tended to inhibit the inflammatory reaction, whereas 20 μM
β-carotene significantly increased the secretion of proinflammatory mediators [59]. The
secretion of inflammatory cytokines or related protein expression was not measured in this
research and should be further detected if possible.

Cholesterol homeostasis plays an essential role in proper cellular and systemic func-
tions. The cellular cholesterol level reflects the dynamic balance between biosynthesis,
uptake, export and esterification, a process in which cholesterol is converted to neutral
cholesteryl esters either for storage in lipid droplets or for secretion as constituents of
lipoproteins. Disturbed cholesterol balance underlies not only cardiovascular disease but
also an increasing number of other diseases such as cancers [60]. Commonly, the roles
played by cholesterol in cancer development and the potential of therapeutically targeting
cholesterol homeostasis is a controversial area in the cancer community. Several epidemi-
ologic studies reported an association between cancer and serum cholesterol levels or
statin use, while others suggest that there is no such association. In melanoma, an analysis
demonstrated that enhanced expression of cholesterol synthesis genes was associated with
decreased patient survival [61]. Loss of CYP27A1 has been determined to dysregulate
cholesterol homeostasis in prostate cancer; the same was found for the gene ABCA1 [62,63].
Apolipoprotein E gene was shown to regulate aggressive behaviors in prostate cancer cells
by deregulating cholesterol homeostasis [64]. Moreover, cholesterol homeostasis directly af-
fected the drug sensitivity to platinum in ovarian cancer [65]. In our results, both apigenin-
and quercetin-treated groups have been observed to significantly inhibit the cholesterol
homeostasis pathway, indicating that these flavonoids could possibly modulate intracellu-
lar cholesterol biosynthesis or metabolism, thus breaking the energy balance to induce cell
death. Previously, red grape juice with multiple flavonoids was found to be able to alter
cholesterol homeostasis and increase LDL-receptor activity in human cells in vitro [66].
Likewise, the secretion of hepatocyte ApoB was inhibited by two flavonoids, naringenin
and hesperetin, via reduced activity and expression of ACAT2 and MTP [67]. Alcohol-free
red wine concentrates were more effective than lovastatin for decreasing total cholesterol
in vitro and inhibited cholesterol biosynthesis at a transcriptional level [68]. Interestingly,
different flavonoids presented selective modulation for liver X receptor (LXR) activity,
which has been found to be involved in adjusting cholesterol homeostasis; among these
flavonoids, both apigenin and quercetin activated LXR-β [69]. Nevertheless, Deyhim et al.
found that cranberry juice increased antioxidant status without affecting cholesterol home-
ostasis in orchidectomized rats, possibly because a higher dose was required in vivo for
regulating cholesterol condition [70]. Although flavonoids showed diverse mechanisms in
the cholesterol maintenance in different cell lines, combined with our results, we speculated
that the phenotype of inhibiting cholesterol homeostasis promoted the disorder of energy
metabolism and cell death of cancer cells, which was conducive to the aggravation of
oxidative stress injury. Taken together, these results revealed that high doses of flavonoids
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are of great potential in regulating intracellular cholesterol homeostasis, which further
enriches our conclusion.

Mutations of BRCA1 are found in a high percentage of hereditary breast and ovarian
cancers. Women carrying germline mutations in BRCA1 have a 50–80% lifetime risk of
developing breast cancer and a 20–40% lifetime risk of developing ovarian cancer [71].
Generally, BRCA1 has been well established as a tumor suppressor and functions primarily
by maintaining genome integrity through DNA repair, especially when cells are exposed to
oxidative stress. More and more evidence has suggested that BRCA1 regulates oxidative
stress and antioxidant signaling transduction [28]. BRCA1 upregulated the expression of
multiple genes involved in the cytoprotective antioxidant response, including glutathione
S-transferases, oxidoreductases and other antioxidant genes. Besides, BRCA1 deficiency
conferred sensitivity to oxidizing agents (hydrogen peroxide and paraquat) [32]. BRCA1 ac-
tivated p21 expression and then enhanced the transcriptional level of antioxidant genes [72].
It is physically associated with Nrf2, a master transcription factor modulating antioxidant
enzymes, to prevent ubiquitin-dependent degradation by KEAP1 and exert an antioxidant
effect [73]. BRCA1 was also found to bind and stabilize hypoxia-inducible factor-1α (HIF-
1α) and promote tumor survival [74]. Here, our results showed that BRCA1 suppressed
the oxidative stress induced by high-dose flavonoids, possibly by repairing DNA damage,
as manifested by fewer γ-H2AX foci. Genome stability is key for normal physiological
activities, and the main function of BRCA1 is to keep the genome stable. Considering the
fact that ROS directly cause DNA damage, it is plausible that BRCA1 functions like this
to regulate oxidative stress. Our results supported and further elucidated the possible
mechanism from different levels that BRCA1 restrains oxidative stress via repairing DNA
double-strand breaks, highlighting a new perspective that a daily diet containing relatively
high doses of flavonoids may be more conducive to tumor inhibition for breast cancer
patients, especially for those with BRCA1 mutations or silence, thus leading to synthetic
lethality, which could be more beneficial in prolonging prognosis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11040622/s1, Figure S1: (A) The staining of mitochondria
superoxide with MitoSOX Red Indicator. Cells were treated with DMSO or 50 μM chrysin for 24 h,
stained and observed under a laser confocal microscope. Mitochondria superoxide (red) and nuclear
DNA stained with DAPI (blue) was showed. (B) Fluorescence intensity of ROS detected by flow
cytometry with DCFH-DA assay. Rosup: 50 μg/mL for 24 h. NAC + Rosup: pretreated with 5 μM
NAC for 6 h thereafter 50 μg/mL Rosup for 18 h. Chr (5 μM) + Rosup: pretreated with 5 μM
chrysin for 6 h thereafter 50 μg/mL Rosup for 18 h. Chr (50 μM): treated with 50 μM chrysin for
24 h. NAC + Chr (50 μM): pretreated with 5 μM NAC for 6 h thereafter 50 μM chrysin for 18 h.
(C) Fluorescence intensity of oxidative stress detected by flow cytometry with CellROX Deep Red
probe. TBHP: treated with 250 μM TBHP for 2 h (positive control). NAC + TBHP: pretreated with
1 mM NAC for 1 h thereafter 250 μM TBHP for 2 h. Api: treated with 100 μM apigenin for 2 h.
NAC + Api: pretreated with 1 mM NAC for 1 h thereafter 100 μM apigenin for 2 h; Figure S2: The
original flow cytometry plots of Figure S1B; Figure S3: (A) The qPCR results of relevant inflammatory
genes in RAW 264.7 macrophages treated with four flavonoids, respectively. LPS: 5 μg/mL LPS for
24 h. Low dose means 5 μM and high dose means 50 μM. NAC pretreatment was 6 h thereafter 18 h
of flavonoids treatment. (B) The original flow cytometry plots of Figure 8D. (C) The colony formation
of Rosup and Chr (5 μM) + Rosup in MCF-7 cells. The treatment was described before. (D) The
original WB gels for BRCA1 overexpression. The gels were cropped according to the targeted protein
molecular, respectively. Table S1: The qPCR primers of detected genes; Table S2: The information of
flavonoids and antibodies; Table S3: The information of used cell lines.
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Abstract: Lipophilic grape seed proanthocyanidin (LGSP) synthesized from GSP and lauric acid
exhibits an excellent antioxidant and anti-inflammatory effect. However, its anti-cervical cancer
activity is still unknown. In this study, the in vitro anti-cervical cancer activity of LGSP on HeLa cell
lines was investigated by MTT assay, flow cytometry and Western blot analysis, and its effect was
explored by a HeLa-derived xenograft zebrafish model. LGSP exhibited an excellent anti-proliferative
effect on HeLa cells by increasing the level of reactive oxygen species, which further induced cell
apoptosis and blocked cell cycle progression in the G2/M phase. LGSP-treated HeLa cells showed
a reduction in mitochondrial membrane potential, upregulation of the Bax/Bcl-2 ratio, release of
cytochrome c into the cytoplasm, and activation of cleaved caspase-9/3 and cleavage of PARP,
thus indicating that LGSP induced apoptosis through the intrinsic mitochondrial/caspase-mediated
pathway. In the zebrafish model, LGSP effectively suppressed the growth of a HeLa xenograft
tumor. These data suggest that LGSP may be a good candidate for the prevention or treatment of
cervical cancer.

Keywords: lipophilic grape seed proanthocyanidin; cervical cancer; HeLa cell; apoptosis; zebrafish

1. Introduction

Cervical cancer is the fourth most common cancer in women with approximately
570,000 new cases and 311,000 deaths reported worldwide in 2018 [1]. Although significant
progress has been made in the treatment of cervical cancer, they are costly and unbearable.
The prevention of cancer through vaccination has become very important [2], and increasing
attention has been paid to its health effects. A large number of epidemiologic studies have
investigated the relation between dietary polyphenols and cancer [3], and these have
demonstrated that phenolic compounds can reduce the risk of chronic diseases, including
cancer, diabetes, cardiovascular and neurodegenerative diseases [4,5].

Phenolic compounds, which are widely distributed in food, are regarded as an im-
portant source of antioxidants in the daily diet. Grape seed proanthocyanidin (GSP), the
major polyphenol component in grape seed, has been widely used as a dietary supplement
and food additive due to its various biological activities [6]: antioxidant [7], anti-tumor [8],
anti-inflammatory [9] and anti-cardiovascular disease [10]. However, the hydrophilicity of
GSP with its low solubility in lipid systems limits its application in lipidic food matrices
and hinders its bioactivity [11].

In recent years, lipophenols have received much attention due to their high antioxidant
effects on lipidic food matrices [12,13]. Tea polyphenol palmitate has been allowed as a
food additive to fat and oils by the China Food and Drug Administration [14]. Lipophilic
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grape seed proanthocyanidin (LGSP), synthesized from GSP and lauric acid, has shown
antioxidant and anti-inflammatory activity higher than that of GSP [15,16]. Chronic inflam-
mation and cancer in organisms are regulated and stimulated by oxidative stress; thus, the
good antioxidant and anti-inflammatory activity of LGSP may also have certain anti-cancer
activity [17]. However, the anti-cervical cancer effect of LGSP is still unclear.

In this study, we examined the hypothesis that LGSP has an anti-cervical cancer effect
on HeLa cells, and we explored the underlying mechanisms by MTT assay, flow cytometry
and Western blot analysis. We then probed the anti-cervical cancer effect of LGSP in vivo,
which provided scientific evidence for its future application in cervical cancer prevention
or therapy.

2. Materials and Methods

2.1. Materials

GSP (proanthocyanidin content, 95%) was purchased from Xi’an Realin Biotechnology
Co. (Xi’an, Shanxi, China). Dulbecco’s modified Eagle medium (DMEM), trypsin/EDTA
and trypsin were obtained from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS)
was purchased from Biological Industries (Shanghai, China). Thiazolyl blue tetrazolium
bromide (MTT) was purchased from Aladdin Biotechnology (St. Louis, MO, USA). The Cell
cycle staining kit and Annexin V-FITC/PI apoptosis kit were obtained from MultiSciences
(Shanghai, China). Mitochondrial membrane potential (MMP) assay kit, reactive oxygen
species (ROS) assay kit and bicinchoninic acid (BCA) protein assay kit were purchased
from Beyotime Biotechnology (Shanghai, China). The antibodies against cleaved PARP,
PARP, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, cytochrome c, Bax, Bcl-2
and GADPH were purchased from Cell Signaling Technology (Beverly, MA, USA).

2.2. Preparation of LGSP

LGSP was prepared as previously described [15]: GSP, lauric acid, immobilized lipase
TLIM (Novozymes, Shanghai, China) and ethanol were mixed into a screw-capped glass
bottle. After incubating for 12 h with magnetic stirring at 50 ◦C, the mixture was filtrated
to remove the enzyme and stop the reaction. The product was condensed using a rotatory
evaporator (RE-52AA, Yarong Co. Ltd., Shanghai, China) to obtain LGSP, the major com-
positions of which are shown in Figure S1: 3′-O-lauroyl catechin, 3′-O-lauroyl epicatechin,
3′,5′-2-O-lauroyl epigallocatechin, 3′,3′′,5′′-3-O-lauroyl epicatechin gallate, 3′,3′′-2-O-lauroyl
procyanidin A2,3′,3′′-2-O-lauroyl procyanidin B1 and 3′, 3′′,3′ ′ ′-3-O-lauroyl procyanidin C1.

2.3. Cell Culture

HeLa cells, obtained from the Chinese Academy of Sciences (Shanghai, China),
were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin–
streptomycin at 37 ◦C under a 5% CO2 humidified atmosphere.

2.4. Cell Proliferation Analysis

The effect of LGSP on the proliferation of HeLa cells was measured by MTT assay
according to the literature with a slight modification [18]. Briefly, the cells (5 × 103) were
seeded into 96-well plates and treated with various concentrations (25, 50, 100, 150 and
200 μg/mL) of LGSP for 24 and 48 h. Then, 0.5 mg/mL MTT solution was added and
incubated for 4 h. After that, 200 μL of DMSO was added to dissolve the formazan crystals,
and the absorbance was measured at 490 nm by a microplate reader (Thermo Scientific,
Waltham, MA, USA).

2.5. Cell Apoptosis Analysis

Cell apoptosis was analyzed by flow cytometry using the Annexin V-FITC cell apopto-
sis kit [18]. HeLa cells (4 × 105) were seeded into 6-well plates and incubated with various
concentrations (50, 100 and 200 μg/mL) of LGSP for 48 h. Then, floating and adherent cells
were harvested by trypsinization, washed twice with pre-cooling PBS, and resuspended in
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a 500 μL binding buffer containing 5 μL Annexin V-FITC and 10 μL PI. After incubating for
30 min in the dark at room temperature, the cells were determined by a flow cytometer (BD,
Franklin Lakes, NJ, USA). The apoptotic HeLa cells were analyzed by FlowJo v10 software
(BD, Franklin Lakes, NJ, USA).

2.6. Cell Cycle Distribution Analysis

The cell cycle distribution was analyzed by flow cytometry as described in the lit-
erature [19]. After treatment with LGSP at concentrations of 50, 100 and 200 μg/mL for
48 h, HeLa cells were harvested, washed twice with pre-cooling PBS, and resuspended
in 1 mL DNA staining solution with PI and 10 μL permeabilization in the dark at room
temperature for 30 min. The DNA content of the stained cells was measured by a flow
cytometer (BD, Franklin Lakes, NJ, USA). All results were analyzed using FlowJo v10
software (BD, Franklin Lakes, NJ, USA).

2.7. Determination of ROS Production

ROS production was measured using the ROS assay kit with DCFH-DA [20]. The HeLa
cells were seeded into 6-well plates at the density of 4 × 105 cells/well. After attachment,
the cells were treated with different concentrations (50, 100 and 200 μg/mL) of LGSP for
48 h. Then, they were harvested, incubated with 10 μM DCFH-DH in the dark at 37 ◦C
for 30 min and washed three times with a serum-free medium. ROS production was
determined by a flow cytometer (BD, Franklin Lakes, NJ, USA).

2.8. Measurement of MMP

MMP was measured according to the instruction of the MMP assay kit with JC-1. HeLa
cells (4 × 105) were seeded into 6-well plates. After treatment with different concentrations
(50, 100 and 200 μg/mL) of LGSP for 48 h, the cells were obtained by trypsinization,
incubated with JC-1 working solution for 30 min in the dark at room temperature, and
washed twice with JC-1 buffer. The MMP of HeLa cells was observed under an inverted
fluorescence microscope (Nikon Eclipse Ti-U, Melville, NY, USA) and analyzed by a flow
cytometer (BD, Franklin Lakes, NJ, USA).

2.9. Western Blot Analysis

HeLa cells (4 × 105) were seeded into 6-well plates. After treatment with various
concentrations of LGSP (50, 100 and 200 μg/mL) for 48 h, cells were harvested and lysed in
a RIPA buffer. The total protein concentration was detected using an BCA protein assay
kit [21]. The cell lysates were denatured in a SDS sample buffer and subjected to SDS-
PAGE gel. The separated proteins were subsequently transferred onto the polyvinylidene
difluoride membrane (Beyotime Biotechnology, Shanghai, China), blocked for 1 h at room
temperature, incubated with specific primary antibody (1:1000, v/v) overnight at 4 ◦C, and
followed by secondary antibody (1:3000, v/v) for 2 h at room temperature. The target pro-
teins were detected using an ECL kit (Beyotime, Shanghai, China) by a chemiluminescent
gel imaging system (Bio-Rad, Hercules, CA, USA).

2.10. Zebrafish Maintenance

The zebrafish wild-type AB strain was purchased from the China Zebrafish Resource
Center (Wuhan, China). Adult zebrafish were maintained in a recirculating zebrafish
housing system with a 14 h light/10 h dark photoperiod at 28 ◦C. After natural pair-mating
and reproduction, the embryos were collected and incubated in fish water at 28 ◦C (0.2%
instant ocean salt, pH 6.9–7.2, conductivity 480–510 μS/cm and hardness 53.7–71.6 mg/L
CaCO3). The use and manipulations of zebrafish were approved by the ethical review
committee of Nanchang University (Nanchang, China) on 25 March 2021.
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2.11. Embryo Acute Toxicity Test

The acute toxicity test was performed on zebrafish embryos as described in the liter-
ature [22]. Briefly, embryos at 10 h post-fertilization (hpf) were randomly distributed to
6-well culture plates (30 embryos/well) and exposed to LGSP with indicated concentrations
(4, 8, 16 and 32 μg/mL). The hatched larvae were counted and the death rate was calculated
at different time points (24, 48, 72, 96 and 120 hpf).

2.12. HeLa-Derived Xenograft Zebrafish Model

The zebrafish xenograft model was established by transplantation of stable fluorescent
cervical cells expressing GFP protein (HeLa-GFP) into the yolk sac of zebrafish embryos
(48 hpf). An average of 30 zebrafish embryos were used for each treatment. After successful
transplantation, the zebrafish embryos were maintained at 35 ◦C for 1 day to promote
tumor-cell proliferation and embryo recovery. After exposure to LGSP (4 and 8 μg/mL)
for 48 h, the larvae were placed on agarose, and the fluorescent tumor cells were observed
under a Leica KL300 LED inverted fluorescence microscope (Leica, Wetzlar, Germany).
The fluorescence intensity of tumor cells was quantified by Image J (Rawak Software, Inc.,
Stuttgart, Germany) [23].

2.13. Statistical Analysis

Data were represented as mean ± standard deviation (SD) from at least three inde-
pendent experiments. The differences between the experimental and control groups were
compared using one-way ANOVA followed by Dunnett’s multiple comparisons test using
SPSS software (IBM version 16.0, Chicago, IL, USA). A p value < 0.05 was considered
statistically significant.

3. Results

3.1. Effect of LGSP on the Proliferation of HeLa Cells

The anti-proliferative effect of LGSP on HeLa cells was determined using MTT as-
say. As shown in Figure 1A,B, the inhibition rate of LGSP on HeLa cells increased in a
dose-dependent manner at 24–48 h. The inhibition rate increased rapidly from 11.67 to
56.69% after treatment with LGSP at concentrations of 25–50 μg/mL for 48 h, followed
by enhancing gradually at concentrations of 50–200 μg/mL. The IC50 values of LGSP and
GSP for anti-proliferative effect on HeLa cells were 57.97 ± 1.23 and 111.16 ± 1.02 μg/mL,
respectively, after 48 h of treatment, indicating that LGSP had stronger anti-cervical can-
cer activity compared to GSP. The morphology of HeLa cells after treatment with LGSP
and GSP at concentrations of 50, 100 and 200 μg/mL for 48 h was shown in Figure 1C.
The number of HeLa cells clearly decreased after treatment with LGSP. Meanwhile, HeLa
cells became round and lost their characteristic stretched appearance. The morphological
changes in HeLa cells treated with LGSP were more obvious than those treated with GSP,
which was consistent with the results of the anti-proliferative effect.
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Figure 1. Anti-cervical cancer effect of GSP and LGSP on HeLa cell lines. HeLa cells were treated
with various doses of GSP and LGSP for (A) 24 h and (B) 48 h. (C) Morphological image of HeLa
cells after treatment with GSP and LGSP for 48 h. Data were mean ± SD (n = 3).

3.2. LGSP-Induced HeLa Cells Apoptosis

To explore the effect of LGSP on HeLa cell apoptosis, the cells (Annexin V+/PI−
fraction subpopulations and Annexin V+/PI+ fraction subpopulations) were detected by
flow cytometry. As shown in Figure 2A, both LGSP and GSP displayed a dose-dependent
increase in apoptosis induction in HeLa cells. LGSP resulted in 18.77, 31.25 and 43.36%
apoptotic rates at concentrations of 50, 100 and 200 μg/mL, respectively, which were higher
than that of GSP at the same doses.

3.3. Effect of LGSP on the Cell Cycle of HeLa Cells

The effect of LGSP on the cell cycle distribution was analyzed by flow cytometry. As
shown in Figure 2B, compared with 18.8% G2/M phase cells of control cells, an increase in
the percentage of cells in the G2/M cells (20.1, 24.3 and 36.5%) was observed in cells after
treatment with LGSP at concentrations of 50, 100 and 200 μg/mL, respectively. Similar to
LGSP, GSP also induced the occurrence of G2/M cell-cycle arrest, but its effect (25.6%) was
weaker than that of LGSP at the dose of 200 μg/mL.
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3.4. LGSP Enhanced the ROS Levels in HeLa Cells

ROS generation plays a vital role in apoptosis [24]. To investigate the effect from LGSP,
on the intracellular ROS level, the production of intracellular ROS was examined by flow
cytometry. As shown in Figure 3, treatment of HeLa cells with LGSP at concentrations of
50, 100, and 200 μg/mL for 48 h resulted in a significant dose-dependent increase in the
fluorescence intensity. Compared with the control group, the fluorescence intensity of HeLa
cells treated with LGSP and GSP at the concentration of 200 μg/mL increased 3.01- and
2.12-fold, respectively, indicating the ROS production of HeLa cells after treatment with
LGSP was higher than that with GSP.

Figure 3. Effect of GSP and LGSP on the ROS generation of HeLa cells treated with different
concentrations of GSP and LGSP for 48 h. ROS production was analyzed by flow cytometry using a
DCFH-DA probe, and data were mean ± SD (n = 3): *** p < 0.001.

3.5. LGSP Induced Mitochondrial Dysfunction in HeLa Cells

To examine whether LGSP-induced apoptosis in HeLa cells was involved in the
mitochondria-mediated pathway, the MMP of HeLa cells treated with LGSP was observed
under an inverted fluorescence microscope with fluorescence probe JC-1. The change
of JC-1 from red to green fluorescence indicated a decrease in membrane potential. As
shown in Figure 4A, red fluorescence intensity decreased while green fluorescence intensity
increased, suggesting that LGSP treatment triggered mitochondrial damage. For further
quantitative analysis, the fluorescence intensity of HeLa cells was determined by flow
cytometry. As shown in Figure 4B, the green fluorescence intensity of HeLa cells treated
with 200 μg/mL LGSP increased to 49.22%, which was higher than that for GSP (8.54%).

3.6. Effect of LGSP on Bax, Bcl-2 and Cytochrome c Expression in HeLa Cells

To explore the effect of LGSP on apoptosis-regulated proteins, the levels of Bcl-2, Bax
and cytochrome c on HeLa cells were examined. As shown in Figure 5A, LGSP up-regulated
Bax expression and down-regulated Bcl-2 expression, leading to a significant increase in
the Bax/Bcl-2 ratio. Moreover, the Bax/Bcl-2 ratio of cells treated with 200 μg/mL LGSP
was 29.24, which was higher than that for GSP (8.60) at the same concentration. The Bcl-2
protein family, pro-apoptotic Bax and anti-apoptotic Bcl-2, could strictly control the release
of cytochrome c from mitochondria into the cytoplasm [25]. The results showed that the
level of cytochrome c increased in a dose-dependent manner after treatment with LGSP,
indicating that LGSP increased the release of cytochrome c into the cytoplasm.
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3.7. LGSP-Induced Activation of Caspases and the Cleavage of PARP Protein in HeLa Cells

The cytochrome c released from the mitochondria activated the caspase apoptosis
pathway, and we then explored whether LGSP activated it. As shown in Figure 5B, after
treatment with LGSP, the levels of cleaved caspase-3, cleaved caspase-9 and cleaved PARP
in HeLa cells increased in a dose-dependent manner, indicating that LGSP led to a clear
cleavage of caspase-9, caspase-3 and PARP.

3.8. LGSP Blocked Cervical Cancer Growth in a HeLa-Derived Xenograft Zebrafish Model

To test whether LGSP can suppress cervical cancer in vivo, we treated zebrafish
carrying HeLa xenograft tumors with LGSP. First, we evaluated the toxicity of GSP and
LGSP to zebrafish larvae. The results showed that GSP at doses of 4–8 μg/mL and LGSP
at doses of 4–16 μg/mL exhibited non-toxic effects (Figure 6A). Hence, the doses of 4 and
8 μg/mL were selected for further study in the HeLa-derived xenograft zebrafish model.
As shown in Figure 6B,C, the circled green fluorescence represented the cervical tumor
mass, indicating that the HeLa xenograft model was successfully established in zebrafish.
LGSP and GSP at doses of 4 and 8 μg/mL markedly decreased the green fluorescence
intensity in a dose-dependent manner, and the inhibition rate of LGSP (84.32%) was higher
than that for GSP (68.89%) at the concentration of 8 μg/mL.

Figure 6. Effect of GSP and LGSP on the HeLa-derived xenograft tumor growth. (A) Mortality
curve of zebrafish embryos treated with different doses of LGSP and GSP. (B) Tumor growth in
HeLa-derived xenograft zebrafish embryos treated with GSP and LGSP for 48 h was observed under
a microscope. (C) The fluorescence intensity of the tumor in Figure 6B. Data were mean ± SD (n = 3):
*** p < 0.001.

4. Discussion

GSP, the main polyphenol in grape seed, has been proven to inhibit cervical cells
by inducing apoptosis and blocking cell cycles [26]. LGSP, synthesized by enzymatic
modification of GSP, showed higher antioxidant and anti-inflammatory activity compared
to GSP [15,16]. Therefore, we hypothesized that LGSP has a potential chemopreventive
effect on cervical cancer.
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Our results showed that LGSP exhibited an anti-proliferative effect on HeLa cells, and
its effect was higher than that for GSP, which confirmed our hypothesis. Similarly, the
oleate derivative of quercetin-3-O-glucoside showed a greater anti-proliferative effect on
HepG2 cells compared to quercetin-3-O-glucoside [27]. As we previously reported, the
lipophilicity of LGSP was higher than that for GSP [15], which may lead to higher cell
membrane permeability and better bioactivity in cell models [12].

Generally speaking, the induction of apoptosis or cell cycle arrest or a combination of
these two modes is the common mechanism for inhibiting cancer-cell proliferation [28]. In
this study, LGSP increased the apoptosis rate and the percentage of G2/M phase on HeLa
cells, indicating LGSP exerted an anti-proliferative effect on HeLa human cervical cancer
cells by inducing apoptosis and blocking G2/M cell cycle. It is reported that intracellular
ROS was associated with cell apoptosis [29], and could also cause a DNA damage response
that could impact the cell cycle progression [30]. In this study, the level of ROS increased
dramatically in the HeLa cells treated with LGSP, suggesting that LGSP may induce the
production of ROS, leading to cell apoptosis and cycle arrest. In addition, we found that
the anti-proliferative effect of GSP on HeLa cells was also achieved by inducing apoptosis
and blocking the G2/M cell cycle, which was consistent with the report of Chen et. al [26].

There are two principal apoptosis pathways: the extrinsic pathway and the intrin-
sic mitochondrial pathway [31], which is the key signaling pathway in the induction of
apoptosis [32]. It has been reported that the loss of MMP is a typical phenomenon in
mitochondrial-dependent apoptosis [33]. In this work, LGSP decreased the MMP of HeLa
cells, indicating that LGSP-induced apoptosis may be through the mitochondrial pathway.
The mitochondrial apoptosis pathway is strictly regulated by the two important members
of the Bcl-2 protein family: Bax and Bcl-2 [34]. The oligomerization of pro-apoptotic Bax
and the reduction of anti-apoptotic Bcl-2 could lead to the release of cytochrome c from
the mitochondria into the cytoplasm [25]. Our results showed that LGSP clearly increased
the Bax/Bcl-2 ratio and promoted the release of cytochrome c into the cytoplasm, which
confirmed that LGSP induced apoptosis through the mitochondrial pathway.

The cytochrome c released from the mitochondria was reported to activate caspase-9
and finally induce apoptotic occurrence [35]. To further study the downstream apoptosis
mechanism of LGSP on HeLa cells, we evaluated some relevant proteins of the caspase
pathway. Our findings showed that LGSP up-regulated the expression of cleaved caspase-9
caspase-3 and PARP to activate the caspase pathways. The activated cleaved caspases and
PARP were considered to be relevant biomarkers for inducing apoptosis [36]. Therefore,
our findings suggested that LGSP-induced apoptosis was mediated through the mitochon-
drial/caspase pathway, which involved the up-regulation of the Bax/Bcl-2 ratio, release of
cytochrome c, and activation of cleavage of caspase 9, caspase-3 and PARP.

The above results indicated that LGSP has an anti-cervical cancer effect in vitro. It is
necessary to evaluate its anti-cervical cancer effect in vivo further. In recent years, zebrafish
xenograft models have been generated more frequently to study malignancies due to
their special characteristics, such as transparent embryos, large-scale generation, rapid
organogenesis and no immune rejection [37,38]. Therefore, we then assessed the effect of
LGSP on the growth of HeLa cells in a zebrafish xenograft model. In this study, we found
that LGSP remarkably decreased the growth of a HeLa xenograft tumor, and the inhibition
rate of LGSP was higher than that for GSP, indicating that LGSP had better anti-cervical
cancer activity in vivo, which was consistent with our in vitro studies.

5. Conclusions

In summary, this study first indicated that LGSP possessed an anti-cervical cancer effect
on HeLa cells in vitro and in vivo. LGSP exhibited an excellent anti-proliferative effect on
HeLa cells by inducing cell apoptosis and blocking cell-cycle progression in the G2/M phase.
The apoptosis of HeLa cells triggered by LGSP was through the mitochondrial/caspase-
mediated pathway, characterized by Bax/Bcl-2 ratio up-regulation, the release of cy-
tochrome c, the loss of mitochondrial membrane potential, and the cleaved caspase-9/3
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and cleavage of PARP activation. In the zebrafish model, LGSP effectively suppressed
the growth of a HeLa xenograft tumor. Furthermore, LGSP presented better anti-cervical
cancer effects than GSP in HeLa cells and zebrafish models. LGSP could be considered a
potential supplement for preventing and treating human cervical cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11020422/s1, Figure S1: Synthesis of LGSP.

Author Contributions: Conceptualization, C.L. (Chengmei Liu); methodology, M.C. and
C.L. (Changhong Li); software, X.H.; validation, C.L. (Chengmei Liu), M.C. and J.C.; formal analysis,
L.Z.; investigation, C.L. (Changhong Li); resources, M.C.; data curation, X.H.; writing—original draft
preparation, C.L. (Changhong Li); writing—review and editing, C.L. (Changhong Li), L.Z. and M.C.;
visualization, M.C.; supervision, M.C.; project administration, J.C.; funding acquisition, M.C. and J.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the first batch of high-end talents (youth) projects of science
and technology innovation in Jiangxi Province (2019201076) and Natural Science Foundation of
Jiangxi Province (20202BAB215014).

Institutional Review Board Statement: The use and manipulations of zebrafish were approved by
the ethical review committee of Nanchang University (Nanchang, China) on 25 March 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this manuscript.

Acknowledgments: The authors would like to thank the State Key Laboratory of Food Science and
Technology for their expert technical assistance.

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

References

1. Arbyn, M.; Weiderpass, E.; Bruni, L.; de Sanjose, S.; Saraiya, M.; Ferlay, J.; Bray, F. Estimates of incidence and mortality of cervical
cancer in 2018: A worldwide analysis. Lancet Glob. Health 2020, 8, E191–E203. [CrossRef]

2. Small, W., Jr.; Bacon, M.A.; Bajaj, A.; Chuang, L.T.; Fisher, B.J.; Harkenrider, M.M.; Jhingran, A.; Kitchener, H.C.; Mileshkin, L.R.;
Viswanathan, A.N.; et al. Cervical Cancer: A Global Health Crisis. Cancer 2017, 123, 2404–2412. [CrossRef] [PubMed]

3. Rothwell, J.A.; Knaze, V.; Zamora-Ros, R. Polyphenols: Dietary assessment and role in the prevention of cancers. Curr. Opin. Clin.
Nutr. Metab. Care 2017, 20, 512–521. [CrossRef] [PubMed]

4. Shahidi, F.; Yeo, J. Bioactivities of Phenolics by Focusing on Suppression of Chronic Diseases: A Review. Int. J. Mol. Sci. 2018,
19, 1573. [CrossRef] [PubMed]

5. Roleira, F.M.F.; Tavares-da-Silva, E.J.; Varela, C.L.; Costa, S.C.; Silva, T.; Garrido, J.; Borges, F. Plant derived and dietary phenolic
antioxidants: Anticancer properties. Food Chem. 2015, 183, 235–258. [CrossRef]

6. Unusan, N. Proanthocyanidins in grape seeds: An updated review of their health benefits and potential uses in the food industry.
J. Funct. Foods 2020, 67, 103861. [CrossRef]

7. Long, M.; Yang, S.H.; Han, J.X.; Li, P.; Zhang, Y.; Dong, S.; Chen, X.L.; Guo, J.Y.; Wang, J.; He, J.B. The Protective Effect of
Grape-Seed Proanthocyanidin Extract on Oxidative Damage Induced by Zearalenone in Kunming Mice Liver. Int. J. Mol. Sci.
2016, 17, 808. [CrossRef]

8. Cai, X.X.; Bao, L.; Ren, J.W.; Li, Y.; Zhang, Z.F. Grape seed procyanidin B2 protects podocytes from high glucose-induced
mitochondrial dysfunction and apoptosis via the AMPK-SIRT1-PGC-1 alpha axis in vitro. Food Funct. 2016, 7, 805–815. [CrossRef]

9. Liu, W.; Zhao, S.Q.; Wang, J.Q.; Shi, J.; Sun, Y.K.; Wang, W.Q.; Ning, G.; Hong, J.; Liu, R.X. Grape seed proanthocyanidin extract
ameliorates inflammation and adiposity by modulating gut microbiota in high-fat diet mice. Mol. Nutr. Food Res. 2017, 61, 1601082.
[CrossRef]

10. Huang, L.L.; Pan, C.; Wang, L.; Ding, L.; Guo, K.; Wang, H.Z.; Xu, A.m.; Gao, S. Protective effects of grape seed proanthocyanidins
on cardiovascular remodeling in DOCA-salt hypertension rats. J. Nutr. Biochem. 2015, 26, 841–849. [CrossRef]

11. Zhu, S.; Li, Y.; Ma, C.Y.; Lou, Z.X.; Chen, S.W.; Dai, J.; Wang, H.X. Optimization of lipase-catalyzed synthesis of acetylated EGCG
by response surface methodology. J. Mol. Catal. B Enzym. 2013, 97, 87–94. [CrossRef]

12. Mellou, F.; Loutrari, H.; Stamatis, H.; Roussos, C.; Kolisis, F.N. Enzymatic esterification of flavonoids with unsaturated fatty acids:
Effect of the novel esters on vascular endothelial growth factor release from K562 cells. Process Biochem. 2006, 41, 2029–2034.
[CrossRef]

13. Chen, M.; Yu, S. Lipophilic grape seed proanthocyanidin exerts anti-proliferative and pro-apoptotic effects on PC3 Human
Prostate cancer cells and suppresses PC3 xenograft tumor growth in vivo. J. Agric. Food Chem. 2019, 67, 229–235. [CrossRef]
[PubMed]

50



Antioxidants 2022, 11, 422

14. Luo, S.Z.; Hu, X.F.; Pan, L.H.; Zheng, Z.; Zhao, Y.Y.; Cao, L.L.; Pang, M.; Hou, Z.G.; Jiang, S.T. Preparation of camellia oil-based
W/O emulsions stabilized by tea polyphenol palmitate: Structuring camellia oil as a potential solid fat replacer. Food Chem. 2019,
276, 209–217. [CrossRef]

15. Chen, M.S.; Yu, S.J. Lipophilized grape seed proanthocyanidin derivatives as novel antioxidants. J. Agric. Food Chem. 2017, 65,
1598–1605. [CrossRef]

16. Zhang, L.L.; Chen, J.; Liao, H.J.; Li, C.H.; Chen, M.S. Anti-inflammatory effect of lipophilic grape seed proanthocyanidin in RAW
264.7 cells and a zebrafish model. J. Funct. Foods 2020, 75, 104217. [CrossRef]

17. Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer How are they linked? Free
Radic. Biol. Med. 2010, 49, 1603–1616. [CrossRef]

18. Zhang, T.T.; Yang, L.; Jiang, J.G. Effects of thonningianin A in natural foods on apoptosis and cell cycle arrest of HepG-2 human
hepatocellular carcinoma cells. Food Funct. 2015, 6, 2588–2597. [CrossRef]

19. Wang, J.; Liao, A.M.; Thakur, K.; Zhang, J.G.; Huang, J.H.; Wei, Z.J. Licochalcone B extracted from glycyrrhiza uralensis fisch
induces apoptotic effects in human hepatoma cell HepG2. J. Agric. Food Chem. 2019, 67, 3341–3353. [CrossRef]

20. Wu, Q.; Deng, J.J.; Fan, D.D.; Duan, Z.G.; Zhu, C.H.; Fu, R.Z.; Wang, S.S. Ginsenoside Rh4 induces apoptosis and autophagic cell
death through activation of the ROS/JNK/p53 pathway in colorectal cancer cells. Biochem. Pharmacol. 2018, 148, 64–74. [CrossRef]

21. Chen, J.; Zhang, L.L.; Li, C.H.; Chen, R.C.; Liu, C.M.; Chen, M.S. Lipophilized epigallocatechin gallate derivative exerts anti-
proliferation efficacy through induction of cell cycle arrest and apoptosis on DU145 human prostate cancer cells. Nutrients 2020,
12, 92. [CrossRef] [PubMed]

22. Xiong, G.H.; Zou, L.F.; Deng, Y.Y.; Meng, Y.L.; Liao, X.J.; Lu, H.Q. Clethodim exposure induces developmental immunotoxicity
and neurobehavioral dysfunction in zebrafish embryos. Fish Shellfish Immunol. 2019, 86, 549–558. [CrossRef] [PubMed]

23. Bae, H.; Song, G.; Lee, J.-Y.; Hong, T.; Chang, M.-J.; Lim, W. Laminarin-Derived from brown algae suppresses the growth of
Ovarian cancer cells via mitochondrial dysfunction and ER stress. Mar. Drugs 2020, 18, 152. [CrossRef] [PubMed]

24. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, A.; Sethi, G. Role of reactive oxygen
species in cancer progression: Molecular mechanisms and recent advancements. Biomolecules 2019, 9, 753. [CrossRef]

25. Fan, Y.Y.; Zhang, Y.; Liu, Y.T.; Xu, W.P.; Yang, Y.; Hao, Y.W.; Tao, L.M. A natural product enhances apoptosis via
mitochondria/caspase-mediated pathway in HeLa cells. J. Cell. Biochem. 2019, 120, 16811–16823. [CrossRef]

26. Chen, Q.; Liu, X.F.; Zheng, P.S. Grape seed proanthocyanidins (GSPs) inhibit the growth of cervical cancer by inducing apoptosis
mediated by the mitochondrial pathway. PLoS ONE. 2014, 9, e107045.

27. Sudan, S.; Rupasinghe, H.P.V. Antiproliferative activity of long chain acylated esters of quercetin-3-O-glucoside in hepatocellular
carcinoma HepG2 cells. Exp. Biol. Med. 2015, 240, 1452–1464. [CrossRef]

28. Sun, X.; Liao, W.; Wang, J.; Wang, P.; Gao, H.; Wang, M.; Xu, C.; Zhong, Y.; Ding, Y. CSTMP induces apoptosis and mitochondrial
dysfunction in human myeloma RPMI8226 cells via CHOP-dependent endoplasmic reticulum stress. Biomed. Pharmacother. 2016,
83, 776–784. [CrossRef]

29. Ye, X.C.; Zuo, D.D.; Yu, L.; Zhang, L.; Tang, J.; Cui, C.C.; Bao, L.; Zan, K.; Zhang, Z.H.; Yang, X.X.; et al. ROS/TXNIP pathway
contributes to thrombin induced NLRP3 inflammasome activation and cell apoptosis in microglia. Biochem. Biophys. Res. Commun.
2017, 485, 499–505. [CrossRef]

30. Wu, G.S.; Lu, J.J.; Guo, J.J.; Li, Y.B.; Tan, W.; Dang, Y.Y.; Zhong, Z.F.; Xu, Z.T.; Chen, X.P.; Wang, Y.T. Ganoderic acid DM, a natural
triterpenoid, induces DNA damage, G1 cell cycle arrest and apoptosis in human breast cancer cells. Fitoterapia 2012, 83, 408–414.
[CrossRef]

31. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef] [PubMed]
32. Yu, P.; Shi, L.F.; Song, M.Y.; Meng, Y. Antitumor activity of paederosidic acid in human non-small cell lung cancer cells via

inducing mitochondria-mediated apoptosis. Chem. Biol. Interact. 2017, 269, 33–40. [CrossRef] [PubMed]
33. Ben Othmene, Y.; Monceaux, K.; Karoui, A.; Ben Salem, I.; Belhadef, A.; Abid-Essefi, S.; Lemaire, C. Tebuconazole induces

ROS-dependent cardiac cell toxicity by activating DNA damage and mitochondrial apoptotic pathway. Ecotoxicol. Environ. Saf.
2020, 204, 111040. [CrossRef]

34. McArthur, K.; Whitehead, L.W.; Heddleston, J.M.; Li, L.; Padman, B.S.; Oorschot, V.; Geoghegan, N.D.; Chappaz, S.; Davidson, S.;
Chin, H.S.; et al. BAK/BAX macropores facilitate mitochondrial herniation and mtDNA efflux during apoptosis. Science. 2018,
359, 883. [CrossRef] [PubMed]

35. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 2008,
9, 47–59. [CrossRef]

36. Bi, Y.L.; Min, M.; Shen, W.; Liu, Y. Genistein induced anticancer effects on pancreatic cancer cell lines involves mitochondrial
apoptosis, G(0)/G(1) cell cycle arrest and regulation of STAT3 signaling pathway. Phytomedicine 2018, 39, 10–16. [CrossRef]

37. Zhang, B.B.; Xuan, C.; Ji, Y.X.; Zhang, W.M.; Wang, D.G. Zebrafish xenotransplantation as a tool for in vivo cancer study. Fam.
Cancer 2015, 14, 487–493. [CrossRef]

38. Jin, W.D.; Zhou, L.; Yan, B.; Yan, L.; Liu, F.C.; Tong, P.J.; Yu, W.H.; Dong, X.Q.; Xie, L.; Zhang, J.; et al. Theabrownin triggers DNA
damage to suppress human osteosarcoma U2OS cells by activating p53 signaling pathway. J. Cell. Mol. Med. 2018, 22, 4423–4436.
[CrossRef]

51





Citation: Tao, Y.; Yu, Q.; Huang, Y.;

Liu, R.; Zhang, X.; Wu, T.; Pan, S.; Xu,

X. Identification of Crucial

Polymethoxyflavones Tangeretin and

3,5,6,7,8,3′ ,4′-Heptamethoxyflavone

and Evaluation of Their Contribution

to Anticancer Effects of Pericarpium

Citri Reticulatae ‘Chachi’ during

Storage. Antioxidants 2022, 11, 1922.

https://doi.org/10.3390/

antiox11101922

Academic Editors: Jicheng Zhan,

Zhigang Liu and Hui-Min

David Wang

Received: 25 July 2022

Accepted: 23 September 2022

Published: 28 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

antioxidants

Article

Identification of Crucial Polymethoxyflavones Tangeretin and
3,5,6,7,8,3′,4′-Heptamethoxyflavone and Evaluation of Their
Contribution to Anticancer Effects of Pericarpium Citri
Reticulatae ‘Chachi’ during Storage

Yexing Tao 1,2,3, Qian Yu 1,2,3, Yuting Huang 1,2,3, Ruiting Liu 1,2,3, Xiwen Zhang 1,2,3, Ting Wu 1,2,3, Siyi Pan 1,2,3

and Xiaoyun Xu 1,2,3,*

1 College of Food Science and Technology, Huazhong Agricultural University, Wuhan 430070, China
2 Key Laboratory of Environment Correlative Dietology (Ministry of Education), Huazhong Agricultural

University, Wuhan 430070, China
3 Hubei Key Laboratory of Fruit & Vegetable Processing & Quality Control, Huazhong Agricultural University,

Wuhan 430070, China
* Correspondence: xuxiaoyun@mail.hzau.edu.cn; Tel.: +86-27-87671056; Fax: +86-27-87288373

Abstract: Pericarpium Citri Reticulatae ‘Chachi’ (PCR-C), rich in polymethoxyflavones (PMFs), has
potential anticancer bioactivity and its quality will be improved during storage. However, the main
factors influencing the PCR-C quality during its storage remain unclear. In this study, multivariate
analysis was performed to investigate free and bound PMFs of PCR-C during storage. The anticancer
effects of purified PCR-C flavonoid extracts (PCR-CF) and the important PMFs were evaluated using
A549 cells. The results showed that PCR-C samples exhibited remarkable differences in free PMFs
during storage, which fell into three clusters: Cluster 1 included fresh (fresh peel) and PCR-C01
(year 1); Cluster 2 consisted of PCR-C03 (year 3) and PCR-C05 (year 5); and PCR-C10 (year 10) was
Cluster 3. 3,5,6,7,8,3′,4′-heptamethoxyflavone, tangeretin, and isosinensetin were identified as the
most important PMFs distinguishing the various types of PCR-C according to its storage periods.
Moreover, PCR-CF inhibited A549 cell proliferation and induced cell cycle arrest at G2/M phase,
cell apoptosis, and ROS accumulation, and all anticancer indices had an upward tendency during
storage. Additionally, tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone exhibited anticancer effects
on A549 cells, whereas isosinensetin displayed no anticancer effect, indicating that tangeretin and
3,5,6,7,8,3′,4′-heptamethoxyflavone jointly contributed to anticancer activity of PCR-C during storage.
PCR-CF and the most important PMFs killed cancer cells (A549 cells) but had no cytotoxicity to
normal lung fibroblast cells (MRC-5 cells). Overall, the high quality of long-term stored PCR-C might
be due to the anticancer effects of tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone.

Keywords: Pericarpium Citri Reticulatae ‘Chachi’; polymethoxyflavones; storage periods; non-small
cell lung cancer; apoptosis

1. Introduction

Pericarpium Citri Reticulatae ‘Chachi’ (PCR-C, Guangchenpi in China), one of the first
food materials promulgated by Chinese Ministry of Health owing to its outstanding efficacy,
is a dried and matured pericarp of Citrus reticulata Blanco or its cultivars cultivated in Xinhui,
Guangdong, China that can not only be used as a dietary supplement but also a traditional
Chinese medicine [1]. PCR-C has pharmacological effects as the adjuvant therapy for indi-
gestion, physical weakness, cough accompanied with expectoration of phlegm, and other
digestive and respiratory diseases [2,3]. Long-term stored medicine refers to that materials
that are stored and maintained through using corresponding methods and then could be
more applicable to the traditional medicinal utilization [4]. There is a folk proverb about the
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aging of PCR-C which is “the longer storage periods, the better”, which reflects the effect
of storage period on the market price and application value of PCR-C [5]. PCR-C contains
abundant flavonoids, which are divided into two categories: flavanone glycosides such
as hesperidin and polymethoxylated flavones (PMFs) such as tangeretin and nobiletin [6].
Although the contents of PMFs are quite low in PCR-C, they are characteristic bioactive
components with extremely potent activities [7,8]. PCR-C quality is mainly attributed to
the accumulation of specific chemical bioactive components during storage. The phenolic
acids in PCR-C have been reported to exhibit an increasing trend, and the antioxidant
activity of PCR-C is enhanced during storage, indicating that phenolic acids might be the
main contributors to the improvement of the quality of long-term stored PCR-C [9]. One
previous study has revealed that the contents of all the polymethoxyflavones (PMFs such as
sinensetin, 4′,5,7,8-tetramethoxyflavone, nobiletin, tangeretin, and 5-O-desmethyl nobiletin)
and their antioxidant activities increase during PCR-C storing, suggesting the positive
correlation between the quality of PCR-C during storage and the PMFs contents [5]. On the
contrary, one metabolomic analysis that was based on UPLC-QTOF-MS indicated that the
contents of PMFs were not positively correlated with the storage periods of PCR-C [10].
The dynamic change of specific chemical bioactive components in PCR-C during storage is
still contradictory due to the limited free fraction of components. Thus, the comprehensive
evaluation on the dynamic changes of free and bound PMFs in PCR-C during storage is
necessary. Among the chemical compounds, the main contributors to the quality of PCR-C
during storage also remain largely unknown.

Lung cancers including non-small cell lung cancer (NSCLC, almost accounting for
85%) and small cell lung cancer are a prevailing oncological disease worldwide with
high incidence rate and mortality rate [11]. The common treatments that include surgery,
radiation, chemotherapy, and targeted therapy are based on the development stage of the
cancer [12]. Although a variety of NSCLC treatment strategies have been developed in
recent decades, the prognosis of patients is far from satisfactory, and the resistance, side
effects, and recurrence are fairly common [13]. Therefore, developing potentially effective
agents and exploring novel NSCLC therapeutic strategies are urgent. Natural products
with the advantages of low cost, safety, and easy accessibility are considered to be the
potentially effective anticancer drugs. The increasing evidence has demonstrated that
PCR-C has antioxidant, anti-inflammatory, anti-asthmatic, neuroprotective, and antitumor
activities [14–16]. However, during storage, the influential contributors to the anticancer
effect of PCR-C remain unclear.

Therefore, it is worth investigating the dynamic change of free and bound PMFs
in PCR-C during storage and explore the influential PMFs that mainly contribute to the
improvement of anticancer effect of PCR-C during storage. In the present study, the mul-
tivariate statistical analysis was performed to reveal dynamic changes of free and bound
PMFs and to identify the important PMFs that could distinguish PCR-C during storage. In
addition, the anticancer effect of PCR-CF and the important PMFs were evaluated to screen
the crucial bioactive components of PCR-CF during storage. The results of dynamic changes
of free and bound PMFs and anticancer activity assay revealed that free PMFs mainly con-
tributed to the difference and the formation of unique quality of PCR-C during storage, and
the free fraction of 3,5,6,7,8,3′,4′-heptamethoxyflavone, tangeretin, and isosinensetin were
the determinant PMFs for discriminating the types of PCR-C at different storage periods.
The accumulation of free tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone during storage
contributed to the improvement of the quality of PCR-C. Our findings will provide a
theoretical basis for the scientific utilization, rational storage, and quality control of PCR-C.

2. Materials and Methods

2.1. Samples and Reagents

The fresh peel of Citrus reticulata cv. ‘Chachiensis’ (Fresh) and PCR-C aged 1, 3, 5,
10 years (PCR-C01, PCR-C03, PCR-C05, PCR-C10) were obtained from Ganze Garden,
Shuangshui Town, Xinhui District, Jiangmen City, Guangdong Province, China and au-
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thenticated by Hubei university of Chinese Medicine. PCR-CF at the fresh peel and aged 1,
3, 5, 10 years (Fresh-F, PCR-C01F, PCR-C03F, PCR-C05F, PCR-C10F) were obtained from
our laboratory according to our previous study [17]. The flavonoid standards tangeretin,
isosinensetin, and 3,5,6,7,8,3′,4′-heptamethoxyflavone were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Fetal bovine serum (FBS) was purchased from
Germini (Woodland, CA, USA). Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F12) was obtained from HYcezmbio Biotechnology Co., Ltd. (Wuhan, China).
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was provided by
Gen-View Scientific Inc. (Calimesa, CA, USA). Trypsin was obtained from Lanheng Shidai
Biotechnology Co., Ltd. (Wuhan, China). Penicillin-Streptomycin Solution was purchased
from Cienry Biotechnology Co., Ltd. (Huzhou, China). Annexin V FITC/PI apoptosis and
cell cycle staining kit were obtained from Multi-sciences (Lianke) Biotechnology Co., Ltd.
(Hangzhou, China). 2′,7′-dichlorofluorescein diacetate (DCFH-DA) and Dimethyl sulfoxide
(DMSO) in cell culture grade were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Cell Culture

Human non-small lung cancer A549 cells and human normal fetal lung fibroblast
cell line (MRC-5) were purchased from the Cell bank of Chinese Academy of Sciences in
Shanghai, China and cultured in DMEM/F-12 medium that was supplemented with 10%
FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL) under a stable atmosphere of
5% CO2, at 37 ◦C constant temperature and a relatively high humidity of 95%. When they
grew to approximately 80–90% confluence, the cells were passaged until the logarithmic
growth phase and used for subsequent experiments.

2.3. MTT Assay

During the logarithmic growth phase, A549 cells and MRC-5 cells were grown in 96-
well plates at a density of 3000 cells/well overnight. Then, the cells were treated with the
indicated PMFs and PCR-CF diluted in DMEM/F12 culture medium. After 24-h treatment,
0.5 mg/mL MTT solution was added and incubated for 2–4 h. The medium was removed,
and 200 uL DMSO was added to each well, followed by 10-min incubation. After shaking
for 5 min at medium speed, the absorbance at 490 nm was measured using a microplate
reader (MultiScan Go, Thermo Scientific Co., Ltd., Waltham, MA, USA). The cell viability
percentage (%) was determined by OD treatment group/OD control group × 100%. IC50
was calculated by the Logit method using GraphPad Prism 7.0.

2.4. Cell Cycle Analysis

A549 cells were grown in 12-well plates at a density of 1 × 105 cells/well overnight
and treated with PMFs and PCR-CF for 24 h. The cells were harvested and fixed with
ethanol (pre-cooled overnight at −20 ◦C), followed by centrifugation (1000 rpm, 3 min).
Subsequently, the cells were stained with 1 mL DNA staining solution (PI containing
RNase A, Lianke Biotech, CCS012; Hangzhou, China) for 30 min. The red fluorescence was
detected by CytoFLEX S flow cytometer (Beckman Coulter) at the excitation wavelength of
488 nm within one hour and analyzed by FlowJo software 7.6.

2.5. Cell Apoptosis Analysis

The A549 cells were grown in 12-well plates at a density of 1 × 105 cells/well overnight
and treated with PMFs and PCR-CF for 24 h. The cells were washed with precooled PBS
twice and harvested. After being resuspended in 500 μL binding buffer (1×) and diluted
with PBS, the cells were double stained with 5 μL annexin V-FITC and 10 μL PI in the cell
suspension for 5 min using the Annexin V-FITC/PI apoptosis kit (Lianke Biotech, AP101).
At least 10,000 living cells were analyzed on a CytoFLEX S flow cytometer (Beckman
Coulter) within one hour. The green fluorescence of annexin V-FITC was detected by the
FITC channel (Ex = 488 nm, Em = 530 nm) and the red fluorescence of PI was detected
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by the PI channel (Ex = 535 nm, Em = 615 nm). The apoptosis rate was analyzed by
FlowJo software 7.6.

2.6. Detection of Intracellular ROS Accumulation

The A549 cells were seeded in 12-well plates at a density of 1 × 105 cells/well overnight
and treated with PMFs and purified PCR-CF for 24 h. Afterwards, the cells were incubated
for 45 min at 37 ◦C and washed with PBS twice. After DCFH-DA (10 μM) staining,
intracellular ROS accumulation was detected by flow cytometry. The fluorescence intensity
was measured by a flow cytometer at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm within one hour. The ROS level was analyzed by FlowJo software 7.6.

2.7. Data Processing and Statistical Analysis

All the data were expressed as the means ± SD (standard deviation) of the tripli-
cates (n = 3) from independent experiments. The data were processed using GraphPad
Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). The IC50 values were obtained
from nonlinear regression. One way ANOVA analysis and subsequent Duncan’s test were
performed for comparison among the samples, and p < 0.05 was considered as statisti-
cally significant. The hierarchical clustering analysis (HCA) was performed by TBtools
software. Principal component analysis (PCA) was conducted using Origin software (ver-
sion 2021; Origin Lab, Northampton, MA, USA). PLS-DA analysis was performed by
SIMCA software (version 14.1).

3. Results and Discussion

3.1. Multivariate Statistical Analysis of Bound and Free PMFs during PCR-C Storage

The bound and free PMFs in positive and negative ion modes during PCR-C storage
were examined qualitatively and quantitatively by HPLC-Q-TOF-MS/MS based on our
previous research, and the contents of eight PMFs with high response intensity includ-
ing isosinensetin (C1), sinensetin (C2), 5,7,8,4′-tetramethoxyflavone (C3), nobiletin (C4),
5,6,7,4′-tetramethoxyflavone (C5), 3,5,6,7,8,3′,4′-heptamethoxyflavone (C6), tangeretin (C7),
and 5-demethylnobiletin (C8) were determined by HPLC [17].

The multivariate statistical analysis was performed to investigate the dynamic changes
and the contribution of these eight main PMFs to the diversity of the PCR-C at different
storage periods. A cluster heatmap of the bound and free PMFs were plotted, respectively.
As shown in Figure 1a, with the extended storage periods, the bound PMFs in PCR-C at
different storage periods were not clearly clustered, which indicated that the bound PMFs
were similar without significant differences during PCR-C aging. Then, a PCA score plot
showed a similar result (Figure 1b). In contrast, Figure 1c showed that the free PMFs in
PCR-C10 were clearly separated from those in other PCR-C (Fresh, PCR-C01, PCR-C03,
PCR-C05), indicating a remarkable difference in the free PMFs in the late storage period
(year 10) of PCR-C. In addition, Figure 1d showed that in terms of the free PMFs, PCR-C
fell into three clusters: Cluster 1 was fresh and PCR-C01; Cluster 2 included PCR-C03 and
PCR-C05; and Cluster 3 was PCR-C10. And as shown in Figure 1c, with the extended
PCR-C storage time, the contents of the free PMFs from Cluster 1 to Cluster 3 exhibited an
increasing trend. Thus, it could be concluded that the free PMFs in PCR-C varied with the
storage periods, and they mainly contributed to the difference and the formation of unique
quality of PCR-C during storage. The contents of the free PMFs had an increasing trend
with the extended storage periods of PCR-C. The above results demonstrated that the free
PMFs were markedly affected by the storage periods of PCR-C.
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Figure 1. Multivariate statistical analysis of the PMFs in the PCR-C during storage. (a) HCA and (b)
PCA of the bound PMFs in PCR-C (Fresh, PCR-C01, PCR-C03, PCR-C05, PCR-C10); (c) HCA and (d)
PCA of the free PMFs in PCR-C (Fresh, PCR-C01, PCR-C03, PCR-C05, PCR-C10).

Our results were consistent with one previous report that the contents of the 15 types
of flavonoid metabolites in PCR-C (year 0, 1, 2, 3, 4, and 29) were increased with the
extended storage periods [18]. In addition, the contents of the free phenolic acids in 3-year
PCR-C clearly differed from those at 1-year PCR-C [19]. When the whole phenolics profile
including phenolic acids and flavonoids are taken into consideration, the free fraction
showed a similarity and a slight variation between PCR06 and PCR13. On the contrary, the
bound fractions in PCR-C at the later stored period (year 13) were distinct from those in
the early time of PCR06, PCR03, and fresh [20]. These previous findings were not in line
with our study results, and the possible reason for such an inconsistency might be that we
mainly investigated the dynamic changes of PMFs rather than the entire phenolics profiles.

3.2. Screening of Important PMFs in PCR-C during Storage

The clustering analysis and PCA successfully divided the PCR-C in different storage
periods into three clusters in terms of the free PMFs. In order to screen the potential
chemical biomarkers that could distinguish the three clusters of PCR-C, the partial least
squares linear discriminant analysis (PLS-DA) was performed to establish the discrimina-
tory models [21]. One previous study has shown that Citrus reticulata “Chachi” and Citrus
reticulata Blanco samples could be separated from each other based on the GC-MS data
of volatile compounds by employing PCA, HCA, and orthogonal partial least-squares-
discrimination analysis (OPLS-DA), and seven potential chemical markers were identified
to be responsible for the special quality control of Citri reticulatae pericarpium (CRP) [22].
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Considering this, a PLS-DA regression model was established in the present study.
R2X, R2Y, and Q2 of the model were 1, 0.727, and 0.659, respectively, which showed that our
established model was good. As shown in Figure 2a, in terms of free PMFs, fresh was close
to PCR-C01; PCR-C03 was close to PCR-C05; and PCR-C10 was an independent cluster,
which was consistent with our PCA results. In the PLS-DA model, the variable importance
in the projection (VIP) value was a parameter to evaluate the contributions of the variables
to screening biomarkers. Generally, the variables were considered as differential biomarkers
when the VIP scores were higher than 1 (VIP > 1) [23]. In our study, the VIP scores of three
chemical components including 3,5,6,7,8,3′,4′-Heptamethoxyflavone (C6), Tangeretin (C7),
and Isosinensetin (C1) were greater than 1 (VIP > 1) (Figure 2b), which indicated that these
three compounds were important variables to discriminate the three clusters of PCR-C at
different storage periods, namely, they were the determinant PMFs for discriminating the
types of PCR-C at different storage periods. Our results were in line with the previous
findings that phenolic acids, flavonol glycosides, fatty acids, and alkyl glycosides were
identified as marker compounds by untargeted metabolomics analysis [24].

Figure 2. (a) PLS-DA of PCR-C samples and (b) variable importance in projection (VIP) score based
on the free PMFs in PCR-C (Fresh, PCR-C01, PCR-C03, PCR-C05, PCR-C10). C1, isosinensetin; C2,
sinensetin; C3, 5,7,8,4′-tetramethoxyflavone; C4, nobiletin; C5, 5,6,7,4′-tetramethoxyflavone; C6,
3,5,6,7,8,3′,4′-heptamethoxyflavone; C7, tangeretin; and C8, 5-demethylnobiletin.

3.3. PCR-CF Inhibits Cell Growth of A549

Our previous study has confirmed that the content of PMFs in PCR-C that was stored
for 10 years was higher than that in the PCR-C at early stored periods (fresh peel, 1, 3,
and 5 years), and that PCR-C10F had excellent antioxidant activity which was positively
correlated with nobiletin and 5,6,7,4′-tetramethoxyflavone [17]. Therefore, PMFs were the
main active components in PCR-C, and their accumulation might contribute greatly to the
efficacy of PCR-C during storage.

Since the free PMFs were the most influential factors discriminating the types of PCR-C
during storage, and they showed an increasing trend, we further purified the free PMFs in
PCR-C (PCR-CF) using HPD300 resin [17] to investigate their anticancer effect. Recently,
A549 cells, human alveolar epithelial cells, have been widely and universally applied to
investigate the anticancer effect of natural products in NSCLC [25–27]. Firstly, the mor-
phology changes of A549 cells that were treated with PCR-CF at different storage periods
were observed under the inverted phase-contrast microscopy. As shown in Figure 3a,
morphology change in A549 cells was observed after treatment with PCR-CF at different
storage periods at the dose of 200 μg/mL. With the extended storage periods, the A549 cell
number was decreasing and the cell displayed a shrunken shape and detached. In addition,
plasma membrane blebbing was observed when the cells were treated with PCR-C10F
(indicated by arrows). To determine whether PCR-CF at different storage periods exhib-
ited an anticancer effect against NSCLC and whether the anticancer effect was enhanced
with aging years, the cell viability of NSCLC cells (A549) was detected by an MTT assay.
As shown in Figure 3b, the results of the MTT assay indicated that 24-h treatment with
PCR-CF at different storage periods significantly inhibited the growth of A549 cells in a
dose-dependent manner and the cytotoxicity of cells that were treated with PCR-C10F was
higher than those that were treated with PCR-CF at early storage periods. Notably, the
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inhibition effect of PCR-C10F on cell proliferation was better than that of fresh-F, PCR-C01F,
PCR-C03F, and PCR-C05F at the IC50 values (half maximal inhibitory concentration) of
190.2 μM, 379.4 μM, 213.7 μM, 253.6 μM, and 208.2 μM, respectively (Table 1). Our results
were consistent with previous reports that citrus fruit-specific flavonoids nobiletin and
5-demethylnobiletin significantly inhibited the proliferation of human non-small cell lung
cancer cells [28]. The anti-proliferative effect of PCR-CF was similar to flavonoids that were
isolated from Korean Citrus aurantium L. with 230 μg/mL IC50 value [29,30]. In addition,
PCR-CF at different storage periods had no significant effect on the growth of MRC-5 cells
(Figure 3c), indicating that PCR-CF had an inhibitory effect on the growth of cancer cells
but a little effect on normal lung cells with no toxicity. These results demonstrated that
PCR-CF inhibited the growth of A549 cells in vitro and exhibited an enhanced inhibitory
effect when storage years was extended, which might explain why the long-term stored
PCR-C had high quality.

Figure 3. Growth inhibition effect of PCR-CF during storage on A549 cells. (a) Morphological changes
of A549 cells that were treated with PCR-CF for 24 h under inverted phase-contrast microscopy (scale
bar = 100 μm). (b) Viability of A549 cells and (c) MRC-5 cells that were treated with PCR-CF at the
gradient concentrations (50, 100, 150, 200, 250, 300, and 350 μg/mL) for 24 h by MTT assay.

Table 1. The IC50 values of A549 cells that were treated with PCR-CF during storage.

IC50 Values (μg/mL)

Samples Fresh-F PCR-C01F PCR-C03F PCR-C05F PCR-C10F
A549 379.4 213.7 253.6 208.2 190.2

3.4. PCR-CF Induces Cell Cycle Arrest in A549 Cells

In order to determine whether PCR-CF inhibited cell growth via cell cycle arrest,
the effect of PCR-CF at different storage periods on cell cycle arrest of A549 cells was
investigated by flow cytometry with PI staining. As shown in Figure 4a, compared to the
control group, the PCR-CF treatment group exhibited a significant induction on cell cycle
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arrest at the G2/M phase, which agreed with the previous report that tangeretin induced
G2/M cell cycle arrest and apoptosis to suppress cell growth and to induce cell death in
glioma cells [31]. The cell number at the G2/M cell cycle arrest phase ranked in descending
order as follows: PCR-C10F > PCR-C05F > PCR-C03F > PCR-C01F > Fresh-F (Figure 4b).
Such a change trend demonstrated that the cell cycle arrest that was induced by PCR-CF
was enhanced during storage. The cell number at G2/M cell cycle arrest phase of PCR-C10F
and PCR-C05F treatment group was significantly higher than that of the other PCR-CF
treatment groups. In summary, PCR-CF inhibited cell growth by inducing G2/M phase cell
cycle arrest of A549 cells and exhibited an enhanced effect with storage periods extended.

Figure 4. PCR-CF-induced G2/M phase cell cycle arrest in A549 cells. (a) The effect of PCR-CF
on cell cycle distribution of A549 cells. Fluorescence intensity of A549 cells with or without 24-h
PCR-CF (200 μg/mL) treatment by PI staining was measured by flow cytometry. (b) Percentage of
cells at G2/M phase of cell cycle. The data were expressed as the means ± SD of the triplicates
of each independent experiment. The different lowercase letters above the bars indicated a signif-
icant difference (p < 0.05) between the different groups through one-way ANOVA and Duncan’s
multiple comparisons.

3.5. PCR-CF Induces Apoptosis in A549 Cells

One previous study has revealed that the ethyl acetate extracts from sweet orange
peel exert an antiproliferative effect on human hepatoma cells through cell cycle arrest and
apoptosis induction [32]. In order to explore whether PCR-CF induced A549 cell apoptosis,
flow cytometry assay with Annexin V-FITC/PI double staining was conducted. As shown
in Figure 5a, compared to the control group, the PCR-CF treatment group exhibited a
significant induction of apoptosis. The percentage of apoptosis that was induced by PCR-
CF treatment ranked in descending order as follows: PCR-C10F > PCR-C05F > PCR-C03F >
Fresh-F > PCR-C01F (Figure 5b). Compared with the PCR-CF at early storage periods, PCR-
C10F significantly induced apoptosis of A549 cells, indicating higher apoptosis induction
of PCR-C10F.

Taken together, our results demonstrated that PCR-CF inhibited the cell growth by
inducing cell arrest at the G2/M phase and apoptosis of A549 cells in vitro, and there was
an enhanced inhibition trend with extended storage time, which could explain the high
quality of the long-term stored PCR-C.
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Figure 5. PCR-CF-induced apoptosis of A549 cells. (a) The effect of PCR-CF on apoptosis of A549
cells. The apoptosis rate of A549 cells with or without 24-h PCR-CF (200 μg/mL) treatment followed
by Annexin V-FITC/PI double staining was measured by flow cytometry. (b) The apoptosis rate of
A549 cells was calculated (early and late apoptosis). The data were expressed as the means ± SD
of the triplicates of each independent experiment. The different lowercase letters above the bars
indicated a significant difference (p < 0.05) between the different groups through one-way ANOVA
and Duncan’s multiple comparisons.

3.6. PCR-CF Induces ROS Accumulation in A549 Cells

The excessive accumulation of ROS leads to the suppression of cancer angiogenesis,
metastasis, and cancer cell survival [33]. Multiple chemotherapeutic agents have been
reported to induce cell apoptosis and cell death through ROS accumulation [34,35]. One
previous study has found that Kaempferol can inhibit the Nrf2 signaling pathway, thus
inducing ROS accumulation, eventually resulting in apoptosis [36]. In order to determine
whether ROS was involved in PCR-CF-induced apoptosis of A549 cells, ROS generation
in A549 cells was detected by flow cytometry with DCFH-DA staining. As shown in
Figure 6a,b, the level of ROS was increased with the extended storage periods, and the
level of ROS in the A549 cells that were treated with the PCR-C10F was significantly higher
than those that were treated with PCR-CF at early storage periods when A549 cells were
treated with 200 μg/mL PCR-CF for 24 h. The ROS accumulation in A549 cells might
be associated with PCR-CF-induced cytotoxicity. In conclusion, these results suggested
that ROS accumulation that was induced by the PCR-CF showed an increasing trend with
extended storage periods and might mediate the cell viability inhibition, cell cycle arrest,
and apoptotic induction in A549 cells.
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Figure 6. ROS accumulation that was induced by PCR-CF in A549 cells. (a) ROS generation in A549
cells was measured by flow cytometry after A549 cells were exposed to 200 μg/mL PCR-CF for 24 h
followed by DCFH-DA staining. (b) Fluorescence intensity ratio of the treatment group to control
group. The data were expressed as the means ± SD of the triplicates of each independent experiment.
The different lowercase letters above the bars indicate a significant difference (p < 0.05) between the
different groups through one-way ANOVA and Duncan’s multiple comparisons.

3.7. Important PMFs Inhibit the Cell Growth and Induce Apoptosis of A549 Cells

Since isosinensetin, 3,5,6,7,8,3′,4′-heptamethoxyflavone, and tangeretin were the im-
portant factors influencing the quality of PCR-C during storage, and they exhibited an-
tioxidative [37,38], anti-inflammatory [39], neuroprotective [40,41], and anti-tumor [42–44]
bioactivities according to the previous studies, this study further evaluated their anticancer
effect against NSCLC (A549 cells) in vitro.

To validate whether the important PMFs had an anticancer effect against NSCLC,
the effect of PMFs on cell viability of NSCLC cells (A549) was detected by an MTT as-
say. The MTT assay results indicated that 24-h treatment with the important PMFs sig-
nificantly inhibited the growth of A549 cells in a dose-dependent manner (Figure 7a).
Notably, the inhibitory effect on cell growth of tangeretin was better than isosinensetin
and 3,5,6,7,8,3′,4′-heptamethoxyflavone at the IC50 of 118.5 μM, 197.6 μM, and 208.6 μM,
respectively (Table 2), indicating that they could inhibit A549 cell growth even at the low
concentration, and thus they had the good anticancer effect on A549 cells. In addition,
isosinensetin, 3,5,6,7,8,3′,4′-heptamethoxyflavone, and tangeretin had no significant effect
on the growth of MRC-5 cells (Figure 7b), indicating that the important PMFs had an
inhibitory effect on the growth of cancer cells but a little effect on normal lung cells with no
toxicity. Collectively, these results demonstrated that all the important PMFs could inhibit
the proliferation of A549 cells in vitro and had no cytotoxicity to normal lung MRC-5 cells.

Table 2. The IC50 values of A549 cells that were treated with the important PMFs.

IC50 Values (μM)

Samples Tangeretin Isosinensetin 3,5,6,7,8,3′,4′-Heptamethoxyflavone
A549 118.5 197.6 208.6
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Figure 7. Growth of inhibition and apoptosis induction effect of the important PMFs in A549
cells. (a) Viability of A549 cells and (b) MRC-5 cells treated with the important PMFs at gradient
concentrations (50, 100, 150, 200, 250, and 300 μM) for 24 h by MTT assay. The apoptosis induction
effect of tangeretin (c), 3,5,6,7,8,3′,4′-Heptamethoxyflavone (d), and Isosinensetin (e) in A549 cells
and the corresponding apoptosis rate of A549 cells (the early and late apoptosis). The apoptosis
rate of A549 cells with or without 24-h PMFs (50, 100, and 200 μM) treatment followed by Annexin
V-FITC/PI staining was measured by flow cytometry. (f) The apoptosis induction effect of PCR-C10F
and the major active flavonoid mixture (FM) with the equivalent amount of PMFs to PCR-C10F.
The data were expressed as the means ± SD of the triplicates of each independent experiment. The
different lowercase letters above the bars indicate a significant difference (p < 0.05) between the
different groups through one-way ANOVA and Duncan’s multiple comparisons.
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Further, flow cytometry assay with Annexin V-FITC/PI double staining was per-
formed to determine whether the important PMFs could induce apoptosis in A549 cells.
Compared to the control group, tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone signifi-
cantly induced apoptosis in a dose-dependent manner at the gradient concentrations of
50 μM, 100 μM, and 200 μM, and the apoptosis induction effect of tangeretin was better
than 3,5,6,7,8,3′,4′-heptamethoxyflavone. However, isosinensetin did not significantly in-
duce cell apoptosis (Figure 7c–e). In order to explore the contribution of isosinensetin to
the anticancer effect of PCR-CF during aging, an apoptosis assay was performed using the
equivalent amount of flavonoid mixture (FM1, 16.5 μM tangeretin, 2.2 μM isosinensetin,
and 1.7 μM 3,5,6,7,8,3′,4′-heptamethoxyflavone; FM2, 16.5 μM tangeretin and 1.7 μM
3,5,6,7,8,3′,4′-heptamethoxyflavone) corresponding to the important PMFs in 200 μg/mL
PCR-C10F. As shown in Figure 7f, the apoptosis effect of FM2 showed no difference from
the FM1 and PCR-C10F, implying that tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone
were the crucial active components to predict the anticancer effect of PCR-C during storage.

Taken together, our results demonstrated that tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone
could inhibit the cell growth and induce apoptosis in a dose-dependent manner in A549
cells. In spite of the low contents of these two PMFs in PCR-C, they showed strong
anticancer effect against NSCLC. Our results were consistent with the previous report that
tangeretin was the most crucial active ingredient in long-term stored citrus peel, and it
could inhibit cell proliferation, induce the cell cycle arrest and cell apoptosis so as to fight
against oral squamous cell carcinoma [45]. Based on these findings, we concluded that the
increasing content of the PMFs during storage might improve the quality of PCR-C, and
that the tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone might be the contributors to the
improvement of the efficacy and quality of long-term stored PCR-C, and thus they might
be crucial active indicators for predicting the anticancer effect of PCR-C during storage
against NSCLC.

3.8. Crucial Active PMFs Induces ROS Accumulation in A549

The increasing evidence indicated that ROS plays a pivotal role in mediating the
viability of cancer cells [40,41]. Our data showed that ROS accumulation induced by the
PCR-CF could inhibit the cell growth, induce cell cycle arrest and apoptosis in A549 cells.
Therefore, ROS generation that was induced by the crucial PMFs in A549 cells was detected
by flow cytometry with DCFH-DA staining. As shown in Figure 8a,b, the ROS level
was dramatically increased in a dose-dependent manner when A549 cells were treated
with tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone at the gradient concentrations
(50, 100, 200 μM) for 24 h. In conclusion, our results further confirmed that the crucial
PMFs induced ROS accumulation, thus possibly inhibiting the cell viability and inducing
apoptosis of A549 cells.
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Figure 8. Crucial active PMFs-induced ROS accumulation of A549 cells. ROS generation was de-
tected by flow cytometry after 24-h exposure to tangeretin (a) and 3,5,6,7,8,3′,4′-heptamethoxyflavone
(b) followed by DCFH-DA staining. The fluorescence intensity ratio of the treatment group to
the control group was calculated. The data were expressed as the means ± SD of the triplicates
of each independent experiment. The different lowercase letters above the bars indicate a signif-
icant difference (p < 0.05) between the different groups through one-way ANOVA and Duncan’s
multiple comparisons.

4. Conclusions

In this study, cluster analysis and PCA showed that the free PMFs in PCR-C during
storage fell into three clusters, namely, fresh and PCR-C01 (Cluster 1), PCR-C03, and
PCR-C05 (Cluster 2), and PCR-C10 (Cluster 3). The PLS-DA results showed that three
PMFs including 3,5,6,7,8,3′,4′-heptamethoxyflavone, tangeretin, and isosinensetin were
identified as the important PMFs that could distinguish types of PCR-C during storage.
Furthermore, our data showed that the anticancer effect against NSCLC of PCR-CF was
enhanced with the extension of storage periods, and that tangeretin and 3,5,6,7,8,3′,4′-
heptamethoxyflavone exhibited an anticancer effect on A549 cells, but isosinensetin failed
to induce the apoptosis of A549 cells. The apoptosis induction effect of FM2 showed no
difference from that of FM1 and PCR-C10F, indicating that tangeretin and 3,5,6,7,8,3′,4′-
heptamethoxyflavone collectively contributed to the anticancer effect of PCR-C. Our results
confirmed that tangeretin and 3,5,6,7,8,3′,4′-heptamethoxyflavone contributed to the high
quality of the long-term stored PCR-C, which provides a theoretical basis for scientific
utilization, rational storage, and quality control of PCR-C. However, the anticancer effect
of PCR-C needs further research on other NSCLC cell lines such as H1299 and H1975 and
in vivo study in the future.
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Abstract: Polyphenols from peanut skin have been reported to possess many beneficial functions
for human health, including anti-oxidative, antibacterial, anticancer, and other activities. To date,
however, its anti-inflammatory effect and the underlying mechanism remain unclear. In this study,
the anti-inflammatory effect of peanut skin procyanidins extract (PSPE) and peanut skin procyanidins
(PSPc) were investigated by a dextran sodium sulfate (DSS)-induced colitis mouse model. The results
showed that both PSPE and PSPc supplementation reversed the DSS-induced body weight loss and
reduced disease activity index (DAI) values, accompanied by enhanced goblet cell numbers and tight
junction protein claudin-1 expression in the colon. PSPE and PSPc treatment also suppressed the
inflammatory responses and oxidative stress in the colon by down-regulating IL-1β, TNF-α, and
MDA expressions. Meanwhile, PSPE and PSPc significantly altered the gut microbiota composition
by increasing the relative abundance of Clostridium XlVb and Anaerotruncus, and inhibiting the
relative abundance of Alistipes at the genus level. PSPE and PSPc also significantly elevated the
production of short-chain fatty acids (SCFAs) in mice with colitis. The correlation analysis suggested
that the protective effects of PSPE and PSPc on colitis might be related to the alteration of gut
microbiota composition and the formation of SCFAs. In conclusion, the current research indicates that
supplementation of PSPE and PSPc could be a promising nutritional strategy for colitis prevention
and treatment.

Keywords: peanut skin; procyanidins; DSS-induced; ulcerative colitis

1. Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis
(UC), begins in the rectum and extends to the proximal colon [1]. The main symptoms are
intestinal mucosal injury, relapsing, abdominal pain, diarrhea, mucinous bloody stools,
and weight loss [2]. UC is more prevalent than Crohn’s disease globally. Based on current
knowledge, it is possible that a combination of genetic and environmental variables con-
tributes to the development of UC, and these modifications lead to abnormalities in the
gut microbiome and dysregulation of the mucosal immune system [3]. Pharmacological
therapy is used to treat the majority of UC patients. Oral and rectal 5-aminosalycilates are
frequently used for mild to moderate UC. Thiopurines, biological agents that target tumor
necrosis factor and integrins, as well as small-molecule Janus kinase inhibitors, are among
the drug classes used to treat mild to severe colitis. However, up to 15% of individuals
will require surgery if medical therapy is ineffective or if dysplasia develops as a result of
their protracted colitis [4]. Therefore, it is of great significance to seek new and effective
therapies for UC.
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Nutritional intervention is an alternative treatment for UC [5]. Numerous studies
suggest that polyphenols and their metabolites with potent anti-inflammatory, antioxidant,
anticancer, and immunomodulatory properties may be promising contenders for combating
UC [6]. In rodent models of colitis, polyphenol-rich diets and substances have been utilized
as a therapy, including green tea polyphenols [7], daidzein-rich isoflavones extract [8],
polyphenol-enriched cocoa extract [9], curcuma longa extract [10], pomegranate extract
and urolithin A [11]. Peanut skin has been shown to be a promising source of phenolic
compounds, including phenolic acids, flavonoids, procyanidins, tannic acid, resveratrol,
etc. [12]. Peanut skins (testae or seed coat) are the seed coat of the legume family, as
a by-product of peanut processing, the output of peanut skins may reach 1 million tons
worldwide in recent years [13], most of which are used as animal feed for animal husbandry
or wasted [14]. Peanut skin procyanidins (PSPc), which amount to 128 g/kg [15], are one
of the most pivotal and functional polyphenols in peanut skin. A study reported that the
procyanidins obtained from peanut skins were mainly A-type dimers, different from the B-
type dimers that largely exist in grape seeds [16]. PSPc might possess higher bioavailability
than grape seed procyanidins [17]. Moreover, according to many in vitro and in vivo
studies, PSPc are shown to have many potentially beneficial functions for human health,
including anti-oxidative activities, antibacterial, anticancer, hyperlipidemia prevention, anti-
allergy, hypoglycemic capability, and inhibiting acrylamide production [18–24]. However,
whether PSPc has a therapeutic effect on UC and its mechanism are still unclear.

Genetic variety, gut barrier failure, proinflammatory cytokine over-release, and gut
dysbiosis are all identified as risk factors for UC [25]. Studies have shown that polyphenol-
enriched cocoa extract reduces colon damage, with significant reductions in both the extent
and the severity of the inflammation as well as in crypt damage and leukocyte infiltration
in the mucosa [9]. TNF and IL-6, two inflammatory biomarkers, rose in colitic animals and
significantly decreased after treatment with green tea polyphenols [7]. Resveratrol could
increase the number of lactic acid bacteria and bifidobacteria, and reduce the number of
enterobacteria upon DSS treatment [26]. Interestingly, previous studies also have shown
that Peanut skin procyanidins can improve gut barrier integrity, restrain the inflamma-
tion reaction and regulate gut microbiota. A study found that peanut skin procyanidins
improved the gut barrier integrality by restoring gut morphology and enhancing tight
junction protein expression including claudin-1 and occludin in the colon in type 2 di-
abetic mice [27]. Another study found that both acetone-extracted peanut skin extracts
and ethanol-extracted peanut skin extract significantly inhibit COX-2 protein expression,
exhibiting similar anti-inflammatory effects [28]. In a study of peanut skin extract to amelio-
rate atherosclerosis, the results showed that peanut skin extract could significantly change
the composition of intestinal microbiota, and its anti-atherosclerosis effect might be related
to the changes in the composition and function of intestinal microbiota [29]. Especially,
various studies have demonstrated that gut microbiota is crucial in the development of
UC [30]. Fecal microbiota transplantation and supplementation with short-chain fatty acids
(SCFAs) such as butyrate have been successfully identified as therapies for patients with
UC. Although a significant amount of polyphenols are not absorbed along the digestive
tract, they may build up in the large intestine, where the intestinal microbiota extensively
metabolizes the majority of them. A balanced gut microbiome may play an important role
in maintaining human health by producing beneficial microbial metabolites and SCFAs that
improve host nutrient supply [31] or by preventing pathogen colonization and maintaining
normal mucosal immunity [32]. According to the above, peanut skin procyanidins may
exert their therapeutic effects on UC by affecting proinflammatory cytokines and improving
gut microbiota diversity and intestinal barrier function.

In the present study, the major components from peanut skin were extracted and
analyzed. A dextran sodium sulfate (DSS)-induced colitis mouse model was then used to
evaluate the effects of PSPE (peanut skin procyanidin extract) and PSPc (PSPE purified
product) regimens on colitis development. By detecting the mucosal damage, junction
proteins, inflammatory responses, SCFAs, and gut microbiota diversity, this study explored
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whether or not the PSPE and PSPc could alleviate UC development by reconstructing the
microbiota compositions.

2. Materials and Methods

2.1. Extraction and Determination of PSPc

The skins of peanuts were provided by Zhengyang Xindi Peanut Group Co., Ltd.
(Zhengyang, China), and were frozen at −20 ◦C until use. PSPE and PSPc were provided
by the Key Laboratory of Nutrition and Healthy Food of Zhengzhou, China.

The extraction of PSPE and PSPc was conducted according to the methods optimized
in our laboratory. Peanut skin was ground and the oil was removed by petroleum ether
(National Pharmaceutical Group Co, Beijing, China), followed by drying, the addition of
70% ethanol (National Pharmaceutical Group Co, Beijing, China), and then extracted jointly
by microwave and ultrasonic. The crude extract was separated by Centrifugation (8000 rpm,
5 min) prior to adsorption by activated carbon to attain the filtrate. The concentrated liquor
was frozen and dried after extraction, and the resulting PSPE purity was at about 67%.

On the other hand, PSPc were obtained through the following steps. PSPE was chro-
matographed on macroreticular resins (AB-8, Solarbio Co., Ltd., Beijing, China). The
effective ingredients were washed with 40% alcohol, and the elutriant was filtered through
a 0.22 μm filter membrane. The PSPc were obtained after the concentrated liquor was
frozen and dried. PSPc were determined by HPLC (Thermo Scientific UltiMate 3000 U, Phe-
nomenex Kinetex C18) with a purity of ca. 95%. The composition of PSPc was detected by
ultrahigh-performance liquid chromatography–tandem mass spectrometry (UPLC-QTOF-
MS/MS) (Agilent Technologies Technology Co., Ltd., Beijing, China). The operating con-
ditions of UPLC-QTOF-MS/MS were as follows: waters BEH C18 column (2.1 × 100 mm,
1.7 μm), mobile phase A: 0.1% formic acid in water; mobile phase B: acetonitrile solution,
gradient elution: 0 min, 95% A, 5% B; 30 min, 10% A, 90% B; 45 min, 0% A, 100% B; 50 min,
0% A, 100% B; 51 min, 95% A, 5% B; 60 min, 95% A, 5% B. The real-time flow rate was
0.3 mL/min, the injection volume was 5 μL, the real-time mass spectrometry scanning
range was 50~1200 m/z, the sheath gas temp 350 ◦C, the sheath gas flow 12 L/min, the
ESI-mode and the voltage were 3200 V.

2.2. Animal Experiment

The male mice (C57BL/6J, 8 weeks old, n = 40) were purchased from Xi’an Jiaotong
University (Xi’an, Shaanxi, China). Mice in groups of ten were raised in a rectangular cage
under a controlled environment (25 ± 2 ◦C temperature, 50% ± 5% humidity) and were
fed with a standard diet (AIN-93) with a 12 h light/dark cycle. The laboratory animal
production license number was 81803231.

The mice were divided into four groups randomly: the control group (n = 10), the DSS
group (n = 10), the DSS + PSPE group (n = 10), and the DSS + PSPc group (n = 10). The
control group and the DSS group were treated with physiological saline for 17 days by
gavage before euthanasia. The DSS + PSPE group (200 mg/kg of PSPE dissolved in saline)
and the DSS + PSPc group (200 mg/kg of PSPc dissolved in saline) were administered
with corresponding doses by gavage once daily for 17 days [33,34]. The UC mouse model
was established by replacing the drinking water in the DSS group, DSS + PSPE group,
and DSS + PSPc group with a 3% DSS solution on day 11, and the mice were treated
for 7 days. Mice were sacrificed while being anesthetized with 3.5% chloral hydrate
(10 mL/kg). Following sacrifice, the colon, blood, cecal contents, and feces were collected
and instantly frozen with liquid nitrogen. The remaining colon tissue was kept at −80 ◦C
for additional biochemical and immunoblot analysis, while a portion of the colon tissues
was preserved in 4% paraformaldehyde/PBS (v/v) for histopathological study at room
temperature. Experimental protocols complied with Guidelines for the Care and Use of
Experimental Animals: 8th edition (ISBN-10: 0-309-15396-4). The Animal Ethics Committee
of Northwest A&F University and the BGI Institutional Review Board on Bioethics and
Biosafety (BGI-IRB) authorized the animal experiment procedure.
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2.3. Disease Activity Index (DAI) Evaluation

The DAI score was used to evaluate the development of UC [35]. The score was
recorded starting from the first day of DSS treatment. DAI was evaluated by loss of body
weight, blood in stools, and formation of stools. The maximum DAI score was 10, and
it was made up of body weight loss (0–4), formation of stools (0–2), and blood in stools
(0–4). The mice’s body weight loss was scored as follows: body weight loss of less than
1% received a score of 0, body weight loss of 1–5%, 5–10%, 10–15%, and greater than 15%
received scores 1, 2, 3, and 4, respectively. The formation of stools was scored as follows:
solid and granular stool received score 0, soft and granular stool received score 1, and loose
and showing signs of liquid received score 2. An occult blood test kit (BaSO, Guangdong,
China) and the manufacturer’s instructions were used to evaluate the presence of blood in
the stool. The results were scored as follows: 0 for no evidence of occult blood; 1 for occult
blood that was only weakly expressed; 2 for occult blood that was strongly expressed; 3 for
occult blood that was strongly expressed and 4 for occult blood that was strongly expressed
and visible.

2.4. Colon Histopathology Analysis

The tissues were fixed in 4% paraformaldehyde/PBS (v/v), embedded in paraffin, and
stained with hematoxylin and eosin (H&E). Light microscopy (Olympus, Tokyo, Japan)
(×160) was used to examine the histopathologic characteristics of a section of colon tissues
with a thickness of 5 μm. The histological scores were assessed by experienced staff in
the laboratory according to the extent of infiltration of inflammatory cells and mucosa
damage, and these staffers had a lot of hands-on experience, but they were blinded to the
samples’ treatments. The scores for the infiltration of inflammatory cells were classified
using 5 grades: score 0, none; score 1, infiltrate around crypt bases; score 2, infiltrate in
muscularis mucosa; score 3, extensive infiltrate in muscularis mucosa with edema; score 4,
infiltration of the submucosa. The scores for the extent of mucosa damage were classified
into 4 grades: score 0, intact mucosa; score 1, ≤1/3 disruption of mucosa; score 2, 1/3–2/3
disruption of mucosa; score 3, >2/3 disruption of the mucosa. The sum of the two scores
was considered the histological score.

2.5. Alcian Blue Staining

Goblet cells and mucus layers have frequently been visualized using alcian blue
staining. [36]. The tissue was embedded vertically in paraffin and cut into 5 μm sections.
Sections were stained with Alcian blue/Nuclear Fast Red. The colon tissue sections were
observed at ×160 magnification.

2.6. Immunohistochemistry Analysis

The immunohistochemistry (IHC) analysis followed the guidelines previously de-
scribed [37]. The colon tissue sections were dewaxed, washed three times with PBS, and
treated in 3% hydrogen peroxide for 10 min. Then sections were blocked for 20 min by
a normal goat serum blocking solution. After blocking, sections were incubated with
primary antibody (Anti-Claudin 1 antibody, Abcam, Cambridge, UK, 5μg/mL) overnight
at 4 ◦C. After rinsing with PBS 3 times, sections were incubated with 50 μL secondary
antibody (Biotin conjugated Goat Anti-Mouse IgG, ZSGB-Bio, Beijing, China) for 30 min
and then was coupled with horseradish peroxidase for 30 min at room temperature. Tissues
were rinsed with PBS 3 times before visualizing by chromogen DAB (DAB kit, Zhongshan
Golden Bridge Biotechnology Co., Ltd., Beijing, China). The final steps were clearing colon
sections in xylene, dehydrating them in ethanol, and mounting them with Permount TM
Mounting Medium.

2.7. ELISA Assay

Colonic tissues were homogenized and centrifuged, and the supernatant was taken
for cytokine analysis. Proinflammatory cytokine concentrations (MDA, TNF-, and IL-1)

72



Antioxidants 2022, 11, 2098

were quantified by using ELISA kits (Xinle Biotechnology, Shanghai, China), and measured
at an optical density of 450 nm (Bio-Rad, Hercules, USA).

2.8. qRT-PCR

The protocol of the qRT-PCR was as previously described with the following mod-
ifications [38]. The total RNA of the colon tissue was extracted with TRIzol (Jingcai
Biotechnology, Xi’an, China) reagent and quantified using NanoDropOne (Thermo Fisher
Scientific, MA, USA). The cDNA samples (50 ng/μL) were synthesized using the HiFiS-
cript cDNA Synthesis Kit by RNA reverse transcription. Subsequently, a Real-Time PCR
reaction system was prepared by UltraSYBR Mixture (Cowin Biosciences, Beijing, China)
for quantitative analysis. The reaction mixture was made by mixing 1 μL upstream primer
(6 μM), 1 μL downstream primer (6 μM), 2 μL diluted five-fold sample (10 ng/μL), 6 μL
ddH2O, and 10 μL mixture (10×). The primers used in qRT-PCR were listed in Table 1,
which were laboratory designed and cited in previous research [38]. The level of the RNA
expressions was quantified using real-time detection, performed by CFX96™ real-time
system (Bio-Rad, Hercules, CA, USA). Thermal cycling conditions were as recommended
by the manufacturer for 40 cycles. Cycle threshold (Ct) values were recorded. Data were
normalized using GAPDH and transformed using the 2−ΔΔCT method.

Table 1. Primer sequences used for qRT-PCR analysis.

Forward Primers (5′-3′) Reverse Primer (5′-3′)
Occludin ACGGACCCTGACCACTATGA TCAGCAGCAGCCATGTACTC

IL-6 CTCTGGCGGAGCTATTGAGA AAGTCTCCTGCGTGGAGAAA
iNOS GGGCTGACCTGTTTCCTACT GGAGGTTGAGACCCAATGGA

COX-2 CCCATTAGCAGCCAGTTGTC CAGGATGCAGTGCTGAGTTC
Claudin-1 AGCTGCCTGTTCCATGTACT CTCCCATTTGTCTGCTGCTC

MUC2 AGGGCTCGGAACTCCAGAAA CCAGGGAATCGGTAGACATCG
Gapdh TGGAGAAACCTGCCAAGTATGA TGGAAGAATGGGAGTTGCTGT

2.9. Analysis of 16S rRNA Sequencing

The cecal contents samples were collected from mice in a sterile environment after
being sacrificed. The 16S rRNA sequence analyses of the collected samples were conducted
by the method reported previously [31]. The ribosomal RNA gene’s 16S rDNA V3-V4 region
was amplified by PCR using the primers 341F: CCTACGGGNGGCWGCAG; and 806R:
GGACTACHVGGGTATCTAAT. Using the AxyPrep DNA Gel Extraction Kit from Axygen
Biosciences, amplicons were extracted from 2% agarose gels, purified, and quantified using
QuantiFluor-ST (Promega, U.S.). Amplicons were paired-end sequenced (2 × 250) on an
Illumina MiSeq platform.

Quantitative Insights Into Microbial Ecology was used to demultiplex, quality-filter,
and evaluate the raw 16S rRNA gene sequence data (QIIME). Using UPARSE, the se-
quences with a similarity of less than 97% were grouped into operational taxonomic units
(OTUs). By using the RPD classifier (version 2.2), which is based on the SILVA Database,
the representative sequences were divided into organisms. The β diversity and relative
abundance of microorganisms were compared using the Kruskal–Wallis ANOVA test. All
data were presented in the text as the means ± SE, and p < 0.05 was considered to be a
significant difference.

2.10. SCFAs Content in Feces

The concentrations of SCFAs in feces were determined with a gas chromatograph (Shi-
madzu Corporation, GC-2014C, Kyoto, Japan)as reported previously [39]. The standards
of SCFAs (Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) were propionate
(P110445), butyrate (B11se0438), isobutyrate (I103524), and isovalerate (I108280). Approxi-
mately 200 mg of the fecal content sample was homogenized with 1 mL of distilled water;
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then, 0.15 mL of 50% H2SO4 (w/w) and 1.6 mL of diethyl ether were added. After the sam-
ples were incubated at 4 ◦C for 20 min, they were centrifuged at 7155 g for 5 min, and then
collected and filtered the organic phase. The conditions were used for GC: a temperature
of 50 ◦C was started, kept for 3 min, then increased to 130 ◦C at 10 ◦C/min, 170 ◦C at
5 ◦C/min, 220 ◦C at 15 ◦C/min, and held at 220 ◦C for 3 min. The injector and detector had
respective temperatures of 250 ◦C and 270 ◦C.

2.11. Statistical Analysis

Except for 16S rRNA sequencing data, other data were reported as mean ± SE, and the
significant differences between the means were determined by one-way ANOVA followed
by the Newman–Keuls multiple comparison post-test method using GraphPad Prism 6.0
software (GraphPad Software Inc., San Diego, CA, USA). The Kruskal–Wallis H test, a
nonparametric test method, was used to evaluate the 16S rRNA sequencing data in order
to find the significant differences between the several groups. Means were considered to be
statistically significant if p < 0.05.

3. Results

3.1. Composition of PSPc

The composition of extracted and purified peanut skin procyanidins was analyzed by
UPLC-QTOF-MS/MS based on the different cleavage modes of procyanidins, combined
with information of [M-H]-(m/z) and corresponding fragment ions. The total ion flow
diagram of the PSPc is shown in Figure 1, and the secondary mass spectrometry of each
compound is shown in Figure S1. The specific analysis of the main substances according
to the secondary mass spectrometry is shown in Table 2. PSPc are mainly characterized
by A-type procyanidins dimer, Protocatechualdehyde and Catechins; it also includes very
little A-type procyanidins trimer, A-type procyanidins tetramer, Protocatechuic acid, and
B-type procyanidins.

 

Figure 1. Total negative ion chromatogram of PSPc.
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Table 2. Mass spectrometry information of the main compounds in PSPc.

Compound Matter
Rt

(min)
MS[M-H]

(m/z)
MS/MS

(m/z)

1 Protocatechuic acid 7.388 153 109.03

2 B-type procyanidins 8.286 577 125.02, 287.05, 289.07,
407.07, 425.08, 451.10

3 Protocatechualdehyde 9.052 137 119.01, 108.02

4 A-type procyanidins dimer 10.665 575 285.04, 289.07, 407.07,
449.08

5 Catechins 11.741 289 125.02, 137.02, 165.02,
179.03, 205.05, 245.08

6 A-type procyanidins dimer 12.279 575 285.04, 289.07, 407.07,
449.08

7 A-type procyanidins trimer 13.648 863 287.05, 289.07, 411.07,
451.07, 575.12, 711.13

8 A-type procyanidins dimer 14.110 575 285.04, 289.07, 407.07,
423.07, 49.08

9 A-type procyanidins tetramer 16.126 1149 573.10, 575.12, 997.17

3.2. Effects of PSPE and PSPc Supplementation on Pathological Changes in DSS-Induced
Colitis Mice

The mice were treated with PSPE and PSPc for 17 days (Figure 2A). Compared with
the control group, the body weight loss was more severe in the DSS models on the end day
of DSS treatment (p < 0.01) (Figure 2B,C). Although there was no significant difference in
the DSS models (Figure 2C), the DAI score was significantly elevated in the DSS-treated
mice compared with the control group (Figure 2D). Compared with the DSS group mice,
DAI values were reduced in both DSS + PSPE and DSS + PSPc groups (23.0% and 25.3%,
respectively) (Figure 2E). Thus, the PSPE and PSPc supplementation exhibited a beneficial
effect on alleviating UC development in mice.

3.3. Effect of PSPE and PSPc Supplementation on the Inflammatory Factor Expressions and
Biomarker of Oxidative Stress in DSS-Induced Colitis Mice

The cytokines IL-1β, TNF-α, and IL-6 play essential roles in intestinal epithelial cells
and inflammatory cells, and the overexpression of COX-2 and iNOS may be involved in the
occurrence and development of UC [40]. The protein levels of IL-1β and TNF-α in colon
tissue were evaluated by ELISA assays. The level of the RNA expressions was quantified
using RT-PCR. Compared with the control group, the IL-1β, TNF-α, and IL-6 protein
levels were significantly upregulated in the DSS group. However, compared with the DSS
group, the protein expressions of IL-1β, TNF-α and IL-6 were significantly down-regulated
in the DSS + PSPE and DSS + PSPc groups (Figure 3A–C). Compared with the control
group, the mRNA expressions of the inflammatory mediators, including COX-2, and iNOS,
were significantly elevated in the DSS group. However, the mRNA expressions of COX-2
and iNOS were significantly lower in the PSPE and PSPc treatment in DSS-treated mice.
(Figure 3D,E). The level of MDA in colon tissues, as a biomarker of oxidative stress, has
also been detected [41]. The PSPE and PSPc treatment significantly down-regulated the
DSS-increased levels of MDA (Figure 3F). These results indicated that PSPE and PSPc
supplementation reduced inflammatory factor expressions and suppressed oxidative stress
in DSS-induced colitis mice.

75



Antioxidants 2022, 11, 2098

Figure 2. Effect of PSPE and PSPc on the symptoms in the colon tissue of DSS−induced colitis mice.
(A) Con group: control group (n = 10 mice); DSS group: DSS alone group (n = 10 mice); DSS + PSPE
group: PSPE 200 mg/kg + DSS group (n = 10 mice); DSS + PSPc group: PSPc 200 mg/kg + DSS
group (n = 10 mice). Schematic representation of the experimental design; (B) body weight during
DSS treatment (11th–17th day); (C) body weight loss during the DSS treatment ([body weight on
11th day-body weight on 17th day]/body weight on 11th day); (D) DAI score during DSS treatment;
(E) DAI on the seventh day after DSS-induced UC. Data were expressed as mean ± SE (n = 3 mice).
** p < 0.01, compared with the Con group, # p < 0.05, ## p < 0.01, compared with the DSS group,
ns = not significant.
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Figure 3. Effect of PSPE and PSPc on the proinflammatory cytokines and mRNA expression in
colonic tissue. (A,B) Proinflammatory cytokines (IL-1β and TNF-α) in colonic tissue. Data were
expressed as mean ± SE (n = 7–10 mice). (C–E) qRT-PCR expression (IL-6, COX-2, and iNOS). Data
were expressed as mean ± SE (n = 3 mice). (F) MDA in colonic tissue. Data were expressed as mean
± SE (n = 7–10 mice). * p < 0.05, ** p < 0.01, compared with the Con group, # p < 0.05, ## p < 0.01,
compared with the DSS group, ns = not significant.

3.4. Effects of PSPE and PSPc Supplementation on the Histopathological Changes in the Colon of
the DSS-Induced Colitis Mice

The H&E staining showed that, compared with the control group, the DSS treatment
caused severe colon injury, crypt structure damage, goblet cell loss, massive inflammatory
cell infiltration, muscularis thinning, and cortical destruction (Figure 4A). These were
typical symptoms of UC development. However, the colon tissue damage induced by
DSS was significantly reversed in the DSS + PSPE and DSS + PSPc groups (p < 0.05)
(Figure 4B). Moreover, Alcian blue staining was employed to detect the number of goblet
cells (Figure 4A). The loss of goblet cells was significantly attenuated in the DSS + PSPE and
DSS + PSPc groups (Figure 4C). Compared with the DSS group, the DSS-induced mucosal
damage was significantly suppressed, and the down-regulated MUC-2 mRNA expression
was increased in the DSS + PSPc group (p < 0.01) (Figure 4D).

Claudin-1 protein, concentrated in epithelial tissue, plays an essential role in form-
ing impermeable barriers [42]. The IHC analysis shows that reducing Claudin-1 expres-
sion in the DSS-treated mice was prevented in the DSS + PSPE and DSS + PSPc groups
(Figure 4A,E). Meanwhile, compared with the DSS group, the mRNA expressions of tight
junction proteins, including Claudin-1 and occludin were significantly increased in PSPE
and PSPc-treated colitis mice (p < 0.05) (Figure 4F,G). These results indicated that PSPE and
PSPc treatment effectively alleviated the inflammation, epithelial layer damage, goblet cell
loss, and Claudin-1 loss in the colon of the colitis mice.
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Figure 4. Effect of PSPE and PSPc on the histopathological injury and gut barrier integrity in colon
tissue of DSS-induced colitis mice. (A) Representative images of H&E staining, Alcian blue staining,
and claudin-1 protein IHC staining of the colon for each group. * damaged crypts structure, # loss
of goblet cells, � massive infiltrating inflammatory cells, → muscularis thinning. Scale bar: 200 μm
(×160); (B) histopathology scores of colonic tissues; (C) numbers of goblet cells in the colon; (D) qRT-
PCR expression (MUC-2); (E) quantitative analysis of claudin-1 protein content in colonic tissue;
(F,G) qRT-PCR expression (Claudin-1 and Occludin). Data were expressed as mean ± SE (n = 3 mice).
* p < 0.05, ** p < 0.01, compared with the Con group, # p < 0.05, ## p < 0.01, compared with the DSS
group, ns = not significant.

78



Antioxidants 2022, 11, 2098

3.5. Effects of PSPE and PSPc Supplementation on the Gut Microbiome Diversity in DSS-Induced
Colitis Mice

In order to investigate the effects of PSPE and PSPc treatment on the gut microbiome
composition, the 16S rDNA sequencing analysis was used in this study. As shown in
the principal co-ordinates analysis (PCoA), a significant separation was observed among
the Con, DSS, DSS + PSPE, and DSS + PSPc groups (Figure 5A). The linear discriminant
analysis (LDA) revealed that Olsenella was enriched in the DSS group. Meanwhile, the
microbes including Turicibacter, Pseudomonadales, Moraxellaceae, and Acinetobacter were
enriched in the DSS + PSPE group, and the microbes including Bacteroides, Bacteroidaceae,
Gammaproteobacteria, Cupriavidus, Burkholderiaceae, Clostridium_XVIII were enriched in the
DSS + PSPc group (Figure 5B).

Figure 5. Effect of PSPE and PSPc on the gut microbiome compositions in DSS-induced colitis mice.
(A) Principal components analysis (PCoA); (B) linear discriminant snalysis (LDA) score. (C) Relative
abundance (%) of Clostridium XlVb; (D) relative abundance (%) of Anaerotruncus; (E) relative abun-
dance (%) of Alistipes; data are presented as mean ± SE, and statistical significance was determined
by Kruskal–Wallis test (H test) with, n = 7 mice. * p < 0.05, ** p < 0.01, compared with the Con group,
# p < 0.05, compared with the DSS group, ns = not significant.
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The relative abundances of Clostridium XlVb and Anaerotruncus increased in the DSS
+ PSPc group compared with the DSS group (p < 0.05). Compared to the control group,
the relative abundances of Alistipes in the DSS groups increased significantly (p < 0.05),
whereas the relative abundances decreased in the DSS + PSPE group (Figure 5C–E).

3.6. Effect of PSPE and PSPc Supplementation on the SCFAs Generation in DSS-Induced
Colitis Mice

Many studies have shown that SCFAs, especially butyrate, have therapeutic effects
in patients with IBD [43]. Compared with the DSS group, butyrate, isobutyrate, and
isovalerate contents were significantly promoted in the DSS + PSPE and DSS + PSPc
groups (Figure 6A–C). The DSS group significantly increased propionate formation in feces
compared with the CON group. However, propionate content significantly decreased in
the DSS + PSPE and DSS + PSPc groups (Figure 6D). PSPE and PSPc treatment altered
SCFAs production in the colon.

Figure 6. Effect of PSPE and PSPc on the SCFA generation in DSS-induced colitis mice. (A) Content of
butyrate in feces; (B) content of isobutyrate in feces; (C) content of isovalerate in feces; (D) content of
propionate in feces; data were expressed as mean ± SE (n = 7–10 mice). * p < 0.05, ** p < 0.01, compared
with the Con group, # p < 0.05, ## p < 0.01, compared with the DSS group, ns = not significant.

3.7. Correlation Analysis among the DAI, Fecal SCFAs Levels, Colon IL-1β, TNF-α, MDA Level,
and Gut Microbiota

To clarify the correlation between gut microbiota, fecal SCFAs level, and DAI score,
Spearman’s correlation analysis was implemented based on these experimental data
(Figure 7). The body weight loss was positively correlated with the DAI on the 17 (r = 0.74,
p < 0.01) but negatively correlated with the fecal isobutyrate (r = −0.58, p < 0.05), isovalerate
(r = −0.68, p < 0.05). The DAI on the 17 was positively correlated with the MDA levels
(r = 0.58, p < 0.05) but negatively correlated with the fecal propionate levels (r = −0.66,
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p < 0.05). The colonic IL-1β, TNF-α, and MDA levels were decreased in DSS + PSPE and
DSS + PSPc groups. The colonic IL-1β levels showed a negative correlation with the fecal
butyrate (r = −0.55, p < 0.05), but showed a positive correlation with the colonic TNF-α
(r = 0.89, p < 0.01) and MDA levels (r = 0.76, p < 0.01). The colonic TNF-α levels showed
a negative correlation with the fecal butyrate (r = −0.72, p < 0.01), but showed a positive
correlation with the colonic MDA levels (r = 0.67, p < 0.05). The fecal propionate levels
were positively correlated relative abundance of Anaerotruncus (r = 0.63, p < 0.05). The fecal
butyrate levels were positively correlated relative the fecal isobutyrate (r = 0.96, p < 0.01),
isovalerate (r = 0.79, p < 0.01). The fecal isobutyrate levels were positively correlated the fe-
cal isovalerate (r = 0.79, p < 0.01). These results suggested that the beneficial effects of PSPE
and PSPc on UC development were related to the balance of gut microbiota compositions
and the formation of microbial metabolites.

Figure 7. Correlation analysis among the DAI, fecal SCFAs levels, colon IL-1β, TNF-α, and MDA
levels, and gut microbiota. Spearman’s correlation analysis was performed. In the upper right corner,
you could find the size and color of the circle used to represent the relevant indicator level, with red
indicating positive and blue indicating negative. The corresponding value of the corresponding index
could be found in the lower left corner. Correlation analysis among indicators,* p < 0.05, ** p < 0.01.

4. Discussion

In the present study, we found that the major components of PSPc are A-type procyani-
din dimers, catechins, protocatechualdehyde, etc. Moreover, it has been found that PSPE
and PSPc supplementation can reduce DSS-induced body weight loss and DAI value in the
colitis mice. PSPE and PSPc supplementation could also reduce intestinal inflammation,
epithelial layer damage, goblet cell loss, and elevate the tight junction protein Claudin-
1 expression. The PSPE and PSPc treatment significantly down-regulated the levels of
inflammatory mediators and the biomarker expression of oxidative stress. Furthermore,
the PSPE and PSPc treatments reshaped the gut microbiome compositions and enhanced
the generation of microbial metabolite SCFAs in the feces of colitis mice. The correlation
analysis demonstrated that the inflammatory responses were highly correlated with the
gut microbiota compositions and microbial metabolite formation.
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Peanut skin procyanidin extract (PSPE) has been reported to possess various biological
activities [22,44–51]. Peanut skin contains a variety of dietary polyphenols, especially
procyanidins, which may be major active components of peanut skin [29] and are com-
posed of flavan-3-alcohol structural units, and the monomers, mainly including catechin,
epicatechin, catechin gallate, epicatechin gallate, and epicatechin gallate, etc. [52]. The
procyanidins can be divided into type A and type B procyanidins according to the differ-
ent positions of chemical bonds between monomers. Type B procyanidins are formed by
C4-C8 or C4-C6 phase linkage of catechin or/with epicatechin monomer and are widely
distributed in plants [53]. Type A procyanidins are linked by C2-O-C7 or C2-O-C5 in
addition to C4-C8 or C4-C6, which are mainly found in peanuts and cranberries. It has
been reported that type A procyanidins which are more stable with higher bioavailability
were the main ingredient in peanut red skins [54]. In addition, according to the degree
of polymerization between monomers, they can be divided into a dimer, trimer, tetramer,
etc. [55]. However, the bioactivity of procyanidins is inversely proportional to the degree
of polymerization—the lower the degree of polymerization, the higher the bioactivity of
Procyanidins [56]. In this study, PSPc were obtained after purification of PSPE, it was found
that PSPc were mainly composed of A-type procyanidins dimer, A-type proanthocyanidin
trimer, A-type proanthocyanidin tetramer, catechins, and protocatechualdehyde, etc. These
active components suggested that PSPc had better biological activities.

UC is usually accompanied by weight loss, inflammation, oxidative stress, intestinal
barrier disruption, and other phenomena. We found that, compared with the control group,
DSS-treated mice showed significantly severe body weight loss, significantly elevated
the DAI score, and significantly increased the protein expressions of IL-1β and TNF-α,
the mRNA expressions of IL-6, COX-2, and iNOS, and the protein expression of MDA
in colonic tissue, which showed that the DSS-treated mice had typical symptoms of UC.
The intake of polyphenols has been shown to be effective in relieving the symptoms of
UC [7–11]. A-type procyanidins could improve the intestinal barrier effect, reduce the
expression levels of inflammatory cytokines (TNF-α, IL-β, IL-6, and IL-10) and oxidative
stress (MDA, T-SOD, NO, and iNOS) in DSS-induced UC mice [57]. Catechins could
significantly inhibit excessive oxidative stress through direct or indirect antioxidant effects,
hence promoting activation of the anti-oxidative substances and reducing oxidative damage
to the colon [58]. Protocatechualdehyde could play a significant anti-inflammatory role by
regulating the activation or inactivation of inflammatory and oxidative stress-related cell
signaling pathways, such as NF-κB, MAPKs, and STAT1/3 pathways [59,60]. In the current
study, we found that, compared with the DSS group, both PSPE and PSPc supplementation
could reduce the DAI values, decrease the levels of TNF-α and IL-1β, decrease the mRNA
expressions of IL-6, COX-2, and iNOS, down-regulated the levels of MDA, and increase
the levels of tight junction protein, MUC-2 and goblet cells in colitis mice. These results
indicated that PSPE and PSPc could improve the symptoms of colitis mice. In addition,
PSPc is mainly composed of A-type procyanidins, catechins, protocatechualdehyde, which
may play a major role in alleviating ulcerative colitis.

Dysbiosis of the gut microbiome is increasingly considered to be causatively related to
UC [30]. Consistent with previous studies, the gut microbiota was dysregulated, with Firmi-
cutes reduced and Bacteroidetes increased in the DSS treatment group. It was accompanied
by a loss of diversity in the microbiota [61]. PSPE-treated and PSPc-treated mice had a good
protective effect on the intestinal flora of colitis mice. The results showed that Olsenella,
which observed a significant increase in patients with UC [62], was enriched in the DSS
group. The microbes including Turicibacter, Pseudomonadales, and Moraxellaceae enriched in
the PSPE group have been reported negatively correlated with inflammatory factors and
significantly associated with great immune recovery [63–65]. Both Bacteroides and Clostrid-
ium_XVIII, enriched in the DSS + PSPc group, were reported to have anti-inflammatory
action. Moreover, the abundance of Clostridium XlVb and Anaerotruncus was significantly
lower in the DSS group than in the control group. PSPc treatment significantly increased
the level of Clostridium XlVb and Anaerotruncus in colitis mice.
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Previous studies have found that SCFAs are the most important metabolites of gut
microbiota and play a very important role in colitis, the fecal SCFAs levels were reduced
in active UC [37,38]. In our study, the results showed that the SCFAs, such as butyrate,
isobutyrate, and isovalerate, were significantly decreased in the DSS group compared
with the control group. The PSPE and PSPc treatment significantly increased the levels
of butyrate, isobutyrate, and isovalerate in DSS-treated mice. We conducted a correlation
study and found that the fecal butyrate levels were positively correlated with the fecal
isobutyrate and isovalerate levels, but negatively correlated with the IL-1β and TNF-α
levels. Meanwhile, it has been reported that butyrate is a key metabolite of UC, which
regulates immune responses by inhibiting the release of proinflammatory cytokines and
enhances intestinal barrier function by upregulating MUC2 expression in UC [43,66].

Previous studies have detected that the genus of Anaerotruncus, commonly found
in the intestinal tracts of healthy humans and animals, can produce acetic and butyric
acids through sugar metabolism pathways [67]. PSPE treatment significantly increased the
level of Anaerotruncus, it suggested that the peanut skin procyanidins may attenuate DSS-
induced ulcerative colitis by increasing SCFAs content, such as butyrate, isobutyrate, and
isovalerate. Despite the multiple beneficial effects of SCFAs on host gastrointestinal activity,
excessive quantities of propionic acid have been reported in gingival inflammation, acne,
and irritable bowel syndrome [68]. In this study, we found that propionic acid increased in
the DSS group compared with the control group, and supplementation of PSPc significantly
decreased propionate content in DSS-induced colitis mice. Meanwhile, It has been found
that the abundance of Alistipes, one of the mainly propionate producers, highly related to
dysbiosis and chronic intestinal inflammation [69,70], increased in DSS-induced colitis mice
and decreased in the DSS + PSPE group. Based on these results, we suggest that PSPE and
PSPc had beneficial effects on alleviating UC development by reconstructing the microbiota
compositions and changing the generation of SCFA in a DSS-induced colitis mouse model.
In the future, we need to further confirm the effects of PSPE and PSPc on gut microbial
metabolism changes and the underlying mechanism involved.

5. Conclusions

Taken together, the present results demonstrated that both PSPE and PSPc supplemen-
tation significantly ameliorated DSS-induced colitis by alleviating colonic inflammation,
inhibiting colonic injury, and maintaining the integrity of the intestinal barrier. In addition,
PSPc, mainly A-type procyanidins, could regulate the metabolism by maintaining gut
microbiota. It suggests that purified PSPc have potential as dietary supplements or for the
production of fortified foods as a promising nutritional strategy for reducing UC.
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Abstract: This study investigated the similarities between Echinodorus macrophyllus and Echinodorus
grandiflorus, plant species that are traditionally used in Brazil to treat rheumatism and arthritis,
whose anti-inflammatory effects are supported by scientific evidence. The contents of cis- and
trans-aconitic acid, homoorientin, chicoric acid, swertisin, caffeoyl-feruloyl-tartaric acid, and di-
feruloyl-tartaric acid were quantified by UPLC-DAD in various hydroethanolic extracts from the
leaves, whereas their anti-oxidant activity and their effect on TNF release by LPS-stimulated THP-1
cells were assessed to evaluate potential anti-inflammatory effects. The 50% and 70% ethanol extracts
showed higher concentrations of the analyzed markers in two commercial samples and a cultivated
specimen of E. macrophyllus, as well as in a commercial lot of E. grandiflorus. However, distinguishing
between the species based on marker concentrations was not feasible. The 50% and 70% ethanol
extracts also exhibited higher biological activity, yet they did not allow differentiation between the
species, indicating similar chemical composition and biological effects. Principal component analysis
highlighted comparable chemical composition and biological activity among the commercial samples
of E. macrophyllus, while successfully distinguishing the cultivated specimen from the commercial
lots. In summary, no differences were observed between the two species in terms of the evaluated
chemical markers and biological activities.

Keywords: Echinodorus grandiflorus; Echinodorus macrophyllus; chemical markers; molecular analysis;
anti-oxidant activity; inhibition of TNF release; principal component analysis

1. Introduction

Echinodorus macrophyllus (Kunth) Micheli (syn. Aquarius macrophyllus (Kunth) Chris-
tenh. & Byng., Alisma macrophyllum Kunth) and Echinodorus grandiflorus (Cham & Schltdl)
Micheli (syn. Aquarius grandiflorus (Cham. & Schltdl.) Christenh. & Byng, Alisma grandiflo-
rum Cham. & Schltdl.) (Alismataceae) are plant species popularly known as chapéu-de-couro
in Brazil. The aerial parts of these species are traditionally used to treat rheumatism and
arthritis in the country, among other uses [1,2]. Both species occur in tropical regions of
South America [3], being predominantly found in the northeast and central-west regions of
Brazil, mainly in floodplains, swamps, and coastal areas [4].
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The first and second editions of the Brazilian Pharmacopeia contain a monograph
of E. macrophyllus [5,6], while a monograph of E. grandiflorus is found in the fifth and
sixth editions [7,8]. These two species are utilized for similar medicinal purposes in
various regions of Brazil as teas or herbal preparations [2]. The interchangeable use
of E. macrophyllus and E. grandiflorus may be attributed to difficulties in distinguishing
them based on morphological characteristics. Both species are aquatic plants with large
leathery leaves, which have led to their popular name chapéu-de-couro (leather hat) [9].
E. macrophyllus and E. grandiflorus share inflorescences with delicate white flowers, which
are also used for decorative purposes, and their leaf and floral anatomy do not exhibit
noticeable differences to non-specialists. The presence of phenotypic plasticity and the
striking similarity in morphological structures [10] makes it challenging to differentiate
these species unequivocally.

The chemical composition of leaves from E. macrophyllus and E. grandiflorus has been
extensively investigated, revealing similarities that include the presence of diterpenes,
flavone C-glycosides, hydroxycinnamoyl tartaric acid derivatives, alkaloids, saponins,
and phenolic acids [11–14]. Moreover, the observed biological activities of these species
have been linked to their chemical composition. For instance, a flavonoid-rich fraction
from E. macrophyllus exhibited a more potent anti-inflammatory effect than the extract in
the air pouch model in mice, reducing leukotriene B4 release and neutrophil migration
in vitro [11]. The anti-arthritic activity of E. grandiflorus leaves has been attributed to
flavone C-glycosides, as evidenced by the potent effect observed when administering a
fraction enriched in these compounds in an antigen-induced arthritis model in mice [13].
Additionally, the flavonoid-rich fraction elicited the most potent inhibition of tumor necrosis
factor (TNF) release by lipopolysaccharide (LPS)-stimulated THP-1 cells, along with its
constituents isovitexin and isoorientin [12]. Other classes of metabolites present in these
species, such as diterpenes, hydroxycinnamoyl tartaric acid derivatives, and cis- and trans-
aconitic acid, have also been reported for their anti-inflammatory activity by inhibiting
TNF release in LPS-stimulated THP-1 cells [12].

Although the leaves of E. macrophyllus and E. grandiflorus are consumed locally for
medicinal purposes, there are no clear-cut differences based on morphological charac-
teristics or chemical composition that can be used to unambiguously differentiate them.
Therefore, the aim of this study was to undertake molecular, chemical, and biological inves-
tigations of different extracts prepared from E. macrophyllus and E. grandiflorus leaves in
order to highlight similarities and differences between these species. The extracts were ana-
lyzed by UPLC-DAD (ultra-efficiency chromatography coupled to diode array detector) for
the quantification of chemical markers (cis- and trans-aconitic acid, homoorientin, chicoric
acid, swertisin, caffeoyl-feruloyl-tartaric acid, and di-feruloyl-tartaric acid), using a method
developed and validated in the present work. The extracts had their anti-oxidant activity
assayed in vitro, along with their effect on the release of TNF by LPS-stimulated THP-1
cells, to access their potential anti-inflammatory effect. Finally, a multi-variate exploratory
principal component analysis (PCA) model [15,16] was built, aiming to investigate the
possible existence of correlations between the quantitative chemical composition of the
extracts and their biological effects.

2. Material and Methods

2.1. Plant Drug Samples

The leaves of E. macrophyllus and E. grandiflorus were obtained from Indústria Far-
macêutica Catedral (Belo Horizonte, Brazil). Two lots of the first species were purchased
and labeled as DV1 (April 2014) and DV2 (March 2019), along with a lot of the second
species identified as EG (November 2019). These plant drugs were provided dried and
underwent quality control checks as indicated in the supplier’s reports. Upon receipt, the
leaves were pulverized using a knife mill (Marconi, São Paulo, Brazil) and stored in glass
flasks for further use. A third sample of E. macrophyllus aerial parts was collected at the
Natural History Museum of the Universidade Federal de Minas Gerais (UFMG) and a
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voucher was incorporated into the BHCB herbarium at UFMG, under the number BHCB
28557. After drying in a ventilated oven at 40 ◦C, this plant (drug-coded DVMus) was
pulverized in a knife mill and stored in a glass flask.

2.2. Chemicals and Reagents

All chemicals, reagents, and reference compounds used were of analytical or LC-MS
(liquid chromatography coupled to mass spectrometer)/UPLC grade. The water was fil-
tered through a Milli-Q water purification system (Millipore, Bedford, MA, USA) before
use. trans-aconitic acid (purity > 99.0%), chicoric acid (purity > 98%), and homoorientin
(purity > 99%) were purchased from Extrasynthese, France; cis-aconitic acid (purity > 98%),
1,1-diphenyl-2-picryl-hydrazyl-hydrate (DPPH), pyrogallol (purity > 98%), quercetin
(purity > 95%), β-carotene (purity > 93%), lipopolysaccharide from Escherichia coli (Sigma-
Aldrich, St. Louis, MO, USA), o-phenylenediamine (OPD), dexamethasone (purity > 98%),
and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Swertisin (purity > 95%) was kindly donated by Prof.
Eloir Paulo Schenkel (Universidade Federal de Santa Catarina, Brazil). Human TNF-α
DY210 Duo Set was acquired from R&D Systems (Minneapolis, MN, USA).

2.3. DNA Isolation, Amplification, Sequencing, Alignment, and Pairwise Distance Calculation

Total genomic DNA was extracted from fresh leaves using a modified version of the
2 × CTAB protocol of Ref. [17]. For PCR amplifications, we used primers described in
the Supplementary Table S1 and the parameters previously described [10,18], with minor
modifications. The amplified and purified products were sequenced on both DNA strands
using the same PCR primers by Macrogen Inc. (Seoul, Korea). The DNA sequence electro-
pherograms were edited and a consensus generated through the Staden program [19]. The
sequences were aligned using the MUSCLE program [20] and thereafter manually adjusted
using the MEGA7 program [21], according to the procedures described by Ref. [22]. Pair-
wise distances of the combined dataset (47 terminals and 3182 base pairs) between the major
groups recovered in the phylogenetic analyses were calculated using the p-distance method
in MEGA7 [21]. Gaps and missing data were treated with the pairwise deletion option.

2.4. Molecular Markers, Taxon Sampling, and Molecular Phylogenetic Analyses

Nucleotide sequences from three nuclear genome regions, the nrITS consisting of
ITS1, ITS2 and the intervening 5.8S gene, the 5S non-transcribed region (5S-NTS) and the
second intron of LEAFY, and two plastid regions (matK-trnK and psbA-trnH) were used
in the analysis. Marker selection was based on previous molecular phylogenetic analyses
of Echinodorus [10,18]. The taxon sampling was based on a selection of taxa available in
GenBank selected to cover the taxonomic diversity of Echinodorus and included 38 taxa and
47 terminals. Voucher information, geographic origins, and GenBank accession numbers
are provided in Supplementary Table S2. To root the trees, we used Echinodorus berteroi,
which was recovered as sister to the other species of the genus according to the results of
Lehtonen and [10,18]. Most species of Echinodorus, except E. berteroi (the type species of the
genus), have recently been transferred to the genus Aquarius Christenh. & Byng [23]. An
evaluation of this proposal was beyond the objectives of this study and we followed the
previous classification here, keeping all species in Echinodorus.

To compare the outcomes of different methodologies in phylogenetic analysis, we
employed both maximum parsimony (MP) and Bayesian inference (BI) techniques. Our
investigation focused on evaluating a model-free nucleotide substitution approach (MP) in
comparison with a model-based approach (BI). We conducted an extensive examination of
individual markers and a merged dataset to detect any potential inconsistencies. For the
maximum parsimony analysis, we utilized PAUP* version 4 [24] and implemented Fitch
parsimony with equal weights for unordered characters (Fitch, 1971) as the criterion for
determining optimality. Each search involved 2000 replicates, with random taxon additions;
branch swapping was carried out using the tree-bisection and reconnection (TBR) algorithm.
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To mitigate excessive swapping on suboptimal islands, we stored a maximum of 10 trees
per replicate. To evaluate the internal support, we employed character bootstrapping [25],
with 2000 replicates using simple addition, and TBR branch swapping. Throughout the
bootstrapping process, we retained up to 15 trees per replicate. The assessment of bootstrap
support levels relied on bootstrap percentages (BP), where values falling between 50%
and 70% were classified as weak, 71% and 85% as moderate, and values exceeding 85% as
strong [26].

Bayesian analysis using MrBayes 3.2.7a [27] was implemented in the Cyberinfras-
tructure for Phylogenetic Research (CIPRES) Portal 2.0 (San Diego Supercomputer Center,
La Jolla, CA, USA [28], treating each DNA region as a separate partition. An evolutionary
model for each DNA region was selected in MrModeltest 2 [29] using the hierarchical
likelihood ratio tests (hLRTs). To estimate model parameters for each partition separately,
we utilized the unlink command. Our analysis involved conducting two independent
runs, each with four chains, spanning a total of 10,000,000 generations. During the Markov
chain Monte Carlo (MCMC) sampling, we sampled one tree every 1000 generations, em-
ploying a temperature parameter of 0.2. We assessed convergence between the runs using
multiple criteria. The average standard deviation of split frequencies was evaluated and
confirmed to be less than 0.01, indicating convergence. Additionally, we calculated the
potential scale reduction factor (PSRF), which yielded a value of 1.0, further validating
convergence. Convergence was achieved after 1,970,000 generations. We discarded the
initial 2500 trees (25%) as burn-in and utilized the remaining trees to evaluate the topology
and to calculate posterior probabilities (PP) through a 50% majority-rule consensus. It is
worth noting that, in Bayesian analysis, posterior probabilities cannot be directly compared
with bootstrap percentages (BP), as PP values tend to be higher [30]. To evaluate support,
we applied criteria similar to a standard statistical test. Groups with a PP value exceeding
0.95 were considered strongly supported, while PP values ranging from 0.90 to 0.95 were
categorized as moderately supported. Groups with PP values below 0.90 were considered
weakly supported.

2.5. Preparation of Extracts

Portions of 1.0 g of the dried leaves of E. macrophyllus (DV1, DV2, DVMus) and
E. grandiflorus were sonicated with 150 mL of 96 ◦GL EtOH or with hydroethanolic solutions
at 90% (90% EtOH v/v), 70% (70% EtOH v/v), and 50% (50% EtOH v/v) in 3 cycles of
10 min each. The ethanol content of the hydroethanolic solutions was adjusted with the aid
of an alcoholmeter. The obtained extracts were filtered, pooled, and concentrated in a rotary
evaporator, under reduced pressure, at an average temperature of 55 ◦C. Subsequently, the
hydroethanolic extracts were lyophilized for complete elimination of residual water. The
extracts were transferred to glass flasks and kept in a desiccator until constant weight for
yield calculation.

2.6. Quantification of Chemical Markers by UPLC-DAD

The contents of the chemical markers cis- and trans-aconitic acid, homoorientin,
chicoric acid, swertisin, caffeoyl-feruloyl-tartaric acid, and di-feruloyl-tartaric acid were
quantified in the extracts described in Section 2.5, using an UPLC-DAD method developed
and validated by us.

2.6.1. Sample Preparation and Chromatographic and Analytical Conditions

For the analysis, portions (2.00 mg) of the samples were dissolved with 1.0 mL of
MeOH/H2O (1:1 v/v) for 70% EtOH and 50% EtOH extracts or solubilized in methanol for
96 ◦GL EtOH and 90% EtOH extracts. The extracts were sonicated in an ultrasound bath
for 10 min, at room temperature. Thereafter, the extracts were centrifuged at 8400× g for
10 min and filtered through a 0.22 μm membrane of PTFE; the obtained supernatants (5 μL)
were injected onto the UPLC system.
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A Waters Acquity UPLC H-Class Bio System (2015 model) system composed of a qua-
ternary pump, an autosampler, a photodiode array detector (DAD) 2996, and a Waters
Empower pro data handling system was employed (Waters Corporation, Milford, MA,
USA). The analyses were performed on a BEH Shield RP-18 column (100 × 2.1 mm i.d.,
1.7 μm; Waters) in combination with a BEH Shield RP-18 guard column (4 × 4 mm i.d.,
1.7 μm; Waters) at 40 ◦C. Water (A) and acetonitrile (B) were used as eluents, both con-
taining 0.1% (v/v) of formic acid, at a flow rate of 0.3 mL/min. A segmented gradient
was employed for elution, comprising concave (type 7) and linear gradient steps, along
with isocratic elution steps, as follows: 0 min, 4% B; 1.5 min, 15% B (type 7 gradient);
2.5 min, 16.2% B (linear gradient); 3.5 min, 16.2% B; 4.0 min, 17.4% B (type 7 gradient);
5.0 min, 17.4% B (isocratic); 8.5 min, 20.6% B (type 7 gradient); 9.5 min, 20.6% B (isocratic);
10.5 min, 21.3% B (linear gradient); 11.5 min, 21.3% B (isocratic); 30.5 min, 90% B (type
7 gradient); 32.5 min, 95% B (linear gradient); 33.5 min, 95% B (isocratic). A reverse gradient
was adopted to return to the initial elution conditions (4% B) in 1 min; a 5-min equilibrium
time was adopted between injections. UV spectra from 190 to 400 nm were recorded
online; chromatograms were extracted at 350 nm to quantify flavonoids and tartaric acid
derivatives and at 220 nm for aconitic acids quantitation.

2.6.2. Identification of Chemical Markers by LC-MS Analysis

The identity of the chemical markers found in the extracts was confirmed by ultra-
performance liquid chromatography with electrospray ionization and triple quadrupole
mass spectrometry (UPLC-ESI-MS) analysis, carried out in a Waters Acquity UPLC system
(Waters, Milford, MA, USA), composed of a binary pump, an auto sampler, an in-line
degasser, a photodiode array detector (Waters), and a mass spectrometer Xeco™ Triple
Quadrupole MS (Waters). Data were processed using MassLynx4.1 (Waters). The chro-
matographic conditions were those described for the UPLC-DAD method (Section 2.6.1).
The mass spectrometer was operated in the exploratory mode (scan), both at the nega-
tive and positive ionization modes using the following conditions: capillary voltage of
3.54 kV; 10–70 V ramp cone voltage; source temperature 120 ◦C; desolvation temperature
450 ◦C. Mass/charge ratios (m/z) from 100 to 900 were evaluated. The samples were
injected at 1 mg/mL, obtained by solubilizing 1 mg of each extract in 1.0 mL of methanol
HPLC grade. Extracts were sonicated in an ultrasound bath for 10 min and centrifuged at
8400× g for 10 min; the supernatants were filtered through a PVDF membrane (0.22 μm)
and automatically injected into the UPLC-ESI-MS system.

2.6.3. Validation of the UPLC-DAD Method

The method was validated according to the guidelines of Refs. [31–33]. The 70% EtOH
extract was selected for validation studies because of its higher complexity compared with
other extracts.

Selectivity and system suitability. Purity of peaks from the analytes was evaluated by
UV spectra recorded by DAD at different points, in chromatograms of sample solutions,
and analyzed by the relationship between the purity angle and the threshold. System
suitability was assessed by the outcomes for resolution, retention factor, tailing, number
of theoretical plates, and RSD (relative standard deviation) of the retention time of peaks,
calculated by Empower 3 software (Waters, Milford, MA, USA).

Linearity, precision, limit of quantification (LOQ), and limit of detection (LOD). Stan-
dard solutions were prepared for each compound using a 1:1 mixture of cis- and trans-
aconitic acid (6.25, 12.5, 25.0, 50.0, and 100.0 μg/mL), homoorientin (1.25, 2.5, 5.0, 10.0, and
20.0 μg/mL), chicoric acid (9.37, 18.75, 37.5, 75.0, 150.0, and 300 μg/mL), and swertisin
(30.0, 45.0, 67.0, 100.0, and 150.0 μg/mL). The solvents used for preparing the standard solu-
tions were either MeOH or ultrapure water, depending on the solubility of each substance.
Triplicate aliquots (5 μL) of these prepared solutions were injected onto the UPLC-DAD
system using the developed method. The calibration curves were constructed by analyz-
ing the injected mass of each compound and quantifying the corresponding peak areas.
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The analysis was performed on two independent days and linear regression analysis was
employed to determine the calibration curves using Prism 6.01 software (GraphPad, San
Diego, CA, USA). The calibration curve of chicoric acid was also used to quantify the
contents of caffeoyl-feruloyl-tartaric acid and di-feruloyl-tartaric acid. The intra-day preci-
sion was evaluated by calculating the relative standard deviation (RSD) values of sample
solutions analyzed on the same day (n = 6) at 100% of the analyte concentration. Similarly,
the inter-day precision was assessed by analyzing the sample solutions on two different
days, performed by two different analysts (n = 12). The limits of quantification (LOQ) and
detection (LOD) were determined by injecting standard solutions at progressively lower
concentrations, in quintuplicate. The LOQ was determined as the concentration at which
the peak area exhibited an RSD below 3%, while the LOD was defined as the concentration
that yielded a signal-to-noise ratio (S/N) of 3.

Recovery and robustness. Accuracy of the method was accessed by recovery studies.
Recovery was assessed by adding known aliquots of reference compound solutions to

the extracts at three concentration levels falling within the calibration curve. To evaluate
robustness, six sample solutions were prepared and analyzed using both the established
conditions and by altering the following parameters: column temperature (38 and 42 ◦C),
wavelength (352 and 348 nm to flavonoids and phenolic acids; 218 and 222 nm to aconitic
acids), and formic acid content in the mobile phase (0.08 and 0.12% v/v). The concentrations
of the analytes were compared by ANOVA, followed by Tukey’s test (p < 0.05).

2.7. Effect on the Release of TNF In Vitro

The effect of the extracts on the release of TNF was evaluated in vitro in THP-1 cell
culture (monocyte lineage derived from human acute monocytic leukemia: ATCC TIB-202)
stimulated by LPS. Cell viability was evaluated by the MTT (3-4,5-dimethyl-thiazol-2-yl-
2,5-diphenyltetrazolium bromide) assay, as previously described, with modifications [34].
A cell suspension was prepared at 1.0 × 106 cells/mL, obtained by centrifuging a cul-
ture flask and sequentially resuspending the pellet with RPMI 10% FBS and 2 μL PMA
(1 mg/mL). Then, 100 μL aliquots of this suspension were transferred to the wells of a
microplate, which were incubated at 37 ◦C in a 5% CO2 atmosphere for 6 h to allow cell
differentiation and adhesion. After this period, the cells were starved with RPMI medium,
supplemented with 2% FBS, and incubated again under the same conditions for 12 h. The
cells were transferred to a 96-well plate at 1 ×106 cells/well and incubated for 24 h in an
oven at 37 ◦C and a humidified atmosphere of 5% CO2. Subsequently, 100 μL of complete
medium with 2% of FBS containing different concentrations of the extracts (60 μg/mL)
were added in triplicate and the plate was incubated for 3 h under the conditions described
above. Then, 20 μL of LPS (1 ng/mL) were added to the wells and the plate was incubated
again for 24 h under the same conditions. After incubation, the microplate was centrifuged
(1800× g for 5 min) and 100 μL of the supernatant was collected to quantify cytokines by
the ELISA method, according to the protocol described in the sequence. The cell pellet
was used to assess cell viability by MTT and 28 μL/well of tetrazolium salt (MTT) was
added at a concentration of 2 mg/mL in phosphate buffer (PBS). After 90 min of incubation
with the MTT, the entire contents were aspirated by a Pasteur pipette, followed by the
addition of DMSO to each well (100 μL/well) to solubilize the formed formazan crystals.
The microplates were read in a spectrophotometer at 510 nm. Cell viability was calculated
according to the equation (A − B/C − B) × 100, where A, B, and C are the absorbance of
the samples, blank, and negative control, respectively.

ELISA Protocols for In Vitro Assays

The assay was conducted using an ELISA kit from R&D Systems (DY210-KIT TNF),
following the manufacturer’s instructions and guidelines. An amount of 100 μL/well of
TNF capture antibody (4 μg/mL), solubilized in PBS, was added to a 96-well microplate
and the plate was kept at 4 ◦C for 12 h. After incubation, the plate was washed (PBS/Tween
20, 0.1% v/v) and completely dried. Thereafter, 200 μL of the blocking solution (1% bovine
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serum albumin in PBS) was added. After 2 h, the plate was washed and dried as described
above. Then, 100 μL of samples or TNF standard solution (1000, 500, 250, 125, 62.5, 31.25,
and 15.6, pg/mL) was added. The microplate was incubated for 18 h at 4 ◦C and then
the plates were washed and dried. In the sequence, 100 μL of TNF detection antibody
solution (500 ng/mL) was added. After 2 h, the plates were washed and dried and then
100 μL of a solution containing streptavidin bound to peroxidase (R&D system) was added
to the microplate wells. The plate was incubated for 30 min and washed and dried as
described above. Subsequently, 100 μL of o-phenylenediamine (OPD) in citrate buffer
(0.4 mg/mL) and 2.4 μL of hydrogen peroxide solution (35% v/v) were added to the wells.
The reaction was stopped after 30 min by adding 50 μL of 1 mol/L hydrochloric acid. The
OPD oxidation product was detected in a microplate reader at 490 nm. The concentration
of TNF was calculated using the calibration curve.

2.8. In Vitro Anti-Oxidant Activity
2.8.1. DPPH Radical Scavenger Activity

The assessment of anti-oxidant activity by the 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) assay was carried out as previously described [35], with adaptations. All extracts
were initially tested at 200 μg/mL; subsequently, the active samples were evaluated at
1–200 μg/mL and concentration–response curves were constructed. To carry out the ex-
periments, 250 μL of each sample, methanol (negative control), and pyrogallol (50 μg/mL,
positive control) were added to a 96-well plate. Then, 100 μL of methanol (blank wells) and
DPPH (120 μg/mL, reaction wells) were added to the microplate. The measurements were
carried out using a microplate reader (EL808IU-Biotek, Winooski, VT, USA) at 515 nm, with
readings taken every 5 min for a total of 25 min. The percentage of radical scavenging activ-
ity (% RSA) was determined using the following formula: % RSA = (AC − AS)/AC) × 100,
where AC represents the absorbance of the control and AS represents the absorbance of
the samples taken at 35 min. The results were expressed as the EC50 value, which was
the effective concentration at which 50% of DPPH radicals were scavenged. The EC50 was
determined through non-linear regression analysis using GraphPad Prism, version 6.0.

2.8.2. β-Carotene/Linoleic Acid Co-Oxidation Assay

The assays were carried out as previously described [36], with minor adaptations. The
extracts were solubilized in methanol (2.2 mg/mL) and subsequently diluted from 2.47
to 200 μg/mL (dilution factor 1:3). For the experiments, 25 μL aliquots of the solutions
were added to a 96-well plate. A mixture of 25 mg of linoleic acid and 100 mg Tween 20
(Sigma, St. Louis, MO, USA) was added to a round-bottom flask containing 1 mL of a
β-carotene solution in chloroform (1 mg/mL, Sigma) and transferred to a rotary evaporator
for complete evaporation of the solvent. Then, 50 mL of aerated water was added to the
flask, affording the β-carotene emulsion. A blank emulsion was prepared similarly, except
for the addition of the β-carotene solution. Aliquots of 250 μL from both emulsions were
added to the even and odd columns of the microplate. Methanol was used as a negative
control and quercetin (20 μg/mL, Sigma) was used as a positive control. Readings were
taken immediately at a wavelength of 470 nm and subsequently at 15 min intervals up to
120 min. Throughout the reading period, the microplate was maintained at an incubation
temperature of 45 ◦C. The anti-oxidant activity was expressed as % of inhibition of lipid
peroxidation (%I), using the equation I% = control absorbance (Ac) (initial abs − final
abs) − sample absorbance drops (Aam) (final abs − initial abs)/Ac × 100). Assays were
performed in triplicate and IC50 values were determined by non-linear regression using
GraphPad Prism, version 6.0 (GraphPad Software, San Diego, CA, USA).

2.8.3. ROS Activity in THP-1 Cells

The effect of the extracts on the production of reactive oxygen species (ROS) by THP-1
cells was performed according to [37] with adaptations. THP-1 cells were cultured in RPMI
medium supplemented with 10% fetal bovine serum (FBS). A cell suspension was prepared
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at a density of 6 × 105 cells/mL, obtained by centrifuging a culture flask and sequentially
resuspending the pellet with RPMI 10% FBS and 4 μL PMA (100 nM), following incubation
for 72 h in an oven at 37 ◦C and 5% CO2. Thereafter, PMA was washed with RPMI 10% FBS,
with subsequent incubation of the cells without adding PMA and 2% of FBS in an oven at
37 ◦C and 5% CO2 for 24 h. Subsequently, 1 × 106 cells per well were placed (250 μL) in a
24-well plate and incubated for 24 h in an oven at 37 ◦C and 5% CO2. After incubation, the
cells were treated with the extracts (60 μg/mL in RPMI with 0.2% DMSO) and the plate was
incubated for another 3 h in the previous conditions. Then, the cells were treated with 20 μL
of a LPS solution (10 μg/mL) at 15 min intervals up to 75 min. The following controls were
added to the plate: wells containing only RPMI medium without LPS, wells containing
RPMI medium with LPS, and wells containing non-differentiated THP-1 cells. Quercetin
(100 μmol/L in methanol) was used as a positive control. Following LPS stimulation, the
cells were incubated with 10 μM H2DCFDA (2′,7′-dichlorodihydrofluorescein diacetate)
for 15 min at 37 ◦C and 5% CO2. The supernatants were collected and fluorescence was
read in a microplate reader (Varioskan™ LUX, Thermo Scientific, Waltham, MA, USA) at
493 nm for excitation and at 522 nm for emission.

2.9. Statistical Analysis

The concentrations of the analytes were compared using analysis of variance (ANOVA),
followed by Tukey’s test for post hoc multiple comparisons, with a significance level set at
p < 0.05. Statistical analysis was performed using GraphPad Prism software, version 6.0
(GraphPad Software Inc.). The results were expressed as mean ± standard deviation (SD)
and differences were considered statistically significant when p < 0.05.

2.10. PCA Model

Principal component analysis (PCA) was performed employing MATLAB R2010b
software (The MathWorks, Natick, MA, USA) jointly with PLS_Toolbox 6.5 (Eigenvector
Technologies, Manson, IA, USA).

3. Results and Discussion

3.1. Molecular and Phylogenetic Analysis of E. macrophyllus

The BOLD (Barcode of Life Data System) database of Echinodorus is completely based
on GenBank sequences and therefore we used BLASTN (nucleotide blast) on the NCBI
BLAST homepage [38] to search in the nucleotide collection database and to identify the
sequences/taxa with higher identity with the sequences we generated from E. macrophyllus.
The best match varied between markers (Table 1). For psbA-trnH, matK-trnK, and Leafy, the
best match was with E. paniculatus, while, for ITS, the best match was with E. osiris, but the
differences between the additional hits were very small.

Since an unequivocal match was not possible, we performed phylogenetic analysis
to verify which taxa were most related to the sequenced E. macrophyllus sample using
the ITS, 5S-NTS, Leafy, matK-trnK, and psbA-trnH markers. Initial analysis with each
marker individually did not detect any case of strongly supported incongruence, so a
combined matrix was used for the final analysis. Table 2 presents the general features of
the datasets and parsimony statistics, along with a summary of the models implemented
for each partition. The strict consensus tree from the parsimony analysis and the Bayesian
majority-rule consensus tree were for the most part congruent and, as the latter was
more fully resolved and had stronger overall support, it was chosen for presentation
and discussion (Figure 1). Our analysis recovered three main clades with high support
within Echinodorus: clade A (PP 1.00, BP 100%), clade B (PP 1.00, BP 98%), and clade C
(PP 1.00, BP 62%) (Figure 1). Clade C in turn was divided into three main clades: a clade
formed by E. grisebachii and E. heikobleheri (clade D: PP 1.00, BP 100%), another formed
by E. trialatus, E. emersus, and E. scaber (clade E: PP 1.00, BP 100%), and clade F (PP 1.00,
BP 100%), which included our sample of E. macrophyllus and 20 other taxa. Relationships
within clade F were poorly resolved and poorly supported. Our sample of E. macrophyllus
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was recovered as sister to a clade containing E. osiris and six other taxa, but with low
support (PP 0.85, BP < 50%). By using neither analysis, our E. macrophyllus sample was
recovered as closest to the E. macrophyllus sample available in GenBank. This result was
probably due to a combination of factors. First, sequence divergence between Echinodorus
species was very low. Mean pairwise distances within and between the major clades
identified in the molecular phylogenetic analysis (Figure 1) showed low values, particularly
within the clades (Table 3). In clade F, for example, which included the E. macrophyllus
samples, the mean pairwise distance among the sequences of all markers was only 0.007;
for some markers, such as matK-trnK, these values were even lower (Table 4). These results
suggested a recent origin and diversification of some species groups of the genus and
indicated that the combination matK and rbcL, for example, (proposed as the standard for
plant DNA barcoding [39]) in most cases would not be sufficient for the discrimination of
closely related species of Echinodorus. Second, the sampling of Echinodorus in nucleotide
collection databases was still small relative to the breadth of geographic distribution and
morphological variability of the species. For E. macrophyllus, for example, distributed
throughout Brazil and also in Bolivia [40], there was only one sample available in GenBank.
Finally, it was also not possible to rule out the possibility of conflicting identifications
between our sample and those of the GenBank.

Table 1. Best matches between the sequences of Echinodorus macrophyllus (MHNJB) and the GenBank
database using blastn.

Marker Best Matches % Identity Identities bp Query Cover (%) Accession No.

ITS

Echinodorus osiris 99.56 684/687 100 KT437651
Echinodorus longiscapus 99.42 683/687 100 KT437653

Echinodorus portoalegrensis 99.42 683/687 100 KT437648
Echinodorus barthii 99.27 682/687 100 KT437652
Echinodorus opacus 99.13 681/687 100 KT437650

psbA-trnH

Echinodorus paniculatus 100.00 463/463 100 HM367285
Echinodorus grandiflorus 99.78 462/463 100 HM367294
Echinodorus longiscapus 99.78 462/463 100 HM367292
Echinodorus muricatus 99.57 462/464 100 DQ786514
Echinodorus cordifolius 99.35 460/463 100 HM367302

matK-trnK

Echinodorus paniculatus 99.85 1309/1311 100 OK587808
Echinodorus cordifolius 99.85 1309/1311 100 OK587807
Echinodorus paniculatus 99.85 1309/1311 100 EF088097
Echinodorus longiscapus 99.77 1308/1311 100 EF088112
Echinodorus grandiflorus 99.69 1307/1311 100 EF088113

Leafy

Echinodorus cordifolius 99.07 212/214 100 HM367210
Echinodorus paniculatus 99.07 212/214 100 EF088144

Echinodorus uruguayensis 98.60 211/214 100 EF088159
Echinodorus cordifolius 98.60 211/214 100 EF088172
Echinodorus bracteatus 98.60 212/215 100 EF088170

Table 2. Characterization of the markers used in the phylogenetic analyses. VI—number of variable
informative characters; CI—consistency index; RI—retention index; hLRTs—hierarchical likelihood
ratio tests.

Marker Terminals Characters VI (%) CI RI Model (hLRTs)

ITS 37 725 100 (13.8%) 0.71 0.8 GTR+G
5S-NTS 28 266 98 (36.8%) 0.68 0.7 HKY+G
LEAFY 43 306 33 (10.8%) 0.93 0.95 K80+G

matK-trnK 35 1311 164 (12.5%) 0.86 0.92 GTR+G
psbA-trnH 46 574 108 (18.8%) 0.81 0.91 GTR+G
Combined 47 3182 503 (15.8%) 0.73 0.82

95



Antioxidants 2023, 12, 1365

Figure 1. Bayesian 50% majority-rule consensus tree of the combined ITS, 5S-NTS, LEAFY, matK-
trnK, and psbA-trnH datasets. Numbers above the lines, next to the nodes, represent the posterior
probabilities (PP) from the Bayesian analysis and bootstrap percentages (BP) from parsimony analysis.
Major clades discussed in the text are indicated by the letters A to F. The sequenced sample from E.
macrophyllus is highlighted in bold and by an arrow. The generic names for all Echinodorus species are
abbreviated.
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Table 3. Mean pairwise distances within and between the major clades recovered in the phylogenetic
analysis. Mean distances within groups are highlighted in bold. N indicates the number of terminals
in each group. n/c denotes cases in which it was not possible to estimate evolutionary distance.

N 1 2 3 4 5 6 7 8

1. Clade F 30 0.007
2. E. glaucus 1 0.029 n/c
3. Clade E 3 0.051 0.052 0.026

4. E. bracteatus 1 0.042 0.050 0.046 n/c
5. Clade D 2 0.071 0.073 0.073 0.068 0.001
6. Clade B 6 0.065 0.067 0.065 0.059 0.078 0.022
7. Clade A 3 0.094 0.089 0.090 0.090 0.095 0.092 0.037

8. E. berteroi 1 0.109 0.112 0.109 0.107 0.121 0.111 0.134 n/c

Table 4. Mean pairwise distances for each marker within the major clades recovered in the phyloge-
netic analysis.

ITS 5S-NTS LEAFY matK-trnK psbA-trnH Combined

Clade F 0.008 0.062 0.015 0.003 0.004 0.007
Clade E 0.033 0.067 0.047 0.012 0.025 0.026
Clade D 0.003 0.004 0.000 0.000 0.000 0.001
Clade B 0.043 0.167 0.019 0.008 0.015 0.022
Clade A 0.019 0.127 0.029 0.025 0.058 0.037

In general, the identification of related and morphologically similar species of Echin-
odorus is difficult and requires specialized taxonomic expertise. The use of DNA sequences
can represent a great differential in this sense, particularly when it comes from the cer-
tification of dried samples processed for the industry, when the identification based on
morphological characters is not possible. However, this will require increased population
and geographic sampling of species and the use of more polymorphic and more infor-
mative markers, such as the nuclear markers 5S-NTS and Leafy, which proved to be the
most diversified among those tested (Table 4) and thus may be good candidates for an
initial examination.

3.2. Development and Validation of an UPLC-DAD Method for the Analysis of Chemical Markers

Aiming to investigate the chemical composition of E. macrophyllus and E. grandiflorus,
different extracts were prepared by sonicating the dried leaves with distinct solvents.
The extracts prepared with 50% EtOH and 96 ◦GL EtOH showed the highest and lowest
yields, respectively (Table 5). These findings indicate the predominance of hydrophilic
compounds in both species. UPLC-DAD profiles were initially recorded for all extracts
using an exploratory run and pointed out the 70% EtOH extract as the one with the most
complex matrix. Therefore, this extract was employed for development and validation of
the analytical method to quantify chemical markers.

Table 5. Results of system suitability tests for chromatographic determination of compounds 1–6

from E. macrophyllus.

Compound
Retention
Factor (k)

USP
Tailing Factor

Number of Theoretical
Plates (N)

RSD Values of
Retention Time (%)

Resolution (Rs)

cis- and trans-aconitic acid (1) 0.49 1.07 5656 0.12 1.87
homoorientin (2) 4.49 1.29 7480 0.07 3.41

swertisin (3) 7.20 1.02 6441 0.40 1.50
chicoric acid (4) 9.40 1.19 6756 0.08 1.55

caffeoyl-feruloyl-tartaric acid (5) 13.38 1.13 2147 0.22 2.65
di-feruloyl-tartaric acid (6) 15.42 1.05 6857 0.11 2.00
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A segmented gradient (concave and linear) of water and acetonitrile, intercalated with
isocratic elution steps, was used for UPLC analysis. The elution conditions were set and
optimized to allow the adequate separation of compounds 1–6 in extracts of leaves from
E. grandiflorus and E. macrophyllus. Two different wavelengths were used for quantifying
the analytes: at 220 nm for the analysis of cis- and trans-aconitic acid (Figure 2A) and at
350 nm to quantify flavonoids and tartaric acid (Figure 2B).

The identification of the chemical markers in the extracts was performed by the
analysis of reference compounds (cis- and trans-aconitic acid, homoorientin, chicoric acid,
and swertisin) in the established chromatographic conditions and comparison of their
retention times and UV data recorded by DAD with those of peaks registered in the
chromatograms. The identity of the chemical markers was further confirmed by UPLC-
ESI-MS analysis. Two other constituents of the extracts were assigned by UPLC-ESI-MS
analysis: caffeoyl-feruloyl-tartaric acid (5) and di-feruloyl-tartaric acid (6). Compound 5

produced the deprotonated anion [M-H]− at m/z 487 Da in the negative ionization mode,
along with fragment ions at m/z 149 Da [M-338]−, ascribed to tartaric acid, at m/z 193 Da
[M-294]−, credited to the feruloyl unit, and at m/z 311 Da [M-176]−, resulting from the loss
of the caffeoyl unit. The identification of this compound by LC-MS analysis in a fraction
from the ethanolic extract of E. macrophyllus was reported by [11]. In its turn, compound 6

produced the molecular ions at m/z 501 [M-H]− in the negative ionization mode, which,
along with the fragment ions observed at m/z 149 [M-352]−, was ascribed to tartaric acid,
and at m/z 325 [M-176]−, credited to the loss of one of the caffeoyl units, thus allowing its
assignation. To the best of our knowledge, compounds 5 and 6 have not been isolated so far
from E. macrophyllus. On the other hand, several caffeoyl-feruloyl-tartaric acid derivatives
along with cinnamoyl-tartaric acid derivatives were obtained from E. grandiflorus [41].

Among the compounds identified in the extracts of E. macrophyllus, only homoori-
entin [42], swertisin [43], and caffeoyl-feruloyl-tartaric acid [11] have been previously
reported; the occurrence of all other constituents is herein described for the first time. On
the other hand, all of them have been previously reported as constituents of E. grandi-
florus [12,13,41], corroborating the similar chemical composition of these species.

In the sequence, the developed UPLC-DAD method was validated for the quantitation
of the six chemical markers identified in the extracts (Figure 2). The selectivity was assessed
by spectral homogeneity of the peaks, evaluated by DAD. The ascending, upper, and
descending regions of the spectrum of each peak matched exactly, indicating that other
compounds were not co-eluted, i.e., the threshold angle was higher than the purity angle.
The reliability of the chromatographic conditions was assured by the results of system
suitability tests, as depicted in Table 5. Relative standard deviation (RSD) values of retention
time (≤1%), number of theoretical plates (N > 2000), retention factor (k > 0.5), USP tailing
factor (≤2.0), and resolution (Rs > 1.5) obtained for all analytes fell within the limits
recommended by [31,44] for quantitative analysis.

The calibration curves constructed for the reference compounds were linear along the
established ranges, with r2 values above 0.99 (Table 6). Curves obtained in two consecutive
days were statistically similar (p > 0.05). Furthermore, statistical analysis showed that
calibration data presented normal distribution, with randomly distributed residuals. The
method showed good precision with RSD values below 4.3% for all analytes (Table 6).
Additionally, the mean concentrations determined for the inter-day precision experiment
did not differ statistically (p > 0.05) for all analytes. LOQ values between 0.04 and 1.92 μg
and LOD between 0.01 and 0.58 μg (Table 6) demonstrated the high sensitivity of the
method. The method demonstrated robustness (p > 0.05) under all tested conditions, as the
introduced variations did not significantly alter the concentrations of the analytes when
compared with the results obtained using the established conditions. The method was also
accurate, as indicated by the recovery rates ranging from 95.8% to 110.8% for all tested
compounds. The results of the method validation are summarized in Table 6.
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Figure 2. Typical UPLC-DAD chromatograms obtained for 70% EtOH extract of E. macrophyllus leaves.
The chemical structures and corresponding peaks are (1) cis- and trans-aconitic acid, (2) homoorientin,
(3) swertisin, (4) chicoric acid, (5) caffeoyl-feruloyl-tartaric acid, and (6) di-feruloyl-tartaric acid.
Chromatograms registered at 220 nm (A) and 350 nm (B). Chromatographic conditions: see Materials
and Methods (Section 2.6.1).
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Table 6. Calibration results, LOQ, LOD, precision of the intra-day (n = 6) and inter-day (n = 12)
assays, and recovery measurements of constituents quantified by UPLC-DAD in E. grandiflorus and
E. macrophyllus.

Compound Regression Equation Linear Range (μg) r2 LOQ (μg) LOD (μg)
Intra-Day

RSD
Inter-Day

RSD
Recovery
(% ± SD)

1 y = 43,603x − 19,041 6.25–100 0.9999 0.990 0.300 2.65 2.60
96.0 ± 3.9

110.8 ± 4.8
100.5 ± 3.8

2 y = 38,042x − 14,758 1.25–20 0.9998 0.216 0.065 0.23 1.55
110.2 ± 0.8
95.8 ± 4.4
98.8 ± 2.1

3 y = 9441x + 23,371 3.0–150 0.9969 1.928 0.584 4.90 4.27
99.5 ± 1.9

107.9 ± 1.1
100.4 ± 2.9

4 y = 47,326x − 53,912 9.37–300 0.9993 0.048 0.014 0.84 1.79
99.9 ± 0.7

100.0 ± 1.1
98.9 ± 2.1

3.3. Quantitation of Chemical Markers in Extracts of E. macrophyllus and E. grandiflorus

The developed UPLC-DAD method was applied to the analysis of 12 extracts
(96 ◦GL EtOH, 90% EtOH, 70% EtOH, and 50% EtOH) prepared from leaves of three
different samples of E. macrophyllus (commercial lots DV1 and DV2; cultivated sample
DVMus), along with four extracts of E. grandiflorus (96 ◦GL EtOH, 90% EtOH, 70% EtOH,
and 50% EtOH) prepared from a single commercial lot. The quantitative results expressed
as percentage mean (w/w) ± SD of triplicates are depicted in Table 7. As expected, all
extracts prepared with 50% EtOH and 70% EtOH showed high concentrations of the polar
compounds cis- and trans-aconitic acid, analyzed jointly (1), with variable contents in
the samples. The 70% EtOH extracts obtained from DV1 (8.09 ± 0.02% w/w) and DV-
Mus (7.47 ± 0.03%) showed similar contents of 1, whereas the highest concentration was
measured in the 50% EtOH of E. grandiflorus (20.12 ± 0.16%) (Table 7).

Homoorientin (2) was found in all extracts prepared with 70% EtOH and 90% EtOH,
with variable contents. The extracts obtained from DVMus (70% EtOH, 0.02 ± 0.00%;
90% EtOH, 0.04 ± 0.01%) presented the lowest concentration of 2, whereas the 50% EtOH
from E. grandiflorus (0.73 ± 0.01%) exhibited the highest concentration. Swertisin (3) was
found in all extracts from both species, its highest content being measured in extracts of
E. grandiflorus (70% EtOH, 3.70 ± 0.02%) and the lowest concentration in extracts prepared
with DV2 of E. macrophyllus (70% EtOH, 0.08 ± 0.00%).

Chicoric acid (4) was quantified in all extracts prepared with 50% EtOH and 90%
EtOH from DV1 of E. macrophyllus (50% EtOH, 3.50 ± 0.06%) and from E. grandiflorus (50%
EtOH, 6.76 ± 0.12%); the last one showing a significantly higher concentration (p < 0.05),
whereas the 50% EtOH extract from DvMus (0.57 ± 0.01%) showed the lowest content.
Caffeoyl-feruloyl-tartaric acid (5) and di-feruloyl-tartaric acid (6) were found in all extracts,
except 5 in the 96◦GL EtOH extract of DVMus. The 50% EtOH extract of E. grandiflorus
showed the highest contents of 5 (1.89 ± 0.04%) and 6 (1.13 ± 0.02%).

The quantification of chemical markers in the extracts of E. macrophyllus and E. grandi-
florus did not provide sufficient differentiation between these species.

Up until now, the chemical composition of E. grandiflorus has been investigated more
than E. macrophyllus; previous reports have included the quantitation of homoorientin by
HPLC-DAD in 70% EtOH extracts [45], along with the determination of cis- and trans-
aconitic acid and compounds 2, 3, and 4 in different extracts using a distinct HPLC-DAD
method [12,13]. The Brazilian Pharmacopoeia [8] establishes caffeic acid, isoorientin, and
swertiajaponin as chemical markers of E. grandiflorus. Among these markers, homoorientin
was also described and quantified for E. macrophyllus and E. grandiflorus in this work. To the
best of our knowledge, the quantitative chemical composition of E. macrophyllus extracts
has not been reported so far, although some of the compounds herein quantified (4, 5, and
6) have been detected in this species, along with several other flavone C-glycosides and
hydroxycinnamoyl tartaric acid derivatives [11,43].
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3.4. In Vitro Inhibition of TNF Release

The potential anti-inflammatory activity of extracts from E. macrophyllus and E. gran-
diflorus leaves was assayed in vitro, by measuring their inhibitory effect on the release
of TNF by LPS-stimulated THP-1 cells. The extracts were not cytotoxic for THP-1 cells
at 60 μg/mL, showing cell viability above 90%, according to results from SRB and MTT
assays. Furthermore, none of the extracts or dexamethasone (Dx) (used as a positive control)
induced the release of TNF in the absence of the inflammatory stimulus (LPS), indicating
an absence of a pro-inflammatory effect.

The extracts prepared from the three samples of E. macrophyllus induced a similar
inhibition of TNF release by LPS-stimulated THP-1 cells (Figure 3). None of the extracts
obtained with 90% EtOH induced a significant reduction of this cytokine. Among the
96 ◦GL ethanol extracts, only those prepared from DV2 exhibited a significant reduction
in TNF levels (44.1 ± 2.1%). All extracts prepared from E. macrophyllus, with either 70%
EtOH or 50% EtOH, reduced the release of TNF significantly, reaching 61.9 ± 3.0% (70%
EtOH extract) and 46.6 ± 10.2% (50% EtOH extract) inhibition for the extracts obtained
from DV1. Furthermore, 70% EtOH and 50% EtOH extracts of DV2 induced TNF inhibition
rates similar to the extracts prepared with DVMus (p > 0.05), whereas significant differences
were obtained for those 70% EtOH and 50% EtOH extracts prepared from DV1 (p < 0.05).
Taken together, the obtained results indicated that extracts prepared with 50% EtOH and
70% EtOH induced a more potent inhibition of TNF release for the three plant drugs of
E. macrophyllus. It is worth noting that the 70% EtOH and 50% EtOH extracts of DV1
and DVMus were the most active extracts, showing similar activity without significant
differences among them.

ut D C- Et 90 70 50 Et 90 70 50 Et 90 70 50 Et 90 70 50 Dx
0
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Figure 3. Effect on TNF release by LPS-stimulated THP-1 cells induced by extracts of leaves from
E. macrophyllus prepared from different plant samples (DV1, DV2, and DVMus) and from a sample
of E. grandiflorus (EG). The extracts were tested at 60 μg/mL. Data represent the mean ± SD of
biological duplicates, with three experimental replicates each. **** p < 0.0001 compared with the
challenged group. The significance level of the statistical test was set at p < 0.05. Ut—untreated cells;
D—cells + LPS; C—-DMSO solvent (control); Dx—dexamethasone (0.2 μM); Et—96 ◦GL ethanol
extract; 90—90% hydroethanolic extract; 70—70% hydroethanolic extract; 50—50% hydroethanolic
extract. Different letters in the bars indicate significant differences.

As for E. grandiflorus, the 96 ◦GL, 50%, and 70% EtOH extracts promoted significant
reductions of TNF release by LPS-stimulated THP-1 cells (44.1 ± 2.1%, 20.4 ± 0.5%, and
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32.2 ± 6.2%, respectively), whereas the 90% EtOH extract did show a less significant
reduction of TNF.

We have previously investigated the effect of E. grandiflorus extracts on the release of
TNF by LPS-stimulated THP-1 cells, non-differentiated into macrophages. In the previous
study [12,13], it was observed that the 50% and 70% EtOH extracts exhibited significantly
higher inhibition rates of TNF release (respectively, 100 ± 0.0% and 66.7 ± 5.0%) than
those herein reported. Such differences may be related to the lower contents of flavone C-
glycosides in the extracts here evaluated, since the authors ascribed the anti-inflammatory
activity mainly to these compounds. Moreover, they did not employ cells differentiated
into macrophages, as herein reported.

In general, the extracts showing high inhibitory activity of TNF release (70% EtOH and
50% EtOH) were those with the highest contents of aconitic acids and hydroxycinnamoyl
tartaric acid derivatives. The data presented in this study supported the findings reported
by [11], who observed a decrease in TNF and IL-1β levels in exudates when mice were
treated with a fraction enriched in tartaric acid derivatives from E. macrophyllus, using an
air pouch model of inflammation.

Data reported here for the in vitro inhibition of THF release by LPS-stimulated THP-
1 cells treated with different extracts of E. macrophyllus and E. grandiflorus showed no
significant differences in the responses induced by these species. Therefore, it was not
possible to differentiate them based on the assayed biological activity, as similarly observed
for the chemical markers quantified in the extracts.

3.5. In Vitro Anti-Oxidant Activity and Effect on ROS Production

The anti-oxidant activity of the extracts was assayed in vitro by the DPPH and β-
carotene/linoleic acid co-oxidation radical scavenging methods. The extracts derived
from E. macrophyllus DV1 exhibited significantly higher activity in the DPPH assay com-
pared with those obtained from DV2 and DVMus. The EC50 values of the DV1 extracts
were below 200 μg/mL, with the 50% EtOH extract demonstrating the highest activity
(EC50 = 109.6 ± 1.7 μg/mL), as shown in Table 8. As for E. grandiflorus, only the 70% EtOH
extract presented an EC50 value < 200 μg/mL (135.2 ± 2.0). The active extracts showed
high contents of hydroxycinnamoyl tartaric acids (Table 7), suggesting the participation of
these compounds in the observed anti-oxidant effect. In the same direction, E. macrophyllus
fractions containing tartaric acid derivatives have been reported to promote significant
reduction of DPPH radical by approximately 70% [11].

Regarding the β-carotene/linoleic acid co-oxidation assay, the most active extracts from
E. macrophyllus were those prepared with 50% EtOH, either for DV1 (IC50 40.1 ± 1.6 μg/mL),
DV2 (IC50 23.9 ± 1.8 μg/mL), or DVMus (IC50 17.7 ± 1.5 μg/mL). In turn, all E. grandiflorus
extracts were active, the 50% EtOH extract being the most active one (IC50 6.8 ± 1.5 μg/mL)
(Table 8). As far as we know, this is the first report on the anti-oxidant activity of extracts
from E. macrophyllus and E. grandiflorus in the β-carotene/linoleic acid co-oxidation as-
say. Notably, among all extracts prepared with different plant drugs of both species, the
50% EtOH extracts showed the highest anti-oxidant activity, probably due to their higher
contents of flavone-C-glycosides and hydroxycinnamoyl tartaric acid derivatives. This sup-
position was supported by several reports on the anti-oxidant action of different phenolic
derivatives [46,47].

The results from the β-carotene/linoleic acid co-oxidation assay pointed out the 50%
EtOH extracts as the most active ones and, for this reason, their effect on the ROS production
by LPS-stimulated THP-1 cells was assayed. None of the assayed extracts inhibited ROS
formation at high rates, with inhibition values below 20% (Table 8).

The anti-oxidant activity of a compound or extract can be more accurately estimated
by using three experimental models that associate different oxidation mechanisms, includ-
ing: (i) the formation, chain reactions, and action of free radicals; (ii) lipid peroxidation
and degradation of defense cells systems; (iii) the formation of ROS [48]. In line with
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this recommendation, we utilized these different models to demonstrate the anti-oxidant
potential of E. macrophyllus and E. grandiflorus extracts in our study.

Table 8. Anti-oxidant activity of extracts of E. macrophyllus (DV1, DV2, and DVMus) and E. grandiflorus
assayed in vitro by the DPPH and β-carotene/linoleic acid co-oxidation models and effect of selected
extracts on ROS produced by LPS-stimulated THP-1 cells.

Plant Drug Extract DPPH (EC50 μg/mL ± SD) β-Carotene (IC50 μg/mL ± SD)
ROS

(% Reduction)

DV1

96 ◦GL EtOH >200 a >200 a NA
90% EtOH 140.2 ± 1.5 b 44.4 ± 1.6 b NA
70% EtOH 139.2 ± 1.8 b 41.7 ± 1.5 b NA
50% EtOH 109.6 ± 1.7 c 40.1 ± 1.6 b 9.1 ± 5.5 a

DV2

96 ◦GL EtOH >200 a >200 a NA
90% EtOH >200 a >200 a NA
70% EtOH >200 a >200 a NA
50% EtOH >200 a 23.9 ± 1.8 c 14.8 ± 3.4 b

DVMus

96 ◦GL EtOH 180.8 ± 1.5 d 22.6 ±1.6 c NA
90% EtOH >200 a 36.0 ± 1.9 b NA
70% EtOH >200 a 32.8 ± 1.5 b NA
50% EtOH >200 a 17.7 ± 1.5 d 16.3 ± 2.2 c

EG

96 ◦GL EtOH >200 a 8.7 ±1.5 e NA
90% EtOH >200 a 11.9 ± 1.4 f NA
70% EtOH 135.2 ± 1.9 b 8.3 ± 1.1 e NA
50% EtOH >200 a 6.8 ± 1.5 g 19.0 ± 6.2 d

Legend: DPPH—2,2-diphenyl-1-picrylhydrazyl radical; NA—not analyzed; IC50—50% inhibitory concentra-
tion; EC50—50% effective concentration; SD—standard deviation; DV1—E. macrophyllus commercial sample 1;
DV2—E. macrophyllus commercial sample 2; DVMus—E. macrophyllus UFMG sample; EG—E. grandiflorus com-
mercial sample; EtOH—96 ◦GL ethanol extract; 90% EtOH—90% hydroethanolic extract; 70% EtOH—70%
hydroethanolic extract; 50% EtOH—50% hydroethanolic extract. Differences between the mean concentrations of
the extracts were analyzed by ANOVA, followed by Tukey test (p < 0.05). Different letters within the columns
indicate significant differences.

Phenolic compounds are known to inhibit ROS due to the presence of hydroxyl groups,
capable of scavenging free radicals by electron donation [49,50]. ROS inhibition can also
result from the increase of cell anti-oxidant defenses [51]. Extracts of Echinodorus pre-
pared with 50% EtOH promoted high DPPH radical capture, decreased lipid peroxidation,
reduced ROS production, and diminished the release of TNF. These extracts possessed
high contents of hydroxycinnamoyl tartaric acids and flavonoids, which may explain their
anti-oxidant and anti-inflammatory action. These results demonstrated the potential of
these extracts for further investigation as potential agents for the treatment of inflammatory
disorders [52].

3.6. PCA Model

An exploratory unsupervised classification PCA model was built to investigate the
similarity between E. macrophyllus and E. grandiflorus, based on the contents of chemical
markers and biological activities of the assayed extracts. The extracts were allocated at the
rows and the chemical markers (cis- and trans-aconitic acids, CTAA; homoorientin, HOMO;
swertisin, SWER; chicoric acid, CHA; caffeoyl-feruloyl-tartaric acid, CATA; diferuloyl-
tartaric acid, DFTA) were put in the columns, along with data from the biological assays
(lipid peroxidation in the β-carotene assay, Bcar; DPPH radical scavenging, DPPH; in-
hibition of TNF release, TNF), generating a matrix of dimensions 144 × 11. Data were
preprocessed by autoscaling to provide equal weights for all investigated variables in both
methods [15].

The obtained results for PCA model are depicted in Figure 4 as a biplot of PC1 × PC2.
A biplot is a graphical representation simultaneously showing the relations among scores
(describing samples) and loadings (describing variables). A model with two PCs accounted
for 67.83% of the total variance data. In this model, none of the samples presented Q
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residues above the limit at a 95% confidence level, thus indicating the absence of outliers
in the dataset. PC1 accounted for 39.86% of variance and discriminated DVMus (positive
scores) from DV1/DV2 (negative scores) samples (these two clusters are indicated by red
rectangles in Figure 4). EG samples were not clearly discriminated by this PCA model,
even when PC3 was considered (10.8% of the variance), and it was not possible to ascribe
its similarity to any of the evaluated samples of E. macrophyllus. Based on the PC1 of this
model, we could conclude that the variation within different samples of the same species
(DV, E. macrophyllus) was greater than the variation between the two species. In other words,
the differences observed within E. macrophyllus samples were more pronounced than the
differences between E. macrophyllus and E. grandiflorus. In addition, the anti-inflammatory
(TNF) and anti-oxidant (DPPH/Bcar) activities were captured by PC2 (27.97%), respectively,
with positive and negative loadings (green circles).

Figure 4. Biplot provided by a PCA model built for E. macrophyllus and E. grandifloras samples
based on the quantitative chemical composition and in vitro biological activity of extracts. Red down
triangles represent scores/samples and blue squares represent loadings/variables.

In Figure 4, samples were clustered as a function of the scores/samples in PC1. Aiming
to better visualize interrelations, Figure 5A shows the same PCA biplot of Figure 4, but
with marked clusters as a function of the loadings/variables. As depicted in Figure 5,
the inhibition of TNF release was related to DV1, suggesting a positive correlation be-
tween these variables (see the black ellipse). Moreover, the anti-oxidant activity Bcar was
associated to DV2 (red ellipse), while the DPPH activity was weakly correlated to EG
(green ellipse). Chemical markers (CTAA, HOMO, SWER, CHA, CATA, and DFTA) were
positively correlated to DVMus (grey circle in Figure 5A), which was consistent with the
higher concentrations of these assayed constituents in this sample.

A heatmap (correlation map) was also generated to characterize the relationship
between the analyzed variables (Figure 5B). The inhibition of TNF release showed weak
correlations with CTAA (rTNF-1 = 0.0198; rTNF-2 = 0.1543; rTNF-3 = 0.0732), which, in turn, cor-
related moderately with DPPH activity (r = 0.2149). DPPH activity showed weak/moderate
correlations to all assayed chemical markers: HOMO (r = 0.1545), SWER (r = 0.1654), CHIA
(r = 0.303), CATA (r = 0.2755), and DFTA (r = 0.2507). Conversely, these chemical mark-
ers were inversely correlated to Bcar anti-oxidant activity: CTAA, r = −0.2709; HOMO,
r = −0.2344; SWER, r = −0.4801; CHIA, r = −0.3293; CATA, r = −0.2847; DFTA, r = −0.3321.
The apparent contradictory results observed in the anti-oxidant assays could be attributed
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to the differences in the methods employed. The DPPH assay was based on the measure-
ment of radical scavenging activity, while the β-carotene test evaluated the inhibition of
lipid peroxidation. These assays targeted different mechanisms of anti-oxidant activity and
may have elicited distinct responses from the constituents present in the extracts [53].

Figure 5. (A) The same PCA biplot of Figure 4 showing variable clusters: red down triangles
represent scores and blue squares represent loadings. (B) Heatmap of chemical markers’ contents and
biological activity. CATA—cis and trans-aconitic acids; HOMO—homoorientin; SWER—swertisin;
CHIA—chicoric acid; CATA—caffeoyl-feruloyl-tartaric acid; TNF 1, 2, and 3 (inhibition of TNF
release); Bcar—lipid peroxidation in β-carotene assay; DPPH—DPPH radical scavenging assay.
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The inhibition of lipid peroxidation is regarded as a more complex and selective
method for identifying anti-oxidant compounds than DPPH, although both methods are
important to characterize the anti-oxidant response [54]. The DPPH assay has been known
to exhibit nonspecific responses to various compounds and may yield misleading results
when used in isolation. To ensure a more accurate assessment of anti-oxidant activity, it
is recommended to analyze the DPPH assay in conjunction with other complementary
anti-oxidant tests [55]. The literature data have indicated low correlation between results
from DPPH test and other anti-oxidant assays [56], as herein observed for the low positive
correlation with the β-carotene assay (r = 0.2690).

PCA results clearly demonstrated the similarities in the quantitative chemical com-
position and biological activities of E. macrophyllus and E. grandiflorus extracts, which was
in accordance with previous reports [57]. However, PCA was not able to discriminate
E. grandiflorus from the analyzed samples of E. macrophyllus. The analyzed chemical mark-
ers showed a stronger correlation with DVMus, allowing for the differentiation between
E. macrophyllus samples (DVMus vs. DV1 and DV2). However, these same chemical
markers, which had positive loadings on PC1, did not show a significant correlation with
E. grandiflorus extracts. Therefore, based on the quantification of these chemical markers
and the assessed biological activities in this study, it was suggested that E. macrophyllus and
E. grandiflorus could not be distinguished from each other.

Furthermore, our findings indicated that the two commercial lots of E. macrophyllus
(DV1 and DV2) exhibited comparable contents of the analyzed chemical markers and
presented similar biological activities. However, according to the PCA model, DVMus
displayed distinct chemical marker contents compared with DV1 and DV2. This divergence
could be attributed to the fact that DVMus was sourced from a single cultivated specimen,
while DV1 and DV2 were composed of multiple specimens grown in different environments.
These varying growth conditions could impact the chemical profiles of the plants [58].

4. Conclusions

Our study explored, for the first time, molecular analysis, quantitative chemical com-
position, and biological activity of various extracts from E. macrophyllus and E. grandiflorus
leaves aiming to highlight the similarities and differences between these species. The
molecular analysis of E. macrophyllus did not allow its genetic differentiation from other
Echinodorus species, including E. grandiflorus, suggesting that there are only a few distinct
genetic characteristics separating these species. The quantitation of six chemical markers in
extracts prepared from commercial samples (DV1 and DV2) and a cultivated specimen (DV-
Mus) of E. macrophyllus, along with a commercial lot of E. grandiflorus (EG), revealed higher
contents of these markers in the 50% and 70% ethanol extracts. However, we were unable to
differentiate between the species based on the concentrations of these markers. Moreover,
the 50% and 70% ethanol extracts also elicited higher biological activity—inhibition of TNF
release by LPS-stimulated THP-1 cells and anti-oxidant activity—in comparison with the
90% and 96◦GL ethanol extracts. This difference in activity was attributed to the higher
contents of chemical markers in the former extracts. Nevertheless, the results from the bio-
logical assays did not allow us to discriminate between the two species. Overall, our data
demonstrated that E. macrophyllus and E. grandiflorus have similar chemical composition
and biological activity. Additionally, the PCA analysis revealed a comparable chemical
composition and biological activity among the commercial samples of E. macrophyllus. How-
ever, the analysis successfully distinguished the chemical composition of the cultivated
specimen from the commercial lots. Interestingly, the cultivated and commercial samples
of E. macrophyllus exhibited a higher level of intra-specific variance compared with the
inter-specific variance observed with E. grandiflorus. It is worth noting, though, that the
quantified chemical markers and biological activities assessed in this study did not reveal
any discernible differences between the two Echinodorus species.

As part of our future perspectives, we plan to conduct in vivo studies to investigate
the anti-inflammatory activity of the 50% and 70% ethanol extracts from E. macrophyllus.
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These studies will involve the use of proof-of-concept models as well as disease models,
including acute and chronic antigen-induced arthritis. By evaluating the efficacy of these
extracts in vivo, we aim to contribute to the development of an herbal preparation from
E. macrophyllus that can be potentially utilized for managing arthritis and other inflamma-
tory diseases. These studies will provide valuable insights into the therapeutic potential of
E. macrophyllus and its application in the field of inflammatory disorders.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12071365/s1, Table S1: Primers used in PCR and sequencing;
Table S2: GenBank accessions and voucher data of the terminals used in the phylogenetic analyses of
Echinodorus, Supplementary References are [59–64].
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Abstract: (1) Background: Brown adipose tissue (BAT) burns energy to produce heat. Cyanidin-3-O-
glucoside (C3G) can then enhance the thermogenic ability of BAT in vivo. However, the mechanism
by which C3G regulates Ucp1 protein expression remains unclear. (2) Methods: In this study,
C3H10T12 brown adipose cells and db/db mice and mice with high-fat, high-fructose, diet-induced
obesity were used as the model to explore the effect of C3G on the expression of the Ucp1 gene.
Furthermore, the 293T cell line was used for an in vitro cell transgene, a double luciferase reporting
system, and yeast single hybridization to explore the mechanism of C3G in regulating Ucp1 protein.
(3) Results: we identified that, under the influence of C3G, Prdm16 directly binds to the −500 to
−150 bp promoter region of Ucp1 to activate its transcription and, thus, facilitate BAT programming.
(4) Conclusions: This study clarified the mechanism by which C3G regulates the expression of the
Ucp1 gene of brown fat to a certain extent.

Keywords: brown adipose tissue; Cyanidin-3-O-glucoside; PR domain containing 16; Ucp1 promoter;
peroxisomes proliferator-activated receptors

1. Introduction

Anthocyanins are polyphenolic compounds that are abundant in dark-colored fruits,
vegetables, and pigmented cereals (such as berries, cherries, grapes, purple onions, black
beans, purple cabbage, black rice, red sorghum, and purple maize (In addition, antho-
cyanins are commonly processed as colorants in beverages, fruit fillings, snacks, and
dairy products, which account for a considerable amount of the anthocyanins consumed
in the average diet [1]. Anthocyanin is a common component in functional foods for
preventing cardiovascular diseases and inflammatory diseases (including diabetes and
metabolic syndrome), mainly due to its excellent antioxidant activity [2]. In anthocyanin-
related structures, the carboxypyranoside -3-O-glucoside, in particular, exhibits a good
inhibition effect on active oxygen generation and high structural stability [3]. A large
number of studies have proven that anthocyanins offer a variety of therapeutic effects,
including that of increased energy expenditure and of limiting weight gain provided by
Cyanidin-3-O-glucoside (C3G) [4].

The rising prevalence of excess body mass and obesity in nearly all countries around
the world has been described as a global pandemic [5]. Currently available anti-obesity
strategies are largely dependent on limiting energy uptake and/or absorption, but these
tend to have little effect and often cause unwanted side effects [6,7]. An alternative strategy
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is urgently required to increase the energy expenditure in key metabolic organs, such as
brown adipose tissue (BAT) [8]. In rodents, increasing BAT activity can effectively enhance
metabolic rate and protect the animal from obesity [9].

BAT plays an essential role in non-shivering thermogenesis in mammals. Its cells
are rich in mitochondria, the inner membranes of which are, in turn, rich in uncoupling
protein 1 (Ucp1). BAT can specifically overexpress Ucp1, thus uncoupling transmembrane
electron transfer and oxidative phosphorylation in the mitochondrial respiratory chain,
thereby releasing a large amount of energy in the form of heat [10]. The known anti-obesity
effect of functional BAT has drawn research and attention to the activation and regulation
mechanism of brown fat functioning, and the specific expression of Ucp1 by BAT has
become a hot topic for scientists.

The expression of the Ucp1 gene is regulated by a variety of transcription factors, such
as peroxisome proliferator-activated receptors (PPARs), PR domain containing 16 (Prdm16),
peroxisome proliferator-activated receptor γ coactivator-1(PGC-1), and mitochondrial
transcription factor A(TFAM). PPARα participates in the regulation of fatty acid oxidation
mainly by inducing the expression of genes related to fatty acid oxidation [11]. Prdm16 is a
zinc finger structure transcription factor containing PR domain, which is highly expressed
in mouse BAT. It is also a key factor in determining whether adipose precursor cells develop
into skeletal muscle cells or brown adipose cells. The Prdm16 protein is greatly enriched
in BAT and causes increased expression of mitochondrial genes and greater density of
mitochondria [12]. The loss of Prdm16 can hinder the differentiation of brown adipocytes,
while overexpression can significantly increase their numbers. Animals lacking Prdm16
in BAT have a dramatically reduced capacity to produce heat [13]. Prdm16 regulates
the thermogenic function of brown fat, mainly by binding to PPARγ and coactivating its
transcriptional function [14].

The anti-obesity and anti-diabetic effects of anthocyanins are well-accepted experimen-
tally [15,16]. Anthocyanins C3G and C3R have been reported to increase the mitochondrial
copy number in vitro and to promote the metabolism of carbohydrates and fat [17]. C3G
can enhance whole-body metabolism by upregulating the mitochondrial function of BATT
and beige formation in subcutaneous WAT [4]. However, its molecular targets have yet to
be elucidated.

Here, via quantitative real-time PCR, to quantify the expression of BAT-related genes
Ucp1 and Prdm16 following the treatment of C3H10T1/2 cells with C3G during brown
adipogenesis, we speculate that Prdm16 may be a novel transcriptional activator of Ucp1.
The results of a luciferase assay and yeast one-hybrid screening ascertained that C3G
activates the thermogenic gene Ucp1 by regulating the expressions of Prdm16. Thus, Prdm16
can bind directly to the Ucp1 promoter region, from −500 to −150 bp to active transcription.
Our results, thus, suggest that Prdm16 is indeed a novel transcriptional activator of Ucp1
and that C3G can increase energy metabolism through a previously unrecognized molecular
mechanism. Consequently, these findings may support an innovative approach to the
treatment of obesity and its related diseases.

2. Materials and Methods

2.1. Materials and Reagents

C3G (purity 95.7%) was purchased from Chengdu Manchester Co., Ltd. (Chengdu,
China), A ready-to-use PCR kit 3.0 was purchased from Beijing Tianenze Biotechnology
Co., Ltd. (Beijing, China), which is used for PCR identification of bacterial liquid, and the
method is carried out according to the instruction manual. Dimethyl sulfoxide (DMSO), a
double luciferase reporter gene detection kit, and Lipo8000TM transfection reagent were
purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China), while a HiFi Script
cDNA Synthesis Kit, Ultra SYBR Mixture, and 200 bp Ladder DNA Marker were purchased
from Kangwei Century Biology Science and Technology Co., Ltd. (Beijing, China), and
a mass extraction and purification kit for plasmid was purchased from Weigela Biology
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Technology Co., Ltd .(Chengdu, China). Furthermore, recombinant human PPARA (P0645)
was purchased from Wuhan Fine Biotechnology Co., Ltd. (Wuhan, China).

2.2. Cell Culture

The mouse mesenchymal stem cell line, known as C3H10T1/2 mouse embryonic fi-
broblasts, was purchased from the cell bank of the Chinese Academy of Sciences (Shanghai,
China), and was induced to differentiate into brown adipocytes. The C3H10T1/2 cells used
in this experiment were cell samples frozen in liquid nitrogen in the laboratory.

The cryovials were taken out of the liquid nitrogen and immediately melted in a 37 ◦C
water bath, centrifuged at 500× g for 3 min, and cultured in a 37 ◦C, 5% CO2 incubator for
passage. When the cells grew to a density of 80–90%, the medium was changed to brown adi-
pose differentiation medium (DMEM HIGH + 10% FBS + 0.02 μM INSULIN + 1 × 10−3 μM
T3) and an appropriate concentration of C3G was added. Two days later (recorded as
day 0), the medium was changed to brown fat induction medium (DMEM HIGH + 10%
FBS + 0.02 μM INSULIN + 1 × 10−3 μM T3 + 0.125 mM INDOMETHACIN + 0.5 mM IBMX
+ 2 μg/mL DEX) and an appropriate concentration of C3G was added. Two days later
(recorded as day 2), the medium was changed to the brown adipose differentiation medium
described above, and an appropriate concentration of C3G was added. The liquid was
changed again on the 4th day. On the sixth day, the cells were observed under an inverted
microscope. There were obvious fat droplets in the cytoplasm, i.e., the differentiation
was completed.

2.3. Animals Studies

Animal experiments were conducted according to the methods reported by You et al. [4,18].
Animal experiments were conducted in two stages. Firstly, 20 three-week-old obese
C57BLKS/J-Leprdb/Leprdb (db/db) male mice (mouse model of hereditary obesity) were
purchased from the Model Animal Research Center of Nanjing University, China. After
an acclimation of one week, the mice were randomly divided into two groups (n = 10 per
group) with overall equal body weights. The mice received C3G (1 mg/mL) dissolved in
drinking water for 12 weeks. DMSO was used as the vehicle for different treatments. In
addition, a further 36 three-week-old male C57BL/6J mice (obesity model mice induced
by high fat and high glucose diet) were purchased from Vital River Laboratory Animal
Technology Co., Ltd., China. After one week of acclimation, these mice were randomly
divided into three groups (n = 12/group) with overall equal body weights. They were
assigned to one of three dietary treatments for 12 weeks: (1) normal chow diet group
(CHOW, 3.2 kcal/g, 4.5% fat, w/w); (2) diet-induced obesity group (DIO, 4.7 kcal/g, 25%
fructose and 25% lard); and (3) C3G group (DIO + C3G, 4.7 kcal/g, 25% fructose and
25% lard). C3G-group mice received C3G dissolved in drinking water (1 mg/mL), while
drinking water also served as the vehicle for the CHOW and DIO treatments. Three mice
were housed per cage in an Office of Laboratory Animal Welfare-certified animal facility,
with a 12-h light/12-h dark cycle. Principles of laboratory animal care were followed, with
all procedures conducted according to the guidelines established by the National Institute
of Health, and every effort was made to minimize suffering.

2.4. Isolation of Total RNA Extraction and Analysis by qPCR

The total RNA of cells and BAT were extracted using RNAiso Plus reagent. Isolated
RNA was quantified by measuring optical density (OD) at 260 and 280 nm with a Nan-
oDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The cDNA was
synthesized by means of a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.,
Dalian, China) and the assay was performed using real-time PCR with a SYBR Premix Ex
TaqTM I and 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Data
were normalized to the internal control actin and analyzed using the ΔΔCt method. Primer
sequences for the Ucp1 promoter and Prdm16 are listed in Table 1.
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Table 1. Primer sequences used for qRT-PCR.

Gene Primer Sequence (5′→3′)

Ucp1 F:GGCAAAAACAGAAGGATTGC
R:TAAGCCGGCTGAGATCTTGT

Prdm16 F:GAAGTCACAGGAGGACACGGR:
CTCGCTCCTCAACACACCTC

2.5. Construction of Plasmid Vector

The primers were designed and cloned according to the selected gene fragments, and
the target gene was recombined with the vector and transformed into E. coli. Thereafter,
PCR and double enzyme digestion were performed, followed by sequencing for identi-
fication, and the detected correct plasmid vector was used for subsequent experiments.
The cleavage sites and vector plasmids of the different gene fragments involved in this
experiment are shown in Table 2.

Table 2. The cleavage sites and vector plasmids of the different gene fragments.

Vector Gene Primer Sequence (5′→3′)
Double luciferase reporter gene

vector of Ucp1 promoter
Ucp1-KPN I-F GGGGTACCcattcctctaagaccatagctt
Ucp1-MluI-R CGACGCGTacttctgcgccctgacct

Eukaryotic vector for
overexpression of Prdm16

Prdm16-EcoRI-F tccaagcttctgcaggaattcA TGCGA TCCAAGGCGAGG
Prdm16-XbaI-R accgggcccactagttctagaTCA TTGCA TA TGCCTCCGGG

Double luciferase reporter gene
vector of Ucp1 promoter with

different fragment size

Ucp1(-150bp)-Kpn I-F atttctctatcgataggtaccGAGTGACGCGCGGCTGGG
Ucp1(-150bp)-Mlu I-R cgagcccgggctagcacgcgtCTGCGCCCTGACCTGGGA
Ucp1(-500bp)-Kpn I-F atttctctatcgataggtaccTCCAGTCACCCAAA TCTGAAGG
Ucp1(-500bp)-Mlu I-R cgagcccgggctagcacgcgtCTGCGCCCTGACCTGGGA
Ucp1(-1000bp)-Kpn I-F atttctctatcgataggtaccAGCAGAACCTGGCCAACCA
Ucp1(-1000bp)-Mlu I-R cgagcccgggctagcacgcgtCTGCGCCCTGACCTGGGA
Ucp1(-1500bp)-Kpn I-F atttctctatcgataggtaccTTATTATACTGTTGTTGCTGCTGCT
Ucp1(-1500bp)-Mlu I-R cgagcccgggctagcacgcgtCTGCGCCCTGACCTGGGA

pLacZi-Ucp1

Ucp1-EcoR I-F ctttgatattggatcgaattcCATTCCTCTAAGACCATAGCTTGGT
Ucp1-Xho I-R atacagagcacatgcctcgagACTTCTGCGCCCTGACCTG

Prdm16-EcoR I-F gattatgcctctcccgaattcTACGCTAGGTTCCGCTCCC
Prdm16-Xho I-R agaagtccaaagcttctcgagTAGTAACGTA TACGGAGGCCCA T

PJG-Prdm16
Prdm16-EcoR I-F gattatgcctctcccgaattcTACGCTAGGTTCCGCTCCC
Prdm16-Xho I-R agaagtccaaagcttctcgagTAGTAACGTA TACGGAGGCCCA T

The primer sequence was designed by CE Design, via the official website of Nanjing
Vazyme Biotechnology Co., Ltd. (Nanjing, China), (www.vazyme.com (accessed on 31 May
2020)), according to the gene sequence provided by NCBI, and the primer was synthesized
by Shanghai Sangon Biological Engineering Technology Co., Ltd. (Shanghai, China).

2.6. Cell Transfection and Luciferase Activity Detection

Cell transfection was performed using the method described in the Lipo8000 Trans-
fection Reagent, Beyotime Biotechnology, Inc., with some modification. The transfection
reagent was configured to 50 μL of Opti-MEM® (Thermo Scientific, Waltham, MA, USA)
Medium, 1 μg of plasmid DNA, and 1.6 μL of Lipo8000™ (Beyotime Biotechnology, Shang-
hai, China) transfection reagent. After 24 h transfection, the cells were lysed, and firefly
luciferase detection reagent and renal luciferase detection working solution were added,
respectively, to measure RLU on a multifunctional microplate reader.
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2.7. Yeast One-Hybrid Assay

In order to verify the interaction between Prdm16 and the Ucp1 promoter, in this
experiment, the pLacZi-Ucp1 reporter vector and pJG-Prdm16 fusion expression vector
were constructed and transfected into yeast to screen for blue leukoplakia.

Respectively, the Prdm16 was connected with the PJG plasmid after enzyme digestion,
the Ucp1 promoter was connected with the pLacZi plasmid after enzyme digestion, and
co-transfection was performed into EGY48 competent cells. The cells transfected with
Placezi+ and PJG+ were used as the positive control, pLacZi-Ucp1 and PJG empty vectors
were used as the self-activated control, and the Placezi empty vector and pJG-Prdm16 were
used as the negative control. The cells were cultured in a SD-trp/ura-deficient medium for
48 h, after which single colonies were picked and cultured in X-α-gal medium for 48 h, and
the results were observed.

2.8. shRNA-Mediated Gene Silencing of Prdm16

According to the gene sequence number information provided by NCBI, a primer se-
quence was designed through the GPP Web Portal website: 5′-CCGGGACGGTGACGTTGT
AAATAATCTCGAGATTATTTACAACGTCACCGTCTTTTTG-3′. The pLKO.1 vector was
enzymatically cleaved with AgeI (NEB, #R0552S) and EcoRI (NEB, #R0101S) for ligation
and transformation. The collected plasmids were transferred into C3H10T1/2 cells and
inoculated onto a 6-well cell culture plate. After further differentiation for 6 days, according
to the brown adipose differentiation method, the mRNA expressions of prdm16 and Ucp1
mRNA the cells were detected by RT-PCR.

2.9. Microscale Thermophoresis (MST) Study

The MST micro-thermophoroscope (Monolith NT.115) was derived from Northrop.
First, the PPARα protein was fluorescently labeled to make it become a reporter molecule,
and the gradient-diluted C3G molecule was mixed with the PPARα protein of the same
concentration in an equal amount and loaded into the capillary. The affinity of molecular
interactions was quantitatively analyzed by detecting the fluorescence changes caused by
thermophoresis in capillaries with different concentrations under the temperature gradient
field. The experimental results were automatically analyzed by MO Affinity Analysis
software, and the Kd value was calculated accurately.

2.10. Analysis of Experimental Data

All data were expressed as means ± SD. Statistical analysis was conducted using
GraphPad Prism (version 7.0). The statistical differences between the groups were evalu-
ated using one-way ANOVA with a least significant difference (LSD) test, and a p-value
less than 0.05 was considered statistically significant.

3. Results

3.1. C3G Upregulates the Expression of Ucp1 Gene Both In Vitro and In Vivo

As mentioned above, it has previously been reported that C3G treatment specifically
upregulates the thermogenic gene expressions in BAT-cMyc cells [17]. In this study, we
treated C3H10T1/2 cells with various concentrations of C3G to explore the effect of C3G
on the expression of the Ucp1 gene. However, this proved to have no effect on BAT-cMyc
cell viability or proliferation during brown adipogenesis. In comparison with the PBS
medium, C3G at concentrations of 10 μM, 20 μM, and 40 μM was found to significantly
upregulate the relative expression level of Ucp1 mRNA in the C3H10T1/2 cells (p < 0.05)
and, at 20 μM, the C3G could significantly upregulate the expression of Ucp1 (Figure 1A)
(p < 0.01). Similarly, through the animal experiments, it was found that C3G treatment
could significantly increase the expression of the Ucp1 gene of BAT in db/db mice and mice
with DIO. The expression of Ucp1 in the C3G-treated mice was 3.82 times and 3.06 times
higher than those in the two control groups (Figure 1B,C). These results are consistent with
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our previous research results [4,17], further demonstrating C3G-induced upregulation of
Ucp1 mRNA expression, both in vitro and in vivo.

Figure 1. C3G was able to up-regulate the expression of Ucp1 gene both in vitro and in vivo.
(A) Effects of C3G at different concentrations on Ucp1 gene expression in C3H10T1/2 cells. (B,C)
C3G up-regulated the expression of Ucp1 gene both in db/db mice model (B) and mice with DIO
model (C) (n = 6–8). (D) Electrophoretic map of cloned Ucp1, M: Kang was 200Bpladder; Lane 1–3:
Ucp1 amplification products (E) Electrophoresis diagram of pGL3-Basic enzyme digestion product,
M: DL15000 marker; Lane 1–3: pGL3-Basic double enzyme digestion product.(F) PCR electrophoresis
diagram of pGL3-Ucp1 bacterial solution; M: Kang Wei 200Bpladder; Lane 1–6: PCR products from
the picked six single-colony bacterial solutions.(G) Comparative diagram of sequencing results of
PGL3-Ucp1 (H) Activation of Ucp1 promoter by C3G with different concentrations. Values represent
means ± SD. Error bars represent SD; mean values with asterisk or different letters are significantly
different (* means p < 0.05; ** means p < 0.01).

All figures and tables should be cited in the main text as Figure 1, Table 1, etc.
Next, we successfully constructed the luciferase reporter gene vector (Figure 1D–G),

to examine the role of C3G in the activation of Ucp1. The luciferase assay showed that,
compared with the PBS-supplemented medium, treatments with various concentrations of
C3G and transfection with the −2.0 kb Ucp1 promoter–luciferase did not activate the Ucp1
promoter (Figure 1H) (p < 0.01). Thus, these results indicate that, while C3G significantly
accelerates Ucp1 expression, it does not directly activate its promoter.

3.2. C3G Upregulates the Expression of Prdm16 Gene Both In Vitro and In Vivo

As the expression level of the BAT-specific gene Ucp1 was increased by C3G treat-
ment and this process was not dependent on the activation of the Ucp1 promoter, we
speculated the existence of other regulators as target genes of C3G, such as transcription
factors. Prdm16 determines the brown fat-like program and thermogenesis in both brown
and white adipose tissues [19–22], so we consequently sought to determine whether this
thermogenesis-related gene participates in this process, and found that treatment with C3G
(20 μM) resulted in a 4.42-fold increase in Prdm16 mRNA expression in C3H10T1/2 cells,
compared to the control group. Interestingly, the expression levels of Prdm16 followed the
same trend as that of Ucp1 after treatment with various concentrations of C3G (Figure 2A)
(p < 0.01). Moreover, the promotional effect of C3G on Prdm16 was consistent with that in
previous reports [4,17]. Similarly, in light of the animal experiments in this study, it was
ascertained that C3G treatment can significantly increase the expression of Prdm16 and
PPARα genes in the BAT of mice. In the db/db mouse model and the DIO model mice,
the expressions of Prdm16 and PPARα genes in C3G-treated mice increased by 7.21 times,
10.16 times, 3.91 times, and 4.58 times (p < 0.05), respectively, compared with the control
group (Figure 2B,C). These results are consistent with our previous research results [4,17],
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indicating clearly that C3G treatment increased the expression of Prdm16 gene, both in vitro
and in vivo.

Figure 2. C3G was able to up-regulate the expression of Prdm16 gene both in vitro and vivo. (A) Effect of C3G at different
concentrations on Prdm16 gene expression in C3H10T12 cells. (B,C) Gene expression profile in BAT, real-time PCR analysis
of thermogenic-related genes, including Prdm16, PPARα in db/db mice model (B) and mice with DIO model (C) (n = 6–8).
Values represent means SD. Error bars represent SD; mean values with asterisk or different letters are significantly different
(* means p < 0.05; ** means p < 0.01).

3.3. Prdm16 Regulates the Expression of Ucp1 Gene in Brown Adipocytes

We hypothesized accordingly that C3G may first upregulate the expression of gene
Prdm16 and then activate Ucp1. To explore and examine the effect of transcription factor
Prdm16 on Ucp1 expression, we constructed a pCMV-Prdm16 vector to transfect C3H10T1/2
cells and further ascertained the level of Ucp1 mRNA via quantitative real-time PCR
after the completion of adipocyte differentiation (Figure 3A–C). As expected, Prdm16 did
regulate Ucp1 expression at the level of transcription. In the treatment group in which
Prdm16 was overexpressed, the expression of Ucp1 increased over four times more than that
in the control group, with a significant up-regulation effect (Figure 3D) (p < 0.01). Further,
to validate the loss-of-function studies, we constructed shPRDM16 to transfect C3H10T1/2
cells and further determine Ucp1 mRNA levels by quantitative real-time polymerase chain
reaction after adipocyte differentiation. As shown in Figure 3E, shPRDM16 reduced
Ucp1 expression at the transcriptional level by more than 0.5 times that of the control
group. Taken together, these results indicate that C3G did, at least partly, activate Ucp1 by
regulating the expression of the transcription factor Prdm16.

3.4. Prdm16 Directly Binds and Activates Ucp1 Promoter

As a transcription factor, Prdm16 often regulates gene expression by binding to the pro-
moter region of the target gene. To determine the mechanism by which Prdm16 regulates
Ucp1, we performed a double luciferase reporter experiment to quantitate promoter acti-
vation. Compared to the empty vector control, co-transfection of pCMV-Prdm16 with the
−2.0 kb Ucp1 promoter–luciferase resulted in an obvious activation of the Ucp1 promoter
(Figure 4A) (p < 0.01).
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Figure 3. Overexpression of Prdm16 upregulates Ucp1 gene expression in brown adipose cells
(A) Clone Prdm16 electrophoretic map, M: Kang Wei 200B PLA DD; Lane 1–8: Prdm16 amplification
product. (B) PCR electrophoresis diagram of pCMV-Prdm16 bacterial solution; M: Kang Wei 200B
PLA DD; Lane 1–11: PCR products from the picked bacterial solutions of 11 single colonies. (C) Com-
parative diagram of pCMV-Prdm16 sequencing results. (D) Effect of overexpression of Prdm16 on
Ucp1 gene expression C3H10T12 cells. (E) Effects of shPRDM16 on Ucp1 gene expression during
C3H10T1/2 cell differentiation. Compared with control, ** means p < 0.01.

Figure 4. Prdm16 capable of activating Ucp1 promoter (A) Effect of Prdm16 on Ucp1 promoter
(double luciferase report gene method) (B) PCR electrophoresis diagram and sequencing comparison
diagram of pLacZi-Ucp1 bacterial solution. M: Kang Wei 200B PLA DD;Lane 1–4: PCR products from
the picked four single-colony bacterial solutions. (C) PCR electrophoresis diagram and sequencing
comparison diagram of pJG-Prdm16 bacterial solution. M: Kang Wei 200B PLA DD; Lane 1–4: PCR
products from the picked four single-colony bacterial solutions. (D) Effect of Prdm16 on Ucp1
promoter (yeast one-hybrid assay) (E) Clone electrophoretic images of Ucp1 promoter with different
lengths. (F) PGL3-Basic enzyme digestion electrophoresis diagram (G) PCR electrophoresis map of
bacterial solution after ligation of Ucp1 promoter with different lengths to pGL3-Basic. (H) Effects
of Prdm16 on promoters of different fragments Ucp1. Compared with control, ** means p < 0.01;
*** means p < 0.001.
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This interaction of Prdm16 with the Ucp1 promoter was subsequently reverified. A
pLacZi-Ucp1 reporter vector and pJG-Prdm16 fusion expression vector were constructed
and transfected into yeast for blue-streak screening (Figure 4B–D). Similar to the positive
control group of Plazzi+ and PJG+, treatment groups transfected with pLacZi-Ucp1 and
pJG-Prdm16 were blue and dark in color. The results verified by the single yeast hybrid
assay showed that Prdm16 could directly bind to the Ucp1 promoter.

To start defining how Prdm16 activates the Ucp1 promoter, 5′deletions of the Ucp1
promoters driving a luciferase reporter were generated and co-transfected along with
pCMV-Prdm16 into 293 cells (Figure 4E–G). All Ucp1 promoter constructs deleted down
to −500 bp, thus showing remarkable activation upon Prdm16 co-transfection. However,
Ucp1 promoter activation by Prdm16 was lost when the promoter was deleted to −150 bp,
indicating that Prdm16 functions through the sequence from −500 to −150 bp (Figure 4H).

3.5. PPARα Binds to Ucp1 Promoter to Activate Transcription

The above experiments showed that Prdm16, regulated by C3G, plays a novel role
in upregulating the expression of Ucp1; however, it has been previously reported that the
expression of Ucp1 is regulated by many factors. We found that PPARα, a gene associated
with fatty acid oxidation, could also activate Ucp1 promotion in the same way as Prdm16
(Figure 5A–E) (p < 0.01). In addition, the results of the luciferase activity assay showed that
the activity of the −150 bp Ucp1 promoter was significantly reduced (Figure 5F) (p < 0.01).
Analysis, combined with the results of this assay, showed that the region where the Ucp1
promoter binds to PPARα is between −500 and −150 bp upstream of its initiation site.

Figure 5. PPARα binds to Ucp1 promoter to activate transcription. (A) Cloned PPARα electrophoresis
M: Kang Wei 200B PLA DD; Lane 1–7: PPARα amplification product. (B) Electrophoresis map of
pCMV-N-Flag enzyme digestion product, M: Kang Wei 200B PLA DD; Lane 1–3: pCMV-N-Flag
double enzyme digestion product. (C) PCR electrophoresis diagram of pCMV-PPARα bacterial
solution;M: Kang Wei 200B PLA DD; Lane 1–11: PCR products from picked 11 single-colony bacterial
solutions (D) Comparison of pCMV-PPARα sequencing results. (E) Effect of PPARα on the intact
Ucp1 promoter (−2000 bp). (F) Effect of PPARα on promoter of Ucp1 with different fragments.
** mesns p < 0.01.

3.6. Conformational Investigation and Interaction Study of PPARα–C3G

Molecular modeling of the PyMOL program was used to improve understanding
of the PPARα–C3G interaction. The optimal energy sequencing results for PPARα and

121



Antioxidants 2021, 10, 1986

C3G binding modes are shown in Figure 6A. As the thermophoresis law of molecules in
solution is closely related to their molecular size, charge, and hydration layer properties,
the change in any property will cause a change in its movement law, MST technology has
extremely high sensitivity and wide application range. MST was utilized to further prove
the interaction results by fluorescence spectroscopy. As shown in Figure 6B, the fitting
curve of PPARα and C3G binding was well-shaped, with the Kd value of 1.12 μm. The
Kdre value indicated the degree of dissociation of the complex in the equilibrium state.
The smaller Kd value indicated that the degree of dissociation was lower, and the affinity
between PPARα–C3G was stronger.

Figure 6. Conformational investigation and interaction study of PPARα–C3G (A).The molecular
visualization system predicted the binding conformation of pparα to C3G. (B) MST technique to
quantitate the affinity of pparα for C3G molecular interactions. The final C3G was added at varying
concentrations (ranging from 5 μM to 23,000 μM).

4. Discussion

This study proved, for the first time, that C3G does not upregulate the expression
of Ucp1 by activating the Ucp1 promoter. Another novel finding herein is that Prdm16
can bind to the region −500 to −150 bp upstream of the transcription start site of Ucp1
gene, thereby activating the promoter activity. It was also proposed for the first time
that C3G participates in the synthesis and thermogenesis of brown adipocyte Ucp1 by
regulating Prdm16.

Thermogenesis is one of the most important functions of BAT, a tissue that has recently
been shown to play a significant role in energy and glucose metabolism in adults, making
it an interesting potential target for strategies aimed at augmenting the energy metabolic
rate [23]. In short, increasing BAT activity may be a highly effective therapeutic approach
to combating obesity and its related metabolic diseases.

Uncoupling proteins (UCPs) are a class of heat-producing proteins distributed on the
inner membrane of mitochondria. Their activity is closely related to heat loss, regulated
by purine nucleosides (ADP, ATP), guanosine (GDP, GTP), and free fatty acids (FFA),
and they, therefore, play an important role in mammalian heat production and energy
metabolism regulation [24]. There are five known main types of UCPs, namely Ucp1,
UCP2, UCP3, UCP4, and UCP5. Ucp1 activity exists in mammalian BAT, while UCP2
is widely distributed in whole body tissues, such as white adipose tissue (WAT), heart,
liver, kidney, spleen, thyroid, and gastrointestinal tract [25]. UCP3 is mainly distributed
in skeletal muscle and UCP4 is mainly distributed in brain [26,27], while UCP5 is mainly
found in brain and neural tissues [28]. Ucp1 is the only expression of uncoupling protein
found in BAT.

Brown fat cells are characterized by densely packed mitochondria that contain Ucp1 in
their inner mitochondrial membrane [29]. BAT thermogenesis is dependent on Ucp1 as it is
a proton transporter that allows protons to leak across the mitochondrial inner membrane,
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thereby dissipating the electrochemical gradient normally used for ATP synthesis [29]. The
regulation of levels of the Ucp1 gene, thus, plays a decisive role in the control of Ucp1
content and is at the center of the physiological regulation of BAT heat production [30].
Revealing the involved signal pathway and transcription regulation of Ucp1 in BAT’s
energy metabolic process not only helps us to better understand the important role of Ucp1
in BAT energy metabolism control but also provides a theoretical foundation for obesity
treatment based on BAT.

Our previous research showed that dietary supplementation with the functional
ingredients of natural plants exhibited a positive effect on BAT functionality in mice.
Such plant-based ingredients include mulberry polyphenol extract, such as C3G and
rutin [4,18,31]. Moreover, some phenolic acids, such as vanillic acid and chlorogenic acid,
which are components of mulberry fruit polyphones, also induce the thermogenesis of
BAT and could, therefore, be applied to the prevention of dietary-induced obesity and
insulin resistance [31,32]. We previously reported that mulberry and mulberry wine extract
(ME and MWE) can not only improve the expression of BAT specific gene Ucp1, but also
improve the mitochondrial copy number [33]. As the most abundant anthocyanin in
ME and MWE, C3G has also been proven to increase the quantity of mitochondria in
subsequent experiments [17]. In order to further explore the heat production mechanism of
BAT promoted by C3G, we studied the mitochondrial biogenesis and function. The results
show that C3G significantly upregulated the expression of mitochondrial synthesis-related
genes Tfam, NRF1 and NRF2, in both the BAT of both the db/db and mice with DIO, and
increased the number of mitochondria and the expression levels of mitochondrial oxidative
phosphorylation-related proteins ATP5A, UQCR2, and NDUFB8 [4,18].

This strongly suggested the promotion of BAT heat production by C3G, thus war-
ranting further exploration of the mechanism by which C3G regulates the action of Ucp1
and its related heat production gene. In this study, we first verified the promotional effect
of C3G on Ucp1 gene expression through animal models. Thereafter, we found that C3G
can upregulate the BAT specific gene Ucp1 expression during brown adipocyte differenti-
ation, thereby effectively increasing the mitochondrial respiration uncoupling of brown
adipocytes, which is consistent with the previously reported conclusion [34]. However, our
study found that there is no concentration dependence, and also that the activation of Ucp1
by C3G is not achieved by activating the promoter, thus suggesting the existence of other
regulatory factors in the process.

Numerous studies have shown that the activity of Ucp1 is inhibited by nucleotides
and activated by non-lipidated fatty acids [33,35]. Norepinephrine (NE) released by sym-
pathetic nerves or hypothermia are the main physiological signals that activate Ucp1
synthesis in BAT cells [36]. Furthermore, the synthesis of Ucp1 is strongly regulated by
the transcription level; cAMP is the main activator of Ucp1 gene transcription [37–40]; and
β3-AR-specific agonists L-755507, CGP12177, CL316243, and BRL35135 can significantly
increase the levels of Ucp1 mRNA in mammalian BAT cells [38–40]. In addition, several
transcription factors and coregulators found in both WAT and BAT, as well as in other
tissues, including PPARs, PGC1α, and ATF2, have been implicated in the transcriptional
activation of Ucp1 [12,41]. Our data show that C3G can activate Ucp1 by upregulating
the expression of the transcription factor Prdm16. Since Prdm16 is related to heat produc-
tion [42,43], it is even clearer that C3G does indeed play a role in weight loss by activating
heat production.

Prdm16 can form transcription complexes with other transcription factors, such
as C/EBPβ, PGC1α, PPARα, and PPARγ, to regulate the expression of thermogenic
genes [14,44]. Furthermore, it was found in our previous research that C3G can upregulate
PPARα [4]. Consequently, on the basis of the above discussion, it would be reasonable to
believe that PPARα is also involved in Ucp1 transcriptional regulation. Through double
luciferase experiments, we ascertained that PPARα can indeed activate the transcriptional
expression of Ucp1 in a similar manner to that of Prdm16. Unlike Prdm16, however, PPARα
is a fatty acid oxidation-related gene that is also expressed in WAT, which suggests that
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the transcriptional activation of C3G to Ucp1 is not limited to BAT. C3G is expected to
achieve weight loss and lipid reduction by increasing WAT heat production, which would
be consistent with previous conclusions [18].

On the one hand, we proved that C3G could enhance the thermogenesis of BAT. On
the other hand, anthocyanins were reported to have anti-cancer and anti-inflammatory
effects [45], which were closely related to their antioxidant activities. Therefore, the role of
antioxidant activity of C3G in thermogenesis could be further explored. However, there
are a variety of metabolites of C3G, and 41 metabolites have been identified. Among
them, protocatechuic acid and vanilloid are metabolites that exert the main physiological
functions of C3G in the body [46]. For example, PCA and PGA, the degradation products
of C3G, inhibit the proliferation of cancer cells, which is closely related to their antioxidant
activity [47]. The effect of C3G on the thermogenesis of brown fat suggests that its metabo-
lites may have the same effect or even more obvious effects. Therefore, the above C3G
metabolites can be further studied in future studies to further clarify the effective activators
that activate Ucp1.

5. Conclusions

Taken together, the findings of our study indicate that C3G can upregulate the expres-
sion level of Prdm16, and then activate the transcriptional expression of Ucp1 by directly
binding to the −500 to −150 bp region of the Ucp1 promoter.

In future research, it would be valuable to determine whether Prdm16 interacts with
PPARα or other activating factors to activate Ucp1 and to determine the molecular mech-
anism by which C3G regulates Prdm16 expression. The results of this study provide an
effective approach for the development of novel methods to improve energy metabolism
with the activation of Ucp1 as the target, and also help to establish an innovative theoretical
basis for the in-depth utilization and development of C3G-rich fruit and vegetable re-
sources.
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Abstract: Isoorientin (Iso), a natural bioactive flavonoid, possesses significant anti-tumor and anti-
oxidant activities. Benzo[a]pyrene (BaP) is a food processing injurant with carcinogenicity, terato-
genicity, and genotoxicity. Our preliminary study demonstrates that Iso attenuated the pyroptotic
hepatocyte damage induced by BaP; however, the molecular mechanism remains unknown. The
present study showed that Iso reduced the increase caused by BaP in the overflow of LDH, NO,
and the electrical conductivity and the protein expressions of GSDMD-N, IL-18, and IL-1β, further
showing that Iso could reduced the pyroptotic damage in HL-7702 cells induced by BaP. Caspase-1
inhibitor (Z-VAD-FMK) inhibited the characteristic pyroptosis protein expressions of Caspase-1,
GSDMD-N, IL-18, and IL-1β, showing that the classic pyroptosis pathway depending on Caspase-1
was caused by BaP in HL-7702 cells. Consistent with the effects of the NLRP3 inhibitor (MCC950),
NF-κB inhibitor (PDTC), ROS, and mtROS inhibitor (NAC and Mito-TEMPO), Iso weakened the
stimulatory effects of BaP on the levels of ROS, the nuclear localization of NF-κB, and the acti-
vation of NLRP3 inflammasome and the characteristic indices of pyroptosis, demonstrating that
Iso could alleviate the BaP-induced pyroptotic hepatocytes injury through inhibiting the ROS/NF-
κB/NLRP3/Caspase-1 signaling pathway, which provides a new perspective and strategy to prevent
liver injury induced by BaP.

Keywords: isoorientin; benzo[a]pyrene; pyroptosis; ROS; NF-κB; NLRP3

1. Introduction

Isoorientin (3′,4′, 5, 7-tetrahydroxy-6-C-glucopyranosy flavone, Iso, Figure 1A), a
natural flavonoid compound, is abundant in food such as hawthorn [1], cucumber [2], and
pueraria lobata [3], with anti-oxidation, anti-inflammation, and anti-tumor activity [4,5].
It is able to prevent liver injury by reducing lipid metabolism, enhancing the ability of
antioxidation, regulating the secretion of pro-inflammatory cytokines [6], and suppressing
the enzyme activities of the respiratory chain complexes and the phase II [7].

Benzo[a]pyrene (BaP, Figure 1B), is a group I carcinogen and possesses strong carcino-
genicity, teratogenicity, and genotoxicity [8–10]. It is widespread in the high temperature
heat processed foods, such as smoked fish, sausage, fried chicken, vegetable oil, and ce-
reals [11]. Pyroptosis is an inflammatory programmed cells death, accompanied by the
formation of pores on the cell membrane and the release of contents, which in turn triggers
an inflammatory response [12]. It has been reported that Gossypol [13], Arsenic [14], and
Cadmium [15] induced the pyroptotic damage.

NLRP3 (NLR family pyrin domain-containing 3) inflammasome is a multiprotein
complex, formed by NLRP3, apoptosis associated speck-like protein containing a CARD
(ASC), and Pro-Caspase-1. It could be expressed in large quantities, when inflammation
occurs in hepatocytes [16]. Existing studies have proven that NLRP3 inflammasome plays
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a critical role in the process of pyroptosis [17,18], it induces pyroptosis by promoting the
cleavage and activation of Caspase-1, and resulting in the maturation and secretion of
pro-inflammatory cytokines [19]. NLRP3 inflammasome could be activated by the extra
stimuli, the mitochondrial dysfunction, reactive oxygen species (ROS), lysosome damage,
or disorder of intracellular ion homeostasis [20–22]. Besides, the activation of NLRP3
inflammasome requires the stimulation of nuclear factor-κb (NF-κB) [23]. NF-κB is the key
to the biological processes of inflammation, proliferation, differentiation, and it controls
the transcription of pro-inflammatory genes that regulate the synthesis of chemokines,
cytokines, and adhesion molecules [24].

Figure 1. Effects of BaP on the proliferation of HL-7702 cells. Chemical structure of Iso (A) and BaP (B). Cells were incubated
with BaP at different concentrations for 24 h and then processed for MTT assay. ** p < 0.01 compared with control, ## p < 0.01
compared with 10 μM BaP (C). Effect of BaP on cell morphology, which was observed with an optic microscope (D).
Representative histograms of DNA content and cell cycle phases (G0-G1, S and G2-M) in BaP treated cells (E).

Our preliminary study demonstrates that BaP induced pyroptotic liver injury through
improving the electrical conductivity, stimulating the release of LDH and the production
of NO, up-regulating the protein expression of pyroptosis characteristic indices, such
as Caspase-1, COX-2, IL-1β, and IL-18 in vitro and vivo [25], and Iso could significantly
attenuate the pyroptotic hepatocytes damage induced by BaP [26]; however, the underlying
mechanism remains unknown.

This study aimed to explore whether or not the natural flavonoid Iso attenuated
BaP-induced pyroptotic hepatocyte damage through the ROS/NF-κB/NLRP3/Caspase-1
signaling pathway in HL-7702 liver cells by detecting ROS levels, the nuclear localization of
NF-κB, the activation of NLRP3 inflammasome, and the characteristic protein expressions
of pyroptosis.
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2. Materials and Methods

2.1. Chemicals and Reagents

Iso (purity ≥ 98%) was obtained from Pharmaceutical Technology Co., Ltd. (Jiangsu,
China) and BaP was purchased from Sigma (St. Louis, MO, USA). Caspase-1 activity assay
kit and 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) were obtained from Beyotime
biotechnology Co., Ltd. (Shanghai, China). RPMI-1640 medium, BCA protein kit, and
penicillin–streptomycin solution were from Thermo Fisher (Shanghai, China).

TritonX-100, DAPI-Fluoromount-G, Bovine Serum Albumin (BSA), and CoraLite488-
conjugated Affinipure Goat Anti-Rabbit IgG(H+L) were from Proteintech Group, Inc
(Rosemont, IL, USA).

Polyclonal antibodies specific to NLRP3 (GTX106313), ASC (10500-1-AP), NF-κB
(10745-1-AP), GSDMD (20770-1-AP), IL-1β (16806-1-AP) and IL-18 (SC-6179) were pur-
chased from Santa Cruz Biotechnology (Dallas, Texas, United States). GAPDH (BA2913)
was obtained from Bioworld Technology, Inc. (Louis Park, MN, USA). Caspase-1 (2225)
was purchased from Cell Signaling Technology (Shanghai, China).

Specific inhibitors MCC950, N-acetylcysteine (NAC), and Z-YVAD-FMK were ob-
tained from Beyotime biotechnology Co., Ltd. (Shanghai, China). Ammonium pyrro-
lidinedithiocarbamate (PDTC) and Mito-TEMPO were obtained from Sigma (St. Louis,
MO, USA). All other reagents were dissolved in water or DMSO, and then diluted with
fresh RPMI-1640 medium.

2.2. Cell Culture

HL-7702 liver cells were from the Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,
Ltd. (Shanghai, China). Cells were cultured in RPMI-1640 medium with 10% fetal bovine
serum and 1% penicillin–streptomycin, in a humidified incubator (5% CO2, 95% air) at
37 ◦C.

2.3. Cytotoxicity Assay

Cell viability was detected by the MTT assay. HL-7702 cells with the density of
1 × 106 cells/mL were seeded into plates. After treatment, the MTT (0.5 mg/mL) was
added and incubated for 4 h. Then, MTT was removed and 100 μL DMSO was added to
each well. The absorbance at 490 nm was detected using a microplate reader (Thermo Fisher,
Ltd., USA). Cell viability of HL-7702 cells was expressed as the ratio of the absorbance of
the treated group cells to the control group cells.

2.4. Cell Cycle Analysis

Cell cycle was examined by Flow cytometry. After treatment for 24 h, trypsin was
added to digest and blow the cells to prepare a cell suspension. Then, they were centrifuged
and resuspended several times. Finally, RNase A and PI were added to the resuspended
cells which were then cultured for 30 min at room temperature in the dark, and analyzed
by the Flow cytometry (Partec GmbH, Münster, Germany).

2.5. Measurement of Intracellular ROS

ROS was detected using Flow cytometer and Fluorescence microscopy was used to
detect ROS levels. Cells were harvested and incubated with 10 μM H2DCFDA, which was
added to the treated cells for 20 min at 37 ◦C. After washing with cold PBS, the fluorescence
of cells was observed under Fluorescence microscope (Olympus Optical, Tokyo, Japan) or
Flow cytometer (Partec GmbH, Münster, Germany).

2.6. Western Blot Analysis

HL-7702 cells were lysed with a lysis solution containing RIPA buffer, and then the
protein concentration of the supernatant after centrifugation was measured with BCA kits,
and finally, the protein concentration of all treatment groups were balanced with a loading
buffer, and denatured in a 95 ◦C water bath for 10 min. Subsequently, the treated proteins
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were subjected to such steps as loading, electrophoresis, and transfer to a polyvinylidene
fluoride membrane, followed by washing, blocking with skimmed milk powder for 2 h,
and incubation with the primary antibody for 4 ◦C overnight and the secondary antibody
for 2 h. Finally, the ECL kit was used for coloration and proteins were visualized on the
Chemical XRS Imaging System (UVP, Ltd., USA).

2.7. Release of LDH

The contents of Lactate dehydrogenase (LDH) in the cell-free supernatant reflect
the cellular permeability. The absorbance value of the cell-free supernatant at 450 nm
was determined by using an LDH assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

2.8. NO Assay

Griess reagent (including 0.1% (w/v) N-(1-naphathyl)-ethylenediamine and 1% (w/v)
sulfanilamide) was used to determine the content of NO in the culture supernatant. After
treatment, the cell-free supernatant was collected and reacted with Griess reagent at 25 ◦C
for 15 min. The absorbance at 540 nm was detected by the microplate reader (Thermo
Fisher, Ltd.,USA). The value of NO was calculated using NaNO2 standard curve.

2.9. Relative Electrical Conductivity Assay

The relative electrical conductivity of the cell-free supernatant was measured by
the DDSJ-308A conductivity meter (Shanghai precision scientific instrument co., Ltd.,
Shanghai, China).

2.10. Scanning Electron Microscopy

Cells were fixed with 2.5% glutaraldehyde, and were sequentially dehydrated in
graded ethanol (30, 50, 70, 90, 100% (v/v)), ethanol:isoamyl acetate (3:1, 1:1, 1:3 (v/v)), and
isopropyl acetate for 15 min at room temperature. Finally, cells were observed under a
scanning electron microscope (HITACHI, SU8220, Tokyo, Japan) at a voltage of 5 kV.

2.11. Caspase-1 Enzyme Measurements

The activity of Caspase-1 enzyme in cells was detected by a Caspase-1 enzyme kit
(Beyotime Biotechnology, Shanghai, China). Briefly, cells lysates containing 10–30 mg of
protein reacted with the reaction buffer containing Ac-YVAD-ρNA at 37 ◦C. After 30 min,
the absorbance at 405 nm was detected using a microplate reader (Thermo Fisher, Ltd.,
USA.) and the Caspase-1 activity was normalized for total proteins of cell lysates.

2.12. NF-κB Activation Assay

Firstly, HL-7702 cells were added to the cell coverslips for 24 h. After fixing (ice-cold
methanol), permeabilizing (0.25% Trition X-100), and sealing, cells were incubated with
NF-κB antibody (1:100) and FITC-conjugated antibody (1:200) for 2 h and 1 h, respectively.
Finally, cells were stained with DAPI for one minute, and then observed with an Olympus
FV1200 confocal microscope.

2.13. Statistical Analysis

All experimental results are expressed as mean ± standard deviation (SD) and were
analyzed by ANOVA and Duncan test (SPSS v19.0); p value < 0.05 was considered as
statistically significant.

3. Results

3.1. Effects of BaP on the Proliferation of HL-7702 Cells

MTT assay was used to measure cell viability. BaP induced the death of HL-7702
cells in a dose-dependent manner at three concentrations of 10 μM, 25 μM, and 50 μM
(p < 0.01). With the increasing concentration of BaP, the cell viability decreased by 35.73%,
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38.24%, and 42.15%, respectively (Figure 1C). There were significant differences among
these groups (p < 0.01). With microscope observation, we also found that the degree of cell
damage was positively correlated with the concentration of BaP (Figure 1D). In order to
explore whether the inhibitive effects of BaP on cell proliferation is related to blocking the
cell cycle, the flow cytometry was calculated. As shown in Figure 1E, compared with the
control, BaP significantly (p < 0.01) prolonged the S-phase by 12.46% and shortened the
G2-M-phase by 10.78%. These results indicated that BaP not only could damage HL-7702
cells, but also suppress the proliferation of HL-7702 cells by blocking the S-phase.

3.2. BaP Induced Pyroptotic Damage in HL-7702 Cells

Pyroptosis is a form of the programmed cell death which accompanies inflammation.
When pyroptosis occurs, the GSDMD-N is activated to oligomerize on the cell membrane
and form pores, which leads to the change of cell membrane permeability. As shown in
Figure 2E, there were few pores in the control group, and the number of pores increased
with the increase of the concentration of BaP. Furthermore, compared with 0 μM BaP
treatment, 50 μM BaP notably (p < 0.01) raised the overflow of LDH (Figure 2A) and NO
(Figure 2B), and the electrical conductivity (Figure 2C) by 57.21%, 88.86%, and 87.17%,
respectively, and resulted in the significant increasing trend in the protein expression
of GSDMD-N (Figure 2D). These results indicated that BaP could induce the pyroptotic
hepatocyte damage in HL-7702 cells.

Figure 2. BaP induced pyroptotic hepatocyte damage in HL-7702 cells. LDH (A), NO (B), and electrical conductivity (C)
were detected ** p < 0.01 compared with control, ## p < 0.01 compared with 10 μM BaP. Western blot image of protein
expression acquired by Chemical XRS Imaging System (D). Scanning electron microscope observation of membrane pores;
white arrows indicate the membrane pore (E).

3.3. BaP Induced Caspase-1-Dependent Pyroptotic Hepatocytes Damage

The classic pathway of pyroptosis is dominated by Caspase-1. Z-VAD-FMK is an
irreversible Pan-Caspase inhibitor that can inhibit the activity of the Caspase family. We
chose Z-VAD-FMK to verify whether or not the classic pathway of pyroptosis has been
induced by BaP in HL-7702 cells. As shown in Figure 3A, in comparison with the control
group, 25 μM BaP obviously (p < 0.01) decreased the cell viability by 39.40%, while the
viability of cells which were exposed by Z-VAD-FMK and BaP only decreased by 7.3%,
comparing with the control group. The same trends were found in the overflow of LDH
(Figure 3B), NO (Figure 3C), and the electrical conductivity (Figure 3D). Similarly, Z-VAD-
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FMK weakened the enhancing effects of BaP on the Caspase-1 enzyme activity (Figure 3E),
the protein expressions of Caspase-1, GSDMD-N, and inflammatory factors (IL-18, IL-1β)
(Figure 3F), showing that BaP induced Caspase-1-dependent pyroptotic hepatocyte damage
in HL-7702 liver cells.

Figure 3. Effects of Caspase-1 inhibitor (Z-VAD-FMK, 20 μM) on pyroptotic hepatocyte damage. Cell viability (A), LDH (B),
NO (C), electrical conductivity (D), and Caspase-1 enzyme activity (E) were detected. ** p < 0.01 compared with control,
## p < 0.01 compared with 25 μM BaP. Western blot image of protein expression acquired by Chemical XRS Imaging
System (F).

3.4. Effects of NLRP3 Inflammasome on BaP-Induced Pyroptotic Hepatocyte Damage

We assessed whether or not the activation of NLRP3 inflammasome is related to the
occurrence of pyroptosis. MCC950 is an effective and selective inhibitor of NLRP3. It was
obvious from Figure 4A that the addition of MCC950 could greatly (p < 0.01) reduce the
degree of cell damage and improve cell viability. In the co-treatment with MCC950 and BaP
group, LDH release (Figure 4B), NO (Figure 4C), and the electrical conductivity (Figure 4D)
were significantly (p < 0.01) lower than in the BaP group. Moreover, the characteristic
protein expressions of pyroptosis (Figure 4F) were also reduced by MCC950, as well as
the Caspase-1 enzyme activity (Figure 4E), contrary to the result of the BaP group. These
results fully proved that BaP induced the pyroptotic hepatocyte damage through activating
NLRP3 inflammasome in HL-7702 liver cells.
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Figure 4. Effects of NLRP3 inhibitor (MCC950, 10μM) on pyroptotic hepatocytes damage induced by BaP (25μM). Cell
viability (A), LDH (B), NO (C), electrical conductivity (D), and Caspase-1 enzyme activity (E) were detected. ** p < 0.01
compared with control, ## p < 0.01 compared with 25 μM BaP. Western blot image of protein expression acquired by
Chemical XRS Imaging System (F).

3.5. Effects of NF-κB on NLRP3 and Pyroptotic Hepatocytes Damage

Inhibition of NF-κB can effectively reduce the level of pro-inflammatory cytokines.
PDTC is an inhibitor of NF-κB activation that can inhibit the nuclear localization of NF-κB
in cells. To explore whether or not BaP induced Caspase-1-dependent pyroptosis through
activating NF-κB, then stimulating NLRP3 inflammasome, cells were exposed to PDTC. As
shown in Figure 5A, PDTC could significantly (p < 0.01) alleviate the decline of cell viability
caused by BaP. In comparison with the BaP treatment, 50 μM PDTC would significantly
(p < 0.01) weaken the increase of LDH release (Figure 5B), NO (Figure 5C), and the electrical
conductivity (Figure 5D) caused by BaP. The protein expressions of NF-κB, NLRP3, ASC,
Caspase-1, GSDMD-N, IL-18, and IL-1β in the BaP and PDTC co-treatment group were
also lower than those of the BaP group (Figure 5E). Meanwhile, BaP resulted in an obvious
nuclear localization of NF-κB (p65), while PDTC could suppress the nuclear localization
of NF-κB (p65) (Figure 5F). From the above, these results indicated that BaP induced
Caspase-1-dependent pyroptosis through activating NF-κB, and then stimulating NLRP3.
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Figure 5. Effects of NF-κB inhibitor (PDTC, 50 μM) on pyroptotic hepatocyte damage induced by BaP (25 μM). Cell
viability (A), LDH (B), NO (C), and electrical conductivity (D) were detected. ** p < 0.01 compared with control, ## p < 0.01
compared with 25 μM BaP. Western blot image of protein expression acquired by Chemical XRS Imaging System (E).
Nuclear translocation of phosphorylated p65 was observed by immunofluorescent labeling with DAPI (blue) and anti-
phosphorylated p65 (green) (F).
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3.6. Effects of ROS on NF-κB, NLRP3, and Pyroptotic Hepatocyte Damage

BaP exposure would generate a large amount of ROS, and ROS could activate the
nuclear localization of NF-κB and NLRP3 inflammasome. NAC is a common antioxidant,
which can remove ROS in cells. Mito-TEMPO was proven to specifically remove ROS in
mitochondria. In order to understand what role ROS plays in the pyroptotic hepatocyte
damage caused by BaP, NAC and Mito-TEMPO were used to treat the HL-7720 cells. It
was shown that NAC or Mito-TEMPO significantly (p < 0.01) improved the viability of
cells after BaP exposure (Figure 6A) and obviously slowed down the production of ROS
(Figure 6B). Our results also showed that the addition of NAC or Mito-TEMPO would
greatly (p < 0.01) decrease the overflow of LDH (Figure 6C), NO (Figure 6D), and the
electrical conductivity (Figure 6E). In addition, the protein expressions of NF-κB, NLRP3,
ASC, Caspase-1, GSDMD-N, IL-18, and IL-1β in the BaP and NAC or Mito-TEMPO co-
treatment group were lower than those of the BaP group (Figure 6F). According to the
previous results, it was concluded that BaP induced the pyroptotic hepatocyte damage in
HL-7702 cells by activating the ROS/NF-κB/NLRP3/Caspase-1 signaling pathway.

Figure 6. Effects of ROS inhibitor (NAC, 2 mM) and mtROS inhibitor (Mito-TEMPO, 50 μM) on BaP-induced pyroptotic
hepatocyte damage. Cell viability (A), LDH (C), NO (D), and electrical conductivity (E) were detected. ** p < 0.01 compared
with control, ## p < 0.01 compared with 25 μM BaP. ROS were examined by Flow cytometer and Fluorescence microscope
(B). Western blot image of protein expression acquired by Chemical XRS Imaging System (F).

3.7. Effects of Iso on the BaP-Induced Pyroptotic Hepatocyte Damage

Our previous work proved that Iso inhibited the pyroptosis induced by BaP; this
study further verified whether or not Iso inhibited the pyroptotic hepatocytes damage
induced by BaP in HL-7702 cells through the ROS/NF-κB/NLRP3/Caspase-1 signaling
pathway. Firstly, we carried out the assay of MTT and cell cycle to evaluate the effects
of Iso on HL-7720 cells proliferation. The viability of cells decreased in the BaP group,
but increased in the Iso and BaP co-treatment group (Figure 7A). Compared with the BaP
group, the percentage of S-phase in the cell cycle was decreased by 3.88% after Iso and BaP
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co-exposure (Figure 7B). At the same time, Iso decreased the levels of ROS (Figure 7C) and
the Caspase-1 enzyme activity (Figure 7D), as well as the characteristic protein expressions
of pyroptosis (Figure 7F). Besides, in comparison with the BaP treatment, 5 μM Iso reduced
the number of cell membrane pores (Figure 7E) and significantly suppressed the nuclear
localization of NF-κB (p65) (Figure 7G). All the results allowed to conclude that Iso had
an alleviative effect on the BaP-induced pyroptotic hepatocyte damage in HL-7702 cells
through the inactivation of the ROS/NF-κB/NLRP3/Caspase-1 signaling pathway.

Figure 7. Effects of Iso (5 μM) on the pyroptotic hepatocyte damage induced by BaP (25 μM). Cell viability (A), cell cycle (B),
ROS levels (C), and Caspase-1 enzyme activity (D) were detected. ** p < 0.01 compared with control, ## p < 0.01 compared
with 25 μM BaP. Scanning electron microscope observation of membrane pores; white arrows indicate the membrane
pore (E). Western blot image of protein expression acquired by Chemical XRS Imaging System (F). Nuclear translocation
of phosphorylated p65 was observed by immunofluorescent labeling with DAPI (blue) and anti-phosphorylated p65
(green) (G).
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4. Discussion

Pyroptosis is a programmed cell death mode which depends on the inflammatory
Caspase family and is accompanied by an inflammatory reaction. Long-term and excessive
pyroptosis will lead to cell death, tissue damage, organ failure, septic shock, and other
pathological conditions [27]. It has been reported that Gossypol, Arsenic, and Cadmium
induced the pyroptotic damage [13–15]. Our preliminary study also demonstrates that
BaP caused hepatocytes damage via inducing pyroptosis [25,28]. Iso is a natural flavonoid
with a luteolin structure that is widespread in some foods and edible plants [29,30]. It
could improve cell viability, reduce the electrical conductivity, NO release, and the pro-
tein expression of Caspase-1 to alleviate BaP-induced pyroptotic liver injury [26]. In
this study, we further verified that Iso could reduce the membrane pores, the nuclear
localization of the p65 subunit of NF-κB, the activation of NLRP3 inflammasome, the in-
crease of Caspase-1 enzyme activity, and the characteristic protein expression of pyroptosis
(Caspase-1, GSDMD-N, IL-1β, and IL-18), ultimately ameliorating BaP-induced pyroptotic
damage by inhibiting the ROS/NF-κB/NLRP3/Caspase-1 signaling pathway in HL-7702
cells (Figure 8).

Figure 8. Possible molecular mechanism of Iso on the pyroptotic hepatocyte damage induced by BaP
in HL-7702 liver cells.

Gasdermin-D (GSDMD), a member of the Gasdermin family, is the common substrate
of all inflammatory Caspase (Caspase-1/4/5/11) enzymes and is also the direct executor of
pyroptosis in human and murine animals [31]. When pyroptosis occurs, GSDMD is cleaved
by activated Caspase-1/4/5/11 into the N-terminal domain (GSDMD-N) with lipophilic-
ity and pore-forming activity, and C-terminal domain (GSDMD-C) with hydrophilicity.
GSDMD-N then selectively combined with the inner membrane of the cell membrane and
oligomerized to form membrane pores with a diameter ranging from 10 to 20 nm, which
caused the cell membrane permeability disorder and eventually led to cell swelling and
rupture, resulting in pyroptotic death. At the same time, GSDMD-N could also promote
the spillage of inflammatory factors IL-1β and IL-18 in large quantities, and stimulate
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a strong inflammatory reaction [32,33]. This work showed that Iso notably weakened
the stimulatory effect of BaP on the oligomerization of GSDMD-N, the formation of cells
membrane pores, the increase of the permeability of cell membrane, and the electrical
conductivity, as well as the level of IL-1β and IL-18 (Figures 2 and 7), indicating that Iso
could suppress the BaP-induced pyroptotic hepatocytes damage.

According to different inflammatory Caspase and external stimuli, pyroptosis can be
divided into the classic pathway depending on Caspase-1 and the non-canonical pathway
depending on Caspase-4/5/11 [34]. The classic pyroptosis pathway is that Caspase-1
specifically cleaves and activates GSDMD to form GSDMD-N and GSDMD-C, and GSDMD-
N further forms membrane pores on the cell membrane through oligomerization, which
eventually leads to cell death. Meanwhile, Caspase-1 shears ProIL-1β and Pro-IL-18
into IL-1β and IL-18 overflowed through membrane pores. It has been reported that
arsenic trioxide (As2O3) resulted in the nonalcoholic fatty liver disease/nonalcoholic
steatohepatitis by inducing the classic pyroptosis pathway in HepG2 cells, accompanied
by up-regulating the protein expressions of Caspase-1 and IL-1β [14]. As a Caspase
inhibitor, Z-VAD-FMK alleviated HUVECs cells pyroptosis induced by CdCl2 [15]. To
prove the genre of pyroptosis induced by BaP, Z-VAD-FMK was used to treat cells together
with BaP. The results revealed that BaP resulted in the Caspase-1-dependent pyroptotic
hepatocyte damage in HL-7702 cells (Figure 3). Consistent with the effect of Z-VAD-FMK,
Iso decreased the Caspase-1 enzyme activity and the protein expressions of Caspase-1,
GSDMD-N, IL-1β, and IL-18, demonstrating that Iso could inhibit the Caspase-1-dependent
pyroptotic hepatocyte damage caused by BaP in HL-7702 cells (Figure 7).

Inflammasome is a type of polyprotein complex, including NLRP3, AIM2, Pyrin,
NLRC4, and NLRP1. After the formation of the NLRP3 inflammasome with NLRP3, ASC
and Pro-Caspase-1, the Pro-Caspase-1 will self-shear to form active Caspase-1, subsequently
cleave and activate GSDMD to form GSDMD-N, and finally initiate pyroptosis [35,36].
MCC950 is a specific inhibitor of NLRP3. It was found that the addition of MCC950 could
alleviate the pyroptosis induced by Mesoporous silica nanoparticles [37]. In this study, we
also found that the MCC950 or Iso co-treatment with BaP could obviously weakened the
activity of the NLRP3 inflammasome and the characteristic protein expressions of pyropto-
sis induced by BaP (Figures 4 and 7), indicating that Iso could constrain the activation of
the NLRP3 inflammatory response and the degree of damage of pyroptotic hepatocytes.

NF-κB is a nuclear transcription factor in the cells. It participates in the inflammatory
response and regulates the expressions of inflammasomes [38]. It was found that the
inhibition of NF-κB and NLRP3 inflammasome in macrophages could ameliorate colitis of
mice [39]. The inhibitor of NF-κB (PDTC) was used to analyze whether or not NF-κB was in-
volved in the activation of the NLRP3 inflammasome and pyroptosis reaction with cells. Iso
and PDTC had similar effects, and both inhibited the nuclear localization of the p65 subunit
of NF-κB, the activation of the NLRP3 inflammasome, and then initiating the Caspase-1-
dependent pyroptotic hepatocyte damage induced by BaP (Figures 5 and 7). Moreover,
NF-κB did promote the activation of the NLRP3 inflammasome, and subsequently initiated
pyroptotic hepatocyte damage.

BaP exposure would generate a large amount of ROS [40]. ROS is a trigger for
the activation of the NLRP3 inflammasome, [21] and mtROS also activates the NLRP3
inflammasome through the NF-κB pathway [20,41,42]. ROS stimulated by Nicotine [43]
and chronic ethanol [44] could induce the activation of the NLRP3 inflammasome and
Caspase-1, and ultimately result in cells pyroptotic death. Chen’s research proved that pre-
treatment with Mito-TEMPO (mtROS scavenger) or NAC (total ROS scavenger) suppressed
Cd-induced activation of NLRP3 and pyroptotic cell death [15]. In the same way, our results
revealed that ROS was a main contributor to BaP-induced pyroptosis and the activation of
NF-κB and NLRP3 was confirmed by the fact that both ROS scavenger (NAC and Mito-
TEMPO) and Iso could strikingly decrease the level of ROS and mtROS, and ameliorate the
BaP-induced pyroptotic hepatocyte damage in HL-7702 cells through the inhibition of the
ROS/NF-κB/NLRP3/Caspase-1 signaling pathway (Figures 6–8).
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5. Conclusions

In summary, Iso was proven to ameliorate BaP-induced pyroptotic hepatocytes dam-
age in HL-7702 cells by suppressing the ROS/NF-κB/NLRP3/Caspase-1 signaling pathway,
which will contribute to a theoretical basis for the hepatoprotective effect of Iso and the full
revealment of the toxic effect and the control of BaP.
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HL-7702 cells HL-7702 human normal liver cells
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LDH lactate dehydrogenase
NAC N-acetylcysteine
ASC apoptosis associated speck-like protein containing a CARD
NLRP3 NLR family pyrin domain-containing 3
mtROS mitochondria-derived reactive oxygen species
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NF-κB Nuclear factor-κb
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Abstract: Phellinus linteus (PL), an edible and medicinal mushroom containing a diversity of styrylpyr-
one-type polyphenols, has been shown to have a broad spectrum of bioactivities. In this study, the
submerged liquid culture in a 1600-L working volume of fermentor was used for the large-scale
production of PL mycelia. Whether PL mycelia extract is effective against nonalcoholic fatty liver
disease (NAFLD) is still unclear. In the high fat/high fructose diet (HFD)-induced NAFLD C57BL/6
mice study, the dietary supplementation of ethyl acetate fraction from PL mycelia (PL-EA) for four
weeks significantly attenuated an increase in body weight, hepatic lipid accumulation and fasting
glucose levels. Mechanistically, PL-EA markedly upregulated the pgc-1α, sirt1 genes and adiponectin,
downregulated gck and srebp-1c; upregulated proteins PPARγ, pAMPK, and PGC-1α, and downregu-
lated SREBP-1 and NF-κB in the liver of HFD-fed mice. Furthermore, the major purified compounds
of hispidin and hypholomine B in PL-EA significantly reduced the level of oleic and palmitic acids
(O/P)-induced lipid accumulation through the inhibition of up-regulated lipogenesis and the energy-
metabolism related genes, ampk and pgc-1α, in the HepG2 cells. Consequently, these findings suggest
that the application of PL-EA is deserving of further investigation for treating NAFLD.

Keywords: NAFLD; Phellinus linteus; styrylpyrone polyphenolics; hispidin; hypholomine B; centrifugal
partition chromatography (CPC); hepatoprotection; dyslipidemia; mice

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most salient causes of liver
disease worldwide that will likely emerge as the leading cause of end-stage liver disease in
the coming decades [1]. The global prevalence of NAFLD is 25.24%, with highest prevalence
in the Middle East and South America and lowest in Africa [2], in contrast to 24.13% in
the USA [1,2], and 11.5% in Taiwan [3]. In NAFLD, dyslipidemia manifests as an increase
in serum triglyceride and low-density lipoprotein cholesterol levels and decreased high-
density lipoprotein cholesterol levels [4]. NAFLD without histological changes is associated
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with complications from dyslipidemia and type 2 diabetes (T2DM), while NAFLD with
histological changes is classified as NASH [4].

The majority of the population with NAFLD have isolated steatosis (non-alcoholic
fatty liver, NAFL) and a smaller proportion develop non-alcoholic steatohepatitis (NASH),
with an increase in hepatic fibrosis leading progressively to cirrhosis, liver cancer, end-stage
liver disease and death [5–7]. Overall, cardiovascular disease (CVD) may become the
leading cause of death in patients with NAFLD [5].

Phellinus linteus (PL), known as ‘Sanghuang’ mushroom in China and Korea, and
“meshimakobu” in Japan, is one of the most important groups of medicinal macrofungi
which have long been used in clinical settings for the past two centuries in many Asian
countries [8,9]. A representative group of medicinal fungi, including P. linteus, P. igniarius,
P. ribis, Inonotus obliquus and I. xeranticus was shown to produce a large and diverse spec-
trum of styrylpyrone-type polyphenols [10]. In a previous study, two predominant active
substances were isolated and identified from the culture broth of P. linteus. Their chemical
structures were identified as hispidin and hypholomine B and helped to elucidate the
neuraminidase inhibitory activity, which plays an important role in viral proliferation for
the prevention of the spread of influenza infection [11]. The styrylpyrone-type polyphenols
of PL, i.e., hypholomine B and hispidin, have been reported to have a significant scavenging
activity against radical species in a concentration-dependent manner. In ABTS•+ scaveng-
ing capabilities, hypholomine B was found to be four times greater than that of Trolox, and
superior to that of hispidin [12]. In addition to the antioxidant and anti-neuraminidase
activities, PL also possesses diverse bioactivities, including anti-viral [13], anti-diabetic [14],
and anti-dementia properties [15]; more importantly, another traditional major indication
is hypoglycemic and hypolipidemic effects for preventing type 2 diabetes [16].

Treatments of NAFLD with multimodal interventions such as weight loss, life style
modifications and possible medication have been considered as available options [17].
Although there is a growing body of literature demonstrating the hepatoprotective [18]
and anti-diabetic effects of Pl [14], it is unclear whether PL from submerged liquid culture
is effective in the inhibition of NAFLD in vivo. Few studies have been performed on the
production of Pl and its bioactive compounds on the large industrial cultivation of P. linteus
(>100 L fermenter). Due to the difficulty of process handling, whether the industrial scale
could produce similar active components is still unclear. To delineate the protective and
therapeutic effects of P. linteus on NAFLD, a certain amount of the active compound that
was obtained experimentally was isolated from the 2000 L-airlift fermenter products by
centrifugal partition chromatography (CPC), which was used in vivo and in an in vitro
model to examine whether the cited risk factors of NAFLD could be alleviated.

2. Materials and Methods

2.1. Chemicals and Equipments

Minimum Essential Medium Alpha Medium, MEM NEAA (100×), trypsin (0.25%),
Fetal bovine serum, penicillin-streptomycin (10,000 units/mL penicillin and 10,000 μg/mL
streptomycin) were provided by Gibco (Grand Island, NE, USA). 2′,7′-Dichlorodihydrofluor-
escein diacetate (DCFH-DA), 2,2′-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS•+)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals and Oil Red O solution 0.5% in
isopropanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). The protein As-
say was a product of Bio-Rad (Hercules, CA, USA). Other chemicals not mentioned were
provided by Merck (Darmstadt, Germany). The antibodies used included anti-AMPK
alpha 1/2 (Abcam, ab131512, 62 kDa), anti-PPAR gamma antibody- ChIP grade (Abcam,
ab45036, 57 kDa), anti-PGC1 alpha (Abcam, ab54481, 92 kDa), AMPKα (Cell signaling,
2532s, 62 kDa), SREBP-1(2A4) (Novus, NB600-582), SIRT-1 poly antibody (Proteintech,
13161-1-AP, 82 kDa), NF-κB p65 (C22B4) (Cell signaling, 4764s, 65 kDa), β-actin (Taiclone,
tab913655, 42 kDa). High performance liquid chromatography (HPLC) was performed
with a Hitachi HPLC system including an L-2130, L-2200 autosampler and an L-2400 diode
array detector, and was operated using the D-2000 Elite system software. A column block
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heater (Jones Chromatography, Hengoed, Wales, UK) was used and controlled at 35 ◦C.
LC-ESI-MS data were obtained with a 6420 triple quadruple LC/MS system (Agilent,
Santa Clara, CA, USA) including a 1260 Infinity HPLC system (Agilent Technologies, Santa
Clara, CA, USA), a MassHunter Workstation was used for data acquisition, a degasser
(model G1379B), a binary gradient pump (model G1312B), an autosampler (model G1329B),
a column oven (model G1316A, maintained at 35 ◦C) and a photodiode array detection
(PDA) system (model G1315D, 210–400 nm) were also used. The analytical column used
was the Waters Symmetry C18 analysis column (150 × 2 mm i.d.; 100 Å, 3.5 μm,) which
was linked with a precolumn (SceurityGuard C18 (ODS), 4 × 3.0 mm i.d., Phenomenex Inc.,
Torrance, CA, USA). The column oven was maintained at 35 ◦C. Centrifugal partition chro-
matography (CPC) experiments were performed on an Armen fully integrated Spot Prep
instrument (Armen instrument, Saint-Avé, France). The CPC instrument equipped with
one 250 mL capacity column was placed on two separated rotors. Each column is composed
of eight stacked disks engraved with a total of 576 twin chambers (250 mL capacity). The
CPC columns were coupled with a Spot-Prep I (Armen Instrument) integrated preparative
HPLC instrument equipped with a built-in two-headed quaternary gradient HPLC pump,
an injector loop (10 mL), a Flash 10 DAD 600 detector (Ecom, Prague, Czech Republic), an
automatic fraction collector, and was operated using Armen Glider software.

2.2. Cultivation of P. linteus Mycelia

The cultivation of Phellinus linteus ATCC 26710 was conducted at the Grape King
Biotech Research Institute (LongTan, Taoyuan City, Taiwan) as in the previous report [19].
In brief, the mycelia of P. linteus were inoculated into a 2L-broth containing 1% glucose and
soybean milk (Brix 2.5) (pH 4.5) and incubated at 28 ◦C for 8 days with continuous aeration
at 1 vvm and agitation at 100 rpm. Then, they were transferred into a pilot scale 500 L
fermenter (temperature 28 ◦C; aeration rate 0.5 vvm; agitation speed 60 rpm) and fermented
for 8 days, and finally into a 2000 L fermenter (working volume 1600 L; temperature 28 ◦C;
aeration rate 0.5 vvm; agitation speed 60 rpm), in which they were fermented for 12 days.
The broth was centrifuged to collect the mycelia, which were lyophilized and stored at
−20 ◦C for use.

2.3. Preparation of P. linteus Mycelial Extract

The lyophilized P. linteus mycelia powder was extracted with pure water, with 25,
50, 75 or 100%% methanol, respectively, at a solid to solvent ratio 1:10 (w/v), were then
ultrasonicated at ambient temperature for 30 min and suction filtered through a 0.45 μm
PTFE membrane to collect the filtrate. The residue was similarly re-extracted twice. The
filtrates were combined and evaporated under reduced pressure until dry. The reclaimed
percentage was calculated, and the desiccated powder was stored at −30 ◦C for use. The
best yield containing the highest total polyphenol content (TPC) from the extraction was
then selected as the sample for the following solvent partition (hereafter denoted as PL for
this extract).

2.4. Solvent Partition of PL

The PL was dissolved in 20 mL deionized water and ultrasonicated for 10 min. The
aqueous PL solution was sequentially partitioned with n-hexane, ethyl acetate, and n-
butanol, thrice by each. Each partition was separately combined and evaporated under
vacuum. The desiccated powder was taken for its weight and stored at −20 ◦C. The ethyl
acetate fraction was used for animal experiments and denoted as PL-EA hereafter.

2.5. Purification of PL-EA with Centrifugal Partition Chromatography

Based on our previous report [20] concerning CPC purification methods, the obtained
PL-EA products were further purified using CPC using the two-phase solvent system. In
brief, petroleum ether-ethyl acetate-methanol-water solvent systems in different propor-
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tions (Supplementary Table S3) were used in the study for the purification of hispidin and
hypholomine B with one-step separation.

2.6. HPLC and HPLC/ESI-MS-MS Analyses of PL-EA Extract

The sample injection volume was 10 μL, and the flow rate of the mobile phase was
0.3 mL/min. The mobile phase consisted of solvent A (H2O containing 0.1% formic
acid) and solvent B (acetonitrile containing 0.1% formic acid). The gradient elution was
programmed as (time in min, A:B): at 0 min, A:B = 90:10; at 3 min, A:B = 90:10; at 10 min,
A:B = 65:35; at 15 min, A:B = 50:50; at 30 min, A:B = 5:95; at 40 min, A:B = 5:95; at 45 min,
A:B = 90:10; and at 60 min, A:B = 90:10. After the compounds were eluted and separated,
they were further identified with a triple quadrupole mass spectrometer. Nitrogen was used
as the drying gas whose flow rate was 9 L/min and temperature was 300 ◦C. The nebulizing
gas was operated at 35 psi. The other parameters were as follows: the potential, 3500 V;
the fragmentor voltage, 90 V; and the collision voltage, 15 V. The quadrupole 1 filtered
the calculated the m/z of compound of interest, while the quadrupole 2 scanned the ions
produced from nitrogen collision with these ionized compounds in the range 100–800 m/z
within a scan time of 200 ms/cycle. A multiple reaction monitoring (MRM) mode was used
for the MS data acquisition of PL-EA extract. The detection parameters of target compounds
and internal standard (IS, quercetin) are summarized in Supplementary Table S1 and their
MRM chromatograms are shown in Supplementary Figure S1. A quantitative analysis
was performed using the IS method acquired in the MRM mode which was employed for
quantifying each target from the obtained peak area. Data were collected and analyzed
with the Agilent MassHunter Workstation B.01.04 Software.

2.7. Animal Experiment

To validate the inhibition of PL-EA on NAFLD in vivo, biochemical and histological
changes regarding mice liver tissues were investigated.

Male C57BL/6 mice were purchased at 5 weeks of age from BioLASCO Taiwan Co.,
Ltd. (Yi-Lan, Taiwan). These mice were authorized for admission to the University animal
room by The University Ethic Committee of Animals Care and Protection (license code:
10419). In the first week, the animals were caged in the animal room and maintained at a
light control of 12 h light/12 h dark cycle, the animal room was maintained at 22 ± 2 ◦C,
in relative humidity (RH) 65 ± 5%. Mice were provided ad libitum access to water from
a reverse osmosis system. During a 14-week period study, the mice were grouped into
four experimental groups, the normal control (C), the high fat high fructose diet (HFD)
control, the HFD + high dose PL-EA (PL-EA-H), and the HFD + low dose PL-EA (PL-EA-L).
Group C was fed with regular chow, while the other three groups were given HFD. The
NAFLD model was induced in mice with the HFD chow containing fat 40%, fructose
22%, and cholesterol 2% (Research diet, New Brunswick, NJ, USA) [21]. The oral glucose
tolerance tests (OGTT) were carried out, respectively (1 g of glucose/kg bw) at week 9 (after
induction) and week 14 (after treated). The PL-EA-H (70 mg/kg) and PL-EA-L (35 mg/kg)
were administered daily by oral gavage after week 10. The whole experiment lasted for
14 weeks. The animals were kept fasted overnight, CO2-euthanized, and the organs were
dissected immediately, rinsed with sterile saline and stored at −20 ◦C for further use.

2.8. Oral Glucose Tolerance Test (OGTT)

The oral glucose tolerance test (OGTT) was carried out at week 9 after induction for
8 weeks, and a second time OGTT was conducted at week 14 after the administration of
PL-EA for 4 weeks. In brief, after having been fasted for 12 h, the experimental mice were
tail-vein bled, the blood sugar level was measured to serve the zero point reference. The
mice were then fed glucose solution 0.2 mL by oral gavage, at a dose of 3 g/kg. After tube
fed, the blood sugar level was tested at 30, 60, 90, and 120 min, to establish the plasma
glucose concentration–time course curve, from which the result of OGTT was determined.
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At week 14, the experimental mice were fasted for 12 h and CO2-euthanized. After
assured unconsciousness, blood was withdrawn from the heart using a 1 mL syringe with
a 26 G needle and transferred into the heparin coated gel separator green tubes. The blood
was centrifuged with 3500× g at 4 ◦C. The supernatant plasma was separated and subjected
to biochemical tests within 24 h. Livers, kidneys, and spleens were dissected and rinsed
twice with sterile saline. The adhering water was adsorbed with heavy tissues. The organs
were weighed, wrapped with aluminum foil, and frozen with liquid nitrogen. The liver
was divided into five sections, the left lobe was divided into two pieces, one immersed in
formalin, and the other and the remaining parts were separately classified and wrapped
with aluminum foil and frozen at −80 ◦C for use.

2.9. Biochemical Measurements for Blood

The plasma was analyzed with the Fuji automatic biochemical analyzer (FUJI DRI-
CHEM 3500s) for total cholesterol (T-CHO), low density lipoprotein-cholesterol (LDL-C),
high density lipoprotein-cholesterol (HDL-C), triglycerides (TG), uric acid (UA), glutamic
oxaloacetic transaminase (GOT; or aspartate transaminase, AST), and glutamic pyruvic
transaminase (GPT; or alanine aminotransferase, ALT).

2.10. Histological Examination

The organs dissected from the mice were immersed in 10-fold volume formalin (10%)
and agitated overnight to fix. The fixed tissues were rinsed under flowing tap water for
30 min, immersed in sequentially increasing concentrations of ethanol, starting from 70%,
80%, 85%, 90%, and 95%, each for 1 h, and then in absolute alcohol for 1.5 h and this
was repeated thrice before finally being immersed twice in xylene. The treated tissues
were immersed twice in liquid paraffin at 57 ◦C, each time for 2 h, to prepare the paraffin-
embedded tissues and slices.

2.11. Hematoxylin-Eosin Staining

Liver tissues were formalin-fixed, embedded in paraffin, sectioned into 2 μm, and
subjected to H&E using the conventional protocol, and the images were photographed
according to the previous report [21].

2.12. Oil-Red O Staining

We adapted the method of Cui et al. [22] with a slight modification, in which the
paraffin-embedded tissues were sliced with a microtome and stained with 0.3% Oil Red O
solution for 1 h at ambient temperature, rinsed with deionized water and mounted onto
the microscope to inspect the oil drop distribution profile.

2.13. Protein Extraction and Western Blot Analysis

A previous report on the expression analysis of proteins, including PGC-1α, AMPK,
p-AMPK, SREBP-1, NF-κB and PPARγ in liver tissues, was followed, although a slight
modification was introduced [21]. In brief, the liver tissues were homogenized in the RIPA
buffer containing protease inhibitors. An total of 30–40 μg protein was loaded and separated
in a 10% SDS-PAGE and electro-blotted to the nitrocellulose membranes. After blocking
with TBS buffer (20 mM Tris–HCl, 150 mM NaCl, pH 7.4) containing 5% non-fat milk, the
membrane was incubated overnight at 4 ◦C with various specific antibodies including
PGC-1α (1:1000; #ab5448), AMPK (1:1000; #ab1315120), p-AMPK (1:1000; #ab23875), PPARγ
(1:500; #ab45036), NF-κB (1:1000, #ab16502) and SREBP-1 (1:5000; #ab26481) from Abcam
(Cambridge, UK), and β-actin (1:3000; #MAB1501; Millipore, Billerica, MA, USA), followed
by treatment with horseradish peroxidase-conjugated anti-mouse IgG. The results were
visualized with the ECL chemiluminescent detection kit (PerkinElmer, Waltham, MA, USA)
and quantified using the Image J gel analysis software.

147



Antioxidants 2022, 11, 898

2.14. RNA Isolation and Quantitative Real-Time PCR (qPCR)

RNA from hepatic tissues was isolated to quantify gene expression with RT-qPCR.
Total RNA was extracted by using TRIzol® reagent (ThermoFisher Scientific, Waltham, MA,
USA), and 1.5 μg of total mRNA was reverse-transcribed using a Takara PrimeScript RT
Reagent Kit (Takara Bio, Mountain View, CA, USA), following the instructions provided by
the manufacturer. Amplification and detection were performed with the StepOnePlus™
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The DNA fragments
were amplified for 40 cycles (enzyme activation: 20 sec at 95 ◦C, hold; denaturation: 3 s
at 95 ◦C; annealing: 40 s at 60 ◦C). The gene expression of β-actin was determined as the
internal control and the relative expression level was calculated by using the standard
2−ΔΔCt method. Primers sequences are listed in Supplementary Table S2.

2.15. HepG2 Cells Experiments

The HepG2 human hepatocellular carcinoma cell line (ATCC CRL-11997) was pur-
chased from the Bioresources Collection and Research Center (Shin-Chu, Taiwan). HepG2
cells were cultured in a minimum essential medium (MEM) containing 10% fetal bovine
serum, 1% penicillin-streptomycin, 1% sodium pyruvate, 1% non-essential amino acids
and maintained in humidified 5% CO2/95% air at 37 ◦C.

2.16. Fatty Acid Induced Mimic Hepatosteatosis in HepG2 Cells and the Treatment of
Purified Compounds

Oleic (O) and palmitic (P) acids, both fatty acids, were applied at a molar ratio of 2:1
to induce lipid deposition of HepG2 cells [23]. In brief, after reaching 80% confluence, the
HepG2 cells were cultured with serum-free medium containing 1% fat-free bovine serum
albumin (BSA) and exposed to 400 μM of fatty acids O/P (2:1) and incubated for 24 h to
induce a mimic steatosis. Later, the supplementation of hispidin or hypholomine B at 10 or
50 μM, respectively, was added to the wells and plates incubated for another 24 h.

To detect the lipid accumulation, the control and hispidin- or hypholomine B-treated
HepG2 cells were fixed with 10% formalin for 30 min, and then stained with Oil Red O
solution for 10 min. The cells were washed three times with physiological saline (PBS) and
observed under an inverted microscope. To quantify lipid accumulation in the HepG2
cells, isopropanol was added to dissolve the Oil Red O reagent and the absorbance was
measured at 500 nm.

2.17. Analysis for Gene Expression in HepG2 Cells

In our previous report [24] on the extraction of RNA, reverse transcription of RNA
to cDNA and the quantification of gene expression using real-time PCR was followed. In
brief, each of the 1.5 μg RNA isolated from the O/P-induced and hispidin or hypholomine
B-treated HepG2 cell were used to synthesize cDNA. A real-time polymerase chain reaction
was conducted according to the manufacturer’s instructions with the KAPA SYBR® Fast
one step ABI Prism® (Sigma-Aldrich). The 2−ΔΔCT value for each sample was analyzed
with the StepOnePlus TM Real Time PCR System (Applied Biosystems, Thermo Fisher).
Primer sequences are listed in Table S2.

2.18. Statistical Analysis

The data are presented as a mean ± SD result and further analyzed using the GraphPad
Prism program (GraphPad, San Diego, CA, USA). The comparison within groups was
evaluated using a one-way analysis of variance (ANOVA). Tukey’s post hoc test was further
used for an analysis of the significance of differences among the means. A confidence level
of p < 0.05 was considered to be statistically significant.
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3. Results and Discussion

3.1. Yield of Extraction from Different Solvent and the Solvent Partition

The following five extraction solvents were used: pure water, 25, 50, 75 and 100%
methanol. The results are given in Table 1. Although the yields from P. linteus mycelia
using the 50% methanol extraction were slightly higher than when using the 75% methanol
extract, the best results for the total polyphenol contents (TPC) were obtained using the 75%
methanol extract (contents were 1.34 fold as high as those obtained with 50% methanol).
The 75% methanol extract (PL) was then selected to obtain the PL extracts, and was
used for the liquid–liquid solvent partition in the preparation of the polyphenol-enriched
sample. As a result, the yield from the fraction of ethyl acetate (PL-EA) partition was
20.61 ± 1.16 mg/g d.w.

Table 1. The yield and total polyphenol content of Phellinus linteus mycelium freeze-dried powder
from different extraction methods.

Extract Yield (%)
Total Polyphenols

(mg/g Freeze-Dried Mycelium)

Water 18.71 ± 0.31 b 23.70 ± 6.09 c

25% MeOH 23.68 ± 0.89 a 21.22 ± 3.13 c

50% MeOH 24.55 ± 1.64 a 52.23 ± 4.58 b

75% MeOH 21.93 ± 1.46 ab 70.13 ± 5.90 a

100% MeOH 19.83 ± 1.29 b 47.42 ± 2.02 b

Each value represents the mean ± SD of triplicate experiments. Values with different letters within the same
column are significantly different (p < 0.05).

3.2. Evaluation of the Distribution Coefficient (Kd) for CPC

A suitable K value should be between 0.5 and 3.0 [25], from which the optimum
solvent system can be selected for the purification of targets by using the centrifugal
partition chromatography (CPC). The two-solvent system consisting of petroleum ether-
ethyl acetate-methanol-water (1.6:2.3:1.0:2.1, v/v/v/v) was determined for the isolation
and purification of hispidin and hapholomine B (Supplementary Table S3).

3.3. Identification and Quantification of Constituents of PL-EA by HPLC-ESI-MS/MS

The 75% methanol extract (yield of 21.93%, w/w) of P. linteus mycelia (PL) showed an
HPLC profile containing hispidin (peak 1), hypholomine B (peak 2), and hypholomine B
isomer (peak 3) and many other unidentified compounds (Figure 1A), which after liquid–
liquid extraction with n-hexane to remove the lipids, followed by extraction with ethyl
acetate (PL-EA), yielded a fraction that was abundant in antioxidants (Figure 1B) with a
yield of 2.06% (w/w). These styrylpyrones were further confirmed and quantified using
a HPLC-ESI(−)-MRM analysis, as shown in Supplementary Figure S1. Finally, isolation
with CPC yielded purified hispidin (purity > 95%, Figure 1C), and hypholomine B and
hypholomine B isomer (PL-HB) (purity > 90%, Figure 1D). As can be seen, CPC efficiently
improved their purity and the majority of non-phenolic compounds were efficiently removed.

Previously, in an analysis of the ethyl acetate fraction of the 70% methanolic extract of
the fruiting bodies of Phellinus linteus, Min et al. [26] showed the occurrence of styrylpyrone-
class compounds, davallialactone, hispidin, hypholomine B, and caffeic acid [26], while
Lee and Yun isolated nine compounds with ethyl acetate-soluble fractionation of P. linteus
fruiting bodies and identified new compounds, such as protocatechuic acid, protocate-
chualdehyde, ellagic acid, interfungin A, and inoscavin A [10]. More recently, the same
group further isolated new compounds from the culture broth of P. linteus, which included
inotilone, 4-(3,4-dihydroxyphenyl)-3-buten-2-on, phellilane H, (2E,4E)-(+)-4′-hydroxy-γ-
ionylideneacetic acid, and (2E,4E)-γ-ionylideneacetic acid [27].
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Figure 1. Experimental procedures of solvent extraction, partition and purification of extract prepared
using the Phelinus linteus mycelia extract and HPLC analysis of extracts obtained in each procedure.
(A) 75% methanol. (B) ethyl acetate. (C) hispidin. (D) hypholomine B and hypholomine B isomer.
Peaks 1: hispidin; 2: hypholomine B, and 3: hypholomine B isomer.

3.4. The Antioxidative Capability
3.4.1. DPPH Radical Scavenging Capability

The DPPH radical scavenging capability of each partition (or isolated compound) was
found to increase in a dose-dependent manner. The strongest was PL-HB (hypholomine B
and its isomers) which was comparable to Trolox (Figure 2a). The order of antioxidative
capabilities at 125 μg/mL was as follows: Trolox = PL-HB = PL-H > PL-EA > PL (Figure 2a),
consistent with [12], the capability of hispidin oligomers to scavenge DPPH free radical
was in the following order: hypholomine B > 1,1-distyrylpyrylethane > 3,14′-bihispidinyl >
hispidin [12]. Chang et al. indicated that the ethyl acetate fraction exhibited strong DPPH
radical-scavenging activity as well as antioxidant activities (IC50 = 0.66 ± 0.01 mg/mL) [28].

Hispidin exhibited quenching effects against DPPH radicals, superoxide radicals, and
hydrogen peroxide in a dose-dependent manner [29–31], and at 1.0 mM it inhibited 85.5%
of the DPPH radicals [31].

Previously, Jeon et al. isolated 10 antioxidants from the fruiting bodies of P. linteus
including hispidin, davalliallactone, interfungins A, and hypholomine B, etc., and demon-
strated that davalliallactone and interfungins A exhibited the strongest inhibitory effect
against the DPPH radicals [32], indicating that more powerful and therapeutically useful
antioxidants can be achieved if the whole fungi are utilized.

A wide spectrum of the literature demonstrated that many species of Phellinus in-
cluding P. linteus, P. igniarius and P. durissimus all showed significant DPPH scavenging
capability [33–35], which, as suggested, can be attributed to various antioxidant compounds
contained in genus Phellinus, such as caffeic acid, davalliallactone, ellagic acid, hispidin,
hypholomine B, inoscavin A, interfungins A, methyldavallialactone, protocatechualdehyde
and protocatechuic acid [36], which is in agreement with our findings (Figure 1B,C).
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Figure 2. Radical scavenging capabilities of different preparations fractionated from P. linteus mycelia.
(a) for DPPH radicals. (b) for ABTS+ radicals. PL: 75% methanol crude extract. PL-EA: ethyl acetate
fraction. PL-H: CPC isolated hispidin. PL-HB: CPC isolated hypholomine B and hypholomine B
isomer. Data are expressed as mean ± SD from triplicate experiments. Different letters in lower case
on each curve indicate significantly different from each other (p < 0.05).

3.4.2. ABTS+ Radical Scavenging Capability

Similar to the results found for the scavenging capability of DPPH, the anti-ABTS+

radical capability of different extracts from lyophilized P. linteus mycelia increased in a dose
dependent fashion, and the order (in decreasing tendency) was as follows: Trolox = PL-H
= PL-EA = PL-HB > PL at dose 125 μg/mL (Figure 2b) (p < 0.05). With regard to the anti-
ABTS+ capability, it was positively correlated with the total phenolic contents (Figure 2b),
which is in good agreement with Chang et al. [28]. In particular, caffeic acid, inotilone,
and 4-(3,4-dihydroxyphenyl)-3-buten-2-one were potent ABTS+ scavengers which showed
IC50 values of 0.52 ± 0.10, 1.10 ± 0.10, and 1.69 ± 0.11 μM, respectively [24]. The P. linteus
ethanolic extract showed a powerful capacity in scavenging DPPH and ABTS+ radicals, of
2–10 fold stronger than any other species of mushrooms [26].

3.5. Body Weight Variation of Experimental Mice

A mouse model of obesity was successfully established by feeding them a high-fat
high-fructose diet (HFD) for 10 weeks (control: 32.36 ± 1.71 g; HFD: 40.00 ± 1.62 g)
(Table 2). The body weight of all experimental mice increased steadily during the whole
period of the experiment within 14 weeks, while the HFD mice group consistently showed
the largest body gain (Figure 3). PL-EA-H and PL-EA-L treatments did not affect the
mice’s slow weight gain trend, indicating the nontoxic nature of the PL-EA fraction. More
importantly, the PL-EA extract seemed to exhibit a rather promising sliming effect (Figure 3).
A similar experiment conducted by Noh et al. demonstrated davalliallactone to be the
active compound responsible for reducing the body weight gain [37].

Table 2. Effects of ethyl acetate fraction from 75% methanol extracts of Phellinus linteus mycelium
freeze-dried powder (PL-EA) on body weight; liver weight and liver to body weight ratio in a
high-fat/high-fructose diet (HFD)-fed mouse model.

Control HFD PL-EA-L PL-EA-H

Body weight(g)
Initial 21.32 ± 0.49 21.40 ± 0.81 21.10 ± 0.68 21.37 ± 0.94
Final 32.36 ± 1.71 40.00 ± 1.62 *** 35.83 ± 3.16 **## 35.50 ± 2.15 *###

Liver weight (g) 1.89 ± 0.25 3.22 ± 0.48 *** 2.49 ± 0.44 **## 2.31 ± 0.04 ###

Liver weight/
Body weight (%) 5.83 ± 0.62 8.06 ± 1.19 *** 7.02 ± 0.70 *# 6.48 ± 0.75 ##

HFD: high-fat/high-fructose diet, PL-EA-L: high-fat/high-fructose diet + low dose PL-EA (35 mg/kg b.w.),
PL-EA-H: high-fat/high-fructose diet + high dose PL-EA (70 mg/kg b.w.). Data are expressed as means ± SE
(n = 9). # p < 0.05; ## p < 0.01; ### p < 0.001 vs. the HFD group; * p < 0.05; ** p < 0.01; *** p < 0.001 vs. the control.
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Figure 3. PL-EA inhibits high-fat high-fructose (HFD)-induced obese in mice. HFD: high-fat/high-
fructose diet. PL-EA-H: HDF + high dose PL-EA (70 mg/kg). PL-EA-L: HDF + low dose PL-EA
(35 mg/kg). Data are expressed as mean ± SE (n = 9). ## p <0.01; ### p < 0.001 vs. the HFD group;
* p < 0.05; ** p < 0.01; *** p < 0.001 vs. the control.

3.6. The Ratio of Liver to Body Weight

The liver weight in mice normally falls in the 2–3 g range (3–5%/bw) [38]. Consistent
with this, we showed the liver weight and the ratio of liver to body weight (in %) in the
experimental control of mice to be 1.89 ± 0.25 g or 5.83 ± 0.61%, respectively (Table 2). HFD
induced a higher liver weight (3.22 ± 0.48 g), hence leading to a higher ratio (8.06 ± 1.19%)
(Table 2), implicating the occurrence of fatty liver. Treatment with PL-EA dose dependently
alleviated these abnormal liver weight as demonstrated by the results of 2.49 ± 0.44 and
2.31 ± 0.04 g, or in the ratio of liver to body weight 7.02 ± 0.70 and 6.48 ± 0.75% by PL-EA-L
and PL-EA-H, respectively (Table 2), indicating the powerful anti-obesity effect of PL-EA.
Studies in the literature emphasize the importance of the percentage of total body mass to
assess the metabolic or nutritional status although it has been noted that in mice livers the
results are more prominent than that of rats or humans [38].

3.7. Plasma Biochemical Measurements
3.7.1. The Total Plasma Cholesterol Level

The total plasma cholesterol (TC) level in the control, the HFD, the PL-EA-L and
PL-EA-H mice lay in the following range: control (100 ± 10 mg/dL); HFD (315 ± 7 mg/dL)
(p < 0.001), PL-EA-L (270 ± 12 mg/dL), and PL-EA-H (260 ± 8) mg/dL, respectively
(p < 0.001) (Figure 4a), implicating that PL-EA effectively reduced the TC. Statistically,
adults with high TC/HDL-C or TG/HDL-C ratios, or both, have a greater risk of NAFLD,
especially advanced NAFLD [39,40].
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Figure 4. Effects of ethyl acetate fraction of P. linteus mycelia on the lipid profile. (a) total plasma
cholesterol content, (b) content of plasma high density lipoprotein cholesterol, (c) content of plasma
low density lipoprotein cholesterol, (d) the ratio LDL-C/HDL-C and (e) the plasma TG content. HFD:
high-fat/high-fructose diet (HFD). PL-EA-L: HDF + low dose PL-EA (35 mg/kg). PL-EA-H: HDF +
high dose PL-EA (70 mg/kg). Data are expressed as mean ± SE (n = 9). ## p < 0.01; ### p < 0.001 vs.
the HFD group; * p < 0.05; ** p < 0.01; *** p < 0.001 vs. the control. & p < 0.05 significant differences
between the groups.

3.7.2. The Plasma HDL-C Level

The plasma HDL-C level in the control group was 37.5 ± 4.0 mg/dL, while that of HFD
was elevated at 107.0 ± 1.0 mg/dL. Interestingly, the PL-EA-L, and PL-EA-H were alleviated
across the board, with higher levels of HDL-C to 175.0 ± 8.0, and 156.0 ± 14.0 mg/dL,
respectively (Figure 4b). Epidemiological studies have suggested an inverse correlation
between high-density lipoprotein-cholesterol (HDL-C) levels and the risk of cardiovascular
diseases and atherosclerosis [41]. A 1% increase in HDL-C level is associated with a 2%
decrease in CV risk [42,43].

3.7.3. The Plasma LDL-C Level

The HFD elevated the plasma LDL-C level to 193 ± 8 mg/dL compared to 40 ± 7 mg/dL
in the control (p < 0.001). PL-EA effectively suppressed its level to 73 ± 8 and 74 ± 7 mg/dL,
respectively (p < 0.05) (Figure 4c). Patients with higher LDL-C levels are more likely to
have a higher prevalence of NAFLD than subjects with lower levels [44].

3.7.4. Ratio of HDL-C/LDL-C

A high fat/high fructose diet induced a high ratio of LDL-C/HDL-C to 1.91 ± 0.25,
compared to 1.05 ± 0.22 of the control (p < 0.001) (Figure 4d). Interestingly, the ethyl
acetate fractions, despite the low or the high level of EA, all efficiently lowered the ratio to
0.43 ± 0.07 and 0.55 ± 0.09 (Figure 4d).

More recently, Wang et al. suggested that the ratio of non-HDL-C to HDL-C would be
a better predictor for new-onset NAFLD [45].

3.7.5. The Plasma Triglyceride Levels

The plasma triglycerides were significantly elevated in HFD mice, reaching 158 ± 6 mg/dL
compared to 115 ± 5 mg/dL in the control, which was efficiently alleviated by the adminis-
tration of PL-EA to 120 ± 7 mg/dL and 110 ± 8 mg/dL, respectively, at a high and low
level of PL-EA (p < 0.001) (Figure 4e).
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Elevated plasma TG levels are also often associated with low HDL-C levels [46].
Recently, non-HDL cholesterol (including LDL-C and remnant lipoproteins such as VLDL-
c and IDL-C) has been proposed to be a better estimate of total atherogenic burden
than LDL-C, especially in patients with elevated plasma TGs ranging between 200 and
500 mg/dL [47,48].

Hispidin was demonstrated to decrease the intracellular triglyceride content by
79.5 ± 1.37%, stimulate glycerol release by 276.4 ± 0.8% and inhibit lipid accumulation by
47.8 ± 0.16% [49]. Hispidin also inhibited glycerol-3-phosphate dehydrogenase (GPDH)
and pancreatic lipase, representing the most potent inhibitors [49]. A similar experiment
conducted by Noh et al. demonstrated davallialactone to be the active compound re-
sponsible for reducing hepatic lipid concentrations, and fat accumulation in epididymal
adipocytes [37]. The mechanism of which was proposed to be partly mediated by the inhi-
bition of enzymes associated with hepatic and intestinal lipid absorption and synthesis [37].
Suggestively, the presence of davallialactone in our ethyl acetate fraction (not shown), as
previously reported elsewhere [10,26], might also synergistically contribute to the lowering
of TG.

3.7.6. Plasma Level of GOT and GPT

HFD apparently elevated the level of plasma alanine aminotransferase GOT to 185 ± 35 U/L
compared to 56 ± 4 U/L of the control (p < 0.001), which markedly alleviated to 104 ± 15 U/L
and 104 ± 10 U/L, respectively by PL-EA-L and PL-EA-H (p < 0.001) (Figure 5a). Similarly,
the GPT level in the HFD mice rose to 225 ± 10 U/L, while PL-EA-L and PL-EA-H
ameliorated the level to 155 ± 13 and 85 ± 8 U/L, respectively, compared to 40 ± 4 U/L of
the control (Figure 5b).

Figure 5. Effects of ethyl acetate fraction from P. linteus mycelia on the activities of (a) plasma
aspartate aminotransferase and (b) plasma alanine aminotransferase. HFD: high-fat/high-fructose
diet (HFD). PL-EA-L: HDF + low dose PL-EA (35 mg/kg). PL-EA-H: HDF + high dose PL-EA
(70 mg/kg). Data are expressed as mean ± SE (n = 9). ## p <0.01; ### p < 0.001 vs. the HFD group;
* p < 0.05; *** p < 0.001 vs. the control.

An increasing number of studies have demonstrated the promising hepatoprotective
and antihepatotoxic effects of P. linteus [28,49,50]. Previously, Huang et al. [51], and recently
Dong et al. [52], respectively, demonstrated the hepatoprotective bioactivity of hispidin [51]
and hypholomine B [52]. Several investigations have proved the Phellinus species as being
hepatoprotective and antihepatotoxic agents [36]. The compounds, phellinulin A [51],
phellinulins D, E, F, G, H, I, K, M, and N, phenillin C, and γ-ionylideneacetic acid, when
isolated from P. linteus, were all demonstrated to exhibit an hepatoprotective effect [51].

3.8. Oral Glucose Tolerance Test

The plasma glucose level reached its peak value at 30 min in all groups after the
tube feeding of glucose solution at week 9 (Figure 6a). Furthermore, HFD, PL-EA-H
and PL-EA-L all comparably reached a plasma glucose level of 375 ± 20 mg/dL and
a slight but insignificant deviation occurred between the three groups at 120 min com-
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pared to the control (135 ± 2 mg/dL) (p < 0.05) (Figure 6a). After treatment with PL-EA
for 4 weeks, the plasma glucose profile changed at week 14 as follows: starting from
105–120 mg/dL at zero time, increasing to 385 ± 35 mg/dL (HFD), 325 ± 20 mg/dL (PL-
EA-L), and 280 ± 16 mg/dL (PL-EA-H) at 30 min, declining steadily to 295 ± 14 mg/dL,
240 ± 17 mg/dL and 225 ± 15 mg/dL at 120 min, respectively, compared to 140 mg/dL
for the control (Figure 6b). The results implicated the promising antihyperlipidemic and
antihyperglycemic effects of PL-EA. However, it is advisable to slightly raise the dose of
PL-EA for treatment instead.

Figure 6. Effects of ethyl acetate fraction from P. linteus mycelia on the OGTT at week 9 (a) and at
week 14 (b). HFD: high-fat/high-fructose diet (HFD). PL-EA-L: HDF + low dose PL-EA (35 mg/kg).
PL-EA-H: HDF + high dose PL-EA (70 mg/kg). Data are expressed as mean ± SE (n = 9). ## p < 0.01;
vs. the HFD group; ** p < 0.01; *** p < 0.001 vs. the control.

Besides antioxidant activity, hispidin displays potentially hypoglycemic effects [53].
In chronic hyperglycemia, an excessive amount of glucose is shunted to the polyol

pathway, where aldose reductase reduces glucose into sorbitol at the expense of NADPH.
Since NADPH is essential for the generation of reduced glutathione (GSH, intracellular
antioxidant) from oxidized glutathione (GSSG), the depletion of NADPH by the aldose
reductase pathway may impair intracellular antioxidant defense [30]. Sorbitol can be
converted to fructose via sorbitol dehydrogenase (SDH) with the production of NADH
potentially leading to increased ROS via NADH oxidase [30].

Glucotoxicity may impair the regulation of glucokinase (GK) and its inhibitory protein,
the GK regulatory protein (GKRP) [54], which plays a prognostic role in acute pancreati-
tis [55,56].

The fruiting body of P. linteus showed inhibitory activity against both the aldose
reductase-related polyol pathway and protein glycation, effectively preventing artheroscle-
rosis, cardiac dysfunction, retinopathy, neuropathy and nephropathy (Lee et al., 2008a;
2008b). The active principles of davallialactone, hypholomine B, and ellagic acid present in
P. linteus exhibited potent human recombinant aldose reductase inhibitory activity [53].

3.9. HE Staining and Oil-Red Staining of Mice Liver Tissues

To identify the effects of PL-EA on the expression of lipid accumulation in NAFLD
mice, H&E staining and Oil-Red O staining of liver tissues were performed, respectively.
HFD enhanced oil drop accumulation in the liver tissues (hepatic steatosis) (Figure 7(b-1,b-2)),
compared to the control (Figure 7(a-1,a-2)). PL-EA dose dependently but incompletely alle-
viated such pathological changes (Figure 7(c-1,c-2,d-1,d-2)), suggesting a longer treatment
time may be required. The HFD mice had a number of oil drops that accumulated in the
tissues, most of which were reduced by feeding them PL-EA-L and PL-EA-H in a semi
dose-dependent manner (Figure 7(c-1,c-2,d-1,d-2)).

155



Antioxidants 2022, 11, 898

 
(A) (B) 

Figure 7. Effects of PL-EA on the hepatic lipogenesis in NAFLD mouse model. Representative pho-
tographs of hematoxylin-eosin (H&E) (A) and Oil Red O staining (B) of mice liver tissues for histolog-
ical examination. (a-1,a-2) control. (B) (b-1,b-2) HFD, high-fat/high-fructose diet. (c-1,c-2) PL-EA-L:
HDF + low dose PL-EA (35 mg/kg). (d-1,d-2) PL-EA-H: HDF + high dose PL-EA (70 mg/kg).
Magnification, 200×.

3.10. Effects of Purified Compounds from PL-EA on Free Fatty Acids-Induced Steatosis in
HepG2 Cells

The main active ingredients in the antioxidation of PL, such as hispidin and hy-
pholomine B, have previously been reported [12]. However, it remains uncertain whether
hispidin or hypholomine B are capable of antagonizing free fatty acids-induced hepatic
steatosis. To investigate the effects of these two compounds on the lipid accumulation of
hepatocytes, both hispidin and hypholomine B were purified from PL-EA using Hep G2
cell model. A total of 400 μM of the O/P treatment on HepG2 cells significantly induced
lipid accumulation (24% increase at 24 h) compared with the control group (Figure 8A,B).
Treatment with hispidin or hypholomine B (10 or 50 μM) and 400 μM of O/P significantly
decreased lipid accumulation after 24 h of treatment (38% and 35% reduction with his-
pidin or 40% and 47% reduction with hypholomine B, at 10 and 50 μM, respectively).
Furthermore, the contribution of the inhibitory activity of hypholomine B was significantly
superior to that of hispidin at a concentration of 50 μM (Figure 8B). These findings suggest
that the inhibition capability of hypholomine B is higher than that of hispidin, which is
related to the ameliorative effect of oxidative stress according to a previous report [12].

 
(A) (B) 

Figure 8. Effects of purified compounds from PL-EA on Oil Red O staining and lipid. accumulation
in HepG2 cells. Lipid droplets in HepG2 cells were photographed by phase contrast microscopy
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(original magnification ×200) (A). The lipid content from Oil Red O stained cells was quantified by
spectrophotometric analysis at 500 nm (B). Bars represent mean ± SE (n = 3) *** p < 0.001 vs. the
control; ### p < 0.001 vs. the O/P group; &&& p < 0.001. Significant differences between groups were
determined using one-way ANOVA followed by Tukey’s procedure.

3.11. Relative Gene Expression in Mice Liver Tissues

Some of the lipid-metabolism-related genes in the mice liver tissues were examined
(Figure 9). As found, the genes PGC-1α, Sirt1, and adiponectin were all downregulated
(p < 0.001), while SREBP-1c (p < 0.001) was upregulated with HFD. Feeding the mice
with PL-EA apparently reversed such trends (Figure 9). Compared to that of HFD, the
increments were as follows: for PGC-1α (+4.20 fold), Sirt1 (+6.53 fold), and adiponectin
(+5.61 fold), following the administration of LP-EA-H (p < 0.001). In contrast, SREBP-1c
was downregulated by 77.5% (p < 0.05) (Figure 9).

PGC-1α overexpression increased in markers of mitochondrial content and function;
as a result, fatty acid oxidation was enhanced which was accompanied by reduced triacyl-
glycerol accumulation and secretion [57].

SIRT1 is involved in both NAFLD and alcoholic fatty liver diseases (AFLD) [58]. An in-
creased number of studies have provided evidence that SIRT1 acts as a key metabolic/energy
sensor (via intracellular NAD+/NADH ratio) by transferring signals to initiate transcrip-
tional activity and gene expressions that are involved in metabolic homeostasis [58–60].

Adiponectin has been revealed to protect the liver against hepatic steatosis by de-
creasing serum lipid and glucose production [61]. De novo lipogenesis has an important
contribution to the pathophysiology of NAFLD because it provides almost one third of the
accumulated hepatic triglycerides in patients with hepatosteatosis [52,62,63]. Thus, our
findings suggest that PL-EA may improve hepatic steatosis and ameliorate HFD-induced
fatty liver disease through the regulation of the hepatic fatty acids metabolism.

Figure 9. Effects of ethyl acetate fraction from P. linteus mycelia on the relative gene expression of
mice livers. HFD: high-fat/high-fructose diet (HFD). PL-EA-L: HDF + low dose PL-EA (35 mg/kg).
PL-EA-H: HDF + high dose PL-EA (70 mg/kg). Data are expressed as mean ± SE (n = 9). * and ***,
p < 0.05 and 0.001, respectively vs. the control; #, ## and ###, p < 0.05, 0.01 and 0.001, respectively
vs. the O/P group. && and &&&, p < 0.01 and 0.001, respectively, significant differences between
the groups. PGC1-α: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Sirt-1:
NAD-dependent deacetylase sirtuin-1; SREBP-1c: sterol regulatory element-binding protein 1c.
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3.12. Relative Gene Expression in HepG2 Cells

To further verify the possible candidates of active compounds in the PL-EA extract
on NAFLD, the purified compounds of hispidin and hypholomine B were prepared and
used in the genes expression analyses with an HepG2 cell model. After the exposure of
HepG2 cells to O/P induction of a mimic steatosis, the cells were treated with hispidin or
hypholomine for 24 h. Hypholomine B was found to show greater up-regulated activity
in PGC1-α, SIRT1 and adiponectin genes expression than hispidin at the same dose of
50 μM (Figure 10). Nevertheless, the expression of PGC1-α, SIRT1 and adiponectin genes
significantly increased in hispidin and hypholomine B at 10 and 50 μM, respectively, in
comparison to the O/P group (Figure 10). Furthermore, expression of the lipogenesis-
related gene SREBP-1c was elevated in HepG2 cells treated with 400 μM O/P. Hispidin or
hypholomine B treatment significantly (p < 0.001) decreased the expression of the biogenesis
marker (Figure 10). These results demonstrate that the main active ingredients of PL-EA
may have pharmacological effects on NAFLD in both in vitro and in vivo studies.

Figure 10. Effects of hispidin and hypholomine B isolated from the ethyl acetate fraction of P.
linteus mycelia on the relative gene expression of HepG2 cell. Data are expressed as mean ± SE
(n = 3). *, **, and ***, p < 0.05, 0.01 and 0.001, respectively vs. the control; #, ## and ###, p < 0.05,
0.01 and 0.001, respectively vs. the O/P group. PGC1-α: peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; Sirt-1: NAD-dependent deacetylase sirtuin-1; SREBP-1c: sterol regulatory
element-binding protein 1c.

3.13. Western Blotting

HFD downregulated the expression of PPARγ, pAMPK, PGC1α, but upregulated
SREBP-1 and NFκB in mice (Figure 11). PL-EA dose dependently alleviated the level of
PPARγ and PGC1α. As for pAMPK, SREBP-1 and NFκB, both PL-EA-L and PL-EA-H
showed very comparable effects. Compared to HDF, the PL-EA-L diet increased PPARγ
1.43 fold, p-AMPK 1.44 fold, PGC1α 1.19 fold. Conversely, it downregulated NFκB 52.5%
and SREBP-1 35.8% (Figure 11). In contrast to that of PL-EA-L, PL-EA-H was found to be
upregulated PPARγ 1.89 fold, p-AMPK 1.53 fold, and PGC1α 1.57 fold; it downregulated
NFκB 57.5% and SREBP-1 45.2% (Figure 11).
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PPARγ stimulates the expression of adiponectin and initiates signalling cascades in the
liver, leading to increased β-oxidation, decreased gluconeogenesis and less insulin-resistant
hepatic tissue [64]. PPARγ also induces phosphoenolpyruvate carboxykinase to facilitate
the triglyceride synthesis [64], which obviously can be inhibited by PL-EA (Figure 4e).

AMPK is a master regulator of the cellular metabolism and is responsible for the
overall energy balance and the activation of AMPK (pAMPK) is recognized as an important
regulator in the amelioration of NAFLD [65]. In addition, the upregulation of NFκB may
reflect that the NAFLD is slightly associated with inflammation, which was apparently
alleviated by PL-EA (Figure 11).

To summarize, the underlying mechanisms of PL-EA for alleviating HFD-induced
NAFLD are summarized in Figure 12a. Furthermore, the hypolipidemic effect with regard
to the purified hispidin and hypholomine from the PL-EA is shown in Figure 12b.

Figure 11. Effects of ethyl acetate fraction from P. linteus mycelia on the relative proteins expression
of mice livers. Representative Western blots (left panel) and quantified bar graphs relative to each
control (right panel) showing alterations among groups. HFD: high-fat/high-fructose diet (HFD).
PL-EA-L: HDF + low dose PL-EA (35 mg/kg). PL-EA-H: HDF + high dose PL-EA (70 mg/kg).
Data are expressed as mean ± SE (n = 9). # p < 0.05; ## p < 0.01; ### p < 0.001 vs. the HFD
group; * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control. PPARγ: peroxisome proliferator-activated
receptor gamma. AMPK: AMP activated protein kinase. p-AMPK: phosphorylated AMPK. PGC1-α:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha. SREBP1: sterol regulatory
element-binding protein 1. NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells.

Figure 12. Cont.
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Figure 12. Mechanism of action related to the alleviative effect of NAFLD in mice with the ethyl
acetate partition from Phellinus linteus (a) and that of in vitro hypolipidemic effect of hispidin and
hypolomine B in HepG2 cell model (b). In Figure 12b, the items highlighted in pink are not shown in
the HepG2 cell model but were found in the in vivo mice model. The purified active components
from PL-EA used in the in vitro experiment are hispidin (HPD) and hypholomine B and isomers
(HLM). ALT: alanine aminotransferase (GPT). AMPK: AMP-activated protein kinase. AST: aspartic
aminotransferase (GOT). FAS: fatty acid synthase. gck: glucokinase gene. HFD: high fat diet. HDL-
C: high density lipoprotein–cholesterol. IR: insulin resistance. LDL-C: low density lipoprotein–
cholesterol. NAFLD: non-alcoholic fatty liver disease. NFκB: nuclear factor kappa-light-chain-
enhancer of activated B cells. pAMPK: phosphorylated AMPK. sirt-1: NAD+-dependent deacetylase
sirtuin-1 gene. PGC-1α: peroxisome proliferator-activated receptor-gamma coactivator-1α. pgc-
1α: peroxisome proliferator-activated receptor-gamma coactivator-1α gene. PPAR-γ: peroxisome
proliferator- activated receptor gamma (PPAR-γ). ROS: reactive oxygen species. SREBP-1c: sterol
regulatory element-binding protein-1c. srebp-1c: sterol regulatory element-binding protein-1c gene.
TC: plasma total cholesterol. TG: triglycerides. PL-EA: the ethyl acetate partition from Phellinus linteus.

4. Conclusions

Based on the presented results of this study, it could be concluded that 75% methanol
extraction and solvent partition using ethyl acetate (PL-EA) is satisfactory for the extraction
of bioactive antioxidants in PL mycelia. The pronounced antioxidant activity of PL-EA was
associated with a high content of hispidin and, hypholomine B and its isomer. Furthermore,
the results of the mouse model study indicate that the PL-EA has anti-NAFLD effects due
to its regulation of hepatic lipogenesis and the potential antihyperglycemic effect it imparts.
P. linteus has been traditionally utilized in East Asian countries for more than two hundred
years and most of its active components have been evidenced elsewhere without toxic
symptoms and complications. The implication of the study is that the development of
a practically effective PL nutraceuticals therapy may be expected and demonstrated in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11050898/s1, Table S1. Specific MRM settings for the
styrylpyrone compounds from PL-EA and internal standard.; Table S2. List of primers for real-time
PCR analyses in mouse liver and HepG2 cell; Table S3. Partition coefficients (K) of hispidin and
hypholomine B in several different solvent systems; Figure S1. The total ion chromatogram from
multiple reaction monitoring (top panel) and HPLC profile using diode array detection on ethyl
acetate fraction of 75% methanol extract of Phellinus linteus mycelia.
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Abstract: As a systemic disease, diabetes mellitus (DM) is characterized by the disruption of many
glucose metabolic pathways. Therefore, it seems critical to study new therapies to support treatment
to develop therapeutic systems that can operate across a broad metabolic spectrum. The current
state of knowledge indicates an essential role of the gut microbiota in the development and course of
the disease. Cornus mas fruits have demonstrated a rich biological activity profile and potential for
application in the treatment of DM. As part of a preliminary analysis, the activity of four cultivars
of Cornus mas fruits was analyzed. The cultivar Wydubieckij was selected as having the highest
activity in in vitro conditions for further prebiotic system preparation. The study aimed to develop a
unique therapeutic system based, first of all, on the mechanism of α-glucosidase inhibition and the
antioxidant effect resulting from the activity of the plant extract used, combined with the prebiotic
effect of inulin. The obtained system was characterized in vitro in terms of antioxidant activity and
enzyme inhibition capacity, and was then tested on diabetic rats. The study was coupled with an
analysis of changes in the intestinal microflora. The system of prebiotic stabilized Cornus mas L.
lyophilized extract with inulin offers valuable support for the prophylaxis and treatment of DM.

Keywords: Cornus mas; diabetes mellitus; microbiome; prebiotics; natural compounds; civiliza-
tion disease

1. Introduction

Raw materials of plant origin are increasingly used to treat and support diseases of
civilization, particularly diabetes mellitus (DM) [1,2]. Due to the complexity of the causes
and effects of DM, most patients, in addition to polytherapy, also use dietary supplements
to support glycemic control [3,4]. Plant raw materials are a rich source of active substances
with high therapeutic potential. In the case of such a complex disease as DM, they will not
fully replace conventional pharmacotherapy, but they create the possibility of reducing
the doses used or reducing the number of drugs used in pharmacotherapy to control
glycemia [5,6]. The primary method of reducing blood sugar levels is diet modification,
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which is always the first step in implementing a therapeutic program. Providing adequate
nutrients in the diet is vital for two reasons—they can lead to a direct reduction in blood
sugar and stimulate the composition of the gut microbiome, which is essential for inhibiting
the development of DM.

Cornus mas L. (also known as Cornelian cherry) is one of the most valuable fruit
plants with hypoglycemic potential that belongs to the Cornaceae family. The Cornus
genus consists of about 50 species of Cornelian cherry, occurring naturally in the temperate
climate zone. The Cornelian cherry can mainly be found as a shrub or a small tree, growing
up to 9 m high. It grows in central and south-western Europe, to the Caucasus and western
Asia [7]. The fruits of Cornelian cherry can be oval-shaped, bottle-shaped, or pear-shaped,
and range in color from dark red to yellow [8].

Cornus mas fruits have a strong inhibitory effect on exocrine enzymes responsible for
breaking down complex carbohydrates (α-amylase and α-glucosidase) into easily digestible
simple sugars [9,10]. The inhibition of these enzymes limits the absorption of simple sugars,
contributing to the hypoglycemic effect, without interfering with intracellular metabolic
pathways. The early stages of DM development are characterized by an increased produc-
tion of oxygen radicals which translates into more significant oxidative stress. This causes
damage to pancreatic β-cells, leading to insufficient insulin production. The excessive
production of oxygen radicals persists throughout the development of the disease, con-
tributing to DM progression over time. The increased amount of oxygen radicals causes the
glycation of proteins, determining the main metabolic changes resulting from DM [11]. Due
to high polyphenol content, Cornus mas fruits show high antioxidant potential, decreasing
oxidative stress, and reducing and preventing the cascade of adverse symptoms arising
in the course of the disease [12,13]. Cornus mas fruits also contain iridoids, which may
affect insulin metabolism. In particular, loganin and loganic acid are important due to their
properties that reduce intraocular pressure [14], protect against autoimmune disease [15],
help reduce inflammation [16], and protect blood vessels [17]. In the course of DM, patients
often struggle with the occurrence of glaucoma, which is the result of damage to the optic
nerve caused by high intraocular pressure. Moreover, in the course of the disease, problems
are often observed with the venous system, as a secondary consequence of excess weight
and little physical effort, causing swelling of the limbs and lymphatic effusions [18,19]. An
essential aspect of DM is extensive inflammation resulting from improper carbohydrate
metabolism [20,21]. For this reason, it seems crucial to incorporate consideration of the
influence of iridoids in research. Their presence in the plant raw material directly affects
the glucose metabolic pathway and can eliminate potential secondary symptoms occurring
as part of a multi-level response.

Previous studies indicate the potential of Cornus mas fruit to inhibit lipase. In vitro
studies have confirmed the beneficial effects of Cornus mas fruit on the lipid profile while
suppressing inflammation of blood vessels [22]. Studies in rats with hypercholesterolemia
have stimulated glutathione production with antioxidant properties [23]. Numerous in vivo
and in vitro studies have been carried out which consider the high potential of Cornus
mas fruit in treating type 2 DM. The fruit has also been shown to have a beneficial effect
on the expression of peroxisome proliferator-activated receptor (PPAR) genes that act as
transcription factors for genes involved in metabolism and inflammation [10,15,24–27].

Current knowledge indicates the significant importance of the gut microbiota in pre-
venting DM and the effectiveness of implemented treatment [28]. Maintaining the intestinal
microbiome’s correct composition protects against potential pathogens and maintains the
intestinal epithelium’s integrity. In addition, studies have demonstrated an essential role
for a healthy microbiome in glucose tolerance by enhancing tissue response to insulin [29].
This role is attributed to short-chain fatty acids formed in the fermentation of complex
carbohydrates [30–32]. A critical aspect resulting from the intestinal microbiota compo-
sition is the pH of the environment in which they occur. The excessive development of
specific microorganisms, and the metabolism that they lead to, may change the pH of the
gastrointestinal tract. Such a change will promote the growth of selected microorganisms;
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reducing the diversity of the intestinal ecosystem will also aggravate the problem. Par-
ticularly important for the proper functioning of the intestinal microflora is the presence
of bacteria with pro-health properties, mainly belonging to the genera Lactobacillus and
Bifidobacterium, and the appropriate supply of prebiotic substances ensuring their proper
growth [32–35].

The research carried out was based on the assumption that it is necessary to combine
the ability to reduce the absorption of simple sugars and the antioxidant activity produced
by the plant extract, with prebiotic activity, that can alleviate the course of DM over a long
period, through the use of inulin as a prebiotic carrier. The research undertaken aimed
to assess the possibility of using Cornelian cherry extract in supporting DM treatment,
informed by the latest literature reports indicating the intertwined development and course
of the disease with the state of the intestinal microbiota. The research began with the
preparation of extracts that were standardized for selected active compounds. A sequence
of tests using in vitro models was then performed to assess the α-glucosidase inhibition
capacity and the antioxidant potential using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
ferric reducing antioxidant power assay (FRAP), leading to selection of a variety from
which to prepare a prebiotic pre-formulation. As a result of the research conducted, an
inulin-based pre-formulation was obtained which was further tested in vivo in rats. The
effect on the change in the intestinal microflora in the tested animals was assessed.

2. Materials and Methods

2.1. Materials and Instruments

Standard compounds used in the HPLC analysis including loganic acid (≥95%),
delphinidin 3-O-glucoside (≥95.0%), cyanidin-3-O-glucoside (≥95.0%), and pelargonidin
3-O-glucoside (≥95.0%) were supplied by Sigma-Aldrich, St. Louis, MO, USA.

Reagents used in the biological activity studies, including α-D-glucopyranoside (PNPG),
α-glucosidase from Saccharomyces cerevisiae (Type I, lyophilized powder, ≥10 units/mg pro-
tein), acarbose, 2,2-diphenyl-1-picrylhydrazyl, TPTZ (2,4,6-tripyridyl-S-triazine) and iron (III)
chloride hexahydrate (FeCl3·6H2O) were supplied by Sigma-Aldrich, St. Louis, MO, USA.
Folin–Ciocalteu reagent was supplied by Fischer Chemicals (Fisher Scientific, Waltham,
MA, USA).

For the microbiological studies the following were assessed: The total number of bac-
teria (5% sheep blood agar, bioMerieux, Craponne, France), number of Bifidobacterium (agar
BSM, Sigma-Merck; St. Louis, MO, USA), Enterococcus and Escherichia coli bacteria (chro-
mogenic CPS, bioMerieux, Marcy-l’Étoile, France), including the potentially pathogenic E.
coli form Biovare (ENDO, Heipha), anaerobic Clostridium (TSC, Biocorp, Issoire, France),
lactobacilli (Lactobacillus (MRS agar, Oxoid, Basingstoke, UK)), other Enterobacteriaceae
(Enterobacter spp., Proteus spp.) and of the genus Pseudomonas, and the number of yeast-like
fungi of the genus Candida (CHROMagar Candida, CHROMagar Company, Springfield,
NJ, USA).

The organic solvent evaporation process was carried out using rotavapor BÜCHI
B-490. The lyophilization process was carried out in a lyophilizer (Heto PowerDry PL3000)
Freeze Dryer (Thermo Scientific, Waltham, MA, USA). Qualitative and quantitative research
was carried out using the ultra-high performance liquid chromatograph DionexUltiMate
3000 coupled a with DionexUltiMate 3000 RS Diode Array Detector with the computer
program DionexChromeleon Version 7.12.1478. The extraction was carried out using an
ultrasonic bath (Elmasonic S180H, Singen, Germany). For the biological tests the following
were used: a centrifuge (Nüve NF800, Ankara, Turkey), a plate reader (Multiskan GO
(Thermo Scientific), and a laboratory incubator (MaxQ 4450, Thermo Scientific). The water
content of the raw material was determined using a moisture analyzer (OHAUS MB120).
To measure weight, a Radwag AS 220.X2 (Radom, Poland) analytical balance was used
throughout the study.
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2.2. Plant Material

Ripe Cornus mas L. fruits were collected from the “Szynsad” fruit farm in Dąbrówka
Nowa, Błędów, Mazowieckie, Poland (51◦47′01′′ N 20◦43′04′′ E) in 2018. Cornus mas fruit
came from the third year of plantation cultivation. Fruit of Cornus mas of four cultivars
were obtained: Bolestraszycki, Florianka, Słowianin, and Wydubieckij. A selection of fruit was
made with all fruits containing blemishes and traces of possible penetration by insect larvae
removed. Fully ripe, red fruits were obtained for the research.

2.3. Corni fructus Extract Preparation

The fruits were thoroughly washed to remove any mechanical and chemical impurities
that could affect further testing. The next step was to remove the stones for easier processing
in later stages of the study. The fruits were wiped dry, frozen at −22 ◦C, and then freeze-
dried.

Freeze-dried Cornus mas fruit was sieved through a 0.5 mm sieve. An amount of 10 g
of fruit was weighed into a 100 mL volumetric flask on an analytical balance, supplemented
with distilled water until proportional, incubated for 1 h in an ultrasonic bath at 40 ◦C, and
then centrifuged at 9000 r/min for 10 min to produce a clear supernatant. The obtained stock
solution, with a concentration of 0.1 g of freeze-dried fruit/mL, was used to investigate
the polyphenol, loganic acid (LA) and anthocyanin content, antioxidant activity, and α-
glucosidase inhibition. HPLC analysis samples were also filtered through a 0.2 mL filter
(Merck-Millipore Burlington, MA, USA) to remove mechanical impurities

2.4. Phytochemical Analysis of Aqueous Extracts
2.4.1. Determination of Anthocyanin Content

The HPLC gradient method, coupled with a UV-Vis detector, enabled the qualitative
and quantitative determination of three anthocyanins in the Corni fructus extracts (Table S1).
The analyses were carried out using a Zorbax Eclipse Plus C18 column (4.6 mm × 100 mm;
3.5 μm), the mobile phase containing 0.1% formic acid (A), and acetonitrile (B). The gradient
developed to fit the requirements of the method assumed changes in the mobile phase
according to the scheme: 0–45 min B = 10–20%, 45–60 min B = 20–30%, 60–70 min B = 30–
40%. The method then included a 10 min re-equilibration period to establish the mobile
phase equilibrium column relative to the initial mobile phase ratio. The phase flow was set
at 0.3 mL/min, injection for all test samples was 10 μL, and the detection was performed
at 520 nm. The anthocyanin retention times in this analytical method were, respectively,
delphinidin 3-O-glucoside (6.16 min), cyanidin-3-O-glucoside (8.93 min), and pelargonidin
3-O-glucoside (12.15 min). Identity confirmation was based on differences in retention
times, coupled with the compound’s spectrum obtained relative to the standard during the
analysis. The results are presented as μg/mL, where the weight refers to the dry weight of
the freeze-dried fruit used to prepare the extract.

2.4.2. Determination of Loganic Acid Content

The HPLC gradient method, coupled with DAD detector, allowed the qualitative and
quantitative determination of loganic acid in water extracts from Corni fructus (Figure S1
and Table S2). The determinations were carried out using a Zorbax SB-C18 column, Rapid
Resolution 4.6 mm × 100 mm 3,5—Micron; the mobile phase contained 0.1% acetic acid (A)
and methanol (B). The gradient developed for the needs of the method assumed changes in
the mobile phase according to the scheme: 0–4 min B = 1%, 4–18 min B = 1–12%, 18–22 min
B = 12–20%, 22–35 min B = 20–35%, 35–40 min B = 30–95%, 40–50 min B = 95%. The method
considers 10 min re-equilibration time to determine the phase equilibrium column relative
to the initial injection phase. The phase flow was set to level 1 mL/min, injection for all test
samples was 5 μL, the detection was carried out at 240 nm. The LA retention time in this
analytical method was 23.5 min. The results are presented as μg/mL, where the weight
refers to the dry weight of the freeze-dried fruit used to prepare the extract.
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2.4.3. Determination of Total Phenolic Content (TPC)

TPC was determined using the Folin–Ciocalteu method with minor modifications.
A 50 μL plant extract solution diluted 10 times was mixed with 50 μL of Folin-Ciocalteu
reagent (F.-C.) and 100 μL distilled water. The mixture was pre-incubated for 5 min at 37 ◦C
with shaking at 100 rpm. Then 100 μL 20% Na2CO3 aq. solution was added and incubated
for 30 min at 37 ◦C with shaking at 100 rpm. The absorbance was read at 750 nm against the
blank sample (water instead of the extract) in sixplicate. TPC was expressed as mg of gallic
acid equivalent (GAE) per g of lyophilized Corni fructus utilizing a standard curve of gallic
acid (y = 9.7183x − 0.2776; R2 = 0.9984) in the concentration range 0.06–0.2 mg/mL [36].
The content of TPC in the tested extract was calculated following the standard curve for
gallic acid. The curve used to calculate the TPC content in the form of gallic acid as a
conversion factor is presented in the Supplementary Materials (Figure S5).

2.5. In Vitro Activity of Corni fructus Extracts
2.5.1. α-Glucosidase Inhibitory Assay

A spectrophotometric method with minor modifications was used to determine the
inhibition of α-glucosidase by the Corni fructus water extracts [37]. Briefly, 50 μL of sample
solution (80–160 μg/mL Wydubieckij, 480–560 μg/mL Słowianin, 500–580 μg/mL Florianka
and 470–550 μg/mL Bolestraszycki) or acarbose (positive control, 1–5 mg/mL) in different
concentrations, 50 μL of 0.1 M phosphate buffer (pH 6.8) and 30 μL α-glucosidase solution
(1.0 U/mL) was pre-incubated in 96 well plates at 37 ◦C for 15 min. Next, 20 μL of 5 mM
p-nitrophenyl-α-D-glucopyranoside (pNPG) solution in a 0.1 M phosphate buffer (pH 6.8)
was added and incubated at 37 ◦C for 20 min. The reaction was terminated by adding
100 μL of sodium carbonate (0.2 M) into the mixture. The absorbance of the liberated
p-nitrophenol was measured at 405 nm. The absorbance of enzyme solution, but without
plant extracts/acarbose, served as the control with total enzyme activity. The absorbance
in the absence of the enzyme was used as the blind control. The enzyme inhibition rate,
expressed as a percentage of inhibition, was calculated using the following formula:

% inhibition activity = ((AC − AS)/AC) × 100

where AC is the absorbance of the control (100% enzyme activity), and AS is the absorbance
of the tested sample (Corni fructus water extract or acarbose). For the investigated extracts,
two independent experiments were carried out in triplicate. Results were expressed as
means ± S.D. The results are presented as μg/mL, where the weight refers to the dry
weight of the freeze-dried fruit used to prepare the extract.

2.5.2. DPPH Assay

The DPPH assay was effected according to Studzińska-Sroka et al., with modifica-
tions [38]. Briefly, 25 μL of extracts of Corni fructus dissolved in distilled water at different
concentrations (0.25–8.0 mg/mL), was mixed with 175 μL of DPPH solution (3.9 mg in
50 mL of MeOH). The reaction mixture was shaken and incubated in the dark at room
temperature for 30 min. The control contained 25 μL of distilled water and 175 μL of DPPH
solution. Absorbance was measured at 517 nm. The inhibition of the DPPH radical by the
sample was calculated according to the following formula:

DPPH scavenging activity (%) = ((AC − AS)/AC) × 100%

where AC is the absorbance of the control and AS is the absorbance of the sample. The
results are presented as μg/mL, where the weight refers to the dry weight of the freeze-
dried fruit used to prepare the extract.
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2.5.3. FRAP Assay

Following Tiveron et al. (2012), the FRAP assay was performed with some modifi-
cations [39]. The stock solutions of FRAP reagent included 300 mM acetate buffer (pH
3.6), 10 mM TPTZ solution in 40 mM HCl, and 20 mM FeCl3·6H2O solution. The working
FRAP solution was freshly prepared by mixing 25 mL of acetate buffer, 2.5 mL of TPTZ
solution, and 2.5 mL of FeCl3·6H2O solution and then warmed at 37 ◦C before usage.
Briefly, 25 μL of the tested extracts dissolved in distilled water at different concentrations
(1.0–6.0 mg/mL) were mixed with 175 μL of FRAP solution, shaken, and incubated 37 ◦C
for 30 min. in the dark condition. Then the absorbance was read at 593 nm. The results
were expressed as the IC0.5, corresponding to the extract concentration required to produce
a 0.5 O.D. value. The results are presented as μg/mL, where the weight refers to the dry
weight of the freeze-dried fruit used to prepare the extract.

2.6. Preparation of Corni fructus Extract System with Prebiotic Carrier

An amount of 20 g of the freeze-dried, previously sieved, fruit of Cornus mas Wydu-
bieckij variety was extracted twice with 250 mL of 70% ethanol for 60 min at 45 ◦C on an
ultrasonic bath. The obtained extracts were concentrated below 50 ◦C under vacuum to
dryness. The extract was standardized for TPC, loganic acid, and anthocyanin content
(Table S3). Following this, dry extract was mixed with 200 mL of 10% inulin aqueous
solution (an amount of 20 g of inulin was added to the dry extract), frozen, and then
lyophilized. The process was carried out for 72 h to remove all water from the system; the
automatic procedure programmed in the freeze dryer (Heto PowerDry 3000) was used. The
resulting formulation was triturated in an agate mortar to obtain a homogeneous powder.

2.7. In Vivo Antidiabetic Activity of Prebiotic Stabilized Lyophilizate of Corni fructus

The experiments were carried out on 40 naive male Wistar rats (from the Center for
Experimental Medicine of the Medical University of Lublin) weighing 200–250 g. The
animals were kept under standard laboratory conditions (12 h light/dark cycle, room
temperature 21 ± 1 ◦C) with free access to tap water and a laboratory chow (Agropol,
Warsaw, Poland). Each experimental group consisted of 10 animals. All experiments were
being conducted according to the National Institute of Health Guidelines for the Care and
Use of Laboratory Animals and in accordance with the European Community Council
Directive for the Care and Use of Laboratory Animals of 22 September 2010 (2010/63/E.U.),
and were approved by the local ethics committee (96/2019).

Rats were randomly divided into four groups: the control group, STZ-treated group,
control group treated with Corni fructus extract with inulin, and STZ-treated with Corni
fructus extract with inulin. In the DM group, animals received an intraperitoneal injection
of freshly prepared streptozotocin (STZ), singe injection, 60 mg/kg, in sterile sodium citrate
buffer at pH 4.5 [40]. Corni fructus extract with inulin at a dose of 50 mg/kg m.c (dose
based on the obtained pre-formulation containing inulin and plant extract suspended in it)
was administered intragastrically for three weeks once daily. Fasting blood glucose was
measured using an Accu-Check blood glucose meter (Roche, Pleasanton, CA, USA) on the
14th and 21st day from day 1 of the injection of STZ.

Bodyweight and blood glucose levels were monitored. Rats with blood glucose levels
higher than 270 mg/dL (>15 mmol/L) were considered diabetic [41].
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2.8. Quantitative and Qualitative Analysis of Microorganisms Present in the Gastrointestinal Tract

An amount of 0.2 g of feces was collected and placed in 2.0 mL 0.9% NaCl for bac-
teriological studies. The procedure was repeated until a dilution of 10−6 was obtained.
A series of appropriate dilutions were inoculated in a volume of 50 μL and spread with
a sterile loop on selectively differentiating and propagating media. The cultures were
grown under conditions specific for a given group of microorganisms: Bifidobacterium,
Clostridium—48 h, at 37 ◦C, in anaerobic conditions; Lactobacillus 48 h, at 37 ◦C, under
microaerophilic conditions; Enterococcus, Enterobacteriaceae rods and Proteus rods—24 h, at
37 ◦C, under aerobic conditions.

For the qualitative and quantitative determination of fungi, 0.2 g of feces was collected
and placed in 2 mL of trypsin solution with the addition of 25 μg of antibiotics (penicillin
and streptomycin) to inhibit bacterial growth. The samples were placed at 37 ◦C for
15 min to digest food residues to prevent fungal growth. The samples were washed
in a buffered physiological PBS solution, then inoculated on two fungal growth media,
Sabouraud, or chloramphenicol (bioMerieux). Incubation was conducted at 37 ◦C for 48 h
and room temperature (20 ◦C) for 48 h, respectively. This was to distinguish fungi from
the environment from potentially pathogenic fungi. Then identification was made using
Candida chromogenic medium. Mold fungi were identified based on direct preparation and
a mycological key.

2.9. Statistical Analysis

Analysis of biological activity in vitro was performed in at least six replicates. Sta-
tistical analysis was performed using Statistica 13.3 software (StatSoft Poland, Krakow,
Poland). The Shapiro–Wilk test was implemented to check data distribution normality and
the Levene’s test assessed the equality of variances. Statistical significance was performed
using a one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test.
Measurements were considered significant at p < 0.05.

3. Results and Discussion

3.1. Quantitative and Qualitative Analysis of the Examined Extracts

The first stage of the research was the standardization of water extracts from lyophilized
Cornus mas fruits from three Polish cultivars Słowianin, Florianka, Bolestraszycki, and one
Ukrainian cultivar Wydubieckij. These were standardized for the content of anthocyanins,
loganic acid, and polyphenols taking into account the water content of freeze-dried fruit
(Table S4).

Ultra-high performance liquid chromatographic methods, using a diode array detector
(UHPLC-DAD) with gradient elution, were developed to determine anthocyanin 3-O-
glucosides of pelargonidin, cyanidin, delphinidin, and loganic acid (Figures 1 and 2).
The UHPLC-DAD methods were validated according to the International Conference on
Harmonization (ICHQ2) guidelines [42]. The validation parameters are presented in the
Supplementary Materials (Tables S1 and S2). The peaks of studied compounds in the
Cornus mas fruits water extracts were compared with the reference substances’ retention
times and UV spectra.
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Figure 1. The chromatogram of the reference substances. (A) 1-delphinidin 3-O-glucoside, 2- cyani-
din 3-O-glucoside, 3- pelargonidin 3-O-glucoside, and (B) water extract of Corni fructus cultivar
Wydubieckij.

Figure 2. The chromatogram of loganic acid presented in the water extract of Corni fructus cultivar
Wydubieckij.

Anthocyanin content depends on the cultivar, environmental factors and growth, and
storage conditions [43]. Table 1 shows that the major anthocyanin in Corni fructus extracts
for the cultivars Bostraszycki, Florianka, and Słowianin was pelargonidin 3-O-glucoside rang-
ing from 2.21 ± 0.19 to 3.09 ± 0.25 mg/g. On the other hand, the Corni fructus cultivar
Wydubieckij contained a similar amount of pelargonidin 3-O-glucoside and cyanidin 3-O-
glucoside, which was found to be 0.10 ± 0.02 mg/g and 0.10 ± 0.00 mg/g, respectively.
Delphinidin 3-O-glucoside was not found in any water extracts of Cornus mas fruit. Based
on the literature, anthocyanins are usually extracted from plant material with an acidified
organic solvent (mainly alcohols or alcohol-water mixtures) [44]. These solvents destroy the
cell membranes of vacuoles, and dissolve and stabilize the anthocyanins [45]. However, pH
reduction is not always necessary to increase these compounds’ extraction efficiency [43].
The previous studies reported comparable results when determining anthocyanin con-
tent [46–48]. Similarly, the Corni fructus cultivars Bostraszycki, Florianka, and Słowianin
water extracts showed a comparable content of loganic acid; values were 5.38 ± 0.52,
4.71 ± 0.45, 4.96 ± 0.12, respectively. The lowest content was found in the Wydubieckij
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variety, 2.82 ± 0.27. According to the literature data, the concentration of loganic acid in
different cultivars of Corni fructus ranged from 2.26 to 8.20 mg per g of dry fruit [49,50].

Additionally, the method described by Blainski et al. to determine the total phenolic
content, with gallic acid as the standard, was used [36]. The highest phenolic compounds
(16.03 ± 1.28 mg GAE/g) were found in the water extract from the Corni fructus culti-
var Wydubieckij. The phenolic compounds concentration in other cultivars ranged from
7.34 ± 0.66 to 8.94 ± 0.83 mg GAE/g of lyophilized Corni fructus extracts (Table 1) [46].

Table 1. The content of active compounds in the lyophilized Cornus mas fruit.

Cultivar

Content

mg GAE/g mg/g

TPC Loganic Acid
Pelargonidin

3-O-Glucoside
Cyanidin-3-O-

Glucoside

Bolestraszycki 8.94 ± 0.83 * 5.38 ± 0.52 * 2.21 ± 0.19 * 1.08 ± 0.13 *
Florianka 7.34 ± 0.66 * 4.71 ± 0.45 * 3.09 ± 0.25 * 0.05 ± 0.00 *
Słowianin 8.42 ± 0.79 * 4.96 ± 0.12 * 2.28 ± 0.11 * 0.94 ± 0.09 *

Wydubieckij 16.03 ± 1.28 * 2.82 ± 0.27 * 0.10 ± 0.02 * 0.10 ± 0.00 *
Data expressed as mean ± SD; * significance with p ≤ 0.05.

3.2. In Vitro Activity

The antidiabetic properties of Corni fructus water extracts were evaluated for their
ability to inhibit α-glucosidase, relevant to small intestinal glucose uptake (Table 2). Several
reports have indicated the α-glucosidase inhibitory properties of plant extracts and isolated
compounds [51–53].

Table 2. In vitro activity of the lyophilized Cornus mas fruit water extracts.

Cultivar
IC50 (μg/mL) IC0.5 (μg/mL)

Inhibition of α-Glucosidase DPPH FRAP

Bolestraszycki 167.94 ± 2.97 * 383.49 ± 1.54 * 0.30 ± 0.02 *
Florianka 178.26 ± 3.64 * 471.25 ± 5.20 * 0.32 ± 0.02 *
Słowianin 170.47 ± 4.92 * 343.63 ± 1.29 * 0.25 ± 0.01 *

Wydubieckij 45.23 ± 1.96 * 417.56 ± 0.81 * 0.31 ± 0.02 *
Data expressed as mean ± SD; * significance with p ≤ 0.05.

The water extracts of Corni fructus showed significant α-glucosidase inhibitory ac-
tivity (Figure 3). The most potent inhibitory activity was observed for the Wydubieckij
cultivar (IC50 = 45.23 μg/mL), which was 30 times more potent than the acarbose standard
(IC50 = 1.22 mg/mL). The obtained results demonstrate the significant potential for using
the studied extracts in support of the treatment of DM, based on the inhibition of the diges-
tive enzyme α-glucosidase. In particular, the obtained results show higher activity for the
tested extracts than acarbose, which is successfully used in medicine and typically exhibits
an inhibitory effect on the enzyme. Among compounds capable of reducing blood glucose
levels, phenolic compounds, mainly anthocyanins, and iridoids, should be mentioned [54].
The conducted studies showed a strong positive correlation between glucosidase inhibitory
activity and TPC (R2 = 0.9899) (Figure 4), which indicates the effect of the synergistic action
of several classes of phenolic compounds, such as phenolic acids (e.g., chlorogenic acid,
gallic acid) and flavonoids (especially flavonols and flavan-3-ols, which are well-known as
good glucose-lowering agents [55–59].

Moreover, the statistical analysis performed showed a significant (p < 0.05) negative
correlation between the obtained concentration of loganic acid and pelargonidin 3-O-
glucoside (R2 = 0.9066 and R2 = 0.9387, respectively) with the ability of the extract to
inhibit α-glucosidase. The obtained results showed a decrease in the activity of the extract
with an increasing amount of the indicated compounds. However, in the study of enzyme
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inhibition capacity, it was shown that higher extract concentrations showed a higher enzyme
inhibition capacity. It can be concluded that the observed increasing inhibitory activity of
the extract with increase in its concentration results from the presence of compounds that
show much more potent enzymatic inhibition, which translates into effective increased
activity. No statistically significant correlation was found between cyanidin 3-O-glucoside
and α-glucosidase inhibition (R2 = 0.2344; p > 0.05).

Oxidative stress results from an imbalance between systems producing radicals and
neutralizing radicals, i.e., increased free radicals, reduced antioxidant defense activity, or
both. Several studies have shown that diabetes is accompanied by increased free radical for-
mation and reduced antioxidant capacity, which leads to loss of pancreatic β-cell function,
aggravation of insulin resistance, and vascular complications [60,61]. The total antioxi-
dant capacity of Cornus mas fruits water extracts was assessed by two spectrophotometric
methods (DPPH and FRAP) that utilize the SET (single electron transfer) mechanism. Most
natural antioxidants are multifunctional, so it is essential to carry out more than one type of
antioxidant capacity measurement to cover different antioxidant activity mechanisms [62].
As shown in Figure 5 and Table 2, the most potent antioxidant activity was produced
by water extract from the Corni fructus cultivar Słowianin with IC50 = 343.63 μg/mL and
IC0.5 = 0.25 μg/mL, respectively, in the DPPH and FRAP assays. The other Cornus mas
fruit cultivars showed comparable antioxidant activity, however slightly weaker than the
Słowianin cultivar. The correlation coefficients between TPC and antioxidant activity were
not significant (p > 0.05), suggesting that the free-radical scavenging activity of Corni fruc-
tus water extracts may be attributed to differences in the activity of phenols and other
active compounds, such as ascorbic acid [63], monoterpenes (especially limonene) and
iridoids [64,65]. On the other hand, the antioxidant potential for the entire extract, which
was tested, is an exponential result of single reactions taking place in the single electron
transfer process, which does not fully reflect the reactions taking place in vivo, providing
only an estimate of the antioxidant capacity [66].

Figure 3. The α-glucosidase inhibitory activity of Corni fructus water extracts. Significance with
p ≤ 0.05.
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Figure 4. Correlation between α-glucosidase inhibitory activity and TPC (A) *, loganic acid (B) *,
pelargonidin 3-O-glucoside (C) *, and cyanidin 3-O-glucoside (D) ** content (*—significance with
p ≤ 0.05; **- significance with p > 0.05).

After confirming the potential of using Cornus mas fruit, following the assumed
research objective, the next stage of the research was to prepare a system based on a
prebiotic substance capable of modifying the intestinal microbiome, the effect of which
is the long-term control of blood sugar levels. Inulin was chosen as the carrier substance
(Figure 6). It is a polysaccharide mainly obtained from chicory, with proven prebiotic
potential against Bifidobacterium and Lactobacillus [67–69]. An essential aspect of selecting
an appropriate carrier is its safety in DM. Attention should be paid to the glycemic index,
which in the case of inulin is relatively low and is in the range of 8–14 [70]. Inulin is a
polysaccharide, consisting of monomers linked by β-2,1-glycosidic bonds in an unbranched
chain; these bonds cannot be broken down by human digestive enzymes, while the naturally
occurring bacterial microflora can decompose it and utilize the resulting simple sugars for
their growth [71].
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Figure 5. Antioxidant activity of Corni fructus water extracts by DPPH (A) and FRAP (B) assays. Data
expressed as mean ± SD; * significance with p ≤ 0.05.

Figure 6. The structural formula of the monomer of the inulin molecule (n = 30–35).
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The pre-formulation obtained by suspending fruit extract in the prebiotic carrier was
standardized for the content of active substances previously tested in the plant extracts
(Table 3), converted into g of the obtained system.

Table 3. The content of active compounds in the lyophilized Cornus mas system.

Content

mg GAE/g mg/g

TPC Loganic Acid
Pelargonidin

3-O-Glucoside
Cyanidin-3-O-

Glucoside

Prebiotic system 119.0 ± 2.34 5.33 ± 0.48 1.30 ± 0.11 0.32 ± 0.05
Data expressed as mean ± SD.

In addition, an activity analysis was performed to control the quality and confirm
the activity of the obtained system before proceeding to the next stage of the research
(Table 4). The figures showing the activity curves are provided in the Supplementary
Materials (Figures S2–S4).

Table 4. In vitro activity of the lyophilized Cornus mas fruit system.

Cultivar
IC50 (mg/mL) IC0.5 (mg/mL)

Inhibition of
α-Glucosidase

DPPH FRAP

Prebiotic system 0.173 ± 0.025 1.176 ± 0.066 0.905 ± 0.07
Data expressed as mean ± SD.

The obtained results indicate high activity of the obtained system; it showed almost
ten times higher activity against α-glucosidase than acarbose which is traditionally used in
medicine as an inhibitor of carbohydrate digestive enzymes and is also characterized by
high antioxidant activity. As part of the preparation, it was possible to preserve the original
properties of the plant extracts, enriching them with prebiotic activity.

3.3. In Vivo Activity

In the present studies, STZ induced diabetes, reflected in an increase of blood glucose
(>270 mg/mL measured 14 and 21 days after STZ injection) as well as a decrease in body-
weight (20% vs. control group). Corni fructus extract did not influence the measured
parameters. The activity of Corni fructus in diabetes type I was also evaluated by Gao
et al. They revealed that Corni fructus-treated diabetic rats showed significant decreases in
blood glucose, urinary protein levels, water consumption, and improved lipid profile [72].
The difference between our studies and those mentioned was the time of administration
(21 days vs. 40) and dose (50 mg/kg vs. 100, 200 mg/kg). Further studies, using a more
extended administration scheme or higher doses of the extract, are required.

3.4. Quantitative and Qualitative Analysis of Changes in the Intestinal Microflora

Four feces samples of 10 rats in each group were analyzed at four measuring points
(t0, t7 day, t14 day, t21 day). The samples were designated as STZ + extract with inulin,
Healthy + extract with inulin, STZ + saline, and Healthy + saline. In all cases studied, the
microbiological profile of the intestinal microorganism was similar at a given measuring
point; the results are shown in Table 5.
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Table 5. Effect of Cornus mas fruit with inulin on the microbiological profile of the intestinal microor-
ganisms in rats.

STZ + Extract with Inulin T0 T7 T14 T21

CFU/g

Total number of microorganisms 5.00 × 1011 1.90 × 1010 6.70 × 1011 7.60 × 1012

Bifidobacterium 6.70 × 106 2.30 × 106 7.70 × 107 2.30 × 107

Lactobacillus 5.00 × 107 4.50 × 107 5.40 × 108 6.40 × 108

Enterococcus 1.20 × 106 7.60 × 107 6.50 × 108 4.30 × 108

E. coli 1.00 × 103 5.40 × 105 3.20 × 105 1.30 × 106

E. coli Biovare 3.10 × 105 2.30 × 105 3.20 × 104 3.20 × 104

Clostridium 4.00 × 108 6.70 × 105 3.20 × 105 1.20 × 104

Proteus <10 <10 <10 <10
Pseudomonas <10 <10 <10 <10

Candida <10 <10 <10 <10

Healthy + Extract with Inulin T0 T7 T14 T21

CFU/g

Total number of microorganisms 5.00 × 1011 5.60 × 1010 5.60 × 1012 9.40 × 1011

Bifidobacterium 6.70 × 106 6.50 × 107 5.40 × 107 3.40 × 108

Lactobacillus 5.00 × 107 1.90 × 107 7.60 × 107 2.30 × 107

Enterococcus 1.20 × 106 6.60 × 106 2.30 × 108 5.40 × 108

E. coli 1.00 × 103 5.40 × 104 5.40 × 104 3.40 × 104

E. coli Biovare 3.10 × 105 3.20 × 104 2.10 × 104 3.20 × 104

Clostridium 4.00 × 108 4.50 × 107 3.50 × 105 8.70 × 105

Proteus <10 <10 <10 <10
Pseudomonas <10 <10 <10 <10

Candida <10 <10 <10 <10

STZ + Saline T0 T7 T14 T21

CFU/g

Total number of microorganisms 5.00 × 1011 4.30 × 1010 5.40 × 1011 2.30 × 1011

Bifidobacterium 6.70 × 106 4.50 × 106 4.50 × 106 7.60 × 106

Lactobacillus 5.00 × 107 5.40 × 106 3.30 × 107 6.70 × 106

Enterococcus 1.20 × 106 5.20 × 106 3.20 × 107 4.50 × 107

E. coli 1.00 × 103 2.20 × 106 1.20 × 107 8.90 × 107

E. coli Biovare 3.10 × 105 2.30 × 103 2.50 × 104 2.30 × 105

Clostridium 4.00 × 108 1.50 × 107 2.30 × 107 2.30 × 105

Proteus <10 <10 <10 <10
Pseudomonas <10 <10 <10 <10

Candida <10 2.20 × 103 2.30 × 104 2.10 × 104

Healthy + Saline T0 T7 T14 T21

CFU/g

Total number of microorganisms 5.00 × 1011 1.40 × 1010 2.30 × 1010 4.30 × 1010

Bifidobacterium 6.70 × 106 4.50 × 106 1.20 × 106 2.40 × 105

Lactobacillus 5.00 × 107 4.50 × 106 4.50 × 106 3.80 × 106

Enterococcus 1.20 × 106 2.30 × 105 2.30 × 105 4.50 × 105

E. coli 1.00 × 103 1.20 × 104 4.30 × 104 1.30 × 105

E. coli Biovare 3.10 × 105 1.80 × 104 4.50 × 104 8.40 × 104

Clostridium 4.00 × 108 3.40 × 108 4.50 × 107 9.80 × 108

Proteus <10 <10 <10 <10
Pseudomonas <10 <10 <10 <10

Candida <10 4.50 × 102 5.20 × 103 7.60 × 103

The analyzed groups of microorganisms were divided into three main groups; microor-
ganisms with protective functions (Bifidobacterium, Lactobacillus sp.), immunostimulatory
species (E. coli, Enterococcus sp.), and proteolytic species (Proteus sp., Pseudomonas sp., E. coli
Biovare, Clostridium pp.).

The total number of microorganisms in all tested samples ranged from 1010–1012 CFU/g
of feces, with the lowest on the seventh day of feeding. The number of Bifidobacterium and
Lactobacillus bacteria, particularly their quantitative ratio, plays a crucial role in assessing
intestinal microbial microbes’ effect. The highest dynamics of Bifidobacterium increase were
observed in the Healthy + extract with inulin variant. During the 21 days of the experiment,
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this group of microorganisms increased from 6.7 × 106 CFU/g to 3.4 × 108 CFU/g. In con-
trast, in the Healthy + saline variant, there was no reduction in Bifidobacterium abundance
or increase. The value was constant at 106 CFU/g. In the same variant, the number of
Lactobacillus bacteria did not change throughout the entire feeding period, and its value was
close to that of Bifidobacterium. The increase in Lactobacillus sp. counts was demonstrated in
the STZ + extract with inulin variant. In this case, the number of bacteria increased from
5.0 × 107 CFU/g before feeding to 6.4 × 108 CFU/g after 21 days of feeding. In this case, a
very considerable reduction in anaerobic bacteria of the genus Clostridium sp. from 4.0 ×
108 CFU/g to 1.2 × 104 CFU/g was also demonstrated. However, in the Healthy + saline
variant, this group of microorganisms remained stable and was initially high. The increase
in the number of probiotic bacteria of the genus Bifidobacterium sp. and bacteria of the genus
Lactobacillus sp. was observed in two variants (“STZ + extract with inulin” and “Healthy +
extract with inulin”). The probable cause of the growth of these probiotic microorganisms
was the addition of inulin. Inulin is a widely used fiber that is considered a prebiotic
because of its ability to be selectively used by the gut microbiota for health benefits.

The presence was not demonstrated of yeast-like fungi of the genus Candida in
variants I and II. Simultaneously, in III and IV, the number increased from 7 to 21 days
of feeding. This indicates the protective properties of the obtained mixture of Cornus mas
fruit extract with inulin and confirms the lack of relationship between dietary insulin and
Candida sp. development. Many microorganisms of the genera Pseudomonas and Proteus
were found in none of the examined variants.

4. Conclusions

Considering reports in the literature indicating the potential for using Cornus mas
fruit, studies were carried out to determine the activity profile of different cultivars. The
obtained water extracts were standardized for anthocyanins, such as pelargonidin 3-O-
glucoside and cyanidin-3-O-glucoside, loganic acid, and phenolic compounds. As part
of the evaluation of the activity profile, inhibition of α-glucosidase was performed. The
Wydubieckij cultivar (IC50 = 45.23 μg/mL) showed 30 times higher activity than the standard
acarbose (IC50 = 1.22 mg/mL), which was correlated with the content of TPC. In addition,
the most potent antioxidant activity was found using water extract from the Corni fructus
cultivar Słowianin with IC50 = 343.63 μg/mL and IC0.5 = 0.25 μg/mL, respectively, in the
DPPH and FRAP methods.

Due to high biological activity and good antioxidant activity, the Wydubieckij cultivar
was selected for further research. Considering the latest reports on the gut microbiome’s
influence on the development and course of DM2, further studies involved development of
a pre-formulation containing inulin as a carrier with prebiotic potential. In order to assess
the activity of the obtained pre-formulation, it was tested in an in vivo model on rats.

Although we did not observe a decrease in glucose blood level in STZ-treated diabetic
rats, we are aware of the limitations of the present studies. Further in vivo research is
required to consider different diabetes induction patterns and to adjust the therapeutic dose.

In addition, as part of the control of the activity of the obtained system, fecal analysis
was performed to estimate quantitative and qualitative changes in the intestinal microbiome.
The obtained results indicated a positive development of prebiotic microorganisms and
inhibition of the growth of potentially pathogenic microorganisms.

The obtained results suggest that Corni fructus is a potentially valuable raw material
for the prophylaxis of symptoms for type I diabetes. Combining it with inulin increases
this potential by influencing the intestinal microbiome. Therefore, the tested plant material
should be considered a valuable functional food component.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox11020380/s1, Figure S1. Chromatogram showing the loganic acid pattern in the
developed method; Table S1. Statistical assay of linear plots of the anthocyanin determined by the
UHPLC-DAD method; Table S2. Statistical assay of linear plots of the loganic acid determined by
the UHPLC-DAD method; Table S3. The content of active compounds in the lyophilized Cornus mas
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fruit in 70% EtOH extract; Table S4. Water content in freeze-dried fruit expressed as % of weight loss
during drying in a moisture analyzer; Figure S2. The α-glucosidase inhibitory activity of Corni fructus
prebiotic system; Figure S3. Antioxidant activity of Corni fructus system by DPPH assay; Figure S4.
Antioxidant activity of Corni fructus system by FRAP assay; Figure S5. Curve for gallic acid used to
calculate TPC content.
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22. Świerczewska, A.; Buchholz, T.; Melzig, M.F.; Czerwińska, M.E. In Vitro α-Amylase and Pancreatic Lipase Inhibitory Activity of

Cornus mas L. and Cornus alba L. Fruit Extracts. J. Food Drug Anal. 2019, 27, 249–258. [CrossRef] [PubMed]
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Szeląg, A.; et al. Cornelian Cherry Consumption Increases the L-Arginine/ADMA Ratio, Lowers ADMA and SDMA Levels in
the Plasma, and Enhances the Aorta Glutathione Level in Rabbits Fed a High-Cholesterol Diet. J. Funct. Foods 2017, 34, 189–196.
[CrossRef]

24. Dinda, B.; Kyriakopoulos, A.M.; Dinda, S.; Zoumpourlis, V.; Thomaidis, N.S.; Velegraki, A.; Markopoulos, C.; Dinda, M. Cornus
mas L. (Cornelian Cherry), an Important European and Asian Traditional Food and Medicine: Ethnomedicine, Phytochemistry
and Pharmacology for Its Commercial Utilization in Drug Industry. J. Ethnopharmacol. 2016, 193, 670–690. [CrossRef]

25. Jayaprakasam, B.; Olson, L.K.; Schutzki, R.E.; Tai, M.-H.; Nair, M.G. Amelioration of Obesity and Glucose Intolerance in High-Fat-
Fed C57BL/6 Mice by Anthocyanins and Ursolic Acid in Cornelian Cherry (Cornus mas). J. Agric. Food Chem. 2006, 54, 243–248.
[CrossRef]

26. Rosenson, R.S.; Wright, R.S.; Farkouh, M.; Plutzky, J. Modulating Peroxisome Proliferator–Activated Receptors for Therapeutic
Benefit? Biology, Clinical Experience, and Future Prospects. Am. Heart J. 2012, 164, 672–680. [CrossRef]

27. White Fat Progenitor Cells Reside in the Adipose Vasculature|Science. Available online: https://science.sciencemag.org/content/
322/5901/583 (accessed on 27 March 2020).

28. Pascale, A.; Marchesi, N.; Marelli, C.; Coppola, A.; Luzi, L.; Govoni, S.; Giustina, A.; Gazzaruso, C. Microbiota and Metabolic
Diseases. Endocrine 2018, 61, 357–371. [CrossRef]

29. Utzschneider, K.M.; Kratz, M.; Damman, C.J.; Hullarg, M. Mechanisms Linking the Gut Microbiome and Glucose Metabolism. J.
Clin. Endocrinol. Metab. 2016, 101, 1445–1454. [CrossRef]

30. Rowland, I.; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut Microbiota Functions: Metabolism of Nutrients
and Other Food Components. Eur. J. Nutr. 2018, 57, 1–24. [CrossRef]

31. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D.N. Role of the Normal Gut Microbiota.
World J. Gastroenterol. 2015, 21, 8787–8803. [CrossRef] [PubMed]

32. D’Argenio, V.; Salvatore, F. The Role of the Gut Microbiome in the Healthy Adult Status. Clin. Chim. Acta 2015, 451, 97–102.
[CrossRef] [PubMed]

33. Dominguez-Bello, M.G.; Godoy-Vitorino, F.; Knight, R.; Blaser, M.J. Role of the Microbiome in Human Development. Gut 2019,
68, 1108–1114. [CrossRef] [PubMed]

34. Lloyd-Price, J.; Abu-Ali, G.; Huttenhower, C. The Healthy Human Microbiome. Genome Med. 2016, 8, 51. [CrossRef]
35. Ruan, W.; Engevik, M.A.; Spinler, J.K.; Versalovic, J. Healthy Human Gastrointestinal Microbiome: Composition and Function

After a Decade of Exploration. Dig. Dis. Sci. 2020, 65, 695–705. [CrossRef] [PubMed]
36. Blainski, A.; Lopes, G.C.; De Mello, J.C.P. Application and Analysis of the Folin Ciocalteu Method for the Determination of the

Total Phenolic Content from Limonium brasiliense L. Molecules 2013, 18, 6852–6865. [CrossRef]
37. Telagari, M.; Hullatti, K. In-Vitro α-Amylase and α-Glucosidase Inhibitory Activity of Adiantum caudatum Linn. and Celosia

argentea Linn. Extracts and Fractions. Indian J. Pharmacol. 2015, 47, 425–429. [CrossRef]
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Abstract: Resveratrol is a powerful antioxidant molecule. In the human diet, its most important
source is in Vitis vinifera grape peel and leaves. Resveratrol exists in two isoforms, cis- and trans.
The diastereomeric forms of many drugs have been reported as affecting their activity. The aim
of this study was to set up a cellular model to investigate how far resveratrol could counteract
cytotoxicity in an oxidant agent. For this purpose, a keratinocyte cell line, which was genetically engi-
neered with jelly fish green fluorescent protein, was treated with the free radical promoter Cumene
hydroperoxide. The antioxidant activity of the trans-resveratrol and its diastereomeric mixture
was evaluated indirectly in these treated fluorescent-engineered keratinocytes by analyzing the cell
number and cell proliferation index. Our results demonstrate that cells, which were pre-incubated
with resveratrol, reverted the oxidative damage progression induced by this free radical agent. In
conclusion, fluorescent-engineered human keratinocytes represent a rapid and low-cost cellular
model to determine cell numbers by studying emitted fluorescence. Comparative studies carried out
with fluorescent keratinocytes indicate that trans-resveratrol is more efficient than diastereomeric
mixtures in protecting cells from the oxidative stress.
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1. Introduction

Oxidative stress is defined as a set of alterations at molecular, cellular, and tissue levels
in a living organism. In the event of excessive exposure to oxidizing agents, modification
in the redox balance inside cells arises between the reactive oxygen species (ROS) and the
antioxidant system, which favors ROS [1].

ROS is constantly produced in cells through a variety of biochemical processes [2].
At moderate concentrations, ROS are actively involved in complex biological processes,
such as control of gene expression, apoptosis, and signal transduction [3]. However, at
a high concentration, ROS cause cell damage, such as aging and alterations in cellular
constituents [4]. Eukaryotic cells have developed an antioxidant system including endoge-
nous compounds, which work synergistically with exogenous molecules to neutralize free
radicals [5] such as ROS. Antioxidants are molecules that are capable of protecting cells
against the oxidation induced by free radicals, by blocking the initiation phase of radical
production or neutralizing radicals formed during the propagation phase [5].

Resveratrol is one of the most highly investigated antioxidant molecules (Figure 1a) [6].
Since resveratrol is also a phytoalexin, its biosynthesis starts from the plant’s secondary
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metabolism, which is stimulated by microorganism infection or abiotic elicitors [7]. While
flavonoids are found throughout the plant kingdom, different resveratrol forms have been
isolated from only a few plant families. The most important sources of resveratrol in the
human diet are grapes, peanuts, berries, and their byproducts. In plants and their derived
foods, resveratrol exists in various forms, such as aglycone, glucoside (piceid), and several
oligomers. A mixture of cis and trans isomers was identified for each form [8].

Figure 1. Resveratrol structures, florescent human keratinocyte cells, relation between the number of
NCTC-GFP cells and fluorescence intensity, and the effect of CuOOH treatment: Panel (a): Resveratrol
cis- and trans-isomers chemical structures. Panel (b): Microphotograph showing fluorescent NCTC-
GFP (magnitude 20X). Keratinocytes exhibit small differences in morphology/shape due to the
micro-environment in which they are expanding, i.e., cells inside the monolayer are more rounded,
whereas cells growing at the edge of the monolayer are more elongated. Panel (c): Relation between
the number of NCTC-GFP cells and fluorescence intensity. Samples containing an increased number
of cells, ranging from 3.125 × 103 to 105 cells/cm2, were analyzed by spectrofluorimetric reading.
Five different sets of samples were tested at different times. Each value was reported in the graph as a
function of the corresponding cell number. Bars represent the standard deviation. The linear relation
between cell number and fluorescence intensity was represented by the R2 value (0.9963). Panel (d):
Effect of CuOOH treatment on cell number (dark gray) and proliferation (light gray). Horizontal bars
indicate a statistically significant difference (*: p < 0.05; ***: p < 0.0005).

The most important source of resveratrol in the human diet is Vitis vinifera grape peel
and leaves [9,10], which are used for the wine production. In Vitis vinifera, 16 resveratrol
forms have been detected in grape stems, seeds, skins, and juice. Stems contain the richest
source of stilbenes, followed by grape skins. These byproducts of the winemaking processes
could provide useful information for determining how to enrich potential health-promoting
compounds [11]. Resveratrol contains chemicals that determine its ability to inhibit the
progress of certain infections. In general, stressful factors induce an accumulation of resvera-
trol in plants. This mechanism allows plants to resist parasites and other adverse conditions.
Indeed, resveratrol is produced by more than 70 different species of plants in response
to such types of stressful situations [12,13]. Given its wide variety of pharmacological
properties, resveratrol was indicated as a probable explanation for the so called “French
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paradox”. Indeed, some epidemiological studies revealed an inverse correlation between
wine consumption and cardiovascular diseases in France, a country known for its high
intake of saturated fatty acids [13,14] and wine. Resveratrol demonstrates several biological
activities such as anti-inflammatory, vasorelaxing, anticancer, antiaging, anti-frailty, as well
as antiallergenic characteristics [13,15]. However, the key relevance of resveratrol is due to
its antioxidant activity and its behavior as an important radical scavenger [10].

Published studies indicate that resveratrol has a powerful antioxidant activity as-
sociated with the presence of three hydroxyl groups in its structure. Resveratrol has an
inhibitory effect on excessive ROS production, aberrant mitochondrial distribution, and
lipid peroxidation [16–18]. Resveratrol leads to an increase in endogenously generated glu-
tathione, and a quantitative reduction in the cellular redox environment and endogenous
ROS production [19]. In vitro studies have demonstrated that resveratrol shows a role in
maintaining cellular redox homeostasis by preventing an increase in ROS production and a
decrease in mitochondrial membrane potential [20]. Resveratrol decreases mitochondria
fragmentation and maintains the potential of the mitochondrial membrane while prevent-
ing oxidative phosphorylation attenuation, thus exerting a protective effect against the
harmful impact of ROS [16]. Resveratrol treatment protects cells from the oxidative damage
induced by hydrogen peroxide. This protection is caused by reduced malondialdehyde
(MDA) and intracellular ROS concentrations and increased expression levels of antioxi-
dant enzymes [21]. In vivo studies on patients affected by diabetes demonstrate that the
protective effects of chronic resveratrol administration is beneficial in: reducing advanced
glycation end product (AGE)-induced oxidative stress and apoptosis [22]; normalizing
antioxidant status, exacerbated by oxidative stress induced by hyperglycemia [23]; reducing
ROS production, elevating membrane potential, and inhibiting cytochrome c release from
the inner mitochondrial membrane [24]; and contrasting the 3-nitrotyrosine accumulation
and 4-hydroxynonenal generation, increasing total antioxidant capacity [25]. Resveratrol
protects the spinal cord from ischemic damage in rats by reducing plasma levels in nitrite,
advanced oxidation protein products (AOPP) and MDA, and increasing the enzymatic ac-
tivity of superoxide dismutase (SOD) and catalase (CAT) [26]. In vivo studies demonstrate
that resveratrol also attenuates (i) oxidative stress in rats with experimental periodontitis,
(ii) early Alzheimer’s disease, and (iii) chronic obstructive pulmonary disease [27–29].

The above mentioned in vitro and in vivo studies indicate that resveratrol has a ther-
apeutic effect in cells and animals suffering from increased oxidative stress, which is
associated with a limitation in ROS generation and stimulation of compounds that act as
an antioxidant barrier [16].

Resveratrol is characterized by two phenolic rings joined by a styrene double bond,
with hydroxyls in position 3 and 5 of the first ring and 4 of the second ring [30]. Resveratrol
is a low molecular weight molecule of 228 Dalton [31]. It exists in two diastereomeric forms,
cis- and trans-, and its isomerization from the trans- to cis-form is favored by exposure to
UV radiation [32]. A diastereomeric mixture is also known as a diastereomers blend, where
the proportions of diastereomers may affect its biological activity, and its properties can
significantly differ from those of its two individual diastereomers [33,34].

In order to study the effect of the isomer forms of resveratrol, a new in vitro cellular
model was set up, represented by fluorescent-engineered human keratinocytes. These cells
were employed for measuring in vitro viability. Indeed, cell viability may be used as an
indirect parameter of oxidative damage. The fluorescent-engineered human keratinocytes
developed in this investigation may represent an alternative study model, which is able to
complement animal experimentations.

In our experimental model, Cumene hydroperoxide (CuOOH) was used as a free
radical promoter [35]. As reported above, resveratrol as a radical scavenger is likely to
contrast the effect of the CuOOH neutralizing radicals that arise from its action.

The aim of this study is to test different forms of resveratrol for their potential antiox-
idant activity in fluorescent-engineered human keratinocyte cells for the first time. This
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innovative approach allowed us to investigate whether a diastereomeric mixture shows
quantitative differences in antioxidant activity compared to trans-resveratrol.

2. Materials and Methods

2.1. Cells and Medium

NCTC-2544 human keratinocyte cells (ICN Flow, Irvine, UK) were cultured in a
1:1 mixture of DMEM medium and Ham’s F-12 with Hepes, L-glutamine, 10% FBS, and
penicillin/streptomycin (Lonza, Basel, Switzerland).

2.2. Fluorescent-Engineered Human Keratinocytes

In order to determine adequate concentrations of the antibiotic Geneticin (G418) in
human keratinocytes, NCTC-2544, cells were plated at a density of 5 × 104 cells/cm2 with
different concentrations of G418, ranging from 0 to 1200 μg/mL. The proportion of viable
cells was assessed by trypan-blue staining. Subsequently, NCTC-2544 human keratinocytes
parental cells were transfected with the recombinant vector named pIRES2-AcGFP1, using
the FuGENE HD Transfection Reagent (Roche, Milan, Italy). The pIRES2-AcGFP1 vector
contains coding sequences for the green fluorescent protein from Aequorea coerulescens
(AcGFP). After 15–20 days of antibiotic treatment, resistant clones were isolated with sterile
glass cylinders and expanded as independent cell lines.

2.3. Immunofluorescence Technique

In order to undertake immunofluorescence assays, cells were cultured on coverslips for
18 h, and fixed with 4% paraformaldehyde (PFA). Subsequently, cells were permeabilized
and incubated for 1 h at 37 ◦C with TRITC-conjugated Phalloidin. (Sigma-Aldrich, Milan,
Italy), diluted 0.2 μg/mL in PBS 1×. After applying the DAPI solution, the glass coverslips
were mounted with glycerol/PBS 9:1. Images were obtained using a TE 2000-E fluorescent
microscope. Digital images were captured using ACT-1 and ACT-2 software for DXM1200F
digital cameras (Nikon Instruments, Sesto Fiorentino, Italy).

2.4. Cell Quantification

NCTC_2544_AcGFP cells were seeded in 24-well plates at different concentrations,
ranging from 2.5 × 104 to 1 × 105, which were then used to evaluate the cell number by
measuring the cell fluorescence, using the spectrofluorometer Wallac Victor2 multiwell
instrument (Perkin-Elmer, Monza, Italy). The calibration curve was obtained by reporting
the number of cells in each well on a graph with the relative spectrofluorometer reading.

2.5. Resveratrol

Standard trans-resveratrol was purchased from Sigma, Milan (Figure 1a). The trans-
resveratrol diastereomeric mixture was obtained from the isomerization of trans-resveratrol
in our laboratories as follows: 10 mg/mL of a standard solution of trans-resveratrol in
acetonitrile/water 50:50 was isomerized by UV irradiation. UV irradiation was performed
with a Helios Italquartz UV lamp at 366 nm for 3 h. This time lapse was needed to obtain a
50:50 trans/cis-resveratrol mixture. The isomerization process was controlled by capillary
electrophoresis, as reported previously [36].

2.6. Determining Antioxidant Capacity

Antioxidant capacity was tested with the OxiSelect Hydrogen Peroxide Assay Kit
Colorimetric (Cat. No STA-343, Cell Biolabs, Inc., San Diego, CA, USA) following the
manufacturer’s instructions. The assay was carried out in triplicate in 96-well plates.

2.7. Cytotoxicity Assay

Cells were seeded in triplicate in 24-well plates and incubated for 24 h. Culture cells
were exposed to 1.25 and 2.5 μM trans-resveratrol or diastereomeric mixture for 18 h. The
cell monolayer was exposed to 250 μM CuOOH (Sigma-Aldrich) for 10 min. Two controls
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were included in these experiments. One control is represented by untreated cells, i.e.,
without resveratrol and CuOOH, whereas the other control is represented by cells treated
with CuOOH, without resveratrol pre-treatment.

2.8. Cell Counting and Proliferation

Cell number was evaluated using the Wallac Victor2 spectrofluorometer by reading the
fluorescence emitted from the attached cells. The number of cells was calculated using the
calibration curve obtained with wells containing a known number of cells. Cell proliferation
was quantitatively measured using the Alamar Blue Cell Viability Reagent (Invitrogen). Cell
proliferation within samples was evaluated using the interpolation method, by comparing
the percentage of Alamar Blue reduction in the sample to the standard curve [37,38].

2.9. Statistical Analysis

Statistical analyses were performed by Prism software. Results were obtained from
four independent experiments and expressed as a mean value and SD. Student’s t-test was
used to evaluate the statistical significance of the differences in mean values; p values < 0.05
were considered significant.

3. Results

3.1. Cell Clones

Parental human keratinocytes (NCTC-2544), transfected with the recombinant plasmid
expressing the green fluorescent protein (pIRES2-AcGFP1), were cultured in the presence
of 300 μg/mL of Geneticin. A total of 28 G418 resistant and fluorescent cell clones, i.e.,
NCTC/GFP, were isolated and expanded as independent cells. One out of these twenty-
eight cell clones was expanded as a cell line and employed herein to perform all the
experiments. This clone showed homogeneous cell characteristics. AcGFP expression was
assessed by fluorescence microscopy observation, while its stability was confirmed over a
period of 12 weeks as fluorescence intensity by spectrofluorimetric analysis (Figure 1b).

3.2. Cytological Characterization

Comparative molecular characterization was carried out with the parental NCTC-2544
cell line and NCTC_2544_AcGFP engineered cells. Actin fibers were visualized using
Phalloidin-TRIC conjugated specifically in order to assess whether the exogenous protein
could alter NCTC_2544_AcGFP cytoskeletal organization. The cytoskeletal architecture
of the parental and engineered cells was indistinguishable (Figure 2). Therefore, the
presence of the exogenous protein AcGFP does not affect the cytoskeletal organization of
the engineered cells.

3.3. Determining Antioxidant Capacity

The antioxidant capacity of resveratrol was tested using the OxiSelect Hydrogen
Peroxide Assay Kit Colorimetric. Results were shown in Figure 3.

3.4. Cell Number Counting

Since NCTC/GFP cells express green fluorescent protein constitutively, fluorescence
intensity may depend exclusively on the number of cells within a sample. To confirm the lin-
earity of fluorescence intensity with the cell number, samples sets containing
3.125 × 103, 6.25 × 103, 1.25 × 104, 2.5 × 104, 5 × 104, and 1 × 105 cells/cm2 were
analyzed by spectrofluorometer. The graphical expression of these experiments confirmed
that fluorescence intensity values (absolute measure) are proportional to the number of
cells within a sample. On this basis, having gained the fluorescence value, it was possible
to extrapolate the number of cells contained within a sample by interpolation with the
standard curve (Figure 1c).
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Figure 2. Microphotographs showing parental cells NCTC_2544 (a) and engineered cells
NCTC_2544_AcGFP (b). Panels (a(1),b(1)) are microphotographs with white light to show cell
morphology and shape; panels (a(2),b(2)) are microphotographs with nuclei counterstained with
DAPI; panels (a(3),b(3)) are microphotographs with fluorescence light to visualize constitutive green
fluorescence; panels (a(4),b(4)) are microphotographs with fluorescence light to visualize actin fiber
architecture (magnitude 20×; panels (a(5),b(5)) are microphotographs with fluorescence light to
visualize actin fiber architecture (magnitude 60×).
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Figure 3. Effect of trans-resveratrol on oxidative stress on non-treated cells (panel (a)) and effect
of trans-resveratrol on oxidative stress on cells treated with CuOOH (panel (b)). Horizontal bars
indicate a statistically significant difference. Effect of resveratrol diastereomeric mixture on oxidative
stress on non-treated cells (panel (c)) and effect of trans-resveratrol on oxidative stress on cells treated
with CuOOH (panel (d)). Horizontal bars indicate statistically significant differences (**: p < 0.005;
***: p < 0.0005; ****: p < 0.00005).

3.5. Effect of CuOOH on the Human Keratinocyte NCTC/GFP Cell Line

Cells were treated with 250 μM CuOOH for 10 min. Spectrofluorimetric analysis
showed that the oxidant agent caused a reduction in NCTC-GFP cells from 9.6 × 104 to
6.1 × 104 (p < 0.0005). Moreover, the Alamar Blue assay showed a proliferation reduction
from 1.1 × 105 to 9 × 104 (p < 0.05). The two cell number reductions are statistically
significant, as shown by the p values (Figure 1d).

3.6. Resveratrols

In general, cis-resveratrol is less pervasive in natural products than trans-resveratrol,
thereby justifying a lack of analytical standards and difficulties in its identification and
quantification. Notwithstanding this, the possibility of converting trans-resveratrol to cis-
resveratrol by UV irradiation has previously been described in literature [39]. In a previous
study we reported on the effect of irradiation time on the isomerization of trans-resveratrol
to equilibrium conditions with an 80% final conversion [40].

Every 30 min, a portion of isomerized trans-resveratrol standard solution was diluted
1:100 and injected in order for the analysis to verify the isomerization percentage. The
electropherogram of isomerized trans-resveratrol standard solution, after 90 min, was
reported in Figure 4a. At this time the mixture was made up of 30% cis-resveratrol and
70% of trans-resveratrol. Trans-resveratrol (1) and cis-resveratrol (2) peaks were identified
by comparing retention times and their absorption spectrum. The absorption spectrum
maximum reading for trans-resveratrol (1) is at 315 nm, while for cis-resveratrol (2) it is
at 290 (Figure 4b). After 3 h, trans-resveratrol isomerization was at 50%. The resulting
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solution was lyophilized overnight in a Christ α 1–2 lyophilizer, and the obtained product
was used for the biological assay.

Figure 4. Electropherogram of trans-resveratrol standard solution and absorption spectrum. Panel (a):
Electropherogram of trans-resveratrol standard solution diluted 1:100 after 90 min of isomeriza-
tion (peak 1 = trans-resveratrol; peak 2 = and cis-resveratrol). Panel (b): Comparison between
absorption spectrum of standard (trans-resveratrol (1) absorption spectrum and cis-resveratrol
(2) absorption spectrum).

3.7. Effect of Resveratrol on the Cell Numbers

Cells (n = 5 × 104/cm2) were pre-incubated with resveratrol in our experimental
conditions. Cell numbers increased both on CuOOH-treated and non-treated cells when
evaluated using the spectrofluorometer.

Specifically, cell numbers increased by a statistically significant difference when
1.25 μM of trans-resveratrol was used on CuOOH-treated cells, from 6 × 104 to 1 × 105

(p < 0.05). On the other hand, cell numbers still increased upon using trans-resveratrol at a
concentration of 2.5 μM, but the difference was not statistically significant. The same result,
in terms of non-statistically significant differences in the cell number, was obtained by
pre-incubating CuOOH non-treated cells with trans-resveratrol at 1.25 μM and 2.5 μM. Sim-
ilarly, both CuOOH-treated and non-treated cells, when pre-incubated with 1.25 μM and
2.5 μM diastereomeric mixture, showed no statistically significant increase in cell numbers
(Figure 5a,b). Higher concentrations of the diastereomeric mixture and of trans-resveratrol
caused a mild increase in the cell numbers or reduced human keratinocyte number, but the
difference was not statistically significant (data not shown).
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Figure 5. Effect of trans-resveratrol (panel (a)) and diastereomeric mixture (panel (b)) treatment
on cell numbers evaluated by the measuring fluorescence. Horizontal bars indicate a statistically
significant difference (*: p < 0.05). Effect of trans-resveratrol (panel (c)) and diastereomeric mixture
(panel (d)) treatment on cell proliferation evaluated by Alamar Blue assay. Horizontal bars indicate a
statistically significant difference (*: p < 0.05).

3.8. Effect of Resveratrol on Cell Proliferation

Proliferation increased in cells that had been pre-incubated with resveratrol, both
in cells treated with CuOOH and in the control. Data were obtained using the Alamar
Blue assay. The increase in cell proliferation in CuOOH-treated cells was statistically
significant when two different concentrations of trans-resveratrol were employed, i.e.,
1.25 μM and 2.5 μM. The increases were from 8.4 × 104 to 1 × 105 (p < 0.05) for 1.25 μM
and from 8.4 × 104 to 9.9 × 104 (p < 0.05) for 2.5 μM, respectively. In the same experimental
conditions, the resveratrol diastereomeric mixture caused a non-statistically significant
increase in cell proliferation. The same result was obtained in CuOOH non-treated cells,
which have been pre-incubated with both the trans-resveratrol and diastereomeric mixtures,
at a concentration of 1.25 μM and 2.5 μM, respectively (Figure 5c,d). Cell proliferation data,
obtained on cells pre-incubated with higher concentrations (5 μM) of the diastereomeric
mixture and trans-resveratrol, showed a very low increase in cell proliferation or even a
reduction (data not shown).
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4. Discussion

In this comparative study the antioxidant effects of trans-resveratrol and its diastere-
omeric mixture were determined in fluorescent-engineered human keratinocytes. As
reported previously, we herein show that the presence of AcGFP does not affect cytoskele-
tal organization [41], and that fluorescence intensity is proportional to the number of
cells [41,42]. The high expression level of trans-gene in the genetically modified NCTC/GFP
cell line ensured a direct proportion between fluorescence intensity and cell number [41,43].

In a recent study, human keratinocytes HaCaT, which had been irradiated with UV A
to induce oxidative stress, were treated with increasing concentrations of trans-resveratrol.
It was shown that both pre- and post-treatment with trans-resveratrol provided significant
protection, as demonstrated by an increase in cellular activity and a decrease in ROS level
resveratrol [44]. Another study conducted on HaCaT [45] showed that the toxicity of an
elicitor was strongly attenuated by post-treatment with trans-resveratrol. Further studies
focused their attention on the differences between the effects of the two resveratrol isomers
in different experimental models. Indeed, it has been reported that the two isomers have
similar levels of efficiency [46,47], while other investigations have found trans-resveratrol
and cis-resveratrol to have different efficiency levels [48–51].

Our results indicate that keratinocytes incubated with CuOOH showed a reduction in
cell number and proliferation index. Cells that had been pre-incubated with resveratrol
were protected from damage. These data confirm and extend previous results on the effect
of resveratrol on human epidermal keratinocytes [44,52,53]. Our comparative study with
resveratrol isomers allowed for some differences in the behavior of trans-resveratrol and
its diastereomeric mixture to be shown. The addition of trans-resveratrol to keratinocytes,
protected the cells by inactivating the cytotoxic effects of CuOOH. Trans-resveratrol at
a concentration of 1.25 μM caused a statistically significant decrease in oxidative stress
and an increase in both cell number and proliferation. However, it should be noted that
only the concentration of 2.5 μM showed a statistical significance in cell proliferation. The
addition of trans-resveratrol to the control cells demonstrated an increase in cell number
and proliferation at all concentrations tested, although without statistically significant
differences. The diastereomeric mixture illustrated a protective effect against oxidative
damage similar to that of trans-resveratrol, but with less efficacy. When the diastereomeric
mixture was used on cells that had previously been treated with CuOOH, a non-statistically
significant increase in both cell number and proliferation was obtained. Similar results were
detected with the pre-incubation of CuOOH non-treated cells using the diastereomeric
mixture, at all concentrations tested. Herein, the trans-resveratrol and diastereomeric
mixtures, at concentrations of 1.25 μM and 2.5 μM, were used as reported in previous
studies [44,54–56]. When higher concentration (5 μM) of both the trans-resveratrol and
diastereomeric mixture was employed, a less protective effect was obtained, whereas in
some cases, a negligible depletion in cell number and inhibition of proliferation was ob-
served. These data are in agreement with the results reported by Holian et al. [43]. In our
experimental model, CuOOH and resveratrol were used as a free-radical promoter and
antioxidant molecule, respectively. CuOOH, a lipophilic compound, may act in the phos-
pholipidic bilayer structure of the cell membrane where it induces lipid peroxidation and
generates ROS, which may diffuse from the membrane lipid bilayer into the intracellular
compartment [35]. Resveratrol has been reported as contrasting oxidative stress by acting
as a radical scavenger [45,57].

Resveratrol pre-incubation of cells may eliminate, at least in part, the ROS generated by
CuOOH. As a consequence, adding resveratrol led to a protective effect on the keratinocytes.
In addition, previous studies demonstrated (i) the presence of resveratrol binding sites in
human keratinocytes [56] and (ii) that trans-resveratrol protects these cells from oxidative
stress [53]. The protective effects of resveratrol against the oxidative agent are mediated by
its ability to enhance the cellular production of antioxidant enzymes, such as glutathione
S-transferase (GST), glutathione peroxidase (Gpx), NAD(P)H, quinone oxidoreductase 1
(NQO1), catalase (cat), and superoxide dismutase (SOD). Resveratrol activity is mediated
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along the ERK pathway, which allows the transcription of genes encoding antioxidant
enzymes. Resveratrol also modulates multiple signaling mechanisms, while displaying an
effect on the NF-κB and sirtuin/FoxO3a pathways [58].

5. Conclusions

Herein, the innovative cellular model represented by fluorescent-engineered ker-
atinocyte cells allowed us to confirm that resveratrol has the ability to protect human cells
from oxidative stress. Specifically, trans-resveratrol proved to be more effective than the
diastereomeric mixture. This characteristic could be ascribed to the spatial position of
the hydroxyl groups that are of prime importance in terms of its chelating capacity [10].
Similarly, how far resveratrol activity protects cells from oxidative stress, depends on
the hydroxyl group position. Our data indicate that fluorescent-engineered keratinocytes
may represent a rapid, low-cost cellular model for measuring the antioxidant effects of
trans-resveratrol and diastereomeric mixture indirectly.
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Abstract: To determine the anti-heat stress and antioxidant effects of genistein and the underlying
mechanisms, lipofuscin, reactive oxygen species (ROS), and survival under stress were first detected
in Caenorhabditis elegans (C. elegans); then the localization and quantification of the fluorescent protein
was determined by detecting the fluorescently labeled protein mutant strain; in addition, the aging-
related mRNAs were detected by applying real-time fluorescent quantitative PCR in C. elegans. The
results indicate that genistein substantially extended the lifespan of C. elegans under oxidative stress
and heat conditions; and remarkably reduced the accumulation of lipofuscin in C. elegans under
hydrogen peroxide (H2O2) and 35 ◦C stress conditions; in addition, it reduced the generation of
ROS caused by H2O2 and upregulated the expression of daf-16, ctl-1, hsf-1, hsp-16.2, sip-1, sek-1,
pmk-1, and eat-2, whereas it downregulated the expression of age-1 and daf-2 in C. elegans; similarly, it
upregulated the expression of daf-16, sod-3, ctl-1, hsf-1, hsp-16.2, sip-1, sek-1, pmk-1, jnk-1 skn-1, and
eat-2, whereas it downregulated the expression of age-1, daf-2, gst-4, and hsp-12.6 in C. elegans at
35 ◦C; moreover, it increased the accumulation of HSP-16.2 and SKN-1 proteins in nematodes under
35 ◦C and H2O2 conditions; however, it failed to prolong the survival time in the deleted mutant
MQ130 nematodes under 35 ◦C and H2O2 conditions. These results suggest that genistein promote
anti-heat stress and antioxidant effects in C. elegans via insulin/-insulin-like growth factor signaling
(IIS), heat shock protein (HSP), mitogen-activated protein kinase (MAPK), dietary restriction (DR),
and mitochondrial pathways.

Keywords: genistein; anti-heat stress; antioxidant; Caenorhabditis elegans

1. Introduction

With the increase in aging population and weak environmental resistance, the in-
cidence of age-related health disorders, including degenerative diseases, exponentially
increased. The aging process is involved in many variables, including oxidative stress and
thermotolerance [1–4]. The rise of anti-aging medicine puts forward a new type of health
concept known as “healthy aging” [5]. Anti-oxidative and anti-heat stress may be effective
methods for “healthy aging” [6,7]. Flavonoids [8], tannins, and other polyphenols [9]
showed strong antioxidant activity. Genistein is a plant secondary metabolite flavonoid,
widely found in legumes such as soybeans and has a variety of physiological effects, such
as anti-inflammatory and antioxidant, anti-tumor [10], anti-cardiovascular disease, and
anti-osteoporosis effects [11]. Because its structure is similar to that of 17β-estradiol, it
can bind to estrogen receptors, it is often called a phytoestrogen, and it has a marked
estradiol-related effect [12–14]. Genistein is produced by intestinal microbial enzymatic
hydrolysis of soy products and can bind and trans-activate all three subtypes of peroxisome
proliferator-activated receptors (α, δ, and γ) [15]; thus, it produces wide physiological and
biochemical effects, including delaying aging and increasing life expectancy.
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C. elegans has a short life cycle and is easy to culture; therefore, it is helpful for
studying the relative issues of aging and anti-aging. Because longevity-associated signaling
pathways are highly conserved, some similarity might be detected between these pathways
in C. elegans and higher mammals, including humans [16]. It is estimated that more than
83% of the proteins in the proteome of C. elegans have homologs in humans [17]. Existing
research shows that multiple signaling pathways, such as the mitochondrial signaling
pathway, insulin/insulin-like growth factor signaling (IIS), heat shock transcription factor
(HSF-1), mitogen-activated protein kinase (MAPK), dietary restriction (DR) pathways, and
mitochondrial pathways, can regulate aging and anti-stress ability in C. elegans [17]. The IIS
pathway regulates the lifespan of nematodes and mammals by regulating the conserved
transcription factor DAF-16 [18]. The HSF-1 pathway prolongs lifespan by activating the
expression of heat shock genes, while MAPK upregulates the longevity transcription factor
(SKN-1) to combat stress-induced senescence [19,20]. Diet restriction (DR) prolongs the
lifespan of C. elegans, depending on eat-2 [21]. Meanwhile, CLK-1 acts in the nucleus
to control the mitochondrial stress response [22]. These transcription factors are critical
for stress resistance and longevity [23]. Previous studies reported that flavonoids from
Scutellariae Barbatae Herba delay the aging of C. elegans through IIS [24]. A dihydroflavonoid,
naringin extends the lifespan of C. elegans via the forkhead box (FOXO) transcription
factor-16 (DAF-16) pathway [25], and proanthocyanidins alleviate β-amyloid peptide-
induced toxicity by improving proteostasis through the homeostasis network regulator
HSF-1 pathway in C. elegans [26]. In addition, genistein increasing the stress tolerance of a
nematode is involved in superoxide dismutase (SOD-3) and heat shock protein (HSP-16.2)
based on the experiment of transgenic strains [27]. Thus, it can be concluded that flavonoids
have anti-aging effects.

Genistein is thought to have anti-stress effects and increase life expectancy; however,
the underlying mechanism is still unclear. In this study, we first evaluated the effects of
genistein on heat stress and oxidative stress in C. elegans, based on the change in ROS,
lipofuscin, and survival rate. Then, we observed the nuclear localization of the aging-
related transcription factor, DAF-16, and assessed the aging-related proteins, daf-2 and
HSP-16.2, and the transient expression changes of aging-related genes under heat stress and
oxidative stress. It will provide mechanistic insights into the potential ability of genistein
reducing stress and increasing life expectancy.

2. Materials and Methods

2.1. Materials

Peptone, agar, and hypochlorite solutions were obtained from Beijing Soleibao Tech-
nology Co., Ltd. (Beijing, China) Genistein (99%, Catalog No. 253493) was purchased from
Beijing Bailingwei Technology Co., Ltd. (Beijing, China) Yeast extract, sodium hydroxide,
glycerol, isopropanol, anhydrous calcium chloride, anhydrous magnesium sulfate, sodium
chloride, sodium dihydrogen phosphate, potassium dihydrogen phosphate, dimethyl sul-
foxide, absolute ethanol, tryptone, and chloroform were obtained from Tianjin Fengchuan
Chemical Reagent Technology Co., Ltd. (Tianjin, China) Cholesterol was purchased from
the Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China) Levamisole
hydrochloride was purchased from Nanjing Dulai Biotechnology Co., Ltd. (Nanjing, China)
DNase/RNase-free water was obtained from the DEPC Department Beijing Solebold
Technology Co., Ltd. (Beijing, China) RNAiso Plus and PrimeScript™ 1st Strand cDNA
synthesis kits were purchased from Takara, Japan. SuperReal PreMix Plus was purchased
from Beijing Tiangen Biochemical Technology Co., Ltd. (Beijing, China) Phenylmethanesul-
fonylfluoride (PMSF), ROS kit, and superoxide dismutase (SOD) kit were purchased from
Tianjin Dingguo Technology Co., Ltd. (Tianjin, China).

2.2. C. elegans Strains and Maintenance

Bristol N2 (WT), EU1 [skn-1(zu67)], TJ375 (gpIs1 [hsp-16.2p::GFP]), TJ356 (zIs356 [Pdaf-
16::daf-16a/b-gfp; rol-6]), MQ130[clk-1(qm30)], and LG333 [(zu135)skn-1::GFP] strains were
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provided by the Caenorhabditis Genetics Center, University of Minnesota, USA. They were
maintained at 20 ◦C on a solid nematode growth medium (NGM) seeded with Escherichia
coli OP50 (uracil auxotroph). OP50 (200 μL) was dropped on the center of 70 mm NGM
plates, which were allowed to dry overnight and grow into a suitable colony.

2.3. Synchronization of C. elegans

Nematodes in the oviposition period, which contains a large number of hermaphrodite
nematodes, were chosen and washed with M9 buffer. The eluent was collected and cen-
trifuged at 400× g for 2 min, and the process was repeated three times. Then, lysis buffer
(0.3 mL 4% sodium hypochlorite and 0.1 mL 5 M NaOH) was added to 0.6 mL sample
solution, and the lysed liquid was centrifuged at 400× g for 2 min. The pellet was washed
three times with M9 buffer and transferred to solid NGM medium for 48 h at 20 ◦C, and
synchronous L4 (the fourth-stage larvae of nematodes) stage larvae were obtained.

2.4. Oxidative Stress and Heat Stress Test

The synchronized nematodes were collected and randomly divided into a blank group
and an experimental group containing 200 μM genistein [the concentration was based on
the result of previous studies in our laboratory [28]; and genistein was first dissolved in
a little dimethyl sulfoxide, then was diluted to the required solvent with distilled water],
with three parallel plates in each group, 30 per plate. After culturing for 72 h to the
stage L4 at 20 ◦C, each group of nematodes was transferred to a new solid NGM medium
for the assay of oxidative stress and heat stress. For the oxidative stress assay, 10 μL of
30% H2O2 was added to every 10 mL of NGM medium, and the number of surviving
nematodes was recorded every hour until all the nematodes died [29]. For the heat stress
assay, the nematodes of each group were transferred to an incubator at 35 ◦C for culture,
and the number of surviving nematodes was recorded every hour until all the nematodes
died [30]. The nematodes were considered dead when they did not respond to a gentle
touch with a platinum wire on their bodies. Survival curves were drawn based on the
time of nematode survival and death. These determinations were performed in three
independent experiments, with each experimental group including at least 90 nematodes.

2.5. Determination of Lipofuscin Accumulation in C. elegans

The synchronized nematodes were collected and randomly divided into a blank group
and an experimental group containing 200 μM genistein, with three parallel plates in
each group, 30 per plate. Then, the fluorescence intensity of lipofuscin in C. elegans was
observed on days number 5, 11, and 17 (from the time the eggs hatched). Then, the
fluorescence intensity of lipofuscin in nematodes treated with H2O2 and 35 ◦C for 5 days
was observed and recorded using a Leica DFC420 fluorescence microscope (excitation
wavelength 340–380, emission wavelength 425 nm). The nematodes were anesthetized
using levamisole hydrochloride (0.25 M) to facilitate microscopic photography. On the
data processing, ImageJ software was used to open the image and extract a single channel
(image–color–split channels); in the blue channel, the threshold value was adjusted, the
appropriate region was selected, and the whole worm was quantified. The threshold value
of the control group and genistein group of the same batch should be consistent. This
experiment was performed three times, and the number of images in each experimental
group was more than six.

2.6. Determination of ROS in C. elegans

Synchronized nematode eggs were placed on NGM plates with or without genistein.
Nematodes were cultivated for 72 h to the stage L4 at 20 ◦C and then washed three times
with M9 buffer. The nematodes were then transferred to 180 μL of M9 buffer containing
20 μL of 10 mM 2′,7′-dichlorofluorescein diacetate. The mixed liquor was incubated in
the dark at 25 ◦C for 30 min. Then, the mixture was centrifuged at 400× g for 2 min. The
nematode pellet was washed three times with M9 buffer and detected with a fluorescence
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intensity microplate reader at excitation and emission wavelengths of 485 nm and 530 nm,
respectively. This experiment was performed three times with at least 500 nematodes
per group.

2.7. Survival Determination of Mutant Strains of EU1 [skn-1(zu67)] and MQ130[clk-1(qm30)]
under Oxidative and Heat Stress Conditions

Synchronized EU1 and MQ130 nematodes were collected and randomly divided into
a blank group, and an experimental group with 200 μM genistein, with three parallel
plates in each group, 30 per plate. After culturing for 72 h to the stage L4 at 20 ◦C, each
group of mutant nematodes was transferred to a new solid NGM medium for the assay
of oxidative stress and heat stress. For the oxidative stress assay, 30% H2O2 (10 μL) was
added to every 10 mL of NGM medium (the final concentration 0.03% of H2O2), and the
number of surviving EU1 and MQ130 nematodes was recorded every hour until all the
nematodes died. For the heat stress assay, the EU1 nematodes and MQ130 nematodes
of each group were transferred to an incubator at 35 ◦C for culture, and the number of
surviving EU1 and MQ130 nematodes was recorded every hour until all the nematodes
died. These determinations were performed in three independent experiments, with each
experimental group including at least 90 nematodes.

2.8. Observation of the Nuclear Translocation of daf-16::GFP

The nuclear entry of DAF-16 was analyzed based on the accumulation of green flu-
orescence in the strain TJ356 nematodes. Synchronized nematode eggs were placed on
NGM plates with or without genistein. Nematodes were cultivated to the L4 stage at
20 ◦C, then they were transferred to 30% H2O2 (the final concentration 0.03% of H2O2) and
35 ◦C for incubation for one hour. Next, the nematodes were anesthetized with levamisole
hydrochloride (0.25 M), observed, and photographed under a fluorescence microscope
(excitation wavelength 450–490 nm, emission wavelength 510 nm). This experiment was
performed three times, and the number of shots in each experimental group was not less
than six.

2.9. Quantification of hsp-16.2::GFP and skn-1::GFP Expression

Transgenic strains TJ375 (gpIs1 [hsp-16.2p::GFP]) and LG333 [(zu135)skn-1::GFP] were
used for the analysis of hsp-16.2::GFP and skn-1::GFP expression. Synchronized nematode
eggs were placed on NGM plates with or without genistein. Nematodes were cultivated to
the L4 stage at 20 ◦C, then they were transferred to 30% H2O2 and 35 ◦C for incubation for
one hour. Then they were anesthetized with levamisole hydrochloride (0.25 M). Finally,
nematodes were observed and photographed under a fluorescence microscope (excitation
wavelength 450–490 nm, emission wavelength 510 nm). On the data processing: ImageJ
software was used to open the image and extract a single channel (image–color–split
channels); in the green channel, the threshold value was adjusted, the appropriate region
was selected, and the whole worm was quantified. The threshold value of the control
group and genistein group of the same batch should be consistent. This experiment was
performed three times, and the number of shots in each experimental group was not less
than six.

2.10. Measurement of SOD Enzyme Activity

Synchronized nematodes were collected and randomly divided into blank and exper-
imental groups with 200 μM genistein. After culturing for 72 h to the stage L4 at 20 ◦C,
each group of mutant nematodes was ground with the lysis solution, and the activity was
determined applying the SOD ELISA kit. The 560 nm absorption wavelength was used
to detect the light absorption intensity using a microplate reader. This experiment was
performed three times with at least 500 nematodes per group.
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2.11. Extraction of C. elegans RNA

Synchronized nematode eggs were transferred to plates containing genistein or control
plates for hatching. The hatched nematodes were grown to L4 at 20 ◦C and then collected
by washing with deionized water. The collected nematode sample was added to 1 mL
of RNAiso Plus (Takara, Kusatsu, Japan) and placed in a –80 ◦C refrigerator overnight.
Then, the sample was slowly thawed in a 37 ◦C water bath, repeatedly frozen, and melted
20 times in liquid nitrogen and a 37 ◦C water bath, respectively. This was followed by the
addition of 200 μL of chloroform, vigorous shaking for 30 s, resting at 20 ◦C for 10 min, and
centrifugation at 3200 g for 10 min at 4 ◦C. The RNA containing supernatant was carefully
transferred to a new vial, and an equal volume of isopropanol was added and mixed
well. The mixture was incubated at 25 ◦C for 10 min and then centrifuged at 12,000× g for
10 min at 4 ◦C. The supernatant was carefully discarded, and 1 mL of 75% ethanol was
added to the sediment, gently mixed, and centrifuged at 12,000× g for 5 min at 4 ◦C. The
supernatant was discarded, and the sediment sample was air-dried for 2–5 min, followed
by the addition of approximately 30 μL of DEPC water to dissolve the precipitate, and
the RNA solution was stored at −80 ◦C. A NanoDrop 2000 spectrophotometer (Thermo,
Waltham, MA, USA) was used to determine the concentration of total RNA, and RNA
purity was assessed using OD260/OD280 ratios. This experiment was performed three
times with at least 500 nematodes per group.

2.12. mRNA Analysis of Aging-Related Genes Using Quantitative Polymerase Chain
Reaction (qPCR)

Using the PrimeScript™ 1st Strand cDNA Synthesis Kit, cDNA was synthesized. The
reverse transcription reaction conditions were as follows: 25 ◦C for 10 min, 42 ◦C for 60 min,
and 70 ◦C for 15 min. Quantitative PCR (qPCR) was performed using the SuperReal PreMix
Plus kit. The qPCR primers used are shown in Table 1. The qPCR conditions were as
follows: 95 ◦C for 10 min, followed by 40 cycles of 10 s at 95 ◦C and 30 s at 60 ◦C. Gene
expression data were analyzed using the comparative 2−��Ct method, with act-1 as the
reference gene [23,31]. This experiment was performed in triplicates.

Table 1. The primer sequence of the genes.

Genes Forward Primer Reverse Primer

daf-16(NM_001381205.1) AGGAGTCGAAGCCGATTAAGAC GGTAGTGGCATTGGCTTGAAG
daf-2(NM_065249.7) TACTTGAATCGGGCGTCGTT GACGACTTCAACAACCGCTG
age-1(NM_064061.6) CTCCTGAACCGACTGCCAAT AAATGCGAGTTCGGAGAGCA
gst-4(NM_069447.8) CCCATTTTACAAGTCGATGG CTTCCTCTGCAGTTTTTCCA
sod-3(NM_078363.9) TGGCTAAGGATGGTGGAGAA GCCTTGAACCGCAATAGTGAT
ctl-1 (NM_064578.6) CGATACCGTACTCGTGATGAT CCAAACAGCCACCCAAATCA
skn-1(NM_171345.6) CGTCCAACCAACCACATCATCTC ATCTTCCAATTCGGCTTTT

sir-2.1(NM_001268555.5) AAATCTTCCCAGGACAGTTCGTA ATGGGCAACACGCATAGCA
eat-2(NM_064558.6) ACCATGGGGAATTTGCAACG GGATTTGCGTGAGGGGTATGA

hsp-16.2(NM_001392482.1) CTGCAGAATCTCTCCATCTGAGTC AGATTCGAAGCAACTGCACC
hsf-1(NM_060630.7) ATGTACGGCTTCCGAAAGATGA TCTTGCCGATTGCTTTCTCTTAA

hsp-12.6(NM_069267.4) TGGAGTTGTCAATGTCCTCG GACTTCAATCTCTTTTGGGAGG
sip-1(NM_066915.5) CGAGCACGGGTTCAGCAAGAG CAGCGTGTCCAGCAGAAGTGTG

jnk-1(NM_001026099.6) TGGAACCAGCCAATTCCCAA TCACAACACTCTGCTCGCAT
nsy-1(NM_001383826.1) AGCGGCTCGATCAACAAGAA CCCATTCCACCGATATGCGA

sek-1(NM_076921.8) CACTGTTTGGCGACGATGAG ATTCCGTCCACGTTGCTGAT
pmk-1(NM_068964.7) CCAAAAATGACTCGCCGTGA CTTTTGCAGTTGGACGACGA

2.13. Data Treatment and Statistical Analyses

Microsoft Excel (Microsoft Corporation, Redmond, WA, USA), JMP (SAS Institute,
Cary, NC, USA), GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA), and ImageJ (NIH,
Bethesda, MA, USA) were used for data treatment and statistical analyses. The experimental
results are presented as mean ± standard error of the mean (SEM). Significant differences
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between the two groups were assessed using the Student’s t-test. A log-rank test was
performed for stress assays. Statistical significance was set at p < 0.05.

3. Results

3.1. Genistein Improves Stress Resistance of Wild-Type Nematodes Exposed to Oxidative and
Heat Stress

The effect of genistein on the survival rate of the H2O2- and 35 ◦C-treated nematodes
is shown in Figure 1 and Table 2. Treatment with 200 μM genistein increased the mean
survival rate of nematodes treated with H2O2 and 35 ◦C by 56.7% and 76.7%, respectively
(p < 0.01).

Figure 1. The effect of 200 μM genistein on the survival rate of C. elegans under stress. (A) The change
in survival rate of C. elegans exposed to H2O2-induced oxidation in the genistein and control groups.
(B) The change in survival rate of C. elegans exposed to heat shock at 35 ◦C in the genistein and
control groups.

Table 2. The effect of 200 μM genistein on the lifespan of C. elegans under H2O2 and 35 ◦C stress.

Group Number Mean Lifespan (h)
Median Survival

(Days)
Maximum

Lifespan (Days)
p Value

Control(H2O2) 109 3.541 ± 0.15 3 10 _
Gen (H2O2) 102 5.531 ± 0.39 5 11 <0.01

Control (35 ◦C) 103 8.362 ± 0.41 9 14 _
Gen (35 ◦C) 107 14.02 ± 0.39 15 20 <0.01

p < 0.01, compared with Control(H2O2) and Control (35 ◦C), respectively.

3.2. Genistein Lowered Lipofuscin Accumulation in C. elegans under Control, Heat and
Oxidative Conditions

The results of lipofuscin accumulation in C. elegans under control, H2O2, and 35 ◦C
conditions are shown in Figure 2. Under control conditions, the accumulation of lipofuscin
increased with an increase in the number of days, and the accumulation of lipofuscin
in the nematodes on the 11th and 17th day was 1.39 and 2.12 times that on the 5th day
(Figure 2A,B). Genistein significantly reduced the accumulation of lipofuscin in nematodes
by 32.6% (p < 0.05) and 79.0% (p < 0.01) on days 11 and 17, respectively (Figure 2A,B). In
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addition, on day 5, genistein reduced the accumulation of lipofuscin by 52.5% and 44.4% in
C. elegans under heat and oxidative conditions, respectively (Figure 2C,D) (p < 0.01).

Figure 2. The effect of 200 μM genistein on lipofuscin accumulation in C. elegans under control, H2O2

and 35 ◦C conditions. (A) Relative fluorescence intensity of lipofuscin in C. elegans (% of control)
on days 5, 7, and 11 under control conditions. (B) Photomicrographs of lipofuscin fluorescence
in C. elegans on days 5, 7, and 11 under control conditions. (C) Relative fluorescence intensity of
lipofuscin in C. elegans on day 5 in H2O2 and 35 ◦C conditions. (D) Photomicrograph of lipofuscin
fluorescence in C. elegans on day 5 in H2O2 and 35 ◦C conditions (* p < 0.05; ** p < 0.01).

3.3. Genistein Lowered ROS Accumulation in H2O2-Treated Nematodes, and Increased the SOD
Activity of Nematodes under Control, 35 ◦C and H2O2 Conditions

The effect of genistein on ROS accumulation and SOD activity of the differently treated
nematodes are shown in Figure 3. Genistein reduced the accumulation of ROS by 47.9%
in H2O2-treated nematodes (p < 0.01). However, genistein produced no obvious effect
in nematodes treated at 35 ◦C (Figure 3A). Genistein increased SOD activity by 34.1%
(p < 0.05), 67.5% (p < 0.05), and 117.4% (p < 0.01) under control, H2O2, and 35 ◦C conditions,
respectively (Figure 3B).

3.4. Genistein Partially Improved the Survival Rate of EU1 [skn-1(zu67)] Mutants, but It Did Not
Significantly Change the Survival Rate of MQ130[clk-1(qm30)] Mutant under Heat and
Oxidative Conditions

From Figure 4, genistein increased the mean survival rate of skn-1 (EU1) mutant strains
by 93.4% under oxidative conditions (Figure 4A) (p < 0.01). However, genistein did not
influence the survival rate curves of EU1 mutants under heat stress conditions (Figure 4B).
Additionally, genistein did not significantly change the survival rate curves of the MQ130
mutants under heat and oxidative conditions (Figure 4C,D).
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Figure 3. Under control, H2O2, and 35 ◦C conditions, 200 μM genistein influences ROS accumulation
and the activity of superoxide dismutase (SOD) in the stage L4 C. elegans. (A) The effect of genistein
on the accumulation of ROS in C. elegans under control, H2O2, and 35 ◦C conditions. (B) The effect of
genistein on the activity of SOD in C. elegans under control, H2O2, and 35 ◦C conditions (* p < 0.05;
** p < 0.01).

Figure 4. The effect of 200 μM genistein on the survival rate of EU1 and MQ130 mutant nematodes at
L4 under H2O2 and 35 ◦C conditions. (A) The effect of genistein on the survival rate of EU1 mutant
exposed to H2O2-induced oxidation. (B) The effect of genistein on the survival rate of EU1 mutant
exposed to heat shock at 35 ◦C. (C) The effect of genistein on the survival rate of MQ130 mutant
exposed to H2O2-induced oxidation. (D) The effect of genistein on the survival rate of MQ130 mutant
exposed to heat shock at 35 ◦C.
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3.5. Genistein Increased the Nuclear Translocation of DAF-16 Transcription Factor under 35 ◦C
and H2O2 Conditions

The effects of genistein on the nuclear translocation of the DAF-16 transcription factor
are shown in Figure 5. From Figure 5A, the DAF-16::GFP fluorescence of the genistein-
treated group under H2O2 conditions was concentrated in the nucleus, while the DAF-
16::GFP fluorescence of the control group was concentrated in the cytoplasm and diffusely
distributed. Moreover, under 35 ◦C conditions, the DAF-16::GFP fluorescence of the
genistein-treated group was concentrated in the nucleus, and the DAF-16::GFP fluorescence
of the control group was concentrated and dispersed in the cytoplasm (Figure 5B).

Figure 5. The effect of 200 μM genistein on the nuclear localization of DAF-16::GFP in the stage
L4 C. elegans under H2O2 and 35 ◦C conditions for one hour. (A) The effect of genistein on the
nuclear localization of DAF-16::GFP in C. elegans exposed to H2O2-induced oxidation. (B) The effect
of genistein on the nuclear localization of DAF-16::GFP in C. elegans exposed to heat shock at 35 ◦C.

3.6. Genistein Enhanced the Accumulation of HSP-16.2 Protein in Nematodes under Control,
35 ◦C, and H2O2 Conditions

We assessed the accumulation of HSP-16.2 using the C. elegans strain TJ375 (HSP-
16.2::GFP), which expresses the GFP-fused HSP-16.2 (Figure 6). From Figure 6B, under
control, 35 ◦C, and H2O2 conditions, the green fluorescence of HSP-16.2 protein in the
genistein-treated group was significantly higher than that in the control group. Based on
Figure 6A, compared with the control group, the fluorescence intensity of HSP-16.2::GFP in
the genistein-treated group was significantly enhanced by 41.8%, 42.5%, and 52.3% under
natural, oxidative stress, and heat stress conditions, respectively (p < 0.01).

3.7. Genistein Enhanced the Accumulation of SKN-1 Protein in Nematodes under 35 ◦C and
H2O2 Conditions

Compared with the control group, the intensity of the green fluorescence of SKN-1
protein in the genistein-treated group did not significantly change under control conditions
(Figure 7A,B). From Figure 7B, under oxidative and heat stress conditions, the green
fluorescence of SKN-1 protein in the genistein-treated group was significantly higher than
that of the control group, and compared with the control group, the fluorescence intensity
of the genistein-treated was increased by 100.2% and 122.7%, respectively (Figure 7A)
(p < 0.01).
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Figure 6. Under control, H2O2, and 35 ◦C conditions, 200 μM genistein influences the accumulation
of HSP-16.2 protein in the stage L4 C. elegans. (A) The effect of genistein on the relative fluorescence
intensity of HSP-16.2::GFP in C. elegans. (B) Micrograph of HSP-16.2::GFP fluorescence in C. elegans
(** p < 0.01).

Figure 7. The accumulation of SKN-1 protein in the stage L4 C. elegans under control, H2O2, and 35 ◦C
conditions is influenced by 200 μM genistein. (A) The effect of genistein on the relative fluorescence
intensity of SKN-1::GFP in C. elegans. (B) Micrograph of SKN-1::GFP fluorescence in C. elegans
(** p < 0.01).

3.8. Genistein Regulated the Expression of Messenger RNA (mRNA) in C. elegans under 35 ◦C
and H2O2 Conditions

The results of the effect of genistein on the mRNA expression of daf-2, age-1, daf-16,
sod-3, gst-4, ctl-1, hsf-1, hsp-16.2, hsp-12.6, sir-2.1, sek-1, skn-1, pmk-1, nsy-1, jnk-1, sip-
1, and eat-2 in C. elegans at 35 ◦C and H2O2 conditions are shown in Figure 8. Under
H2O2 conditions, genistein treatment upregulated the relative expression levels of daf-16,
ctl-1, hsf-1, hsp-16.2, sip-1, sek-1, pmk-1, and eat-2 by 84.4%(p < 0.01), 81.6%(p < 0.01),
60.4% (p < 0.05), 86.6% (p < 0.01), 66.7% (p < 0.01), 81.8% (p < 0.05), 44.6% (p < 0.01), and
40.7% (p < 0.05), respectively, but downregulated the relative expression levels of daf-2
and age-1 by 37.8% (p < 0.01), and 44.9% (p < 0.01), respectively, and no significant effect
was observed on sod-3, gst-4, hsp-12.6, nsy-1, jnk-1, skn-1, and sir-2.1 compared with the
control. Similarly, genistein treatment upregulated the relative expression levels of daf-16,
sod-3, ctl-1, hsf-1, hsp-16.2, sip-1, sek-1, pmk-1, jnk-1, skn-1, and eat-2 by 35.3% (p < 0.05),
84.1% (p < 0.01), 64.4% (p < 0.01), 33.7% (p < 0.05), 29.0% (p < 0.05), 77.7% (p < 0.01), 58.7%
(p < 0.01), 97.7% (p < 0.01), 18.0% (p < 0.05), 182.3% (p < 0.05), and 177.2%(p < 0.05), but
downregulated the relative expression levels of daf-2, age-1, gst-4, and hsp-12.6 by 86.4%
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(p < 0.01), 39.9% (p < 0.01), 60.9% (p < 0.01), and 49.4% (p < 0.01), respectively, and no
significant effect was observed on nsy-1 and sir-2.1 at 35 ◦C compared with the control.

Figure 8. Under H2O2 and 35 ◦C conditions, 200 μM genistein influences the mRNA level of stress
resistance genes in the stage L4 C. elegans. (A) The effect of genistein on the mRNA of daf-16, sod-3,
ctl-1, daf-2, age-1, and gst-4 in C. elegans under H2O2 conditions. (B) The effect of genistein on the
mRNA of daf-16, sod-3, ctl-1, daf-2, age-1, and gst-4 in C. elegans under 35 ◦C conditions. (C) The effect
of genistein on the mRNA of hsf-1, hsp-16.2, hsp-12.6, and sip-1 in C. elegans under H2O2 conditions.
(D) The effect of genistein on the mRNA of hsf-1, hsp-16.2, hsp-12.6, and sip-1 in C. elegans under 35 ◦C
conditions. (E) The effect of genistein on the mRNA of sek-1, pmk-1, nsy-1, and jnk-1 in C. elegans
under H2O2 conditions. (F) The effect of genistein on the mRNA of sek-1, pmk-1, nsy-1, and jnk-1 in C.
elegans under 35 ◦C conditions. (G) The effect of genistein on the mRNA of skn-1, eat-2, and sir-2.1 in
C. elegans under H2O2 conditions. (H) The effect of genistein on the mRNA of skn-1, eat-2, and sir-2.1
in C. elegans under 35 ◦C conditions (* p < 0.05; ** p < 0.01).

4. Discussion

Previous studies showed that genistein inhibits the aging of human umbilical vein
endothelial cells [32] and attenuates the senescence of vascular smooth muscles [33]. The
increase in lifespan was accompanied by anti-stress effects in C. elegans [34–36]. In this
study, we evaluated whether genistein treatment improved heat stress and oxidative stress
in C. elegans. The results show that genistein could protect the nematodes and prolong
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the average life and maximum life of nematodes treated with H2O2 at 35 ◦C. Genistein
significantly decreased the accumulation of lipofuscin in C. elegans under H2O2 and 35 ◦C
stress conditions. As for the quantitative determination of lipofuscin, it was pointed out in
the literature that only detection of blue fluorescence changes at low levels before and after
death, which may reflect the proportion of dead or nearly dead individuals in the sample;
at the same time, blue fluorescence should be accepted as reliable in the current paper, and
we will make more attempts including determining red autofluorescence and adding the
number of worms [37–40].

The IIS pathway is an evolutionarily conserved mechanism that is involved in the
longevity and metabolism of different species [41]. Several genes are involved in the IIS
pathway; daf-2 encodes a receptor tyrosine kinase homolog, and age-1 encodes a phos-
phatidylinositol 3-kinase (PI3K) homolog, daf-16 is an ortholog of human FOXO1, which
encodes DAF-16, sod-3 encodes a superoxide dismutase gene, gst-4 encodes a glutathione
transferase, and ctl-1 encodes a catalase [18,42]. The initiation of the kinase cascade depends
on the phosphorylation of the insulin/IGF-1 transmembrane receptor (IGFR) ortholog, the
forkhead box (FOXO) transcription factor-2 (DAF-2), and then regulates its downstream
signaling molecule, AGE-1 (phosphatidylinositol kinase) [43]. This signaling regulated
the nuclear translocation of DAF-16 [44]. This further activated the expression of a large
number of anti-stress and longevity genes, such as sod-3, gst-4, and ctl-1, which eventually
led to the enhancement of the anti-aging ability of C. elegans [18,45]. Our results show that
genistein treatment significantly increased the mRNA level of sod-3 at 35 ◦C and increased
the mRNA levels of ctl-1 and SOD enzyme activity under H2O2 and 35 ◦C stress conditions
in C. elegans. These results suggest that the effects of genistein, such as prolonging the lifes-
pan and improving the anti-heat and antioxidant capacity, might result from the activation
of SOD-3 and CTL-1 through the IIS pathway in C. elegans.

Some heat-related proteins can protect nematodes from stress [46,47]. The HSP protein
family was used as a predictor of longevity in C. elegans, because it is closely related to
heat tolerance and longevity [48,49]. The representatives of the HSP protein family were
HSP-12.6, HSP-16.2,SIP-1 (the PDZ-domain containing protein), and HSF-1 [50]. HSP-12.6
is a heat shock protein located in the cytoplasm and is an ortholog of human HSPB2 (heat
shock protein family B (small) member 2) [51]. HSP-16.2 is another heat shock protein
located in the cytoplasm, which is an ortholog of human CRYAB (crystallin alpha B) [52].
SIP-1 is a member of the alpha-crystallin/HSP20 family and is involved in thermal defense
and aging processes [53]. To be precise, these protein expressions interact with each
other and are mainly regulated by HSF-1 [54], an ortholog of human HSF-2 (heat shock
transcription factor 2), which protects the proteins from the damage caused by extrinsic
environmental stress or intrinsic age-related deterioration in C. elegans [46,55–57]. Our
results show that the resistance of nematodes and the mRNA levels of hsp-16.2, sip-1, and
hsf-1 remarkably increased after genistein treatment under H2O2 condition; and the mRNA
levels of hsp-16.2, sip-1, and hsf-1 remarkably increased after genistein treatment, while hsp-
12.6 was significantly downregulated at 35 ◦C. Moreover, genistein treatment significantly
enhanced the expression of HSP-16.2 under control, H2O2, and 35 ◦C conditions; indicating
that genistein, which improves resistance under H2O2 and 35 ◦C stress conditions, might
regulate in the HSP pathway.

The JNK and p38/MAPK signaling pathways were also implicated in a variety of
biological functions in C. elegans, including response to stress [58]. ROS reflects the level
of oxidative free radicals in the cells and are involved in cell senescence and epigenetic
regulation of senescence [59,60]. The above results show that genistein significantly re-
duced ROS production in the cells under oxidative stress, and thus improved the survival
rate of nematodes under oxidative stress. Several genes are involved in the MAPK path-
way. For example, nsy-1 encodes a homolog of the human apoptosis signal-regulating
kinase (ASK1, MAPKKK) and jnk-1, a JUN kinase, which is an ortholog of human MAPK10
and MAPK8 [61–63]; sek-1, an ortholog of human MAP2K6, has several functions, in-
cluding MAPK binding activity, and pmk-1 encodes a p38 MAPK homolog [64]. SKN-1
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is the C. elegans ortholog of mammalian Nrf/CNC proteins and plays a role in a wide
range of detoxification processes, as well as in immunity, oxidative stress defense, and
metabolism [65]. Their regulatory mechanism might be mediated through nsy-1; it activates
jnk-1 and sek-1, and the latter further activates pmk-1 [66]. Activation of the MAPK pathway
leads to the activation of skn-1, which further regulates the expression of downstream an-
tioxidant protein detoxification enzymes, such as the SOD enzyme [67,68]. This experiment
showed that genistein elevated the expression of genes such as sek-1, pmk-1, skn-1, and sod
in H2O2-treated nematodes. Similarly, genistein elevated the expression of genes such as
sek-1, pmk-1, jnk-1, skn-1, skn-1, and sod at 35 ◦C. The interesting thing is, genistein could
also increase SOD under control conditions. However, there was a mismatch between gene
expression levels and enzyme activity. Studies show that the mRNA expression might
not be synchronized with protein expression of the enzyme, and microRNA regulation
in transcription, ubiquitination, and phosphorylation in protein activation might be an
uncertain factor [69]. However, we will confirm this idea with more data or experiments.
These results indicate that the effect of genistein on the survival rate of C. elegans under
oxidative and heat stress conditions might be attributed to the MAPK pathway. On the
other hand, genistein increased the survival time of the skn-1 (EU1) mutant under oxidative
conditions but did not increase survival time under heat stress conditions, which indicated
that skn-1 was essential for genistein to improve the survival of C. elegans under heat stress,
but was not essential under oxidative stress conditions. These results indicate that the
mechanism by which genistein adjusted the resistance of C. elegans to stress was not exactly
the same under different stress conditions.

In addition, some studies showed that the DR pathway can induce longevity in
C. elegans, and that the longevity effect depends on eat-2 [52]; eat-2 enabled acetylcholine-
gated cation-selective channel activity and was involved in several processes in C. elegans,
including feeding behavior. Additionally, eat-2 is an ortholog of human CHRFAM7A and
FAM7A. The results show that genistein increased the mRNA expression of eat-2 under
oxidative and heat stress conditions. These results indicate that the effects of genistein in
improving the resistance of C. elegans might benefit from the DR pathway.

Furthermore, sir-2.1, enabled deacetylase activity, is an ortholog of human SIRT1
(sirtuin 1), which is involved in several processes, including determination of the adult
lifespan, histone modification, and the intrinsic apoptotic signaling pathway in response
to DNA damage in C. elegans [70]. Studies show that sir-2.1 plays an important role in
regulating the genes related to longevity in C. elegans [71]; sir-2.1 and 14-3-3 act in parallel
to the insulin-like pathway to activate DAF-16 and extend the lifespan [72]. However, no
significant difference was observed in the mRNA expression of sir-2.1 in C. elegans under
H2O2 and 35 ◦C conditions after genistein treatment. One possible interpretation is that
sir-2.1 did not play a role in genistein-enhanced resistance in C. elegans under H2O2 and
35 ◦C conditions.

Lastly, the monooxygenase CLK-1, which is homologous to human COQ7, was pre-
viously reported to act in the nucleus to control the mitochondrial stress response and
lifespan [73]. This pathway is conserved from C. elegans to humans, and regulates mito-
chondrial reactive oxygen metabolism and mitochondrial unfolded protein response [22].
We found that genistein failed to prolong the survival time of nematodes in the deletion
mutant MQ130, which lacks clk-1 under oxidative and heat stress conditions. This indicated
that the mitochondrial pathway was essential for genistein-enhanced resistance in C. elegans
under H2O2 and 35 ◦C conditions.

Previous data suggest that these pathways interact with each other [74]. For example,
the expression of hsp-16.2 is mainly regulated by HSF-1. However, it is also affected by the
IIS pathway in C. elegans [75]. In addition, SKN-1, which regulates the MAPK pathway,
is also an important direct target of IIS, and DAF-16 regulates its activity by reducing the
nuclear localization of SKN-1 [76]. Our results suggest that genistein resistance to H2O2
and 35 ◦C is related to IIS, HSP, MAPK, DR, and mitochondrial signaling pathways, and is
also involved in the interactions of these signaling pathways.
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5. Conclusions

In summary, genistein improved resistance to oxidant and heat stress and increased
the lifespan in C. elegans through the coordinated regulation of IIS, HSP, MAPK, DR, and mi-
tochondrial signaling pathways. This points out the possible applications of genistein as an
anti-heat, antioxidant, and anti-aging drug. However, more convincing data from in-depth
experiments using mammalian models are required to extrapolate the biotransformation
pathways of genistein in mammals, including humans.
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Abstract: Previous reviews have already explored the safety and bioavailability of astaxanthin, as
well as its beneficial effects on human body. The great commercial potential in a variety of industries,
such as the pharmaceutical and health supplement industries, has led to a skyrocketing demand
for natural astaxanthin. In this study, we have successfully optimized the astaxanthin yield up
to 12.8 mg/g DCW in a probiotic yeast and purity to 97%. We also verified that it is the desired
free-form 3S, 3’S configurational stereoisomer by NMR and FITR that can significantly increase the
bioavailability of astaxanthin. In addition, we have proven that our extracted astaxanthin crystals
have higher antioxidant capabilities compared with natural esterified astaxanthin from H. pluvialis.
We also screened for potential adverse effects of the pure astaxanthin crystals extracted from the
engineered probiotic yeast by dosing SD rats with 6, 12, and 24 mg/kg/day of astaxanthin crystals
via oral gavages for a 13-week period and have found no significant biological differences between
the control and treatment groups in rats of both genders, further confirming the safety of astaxan-
thin crystals. This study demonstrates that developing metabolically engineered microorganisms
provides a safe and feasible approach for the bio-based production of many beneficial compounds,
including astaxanthin.

Keywords: antioxidant; probiotics; 3S; 3S′ astaxanthin; Kluyveromyces marxianus; food safety

1. Introduction

Astaxanthin, or 3,3′-dihydroxy-β,β-carotene-4,4′-dione, belongs to the family of xan-
thophylls, which are the oxygenated derivatives of naturally occurring organic pigments
called carotenoids [1]. Humans are unable to synthesize carotenoids on their own; hence,
they depend on vegetables, fruits, and animal products to attain these valuable compounds.
For astaxanthin, in particular, humans rely primarily on seafood, especially salmon. Other
natural sources of astaxanthin include microalgae, yeasts, and different types of seafood,
including krill and shrimps.
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Recent research has indicated many beneficial effects of astaxanthin on human health,
with astaxanthin being found to possess strong antioxidant [2], cardioprotective [3], neu-
roprotective [4], immunoprotective [5], and anti-cancer [6] effects. The great commercial
potential in a variety of industries, such as the pharmaceutical and health supplement
industries, has led to skyrocketing demands for natural astaxanthin. With the amount of
research backing the beneficial functions of astaxanthin for the human body, there is now
a developing market for nutraceutical astaxanthin that is expected to reach a market of
several hundred million dollars in the near future.

Microalgae have long been utilized by humans as a vital source of nutrient-rich food,
feed, and health-promoting substances. Haematococcus pluvialis, a commercial microalgae,
is considered the richest source of natural astaxanthin, with 2–4% astaxanthin content
in Haematococcus under stress conditions [7], which was why it was first used for the
industrial-scale production of natural astaxanthin [8]. In addition, H. pluvialis biosyn-
thesis predominantly produces the most valuable 3S, 3′S stereoisomers [9]. However,
the industrial production of astaxanthin via microalgae is limited by the need for long
cultivation periods, large surface areas, and significant capital needed for maintenance
and infrastructure.

Natural astaxanthin can also be extracted from various micro-organisms, including
the red yeast Phaffia rhodozyma (Xanthophyllomyces dendrorhous) [10]. However, despite their
ability to reach high densities after brief propagation periods, these microbes possess low
astaxanthin/carotenoid ratios, which decrease their economic feasibility, especially when
compared with microalgal production.

Astaxanthin can also be synthesized chemically, with synthetic astaxanthin chemi-
cally synthesized from petrochemicals in a highly involved, multistep process, where the
molecules assume different forms before attaining the same chemical formula as natural
astaxanthin [11]. However, despite sharing the same chemical formula, synthetic and
natural astaxanthin differ substantially in three aspects: esterification, stereochemistry, and
the presence of other naturally occurring carotenoids in natural astaxanthin. In addition,
the bioavailability of synthetic astaxanthin is found to be much lower than that of natural
astaxanthin [12]. Due to these differences, synthetic astaxanthin is currently not allowed
for human use due to safety issues [13]. Instead, it is mostly utilized in fish feed to pigment
the flesh of certain commercially farmed fish, primarily salmonids such as Atlantic salmon
and trout.

To keep up with the increasing demand for natural astaxanthin in a sustainable way,
efforts have been made to increase astaxanthin production in microorganisms through
metabolic engineering due to the simplicity of genome engineering and short cell cycles.
The construction of the metabolic pathway for astaxanthin production has been previously
established in Escherichia coli K-12, a strain that has long been considered GRAS (Generally
Recognized as Safe) and has a long history of safe commercial use in food applications.
Genes encoding the enzymes needed for astaxanthin biosynthesis were cloned from the
bacteria Erwinia uredovora and Brevundimonas aurantiaca into E. coli K-12 and had resulted
in the generation of 5.8 mg/g DCW astaxanthin [14,15]. The astaxanthin extracted from
E. coli K-12 has also been assessed via a 13-week study on subchronic toxicity in rats and
accepted by both US Food and Drug Administration (USFDA) and Taiwan Food and Drug
Administration (TFDA), further proving its safety for consumption [16], demonstrating
that the biosynthesis of astaxanthin in metabolically engineered microorganisms can be a
safe and feasible approach for the mass production of astaxanthin.

Recent trends have used yeast cells such as Pichia pastoris or Saccharomyces cerevisiae,
for the production of recombinant proteins in view of their increased yield and ability
to synthesize functional eukaryotic proteins. Attempts at introducing the astaxanthin
biosynthesis pathway into yeast have yielded considerable results, with 8.10 mg/g DCW
being the highest astaxanthin yield reported to date in S. cerevisiae containing overexpressed
genes [17].
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With enhanced biomass production via the supplementation of excessive carbon
sources [18], thermo-tolerant characteristics [19], appropriate glycosylation [20], and strong
signal peptides [20], K. marxianus can potentially yield higher astaxanthin levels compared
with S. cerevisiae. The construction of a more efficient astaxanthin biosynthesis pathway
was attempted in K. marxianus, this time by expressing enzymes from algae, which yield the
highest astaxanthin levels in nature. In addition, β-carotene ketolase (bkt) and hydroxylase
(hpchyb) were also included to promote the conversion of beta-carotene into astaxanthin
more efficiently. This resulted in the construction of an astaxanthin yield-improved yeast
strain, S3−2, which can yield up to 3.125 mg/g DCW in a YPL medium and 5.701 mg/g
DCW in a YPG medium, which is the highest astaxanthin content in an engineered host
to date [21]. Biofunctional assessment of the astaxanthin extracted from the S3−2 K.
marxianus strain, termed YEAST-astaxanthin, was performed to investigate the safety
of the product, which was achieved by in vitro assays and two animal models. DPPH
(2,2′-diphenyl-1-picrylhydrazyl radical) scavenging analysis, ferrous ion chelating ability,
reducing power assessment, and mushroom tyrosinase inhibition evaluation indicated that
YEAST-astaxanthin showed both antioxidative and tyrosine suppressive properties. The
immersion of zebrafish larvae in YEAST-astaxanthin solution showed no significant toxic
effects, while rats fed with YEAST-astaxanthin showed neither visible abnormalities nor
substantial changes in body weight or blood biochemistry tests. In addition, rats fed with
YEAST-astaxanthin also reported the inhibition of metastasis in lung melanoma cells and
an increased survival rate [22].

In this study, we have successfully optimized the production of astaxanthin in K. marx-
ianus, with a current yield of 12.9 mg/g DCW, and validated its purity and configuration.
We also performed experimental tests to assess the biosafety of astaxanthin extracted from
the metabolically engineered K. marxianus. A safety assessment was achieved by confirming
the genome stability of astaxanthin-producing genes in the yeast and by performing a
13-week repeated dose oral toxicity study in rats. Our results indicate that the astaxanthin
extracted from genetically engineered K. marxianus cells is indeed safe for consumption.

2. Materials and Methods

2.1. HPLC

The following mobile phases were employed with the Nomura Chemical Devel-
osil C30-UG Column (Interlink Scientific Services, London, UK): buffer A, composed of
methanol/MtBE/water (81:15:4 v/v/v), and buffer B, composed of methanol/MtBE/water
(7:90:3 v/v/v). The flow rate of the mobile phase was 1 mL/ min., and the solvent gradient
was as follows: from 0 to 45 min, 100% buffer A from 0 to 20 min, 100% buffer B from
20 to 21 min, and then 100% buffer A from 21 to 45 min. Samples were observed using
a Jasco870-UV intelligent UV-VIS detector (JASCO International Co., Ltd., Tokyo, Japan).
Using chromatography, commercially available reference chemicals, and a comparison
of their spectra, all carotenoids were identified. Additionally, standards were used in
combination with the extinction coefficients for quantification.

2.2. UV Spectrometry

The general pattern, maximum absorbance peaks, and wavelength range of the UV
spectra of the isolated astaxanthin crystals from this study were compared. The extract was
measured in the UV region (477.6 nm) with a PREMA PRO-739 spectrophotometer (Chuan
Hua Precision, Taipei, Taiwan).

2.3. Nuclear Magnetic Resonance Spectroscopy (NMR)

A Jasco870-UV intelligent UV-VIS detector (JASCO International Co., Ltd., Tokyo,
Japan) was previously used to identify extracted and purified astaxanthin. Ten milligrams of
the pure astaxanthin was loaded into the Bruker Avance III HD 400 MHz NMR Spectrometer
(Bruker Corporation, Massachusetts, USA) after being dissolved in 600 uL of DMSO-d6.
The experiment’s parameters were (1) pulse program zg30; (2) number of scans, 64; and
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(3) relaxation time, 2 s. Finally, TopSpin software was used to examine the results. All NMR
spectra were recorded on a Bruker Advance III 400 MHz. According to the residual proton
resonances of the appropriate deuterated solvent, 1H NMR chemical shifts were reported
relative to TMS.

2.4. ABTS Assay

The ABTS assay was conducted according to Arnao et al. (2001) [23], with a few
adjustments. The stock solutions included both 2.6 mM potassium persulfate solution
and 7.4 mM ABTSradical dot+ solution, which were combined in equal parts to create
the working solution. It was then left to react for 12 h at room temperature in the dark
before being diluted by combining 1mL of ABTSradical dot+ solution with 60 mL of
methanol. This yielded an absorbance of 1.1 ± 0.02 units at 734 nm when checked by the
spectrophotometer. For each assay, fresh ABTS radical dot+ solution was prepared. Fruit
extracts (150 μL) were combined with 2850 L of the ABTS radical dot+ solution in the
dark for 2 h. The spectrophotometer was then used to measure the absorbance at 734 nm.
Between 25 and 600 M Trolox, the standard curve was linear. The units of measurement
for the results were μM Trolox equivalents (TE)/g fresh mass. If the measured ABTS value
was over the linear range of the standard curve, more dilution was required.

2.5. DPPH Assay

The DPPH assay was performed according to the method of Brand-Williams et al.
(1995) [24], with a few adjustments. An amount of 24 mg DPPH was combined with 100 mL
of methanol to create the stock solution, which was then stored at −20 ◦C until needed. A
stock solution of 10 mL was then mixed with 45 mL of methanol to obtain the working
solution. This yielded an absorbance of 1.1 ± 0.02 units at 515 nm when checked by the
spectrophotometer. Fruit extracts (150 μL) were combined with 2850 L of the ABTS radical
dot+ solution in the dark for 24 h. The spectrophotometer was then used to measure the
absorbance at 515 nm. Between 25 and 600 M Trolox, the standard curve was linear. The
units of measurement for the results were μM Trolox equivalents (TE)/g fresh mass. If
the measured ABTS value was over the linear range of the standard curve, more dilution
was required.

2.6. Reducing Power Assay

The testing samples were assessed for reducing property in accordance with a prior
study [25]. By using a ferric 2,4,6-tripyridyl-S-triazine Fe(III)-TPTZ complex to produce
a ferrous Fe(II)-TPTZ complex with a dark blue color using an adopted reductant, this
technique measured the antioxidant’s decreasing ability. The positive control, 3-tert-butyl-
4-hydroxyanisole (BHA) at 100 M, was utilized to detect the colorization at 700 nm. About
85 mL of phosphate-buffered saline (PBS) (67 mM, pH 6.8) and 2.5 L of 20% potassium
ferricyanide (K3Fe(CN)6) were added to the test samples to slightly increase their volume.
After 20 min of reaction time at 50 ◦C, 160 mL of 10% trichloroacetic acid was added to
the reactants, and the mixture was centrifuged at 3000× g for 10 min. An amount of 25 uL
FeCl3 (2%) was mixed with 75 mL of upper layer solution, and the optical density was
measured at 700 nm. A higher optical absorption indicates a higher reductive property.

2.7. Test Facility

This study is designed according to the Safety Evaluation Methods for Health Food
(2020), Ministry of Health and Welfare, Taiwan. In addition, the thirteen-week repeated dose
oral toxicity study was conducted in compliance with the principles of Good Laboratory
Practice for Non-clinical Laboratory Studies (FDA, 21 CFR, Part 58), the Good Laboratory
Practice for Non-clinical Laboratory Studies (Ministry of Health and Welfare, ROC, 3rd ed.,
2006), the OECD Principles on Good Laboratory Practice (TAF OECD GLP Compliance,
No. 1, 1997), and the Regulations for Application of Health Food Permit (TFDA, 2016)
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outlined by the Ministry of Health and Welfare, Taiwan at the Preclinical Testing Center of
Level Biotechnology Inc, New Taipei City, Taiwan.

2.8. Test Substance

The test substance, astaxanthin crystal (Asta-S Crystal, provided by Trade Wind
Biotech Co. Ltd., Taipei, Taiwan), was extracted and purified from engineered K. marxianus
biomass [22]. After fermentation, yeast cells were killed by heating at 90 ◦C and centrifuged
to remove the spent medium. The concentrated astaxanthin-containing K. marxianus cells
were then oven-dried before using ethyl acetate to extract the astaxanthin. Subsequently,
residual biomass was then filtered out and crystallized by the addition of ethanol. Pure
astaxanthin crystals as a food product were then collected using filter paper and analyzed
to ensure quality control by performing assays for the astaxanthin content, solvent residue,
heavy metals, DNA contamination, and microbiological safety. The astaxanthin crystal
utilized in the toxicity study had a red crystalline appearance; was made of more than
98% total carotenoids according to a UV test; and included 97% (w/w) astaxanthin, as
determined by HPLC.

2.9. Animals and Treatment Regimen

All experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC number: 210310) of Level Biotechnology Inc., New Taipei City, Taiwan.
CD® (Sprague Dawley) IGS rats were purchased from BioLASCO Ltd. (Yilan, Taiwan). The
animals were housed in the AAALAC International accredited facility of Level Biotech.
Inc. A total of 80 rats were randomly assigned to four study groups (vehicle control, low,
mid, and high-dose groups; 10 animals/sex/group). The body weight variation of all
animals used fell into an interval within ±20 percent of the mean weight. The basic design
is presented in Table S1.

According to the information provided by the sponsor, the human dose is 0.012 g per
day (0.2 mg/kg for a 60 kg human). According to body weight conversion, the three dose
levels selected in this study were approximately 30, 60, or 120-fold the human dose. The
proposed human administration route is oral. Therefore, oral gavage was utilized in this
study. The accuracies of the 1 or 3 mL syringes used in this study were the closest to 0.01
and 0.1 mL, respectively. The animals in all groups were dosed once daily for 91 consecutive
days with the designated dose formulations (suspension) listed in the table. The first dosing
day was denoted as Study Day 1 (Day 1). No animal replacement was performed.

Throughout the experimental period, all animals were subjected to daily clinical
monitoring following administration. The animals’ physical health, any relevant behavioral
changes, and any overt poisoning symptoms were all noted. Observations were made on
all animals’ overall health, skin, fur, eyes, and mucous membranes; the presence of fluids
and excretions; and their autonomic activity (e.g., lacrimation, piloerection, and unusual
respiratory pattern), among other things. The occurrence of chronic or tonic movements,
stereotypies (such as excessive grooming or repetitive circling), and unusual behavior (such
as self-mutilation or walking backward) were also noted, along with alterations in stride,
posture, and responsiveness to handling.

On the day of grouping and Day 91, an ophthalmologic examination was carried out
on every animal. Using an ophthalmoscope, the cornea, conjunctiva, anterior chamber,
iris, and lens were all inspected. Before necropsy, females had a single vaginal smear, and
the estrus cycle was noted. After the predetermined dose time, hematology (including
coagulation), serum chemistry, and urinalysis were carried out on all surviving animals.
Blood was drawn through the abdominal aorta on the day of necropsy and divided into
three tubes: one containing K2 EDTA for the analysis of the complete blood count, one
containing sodium citrate for the analysis of the coagulation factors, and one containing
no anticoagulant for the analysis of the serum chemistry. Prior to terminal sacrifice, urine
samples were obtained by employing metabolism cages for 12–16 h, and the urine volume
was recorded. The items analyzed can be found in Table S2.
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The surviving animals on the day of sacrifice were anesthetized with the ketamine and
xylazine mixture solution (80 mg/mL and 8 mg/mL, respectively), followed by blood collec-
tion, exsanguination, and necropsy. The gross necropsy includes examinations of the external
surface of the body, all thoracic and abdominal cavities, intestines, and visceral organs.

The sampled tissues and organs were kept after gross necropsy in 10% neutral buffered
formalin or other suitable fixatives for a further histopathological investigation. Trimmed,
embedded, sectioned, and H&E stained tissues from groups 1 (the vehicle control group)
and 4 (the high-dose group) were chosen for microscopy analysis. These examinations
were not extended to animals in group 2 (low-dose group) and group 3 (mid-dose group)
because no treatment group-related findings were noted in the high-dose group.

3. Results

3.1. Astaxanthin Compound Analysis

We first cultured the astaxanthin-producing strain K. marxianus S3−2 and then streaked
it on a YPG medium plate to screen for a high-performing colony, named 6−13−a6. To
ensure the stability of K. marxianus 6−13−a6, we first cultured it in YPG medium before
sub-culturing it in 10 different medium mixtures for 10 generations and spreading them on
YPG medium plates to obtain single colonies. These colonies were then screened to find
the highest-performing colony, which was then used to conduct further experiments. This
optimized strain was capable of producing up to 12.8 mg/g DCW of natural astaxanthin.
In addition, we had also successfully achieved mass cultivation of the K. marxianus 6-13-a6
in commercial 10,000-L tanks, from which we were able to extract and purify astaxanthin
crystals for further testing. In order to ensure the stability and purity of our extracted
astaxanthin crystals, we conducted a series of experiments. Previously, we had already
compared both freshly extracted astaxanthin crystals and extracted astaxanthin crystals
stored for a year and had observed no noticeable differences in the color and luster of the
crystals (data not shown).

Astaxanthin exists in many different forms, ranging from stereoisomers, geometric
isomers, and free to be esterified forms [2], and can be found in natural sources. The
stereoisomers (3S, 3’S) and (3R 3’R) are the most abundant in nature. The (3S, 3’S) isomer
is primarily found in Haematococcus algae, while the (3R, 3’R) isomer is mainly found in
Xanthophyllomyces dendrorhous. However, a combination of all three isomers—(3S, 3’S), (3R,
3’S), and (3R, 3’R)—can be found in synthetic astaxanthin [8]. One of the most powerful
known antioxidant properties is possessed by natural astaxanthin, which is regarded as a
super antioxidant. Natural astaxanthin is 55× more potent than synthetic astaxanthin in
trapping free radicals in our system [10,11]. Astaxanthin does, however, exist in H. pluvialis
in three distinct forms that can be categorized as free (5%), monoesters (70%), and diesters
(25%). Since esterified products are less ready to be digested and absorbed by the human
body, this would affect the bioavailability of astaxanthin. In contrast, astaxanthin extracted
from engineered probiotic yeast is mainly composed of free-form 3S, 3’S astaxanthin,
which can significantly increase the bioavailability of astaxanthin [22]. Previous studies
have also verified that the extracted astaxanthin is of the desired 3S, 3’S configurational
stereoisomers by HPLC separation [22]. Therefore, to further ascertain the purity of the
extracted astaxanthin crystals, we performed UV spectroscopy (477.6 nm) (Figure 1A) and
High-Performance Liquid Chromatography (HPLC) (Figure 1B), where we were able to
confirm its purity at 98.26% and 97.14%, respectively.
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Figure 1. Validation of astaxanthin purity extracted and purified from the strain K. marxianus
6−13−a6. (A) Evaluation of astaxanthin purity by UV spectrometer. (B) Evaluation of astaxanthin
purity by HPLC.

The 1H NMR (nuclear magnetic resonance) spectra and FTIR (Fourier transform in-
frared) spectra of the extracted astaxanthin are shown in Figure 2. As shown in Figure 2A,B,
the 1H NMR spectrum analysis of astaxanthin indicates that there are multiple peaks in
the chemical shift δ between 1.0 and 2.0, which are the characteristic absorption peaks of
hydrogen in the -CH3, -CH2, and -CH configurations, while the chemical shifts around
2.0–3.0 and 5.05 are the characteristic absorption peaks of hydrogen in alkene’s -CH=CH2
configuration, and the chemical shifts at 6.0–7.0 are the characteristic absorption peaks of
hydrogen on the benzene ring. Therefore, the test substance contains multiple structures
such as -CH3, -CH2, -CH, -CH=CH2, and benzene rings. After analyzing the 1H NMR
spectra of the astaxanthin standard (Sigma-Aldrich) and the extracted astaxanthin crystals,
we are able to confirm that both materials possess the same characteristic absorption peak
and, thus, have the same structural material composition.

In Figure 2C, a Fourier transform infrared spectroscopy (FTIR) analysis of the astax-
anthin material structure shows peaks at 3031, 2918, and 2862 cm−1, which correspond to
the symmetric and antisymmetric stretching vibration peaks of the -CH3, -CH2, and -CH
configurations, while peaks at 1466 and 1386 cm−1 correspond to the stretching vibration
peaks of the saturated C-H configuration, which indicates the presence of -CH3, -CH2, and
-CH configurations in the sample. Peaks at 1733, 1648, and 1602 cm−1 are the stretching vi-
bration peaks of C=O and alkene -CH=CH2 configurations, and the strong peaks generated
at 974 and 953 cm−1 indicate that the samples contain multiple polyene structures. These
analyses suggest that the extracted astaxanthin crystal has the same characteristic structures
present in the astaxanthin standard, such as -CH3, -CH2, -CH, C=O, and polyene.

3.2. Antioxidant Activity Determinations

Many previous studies have already shown astaxanthin’s powerful antioxidant ability,
which is essential for the absorption and neutralization of free radicals. In this study, we
also verified the antioxidative capabilities of our extracted astaxanthin crystals using the
ABTS assay, reducing power assay, and DPPH assay, which can detect the eradication
of free radicals by observing color changes. The aforementioned assays are capable of
distinguishing the different mechanisms used to eliminate reactive oxygen species (ROS):
quenching of singlet and triplet oxygen or decomposing peroxides. Table 1 confirmed
that every type of astaxanthin had dose-dependent competencies in the three experiments
above, especially an ABTS scavenging ability, but barely had any differences in terms of
reducing power.
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Figure 2. Verification of astaxanthin chemical composition extracted from K. marxianus 6−13−a6 by
NMR (A,B) and FTIR (C).
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Table 1. ABTS, reducing power, and DPPH were used to test the ROS reduce abilities in various astax-
anthin. Three types of astaxanthin: Sigma-Aldrich Co., Burlington, MA, USA; extracted astaxanthin;
and algae.

Concentration (μg/mL)

Antioxidant Capacity of Astaxanthin

ABTS (%) DPPH (%)
Reducing Power

(Absorbance at 700 nm)

Positive control a,b,c 93.4 ± 0.003 88.14 ± 0.008 0.66 ± 0.012

Standard astaxanthin
(Sigma-Aldrich)

0.05 25.10 ± 020 24.20 ± 0.001 0.107 ± 0.001
0.1 39.54 ± 0.006 32.21 ± 0.005 0.109 ± 0.002
1 55.10 ± 0.0033 40.23 ± 0.003 0.122 ± 0.005

Extracted astaxanthin crystals
0.05 32.68 ± 0.034 30.22 ± 0.035 0.109 ± 0.002
0.1 47.42 ± 0.028 42.30 ± 0.006 0.112 ± 0.006
1 60.31 ± 0.06 60.23 ± 0.012 0.223 ± 0.005

Algae astaxanthin
0.05 26.86 ± 0.006 25.04 ± 0.002 0.109 ± 0.003
0.1 40.21 ± 0.017 38.11 ± 0.014 0.108 ± 0.002
1 51.08 ± 0.023 43.68 ± 0.002 0.133 ± 0.001

a. Vitamin C was used as a positive control on ABTS at 2 mM. b. Vitamin C was used as a positive control on the
DPPH assay at 10 mM. c. BHA was used as a positive control on reducing power at 10 mM.

The principle of ABTS assays in determining the antioxidant capacity is that ABTS
(2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) could be oxidized into green ABTS
free radicals under the action of appropriate oxidants. Consequently, the generation of
ABTS free radicals will be inhibited in the presence of antioxidants. Therefore, the change
in the absorbance of ABTS can be measured and calculated as the total antioxidant capacity
of the sample. Three types of astaxanthin showed the capabilities of eliminating ROS
in ABTS assay. In general, in various concentrations, the extracted astaxanthin crystals
were more potent than standard astaxanthin and algae astaxanthin. For example, the
extracted astaxanthin crystals displayed a 60% scavenging rate at 1 mg/mL. Moreover, in
low concentrations, the extracted astaxanthin crystals showed better capabilities, with a
32.68% oxidant removing speed while that for the standard astaxanthin was 25.1% and that
for algae astaxanthin was 26.86%.

An established test for determining a substance’s ability to act as a hydrogen donor to
eliminate the stable radical DPPH and to transform it into diphenyl-picrylhydrazine is the
DPPH free radical scavenging system. When the element can absorb the free radicals, the
assay color will change from deep blue to light yellow. Astaxanthin doses were directly
correlated with the moderate antioxidant capacity displayed by all astaxanthin forms. For
instance, the free radical emission capability was 50% in 1 mg/mL extracted astaxanthin
crystals, which was higher than the exact dosage of standard astaxanthin (40.23%) and
algae astaxanthin (43.68%). At 0.05 mg/mL of astaxanthin, the antioxidative ability was
around 25% in three types of astaxanthin.

The reducing power assay is a common technique for determining the ability of
materials in losing electrons by changing the color from yellow to green. The ability of the
tested antioxidants is determined by the degree of color diversity. The presence of a suitable
material allows for the reduction of the Fe3+/ferricyanide complex into a ferrous state.
Table 1, which indicated no significant difference in the reducing power of the control group
and various concentrations of astaxanthin, showed that no astaxanthin type exhibited any
increased antioxidant reduction power.

ROS promotes the secretion of a variety of inflammatory chemicals from cancer cells,
which may increase the capacity of cancer cells to metastasize, boost the growth of vascular
endothelium, and suppress the immune system. Due to ongoing oxidant production,
ROS may also foster an immunosuppressive microenvironment for malignancies. Cancer
cells can consequently continue to grow and degrade. Therefore, the biological role of
antioxidants in reducing chronic inflammation and preventing cancer was implicated.
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The aforementioned tests demonstrated astaxanthin’s capacity to neutralize ROS, and
it was superior in both the ABTS and DPPH assays. The reducing power likewise had a
milder ability to reduce oxidation. Compared to the oxidative-eliminating abilities of all
three types of astaxanthin, the extracted astaxanthin crystals performed much better than
the standard and algae in both ABTS and DPPH in every concentration.

3.3. Thirteen Week Toxicity Study

In another study using astaxanthin produced by engineered Escherichia coli K-12, no
significant biological differences between test and control groups was observed [15]. These
results were consistent with prior toxicity studies using natural astaxanthin derived from
bacteria or microalgae and even synthetic astaxanthin produced chemically. To further
demonstrate the safety of astaxanthin derived from the engineered K. marxianus 6-13-a6, we
conducted a 13-week repeated dose toxicity study to evaluate the potential toxicity likely
to arise from repeated daily exposure of astaxanthin crystal in rats via oral gavage. The
study’s findings provide information on human exposure safety.

3.3.1. Mortality, Body Weight, Food Consumption, and Ophthalmological Examination

All of the animals survived the testing period and showed no toxicity-related symp-
toms (Table 2). When compared to the vehicle control group, neither male nor female rats
in the treatment group showed statistically significant changes in body weight (Table S3).
The average food consumption for each group is shown in Table S4, and for female rats,
there was no statistically significant difference between the treatment groups and the ve-
hicle control group. The mean food intake in male rats was considerably lower than the
vehicle control over Days 50–57 at a dosage level of 12 mg/kg/day. Nonetheless, all values
were within the historical control data range. Therefore, it was not considered a treatment
group-related finding. No significant treatment group-related clinical signs were noted
in male and female rats during the study period (Table 3). Several observed clinical signs
such as chromodacryorrhea (1/10, high-dose males), hair loss (1/10 in the vehicle control
females, 4/10 in the mid-dose females, and 1/10 in the high-dose females), and wound
on the skin (1/10 in the low-dose females, 2/10 in the mid-dose females, and 1/10 in the
high-dose females) were noted during the study period. Nonetheless, these clinical signs
might be caused by social activities (i.e., fighting and grooming), and the incidence was not
dose-dependent. Therefore, these findings were not considered a treatment group-related
findings. In addition, ophthalmological examinations revealed no changes in all animals
before grouping and terminal sacrifice (Table S5).

Table 2. Mortality of rats receiving astaxanthin over a 13-week period.

Gender Dose (mg/kg/day) Mortality (N/N) 1

Male

0 0/10
6 0/10

12 0/10
24 0/10

Female

0 0/10
6 0/10

12 0/10
24 0/10

1 N/N: Number of animals found dead/total number of animals.

3.3.2. Clinical Pathology

No treatment-related toxicologically significant changes in any of the hematological
parameters were seen compared with the control group (Table 4). In contrast to female
rats, the value of PT (Prothrombin Time) was statistically higher at dose levels of 12 and
24 mg/kg/day in male rats, at 14.55 ± 1.57 s and 13.75 ± 2.06 s, respectively. In female rats,
no statistical difference was observed when comparing test article-treated groups to the

226



Antioxidants 2022, 11, 2288

vehicle control group. In addition, APTT (activated Partial Thromboplastin Time) values
were significantly higher at dose levels 6, 12, and 24 mg/kg/day compared with the vehicle
control group, at 19.11 ± 1.24, 19.95 ± 1.19, and 19.30 ± 1.18, respectively. However, none
of the values fell outside the range of the historical control data and were not regarded as
treatment group-related observations.

Table 3. Clinical observations of rats receiving astaxanthin over a 13-week period.

Gender Clinical Signs

Incidence (n’/n’) 1

Vehicle Control
0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

n = 10 n = 10 n = 10 n = 10

Male Chromodacryorrhea 0/10 0/10 0/10 1/10

Female
Hair loss 1/10 0/10 4/10 1/10

Wound, skin 0/10 1/10 2/10 1/10
1 Total number of animals with observable sign/total number of animals examined.

Table 4. (A) Coagulation analysis of rats receiving astaxanthin over a 13-week period. (B) Hematology
values of rats receiving astaxanthin over a 13-week period. (C) Serum chemistry of rats receiving
astaxanthin over a 13-week period. (D) Urinalysis of rats receiving astaxanthin over a 13-week period.

A

Parameters Coagulation (Mean ± SD)

Group
Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Male Female

Number of
Animals

10 10 10 10 10 10 10 10

PT (sec) 11.95 ± 1.30 13.27 ± 1.26 14.55 ± 1.57 * 13.75 ± 2.06 * 9.40 ± 0.51 9.11 ± 0.25 9.28 ± 0.27 9.25 ± 0.15
APTT (sec) 17.33 ± 2.12 19.11 ± 1.24 * 19.95 ± 1.19 * 19.30 ± 1.18 * 15.58 ± 1.00 15.58 ± 1.06 16.23 ± 0.63 16.14 ± 1.12

FIB (mg/dL) 250.33 ± 20.57 238.66 ± 24.42 237.01 ± 17.83 230.77 ± 14.00 169.19 ± 26.81 179.75 ± 9.73 179.30 ± 11.35 184.23 ± 6.15

*: p ≤ 0.05 (compared to vehicle control group)

B

Parameters Hematology (Mean ± SD)

Group
Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Male Female

Number of
Animals

10 10 10 10 10 10 10 10

WBC
(103/mL) 6.795 ± 1.627 6.146 ± 1.513 6.666 ± 1.470 5.904 ± 1.592 4.692 ± 1.857 4.364 ± 1.767 5.243 ± 1.342 4.668 ± 0.543

RBC (106/mL) 9.002 ± 0.389 9.360 ± 0.440 9.279 ± 0.326 9.039 ± 0.364 7.985 ± 0.340 7.845 ± 0.135 8.189 ± 0.315 7.899 ± 0.256
HGB (g/dL) 15.77 ± 0.70 16.36 ± 0.61 16.40 ± 0.28 16.16 ± 0.70 14.64 ± 0.53 14.42 ± 0.34 14.89 ± 0.42 14.63 ± 0.50

HCT (%) 45.59 ± 1.91 46.94 ± 1.56 47.31 ± 1.10 46.12 ± 1.92 41.59 ± 1.61 41.31 ± 0.70 42.92 ± 1.27 42.10 ± 1.25
MCV (fL) 50.68 ± 1.43 50.20 ± 1.40 51.04 ± 1.66 51.04 ± 1.46 52.10 ± 1.27 52.67 ± 1.21 52.45 ± 1.56 53.33 ± 0.97
MCH (pg) 17.53 ± 0.53 17.48 ± 0.61 17.68 ± 0.53 17.88 ± 0.52 18.33 ± 0.46 18.38 ± 0.58 18.18 ± 0.50 18.53 ± 0.35

MCHC (g/dL) 34.59 ± 0.24 34.85 ± 0.39 34.66 ± 0.30 35.04 ± 0.37 * 35.20 ± 0.32 34.90 ± 0.44 34.70 ± 0.35* 34.75 ± 0.25 *
PLT (103/mL) 1065.3 ± 81.9 1075.9 ± 166.1 1057.7 ± 106.9 1084.3 ± 80.6 1015.7 ± 138.0 940.4 ± 228.5 1027.8 ± 79.9 962.5 ± 110.6

NEU (%) 26.76 ± 11.05 27.61 ± 5.12 24.08 ± 9.26 28.85 ± 9.82 15.85 ± 5.84 12.41 ± 3.26 15.49 ± 5.00 13.04 ± 5.28
LYM (%) 65.57 ± 10.33 65.52 ± 5.25 68.80 ± 9.51 63.74 ± 9.73 78.13 ± 6.61 81.97 ± 4.62 79.32 ± 5.72 81.51 ± 6.03
MON (%) 6.81 ± 1.10 6.24 ± 0.65 6.64 ± 1.11 6.94 ± 1.16 5.42 ± 1.91 5.21 ± 1.37 4.92 ± 1.68 5.03 ± 1.09
EOS (%) 0.61 ± 0.47 0.40 ± 0.24 0.26 ± 0.12 * 0.28 ± 0.14 * 0.40 ± 0.33 0.34 ± 0.26 0.16 ± 0.14 0.28 ± 0.21
BAS (%) 0.25 ± 0.08 0.23 ± 0.11 0.22 ± 0.12 0.19 ± 0.09 0.20 ± 0.13 0.07 ± 0.19 0.11 ± 0.11 0.14 ± 0.10
RET (%) 2.214 ± 0.28 2.143 ± 0.382 2.206 ± 0.173 2.162 ± 0.309 2.088 ± 0.472 2.261 ± 0.413 1.982 ± 0.338 2.321 ± 0.362

*: p ≤ 0.05 (compared to vehicle control group)
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Table 4. Cont.

C

Parameters Serum Chemistry (Mean ± SD)

Group
Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Vehicle
Control

0 mg/kg/day

Low-Dose
6 mg/kg/day

Mid-Dose
12 mg/kg/day

High-Dose
24 mg/kg/day

Male Female

Number of
Animals

10 10 10 10 10 10 10 10

AST (U/L) 99.25 ± 18.36 103.85 ± 22.32 93.14 ± 25.58 88.91 ± 12.18 77.66 ± 11.13 81.93 ± 16.99 79.52 ± 13.35 73.12 ± 12.26
ALT (U/L) 28.82 ± 3.59 31.71 ± 4.92 27.02 ± 6.61 28.38 ± 3.02 25.57 ± 3.51 25.57 ± 8.28 22.64 ± 3.33 22.01 ± 5.33

GLU (mg/dL) 222.80 ± 51.18 201.05 ± 47.60 200.08 ± 20.95 193.29 ± 40.03 171.20 ± 29.06 188.49 ± 43.42 171.36 ± 16.88 180.18 ± 32.94
TP (g/dL) 5.92 ± 0.43 5.93 ± 0.40 5.84 ± 0.24 5.85 ± 0.33 6.22 ± 0.34 6.10 ± 0.36 6.38 ± 0.41 6.15 ± 0.32

ALB (g/dL) 3.94 ± 0.27 3.97 ± 0.23 3.92 ± 0.20 3.82 ± 0.21 4.55 ± 0.28 4.48 ± 0.34 4.52 ± 0.37 4.42 ± 0.24

TBIL (mg/dL) 0.063 ± 0.015
(n = 9 a)

0.063 ± 0.019
(n = 9 a)

0.063 ± 0.013
(n = 9 a)

0.062 ± 0.017
(n = 9 a) 0.071 ± 0.019 0.082 ± 0.020

(n = 9 a)
0.063 ± 0.013

(n = 8 a) 0.071 ± 0.014

BUN (mg/dL) 13.90 ± 1.97 14.28 ± 1.52 13.43 ± 1.86 13.60 ± 0.76 14.31 ± 2.42 14.77 ± 2.26 13.48 ± 1.20 13.38 ± 1.58
CREA

(mg/dL) 0.34 ± 0.07 0.35 ± 0.07 0.33 ± 0.05 0.33 ± 0.05 0.41 ± 0.06 0.44 ± 0.07 0.40 ± 0.07 0.40 ± 0.05

GGT (U/L) <2 <2 <2 <2 <2 <2 <2 <2
ALP (U/L) 221.78 ± 29.19 226.35 ± 32.10 246.24 ± 38.71 247.44 ± 56.76 122.43 ± 28.33 114.42 ± 33.98 131.72 ± 52.40 125.49 ± 46.07

CHOL
(mg/dL) 68.44 ± 18.01 53.91 ± 10.23 * 55.24 ± 7.85 53.31 ± 11.14 * 52.22 ± 10.91 62.32 ± 18.28 61.47 ± 13.94 53.50 ± 14.25

TG (mg/dL) 37.60 ± 19.36 22.68 ± 6.82 * 25.64 ± 9.37 21.51 ± 6.26 * 18.59 ± 6.85 20.89 ± 6.94 15.05 ± 4.51 18.59 ± 8.67
Ca (mg/dL) 9.93 ± 0.32 9.73 ± 0.32 9.84 ± 0.32 9.71 ± 0.29 10.07 ± 0.26 9.99 ± 0.35 10.02 ± 0.21 10.03 ± 0.24
P (mg/dL) 6.50 ± 0.58 6.63 ± 0.64 6.59 ± 0.28 6.32 ± 0.45 5.41 ± 0.79 5.56 ± 0.57 5.74 ± 0.84 5.92 ± 0.69

CK (U/L) 447.55 ±
326.04

433.81 ±
305.08

394.79 ±
340.79

367.31 ±
185.55

270.22 ±
150.71

285.67 ±
133.62

276.82 ±
182.04 249.60 ± 97.66

AMY (U/L) 1557.9 ± 240.9 1395.3 ± 269.0 1368.0 ± 148.0 1338.0 ± 182.3 872.4 ± 159.7 943.9 ± 210.7 991.5 ± 149.2 948.4 ± 309.0
Na (mmol/L) 143.41 ± 2.04 143.59 ± 1.28 143.76 ± 1.47 143.50 ± 0.96 142.17 ± 0.56 142.25 ± 1.16 142.61 ± 1.44 142.55 ± 1.49
K (mmol/L) 4.480 ± 0.432 4.390 ± 0.396 4.380 ± 0.204 4.350 ± 0.310 4.330 ± 0.340 4.410 ± 0.307 4.490 ± 0.446 4.280 ± 0.193
Cl (mmol/L) 105.50 ± 1.34 105.75 ± 1.49 105.62 ± 1.31 106.90 ± 1.93 105.79 ± 1.36 106.58 ± 1.26 106.31 ± 0.92 107.04 ± 1.72
LDH (U/L) 737.2 ± 459.1 653.7 ± 375.6 737.4 ± 683.5 673.0 ± 389.8 528.5 ± 315.9 513.6 ± 241.8 611.6 ± 440.1 502.8 ± 228.2

TBA (umol/L) 6.9 ± 2.6 10.7 ± 7.7 9.1 ± 3.6 12.2 ± 10.5 9.4 ± 3.2 18.0 ± 22.4 11.0 ± 3.3 8.9 ± 1.7
a The values of TBIL in other animals were lower than the detection limit.

*: p ≤ 0.05 (compared to vehicle control group)

D

Gender

Parameters Urine Quantitative Analysis (Mean ± SD)

Group
Vehicle Control

0 mg/kg/day
Low-Dose

6 mg/kg/day
Mid-Dose

12 mg/kg/day
High-Dose

24 mg/kg/day

Number of
Animals

10 10 10 10

Male

Volume (mL) 17.70 ± 7.65 17.50 ± 5.85 16.60 ± 7.06 16.20 ± 9.58

SG 1.0178 ± 0.0036
(n = 9 a)

1.0180 ±
0.0035

1.0172 ± 0.0036
(n = 9 a) 1.0190 ± 0.0046

pH 7.35 ± 0.63 7.00 ± 0.24 7.30 ± 0.35 7.20 ± 0.26
UURO

(EU/dL) 0.28 ± 0.25 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00

Female

Volume (mL) 12.00 ± 5.29 8.30 ± 4.11 9.20 ± 3.46 12.00 ± 6.99

SG 1.0170 ± 0.0042
1.0189 ±

0.0042
(n = 9 a)

1.0183 ± 0.0035
(n = 9 a) 1.0185 ± 0.0047

pH 6.65 ± 0.47 6.95 ± 0.55 6.75 ± 0.59 7.00 ± 0.24
UURO

(EU/dL) 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00

a The values of specific gravity from other animals were higher than the detection limit.

The MCHC (mean corpuscular hemoglobin concentration) value was found to be
statistically higher in male rats at the dose level of 24 mg/kg/day, with a value of
35.04 ± 0.37 g/dL, while EOS (eosinophil count) percentages were statistically lower in
12 and 24 mg/kg/day, with 0.26 ± 0.12% and 0.28 ± 0.14%, respectively. In contrast, in
female rats, the MCHC value was statistically lower at dose levels of 12 and 24 mg/kg/day
at 34.70 ± 0.35 g/dL and 34.75 ± 0.25 g/dL, respectively. Nonetheless, all the values were
within the historical control data range. Since the changes were of a small magnitude, with
no dose-dependency or correlated findings noted in HCT and HGB, it was not considered
treatment group-related findings.

Treatment with astaxanthin over a period of time showed no adverse effects on the
clinical chemistry parameters (Table 4). Nevertheless, statistically significant differences
were observed between vehicle control groups and treatment groups in male rats: the
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values of CHOL (cholesterol) and TG (triglycerides) at dose levels of 6 and 24 mg/kg/day
were statistically lower than those in the vehicle control group at 53.31 ± 11.14 mg/dL
and 21.51 ± 6.26 mg/dL, respectively. However, all values were within the historical
control data range and were not considered treatment group-related findings. No statistical
difference was noted when comparing the treatment group to the vehicle control group in
female rats.

Both male and female rats’ urinalysis results showed no treatment-related toxicologi-
cally significant changes (Table 4).

3.3.3. Relative Organ Weights

In both male and female rats, no treatment group-related finding was noted in relative
organ weight (organ-to-brain weight) data (Table S6).

3.3.4. Gross Necropsy Findings

The gross necropsy findings are summarized in Table S7. In males, gross findings such
as discoloration in the thymus (1/10) and adrenal glands (1/10) and abnormal shape in the
brain (1/10) were noted in the vehicle control on Day 92. In females, discoloration in the
mandibular lymph node (1/10) and nodule in the liver (1/10) were indicated in the vehicle
control on Day 92. Nonetheless, these findings were not treatment-related due to the lack
of dose dependency.

3.3.5. Histopathology Evaluation

No signs of necropsy or other histopathologic findings (Table S8) related to astaxanthin
exposure were found in the control or treatment groups. While several findings, including
congestion of the thymus and mandibular lymph node, mononuclear cell infiltration and
fatty change in the liver, tubular epithelial cell degeneration, interstitial mononuclear cell
infiltration, and mineralization of the kidneys were noted, these findings were incidental
and were not considered treatment-related findings.

4. Discussion

With the rapid development of revolutionary technology, synthetic biology will soon
play an essential role in future industries; whether it is energy, medicine, chemistry, food,
biodegradable consumable products, or even medical testing, it will soon be deeply in-
volved in the industry supply chain. However, many challenges remain before genetically
modified organisms and its products can become mainstream on the market. One of the
biggest challenges is the acceptance of anything genetically modified by the general public.
Despite numerous studies proving that GM products are similar if not even better than the
conventional non-GM products, many people are still wary.

Thus, we aim to alleviate these worries by the public. We used K. marxianus, an
emerging non-conventional food-grade yeast, as our chassis. Additionally, since this partic-
ular yeast has aerobic-respiring characteristics [26], which will not produce any ethanol
byproducts, our product can also be marketed as halal. To alleviate any concerns about
genetic modification of the yeast, we also extracted and purified the desired astaxanthin.
In our study, we have validated the purity and configuration of our extracted astaxanthin
crystals and found that it still maintains the highly sought after high antioxidative function.
In addition, we also assessed the safety of consuming our extracted astaxanthin crystals.
Minor changes can be seen in mean food consumption, clinical observations, PT values,
APTT values, MCHC values, EOS percentages, cholesterol values, triglycerides values, and
gross necropsy observations. Nonetheless, these findings were not treatment-related in
view of the lack of dose dependency. Our results were also comparable with several other
coordinated studies on the subchronic toxicity of astaxanthin conducted by Katsumata et al.
(2014) [27] and Lin et al. (2017) [15], which employed astaxanthin extracted from native
bacteria P. carotinifaciens and engineered E. coli, respectively. In addition, subchronic toxicity
of chemically synthesized astaxanthin and H. pluvialis biomass, which is rich in astaxanthin

229



Antioxidants 2022, 11, 2288

esters, were assessed by Vega et al. (2015) [28] and Stewart et al. (2008) [29], respectively,
which revealed no significant biological changes.

Previous reviews have already explored the safety and bioavailability of astaxanthin,
as well as the beneficial effects it has on human body [30,31]. Our findings have further
confirmed the safety of astaxanthin produced by probiotic yeast.

5. Conclusions

This study provided an example that developing metabolically engineered microorgan-
isms provides a safe and feasible approach for the bio-based mass production of beneficial
compounds. Optimizing and engineering the K. marxianus strain for astaxanthin produc-
tion has indeed allowed for record breaking astaxanthin production, which trumps even
the natural astaxanthin producer H. pluvialis while maintaining the desired configuration
and function. Screening of the potential adverse effects of astaxanthin crystals extracted
from engineered K. marxianus 6-13-a6 by dosing SD rats with 6, 12, and 24 mg/kg/day
of astaxanthin crystals by oral gavages for a 13-week period has indicated no significant
biological changes between control and treatment groups in rats of both genders, further
confirming the safety of the astaxanthin crystals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11112288/s1.

Author Contributions: Conceptualization, J.-J.C. and J.-R.C.; methodology, J.-J.C.; software, H.-
M.D.W.; validation, M.-Y.H., Y.-S.C. and S.Y.S.; formal analysis, M.-Y.H.; investigation, Y.-S.C.; re-
sources, J.-J.C.; data curation, J.-R.C.; writing—original draft preparation, S.Y.S. and H.-M.D.W.;
writing—review and editing, S.Y.S., J.-J.C. and W.-H.L.; visualization, H.-M.D.W.; supervision, J.-J.C.;
project administration, S.Y.S.; funding acquisition, J.-J.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by China Medical University (CMU-108-MF-35), China Medical
University Hospital (DMR-110-142), Ministry of Science and Technology (109-2621-M-039-001 and
108-2621-M-039-002) and Taipei city government (1Z1100894), and the Ministry of Economic Affairs
(TBA210129003) in Taiwan.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee (IACUC
number: 210310) of Level Biotechnology Inc., New Taipei City, Taiwan.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in the
published article (and its online Supplementary Files).

Acknowledgments: The authors thank Yu-Ju Lin for her technical support while she was the CTO
of Trade Wind Biotech, Taiwan. The authors also thank the CRO-Preclinical Testing Center of Level
Biotechnology Inc. for helping in this 13-week repeated dose oral toxicity study in SD rats. The
authors would also like to thank Trade Wind Biotech Co. Ltd. for providing Asta-S Crystal.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Higuera-Ciapara, I.; Félix-Valenzuela, L.; Goycoolea, F.M. Astaxanthin: A review of its chemistry and applications. Crit. Rev. Food
Sci. Nutr. 2006, 46, 185–196. [CrossRef]

2. Miki, W. Biological functions and activities of animal carotenoids. Pure Appl. Chem. 1991, 63, 141–146. [CrossRef]
3. Pashkow, F.J.; Watumull, D.G.; Campbell, C.L. Astaxanthin: A Novel Potential Treatment for Oxidative Stress and Inflammation

in Cardiovascular Disease. Am. J. Cardiol. 2008, 101, S58–S68. [CrossRef]
4. Wang, X.-J.; Chen, W.; Fu, X.-T.; Ma, J.-K.; Wang, M.-H.; Hou, Y.-J.; Tian, D.-C.; Fu, X.-Y.; Fan, C.-D. Reversal of homocysteine-

induced neurotoxicity in rat hippocampal neurons by astaxanthin: Evidences for mitochondrial dysfunction and signaling
crosstalk. Cell Death Discov. 2018, 4, 50. [CrossRef]

230



Antioxidants 2022, 11, 2288

5. Satoh, A.; Tsuji, S.; Okada, Y.; Murakami, N.; Urami, M.; Nakagawa, K.; Ishikura, M.; Katagiri, M.; Koga, Y.; Shirasawa, T.
Preliminary Clinical Evaluation of Toxicity and Efficacy of a New Astaxanthin-rich Haematococcus pluvialis Extract. J. Clin. Biochem.
Nutr. 2009, 44, 280–284. [CrossRef]

6. Tanaka, T.; Shnimizu, M.; Moriwaki, H. Cancer Chemoprevention by Carotenoids. Molecules 2012, 17, 3202–3242. [CrossRef]
[PubMed]

7. Wayama, M.; Ota, S.; Matsuura, H.; Nango, N.; Hirata, A.; Kawano, S. Three-Dimensional Ultrastructural Study of Oil and
Astaxanthin Accumulation during Encystment in the Green Alga Haematococcus pluvialis. PLoS ONE 2013, 8, e53618. [CrossRef]
[PubMed]

8. Johnson, E.A.; An, G.-H. Astaxanthin from Microbial Sources. Crit. Rev. Biotechnol. 1991, 11, 297–326. [CrossRef]
9. Hussein, G.; Sankawa, U.; Goto, H.; Matsumoto, K.; Watanabe, H. Astaxanthin, a Carotenoid with Potential in Human Health

and Nutrition. J. Nat. Prod. 2006, 69, 443–449. [CrossRef]
10. Authority, E.F.S. Opinion of the Scientific Panel on additives and products or substances used in animal feed (FEEDAP) on the

safety and efficacy of the product AQUASTA, an Astaxanthin-rich Phaffia rhodozyma ATCC SD-5340 for salmon and trout. EFSA
J. 2006, 4, 320. [CrossRef]

11. Capelli, B.; Bagchi, D.; Cysewski, G.R. Synthetic astaxanthin is significantly inferior to algal-based astaxanthin as an antioxidant
and may not be suitable as a human nutraceutical supplement. Nutrafoods 2013, 12, 145–152. [CrossRef]

12. Rüfer, C.E.; Moeseneder, J.; Briviba, K.; Rechkemmer, G.; Bub, A. Bioavailability of astaxanthin stereoisomers from wild
(Oncorhynchus spp.) and aquacultured (Salmo salar) salmon in healthy men: A randomised, double-blind study. Br. J. Nutr. 2008,
99, 1048–1054. [CrossRef]

13. EUR-Lex-32006R1925-EN-EUR-Lex. Europa.eu. 2021. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=
celex%3A32006R1925 (accessed on 17 November 2022).

14. Chiou, M.-H.; Wu, M.-C.; Yang, M.-H.; Lin, C.-N.; Lu, Y.-C. A Strain of Genetically Reengineered Escherichia coli for Biosynthesis
of High Yield Carotenoids after Mutation Screening. (European Patent Office Patent). 2009. Available online: https://patents.
google.com/patent/EP2088199A1/en (accessed on 17 November 2022).

15. Wang, C.W.; Oh, M.K.; Liao, J.C. Engineered isoprenoid pathway enhances astaxanthin production in Escherichia coli. Biotechnol.
Bioeng. 1999, 62, 235–241. [CrossRef]

16. Lin, Y.-J.; Lin, J.-Y.; Wang, D.-S.; Chen, C.-H.; Chiou, M.-H. Safety assessment of astaxanthin derived from engineered Escherichia
coli K-12 using a 13-week repeated dose oral toxicity study and a prenatal developmental toxicity study in rats. Regul. Toxicol.
Pharmacol. 2017, 87, 95–105. [CrossRef] [PubMed]

17. Zhou, P.; Xie, W.; Li, A.; Wang, F.; Yao, Z.; Bian, Q.; Zhu, Y.; Yu, H.; Ye, L. Alleviation of metabolic bottleneck by combinatorial
engineering enhanced astaxanthin synthesis in Saccharomyces cerevisiae. Enzyme Microb. Technol. 2017, 100, 28–36. [CrossRef]
[PubMed]

18. Chang, J.-J.; Ho, C.-Y.; Mao, C.-T.; Barham, N.; Huang, Y.-R.; Ho, F.-J.; Wu, Y.-C.; Hou, Y.-H.; Shih, M.-C.; Li, W.-H.; et al. A thermo-
and toxin-tolerant kefir yeast for biorefinery and biofuel production. Appl. Energy 2014, 132, 465–474. [CrossRef]

19. Banat, I.M.; Nigam, P.; Marchant, R. Isolation of thermotolerant, fermentative yeasts growing at 52 ◦C and producing ethanol at
45 ◦C and 50 ◦C. World J. Microbiol. Biotechnol. 1992, 8, 259–263. [CrossRef]

20. Raimondi, S.; Zanni, E.; Amaretti, A.; Palleschi, C.; Uccelletti, D.; Rossi, M. Thermal adaptability of Kluyveromyces marxianus in
recombinant protein production. Microb. Cell Factories 2013, 12, 34. [CrossRef]

21. Lin, Y.-J.; Chang, J.-J.; Lin, H.-Y.; Thia, C.; Kao, Y.-Y.; Huang, C.-C.; Li, W.-H. Metabolic engineering a yeast to produce astaxanthin.
Bioresour. Technol. 2017, 245, 899–905. [CrossRef]

22. Tseng, C.-C.; Lin, Y.-J.; Liu, W.; Lin, H.-Y.; Chou, H.-Y.; Thia, C.; Wu, J.H.; Chang, J.-S.; Wen, Z.-H.; Chang, J.-J.; et al. Metabolic
engineering probiotic yeast produces 3S, 3′S-astaxanthin to inhibit B16F10 metastasis. Food Chem. Toxicol. 2020, 135, 110993.
[CrossRef]

23. Arnao, M.B.; Cano, A.; Acosta, M. The hydrophilic and lipophilic contribution to total antioxidant activity. Food Chem. 2001, 73,
239–244. [CrossRef]

24. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT - Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

25. Wang, W.; Bostic, T.R.; Gu, L. Antioxidant capacities, procyanidins and pigments in avocados of different strains and cultivars.
Food Chem. 2010, 122, 1193–1198. [CrossRef]

26. Wagner, J.M.; Alper, H.S. Synthetic biology and molecular genetics in non-conventional yeasts: Current tools and future advances.
Fungal Genet. Biol. 2016, 89, 126–136. [CrossRef] [PubMed]

27. Katsumata, T.; Ishibashi, T.; Kyle, D. A sub-chronic toxicity evaluation of a natural astaxanthin-rich carotenoid extract of
Paracoccus carotinifaciens in rats. Toxicol. Rep. 2014, 1, 582–588. [CrossRef]

28. Vega, K.; Edwards, J.; Beilstein, P. Subchronic (13-week) toxicity and prenatal developmental toxicity studies of dietary astaxanthin
in rats. Regul. Toxicol. Pharmacol. 2015, 73, 819–828. [CrossRef]

29. Stewart, J.S.; Lignell, Å.; Pettersson, A.; Elfving, E.; Soni, M.G. Safety assessment of astaxanthin-rich microalgae biomass: Acute
and subchronic toxicity studies in rats. Food Chem. Toxicol. 2008, 46, 3030–3036. [CrossRef]

231



Antioxidants 2022, 11, 2288

30. Haung, H.-Y.; Wang, Y.-C.; Cheng, Y.-C.; Kang, W.; Hu, S.-H.; Liu, D.; Xiao, C.; Wang, H.-M.D. A Novel Oral Astaxanthin
Nanoemulsion from Haematococcus pluvialis Induces Apoptosis in Lung Metastatic Melanoma. Oxid. Med. Cell. Longev. 2020, 2020,
2647670. [CrossRef]

31. Chen, Y.-T.; Kao, C.-J.; Huang, H.-Y.; Huang, S.-Y.; Chen, C.-Y.; Lin, Y.-S.; Wen, Z.-H.; Wang, H.-M.D. Astaxanthin reduces MMP
expressions, suppresses cancer cell migrations, and triggers apoptotic caspases of in vitro and in vivo models in melanoma. J.
Funct. Foods 2017, 31, 20–31. [CrossRef]

232



Citation: Bongiorni, S.; Arisi, I.;

Ceccantoni, B.; Rossi, C.; Cresta, C.;

Castellani, S.; Forgione, I.; Rinalducci,

S.; Muleo, R.; Prantera, G. Apple

Polyphenol Diet Extends Lifespan,

Slows down Mitotic Rate and

Reduces Morphometric Parameters

in Drosophila Melanogaster: A

Comparison between Three Different

Apple Cultivars. Antioxidants 2022,

11, 2086. https://doi.org/10.3390/

antiox11112086

Academic Editors: Jicheng Zhan,

Zhigang Liu and Hui-Min

David Wang

Received: 30 September 2022

Accepted: 19 October 2022

Published: 22 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

antioxidants

Article

Apple Polyphenol Diet Extends Lifespan, Slows down Mitotic
Rate and Reduces Morphometric Parameters in Drosophila
Melanogaster: A Comparison between Three Different
Apple Cultivars

Silvia Bongiorni 1, Ivan Arisi 2, Brunella Ceccantoni 3, Cristina Rossi 1, Camilla Cresta 1, Simona Castellani 4,

Ivano Forgione 4, Sara Rinalducci 1, Rosario Muleo 4,* and Giorgio Prantera 1,*

1 Department of Ecological and Biological Sciences (DEB), University of Tuscia, 01100 Viterbo, Italy
2 Bioinformatics Facility European Brain Research Institute (EBRI) “Rita Levi-Montalcini”, and Institute of

Translational Pharmacology National Research Council (CNR), Viale Regina Elena 295, 00161 Roma, Italy
3 Department for Innovation in Biological, Agro-Food and Forest Systems (DIBAF), University of Tuscia,

01100 Viterbo, Italy
4 Tree Physiology and Fruit Crop Biotechnology Laboratory,

Department of Agriculture and Forest Sciences (DAFNE), University of Tuscia, 01100 Viterbo, Italy
* Correspondence: muleo@unitus.it (R.M.); prantera@unitus.it (G.P.)

Abstract: Plant-derived polyphenols exhibit beneficial effects on physiological and pathological
processes, including cancer and neurodegenerative disorders, mainly because of their antioxidant
activity. Apples are highly enriched in these compounds, mainly in their peel. The Tuscia Red (TR)
apple variety exhibits the peculiar characteristic of depositing high quantities of polyphenols in the
pulp, the edible part of the fruit. Since polyphenols, as any natural product, cannot be considered
a panacea per se, in this paper, we propose to assess the biological effects of TR flesh extracts, in
comparison with two commercial varieties, in a model system, the insect Drosophila melanogaster,
largely recognized as a reliable system to test the in vivo effects of natural and synthetic compounds.
We performed a comparative, qualitative and quantitative analysis of the polyphenol compositions of
the three cultivars and found that TR flesh shows the highest content of polyphenols, and markedly,
anthocyanins. Then, we focused on their effects on a panel of physiological, morphometrical, cellular
and behavioral phenotypes in wild-type D. melanogaster. We found that all the apple polyphenol
extracts showed dose-dependent effects on most of the phenotypes we considered. Remarkably, all
the varieties induced a strong relenting of the cell division rate.

Keywords: apple polyphenols; Drosophila melanogaster; model organisms; red flesh apple; lifespan;
mitotic index; climbing assay

1. Introduction

Redox homeostasis represents a delicate balance between the production and removal
of free radicals that plays critical roles in human health and is constantly regulated by ox-
idative stress and antioxidative defense systems [1] The overproduction of free radicals and
reactive oxygen species (ROS), known as oxidative stress, can damage biomolecules, such
as lipids, nucleic acids, proteins, causes cellular membrane peroxidation [2–4] and attracts
various inflammatory mediators [5,6], leading directly or indirectly to severe diseases, such
as cancer, atherosclerosis and neurological disorders [1,7,8]. Although the organisms pos-
sess endogenous systems to prevent radical-induced oxidative damage, they are sometimes
insufficient to counteract extensive damage. Numerous epidemiological investigations
evidenced the protection that increased consumption of fruit and vegetables exerts against
cardiovascular diseases, various kinds of cancer, aging-related cognitive decline and other
chronic diseases [9–12]. These properties were ascribed to the presence of phytochemicals,
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such as phenols [13]. Phenolic compounds are among the approximately 8000 secondary
metabolites of plants that are synthesized in response to several adverse stimuli during
plant development [14]. The beneficial effects of plant-derived polyphenols on a plethora
of physiological and/or pathological processes, including cancer and neurodegenerative
disorders, are well-known [15,16]. The main property of polyphenols is represented by
the antioxidant activity they exert by scavenging free radicals normally produced by cell
metabolism or in response to external factors [2,17–19]. Due to their richness in flavonoids
and phenolic acids, apple fruits are considered one of the healthier fruits [20]. However,
generally, apple polyphenols are enriched in the peel, and scarce and unstable in the pulp,
which represents most of the edible part of the fruit. The red coloration of the apple fruit
was ascribed to the accumulation of anthocyanins under the control of a MYB transcription
factor [21–23].

The Tuscia Red apple variety (TR) was isolated in the experimental farm of the Uni-
versity of Tuscia by selection among a pool of seedlings generated from an open-pollinated
old variety of Central Italy, having a red coloration of flesh and peel [24,25]. The origin of
the old, red-fleshed variety could be ascribed to a lineage from the partially domesticated
form of M. sieversii f. niedzwetzkyana, which contributed to give rise to the M. domestica
var. niedzwetzkyana [23]. Apple species moved West along the ancient Silk Road, and
the Romans had a preeminent role in the diffusion to Western Europe, from where they
diversified and flourished worldwide [26]. TR combines the good taste of the domestic
cultivar and the high polyphenol content of the pulp of M. niedzwetzkyana.

In the present paper, we preliminary assessed the effects onto an in vivo model system
of the polyphenol-rich TR apple pulp in comparison with the pulps of two commercial
apple varieties, Annurca and Fuji. The fruit fly, Drosophila melanogaster, is a widely used
model system in biomedical research [27–29] and an excellent model organism for the
evaluation of drug toxicity and for the identification of pharmacological properties of
plant-derived compounds [30–32].

The effects of the polyphenol pool extracted from the flesh of the three apple va-
rieties were assessed on a group of biological parameters in D. melanogaster, including
development timing, lifespan, starvation, morphometrical measures, cell division and
locomotor abilities.

2. Materials and Methods

2.1. Experimental Site and Plant Materials

The apple fruits were collected from an apple orchard located at the experimental
farm of the Tuscia University in Viterbo, Italy. The apple orchard had Tuscia Red, Annurca
and Fuji cultivars, grafted onto MM111 rootstock and grown as a spindle training system.
The trees were planted in 2009, with intra- and inter-row distances of 3.0 m and 4.5 m,
respectively. The harvesting time window was determined by visually inspecting the
fruit exocarp color and maturation. The harvest was performed for each cultivar at apple
commercial maturity, taking into consideration the assessment of fruit color, fruit firmness
and starch index.

2.2. Apple Polyphenols Extraction

Polyphenols were extracted from three apple varieties, consisting of two commercial
varieties, Annurca and Fuji, and one variety, the TR, obtained from open-pollination at
the experimental agricultural farm at the Tuscia University. Three biological replicates
were used for each extraction procedure. Three apples for each cultivar for each replicate
were used.

Fresh fruit, deprived of peels, kept at 4 ◦C, were ground in a mortar under liquid
nitrogen until a fine powder was obtained. The apple powder was immediately freeze-dried
(EDWARDS modulo, Akribis Scientific Limited, Chester, UK), weighted and extracted in
5 mL of slightly acidified 70% methanol (pH = 4.00) for each gram of freeze-dried apple
powder. The solution was sonicated for 10 s, vortexed and centrifuged at 15.000 rpm for
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15 min. The pellet was separated from the supernatant, which was re-extracted in 5 mL per
gram of slightly acidified 70% methanol (pH = 4.00), vortexed and centrifugated as above.
The resulting supernatant was added to the supernatant previously obtained, filtered
with 0.45 μm Whatman filters and evaporated by Rota-vapor at 35 ◦C under low pressure
conditions. The remaining aqueous part of the solution was freeze-dried. Freeze-dried
polyphenols were re-suspended in 3 mL of pure methanol for each gram of initial freeze-
dried apple powder. The total phenolic content (TPC) of extracts was determined using the
Folin–Ciocalteu (F–C) method. TPC was calculated from a calibration curve, using Gallic
acids as a standard. Results are expressed as milligrams of Gallic acid equivalents (GAE)
per 100 g of fresh weight of apple.

2.3. Total Anthocyanin Assay Method

Anthocyanins assay (AA) of the apple pulp was conducted according to Mancinelli et al.
(1975) [33]. The grinded fresh sample (5 g), under liquid nitrogen, was placed in a test tube,
and the anthocyanin fraction was extracted with 50 mL of 1% (w/v) HCl in methanol. The
mixture was placed in the dark at 4 ◦C for 24 h, with continuous shaking. The extracts
were cleared by filtration, and their absorbance at 530 nm was detected with a spectropho-
tometer and compared to a cyanidin-glucoside standard purchased by Extrasynthese
(Genay, France).

2.4. HPLC Analysis

The total polyphenolic extract components, including phenolic acids (chlorogenic acid),
dihydro-chalcones (phloretin-glucosides), anthocyanins (cyanidin-glucosides), flavonols
(quercetin 3-O-ramnoside, quercetin 3-O-glucoside), flavanols (catechin and epicatechin)
and procyanidins, were identified and quantified with reversed-phase liquid chromatogra-
phy using a Dionex chromatograph (Dionex Corporation, Sunnyvale, CA, USA), equipped
with a P680 quaternary pump, manual injector (Rheodyne) with 20 μL loop, TCC-100 ther-
mostat oven and PDA-100 photodiode array detector, and controlled using Chromeleon
software (version 6.50). The separation was carried out at 30 ◦C with a Dionex Acclaim®

120 C18 column, 5 μm, 120 Å (4.6 × 250 mm). Optimized conditions were determined
by flow injection analysis (FIA) of standard solutions at three different concentrations,
ranging from 0 to 100 mg/L. Separations were performed by the mobile phase consisting
of a ternary gradient: solvent A = 50 mM ammonium dihydrogen phosphate (99% pu-
rity) acidified to pH 2.6 with phosphoric acid (≥85% purity); solvent B = 20% solvent A
and 80% acetonitrile (99.9% purity); solvent C = 0.2 M orthophosphoric acid (85% purity)
acidified to pH 1.5 with NaOH (99.99% purity). All the HPLC reagents were supplied by
the Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Samples were introduced into
the column using a single injection with a 20 μL sample loop. The phenolic compounds
were identified based on their elution order and the retention times of pure compounds
and the characteristics of their UV–visible spectra. Catechin, epicatechin, procyanidin
B1, procyanidin B2, quercetin-glucoside, cyanidin-glucoside, cyanidin 3-galactoside, phlo-
rizin, chlorogenic acid, p-Coumaryc acid and caffeic acid standards were purchased at
Extrasynthese (Genay, France).

2.5. Fruit Fly Strains and Treatments

All assays were performed using OrR wild-type stock obtained from the Bloomington
Drosophila Stock Center (BDSC) at Indiana University (Bloomington, IN, USA). Flies
were raised on a standard corn meal agar food (pH 5.5) at 25 ◦C. For the assays, which
involved the exposure of embryos and larvae to apple polyphenols (APs), the fly diet
was prepared by mixing the above standard food with 1.5, 3.0 or 5.0 mg/mL APs. For
all the treatments, vials containing 10 mL of standard or AP-enriched diet were used.
Experiments were conducted with only 1.5 and 3.0 mg/mL AP concentrations since it was
preliminary assessed that the 5.0 AP concentration was harmful to the normal development
and survival of flies.
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One- to five-day-old flies were used in the experiments involving adult animals.

2.6. Developmental Assay

Larval development in all sets of treatments was checked every 24 h, and the number
of pupae and emerging offspring, with dates of occurrence, were recorded.

2.7. Lifespan Assay

Flies were grown in either standard food or APs-enriched food from egg deposition
to eclosure [34]. A total of 100 emerged offspring per treatment were collected and used
for lifespan assays. Newly eclosed flies from each treatment were divided and housed
in 10 vials (10 flies per vial). The flies were no longer exposed to APs-enriched food
throughout their life. Every 2–3 days, flies were transferred to fresh food and deaths were
recorded until all flies died.

2.8. Stress Assay

A total of 100 flies per treatment were used for the starvation assay. Adult flies were
housed in vials containing 2% agarose, to provide moisture, without any energy source.
Deaths were recorded every 4 h.

2.9. Size and Weight of Emerged Offspring

For size measurements, 100 flies per treatment were randomly selected from the
population of emerged offspring. Fly length was measured from the top of the head to
the end of the abdomen on graph paper. To determine weight, female and male adult
individuals were separately weighed using a Sartorius SE2 Ultra Micro Balance (Bradford,
MA, USA) in groups of 10 (n = 100 per treatment, per sex).

2.10. Mitotic Index

Brains from third instar larvae were dissected in hypotonic solution (0.8% sodium citrate)
and fixed at room temperature in a freshly prepared mixture of acetic acid/methanol/H2O
(11:12:2) for 30 s. Single fixed brains were then transferred into small drops of 45% acetic
acid on a clean, dust-free non-siliconized coverslip for 2 min. A clean slide was lowered onto
the coverslip and gently squashed. The slide was frozen in liquid nitrogen, the coverslip was
removed with a razor blade, and the slide was immediately immersed in absolute ethanol
at −20 ◦C for 15 min. Slides were air-dried and stained with 0.2 μg/mL DAPI fluorochrome
(Sigma-Aldrich Chemical Co, St. Louis, MO, USA) in 2x saline sodium citrate (20x = 0.15 M
NaCl, 0.015 M sodium citrate) to detect chromatin and mitotic figures [35]. The mitotic index
was defined as the number of mitotic cells per optical field [36]. The optical field was the
circular area defined by a 100× Zeiss objective/1.30 Plan-NEOFLUAR, using 10× oculars
and the Optovar set at 1.25 (Zeiss Axiophot microscope). Every optical field occupied
by brain tissue was scored (three brains each slide, from at least 50–100 optical fields per
slide per treatment). DAPI fluorescence was observed using 375/28× nm excitation filter
(Chroma Technology Corp., Bellows Falls, VT, USA).

2.11. Climbing Assay

The climbing ability test was conducted on young adult fruit flies. For each experiment,
a group of 10 flies was placed in an empty vial and given 30 s to climb up. A horizontal
line was drawn 17 cm above the bottom of the vial. The number of flies per treatment that
could climb from the bottom to above the 17 cm mark in 10, 20 and 30 s was recorded as
percentage of total flies. The test was performed three times in young adults between 1 and
5 days after eclosure.

2.12. Statistical Analysis

Different statistical tests were applied to different experimental assays.
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Total polyphenol content: Anova + post hoc LSD test; Anthocyanin content: Two-tailed
Mann–Whitney U test; HPLC analysis: t test and two-tailed t test; Lifespan: Pairwise log-rank
test, fdr correction; Starvation: Two-tailed Mann–Whitney U test, fdr correction; Larval length:
Mann–Whitney U test, fdr correction; Larval weight: Two-tailed t test; Mitotic index: Fisher’s
exact test, fdr correction; Climbing assay: Fisher’s exact test.

3. Results

The experiments reported in this study aimed to evaluate the effects of polyphenols
extracted from three different apple varieties, TR, Annurca and Fuji, on several biological
parameters. The lyophilized polyphenol extracts were diluted in the Drosophila standard
food. The reported polyphenol concentrations refer to the final dilution of the extracts
in 10 mL of standard corn meal agar food (see Material and Methods). In preliminary
experiments, we assessed that the extract concentration of 5 mg/mL was harmful to the
normal development and survival of flies, showing toxic effects that caused massive lethal-
ity. For this reason, we reported in detail only the results obtained with the concentrations
of 1.5 and 3 mg/mL.

3.1. Apple Polyphenol Extracts Characterization

The scenario depicted by the total polyphenol content detected in the fruit flesh of the
three apple cultivars (Table 1), highlighted that the TR flesh accumulates higher amounts
of these compounds, more than 1.5 times that of the Annurca flesh content and three times
that of Fuji flesh. In particular, the differences are even greater if we take into consideration
the anthocyanin content detected in the fruit flesh of the three cultivars; therefore, the
TR anthocyanin content (4 mg per 100 g of fresh weight) was 16 times greater than that
of Annurca, whereas in Fuji, no anthocyanin content was detectable. The anthocyanin
enrichment of TR fruit flesh is likely responsible of the red variegation of the pulp that can
be clearly visualized in the longitudinal fruit sections of TR that is absent in the Fuji and
Annurca pulp (Supplementary Figure S1).

Table 1. Total polyphenol and anthocyanin detected in the flesh of apple fruit of the cultivars studied.
The content of polyphenol is expressed as mg of Gallic Acid equivalent for 100 g of fresh weight of
flesh. The content of anthocyanin is expressed as mg equivalent of cyanidin 3-glucoside for 100 g of
fresh weight of flesh. Values represent the average ± S.D. For total polyphenol content, Anova + post
hoc LSD test was used to assess the significance of the observed differences in the three cultivars.
Anova: F = 89.621, p < 0.001; a vs. b, a vs. c, and b vs. c: LSD p ≤ 0.001; For the difference in
Anthocyanin content: d vs. e p < 0.001, Mann–Whitney U test.

Compound Fuji Tuscia Red Annurca

Total Polyphenol
(mg GAE/100 g fw) 101.7 ± 6.8 a 316.8 ± 28.4 b 183.6 ± 39.7 c

Anthocyanin content
(mg Cy3Glu/100 g fw) N.D. 4.234 ± 0.643 d 0.256 ± 0.078 e

Given the low total polyphenol content of Fuji flesh, further analytical analyses were
limited to TR and Annurca apples. HPLC-DAD analysis results showed relevant differences
in phenolic compound assortments of apple fruit flesh between TR and Annurca (Table 2).
Hydroxy-cinnamic acids predominated in both varieties, principally due to the high levels
of chlorogenic acid, whose concentration in TR fruit attains about double that of Annurca.
Epicatechin and procyanidin B2 showed the highest concentrations in comparison to the
other flavanols, while the catechin content was very low in both varieties. As a whole, the
TR red fleshed fruits showed higher levels of total flavanols in comparison to Annurca
(more than three folds).
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Table 2. Polyphenolic content and identification by HPLC analysis in Annurca and Tuscia Red fruit
flesh. Numbers following the ± symbol indicate the standard deviation. Values are expressed as mg
of compound per 1 kg of fresh weight. Values significantly different (p < 0.05) between Tuscia Red
and Annurca are indicated by * (two-tailed t test) or by ** (t test), which are placed to the side of the
higher value. Examples of chromatograms of three representative compounds in the two cultivar
fleshes are reported in Supplemental Figure S2.

Compounds (mg/Kg fw) Apple Variety

Annurca Tuscia Red

Cholorogenic acid 1439.2 ± 225.7 2427.5 ± 574.2
Coumaryl-quinic acid 203.4 ± 69.6 491.2 ± 160.9 *
Other hydroxyl-cinnamics 39.4 ± 15.4 68.4 ± 28.8
Total hydroxyl-cinnamics 1682.1± 310.7 2987.1 ± 763.9
Catechin 3.7 ± 1.2 17.2 ± 7.3 *
Epicatechin 107.5 ± 24.6 317.8 ± 110.2 *
Procyanidin B1 71.4 ± 21.4 194.7± 56.8 *
Procyanidin B2 146.5 ± 30.7 498.8 ± 169.0 *
Other procyanidins 81.4 ± 2.2 465.8 ± 33.7 *
Toal flavanols and procyanidins 410.5 ± 80.2 1494.3 ± 377.0 *
Cyanidin 3′-5′ diglucoside 0.0 12.6 ± 6.4 **
Cyanidin 3′-galactoside 0.0 64.1 ± 27.6 **
Other cyanidins 0.0 6.6 ± 0.3 **
Total anthocyanin 0.0 83.3 ± 34.2 **
Quercitin 3′ glucoside 2.8 ± 2.3 11.5 ± 6.6
Quercitin 3′ ramnoside 5.5 ± 4.0 11.6 ± 6.9
Total flavonols 8.4 ± 6.4 23.1 ± 13. 0
3′ hydroxyl-phloretin-glucoside 52.5 ± 10.2 42.2 ± 11.8
3′ phloretin-xyloglucoside 119.5 ± 42.4 * 23.5 ± 12.8
Phlorizin 31.4 ± 16.9 62.1 ± 27.0
Total di-hydro chalcones 203.4 ± 69.5 127.8 ± 41.7
Total polyphenols 2326.2 ± 466.7 4617.9 ± 1166.3 *

Flavonols represent only the smallest component (<1%) of the total polyphenolic
content, with quercetin-glycosides the only flavonols found in the flesh of the two cultivars.

As expected, phloretin-glycosides represented only a small part of the phenolic com-
position of the apple flesh in both varieties, but with interesting differences; phloretin-
xyloglucoside showed much higher levels (5:1) in Annurca than in TR, while phlorizin
(phloretin-glucoside) content in TR was double that of Annurca.

Exclusive to TR was the accumulation of anthocyanin in fruit flesh. The main accumulated
anthocyanins were cyanidin-3-galactoside, and to a minor extent cyanidin 3′-5′ diglucoside.

3.2. Apple Polyphenols Do Not Impact Drosophila Development

The effect of apple polyphenol (APs) from Fuji, Annurca and TR apple on Drosophila
development was evaluated by feeding embryos and larval stages with a normal diet
(basal diet BD) supplemented with APs at two doses. We monitored the duration of the
following stages: from egg laying until the emergence of the 3rd instar larvae, from the
3rd instar larvae to pupation, from pupation until the eclosion of adults. APs extracts from
all cultivars at both stages produced no significant effects on larvae development, pupation
and emergence of adults (data not shown).

3.3. Apple Polyphenols Extend Adult Fly Lifespan

To test the effect of apple APs on lifespan, flies were fed with APs from the three
different cultivars at 1.5 and 3 mg/mL, during larval development only. The emerged
offspring was transferred to normal food and the life duration was recorded as (i) day of
the last surviving fly death, (ii) day of 50% survivors and (iii) mean lifespan. APs extracts
from the three different cultivars at both concentrations showed a lifespan extension of the
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last surviving individual as compared to normally-fed flies (Figure 1), with the 3 mg/mL
APs diet (Figure 1B) effect greater than that of 1.5 mg/mL diet (Figure 1A).

Figure 1. (A,B) The effects of 1.5 (A) and 3.0 (B) mg/mL APs from the three different apple cul-
tivars on D. melanogaster lifespan. In the vertical axis, the number of surviving flies is reported;
in the horizontal axis, days from the adult emergence until the fly death are reported. (C) In the
table, the max lifespan of the last surviving individual, the day at which 50% of the original pop-
ulation still survived and the mean lifespan are reported. BD = basal diet with no supplement.
NS = non-significant; S = significant. Statistical analysis (pairwise log-rank test, fdr correction) was
applied to the differences in survival curves (3.0 mg/mL) between BD-fed and APs-fed flies. Tuscia
Red vs. BD, p < 0.01; Fuji vs. BD, p < 0.001; Annurca vs. BD, p = 0.01.

However, statistical analysis showed that only the 3 mg/mL APs diet produced a
significant increase in this parameter as compared to the basal diet (Figure 1C).

3.4. Apple Polyphenols Ameliorate Fly Resistance to Caloric Restriction

The survival to food deprivation of 100 animals for each experimental point was
recorded daily.

Flies that emerged from APs food at both 1.5 (Figure 2A) and 3 mg/mL (Figure 2B
were significantly more resistant to starvation than normally-fed flies, except for 1.5 mg/mL
Annurca polyphenol extracts, which significantly reduced the resistance to starvation as
compared to normally-fed animals. Moreover, comparing the effects on starvation of the
different apple varieties with each other showed significant differences (p < 0.001, pairwise
comparisons) and a different ranking within the two concentrations, with Fuji > TR > Annurca
with the lowest concentration and Annurca > Fuji > TR with the highest.
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Figure 2. The effect of 1.5 (A) and 3.0 (B) mg/mL APs from the three different apple cultivars on
D. melanogaster survival to starvation. Graphic representation of the data is on the right of each table.
BD = basal diet with no supplement. All the differences between APs-supplemented diet vs. BD-fed
animals were significant. * Mann–Whitney U test, fdr correction. ** Note that the Annurca extract
reduced the resistance to starvation.

3.5. Apple Polyphenol Effects on Offspring Size and Weight

To test the effects of APs from the three apple cultivars on Drosophila body morpho-
logical parameters, we measured the body length of larvae and the weight of adults. With
regards to length, at least 60 larvae were measured (mm) for each experimental point. Third
instar larvae grown on APs-supplemented food, showed a significant reduction in body
length as compared to controls at both APs concentrations of the three apple cultivars
(Table 3).

Table 3. The effect of 1.5 mg/mL (A) and 3.0 mg/mL (B) APs from the three different apple cultivars
on D. melanogaster 3rd instar larvae length. BD = basal diet with no supplement. * Mann–Whitney U
test, fdr correction: APs vs BD.

A

BD Fuji Tuscia Red Annurca
Larval length 3.9 3.7 3.8 2.9
p values * APs vs. BD <<0.001 <0.001 <<0.001

B

BD Fuji Tuscia Red Annurca
Larval length 3.9 3.0 2.7 2.6
p values * APs vs BD <<0.001 <<0.001 <<0.001

Concerning weight, a significant reduction was observed in females fed with APs
extracts from the three cultivars at both concentrations (p ≤ 0.01), except for TR polyphenol

240



Antioxidants 2022, 11, 2086

extracts at the lowest concentration (Table 4). Notably, no significant effect on the weight of
adult males was observed with APs at either dose. As expected, weight scores of females
were significantly higher than that of males (p < 0.001) in both BD and APs series.

Table 4. The effect of 1.5 (A) and 3.0 (B) mg/mL APs from the three different apple cultivars on
D. melanogaster adult weight. BD = basal diet with no supplement. * The weight of groups of ten
male or female individuals is reported. At least 8 groups for each experimental point were recorded.
s and ns denote whether or not the mean weight difference between the BD-fed and APs-fed flies is
significant (p ≤ 0.01, two-tailed t test). Male mean weight is significantly lower than that of females
(p < 0.001, two-tailed t test).

A

Weight (g) *
BD Fuji Tuscia Red Annurca

females males females males females males females males
Average 0.0085 0.0055 0.0070 s 0.0048 ns 0.0079 ns 0.0055 ns 0.0062 s 0.0052 ns

SD 0.0010 0.0014 0.0014 0.0008 0.0018 0.0009 0.0009 0.0015

B

Weight (g) *
BD Fuji Tuscia Red Annurca

females males females males females males females males
Average 0.0085 0.0055 0.0069 s 0.0053 ns 0.0071 s 0.0052 ns 0.0069 s 0.0049 ns

SD 0.0010 0.0014 0.0014 0.0016 0.0005 0.0014 0.0010 0.0004

3.6. Apple Polyphenols Affect Drosophila Mitotic Cell Cycle

To analyze the mitotic cell cycle, brains from the 3rd instar larvae were dissected and
fixed for subsequent cytological observation. The mitotic index was defined as the number
of mitotic cells per optical field (see M&M). We observed a highly significantly (p < 0.001)
reduced proliferation rate of neuroblasts in the larvae fed with both concentrations of APs,
when compared to larvae fed with the basal diet (Table 5). The higher APs concentration
showed a significantly more pronounced effect than the lower concentration of Annurca
and TR APs (p < 0.05), but not of Fuji.

Table 5. The effect of 1.5 (A) and 3.0 (B) mg/mL APs from the three different apple cultivars on
D. melanogaster larval brain mitotic index. BD—basal diet with no supplement. P—Fisher’s exact test,
fdr correction.

A

APs 1.5 mg Mitotic Divisions Optical Fields Mitotic Index p APs vs. BD

BD 216 200 1.08
Fuji 51 220 0.23 <<0.001

Annurca 79 308 0.26 <<0.001
Tuscia Red 88 306 0.29 <<0.001

B

APs 3 mg Mitotic Divisions Optical Fields Mitotic Index pAPs vs. BD

BD 216 200 1.08
Fuji 56 290 0.19 <<0.001

Annurca 31 200 0.15 <<0.001
Tuscia Red 37 200 0.18 <<0.001

3.7. Apple Polyphenol Impact on Drosophila Climbing Ability

The climbing ability assay was conducted to evaluate the effect of APs extracts on
locomotor function in fruit flies. The data showed that APs had only a slight effect on
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the motor skills of same-age adult flies, except for Annurca AP-fed flies, which showed a
significantly reduced climbing ability, more pronounced with 3.0 mg/mL extracts (Table 6).

Table 6. The effect of 1.5 (A) and 3.0 (B) mg/mL APs from the three different apple cultivars on adult
D. melanogaster climbing ability. T is indicated as the time in seconds from the start of the experiment
when all the flies were at the bottom of a graduated cylinder. The % values refer to the percentages of
flies achieving the height of 17.5 cm in the indicated time. The test was reproduced three times with
flies of the same age. BD—basal diet with no supplement. p value APs vs. BD, Fisher’s exact test:
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001.

A

APs 1.5 mg T10% T20% T30%

BD 85 90 100
Fuji 80 95 100

Annurca 40 (*) 95 100
Tuscia Red 90 90 100

B

APs 3.0 mg T10% T20% T30%

BD 85 90 100
Fuji 35 (**) 90 100

Annurca 5 (***) 50 (*) 65 (*)
Tuscia Red 70 100 100

4. Discussion

The total polyphenol content in the TR apple variety was by far higher than that in
Annurca and Fuji. This is particularly true for anthocyanin content (Tables 1 and 2). As
our analyses were performed on fruit flesh only, deprived of the peel, our observations
clearly explain why the TR pulp is reddish (Figure S1) in comparison to the white pulp of
the two other varieties.

Hydroxy-cinnamic acid predominance in the TR and Annurca varieties, as revealed by
HPLC, is partially in contrast with other works [37,38], where the predominant class was
flavanols. This difference could be partially explained by the slightly acidified extracting
phase used, which could have major affinity to Hydroxy-cinnamics rather than to flavanols
and also to the absence of peel in our fresh material for extracts. The accumulation of
these phenolic acids is mainly responsible for the increased total phenolic content of TR
and Annurca with respect to other white fleshed varieties. The predominance of flavanols
among the flavonoid class in both TR and Annurca was in accordance with that found in
other cultivars [37].

The main action of polyphenols in eukaryotic cells is that of scavenging reactive
oxygen species (ROS), which may cause an imbalance in the redox homeostasis that finally
results in oxidative stress [39].

The present results show that when apple polyphenols were added to the diet of
laboratory populations of D. melanogaster, they affected a series of biological parameters,
such as lifespan, resistance to starvation, morphometrical measures and mitotic index.

The APs-rich diet caused a slight but not significant delay in the sequential stages
of animal development for a total of one day for each stage. In other words, the one-day
delay accumulated by the 3rd instar larvae (the first monitored developmental stage) is
maintained in later stages without any further retardation. The cause of this development
delay is likely due to the slow-down of the cell cycle (see below).

Regarding the APs effects on the Drosophila lifespan (Figure 1), all the parameters
we tested, i.e., mean life duration, the day at which 50% of flies still survived, and the
day of death of the last surviving individual, were increased by the higher concentration
(3.0 mg/mL) of polyphenols from all the apple cultivars we tested. The lower APs concen-
tration (1.5 mg/mL) caused an extension of the lifespan of the last survivors but did not
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significantly affect the other two parameters. These results support those of Peng’s research
group who demonstrated the effect of blueberry [40] and apple [41] polyphenols on the
extension of the Drosophila lifespan.

Resistance to starvation and to oxidative stress are positively correlated [42]. Thus, it
is not surprising that the AP-rich diet prolonged the fly survival to starvation (Figure 2).
Intriguingly, Annurca extracts at the lowest concentration reduced the resistance to starva-
tion with respect to normally-fed individuals, whereas at the highest ones, proved to be the
most efficient AP to counteract starvation. Contrary to our results, Lopez et al. [34] reported
that 10 mg/mL of green tea polyphenols sensitized flies to starvation. This discrepancy
might be well-ascribed to the high dose of polyphenols used in Lopez’s experiments as
compared to ours. In fact, we showed that our polyphenol extracts at the concentration of
5 mg/mL severely affected fly development and viability.

Morphometrical parameters were clearly affected by the APs-rich diet, which had an
impact on both larval length and weight.

Flies fed with the APs-rich diet showed a reduction in the body length of the 3rd instar
larvae, with respect to the normally-fed ones (Table 3). The difference is significant at
both AP concentrations for all three cultivars. The two APs concentrations exhibited a
clear dose–effect correlation (p < 0.001). The reduced larval size is fully consistent with
the reduction in the body weight of adults, although with a significant difference between
female and male individuals (Table 4).

In fact, both females and males showed a weight reduction with respect to basal
diet-fed flies, but the difference was significant only for females with both concentrations,
except for the lowest concentration of TR extracts. It is well-known that D. melanogaster
male individuals have a body size consistently smaller than that of females and, hence,
a body weight less than that of females [43]; thus, it makes sense that the APs-induced
reduction in body weight is less pronounced in males than in females, since in the former
the body weight cannot likely lower beyond a given survival threshold.

These results confirm and extend the observation of Lopez et al. [34], who reported a
similar reduction in body size in flies fed with green tea polyphenol extracts, even though
they used a higher concentration (10 mg/mL) than ours (1.5 and 3 mg/mL). Moreover,
making these comparisons, it must be taken into account that the composition and content
of polyphenols varies in green tea vs. apple extracts. By indirect evidence, the authors
argue that the polyphenol-induced reduction in fly body size was due to a relenting of cell
division rate and, hence, to the reduction in the body cell number [34]. Our results strongly
reinforce this hypothesis that the decrease in cell division rate may be the cause of fly body
size reduction since we actually observed a dramatic, statistically highly significant, drop-
down of mitotic index in flies fed with the APs diet at both APs concentrations (Table 5).
In this context, it must be emphasized that in D. melanogaster, the strict dependence of the
diminution of body size from the decline in cell division rate is a well-known, common
characteristics shared by Minute mutants [44], which harbor mutations in one of the genes
encoding for ribosomal proteins [45,46]. The action of polyphenols on the mitotic cycle led
many laboratories to investigate the effects of these compounds on cancer cells [47]. The
inhibitory effect on the cell cycle progression was demonstrated in cancer cells in culture
for green and black tea and rosemary polyphenols [48–50]. Many studies demonstrated
that polyphenols derived by different plants may arrest cell cycle progression in metaphase
or cause mitotic catastrophe [51–53]. Our observations contrast with the above results,
since polyphenols from all three apple cultivars induced a relenting not an arrest of the
cell cycle, as shown by a dramatic reduction in the number of mitotic figures instead of
an accumulation of metaphases. Additionally, the few mitotic figures we observed were
appeared normal, with no evidence of mitotic catastrophe. Moreover, as far as we know,
the demonstration of a similar effect of polyphenols on the cell cycle of normal cells in vivo
was never reported in the literature.

As a behavioral test of the APs diet effect, we took into consideration the climbing
ability of D. melanogaster adults (Table 6). Only Annurca APs negatively impacted the
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climbing ability. The literature data on the effects of polyphenols on climbing ability were
mostly focused on the rescue of pathological, locomotory phenotypes of neurodegenerative
disorders that were mimicked in the fruit flies either by chemical treatment [40,41] or by
transgenic manipulation [54]. Studies on wild-type D. melanogaster adults demonstrated
that the apple-derived polyphenol Phlorizin is able to partially rescue the age-related
climbing ability decline [55]. However, the effect of phlorizin did not appear before 30 days
of age of the animals; thus, it is not surprising that the locomotor skills of the young animals
(1–5 days old) used in our experiments were not influenced by APs extract feeding.

A comparative analysis of the effects of the three cultivars (see synoptic Table 7),
evidenced a general uniformity of effects on the considered characters, the most striking
difference being the just mentioned negative effect exerted by Annurca polyphenol ex-
tracts on locomotory skills. This adverse effect could be ascribed to some cultivar-specific
metabolite, which can be resolved by a high throughput, differential metabolomic analysis
(manuscript in preparation).

Table 7. Synopsis of the effects of the three different apple varieties at two concentrations (1.5 and
3.0 mg/mL) on various D. melanogaster biological parameters. Data were compared to those of basal
diet-fed animals and only significant values were considered. + indicates an incremental by APs diet
effect on the considered parameter; – indicates a lowering and – – a highly lowering effect on the
considered parameter; 0 indicates no effect on the considered parameter.

Annurca Fuji Tuscia Red

1.5 3.0 1.5 3.0 1.5 3.0
Development timing 0 0 0 0 0 0
Mean lifespan 0 + 0 + 0 +
Resistance to starvation – + + + + +
Larval size – – – – – –
Weight (females) – – – – 0 –
Mitotic index – – – – – – – – – – – –
Climbing ability – – 0 0 0 0

In conclusion, looking for a possible primary effect underlying the other effects exerted
by apple polyphenols, it can be considered that the drastic reduction in mitotic index may
well be responsible for the diminution in both body size and adult weight. The correlation
between mitotic index and lifespan is more obscure. However, evidence was reported in
yeast that the cell division rate is inversely related to the lifespan of the individual [56,57].
Even though considering that yeast is a unicellular eukaryote, the above observations
support our ones in that APs induced both a dramatic slowing of the cell cycle and a
significant increase in the lifespan.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11112086/s1, Figure S1: Comparison of the fruits of the three
apple varieties used in the study; Figure S2: Examples of chromatograms for three representative
compounds extracted from the pulp of Tuscia Red and Annurca apple varieties.
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Abstract: In this study, the water extract of Cordyceps militaris (Linn.) Link (CM) was used as a func-
tional material to investigate the inhibitory mechanisms on B16F10 and lung metastatic melanoma
(LMM) cells. Reducing power, chelating ability, and 2,2-diphenyl-2-picrylhydrazyl (DPPH) assays
were applied for antioxidative capacities, and we obtained positive results from the proper concentra-
tions of CM. To examine the ability of CM in melanoma proliferation inhibition and to substantiate
the previous outcomes, three cellular experiments were performed via (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, MTT, a tetrazole) assay, cell migration, and invasion evaluation.
The addition of CM to the incubation medium increased the number of CD8+ T cells significantly,
which improved the immunogenicity. This study showed that CM exhibits various biological ca-
pabilities, including antioxidation, anti-tumor, tumor invasion suppression, and T cytotoxic cell
activity promotion.

Keywords: Cordyceps militaris; B16F10; lung metastatic melanoma; tumor microenvironment; T cell

1. Introduction

Many studies show that the reactive oxygen species (ROS) in the tumor microenvi-
ronment is a double-edged sword for cancer curing. Different ROS levels lead to different
outcomes to various aspects of cancer. When the tumor microenvironment has a higher
ROS level, it could induce inflammatory responses and prolonged ROS production could
lead to chronic inflammation. It can also cause a series of reactions to trigger tumor progres-
sion and metastasis [1]. Moreover, the amount of oxidative stress increase can also elevate
the resistance of cancer cells to drugs [2]. Still, the excessive rise of oxidative stress could
damage cells to death directly by promoting apoptosis. In contrast, the cancer cell could
also activate the apoptosis process when the tumor microenvironment has a mild ROS level,
which is lower than the minimum requirement for the cellular response. Some studies
confirm that a sharp ROS level decrease could significantly inhibit cell proliferation [3,4].
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Melanoma is an aggressive tumor that quickly metastasizes and strongly resists
chemotherapy drugs. This characteristic has caused the survival rate of patients to re-
main low in recent years [5] Even though the current medical treatments are not effective
enough to treat metastatic melanoma, stimulation of the cancer cells’ death is an effective
strategy for cancer chemotherapy. The process of causing cell death is named programmed
cell death, which has two forms: autophagy and apoptosis. The main differences between
autophagy and apoptosis are the cell morphology and the metabolic pathway. Autophagy
is an evolutionary self-preservation mechanism through the dysfunctional cells removing
and recycling parts of them toward cellular repair [6]. Apoptosis changes in cell morpholog-
ical characteristics: cell contraction, roundness, and blistering of cell nuclei, condensation,
marginalization of chromatin, and undetectable transformations of cellular organelles, and
those changes cause cell death [7].

The water extract of Cordyceps militaris (Linn.) Link (CM, orange caterpillar fungus or
Yong Chong Cao in Chinese) is a medicinal fungus that belongs to the family of Cordycipi-
taceae. Various insects as a host can be infected by CM in the field, including lepidopteran
larvae and pupae. In addition, CM can be artificially cultivated on a rice medium to harvest
the sporocarp. Because the medicinal properties of CM are like those of Cordyceps sinensis
(CS), it is used widely as an alternative to CS in health-promoting supplements. Cordyceps
sinensis (CS) is a fungal parasite from lepidopteran larvae. The fungus attacks the caterpil-
lar in late autumn and devours the host leisurely. By early summer, the fungus-infected
caterpillar is dead, and the fruiting body sticks out of its head. Moreover, its particular life
cycle is called Cordyceps Sinensis in Chinese [8]. Furthermore, recent reports have revealed
that both CM and CS have anti-inflammatory and antioxidative effects. Cordyceps has a
significant impact. Cordycepin, as a biologically active compound of Cordyceps militaris,
is very similar in structure to cellular nucleosides and adenosine and contains a purine
(adenosine) nucleoside molecule linked to a ribose moiety, which acts as a nucleoside
analogue [9,10]. In addition, also because cordycepin alone is widely explored for its
anticancer/antioxidant activity, it has strong pharmacological and therapeutic potential to
cure many dreaded diseases in the future, such as respiratory [11], renal [12], hepatic, and
nervous system diseases [13]. Therefore, we assume a couple of combinations in CM could
provide antioxidation functions [14]. Many valuable chemicals in natural products could
interact to show anti-cancer ability, activate the immune system, and promote the progress
of apoptosis [2,15]. Moreover, the interactions between the chemicals in natural products
are not precise yet, and it is challenging to figure out the process.

T cells play an essential role in the immune system because they have an exact and
circumspect mechanism to adjust the programmed cell death of cancer cells. Therefore, T
cells can ensure no harm to the host during the process at any stage during the apoptosis [16].
Furthermore, some studies confirm that activating T cells could be an excellent strategy
to cure malignant tumors, especially melanoma because a robust immune response could
be mobilized by melanoma generally [12,16]. Therefore, this study will investigate the
function of CM in antioxidant, anti-melanoma, and stimulating the capability of CD8+
T cells.

2. Materials and Methods

2.1. Reagents

1,1-Diphenyl-2-picrylhydrazyl, dimethyl sulfoxide (DMSO), potassium ferricyanide,
trichloroacetic acid, ethylene diamine tetra-acetic acid, horseradish-peroxidase, FeCl3,
FeCl2·4H2O, fetal bovine serum (FBS), and Vitamin C were obtained from GIBCO BRL
(Gaithersburg, MD). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and 5(6)-carboxy-2′,7′-dichlorofluorescein diacetate (DCFDA) were purchased from Sigma
Chemical.
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2.2. Cell Lines and Cell Culture Materials

B16F10 melanoma cells were purchased from the Bioresource Collection and Research
Center (BCRC, Hsinchu, Taiwan). The generation of LMM is based on the injection of
B16F10 from the tail vein of mice. After waiting for 3–4 weeks to establish the tumor, it can
extract the cancer from the lung and culture, which is LMM after subculture. B16F10 and
LMM were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich Corp.,
Burlington Township, NJ, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Sigma-Aldrich Corp. Burlington Township, NJ, USA), and 1% antibiotic-
antimycotic (100X) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and maintained at
37 ◦C in a 5% CO2 humidified incubator.

2.3. CM Extraction Process and Preparation

The CM was taken from the Mushroom Laboratory of the Taiwan Agricultural Re-
search Institute (TARI), Executive Yuan. Cordyceps militaris (Linn.) Link (strain number:
CM03) was kindly provided by Dr. Jin-Torng Peng and Yuegi Co. (Taipei, Taiwan). CM
was authenticated by Dr. Yun-Sheng Lu later cultivated under controlled temperature
(23 ± 4 ◦C) and humidity (80 ± 5%) at the Mushroom Laboratory of TARI, Taichung,
Taiwan.

Water extraction of CM was carried out by the collaborator Qiqi Industrial Co., Ltd.
The resulting product was freeze-dried at −40 ◦C and then pulverized with super micron.
After the vacuum sterilization, the vacuum decompression fusion was performed in an
environment below −60 ◦C, vacuum filtration and ultraviolet sterilization were used, and
the semi-finished products were finally stored at low temperature. The water was partially
concentrated and freeze-dried to obtain a stock solution (200 mg/mL). The diluted solution
was then used for the DMEM dilution (Figure 1).

Figure 1. The extraction process using freeze-drying technology.

2.4. Reducing Power Assay

This system was used to quantify the reduction ability of antioxidants. First, 100 μL
hydroxy anisole (BHA) was chosen to be a positive control. Then, 2.5 μL of the sample
solutions of different concentrations (1–1000 μg/mL) mixed with 85 μL potassium and
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2.5 μL potassium ferricyanide (20%, w/v) and phosphate buffer (0.2 M, pH 6.6), then let
stand at 50 ◦C for 20 min. The reaction was terminated by adding 160 μL of trichloroacetic
acid solution (10%, w/v) to the extractant. Later, 75 μL from the supernatant was removed
and added into a 96-well plate, then 25 μL of ferric chloride (0.2%, w/v) was added, and the
mixture was placed in the dark for 30 min. Finally, the absorbance value was measured at
700 nm. Results showed that when the absorbance level of the reaction mixture increases,
the reducing power of the sample gets stronger, and they are directly proportional [17].

2.5. Ferrous Ion Chelating Assay

The antioxidant properties of iron were analyzed by the results of iron chelation;
however, removal of iron ions is one of the things that can be achieved. In the medium of
chelating agent, the structure cause complex was destroyed, which caused the complex
ferrous ion to change from crimson restoration. The determination was based on the color
reaction of the complex of ferrous ion and ferrozine at 562 nm. The lower the absorbance,
the better the metal chelating activity. Then, 1 μL of CM of different concentrations
(1–1000 μg/mL) was taken and mixed with 10 μL of FeCl2 (2 mM), let stand for 5 min, then
69 μL of methanol and 20 μL (5 mM) of ferrozine were added. The sample was vigorously
shaken to start the reaction, later the mixture was kept at 25 ◦C for 10 min. The absorbance
value of the mixture was measured at 562 nm. EDTA was used as a positive standard [15].
The calculation formula was:

Scavenging activity (%) =

(
Acontrol − Asample

)

Acontrol
× 100%

where Acontrol = the absorbance of the control and Asample = the absorbance of the sample.

2.6. DPPH Radical Scavenging Activity Assay

The antioxidant activity of the samples was measured by using DPPH. A DPPH
solution (60 mM; 99 μL) in methanol was added to each compound’s solution (1 μL).
Vitamin C at 100 μg was set as a positive control. After 30 min, we measured the absorption
at optical density (OD) of 517 nm [4]. Free radical scavenging capacity (percentage) was
calculated according to the given formula above.

2.7. Cell Proliferation Assay by MTT Assay

The method used for the evaluation of the cell viability, proliferation, and cytotoxicity
was MTT assay. This method was based on the succinate dehydrogenase of the mitochon-
dria of living cells to reduce MTT to purple crystalline formazan (insoluble in water) and
deposit it in the cells, while dead cells do not react the same way as threatening cells. First,
in a 96-well plate, the cells were incubated at 1 × 104 cells/well for 24 h. After incubation,
the medium was removed then replaced with fresh medium and Cordyceps water extract
(1, 5, 25, 125, 500, and 1000 μg/well). After one more day of incubation, the supernatant
was removed, and 100 μL from 0.5 μg/mL MTT/DMEM solution was added to each well
and placed in the incubator for 2 h. Carefully the solution was removed, 100 μL DMSO
was added into the wells to dissolve the crystals, the well plate was placed on the shaker
plate, and the plate was gently shaken for 10 min in the dark. The absorbance value was
measured at 570 nm (BioTek, Shoreline, WA, USA) [18].

2.8. Detect Reactive Oxygen Species by DCFDA Stain

To detect that intracellular PMA upregulates the level of intracellular oxidative
stress, we used 2’,7’-dichlorofluorescein diacetate (DCFDA, Sigma-Aldrich Chemical Corp.,
D6883); The DCFDA stock solution was prepared by mixing it with DMSO, then diluted
into a working solution (20 μMol) containing PBS. The cells were cultured in a 6-well plate
at a density of 1 × 105 for 1 day, later treated with three different concentrations (5, 25, and
125 μg/mL) of water extraction of CM. The harvested cells were mixed with the working
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solution at 37 ◦C for 30 min and analyzed with a flow cytometer at 488 nm laser (Guava®

easy yet 5HT, Merck KGaA, Darmstadt, Germany). The fluorescence intensity of the cells
should be detectable at 530 nm [12].

2.9. Inhibiting Effects on Melanoma Cell Migration by Wound Healing Test

The cell migration experiment was completed mainly to detect the inhibitory effect
of the threatening analyte through the wound healing test, with minor modifications. In
short, 5 × 105 cells were seeded in a 6-well plate and incubated until grown to complete
confluence. Then, a 200 μL plastic pipette tip was used to form a clear wound. The area
was washed with PBS and then treated with the prepared sample. The cell crawling was
checked after 24 h of wound formation. Cell migration and movement through the wound
area were calculated by using the free software ImageJ [18].

2.10. Boyden Invasion Assay

The Transwell Invasion Test was used to study the influence of the analyte on the
invasion of melanoma cells. It was necessary to inoculate the top of Boyden’s Chamber
with a serum-free medium to be able to nurture B16F10 and LMM cells. The 8-micron holes
in the upper insert (ThinCert™, Greiner, Frickenhausen, Germany) were pre-coated with
the base matrix which was Matrigel. The cells were stored in three different concentrations
(5, 25, and 125 μg/mL) of CM and a solvent containing 10% FBS, which was regarded as a
control cell. Cells on the lower surface of the filter membrane needed to be fixed by using
paraformaldehyde and Giemsa staining counted to analyze the results [4].

2.11. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis

The fluorescent signal was generated by a unique probe formed as qRT-PCR, which
is a detection method using the StepOnePlus™ system (Thermo Fisher Scientific Inc.,
USA) fluorescence detection technology to sense each cycle. It detects and records the
fluorescence intensity of each cycle and calculates real-time quantitative data. For qRT-PCR,
the reaction mixture uses SYBR Green Master Mix (Qiagen, Valencia, CA, USA) using
primers and templates. We used TRIzol (Invitrogen, Waltham, MA, USA) to extract RNA
from B16F10 and LMM cells and then used a reverse transcription kit (Takara, Shiga, Japan)
to generate DNA. For qRT-PCR using primers, single-stranded DNA was formed from
the sample, then the primers were combined for dsDNA formation, and then SYBR Green
dsDNA (Roche, Basel, Switzerland) was added. All steps were repeated for 40 amplification
cycles, and the resultant was passed through the fluorescence detection system [18].

2.12. Western Blotting

In this step, 1 × 106 B16F10 cells and lung metastasis cells were seeded in 12 wells
and treated for 24 h. After treatment with Cordyceps overnight, the cells were collected and
lysed with lysis buffer (Thermo Scientific Pierce RIPA buffer) for cellular protein extraction.
The lysate was centrifuged at 1200 rpm for 15 min, and the protein concentration was
measured using the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used for the
protein separation then the proteins were electro-transferred on the gel to a polyvinylidene
fluoride (PVDF) membrane (Pall Life Science, Ann Arbor, MI, USA). The membrane was
blocked with blocking buffer (Pierce TOOL Speed PLUS blocking reagent) and washed
three times with TBST containing Tween-20 (Tris-buffered saline, pH 8.0) for 5 min each.
The membrane and the corresponding primary antibody were left on a shaker overnight at
4 ◦C, later washed 3 times, blocked again, and the corresponding primary and secondary
antibodies were shaken at room temperature for 60 min. West Femto Maximum Sensitivity
Substrate Kit (SuperSignal, Rockford, IL, USA) was used to visually detect the signal
through enhanced chemiluminescence (ECL) detection [12].
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2.13. Statistical Analysis

All experiments were performed in triplicate in each assay and expressed as mean ±
standard error. The difference between the control and Cordyceps-treated cells in the in vitro
assay was analyzed by Student’s t-test because p value < 0.05 was considered statistically
significant [12].

3. Results

3.1. Antioxidant Activities in CM

In this study, the antioxidative capabilities of CM were evaluated by reducing power,
ferrous ion chelating activity, and DPPH scavenging ability, which was used frequently
as detection for the eradication of free radical quantities by observing the color-change.
One of the CM bio functions was assumed as a powerful antioxidant, which played an
essential role in absorbing and neutralizing free radicals. The cell composition, such as lipid
and protein, would be oxidated because of the excessive construction and accumulation of
free radicals. There are different mechanisms to eliminate ROS: quenching singlet, triplet
oxygen, or decomposing peroxides, and those three assays could distinguish cases. Table 1
confirmed that CM had dose-dependent manner competencies in the three experiments
above, especially reducing power.

Table 1. Reducing power, ferrous ion chelating, and DPPH were used to test the ROS removing
ability in CM.

Concentration
(μg/mL)

Antioxidant Capacity

Reducing Power
(Absorbance at 700 nm)

Ferrous Ion
Chelating (%)

DPPH (%)

Positive control a,b,c 0.77 ± 0.16 96.86 ± 7.90 89.43 ± 0.65
1 0.23 ± 0.14 18.95 ± 2.13 12.53 ± 1.78
5 0.25 ± 0.08 26.26 ± 3.06 20.31 ± 0.24
25 0.29 ± 0.09 36.53 ± 3.61 31.73 ± 2.09

125 0.32 ± 0.16 52.99 ± 1.85 40.72 ± 3.67
500 0.54 ± 0.06 69.12 ± 2.59 50.87 ± 9.44

1000 0.60 ± 0.07 77.78 ± 6.80 69.70 ± 2.75
a BHA was used as a positive control on reducing power at 100 mM. b EDTA was used as a positive control on
ferrous ion chelating ability. c Vitamin C was used as a positive control on the DPPH assay.

The reducing power assay is a standard method for detecting the ability to lose elec-
tronics in the materials by altering color from yellow to green. The level of color diversity
depended upon the capability of the examined antioxidants. The Fe3+/ferricyanide com-
plex could be reduced into a ferrous form by the presence of a suitable substance. The
reducing power of various concentrations of CM is demonstrated in Table 1, which showed
a strong potential of reduction compared to the positive group. The consequence revealed
a linear bio-functional response in different suitable CM concentrations. For example, at
500 μg/mL CM, the antioxidant level exhibited higher than 50% of the antioxidant proper-
ties. The experiment demonstrated CM provided a strong potential in ROS elimination.

The ferrous ion chelating assay could examine the compounds as chelating agents
to disrupt the ROS construction by lightening the red complex. In addition, different
concentrations of CM would compare to the metal removal capability of EDTA, which is
the positive control. The ferrous ion chelating ability of CM presented a concentration-
dependent trend. At 125 μg/mL CM, the chelating power of metal exceeded 50%, which
was precisely 52.9% compared to the EDTA group. The chelating level rose slightly when
the consistency of CM escalated, and it was about 77.7% at 1000 μg/mL. However, the lower
concentration of CM could not expose enough antioxidative capacity. At the concentration
of 5 μg/mL, CM had a minor level (26.6%) compared to the positive control.

DPPH free radical scavenging system is a proven assay for evaluating the substance’s
capability as a hydrogen donor to remove the stable radical DPPH and turn it into diphenyl-
picrylhydrazine. Therefore, the assay color will shift from deep blue to light yellow when
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the element can absorb the free radicals. CM showed a limited antioxidant capacity, which
directly correlated with the CM dosages. The free radical emission capability was under
50% when 125 μg/mL CM was conducted, only 40.7% and 1000 μg/mL CM was 69.7%;
nevertheless, the antioxidative ability was proportional to the concentration of CM.

ROS promoted cancer cells to secrete various inflammatory factors, which could
strengthen the metastasis capability of cancer cells, increase the proliferation of vascular
endothelium, and inhibit the immune system. Furthermore, ROS could create the immuno-
suppression microenvironment of tumors because of the continuous oxidant generation. As
a result, cancer cells could continually develop and deteriorate. Therefore, the bio function
of alleviating chronic inflammation and preventing cancer was related to the existence of
antioxidants. The experiments above confirmed the adequate ability to eliminate ROS in
CM, which was more effective in reducing power. The ferrous ion chelating and DPPH
assay likewise had a mild ability in reducing oxidant.

3.2. Effects of CM on the Proliferative Viability of B16F10 and LMM Cells

In this study, two melanoma-related cell lines, B16F10 and lung metastatic melanoma
(LMM) cells, were incubated 24 h in 1, 5, 25, 125, 500, and 1000 μg/mL of CM independently.
The cell viabilities were tested by MTT assay, which could monitor the cell proliferative
viability in observing the color of chemical alternated into purple. Figure 2A,B illustrated
the results of the MTT assay for B16F10 and LMM separately in different CM concentrations.
In general, the increase of CM containing enhanced cell death rates in both cell lines. For
instance, the IC50 of B16F10 and LMM was around 25 μg/mL and 15 μg/mL CM in
Figure 2A,B. However, at the higher CM concentration, such as 500 μg/mL and 1000 μg/mL,
the cell viabilities in both types of melanomas were at ground levels, roughly 30% and the
cell death rates reduced insignificantly at 1 μg/mL CM. Thus, 1 μg/mL, 500 μg/mL, and
1000 μg/mL CM would be excluded, and 5 μg/mL, 25 μg/mL, and 125 μg/mL CM would
be conducted in the following experiments because the proliferative viability of B16F10 and
LMM decreased recognizably between 5 and 125 μg/mL CM. The results distinguished
that B16F10 cells were more sensitive to CM than LMM and approved the practical bio
function of CM as a dosage-related cell growth inhibitor in B16F10 and LMM.

3.3. CM Causes Apoptosis in B16F10 and LMM Cells

Many anti-cancer mechanisms are related to apoptosis, including the caspase pathways
and Bax/BCL2 proteins. Previous experiments in this study confirmed that CM could
diminish the cell viability in B16F10 and LMM, and the reason was assumed as apoptosis.
Therefore, the mRNA and protein of cleaved caspase-9, Bax, and BCL2 were detected in
Figure 2. The caspases were a group of intracellular proteases responsible for helping the
formation of apoptotic bodies during apoptosis, and the cleaved caspase-9s were situated
at critical junctions in the apoptosis pathway. When cytochrome c from mitochondria
was released, it triggered the activation of cleaved caspase-9s. B-cell lymphoma protein 2
(BCL2) and B-cell lymphoma protein 2-associated X (Bax) were two proteins related to the
cytochrome c release. BCL2 could prevent Bax from releasing cytochrome c and restrict
apoptosis downstream progress, resulting in cell survival. Some studies confirmed that a
high Bax/BCL2 ratio favors apoptosis.
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Figure 2. The cell viability of (A) B16F10 and (B) LMM was examined by MTT assay in different
concentrations of CM. The mRNA levels of cleaved caspase-9, Bax, and BCL2 in (C) B16F10 and
(D) LMM were tested after incubation in 5, 25, and 125 μg/mL CM. Protein levels of cleaved caspase-
9, Bax, and BCL2 in (E) B16F10 and (F) LMM were detected by Western blotting after 5, 25, and
125 μg/mL CM were conducted. The protein quantity of cleaved caspase-9, Bax, and BCL2 in (G)
B16F10 and (H) LMM were analyzed by ImageJ. *p < 0.05, ** p < 0.01, *** p < 0.005.

Figure 2C,D demonstrate the mRNA expression rate of cleaved caspase-9, Bax, and
BCL2 in B16F10 and LMM individually. Figure 2E,F show the Western blots of protein
quantity in cleaved caspase-9, Bax, and BCL2 in B16F10 and LMM and the protein accu-
mulation rate illustrated in Figure 2G,H. In Figure 2C,D, the mRNA expression rate of
cleaved caspase-9, Bax, and BCL2 in B16F10 and LMM enhanced because of the increasing
of CM concentration. The cleaved caspase-9 and Bax were activated sharply by CM in
both cell strings, but the BCL2 had only a mild increase. Figure 2G,H revealed that the
protein expression in both cell strains demonstrated the same tendency, and the Bax/BCL2
protein ratio escalated in different CM concentrations. The Bax/BCL2 ratio in the control
group of B16F10 and LMM were both approximately 1.3, but the percentage in both cell
lines increased over 1.5 when the 125 μg/mL CM was adopted; thus, CM could induce
apoptosis in tumor cells.

3.4. The Intracellular ROS Was Detected by DCFDA Staining

Intracellular oxidant stress was considered an essential motivation in inducing car-
cinogenesis. However, the relationship between cancer and ROS is complex. Some studies
proved that the apoptosis process in cancer cells could result from extreme ROS levels,
which means the superabundant or insubstantial level of ROS could lead to apoptosis.
Figure 3 illustrates the ROS level in B16F10 and LMM by DCFDA staining. Figure 3A dis-
plays the cellular morphological photos of B16F10 and LMM, and the analyzed results are
presented in Figure 3B. DCFDA can evaluate the intracellular ROS levels by the disclosed
fluorescent brightness, and the more ROS represented, the greater fluorescence produced.
Figure 3B shows that the ROS level decreased significantly because of the CM density
increase. Compared to the effects of CM toward B16F10 and LMM, B16F10 is more sensitive
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to CM existence, and the ROS level had a significant drop in the experiments. In contrast,
the LMM had more resistance toward CM.

Figure 3. (A) The oxidative pressure inner B16F10 and LMM were tested by DCFDA fluorescent
staining under a fluorescent microscope after conducted 5, 25, and 125 μg/mL CM. (B) The flu-
orescence intensity was analyzed in B16F10 and LMM after adopted 5, 25, and 125 μg/mL CM.
** p < 0.01, *** p < 0.005.

3.5. CM Inhibits LMM Migration

The main reason for cancer-associated death is cancer metastasis. Cancer cells can
escape from the primary tumors and invade neighboring tissues as metastases because of
the deregulation of cell migration. This research used the cell wound healing test and the
Boyden invasion assay to investigate horizontal and vertical aggression rates. Figure 4A
showed B16F10 and LMM in the microscopical photo of horizontal cell migration from the
beginning and 24 h after being treated by different concentrations of CM and analyzed the
results. In control, 5, 10, and 15 μg/mL CM, B16F10 mobility rates were 67.3%, 21.9%, and
12.56% and the cell mobility rates in LMM were 62.8%, 19.3%, and 14.5%. The experiment
showed CM could reduce the horizontal migration in B16F10 and LMM, and the inhibiting
rates were proportional to the CM concentrations. There were insignificant differences in
the horizontal cell migration rate between B16F10 and LMM.

Figure 4B shows the results of the Boyden invasion assay, which is evidence that
CM affected the vertical invaded rate in B16F10 and LMM. Different thicknesses of CM
treated the cells on the above plate, and they would invade the blow plate through the
semi-permeable membrane. Then, the cell quantity on the lower plate could be counted,
representing the vertical invasion level of tumors. CM increased the concentration while
the vertical aggressive rate in B16F10 and LMM regulated downward, around 25% of
migration rate was restrained in 125 μg/mL CM. Figure 4B confirms that CM could prevent
cell metastasis effectively in both B16F10 and LMM in the horizontal and vertical directions.
However, CM had better inhibition ability in the horizontal migration than in vertical
movement in B16F10 and LMM.
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Figure 4. (A) The horizontal migration ability of B16F10 and LMM were tested by wound healing
assay after co-incubating in different concentrations of CM. The results are shown in a microscope
photo and analyzed in a histogram. (B) The vertical invasion ability of B16F10 and LMM was
examined by Boyden invasion assay. The results are revealed in microscope photos and analyzed in a
histogram. * p < 0.05, ** p < 0.01, *** p < 0.005.

3.6. CM Increased the Efficacy of CD8+ T Cells

It was essential to generate durable memory CD8+ T cells in the tumor microenvi-
ronment for curing cancer. However, producing and regulating a functional CD8+ T cell
remained unknown [15]. This study revealed the relationship between CM, melanoma, and
T cell. The CD8+ and CD4+ cell markers were double-stained and divided the experiment
groups into four groups (Figure 5A). After 24 h, the ratio of CD8+/CD4+ was analyzed and
measured by a flow cytometer. The CD8+ and CD4+ were the markers of T cells, which
CD8+ and CD4+ cell markers could distinguish the difference between the cytotoxic T
cell (CD8+) and other types of T cell (CD4+). Therefore, the CD8+/CD4+ could represent
the related quantity of activated cytotoxic T cells. The T cells only cultured with CM had
a slightly higher CD8+/CD4+ ratio than the control group, but there was no significant
difference between those two groups (Figure 5B). In Figure 5C, T cells were incubated with
LMM, the number of cytotoxic T cells increased as twice the control group, which meant
LMM could activate the cytotoxic T cell. The last group included T cell, LMM, and CM into
the same plate, and the CD8+ ratio was sharply boosted, which was almost four times the
control group (Figure 5D). Those experiments confirmed the CM function in increasing the
T cell activities.
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Figure 5. The cells with CD8+ and CD4+ cell markers were measured in (A) T cells, (B) T cells
incubated with CM, (C) T cells cultured with LMM, and (D) T cells co-incubated with LMM and
CM by flow cytometry. (E) The histogram of the ratio of CD8+/CD4+ in the four experiment groups
above. * p < 0.05.

4. Discussion

Free radicals in the body are substances produced by oxygen metabolism and react
exceptionally with any armamentarium. This means ROS in cells needed to stay at a
dynamic level to proliferate cells and the superabundant and meagerly level of ROS could
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promote cell apoptosis either way [19]. When the free radical levels in the human body
exceed the normal levels, the chain reactions that may facilitate the oxidation of essential
substances could be triggered to eliminate the ROS into the average level. The healthy
human body contains chemicals protecting from free radicals and reduce possible harm.
These chemicals can reduce the rate of cell division and repair the damage caused by free
radicals in many cases [20]. Furthermore, tumor progression and metastasis result from an
overload of free radicals in the tumor microenvironment. Therefore, justifying the level of
free radicals could be a great strategy to cure cancer.

In this study, CM showed an excellent capability for removing ROS, different capacities
in reducing power, ferrous ion chelating, and DPPH free radical scavenging test and was
influential in eliminating intracellular ROS. In the experiment, CM could reduce the inner
cell ROS in both B16F10 and LMM even though LMM had more resistance than B16F10 in
the lower level of free radical. The ROS levels sharply declined in cancer cells provoked the
mRNA and protein level of cleaved caspase-9 and Bax. In contrast, the mRNA and protein
level of BCL2 increased slightly. It resulted in the cleaved caspase-9 and Bax/BCL2 being
higher than the regular quantity, which reduced the cell viability of B16F10 and LMM. CM
could trigger cell apoptosis in melanoma, which was proven in this experiment.

Melanoma is one of the most aggressive tumors and exposure to ultraviolet (UV)
radiation is one of the main causes of skin cancer. Some studies show that the spread
of melanoma is rapid and systemic treatments for melanoma and metastatic melanoma
are usually ineffective. Those properties of melanoma develop into the main reason for
death in skin cancer. In clinical studies, the development of various tumors was linked to
overloaded oxidative stress, which can directly cause DNA damage [17,21]. More-than-
sufficient ROS in the tumor microenvironment could stimulate resistance to cancer-curing
drugs. Melanoma also showed immune escaping and migration ability enhancement when
the tumor microenvironment had a higher level of ROS. This study showed CM could
reduce the speed of horizontal and vertical invasion in B16F10 and LMM effectively and
had a dose-dependent trend.

Apoptosis is one of the most effective defense methods in the immune system, and
the lack or excessive accumulation of lymphocytes causes profound consequences [22].
Autoimmunity is a condition in which the repose of immunocytes acts out of control. T cells
are in the center of the apoptosis process in the human immune system, especially against
the generation of cancer cells. However, excessive or premature apoptosis can lead to the
development of cancer [23]. Thus, the regulation of apoptosis by regulating T cells could
be an effective strategy for cancer treatment. The immune cells themselves will not change
from CD4+ to CD8+. If there are a lot of changes after adding the drug, it should be verified
whether there will be immune solid side effects after adding the compound. We know that
adding the component itself will not promote a large amount of CD4+ converting to CD8+.
We suspect that the addition of cancer cells will inhibit immune cells from transforming
into killer T cells, and the addition of pharmaceuticals will help immune cells to identify
cancer cells and transform into killer T cells to attack cancer cells [24,25]. The effects of CM
in promoting T cells and apoptosis have been explored in these experiments and showed a
significant result. When T cells were incubating with LMM, the CD8+ T cells were more
active with CM conducted into the medium. The outcome may be giving new therapy
options in treating carcinoma in situ and metastatic melanoma.

5. Conclusions

Many studies proved that CM benefits health in many ways. In this study, three impor-
tant conclusions have been confirmed, in which CM had antioxidant, anti-carcinogenic, and
CD8+ T cell activation properties. First, CM had a significant ability in dismissing ROS by
reducing power, ferrous ion chelating, and DPPH elimination, and CM could also decrease
the intracellular ROS level. Second, CM could be the cancer treatment by enhancing the
apoptosis progress, depressing tumor cell viability, and suppressing the migration rate of
melanoma. CM could shrink the horizontal invasion and vertical migration abilities in
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B16F10 and LMM. It could decrease the cell viability of B16F10 and LMM by activating the
apoptosis program, and this study confirmed the increase of the mRNA and protein level of
cleaved caspase-9 and Bax/BCL2 in both cells. Finally, adding cancer cells will inhibit im-
mune cells from transforming into killer T cells, and the addition of CM will help immune
cells to identify cancer cells and transform them into killer T cells to attack cancer cells.
The ratio of CD8+/CD4+ in T cells, which CM adopted, increased significantly (Figure 6).
Those three pieces of evidence indicate that CM could inhibit and treat melanoma.

Figure 6. The process and results of this study.
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