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Aronia berry (black chokeberry) is a shrub native to North America, of which the fresh fruits are used in the food
industry to produce different types of dietary products. The fruits of Aronia melanocarpa (Aronia berries) have been
found to show multiple bioactivities potentially beneficial to human health, including antidiabetic, anti-infective,

antineoplastic, antiobesity, and antioxidant activities, as well as heart-, liver-, and neuroprotective effects.
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| 1. Introduction

Aronia berry or black chokeberry, Aronia melanocarpa (Michx.) Elliott (Rosaceae), is a shrub native to North
America, of which the fresh fruits are not typically consumed directly, owing to their bitter taste. However, these
berries are used in the food and beverage industry for producing juices, syrups, jams, fruit teas and wine, and are
also utilized in dietary supplements 2 Phytochemical investigations have shown that the fruits of Aronia
melanocarpa (Aronia berries) are an abundant source of phenolic compounds, including procyanidins,
anthocyanins, phenolic acids, and their analogues Bl These berries also produce several novel compounds
containing a fused flavanol-coumarin-phenol unit and showing hydroxyl radical scavenging and quinone reductase-
inducing activities 4. The content of the major bioactive components of Aronia berries is relatively high, from 10 mg
to 5500 mg per 100 g of the dried fruits, including procyanidins, cyanidin-3-O-galactoside, chlorogenic acid, and
guercetin (Figure 1). Of these, the content of procyanidins may be greater than 5% of the dried fruits. The high
concentrations of these bioactive compounds not only contribute to the biological effects observed for Aronia fruits

but also present the potential for the discovery of useful therapeutic agents from this plant part L2,
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Figure 1. Structures of selected major phenolic compounds isolated from Aronia berries.

The phenolic compounds present potent antioxidative activities that contribute to the health-promoting activities of
Aronia berries. These include antidiabetic, anti-infective, antimutagenic, and cytotoxic activities and cardio-,
gastro-, hepato-, and radio-protective and immunomodulatory effects Bl. Thus, consumption of Aronia berries could
be supportive of the prevention of some chronic diseases, including metabolic disorder [, and may reduce the

toxic effects of some xenobiotics on human health [,

| 2. Antioxidant Activity of Aronia Berries

The antioxidant activity of Aronia berries and their major phenolic constituents has been well documented recently.
These natural products have been found to inhibit the activity of several types of radicals through different
mechanisms of action to contribute to other bioactivities B8, The extracts and several phenolic compounds of
Aronia berries showed radical scavenging activity when tested by a 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay,
and they also inhibited 15-lipoxygenase and xanthine oxidase, which are peroxidative and prooxidative enzymes,
respectively, the sources of reactive oxygen species (ROS) in vascular cells 8. Previously, several small phenolic
compounds isolated from Aronia berries in one research group were found to show potent antioxidant activity when
tested in a hydroxyl radical-scavenging assay, and the catechol group in these compounds seems to play an
important role in mediating such a property AL The antioxidant activity of Aronia berries has also been
investigated in a clinical trial on 11 healthy human volunteer subjects who drank daily 250 mL of the juice of Aronia
berries (Aronia juice) for three weeks. The serum antioxidant capacity of the participants was increased
significantly when tested by a spectrophotometric method, using DPPH stable radical cations 12,

However, a subsequent clinical trial investigation indicated that consumption of Aronia berries did not change the
biomarkers of oxidative stress and the total antioxidant activity measured in both plasma and urine of the
participants when a 12-week, randomized, placebo-controlled trial was conducted on 49 healthy adult former
smokers who consumed daily 500 mg of the ethanolic extract of Aronia berries 13, Similarly, Aronia juice
supplementation was not found to affect the parameters measured in the participants when the diet of 12 young
male athletes was supplemented daily with 200 mL of Aronia juice (equivalent to 330.6 mg of anthocyanins) for
seven weeks 24l These results indicate that the antioxidant capacity of Aronia berries may not have been sufficient
in these studies, and the dose of their phenolic constituents could be important in mediating the resultant activity.
Thus, future clinical trials could focus on both optimizing the active dose and studying the toxic effects of Aronia
berries (2],

Antioxidants are important in supporting human health, owing to their ability to inhibit free radicals that damage
normal cells. Thus, antioxidant effects could be of value in alleviating other conditions that result from oxidative
stress, including cancer, infection, heart disease, and diabetes. In this regard, the abundant phenolic compounds
and other natural products in Aronia berries that exhibit potent antioxidant activity could be supportive in improving
human health &,
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| 3. Potential Antitumor Activity of Aronia Berries

Oxidative stress is also found in various cancer cells, and antioxidants have been regarded as having potential
value in cancer chemotherapy. Antioxidant extracts, constituents, or their semi-synthetic derivatives of Aronia
berries have been well documented for their potential therapeutic effects on different cancer cells, including human
breast, cervical, colon, glioblastoma, liver, and lung cancer and leukemia cells 28], For example, the antioxidant
activity of Aronia berries was found to be correlated with the total procyanidin and anthocyanin content, and the
cyanidin glycosides present inhibited HeLa human cervical cancer cell proliferation and increased the generation of
reactive oxygen species (ROS) in these cancer cells 8. When tested in a further in vitro assay, the phenolic
components present in Aronia berries were found to exhibit potent antioxidant activity and cytotoxicity toward

HepG2 human liver cancer cells 7],

Aronia berries show promising activity toward human colon cancer cells. Commercially available extracts of the
fruits of red [Aronia arbutifolia (L.) Pers.], purple [Aronia prunifolia (Marshall) Rehder], and black [Aronia
melanocarpa (Michx.) Elliott] chokeberry species were tested for their total phenols and antioxidant activity and
growth inhibitory activity against HT-29 human colon cancer cells. The results showed that only the extract of black
chokeberry (Aronia berries) was active toward HT-29 cells, and this activity correlated with its total phenolic
content, antioxidant activity, and levels of caffeic and chlorogenic acids [28l. This was supported by another study,
which showed that the anthocyanin-enriched blackberry extract possessed antioxidant and anti-inflammatory
activities and antiproliferative property against HT-29 cells 2. Interestingly, the anthocyanin-rich extract of Aronia
berries was selectively cytotoxic toward HT-29 cells but not human NCM460 normal colon cells (29, Additionally,

Caco-2 human colon cancer cell proliferation was inhibited when exposed to the Aronia juice 211,

Mechanistically, Aronia berries suppress HT-29 cell growth by dual blockage at the G1/G0 and G2/M phases of the
cell cycle through upregulation of cyclin-dependent kinase inhibitors (CDKIs) and downregulation of cyclin A and
cyclin B1 29, They inhibit Caco-2 cell growth by causing G,/M cell cycle arrest through upregulation of the tumor
suppressor carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) [21. Anthocyanins present in a
methanol extract of Aronia berries were found to inhibit inflammatory cytokines, the expression of solute carrier
family 1 member 5 (SLC1A5), and the phosphorylation of mammalian target of rapamycin (mTOR) and its
downstream targets in Caco-2 cells. Of these, SLC1A5 is an important amino acid carrier highly expressed in
cancer cells to regulate cell proliferation and invasion. Hence, inhibition of this protein by an extract of Aronia
berries implies some promise for the discovery of novel anticancer agents from these berries by targeting SLC1A5
(221 |n addition, anthocyanins of Aronia berries were found to inhibit Caco-2 cell growth through the Wnt/B-catenin

signaling pathway 23],

Interestingly, the berry anthocyanidins exhibited selective cell growth inhibitory activity against A549 and H1299
human non-small-cell lung cancer (NSCLC) cells, and an equimolar combination of these compounds showed
synergistic activity in cell proliferation, invasion, and migration. These types of activities have been proposed to
result from their effects on the oncogenic Notch and Wnt signaling pathways and their downstream targets 241, Cell

migration is involved critically in angiogenesis and wound healing, for which GTPases, as hydrolase enzymes, bind
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to the nucleotide guanosine triphosphate (GTP) that controls cytoskeleton conformation and alters cell motility, in
relation to the PI3K/Akt pathway [22]. Thus, berry-derived anthocyanidins could show some therapeutic potential for
the targeted treatment of NSCLC and other cancers and for the prevention of cancer recurrence and metastasis 24!
[25][26]

It is well known that cancer stem cells (CSCs) are responsible for tumor initiation, development, metastasis, and
resistance to radiotherapy and chemotherapy. Aronia juice was found to inhibit selectively the proliferation of P19
mouse embryonal carcinoma stem cells through upregulation of tumor suppressors p53 and p73 and
downregulation of the antiapoptotic protein UHRF1 and the stemness factor Oct-4 [ZZ, This indicates that phenolic
compounds of Aronia berries may inhibit the resistance of cancer cells to cancer therapies to potentiate the
effectiveness of other anticancer agents. Thus, the cytotoxicity of gemcitabine against AsPC-1 human pancreatic

cancer cells was found to be enhanced by the phenolic compounds present in Aronia berries 28],

It has been well demonstrated that the major phenolic compounds of Aronia berries show potential anticancer
activity. Of these, the anticancer potential of cyanidin-3-O-galactoside has been well described, even though there
are no clinical trial studies reported thus far. For example, the berry extracts containing cyanidin-3-O-galactoside as
a predominant component were found to inhibit BGC-803 human gastric cancer cell growth through induction of
cell apoptosis by various gene changes, including increases in Bax and Bak expression and decreases in Bcl-2
and Bcl-xl expression 22, The small-molecule phenolic acid, chlorogenic acid, acts on p53 and related proteins,
p38 mitogen-activated protein kinase (p38 MAPK), c-Jun amino-terminal kinase (JNK), c-Myc, ROS, and on other

targets to inhibit the proliferation, migration, and invasion of cancer cells B9,

Liver and lung tumor growth was inhibited significantly when male NOD/SCID mice (18-22 g) were inoculated by
human Huh7 hepatoma or H446 lung cancer cells and treated intraperitoneally (i.p.) with chlorogenic acid (25
mg/kg, daily) for 30 days after the tumors reached 100 mm3. No obvious toxicity was observed in mice even at a
high dose (>200 mg/kg, i.p.) 1. Mechanistically, chlorogenic acid inhibited hepatocellular carcinoma growth by
down-regulating DNA methyltransferase 1 (DNMT1) that assists with DNA methylation, the most prevalent
epigenetic modification 2. Interestingly, chlorogenic acid was also found to show a synergistic effect with the

anticancer drug, doxorubicin, against human U20S and MG-63 osteosarcoma cells [22],

A phase | trial of chlorogenic acid in patients with advanced cancer with no effective treatment has been posted
(NCT02136342, sponsor: Chinese Academy of Medical Sciences). This trial started on 13 May 2014 but terminated
on 21 October 2014 (https://www.clinicaltrials.gov/ct2/show/NCT021363427?

cond=chlorogenic+acid&draw=4&rank=6, accessed on 5 September 2022). Another phase | study concerning the

tolerance and pharmacokinetics of an injection of chlorogenic acid for the treatment of advanced cancer started in
September 2014 and was completed in October 2016 (NCT02245204, sponsor: Sichuan J.Z. Bio-chemical Science
and Technology Development Co., Ltd., Chengdu, China) (https://www.clinicaltrials.gov/ct2/show/NCT022452047

cond=chlorogenic+acid&draw=2&rank=7, accessed on 5 September 2022). Following these, a trial on single arm,

open-label, multicenter, phase Ib/lla studies of chlorogenic acid for injection for safety and efficacy of advanced

lung cancer patients was posted on 23 November 2018 (NCT03751592, sponsor: Sichuan J.Z. Bio-chemical
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Science and Technology Development Co,, Ltd., Chengdu, China)

(https://www.clinicaltrials.gov/ct2/show/NCT03751592?cond=chlorogenic+acid&draw=2&rank=9, accessed on 5

September 2022). These clinical trials indicate the anticancer potential of chlorogenic acid.

Quercetin has been documented in terms of its potential antitumor activity. It suppresses cancer cell growth
through induction of apoptosis and autophagy by targeting the PISK/Akt/mTOR, Wnt/3-catenin, and MAPK/ERK1/2
pathways, which are involved in tumor metabolism and mitochondrial function 241, It also inhibits GLUT1-, 3-, and
4-mediated 2-deoxy-glucose transport to show potential anticancer activity. Thus, quercetin could be a promising

compound lead for the development of anticancer agents by targeting tumor metabolites (221,

In addition, the pentacyclic triterpene ursolic acid that has been isolated from Aronia berries B8E7 (Figure 2) has
shown potential anticancer activity through inhibiting NF-kB activation and other mechanisms involving
angiogenesis and metastasis. A phase | study to assess the multiple-dose tolerability, efficacy, and
pharmacokinetics of a liposomal form of ursolic acid indicated that this agent is safe and well-tolerated, and it
showed some potential for improving patient remission rates [B8l39 Additionally, ursolic acid exhibited anti-
inflammatory activity by targeting histamine, lipoxygenase, cyclooxygenase, phospholipase, nitric oxide, and ROS,

with all of these found to play an important role in mediating potential antitumor activity of this triterpenoid 2944,

ursolic acid

3-O-trans-p-coumaroyltormentic acid: R= A
3-0-cis-p-coumaroyltormentic acid: R =B

Figure 2. Structures of the triterpene ursolic acid and its derivatives, 3-O-trans- and 3-O-cis-p-coumaroyltormentic

acids isolated from Aronia berries.

Recently, two ester derivatives of ursolic acid, namely, 3-O-trans- and -cis-p-coumaroyltormentic acids (Figure 2),
were identified as the active compounds of an ethyl acetate-soluble extract of Aronia berries by an activity-guided
isolation procedure 2. These esters were found to inhibit MCF-7 and MDA-MB-231 human breast cancer cell
proliferation and mammosphere formation through deregulation of the expression of c-Myc, a cancer stem cell
survival factor. The results obtained indicate that these triterpene esters could exert inhibitory activity against
breast cancer stem cells, and thus they may be promising leads for the development of new breast cancer

chemotherapeutic agents via disruption of c-Myc protein 421,

Hence, the abundance of potent antioxidant phenolic compounds and triterpenoid constituents support the

anticancer potential of Aronia berries, which could be mediated by some unusual mechanisms of action. As an
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example, the levels of oxidative/nitrative stress and hemostatic activity in plasma collected from breast cancer

patients were reduced significantly when the blood samples were treated with a commercial extract of Aronia

berries (50 pg/mL) in vitro. This indicates that Aronia berries may represent a promising antioxidant therapy or co-

therapy for breast cancer patients 43!, Thus, Aronia berries and their constituents could be promising leads for the

development of new anticancer agents, as indicated by the cancer clinical trial investigations for chlorogenic acid in

particular, a major phenolic acid of Aronia berries, as discussed above.
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